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Inhibitory effects of quail egg on mast cells degranulation by 
suppressing PAR2-mediated MAPK and NF-kB activation

Priscilia Lianto1,2, Fredrick O. Ogutu3, Yani Zhang2, Feng He2 and Huilian Che1,2*
1Beijing Advanced Innovation Center for Food Nutrition and Human Health, College of Food Science and Nutritional 
Engineering, China Agricultural University, Beijing, 100083, P.R. China; 2College of Food Science and Nutritional 
Engineering, China Agricultural University, Beijing, 100083, P.R. China; and 3Food Technology Division of Kenya Industrial 
Research and Development Institute, South C – Popo Rd., Off Mombasa Rd., PO Box 30650-00100, Nairobi, Kenya

Abstract

Background: Quail egg (QE) has been reported to possess an anti-allergic and anti-inflammatory activity. 
We have demonstrated that whole QE was able to attenuate the allergic symptoms in food allergy–induced 
EoE murine model, but whether QE albumen or QE yolk plays a more important role still remains unclear.
Objective: In this current study, we investigated the suppressive role of QE in mast cell degranulation and 
cytokine production of the effect phase response.
Method: A passive cutaneous anaphylaxis (PCA) mouse model was used to confirm the anti-allergic effect of 
QE. Besides, HMC-1 cell model was used to study its suppressive role in more detail. In this in vitro study, we 
divided QE into three groups: whole QE, QE albumen, and QE yolk. The effect of QE treatment on mast cell 
degranulation and intracellular calcium influx was investigated. Moreover, the effect of QE allergy– related 
mediators, genes, and proteins were also assessed by ELISA, RT-PCR, and western blotting.
Results and discussion: Our data showed that the extent of mast cell degranulation–mediated ear vascular 
permeability in IgE-mediated PCA mice treated with whole QE (17 mg/kg) was decreased significantly up to 
43.31 ± 0.42% reduction. HMC-1 cell–based immunological assay in vitro indicated that QE, particularly its albu-
men, acted as a ‘mast cell stabilizer’. Under the concentration of 70 μg/mL, QE albumen effectively suppressed the 
releases of β-hexosaminidase, histamine, and tryptase, as well as Th2 and pro-inflammatory cytokine production; 
reached 30 up to 50% reduction. Besides, QE albumen was also able to significantly modulate the upregulation 
of IL-10 up to 58.30 ± 5.9%. Interestingly, our data indicated that QE yolk still had a significant inhibitory effect 
on modulating Th2 cytokines in its highest concentration (100 μg/mL), while QE albumen showed no inhibitory 
effect. Western blot analysis showed QE albumen effectively down-regulated the expressions of calcium-related 
protein (TRPC1, Orai1, STIM1, PLC-γ and IP3R), facilitated the reduction of PAR-2 and induced the reduction 
of phosphorylation of JNK, IKKα, p50 and p65 protein expressions.
Conclusion: As confirmed by PCA and HMC-1 cell-based immunology assay, QE albumen and QE yolk may 
work together through exerting anti-allergy activity and can be used as a potential anti-allergic nutrient in 
the future.

Keywords: quail egg; mast cells; anti-allergic; PAR-2; degranulation; activation

Pervasiveness of allergic diseases such as atopic der-
matitis, asthma, food allergy, hives, and hay fever 
is a serious health issue. These diseases are classi-

fied into type I hypersensitivity caused by release of the 
granule-stored mediators such as histamine, proteases, 
lipid mediators, and cytokines from mast cells (1). In ad-
dition, mast-cell mediators apparently through the pro-
tease-activated receptor (PAR)-2 may likewise contribute 
to the development of unending and allergic inflamma-
tion by supporting the inflow of inflammatory cells, such 

as eosinophils, macrophages, lymphocytes and basophils, 
prompting tissue inflammation (2). Thus far, there are no 
treatments accessible to cure allergic diseases entirely. How-
ever, a few pharmaceuticals as well as mast cell stabilizers 
(disodium cromoglycate, sodium hydroxypropylcromate, 
ketotifen, etc.), anti-histamine drugs (diphenhydramine, 
chlorpheniramine maleate, terfenadine, etc.), and immune 
suppressors (adrenal cortical hormones, dexamethasone, 
hydrocortisone, etc.) are essentially utilized to help relieve 
unfavorable allergic symptoms and reduce the distress 
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of anaphylaxis through stabilizing mast cells for treating 
allergic disease. When mast cells are stabilized, they are not 
readily triggered by stimulatory factors, such as allergens, 
to engage in steps leading to the discharge of preformed 
pharmacologic mediators and the new synthesis of in-
flammatory lipid mediators and cytokines (3). However, 
these medications not only have side effects but also do 
not counteract symptom reoccurring. Therefore, natural 
anti-allergic ingredients would be a suitable option for an-
ti-allergic strategy.

Previous studies suggest that quail egg (QE) is different 
from other bird eggs. This distinction particularly origi-
nates from its egg albumen, which is richer in proteins that 
have anti-allergic and anti-inflammatory effects (4–6). 
A  patent on the role of QE in controlling the immune 
cell function, particularly eosinophils and neutrophils, in 
the treatment of hypersensitivity, was issued in 2015 by 
the United States (patent number: US2015/0057232A1) 
(7), giving strong establishments of the unique role of 
QE. A number of clinical studies have also indicated the 
therapeutic effect of QE as allergic asthmatic (8) and 
rhinitis treatments (9). More recently, our study has also 
shown the therapeutic potential of QE in in attenuating 
the symptoms of murine model food allergy induced 
Eosinophilic esophagitis like disease (10). However, the 
suppressive role by which QE inhibits mast cell degran-
ulation and allergic type I responses is not well defined.

In this study, we investigated the suppressive effect of 
QE on modulating mast cell activation–mediated imme-
diate allergic response. Herein, we used PCA and HMC-1 
in vivo and in vivo mast cell model experiments to describe 
suppressive effects of QE on modulating mast cell degran-
ulation–mediated immediate allergy hypersensitivity.

Materials and methods

Chemicals
The chemicals were obtained from the following suppli-
ers: monoclonal anti-Dinitrophenyl antibody produced 
in mouse (anti-DNP IgE, D8406), dinitrophenol-human 
serum albumin (DNP-HSA), Compound 48/80 (C48/80, 
C2313), water-soluble tetrazolium-8 (WST-8, 96992), 
4-nitrophenyl N-acetyl-b-D-glucosaminide (N9376), 
Evans blue (E2129), and Fluo-3AM (39294) (Sigma–Al-
drich Corp., USA); TransCript One-Step gDNA Removal 
and cDNA Synthesis SuperMix (AT311) and TransStrart 
Top Green qPCR SuperMix (AQ131) (TransGen Biotech, 
China); Commercial human ELISA kits (eBioscience, Inc., 
San Diego, CA); BCA Protein Assay Kit (CW0014S, CW-
Biotech, Beijing China). Anti-β-actin antibody (ab36861), 
anti-Transient Receptor Potential Channel 1 (TRPC-1) 
antibody (ab192031), anti-Calcium Release Activated 
Calcium Channel Protein 1 (Orai1) antibody (ab83751), 
anti-Stromal Interaction Molecule 1(STIM1) antibody 

(ab59342), anti-Phospholipase C-gamma (PLC-γ) anti-
body (ab37384), anti- and Inositol 1, 4,5-Trisphosphate 
Receptor (IP3R) antibody (ab38557), anti-Extracellular 
Signal-Regulated Kinase (ERK1/2) antibody (ab30258), 
anti-p38 antibody (ab30359), anti c-Jun N-Terminal 
Kinase (JNK1/2) antibody (ab303154) (Abcam, UK); an-
ti-IkappaBalpha (IKK-α) antibody (397700), anti-Nuclear 
Factor Kappa B (NF-kB) p50 antibody (14-6732-81), anti 
NF-kB p65 antibody (14-6731-63), (eBioscience, Inc., San 
Diego, CA). All other reagents used in this study were of 
analytical grade.

Sample preparation
Normal, commercially available, fresh QE (Coturnix sp.) 
were obtained from a local egg market. QE were divided 
into three groups: whole QE (egg albumen and yolk), 
QE albumen (albumen separated from egg yolk), and 
QE yolk (yolk separated from egg albumen). Each of 
the groups was mixed using mixer (Joyoung Co Ltd.), 
freeze-dried and powdered using vacuum freezer (Alpha 
1-2 LD plus, Martin Christ, Germany), and then packed 
and stored at −20°C.

Animals and management
Female BALB/c mice aged 7–8 weeks were purchased 
from Weitong Lihua Experimental Animal Technology 
Co., Ltd. (Beijing, China; No: SCXK(Jing)2016-0001) and 
acclimatized to their new housing for a week before be-
ginning experimental protocols. Animal experiments em-
ployed age-, gender-, and genetic-strain-matched controls 
to account for any variations in data sets compared across 
experiments. Mice were bred and housed under specific 
pathogen-free (SPF) conditions in the animal laboratory 
of College of Food Science and Nutritional Engineering, 
China Agricultural University (Beijing, China). Experi-
mental mice rooms were maintained at a temperature of 
23 ± 3°C, relative humidity of 40–70%, light/dark cycle 
of 12 h, and air exchanges at 15 times/hour. Experimental 
mice were provided with ad libitum access to fresh filtered 
water and standard rodent diet (moisture, ash, crude pro-
tein, fat, crude fiber, calcium, and phosphorus) produced 
by Ke Ao Xie Li Feed Co., Ltd. (Beijing, China). It met 
Chinese Standard GB14924.3-2010 feeding condition re-
quirement, and the limit of detection for aflatoxin was 
below 20 μg/kg. All experiments were performed under the 
China Agricultural University Animal Experimental Wel-
fare and Ethical Inspection Committee approved proto-
cols and in accordance with its guidelines. All efforts were 
made to minimize the suffering of experimental animals.

Establishment of IgE-mediated PCA model in BALB/c mice
The PCA assay was carried out following procedure pre-
viously described by Knoops et al. (11). Basically, one ear 
of the animal is injected with anti-DNP-IgE, and the other 
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is left alone. Thus, 1 h post-dosing animals are challenged 
with a tail vein injection of DNP-HSA diluted in Evan’s 
blue dye. Signs of blue reaction and swelling from the site 
of IgE-sensitized ear represent mast cell degranulation. 
One hour after the last injection, mice are euthanized and 
ear punch biopsies from both ears are harvested to quan-
tify Evan’s blue content in the ear tissue using spectropho-
tometric techniques for measuring dye extravasation into 
the tissue. The PCA assay in this study was performed 
according to the schedule set-forth in this study protocol 
with slight modifications.

Ten female BALB/c mice (4 weeks old, weighing 18–22 
g) were divided into two groups (n = 5). All tested mice 
received an intradermal injection of 0.5 μg of anti-DNP 
IgE in 30 μL of saline in the right ear. A week prior to 
sensitization, BALB/c mice were given 17 mg/kg∙bw of 
daily oral egg treatments. The amount for oral adminis-
tration was followed by the recommended dietary intake 
of QE by Integrative Therapeutics (integrativepro.com/
allqlear • 800.931.1709) which is 84 mg/day for humans 
(12). For the dose conversion of QE dietary treatment, 
we followed a Simple Practice Guide for Dose Conversion 
between Animals and Human by using the average weight 
of human body in China, which is around 60 kg (13). The 
formula of calculation is:

Human equivalent dose mg / kg = mouse equivalent 

dose mg / kg  dosageconversion factors for mouse
dosageconversion factors for human

84mg
60kg

  mouse equivalent dose mg / kg  3
37

)
)

)

(
(

(

×

= ×

Therefore, in this experiment, the dose of QE was 
17  mg/kg weight body/animal. During the experiment 
period, QE-treated BALB/c mice were also given con-
currently continuous access to QE by feeding water con-
taining 17 mg/L QE. On day 8, each mouse was injected 
intraperitoneally with 200 μL of DNP-HSA and Evans 
blue solution (100 μg DNP-HSA and 2% Evans blue in 
0.9% NaCl). After challenge, Evans blue extravasation 
in the right ear was captured by a Canon Electro Optical 
System (EOS) camera (Canon, Inc., Japan) as a qualita-
tive analysis of vascular permeability. The mice were sac-
rificed 40 min after treatment with DNP-HSA, and right 
ears were collected. The ear dye color was extracted by 
incubating ear with formamide at 64°C for 12 h. The ab-
sorbance of the dye was determined at 620 nm using the 
Thermo Scientific Varioskan Flash (Thermo, USA) to 
quantitatively assess the vascular permeability.

HMC-1-cells-based immunological assay
The human mast cell line (HMC-1) obtained from national 
platform of experimental cell resources (Beijing, China) 

was cultured in RPMI 1640 medium supplemented 
with 10% fetal bovine serum (FBS) and 1×105 U/L pen-
icillin/streptomycin at 37°C in a humidified 5% CO2 in-
cubator. Thus, this study using HMC-1 mast cell line 
conducted mast cell viability and degranulation exper-
iment assays.

Cell numbers of  HMC-1 after QE pre-treatments were 
examined using WST-8 assay kit according to manufac-
turer’s instructions. WST-8 is reduced by dehydrogenases 
in cells to give an orange-colored product (formazan), 
which is soluble in the tissue culture medium. The 
amount of  the formazan dye generated by dehydroge-
nases in cells is directly proportional to the number of 
living cells (14). In brief, 1×104 HMC-1 cells/mL medium 
were pre-incubated with various concentrations of  0, 50, 
100, 500, and 1000 μg/mL of QE groups. After incubation 
for 30 min, 10  μL of WST-8 was added for incubating 
for another 30 min at 37°C. Finally, supernatants were 
transferred into another 96-well plate for measurement at 
450 nm with a Thermo Scientific Varioskan Flash plate 
reader (Thermo, USA).

The HMC-1 cell–based immunological assay was 
carried out following procedure previously described 
by Hohman & Dreskin with some modification (15). 
Firstly, the cells were pre-incubated with QE group 
treatments with various concentrations (0, 50, 70, 
100 μg/mL) for 30 min. Afterward, the cells were stim-
ulated with 100 μg/mL C48/80 for 45 min at 37°C. After 
stimulation with C48/80 for 1 h, cell solution was cen-
trifuged at 1,500  rpm for 5  min, 30 μL of  supernatant 
was collected and transferred to a 96-well plate and 
incubated with 50 μL of  p-Nitrophenyl-N-Acetyl-β-D-
Glucosaminide (1.3 mg/mL in 0.1 M citric acid buffer, 
pH 4.5) for 1 h at 37°C. The reaction was terminated by 
adding 200 μL stop solution (0.1 M Na2CO3/NaHCO3, 
pH 10.0). Each well absorbance was measured at 405 nm 
using a Thermo Scientific Varioskan Flash microtiter 
plate reader (Thermo, USA). The total release of  β-hexo-
saminidase was determined in HMC-1 cells without egg 
treatments and the spontaneous release of  HMC-1 cells 
was evaluated by adding 50 μL of  medium only instead 
of  C48/80 to each well. Aliquots of  the cell lysate or cul-
ture supernatant were sonicated in 130 μL of  the modi-
fied medium containing 0.1% Triton X-100 at 37°C for 
45  min. The release of  β-hexosaminidase activity was 
measured using  4-nitrophenyl 2-acetamido-2-deoxy-
β-D-glucopyranoside (PNAG) as described previously 
by Kuehn et al. (16). The formula of  the release of 
β-hexosaminidase calculation is:

)(β =

−
−

×
Absorbance Absorbance
Absorbance Absorbance

- hexosaminidase release 100%

 100%supernatant blank of supernatant

total release cell lysate
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Measurement of allergic mediators and cytokines
The HMC-1-based immunological assay on detecting his-
tamine and tryptase release levels was performed similar 
to the β-hexosaminidase release detection assay, while for 
the detection of Th2 cytokines (IL-4, IL-5, IL-10 and 
IL-13) and pro-inflammatory cytokines (IL-6, IL-8, and 
TNF-α), this study conducted a slight modification of cell 
stimulation time. After QE-pretreated HMC-1 cells were 
stimulated with C48/80 for either 1 h or 8 h, cell solution 
was centrifuged at 1,500 rpm for 5 min. Culture super-
natants of cells were collected and stored in −80°C prior 
to mediator and cytokine level analysis. All these allergic 
mediators and cytokines were determined using ELISA 
kit according to the manufacturer’s instructions (eBiosci-
ence, Inc., San Diego, CA).

In brief, each mediator standard was set and 50 μL 
standard diluent was added to standard well. 10 μL test-
ing sample was added to testing sample well, and then 
was followed by addition of  40 μL sample diluent. Blank 
wells were not added anything. 100 μL of  horseradish 
peroxidase-conjugated streptavidin (HRP labelled avidin 
working fluid) was added to each well, covered with an 
adhesive strip, and incubated at 37°C for 60 min. Each 
well was aspirated and washed five times with phos-
phate-buffered saline (pH 7.4) containing 0.1% Tween-
20 (PBST washing dilution). 50 μL chromogen solution 
A and 50 μL chromogen solution B were added, gently 
mixed, and incubated at 37°C for 15 min with no light 
condition. In the end, 50 μL terminate solution (100 μL 
of  2 N sulfuric acid) was added to each well, gently mixed, 
and then within 5 min, the absorbance value of  each hole 
was measured at 450 nm wavelength using a microplate 
reader Thermo Scientific Varioskan Flash (Thermo, 
USA). The detection limits of  allergic mediators and 
cytokines were as follows: histamine (0.1 ng/mL), trypt-
ase (1.0 ng/mL), IL-5 (0.1 pg/mL), IL-4, IL-6, IL-10, 
IL-13, (1.0 pg/mL), TNF-α (1.7 pg/mL), and IL-8 ECP 
(2.0 pg/mL).

Measurement of intracellular calcium (Ca2+) concentration
Intracellular calcium influx was measured according to 
the previous method described by Huber et al. (17). Cells 
were seeded into a 96-well black opaque cell culture plate. 
After pre-incubation with or without QE treatments, cells 
were incubated with 5 μM of Fluo-3AM for 30 min at 
37°C in the dark condition. Following a 30s baseline re-
cording, cells were challenged for another 300s with 100 
μg/mL of C48/80. The fluorescence intensity (FI) was 
recorded using the Thermo Scientific Varioskan Flash mi-
crotiter plate reader (Thermo, USA) with excitation wave-
length at 488 nm and emission wavelength at 525 nm. The 
formula of [Ca2+]i calculation is:

[Ca2+]I (nm) = Kd[(F-Fmin)/(Fmax-F)]

where Fmin is the background fluorescence with 5 mM 
EGTA and Fmax is the maximum fluorescence with 0.1% 
Triton X-100 instead of C48/80. The effective dissociation 
constant (Kd) of Fluo-3 and Ca2+ is 400 nM.

RT-PCR analysis
QE-pretreated HMC-1 cells were stimulated with C48/80 
for 6 h. Total RNA was extracted using Trizol reagent 
and cDNA was transcribed using the TransScript One-
Step gDNA Removal and cDNA Synthesis SuperMix. 
RT-PCR was conducted using the TransStart Top Green 
qPCR SuperMix for PAR-2 and β-actin. PCR for HMC-1 
was performed with primers as follows:

5’-TTTCTCTCGGTGCGTCCAG-3‘ (sense) and
5’-GTTCCTTGGATGGTGCCACT-3‘ (anti-sense) for 
PAR2;
5’-CTCGCCTTTGCCGATCC-3’ (sense) and 5’-GGG​
GTACTTCAGGGTGAGGA -3’ (anti-sense) for β-actin.

Quantitative real-time PCR conducted under the ther-
mal cycling conditions involved denaturation step at 95°C 
for 1 min, followed by 40 cycles at 94°C for 30s, 60°C for 
30s, 72°C for 30s, and the final melting curve program 
with raping rate 0.5°C/0.05 sec from 55°C to 95°C. Using 
β-actin as the internal control gene, the relative quantita-
tive level of mRNA was calculated by 2–∆∆Ct method Ct is 
the threshold cycle and ∆Ct was calculated from test Ct-β 
actin Ct.

Western blotting
Western blotting was performed according to the previ-
ous method described by Mahmood & Yang (18). For the 
detection of calcium channel–related protein expression, 
QE-pretreated HMC-1 cells were stimulated with C48/80 
for 1 h, while for the detection of mitogen-activated protein 
kinases (MAPK) and nuclear factor-kappaB (NF-kB) cell 
signaling pathway–related protein expression, cells were 
stimulated for 6 h. After stimulation, HMC-1 cell samples 
were lysed with lysis buffer containing protease inhibitors, 
and centrifuged at 4°C and 12,000 g for 15 min. The su-
pernatants were collected and the protein concentration 
of the supernatant was determined using a BCA Protein 
Assay Kit. The total cell lysates (50–70 μg of total protein) 
from different samples were subjected to 10% SDS-PAGE, 
transferred to nitrocellulose membranes blocked in TBST 
solution containing 5% BSA for 1 h at room tempera-
ture. After blocking with 5% BSA in TBST solution, the 
membrane was, respectively, incubated overnight at 4°C 
with primary antibodies against β-actin, TRPC1, Orai1, 
STIM1, PLC-γ, and IP3R, ERK1/2, JNK1/2, NF-kB p50, 
and p65, (1:1000), or IKK-α (1:400). After washing six 
times with TBST, the membranes were next probed with 
HRP-conjugated secondary antibody and incubated for 
1 h at room temperature. Protein bands were visualized 
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with enhanced chemiluminescence reagent and exposed to 
an X-ray film (Sage creation Mnin Chemi II, China).

Statistical analysis
Statistical analysis was determined by one-way analysis of 
variance (ANOVA) using GraphPad Prism 5.01 (Graph-
Pad Software, Inc., USA). All data are presented as the 
mean values ± standard error of the mean (SEM) with 
three times experimental replicates and statistical signifi-
cance was set at p < 0.05.

Results

The effect of QE on mast cell activation in IgE-mediated PCA 
response mice model
Type I allergic hypersensitivity is characterized by the 
abundant activation of mast cells, inducing immediate al-
lergic reactions (19). In order to investigate the role of QE 
in type I allergic hypersensitivity, the anti-allergic activ-
ity of QE in vivo was evaluated using IgE-mediated PCA 
mice. As shown in Fig. 1a, the IgE-mediated PCA was 
successfully induced by the sequential injections of IgE 
and DNP-HSA within 40 min after injection. This PCA 
response was in parallel with vastly occurring capillary 
dilatation and the increase of ear vascular permeability, 
by which manifestation was visibly shown by the leakage 
of Evans blue dye into the ears, indicating the occurrence 
of mast cell degranulation at site of IgE-sensitized mice 
ears. When QE was orally administered to IgE-mediated 

PCA mice, the extent of mast cell degranulation–medi-
ated ear vascular permeability was lessened, as indicated 
by the intensity of blue color of the ear and Evans blue 
extraction of the ears. The absorbance of the dye showed 
that the PCA reaction was significantly suppressed by oral 
administration as compared to control group (1.27 ± 0.12 
vs 0.72 ± 0.09; p < 0.05; Fig. 1b).

From the PCA experiment, we might identify the effect 
of oral QE treatment in inhibiting mast cell degranula-
tion–regulated mice vascular permeability symptom 
in IgE-mediated PCA mice. The suppressive effect of 
17 mg/kg of QE was similar to our previous study using 
food allergy–induced EoE murine model (10). In order to 
elucidate the detail suppressive role of how QE modulates 
mast cell activation, we conducted further experiment 
using HMC-1 cell line. We divided QE into three groups: 
whole egg, egg albumen, and egg yolk in order to inves-
tigate which parts of QE could act as anti-allergic and 
inflammatory agents.

The effect of QE on HMC-1 mast cell activation
In most cases of using therapeutic compound treatment, 
it can influence the viability of treated cells (14). We first 
examined the cytotoxic effect of QE on HMC-1 cells using 
the WST-8 assay. HMC-1 cells were treated for 30  min 
at final QE group concentrations of 10, 50, 100, 500, and 
1000 μg/mL. The results showed that the viabilities of 
cells treated with different QE groups were not affected 
within the treated concentration range, except for cells 

Fig. 1.  The effects of QE treatment on the vascular permeability and mast cell stabilization in vivo. (a) The change of ear color 
after 40 min DNP-HSA stimulation. (b) Qualitative and (c) quantitative detection of the vascular permeability after Evan’s Blue 
Dye/DNP-HSA stimulation. Results are expressed as mean ± SEM. *p < 0.05 as compared to the control group.

5Inhibitory effects of quail egg on mast cells degranulation by suppressing PAR2-mediated MAPK...



treated with QE yolk, as shown in Fig. 2a. In addition, we 
found no significant difference between cells treated with 
either whole or albumen QE groups and control group 
(p  > 0.05). However, we found significant reduction of 
cells treated with QE yolk at concentrations ranging from 
500 to 1000 μg/ mL, which reduced almost 40% from orig-
inal numbers of cells (1.40 ± 0.05 vs 0.82 ± 0.07; p < 0.05). 
Therefore, we used QE concentrations ranging from 10 to 
100 μg/ mL for all subsequent experiments.

Degranulation is an important sign of mast cell activa-
tion. In order to carry out a more comprehensive exami-
nation of degranulation levels, we investigated not only 
the level of β-hexosaminidase release but also the levels of 
histamine and tryptase release which are valid biomarkers 
for mast cell degranulation (14). The effect of various QE 
treatments on degranulation of HMC-1 cells was exam-
ined. HMC-1 cells were treated with various QE treatments, 
and degranulation was induced by C48/80. As expected, 
the release of β-hexosaminidase was significantly increased 
over the incubation time with C48/80 as shown in Fig. 2b.

Accordingly, C48/80 challenged HMC-1 cells were 
incubated for 1 h to determine the effect of QE on 
β-hexosaminidase release. QE suppressed the release 
of β-hexosaminidase in a dose-dependent manner 
(Fig. 2b). On the contrary, histamine and tryptase were 
also robustly  released following the C48/80 stimulation 
(Fig. 2c-d). In line with β-hexosaminidase, QE treatments 

indicated similar inhibition effect on modulating hista-
mine and tryptase release from HMC-1 cells (Fig. 2c-d). 
QE suppressed the β-hexosaminidase, histamine, and 
tryptase released in vitro with HMC-1 in a dose-dependent 
manner, which showed significant effect in the range con-
centrations of 50–100 μg/mL (p < 0.05), reached 30 up to 
50% degranulation reduction. Data also indicated that the 
degranulation suppression of QE albumen was stronger 
than QE yolk (p < 0.05). This reduction difference could 
be shown by the comparison degranulation reduction lev-
els for β-hexosaminidase, histamine, and tryptase between 
QE albumen and yolk groups, wherein reductions, under 
100 μg/mL QE concentrations, reached 47.03 ± 1.23% 
vs 29.15 ± 1.96%; 72.41 ± 0.08% vs 30.04 ± 0.42%; and 
50.43 ± 1.92% vs 34.99 ± 1.83%, respectively. In addition, 
cells treated with the highest concentration of QE yolk 
(100 μg/mL) showed a recovery level of mediator releases 
wherein reductions were lower than cells treated with 
70 μg/mL of QE yolk (β-hexosaminidase: 44.67 ± 1.53; 
histamine: 5.91 ± 0.15; tryptase: 1109.52 ± 5.52). These 
results suggest that QE suppressive effect on modulating 
mast cell degranulation is likely derived from QE albumen.

The effect of QE on HMC-1-released Th2 cytokines
Mast cells have a vital role as crucial effector and control-
ling cells in the initiation of the allergic immune response 
by regulating Th2 lymphocyte differentiation and thus 

Fig. 2.  The effects of QE treatments on HMC-1 mast cell stabilization in vitro. (a) Cell viability and cell degranulation–mediated 
mediator release. (b) β-hexosaminidase, (c) histamine, and (d) tryptase levels. Results are expressed as mean ± SEM. *p < 0.05 as 
compared to control group.
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prompting the generation of Th2-associated cytokines 
(20). We, therefore, investigated the effect of QE on Th2-
cytokines (IL-4, IL-5, and IL-13). As shown in Fig. 3a-c, 
the inhibitory effects of different QE treatments on mod-
ulating Th2 cytokines (IL-4, IL-5, and IL-13) showed 
similar results. As compared to control group, all QE 
treatments showed inhibitory effects on modulating these 
Th2 cytokine levels in a reverse dose-dependent manner. 
The higher the concentrations of QE, the weaker the in-
hibition effects on modulating Th2 cytokines (p < 0.05).

As compared to control group, the significant inhibitory 
effects of whole QE and QE albumen on modulating IL-4 
(whole QE: 31.77 ± 2.53; QE albumen: 30.93 ± 2.47 vs C 
group: 36.68 ± 2.29) and IL-13 (whole QE: 28.67 ± 2.21; 
QE albumen: 29.52 ± vs C group: 33.68 ± 0.64) cytok-
ine levels were only up to 50 μg/mL concentration, while 
the significant inhibitory effects of whole QE and QE 
albumen on modulating IL-5 cytokine level were up to 
70 μg/mL concentration (whole QE: 54.14 ± 3.82; QE al-
bumen: 55.41 ± 3.67 vs C group: 62.50 ± 1.80). Yet, under 
the highest concentration of QE treatment (100 μg/mL), 
we found no significant IL-4 (whole QE: 37.78 ± 1.79; QE 
albumen: 36.21 ± 1.68 vs C group: 36.68  ± 2.29), IL-5 
(whole QE: 59.39 ± 3.85; Q albumen: 60.04 ± 3.05 vs C 
group: 62.50 ± 1.80), and IL-13 (whole QE: 34.58 ± 1.28; 
QE albumen: 36.38 ± 1.90% vs C group: 33.68 ± 0.64) level 
differences. In contrast, as compared to control group, QE 

yolk, up to 100 μg/mL concentration, still showed signifi-
cant inhibitory effects on the releases of IL-4 (30.09 ± 
4.70 vs 36.68 ± 2.29) and IL-5 (46.59 ± 1.01 vs 62.50 ± 
1.80) but not in the release of IL-13 (29.84 ± 0.22 vs 33.68 
± 0.64; p < 0.05). All of these results indicated that QE 
yolk was likely the most effective regulator in modulating 
the release of Th2-associated cytokines.

Mast cell-derived IL-10 restricts leukocyte infiltration, in-
flammation, tissue damage associated with innate response 
and thereby preventing damage to the organ (21). As shown 
by Fig. 3d, all QE treatments showed a similar effect on 
upregulating IL-10 level of HMC-1 cells in dose-dependent 
manner. As compared to control group (127.52 ± 4.17), 
data indicated that treated cells under the highest concen-
tration of whole QE, QE albumen, and QE yolk (100 μg/
mL) demonstrated a marked upregulated IL-10 level, 
reaching up to 315.51 ± 5.86, 305.84 ± 8.81, and 247.56 
± 3.92, respectively (p < 0.05). However, QE yolk showed 
the weakest upregulation effect on modulating the level of 
IL-10 release, which was almost 20% lower than whole QE 
or QE albumen IL-10 upregulated levels (p < 0.05). This 
finding indicated that QE albumen was more effective in 
upregulating the release of IL-10 rather than QE yolk.

The effect of QE on HMC-1-released pro-inflammatory cytokines
Mast cell activation also results in the vast release of pro-
inflammatory mediators (22), leading to the exacerbation 

Fig. 3.  The effect of QE treatments on HMC-1 released Th2 cytokines. (a) IL-4, (b) IL-5, (c) IL-13, and (d)IL-10. Results are 
expressed as mean ± SEM. *p < 0.05 as compared to the control group.
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of allergic response. Therefore, we also investigated whether 
various QE treatments were able to modulate the release 
of pro-inflammatory cytokines. Hence, we measured the 
levels of IL-6, IL-8, and TNF-α release from HMC-1, as 
shown in Fig. 4.

As compared to the control group, QE albumen and 
QE yolk showed similar significant inhibitory effect on 
the release of IL-6 in a reverse dose-dependent manner, 
in the highest concentration of treatment (100 μg/mL), 
and was able to reach the highest value of IL-6 cytokine 
release (QE albumen: 301.49 ± 11.45; QE yolk: 282.32 ± 
6.12 vs C group: 399.22 ± 17.95; Fig. 4a, p < 0.05). In 
addition, whole QE which conversely showed significant 
inhibitory effect on the release of IL-6 in a dose-depen-
dent manner, in the highest concentration of treatment 
(100 μg/mL), was able to reach the lowest value of IL-6 
cytokine release (Whole QE: 238.00 ± 11.56 vs C group: 
399.22 ± 17.95; Fig. 4a, p < 0.05).

Meanwhile, for the release of IL-8 cytokine, all QE 
treatments showed significant inhibition effect on mod-
ulating IL-8 cytokine level in a reverse dose-dependent 
manner. As compared to control group, cells treated with 
the highest concentration of whole QE and QE albumen 
(100 μg/mL) were able to reach the IL-8 level of control 
group (whole QE: 82.24 ± 3.40; QE albumen: 77.12  ± 
2.97 vs C group: 83.86 ± 0.75, Fig. 4b, p > 0.05). In con-
trast, even QE yolk inhibition effect also showed a reverse 
dose-dependent manner, but the highest concentration 
of QE yolk still showed significant inhibitory effect on 
modulating IL-8 level (64.22 ± 2.32 vs 83.86 ± 0.75, 
Fig. 4b, p < 0.05). The highest concentration of QE yolk 
(100 μg/mL) was only able to lower the release of IL-8 
cytokine level up to 23.42 ± 2.11%, whereas the lowest 
concentration of QE yolk (10 μg/mL) was able to lower 
the release of IL-8 up to 52.47 ± 3.78% (Fig. 4b, p < 0.05), 
suggesting the higher the concentration of QE yolk, the 
weaker the inhibition effect on the release of IL-8 level.

In contrast to the other two pro-inflammatory cytokine 
release patterns, all QE treatments showed a significant 
inhibitory effect on modulating the release of TNF-α in 

a dose-dependent manner (Fig. 4c, p < 0.05). The highest 
concentration of QE treatments (100 μg/mL) was able to 
suppress the release of TNF-α to reach 209.31 ± 4.25; 
238.77 ± 2.89; 294.3 ± 3.72 for whole QE, QE albumen, 
and QE yolk, respectively, as compared to the control 
group (428.29 ± 13.47). This suppression effect of  whole 
QE, QE albumen, and QE yolk on the release of TNF-α 
caused a marked reduction up to 51.13 ± 2.17%; 44.25 
± 2.58%; 31.28 ± 2.85%, respectively. Not similar with 
the IL-6 and IL-8 cytokine modulating trend observed 
in this study, the inhibition effect of  QE albumen on 
modulating TNF-α was stronger than QE yolk (Fig. 4c, 
p <   0.05). Overall, we concluded that each of the QE 
treatments likely  through differently regulating cell sig-
naling pathways brought different results in modulating 
pro-inflammatory cytokines.

As most of the cases we found in this study indicated 
that 70 μg/mL of QE treatments were effective to mod-
ulate the inhibition response of HMC-1 cells; therefore, 
we used this range of concentration of QE treatments for 
further experiments.

The effect of QE on the influx of intracellular ion calcium (Ca2+) 
of HMC-1 cells
As reported, the degranulation of mast cells depends 
on intracellular calcium ion [Ca2+]i release from the en-
doplasmic reticulum (ER) and calcium release–activated 
calcium-mediated Ca2+ influxes (23). We further investi-
gated the effect of QE treatments on Ca2+ influx. Fluo-
3AM, a fluorescent Ca2+ indicator, was used to determine 
the [Ca2+]i. As shown in Fig. 5a, [Ca2+]i in the control cells 
rapidly increased after stimulation with C48/80. Elevation 
of [Ca2+]i in the cells treated with whole QE and albumen 
QE  was significantly suppressed until it reached level 
183.31 ± 1.92 and 180.15 ± 0.62, as compared to control 
group wherein [Ca2+]i influx level was still high during 
120s up to reaching 279.99 ± 0.82 (p < 0.05), and kept 
its gradual progression. In addition, QE yolk also showed 
suppressive effects on [Ca2+]i even though its suppressive 
effect was weaker than other QE treatments, by which it 

Fig. 4.  The effect of QE treatments on HMC-1 released pro-inflammatory cytokines. (a) IL-6, (b) IL-8, and (c) TNF-α. Results 
are expressed as mean ± SEM. *p < 0.05 as compared to the control group.
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reached only 219.18 ± 0.54 (p < 0.05). These results indi-
cated that QE, particularly its albumin, was effective in 
inhibiting the elevation of C48/80-stimulated Ca2+ influx.

We further investigated the expression of Ca2+ in-
flux–related proteins (TRPC1, Orai1, STIM1, PLC-γ, 
and IP3R). Based upon western blotting results, the ex-
pression levels of TRPC1, Orai1, PLCγ, and IP3R were 
significantly decreased by whole QE and QE albumen 
(p < 0.05, Fig. 5b-g), resulting in almost 45–75% fold re-
duction in protein expression. In addition, even though 
the inhibition effects of QE on these protein expressions 
were not as strong as QE albumen (p < 0.05), which re-
sulted only in 20–40% fold reduction in protein expres-
sion, QE yolk also showed significant inhibition effects on 
the expression of TRPC1, Orai1, and IP3R, as compared 
to control group (p < 0.05; Fig. 5c-d;g). However, QE yolk 
showed no modulation effect on regulating STIM-1 and 
PLCγ protein expressions (p > 0.05; Fig. 5e-f). We then 
confirmed that QE, particularly its albumin, had a more 
significant effect on the depletion of ER calcium store, as 
compared to QE yolk, by stabilizing mast cells through 
significantly suppressing the Ca2+ influx due to the lower 
expression of calcium channel proteins (TRPC1, Orai1, 
STIM1, PLC-γ, and IP3R).

The effect of QE on the PAR-2-mediated MAPK and NF-kB cell 
signaling pathways of HMC-1 cells
It has been reported that QE plays an important role in 
the treatment of allergy disease by acting as a PAR-2 

inhibitor which is able to enhance mast cell stabilization 
(6). In addition, our recent study has also indicated the 
significant PAR-2 activation in peanut allergy–induced 
EoE-like disease murine model and oral QE treatment 
was able to diminish the elevation of PAR-2 expression. 
Then, in this experiment, the effect of QE treatments 
on expression of PAR2 was examined by RT-PCR. In-
deed, we found a similar trend with our previous study. 
As shown in Fig. 6a, PAR-2 expression was significantly 
elevated in the HMC-1 control group and whole QE and 
QE albumen treatments were able to significantly inhibit 
PAR-2 expression (p < 0.05), while QE yolk inhibition was 
weaker as compared to other QE treatments (p < 0.05).

Because the activation of MAPK and NF-κB is criti-
cally required for the transcriptional regulation of PAR-
2-mediated allergic response (24), we further investigated 
whether the inhibition of allergic responses by QE are 
mediated through the MAPK and nuclear translocation 
of NF-κB pathway in C48/80-stimulated HMC-1 by west-
ern blot analysis. As shown in Fig. 6b-e, C48/80 markedly 
stimulated the phosphorylation of ERK 1/2, JNK 1/2, 
and p38 MAPK as well as IKKα, nuclear translocations 
of p50 and p65 subunit of NF-κB in HMC-1 (Fig. 6f-i). 
QE pretreatment, particularly QE albumen, significantly 
suppressed the C48/80-induced activation of JNK MAPK 
(p < 0.05, Fig. 6e), resulting in 47.10 ± 1.39% fold protein 
reduction, but did not affect the phosphorylation of ERK 
or p38 (p > 0.05; Fig. 6c-d), and QE yolk did not show any 
inhibition effect (p > 0.05; Fig. 6b-e). Furthermore, IKKα, 

Fig. 5.  The Effect of QE on the influx of intracellular ion calcium (Ca2+) of HMC-1 cells. (a) Intracellular Ca2+ influx concen-
tration. (b) Western blotting of calcium protein expression. Fold activation data analysis: (c) TRPC1, (d) ORAi1, (e) STIM1, (f) 
PLCγ, and (g) IP3R. Results are expressed as mean ± SEM. *p < 0.05 as compared to control group.

9Inhibitory effects of quail egg on mast cells degranulation by suppressing PAR2-mediated MAPK...



NF-kB p50, and p65 were also affected by C48/80 (Fig. 6f-
i). Similar to the result of MAPK pathway, QE, particu-
larly QE albumen, significantly suppressed the activation 
of IKK-α and NF-kB p50, resulting in 54.29 ± 1.21% and 
16.67 ± 1.14% fold protein reduction (p < 0.05; Fig. 6g-h), 
while QE yolk did not show any inhibition effect (p > 0.05; 
Fig. 6g-h). Surprisingly, all QE treatment groups showed a 
significant inhibition effect on modulating NF-kB p65 ac-
tivation as compared to control group (p < 0.05; Fig. 6i), 
resulting in almost 40–60% fold protein reduction where 
QE yolk appeared as the most effective treatment among 
the others which resulted in 58.83 ± 1.15% fold protein 
reduction (p < 0.05; Fig. 6i). All the results indicated that 

QE, particularly its albumin, played an important role in 
the modulation of PAR-2-mediated MAPK and NF-kB 
translocation signaling pathways.

Discussion
QE has been shown to have diverse biological activities, 
such as anti-allergic, anti-inflammatory, and anti-cancer 
activities (4–10, 24, 25). Several clinical studies have indi-
cated that daily QE oral treatment could attenuate aller-
gic asthmatic and rhinitis symptoms (5, 8, 9). In addition, 
our recent study found that QE was able to modulate the 
inflammatory response of  food allergy–induced EoE-
like disease by modulating PAR-2 transduction pathway 

Fig. 6.  The effect of QE on the PAR-2-mediated MAPK and NF-kB cell signaling pathways of HMC-1 cells. (a) mRNA fold 
induction of PAR-2. (b) Western blotting of MAPK signaling. MAPK fold activation data analysis: (c) pERK1/2, (d) p-p38 and 
(e) p-JNK1/2. (f) Western blotting of NF-kB signaling. NF-kB fold activation data analysis: (g) IKK-α, (h) NF-kB p50, and (i) 
NF-kB p65. Results are expressed as mean ± SEM. *p < 0.05 as compared to the control group.
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in peanut-sensitized mice (10). Even though we have 
reported that QE inhibited the activation of  PAR-2 in 
EoE murine model which represented delayed allergic re-
sponse, the suppressive effect of  QE on modulating mast 
cell degranulation in immediate allergic response is not 
yet well defined. So far, in vitro studies have just reported 
the role of  QE on modulating the activation of  basophils, 
neutrophils, and eosinophils. Therefore, to verify this, 
we firstly confirm the role of  QE as ‘mast cell stabilizer’ 
in vivo using a IgE-mediated immediate allergic response 
in PCA mice model by which the report in accordance to 
this appears to be minimal. Then, we used HMC-1 mast 
cell lines to study the suppressive effect of  QE on mast 
cell degranulation.

As summarized in Fig. 7, this present study found 
that QE possessed an anti-allergic activity through sup-
pressing mast cell activation. It has been well-established 
that allergic mediator releases, like histamine, tryptase, 

Th2, and pro-inflammatory related cytokines, are closely 
associated with various allergic and inflammatory dis-
eases. Thus, the inhibition of  allergic mediators’ gener-
ation by mast cells is an important therapeutic strategy 
in the context of  allergic-inflammatory disease. In this 
present finding, we observed that QE albumen played 
the most effective role as compared to QE yolk in modu-
lating mast cell degranulation by suppressing the release 
of  β-hexosaminidase, histamine, and tryptase, as well as 
pro-inflammatory cytokines (IL-6, IL-8, and TNF-α) 
and upregulating the release of  IL-10 in a dose-depen-
dent manner, by which data showed that the lowest 
concentration QE albumen (10 μg/mL) already had sig-
nificant inhibitory effect on modulating these mediators. 
In addition, even though QE yolk also showed signifi-
cant therapeutic effect to modulate these mediators, 
these modulation effects were not as strong as QE albu-
men, by which its significant inhibition effects started in 

Fig. 7.  Schematic diagram of the suppressive role QE on modulating mast cell activation. QE acts as a ‘mast cell stabilizer’ to 
reduce mediator release through 1) modulating PAR-2 activation; (2) induces the downregulation of calcium channel proteins 
(TRPC1, Orai1, STIM1, PLC-γ, and IP3R); (3) leads to the reduction of phosphorylation JNK, NF-kBp50, and p65, as well as 
IKK-α contributed in MAPK and NF-kB signaling pathways related to mast cell degranulation stimulated by antigen; and thus 
(4) promotes the decrease level of secretion mediators (β-hexosaminidase, histamine, tryptase) including Th2 (IL-4, IL-5, and 
IL-13) and pro-inflammatory related cytokines (IL-6, IL-8, and TNF-α) release.
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concentration of  50 μg/mL. Interestingly, although QE 
albumen in lower concentration also showed significant 
inhibitory effects on mast cells released Th2 (IL-4, IL-5, 
IL-13) and pro-inflammatory cytokines (IL-6, IL-8), 
QE yolk showed a greater significant inhibition effect as 
compared to QE albumen on modulating those allergic 
related cytokines, even though its inhibition effect was 
also in a reverse dose-dependent manner.

The augmentation of Th2 cytokines in a higher concen-
tration of QE was not surprising as it is largely known that 
QE itself  contained many described egg allergens which 
also may act on immune pathway regulation to provide 
benefit in the occurrence of allergy reactions. Besides, the 
effective effect of QE yolk on modulating Th2 cytokines 
likely due to its high nutrient contents which likely also 
play an important role as anti-allergic agents (26). In con-
trast, study using chicken egg albumen to treat trimellitic 
anhydride (TMA) induced allergy murine model supported 
our finding. This study reported that TMA-sensitized mice 
treated with chicken egg albumen did not show any increase 
of IgE specific level, but the consumption of chicken egg 
albumen by TMA-treated mice could not modulate mice 
Th2 immune responses (27). However, it is still difficult to 
take the conclusion by comparing the effect of chicken egg 
and QE albumen only. Even though a proteomic study has 
reported that QE has other special protein fractions which 
may play a beneficial role as an anti-allergic agent (28), 
another proteomic study using egg albumen of six differ-
ent bird species (chicken, duck, goose, turkey, quail, and 
pigeon) discovered that the content of QE albumin major 
protein allergens (ovalbumin, ovomucoid, ovotransferrin, 
lysozyme) were similar to other bird egg albumin species 
(29). Therefore, we considered no modulation effect on 
Th2 cytokines in cells treated with high QE albumen con-
centrations was likely due to the presence of these major 
protein allergens. However, detailed anti-allergic activity 
of QE still needs to be elucidated.

Following mast cell activation, the production of IP
3 

allows calcium influx through both non-calcium selec-
tive canonical transient receptor channel family (TRPC) 
channels, and/or the highly calcium selective store-oper-
ated calcium entry channels (Orai). However, IP3 in ini-
tiating internal calcium store depletion acts indirectly, 
which is identified by the ER resident protein STIM1 
(30, 31), that in turn causes activation of Orai channels 
(32–34). The increased level of intracellular Ca2+ con-
centration was significantly reduced after QE albumen 
treatment, which suggested that QE also plays a stabiliz-
ing role on mast cells by inhibiting the extracellular Ca2+ 
influx process. The decreased expression of Orai1, STIM1 
and TRPC1 in protein levels indicate that GA might sup-
press the Ca2+-dependent degranulation due to the lower 
expression of these calcium channel proteins. Besides, 
the downregulation of IP3R protein expression in mast 

cell treated with QE albumen indicated that QE also has 
an effect on the depletion of ER Ca2+ store. A marked 
upregulation of the calcium channel proteins activation 
provokes the activation of PAR-2. Its activation, through 
coupling with G proteins, induces a variety of signaling 
cascades including PLCγ activation, which thus evokes 
[Ca2+]i rise and then triggers both MAPK and NF-kB 
signaling pathways in mast cells, leading to the release of 
mediators. In this study, we also found that QE albumen 
effectively suppressed the activation of PLC-γ in protein 
level. Next, we also found that QE also significantly sup-
pressed the phosphorylation of JNK, p50, p65, as well 
as IKKα which represented MAPK and NF-kB signaling 
pathways, respectively. In addition, even though QE yolk’s 
role in modulating mediators release is not as strong as 
QE albumen, QE yolk shows a significant effect on mod-
ulating NF-kB downstream signaling pathway through 
effectively modulating the phosphorylation of p65. This 
finding is in line with our previous study which shows that 
QE can block the activation of PAR-2 through inhibiting 
the phosphorylation of NF-kB p65 in food allergy–in-
duced EoE mice model. Taken together with our previous 
results (10), the anti-allergic inflammatory activity of QE 
appears to be due to the suppressions of the secretions of 
allergic mediators and intracellular Ca2+ influx generation 
through the inhibition of PAR-2 downstream signaling 
transduction pathway.

In conclusion, as confirmed by passive cutaneous ana-
phylaxis and HMC-1 cell-based immunology assay, QE 
albumen and QE yolk may work together through exert-
ing anti-allergy activity and can be used as a potential 
anti-allergic nutrient in the future.
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Abstract

Partially deacetylated α-chitin nanofibers/nanowhiskers mixtures (DEChNs) were prepared by 35% sodium 
hydroxide (NaOH) treatment followed by disintegration in water at pH 3–4. The aim of this study was to 
investigate the hypolipidemic effects of DEChNs at different dosage levels in male Kunming mice. The male 
mice were randomly separated into five groups, that is, a normal diet group, a high-fat diet group, and three 
DEChN groups that were treated with different doses of DEChN dispersions (L: low dose, M: medium dose, 
H: high dose). Primarily, the DEChNs significantly decreased body weight (BW) gain and adipose tissue 
weight (ATW) gain of mice. Meanwhile, the decreasing extent of weight ratios between ATW and BW was de-
pendent on the dose of DEChNs. Moreover, the DEChNs prevented an increase in plasma lipids (cholesterol 
and triacylglycerol) in mice when they were fed a high-fat diet. Histopathological examination of hepatocytes 
revealed that the DEChNs were effective in decreasing the accumulation of lipids in the liver and preventing 
the development of a fatty liver. The results suggested that the DEChNs reduced the absorption of dietary fat 
and cholesterol in vivo and could effectively reduce hypercholesterolemia in mice.

Keywords: chitin; nanofibers/nanowhiskers; hypolipidemic effects; cholesterol

Hyperlipidemia is a major cause of  coronary ath-
erosclerosis and subsequent related cardiovas-
cular disease, which has always been related to 

obesity to some extent (1). In recent years, most studies 
have examined how to decrease plasma lipid concen-
trations and the absorption of  fat in the intestinal tract 
to reduce diet-related chronic disease (2). The conven-
tional therapeutic modalities for hyperlipidemia are 
lipid-lowering drugs such as atorvastatin, lovastatin and 
fibrates (3). These synthetic drugs are available and ef-
fective but may cause adverse effects at the same time 
(4). Therefore, the antihyperlipidemic activity of  many 
biologically active components from natural materi-
als, such as polysaccharides and dietary fiber, has been 
explored. Polysaccharides, such as Ulva pertusa, Ulva 
lactuca, chitosan, and chitosan derivatives, are novel 
potential hyperlipidemic agents (3). Other dietary fibers, 
such as pectin and psyllium, also exhibit potent hypolip-
idemic effects (5).

Studies have shown that chitosan has a beneficial low-
ering effect on plasma cholesterol, which may play an 

important role in the prevention and treatment of car-
diovascular disease (6, 7). Some previous research work 
has revealed the hypolipidemic mechanism of chitosan 
hypolipidemic activity of low molecular weight chitosan 
was better than high molecular weight chitosan (8, 9). The 
positively charged amino groups of chitosan may have the 
ability to bind negatively charged molecules, such as lipids 
and bile acids, and subsequently be excreted in the feces 
(10). The adsorption of chitosan to oil droplets affects the 
digestibility of oil. Access to the oil by digestive enzymes 
is decreased, thereby decreasing oil digestion.

Chitosan is a derivative of chitin. Chitosan is a cationic 
polysaccharide produced by the deacetylation of chitin 
under alkaline conditions, normally with a degree of 
deacetylation (DDA) greater than 0.7. Chitosan is, con-
sequently, a copolymer of N-acetyl-D-glucosamine and 
D-glucosamine, which is similar to chitin structurally (11). 
Chitin, the source of chitosan, is the second most abun-
dant renewable natural polysaccharide after cellulose. 
Chitin is the main component of the exoskeleton of ar-
thropods, such as crabs, prawns, and shrimp, as well as the 
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cuticles of insects and the cell walls of certain fungi, coex-
isting with various types of proteins and certain minerals 
(12). Isolated chitin is composed of β-(1-4)-linked 2-ac-
etamido-2-deoxy-β-D-glucose units and a small amount 
of D-glucosamine. Because a large amount of crab and 
shrimp shell–derived chitins is discarded every year, uti-
lizing chitin as a functional material or commodity is 
highly beneficial (13). In addition to converting chitin to 
its highly deacetylated derivative, chitosan, which may be 
used in a variety of applications, chitin itself  has the po-
tential to be converted into individual nanofibers through 
some downsizing processes.

One of the methods, partial deacetylation with 30–35 
wt% NaOH treatment followed by disintegration in water 
at a pH of 3–4, was used to prepare partially deacetylated 
α-chitin nanofiber/nanowhisker mixtures (DEChNs) from 
α-chitins. The as-prepared DEChNs had DDA values of 
0.25–0.35 and a high density of cationic charged C2-amino 
groups on the surface (14). The DEChNs had lower DDA 
values (0.25–0.35) than chitosan (normally >0.70) and did 
not dissolve at a molecular level but dispersed at a nano-
fibril level, maintaining high crystallinity (14). Our previ-
ous studies showed that partially deacetylated α-chitin can 
be converted to nanofiber/nanowhisker mixtures by me-
chanical pretreatment under acidic conditions (15). The 
DEChNs have been studied as nanostructured materials 
for further applications, such as gels and films (16). Other 
research work has been conducted to study the biochemi-
cal properties of DEChNs. Kazuo Azuma et al. evaluated 
the effects of oral administration of surface-deacetylated 
chitin nanofibers, chitosan, and cellulose nanofibers on 
hypercholesterolemia in rats and indicated that chitin 
nanofibers suppressed an increase in serum total cho-
lesterol (TC), chylomicron, very-low-density lipoprotein 
(VLDL), and phospholipid (PL) levels while increasing 
alanine transaminase levels, vacuolar degeneration, and 
accumulation of lipid droplets in liver tissue (17). Re-
cently, Anraku et al. proposed that surface-deacetylated 
chitin nanofibers are more effective in decreasing renal 
injury and oxidative stress than deacetylated chitin pow-
der in 5/6 nephrectomized rats (18). The result of this 
study suggested that ingestion of chitin nanofibers, not 
chitin powder, resulted in significantly reduced levels of 
pro-oxidants, such as uremic toxins, in the gastrointesti-
nal tract, thereby inhibiting the subsequent development 
of oxidative stress in the systemic circulation. All of these 
studies stated the potential of chitin in the biotechnology 
field, emphasizing the importance of nanofibrillation of 
chitin. However, research has rarely reported the mecha-
nism and the effects of chitin nanofibers/nanowhiskers on 
hypolipidemic function. Although the DEChNs and chi-
tosan have similar macromolecular structures, DEChNs 
are characterized by nanofibril morphology, lower amino 
groups, and higher crystallinity. Thus, it is worth further 

examination of the relationship between the biochemical 
properties of DEChNs and their hypolipidemic effects.

In the present study, the hypolipidemic effects of the 
DEChN dispersions were investigated in male Kunming 
mice at different dosage levels. The effects of the DEChNs 
on the weight of the body, organ tissue, and adipose tissue 
were examined in this study. Serum blood chemistry anal-
ysis and histopathological examination of the liver were 
also performed.

Materials and methods

Materials
The α-chitin was purified from swimming crab (Portunus 
trituberculatus) shells collected from Nantong, a seaside 
city in Jiangsu Province, China, as follows (11). Discarded 
crab shells were soaked in 1 M HCl for 12 h to remove 
the mineral salts. The sample was then washed thoroughly 
with distilled water, followed by treatment with 1  M 
NaOH for 12 h to remove the proteins. These two steps 
were repeated three times. The obtained residual solid was 
decolored by immersing it in 0.5% (w/w) NaClO

2, and the 
pH was adjusted to 5 using acetic acid. The suspension 
was heated for 2 h at 70°C. The purified α-chitin solid 
residues were obtained by filtration, rinsed with distilled 
water, and stored at 4°C for further use. TC, triacylglyc-
erol (TG), high-density lipoprotein cholesterol (HDL-C), 
and low density lipoprotein cholesterol (LDL-C) kits were 
purchased from Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China. All other reagents and solvents were 
of analytical grade.

Preparation of deacetylated a-chitin nanofiber/nanowhisker 
mixtures
The α-chitin (1 g) was suspended in 35% (w/w) NaOH 
solution (25 mL) at 90°C for 4 h with continuous stir-
ring. The final partially deacetylated chitin product with 
a DDA of 0.29 was collected and thoroughly washed 
with deionized water until a neutral pH was obtained 
and then stored at 4°C (14). The DDA of the original 
and partially deacetylated chitins were determined by the 
electrical conductivity titration method (19). In this case, 
a dried sample (0.1 g) was added to water (60 mL), and a 
small amount of  0.5 M NaOH was used to adjust the pH 
to 9. The slurry was stirred for 30 min for adequate dis-
tribution. Afterward, 0.1 M HCl was added to adjust the 
pH to 2.5–3.0, and a 0.05 M NaOH solution was added 
at a rate of  0.1 mL/min to adjust the pH to 11 using a 
pH-stat titration system. The conductivity and pH curves 
obtained reflect the amount of  C2-amino groups in the 
chitins.

The partially deacetylated chitin was suspended in de-
ionized water at a concentration of  0.1% (w/v), and the 
pH of  the suspension was adjusted from the original pH 
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of 6–7 to 3–4 by adding acetic acid with constant stir-
ring. Next, this suspension was homogenized and treated 
with ultrasonication, the DEChNs were obtained after 
centrifugation, and the dispersions were successfully pre-
pared (16).

Animals and diets
Kunming mice (males, Specific pathogen free (SPF), 
18–20 g) were used as the experimental animals. The mice 
were procured from the Animal Center for Disease Pre-
vention and Control in Hubei Province, China. All animal 
protocols were approved by the institutional animal care 
and use hospital of Huazhong Agricultural University 
(Wuhan, China). The animal study was performed under 
strict adherence to the international rules for animal ex-
periments and the internationally accepted ethical prin-
ciples for laboratory animal use and care. The mice were 
housed in cages in a controlled environment (25 ± 2°C, 
50–70% relative humidity, 12±1 h light–dark cycle). There 
were five mice in each cage, and these mice were allowed 
free access to food and water for 5 days. Then, the mice 
were randomly divided into five groups as follows (10 mice 
per group). The normal fat control group (blank group, n 
= 10) received a normal fat diet and saline solution. The 
normal fat diet consisted of 40% corn starch, 22% wheat, 
20% soybean, 7% peptone (fish), 4% casein, 4.2% mineral 
mixture, 0.8% amino acid, 0.3% vitamin mixture, 0.2% 
choline chloride, and 1.5% fat. The high-fat control group 
(control group, n = 10) received a high-fat diet and di-
lute acetic acid solution. Finally, there were three DEChN 
groups, namely, the L-DEChN (n = 10), M-DEChN (n 
= 10), and H-DEChN groups (n = 10), which received a 
high-fat diet and low, medium, or high doses of DEChN 
dispersions, respectively, dispersed in dilute acetic acid at 
a pH of 3–4. The high-fat diet consisted of 10% lard, 10% 
egg yolk powder, 2% cholesterol, 0.5% sodium deoxycho-
late, and 77.5% normal fat diet.

Experimental design
All mice were fed under experimental conditions for 
21 days. The male mice were randomly separated into five 
groups: a normal diet group, a high-fat diet group, and 
three DEChN groups that had been treated with different 
doses of DEChN dispersions (low, medium, and high). 
During the experimental period, the method described by 
Qi et al. (20) was employed in this study. The mice were 
allowed free access to food and water for 5 days to ac-
climate to the animal facility and were weighed and ran-
domly divided into five groups as described above. Each 
day the body weights (BW) were recorded, and in the 
DEChN groups, the mice were intragastrically adminis-
tered DEChN dispersions at dosages of 18.75 mg/kg·bw·d 
(L-DEChN group), 37.5 mg/kg·bw·d (M-DEChN group), 
and 75 mg/kg·bw·d (H-DEChN group). Correspondingly, 

each day the mice in the blank group were given saline 
solution, and the mice in the control group were given di-
lute acetic acid solution. At the end of the third week, 
mice fasted for 18 h prior to blood withdrawal. Necropsies 
were performed on all mice after blood withdrawal, and 
organ and adipose tissues were collected and measured.

Collection of blood and bioassay
All blood samples for the bioassay were obtained by 
retro-orbital blood collection from mice that fasted over-
night (18 h). Blood samples were centrifuged at 3,000 g 
for 10 min to separate the serum for lipid profile estima-
tion and stored at –4°C. The serum TC, TG, HDL-C, and 
LDL-C concentrations were measured by an enzymatic 
colorimetric method using commercially available kits. 
Meanwhile, liver, kidney, and spleen samples were also 
collected and weighed.

Statistical analysis
Statistical analyses were performed using Student’s t-test 
and compared to the control group (21). The data are pre-
sented as the mean ± standard deviation; p < 0.05 was 
considered a statistically significant difference.

Results and discussion

Characterizations of deacetylated a-chitin nanofiber/nanowhisker 
mixtures
The atomic force microscopy image of the DEChNs is 
shown in Fig. 1a. Complete individualization of DEChNs 
was achieved by partial deacetylation and the following 
downsizing process. The as-prepared individual DEChNs 
had widths that ranged consistently between 10 and 30 
nm and lengths that ranged between 150 and 500 nm. The 
DDA of the DEChNs was 0.29.

Photographs of the DEChNs in water at pH 1.5–6 are 
shown in Fig. 1b. The DEChNs were well dispersed in 
water at pH 1.5–4.5; however, at pH 6.0 there was severe 
turbidity with white flocculent particles, indicating that 
DEChNs flocculate in water at higher pH values. The 
well dispersion of DEChNs at pH 1.5–4.5 was in accor-
dance with its high zeta-potential (+30–70 mV), which 
indicated the high cationic surface charges of DEChNs. 
Thus, the addition of acetic acid cationized the C2-amino 
groups on the DEChNs, promoting the fibrillation of the 
DEChNs into nanofibrils by electrostatic repulsion and 
stable dispersion in water. However, DEChNs lost a cer-
tain amount of positive charge when the zeta-potential 
decreased to +24.1 mV at pH 6.0 and therefore became 
flocculent and precipitated.

While pH is normally neutral in most parts of the 
body, it is acidic in the gastric environment. The changes 
in the zeta-potential and dispersion-flocculation that oc-
curred in relation to the pH value of the DEChNs reflect 
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the potential of DEChNs to bind molecules such as lip-
ids, cholesterol, and bile acid in the stomach at pH < 4.5 
(acidic gastric juice) and to flocculate with the binding 
molecules at a higher pH in the intestine for excretion 
outside of the body.

Body and tissue weight of mice
The BW and BW gain of experimental mice are shown 
in Fig. 2a and b, respectively. The DEChN dispersions 
were divided into the following three dosage groups: L-
DEChNs, M-DEChNs, and H-DEChNs, in which the 
mice were fed dosages of 18.75, 37.5, and 75 mg/kg·bw·d 
of DEChN dispersions, respectively. The mice were fed 
the DEChNs along with a high-fat diet to estimate their 
effect on the resulting weight change of the mice. As a 
control, because the DEChNs were dispersed under acidic 
conditions mediated by acetic acid, the dilute acetic acid 
solution was given to the mice along with the high-fat diet.

As shown in Fig. 2a and b, the mice fed the high-fat 
diet plus the dilute acetic acid solution (control group) 
showed decreases in BW during the experimental period, 
compared with those mice fed the normal-fat diet plus a 
saline solution (blank group). This indicates that the di-
lute acetic acid could reduce the weight gain of the mice 
even though they were fed the high-fat diet. Until Day 14, 
there were some differences in the BW of mice fed the L-
DEChNs and mice in the control group. However, after 
14 days, the BW of these two groups showed little differ-
ence. The results suggested that the L-DEChN (18.75 mg/
kg·bw·d) dispersion dosage slightly mitigated increases 
in the BW of mice fed a high-fat diet after the initial 2 
weeks, when mice had acclimated to the feeds. Compared 

with the control group and the L-DEChN group, there 
was significantly less BW gain in mice that had been fed 
the M-DEChN and H-DEChN doses. Especially for the 
mice that received H-DEChNs along with a high-fat diet, 
a minimal increase in the BW was observed.

Overall, the BW of  the mice obviously changed; both 
acetic acid and DEChNs were able to prevent the weight 
gain of  mice, even those fed a high-fat diet, and the de-
gree of  prevention was correlated with the dosage of 
DEChNs.

Necropsies were performed on the experimental mice 
after 21 days. The tissue weights (TW) of the mice (in-
cluding liver weight, kidney weight, and spleen weight) 
are shown in Table 1. As shown in Table 1, compared with 
the control group, the TW of the mice fed DEChN dis-
persions were significant lower along with a lower overall 
BW. The results suggest that DEChNs reduced both the 
BW and TW gain of mice. In contrast, the ratios of liver, 
spleen, and kidney weights to BW (TW/BW) showed no 
significant differences among all groups.

Adipose tissue and serum lipids
The adipose tissues (including renal, epididymal, and 
mesenteric adipose tissue) of experimental mice were col-
lected and measured. The adipose tissue weight (ATW) 
and the ATW/BW ratios are shown in Table 2. Compared 
with the mice fed the normal-fat diet plus a saline solution 
(blank group), the mice fed the high-fat diet plus a dilute 
acetic acid solution (control group) showed an increase 
in ATW at the end of the experimental period. This in-
dicates that feeding the mice a high-fat diet resulted in a 
high accumulation of lipids.

Fig. 1.  Characterizations of partially deacetylated α-chitin nanofibers: (a) atomic force microscopy observation of partially 
deacetylated α-chitin nanofiber/nanowhisker mixtures (DEChNs) prepared from α-chitin; (b) photographs of dispersions of 
DEChNs in water at pH 1.5–6.
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Compared with the control group, a decrease in the 
weights of the renal, epididymal, and mesenteric adipose 
tissues were observed in the H-DEChN and L-DEChN 
groups. The H-DEChN group showed a greater decrease 
than the L-DEChN group. The weights of the renal ATW 
of mice in the L-DEChN group and the H-DEChN group 
were 0.235 ± 0.068 and 0.146 ± 0.041 g, respectively, 
compared with 0.418 ± 0.148 g in the control group and 
0.234 ± 0.116 g in the blank group. The weights of the 
epididymal adipose tissue of mice in the L-DEChN and 
H-DEChN groups were 0.621 ± 0.16 and 0.412 ± 0.098 g, 
respectively, compared with 0.819 ± 0.238 g in the control 
group and 0.695 ± 0.107 g in the blank group. The weights 
of the mesenteric adipose tissue of mice in the L-DEChN 
and H-DEChN groups were 0.476 ± 0.187 and 0.471 ± 
0.097 g, respectively, compared with 0.728 ± 0.085 g in the 
control group and 0.616 ± 0.17 g in the blank group. The 
weights of the renal, epididymal, and mesenteric adipose 
tissues of mice in the M-DEChN group were 0.268  ± 
0.075, 0.700 ± 0.159, and 0.594  ±  0.115  g,  respectively. 

There was an obvious decrease in the weights of the col-
lected adipose tissue compared with the control group, 
while there was no significant difference in the renal, 
epididymal, and mesenteric ATW/BW ratios of the M-
DEChN group and the blank group. The results indi-
cated that DEChNs could interfere with the absorption 
of dietary fat and cholesterol in vivo. This finding was 
likely a result of  the unique ability of chitin to bind lip-
ids and bile acids. The H-DEChN group (75 mg/kg·bw·d 
DEChNs) was more effective than the L-DEChN group 
(18.75 mg/kg·bw·d DEChNs) or the M-DEChN group 
(37.5 mg/kg·bw·d DEChNs) in decreasing the accumula-
tion of lipids in tissue and preventing the development of 
obese mice.

The serum lipid concentrations of mice were measured, 
including TC, TG, HDL-C, and LDL-C. The results are 
shown in Table 3. After 21 days of experimental diets, the 
serum TC concentration of the mice fed the high-fat diet 
was higher than that of the mice fed a normal-fat diet. 
However, the serum TC and HDL-C concentrations of 

Table 1.  Body and tissue weights of mice

Groups Blanka Controlb L-DEChNsc M-DEChNsd H-DEChNse

BW (g) 33.63 ± 2.87 34.19 ± 1.89 31.88 ± 3.02* 30.36 ± 3.26** 26.58 ± 2.08**

Liver weight (g) 1.92 ± 0.18 1.87 ± 0.30 1.67 ± 0.15* 1.64 ± 0.14* 1.46 ± 0.04**

Liver weight/BW (%) 5.70 ± 0.30 5.48 ± 0.55 5.23 ± 0.31 5.40 ± 0.34 5.51 ± 0.21

Spleen weight (g) 0.116 ± 0.035* 0.139 ± 0.016 0.133 ± 0.022 0.1195 ± 0.03 0.113 ± 0.046

Spleen weight/BW (%) 0.34 ± 0.08* 0.41 ± 0.04 0.42 ± 0.08* 0.39 ± 0.05* 0.43 ± 0.06

Kidney weight (g) 0.672 ± 0.124 0.681 ± 0.09 0.637 ± 0.067 0.571 ± 0.131* 0.497 ± 0.024*

Kidney weight/BW (%) 1.996 ± 0.345 1.99 ± 0.14 1.999 ± 0.141 1.88 ± 0.33 1.87 ± 0.16

BW, body weighta

Blank group (fed normal diet and saline solution); bcontrol group (fed high-fat diet and dilute acetic acid solution); c,d,eL-, M-, H-DEChN groups (fed high-
fat diet and low, medium, high dose, respectively, of DEChN dispersions). Data are presented as mean ± standard error. *p < 0.05 compared with the 
control group; **p < 0.01 compared with the control group.

Fig. 2.  (a) Changes in body weight and (b) the difference in body weight gain in the blank group (fed a normal diet and saline 
solution), control group (fed a high-fat diet and dilute acetic acid solution), and L-, M-, and H-DEChN groups (fed a high-fat 
diet and low, medium, and high doses of DEChN dispersions). *p < 0.05 control group compared with the DEChN groups. 
**p < 0.01 control group compared with the DEChN groups.
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the mice in the H-DEChN group were lower than those of 
mice in the control group; the value of high density lipo-
protein cholesterol (HDL-C) 1.658 mmol/L in the control 
group decreased to 0.678 mmol/L in the H-DEChN group, 
which is approximately a 2.44-fold decrease, indicating that 
while feeding the mice a high-fat diet normally resulted in 
a higher accumulation of lipids in the blood, DEChNs can 
suppress hyperlipidemia in mice that are fed high-fat diets.

Liver histological examination
The livers from the mice were subjected to histopatho-
logical examination, and the results are shown in Fig. 3. 
At the end of the experiment, the livers of the mice from 
the control group had become swollen, oily, and orange. 
By comparison, the livers from the blank and DEChN 
groups were normal and dull red in color. As shown in 
Fig. 3, there were no evident fat vacuoles in the cytoplasm 
from the blank group, while hepatocytes from mice in 
the control group had accumulated a large number of 
fat vacuoles. The results indicated that feeding the mice 
a high-fat diet resulted in a higher accumulation of lipids 
in the livers of mice, thereby leading to a severe fatty liver. 
Histopathological examination of hepatocytes from mice 
in the DEChN groups revealed that livers had a small 
number of droplet accumulation compared with those in 
the control group. In addition, there was no evidence of 

fat vacuoles in the cytoplasm among the DEChN groups 
and the livers of the DEChN groups appeared normal, 
that is, similar to the blank group. These results suggested 
that a small dosage of DEChN dispersions was effective 
in decreasing the accumulation of lipids in the liver, thus 
preventing the development of a fatty liver. The histo-
pathological examination of the liver was consistent with 
the data collected for BW gain, ATW gain, and serum 
lipid levels, thereby proving that DEChNs possesses effec-
tive hypolipidemic activity.

Optimum dosage of deacetylated a -chitin nanofiber/nanowhisker 
mixtures
Azuma et al. recently proposed that an oral administra-
tion of surface-deacetylated chitin nanofibers (SDCNFs) 
decreased the diet-induced increase in serum TC, chylo-
micron, very-low-density lipoprotein, phospholipid levels, 
and suppressed vacuolar degeneration and accumula-
tion of lipid droplets in liver tissue (17). They also sug-
gested that administration of SDCNFs did not affect BW 
change or organ weights. However, our study showed that 
DEChNs significantly reduced the BW and ATW gains 
in mice when fed a high-fat diet. The difference may be 
attributed to the dosage of DEChN dispersions. In the 
present study, the dosage was under precise control and 
the DEChNs were intragastrically administered.

Table 2.  Adipose tissue weight of mice

Groups Blanka Controlb L-DEChNsc M-DEChNsd H-DEChNse

Renal ATW (g) 0.234 ± 0.116* 0.418 ± 0.148 0.235 ± 0.068* 0.268 ± 0.075* 0.146 ± 0.041**

Renal ATW/BW (%) 0.69 ± 0.30** 1.21 ± 0.37 0.72 ± 0.21* 0.88 ± 0.19* 0.54 ± 0.11**

Epididymal ATW (g) 0.695 ± 0.107 0.819 ± 0.238 0.621 ± 0.16 0.700 ± 0.159 0.412 ± 0.098*

Epididymal ATW/BW (%) 2.06 ± 0.27 2.38 ± 0.72 1.95 ± 0.47 2.20 ± 0.22 1.54 ± 0.23*

Mesenteric ATW (g) 0.616 ± 0.17 0.728 ± 0.085 0.476 ± 0.187 0.594 ± 0.115* 0.471 ± 0.097*

Mesenteric ATW/BW (%) 1.83 ± 0.35* 2.13 ± 0.61 1.48 ± 0.40* 1.96 ± 0.38* 1.75 ± 0.31

ATW, adipose tissue weight; BW, body weighta

Blank group (fed a normal diet and saline solution); bcontrol group (fed a high-fat diet and dilute acetic acid solution); c,d,eL-, M-, H-DEChN groups (fed a 
high-fat diet and low, medium, high doses, respectively, of DEChNs dispersions). Data are presented as mean ± standard error. *p < 0.05 compared with 
the control group; **p < 0.01 compared with the control group.

Table 3.  Serum lipid levels of mice

Groups Blanka Controlb L-DEChNsc M-DEChNsd H-DEChNse

TC (mmol/L) 3.562 ± 0.786 3.910 ± 0.596 3.321 ± 0.589* 3.801 ± 0.883* 3.429 ± 0.507*

TG (mmol/L) 1.389 ± 0.430 1.247 ± 0.559 1.385 ± 0.514 1.311 ± 0.660 0.709 ± 0.234

HDL (mmol/L) 1.665 ± 0.406 1.658 ± 0.830 0.842 ± 0.346** 0.702 ± 0.176** 0.678 ± 0.263*

HDL/TC 0.468 ± 0.225 0.424 ± 0.133 0.253 ± 0.134 0.185 ± 0.084** 0.198 ± 0.124

LDL (mmol/L) 0.614 ± 0.198 0.697 ± 0.210 0.812 ± 0.271 0.849 ± 0.313 0.728 ± 0.166

TC, total cholesterol; TG, triacylglycerol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterola

Blank group (fed a normal diet and saline solution); bcontrol group (fed a high-fat diet and dilute acetic acid solution); c,d,eL-, M-, H-DEChN groups (fed a 
high-fat diet and low, medium, high doses of DEChN dispersions, respectively). Data are presented as mean ± standard error.*p < 0.05 compared with 
the control group; **p < 0.01 compared with the control group.
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The present study suggests that the BW and ATW gains 
of the mice in the DEChN groups were significantly lower 
than those of the control group and changed dramatically 
in the H-DEChN group. On the contrary, the changes of 
the weight ratio between tissue and body were observed 
to be slight. For the H-DEChN group, the suppression of 
BW gain and the reduction of adipose tissue accumulation 
were the most obvious. The drastic changes may indicate 
that mice fed excessive DEChNs exhibited a pathological 
growth state. Therefore, in consideration of the efficacy of 
ATW loss and ensuring healthy growth of mice as men-
tioned above, a dosage of 37.5 mg/kg·bw·d DEChNs (the 
M-DEChN dose), in the medium dosage range, was rec-
ommended and proposed in the present study.

At the recommended optimum dosage, DEChNs can 
facilitate weight loss and reduce accumulation of fat in 
diet-induced obese mice and significantly reduce the rise 
of liver lipid levels in mice when fed a high-fat diet. Mean-
time, at this dosage, the DEChNs reduced the plasma lipid 
levels, the serum TC, and TG concentration as well. These 
values were lower than those of mice fed the high-fat diet 
and dilute acetic acid solution, indicating that DEChNs 
can effectively prevent hypercholesterolemia when con-
suming a high-fat diet. The most probable explanation for 
this is the binding of lipids to the DEChNs, thereby reduc-
ing the absorption of dietary fat and cholesterol in vivo.

Chitosan, with an average molecular weight of 650 kDa 
or greater, was approved by the Ministry of Health, Labour 

Fig. 3.  Histological examination of liver tissues from mice in the blank group (fed a normal diet and saline solution), control 
group (fed a high-fat diet and dilute acetic acid solution), and the L-, M-, H-DEChN groups (fed a high-fat diet and low, me-
dium, high doses of DEChN dispersions, respectively). The arrows point out the fat vacuole in the cytoplasm.
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and Welfare (Japan) in 1997 as a specific healthy functional 
food, and the approved oral dosage of chitosan was 0.5–3 
g per day in humans (22). In particular, doses between 2 
and 5 g/kg were used to evaluate the hypolipidemic effects 
of chitosan. In this study, the best dosage of DEChNs 
for optimal hypolipidemic effects was 37.5  mg/kg·bw·d, 
which is much lower than the recommended dosage of chi-
tosan. Thus, we conclude that the hypolipidemic effects of 
DEChNs are more efficient than those of chitosan.

Possible hypolipidemic mechanism of deacetylated a -chitin 
nanofiber/nanowhisker mixtures
According to previous reports, chitosan, a derivative of 
chitin, can reduce BW and ATW gains in mice that are fed 
high-fat diets (22). The hypolipidemic mechanism of chi-
tosan was investigated in male Sprague-Dawley rats and 
the results suggested that chitosan reduced the absorption 
of dietary fat and cholesterol in vivo, thereby effectively 
reducing the occurrence of hypercholesterolemia in rats 
(23). There have been many studies that have attempted to 
explain the mechanisms of chitosan in inhibiting hyperlip-
idemia. A classical perspective, which is widely accepted, 
is that chitosan binds lipids in the gastrointestinal tract, 
which are then excreted in the feces (23, 24). DEChNs 
have a similar molecular structure to chitosan but can be 
identified by their nanofibrillar morphology, lower amino 
groups, and increased crystallinity. However, there have 
not been many research studies that have examined the 
use of DEChNs in supporting the hypolipidemic activities 
of mice, as well as the underlying mechanisms of how the 
DEChNs inhibit hyperlipidemia.

Our zeta-potential detection revealed that even though 
the DEChNs possess lower amino groups (DDA values 
approximately 0.25–0.35) than chitosan (DDA values 
normally >0.70), they still possess high cationic surface 
charges under acidic conditions. That is to say, chitin, as 
well as chitosan, may have the unique ability to bind lip-
ids and bile acids. Moreover, the nanofibrillar morphol-
ogy and high crystallinity might be the other advantages. 
In detail, the C2-amino groups on the surface of the 
DEChNs were cationized in gastric juice (pH 1–2), which 
gave the DEChNs a high zeta-potential of +30–70 mV 
in the stomach. Positively charging the DEChNs allowed 
for the attraction and accumulation of anions, such as 
large amounts of lipids, cholesterol, and bile acid, to the 
DEChNs via electrostatic attraction. It is noteworthy to 
mention that the DEChNs do not dissolve at a molecu-
lar level but disperse at a nanofibril level in the stomach. 
Therefore, the DEChNs adsorb to the surface of an oil 
droplet, decreasing its accessibility to digestive enzymes, 
thereby decreasing its digestion. Moreover, the DEChNs 
could act as an emulsifier, affecting the emulsification 
and adsorption of lipids because DEChNs and oil could 
contribute to a large accumulation through hydrophobic 

interaction and nano-effects. Therefore, the binding of 
lipids and the emulsification could be the main cause for 
the hypolipidemic action of DEChNs. When the proto-
nated DEChNs enter the intestine (pH 7–7.5), they lose 
the positive charge then flocculate and precipitate along 
with the lipids, cholesterol, and bile acid. Thereafter, these 
precipitates are trapped in the intestine and eventually 
excreted.

Conclusions
The present study examined the following effects of 
DEChNs: 1) reducing accumulation of adipose tissues, 2) 
preventing increases in plasma in mice that are fed a long-
term high-fat diet, and 3) guarding against the symptoms 
of hypercholesterolemia and fatty liver in mice. Further 
studies are needed to examine the pharmacokinetics and 
biodegradability of DEChNs. Finally, the TC and lipid 
levels of the liver, serum, and liver enzymes and receptors 
regulating the lipid metabolism were not examined in this 
study. Therefore, these areas also need further examination.

Acknowledgments

This research was financially supported by the National Key R&D 
Program of China (2016YFD0600803), the National Natural Sci-
ence Foundation of China (No. 31100426), the Doctorate Fellowship 
Foundation of Nanjing Forestry University, and the Priority Aca-
demic Program Development of Jiangsu Higher Education Institu-
tions (PAPD). Thanks to Professor Jiuliang Zhang from Huazhong 
Agricultural University for his guidance and assistance.

Conflict of interest and funding

The authors have not received any funding or benefits from industry 
or elsewhere to conduct this study.

References

	 1. 	Prasad K, Kalra J. Oxygen free radicals and hypercholester-
olemic atherosclerosis: effect of vitamin E[J]. Am Heart J 1993; 
125(4): 958–973.

	 2. 	Zhang HL, Tao Y, Guo J, Hu YM, and Su ZQ. Hypolipidemic 
effects of chitosan nanoparticles in hyperlipidemia rats induced 
by high fat diet[J]. Int Immunopharmacol 2011; 11(4): 457–461.

	 3. 	Liu X, Sun Z, Zhang M, Meng X, Xia X, Yuan W, et al. 
Antioxidant and antihyperlipidemic activities of polysaccha-
rides from sea cucumber Apostichopus japonicus[J]. Carbohydr 
Polymers 2012; 90(4): 1664–1670.

	 4. 	Knopp RH. Drug treatment of lipid disorders[J]. N Engl J Med 
1999; 341(7): 498–511.

	 5. 	Vergara-Jimenez M, Conde K, Erickson SK, and Fernandez 
ML. Hypolipidemic mechanisms of pectin and psyllium in 
guinea pigs fed high fat–sucrose diets: alterations on hepatic 
cholesterol metabolism[J]. J Lipid Res 1998; 39(7): 1455–1465.

	 6. 	Anandan R, Ganesan B, Obulesu T, Mathew S, Kumar RS, 
Lakshmanan PT, et al. Dietary chitosan supplementation 
attenuates isoprenaline-induced oxidative stress in rat myocardi-
um[J]. Int J Biol Macromol 2012; 51(5): 783–787.

	 7. 	Zhang J, Liu J, Li L, and Xia W. Dietary chitosan improves hy-
percholesterolemia in rats fed high-fat diets[J]. Nutr Res 2008; 
28(6): 383–390.

21Hypolipidemic activities of partially deacetylated α-chitin nanofibers/nanowhiskers in mice



	 8. 	Zhang J, Zhang W, Mamadouba B, and Xia W. A comparative 
study on hypolipidemic activities of high and low molecular 
weight chitosan in rats[J]. Int J Biol Macromol 2012; 51(4): 
504–508.

	 9. 	Anraku M, Michihara A, Yasufuku T, Akasaki K, Tsuchiya 
D, Nishio H, et al. The antioxidative and antilipidemic effects 
of different molecular weight chitosans in metabolic syndrome 
model rats[J]. Biol Pharmaceut Bull 2010; 33(12): 1994–1998.

	10. 	Baker WL, Tercius A, Anglade M, White CM, and Coleman CI. 
A meta-analysis evaluating the impact of chitosan on serum lip-
ids in hypercholesterolemic patients[J]. Ann Nutr Metabol 2009; 
55(4): 368–374.

	11. 	Liu L, Lv H, Jiang J, Zheng K, Ye W, Wang Z, et al. Reinforced 
chitosan beads by chitin nanofibers for the immobilization of 
β-glucosidase[J]. RSC Adv 2015; 5(113): 93331–93336.

	12. 	Kumar MNVR. A review of chitin and chitosan applications[J]. 
React Funct Polymers 2000; 46(1): 1–27.

	13. 	Fan Y, Fukuzumi H, Saito T, and Isogai A. Comparative char-
acterization of aqueous dispersions and cast films of different 
chitin nanowhiskers/nanofibers[J]. Int J Biol Macromol 2012; 
50(1): 69–76.

	14. 	Fan Y, Saito T, Isogai A. Individual chitin nano-whiskers pre-
pared from partially deacetylated α-chitin by fibril surface cat-
ionization[J]. Carbohydr Polymers 2010; 79(4): 1046–1051.

	15. 	Zhang Y, Jiang J, Liu L, Zheng K, Yu S, and Fan Y. Preparation, 
assessment, and comparison of α-chitin nano-fiber films with 
different surface charges[J]. Nanoscale Res Lett 2015; 10(1): 1.

	16. 	Liu L, Wang R, Yu J, Jiang J, Zheng K, Hu L, et al. Robust self-
standing chitin Nanofiber/Nanowhisker hydrogels with designed 
surface charges and ultralow mass content via Gas Phase Coag-
ulation[J]. Biomacromol 2016; 17(11): 3773–3781.

	17. 	Azuma K, Nagae T, Nagai T, Izawa H, Morimoto M, Murahata 
Y, et al. Effects of surface-deacetylated chitin nanofibers in an 

experimental model of hypercholesterolemia[J]. Int J Mol Sci 
2015; 16(8): 17445–17455.

	18. 	Anraku M, Tabuchi R, Ifuku S, Nagae T, Iohara D, Tomida H, 
et al. An oral absorbent, surface-deacetylated chitin nano-fiber 
ameliorates renal injury and oxidative stress in 5/6 nephrecto-
mized rats[J]. Carbohydr Polymers 2017; 161: 21–25.

	19. 	Fan Y, Saito T, Isogai A. Preparation of chitin nanofibers from 
squid pen β-chitin by simple mechanical treatment under acid 
conditions[J]. Biomacromol 2008; 9(7): 1919–1923.

	20. 	Qi H, Huang L, Liu X, Liu D, Zhang Q, and Liu S. Antihy-
perlipidemic activity of high sulfate content derivative of 
polysaccharide extracted from Ulva pertusa (Chlorophyta)[J]. 
Carbohydr Polymers 2012; 87(2): 1637–1640.

	21. 	Xu W, Zhou Q, Yin JJ, Yao Y, and Zhang JL. Anti-diabetic 
effects of polysaccharides from Talinum triangulare in strepto-
zotocin (STZ)-induced type 2 diabetic male mice[J]. Int J Biol 
Macromol 2015; 72: 575–579.

	22. 	Sumiyoshi M, Kimura Y. Low molecular weight chitosan inhibits 
obesity induced by feeding a high-fat diet long-term in mice[J]. 
J Pharm Pharmacol 2006; 58(2): 201–207.

	23. 	Liu J, Zhang J, Xia W. Hypocholesterolaemic effects of different 
chitosan samples in vitro and in vivo[J]. Food Chem 2008; 107(1): 
419–425.

	24. 	Xia W, Liu P, Zhang J, and Chen J. Biological activities of chi-
tosan and chitooligosaccharides[J]. Food Hydrocolloids 2011; 
25(2): 170–179.

*Yimin Fan 
College of Chemical Engineering
Nanjing Forestry University
159 Longpan Road, Nanjing 210037, China
E-Mail: fanyimin@njfu.edu.cn

22 Food and Nutrition: A Human Health Perspective

mailto:fanyimin@njfu.edu.cn


Immunomodulatory activity of Lactobacillus plantarum 
KLDS1.0318 in cyclophosphamide-treated mice
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Abstract

Background: Probiotics in fermented foods have attracted considerable attention lately as treatment options 
for immune diseases, the incidence of which has been increasing throughout the world.
Objective: The objective of the present study was to investigate the immunomodulatory activity of Lactobacil-
lus plantarum (L. plantarum) KLDS1.0318 in cyclophosphamide-treated mice.
Design: To investigate the immune-enhancing effects of L. plantarum KLDS1.0318, we used a immunosup-
pressive model. Ninety female six-week-old BALB/c mice were randomly divided into six groups: normal 
control (NC) group, model control (MC) group, immunosuppression plus L. plantarum KLDS1.0318 groups 
with three different doses (KLDS1.0318-L, KLDS1.0318-M, and KLDS1.0318-H), and plus levamisole hy-
drochloride as positive control (PC) group.
Results and discussions: Results showed that the thymus and spleen indexes of the four treatment groups were 
significantly higher than those of the MC group (2.01±0.16) ( p < 0.05). The capacity of lymphocyte prolif-
eration, the activity of natural killer (NK) cell and macrophages phagocytosis were significantly increased 
( p < 0.05) in four treatment groups as compared with the MC group (0.327±0.022, 62.29±0.8, 0.087±0.008, 
respectively). The levels of relative immune factors (IL-2, IL-6, and IFN-γ) showed similar patterns ( p < 0.05).
Conclusions: This study suggested that orally administered L.plantarum KLDS1.0318 may effectively acceler-
ate the recovery of immunosuppressive mice caused by cyclophosphamide (CTX). The immunomodulatory 
activity of the srtain recommended that L. plantarum KLDS1.0318 could be used as a powerful medicinal 
treatment against immunosuppression.

Keywords: Lactobacillus plantarum KLDS1; 0318; splenocyte proliferation; NK cell activity; macrophages phagocytosis; cytokine

Immunosuppression is a state of  temporary or 
long-lasting immunity dysfunction that results in 
making the organism more sensitive to pathogens 

because of  the impairment of  the immune system (1–4). 
For example, the human immunodeficiency virus ep-
idemic caused one of  the most significant populations 
of  immunocompromised hosts (5), which often brings 
about a low antibody level or ineffective vaccination in 
a vaccinated host. For the purpose of  controlling viral 
infectious diseases and preventing secondary infection, 
vaccines and immunopotentiating drugs, such as levam-
isole at a high dose, have to be used for long-term cure, 
which often leads to a great deal of  side effects, such 
as serious neurological symptoms, gastric hemorrhage, 
colic, anemia, and vasculitis (6–8). Accordingly, inves-
tigating and developing new and safer immunomodu-
lating agents is one of  the most effective and efficient 
methods for prevention and treatment of  immunosup-
pressive diseases (9).

People have been seeking an effective means to prevent 
and remedy immunosuppressive diseases for years, but the 
progress is slow. In the meantime, the application of tradi-
tional probiotics in immunoregulation has acquired some 
achievements. Probiotics have complicated nutritional re-
quirements and are found in a variety of habitats, such as 
human and animal mucosal membranes, material of plant 
origin, sewage, and fermented dairy products and spoiled 
food (10). They play a vital role in immunomodulation, 
maintaining the intestinal microbial balance, and preventing 
gastrointestinal infection. Previous research indicated that 
lactobacilli can be used for immune stimulation to increase 
early lines of defense against invading harmful bacteria (11).

Lactobacilli are able to promote immunity in mice, and 
this effect is dose and strain reliant (12, 13). As the expres-
sion profiles of cell wall proteins and content of DNA un-
methylated cytidine guanine dinucleotide varied in different 
probiotics, different probiotic strains and dosages may 
bring about different immune responses (14–18). A great 
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washed twice in sterile phosphate-buffered saline (PBS), 
and resuspended in sterile PBS. In the pre-experiment, for 
the assessment of approximate concentrations of viable 
bacteria, suitable dilutions of the culture were plated onto 
MRS broth at 37°C for 48 h. The concentrations of L. plan-
tarum KLDS1.0318 were found to reach 5 × 109 CFU/mL. 
The bacterial strain was diluted in sterile PBS to produce 
suspensions of designated doses for oral administration.

Chemicals
Roswell Park Memorial Institute (RPMI) 1640, fetal bovine 
serum (FBS), concanavalin A (ConA), and levamisole hy-
drochloride were purchased from Sigma Co. (St. Louis, MO, 
USA). Enzyme-linked immunosorbent assay (ELISA)–
based cytokine kits were purchased from Cloud-Clone Corp. 
(Houston, TX, USA). CTX was purchased from Beijing So-
larbio Science & Technology Co., Ltd. (Beijing, China).

Experimental design
All mice were randomly divided into six groups: a nor-
mal control (NC) group, model control (MC) group, three 
L. plantarum KLDS1.0318 groups with different doses 
(KLDS1.0318-L, 5 × 107 CFU/mL; KLDS1.0318-M, 
5  × 108 CFU/mL; KLDS1.0318-H, 5 × 109 CFU/mL, 
0.2  mL/d), and levamisole hydrochloride (40 mg/kg) as 
a positive control (PC) group. Except the NC group, the 
other five groups were injected intraperitoneally with 
CTX 80 mg/kg/d of body weight in sterile saline for three 
consecutive days to induce immunosuppression. Body 
weight was used as a measure of immunosuppression ef-
fect (26). All treatments were conducted with 10 mL/kg 
body weight by oral administration once daily for 20 days. 
The NC group mice were injected and received an equiv-
alent volume of sterile PBS as the immunosuppression 
group. An equivalent volume of sterile PBS was adminis-
tered to MC group mice in the same way.

Analysis of body weight
Animal body weight was monitored every 4 days through-
out the experiment.

Analysis of immune organ index
The mice were weighed before being sacrificed 20 days 
after the commencement of oral administration. The thy-
mus and spleen were immediately excised surgically and 
weighed. The immune organ index was calculated accord-
ing to the following formula:

spleen or thymus 
indices (mg/g)	

spleenor thymusweight mg
body weight g

 = 
( )

( )
(27).

Assay of splenocyte proliferation induced by T-cell mitogen conA
Mouse spleens were aseptically removed, placed in 0.1 M 
cold PBS, gently homogenized, and passed through a 

many studies have reported that Lactobacillus plantarum 
has immunoregulatory function: activation of Th1 immune 
responses (19), promotion of IgA secretion and prevention 
of influenza virus infection (20), enhancement of the cytok-
ine profile against mite allergy (21), and improvement of 
natural killer (NK) cell activity, for instance (22).

L. plantarum KLDS1.0318, a newly identified probiotic, 
was preserved in our laboratory. Its effects on the activity 
of immune cells in vitro were previously investigated and it 
is considered to be possessed of a higher immunomodula-
tory activity (23). However, the immunoregulatory effects 
of L. plantarum KLDS1.0318 in vivo are not fully clear yet 
and neither is its immunoregulatory mechanism.

Cyclophosphamide (CTX), a classical myelotoxic agent, 
was used in a previous study to establish an experimental 
model applicable to the evaluation of immunomodula-
tion by antibiotics in normal and immunocompromised 
mice (24). The aim of this experiment was to establish an 
immunosuppressive model by treating BALB/c mice with 
CTX. Using this model, the possible effects of L. plan-
tarum KLDS1.0318 on the immune system of immuno-
compromised hosts were investigated.

Materials and methods

Experimental animals
Ninety female-specific pathogen-free BALB/c mice with a 
body weight of 20.0 ± 2.0 g were obtained from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). Animals were acclimatized to laboratory 
conditions for 1 week before commencement of the animal 
experiment. They were housed in plastic cages at an am-
bient temperature of 23 ± 1°C, 50 ± 10% humidity, and a 
12/12 h light–dark cycle, fed standard laboratory chow, and 
allowed water ad libitum. Animals used in this study were 
cared for in accordance with the Guide for the Care and Use 
of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication 85-23, 1996), and all ex-
perimental procedures were approved by the Animal Care 
Review Committee, Northeast Agricultural University.

Preparation of bacterial strain
L. plantarum KLDS1.0318 (preserved at Key Laboratory 
of Dairy Science, Ministry of Education, Northeast Ag-
ricultural University) was grown in de Man, Rogosa & 
Sharpe (MRS) medium (peptone 10.0 g, beef extract 10.0 
g, glucose 20.0 g, yeast extract powder 5.0 g, sodium acetate 
5.0 g, dipotassium hydrogen phosphate 2.0 g, triammonium 
citrate 2.0 g, magnesium sulfate 0.5 g, manganese sulfate 
0.05 g, Tween 80 1.0 g, distilled water 1,000 mL, pH 6.5) 
(25) for 18 h at 37 °C. Bacteria were subcultured twice be-
fore inoculation of the batch culture at 107 colony-forming 
units (CFUs)/mL. For the preparation of gavages, the bac-
teria were harvested by centrifugation (2,000 × g, 10 min), 
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FBS. After 24 h culture at 37°C under 5% CO2, the cul-
ture medium was discarded and 100 μL of 0.072% neutral 
red was added to each well and cultured for another 0.5 h. 
Then, the mixed solution was discarded and each well was 
washed thrice with PBS buffer to remove the excess dye and 
was blotted dry. The cells were resuspended in 50% ethanol 
containing 1% glacial acetic acid (lysis solution) and main-
tained overnight at 4°C. Optical densities were then read at 
540 nm and expressed as the phagocytosis index.

Cytokine quantitation
To measure IL-2, IL-6, and IFN-γ by ELISA, the blood of 
each mouse was collected from the orbital cavity under di-
ethyl ether anesthesia. The fresh blood was kept standing 
for 10 min at 37°C and then for 15 min at 4°C. Serum was 
obtained by centrifugation at 3,000 rpm for 10 min and 
then stored at −40°C until use (30). Concentrations of cy-
tokines (IL-2, IL-6, and IFN-γ) in serum were determined 
using ELISA assay kits (Cloud-Clone Corp.), according 
to the manufacturer’s instructions. The results were ex-
pressed as the concentration of cytokines per milliliter of 
mouse serum by standard cytokines provided in the kits.

Statistical analysis
Results were expressed as mean ± standard deviation 
(SD) of at least three replicates, and the data were ana-
lyzed with SPSS 20.0 software (SPSS Inc., Chicago, IL, 
USA). The statistical significance of data comparisons 
was determined using one-way analysis of variance, fol-
lowed by Duncan’s multiple range test. Values of p < 0.05 
were considered to be statistically significant.

Results

Body weight
Animal body weight of all the groups was monitored six 
times in total throughout the experiment. As shown in Fig. 1, 
there were no big differences in initial body weights on Day 
2, after acclimatization in the animal house for 1 week. Sub-
sequently, all five immunosuppressed mice groups, compared 
with the NC group, showed a dramatic decrease in body 
weight following the injection of CTX (p < 0.05). Compared 
with the MC group, the KLDS1.0318-L, KLDS1.0318-M, 
KLDS1.0318-H, and PC groups exhibited more body weight 
gain throughout the remaining experimental period.

Immune organ index
As shown in Table 1, compared with the MC mice, 
the thymus indexes in the PC, KLDS1.0318-M, and 
KLDS1.0318-H groups were significantly improved (p < 
0.05); however, there was no significant difference in the 
low dose of KLDS1.0318 (p > 0.05). As for spleen in-
dexes, they were significantly increased (p < 0.05) in each 
KLDS1.0318 treatment group and PC group as compared 

200-mesh sieve to generate single-cell suspensions, as previ-
ously described (28). Erythrocytes were rapidly washed by 
hypoosmotic hemolysis. Next, the cells were suspended at 
a final density of 1 × 106 cells/mL in RPMI 1640 medium 
supplemented with 10% FBS. Splenocytes were placed into 
96-well flat-bottomed microplates in triplicate at 2 × 105 
cells/well, and then 2.5 μg/well of conA was added to the 
wells. The cells were then cultured at a total volume of 200 
μL/well at 37°C in 5% CO2. Serum-free RPMI 1640 me-
dium was used as the control. After 48 h of incubation, 
20 μL CCK-8 (Dojindo Laboratories, Kumamoto-ken, 
Japan) was added to each well and the plate was incubated 
for another 2.5 h. Finally, the absorbance at 450 nm was 
measured using a microplate reader (XD711, Shanghai 
Xunda Medical Instrument Co., Ltd., Shanghai, China).

Assay of NK cell activity
NK cell activity was determined using a CCK-8 assay kit 
(Dojindo Laboratories). Splenocytes were prepared as sec-
tion Assay of splenocyte proliferation induced by T-cell 
mitogen conA. Briefly, blank control (RPMI 1640) and 
spleen cells (1 × 106 cells/mL) were added at the level of 0.1 
mL per well. One hundred microliters of 1 × 104 cells/mL 
YAC-1 cells, used as the target cells, were added into the 
wells as mentioned above, RPMI 1640 and spleen cells 
were added at 0.1 mL per well, used as the effector cells. 
The plates were then incubated at 37°C in 5% CO2 for 20 h. 
Next, 20 μL of CCK-8 was added. Following another 4 h 
of co-culture, the optical density of each well was measured 
using an XD711 microplate reader (Shanghai Xunda Med-
ical Instrument Co., Ltd.). In addition, absorbance mea-
surements were also recorded for the target cell control, 
blank control, and effector cell control. The percentage of 
NK cell activity was determined by the following equation:

% of NK cell activity

optical density valueof test samples
optical density valueof effector cell control
optical density valueof t et cell control

1
arg

100 (29)= −

−

















×

Determination of pinocytosis of peritoneal macrophages
Mice were sacrificed and peritoneal cells were harvested 
by peritoneal lavage with 4 mL of RPMI 1640 medium 
supplemented with 10% heat-inactivated FBS. Three milli-
liters of cell-rich lavage fluid was aspirated and centrifuged 
at 1,500 rpm for 5 min. The pellet was resuspended at 1 
× 106 cells/mL in RPMI 1640 medium and seeded in 96-
well plates at 200 μL/well (30). The plates were then incu-
bated for 3 h at 37°C in 5% CO2, washed three times, and 
nonadherent cells were removed by aspiration. Attached 
cells were used as peritoneal macrophages (31). The cells 
were resuspended in 200 μL RPMI 1640 containing 10% 
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compared with the MC group (p < 0.05). Moreover, each 
KLDS1.0318-treated group showed a large increase in a 
dose-dependent manner, and the change was significant 
(p < 0.05). There was no significant difference in the NC, 
PC, and KLDS1.0318-H groups (p > 0.05). The results 
indicated that L. plantarum KLDS1.0318 could stimulate 
a T-lymphocyte–specific proliferative response.

with those of the MC group. In addition, KLDS1.0318 
treatment exhibited a stronger effect on the thymus index 
than that of the levamisole hydrochloride–treated mice at 
a dose of 5 × 109 CFU/mL (0.2 mL/d) (p < 0.05).

Effect of L. plantarum KLDS1.0318 on conA–induced 
lymphocyte proliferation
The effect of L. plantarum KLDS1.0318 on the prolifer-
ation of splenic T lymphocytes is shown in Fig. 2. The 
spleen lymphocyte proliferation capacity was signifi-
cantly increased in the KLDS1.0318-treated groups when 

Fig. 2.  Effect of L. plantarum KLDS1.0318 on lymphocyte 
proliferation in mice. NC, non-immunosuppression + ster-
ilized PBS; MC, immunosuppression + sterilized PBS; PC, 
IM + levamisole hydrochloride (40 mg/kg); KLDS1.0318-L, 
IM + 5 × 107. CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-M, IM + 5 × 108 CFU/mL L. plantarum 
KLDS1.0318; KLDS1.0318-H, IM + 5 ×  109 CFU/mL L. 
plantarum KLDS1.0318. Data are expressed as the mean ± 
SD (n = 15). Significant differences (p < 0.05) between the 
groups are indicated with different letters above the bars.

Fig. 1.  Changes of body weight in the six groups of mice. NC, non-immunosuppression + sterilized PBS; MC, immunosuppres-
sion (IM) + sterilized PBS; PC, IM + levamisole hydrochloride (40 mg/kg); KLDS1.0318-L, IM + 5 × 107 CFU/mL Lactoba-
cillus plantarum KLDS1.0318; KLDS1.0318-M, IM + 5 × 108 CFU/mL L. plantarum KLDS1.0318; KLDS1.0318-H, IM + 5 × 
109 CFU/mL L. plantarum KLDS1.0318. Data are expressed as the mean ± SD (n = 15). Different letters represent significant 
differences between groups in the same time point (p < 0.05). NC, normal control; PBS, phosphate-buffered saline; MC, model 
control; PC, positive control; CFU, colony-forming units.

Table 1.  Effect of Lactobacillus plantarum KLDS1.0318 on thymus 
and spleen indices in mice

Group Thymus index (mg/g) Spleen index (mg/g)

NC 2.67 ± 0.22b 5.83 ± 0.19d

MC 2.01 ± 0.16a 4.44 ± 0.17a

PC 2.75 ± 0.15b 5.56 ± 0.21cd

KLDS1.0318-L 2.20 ± 0.11a 4.81 ± 0.16b

KLDS1.0318-M 2.60 ± 0.20b 5.24 ± 0.19c

KLDS1.0318-H 3.15 ± 0.17c 5.63 ± 0.24d

NC, non-immunosuppression + sterilized PBS; MC, immunosup-
pression + sterilized PBS; PC, IM + levamisole hydrochloride (40 mg/
kg); KLDS1.0318-L, IM + 5 × 107 CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-M, IM + 5 × 108 CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-H, IM + 5 × 109 CFU/mL L. plantarum KLDS1.0318. Data are 
expressed as the mean ± SD (n = 15). Significant differences (p < 0.05) 
between the groups are indicated with different letters above the data.
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phagocytic activity of macrophages than that of the PC 
(levamisole hydrochloride–treated mice) group (p < 0.05).

Effect of L. plantarum KLDS1.0318 on cytokine production
To evaluate the effect of L. plantarum KLDS1.0318 on 
cytokine production, the levels of cytokines IL-2, IL-6, 
and IFN-γ in mouse serum were examined. As demon-
strated in Table 2, compared with the other five groups, 
CTX injection caused significant reduction in the con-
centrations of cytokines (IL-2, IL-6, and IFN-γ) in the 
MC group (p < 0.05). Simultaneously, our results showed 
that the levels of all the cytokines in the KLDS1.0318 
treatment groups (L, M, H) were significantly decreased 
in a dose-dependent manner when compared with those 
of the MC group (p < 0.05). Furthermore, the levels of 
IL-2, and IFN-γ in the KLDS1.0318 treatment indicated 
more significant increase (p < 0.05) than those of the PC 
group at the medium and high dose levels (M, H), while 
the IL-6 levels in the KLDS1.0318 treatment at the high 
dose group were markedly enhanced when compared with 
those of the PC group (p < 0.05).

Discussion
As an alkylating agent, CTX has been most extensively 
used in chemotherapy. Along with a significant clinical 
effect, it can significantly damage the structure of DNA, 
impair immune cells, and strongly interfere with the pro-
liferation and differentiation of T and B cells, reducing 
the number of normal T and B cells. Meanwhile, it re-
duces levels of inflammatory cytokines (32, 33), thus sup-
pressing the cellular and humoral immune responses of 

Effect of L. plantarum KLDS1.0318 on NK cell activity
As shown in Fig. 3, the results showed that KLDS1.0318 
treatment significantly improved (p < 0.05) NK cell 
activity in mice (L, M, H) in a dose-dependent manner. 
Levamisole hydrochloride treatment also exhibited strong 
effects on NK cell activity in the PC group mice in com-
parison with the MC group (p < 0.05). Moreover, there 
was no significant difference between the NC and PC 
groups (p > 0.05). In addition, it was found that L. plan-
tarum KLDS1.0318 treatment exhibited a stronger effect 
on NK cell activity than the PC (levamisole hydrochlo-
ride–treated mice) group at a dose of 5 × 108 and 5 × 109 
CFU/mL (0.2 mL/d) (p < 0.05).

Effect of L. plantarum KLD1.0318 on phagocytic activity of 
macrophages
On Day 20, after oral administration of KLDS1.0318 to 
CTX-treated mice, we isolated the macrophages and ex-
amined their phagocytosis activity. The pinocytosis activ-
ity of the mouse peritoneal macrophages was measured 
by the neutral red uptake method, which is quantitative 
spectrophotometric determination of neutral red in mac-
rophages. As shown in Fig. 4, while the treatment with 
CTX alone (MC group) significantly reduced the phago-
cytosis activity of the macrophages, the treatment with 
KLDS1.0318 or levamisole hydrochloride significantly 
restored it (p < 0.05). The effect of KLDS1.0318 [5 × 107 
and 5 × 108 CFU/mL (0.2 mL/d)] was comparable to that 
of levamisole hydrochloride, and there was no significant 
difference between them (p > 0.05). However, the high 
dose of KLDS1.0318 exhibited a stronger effect on the 

Fig. 3.  Effect of L. plantarum KLDS1.0318 on NK cell activity in mice. NC, non-immunosuppression + sterilized PBS; MC, 
immunosuppression + sterilized PBS; PC, IM + levamisole hydrochloride (40 mg/kg); KLDS1.0318-L, IM + 5×107 CFU/mL 
L. plantarum KLDS1.0318; KLDS1.0318-M, IM + 5×108 CFU/mL L. plantarum KLDS1.0318; KLDS1.0318-H, IM + 5×109 
CFU/mL L. plantarum KLDS1.0318. Data are expressed as the mean ± SD (n = 15). Significant differences (p < 0.05) between 
the groups are indicated with different letters above the bars.
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CTX and suggested that the immunosuppressive model 
of mice was successfully established.

Lactic acid bacteria, such as Lactobacillus acidophilus 
and Bifidobacterium bifidum, have been reported to influ-
ence one or more components of humoral, cellular, or 
activate nonspecific immunity (35, 36). For example, it was 
shown that Lactobacillus casei and L. acidophilus were ca-
pable of enhancing the number of IgA-producing plasma 
cells in vivo in a dose-dependent manner. Probiotics also 
promoted splenocyte proliferation in response to mito-
gens for T and B cells in mice and increased the cytokine 
production of TNF-α, IL-1β, IL-6, and IFN-γ in immune 
cells (37). Hence, we tested the ability of lactobacillus to 
reinstate CTX-induced immunosuppression in mice.

The impact of L. plantarum KLDS1.0318 on the thymus 
and spleen indices was determined first, since the thymus 
and spleen are such important immune organs in the body 
and the places of growth and proliferation of immuno-
logical cells. The thymus is the immune organ in which T 
lymphocytes develop, proliferate, differentiate, and mature, 
whereas the spleen mainly contains T and B cells. Conse-
quently, the immune organ index is usually used to reflect 
the growth of immune organs and evaluate the immunoreg-
ulatory effect of probiotics (38, 39). Li et al. (40) reported 
that some lactobacilli significantly improved the immune 
organ index. In the present study, our results showed that 
the thymus and spleen indexes in four treatment groups 
were obviously greater than those in the MC group at the 
end of the experiment. The results indicated that L. plan-
tarum KLDS1.0318 could resist the influence of immuno-
suppression on the development of immune organs.

the organism (9). Accordingly, mice treated with CTX 
were used as an animal model of an immunosuppressed 
state to validate the immunoenhancement of L. plantarum 
KLDS1.0318 in this experiment.

In the present study, treatment with CTX (80 mg/kg, i.p.) 
in mice can notably reduce the body weight and immune 
organ index, inhibit the proliferation of spleen cells, and 
lower the phagocytosis activity of the macrophages. 
Moreover, the levels of cytokines IL-2, IL-6, and IFN-γ 
were decreased by CTX. These experimental data are in 
accord with previous reports (26, 32, 34). The results de-
scribed above expressly indicated that the immune func-
tions of BALB/c mice were significantly repressed by 

Table 2.  Effect of L. plantarum KLDS1.0318 on levels of cytokines 
in serum in mice

Group IL-2 (pg/mL) IL-6 (pg/mL) IFN-γ (pg/mL)

NC 58.2 ± 2.7b 33.2 ± 1.1c 82.3 ± 3.2b

MC 34.4 ± 2.5a 15.4 ± 1.2a 60.1 ± 2.8a

PC 64.5 ± 1.3c 31.4 ± 1.7c 87.5 ± 3.7bc

KLDS1.0318-L 59.3 ± 1.7b 20.7 ± 1.6b 92.4 ± 2.9c

KLDS1.0318-M 71.7 ± 2.2d 32.8 ± 2.1c 102.4 ± 4.1d

KLDS1.0318-H 79.6 ± 2.3e 37.4 ± 1.9d 123.5 ± 2.5e

NC, non-immunosuppression + sterilized PBS; MC, immunosup-
pression + sterilized PBS; PC, IM + levamisole hydrochloride (40 mg/
kg); KLDS1.0318-L, IM + 5 × 107 CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-M, IM + 5 × 108 CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-H, IM + 5 × 109 CFU/mL L. plantarum KLDS1.0318. Data are 
expressed as the mean ± SD (n = 15). Significant differences (p < 0.05) 
between the groups are indicated with different letters above the data.

Fig. 4.  Effect of L. plantarum KLDS1.0318 on phagocytic activity of macrophages in mice. NC, non-immunosuppression + 
sterilized PBS; MC, immunosuppression + sterilized PBS; PC, IM + levamisole hydrochloride (40 mg/kg); KLDS1.0318-L, 
IM + 5 × 107 CFU/mL L. plantarum KLDS1.0318; KLDS1.0318-M, IM + 5 × 108 CFU/mL L. plantarum KLDS1.0318; 
KLDS1.0318-H, IM + 5 × 109 CFU/mL L. plantarum KLDS1.0318. Data are expressed as the mean ± SD (n = 15). Significant 
differences (p < 0.05) between the groups are indicated with different letters above the bars.
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In summary, the present study has demonstrated that L. 
plantarum KLDS1.0318 improved immunity by promot-
ing immune organ development; enhancing lymphocyte 
proliferation; increasing the activity of NK cells; improv-
ing the activity of macrophage phagocytosis; and upregu-
lating the levels of IL-2, IL-6, and IFN-γ. Consequently, 
these results suggest that L. plantarum KLDS1.0318 is an 
effective immunomodulating agent and may be effectively 
used to improve the immune function in humans.
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Abstract

Background: An Okinawa-based Nordic diet with moderately low carbohydrate content and high fat and 
protein content has been shown to improve anthropometry and metabolism in type 2 diabetes.
Objective: The objectives of this study were to measure plasma or serum levels of hormones regulating energy 
metabolism and metabolic control, that is, cholecystokinin (CCK), Cortisol, C-peptide, ghrelin, glucagon, 
glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), insulin, leptin, plas-
minogen activator inhibitor-1 (PAI-1), polypeptide YY (PYY), resistin, and visfatin after this diet intervention, 
and to determine partial correlations between hormonal levels and anthropometric and metabolic responses.
Design: A total of 30 patients (17 women) with type 2 diabetes, mean age 57.5 ± 8.2 years, and body mass 
index (BMI) 29.9 ± 4.1 kg/m2 were served the diet for 12 weeks. Fasting hormones were measured by Luminex 
and enzyme–linked immunosorbent assay (ELISA) before study start and after 12 and 28 weeks, along with 
anthropometric and metabolic parameters.
Result: The levels of CCK (P = 0.005), cortisol (P = 0.015), C-peptide (P = 0.022), glucagon (P = 0.003), 
GLP-1 (P = 0.013), GIP (P < 0.001), insulin (P = 0.004), leptin (P < 0.001), and PYY (P < 0.001) were lowered 
after dietary intervention. These reduced levels only remained for PYY at week 28 (P = 0.002), when also ghre-
lin (P = 0.012) and visfatin (P = 0.021) levels were reduced. Changes of glucose values correlated with changed 
levels of C-peptide and PYY (P < 0.001), insulin (P = 0.002), and PAI-1 (P = 0.009); changes of triglyceride 
values with changed levels of C-peptide, insulin, and PYY (P < 0.001) and PAI-1 (P = 0.005); changes of 
insulin resistance with changes of leptin levels (P = 0.003); and changes of BMI values with changed levels of 
C-peptide, insulin, and leptin (P < 0.001).
Conclusions: Okinawa-based Nordic diet in type 2 diabetes has significant impact on the endocrine profile, 
which correlates with anthropometric and metabolic improvements.

Keywords: adipokines; incretins; gut hormones; Okinawa-based Nordic diet; metabolic control

High intake of plant-derived foods and a lower 
intake of red meat, meat products, sweets, salt, 
high-fat dairy, and refined grains are considered 

to be important features of a healthy diet (1). There is a 
growing interest in healthy dietary patterns, such as Med-
iterranean and Okinawan diets, to improve metabolism, 
inflammation, and cardiovascular health in the popula-
tion (2). A modified Okinawan diet has been developed 
consisting of moderately low carbohydrate content and 
higher contents of fiber, fat, and protein, with food com-
ponents suitable for the Nordic population (3). A single 

meal of this diet to healthy volunteers has been shown 
to attenuate the postprandial responses of glucose, C-
peptide, insulin, and glucose-dependent insulinotropic 
polypeptide (GIP), leaving the secretion of adipokines, 
ghrelin, glucagon, glucagon-like peptide-1 (GLP-1), and 
plasminogen activator inhibitor-1 (PAI-1) unaffected (4). 
The increased postprandial satiety did not correlate with 
any hormonal changes (4).

The question remains as to how much of the responses 
after a single meal are reflected in long-term effects of 
dietary interventions. Both luminal carbohydrates and 
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and metabolic responses, blood pressure, body mass index 
(BMI), weight, and waist circumference.

Methods and materials
The subjects were treated according to the Declaration 
of Helsinki and the study was approved by the Regional 
Ethics Review Board at Lund University (2014/460). All 
subjects gave their written, informed consent before par-
ticipating in the study which was monitored by an exter-
nal monitor and registered at ClinicalTrials.gov data base 
(NCT02405806).

Study population
Patients with type 2 diabetes, independently of BMI or 
anti-diabetic treatment regimen, aged between 18 and 
70 years, were recruited from diabetes patients at a pri-
mary health care center in the southernmost district of 
Sweden.Patients were to have both parents born in Scan-
dinavia, to avoid possible influence of ethnicity on the 
study results. Overall, exclusion criteria were severe food 
allergy, and severe heart, pulmonary, cardiovascular, ma-
lignant, or psychiatric diseases. Patients with type 1 di-
abetes, severe liver insufficiency, defined as spontaneous 
international normalized ratio (INR) > 1.1, or severe 
renal insufficiency, defined as estimated glomerular filtra-
tion rate (eGFR) < 30 mL/min/1.73m2, as well as patients 
with a prior major gastrointestinal surgery were excluded. 
Patients with known alcohol and drug abuse were not 
considered for inclusion. Participants were initially in-
formed through a mail of the project design and purpose 
(Supplementary Fig. 1). One week later, all the patients 
were contacted by phone by one of the three investigators 
(BO and GD, physicians, or the nutritionist).

Study design
The trial was a clinical prospective interventional study 
with the patients being their own controls, performed at 
Skåne University Hospital, Malmö, Sweden, and con-
ducted for 12 weeks with an Okinawa-based Nordic diet, 
followed by a clinical follow-up after 16 weeks with un-
restricted diets. A detailed description of the study de-
sign, diet components, and methodology has recently 
been published in a separate publication (3). Briefly, all 
tests were performed under standardized conditions and 
stable temperatures. The study data consisting of blood 
sampling, assessments of anthropometric data, and com-
pletion of questionnaires were obtained at three separate 
visits: (1) at study start before introduction of the diet; 
(2) after 12 weeks on the Okinawa-based Nordic diet; 
and (3) after 16 weeks on unrestricted diet. In addition, 
two visits after 2 and 6 weeks were performed to assess 
anthropometric data and complete a protocol to check 
for compliance (Supplementary Fig. 1). All participants 
were instructed by a nutritionist on how to prepare their 

fat induce postprandial secretion of the incretins GIP 
and GLP-1, GIP secretion being more sensitive to car-
bohydrate stimulation and GLP-1 secretion being more 
sensitive to fat stimulation (5, 6). Apart from facilitating 
glucose-stimulated insulin secretion, GIP also has a role in 
obesity development through increased hydrolysis of cir-
culating triacylglycerides, with subsequent re-esterification  
of free fatty acids into triacylglycerides in adipocytes (7). 
GLP-1 is the most potent incretin and it improves glucose 
homeostasis during meals by increasing insulin secretion 
and reducing food intake, gastrointestinal motility, secre-
tion of digestive enzymes into the lumen, and glucagon 
secretion (8, 9). As GLP-1 reduces intestinal motility, this 
peptide mediates a better proximal fat absorption (5).

Cholecystokinin (CCK) is released in response to fat 
and protein, and it is an important hormone in the regula-
tion of gastrointestinal motility and satiety (10). Polypep-
tide YY (PYY) is secreted in response to fat and protein 
intake and levels appear to be affected by acute exercise, 
adiposity, and composition of macronutrients (including 
fiber) and fatty acids from dietary fat (11). The most im-
portant effect of PYY is regulation of appetite and body 
weight, but recent research suggests that PYY also has an 
impact on beta cell mass, thereby participating in glucose 
homeostasis (12). Ghrelin plays a role in body energy me-
tabolism and its concentration is greatest in the fasting 
state, to be suppressed in response to meal intake (13).

Adipokines, that is, leptin, resistin, and visfatin, are 
hormones released from the adipose tissue and have a 
central role in the control of energy metabolism, regula-
tion of glucose and lipid metabolism, and insulin sensi-
tivity (14). These hormones are supposed to be involved 
in the development of obesity, diabetes, inflammation, 
auto-immunity, and metabolic syndromes (15). Elevated 
levels of PAI-1 form a link between obesity, insulin resis-
tance, and the risk of cardiovascular events (16). Cortisol 
is assumed to be involved in the development of metabolic 
syndrome and type 2 diabetes (17).

Our hypothesis was that the Okinawa-based Nordic 
diet influences the hormone secretion in type 2 diabetes, 
in alignment with changes in metabolic and anthropomet-
ric parameters. The diet was given to patients with type 
2 diabetes for 12 weeks, with a follow-up after another 
16 weeks. Blood samples and clinical examinations were 
taken before the study started, and after 12 and 28 weeks. 
The beneficial impact on metabolic and anthropomet-
ric parameters has been presented in a previous report 
(3). The primary objective of the present study was to 
assess changes in plasma levels of hormones regulating 
satiety and metabolic control, that is, CCK, Cortisol, 
C-peptide, ghrelin, glucagon, GLP-1, GIP, insulin, lep-
tin, PAI-1, PYY, resistin, and visfatin, during and after 
a dietary intervention. The secondary objectives were to 
determine partial correlations between hormonal levels 
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information and recipes for meal preparation. Two break-
fast alternatives were ingested which consisted of porridge 
or fermented milk in combination with bread, depending 
on their ordinary breakfast, and the subjects had to buy 
the breakfast themselves.

No dietary supplements such as fish oil, probiotics, or 
multivitamin drugs were allowed to be introduced during 
the study period. One visit to a restaurant or for another 
diet per week was allowed. Journeys or a stay during a 
longer time period at another place had to be discussed 
with the investigators. Maximal intake of alcoholic bev-
erages was set at 30 g ethanol/week, using the following 
formula: volume% × mL volume/100 × 0.8.

During the study period, the nutritionist met the partic-
ipants at baseline, and at 2, 6, 12, and 28 weeks afterward 
(Supplementary Fig. 1). At week 2, a dietary follow-up 
was conducted with the ability to adjust the food com-
position. Furthermore, the nutritionist emailed informa-
tion to all participants weekly, and they could reach the 
nutritionist by email and telephone calls when needed, to 
support the subjects and enhance compliance as much as 
possible. They also had the opportunity to provide writ-
ten feedback to the nutritionist using the returned cooler 
bag. Participants completed a nutrition questionnaire 
which was collected at study start, and at week 12 and 
28, and also completed a food diary during the 12 inter-
vention weeks, from which they received feedback by the 
nutritionist. The participants had a good adherence to the 
diet, as described in detail previously (3).

Assessment of clinical variables and anthropometry
The investigations took place under similar conditions 
by two clinically experienced physicians (BO and GD) at 
baseline and at 2, 6, 12, and 28 weeks afterward. Phys-
ical examination included cardiopulmonary, abdominal, 
and neurological examinations as well as measurements 
of blood pressure, pulse, respiratory rate, weight, height, 
waist circumference, and assessment of BMI. Blood pres-
sure was measured in the supine position. Weight was 
measured in patients wearing light clothes without shoes. 
Normal weight was defined as BMI < 25 kg/m2, over-
weight as BMI ≥ 25 kg/m2 but <30 kg/m2, and obesity as 
BMI ≥ 30 kg/m2 (19). Waist circumference was measured, 
midway between the lower border of the rib cage and the 
superior border of the iliac crest (20). Diabetic compli-
cations were registered including autonomic neuropathy 
(sexual dysfunction, profound sweating, and orthostatic 
blood pressure), gastrointestinal dysmotility (based on 
motility examination), levels of albuminuria (measured 
as albumin/creatinin ratio), macroangiopathy, peripheral 
neuropathy (examined by patellar and achilles tendon re-
flexes, vibration sense, and monofilament), and retinopathy 
(based on fundus photography). The study questionnaire 
contained questions about socioeconomic factors, medical 

breakfast, based on the data from the nutrition question-
naire. Food for lunch, dinner, and snacks was delivered 
home in a cooler bag three times a week, free of charge, 
along with written information and recipes for meal 
preparation. The participants were in close contact with 
a nutritionist throughout the study and compliance was 
registered. The participants were encouraged to maintain 
their regular physical activity habits throughout the inter-
vention. Blood samples were collected through an intrave-
nous catheter after a 10-h fast. Metabolic parameters were 
analyzed at once, and plasma and serum were harvested 
and stored at −80°C until analyzed for hormonal concen-
trations. The study started on 2 February 2015 and ended 
on 18 September 2015.

Diets
The diet is based on the traditional Okinawan diet (1) 
but modified to suit the taste and food components 
suitable for the Nordic population (3). The meal com-
position is consistent with moderately low carbohydrate 
content, one of four nutritional recommendations from 
the Swedish National Food Agency for patients with 
diabetes (18). These recommendations are in line with 
international recommendations (American Diabetes 
Association [ADA], European Association for the Study 
of Diabetes [EASD]). At the same time, the contents of 
fiber, fat, and protein are increased, which lead to a bigger 
meal demanding more mastication and prolonged meal 
intake (4). The food is based on traditional Nordic raw 
food, for example, whole grains, vegetables, legumes, root 
crops, fatty fish, fruits, berries, and nuts, with minimal 
industrial processing. Furthermore, the amount of dairy 
products, red meat, and processed meat, as well as sugar 
and white flour was limited to have a diet with low gly-
cemic index (GI). The diet has a good nutritional supply 
including a mean calorie intake of around 1,900 kcal/day, 
which is slightly lower compared with a traditional diet. 
The participants were allowed to eat three meals a day, 
including breakfast, lunch, and dinner, and two snacks 
between meals consisting of a variety of fruits, berries, 
and seeds. Organic food items were preferred whenever 
possible. During cravings, the subjects were instructed to 
eat a third snack (e.g. carrots, boiled eggs, mackerel in to-
mato sauce, or cottage cheese with berries) to avoid eating 
fast carbohydrates. Raw vegetables or green salad were to 
be ingested with the main meals – 100 g at breakfast and 
150 g at lunch and dinner, respectively. The participants 
were instructed always to start with the vegetables and to 
eat slowly. Nutrition information is given in Supplemen-
tary Table 1. Darwiche et al. (3) have described the details 
of the food composition.

The meals were planned at the kitchen of Igelösa 
Life Science Lab (Lund University) and delivered to 
the subjects regularly free of charge, along with written 
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of reporter signal. Standard curves were calculated with 
nonlinear regression type 5 parameter logistic. Inter-assay 
and intra-assay coefficients of variation (cv) for controls 
are presented in Supplementary Table 2.

Human serum CCK and PYY were analyzed with a 
commercial competitive inhibition enzyme–linked immu-
nosorbent assay (ELISA) (Cloud-Clone Corp. Houston, 
Texas, USA, CEB802 Hu and CEB067 Hu, respectively) 
kit according to the manufacturer’s instructions. Stan-
dards (0, 12.35, 37.04, 111.11, 333.33, and 1,000 pg/mL), 
serum sample (50 uL/well), and biotin-labelled CCK 
and PYY, respectively, were pipetted in duplicates into 
plates pre-coated with a monoclonal antibody specific to 
CCK or PYY. The unbound conjugate was washed off  
and avidin conjugated to horseradish peroxidase (HRP) 
was added. After a second wash and addition of the 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution, 
the intensity of color was measured at 450 nm. CCK or 
PYY in the samples were reversed proportional to the 
amount of bound HRP. CCK and PYY concentrations 
in each sample were interpolated from the standard curve. 
Intra-assay and inter-assay were CV% <10% and <12%, 
respectively, for both CCK and PYY.

Statistical methods
Two hypotheses were raised: (1) Intervention with an 
Okinawa-based Nordic diet affects the concentration 
of adipokines, CCK, cortisol, C-peptide, ghrelin, gluca-
gon, incretins, insulin, PAI-1, and PYY, and (2) the hor-
mone concentration correlates with metabolic responses 
and changes in blood pressure, BMI, weight, and waist 
circumference.

A power analysis was performed a priori based on a 
previous unpublished pilot study, and we determined 
that nine subjects were required to demonstrate that a 
weight reduction of 5–10%, accompanied by lower blood 
glucose, lower blood pressure, and improved lipid levels, 
would lead to clinically significant differences in meta-
bolic parameters to reduce cardiovascular risk factors 
with 80% power at 5% significance level, as postulated in 
a previous study (22). The variable demanding most sub-
jects to be able to discover was, what we expected, the di-
astolic blood pressure. We determined that we needed 18 
subjects to demonstrate clinically significant differences in 
diastolic pressure with 80% power at 5% significance level. 
To be able to compensate for disappearance, we planned 
to recruit 25–35 subjects. Two of the recruited subjects 
interrupted the study at 6 weeks on diet, the time point 
that was considered as end of the intervention, and data 
collected at that time point was calculated together with 
data from subjects with 12 weeks of intervention.

We tested the hypotheses with linear mixed effect mod-
els to analyze continuous variables, with random inter-
cept and unstructured co-variances for repeated measures 

history, and lifestyle habits, and was completed at baseline 
and at week 12 and week 28. A more simple protocol was 
completed at baseline including information on whether 
the participants already were on ongoing weight-reducing 
diet; intake of dietary supplements, vitamins, and probi-
otics; or food allergy. Another protocol including infor-
mation about changes in medication, physical activity, or 
routines, as well as any extraordinary events of daily life 
during the study time was completed at 2, 6, 12, and 28 
weeks afterward (Supplementary Fig. 1).

Blood sampling and chemistry analyses
All samples consisted of whole blood drained into eth-
ylenediaminetetra-acetic acid (EDTA) glass tubes (BD 
Microtainer, Franklin Lakes, New Jersey, USA) or serum 
separation tubes (SST) with coagulation activator and gel 
(BD Microtainer). Blood was centrifuged at 3,000 rcf  for 
10 min, and plasma and serum were immediately cooled 
and stored in −80°C until analyzed for later hormonal 
analyses. Cortisol, C-peptide, and insulin in serum; gly-
cated hemoglobin A1c (HbA1c) in blood; and glucose, 
triglycerides, cholesterol, high-density lipoprotein (HDL), 
and low-density lipoprotein (LDL) in plasma were ana-
lyzed by standard methods in the Department of Clinical 
Chemistry. Homeostasis model assessment for insulin re-
sistance (HOMA2-IR) was calculated using the HOMA2 
calculator version 2.2.3 (21), after exclusion of extreme 
values of fasting plasma glucose and serum C-peptide.

Hormonal analyses
The Luminex analyses were performed in all samples at 
the same time within 9 months. Human diabetes 10-plex 
panel (Bio-Plex Pro™ Human Diabetes Immunoassay 
control no 5029560-1 and 5040782, Bio-Rad Laboratories, 
CA, USA) was performed on the Luminex-200 (Luminex 
xMAP, Bio-Rad Laboratories) and data were analyzed 
using Bio-Plex Manager software 6.0 (Bio-Rad Labora-
tories). Hormones (pg/mL) measured were ghrelin, glu-
cagon, GLP-1, GIP, leptin, PAI-1, resistin, and visfatin.

Analyses were performed blinded according to the 
manufacturer’s instructions. Briefly, samples were diluted 
1:4 and incubated with magnetic beads coupled to spe-
cific capture antibodies. After a series of washes in a mag-
netic wash station (Bio-Plex Handled magnetic washer, 
171020100, Bio-Rad Laboratories), biotinylated detec-
tion antibodies were added to form a sandwich complex. 
The final detection complex was created with the addi-
tion of streptavidin-phycoerythrin (SA-PE) conjugate. 
Absolute concentrations were measured from standards 
provided with the kit. Each run included controls with 
high and low concentrations for each biomarker, and a 
blank sample. All samples were analyzed in duplicate and 
the concentration of hormones bound to each bead was 
proportional to the median fluorescence intensity (MFI) 
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(13%), and sedentary leisure time (7%). Antihypertensive 
medication was prescribed in 63% of patients and lipid-
lowering medication in 47%.

Changes in anthropometric and metabolic parameters
The mean BMI at inclusion was 29.9 ± 4.1 kg/m2, and 
50% of the patients (n = 15) were obese. During the 
interventional period of 12 weeks, the body weight was 
reduced (P < 0.001), accompanied by a reduction of BMI 
(P < 0.001) and waist circumference (P < 0.001), calcu-
lated by linear mixed model (Table 1). At week 12, only 
12 patients were classified as obese. At week 28, the mean 
weight, BMI, and waist circumference remained signifi-
cantly lower than at baseline (P < 0.001) (Table 1). Both 
systolic and diastolic blood pressures were decreased at 
week 12, and the diastolic blood pressure remained lower 
also at week 28, compared with baseline (Table 1). Blood 
levels of HbA1c, and plasma levels of glucose, triglyc-
erides, cholesterol, and LDL were decreased during the 
dietary intervention, but only the HbA1c levels were still 
decreased at week 28, when also the HDL levels were 
increased, calculated by linear mixed model (Table 2).

Only two patients had diet management as the sole 
treatment for diabetes. In 15 subjects, the anti-diabetes 
medication was gradually reduced during dietary in-
tervention, and 2 subjects, 1 on both oral hypoglycemic 
agents and insulin, had their medication cancelled. Of the 
other 12 subjects with insulin treatment, 3 had their insu-
lin therapy cancelled and another 8 had their insulin doses 
reduced.

Many of the patients had irregular meal habits before 
inclusion in the study, and often omitted breakfast and/or 
lunch. At the 28-week follow-up, most patients had kept 
their regular meal order with the same intake of breakfast 
as during the intervention, and with an increased intake of 
vegetables and legumes. The composition of lunch and din-
ner was partly kept. Seven patients were lost at follow-up 
because of depression (n = 2), family-related problems 
(n = 2), unwillingness to show up (n = 2), or work-related 
time constraints (n = 1) (Supplementary Fig. 1).

Changes in hormonal concentrations
At week 12, the plasma or serum levels of CCK (P = 0.005), 
cortisol (P = 0.015), C-peptide (P = 0.022), glucagon 
(P = 0.003), GLP-1 (P = 0.013), GIP (P < 0.001), insulin 
(P = 0.004), leptin (P < 0.001), and PYY (P < 0.001) were 
significantly lowered compared with baseline, calculated 
by linear mixed model. There was a non-significant de-
crease of PAI-1 levels (P = 0.082) (Table 3). At week 28, 
the plasma levels of PYY (P = 0.002) were still lowered, 
in addition to the levels of ghrelin (P = 0.012) and vis-
fatin (P = 0.021). Serum levels of insulin (P = 0.089) and 
plasma levels of resistin (P = 0.082) were non-significantly 
lowered at week 28 (Table 3).

within a subject, with visits as nominal fixed effect, using 
baseline as reference. We assumed that missing observa-
tions were unrelated to the observed value, that is, missing 
at random. In these analyses, predicted mean values and 
their 95% confidence limits are presented, together with 
estimates of changes from baseline and 95% confidence 
limits and P-values for the changes between baseline and 
week 12 and week 28. Descriptive statistics are given as 
means and standard deviations for continuous variables 
and as counts or frequencies for categorical variables. 
Since we had more than one observation from each sub-
ject, partial Spearman’s correlations, controlling for sub-
ject, were calculated. Statistics were done using MATLAB 
R2015a (Mathworks Inc.). P < 0.05 was considered statis-
tically significant in the calculated changes of values. Due 
to multiple testing between each hormone and anthro-
pometric and metabolic factors, P < 0.01 was considered 
statistically significant in the partial correlations.

Results

Basal characteristics
In total, 45 patients with diabetes were randomly selected 
after consideration of inclusion and exclusion criteria. 
Of these, 30 patients (67%) (17 women), mean age 57.5 ± 
8.2 (range 40–67) years, accepted the invitation. Reasons 
for not being included were unwillingness to participate 
(n  =  11), late autoimmune diabetes in adult (LADA) 
(n = 1), a history of gastric by-pass surgery (n = 1), preg-
nancy (n = 1), or already on a diet (n = 1) (Supplemen-
tary Fig. 1). The mean diabetes duration was 10.4 ± 7.6 
(range 1–30) years. The treatment was metformin (40%), 
metformin in combination with insulin (27%), insulin 
solely (13%), metformin in combination with sulfonylurea 
(7%), diet solely (7%), sulfonylurea (3%), or dipeptidyl 
peptidase-4 (DPP 4) inhibitors (3%). The most common 
secondary complication to the disease was autonomic 
neuropathy and/or peripheral neuropathy (30%), retinop-
athy (27%), and nephropathy and macroangiopathy (17% 
in both). Only one patient had a verified gastroparesis.

Sixteen percent had only completed primary school, 
57% had completed high school, and 27% had a higher 
degree of education. The majority, 67%, were employed, 
whereas 17% were retired. The rest of the patients were 
on sick leave or unemployed. Twenty of the patients were 
married or cohabitated, whereas six were divorced or 
widow/widower, and four were living alone. Smoking and 
usage of snuff both occurred in 23% of the patients. Half  
of the patients drank alcoholic beverages once a month 
or less, 27% drank alcohol 2–4 times a month, 13% drank 
alcohol 2–3 times a week, and 10% were teetotalers. A 
moderate but sporadic physical exercise during leisure 
time was most common (53%), followed by a moder-
ately regular exercise (27%), regular exercise and training 
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values. Changes in resistin levels correlated with changes 
in systolic blood pressure (Table 4). There was no correla-
tion between changes in CCK, cortisol, or visfatin levels 
and any calculated parameters (data not shown).

Discussion
Based on the study results presented here, we accepted 
the research hypothesis that intervention with the 
Okinawa-based Nordic diet affects several hormones 
released from the gut and pancreas with lower circulating 
levels of CCK, C-peptide, glucagon, GLP-1, GIP, insu-
lin, and PYY. The concentrations of cortisol and leptin 
were reduced, and PAI-1 non-significantly reduced, after 
12 weeks, whereas visfatin levels were reduced and resistin 
non-significantly reduced, after 28 weeks. Apart from 
CCK, cortisol, and visfatin levels, changes in hormonal 
levels correlated with the improved anthropometric and 
metabolic parameters. Despite reductions of weight, 
BMI, and waist circumference, the ghrelin levels were 
reduced after 28 weeks, compared to baseline.

The majority of the metabolic and anthropometric 
changes could be correlated with the endocrine profile, as 
expected from the literature (5, 6, 11, 12, 14, 16). The en-
docrine changes may be induced by the diet per se, second-
ary to the metabolic changes, or secondary to the weight 

Partial correlations between changes in hormonal levels and 
anthropometric and metabolic parameters
The endocrine changes were in alignment with changes 
of anthropometric and metabolic parameters (Fig.  1). 
Changes in concentrations of C-peptide and insu-
lin correlated with changes in values of fasting glucose 
(r

s = 0.474, P < 0.001 vs. rs = 0.344, P = 0.002), triglyc-
erides (rs = 0.652, P < 0.001 vs. rs = 0.413, P < 0.001), 
and BMI (rs = 0.424, P < 0.001 vs. rs = 0.394, P < 0.001), 
and correlated inversely with changes in levels of HDL 
(rs = −0.509, P < 0.001 vs. rs = -0.301, P = 0.006), calcu-
lated by partial Spearman´s correlation test. In addition, 
the changes in C-peptide levels correlated with changes 
in HbA1c values (rs = 0.315, P = 0.004), and the changes 
in insulin levels correlated with changes in waist circum-
ference (rs = 0.340, P = 0.006). Changes in glucagon and 
GLP-1 levels both correlated inversely with changes in 
LDL levels, whereas changed GIP levels correlated with 
changed HbA1c values. Changes in BMI and waist cir-
cumference correlated inversely with changes in ghrelin 
concentrations, and positively with changes in leptin con-
centrations, the latter also being correlated with changes 
in insulin resistance. Changes in PAI-1 and PYY levels 
correlated with changes in glucose and triglyceride levels, 
and PYY levels also correlated with changes of HbA1c 

Table 1.  Anthropometric parameters in type 2 diabetes before and after a 12-week Okinawa-based Nordic diet intervention

Variable Mean value 95% CI Mean change 95% CI P

Lower Upper Lower Upper

Weight (kg)

  Baseline 89.8 84.5 95.1

  Week 12 83.6 78.1 89.0 −6.20 −7.61 −4.78 <0.001

  Week 28 85.4 79.7 91.1 −4.40 −6.57 −2.24 <0.001

BMI (kg/m2)

  Baseline 29.9 28.4 31.3

  Week 12 27.8 26.3 29.4 −2.05 −.52 −1.57 <0.001

  Week 28 28.4 26.8 30.0 −1.47 −2.13 −0.82 <0.001

Waist circumference (cm)

  Baseline 107.3 103.4 111.2

  Week 12 100.3 96.1 104.4 −7.02 −8.62 −5.42 <0.001

  Week 28 101.7 97.6 105.9 −5.54 −7.11 −3.96 <0.001

Systolic blood pressure (mmHg)

  Baseline 140.17 134.72 145.61

  Week 12 130.55 124.39 136.71 −9.62 −13.30 −5.93 <0.001

  Week 28 139.74 133.84 145.65 −0.42 −3.65 2.81 0.796

Diastolic blood pressure (mmHg)

  Baseline 82.33 78.73 85.93

  Week 12 74.88 71.03 78.73 −2.70 −3.57 −1.84 <0.001

  Week 28 78.74 74.76 82.72 −1.75 −2.78 −0.72 0.001

The mean values and mean changes and 95% confidence interval (CI) with lower and upper limits are presented for anthropometric parameters at 
inclusion (baseline) (n = 30), 12 weeks after diet intervention (n = 30), and 16 weeks after the end of diet intervention (week 28) (n = 23). Linear mixed 
model. Comparisons were made between baseline and week 12 and week 28. P < 0.05 was considered statistically significant.
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were decreased in the present study. The overall decrease 
of hormonal levels reflects a balance in between the hor-
mones; a decrease in one hormone level initiates a pro-
cess of further influences. A reduction of GLP-1 and 
endogenous insulin production, as measured by reduced 
C-peptide levels, may depend on the reduced carbohy-
drate content and higher protein content in the diet (24), 
whereas the reduction in glucagon may be ascribed to the 
introduction of regular meals with shorter meal intervals, 
thereby improving substrate oxidation beneficially (25). 
Although the diet had a relatively high fat and protein 
content, the concentration of CCK and PYY were re-
duced after the dietary intervention. However, the study 

reduction. After a single Okinawa-based Nordic breakfast 
to healthy subjects, the postprandial response of glucose, 
C-peptide, insulin, and GIP were attenuated compared 
with a traditional breakfast (4). The strongest correlations 
between anthropometric and metabolic parameters and 
hormone levels in the present study were observed with 
C-peptide and insulin levels, which suggest that the imme-
diate endocrine response to the diet is crucial for the evolu-
tion of further effects. This hypothesis is strengthened by 
the fact that normalization of blood glucose per se did not 
affect postprandial levels of GLP-1 and GIP (23).

Both orexigenic (ghrelin) and anorexigenic hormone 
levels (CCK, glucagon, GLP-1, insulin, leptin, and PYY) 

Table 2.  Circulating metabolic biomarkers in type 2 diabetes before and after a 12-week Okinawa-based Nordic diet intervention

Variable Mean value 95% CI Mean change 95% CI P

Lower Upper Lower Upper

Fasting Glucose (mmol/L)

  Baseline 9.71 8.54 10.87

  Week 12 7.91 6.55 9.27 −1.80 −2.63 −0.96 <0.001

  Week 28 9.28 7.71 10.85 −0.42 −1.58 0.73 0.466

HbA1c (mmol/mol)

  Baseline 61.57 56.42 66.72

  Week 12 49.20 44.02 54.38 −12.37 −16.40 −8.33 <0.001

  Week 28 54.36 48.83 59.90 −7.20 −11.68 −2.72 0.002

HOMA2-IR (U)

  Baseline 3.00 2.50 3.51

  Week 2 2.53 1.96 3.09 −0.48 −0.85 −0.11 0.012

  Week 12 2.37 1.82 2.91 −0.64 −0.98 −0.30 <0.001

  Week 28 2.61 2.05 3.16 −0.40 −0.75 −0.05 0.025

Triglycerides (nmol/L)

  Baseline 1.79 1.41 2.16

  Week 12 1.49 1.09 1.89 −0.30 −0.52 −0.08 0.009

  Week 28 1.96 1.46 2.46 0.17 −0.20 0.54 0.367

Cholesterol (mmol/L)

  Baseline 4.65 4.36 4.95

  Week 12 4.22 3.87 4.57 −0.44 −0.69 −0.18 0.001

  Week 28 4.71 4.37 5.05 0.06 −0.18 0.30 0.636

HDL (mmol/L)

  Baseline 1.22 1.10 1.35

  Week 12 1.19 1.05 1.32 −0.04 −0.10 0.03 0.267

  Week 28 1.34 1.20 1.47 0.11 0.04 0.18 0.003

LDL (mmol/L)

  Baseline 2.92 2.62 3.22

  Week 12 2.68 2.33 3.03 −0.24 −0.48 −0.01 0.041

  Week 28 2.82 2.49 3.16 −0.10 −0.30 0.11 0.356

The mean values and mean changes and 95% confidence interval (CI) with lower and upper limits are presented for fasting blood levels of glycated 
hemoglobin A1c (HbA1c) and fasting plasma levels of glucose, triglycerides, cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein 
(LDL) at inclusion (baseline) (n = 30), 12 weeks after diet intervention (n = 30), and 16 weeks after the end of diet intervention (week 28) (n = 23). 
Insulin resistance was measured by HOMA2-IR (21). Linear mixed model. Comparisons were made between baseline and week 12 and week 28.  
P < 0.05 was considered statistically significant.
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Table 3.  Circulating hormonal levels in type 2 diabetes before and after a 12-week Okinawa-based Nordic diet intervention

Mean 95% CI Mean change 95% CI P

Lower Upper Lower Upper

CCK (pg/mL; serum)
  Baseline 27 21 32
  Week 12 20 14 26 −7 −11 −2 0.005
  Week 28 23 16 30 −3 −9 3 0.267
Cortisol (nmol/L; serum)
  Baseline 367 337 397
  Week 12 325 290 360 −41 −74 −8 0.015
  Week 28 348 315 382 −18 −50 13 0.249
C-peptide (nmol/L; serum)
  Baseline 0.99 0.82 1.17
  Week 12 0.88 0.70 1.05 −0.11 −0.21 −1.02 0.022
  Week 28 0.88 0.68 1.09 −0.11 −0.24 0.03 0.131
Ghrelin (pg/mL; plasma)
  Baseline 852 608 1094
  Week 12 798 555 1041 −53 −139 32 0.219
  Week 28 728 481 975 −123 −219 −28 0.012
Glucagon (pg/mL; plasma)
  Baseline 1.93 1.29 2.58
  Week 12 1.28 0.63 1.92 −0.66 −1.09 −0.23 0.003
  Week 28 1.74 1.06 2.42 −0.19 −0.67 0.29 0.426
GLP-1 (pg/mL; plasma)
  Baseline 2.66 1.79 3.54
  Week 12 1.78 0.91 2.66 −0.88 −1.56 −0.19 0.013
  Week 28 2.36 1.43 3.30 −-0.30 −1.08 0.48 0.477
GIP (pg/mL; plasma)
  Baseline 78 57 99
  Week 12 55 34 76 −23 −36 −10 <0.001
  Week 28 75 52 98 −3 −18 12 0.692
Insulin (mIU/L; serum)
  Baseline 15.53 12.67 18.40
  Week 12 11.67 8.80 14.53 −3.87 −6.43 −1.30 0.004
  Week 28 12.96 9.72 16.19 −2.58 −5.55 0.40 0.089
Leptin (pg/mL; plasma)
  Baseline 9,404 587 1,294
  Week 12 5,850 199 971 −3,554 −5,328 −1,779 <0.001
  Week 28 8,553 491 1,219 −851 −2,078 376 0.171
PAI-1 (pg/mL; plasma)
  Baseline 72,434 58,869 85,998
  Week 12 66,413 52,402 80,425 −6,020 −12,814 774 0.082
  Week 28 71,810 56,705 86,915 −623 −9,455 8,209 0.889
PYY (pg/mL; plasma)
  Baseline 1,937 1,802 2,073
  Week 12 1,510 1,360 1,660 −427 −572 −282 <0.001
  Week 28 1,673 1,502 1,844 −264 −431 −97 0.002
Resistin (pg/mL; plasma)
  Baseline 5,234 3,904 6,565
  Week 12 5,043 3,705 6,382 −191 −1,118 736 0.683
  Week 28 4,325 2,915 5,736 −909 −1,938 119 0.082
Visfatin (pg/mL; plasma)
  Baseline 998 732 1,264
  Week 12 1,115 816 1,415 117 −78 312 0.235
  Week 28 812 535 1,089 −186 −344 −29 0.021

Values are presented as absolute mean values or mean changes and 95% confidence interval (CI) with lower and upper limits at inclusion (base-
line) (n = 30), 12 weeks after diet intervention(n = 30), and 16 weeks after the end of diet intervention (week 28) (n = 23). CCK = cholecystokinin, 
GLP-1 = glucagon-like peptide-1, GIP = glucose-dependent insulinotropic polypeptide, PAI-1 = plasminogen activator inhibitor-1, PYY = polypeptide YY. 
Linear mixed model. Comparisons were made between baseline and week 12 and week 28. P < 0.05 was considered statistically significant.

39Alignments of endocrine, anthropometric, and metabolic parameters in type 2 diabetes after intervention...

http://dx.doi.org/10.29219/fnr.v62.1328


GIP has specific anabolic effects and enhances insulin 
secretion and insulin stimulation, which promotes accu-
mulation of fat in adipose tissue (31). It is considered im-
portant to diminish the exaggerated GIP secretion, which 
demands altered chemical and physical food composition, 
as well as altered eating behaviors (32–34). The present 
results are in line with the anticipation that an overactive 
entero-insular axis may play a role in the development of 
diabetes and obesity (32).

Circulating adipokine levels are increased in obese sub-
jects. Leptin and insulin show a strong relationship, and 
leptin resistance is accompanied by hyperinsulinemia and 
insulin resistance (14). The observed reduction of insulin 
concentration and insulin resistance by the Okinawa-based 
Nordic diet seem to be interconnected with lower levels of 
adipokines, although the close relation between resistin 
and insulin resistance found in other studies could not be 
confirmed in the present study (14). Resistin levels are ele-
vated in hypertension (35), and, thus, the parallel decrease 
of systolic blood pressure and resistin in the present study 
is in alignment with this. Changes in cortisol levels may 
result from a multitude of factors including both diet (36) 
and stress in daily life (17).

It remains to determine which of the ingredients in 
the food are responsible for the observed hormonal and 
metabolic responses. The physical properties of  the food 
were altered through higher fiber intake demanding more 
mastication, slower eating, greater gastric volume, and 
delayed gastric emptying rate. The chemical character-
istics were changed with reduction of GI and processed 
food, lower energy percentage intake of carbohydrates, 
and higher energy percentage intake of fat and protein. 
In addition, most subjects had irregular meal habits at 
inclusion. Only a reduction of meal frequencies, without 
changes in the nutrition composition, may have great 
impact on glucose and hormone levels (37). The Ma-Pi 2 

participant’s ordinary food may have had higher total 
amount of fat and protein than the Okinawa-based Nor-
dic diet.

Although reductions of weight, waist circumference, 
and blood pressure remained at 28 weeks after study start, 
the hormonal levels, apart from PYY, had normalized. 
Noteworthy, ghrelin levels were reduced at follow-up. 
This is very interesting, since a previous study with a low-
energy diet showed that the induced hormonal changes to 
increase sensation of hunger and encourage weight regain 
persisted until 1 year later, with elevated levels of ghrelin, 
which can explain the difficulties to maintain weight loss 
(26). Lower ghrelin levels render reduced appetite and less 
hunger (27). By changing the nutritional composition in 
the Okinawa-based Nordic diet, and not only reducing 
caloric intake, our participants exhibited lower ghrelin 
levels and increased or equal satiety with a good ability 
to maintain the weight loss (4, 28). This delayed effect on 
ghrelin may suggest a readjustment of appetite regulation 
and food intake after introduction of a healthier diet. 
The participants partly withheld the diet between 12 and 
28 weeks, which may have contributed to a new balance 
in the hormonal system. This further suggests that di-
etary components have a huge influence on the endocrine 
control, and that the present endocrine alterations do not 
only depend on weight reduction per se. Previous research 
supports nutrient-specific effects on ghrelin secretion, 
which may counteract the elevated levels observed after 
weight loss in other studies (29). However, there may be 
synergistic effects between a healthy diet, improved me-
tabolism, and weight reduction, but exact mechanisms 
are difficult to separate. Still, the most important from a 
clinical point of view is that introduction of a modified 
diet is correlated with a healthier endocrine profile. The 
weight loss of 0.5 kg/week was in the same magnitude as 
observed in previous, similar studies (30).
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Fig. 1.  Mean values of body mass index (BMI) (kg/m2) and fasting levels of plasma glucose (mmol/L) and serum insulin (mIU/L) 
at baseline (1), week 12 (2) and week 28 (3) of the Okinawan-Based Nordic diet intervention in type 2 diabetes.
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intake, and unprocessed food is more important than 
the relative amounts of  nutrients (39, 40). Fibers and 
whole grains act as prebiotics (41), which has been shown 
to increase PYY and GLP-1 secretion (38), in contrast 
to our findings. In epidemiologic studies, mortality was 
lower in subjects with a high intake of whole-grain prod-
ucts, especially intake of breakfast cereals and nonwhite 
bread (42). Regular consumption of breakfast cereals, es-
pecially whole grains, is associated with less overweight 
and development and management of diabetes (43). The 
association between high intake of whole-grain products 
and overall healthier lifestyle habits may reduce the as-
sociations to be markers of  healthy habits (44). In the 
present prospective study, the positive effects by dietary 
modification were observed without concomitant inter-
vention of other lifestyle factors and independently of 
socioeconomic factors.

One of the limitations of the present study was that 
only fasting hormonal levels were analyzed and not the 
total area under the curve during the day. Varying degrees 
of diabetic complications may also affect results. In the 
present study, only one patient had verified gastroparesis, 
which should not influence the result. More patients suf-
fered from autonomic neuropathy, which is, however, not 
associated with altered concentration of gut hormones in 
type 1 diabetes (45). Another limitation is the absence of 
an external control group, which provides some evidence 
that changes occurring over time were not the result of 
natural temporal trends or of unmeasured events that 
occurred contemporaneously with the study. It is a chal-
lenge to construct an appropriate control group in open, 
nonblinded lifestyle studies. A similar dietary interven-
tional study using a control group advised to follow their 
habitual diet and physical activity did however not show 
any changes in the controls during the observational time 
(30). Instead, the participants were characterized at base-
line and followed during and after dietary intervention, 
thus being their own controls to measure intra-individual 
differences. When people anticipate eating a scheduled 
meal, cephalic responses induce an increased secretion 
of several meal-related hormones before the start of the 
meal (46). Thus, the very expectancy of entering a lifestyle 
change should have altered the hormonal profile already 
at baseline. The alterations found thereafter should be 
secondary to dietary changes, metabolic alterations, and/
or weight reductions.

In conclusion, a 12-week dietary intervention in type 2 
diabetes with an Okinawa-based Nordic diet has signifi-
cant impact on the endocrine profile, which is in alignment 
with the anthropometric and metabolic improvements.
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macrobiotic diet has similarities with the Okinawa-based 
diet regarding a high amount of whole grains, vegetables, 
and legumes, and no added sugar. In contrast, the daily 
energy percentages consist of  70 E% carbohydrate, 18 E% 
fat, and 12 E% protein (38). Still, these two diets have 
similar effects on type 2 diabetes (3, 38), which support 
previous suggestion that whole-grain cereals, high fiber 

Table 4.  Partial correlations between hormonal, metabolic, and an-
thropometric changes in type 2 diabetes before and after a 12-week 
Okinawa-based Nordic diet intervention

Correlation coefficient P

C-peptide

  Glucose 0.474 <0.001

  HbA1c 0.315 0.004

  High-density lipoprotein −0.509 <0.001

  Triglycerides 0.652 <0.001

  Body mass index 0.424 <0.001

Insulin

  Glucose 0.344 0.002

  High-density lipoprotein −0.301 0.006

  Triglycerides 0.413 <0.001

  Body mass index 0.394 <0.001

  Waist circumference 0.340 0.006

Glucagon

  Low-density lipoprotein −0.324 0.003

GLP-1

  Low-density lipoprotein −0.387 0.004

GIP

  HbA1c 0.335 0.002

Ghrelin

  Body weight −0.482 <0.001

  Body mass index −0.444 <0.001

  Waist circumference −0.436 <0.001

Leptin

  Body mass index 0.507 <0.001

  Waist circumference 0.465 <0.001

  Insulin resistance 0.330 0.003

PAI-1

  Glucose 0.289 0.009

  Triglycerides 0.309 0.005

Polypeptide YY

  Glucose 0.431 <0.001

  HbA1c 0.356 0.001

  Triglycerides 0.367 <0.001

Resistin

  Systolic blood pressure 0.297 0.008

GLP-1 = glucagon-like peptide-1, GIP = glucose-dependent insulino-
tropic polypeptide, PAI-1 = plasminogen activator inhibitor-1, PYY = 
polypeptide YY. Partial correlations, with the three observational time 
points, baseline, week 12, and week 28 from each individual, by Spear-
man´s correlation test. P < 0.01 was considered statistically significant.
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Abstract

This study was conducted to research and develop recommendations for gender transformative approaches 
that will address misconceptions around food and nutrition, and reducing barriers around dietary diversity 
within rural Khatlon Province, Tajikistan. Most of the population in Tajikistan live in rural areas and spend a 
large part of their income on food. While stunting in children under 5 years has decreased, acute malnutrition 
and the number of underweight children has increased. This is a qualitative, cross-sectional study that involved 
secondary data analysis, key informant interviews (KIIs), and focus group discussions (FGDs) to gauge ap-
propriate interventions for agricultural extension agents seeking to improve the nutritional outcomes of their 
communities. In February of 2017, data were collected from 4 KIIs and 15 FGDs that were stratified as moth-
ers with young children, mothers-in-law, and husbands, across 12 different villages. Analysis of the KIIs and 
FGDs included NVivo software for coding and to uncover the most salient themes and characteristics from 
each. The participants of this study reported several misconceptions and taboos surrounding certain foods, 
especially during pregnancy, and food practices for children under the age of 5 years. Results also indicated a 
household hierarchy of decision-making surrounding food that included who buys, cooks, and decides what 
to buy. The findings of this study will be used as a springboard to launch gender-responsive and nutrition-
sensitive interventions through the local agricultural extension agents. 

Keywords: decision-making; food misconceptions; gender; global health; nutrition

Tajikistan is a landlocked, mostly mountainous 
country within Central Asia that borders Uz-
bekistan, Afghanistan, Kyrgyzstan, and China. 

The population in 2017 was 8.4 million people, with a 
0.99 male to female ratio in 2016 and 73% living in rural 
areas (1, 2). Since the collapse of the Soviet Union, sev-
eral countries within Central Asia, including Tajikistan, 
have experienced the breakdown of their economic sys-
tem. According to the World Bank (3), inequality, specifi-
cally in rural regions of Tajikistan, has increased between 
2012 and 2014, with the Gini Coefficient standing at 29 
on a national level and 28.4 within rural areas. The gross 
domestic product (GDP) is gradually improving with a 
specific emphasis on diversifying the agricultural sector, 
which accounts for 23% of the GDP and provides ap-
proximately 75% of the labor force (4, 5). Despite these 
improvements, Tajikistan has struggled with having the 
highest malnutrition rates within Central Asia, with 10% 

of children under 5 years suffering from acute malnutri-
tion, 26% from chronic malnutrition, and over 75% of the 
population living within rural Tajikistan still facing food 
insecurity (6).Tajikistan has four provinces (Sughd, Khat-
lon, Gorniy-Badakhshan, and the Region of Republican 
Subordination); however, Khatlon Province was specifi-
cally chosen for this study because of its potential for agri-
cultural production, high undernutrition rates, and having 
the most people living in poverty (5).

The scarcity of jobs in rural Tajikistan drives over 
800,000 people, mostly men, to migrate out of Tajikistan in 
search of employment; over 95% of people that migrate go 
to Russia specifically (7). Khatlon Province, the site of this 
study, experiences a higher rate of male migration (38.9%) 
than the national average (35.7%) (8). The remittances that 
are sent back account for over half of Tajikistan’s economy 
and are primarily controlled by women within households 
(3, 7). As a result of men leaving the household in search of 
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or near the same domicile) in household nutrition through 
extension services and to investigate practices within 
households around dietary habits and nutritional behav-
ior. These groups were chosen specifically as a result of 
young women, often young or new mothers, being forced 
to leave school in order to take on the burden of feed-
ing the household, being the caretaker of children, and 
managing the household chores, such as collecting water 
(9). The mother-in-law (which will be abbreviated as MiL 
since this study was from the perspective of the young, in-
married women) plays and important role in food choice 
due to the hierarchy of the household. Young or new 
mothers (who will be referred to as in-married women) 
often live with or near her in-laws where she has limited 
agency and decision-making power within the household. 
The household dynamic in rural Tajikistan differs from 
urban areas in that the average household has 6.9 mem-
bers compared to 4.9 members in urban households; this 
again is a result of households in rural areas being tra-
ditionally multigenerational with the in-laws living in the 
same domicile (2). In addition, households within Khat-
lon Province tend to have the lowest rates of household 
members who are over the age of 6 years and received any 
education (2). Therefore, by working within the unique 
community and household context of rural Tajikistan, 
efforts to improve nutrition will be more sustainable and 
have increased impact on the lives of people in the region.

Methods
In collaboration with in-country partners, fieldwork for 
this study was completed in February 2017. Research-
ers from the University of Florida (UF), located in the 
United States, integrated students from the Masters of 
Public Health (MPH) program in Gainesville, Florida, 
United States, in addition to students from the Tajikistan 
Agrarian University (TAU) in Dushanbe, Tajikistan, to 
assist in the data collection and fieldwork phase of this 
study. Both UF and TAU students had public health or 
agriculture extension knowledge prior to the study and 
were trained in qualitative research methods before par-
ticipating in any data collection. UF researchers had 
background knowledge in global public health and nu-
trition. A local partner, Tajikistan Agriculture and Water 
Activity (TAWA), assisted with logistical support, such as 
lodging, and provided trained, local agriculture extension 
agents to facilitate focus groups.

Participants
Participants for the KIIs were selected based on their 
work within the Khatlon Province or their knowledge 
of the population as it pertains to nutrition, including a 
clinic director and representatives from international or-
ganizations. Participants for the FGDs were purposefully 
recruited from villages that extension agents work in and 

job opportunities and higher wages, there has been a fem-
inization of agriculture within rural villages. Some reports 
have revealed that gendered roles in agriculture, gendered 
division of labor, and gendered determinants of social 
status have gradually shifted as a result of this male mi-
gration, specifically in Khatlon Province, and have allowed 
women the opportunity to participate in decision-making 
within the household as well as control the household in-
come (2, 7). However, other reports have indicated that 
‘Despite labor migration having expanded women’s roles, 
it does not appear to have affected their status in terms 
of increased agency and ability to make autonomous per-
sonal choices’ (9, p. xvii). This gender imbalance has had 
other negative effects with regard to adolescent girls, aged 
15 and 16 years, marrying at an earlier age to ensure that 
they have a husband (10). Therefore, while male-out mi-
gration may be empowering women, specifically mothers-
in-law, within the household, it has created a triple burden 
of responsibilities for young women in terms of domestic, 
agricultural, and family obligations.

Malnutrition remains a public health problem within 
Tajikistan. In 2012, the Demographic Health Survey in 
Tajikistan indicated that 26% of children under 5 years 
are stunted, 10% are wasted, and 12% are underweight, 
with Khatlon Province having among the highest percent-
ages in all three indicators (2). Malnutrition and under-
nutrition is most severe among vulnerable populations, 
such as women and children. According to a joint report 
by the World Bank and UNICEF (11), the immediate 
causes of  undernutrition are inadequate dietary intake 
and disease, driven by inadequate access to food, inad-
equate care provided to children, and insufficient health 
and environmental services. This is also perpetuated by 
gender inequality, underrepresentation of girls within ed-
ucation, and government resource allocations that are un-
favorable to the poor (11). Women specifically are more 
susceptible to anemia and deficiency of vitamin A and 
iodine  which contribute to Tajikistan’s high maternal and 
child mortality (4, 5, 12).

The goal of this study was to research and develop rec-
ommendations for gender transformative approaches  – 
addressing gender inequalities and transforming the 
dynamics between men and women – that will address 
food misconceptions, perceptions of healthy eating, and 
reduce barriers surrounding dietary diversity within the 
rural Khatlon Province of Tajikistan. The Agriculture 
Extension System (AES) is in a unique position to trans-
mit these practices to the field through existing, communi-
ty-based programs. AES agents, responsible for delivering 
information to farmers, have the potential to bridge ag-
riculture, nutrition, and gender by integrating these top-
ics within their ongoing technical trainings. The specific 
aims of this study were to identify and understand ways 
to engage husbands and mothers-in-law (who live within 
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dietary behavior. Each female FGD was facilitated by a 
trained agriculture extension agent with a UF and TAU 
student present. Adjacent to the focus group, the TAU 
student translated the dialogue between the facilitator 
and the group in real-time so that the research team could 
transcribe the conversation as well as ask clarifying ques-
tions (via the facilitator) to participants. All male FGDs 
were conducted by a male TAU student with at least one 
UF student present. Given the high rate of illiteracy 
within the study population, informed consent for focus 
group participants was collected verbally before the dis-
cussion began and was read in the local language (Uzbek 
or Tajik). Focus groups took place in 12 different villages 
throughout Khatlon Province, and were chosen based on 
differing geographic barriers and socio-economic status 
within USAID’s Zone of Influence (ZOI). Fifteen FGDs 
were conducted, with 13 being homogenous by sex and 
age group, and 2 being mixed ages as previously indicated 
(seven focus groups with in-married women, four with 
MiLs, two with husbands, and two with mixed MiLs and 
in-married women).

Qualitative analysis
Transcripts from 4r KIIs and 13 out of 15 FGDs were 
used for data analysis. Researchers carried out the qual-
itative analysis using the constant comparative method 
(13) to code transcripts and find emerging themes simul-
taneously. Grounded theory (14) was used within analysis 
to contextualize the themes as they materialized in order 
to develop connections and relationship that were sub-
sequently made into subthemes. Two of the researchers 
independently read through all of the transcripts for sa-
lient themes, subsequently forming a consensus based on 
frequency of themes and discussion. All transcripts were 
then coded independently by two researchers to ensure re-
liability. All of the final manifested themes and subthemes 
were centered on household decision-making, food be-
liefs, and health to better understand how to design ap-
plicable interventions with the TAWA extension agents. 
Themes and subthemes were collected from the data de-
ductively and inductively in that certain themes were cre-
ated a priori whereas others, and most subthemes, were 
identified upon review using QSR International’s NVivo 
11 software. Once themes and subthemes were identified, 
they were presented to the UF research team to finalize 
and establish a consensus.

Results
There were a total of 106 participants across 13 FGDs 
within five districts (Shaatruz, Jomi, Khuroson/Ghozi-
malik, Sarband, and Vakhsh) of Khatlon Province. The 
results of the FGDs have been analyzed and presented 
below according to the following major themes: Deci-
sion-making around food (Theme 1), accessibility of food 

have established women’s groups. These women’s groups, 
formed by the Women Entrepreneurship for Empower-
ment Project (WEEP), bring women of reproductive age 
together to learn skills, specifically related to agriculture, 
and nutrition-related aspects. TAWA extension agents 
have been working throughout these rural villages, estab-
lishing trust and relationships with the women inhabi-
tants. Both KIIs and FGDs were conducted to triangulate 
individual and group-level perception on food, nutrition, 
and household decision-making within Khatlon Prov-
ince. However, given the experience of the key informants 
working in nutrition and health in the target area, more 
emphasis was put on lessons learned from their fieldwork. 
Prior to initiating the FGDs, the instrument was tested 
in Yovon, a village within Khatlon, among mothers with 
children under the age of 10 years. The instrument was 
revised and adjusted appropriately for cultural sensitivity.

Study design
KIIs were conducted in English or Tajik by UF research-
ers, UF masters students, and TAU students. During 
both KIIs and FGDs, an UF researcher was present to 
ensure quality of data collected. The TAU students acted 
as translators during interviews conducted in Tajik, while 
also asking relevant probing questions when appropriate. 
Interviews were open-ended and semi-structured, and 
content included perceptions of household nutrition and 
decision-making surrounding food within the rural vil-
lages of Khatlon. Verbal informed consent was requested 
and documented prior to the interview. A total of four 
KIIs were conducted, which included interviews with the 
World Health Organization, UNICEF, German Corpo-
ration for International Cooperation, and a local health 
clinic within Khatlon Province. Key informants were ini-
tially chosen based on the in-country partners’ knowledge 
of international organizations working in nutrition. Key 
informants also provided information on best practices 
for data collection within Khatlon Province and what to 
expand on from their previous experience and research.

A total of 15 FGDs were conducted with participant 
groups ranging from 5 to 18 individuals; however, two 
focus groups were excluded because of size and partic-
ipant makeup.1 Focus groups were stratified as young 
mothers with children (in-married woman), the in-mar-
ried women’s MiL, and husbands of the in-married 
women, throughout the catchment area. These groups 
were chosen based on the composition of the household 
in Khatlon Province. It was strongly recommended by key 
informants to keep these groups separated for honest re-
sponses. Focus groups were asked semi-structured ques-
tions regarding decision-making surrounding food and 

1. The two focus groups that were excluded from the analysis were not 
stratified, including both in-married women and MiL, and had more partic-
ipants than necessary (14 in one and 18 in the other).
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In cases where MiL and in-married women cohabitate, 
both women play a role in the decision-making process. 
However, if  MiL and in-married woman live separately, 
each woman decides what foods to purchase for her re-
spective household.

Theme 2. Accessibility of food
In general, in-married women, MiLs, and husbands 
showed consistency in their responses regarding acces-
sibility of food. There are some key differences, however, 
with respect to where food is acquired, when food is avail-
able, how it can be obtained, and solutions for navigating 
challenges regarding food access. Furthermore, strategies 
for dealing with limited income were mentioned in three 
out of the four subthemes. Theme 2 has been divided into 
the following four subthemes: 1) food acquisition, 2) sea-
sonality, 3) obtaining food, and 4) barriers and solutions.

Food acquisition
This subtheme is especially relevant because it illustrates 
where households are getting their food from. In general, 
the participant groups agreed that the majority of food is 
purchased at the market. However, MiLs also discussed 
occasional purchase from neighbors. In-married women 
emphasize the importance of homestead production for 
the majority of food needs, utilizing market purchases 
only for food items not produced on their own land. 
Cooking basics, including flour, oil, and onions, were 
among the food items that must be purchased.

Seasonality
There was unanimous agreement among in-married 
women, MiLs, and men that winter is the most challeng-
ing month with respect to food access. All participant 
groups discussed a strong dependence on food purchases 
during the winter due to the seasonality of home gardens. 
According to husbands, this was sometimes due to insuf-
ficient Fall harvests. Spring was recognized as the second-
most difficult season, with some need to purchase foods. 
Summer and, to a lesser degree, Fall were identified as 
seasons of surplus in which nearly all food is produced in 
home gardens, ‘so there is no need to go to the market’.

Obtaining food
This subtheme indicates how households obtain their 
food, whether it is through trade, money, or potentially 
other means. Women (in-married women and MiLs) 
agreed that food is primarily obtained through monetary 
purchase. However, in-married women emphasized the 
importance of informal credit agreements in which they 
purchase food on account (without transfer of money) and 
pay the supplier later. This was mentioned as being quite 
common in village markets; however, in district markets 
(which were larger and more centralized within a region) 

(Theme 2), misconceptions around food (Theme 3), and 
dietary information (Theme 4). The results of the focus 
groups of the same participant group (in-married women, 
MiLs, or husbands) were highly consistent across districts 
with the exception of husband’s responses for Theme 3 
and Theme 4. In general, greater diversity was observed in 
the responses between participant groups than within par-
ticipant groups. Theme 3 (Misconceptions around food) 
and Theme 4 (Dietary information) showed the greatest 
variation in responses between in-married women, MiLs, 
and husbands (see Tables 1 and 2). Results from the KIIs 
were used to refine study design based on cultural prac-
tices in the region before initiating FGDs as well as to 
form a consensus among major themes within FGDs. 

Theme 1. Decision-making around food
All participant groups discussed consistent decision-mak-
ing processes surrounding food, revealing clear gender 
roles in food preparation and purchase. Three subthemes 
were identified within Theme 1 including 1) purchasing 
foods, 2) cooking, and 3) food purchase decisions.

Purchasing foods
All three participant groups agreed that men are the pri-
mary purchasers of food. Women play a secondary role 
in food purchasing; women’s purchases are dependent on 
whether the husband is present. If  men are unavailable 
to go to market, women will go to market and purchase 
food for the family. Women in the household (in-married 
women and MiLs) stated that men may be unavailable to 
purchase foods ‘if  [they] are busy’. In other cases, women 
explained that seasonal migration of men to Russia has re-
sulted in the increased role of women in food purchasing.

Cooking
There was a consensus across the study population that 
women, either the in-married woman or MiL, prepare 
food for the family. Furthermore, all three participant 
groups emphasized the role of the in-married women in 
food preparation. In this way, younger women fill the ma-
jority of cooking needs for the family while MiL plays a 
supportive role. For example, one MiL reported that when 
her daughter-in-law visits her family, the MiL takes over 
responsibility for cooking during that time. According to 
the combined reports of the MiLs and husbands, men 
may depend on the MiLs to cook, may eat out, or cook 
food themselves if  the wife is not available to cook.

Food purchase decisions
Again, all participant groups agree that women, either the 
in-married woman or MiL, decide which foods to buy. 
According to the participants in the MiL sessions, the rea-
son women decide which foods to purchase is that their 
‘husbands don’t know what to buy because [they] cook’. 
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these foods can increase morning sickness symptoms. In-​
married women did not mention meat consumption, while 
MiLs and husbands recommended meat and eggs for a pre-
natal diet. Husbands also discussed avoidance of particular 
meats (rabbit and horse) due to the increased risk of cleft 
pallet in infants (See Table 1, ‘Husbands’), whereas only 
MiLs discussed the importance of dairy consumption dur-
ing pregnancy.Interestingly, both women participant groups 
discuss ideas surrounding ‘pure food’. In-married women, 
for example, referred to avoiding food that was produced 
using pesticides or fertilizers while MiLs discussed consum-
ing domestic eggs ‘but not the imported ones’. MiLs further 
identified food from China as unhealthy.

Children under five
While there are diverse opinions regarding proper young 
child-feeding practices between in-married women, MiLs, 
and husbands, all three participant groups agree that chil-
dren should not receive eggs. However, each group cited a 
different reason for the practice. For example, MiLs stated 
that eggs are ‘hard for the stomach to digest’, while hus-
bands reasoned that eggs contain too many calories. One 
in-married woman, meanwhile, highlighted her child’s 
taste preference as the primary reason for not feeding her 
children eggs (See Table 1). Finally, in-married women 
and MiLs discussed contaminated water and unwashed 
fruits and vegetables as sources of diarrhea.

In-married women consistently mentioned two ideas 
concerning children’s diets (1) children’s diets should in-
clude mostly light, soft foods and (2) the ability to con-
sume a diverse diet depends on the child’s baseline health, 
or whether the child is perceived as ‘healthy’ or ‘unhealthy’ 
according to the community standard. With respect to the 
first idea, in-married women show a preference for feeding 
their children ‘light meals’ like ‘noodles and soup’ because 
they are perceived to be easier to digest than ‘heavy meals’, 
like fatty or oily foods. In addition, in-married women em-
phasize the need for children’s meals to be soft in consis-
tency and texture. In-married women discussed preparation 
practices for soft foods, such as mashing potatoes, soaking 
biscuits in water, or pureeing apples. According to in-mar-
ried women, baseline health affects child consumption 
patterns because healthy children are able to eat a greater 
diversity of food items with a reduced risk of becoming ill. 
Unhealthy children, meanwhile, must eat a more restricted 
(‘soft’ or ‘light’) diet to prevent further illness. In-married 
women explained that hard and heavy foods are difficult to 
digest and likely to make unhealthy children sick. In-mar-
ried women also connected rural living and exercise to the 
general health of children (See Table 1, children under five).

Theme 4. Dietary information
Participants have varying opinions surrounding dietary 
information, especially with respect to health beliefs and 

this was not acceptable. While food trade is recognized 
as rare by both in-married women and MiLs, husbands 
identified trade as the ‘typical’ means of obtaining food 
and ‘other times [they] pay with money’.These responses 
reveal gender-based differences in market transactions in 
which husbands are more likely to trade than women.

Barriers and solutions
All three participant groups identified lack of money as 
a barrier to food security. In-married women and MiLs 
reported limited employment as drivers of low income. 
MiLs in particular suggested skill-building workshops 
for young girls as a potential means of increasing house-
hold income. In-married women and husbands addition-
ally focused on limited food due to poor-quality harvests 
and low autumn yields. In-married women discussed 
pest management as a potential solution to improving 
the quality of crops and reducing insect-related damage. 
Husbands and MiLs emphasized canning and pickling as 
solutions for minimizing food purchases and maintaining 
food sales through value-added goods during the winter.

Theme 3. Misconceptions around food
In general, the participant responses regarding miscon-
ceptions around food were consistent regarding which 
foods to avoid. However, the responses were inconsistent 
regarding the reasons for avoiding that food. Inconsisten-
cies were more apparent in the comparison of women and 
men focus groups; MiLs and in-married women showed 
greater congruency than husbands. Theme 3 includes two 
subthemes: Pregnant women and children under five.

Pregnant women
All participant groups discussed restrictions in carbohy-
drate intake as an important strategy for prenatal health. 
However, these beliefs vary in the way they were presented. 
For example, in-married women and MiLs emphasized 
restrictions in carbohydrate consumption by mentioning 
a wide range of foods that pregnant women should avoid 
including mantou, noodles, bread, baked goods, and osh.2 
Husbands illustrated the practice of prenatal limitation of 
carbohydrates by identifying osh as a food that pregnant 
women avoid. MiLs and in-married women gave a highly 
consistent reason for avoiding carbohydrates during preg-
nancy: carbohydrate consumption leads to a heavy birth 
weight and difficult delivery. Furthermore, in-married 
women and MiLs identified doctors as the source of this 
information.

Aside from carbohydrate consumption, both women 
participant groups agreed that women should monitor their 
intake of ‘heavy’ foods including fats, oils, and nuts because 

2. Mantou (dumpling) and osh (pilaf) are traditional Tajik foods prepared 
with flour and rice, respectively.
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General diet
Across all three participant groups, flour and oil are iden-
tified as the most important staple foods. In addition, 
onions, tomatoes, potato, and ‘fruits and vegetables’ in 
general were reported by all groups. Both women partic-
ipant groups detailed various fruits and vegetables along 
with methods for preparing them. Furthermore, both 
women’s groups participants identified banana, kiwi, and 
pineapple as recent introductions to the Tajik diet. Lastly, 
both groups discussed the important role of root vegeta-
bles, legumes, and beans in the general diet. In-married 
women and husbands mention the use of herbs, and in-​
married women highlighted taste preference as a driver 
of food choice. Interestingly, only husbands cited dairy 
products as an integral part of the general diet.

Discussion
As prior research establishes, malnutrition is a critical 
public health issue that disrupts the livelihoods of many 
Tajik people (2). Stunting, iodine deficiency, and maternal 
and child anemia account for the greatest proportion of 
negative health outcomes due to undernutrition in Tajiki-
stan (11). Poor diet, characterized by insufficient amounts 
of nutritious foods consumed at low frequency, has been 
identified as the primary driver of such conditions (15). 
Undernutrition is concentrated among women of repro-
ductive age, children, and rural populations, which may 
lead to immediate and long-term productive and repro-
ductive consequences and hold severe implications for the 
quality of life in rural areas. The Tajik diet includes inhib-
itors of nutrient absorption (particularly iron) like black 
tea and exclusion of absorption enhancers, such as fresh 
fruit, animal source foods, and vegetables, which are sea-
sonally unavailable or unaffordable according to this study 
(15, 16). Even so, these findings point to a general knowl-
edge about the health benefits of various fruits and vege-
tables, especially among women. Participants cited onion, 
tomato, and potato as essential components of their diet, 
and placed importance on the health benefits provided 
by beans and many types of fruits and vegetables. Many 
women participants (both in-married and MiLs) placed 
additional emphasis on consuming a healthy diet during 
pregnancy. Many fruits and vegetables are considered in-
dulgences rather than central components of the Tajik 
diet, unlike everyday staples. Participants pointed to the 
high cost associated with imported fruit, such as kiwi, as a 
major barrier for why they do not include more fruits and 
vegetables in their diet. As a result, many fruits are exclu-
sively reserved for special occasions – as one participant 
stated, residents in her village saved ‘banana, kiwi, and 
pineapple for the holidays’. It is customary in Tajikistan 
to bring food to guests, but there is concern that this ex-
pectation for the appearance of wealth leaves less food on 
the family table, as mentioned in one of the husband focus 

foods that cause illness. Theme 4 has been divided into 
three subthemes, including foods that cause illness, health 
beliefs, and general diet.

Foods that cause illness
Responses within this subtheme are highly diverse. 
However, there was a consensus across all three partici-
pant groups that oily foods are a source of  food-related 
illness. The greatest similarity in responses is observed 
between the women participant groups (in-married 
women and MiLs). For example, both women’s groups 
agreed that spoiled foods, contaminated water, and 
heavy foods cause illness. Furthermore, both groups 
noted that individuals with pre-existing health prob-
lems3 and elderly people experience an increased risk of 
food-related illness and require dietary restrictions to 
avoid frequent health issues. In-married women listed 
the greatest diversity of  illness-causing foods. Finally, 
in-married women emphasized the impact of  allergies 
on illness and diet.

Health beliefs
Participant groups showed differing opinions with respect 
to health beliefs. However, all groups mentioned the im-
portance of traditional foods, many of which are high 
in carbohydrates and utilize either rice or flour as their 
main ingredient.4 In general, in-married women and MiLs 
show the greatest consistency in their responses, citing the 
importance of vegetables and fruits due to vitamin con-
tent. In addition, both MiLs and in-married women dis-
cussed affordability as a barrier to purchasing meat, while 
husbands specifically discuss religion as a barrier to the 
consumption of certain meats. Husbands and in-married 
women identified the need for individuals with high blood 
pressure to have modified diets through lower sugar and 
carbohydrate consumption.

In this subtheme, in-married women again mentioned 
avoiding foods produced using fertilizer or chemicals 
and their preference for domestic chicken and meat. 
This concept was first discussed by in-married women 
(fertilizers) and MiL (domestic animal sourced foods) 
in Theme 3 (Misconceptions around food, pregnant 
women). Interestingly, in-married women emphasize 
the importance of  ‘clean’ food, stating that ‘if  we wash 
[the vegetables] properly, it is good for our health’. In-
married women and MiLs first discussed the importance 
of  washing fruits and vegetables within Theme 3, chil-
dren under five.

3. Heart problems, high blood pressure, allergies, hepatitis, and typhoid 
were among the health problems mentioned.
4. Husbands identified these foods by simply stating ‘traditional foods’ 
while in-married women and MiLs discussed their preparation in detail. 
In-married women and MiLs specifically mention preparation of osh, 
mantou, and shala.
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prescribed to young children and pregnant women. As 
with previous studies conducted in other geographic re-
gions, food taboos tend to have the greatest impact on 
the nutrition status of  women and children (17). There 
was a general consensus that pregnant women should 
avoid carbohydrates and oily foods due to the risk of  a 
difficult labor associated with heavier birthweight and 
irritation of  morning sickness symptoms, respectively. 
For example, both in-married and MiLs reported that 
pregnant women should not consume carbohydrate-rich 
staple foods like osh and mantou. Husbands echoed these 
beliefs to a lesser degree, and with mixed opinions. For 
example, one participant claimed that ‘pregnant women 
eat everything’, while another agreed with the beliefs of 
women’s groups stating that ‘pregnant women do not eat 
osh’. Still other men reported a wide variety of  beliefs in-
congruent with other participant groups. Women (MiLs 
and in-married women) appear to be the primary endors-
ers and implementers of  dietary practices that limit car-
bohydrate consumption as indicated by the high degree 
of  consistency in the food practices reported by women 
participant groups.

As many staple foods are rich in carbohydrates, women 
report the exclusion of these items during pregnancy. Ex-
clusion of staple foods may hold significant implications 
during lean seasons (Winter and Spring) when vegetables 
and fruits are unavailable and households live on reduced 
incomes. The FGDs did not reveal whether such limita-
tions on pregnant women’s diets are altered during the 
lean season to accommodate reduced access to alternative 
foods. While beliefs surrounding carbohydrate intake and 
heavy birthweight have not been previously investigated in 
Tajikistan, studies from other geographic regions (Ethio-
pia and Nigeria) have made similar findings (16, 18, 19). 
In Nigeria, one study revealed that pregnant women 
who were not practicing taboos had significantly greater 
weight gain and gave birth to heavier infants as compared 
to women practicing food taboos (17). Determining the 
immediate impact of food taboos on pregnant women in 
Tajikistan may represent opportunities for improving ma-
ternal health outcomes including maternal morbidity and 
preterm birth complications.

Restriction of oily foods – oily food in the FGDs in-
cluded certain meats (goat, lamb) as well as foods con-
taining or cooked with vegetable oil – has additional 
implications on pregnancy outcomes and child develop-
ment. For example, sources of omega-3 fatty acids (fish, 
nuts, vegetable oil) and animal source food (meat) are 
shown to benefit fetal (physical and cognitive) growth and 
support the increased nutrient demand associated with 
pregnancy (20). Avoidance of oil during pregnancy ap-
pears to be a cultural practice, while exclusion of carbohy-
drates was learned through counseling with doctors. This 
may indicate miscommunication or misunderstanding of 

groups. To encourage greater dietary diversity, it is rec-
ommended to promote locally sourced, affordable health 
options to make healthy choices more commonplace.

Clear gender roles were noted for the following sub-
themes of Theme 3, Decision-making around food: 
Purchasing food, cooking, and food purchase decisions. 
Husbands appear to hold the responsibility of going to 
market to purchase or trade for food, while women (MiLs 
and in-married women) make the decisions regarding 
what type of food to buy. According to women, the re-
sponsibility of making food purchase decisions resides 
with women because they are the primary food preparers. 
Between the women of the household, it is unclear under 
what conditions food purchase decisions are allocated to 
the MiL as opposed to the in-married woman. The re-
sponsibility of making food decisions appears variable, in 
some cases dependent on the availability of the in-married 
woman and in others based on negotiations between the 
in-married woman and the MiL. The MiL may also have a 
transient role in food preparation depending on the avail-
ability of the in-married woman. FGDs also indicated 
that the absence of men within communities as a result 
of migration impacted daily life and household roles sig-
nificantly. Although the focus group instrument did not 
specifically ask questions about male migration, female 
FGD participants brought up migration several times 
as it related to other questions surrounding household 
decision-making. When asked about household respon-
sibilities, such as shopping for food, women as a whole 
routinely mentioned how the absence of men had shifted 
the responsibility to them. MiL participation in shopping 
for food is significant with regard to the household’s nutri-
tion status, as it seems to provide a greater opportunity for 
women to make changes in their diets. Since women are 
often the ones purchasing (MiL) and cooking (in-married 
women) food using gender-specific interventions that ad-
dress diet diversity, specifically by introducing new crops, 
could prove more successful. Nevertheless, an increase in 
responsibilities as a result of male migration may not di-
rectly impact power within the household.

Based on the FDGs, it appears that migration has af-
fected women’s lives to varying degrees, which depends 
significantly on the circumstances they are in. In addition, 
in cases where in-married women live with their MiLs, 
the MiLs were the heads of household when men were 
not present. Consequently, extension services should at-
tempt to incorporate MiLs into trainings and educational 
interventions, as they are often the ones with a signifi-
cant amount of power and time within a household. It 
is also beneficial to recognize that the amount of agency 
a mother has within her household will vary based on 
which family members she lives with.

Perhaps, the most striking findings from this study 
are the dietary practices and misconceptions about food 
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Province. Results also established a link between emigra-
tion of males to Russia for work and changing household 
social structure. The impact of migration on household 
decision-making is worth exploring further to offer more 
mindful approaches for future intervention strategies in the 
province. This study suggests that women hold the majority 
of nutritional knowledge and misconceptions surround-
ing food, both practicing and engaging in food-restrictive 
taboos alongside a genuine knowledge of healthy eating 
practices. Overall, men lacked knowledge of nutrition and 
dietary practices. In order for agriculture extension agents 
to address nutritional status of their beneficiaries as part 
of their duties, extension agents must have knowledge of 
the intra-household decision-making processes between 
women and men and between MiLs and in-married women 
that determine what foods are available in the household. 
In addition, a food recall study may be a comprehensive 
follow-up to glean a more accurate picture of the dietary 
patterns in the Khatlon Province. Further investigation 
may also prove useful in assessing if there exists an effect 
of village proximity to district markets on food access.
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dietary recommendations between patients and health-
care professionals.

FGDs conducted with women revealed consistent beliefs 
surrounding child feedings practices. For example, both 
MiLs and in-married women voiced that children should 
receive ‘light’ and ‘soft’ foods – described as foods contain-
ing less fat and carbohydrates, and foods that have been 
watered down to a soft consistency. Among the foods re-
stricted from children’s diets are staple foods like sambusa, 
osh, fatir, and mantou, which are described as ‘hard meals’. 
According to women participants, heavy foods are more 
‘difficult to digest’ and may result in stomach problems. 
Interestingly, these beliefs were not reflected by FGDs con-
ducted with husbands. Finally, in-married women and, to a 
lesser degree, MiLs were concerned with diarrheal disease 
in children. Both reference cucumber and water as sources 
of diarrhea; In-married women additionally reported that 
unwashed fruits and vegetables may be a source of diar-
rhea. Additional research is needed to determine whether 
the practice of restricting staple foods among children con-
tributes to the prevalence of stunting in Tajikistan.

It was mentioned in several FGDs with in-married 
women that that they gave infants aged under 6 months 
cow’s milk when they had difficulties with breastfeed-
ing. Various reasons for the use of  cow’s milk included 
not having enough breast milk or not having enough 
money to buy formula. There was a belief  that cow’s 
milk was comparable to breast milk and made babies 
strong. When asked if  participants used milk from other 
sources, such as goats, in-married women indicated that 
only cow’s milk was preferred because of  availability and 
the high cost of  formula. Due to the dangers of  using 
unmodified cow’s milk for infants aged under 9 months, 
nutrition-specific interventions should be introduced 
to address the use of  alternative breast milk within the 
rural regions. In order to reduce breastfeeding cessation, 
potential interventions could include providing lactation 
and breastfeeding support.

Due to the small sample size of this study, several lim-
itations need to be considered. Consistency of beliefs 
around access to foods or food misconceptions may vary 
according to the participant’s proximity to food centers or 
education status, respectively. Moreover, the geographic 
distribution of selected villages was shaped around pre-
arranged Women’s Economic Empowerment Project 
(WEEP) group meeting times and consisted mainly of 
participants from these groups. Also, while the sample 
population was intended to include more male focus 
groups, due to the lack of young, adult males in the target 
areas, researchers were unable to have a more balanced 
representation.

This study demonstrates the need for gender-responsive 
solutions using agricultural extension agents to counter 
barriers to a healthy diet and dietary diversity in Khatlon 
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Use of fungal alpha amylase and ascorbic acid in the 
optimisation of grain amaranth–wheat flour blended bread

Ruth J. Kamoto,  William Kasapila* and  Tinna A. Ng’ong’ola-Manani

Department of Food Science and Technology, Lilongwe University of Agriculture and Natural Resources (LUANAR), 
Lilongwe, Malawi

Abstract

Grain amaranth–wheat flour bread was optimised using ascorbic acid (0.03% dry weight basis) and fungal 
α-amylase (10 ppm) to investigate their effects on sensory properties of the breads. Six formulations were 
used in the ratios of 5:95, 10:90, 15:85, 20:80 and 25:75 grain amaranth to wheat flour compositions, while 
the control bread had 100% wheat flour. Consumer acceptability and preference ranking tests were conducted 
to describe and evaluate preference and acceptability of the breads. Analysis of consumer acceptability data 
revealed that there were significant differences (p < 0.05) for all the samples in all the attributes tested. Overall 
consumer acceptability results showed no difference at 25% for all improvers. Principal component analysis 
for descriptive tests performed by a trained panel demonstrated variations among the breads in graininess, 
elasticity, crumb colour, stickiness and crumb moistness regardless of the improvers used. The study concludes 
that using improvers to optimise grain amaranth–wheat flour bread can help improve both the nutritional and 
organoleptic properties of bread.

Keywords: improver; blending; fermentation; oven spring

Amaranth, a plant that grows wildly in many 
countries of the world, has been underutilised for 
years. A 1977 article by Jean L. Marx in the jour-

nal Science has already described amaranth as ‘the crop 
of the future (1)’.

Amaranth is nutritious, stuffed with vitamins, folic acid 
(vitamin B9), minerals and protein. The plant is edible from 
tender stems through leaves, flowers and grains. Cooked 
leaves can be used variously as simple green side dishes, in 
quiches, pies, toppings and soups. Amaranth grains can be 
boiled and used to make candies, herbs and pressed seed 
oil with commercial uses besides toasting much like pop-
corn and mixed with honey, molasses and chocolate.

In Malawi and other countries in Africa, amaranth 
leaves are merely eaten as side dishes or relish for maize, 
rice and banana meals. The grains are left on the plant 
and consumed by birds or blown away by wind to far-
flung areas from people’s homes, further making it wild.

Culturally, people in Africa consider this grain inedi-
ble, and the problem is compounded by lack of recipes, 
processing techniques and knowledge of how to incorpo-
rate it into the current diets. According to the Educational 
Concerns for Hunger Organization (ECHO), amaranth 
contains anti-nutritional factors, including oxalates, 

nitrates, saponins and phenolic compounds that are re-
duced in content and effect by cooking (2).

Yet, as befits its weedy life history, amaranth grains 
grow rapidly and, in most of the wild species, their large 
seed heads can weigh up to 1 kg and contain a half-million 
small seeds (3). The grains are very small, about 1 mm in 
diameter, and difficult to harvest into meaningful volumes 
for commercial use.

Recently, there has been growing interest in the produc-
tion of grain amaranth due to its potential in improving 
nutrition, food security and rural incomes. For example, 
from the late 1990s, the Indigenous Vegetables Research 
Project at Bunda College of Agriculture in Malawi has 
been breeding amaranth predominantly for its grains. The 
improved grains are golden in colour, lenticular and rel-
atively larger (up to 1.7 mm diameter) than those from 
wild varieties. A number of humanitarian organisations 
have been distributing seeds for these varieties to rural 
households for them to grow in home gardens as part of 
nutrition interventions.

The United Nations Children’s Fund and Food and 
Agriculture Organization (4) have already identified 
Malawi as one of the 34 countries (22 from Africa) that 
account for 90% of the global burden of stunting, with 
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37 in every 100 children being short for their ages, and 
called for innovative techniques to improve the nutritional 
content of foods.

This study used flour from improved grain amaranth as 
an ingredient in wheat bread to promote its adoption and 
utilisation in diets.

Breads are an important staple food and suitable for 
nutritional improvement.

Amaranth grain is high in linoleic acid, protein and 
lysine, an amino acid found in low quantities in many 
grains (5), including maize, sorghum, rice and bananas. 
Amaranth grain is deficient in essential amino acids such 
as leucine and threonine – both of which are present in 
wheat germ (5). These variations and complementarities 
that can be achieved make blending of amaranth and 
wheat flours all the more important.

Amaranth grain does not contain gluten, which makes 
it a viable grain for people with gluten intolerance.

However, blending amaranth grain flour with wheat af-
fects the rheological properties of wheat, which, in turn, 
limits the baking characteristics and quality of the final 
bread. This study blended best proportions of grain am-
aranth and wheat flour besides using fungal α-amylase 
(FA) and ascorbic acid (AA) as improvers to produce 
good quality and nutritious bread.

Gluten is a composite of storage proteins termed prola-
mins and glutelins and stored together with starch in the en-
dosperm of various cereal grains, in particular wheat, barley, 
rye and oats (6, 7). It gives elasticity to dough, helping it rise 
and keep its shape, and often gives the final product a chewy 
texture. Gluten is prepared from flour by kneading the flour 
under water, agglomerating the gluten into an elastic net-
work, a dough, and then washing out the starch.

The results of this study can benefit nutrition practi-
tioners, researchers, rural communities and the food in-
dustry to explore ways of commercialising the grains from 
amaranth and diversify selection of breads.

Materials and methods

Sample acquisition
Grain amaranth (Amaranthus hypochondriacus) was pur-
chased from the horticulture department at Lilongwe 
University of Agriculture and Natural Resources (LUA-
NAR) and stored in a sack to allow for aeration. Wheat 
flour, manufactured by Capital Foods, Sunfoil vegetable 
cooking oil (sunflower oil), Anchor instant yeast, table 
salt and white sugar were purchased from local shops in 
the country. Ascorbic acid was supplied by Lab Supplies, 
and fungal α-amylase enzyme (EN01 Bakezyme P500) 
manufactured by Lallemand, Montreal, Canada, was 
purchased from Anchor Yeast, South Africa.

Grain amaranth was sorted to remove physical objects 
like stones, washed several times to remove dust with clean 

tap water and dried in the food dryer in the Foods Lab-
oratory at Bunda campus until all the grains were fully 
dried. It was then ground into flour using a blender (high 
horse power XTY-767, Taiwan Technical, Taiwan, China) 
sieved (0.5 mm) several times until almost all the grains 
were fine. The flour was kept at room temperature in an 
airtight plastic container until use.

The bread making process
The bread making recipe was adopted from Tang et al. 
(8), with a few alterations due to the addition of  improv-
ers. The basic formula was 400 g flour, 6 g yeast, 30  g 
white sugar, 4 g salt, 32 g vegetable cooking oil and 230 g 
water. Grain amaranth flour substitution levels were 
from 5 to 25%. Ascorbic acid 0.03% (dry weight basis) 
was used as an improver, while 10 ppm FA was incorpo-
rated in each formulation following the manufacturer’s 
instructions. A series of  trials were done to standardise 
the recipe based on the preliminary sensory tests carried 
out. Bread making processes proposed by Igbabul, Num 
and Amove (9) were followed (see Fig. 1). The processes 
in bold were included for maximum manipulation of 
dough.

The ingredients (wheat flour, grain amaranth flour, 
sugar, salt, yeast and improvers) were blended for 5 min 
in a mixer (KitchenAid, Model 5K5SS, MI, USA) and 
mixed with water and vegetable oil to develop dough. The 
dough was turned onto a flat clean surface and kneaded 
manually for 8 min. After kneading, the dough was al-
lowed to rest for 20 min for the first fermentation at 25°C 
and 72% relative humidity (indoor thermometer and 
hygrometer, TH101, Mingle, China) using Gallenkamp 
Hotbox oven size 2. Punching was then done to further 
develop gluten and redistribute the nutrient supply for 
yeast, resulting in increased rates of fermentation and gas 
production (10). The dough was kneaded again for 5 min 
after which it was divided, moulded and placed in bak-
ing pans (21×10×7 cm3). Proofing was done for 40 min 
at 38 °C and 79% relative humidity, and then baking was 
done at 230 °C for 20–25 min. Breads were removed from 
the pans and cooled for 1 h and stored at room tempera-
ture for 16 h before sensory evaluation.

Ingredient weighing and mixing improver added here

Kneading, fermentation and punching

Kneading, molding, panning and proofing (1 hour)

Baking (230 ºC), cooling

Fig. 1.  Flow diagram for bread production.
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Ethical consideration
This study was approved by the Ethics Committee of 
the Lilongwe University of Agriculture and Natural Re-
sources. Actual participation in the study was based on 
full consent from the students and the headmistress. The 
researcher informed the students that participation was 
voluntary and that they had the right to withdraw from 
the study anytime if  they wished so. All the responses 
given were kept confidential and the forms used for data 
collection were not shared with anyone outside the team.

Sensory evaluation

Consumer acceptability test
Test breads were evaluated by 80 day scholars, 39 females and 
41 males aged between 14 and 18 years, from Mkwichi Sec-
ondary School. The criterion for inclusion was that the testers 
must make an informed decision and give consent to partici-
pate in the study. The testers were also required to be familiar 
with sensory qualities of bread to be included in the study. 
A 9-point hedonic scale (Fig. 2), also known as the degree–
of-liking scale, was used by the testers to indicate the extent 
to which they liked or disliked each bread sample. The scale 
ranged from 1 ‘like extremely’ to 9 as ‘dislike extremely’.

The study was conducted in two spacious, quiet and 
well-lit classrooms accommodating 20 testers each. The 
tests were conducted in three sessions. Samples of 5, 10, 15, 
20 and 25% amaranth and 100% wheat flour with ascor-
bic acid as an improver were presented in the first session. 
Bread samples improved with FA and a combination of 
ascorbic acid and fungal α amylase (AFA) were tasted in 
the second and third sessions respectively. All six samples 
were served at room temperature and presented all at once 
with a questionnaire in their respective sessions. Consumers 
were asked to rate each sample on appearance, taste at first 
bite, aroma, roughness or graininess, aftertaste and overall 
acceptability. The tests were done at mid-morning when the 
testers were neither too full nor too hungry. The samples 
were presented at room temperature in small white plates 
and were coded and presented randomly using 3 digits. The 
testers were instructed to taste the samples from left to right 
in the given order, and no re-tasting was allowed. Clean tap 
water was provided in disposable cups for palate cleansing 
before the testers moved on to the next sample (11, 12).

Preference ranking tests
Preference ranking tests were conducted concurrently 
with acceptability tests in a single session for each batch. 

After tasting all the six samples in consumer acceptabil-
ity test, the testers were instructed to rank them from 1 
to 6, where 1 referred to the ‘most preferred’ and 6 the 
‘least preferred’ sample. No ties were allowed in this re-
gard (Fig. 3). The consumers were given a gift as a token 
of appreciation at the end of each session.

Descriptive test
Descriptive analysis was conducted by a trained panel of 
students and staff  members at LUANAR in which they 
described the sensory properties of grain amaranth–
wheat blended bread optimised by ascorbic acid, FA and 
a mixture of the two.

Screening and selection of study subjects
Food science and technology students responded to an invi-
tation made through notice boards for a screening exercise. 
A triangle test was used to screen panelists who volunteered 
to participate in the study. In this regard, the panelists were 
presented with three sets of samples to assess their accuracy 
in determining sweetness, saltiness and bitterness. Each set 
of samples for one panelist had one reference sample with 
similar formulation to one of the two remaining samples 
on the tray. For sweetness, besides the reference sample, the 
two samples had 0.1 and 0.15 molar sugar solutions, while 
the second set was made of 0.1 and 0.15 molar salt solu-
tions. The third set was for the bitterness test, and two of 
the three samples contained 0.05 and 0.1 molar of quinine. 
Finally, 10 panelists were selected based on their ability to 
discriminate small test differences in terms of sweetness, 
saltiness and bitterness in the exercise.

Training of panelists
The researcher briefed the selected panellists about the 
study and trained them at LUANAR for 4 weeks, with 
three 1-h sessions per week. The training started with 

Like

extremely

Like

very

much

Like

moderately

Like

slightly

Like

or

dislike

Dislike

slightly

Dislike

moderately

Dislike

very

much

Dislike

extremely

Fig. 2.  Representation of a 9-point hedonic scale.

Preference Ranking Test

Name……………………………… Sex M/F Date…………………

Please taste and rank the samples from most preferred (1) to least preferred

(6):

No ties are allowed

Samples

494                    ……

735                    ……

287                    ……

939                    ……

142                    ……

677                    ……

Fig. 3.  Preference test questionnaire.
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language development where the panellists generated de-
scriptors to be used for the sensory attributes of  breads. 
Proper definitions for the descriptors were generated by 
the panellists after reaching a consensus. A total of  17 
descriptors were generated under appearance, aroma, 
taste and texture items. Standard references were used 
for some of  the descriptors, and a 15-point line scale was 
used in which 1 was rated ‘none or weakest’ and 15 was 
described as ‘extremely intense’ for a particular attrib-
ute. The descriptive test was conducted on fresh sam-
ples every other day in triplicate. Serving of  the samples 
was done in small Ziploc bags to prevent dryness and 
sequential effect on some of  the attributes, for example, 
crispiness. Crust and crumb colour, earthy smell, yeasty 
smell, sweetness, alveolus size and regularity were some 
of  the attributes examined. An assessment of  panel con-
sistency was done using panel check V 1.4.2 (13). The 
assessors who were not consistent were provided with 
further training.

Determination of physical characteristics of bread
Oven spring was estimated from the difference in height of 
the dough before and after baking. Loaf weight was mea-
sured 30 min after the loaves were removed from the oven 
using a laboratory scale, and the readings were recorded in 
grams (14). Loaf volume was measured using the rapeseed 
displacement method (15). Thus, a box of fixed dimensions 
(15×18×30 cm3) was placed in a tray, half filled with sor-
ghum grains, shaken vigorously four times, and then over-
filled slightly to allow the overspill fall into the tray. The 
box was shaken again twice before a straight edge was used 
to press across the top of the box once to give a level sur-
face. The grains were decanted from the box into a recep-
tacle and weighed. The procedure was repeated three times, 
and the mean value for grain weight was noted in grams.

A weighed loaf was placed in the box, and weighed 
grains were used to fill the box; it was levelled off  as be-
fore. The weight of the grains around the loaf and the vol-
ume of grain displaced by the loaf were calculated using 
the following formula:

Seeds displaced by loaf (L) = C (g) + overspill weight – 
weight of seeds (g), where C is the mean value for seed 
weight (Equation 1)

Volume of loaf (V)

(Seeds displaced by loaf (L)* Volume of bucket or box)
Weight of seeds

=

� (Equation 2)

Calculation of bread nutrient composition
The nutrient composition of bread was determined by cal-
culating yield factors (YFs) and retention factors (RFs) as 
stipulated by the European Food Information Resource (16). 

The nutrient levels in the dish were calculated by first finding 
the values from the United States Department of Agricul-
ture (USDA) food composition tables (17).

Yield factors were calculated using the following 
formula:

YF
Pr epared dish, editable part (g)

Total quantity ingredients (ready to cook)(g)
=

− −

� (Equation 3)

Retention factors were calculated to find the amount 
of nutrients retained after preparation (18). Weight YFs 
were included in the experimental determination of the 
nutrient RFs, and the following formula was used:

RF
Nutrient content per 100g dish, edible part
Nutrient content per 100g of ingredients

(ready to cook), edible part

* YF=

− −

� (Equation 4)

Data analysis
Data entry and data analysis were done using SPSS ver-
sion 20. Two-way analysis of variance (ANOVA) was used 
to generate the means and determine levels of significance 
for the results. Principal component analysis (PCA) was 
performed to determine sensory attributes of importance 
in grain amaranth–wheat bread.

Results

Comparison of choice of bread samples based on gender
Six samples of bread improved with ascorbic acid were 
given to each of the male and female testers. Data pre-
sented in Table 1 show results of how the testers made 
their choices. The testers showed no significant difference 
(p < 0.05) in their choice of the bread samples.

Recipe standardisation
After several trials of baking and random preliminary 
sensory evaluation done by students and staff  members, 

Table 1.  Effect of gender on choice of the bread samples improved 
with ascorbic acid, fungal α-amylase and a combination of the two 
with different levels of grain amaranth flour

Improver Gender 0% 5% 10% 15% 20% 25% Sig.

AA Male 7 8 8 9 6 3 0.38

Female 11 11 9 4 3 1

AFA Male 10 5 2 14 4 6 0.90

Female 12 6 1 12 4 4

FA Male 12 5 17 1 3 3 0.99

Female 12 4 18 2 2 1

AA, ascorbic acid; AFA, combination of ascorbic acid and fungal  
α-amylase; FA, fungal α-amylase.
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sugar was reduced to 30 g based on the recommendations 
received, while the rest of the ingredients remained the 
same. The initial 60 g of sugar as indicated in the adopted 
method by Tang et al. (8) made the breads sweeter than 
what the random testers are used to eating. The use of 
butter presented operational challenges; therefore, it was 
replaced with the same amount (32 g) of vegetable oil.

Fermentation times were also altered from 15 to 20 min 
for the first fermentation to improve dough leavening. The 
second fermentation was reduced from 90 to 45 min be-
cause it was observed that the dough that was fermented 
for 90 min was too sloppy and did not achieve oven spring 
once put in the oven. This could be attributed to the ad-
dition of AA and FA that provided optimal acidic condi-
tions and degraded molecules for fermentation by yeast to 
occur faster. This led to the yeast being overspent; there-
fore, it was unable to continue to ferment in the first few 
minutes the dough was placed in the oven (19), resulting 
in the production of flat bread. Therefore, the times were 
changed to still have yeast working in the oven to produce 
a good bread shape.

The advantage of baking grain amaranth–wheat 
blended bread is that it does not require sophisticated 
technology. The use of makeshift ovens with controlled 
heating is enough to produce high-quality bread that con-
sumers can equally enjoy.

Consumer acceptability
In this study, consumer acceptability tests were used to 
assess the appearance, aroma, taste at first bite, graininess, 
aftertaste and overall acceptability of the test breads. The 
results indicated that there were significant differences 
(p < 0.05) for all bread samples on all the attributes tested 
for breads improved with ascorbic acid (AA) (Table 2).

Similar trends were observed for bread samples im-
proved with FA and the combination of ascorbic acid and 
fungal α-amylase (AFA). Overall acceptability showed 
that ascorbic acid performed better for 10 and 15%, while 
FA gave better results for 5 and 20% formulations. The 
combination of the two worked better for the control 
bread, although it was not very different with the others 
at 25% blending (Fig. 4).

Table 2.  Degree of liking of grain amaranth–wheat flour breads with various grain amaranth flour per cent compositions improved with  
ascorbic acid

Sample Appearance Smell/Aroma Taste at first bite Roughness Aftertaste Overall acceptability

0AA 2.21 ± 1.33a 2.41 ± 1.30b 1.48 ± 0.54a 3.01 ± 2.03ab 2.52 ± 1.56b 2.84 ± 1.84ab

5AA 2.09 ± 1.18a 2.16 ± 1.37a 2.26 ± 1.45ab 2.32 ± 1.50b 2.29 ± 1.47b 2.43 ± 1.49b

10AA 2.43 ± 1.20a 2.00 ± 1.65a 2.64 ± 1.70b 3.65 ± 2.03a 3.60 ± 2.16a 2.82 ± 1.60ab

15AA 1.59 ± 0.66b 2.63 ± 1.55b 2.91 ± 1.51c 2.33 ± 1.30b 2.63 ± 1.64b 2.96 ± 1.75ab

20AA 2.60 ± 1.65a 3.30 ± 2.41c 3.55 ± 1.23c 3.72 ± 2.17a 3.66 ± 2.17a 3.48 ± 2.12a

25AA 2.70 ± 1.82a 2.83 ± 1.63bc 2.86 ± 1.63cc 4.01 ± 2.34a 3.74 ± 2.36a 3.59 ± 2.21a

p-value 0.000 0.000 0.000 0.000 0.000 0.001

Values in the table are means ± standard deviations.
Means with different superscript in the same column were significantly different (p < 0.05).
Hedonic Rating Scale used; 1 = like extremely to 9 = dislike extremely. 
AA, ascorbic acid.
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Fig. 4.  Comparisons of the overall acceptability of the three types of bread samples improved with ascorbic acid, fungal  
α-amylase and a combination of the two at different per cent compositions of grain amaranth flour.
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AA, Ascorbic acid; FA, fungal α-amylase; AFA, com-
bination of ascorbic acid and fungal α-amylase.

Preference ranking test
Preference ranking test showed that consumers preferred 
15AFA, 5FA and bread baked with 100% wheat flour 
regardless of the improvers used. Despite better mean 
scores for 5 and 10% breads in overall consumer accept-
ability, 5% grain amaranth bread improved with FA and 
15% bread improved with AFA were the most preferred 
of the test breads (Fig. 5).

Results for descriptive test
A total of 17 descriptors were generated to describe the 
appearance, taste, aroma and texture of the breads. These 
descriptors included brownness of upper crust, brown-
ness of lower crust, crumb colour, alveolus size, alveolus 
regularity, overall aroma, earthy smell, yeasty smell, salt-
iness, sweetness, aftertaste, chewiness, crust crispiness, 
crumb moistness, elasticity, roughness or graininess, and 
stickiness. Out of the seventeen descriptors mentioned 
above, nine showed significant differences (p < 0.05). PCA 
indicated the ability of the panel to discriminate the bread 
samples as presumed.

Bread improved with ascorbic acid and fungal alpha amylase
Attributes that were significantly different were further 
analysed by the PCA. The results obtained showed that 
the panel described 88.71% of the variation and perceived 
5AFA and 10AFA, 20AFA and 25AFA to have similarities 

in the tested attributes based on their proximity with each 
other in the map. It perceived the control bread to be to-
tally different from the rest of the test breads (Fig. 6).

Physical characteristics of breads
Average weight after cooling indicated that there was an 
increase in weight with increased amaranth substitutions 
in all the test breads (Fig. 7). Oven spring and loaf showed 
significant differences (p < 0.05); they were higher in breads 
that had lower levels of grain amaranth flour (Table 3).

Nutrient composition
Table 4 shows the calculated nutrient composition of the 
breads. Calculations used 0.90 and 1 as yield and retention 
factors (18), respectively. The results were based on the 
recipe that was used throughout the study. The varying 
nutrient contents of the blended bread were an indication 
that addition of grain amaranth flour assisted in increas-
ing the nutrient content of the breads. Carbohydrate con-
tent decreased with increased grain amaranth additions. 
Micronutrients were only available in very small amounts.

Discussion
Wheat flour used in Malawi for bread production is im-
ported from South Africa. Hence, the importation and 
associated production costs make bread expensive, espe-
cially to the rural masses in the country the majority of 
whom live on less than US$1a day. There is a huge need to 
use locally available raw food stuffs in the bakery of bread 
to increase the variety and utilisation. The present study 

Fig. 5.  Comparison of preference rankings for different breads.
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Table 3.  Loaf volume and oven spring for bread samples for all treatments

Attribute Treatment Bread samples

0% 5% 10% 15% 20% 25% p

Loaf volume AA 2709.47 ± 4.47b 2691.20 ± 3.20c 2721.65 ± 3.65a 2520.72 ± 3.72f 2569.43 ± 4.43e 2605.96 ± 0.04d 0.00

FA 2879.95 ± 3.95a 2825.16 ± 4.16b 2752.09 ± 2.09c 2752.09 ± 1.09c 2538.99 ± 2.99e 2605.96 ± 2.96d 0.00

AFA 3275.72 ± 4.72a 2849.51 ± 0.51b 2831.24 ± 3.24c 2691.20 ± 3.20d 2557.25 ± 0.25e 2685.12 ± 2.12d 0.00

Oven spring AA 3.27 ± 0.12a 3.23 ± 0.12a 3.13 ± 0.15a 2.67 ± 0.12bc 2.30 ± 0.17b 2.37 ± 0.15c 0.00

FA 3.37 ± 0.15a 3.30 ± 0.26ab 3.10 ± 0.10ab 3.03 ± 0.15b 2.43 ± 0.21c 2.37 ± 0.06c 0.00

AFA 3.53 ± 0.15a 3.50 ± 0.20a 3.23 ± 0.12b 3.17 ± 0.12b 2.67 ± 0.06c 2.53 ± 0.12c 0.00

Values in the table are means ± standard deviation.
Means with different superscript in the same column are significantly different (p < 0.05).
AA, bread improved with ascorbic acid; FA, bread improved with fungal α-amylase; AFA, bread improved with a combination of ascorbic acid and fungal 
α-amylase.
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modified wheat bread by adding grain amaranth flour as 
an ingredient. Amaranth grows wildly in rural area and 
is culturally eaten as relish for different staples. Paradoxi-
cally, the amaranth grain which is equally nutritious is not 
edible in any form and therefore neglected. The findings 
of this study can help provide valuable information for 
consumers, health care practitioners, the government and 
humanitarian organisations working to improve nutrition 
in the country.

One key finding of  the study was that there were no 
significant differences in the choice of  breads by male 
and female testers (Table 1). Even though taste sensitivity 
differs between males and females in real-life situations 
(20), our results showed that the choice of  bread samples 
was not gender dependent. Analysis of  descriptive data 
from sensory tests showed that testers accepted and pre-
ferred bread with 5–15% grain amaranth flour. Accept-
ability of  the test breads decreased as the amaranth flour 
in the bread increased. The dark colour of  the breads, 
which is typical of  grain amaranth, was mild at the afore-
said concentrations compared to when 20–25% additions 
were used. For instance, testers could easily detect sen-
sory deviations from the common wheat bread when the 
latter substitutions were added. Control bread had the 
highest mean score for taste at first bite, which can be at-
tributed to the taste of  wheat flour bread that the testers 
were used to. Lower scores with higher amaranth levels 
were due to the grain amaranth flour interfering with the 
actual taste of  wheat flour bread. The aftertaste of  the 
bread samples increased in breads with high levels of 
grain amaranth flour, attributed to the slight bitter taste 
of  grain amaranth (7).

The study used AA and FA enzyme as improvers to en-
hance the acceptability of the test breads. It hypothesised 
that breads with up to 25% grain amaranth flour can en-
hance the utilisation of the grain and be equally preferred 
by the testers. However, based on the results presented, 

even with improvers, the addition of amaranth flour as 
an ingredient to bread and probably other foods should 
not exceed 15%. The use of improvers helped raise 5, 10 
and 15% breads close to the control, while 20 and 25% for-
mulations had reduced oven spring and loaf volume. The 
explanation for this result is that the improvers degraded 
complex molecules in 5, 10 and 15% blends, but in the 20 
and 25% flours combinations insufficient material was pro-
duced for gas production by yeast. Consumers are used 
to eating bread that is more porous, meaning that higher 
amounts of grain amaranth flour in bread will not be fa-
voured at all.

Table 4 shows the nutrient composition of  the test 
breads. The addition of  amaranth flour contributed pro-
tein, in particular, lysine – an essential amino acid neces-
sary for human health. There were also slight increases 
in iron, zinc and magnesium. Frequent consumption 
of  the test breads, as a staple or co-staple, would as-
sist in curbing micronutrient deficiencies that are of 
public health concern in Malawi and other developing 
countries. Taken together, using grain amaranth flour 
in bread is cheaper than commercial powders and  en-
hancers currently used by the food industry. The  in-
crease in the micronutrients as grain amaranth flour is 
increased can also help commercialise and raise popu-
larity of  this ethnic crop (21).

In Malawi, the government and humanitarian or-
ganisations promote production of dark green leafy 
vegetables in home gardens as one way of addressing 
micronutrient deficiencies among women and under-five 
children. Grain amaranth could be successfully used in 
cookery of different foods besides bread to make them 
more nutritious.

Investigations on the value of  adding grain ama-
ranth have remained scanty in Malawi and other coun-
tries in Africa. For example, in Malawi, only Gonani 
(6) has developed bread from amaranth and the work 

Table 4.  Calculated results for nutrient contents of wheat–grain amaranth bread

Nutrient Amaranth in bread flours GA

5% 10% 15% 20% 25% 0% 100%

Protein (g)
Lysine g/16gN

6.65
7.95

6.76
8.73

6.86
9.37

6.96
10.00

7.06
10.64

6.55
7.46

13.56
5.95

Fat (g) 6.19 6.37 6.544 6.72 6.89 6.02 7.02

Carbohydrate (g) 46.06 45.81 45.56 45.31 45.07 46.31 65.25

Fe (µg) 3.0 3.0 3.3 3.4 3.5 3.1 7,600

Zn (µg) 0.75 0.81 0.87 0.92 0.98 0.70 2,900

Ca (mg) 0.01 0.02 0.02 0.03 0.03 0.00 159

Mg (mg) 0.03 0.04 0.04 0.05 0.06 0.02 248

Source: Dokok et al. (19)
Values for lysine: 5.95g/16gN and 2.90g/16gN for grain amaranth and wheat flours, respectively.
GA, 100g grain amaranth flour.
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remains unpublished. The other study (7) conducted 
elsewhere developed biscuits. Nevertheless, both stud-
ies reported results similar to those found in the present 
study. Bread and biscuits with higher amounts of  grain 
amaranth flour  were darker in colour and less accept-
able by the study subjects, confirming the need to use 
grain amaranth in lower amounts in foods to enhance 
acceptability. Given the disparities in cookery and con-
sumer preferences and in light of  the paucity of  studies 
undertaken to date, there is a need for more research in 
the vast majority of  countries to understand better the 
physiochemical, antioxidant and functional properties 
of  the grain.

More so, physical characteristics of breads indicated that 
values for average weight (Fig. 7) for the control bread and 
that substituted with 5% grain amaranth flour were close 
to each other. The compact network in bread dough with 
higher amounts of grain amaranth flour resulted in less 
evaporation of the water during baking, leading to heavy 
bread. However, the addition of AA and FA improved the 
volume of the breads since they aid in gas production (22). 
Loaf volume is related with oven spring. When oven spring 
is higher, the volume of bread is also higher.

The study had some limitations. The rising of the 
breads was affected as grain amaranth flour substitutions 
increased due to reduced effect of gluten. During sensory 
evaluation, no carrier (e.g. tea and bread spread) was used. 
Notwithstanding these limitations, the study concludes 
that grain amaranth can be used in breads and examined 
in other products to enhance diversity and nutrition.
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Effects of dietary palm olein on the cardiovascular risk factors 
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Abstract

Background: Dietary saturated fatty acids are always being hotly debated. Palm olein rich in saturated fatty 
acids (45.98%) is often considered as being atherogenic nutritionally. There is a lack of information on effects 
of dietary oil by partially replacing with palm olein on human health.
Methods: A randomized controlled trial with 88 participants has been conducted to elucidate the effect of 
palm olein on cardiovascular risk factors.
Results: By comparing the soybean oil group (saturated fatty acids amounted to 23.31%) with the cocoa butter 
group (saturated fatty acids amounted to 93.76%), no significant difference was found (p > 0.05) in physiological 
parameters, serum oxidative stress levels, inflammatory factor, glucose metabolism, and lipid profiles of subjects, 
which are all cardiovascular risk factors. Although results showed that intervention time can influence the cardio-
vascular risk factors significantly (p < 0.05), there is no relationship between intervention time and dietary oil type.
Conclusion: Therefore, partial replacement of dietary oil by palm olein may not affect cardiovascular risk 
factors in healthy young adults. There are differences between our research and previous researches, which 
may be due to the different amount of palm olien in diet. Our research will provide a solid foundation for the 
application of palm olein in human diets and in the food industry.

Keywords: palm olein; saturated fatty acids; dietary intervention; replacement; lipid metabolism

Fat and oil are important components in nutrition 
for animals and human beings. Dietary fats and 
oils perform a variety of functions. They provide 

energy and certain nutrients such as lipid-soluble vitamin, 
and maintains your core body temperature (1). Recently, 
several researches have indicated that poly-unsaturated 
fatty acids (PUFA) have affected many aspects of immune 
system, including antibody production by B cell and bet-
ter health of gut-associated lymphoid tissue (2). PUFA 
has been proved to reduce the production of low-density 
lipoprotein cholesterol (LDL-C) and increase the produc-
tion of high-density lipoprotein cholesterol (HDL-C) (3). 
Meanwhile, both the lipid content and the type of fatty 
acids can cause alterations both in liver and white adipose 
tissues. In contrast to unsaturated fatty acids, dietary sat-
urated fatty acids (SFA) have been proved to affect the 

body health. For example, once the 18:2 fatty acids were 
replaced by 16:0, the total cholesterol level and LDL–
HDL ratio increased slightly, indicating the adverse effect 
of saturated fatty acids (4). Several animal experiments 
and controlled feeding studies in humans have demon-
strated increases in fasting levels of TC and LDL-C after 
SFA consumption (5). Moreover, the North Karelia study 
has demonstrated that reduction of SFA in diet can de-
crease the serum cholesterol and result in substantial 
reduction of cardiovascular disease (CVD) risk (6). How-
ever, recent systematic reviews on prospective cohort stud-
ies have questioned the relationship between dietary SFA 
and CVD. The observational studies indicated that over-
all SFA intake does not increase the risk for stroke (7). 
Another cohort study on Dutch population has indicated 
that higher SFA intake was not associated with higher 
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ischemic heart disease (8). Therefore, the relationship be-
tween dietary SFA and cardiovascular risk factors needs 
to be further identified. Both the type and the amount of 
dietary SFA may be key factors for CVD.

Palm olein, a vegetable oil obtained from the palm tree 
fruits, is composed of ~50% palmitic acid, 40% oleic acid, 
and 10% linoleic acid. Palm olein with a high content of the 
SFA (palmitic acid) and a low content of unsaturated fatty 
acid has been proved to increase the serum cholesterol con-
centrations in humans since 1960s (9). It has been demon-
strated that there is no clear health benefit of replacing 
saturated fatty acids with starchy food, whereas replacement 
with unsaturated fatty acids reduced the risk of CVD (10). 
A decrease as slight as 5% in dietary saturated fatty acid 
amounted to 13% decrease in CVD occurrence and 26% 
decrease in deaths (11). On replacing the ‘red oil’ (palm oil) 
with the ‘white oil’ (branded vegetable oil), the saturation of 
dietary oil will be reduced by about 30% (12). However, a 
randomized 30-d/30-d crossover study comparing the effect 
of palm olein and olive oil on plasma lipids has indicated 
that palm olein is not always a plasma cholesterol-raising 
fatty acid (13). Similarly, a recent meta-analysis has indicated 
that the favorable and unfavorable changes in coronary heart 
disease (CHD)/CVD risk markers are both observed when 
palm oil constitutes the main dietary SFA intake (14). Re-
cently, a randomized trial of the effects of hybrid palm oil 
supplementation on human plasma lipid patterns has pro-
vided additional support for the concept that hybrid palm oil 
can be seen as the ‘tropical equivalent of olive oil’ (15). These 
studies indicated that the health effect of palm oil is still con-
troversial. Whether partially replacing the dietary oil such as 
soybean oil with palm olein will affect the body health or 
not remains unknown. The association between palm olein 
intakes with CVDs needs further identification, especially for 
the healthy young adults.

In this study, a single-blind, randomized parallel feed-
ing intervention trial has been employed to determine the 
influence partially replacing dietary oil with palm olein 
on the cardiovascular risk factors and further investigate 
whether the dietary oil composition and the high ratio of 
saturated fatty acids can affect healthy young adults.

Materials and methods

Materials
Palm olein used in this study was purchased from Tianjin 
julong jiahua investment group co., Ltd., China. Cocoa 
butter was purchased from Zhejiang Qili xingguang cocoa 
products Corp., Ltd., China. Soybean oil was purchased 
from Shanghai Liangyou Haishi oils & fats industry co., 
Ltd., China. All the dietary oils met the national stan-
dards (Soybean oil, GB1535-2003; palm olein, GB15680-
2009; Cocoa butter, GB/T 22000-2006) and production 
licenses were obtained. Vacuum blood needle and related 

materials used in this study were purchased from Becton, 
Dickinson and Company, USA.

Justification of sample size
A sample size of 108 participants was proposed by using 
PASS 11.0.7; we conducted a post hoc power calculation 
and estimated that a sample size of 108 participants would 
enable the detection of a minimum between palm olein and 
high oleic sunflower (HOS), in cholesterol of 0.2% (80% 
power, α = 0.05) (16). Our sample size was reasonable ac-
cording to similar studies of palm olein intervention (17–19).

Subjects
A convenience sample of 108 students from Capital Med-
ical University (50 men and 58 women; age 21.59 ± 0.39; 
body mass index [BMI] 21.03 ± 0.37; mean ± S.E) was 
selected to participate in the study. The volunteers with 
underlying diseases have been ruled out (n = 15).

The subjects were randomly allocated to three groups 
and they were treated with different diets. Data regard-
ing 88 of the volunteers who completed the entire study 
are included in this report. All of the volunteers were re-
cruited from Capital Medical University by the recruiting 
announcement in February, 2016. The criteria for inclu-
sion and exclusion are listed below in detail. (1) Inclusion 
criteria: Adult males or females aged 20–40 years; BMI 
(18.5–23.9); subjects without a history of atherosclerotic 
disease or hypertension; subjects must understand the 
study and then agree to participate; subjects must adhere 
closely to prescribed food consumption as per research 
protocol. (2) Exclusion criteria: Abnormal liver function 
test (elevated transaminases – alanine transaminase [ALT], 
aspartate transaminase [AST])/abnormal kidney function 
test (elevated plasma creatinine [CR]); history of type 2 
diabetes mellitus, cancer, stomach ulcers, drug abuse or al-
coholism; smokers; on lipid/blood pressure-lowering med-
ication/supplements; blood pressure >  140/90 mm Hg; 
fasting cholesterol (CHO) > 6.2 mmol/L; fasting triglycer-
ide (TG) > 2.0 mmol/L; candidates who are going abroad 
during the planned schedule for the dietary intervention; 
subject must not be allergic to intervention; pregnancy and 
breastfeeding; subjects taking nutritional supplements or 
on any weight-loss programs; female subjects who are on 
oral contraceptives; subjects with a history of hypo- and 
hyperthyroidism; subjects with constipation/bowel move-
ment problems. Finally, 93 subjects were randomized and 
divided into three groups according to BMI using simple 
randomization adjusted with sex and ages.

This study was conducted according to the Declaration 
of Helsinki and was approved by the Ethics Committee 
for Clinical Research in Chinese Nutrition Society (Ap-
proval No. CNS2016001). All of the subjects signed the 
informed consent document once they learned of the pur-
pose, procedures, and risks of this study. This study has 
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been registered on the Chinese Clinical Trial Registry and 
the registry number is ChiCTR-IIR-16008733.

Experimental design
This study was a single-blind, randomized parallel feeding 
intervention trial. The subjects were randomly assigned to 
three groups (cocoa butter group, palm olein group, and 
soybean oil group) (Fig. 1). This study was conducted for 
16 weeks (from April, 2016, to July, 2016). Subjects were 
then randomized to one of the three treatments for a pe-
riod of 16 weeks in parallel. The study consisted of an 
initial stabilization period of 1 week and intervention pe-
riod of 16 weeks. During the stabilization period, all sub-
jects consumed the basal diet. The basal diet consisted of 
vegetables, meat, and rice, and only soybean oil was used 
to prepare the basal diet. As for the intervention period, 
subjects from three groups were intervened with test fats.

All food (vegetables and staple food) in the diet was 
cooked with soybean oil. And the oil used for staple food 
(walnut cake, ujube cake, or Cantonese sponge cake) was 
partially replaced with cocoa butter and palm olein. The 
compositions of staple food are shown in Table S1. Due to 
the different amounts of oil used for making walnut cake, 
ujube cake, and Cantonese sponge cake, test meals were 
served as breakfast (for walnut cake) or breakfast (for ujube 
cake) and lunch (for Cantonese sponge cake). The macro-
nutrient compositions of the test diets were identical (e.g. 
% of energy as carbohydrates, protein, and fat). Based on 
the dietary survey of the subjects before intervention, in-
take amounts of fatty acid from the diet of subjects are 
30–36 g/day. In this study, we have replaced 20–22 g oil in 
the diet with test fatty acids, which is about 1/5 of the total 
dietary fat. The fatty acid compositional analysis is shown 
in Table 1. The ratio of saturated fatty acids of cocoa butter, 

palm olein, and soybean oil is about 4:2:1. And subjects 
were provided with uniform calorie meals prepared with 
fats 5 working days a week. At the weekends, meals were not 
provided to the subjects, instead dietary advice was given 
including the restricted intake of snacks. All the test meals 
were provided by the canteen and all the subjects took the 
meals in the canteen, which were supervised by us. After the 
meal, we weighed the remaining amount of test meals of 
subjects to guarantee the intake of calories was equal.

Fig. 1.  Study flow diagram.

Table 1.  The compositional analysis of palm olein, soybean oil, and 
cocoa butter

Fatty-acid compositiona Palm  
olein (%)

Soybean  
oil (%)

Cocoa  
butter (%)

Saturated fatty acid sn-1,3 45.98 23.31 93.76

12:0 0.3 0 0

14:0 1.1 0 0.08

16:0 29.4 11.1 26.2

18:0 3.4 3.8 37.1

20:0 0.3 0.4 1.1

22:0 0 0.6 0

Mono-unsaturated 
fatty acid

sn-1,3 44.43 27.73 5.8

16:1 0.4 1.5 0

18:1 50.3 22.4 36.0

20:1 0 0.1 0

22:1 0 0.7 0

Poly-unsaturated 
fatty acid

sn-1,3 9.59 48.96 0.44

18:2 14.5 51.7 2.0

18:3 0.3 6.7 0

aConcentration of fatty acids were performed by % by wt.

67Effects of dietary palm olein on the cardiovascular risk factors in healthy young adults

http://www.foodandnutritionresearch.net/index.php/fnr/article/view/0000
http://dx.doi.org/10.29219/fnr.v62.1353
http://foodandnutritionresearch.net/index.php/fnr/article/view/1353


Diets
The mean daily calorigenic nutrient intakes from the 
cocoa butter, palm olein, and soybean oil diets during the 
intervention periods are shown in Table 2. Nutrient intake 
from test fat was similar for both the stabilization and in-
tervention periods. The test meals provided about 35% 
energy as fat, 49% as carbohydrates, and 16% as proteins.

Blood sampling 
Before the study was started, every subject received a ran-
dom inclusion number that was used for identification 
and labeling of blood and serum tubes. Blood samples 
were drawn after an overnight fast immediately before 
breakfast at the end of each period. Baseline samples were 
collected during the stabilization period. Serum was sepa-
rated by centrifugation after sampling to avoid hemolysis 
and then stored at −80°C until analyzed. Sample treat-
ments were blinded to the analysts.

Laboratory methods
The energy of test diets was calculated according to the 
China Food Composition. Blood from overnight fasting 
subjects was collected by antecubital venipuncture into 
vacutainer tubes containing EDTA for lipid profile determi-
nations and no anticoagulant for apolipoprotein determi-
nations once 4 weeks. The fasting serum CHO, high-density 
lipoprotein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), and triglyceride (TG) were measured 
using commercial kits (Ying-Ke-Xin-Chuang Science and 
Technology Ltd, Xiamen, China) on an automatic bio-
chemical analyzer. ApoA, ApoB, ApoE, Lp(a), and hsCRP 
were determined by immunoassay. Nonesterified fatty 
acids (NEFA) were determined by colorimetry. CR, ALT, 
and AST were tested by enzymatic methods. The oxidative 
stress parameters (malondialdehyde [MDA], glutathione 
peroxidase [GSH-px], total antioxigenic capacity [T-AOC], 
glutathione [GSH], and oxidized glutathione [GSSG]) were 
determined by the test kits from Nanjing Jiancheng Bio-
engineering Institute. Plasma concentrations of insulin and 

leptin were measured using ELISA kit (R&D Company, 
Germany and Phoenix pharmaceuticals Inc., USA).

Data analysis
All the data were analyzed by SPSS 22.0. Due to the study 
design, we have tested the index with various time points. 
Herein, the data were analyzed by analysis of variance for 
repeated data. All the data were shown as mean ± SE. 
Probability values less than 0.05 were considered to indi-
cate a significant difference.

Results

The effects of dietary palm olein on physiological parameters 
of the subjects
The BMI of the subjects (41 men, 47 women) in the three 
groups ranged from 20 to 22, which is within the normal 
range of the Chinese standard (18.5–23.9). The BMI in 
palm olein group has not changed significantly during the 
16-weeks intervention, similar to the cocoa butter group 
and the soybean oil group. There is no significant differ-
ence (p > 0.05) among three groups as well (Table 3). Sim-
ilar to BMI, no obvious change has been observed for the 
body fat rate (BFR) in palm olein group during interven-
tion (Table 3), which is the same for soybean oil group and 
cocoa butter group.

The results for CR level are shown in Table 3. The serum 
CR level in palm olein group increased slightly (from 
60 μmol/L to 66 μmol/L) after 8 weeks’ intervention. There 
is a significant difference among the CR levels at different 
time points (p < 0.05). There is no interaction between the 
time and grouping factors. There is no significant difference 
(p > 0.05) among three groups (Table 3) and the grouping is 
not the influencing factor for CR levels. The levels of liver 
function indicators ALT and AST are shown in Table 3. 
The ALT level has not changed significantly along with 
time. There is no interaction between time and grouping 
factors. However, the AST level increased significantly after 
8 weeks’ intervention, and then decreased after 16 weeks’ 
intervention (Table 3), which means time is an influencing 
factor for AST level. There is no significant difference (p > 
0.05) among three groups (Table 3) due to ALT and AST.

The effects of dietary palm olien on the levels of serum 
oxidative stress and inflammatory factors
In order to elucidate whether dietary palm olein can affect 
the oxidative stress response, the levels of GSH-px, GSH, 
GSSG, MDA, and T-AOC have been identified. There is 
a significant difference among the GSH-px levels at differ-
ent time points (p < 0.05) (Table 4). There is no interaction 
between the time and grouping factors (p = 0.19 > 0.05). 
The result of soybean oil group is the same as palm olein 
group. Grouping has not affected the GSH-px level sig-
nificantly (p = 0.28 > 0.05).

Table 2.  Daily energy intake from three calorigenic nutrients during 
dietary intervention

Energy/
calorigenic 
nutrients

Palm olein Soybean oil Cocoa butter

Total energy 
(kcal)

1807.58 ± 316.43 1749.28 ± 445.37 1786.09 ± 323.83

Protein  
(% of energy)

15.57 ± 1.69 15.53 ± 2.45 16.03 ± 2.68

Lipid  
(% of energy)

35.56 ± 3.86 35.42 ± 4.96 35.90 ± 4.43

Carbohydrate 
(% of energy)

48.87 ± 4.33 49.04 ± 5.73 48.07 ± 5.51
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Table 3.  The changes of BMI, BFR, CR, ALT, and AST level during intervention and the effect of palm olein on them

Index Time (week) Groupa P(Time) P(Group)

Cocoa butter (n = 31) Palm olein (n = 28) Soybean oil (n = 29)

BMI (kg/cm2) 0 21.12 ± 0.30 21.50 ± 0.46 20.48 ± 0.35 0.000 0.246

8 21.22 ± 0.28 21.52 ± 0.44 20.71 ± 0.30

16 21.03 ± 0.29 21.06 ± 0.45 20.44 ± 0.31

BFR (%) 0 22.72 ± 1.28 23.02 ± 1.56 21.60 ± 1.36 0.000 0.775

8 21.55 ± 1.35 22.09 ± 1.50 20.56 ± 1.29

16 21.91 ± 1.32 21.69 ± 1.41 20.76 ± 1.31

CR (μM) 0 60.81 ± 2.07 61.68 ± 2.37 61.10 ± 2.17 0.000 0.742

8 60.26 ± 1.96 62.32 ± 2.47 60.38 ± 2.07

16 66.29 ± 2.37 69.5 ± 2.89 65.76 ± 2.17

ALT (U/L) 0 11.77 ± 1.15 13.39 ± 1.69 10.93 ± 0.78 0.175 0.527

8 11.48 ± 1.16 11.75 ± 1.57 9.79 ± 0.66

16 11.71 ± 1.16 12.14 ± 1.64 11.17 ± 0.99

AST (U/L) 0 14.48 ± 1.33 15.93 ± 1.20 21.60 ± 1.36 0.000 0.434

8 20.03 ± 0.99 22.04 ± 2.51 20.56 ± 1.20

16 13.81 ± 1.38 14.14 ± 1.22 20.76 ± 1.06

aThe data were shown as mean ± SE.

Table 4.  The effects of palm olein on the oxidative stress levels (GSH-PX; GSH; GSSG; GSH/GSSG; MDA; T-AOC; hsCRP) during dietary 
intervention

Index Time (week) Groupa P(Time) P(Group)

Cocoa butter (n = 31) Palm olein (n = 28) Soybean oil (n = 29)

GSH-px (U/ml) 0 277.01 ± 25.13 218.95 ± 26.93 218.55 ± 14.97 0.001 0.283

8 253.02 ± 15.20 236.70 ± 14.97 265.75 ± 17.73

16 194.59 ± 14.53 202.62 ± 16.44 216.79 ± 13.86

GSH (μM) 0 3.25 ± 0.31 3.53 ± 0.25 2.71 ± 0.20 0.707 0.787

8 3.17 ± 0.25 2.81 ± 0.22 3.15 ± 0.24

16 3.12 ± 0.24 3.01 ± 0.22 2.91 ± 0.24

GSSG (μM) 0 2.47 ± 0.11 2.16 ± 0.10 2.46 ± 0.09 0.000 0.884

8 2.31 ± 0.12 2.58 ± 0.10 2.41 ± 0.12

16 3.06 ± 0.12 3.16 ± 0.12 3.11 ± 0.10

GSH/GSSG 0 1.57 ± 0.229 1.90 ± 0.21 1.23 ± 0.14 0.157 0.268

8 1.65 ± 0.20 1.22 ± 0.14 1.53 ± 0.18

16 1.40 ± 0.40 1.23 ± 0.31 1.03 ± 0.12

MDA (μM) 0 5.16 ± 0.23 6.52 ± 0.43 5.00 ± 0.28 0.237 0.092

8 5.33 ± 0.26 4.97 ± 0.20 5.27 ± 0.30

16 5.03 ± 0.31 5.25 ± 0.46 5.09 ± 0.35

T-AOC (U/ml) 0 12.77 ± 0.42 12.82 ± 0.58 12.18 ± 0.61 0.000 0.261

8 15.18 ± 0.40 15.58 ± 0.53 15.14 ± 0.51

16 13.36 ± 0.51 14.73 ± 0.72 12.77 ± 0.38

hsCRP (mg/L) 0 3.52 ± 0.70 4.66 ± 0.71 3.32 ± 1.05 0.000 0.296

8 0.36 ± 0.06 1.09 ± 0.41 0.48 ± 0.06

16 1.81 ± 0.33 1.36 ± 0.26 1.36 ± 0.19

aThe data were shown as mean ± SE.
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There is no significant difference (p = 0.46 > 0.05) be-
tween the GSH levels in palm olein group and soybean oil 
group (Table 4), and the GSH levels didn’t change signifi-
cantly along with time (p = 0.71 > 0.05). On the contrary, 
the GSSG levels increased significantly in palm olein 
group along with intervention time (p < 0.05) (Table 4). 
There is a significant interaction between time and group-
ing factors. Grouping is not an influencing factor for 
GSSG levels either (p > 0.05). In order to better know the 
antioxidant ability, we have calculated the GSH/GSSG. 
As shown in Table 4, the GSH/GSSG level in palm olein 
group decreased significantly after 8 weeks’ intervention. 
Whereas, the GSH/GSSG level in cocoa butter group and 
soybean oil group increased slightly after the 8 weeks’ in-
tervention and decreased after the 16 weeks’ intervention 
(Table 4).

MDA as a metabolite of PUFA has been identified and 
the results are shown in Table 4. After 16 weeks’ inter-
vention, all of three groups didn’t change significantly 
along with intervention time. However, there is an inter-
action between intervention time (p < 0.05) and the type 
of dietary fatty acids and there is no significant difference 
in MDA among three groups (p > 0.05). In addition, 
the T-AOC level changed significantly along with time 
(p < 0.05), which increased during the first 8 weeks’ in-
tervention and decreased slightly after another 8 weeks’ 
intervention. There is no interaction between intervention 
time and the types of dietary oil (p > 0.05) and there is no 
significant difference in T-AOC level among these three 
groups (p > 0.05) (Table 4).

hsCRP as an inflammation marker has been identified 
to know the effect of palm olein on body’s inflammatory 
response. As shown in Table 4, the hsCRP level in the 

palm olein group decreased significantly after 8 weeks’ in-
tervention and then increased slightly. Similar to almost 
all of the results, there is no significant difference among 
these three groups (p > 0.05), indicating that the type of 
dietary oil may not affect the hsCRP level.

The effects of dietary palm olein on the glucose metabolism 
To evaluate the effect of palm olein intake on the glucose 
metabolism, the levels of fasting blood-glucose, insulin, 
and leptin have been determined and the results are shown 
in Table 5. The fasting blood-glucose level in palm olein 
group changed significantly during the intervention pe-
riod (p < 0.05). There is no interaction between the in-
tervention time and the type of dietary oil (p > 0.05). No 
significant difference was observed among these three 
groups (Table 5). Similarly, the insulin levels in the three 
groups decreased significantly along with time (p < 0.05) 
and there is no significant difference among three groups 
(p  >  0.05) (Table 5). The results for homeostasis model 
assessment of insulin resistance (HOMA-IR) were shown 
in Table 5. The HOMA-IR ranged from 0.9 to 1.7 which 
is within the normal range and the trends for HOMA-IR 
are the same as the trends for insulin. Similarly, as shown 
in Table 5, the leptin level changed significantly along 
with time (p < 0.05). No significant difference has been 
observed among different groups (p > 0.05).

The effects of dietary palm olein on the serum lipid profiles
Dietary fatty-acid composition and type can regulate 
lipids and lipoprotein metabolism. To know whether 
the dietary palm olein (rich in saturated fatty acids) can 
affect the blood lipid metabolism, the serum CHO, TG, 
LDL-C, and HDL-C have been determined every 4 weeks. 

Table 5.  The effects of palm olein on the glucose/energy metabolism (fasting blood-glucose; insulin; HOMA-IR; leptin) during dietary 
intervention

Index Time (week) Groupa P(Time) P(Group)

Cocoa butter (n = 31) Palm olein (n = 28) Soybean oil (n = 29)

GLU (mM) 0 4.51 ± 0.05 4.67 ± 0.09 4.60 ± 0.06 0.000 0.514

8 4.84 ± 0.07 4.89 ± 0.08 4.86 ± 0.06

16 4.30 ± 0.13 4.36 ± 0.13 4.24 ± 0.12

INS (μIU/ml) 0 8.16 ± 0.52 7.62 ± 0.48 7.69 ± 0.64 0.000 0.883

8 5.67 ± 0.45 4.85 ± 0.42 5.03 ± 0.44

16 6.41 ± 0.62 6.10 ± 0.49 6.78 ± 0.76

HOMA-IR 0 1.64 ± 0.11 1.58 ± 0.11 1.60 ± 0.15 0.000 0.748

8 1.22 ± 0.10 1.05 ± 0.10 1.08 ± 0.10

16 1.26 ± 0.14 1.21 ± 0.11 1.27 ± 0.13

Leptin (ng/ml) 0 9.66 ± 1.45 8.98 ± 1.31 9.59 ± 1.77 0.004 0.742

8 7.71 ± 1.22 7.12 ± 1.13 7.50 ± 1.25

16 11.04 ± 1.42 8.31 ± 1.10 8.74 ± 1.74

aThe data were shown as mean ± SE.
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As shown in Table 6, the intervention time may affect the 
CHO levels significantly (p < 0.05). However, no interac-
tion has been observed between the intervention time and 
the dietary oil type. There are no significant differences in 
CHO level among cocoa butter, palm olein, and soybean 
oil groups either (p > 0.05). In contrast, the TG level did 

not change significantly along with time (p > 0.05) and the 
palm olein in the diet may not affect the TG level signifi-
cantly (p > 0.05) (Table 6). Similarly, by the ANOVA of 
repeated data, the serum HDL-C and LDL-C level have 
changed significantly during 16 weeks’ intervention (p < 
0.05) (Table 6). A significant difference (p < 0.05) has been 

Table 6.  The effects of palm olein on the serum lipid profiles (CHO; TG; HDL-C; LDL-C; Apo A1; ApoB; ApoE; NEFA; Lp(a)) during dietary 
intervention

Index Time (week) Groupa P(time) P(group)

Cocoa butter (n = 31) Palm olein (n = 28) Soybean oil (n = 29)

CHO (mM) 0 4.74 ± 0.12 4.55 ± 0.80 4.39 ± 0.12 0.000 0.104

4 4.78 ± 0.12 4.44 ± 0.74 4.56 ± 0.14

8 4.63 ± 0.12 4.27 ± 0.68 4.40 ± 0.13

12 4.65 ± 0.12 4.22 ± 0.49 4.59 ± 0.14

16 4.29 ± 0.12 4.30 ± 0.56 3.96 ± 0.11

TG (mM) 0 0.91 ± 0.07 0.88 ± 0.08 0.77 ± 0.05 0.009 0.08

4 0.94 ± 0.07 1.13 ± 0.17 0.88 ± 0.05

8 0.90 ± 0.05 0.98 ± 0.08 0.73 ± 0.04

12 0.93 ± 0.07 0.89 ± 0.08 0.76 ± 0.04

16 0.96 ± 0.09 0.87 ± 0.08 0.73 ± 0.04

HDL-C (mM) 0 1.69 ± 0.06 1.65 ± 0.06 1.69 ± 0.06 0.000 0.672

4 1.66 ± 0.06 1.60 ± 0.06 1.69 ± 0.06

8 1.80 ± 0.06 1.69 ± 0.06 1.73 ± 0.06

12 1.42 ± 0.04 1.39 ± 0.04 1.40 ± 0.05

16 1.46 ± 0.04 1.44 ± 0.05 1.45 ± 0.06

LDL-C (mM) 0 2.49 ± 0.09 2.36 ± 0.13 2.24 ± 0.09 0.000 0.031

4 2.38 ± 0.10 2.35 ± 0.10 2.23 ± 0.08

8 2.47 ± 0.10 2.31 ± 0.09 2.15 ± 0.07

12 1.95 ± 0.08 1.87 ± 0.09 1.72 ± 0.05

16 2.21 ± 0.10 2.24 ± 0.11 2.00 ± 0.08

ApoA1 (g/L) 0 1.44 ± 0.06 1.39 ± 0.05 1.38 ± 0.05 0.010 0.354

8 1.48 ± 0.06 1.40 ± 0.05 1.37 ± 0.05

16 1.38 ± 0.04 1.37 ± 0.04 1.29 ± 0.05

ApoB (g/L) 0 0.75 ± 0.02 0.71 ± 0.03 0.68 ± 0.03 0.000 0.309

8 0.70 ± 0.02 0.64 ± 0.03 0.61 ± 0.02

16 0.62 ± 0.03 0.68 ± 0.05 0.62 ± 0.04

ApoE (mg/dL) 0 4.51 ± 0.20 4.51 ± 0.33 4.39 ± 0.22 0.000 0.515

8 4.90 ± 0.21 4.57 ± 0.28 4.41 ± 0.23

16 4.11 ± 0.20 4.05 ± 0.27 3.66 ± 0.21

NEFA (μM) 0 329.19 ± 28.59 297.61 ± 31.51 306.07 ± 32.09 0.000 0.397

4 339.55 ± 42.98 290.11 ± 27.97 304.14 ± 24.01

8 391.35 ± 21.77 387.71 ± 20.93 435.58 ± 23.19

12 271.00 ± 32.00 238.61 ± 22.46 351.93 ± 40.46

16 345.03 ± 27.48 361.46 ± 38.49 360.55 ± 37.01

LP(a) (mg/L) 0 219.42 ± 40.77 202.96 ± 41.89 181.38 ± 37.82 0.021 0.811

4 190.94 ± 34.09 217.61 ± 44.67 171.17 ± 38.77

8 197.16 ± 37.30 189.00 ± 38.78 187.39 ± 44.78

12 225.32 ± 41.26 191.50 ± 39.99 159.03 ± 34.43

16 161.84 ± 28.17 167.61 ± 37.17 149.10 ± 31.54

aThe data were shown as mean ± SE.
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observed for LDL-C levels among three groups. However, 
the difference may be due to the grouping factor at the 
beginning of the study. The trends during intervention are 
almost the same for three groups and there is no signifi-
cant difference in HDL-C among them (p > 0.05). No in-
teraction has been observed between the intervention time 
and different dietary oils in diets.

The serum ApoA1, ApoB, and ApoE levels are shown 
in Table 6. Through ANOVA of repeated data, the inter-
vention time has affected the levels of ApoA1, ApoB, and 
ApoE significantly (p < 0.05). Similar to the results for 
CHO, dietary palm olein intervention has not affected 
the ApoA1 level. The serum ApoA1 and ApoB levels de-
creased along with time after intervention (Table 6). In 
addition, the ApoE level in palm olein group was almost 
the same during 8 weeks’ intervention and then decreased 
slightly after that (Table 6). As for normal population 
aged 20–40, we have not observed significant changes 
in ApoA1, ApoB, and ApoE levels among cocoa butter 
group, palm olein, and soybean oil groups (p > 0.05).

As shown in Table 6, the NEFA level increased slightly 
during 8 weeks’ intervention and then decreased until 
12  weeks, indicating that the intervention time can af-
fect the NEFA level significantly (p < 0.05). There is no 
obvious difference in NEFA level among three groups 
(p  >  0.05), which is similar to results for TG, CHO,  
LDL-C, and HDL-C. Meanwhile, after 4 weeks’ interven-
tion, Lp(a) level in palm olein group is higher than the 
level of soybean oil group and cocoa butter group. Never-
theless, the Lp(a) level of palm olein group is between the 
level of cocoa butter group and soybean oil group after  
12 weeks’ intervention. Thus, there is no significant differ-
ence (p > 0.05) among these three groups.

Discussion
Dietary fatty acids have been regarded as the key risk fac-
tors for several chronic diseases, such as obesity, coronary 
heart diseases, and atherosclerosis. Several studies have 
shown that the composition of dietary oil may affect the 
blood lipid profiles (20), but the directions of the effects 
were inconsistent. In order to elucidate the effect of di-
etary oil with high ratio of saturated fatty acids on the 
cardiovascular risk factors, we have identified the physio-
logical parameters, oxidative stress, inflammatory factors, 
glucose metabolism, and the serum lipid profiles during 
palm olein intervention.

Firstly, we have not observed the change of BMI and 
BFR among three groups, results of which indicate that 
the dietary oil partially replaced with palm olein may not 
affect the body weight and fat deposition. Analogously, 
there is no effect on the level of CR, AST, and ALT, sug-
gesting that the dietary oils have not affected the function 
of kidney and liver. However, these results are contrary to 
the animal study of atherogenic diet based on saturated 

fat, which has shown a weight gain effect in rats and ele-
vated AST and ALT level of rats (21), which can be attrib-
uted to the different amounts of saturated fat.

Previous research has suggested that oxidative stress 
plays a significant role in the decrease in beta-cell secre-
tory function by exposure to free fatty acids for a long 
time (22). Meanwhile, the palm olein has been proved 
to exhibit protective effects on cardiovascular systems 
by attenuating the free radicals and then decreasing the 
oxidative stress (23). However, the oxidative stress indi-
ces exhibited no change during dietary intervention, indi-
cating that palm olein and cocoa butter high in saturated 
fatty acids have no effect on the oxidative stress status for 
human body. This difference may be from different study 
subjects and intervention times. Interestingly, palm olein 
rich in tocotrienol fractions has been proved to reduce the 
levels of oxidative stress markers, which can be attributed 
to the effect of tocotrienol (24). Therefore, dietary palm 
olein may not have an adverse effect on oxidative stress 
relating to CVD. In addition, C-reactive protein (CRP) 
is associated with CVD and inflammation in appar-
ently healthy individuals. Our study suggested that palm 
olein in diet has no significant effect on the hsCRP level 
(p > 0.05). This result is similar to a recent research on 
cocoa butter, which stated that dietary cocoa butter does 
not alter the inflammatory markers such as postprandial 
hsCRP in healthy women (25). Thus, dietary oil partially 
replaced with palm olein rich in saturated fatty acids has 
not affected the inflammation status of human body. In 
addition, the hsCRP levels after 8 weeks and 16 weeks of 
intervention are lower than the level before intervention, 
which may be due to the diet low in salt and oil.

What’s more, the fasting blood-glucose level has not 
been affected by palm olein, indicating that partially re-
placing dietary oil with palm olein may have little effect 
on the glucose metabolism. In addition, the insulin level 
and HOMA-IR decreased along with time, which may be 
due to the healthy dietary pattern (a regular diet low in 
salt, and with energy balance) during intervention. This 
result is in accordance with previous researches that palm 
based oil diets did not affect the markers of insulin re-
sistance and glucose tolerance in overweight Malaysian 
adults (26). Thus, we can speculate that the moderate level 
of saturated fatty acids in diet has no relationship with 
insulin resistance. Similarly, palm olein replacement has 
not influenced the leptin level, indicating the palm olein 
intervention may not affect the energy metabolism.

Generally, no significant difference was observed for 
the blood lipid profiles during intervention for cocoa but-
ter, palm olein, and soybean oil groups. In addition, CHO, 
TG, HDL-C, and LDL-C have not changed obviously 
during 16 weeks’ intervention. Previous researches on dif-
ferent vegetable oils have indicated that the CHO level in 
all treated rats for 8 weeks were within the normal range 
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and there was no significant difference in CHO, which is 
similar to our results (27). However, the TG levels in palm 
olein group were significantly increased compared to con-
trol group (27), which is contradictory to our results. This 
can be explained by different objects and intervention 
time. At the same time, HDL-C and LDL-C as possible 
risk factors for coronary heart disease have not changed 
as well. This result is consistent with the results from po-
sitional distribution of fatty acids on dietary TGs, which 
showed that the ratio of HDL-C to LDL-C cholesterol 
and serum TG concentration of human body were un-
changed after 3 weeks’ intervention (28). On the contrary, 
previous studies on the fats with a higher proportion of 
palmitic acid in the sn-2 position have indicated to de-
crease postprandial lipemia in healthy subjects (29). This 
can be attributed to the difference in intervention time.

As we have not observed the change in lipid profiles, 
whether the intervention can affect the apolipoprotein 
needs to be further identified. ApoA1 has been proved 
to negatively relate with HDL-C, and ApoB was nega-
tively correlated with LDL-C (30, 31). Thus, results for 
ApoA1 and ApoB are similar to the results of HDL-C 
and LDL-C. Dietary intervention with cocoa butter, palm 
olein, and soybean oil has not affected the serum ApoE 
level. It has been proved that APOE3 is associated with 
the potential to more efficiently harvest dietary energy 
and to deposit fat in adipose tissue, while APOE4 carriers 
tend to increase fatty-acid mobilization and utilization as 
fuel substrates especially under high-fat intake (32). As a 
consequence, the dietary intervention has no effect on fat 
deposition and fatty-acid utilization.

The dietary intervention with palm olein has not af-
fected the serum NEFA levels, possibly indicating that the 
high ratio of saturated fatty acid has not affected the adi-
pose fat deposition. Similarly, previous results have shown 
that alterations in the dietary lipid intake of rats affected 
the composition but not the amount of myocardial 
NEFAs (33). Whereas pervious study has reported that 
Omega-3 supplementation caused a significant reduction 
in NEFA in the intervention group compared with the 
placebo group (34). Therefore, the composition of dietary 
fatty acids is vital for the levels of NEFA.

Meanwhile, Lp(a) as a low-density lipoprotein parti-
cle with a specific protein attached to it is hardly influ-
enced by diet (e.g. low-caloric, low-fat, or high-cholesterol 
diets), which is in accordance with our results. However, 
previous reports on hydrogenated fish oil, partially hydro-
genated soybean oil and butter have indicated the unfa-
vorably effect on lipid risk indicators for coronary heart 
disease, especially the serum lipoproteins and Lp(a) in 
men (p < 0.02) (35). This may be due to the various inter-
vention time and methods.

In this study, we have not observed the significant dif-
ference among three groups. The possible reasons for this 

observation may be that the sample size of 108 may be 
underpowered to detect a difference of 10% in the index. 
In other words, replacing 1/5 of the dietary oil may not 
affect the cardiovascular risk factors theoretically.

Conclusions
In conclusion in our study, there are no significant differ-
ences in the cardiovascular risk factors after dietary in-
tervention with palm olein. Considering the composition 
of dietary oil, we can conclude that palm olein with high 
ratio of saturated fatty acids in dietary oil may not affect 
the lipid profiles, the insulin resistance, and the function 
of liver and kidney, especially the oxidative stress level. 
However, there are still several limitations in this study. 
Firstly, the intervention time is 16 weeks, which is not long 
enough to observe the long-term influence of palm olein. 
And convenience sampling has been used in this study; 
therefore the results may not be suitable for all adults. 
Secondly, the sample size may not be powerful to observe 
the difference between three groups and we will enlarge 
the sample size to further investigate the effect of palm 
olein in the follow-up study. Furthermore, it is still contra-
dictory on dietary saturated fatty acids and needs further 
investigation.
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Abstract

Objectives: The objectives of  this study were (1) to determine the coverage of  national nutrition sur-
veys in the 53 countries monitored by the World Health Organization (WHO) Regional Office for Europe 
and identify gaps in provision, (2) to describe relevant survey attributes and (3) to check whether en-
ergy and nutrients are reported with a view to providing information for evidence-based nutrition policy 
planning.
Design: Dietary survey information was gathered using three methods: (1) direct email to survey authors 
and other relevant contacts, (2) systematic review of literature databases and (3) general web-based searches. 
Survey characteristics relating to time frame, sampling and dietary methodology and nutrients reported were 
tabled from all relevant surveys found since 1990.
Setting: Fifty-three countries of the WHO Regional Office for Europe, which have need for an overview of 
dietary surveys across the life course.
Subjects: European individuals (adults and children) in national diet surveys.
Results: A total of  109 nationally representative dietary surveys undertaken post-1990 were found across 
34 countries. Of  these, 78 surveys from 33 countries were found post-2000, and of  these, 48 surveys from 
27 countries included children and 60 surveys from 30 countries included adults. No nationally repre-
sentative surveys were found for 19 of  53 countries, mainly from Central and Eastern Europe. Multiple 
24hr recall and food diaries were the most common dietary assessment methods. Only 22 countries re-
ported energy and nutrient intakes from post-2000 surveys; macronutrients were more widely reported 
than micronutrients.
Conclusions: Less than two-thirds of WHO Europe countries have nationally representative diet surveys, 
mainly collected post-2000. The main availability gaps lie in Central and Eastern European countries, where 
nutrition policies may therefore lack an appropriate evidence base. Dietary methodological differences may 
limit the scope for inter-country comparisons.

Keywords: national diet surveys; WHO European region; dietary assessment methodologies; scoping review – gaps; multi-
criteria analysis; nutritional epidemiology

Graphical Abstract: National diet surveys identified The World Health Organization (WHO) European 
Food and Nutrition Action Plan aims to ‘signifi-
cantly reduce the burden of preventable diet-re-

lated noncommunicable diseases, obesity and all other 
forms of malnutrition still prevalent in the WHO Euro-
pean Region’ and improve diet and nutrition in the Euro-
pean population (1). An unhealthy diet is one of the four 
major behavioural risk factors for non-communicable 
diseases (NCDs) in all WHO regions (2), with the Euro-
pean region proportionately suffering the greatest NCD 

109 na�onally
representa�ve
surveys
(34 countries;
16 with long-
running NDS
with mul�ple
collec�on
waves).

78 post-2000
na�onally
representa�ve
surveys (33 countries).

28 post-2000 na�onally
representa�ve surveys
with latest energy and
nutrient intakes reported
(22 countries).

19 countries
with no
na�onally
representa�ve
survey
(mainly
Central and 
Eastern 
European 
countries).
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burden. Other risk factors include alcohol, tobacco mis-
use and physical inactivity (2). In Europe, the four most 
common NCDs account for 77% of disease and almost 
86% premature mortality (1).

NCDs and related conditions, including overweight 
and obesity, have significant and growing economic 
and social costs (1), which traditional clinical approaches 
are increasingly unable to address (3). Mozaffarian et al. 
(3)  call for a shift in emphasis from such pharmaco-
logical treatments to primary prevention through ad-
dressing lifestyle risk factors such as dietary patterns in 
order to reduce cardiovascular risk and NCD-associated 
problems.

Dietary surveys thus have an important role in assess-
ing dietary patterns in the whole population. Nutrition 
and health surveys formed the main source of informa-
tion for dietary risk factors and physical inactivity in a 
systematic analysis of disease risk in 21 regions worldwide 
across two decades (4). Such surveys can provide a means 
of monitoring trends, identifying areas of concern and in-
equality and evaluating policy impact, thereby ultimately 
contributing to the promotion of best practice across 
the region (1). The WHO European Food and Nutrition 
Action Plan (1) explicitly encourages member states to 
‘strengthen and expand nationally representative diet and 
nutrition surveys’.

Many western European countries currently have es-
tablished dietary surveys that assess food and nutrient 
intake. A global review of country-specific surveys from 
1990 to 2010 only reported dietary fat and oil intake (5). A 
comprehensive, updated review of total nutrient and food 
intakes across different populations and subgroups in Eu-
rope is needed, the results of which could identify where 
in Europe there is a need to improve diets and whether 
inequalities exist. This paper makes the first step in this 
regard, establishing which countries have nationally rep-
resentative dietary surveys and highlighting gaps in nutri-
tion survey provision across Europe.

This review aims to identify which of the 53 countries 
in the WHO European region have conducted nationally 
representative dietary surveys of whole diets at an indi-
vidual level and those that have not. It identifies key char-
acteristics, centred on time frame, sampling and dietary 
methodology, of known surveys undertaken since 1990 
for adults and children and aims to lay the foundations in 
establishing a clear picture of the current situation. Fol-
lowing this, future papers will examine energy and nutri-
ent intakes in different population groups across Europe 
to better assess where both gaps in knowledge and dietary 
inadequacies lie. Information from dietary surveys can 
be used as a means for governments and health bodies 
to monitor and reduce the diet-related risk of NCDs and 
related conditions across Europe, thereby contributing to 
the goals set out in the WHO action plan.

Methods
We used three key approaches to identifying national diet 
surveys: (1) contacting authors of surveys, (2) systematic 
literature review and (3) general web-based searches.

Identifying authors of national diet surveys
We identified authors of national surveys within the WHO 
Europe remit using listed contact names and other infor-
mation from two main reports of national dietary surveys 
(5, 6). If  no response was obtained from those authors, 
Internet searches of nutrition organisations by country 
and the survey titles listed in the review of 1990–2010 sur-
veys (5) and the European Food Consumption Survey (6) 
were carried out to find other potentially useful contact 
details. For countries where this approach did not yield 
usable contact details, Internet searches using various 
search terms were performed on organisations specialis-
ing in nutrition, including known government and pub-
lic health agencies. WHO also provided contact details 
for some of those countries for which they had relevant 
associates. Contacts identified were asked to complete a 
questionnaire (Appendix 1) to provide information on 
nationally representative dietary surveys conducted at an 
individual level since 1990, including links or references to 
relevant reports.

Systematic database search
For countries where no contact could be identified, sys-
tematic searches were undertaken across Web of Science, 
Medline and Scopus for nationally representative dietary 
surveys that collected data at an individual level from 
1990 to June 2016. The following query terms were run 
without language restrictions: (survey* OR research* 
[TS]) AND (nutrition* OR diet* OR food* [TS]) AND 
(list of countries).

The title of  each paper generated by the database 
searches was screened for relevance according to the 
criteria in Table 1; those that are not relevant were ex-
cluded. The remaining papers were screened by title 
and abstract, and full article where available, and their 
appropriateness for inclusion was checked by a second 
reviewer. Further surveys, related papers and nutrition 
expert contact names were gathered by general Internet 
searching to capture any recently released information, 
targeting known government and public health agen-
cies using various search term combinations in order 
to maximise returns. Although there were no language 
restrictions in the initial search, the WHO Regional 
Office for Europe, Division of  Noncommunicable Dis-
eases and Promoting Health through the Life-Course, 
conducted an additional database search of  papers in 
the Russian language as an extra check to maximise re-
turns in the 12 Central and Eastern European countries 
where Russian is an official or widely spoken language 
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(Armenia, Azerbaijan, Belarus, Georgia, Kazakhstan, 
Kyrgyzstan, Moldova, Russia, Tajikistan, Turkmenistan, 
Ukraine and Uzbekistan). However, no papers or reports 
that met the inclusion and exclusion criteria were found. 
The databases searched were PubMed, Web of  Science 
and Google Scholar, using the search terms mentioned 
above, translated into Russian. Further searches with 
these terms were undertaken in three specific Russian 
language databases: Kazakh Academy of  Nutrition; 1st 
Moscow Medical Academy named after Sechenov and 
Electronic Scientific Library in Russian.

Database extraction
Where long-running surveys had multiple collection 
waves, for example, the French INCA 1 and INCA 2 
or UK NDNS 2000–1 and NDNS 2008–12, each collec-
tion wave was counted as a separate survey (see Table 2). 
Survey characteristics were extracted and tabled from 
the relevant publications, which were accessed in var-
ious forms, including summary reports, academic ar-
ticles and completed questionnaires (see Table 2). The 
survey characteristics included the following: country 
name, survey name, year of  survey (data collection), 
information source, sample size and age range, dietary 
methodology, nutrient composition database and refer-
ence. The availability of  energy and selected nutrients 
from the latest surveys collected after 2000 are listed in 
Appendices 1 and 2.

Results

Data extracted
A total of 109 nationally representative surveys that ob-
tained data on whole diets (rather than focusing only on 
certain foods) at an individual level since 1990 were found 
for 34 out of the 53 countries in the WHO office region. 
Table 2 shows the characteristics of these surveys and that 
the majority of countries with national dietary surveys 
(NDS) had conducted multiple surveys. Of the 34 coun-
tries with NDS, almost half  (n = 16) had long-running 
surveys with waves conducted over various years; 10 of 
these also had stand-alone surveys (Table 2). Countries 
for which relevant survey characteristics were gathered 

are Andorra, Austria, Belgium, Bulgaria, Cyprus, Czech 
Republic, Denmark, Estonia, Finland, France, Germany, 
Greece, Hungary, Iceland, Ireland, Israel, Italy, Kazakh-
stan, Latvia, Lithuania, the Netherlands, Norway, Poland, 
Portugal, Romania, Russian Federation, Slovakia, Slove-
nia, Spain, Sweden, Switzerland, the former Yugoslav Re-
public of Macedonia, Turkey and the United Kingdom.

Of the 109 nationally representative surveys found, 78 
were conducted since 2000, covering 33 countries – those 
listed previously, excluding Slovakia. Reports of  energy 
and nutrient intakes were not found for each of  these 
surveys. Only 28 surveys from 22 countries were found 
with post-2000 survey reports of  energy and nutrient 
intakes.

The majority of the surveys were found via Internet 
searches or emailing contacts gathered by the methods 
discussed. Current contact details were found for the fol-
lowing 30 countries: Austria, Belgium, Bulgaria, Croatia, 
Cyprus, Czech Republic, Denmark, Estonia, Finland, 
France, Germany, Greece, Hungary, Iceland, Ireland, Is-
rael, Italy, Latvia, Lithuania, Malta, the Netherlands, Po-
land, Portugal, Romania, Russian Federation, Slovenia, 
Spain, Sweden, Switzerland and the United Kingdom. 
WHO provided details for Andorra, Kazakhstan and the 
former Yugoslav Republic of Macedonia. Contact details 
were not available for the following 20 countries: Albania, 
Armenia, Azerbaijan, Belarus, Bosnia and Herzegovina, 
Georgia, Kyrgyzstan, Luxembourg, Monaco, Montene-
gro, Republic of Moldova, San Marino, Serbia, Slova-
kia, Slovenia, Tajikistan, Turkey, Turkmenistan, Ukraine 
and Uzbekistan. For countries where no contact could 
be identified, the original systematic literature search re-
turned 6,654 papers across the three databases, but only 
eight of these met the inclusion criteria. Of the 78 sur-
veys undertaken since 2000, 30 papers or reports relating 
to them were acquired through email contacts, 4 from 
information extracted by WHO from the WHO Global 
Nutrition Policy Review 2017, 35 via Internet searching, 
2 via the systematic literature search, 18 via the Micha re-
view (5) and 1 from the EFCOSUM survey (6); 11 reports 
had multiple sources. See Fig. 1 for the full dietary survey 
screening and Table 2 for the characteristics of all dietary 
surveys conducted since 1990.

Table 1.  Survey inclusion and exclusion criteria

Included Excluded

Surveys conducted at an individual level Surveys collected at group, that is, household level

Nationally representative surveys Non-nationally representative, regional only surveys

Results of surveys reported by published and unpublished reports, academic 
journals and websites

Surveys with data collected prior to 1990

Surveys that included individuals >2 years Surveys with samples exclusively <2 years

Surveys based on whole diet rather than specific food groups Surveys with incomplete food group coverage

Surveys with small sample sizes (n < 200)
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No nationally representative surveys were found by 
any method that collected dietary intake of whole diets 
at individual level for 19 European countries (see Table 3 
and Fig. 2). Although one survey of children was found 
for Croatia, it was not nationally representative (7). In 
addition, no nationally representative surveys have been 
found for Slovakia that have been conducted since 2000, 
and none for Bulgaria and Czech Republic since 2005. In 
Western Europe, no surveys have been found for Italy or 
Israel conducted since 2006, or for Andorra since 2005.

Of the 109 nationally representative surveys, 45 ob-
tained dietary information on both adults and children, 

a further 41 surveys collected dietary information on 
adults aged 18+ only and 23 on children aged <18 only. 
For the 86 surveys that included adults, 60 across 30 coun-
tries were conducted since 2000. Of the 68 surveys that 
included children, 48 were conducted since 2000 and 
spanned 27  countries. Nationally representative surveys 
for children were missing in nine countries: Croatia, Fin-
land, Hungary, Israel, Lithuania, Luxembourg, Roma-
nia, Slovakia and Switzerland. Further gaps were found 
for Andorran children aged <12 years; Bulgarian chil-
dren aged above 5 years; Icelandic, Kazakh and Slove-
nian children aged <15 years; Macedonian children aged 

Fig. 1.  Screening and selection of national dietary surveys.
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<16 years; Polish children post-2000 and Spanish micro-
nutrient intake in children of all ages.

Non-nationally representative dietary surveys were 
found for eight countries (Croatia, Czech Republic, Ger-
many, Greece, Iceland, Luxembourg, Russia and Switzer-
land), but because of our exclusion criteria they were not 
included in the list of  nationally representative surveys 
in Table 2. Additionally, 16 studies conducted in Central 
and Eastern European countries were returned from the 
systematic literature search in English and 49 from the 
WHO Russian language database search and were not in-
cluded in any tables; common reasons for rejection were 
no or partial dietary intake collected, data not collected 
at individual level, duplicate and sample size too small 
(<200). Eight countries completed the WHO STEPwise 
approach to noncommunicable disease risk factor surveil-
lance (STEPS) adult survey (8–15). However, although 
these were nationally representative population-based 
surveys with large sample sizes, they were not included 

in this review because they only covered specific food 
groups, not whole diets, and as such did not meet our in-
clusion criteria.

Dietary methodologies
The most common dietary assessment methodologies 
used across the 109 nationally representative surveys 
were the 24hr recall and food diary. Of these surveys, 
45 used 24hr recall, 35 of  which were surveys conducted 
since 2000 (Table 2). Of the 45 surveys using 24hr re-
call, the range of  daily recalls was 1–4; 29 surveys used 
multiple 24hr recalls, 26 of  which were conducted post-
2000. Table 2 illustrates that where countries used both 
24hr recall and food diaries, this was a combination of 
methodological changes in waves of  long-running sur-
veys, different surveys using different methodologies or 
both methods being employed within the same survey 
for different population groups, for example, adults and 
children. A 2×24hr recall is the method recommended by 
the European Food Safety Authority (EFSA) for adults’ 
NDS (16). Countries with surveys conducted post-2000 
using multiple 24hr recall were Austria, Belgium, Bul-
garia, Czech Republic, Estonia, Finland, France, Greece, 
Iceland, Kazakhstan, Latvia, the Netherlands, Norway, 
Portugal, Slovenia, Spain, Sweden, the former Yugoslav 
Republic of  Macedonia and the United Kingdom. Spain 
calculated usual nutrient intake from 24hr recall and a 
3-day dietary diary.

Food diaries were used as a primary method by 
47 surveys, 33 of  which were conducted post-2000. The 
range of  diary days per survey was 1–7. Thirty-eight 
surveys used multiple day diaries as the primary 
method, and 26 of  these were conducted post-2000 
from the following countries: Austria, Cyprus, Den-
mark, France, Greece, Hungary, Ireland, Italy, the 
Netherlands, Norway, Sweden and the United King-
dom. The majority of  these were performed over con-
secutive days. Weighed diaries were used as the sole 
method by some surveys in France, Ireland, Italy and 
the United Kingdom, but also as a primary method by 
one survey in Germany.

Food frequency questionnaires (FFQs) were used by 
12 surveys, 5 of which were conducted post-2000 (Esto-
nia, Ireland, Norway, Romania and Slovenia). FFQs were 
used by Ireland, Norway and Slovenia in pre-2000 sur-
veys and as a supplementary, rather than primary, dietary 
assessment tool by other countries (Andorra, Belgium, 
Greece, Hungary, Iceland, Latvia, Lithuania, the Nether-
lands, Poland, Slovakia, Spain and Turkey).

Of the 28 surveys that reported energy and nutrient in-
takes (see Table 2 for older NDS approaches where avail-
able), 10 used interviews – these were primarily (n = 8) 
face-to-face rather than telephone-based, and 3 of these 
were electronic, for example, computer or tablet-based. 

Table 3.  Level of nationally representative survey provision by 
country

Countries with 
no surveys

Countries  
with pre-2000 
surveys only

Countries  
with post-2000 
surveys without 
reports of  
energy and  
nutrient intakes

Countries  
with post-2000  
survey plus  
energy and  
nutrient intakes

Albania Slovakia Czech Republic Andorra

Armenia Estonia Austria

Azerbaijan Greece Belgium

Belarus Israel Bulgaria

Bosnia and 
Herzegovina

Kazakhstan Cyprus

Croatia Poland Denmark

Georgia Romania Finland

Kyrgyzstan Russian Federation France

Luxembourg Slovenia Germany

Malta Switzerland Hungary

Monaco The former 
Yugoslav Republic 
of Macedonia

Iceland

Montenegro Ireland

Republic of 
Moldova

Italy

San Marino Latvia

Serbia Lithuania

Tajikistan The Netherlands

Turkmenistan Norway

Ukraine Portugal

Uzbekistan Spain

Sweden

Turkey

United Kingdom
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Respondents self-completed in 11 surveys, which were 
all food diaries. Electronic resources were utilised in five 
surveys, just two of which were web-based. Five surveys 
used multiple approaches – these were mainly a combi-
nation of face-to-face and telephonic interviews with the 
exception of Spain, which used both interview forms plus 
a tablet and camera-photos.

Energy and nutrient coverage
Of the 22 countries that had post-2000 nationally repre-
sentative survey reports of energy and nutrient intakes, 
20 countries reported data for adults and 16 countries for 
children. This was provided by 28 of the latest post-2000 
surveys that reported energy and nutrient data for these 
countries; 13 surveys included both adults and children, 8 
surveyed adults only and 7 sampled children only (3 being 
separate surveys of children in Ireland). Table 2 identifies 
these 28 surveys and illustrates their differing methodo-
logical approaches.

All 28 surveys included energy and also carbohydrate, 
fibre, fat and protein intakes. Most surveys (n = 25) in-
cluded intake data on saturated fat (Germany and the Irish 
child and teen surveys did not): MUFAs (n = 25) (Ger-
many, Irish child and teen surveys did not) and PUFAs 
(n = 24) (Germany, Irish child and teen surveys, and the 
Dutch DNFCS young children did not). See Appendix 
2 and Fig. 3 for tabular and graphical summaries of  the 

macronutrients included by each survey. The majority 
of  surveys (n = 21) included intake levels of  sugars in 
some form, either as total sugars or as added sugars or 
sucrose. However, Cyprus, Germany, the Irish child and 
teen surveys, Latvia, the Spanish ENIDE survey and 
Turkey included neither. Given current concerns about 
sugar consumption, this is an important gap. Few  sur-
veys (n = 6) included data on starch intakes and less than 
half  (n = 9) included trans-fatty acid (TFA) intakes (see 
Appendix 2).

All surveys with the exception of the Spanish ANIBES 
study included some micronutrients of interest (see 
Appendix 3 and Fig. 4). However, none of the micronu-
trients investigated was reported by every survey. Vitamin 
A, riboflavin, thiamine, vitamin B6, vitamin B12, vitamin 
C, vitamin D, calcium, magnesium and iron were reported 
by 26 or more surveys. Copper (13), iodine (13), selenium 
(11) and fluoride (1 – not tabled) were reported by fewer 
than half  the surveys.

Discussion

Data collection
This report details the initial findings of a review into 
dietary surveys across the 53 countries within the WHO 
Europe remit (17). Nationally representative surveys 
which collected data on whole diets at individual level 

Fig. 2.  Map of national dietary survey provision by country. Light grey – Post-2000 survey plus nutrient intakes (28 surveys 
in 22 countries). Medium grey – Post-2000 survey (78 surveys in 33 countries). Medium-dark grey – Pre-2000 survey (3 surveys 
in 1 country). Dark grey – No survey (19 countries). White – countries not in the WHO Europe remit.
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Fig. 3.   Number of macronutrients reported by each national dietary survey by country*: *Where 12 is the maximum potential num-
ber of selected macronutrients of interest being reported in NDS reports: energy, protein, carbohydrate, sugars, sucrose, starches, 
fibre, total fat, saturated fat, monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) and trans-fatty acids (TFA).

Fig. 4.  Number of micronutrients reported by each national dietary survey by country*: *Where 19 is the maximum potential 
number of selected micronutrients of interest being reported in NDS reports: folate (B9), niacin (B3), vitamin A, riboflavin (B2), 
thiamine (B1), vitamin B12 (biotin), vitamin B6 (pyridoxine), vitamin C, vitamin D, vitamin E, calcium, magnesium, potassium, 
sodium, iron, copper, iodine, selenium and zinc.
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since 1990 were found for only 64% of countries, the 
main gaps clearly lying in 17 countries in the Central and 
Eastern European region of the WHO Europe remit. Al-
though eight countries without NDS had recently com-
pleted a comprehensive WHO STEPS survey, including 
questions on fruit and vegetable intake, salt consump-
tion and use of fats and oils in cooking and eating, the 
survey does not address whole diets and only included 
adults; therefore, this represents a knowledge gap. How-
ever, non-nationally representative surveys were found 
in two countries that had no other NDS, which demon-
strates that although some countries have no nationally 
representative surveys, other initiatives are in place and 
the expertise and fieldwork experience needed to conduct 
NDS may be present. All Western European countries 
had published survey information after 2000. Of coun-
tries with NDS, 16 conducted long-running surveys with 
multiple collection waves, which could generate important 
information for trends analysis. Fewer surveys were avail-
able that measured diet in children than adults; again gaps 
were primarily in Central and Eastern European coun-
tries. This implies that nutrition policies in this region are 
based on limited data, which is of concern, as overweight 
and obesity have tripled in some of these countries since 
1980 and NCD prevalence rates are reaching those of 
Western Europe (1).

Emailing nutrition experts and general Internet 
searches were the most successful data gathering methods. 
A major source for contacts and survey information was a 
global survey review from 1990 to 2010 (5). Few academic 
papers met the pre-set inclusion criteria in the systematic 
database search performed for countries – particularly 
Central and Eastern countries – with no surveys or con-
tacts mentioned in previous reviews, which also minimises 
the risk of bias. A possible explanation is that survey re-
sults and characteristics may be published as government 
or other official reports rather than academic papers. 
However, we also undertook wider web-based searches, 
targeting known government and public health agencies 
using various search terms to account for this. Another 
reason is that dietary assessment in large-scale studies like 
national diet surveys is costly, due to the labour-inten-
sive nature of study preparation and data collection, and 
therefore may not be undertaken by some countries (18). 
This could explain the disproportionate concentration of 
gaps in survey provision in Central and Eastern European 
countries, which tend to have lower national incomes (19). 
This highlights a need to clarify major barriers and work 
with countries to establish mechanisms to overcome these 
and subsequently to devise and implement NDS.

Dietary methodologies of post-2000 surveys
The most common methods of collecting dietary intake 
used in the 78 post-2000 surveys were the 24hr recall 

and food diary, the majority of which were collected 
over multiple days. Although 24hr recalls are known for 
under-reporting (20), their increased use could reflect 
their advantage in being less onerous for respondents and 
potentially providing more consistent results across all 
age and sex groups compared with other methods (21). 
Retrospective dietary recalls can provide detailed infor-
mation on eating patterns and exert less influence on 
food choice than food diaries (22), thereby generating a 
more accurate and realistic report on population nutri-
ent intake. However, such short-term dietary assessment 
methods are associated with within-person errors and 
wider variation of intakes within the population, partic-
ularly when intakes of only 1 or 2 days are collected, the 
latter as recommended by EFSA (16). Although FFQs 
provide long-term assessment, they nevertheless can pres-
ent inflated energy and nutrient intakes (21), which could 
explain why few post-2000 surveys used FFQs as the pri-
mary dietary assessment method.

Prospective weighed and non-weighed food diaries 
allow very detailed information to be gathered on mul-
tiple days (22) and are sometimes used to validate other 
methods using a small sub-sample, but have a high re-
spondent burden and like the 24hr recall, are susceptible 
to under-reporting (23). Food dairies with weighed intake 
are particularly burdensome and prone to response bias 
and respondent fatigue (24) – most likely the reason why 
fewer studies used it as a primary assessment method and 
the United Kingdom moved from weighed intake to esti-
mated intake.

Many studies used multiple tools to collect food intake. 
Of the 22 countries for which energy and nutrient intakes 
were reported, all surveys that collected dietary intake using 
more than one tool generated energy and nutrient intake 
data from a primary method and used the other method(s) 
as a means of validation and calibration. The exception 
was Spain, which was the only country that used a truly 
mixed methods approach. Food diaries and 24hr recalls do 
not provide insight into usual intakes, whereas FFQs are 
less accurate in estimating individuals’ absolute intakes; 
combining methods could help rectify these shortcomings 
(24). Spain, Belgium and the Netherlands estimated ‘usual’ 
intakes using the Statistical Program to Assess Dietary 
Exposure (SPADE), although the Dutch intakes presented 
by age group in this report reflect the average of actual 
intakes reported by individuals. Of the other countries 
employing FFQ as a supplementary method, Greece and 
Iceland also explicitly stated that this was used to estimate 
usual intake. This approach is designed to overcome with-
in-person errors and wider intake variations when only 2 
days of intake have been collected, although methodolog-
ical limitations cannot be fully negated.

Of the 23 surveys that sampled children only, over 
half  (n = 15) used some form of food diary. This could 
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be because children are expected to remember less retro-
spectively, so prospective methods of capturing intake, 
although subject to under-reporting and the limitations 
mentioned above, are deemed preferable and more accu-
rate. This also fits with EFSA guidance on the collection 
of national food consumption data, which recommends 
countries ‘…use the dietary record method for infants and 
children and the 24-hour recall method for adults’ (16). 
EFSA further recommend data be collected on two non-
consecutive days and that they be supplemented with a 
food propensity questionnaire (16). It remains to be seen 
whether more countries will move towards non-consecu-
tive diaries in future surveys; at present, the majority of 
multiple food diaries are conducted on consecutive days. 
More detailed methodological recommendations for NDS 
of children are available via the Pilot study for the Assess-
ment of Nutrient intake and food Consumption Among 
Kids in Europe (PANCAKE) project (25).

Of the 28 surveys that reported energy and nutrient 
intakes, Austria, Estonia, Iceland and Norway moved to 
2×24hr recall in the latest NDS, perhaps to comply with 
the latest EFSA guidance (16). The United Kingdom 
switched from a 7-day weighed to a 4-day estimated food 
diary, which is more likely a move to reduce respondent 
burden. Although methodological changes make compar-
isons problematic across survey waves, the move towards 
a common approach will ease comparisons between coun-
tries in the long term and should be actively encouraged 
in line with EFSA recommendations. Although this could 
be logistically and financially challenging, it would assist 
in making inter-country comparisons and identifying vul-
nerable groups, thereby enabling the effective targeting of 
policy resources.

Technology in national dietary surveys
Care is needed in any dietary assessment method to 
minimise measurement error. Many dietary assessment 
methods require highly skilled interviewers, which in-
creases survey costs and presents a potential barrier to 
conducting NDS (24). Technology like computer-ad-
ministered interviews and image-capture could help 
overcome this obstacle and also promote standardised 
practices. The European Prospective Investigation into 
Cancer and Nutrition (EPIC)-Soft software package de-
veloped by the EPIC Study provided uniform templates 
for various aspects of  NDS including conducting 24hr 
recall, which has since been modified by the European 
Food Consumption Validation (EFCOVAL) Study and 
renamed ‘Globodiet’. It aimed for Europe-wide use, but 
is limited by the need for professionals to be trained in 
its use (26).

At present, none of the surveys identified used mobile 
technologies to collect dietary information; although 
Belgian, German and Portuguese surveys employed 

electronic interviews, the Spanish ANIBES used tablets 
and the Norwegian Ungkost3 and Swedish Riksmaten 
used a web-based food diary. This current lack of use may 
be due to the lack of validation or differential usability 
across population groups. However, web-based dietary 
assessments with self-administered record or recall meth-
odologies have the potential to reduce data entry expense 
and allow data collection for large numbers on multiple 
days over different time periods (27). They could there-
fore be more cost-effective and encourage countries for 
which cost has been a significant barrier to undertake 
surveys. For example, myfood24 is an online 24-hour di-
etary assessment tool that can be used for either of the 
EFSA-approved (16) 24hr recall or a food diary meth-
ods (27). It employs country-specific food databases and 
is currently in operation in Denmark, Germany and the 
United Kingdom. Technologies like this could reduce the 
onus on researchers by automatically coding food records 
(27). These benefits could encourage countries that histor-
ically lack national diet survey provision to undertake sur-
veys and enable countries that already undertake surveys 
to implement these at more regular intervals. This would 
serve to increase the amount of dietary and nutrient in-
take data available in the WHO Europe remit, directly 
contributing to the WHO objective of strengthening and 
expanding nationally representative diet and nutrition 
surveys WHO (1).

Energy and nutrient intakes
Energy and nutrient intake provision was documented 
from the latest survey collected after 2000 for each coun-
try for which we could locate intake data. For some 
countries, more recent surveys had been conducted 
(see Table 2), but intake data were not yet available in 
all cases. An additional limitation on data availability 
was the range of  nutrients each survey covered. Of the 
countries that specified nutrient intakes, Germany and 
Belgium were the most likely to have gaps in reported 
intakes of  macro- and micronutrients, respectively, and 
the Spanish ANIBES survey (28–30) only reported 
macronutrient data (see Appendix 3). This suggests that 
the reporting of  nutrient intakes is inconsistent, making 
it harder to assess nutrient coverage and make inter-
country comparisons.

Inconsistent age groupings across countries also make 
inter-country comparisons potentially problematic. In 
Andorra, the youngest age group spanned adults and 
children, meaning that although children were sam-
pled, intake levels would not be valid in any compari-
sons. Future investigation could be undertaken using raw 
data and consistent age groups to obtain more reliable 
conclusions.

Differences in dietary methodologies may be a limit-
ing factor when making inter-country comparisons. The 
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relatively low levels seen in Turkish adult and child energy 
intakes compared to other countries could potentially be 
explained by methodological differences. The Turkish sur-
vey used a single 24hr recall, whereas the Belgian, Danish, 
German, Hungarian, Dutch, Norwegian and Spanish sur-
veys, whilst using different methodologies (see Table  2), 
all collected data on multiple days. Collection on a single 
day is more likely to result in error due to less control over 
day-to-day variation (31).

Lack of alignment and completeness of national food 
composition databases and classification systems is a fur-
ther limitation. For example, some food composition da-
tabases may not be updated to account for reformulated 
products, which could introduce differences and potential 
error in the energy and nutrient content of foods and 
therefore population intakes as reported in NDS. Com-
mon approaches to food composition databases are set 
out in more detail in the EFCOVAL study (144). Energy 
and nutrient intake values will be reported and discussed 
in more detail in future publications (145).

Strengths and limitations
The strength of the current review is that it presents a 
unique, current overview of dietary survey characteristics 
in all WHO Europe countries since 1990. The existence 
of newer studies such as Bel-Serrat et al. (146) illustrates 
the fluidity of the situation and the need for updated, 
comprehensive reviews. This review includes surveys cov-
ering both adults and children; therefore, it provides a 
full picture of the current state of dietary survey provi-
sion across the life course. It also discusses methodolo-
gies, enabling insights into common methods and paving 
the way for future exploration of best practice and policy 
recommendations.

However, the surveys employed different methodolo-
gies, both between surveys and within long-running sur-
veys with multiple collection waves, potentially making 
the task of  comparing countries problematic. Despite 
this, we feel that there is still a need to use the avail-
able information to make inter-country comparisons 
where possible. Another limitation of  the review was 
that we were unable to establish contact with nutrition 
experts or government officials who may be working in 
nutrition in some of  the 19 countries where no surveys 
were found, which were mainly Central and Eastern 
European countries. Therefore, we cannot ascertain 
that these countries do not have any relevant dietary 
surveys. We also cannot assure that there are no other 
nationally representative surveys in countries where we 
obtained survey information from contacts. However, 
it is likely that these contacts would be aware of  other 
surveys in their countries; in the distributed question-
naire, contacts were asked for details of  all surveys in 
their country.

Conclusion
This review found that less than two-thirds of the 53 coun-
tries in the WHO European region conducted national 
diet and nutrition surveys since 1990, with only 22 coun-
tries reporting nutrient intake data since 2000. The main 
survey gaps for both adults and children lie in the Central 
and Eastern European countries, where nutrition policies 
may lack an appropriate evidence base. Differing dietary 
assessment methodologies may have impact on the abil-
ity to make inter-country comparisons; existing efforts to 
harmonise NDS across all ages, particularly guidelines set 
by EFSA (16), should be encouraged, including beyond 
Western Europe. It would therefore be beneficial to target 
future efforts at standardising methodologies and filling 
knowledge gaps for the countries that have no surveys 
post-2000 in order to increase the information available 
for evidence-based policy planning. By establishing which 
countries have NDS, this review lays the foundation for 
a future review and stratified analyses of actual nutrient 
intakes across population groups in Europe.
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S. Suaugusių ir pagyvenusių lietuvos gyventojų faktinės mitybos
ir mitybos įpročių tyrimas. Visuomenės sveikata 2016; 72(1):
85–94.
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Appendix 1. Questionnaire concerning nationally 
representative diet and nutrition surveys and their 
methodologies
Please complete one questionnaire per diet and nutrition 
survey (DNS) for questions 1–3; if  necessary make mul-
tiple copies. If  there any questions in sections 1–3 that 
you cannot answer, please provide contact details of a 
person(s) who may be able to answer the outstanding 
questions.

Please email the completed questionnaire(s) to Holly 
Rippin fshr@leeds.ac.uk at the University of Leeds, who 
will be collating this information for the European Office 
of the World Health Organization.

Country: xxx

Contact (please provide the correct contact person if this is 
incorrect): Prof/Dr. xxx

1. �For each DNS carried out in your country since 1990
please fill in the below information:

Please note that any survey to be included should meet the 
following criteria:

• The survey should collect dietary intakes across all food 
groups which are then converted into nutrient values.

• The survey uses national population-based samples
or representative regional samples.

• The survey should not be restricted to a specific part
of the population (e.g. children, occupational groups
or patients).

• Preferably there should be plans to repeat the survey
later, unless it already has been repeated. You can
also record standalone surveys.

Survey name ………………………………………………
Year(s) when survey data collected……………………....
Dietary assessment method/tool used…………………...
Genders included in sample………………………………
Age ranges included in sample…………………………...
Sample size (N)
National or regional ……………………………..............
Nationally representative (yes/no).………………........…
Institute responsible for the survey………………………

Key contact for survey………………...............…………
Email for contact person listed above……………………

2. �Please provide details of any relevant publications e.g.
summary reports, user guides (please provide web links)

3. �Macro and micro nutrients included in your DNS (please
tick all that apply):

Energy
Total carbohydrates
• Sugars
• Sucrose
• Starches
• Fibre

Total fat
• Saturates
• MUFA
• PUFA
• Trans fatty acids

Protein
Vitamins:
• Folic acid
• Niacin
• Retinol equivalents
• Riboflavin
• Thiamine
• B12
• B6

Minerals:
• Calcium
• Magnesium
• Potassium
• Sodium
• Iron
• Copper
• Fluoride
• Iodine
• Selenium
• Zinc

THANK YOU FOR TAKING THE TIME TO 
ANSWER THESE QUESTIONS.
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* Key

B9 Folic acid Ca Calcium

B3 Niacin Mg Magnesium

VA Vitamin A (retinol equivalent) K Potassium

B2 Riboflavin Na Sodium

B1 Thiamine Fe Iron

B12 Vitamin B12 Cu Copper

B6 Vitamin B6 I Iodine

VC Vitamin C Se Selenium

VD Vitamin D Zn Zinc

VE Vitamin E
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Evaluation of a short Food Frequency Questionnaire to assess 
cardiovascular disease-related diet and lifestyle factors
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Vibeke H. Telle-Hansen2, Monica H. Carlsen1 and Kjetil Retterstøl1,4

1Department of Nutrition, Institute of Basic Medical Sciences, University of Oslo, Oslo, Norway; 2Faculty of Health 
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Abstract

Background: The Vascular lifestyle-Intervention and Screening in phArmacies (VISA) study investigates 
diet and lifestyle factors associated with risk of cardiovascular disease (CVD). As part of the study 
methodology, a short Food Frequency Questionnaire (FFQ), the VISA-FFQ, was adapted from the 
Norwegian NORDIET-FFQ.
Objective: The aim of this study was to evaluate the VISA-FFQ and its ability to estimate intakes of foods and 
lifestyle factors in screening for elevated risk of CVD. The evaluation included assessment of relative validity of 
intake of milk fat and assessment of reproducibility of several foods and lifestyle factors.
Design: Relative validity of milk fat estimated from the VISA-FFQ was assessed in 307 participants by com-
paring estimated dietary intake of the fatty acids pentadecanoic acid (15:0) and heptadecanoic acid (17:0), 
from milk fat with whole blood biomarkers 15:0 and 17:0. Reproducibility was evaluated in 122 participants 
by comparing consistency in intakes of different foods and lifestyle factors reported by the VISA-FFQ and 
administered twice with a 4-week interval.
Results: Dietary 15:0 milk fat estimated from the VISA-FFQ correlated positively with whole blood 15:0 
(r = 0.32, P < 0.05). Men presented higher correlations than women did. Acceptable and consistent reproduc-
ibility (r = 0.44–0.94 and no large difference between test and retest) was observed for most beverages, milk 
products, spreads on bread and meat (all of which included food items categorised into at least two fat catego-
ries) and also for eggs, fruits and vegetables, nuts, pasta and rice, dessert/sweets, smoking and physical activity. 
Reproducibility did not consistently meet a satisfactory standard (r ≤ 0.41 or large difference between test and 
retest) for unsweetened cereals, fatty fish, cakes, oils, white-, bread, crispbread and rice.
Conclusion: The validity of the VISA-FFQ was acceptable for intake of milk fat, and there was an overall 
satisfactory, though variable, reproducibility for intake of several foods and lifestyle factors in the VISA-FFQ.

Keywords: Food Frequency Questionnaire; validity; biomarkers; fatty acids; dietary assessment; short-FFQ; milk-fat; 
saturated fat

It has been calculated that an unhealthy diet contrib-
utes to the largest proportion of disability-adjusted 
life years globally (1) and is associated with about 

45% of all deaths from cardiovascular diseases (CVD) 
and type 2 diabetes (T2D) in America (2, 3). It is there-
fore important to assess food and lifestyle factors that can 
modulate the risk of disease and to use the assessment to 
recognise individuals and groups who would benefit from 

dietary changes (4). The Food Frequency Questionnaire 
(FFQ) is the most common tool in epidemiological studies 
to assess diet in relation to health outcomes. FFQs are 
designed to assess usual diet in retrospect, but are often 
time-consuming to complete (5). Short FFQs are consid-
ered less time-consuming (6), which may be of particular 
importance in any clinical setting where limited time may 
be an issue (7).
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The validated short FFQ, NORDIET-FFQ (8), was 
developed in an ongoing study of  colorectal cancer 
patients (9). The NORDIET-FFQ was designed to assess 
adherence to the Norwegian food-based dietary guide-
lines (10), including estimation of  food quantities for 
the previous 1–2  months (9). Convenient, quantitative 
assessment of  foods and lifestyle associated with CVD 
was desired in the Vascular lifestyle-Intervention and 
Screening in phArmacies (VISA) study (11). The Norwe-
gian screener ‘SmartDiet’ offered such assessment (12), 
however without estimation of  food quantities. Con-
sequently, a study-specific FFQ, the VISA-FFQ, was 
adapted from the NORDIET-FFQ in order to include 
assessment of  intake of  foods and lifestyle factors asso-
ciated with CVD risk.

The aim was to evaluate the VISA-FFQ’s relative valid-
ity of estimated intake of milk fat (using biomarker fatty 
acids pentadecanoic acid [15:0] and heptadecanoic acid 
[17:0] as references) and reproducibility of intake of foods 
and lifestyle factors among a group of individuals with 
moderately high risk of CVD.

Methods

Study design
The study population was pharmacy customers in 48 
pharmacies that were enrolled in the VISA study. The 
VISA study subsample included 558 participants with 

moderately elevated risk of CVD who had been screened 
in the previous year. Of them, 375 participants partici-
pated in a 4-week intervention randomised by pharmacy 
(23 intervention pharmacies and 25 usual care pharma-
cies) in September 2015 and were for that eligible for this 
evaluation (Table 1).

During the pharmacy visit (time 1, the beginning of 
the intervention), participants were asked for consent to 
obtain extra blood for dried blood spots (DBS) sampling 
and to complete the VISA-FFQ. If  consent was given, 
participants were also asked to self-sample DBS and com-
plete the VISA-FFQ at home 4 weeks later, at designated 
time 2 (end of intervention).

The VISA-FFQ and DBS were completed on the same 
or the next day. For the purpose of  this study, data from 
the VISA-FFQ and fatty acid 15:0 and 17:0 % of Fatty 
Acid Methyl Ester (FAME) assayed from DBS obtained 
at time 1 and 2 were utilized to  evaluate the VISA-FFQ 
for relative validity of  milk fat and overall reproducibility.

DBS sampling
The DBS is a form of bio-sampling where blood 
obtained by a finger-prick lancet is blotted on spots on 
filter paper (DBS-card) (13). DBS sampling was per-
formed by health care providers in pharmacies at time 1 
and by each participant (self-sampling) at time 2. Fasting 
samples were desired but not required. Participants with 
appointments late in the day, and those who had taken 

Table 1.  Retrospective background characteristics of completers- and non-completers of the VISA-FFQ at study inclusion.

Completers (N = 368) Non-completers (N = 190)a pb

Men, % (N) 26.1 (96/368) 32.6 (62/190) 0.11

Living alone, % (N)c 37.8 (139/368) 36.8 (70/190) 1.00

Smokers, % (N)d 17.2 (54/368) 22.9 (43/188) 0.02

Ethnicity outside Nordic countries, % (N)e 11.8 (43/365) 15.7 (29/185) 0.23

Low education, % (N)f 52.4 (184/351) 59.2 (106/179) 0.14

Age (years), mean (SD) 58.1 ± 13.7 53.7 ± 15.9 0.02

Body mass index (kg/m2), mean (SD) 27.0 ± 4.4 27.2 ± 5.1 0.64

Hemoglobin A1c (%), mean (SD) 5.5 ± 0.3 5.5 ± 0.3 0.28

Systolic blood pressure (mmHg), mean (SD) 131.1 ± 16.9 131.7 ± 17.6 0.72

Diastolic blood pressure (mmHg), mean (SD) 80.3 ± 9.6 81.2 ± 10.5 0.33

Total cholesterol (mmol/L), mean (SD) 6.5 ± 1.2 6.4 ± 1.3 0.18

HDL-cholesterol (mmol/L), mean (SD) 1.7 ± 0.5 1.7 ± 0.5 0.07

LDL-cholesterol (mmol/L), mean (SD) 3.9 ± 1.0 3.9 ± 1.0 0.39

Triglycerides (mmol/L), mean (SD) 2.0 ± 1.1 2.1 ± 1.2 0.57

Data are presented as percentage (%) and numbers (N), or mean and standard deviation (SD). HDL, high density lipoprotein; LDL, low density lipoprotein.
aIncludes 7 participants that attended the study visit but did not complete the questionnaire.
bChi-square test of independence or independent sample t-test.
cNot married/no significant other and widow/widower/divorced.
d% Yes, daily/Yes, occasionally.
eBoth or one parent born outside Norway.
fLow education ≤13 years of schooling.
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omega-3 supplements or had recently eaten fatty fish 
were excluded from DBS sampling. After completion, 
the DBS-card was left to dry for 2–4 h before it was put 
in an airtight aluminium bag and stored in the refrigera-
tor at 1–4°C (14).

DBS samples were returned either to the University 
of  Oslo or directly to the laboratory responsible for the 
analyses, VITAS AS (Oslo). From DBS, fatty acids in 
whole blood (plasma and cells) (15) were separated and 
determined by extracting FAME that were further analy-
sed with gas chromatography – flame ionisation detector 
(GC-FID) after direct transmethylation by VITAS. The 
results were given in % of FAME (16).

VISA-FFQ
The 62-item VISA-FFQ originates from the 66-item NOR-
DIET-FFQ (8). The VISA-FFQ and the NORDIET-FFQ 
share the features of 15 minutes completion time and of 
being a semi-quantitative FFQ that covers habitual dietary 
intake (grams/day) of food and lifestyle factors for the 
past 1–2 months (8). The questionnaires include both fre-
quency (how often the item was consumed) and amount of 
the food items. Amounts were expressed as portion sizes, 
specified according to the food composition and nutrient 
calculation system (named KBS), version AE-14, devel-
oped at the University of Oslo. When different foods were 
combined into one category (such as high-fat [HF] meat 
comprising, e.g., hamburger, hot dogs and processed meat, 
~17% fats), the average portion size of all the items was 
estimated from KBS and recorded (8). The VISA-FFQ 
was optically readable, and the handling of data includ-
ing missing data followed the same procedure as described 
earlier by Henriksen et al. (8).

Development of the VISA-FFQ
In the development of the 62-items VISA-FFQ, we altered 
14 items, added 4 items, deleted 9 items and kept the 
remaining 44 items unchanged from the original NORD-
IET-FFQ (8), as presented in Supplementary file 1.

Altered items
Fourteen items in the categories beverages (milk), milk 
products, spreads (cheese and meat) and meat (dinner 
or  hot lunch) were revised in order to provide more 
comprehensive information on intake of  foods that 
are major contributors to dietary saturated fatty acids 
(SFA) according to the national food database (17). 
Milk, milk products, cheese and meat products were 
categorised according to low-fat (LF), medium-fat 
(MF) and HF content (majority SFA), using KBS and 
SmartDiet (12) as references (Supplementary file 1). In 
later data analysis, MF and LF cheese and meat (dinner 
or hot lunch) were combined into one single medium/
LF item each.

Items added, deleted and/or unaltered
Four items associated with the risk of CVD were added 
to the VISA-FFQ. These were; prevalence of smoking 
and number of cigarettes per day (18), weekly egg intake 
(19) and use of cholesterol lowering margarine with added 
plants sterols (20). Smoking and cholesterol lowering mar-
garine had three fixed response categories: ‘no’; ‘yes, occa-
sional’; and ‘yes, daily’ and an additional ‘do not know’ 
category for the margarine. Egg intake and number of 
cigarettes were numeric variables (Supplementary file 1). 
To preserve the VISA-FFQ as a four-page, 62-item ques-
tionnaire, nine items in the NORDIET-FFQ that were 
considered less relevant for CVD risk, or were redundant 
with information previously collected in VISA study, were 
dropped in favour of the new items. These included age, 
height, weight and gender, and five diet-related items: use 
of dietary supplements, intake of ‘small fruits’, ‘berries 
and dried fruit’ from the category ‘fruit’, tomato sauce 
from the category ‘vegetables’ and ‘tea’ from the category 
‘beverages’ (Supplementary file 1).

The VISA-FFQ also includes 44 other items within 
the categories fruits, nuts, vegetables, cereals, beverages, 
bread, spreads on bread, fat spreads and oils, fish for din-
ner, rice and pasta, cakes, dessert and sweets, and physical 
activity. These were unaltered from the NORDIET-FFQ 
and have previously been validated in a colorectal cancer 
sample (8, 21).

Evaluation of  VISA-FFQ
Relative validity of milk was assessed at times 1 and 2 
in the pooled intervention and usual care pharmacies. 
Milk fat in the VISA-FFQ comprised the items whole-
fat milk, LF milk, HF and MF milk products, and HF 
and MF cheese. From KBS, we obtained data on aver-
age nutritional content of 15:0 and 17:0 from the milk fat 
items (Supplementary file 2). These data were utilised to 
calculate total 15:0 and total 17:0 in consumed milk fat 
estimated from the VISA-FFQ. Hence, to assess relative 
validity of milk fat, 15:0 and 17:0 in consumed milk fat 
(grams/day) estimated from the VISA-FFQ were com-
pared with biomarkers 15:0 and 17:0 % of FAME assayed 
from DBS.

Completed VISA-FFQs obtained from participants in 
the usual care pharmacies (in which there had not been any 
intervention) at time 1 (test) and time 2 (retest) were used 
to evaluate reproducibility. We assessed reproducibility of 
the 18 items within several categories that were changed 
relative to the VISA-FFQ: beverages (whole-fat, LF milk 
and skimmed milk), milk products (HF, MF and LF milk 
products), spreads on bread (HF, MF and LF cheese, and 
HF and LF meat), meat for dinner or hot lunch (HF, MF 
and LF meat), eggs, cigarettes, smoking and use of choles-
terol lowering margarine. Next, we assessed reproducibility 
of the 44 unchanged items within the categories fruits, nuts, 
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vegetables, cereals, beverages, bread, spreads on bread, fat 
spreads and oils, fish for dinner, rice and pasta, cakes, des-
sert and sweets, and physical activity.

Statistical analysis

Power calculation
Sample size was estimated following Hulley’s calculation 
(22, 23). A sample size of 41 participants would be suf-
ficient to observe correlation coefficients (r) of 0.50 or 
higher, with a significance level of 5 and 80% power.

Statistical methods
All analyses were performed in SAS software 9.4 for 
Windows, with the exception of the Bland-Altman plots 
that were computed in SPSS version 23. The level of signif-
icance was set to 5%. Continuous variables considered to 
be non-normally distributed were presented as median and 
25th (P25) and 75th (P75) percentiles; otherwise, data were 
presented as mean and standard deviation (SD). Categori-
cal data were presented with percentages and numbers.

For the evaluation of relative validity of milk fat, Spear-
man’s rank order correlation (RHO) was used to explore 
the relationship between 15:0 and 17:0 in consumed milk 
fat (grams/day) and biomarker 15:0 and 17:0% of FAME. 
Correlation coefficients were stratified by sex and adjusted 
for total intake of foods and drinks (grams/day) com-
puted from summarising all food items (except tap water) 
from the VISA-FFQ.

Several measures were used to evaluate reproducibility of 
items between test and retest completion of the VISA-FFQ. 
Spearman’s RHO was used, and correlation coefficients 
were considered as follows: r ≥ 0.50 was defined as ‘satisfac-
tory or good’, r = 0.30–0.49 were defined as ‘fair’ and r < 
0.30 was defined as ‘poor’ (24). Weighted Kappa correlation 
coefficient was used to explore the strength of relationship 
between categorical variables. Bland–Altman plots were 
used to explore the presence of outliers and degree of agree-
ment between test and retest, including the limits of agree-
ment that comprise 95% (mean difference ± 1.96 SD) of the 
sample (25). Lastly, the non-parametric options, Wilcoxon 
signed-rank test and Kruskal–Wallis test, were used to test 
for significant difference in intakes between test and retest, 
whereas McNemar test was used for categorical variables.

Background characteristics were obtained approx-
imatly 44 weeks prior to the evaluation. Characteris-
tics were presented as the total sample available for the 
evaluation, completers of the VISA-FFQ compared to  
non-completers (who either did not complete the VISA-
FFQ at time 1 or were lost to follow-up before time 1).

Ethics
Participants gave written informed consent to participate. 
The VISA study was approved by the National Committee 

for Research Ethics in Norway (REK) with reference num-
ber 2013/1660-/REK South-East and was reported to the 
Norwegian Center for Research.

Results
In total, 98.1% (n = 368) of participants at time 1 com-
pleted the VISA-FFQ (completers). Males were on aver-
age 55.6 ± 13.8 years old, whereas females were 59.3 ± 
13.2 years old. Compared to the non-completers, smoking 
was less frequent (17.2%, n = 54 vs. 22.9%, n = 43), and 
age was higher (58.1 ± 13.7 years vs. 53.7 ± 15.9 years) in 
completers. Otherwise, samples seemed similar (Table 1).

The sample utilised to evaluate relative validity of 
milk fat included 307 participants (79 males, 226 females 
and 2 with missing gender data) at time 1 who had sat-
isfactorily completed both the VISA-FFQ and the DBS. 
The corresponding number at time 2 was 237 partici-
pants (57 males, 173 females and 7 with missing gender 
data). The sample utilised to evaluate reproducibility 
(test–retest) consisted of  122 participants (26 males and 
96 females) who completed the VISA-FFQ both at times 
1 and 2 (Figure 1).

Evaluation of relative validity
At time 1, intake of 15:0 in consumed milk fat (grams/
day), adjusted for total intake of foods and drinks, 
was significantly correlated with biomarker 15:0 (% of 
FAME), with r = 0.32 (p < 0.05) for the total sample. 
Corresponding correlation between 17:0 in consumed 
milk fat and biomarker 17:0% of FAME was non-signifi-
cant (r = 0.10). Correlations tended to be slightly higher 
the first time the biomarker fatty acids were measured, 
and higher for males than females (Table  2). We also 
stratified the correlations by age groups. Total food and 
drinks-adjusted correlations between 15:0 in consumed 
milk fat and biomarker 15:0 appeared highest for the 57 
participants in the age group 18–45 years with r = 0.56 
(p  <  0.05). Corresponding correlation in the age group 
46–55 years (n = 146) was r = 0.18 (p < 0.05) and r = 0.35 
in the age group 66–88 years (N = 104). Overall, Pearson’s 
correlation coefficients were numerically lower than the 
presented Spearman’s RHO coefficients.

Evaluation of reproducibility of the altered items
Measures of reproducibility between the test and retest 
completion of the VISA-FFQ for the 18 altered or added 
items are presented in Table 3.

Significant correlations between test and retest results 
defined as satisfactory or good were observed for 12 out 
of 18 items (67%). This included eggs (r = 0.76) and cig-
arettes (r = 0.92), in addition to LF milk and skimmed 
milk, HF- and LF-milk products, HF cheese, HF and 
LF meat (spreads) and HF meat (dinner or hot lunch), 
smoking and use of cholesterol lowering margarine. 
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Significant correlations defined as fair were found for the 
remaining items. Combining MF and LF items for cheese 
(spreads) and meat (dinner or hot lunch) into a single item 
each resulted in correlations considered satisfactory/good 
(Table 3).

Among these 18 items, only typical intake in grams/day 
of HF cheese, whole-fat milk and use of cholesterol low-
ering margarine was significantly different between test 

and retest (Table 3). The Bland–Altman plots in Figure 2 
illustrate that the mean difference in intake of HF cheese 
between test and retest was −2.00 grams/day. Further, that 
95% of the observations were within the range of 15.7–
19.7 grams/day (limits of agreements), corresponding to 
about two slices of cheese (Figure 2a). Mean difference in 
the intake of whole-fat milk was 9.0 grams/day, with limits 
of agreements of 148.0–157.0 grams/day, corresponding 

Fig. 1.  Study design and flow of participants included in the evaluation of the VISA-FFQ.

Table 2.  Correlations (Spearman’s rho) between milk fat estimated from the VISA-FFQ and biomarker saturated fatty acids measured in whole 
blood at time 1 and 2.

Pentadecanoic acid (15:0) % of FAME Heptadecanoic acid (17:0) % of FAME

Time 1a Time 2b Time 1a Time 2b

Totalc

(N = 307)
Male

(N = 79)
Female

(N = 226)
Total

(N = 237)
Male

(N = 57)
Female

(N = 173)
Totalc

(N = 307)
Male

(N = 79)
Female

(N = 234)
Total

(N = 237)
Male

(N = 57)
Female

(N = 173)

Milk (g/day)

Whole-fat milk 0.16* 0.17 0.16* 0.14* -0.08 0.20* 0.06 0.16 0.02 0.10 0.02 0.13

Milk products (g/day )d

High-fat milk products 0.20* 0.24* 0.18* 0.18* 0.29* 0.12 0.05 0.15 0.01 0.05 0.01 0.04

Cheese (g/day)

High-fat cheese 0.24* 0.36* 0.21* 0.24* 0.52* 0.14 0.11 0.08 0.13* 0.10 0.34* 0.03

Total dietary milk  
fatty acidse

0.32* 0.38* 0.29* 0.30* 0.40* 0.27* 0.10 0.16 0.09 0.07 0.008 0.10

VISA-FFQ,  Vascular lifestyle-Intervention and Screening in pharmacies- food frequency questionnaire.
FAME = fatty acids methyl esters.
*Correlation coefficient is significant at the 0.05 level (2-tailed).  Adjusted for total food and drink intake (except tap water) in grams/day.
aDried blood spot sampling and VISA-FFQ performed in pharmacy.
bDried blood spot sampling and VISA-FFQ performed at home.
cIncluding missing gender.
dCream and yoghurt.
eTotal dietary milk fatty acids 15:0 and 17:0 were estimated from intakes of from milk, milk products and cheese except low-fat/fat-free and compared 
to corresponding biomarker fatty acid.
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to a big glass of milk (Figure 2b). No distinct pattern of 
outliers was observed for any item.

Evaluation of reproducibility of the unaltered items
Among the unaltered items, significant correlations 
between test and retest results defined as satisfactory or 
good were observed for 35 out of 44 items (80%) (Table 4). 

These included all items in the categories nuts, cereals, 
beverages, fish for dinner, cakes, dessert and sweets and 
physical activity. Despite satisfactory correlations, esti-
mated intake of tomato, unsweetened and sweetened cere-
als, tap water, sodas with no added sugar, fatty fish, cakes 
and dessert and chips was significantly different in intakes 
(grams/day) between test and retest. Particularly for 

Table 3.   Measures of reproducibility for 18 food and lifestyle factorsa in the test-retest sample (N = 122).

Test (time 1)b Retest (time 2)c P-value of differenced Correlation coefficiente

Total (N = 122) Total (N = 122) Total (N = 122) Total (N = 122)

Median (P25, P75) Median (P25, P75) p r

Milk (g/day)

Whole-fat milk 0 (0,0)/ 23.8±14.9f 0 (0,0)/ 14.9±52.1f 0.03 0.45*

Low-fat milk 58.0 (0, 142) 50.0 (0, 186) 0.94 0.81*

Skimmed milk 0 (0, 14) 0 (0, 28) 0.92 0.68*

Milk products (g/day)g

High-fat milk products 0 (0, 7) 0 (0, 3.5) 0.67 0.50*

Medium-fat milk products 7.0 (0, 17.8) 7.0 (0, 14.5) 0.34 0.48*

Low-fat milk products 3.5 (0, 14.5) 7.0 (0, 23.3) 0.63 0.53*

Spreads (g/day)

High-fat cheese 3.6 (1.43, 9.3) 6.4 (1.4, 9.3) 0.02 0.51*

Medium-fat cheese 0 (0, 3.6) 0 (0, 3.6) 0.50 0.40*

Low-fat cheese 0 (0, 1.4) 0 (0, 1.4) 0.77 0.47*

Medium/low-fat cheeseh 1.4 (0, 6.4) 0 (0, 6.4) 0.47 0.51*

High-fat meati 1.4 (0, 3.6) 0 (0, 3.6) 0.72 0.59*

Low-fat meatj 3.6 (0, 6.4) 3.6 (0, 6.4) 0.82 0.59*

Meat dinner or hot lunch (g/day)

High-fat meatk 10.5 (0, 42.0) 10.5 (0, 21.0) 0.14 0.52*

Medium-fat meatl 15.8 (0, 43.5) 21.0 (0, 43.5) 0.09 0.44*

Low-fat meatm 43.5 (21.0,64.5) 43.5 (21, 64.5) 0.43 0.46*

Medium/low-fat meath 64.5 (32.3, 87.0) 64.5 (43.5, 106.5) 0.06 0.50*

Other

Eggs per week 4.0 (2, 6) 3.0 (2, 5) 0.29 0.76*

Number of cigarettes 10.0 (7, 20) 8.0 (0, 10) 0.25 0.92*

Smokingn 0.08 (10/121) 0.08 (10/122) 1.00 0.94*

Cholesterol lowering Margarinen 30.0 (36/120) 36.7 (44/120) 0.03 0.50*

VISA-FFQ, Vascular lifestyle-Intervention and Screening in pharmacies- food frequency questionnaire.
*Spearman’s rank order correlation (rho) coefficient is significant at the 0.05 level (2-tailed).
aThese 18 items in the VISA-FFQ were revised relative to the original questionnaire, NORDDIET-FFQ (8).
bVISA-FFQ completed at pharmacy.
cVISA-FFQ completed at home.
dTested by Wilcoxon Signed-Rank test, McNemar test for smoking and cholesterol lowering margarine.
er = Spearman’s rho coefficient or Weighted Kappa coefficient (smoking and cholesterol lowering margarine).
fMean and standard deviation.
gMilk products = cream and yoghurt (whole-fat, medium-fat and low-fat according to approximately SFA content).
hNot an original category in the VISA-FFQ. Made by combining low-fat and medium-fat alternatives.
iHigh fat meat spreads = salami, liver paste etc.
jLow-fat meat spreads = ham, chicken/turkey etc.
kHigh-fat meat = ground meat, sausage, hamburger.
lMedium-fat meat = low-fat ground meat, sausage, hamburger.
mLow-fat meat = game, pork, chicken filets.
nYes, daily /Yes, occasionally % (n/N).
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Fig. 2.  Bland–Altman plot of intake of high-fat cheese (a) and whole-fat milk (b) as estimated from test and retest completion of the VISA-FFQ 
(N = 122).

Table 4.  Measures of reproducibility for 44 food and lifestyle factorsa in the test-retest sample (N = 122).

Test (time 1)b Retest (time 2)c P-value of differenced Correlation coefficiente

Total (N = 122) Total (N = 122) Total (N = 122) Total (N = 122)

Median (P25, P75) Median (P25, P75) p r

Fruits (g/day)

Large fruit 57.0 (43.0, 93.0) 57.0 (39.5, 93.0) 0.46 0.69*

Medium-size fruit 14.5 (6.1, 43.0) 14.5 (0, 43.0) 0.45 0.46*

Nuts (g/day)

Unsalted 5.4 (1.3, 12.6) 3.6 (0, 11.6) 0.13 0.58*

Salted 0.9 (0, 3.6) 1.8 (0, 3.6) 0.73 0.53*

Vegetables (g/day)

Garlic 0.1 (0, 0.7) 0.1 (0, 0.6) 0.49 0.81*

Onion 5.8 (2.5, 12.9) 5.8 (1.4, 8.7) 0.08 0.65*

Tomato 30.2 (18.2, 60.5) 28.0 (14.0, 55.9) 0.03 0.53*

Mixed salad 28.5(13.2, 49.1) 28.5 (7.3, 46.5) 0.14 0.47*

Other vegetables 68.4 (34.7, 111.6) 55.8 (34.8, 104.9) 0.92 0.50*

Cereals (g/d)

Sweetened cereals 0 (0, 0)/3.51±10.2f 0 (0, 0)/1.34±5.8f 0.01 0.65*

Unsweetened 7.3 (0, 35.5) 17.8 (0, 46.5) 0.003 0.62*

Beverages (g/d)

Tap water 274 (186, 548) 274 (186, 548) 0.01 0.61*

Sodas with no added sugar 28.0 (0, 114.0) 28.0 (0, 86.0) 0.01 0.71*

Juice 28.0 (0,86.0) 28.0 (0, 93.0) 0.40 0.75*

Other beverages with no added sugar 0 (0, 28) 0 (0, 28) 0.83 0.53*

Beer with alcohol 0 (0, 70.0) 0 (0, 140.0) 0.44 0.77*

Liquor, g/d 0 (0, 0) 0 (0, 0) 0.36 0.69*

Wine with alcohol 15.4 (0, 63.8) 15.4 (0, 63.8) 0.67 0.73*

Filtered coffee 342.5(0, 685.0) 342.5 (13.1, 465.0) 0.72 0.71*

Other coffee (espresso, etc.) 0 (0, 142.5) 0 (0, 107.5) 0.37 0.77*
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sweetened cereals, tap water, sodas with no added sugar, 
dessert and chips, median and 25th and 75th percentiles 
were similar between time test and retest, but p-value for 
difference was significant due to small number of users or 
differences in the extremes of intake.

Furthermore, significant correlations defined as satis-
factory or good were observed for the items large fruit 

(but not medium fruit, r = 0.46), all vegetables except for 
mixed salad (r = 0.47), all spreads on bread (except for 
fruit and vegetables spreads, r = 0.48) and all rice and 
pasta items except for white rice (r = 0.41). Correlations 
for the category bread were more various ranging from 
r = 0.49 for bread with 75–100% wholemeal flour to r ≤ 0.1 
for white bread and crispbreads (0–25% wholemeal flour). 

Table 4.  Continued

Test (time 1)b Retest (time 2)c P-value of differenced Correlation coefficiente

Total (N = 122) Total (N = 122) Total (N = 122) Total (N = 122)

Median (P25, P75) Median (P25, P75) p r

Bread (g/d)

Bread (60 % cereals) with 0-25 % wholemeal flour 0 (0, 0) 0 (0, 0) 0.77 0.09

Bread (60 % cereals) with 25-50% wholemeal flour 0.0 (0, 72.0) 0.0 (0, 72.0) 0.66 0.49*

Bread (60 % cereals) with 50-75 wholemeal flour 60.0 (0 , 180.0) 60.0 (0, 120.0) 0.38 0.54*

Bread (60 % cereals) with 75-100 wholemeal flour 0 (0, 60.0) 0 (0, 60.0) 0.85 0.44*

White crispbread (0-25% wholegrain) 0 (0, 0) 0 (0, 0) 0.56 0.10

Wholemeal crispbread (100% wholegrain) 14.0 (0, 28.0) 14.0 (0, 28.0) 0.83 0.62*

Spreads on bread

Sweetened spreads(g/week) 20.0 (0, 90.0) 20.0 (0, 60.0) 0.56 0.59*

Fruits and vegetables as spreads (g/day) 37.5 (0, 75.0) 37.5 (0, 67.5) 0.42 0.48*

Fish spreads (g/ week) 90 (0, 162) 90 (0, 162) 0.82 0.66*

Fat spreads and oils % (n/N)

Oils, margarine, butter or not using any 97.5 (119/122)g 0.16 0.41*

Types of fat spreads or not using any 93.4 (114/122) g 0.80 0.77*

Fish for dinner (g/day)

Fatty fish 42.1 (20.3, 62.4) 20.3 (20.3, 42.05) <0.001 0.68*

Processed fish 6.3 (0, 25.2) 25.2 (0, 25.2) 0.94 0.55*

Lean fish 20.3 (0, 42.1) 20.3 (7.6, 42.1) 0.79 0.55*

Rice and pasta (g/day)

White rice 0 (0,14.0) 0 (0, 22.4) 0.88 0.41*

Wholegrain rice 0 (0,0) 0 (0,0) 0.75 0.61*

White pasta 0 (0, 17.5) 0 (0, 17.5) 0.63 0.53*

Wholegrain pasta 0 (0,17.5) 0 (0, 17.5) 0.17 0.73*

Cake, dessert and sweets (g/d)

Cakes 16.8 (0, 25.8) 17.4 (8.4, 34.8) 0.01 0.52*

Dessert 12.6 (0, 26.1) 12.6 (0, 25.2) 0.03 0.58*

Chocolate/candy 3.5 (0, 15.3) 7.3 (0, 14.5) 0.61 0.59*

Chips 0 (0, 6.5) 0 (0, 8.4) 0.04 0.67*

Physical activity (min/day)

Moderate intensity 18.1 (10.8, 35.3) 18.1 (11.0, 37.6) 0.69 0.57*

High intensity 0.8 (0, 11.0) 0.5 (0, 11.0) 0.30 0.64*

VISA-FFQ, Vascular lifestyle-Intervention and Screening in pharmacies- food frequency questionnaire. g/day, grams per day min/day, minutes per day.
*Spearman’s rank order correlation (rho) coefficient is significant at the 0.05 level (2-tailed).
aThese 44 items in the VISA-FFQ were unaltered from the original questionnaire, NORDDIET-FFQ (8).
bVISA-FFQ completed at pharmacy.
cVISA-FFQ completed at home.
dTested by Wilcoxon Signed-Rank test or McNemars test for fat spreads and oils.
er= Spearman’s rho coefficient or Weighted Kappa coefficient fat spreads and oils.
fMean± standard deviation.
gPercent and frequency of participants reporting the same category (not using/ using soft margarines/ using butter / using oils) both at test and retest. 
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In total 97% responded to the same category for use of 
oils (or other cooking fats) between test and retest, but 
correlation was fair with r = 0.41 (Table 4).

Discussion
The VISA-FFQ’s ability to give a relatively valid estimate 
of milk fat was acceptable, displayed as postive correla-
tions between consumed 15:0 milk fat estimated from 
the VISA-FFQ (grams/day) and biomarker 15:0 (% of 
FAME). The VISA-FFQ also showed good and consis-
tent reproducibility for intake (in grams/day) or frequency 
of use of most of the items in the VISA-FFQ.

Relative validity
Since not all milk products supply the same amount of fat 
(26), relative validity of milk fat intake was assessed by com-
paring the approximate, total intake of 15:0 and 17:0 esti-
mated from consumed milk fat in grams/day, with biomarker 
fatty acids 15:0 and 17:0 % of FAME (27, 28). These fatty 
acids are assumed to originate mainly from milk fat because 
they are produced in relatively high levels in ruminants by 
rumen microbial fermentation and microbial de novo lipo-
genesis which may again transfer to the host animal (29). 
Although milk fat is believed to be the primary source of 
odd-chain fatty acids, a recent study found that humans can 
also synthesise them as products of gut fermentation, par-
ticularly using propionate as a source (30). Moreover, these 
fatty acids can also be found in lamb, beef, venison and fatty 
fish (31), but no significant correlations of these foods with 
these two fatty acids have been observed (28).

Adjusting for total intake of foods (as the questionnaire 
was judged not to be sufficient to estimate energy intake) 
increased the correlation between 15:0 in consumed milk 
fat and biomarker 15:0 from r = 0.26 to r = 0.32. The 
agreement between consumed milk fat and biomarker 
milk fat was comparable to other studies using whole-
blood biomarker 15:0 as reference (32, 33). Supported by 
others (26, 27), we observed that biomarker 15:0 was a 
better reference for milk fat intake than 17:0, reflecting 
the nutritional distribution of fatty acids in milk fat (26).

This validation standard is however imperfect because 
nutrition composition databases for calculations of milk 
fat are approximate (26, 34). Additionally, perfect agree-
ment cannot be expected when the periods over which 
intake was assessed were different (35). VISA-FFQ mea-
sures diet for the previous 1–2 months, but the fatty acids 
in whole blood reflect dietary intake from the last hours to 
several days (36). There might even be lower proportion of 
fatty acids in whole blood compared to other blood con-
stituents (32). However, similar correlations for the total 
sample at time 1 (r = 0.32) and 2 (r = 0.30) strengthen the 
validity of the results. Fatty acid concentrations in blood 
are also affected by metabolism, absorption and genet-
ics that differ among individuals (29). These anticipated 

variations in biomarker fatty acids can also elucidate vari-
ation patterns in correlations with fatty acids in consumed 
milk fat among genders and age groups. Our observed 
results on gender difference were similar to a compara-
ble study of Swedish adults (28) and could also be due 
to women being more likely than men to under-report 
according to social desirability and approval (37).

Reproducibility
Reproducibility was measured by assessing how consis-
tently reported food intake and lifestyle factors could be 
repeated in the same participants within 4 weeks (5, 38). 
Correlations indicate ability to rank individuals accord-
ing to the items evaluated and whether this ranking was 
maintained relative to other participants in the test–retest 
period (7). Previous studies have shown that short FFQs 
show good ability to rank individuals according to food 
intake (7, 38). Our results add to this, with significant cor-
relations defined as satisfactory or good (r ≥ 0.50) for 76% 
(n = 47) of the VISA-FFQ’s items (24), whereas the cor-
relation coefficients were less satisfactory (r = 0.40–0.47) 
for intake of LF and MF cheese and meat (dinner or hot 
lunch), in accordance with other studies (39). When LF 
and MF items aggregated into one item, the correlations 
increased to r = 0.50. We acknowledge that the fat content 
in LF and MF meat and cheese is too alike to justify the 
need for three categories of cheese and meat according 
to fat intake, as suggested elsewhere (40). Nonetheless, 
81% (n = 50) of the items had non-significantly difference 
in intakes between test and retest administration of the 
VISA-FFQ. The majority of the remaining items had 
small differences, not considered to be of clinical rele-
vance as supported by others (8). Accordingly, only intake 
of unsweetened cereals, fatty fish, cakes, oils, white rice, 
white bread and crispbread showed divergent measures 
of reproducibility. This could be due to either systematic 
errors in the VISA-FFQ, true changes in food intake, 
few responders or extreme outliers (13). Our results are 
consistent with a Norwegian study evaluating reproduc-
ibility of large and comprehensive FFQs (41), the NOR-
DIET-FFQ that were validated against 7-days weighed 
record (8) and a screener assessing ability to rank intake 
of HF foods among individuals with elevated cholesterol 
level (42). Since the test–retest sample consisted of only 26 
men, we did not have power to stratify the results by gen-
der. However, we performed a sensitivity analysis on gen-
der and the results appeared similar for men and women.

Strengths and limitations
The 62-item VISA-FFQ was self-administered, and it 
appeared to be convenient in many ways; it had 98% 
completion rate in a clinical setting and 70% at home, and 
it was quick to self-administer and less time-consuming 
to analyse compared to other questionnaires  (6). 
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However, the skewed distribution of  gender may affect 
the representativeness of  the results.

The evaluation was strengthen by the use of objec-
tive biomarkers for milk fat intake, twice, which reduces 
limitations associated with self-report of dietary intake 
(36). Although the relative validity correlation coefficient 
was only 0.32, we considered that to show that the diet 
items and the objective marker were measuring the same 
construct. We note that biomarkers have their own lim-
itations, and full energy computation of VISA-FFQ was 
not possible. Since variation in dietary intake can be due 
to both errors in measurements and true changes in food 
intake (43) that cannot be separated (5), we attempted to 
improve the evaluation of reproducibility by using data 
solitary from participants who did not receive any inter-
vention. However, it is well known that the awareness of 
being studied in itself  can affect behaviour and conscious-
ness of own habits (44). For instance, in line with current 
national recommendations for CVD prevention (4), intake 
of HF meat showed a tendency to decrease after 4 weeks, 
while MF meat increased. In a group of individuals with 
elevated risk of CVD, there is therefore a high possibility 
that these changes truly occurred, supporting the evalua-
tion of the VISA-FFQ. Short FFQs can be used to assess 
changes in diet and lifestyle frequently (6). Such monitor-
ing is likely to be beneficial for people at risk of disease, 
such as the VISA study sample (11). As the relationships 
between today’s food intake and risk of CVD and T2D 
still have uncertainties (45), we aim to use VISA-FFQ as a 
tool to further assess the relationship between food intake 
and risk of disease. To broaden the use of the VISA-FFQ, 
the next step would be to evaluate if  the VISA-FFQ is 
suitable for dietary counselling. However, the counsellor 
should keep in mind that the assessment will be less com-
prehensive than with longer and more complete FFQs. 

Conclusion
Milk fatty acid 15:0 estimated from the VISA-FFQ 
showed positive correlations with biomarker 15:0 % of 
FAME (r  = 0.32 and r  = 0.30, P <0.05). In this sense, 
the VISA-FFQ has acceptable validity in its estimation 
of milk fat intake. Reproducibility of the VISA-FFQ was 
considered satisfactory, though varied, for intake of foods 
and lifestyle factors among a group of individuals with 
moderately high risk of CVD. We therefore suggest that 
the VISA-FFQ can be a convenient tool for assessment 
of (but not limited to) diet and lifestyle factors associated 
with CVD risk, in various settings.
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Abstract 

Introduction: Owing to the contamination of chemical pollutants, especially nitrosamines and their precur-
sors, in Chinese sausage, long-term intake of Chinese sausage may have potential health effects.
Objection: This study investigated the effects of long-term intake of Chinese sausage with different contamina-
tions of N-nitrosodimethylamine (NDMA) on rat liver and the potential biomarkers in the serum.
Methods: Serum metabolomic analysis was performed by gas chromatography–mass spectrometry at weeks 7, 
17, 25, and 33; simultaneously, liver histopathological examination was conducted and its relationship with the 
serum metabolomics was also investigated.
Results: In the study, long-term intake of Chinese sausage with different NDMA contents induced signifi-
cant changes in serum metabolites and liver histopathology in rats. Metabonomic analysis showed that seven 
metabolites – β-alanine, 3-aminoisobutyric acid, aminooxyacetic acid, D-alanyl-D-alanine, pelargonic acid, 
palmitic acid (PA), and linoleic acid (LA) – in three sausage diet groups were significantly decreased at four 
time points, where three other metabolites were notably increased, which included putrescine, ethanolamine 
phosphate, and taurine. Among the various treatments, the NDMA (sausage-free) group demonstrated the 
most remarkable changes. Phenylalanine was decreased followed by an increase, and tyrosine persistently de-
clined, both of which were elevated in the NDMA group. In addition, the histopathological result was consis-
tent with that of the serum metabolomic analysis, and the changes in serum metabolites in each sausage diet 
group and the NDMA group were consistently associated with disorders of lipids, amino acid, and energy 
metabolism.
Conclusion: This work indicates that excessive NDMA content in sausage may cause liver damage.

Keywords: Chinese sausage; metabolomics; NDMA; liver damage; GC-MS 

Chinese sausage is a famous traditional processed 
meat in China; the issue of its safety has been 
attracting more and more attention because of 

the contamination of chemical pollutants, especially ni-
trosamines and their precursors (nitrate, nitrite, etc.). In 
2015, the International Agency for Research on Cancer 
(IARC) reported that processed meats had been classified 
as carcinogenic to humans (Group 1 carcinogen). The 
statement by the IARC confirmed that every intake of 
50  g of processed meat per day might increase the risk 

of colorectal cancer by 18% (1). Many epidemiological 
studies indicate that consumption of smoked or pro-
cessed meats and other nitrite-related foods is associated 
with increased risk of gastrointestinal, nasopharyngeal, 
and pancreatic tumors (2, 3). These consequences might 
be relevant to the presence of carcinogenic substances, 
such as volatile N-nitrosamines (VNAs) (4–6), polycyclic 
aromatic hydrocarbons (7), and heterocyclic amines pro-
duced during meat processing (pickling, smoking, or high 
temperature heating), in the diet (8).
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Chinese sausage is different from Western dry fer-
mented sausages in the manufacturing technology, 
seasoning, microbial ecology, and flavor, and the con-
tamination of nitrosamines and their precursors in the 
former is supposed to be significant (9). Our previous 
studies found that the contamination of VNAs (including 
N-nitrosodimethylamine [NDMA], N-nitrosodiethy-
lamine [NDEA], etc.) and its precursors in Chinese-style 
sausage was serious (9). NDMA formed in sausage might 
be mainly a result of reactions between dimethylamine 
and nitrite in certain conditions (10). Nitrite (nitrosating 
agents) is one of the vital precursors for the formation of 
NDMA. Its level in processed meat is influential on the 
concentration of NDMA. In addition, many other factors 
may also be influential on the formation of nitrosamines 
in sausages, such as the quality of raw meat used (e.g. 
microbial activity), use of additional additives (e.g. anti-
oxidants and bioactivators), use of spices (e.g. anise and 
paprika), temperature during smoking processes, storage 
conditions (e.g. time and mode), and so on (11, 12). How-
ever, there is no way to completely prevent the formation 
of NDMA in sausages, and therefore NDMA in sausages 
has to be taken seriously in food safety.

In 1978, IRAC classified NDMA as a Group 2A car-
cinogen (probably carcinogenic to human) (13). The main 
target organ of toxicity of NDMA is the liver (14–16). 
NDMA has been administered to rodents in order to gen-
erate animal models of chronic hepatic damage and hepa-
tocellular carcinoma (HCC) (14). It was also found that 
the histological and genetic signatures of NDMA-induced 
hepatocarcinogenesis are similar to those of human HCC. 
NDMA is converted into more toxic metabolites by cy-
tochrome P450 enzymes in the liver (17), which simulta-
neously trigger the production of reactive oxygen species 
(ROS) as by-products (18, 19). Exposure of organisms to 
the toxic metabolites and elevated levels of ROS may result 
in liver damage. Hence, a subtle metabolic change in liver 
damage monitoring would be of great clinical importance.

The effects of foods on the body are very complex 
and subtle. It is difficult to accurately detect the bioac-
tive compounds of foods and characterize their effects 
on the organism by conventional laboratory methods. 
Emerging platforms in systems biology provide a new 
methodology to identify subtle metabolic changes. Me-
tabolomics is a particularly attractive technology that 
focuses on high-throughput identification and quantifica-
tion of small-molecule (<1,500 Da) metabolites in a cell, 
organ, or organism (20). This approach has been used to 
identify serum principal metabolites and investigate the 
mechanism of exogenous material on organisms (21–24). 
In animal hepatotoxicity studies, toxic chemicals such as 
carbon tetrachloride (25), organophosphorus pesticide 
(26), and NDEA (27) significantly disrupted the level of 
several metabolites in blood, including arachidonic acid, 

lysophosphatidyl ethanolamines, and phosphatidylcho-
line. A metabolomic study of hepatotoxicity induced by 
chlorpyrifos and cadmium found that chlorpyrifos and 
cadmium could disrupt the energy, amino acid, and fatty 
acid metabolism in rat liver (28). A range of metabolites 
that represent liver dysfunctions have been examined in 
previous studies, suggesting the usefulness of metabolo-
mics in exploring potential biomarkers of liver diseases 
caused by toxic chemicals.

Considering the contamination of nitrosamines and 
the precursors in Chinese sausages and their hepatotoxic-
ity (such as that of NDMA), we speculate that long-term 
intake of Chinese sausages could cause hepatic damage, 
which might eventually progress to chronic liver disease, in-
cluding hepatitis, cirrhosis, and so on. In the present study, 
the effects were investigated of long-term intake of dif-
ferent amounts of Chinese sausage and different NDMA 
contents in the sausage on rat liver, in particular at various 
time points as suggested by a model of NDMA-induced rat 
HCC. Moreover, a metabolic approach was applied to in-
vestigate the metabolic changes of metabolites in the serum 
of rats administered a sausage diet or NDMA by itself.

Materials and methods

Chemicals and reagents
All chemicals and solvents were of analytical or chromato-
graphic grade. NDMA (99.0% purity) was obtained from 
Tokyo Century Chemical Co., Ltd. (Tokyo, Japan). Metha-
nol, acetonitrile, pyridine, n-hexane, methoxylamine hydro-
chloride (97%), N,O-Bis(trimethylsilyl) trifluoroacetamide 
(BSTFA) with 1% Trimethylchlorosilane (TMCS) were 
purchased from CNW Technologies GmbH (Düsseldorf, 
Germany). L-2-chlorophenylalanine was from Shanghai 
Hengchuang Bio-technology Co., Ltd. (Shanghai, China).

Animals and treatment
A total of 180 male Sprague Dawley rats weighing 180–
220 g were obtained from the Laboratory Animal Center 
of Southern Medical University (Guangdong, China). 
All animal handlings were approved by the Animal Eth-
ics Committee of Southern Medical University and were 
carried out in accordance with current Chinese legislation. 
All rats were allowed to acclimatize in communal iron 
cages for 2 weeks prior to treatment. They were kept at a 
controlled humidity (50–60%) and temperature (22 ± 2°C) 
with a 12 h light/dark cycle. After acclimatization, the rats 
were randomly assigned to five groups (n = 36/group): a 
control group (CON) fed with AIN-93G diet, positive con-
trol (NDMA) group fed with AIN-93G diet and 30 μg/kg 
NDMA in drinking water, and three sausage diet groups 
fed with sausage diets I, II, and III, respectively, for a treat-
ment period as long as 33 weeks. Sausage diet I was a diet 
of 1 part Chinese sausage to 5.5 parts certified rat chow, 
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and the concentration of NDMA in the sausage was 1.13 
μg/kg, which was lower than the tolerance limit, specifically, 
3 μg/kg, as established by the Ministry of Health of China. 
Sausage diet II was a diet of 1 part Chinese sausage to 5.5 
parts certified rat chow, with a concentration of NDMA 
in the sausage of 7.37 μg/kg, which exceeded the tolerance 
limit. Sausage diet III was a diet of 1 part Chinese sausage 
to 2.7 parts certified rat chow, and the concentration of 
NDMA in the sausage was 7.37 μg/kg. For the NDMA 
group, NDMA was supplied to rats through drinking water 
containing 30 μg/kg NDMA for 12 weeks, at which point it 
was changed to sterile tap water. Other groups were given 
sterile tap water during the experiment. Sausage diets were 
modulated on a control diet of AIN-93G, including corn-
starch, casein, maltodextrin, sucrose, soybean oil, fiber, 
mineral mix, vitamin mix, L-cysteine, choline bitartrate and 
tert-butylhydroquinone (Table 1). No significant energy or 
nutrient changes were found in any of the experimental 
group diets (p > 0.05). Moreover, all diets were commis-
sioned by the Guangdong Medical Experimental Animal 
Center and were vacuum packed, cobalt 60 irradiated and 
sterilized, and stored at 4°C in the dark.

According to our previous experiments involving a rat 
HCC model induced by drinking NDMA water, the serial 
progression of hepatocarcinogenesis in this animal model 
was divided into four stages: the inflammation stage 
(weeks 4–8), the fibrosis stage (weeks 9–17), the cirrhosis 
stage (weeks 18–25), and the HCC stage (weeks 26–33). 
The time points at week 7, week 17, week 25, and week 33 
were the characteristic histological changes of the inflam-
mation, fibrosis, cirrhosis, and HCC stages, respectively. 
Thus, eight rats from each group (n = 8) were randomly 
selected in the 7th, 17th, 25th, 33rd week after treatment 
and anesthetized with chloral hydrate via intraperitoneal 
injection. Blood samples were obtained from the aorta ab-
dominalis before the rats were sacrificed. Serum was ob-
tained through centrifugation at 3,000 rpm for 15 min; it 
was then transferred into Eppendorf tubes and stored at 
−80°C for gas chromatography–mass spectrometry (GC-
MS) analysis. Specimens of liver were fixed in 10% neutral 
formaldehyde for histopathology analysis.

Histopathology examination
The collected liver samples fixed in 10% neutral formal-
dehyde were paraffin-embedded, sectioned, and stained 
with hematoxylin–eosin. A microimaging system (Olym-
pus; Tokyo, Japan) was used to observe the pathological 
changes. Microscopic examination of all liver tissues was 
done at the Pathology Laboratory of Southern Medical 
University. Histopathological scoring was performed in 
regard to the degree of hepatic inflammation and fibrosis, 
which was semi-quantified following the Ishak inflamma-
tion and fibrosis score system (29) (Tables S1 and S2 in the 
supplementary materials).

Sample preparation for GC-MS analysis
Serum samples stored at −80°C were thawed at room 
temperature and then divided into aliquots of 50 μL. The 
sample was mixed with 10 μL of 2-chloro-l-phenylalanine 
dissolved in methanol as an internal standard and vor-
texed for 10 s. Subsequently, 150 μL of ice-cold mixture 
of methanol–acetonitrile (2/1, v/v) was added, and the 
mixture was vortexed for 1 min, ultrasonicated at ambient 
temperature (25–28°C) for 5 min, and stored at −20°C for 
10 min. The extract was centrifuged at 12,000 rpm, 4°C 
for 10 min, and the supernatant (150 μL) was collected in 
a glass vial and dried in a freeze concentration centrifu-
gal dryer. Eighty microliters of 15 mg/ml methoxylamine 
hydrochloride in pyridine was subsequently added. The 
resultant mixture was vortexed vigorously for 2 min and 
incubated at 37°C for 90 min. Finally, 80 μL of BSTFA 
(with 1% TMCS) and 20 μL n-hexane were added into the 
mixture, and the samples were vortexed vigorously for 2 
min and then derivatized at 70°C for 60 min and placed at 
ambient temperature for 30 min before GC-MS analysis. 
To ensure the stability and repeatability of the GC-MS 

Table 1.  Ingredients of rat diets per 100 g

Ingredients (g) CON  
diet

Sausage 
diet I

Sausage 
diet II

Sausage  
diet III

Sausage* – 18.0 18.0 36.0

Corn starch 39.7 39.7 39.7 39.7

Casein 20.0 15.6 16.2 12.4

Soybean oil 7.0 2.7 1.9 –

Sucrose 10.0 6.3 5.8 –

Maltodextrin 13.2 12.7 13.2 7.8

Mixed minerals 3.5 3.5 3.5 3.5

Mixed vitamins 1.0 1.0 1.0 1.0

L-cystine 0.3 0.3 0.3 0.3

Choline chloride 0.25 0.25 0.25 0.25

Fiber 5.0 5.0 5.0 5.0

Fat 7.0 7.3 7.3 10.8

Protein 18.2 19.1 19.0 18.2

Carbohydrates 60.3 63.3 62.1 57.8

Energy (kcal)** 377 389.3 390.1 401.2

Fat–energy 
ratio (%)

16.7 16.9 16.8 24.2

Protein–energy 
ratio (%)

19.3 19.6 19.5 18.1

Carbohydrate–
energy ratio (%)

64.0 63.5 63.8 57.7

*Sausage diet I: the concentrations of NDMA in added sausage was 
1.13 μg/kg, which did not exceed the tolerance limit of 3 μg/kg estab-
lished by the Ministry of Health of China. Sausage diet II and sausage diet 
III: the concentrations of NDMA in added sausage was 7.37 μg/kg, which 
exceeded the tolerance limit of 3 μg/kg established by the Ministry of 
Health of China. **1 kcal = 4.184 kJ. NDMA, N-nitrosodimethylamine; 
CON, control.
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systems, pooled quality control (QC) samples were used. 
The QC samples were prepared from a mixture of all sam-
ple extracts, treated and tested in the same way as the sam-
ple analyzed. One QC sample was inserted and analyzed 
for every 10 samples.

GC-MS nontargeted metabolism analysis
GC-MS analysis was carried out on a gas chromatograph 
system (Agilent J&W Scientific, Folsom, CA, California, 
USA, model 7890B) coupled with a mass selective detector 
(Agilent, model 5977A). A DB-5MS fused-silica capillary 
column (30 m × 0.25 mm × 0.25 μm; Agilent) was utilized 
to separate the derivatives. The analysis was performed 
under the following conditions: helium (>99.999%) was 
used as the carrier gas at a constant flow rate of 1 ml/min 
through the column. The injector temperature was main-
tained at 260°C. Injection volume was 1 μL by splitless 
mode, and the solvent delay time was set to 5 min. The ini-
tial oven temperature was 50°C; it was ramped to 125°C at 
a rate of 15°C/min, to 210°C at a rate of 5°C/min, to 270°C 
at a rate of 10°C/min, and to 305°C at a rate of 20°C/min 
and finally held at 305°C for 5 min. The temperature of 
the MS quadrupole and electron impact ion source was 
set to 150°C and 230°C, respectively. Ions were generated 
by 70 eV electron energy at a full scan mode (m/z 50–60).

Data analysis
Statistical analysis was performed by one-way analysis of 
variance using SPSS version 20.0 (Beijing Stats Data Min-
ing Co., Ltd., China); p < 0.05 was considered statistically 
significant.

The GC-MS raw data were analyzed by Chroma Time-
of-Flight (TOF) software (v. 4.34, LECO, St Joseph, MI, 
USA) and LECO-Fiehn Rtx5 database for data pretreat-
ment procedures, such as data baseline filtering and cal-
ibration, peak alignment, deconvolution analysis, peak 
identification, and peak area integration. Then metabo-
lites from the GC-MS spectra were identified with a sim-
ilarity more than 400. The resulting data were imported 
into SIMCA-P 13.0 (Umetrics, Umea, Sweden) where a 
nonsupervised principal component analysis (PCA) was 
used to visualize general clustering change trends or out-
liers among the observations. To further distinguish the 
overall differences in metabolic profiles among the groups, 
orthogonal partial least squares–discriminant analysis 
(OPLS-DA) models were utilized. The parameters of 
OPLS-DA (R2Y, Q2Y) were used for the evaluation of the 
models. The goodness of fit and predictive ability of the 
models was quantified as the values of R2Y and Q2Y (30). 
Sevenfold cross validation and a response permutation 
test were applied to guard against OPLS-DA model over-
fitting (Supplementary materials, Fig. S2).

Potential biomarkers were selected based on the vari-
able importance in the projection (VIP). Those metabo-
lites with a VIP value greater than 1 in the first principal 
component of the OPLS-DA model were analyzed, among 
which each comparison with the control yielding a p-
value by the Student’s t-test lower than 0.05 defined a 
differential metabolite. Then the demonstration of these 
metabolites, as observed in this study, were matched with 
their structure messages, which were obtained from the 
Human Metabolome Databases (HMDB). Finally, the 

CON 

Sausage diet I 

Sausage diet II 

Sausage diet III 

NDMA 

Fig. 1.  Body weights of rats were measured during the experiment. It’s expressed as mean ± S.D. Open square: fed with AIN-
93G diet (CON group); regular triangle: fed a granular diet of 1 part Chinese sausage (NDMA content in sausage not exceeding 
the tolerated limit) to 5.5 parts certified rat chow (sausage diet I); inverted triangle: fed a granular diet of 1 part Chinese sausage 
(excessive NDMA content in sausage) to 5.5 certified rat chow (sausage diet II); rhombus: fed a granular diet of 1 part Chinese 
sausage (excessive NDMA content in sausage) to 2.7 parts certified rat chow (sausage diet III); filled square: fed with AIN-93G 
diet and 30 μg/kg NDMA in drinking water (NDMA group). NDMA, N-nitrosodimethylamine; CON, control.
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key metabolites were investigated for their metabolism 
pathways using the databases of Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (http://www.kegg.jp/) and 
HMDB (http://www.hmdb.ca).

Results and discussion

Body weights
The body weights (BWs) of all rats after long-term intake 
of Chinese sausage were recorded (Fig. 1). The BWs of 
rats in three sausage diet groups at different time points did 
not show any significant changes compared with the CON 
group, as did feeding and water consumption (data not 
listed). However, changes occurred in BW between NDMA 
group and the other four groups after 16 weeks (p < 0.05): a 
dramatic decrease was observed in the NDMA group from 
the 31st week to the end. This showed that drinking water 
containing 30 μg/kg NDMA impaired the health of rats.

Liver histopathology
Through pathological examination, with semi-quantitative 
scoring, of the liver tissues from rats in each group, it 
was evidenced that long-term intake of different amounts 
of Chinese sausage or intake of sausage with different 
NDMA contents resulted in varying degrees of liver dam-
age in rats. In the CON group, the hepatic lobules of the 
rats were complete and clear, the hepatic cords were neat, 
and hepatocytes were normal during the whole experiment 
(Fig. 2A). The pathological changes in the liver, includ-
ing inflammation and fibrosis, both scored as described 
in Section 2.3, in the three sausage diet groups were spe-
cific for the particular feeding time points, the amount of 
sausage in the feed, and the concentration of NDMA in 
the sausage, as shown in Fig. 2B through D and Table 2. 
The liver inflammation score increased along with the 
elevation of NDMA content in the sausage diet, that is, 
from sausage diet groups I to III. The score of fibrosis in 
sausage diet group III was higher than that in the CON 
group at week 33 (p < 0.05), while it was near 0 in sausage 
diet groups I and II, without statistical significance when 

Table 2.  Scores of liver inflammation and fibrosis in each group according to the Ishak score system

Groups Liver inflammation score Fibrosis score

7 weeks 17 weeks 25 weeks 33 weeks p 7 weeks 17 weeks 25 weeks 33 weeks p

CON 0 ± 0 0 ± 0 0.5 ± 0.7 1.3 ± 0.9 0.000 0 ± 0 0 ± 0 0 ± 0 0 ± 0 –

Sausage diet I 0.3 ± 0.7 0.3 ± 0.7 0.7 ± 0.9 2.4 ± 0.9* 0.000 0 ± 0 0 ± 0 0 ± 0 0 ± 0 –

Sausage diet II 3.9 ± 0.8*a 7.4 ± 0.8*a 9.4 ± 0.8*a 12.6 ± 0.8*a 0.000 0 ± 0 0 ± 0 0 ± 0 0.3 ± 0.9 –

Sausage diet III 8.0 ± 0.9*b 10.9±1.0*b 12.5 ± 1.0*b 15.9 ± 0.9*b 0.000 0 ± 0 0.2 ± 0.7 0.7 ± 0.9 2.1 ± 0.6* 0.000

NDMA 11.1 ± 1.0* 14.3±0.9* 15.4 ± 0.9* 16.9 ± 1.0* 0.164 0 ± 0 2.8 ± 0.6* 3.9 ± 0.7* 4.7 ± 0.8* 0.001

Values are means ± S.D. Statistical significance was observed when compared with *the CON group, asausage diet group I, and bsausage diet group II. 
NDMA, N-nitrosodimethylamine; CON, control.

B b

C c 

D d

e E 

A a 

Fig. 2.  Representative photomicrographs of H&E-stained for-
malin fixed liver sections from each group rats. During the 33 
weeks of feeding, normal liver histology was shown in the control 
group (A, ×100; a, ×400). A slight hepatic sinusoid was found 
in sausage diet group I after 25 weeks of feeding (B, ×100; b, 
400). In the meantime, a moderate hepatic sinusoidal dilatation, 
infiltration of a large amount of inflammatory cells (arrow) in 
hepatic lobules were observed in sausage diet group II (C, ×100; 
c, ×400). Moreover, fatty degeneration (arrow), fibroblastic pro-
liferation in the portal area, and hepatic lobules were present 
in sausage diet group III (D, ×100; d, ×400). For the NDMA 
group, the hepatocyte necrosis (solid triangle), as indicated by 
the swollen and pale-staining hepatocytes with dilated endo-
plasmic reticulum, occurred after 25 weeks (E, ×100; e, ×400). 
NDMA, N-nitrosodimethylamine; H&E, hematoxylin–eosin.
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compared with the CON group. In the NDMA (sausage-
free) group, the pathological changes in the liver were 
more severe than those in the sausage groups containing 
NDMA, at lower levels, with the highest scores of liver in-
flammation and fibrosis as shown in Fig. 2E and Table 2. 
Clearly, the results of this study suggest that long-term 
intake of Chinese sausage with excessive NDMA content 
may cause liver damage.

GC-MS analysis 

GC-MS fingerprinting and multivariate analysis 
All samples were analyzed by GC-MS in full scan mode to 
obtain serum metabolic profiles containing as many com-
pounds as possible. The typical GC-MS total ion chroma-
tograms (TICs) of rat serum were shown in Fig. S2 in the 
supplementary materials. In this study, the great stability 
and reproducibility of the retention time and the intensity 
of the chromatographic peaks in the QC and all groups 
indicated that the whole analysis method, including pre-
treatment and the GC-MS system, was stable and reliable.

After the peak detection and alignment of all TICs, 
a total of 253 metabolites were enrolled in the final data 

set for the statistical analysis. To model and evaluate the 
systemic changes in the metabolites in rat serum, the ob-
tained data were analyzed by PCA and OPLS-DA for 
each time point. The resultant plots are shown in Fig. S3 
in the supplementary materials and Fig. 3a through d. For 
OPLS-DA plots, the plots for the three sausage diet groups 
and the NDMA group clearly deviated from that of the 
CON group in the 7th week (Fig. 3a). And the plots for 
the three sausage diet groups separated from the NDMA 
group in the 25th week (Fig. 3c) and completely deviated 
in the 33rd week of treatment (Fig. 3d). These plots sug-
gested that treatment with long-term intake of Chinese 
sausage or NDMA induced prominent changes in serum 
metabolites. The plots for the three sausage diet groups did 
not completely deviate at week 17 (Fig. 3b), while a clear 
separation was found at week 25 (Fig. 3c), which suggested 
that treatment with different amount of sausage in the 
feed and different concentrations of NDMA in the sau-
sage could induce different changes in serum metabolites. 
The performance parameters for the classification calcu-
lated from the software were R2Y = 0.956, Q2 = 0.732 for 7 
weeks of treatment (Fig. 3a); R2Y = 0.958, Q2 = 0.786 for 
17 weeks of treatment (Fig. 3b); R2Y = 0.928, Q2 = 0.706 

(a) (b) 

(c) (d)

Fig. 3.  OPLS-DA score plots (a through d) based on the GC-MS data of rat serum treated with sausage and NDMA at different 
treatment times: (a) rats treated for 7 weeks; (b) rats treated for 17 weeks; (c) rats treated for 25 weeks; (d) rats treated for 33 
weeks; n = 8 per group. Green filled circles: given the AIN-93G diet (CON group); blue filled squares: fed a granular diet of 1 
part Chinese sausage (NDMA content in sausage not exceeding the tolerated limit) to 5.5 parts certified rat chow (sausage diet 
I); orange filled inverted triangles: fed a granular diet of 1 part Chinese sausage (excessive NDMA content in sausage) to 5.5 
parts certified rat chow (sausage diet II ); yellow filled triangles: fed a granular diet of 1 part Chinese sausage (excessive NDMA 
content in sausage) to 2.7 parts certified rat chow (sausage diet III); red filled pentacles: fed with the AIN-93 diet and 30 μg/kg 
NDMA in the drinking water group (NDMA group). NDMA, N-nitrosodimethylamine; OPLS-DA, orthogonal partial least 
squares–discriminant analysis; GC-MS, gas chromatography–mass spectrometry.
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for 25 weeks of treatment (Fig. 3c); R2Y = 0.971, Q2 = 0.73 
for the 33 weeks (Fig. 3d), which indicated that these mod-
els had good fitness and predictions. As results of the per-
mutation test, the R2Y-intercept was 0.735, 0.713, 0.621, 
0.789; and the Q2-intercept was −0.436, −0.452, −0.44, 
−0.468 (Supplementary materials, Fig. S1). Apparently, 
no overfitting of the data was present in our study.

Differential metabolites 
Serum metabolites in rats changed significantly dur-
ing the early feeding stage (week 7) in the three sausage 
groups, including sausage diet I, which contained low 
amounts of sausage with low content of NDMA in the 
feed. However, no pathological changes in rat liver were 
observed in the early stage (week 7) in the three sausage 
groups, except the NDMA group. Thus, the changes of 
serum metabolites might be more sensitive than the liver 
histopathological examination in detecting physiolog-
ical response to toxicants. The metabolic profiles of the 
treated groups and the CON group deviated clearly via 
OPLS-DA (Fig. 3), changes that followed exposure to dif-
ferent amount of sausage and different concentrations of 
NDMA at different time points. Thirteen metabolites that 
notably contributed to this discrimination were identified 
(Table 3). β-Alanine, 3-aminoisobutyric acid, aminooxy-
acetic acid, D-alanyl-D-alanine, pelargonic acid, PA, and 

LA were decreased in the three sausage diet groups and 
the NDMA group, while putrescine, ethanolamine phos-
phate, and taurine were increased. Phenylalanine was 
firstly decreased at week 7 following by an increase in the 
33rd week in the three sausage diet groups. Phenylalanine, 
tyrosine, and α-ketoglutarate were elevated over all time 
periods in the NDMA group. With metabolomics analysis 
of serum, some of these metabolites were found to play an 
important role in the metabolic pathways of lipids, amino 
acids, and energy. The pathogenesis of liver diseases may 
be attributable to metabolic changes, reflected by abnor-
mal body lipids, amino acids, and energy metabolism in 
the serum (31).

Four differential metabolites, including PA, LA, tau-
rine, and ethanolamine phosphate, were identified for 
the treated groups. These four substances in serum are 
closely related to the body lipid metabolism, suggesting 
that exposure to Chinese sausage or NDMA could af-
fect the lipid metabolism of rats. PA and LA declined in 
the 7th week in sausage diet group III and the NDMA 
group, while they decreased in the 17th week both in 
sausage diet group I and sausage diet group II. Both of 
them are free fatty acids (FFA). It has been reported that 
changes of FFA have damaging effects, such as affecting 
cell proliferation, significantly increasing hepatotoxicity 
characterized by liver degeneration, inflammatory cell 

Table 3.  Change in the serum metabolites from rats treated with sausage and NDMA compared with control group for different time points 
and doses

Number Metabolites Molecular 
formula

Massa RTb Groups Fold changec

7th week 17th week 25th week 33rd week

1 β-Alanine C3H7NO2 102 5.17 Sausage diet I 0.50** 0.36** 0.50** 0.52**

Sausage diet II 0.77* 0.67** 0.61* –

Sausage diet III 0.59* 0.53** 0.50** 0.65**

NDMA 0.49** 0.45** 0.56** –

2 3-aminoisobutyric acid C4H9NO2 102 5.68 Sausage diet I 0.73** 0.67** 0.59** –

Sausage diet II 0.66** 0.63** 0.50* 0.75**

Sausage diet III 0.43** 0.49** 0.39** 0.57**

NDMA 0.23** 0.25** – 0.24 

3 Aminooxyacetic acid _ 160 6.12 Sausage diet I – 0.67** – –

Sausage diet II – – 0.71* –

Sausage diet III – – 0.64* 0.76*

NDMA 0.75* 0.73* 0.65* 0.48**

4 D-alanyl-D-alanine C6H12N2O3 96 7.51 Sausage diet I – 0.77* – 0.54*

Sausage diet II – – – –

Sausage diet III – – 0.72* 0.83*

NDMA – 0.81* 0.62* 0.63*

5 Pelargonic acid C9H18O2 118 9.38 Sausage diet I – 0.68* – –

Sausage diet II 0.68* – – 0.79*

Sausage diet III – 0.72* – 0.68*

NDMA 0.69* 0.49* 0.71* 0.66*
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infiltration, and promoting the formation of liver fibro-
sis (32–34). The decrease of PA and LA may cause lipid 
metabolism turbulence in the liver and result in lipogen-
esis in rat hepatocytes. LA is also an essential fatty acid 
with important physiological functions such as regulating 
blood lipids and participating in the synthesis of phos-
pholipids. Its reduction may lead to skin damage, liver 
and kidney diseases, and so on. It has been found that the 
reduction of LA results in steatosis and lipid metabolism 
disorders in rat hepatocytes and leads to liver damage (33, 
35). In addition, if  LA is insufficient, cholesterol will com-
bine with certain saturated fatty acids, causing metabolic 

disturbances, depositing in the blood vessel wall, gradu-
ally leading to atherosclerosis, and triggering cardiovas-
cular and cerebrovascular diseases.

Taurine plays a vital role in the metabolism of bile acid. 
It can combine anthropodesoxycholic acid under the ac-
tion of amino acid N-acyltransferase to form taurochen-
odeoxycholic acid, which is excreted as a component of 
the bile into the alimentary canal. It functions to promote 
the digestion and absorption of lipids and fat-soluble 
vitamins (36). Liver damage, especially chronic liver dis-
eases, can be reflected by an increase of blood bile acids 
(37). In this study, a significant increase of taurine in rat 

Number Metabolites Molecular 
formula

Massa RTb Groups Fold changec

7th week 17th week 25th week 33rd week

6 Putrescine C4H12N2 86 11.54 Sausage diet I 3.95** 2.81** 4.44** 3.73**

Sausage diet II 2.19** 1.68** 0.00** 1.29*

Sausage diet III 2.79** 2.26** 1.48** 1.60*

NDMA 3.76** 2.93** 1.92** 2.04**

7 α-Ketoglutarate C5H6O5 203 13.51 Sausage diet I – – – 1.42*

Sausage diet II – 0.70** – –

Sausage diet III – – 1.30* 0.58**

NDMA – 1.03* 1.83* 2.37**

8 Phenylalanine C9H11NO2 192 14.54 Sausage diet I – – 0.84* –

Sausage diet II – 0.86** 0.81* 1.13*

Sausage diet III – – 0.85* 1.12*

NDMA – 1.23** 1.35** 1.75**

9 Ethanolamine phosphate C2H8NO4P 299 15.22 Sausage diet I 2.47* 3.17* 3.08* 3.66*

Sausage diet II 1.97* 1.37* – 2.15**

Sausage diet III – 2.28** 2.11** 2.53*

NDMA 3.63** 2.95** 2.86** 3.97**

10 Taurine C2H7NO3S 188 15.34 Sausage diet I 2.07** 2.66** 1.58* 1.51*

Sausage diet II 1.99** 1.60** 1.55* 1.38*

Sausage diet III 2.86** 1.73* 2.11** 1.55*

NDMA 2.81** 2.35** 2.94** 2.21**

11 Tyrosine C9H11NO3 218 20.86 Sausage diet I – 0.84* 0.75* 0.83*

Sausage diet II 0.83* 0.79* 0.81* 0.76**

Sausage diet III 0.86* 0.79* 0.77* 0.81*

NDMA – – 1.25* 2.14**

12 Palmitic acid C16H32O2 118 22.89 Sausage diet I – 0.64** 0.66* 0.62**

Sausage diet II – 0.76* 0.76* 0.72*

Sausage diet III 0.63** 0.71* 0.60** 0.72*

NDMA 0.58** 0.71* 0.67* 0.73*

13 Linoleic acid C4H4O5 82 25.19 Sausage diet I – 0.52** 0.31** 0.32**

Sausage diet II – 0.59** 0.47** 0.38**

Sausage diet III 0.45** 0.42** 0.31** 0.35**

NDMA 0.69* – – –

aCalculation mass; bRT: retention time (minutes); *significantly increased or decreased when compared with the control group at p < 0.05; **significantly 
increased or decreased when compared with the control group at p < 0.001; crelative concentration of treated rats to the control at the same time. 
NDMA, N-nitrosodimethylamine; CON, control.

Table 3.  Continued
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serum was found following administration of sausage 
diet or NDMA drinking water, which was consistent with 
the study of non-alcoholic fatty liver disease (38). Etha-
nolamine phosphate, a major source of the end-product 
of sphingosine degradation, was elevated significantly 
at week 7 after the administration of sausage diets or 
NDMA drinking water, but the latter changed more dra-
matically. According to the sphingosine biology pathway, 
this result might exacerbate hepatic metabolic disorders 
in the sausage diet groups and NDMA group (39, 40). 
The liver plays an important role in lipid metabolism, in-
cluding both the endogenous and exogenous circulation 
of lipid metabolism and the lipid transport through the 
serum. Loss of liver function as caused by some hepato-
toxicity may disrupt lipid metabolism (41, 42).

In the current study, α-ketoglutarate, phenylalanine, 
tyrosine, and putrescine were significantly changed in the 
sausage diet groups and NDMA group compared with 
the control. Numerous studies have reported the dysregu-
lation of amino acid metabolism in liver disease (43, 44). 
As an essential catalytic reaction enzyme of amino acid, 
asparagine aminotransferase (AST) mainly affects the 
levels of aspartate, α-ketoglutarate, tyrosine, phenyla-
lanine, oxaloacetate, and glutamate. AST preferentially 
promotes metabolism of aspartate, phenylalanine, ty-
rosine, cysteine, and so on, serving as −NH

2 donors in the 
transamination of α-ketoglutarate to glutamate (45). It is 
commonly known that serum AST is a biomarker of liver 
damage (46). As shown in Fig. S4 (in the supplementary 
materials), the levels of serum AST in sausage diet group 
III and the NDMA (sausage-free) group were increased 
significantly (as compared with the CON group); this is 
consistent with the changes in serum α-ketoglutarate, 
phenylalanine, and tyrosine metabolism, as observed in 
our metabolomics study.

α-Ketoglutarate, a crucial metabolic intermediate of 
energy production, can be converted to succinyl-coen-
zyme A (succinyl-CoA) and shunted to the tricarboxylic 
acid (TCA) cycle. Succinyl-CoA is phosphorylated by suc-
cinyl-CoA synthetase accompanied with the hydrolysis of 
the energy-rich thioester bond for cell growth and pro-
liferation (31). In the present work, α-ketoglutarate was 
remarkably increased in the NDMA group, suggesting 
that NDMA-induced liver damage might indirectly lead 
to imbalance of the TCA cycle; this might be caused by 
dysregulation of amino acid metabolism in hepatic dys-
function. Another observation related to AST catalysis in 
the present study was the concentration of phenylalanine 
and tyrosine, which was changed in both the sausage 
groups and the NDMA group during the whole experi-
ment. Phenylalanine and tyrosine are aromatic amino 
acids and their metabolisms are influenced by AST. In the 
sausage groups phenylalanine went down, followed by a 
recovery; tyrosine declined persistently, while both amino 

acids were elevated in the NDMA group. The mechanism 
and significance of these changes in our study needs fur-
ther investigation.

Putrescine was significantly increased in the three sau-
sage diet groups as well as in the NDMA group. Putrescine 
is a polyamine; excessive amounts in vivo are closely re-
lated to cell growth and cancer and are likely to be in-
volved in the regulation of genetic processes from DNA 
synthesis to cell migration, proliferation, differentiation, 
and apoptosis (47). According to reports in the past, an 
elevation of putrescine in this study might be related to 
dysfunction of the liver resulting from NDMA toxicity or 
polyamines preserved in sausage. However, more insight-
ful research is required to explore how NDMA induces 
hepatotoxicity by the level of putrescine in vivo.

Conclusions
In this study, liver damage in rats was observed following 
long-term exposure to Chinese sausage diets, especially 
that containing a high level of NDMA. In both the sau-
sage diet groups and the NDMA group the metabolite 
changes in serum were predominantly disorders of lipids, 
amino acids, and energy metabolism. The histopathologi-
cal changes and metabolic signatures related to high level 
NDMA in sausage were particularly similar to those in 
the NDMA group. Therefore, excessive NDMA levels in 
sausage may contribute to liver damage.
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Abstract

Background: The population of older adults is growing and many are at risk of disease-related malnutrition. 
This is a serious condition which increases the risk for other diseases and distress, human suffering and puts a 
high load on health care costs. Meal concepts tailored to suit the needs of older adults are required to decrease 
the incidence of disease-related malnutrition.
Objective: To evaluate sensory perception regarding a concept of small, protein and energy-enriched multi-
component meals designed according to the nutritional needs of older adults.
Design: A meal concept of small main courses with complementary desserts and protein and energy-enriched 
products was evaluated using triangle tests, hedonic evaluation and focus group discussion. Enriched sauces 
and meals were compared to corresponding commercial products regarding appearance, taste, consistency and 
overall acceptance.
Results: The concept of a small main course with a complementary dessert was generally perceived as positive 
by the target group. The acceptance scores for the enriched meals were generally lower than for the commer-
cial meals, mainly owing to the packaging of the enriched meals which required covering the food in sauce. 
Enriched sauces contained approximately 90% more protein than the commercial sauces. However, protein 
enrichment affected the sensory properties of the sauces and they were perceived as thicker, creamier and less 
flavour-intensive.
Conclusions: A concept based on small, protein and energy-enriched meals supplemented with a dessert was 
considered suitable for increasing the energy and protein intakes of older adults provided that the method of 
enrichment ensures attractive sensorial properties.

Keywords: older adults; energy; protein; meals; malnutrition; meal concept

The population of older adults is growing world-
wide due to improved living conditions, health 
care, nutrition and hygiene (1). However, many 

older adults in the community are frail, a condition 
whereby a person has decreased physiologic reserve and 
resistance to stressors resulting from cumulative declines 
across multiple systems. This results in vulnerability to 
adverse outcomes (2) and risk for disease-related malnu-
trition (DRM) (3–5), a condition associated with muscle 
loss, weakened immune system, morbidity, mortality and 
poor quality of life (6–8). The aetiology behind DRM 
is complex but the major cause is acute and chronic dis-
ease leading to inflammation, which in turn causes loss 
of appetite and muscle wasting. Moreover, mastication 

problems, dry mouth and throat, olfactory dysfunction 
and social changes may contribute to the risk of malnu-
trition in old age (7, 9, 10). Disease-related malnutrition 
places a high economic burden on health care (11, 12) but 
could be counteracted through the development of meal 
concepts, including food products, adapted to the chang-
ing needs of those affected.

Poor appetite is strongly associated with poor nutri-
tional intake (3, 5, 13). In order to increase nutritional 
intake, products customised to the needs of older persons 
have to be designed in a way that encourages consump-
tion of the entire meal (14). Large portions of food may 
be overwhelming and discourage intake (15). Moreover, 
food intake is primarily dependent on the volume of food 
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consumed and not its energy content (16, 17). Therefore, 
a strategy that can be used for older adults who require 
increased energy and nutrient intakes is to offer frequent, 
small servings of food with high energy and nutrient 
density (18). Formulation and processing of such food 
is crucial since sufficient energy and nutrients need to 
be provided in a limited meal volume. Older adults need 
more protein than younger people to maintain physical 
function. Those who have, or are at risk of, DRM need 
even higher levels of protein intake to maintain muscle 
mass (19). In order to achieve high protein concentration 
in food products, whey proteins are commonly added. 
These proteins have properties that stimulate muscle pro-
tein synthesis (20–22) and can be added to food products 
such as sauces, gravies and desserts due to functional 
properties such as foaming, gelling and water-binding ca-
pacity (23). However, protein enrichment of food prod-
ucts is not straightforward since the addition of protein 
affects flavour as well as consistency. Also, olfactory dys-
function is common in older adults which often leads to 
a reduced ability to appreciate food (24, 25). Therefore, 
the sensory attributes of meals designed for older adults 
require careful attention, underlining the importance of 
taste and flavour (18). Variety among meal components 
has been reported to promote intakes of larger quanti-
ties of food, partly because satiety can be specific to one 
type of food (5, 26). Therefore, a concept of small, multi-
component meals with high energy and nutrient density, 
such as a protein-enriched main course supplemented 
by a dessert, may encourage food intake and reduce the 
risk of DRM. The aim of this study was to evaluate the 
concept of small protein and energy-enriched meals de-
signed for older adults using sensory analysis. Enriched 
meals were compared to corresponding commercial meals 
with regard to appearance, taste and consistency as well 
as overall acceptance.

Material and methods

Study setup
In this study, poor appetite was taken into account and 
meal size was reduced by 20–30%. The challenge was to 
reduce the main components of the meals without de-
creasing the total energy and protein content. In order 
to compensate for protein reduction in small-sized meals, 
the sauces and mashed potatoes (when applicable) were 
protein-enriched. The effects on sensorial properties of 
protein enrichment of the sauces were evaluated in this 
study by a discrimination test and hedonic evaluation, 
while the enrichment of the mashed potatoes was evalu-
ated using only hedonic evaluation.

In order to increase the energy content of the meals, a 
dessert was added to the main course. The desserts also 
added variety to the meals which has been suggested to 

promote food intake. Enriched meals, and their compo-
nents, were evaluated in a hedonic test concerning appear-
ance, taste, consistency and overall acceptance, and the 
concept of a small, enriched meal with an attached dessert 
was discussed in a focus group.

Samples
Six types of ready-to-eat (RTE) meals were manufac-
tured in a pilot plant at Findus Sverige AB, Bjuv, Sweden. 
Three of the meals were commercial meals available on 
the consumer market, and the other three were corre-
sponding meals developed and designed according to the 
nutritional needs of older adults. These meals were of 
smaller portion size (70–80% (w) of commercial RTEs), 
protein-enriched with whey powder (sauces and mashed 
potatoes) and supplemented with a dessert to increase the 
total energy content of the meal. The composition of the 
RTE meals and the separate sauces is shown in Table 1. 
The samples were packed in black paper/plastic trays cov-
ered with a transparent plastic film and the desserts were 
packed in a side tray. All samples were delivered as frozen 
goods. The day before testing, sauces were thawed at room 
temperature (approximately 4 h at 20°C) and then in a re-
frigerator (approximately 16 h at 4°C). About 1 h before 
the test, the sauces (2.7–3.1 l) were heated to ≥70°C in steel 
sauce pans on electric hot plates while being continuously 
stirred, and approximately 40 ml was then poured into 
coded plastic cups. The RTE meals were heated prior to 
testing in identical microwaves ovens (700 W) according 
to the manufacturer’s instructions. However, the heating 
time was adjusted in order to reach a minimum tempera-
ture of 65°C throughout in each meal.

Respondents
The inclusion criteria for the respondents (RPs) were: in-
dependent living, aged 75+ years, cognitively intact, able 
to travel to the location where the tests were conducted 
and willing to eat/like RTE meals. The goal was to recruit 
both men and women and reach a slightly higher number 
of women. Ethical approval is not needed for food focus 
groups; however, the respondents were informed about 
the products and the terms for participation, which meant 
voluntary participation, freedom to leave the test with-
out giving a reason, the right to decline to answer specific 
questions or an assurance that although their answers 
were recorded, their participation would not affect their 
future treatment in the health care system in any way.

Sensory evaluation
The sensory evaluations of the meals were carried out 
at the sensory laboratory at RISE Research Institutes of 
Sweden, equipped according to ISO 8589:2007. Evalua-
tions were carried out in three steps: (1) a triangle test for 
detection of differences between commercial and enriched 
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sauces, (2) hedonic evaluation to rate the appearance, 
taste and consistency of commercial and enriched RTE 
meals, and (3) a focus group discussion to gain a deeper 
understanding of opinions about RTE meals designed for 
older adults. The evaluations were carried out over 2 days 
in the same week. Assessment was made in the following 
order: mustard sauce, cream sauce and curry sauce (in-
creasing flavour strength).

Hedonic evaluation
Hedonic evaluation of the RTE meals was conducted 
on the second test day. The RPs were presented with one 
meal at a time in the same presentation order: fish with 
mustard sauce, meat balls with cream sauce and chicken 
with curry sauce. The commercial meal (with no dessert) 
was always evaluated before the corresponding enriched 
meal. The enriched meals included a dessert, which was 
presented with the main course in order to give the RPs 
the possibility of giving feedback about the concept of 
a small main course with dessert. Written information 
about the name of the meals was provided on the front 
page of the questionnaire. The test was performed in the 

sensory laboratory and took 1.5 h. First, the RPs rated 
the appearance of the meal and its components (mashed 
potatoes or rice, sauce and protein component) separately 
before tasting. Finally, all components were considered 
together to evaluate overall acceptance. The ratings were 
made on a 9-point hedonic category scale with the ends 
anchored as ‘dislike extremely’ and ‘like extremely’ (27). 
Furthermore, the RPs were given the opportunity to 
comment on each assessment in their own words. Sauces 
and mashed potatoes were the components that were pro-
tein-enriched and both taste and consistency were evalu-
ated for these components. The desserts were evaluated 
with regard to their total acceptance.

Triangle test
A triangle test, based on ISO 4120 ‘Sensory analysis, 
methodology, triangular test’ and described by Lawless 
and Heymann (28), was conducted in order to deter-
mine whether older adults (naïve assessors) could detect 
any difference between commercial and protein-enriched 
sauces. Each RP was presented with three coded sam-
ples, of  which two were identical and one different. 

Table 1.  Nutritional content of commercial and protein-enriched products

Product Energy 
(kcal/100g)

Fat  
(g/100g)

Carbo-hydrate 
(g/100g)

Protein 
(g/100g)

Commercial sauces Mustard sauce 124 9.1 8.3 2.3

Cream sauce 180 15 7.6 4.4

Curry sauce 86 5.1 7.4 2.4

Protein-enriched sauces Mustard sauce 132 9.6 7.3 4.1

Cream sauce 163 12 6.6 7.2

Curry sauce 101 5.9 6.4 5.2

Commercial RTE meals 
380–400 g/portion

Fish, mustard sauce* 
(400 g/portion)

95 3.5 9.5 5.5

Meat balls, cream sauce** 
(400 g/portion)

160 8.5 15.0 5.0

Chicken, curry sauce*** 
(380 g/portion)

120 3.0 16.0 5.5

Protein-enriched meals 
285–310 g/portion

Fish, mustard sauce* 
(310 g/portion)

101 4.1 9.1 6.3

Meat balls, cream sauce** 
(285 g/portion)

151 7.7 14.0 6.0

Chicken, curry sauce*** 
(285 g/portion)

121 2.4 16.0 8.2

Concept of protein-enriched meals de-
signed for older adults, including dessert 
385 g/portion

Fish, mustard sauce* 
+ Chocolate cake, raspberry cream 
(Dessert: 75 g/portion)

146 7.5 13.0 5.9

Meat balls, cream sauce**  
+ Pancake, strawberry sauce 
(Dessert: 100 g/portion)

156 7.5 16.2 5.5

Chicken, curry sauce*** 
+ Apple cake, custard 
(Dessert: 100 g/portion)

174 6.7 20.0 7.8

*including mashed potatoes and peas; **including mashed potatoes, lingonberries and peas; ***including rice and broccoli/baby carrots.
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The  samples were served in random order and the RPs 
were asked to determine which of the samples was differ-

correct response. Each RP carried out the triangle tests in 
triplicate. Thus, a total of 36 assessments were carried out 
for each sauce. Further, the RPs were asked to indicate the 
reason for their decision. Still water, mineral water, neu-
tral wafers and apple slices were used to rinse the mouth 
and palate between samples. A break of 5 min was taken 
between each test replicate of the same sauce. After com-
pleting the three test replicates for one sauce, the RPs had 
a 10-min pause before the next evaluation.

Focus group
A focus group discussion was held directly after the he-
donic evaluation. A moderator facilitated the discussion 
which was observed and recorded by an assistant. The 
focus group was conducted using a semi-structured inter-
view guide and lasted for approximately 1.5 h. The mod-
erator began the focus group by explaining the procedure 
and asking the RPs to briefly introduce themselves. A 
semi-structured interview guide was used in order for the 
focus group to be both structured and at the same time 
allow follow-up questions and discussion. The frequency 
and reasons for consuming RTE meals were discussed as 
well as important attributes of RTE meals. Before starting 
the next topic for the focus group, the moderator informed 
the RPs about the meals being evaluated in the hedonic 
evaluation and the following information was given: the 
small meals had been protein-enriched in order to meet 
the increased need for protein among older adults, the en-
riched meals were of smaller portion size because older 
adults often have poor appetites, and the small meals con-
tained more energy than the corresponding normal-sized 
meals. In a subsequent discussion, the RPs were asked to 
give their opinion of the RTE meals based on the new in-
formation they had been given as well as suggest ways for 
communicating to consumers about meals designed for 
older adults. Finally, the RPs were asked to give input on 
improvements of the tested products. The prepared RTE 
meals were displayed and discussed one at a time.

Data analysis
Quantitative data from the hedonic evaluation were trans-
ferred to Excel (Microsoft Office, 2010) and qualitative 
data (comments) were summarised in Word (Microsoft 
Office, 2010). A pairwise comparison (Student’s t-test, Mi-
crosoft Office Excel, 2010) was performed for each param-
eter to detect any significant differences (p ≤ 0.05) between 
commercial meals and meals designed for older adults.

Data from the triangle test were calculated according to 
the following equation (29):

= + + X z n n0.4717 (2 3) / 6

X = minimum number of correct/agreeing judgments 
(X is an integer or closest higher integer)
n = total number of judgments
if  p < 0.05 z = 1.64

Qualitative data from the focus group were coded using 
conventional techniques. First, two researchers indepen-
dently read through the focus group transcripts and the 
observation field notes and then they performed an ini-
tial coding. This coding captured how the respondents 
perceived the RTE meals and their opinions about them. 
The initial codes were then merged and discussed among 
the researchers, and then clustered according to similarity 
and common features so as to form categories related to 
perception and opinions of RTE meals. The use of trian-
gulation in the form of different ‘investigators’ increases 
the possibility of obtaining credible results (30).

Results

Enriched and commercial sauces and meals
The protein-enriched sauces contained approximately 90% 
more protein than commercial sauces and the protein-en-
riched mashed potatoes contained approximately 60% 
more protein than commercial mashed potatoes. The en-
riched meals (including dessert) contained approximately 
50% more energy than commercial meals for two of the 
varieties, while one of the meals had a similar energy level 
for both enriched and commercial meals.

A total of 12 RPs (seven women, five men, aged 
75–89 years) conducted the triangle test and hedonic eval-
uation. Two married couples participated, the other RPs 
lived alone. Seven RPs (four women, three men, all living 
alone) participated in the focus group discussion.

Triangle test
The enriched sauces contained approximately 90% more 
protein (mustard sauce 78%, cream sauce 64%, curry 
sauce 117%) than corresponding commercial sauces 
(Table 1). However, protein enrichment affected the sen-
sory properties and there was a significant difference in 
flavour and/or consistency between the commercial and 
the enriched sauces (Table 2). The differences were larger 
for the cream sauce (30 correct answers out of  36 as-
sessments in the triangle tests) than the mustard sauce 
(22 correct answers) and the curry sauce (18 correct an-
swers). Overall, the commercial sauces were perceived as 
thinner, less creamy, and more flavour-intensive.

Hedonic evaluation
In a hedonic evaluation of  the commercial RTE and cor-
responding enriched meals, the scores were higher for 
the commercial than for the enriched meals for all three 
dishes and the differences were significant for the meat 
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ball and chicken dishes (Table 3). For one of  the dishes 
(meat balls), the enriched mashed potatoes had lower 
scores regarding taste and consistency compared to the 
commercial meal, but this was not seen for the fish dish. 
In the case of  the separate mustard and curry sauces, 
there was no difference in taste or consistency between 
the commercial and enriched sauces. For the cream sauce, 
however, the commercial sauce appeared to be accepted 

to a higher extent than the enriched sauce owing to taste 
and consistency. The triangle test (Table 2) also showed 
a significant difference between commercial and enriched 
cream sauces. No differences were found between com-
mercial and enriched meals regarding the rice or the pro-
tein component (data not shown). In terms of  the overall 
acceptance, there were no significant differences between 
the commercial and enriched meals in the case of  the 

Table 2.  Results of the triangle test (12 respondents and 3 replicates)

Sauce Replicate Number of 
correct answers

Comments

Mustard 1 8 Commercial: stronger taste (2), saltier, spicier, more sourEnriched: milder taste, milder citrus flavour, stronger 
taste

2 6 Commercial: saltier, sharper, stronger tasteEnriched: milder (3), thicker

3 8 Commercial: more flavour/spicier/stronger (4), sweeterEnriched: milder (2), saltier, stronger

Total 22

Cream 1 10 Commercial: more pepper (3), spicier, bouillon flavourEnriched: less spicy/pepper (3), milder taste, stronger 
aftertaste, smoother texture, well thickened

2 10 Commercial: saltier (2), spicier (2), sweeter, fuller, more flavourEnriched: milder (2), bland, more flavour, 
creamy, thick

3 10 Commercial: strong, peppery, sour, mild, thin textureEnriched: milder (3), not so spicy, more sting, salt, thicker

Total 30

Curry 1 6 Commercial: less flavour (2), more tasteEnriched: less flavour (2), spicier

2 5 Commercial: stronger after taste, more sharpEnriched: less spicy

3 7 Commercial: less flavour, sweet, more flavour

Total 18 Enriched: thick, less flavour

Eighteen correct answers implied a significant difference (p ≤ 0.05) between two sauces. Numbers in brackets is number of RPs that gave the same 
comment.

Table 3.  Results of the hedonic evaluation

Hedonic evaluation Commercial 
RTE meals

Enriched meals 
designed for older adults

Appearance Fish/mustard sauce 4.8 4.7

Meat balls/cream sauce 6.7* 5.3*

Chicken/curry sauce 7.5* 5.3*

Mashed potatoes – taste Fish/mustard sauce 6.2 6.3

Meat balls/cream sauce 5.9* 4.8*

Mashed potatoes – consistency Fish/mustard sauce 6.8 6.2

Meat balls/cream sauce 6.8* 5.0*

Sauce – taste Fish/mustard sauce 6.8 6.5

Meat balls/cream sauce 6.4* 5.1*

Chicken/curry sauce 5.9 5.9

Sauce – consistency Fish/mustard sauce 7.2 6.3

Meat balls/cream sauce 6.7* 5.8*

Chicken/curry sauce 6.3 6.1

Overall acceptance Fish/mustard sauce 5.8 5.6

Meat balls/cream sauce 6.1 5.4

Chicken/curry sauce 7.1* 5.8*

*significant (p ≤ 0.05) difference between commercial and enriched meals. RTE, ready-to-eat.
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fish and meat ball dishes. However, for the chicken dish, 
the commercial meal had significantly higher acceptance 
scores than the enriched meal.

Focus group discussion
All respondents in the focus group were used to consuming 
frozen RTE meals. The majority of the female RPs con-
sumed such meals once a month, while the men in general 
consumed such meals more often, 1–4 times/week. The 
reasons for consuming frozen RTE meals were almost the 
same for men and women, lack of time (because of activi-
ties) or lack of inspiration or energy. However, in contrast 
to the women, several men expressed that, due to cultural 
reasons, they did not have enough cooking knowledge. 
The RPs felt that frozen RTE meals were attractive meal 
solutions, easy to store in the freezer (frequent shopping 
for food is not needed), and quick to cook.

An important attribute of RTE meals was considered to 
be an appetising and colourful appearance, to which both 
a sauce and vegetables should contribute. Several women 
stated that pieces of fish, chicken, or meat should be visi-
ble and presented separately, that is, not hidden in a sauce. 
The taste was considered to be highly important and the 
meal should be well-seasoned. They also expressed that 
the provision of a tasty sauce is especially important.

There was a consensus in the group that designing RTE 
meals, especially for older adults, and making them more 
nutrient-dense and protein-rich is a very good idea. The 
majority were positive to the concept of providing a main 
course supplemented with a dessert. However, opinions 
differed regarding the addition of a dessert. Some of the 
RPs thought that the dessert gave an extra value to the 
meal by adding variety. Conversely, a pair of female RPs 
found the desserts unnecessary and would rather eat fresh 
fruit after the main course. When discussing communica-
tion to consumers about RTE meals designed for older 
adults, most RPs found the words ‘protein-rich’ and ‘en-
ergising’ both appealing and understandable. However, 
the word ‘energy-dense’ was perceived as being cryptic. 
A photo of the food, as well as the food being visible 
through the packaging, was considered to make the meals 
more attractive.

Discussion
The concept of a small, enriched meal with dessert was 
evaluated in this study. A deeper understanding of the at-
titudes towards RTE meals and meals designed for older 
adults was gained through focus group analysis. Olfactory 
dysfunction, decreased ability to perceive food flavours, 
and impaired appetite due to ageing and age-related dis-
eases were discussed. These issues have also been reported 
in the literature since malnutrition in older adults has been 
linked to social, physiological, and psychological changes 
(18). Focus group discussions highlighted the necessity of 

seasoning being adapted to the preferences of older adults 
and an attractive sauce, regarding both taste and appear-
ance, was considered positive. Appleton (31) reported that 
supplementation of meals with sauces can increase energy 
intake in older adults. In the present study, the protein-
enriched sauces contained almost twice the amount of 
protein than the commercial sauces. However, whey pro-
tein enrichment of sauces altered the consistency mark-
edly and led to lower flavour intensity. Hence, protein 
enrichment significantly affected the sensory properties of 
the sauces due to the physiochemical properties of whey 
proteins such as their water-binding capacity and emulsi-
fying properties. When designing protein-rich meals, the 
protein enrichment should not exceed the level whereby 
sensory properties are significantly affected, instead these 
effects need to be addressed in the formulation step by 
using other ingredients that counteract the effects of pro-
tein enrichment. In addition, the physiochemical prop-
erties of whey proteins may be altered prior to addition 
by using thermal, chemical, or physical pre-treatments 
(32–34) enabling improved functionality in food products.

Overall, commercial RTE meals had a higher accep-
tance score than the corresponding enriched meal for 
all dishes. One reason for this may be the packaging as 
the enriched meals were plated so that most of the meal 
was covered in sauce, which was not appreciated by the 
RPs. The consistency of the mashed potatoes in the pro-
tein-enriched meals was perceived as poor, which could 
also be linked to food packaging, resulting in the mashed 
potatoes being covered with sauce. Hence, plating of the 
food may be the reason for the lower acceptance scores of 
enriched meals rather than the actual protein enrichment.

Hughes and Bennett (35) reported that poor cooking 
skills and low motivation to change eating habits among 
older men may constitute barriers to improving energy in-
take and appetite. Frailty and disease increase with age 
and may lead to a decline in the ability to shop and cook 
independently (2, 36, 37). There is therefore a need for 
RTE meals with nutritional content adapted to the needs 
of older adults. The concept of a small main course with a 
supplementary dessert was generally perceived as positive, 
but some of the female RPs preferred fresh fruit after the 
meal rather than a dessert. However, to reduce the risk of 
DRM, the food products consumed should have a high 
energy content (38). Hence, an energy-dense dessert could 
more easily meet the nutritional demands of many older 
adults than fresh fruit.

Limitations
The RPs in the focus group were healthier and more 
alert than the actual target group of the study (frail older 
adults at risk of malnutrition). This needs to be consid-
ered in relation to the analysis of the focus group discus-
sion. It is difficult to recruit a group of frail and sick older 
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adults for a focus group session. The hedonic evaluation 
was performed with a limited number of RPs. For a more 
indicative result, a consumer test with a higher number of 
RPs should be carried out. However, in order to perform 
all three types of evaluations, a lower number of RPs was 
chosen. The results of the study should hence be regarded 
as indications. Similarly, plating of the commercial and 
protein-enriched meals would exclude the effects of  
covering most of the meals in sauce. In the present study, 
only one level of protein enrichment was used. Testing 
several levels may have indicated an optimal cut-off  point 
for protein enrichment before any significant effects on 
sensory properties. Also, pre-treatments of whey powder 
have the possibility to adapt the physiochemical proper-
ties of the powder so that the effects on consistency are 
reduced. No such pre-treatments were included in the 
present study.

Conclusion
A concept of  small, protein and energy-enriched RTE 
meals with dessert was evaluated by older adults in terms 
of  sensory properties and attitudes towards this type of 
meal. Frozen RTE meals were considered to be conve-
nient meal solutions and an attractive sauce was high-
lighted as important for consumer acceptance. Protein 
enrichment of  sauces, at levels which doubled the protein 
content, was feasible but altered the consistency mark-
edly and led to lower flavour intensity. Provided that pro-
tein enrichment is carried out in a manner that assures 
attractive sensorial properties, a protein-enriched sauce 
qualifies as a suitable component in a meal designed for 
older adults. Plating of  the food turned out to be a key 
factor regarding visibility of  meal components (not cov-
ered in sauce) and avoidance of  poor consistency due to 
mixing the sauce with other meal components. The meal 
concept was perceived as successful in increasing energy 
and protein intakes in older adults; however, the effects 
of  protein enrichment on sensory properties need to be 
further investigated in order to design tailored foods in-
tended to decrease age-related DRM.
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Abstract

Introduction: Poor nutritional status of women remains a critical problem in Ethiopia. Nutrition for women 
matters not only for the public health relevance of breaking the intergenerational cycle of malnutrition but for 
its high return in other sectors such as education and health. The Ethiopian Productive Safety Net Programme 
(PSNP) is a program that protects chronically food-insecure households against food insecurity through cash or 
food transfer. However, its effect on food access and women’s body mass index (BMI) has remained unexplored.
Objective: This study was intended to assess differences in household dietary diversity (HDD) and women’s 
BMI and associated factors among PSNP and non-PSNP households.
Methods: This community-based cross-sectional study was carried out in the Kombolcha District of Eastern 
Ethiopia from July 1 to 28, 2015. HDD and women’s BMI were compared. Ordinal logistic regression was 
used to identify factors associated with women’s BMI.
Result: The prevalence of undernutrition was 27.3% (95% confidence interval [CI]: 23.8–30.9) and 20.2% 
(95% CI: 17.1–23.5) for women from PSNP and non-PSNP households, respectively. PSNP membership had a 
significant effect on HDD and minimal effect on women’s BMI. Ordinal logistic regression yielded significant 
associations for medium wealth status, with an odds ratio (OR) of 0.533 (95% CI: 0.339–0.837), uptake of 
better health care services compared to previous year with an odds ratio (OR) of 0.647 (95% CI: 0.429–0.974) 
and reduction in selling assets for the sake of buying food with an OR of 1.575 (95% CI: 1.057–2.349).
Conclusion and recommendation: There was high magnitude of chronic energy deficiency among PSNP and 
non-PSNP households, at 27.3 and 20.2%, respectively, and it was associated with economic status and health 
care utilization, suggesting the need to promote profitable income-generating activities and nudging for mini-
mum health care as a condition for transfer.

Keywords: BMI; PSNP; social protection; HDD; Ethiopia; drought; women 

Launched in 2005, the Ethiopian Productive Safety 
Net Programme (PSNP) is the largest African 
social protection program to provide predictable 

transfers. The government launched Phase 4 of  the PSNP 
in 2015 (1). The main objective of  the PSNP is to increase 
livelihoods and resilience to shocks and to improve food 
security and nutrition for rural households vulnerable to 
food insecurity. It has public works, direct support and 
livelihood components directed at heads of  household. 
The program enables households with an able-bodied 
adult in public works to receive cash or in-kind trans-
fers for 6 months of  the year. By contrast, households 
without labor capacity become permanent, direct sup-
port clients; they receive 12 months of  unconditional 

transfers and are linked with social protection services. 
Beneficiaries are paid in cash equivalent to 15 kg of 
cereals and 4 kg of  pulses per month (adjusted for infla-
tion). The wage rate used to compute the transfer in cash 
varies according to the purchasing power in different 
areas. The livelihood component includes skill-related 
trainings provided by appropriate institutions or condi-
tional capacity building of  grassroots institutions such 
as farmer training centers (1, 2).

Malnutrition has remained a major global issue in the 
post-Millennium Development Goals era. Ending this 
problem has continued to receive more attention and com-
mitment for its extraordinary contribution towards the prog-
ress of Sustainable Development Goal (SDG) targets (3). 
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This remains true in Ethiopia, where poor nutritional sta-
tus of women remains a central problem. According to the 
Ethiopian Demographic and Health Survey (EDHS) (2), 
about 27% of women of reproductive age are chronically 
malnourished (4). Since 2016, the PSNP has been closely 
connected to the National Nutrition Programme and par-
ticularly the Community-Based Nutrition Programme, 
which focuses on nutrition education for mothers and sup-
plementary food for children and mothers. In this regard, 
Ethiopia’s PSNP has a critical role in advancing and accel-
erating progress toward improved food and nutrition secu-
rity mentioned under SDG 1 (5, 6).

Nutrition for women matters not only for the public 
health relevance of  breaking the intergenerational cycle 
of  malnutrition but also for its high return in numerous 
other sectors such as education and community health. 
A major current focus of  women’s nutrition revolves 
around how to ensure improved decision-making for 
women and in turn a greater right to food and nutrition 
security, in addition to maximized improvement in social 
protection programs (7, 8). Social protection is a nutri-
tion-sensitive development effort aimed at improving 
nutrition among nutritionally vulnerable populations 
and individuals (9).

Productive safety nets have a direct impact on con-
sumption and a secondary impact on school attendance, 
enrolment and retention, utilization of health services, 
food security, nutrition, and accumulation of assets and 
building of livelihoods (10). The impetus of PSNP was 
to deliver a predictable package of support for a num-
ber of years that leads to asset accumulation and enable 
households to cover year-round food needs, in addition to 
building resilience to moderate shocks (state of gradua-
tion) (11). Though it has achieved this goal, improvements 
thought to achieve better nutrition and health outcomes 
have been implemented recently (1).

Ethiopia’s PSNP has improved nutritional outcomes 
by addressing the underlying causes of malnutrition 
(through nutrition-sensitive interventions) such as female 
empowerment, maternal and child health, infant and 
young child feeding practices, vaccination campaigns, 
dietary diversity, and water, sanitation, and hygiene. This 
work through soft conditionalities means public works 
clients have co-responsibilities to attend behavior change 
communication sessions for pregnant and lactating 
women (PLW) and their young children (1, 12). The pro-
gram enhances household food consumption and dietary 
diversity by providing families with cash and increasing 
purchasing power. Transfers also work by minimizing 
negative coping mechanisms and empowering women in 
poverty to focus on specific services. This aids women in 
making better choices for self- and family care with an 
anticipated positive influence on the nutritional status of 
women and children (5, 13–15).

Ethiopia’s PSNP relies on meeting eligibility crite-
ria that include being members of  the community, hav-
ing chronic household food insecurity, which is a food 
gap of 3 months or more per year, in the last 3 years; 
sudden food insecurity due to severe loss of  assets and 
households with inadequate family support. Clients are 
selected through community-based targeting, meaning 
that a community food security task force facilitates cli-
ent selection through reading client conditions out loud 
and discussing it against criteria at a public meeting (1). It 
aims to empower and support vulnerable women among 
other target groups by improving water security through 
pond construction or rehabilitation, improved firewood 
availability through rehabilitated natural environment 
and nutrition insecurity (16–18).

However, cascades of chronic food insecurity that lead 
to migration of key household members to towns for work 
leave women with an immense workload of home subsis-
tence farming (normally more than 50% of women work 
in agriculture), childcare, and public work of PSNP (17, 
19, 20). Provided unequal participation and benefit share 
from the PSNP, and high burden of agriculture, economic 
and domestic care work, women’s nutrition will continue 
to be a challenge (1). In addition, a cash-first principle of 
PSNP in male-headed households may lead to less control 
over transfer by women; males may misuse these funds, 
leading to conflicts. In other words, transfers not allocated 
to women influence intrahousehold resource allocation 
by leaving women with limited bargaining power. Despite 
the empowerment component in PSNP, a recent PSNP 
assessment has recognized women in male-headed and 
female-headed households as underserved and vulnerable 
groups (21–23). This is worsened by women’s triple bur-
dens of land access; specifically, they account for less than 
20% of the landholders, land policy that is based on state 
ownership of land (state controls land ownership, gives all 
rights except sale and mortgage) and limited agricultural 
inputs even when they have access to land (19, 24).

Based on the ethical notion of fairness and limited 
resources, the government of Ethiopia must use a fair 
mechanism for separating the population into those eligi-
ble and ineligible for social transfers. Ethiopia’s PSNP uses 
a combination of geographic and community-based target-
ing, with the transfer going to the household head. While it 
has been shown that community-based targeting effectively 
identifies the poor, geographic targeting that considers dif-
ferences among homogenous poor and vulnerable groups 
remains questionable (25). Specifically, the inclusion of the 
most deprived and vulnerable people, harmonization with 
other interventions, and sensitization of all stakeholders 
on the role of women are far from optimal (26).

Generally, ensuring food and nutrition security at the 
household level requires investment in nutrition-sensitive 
interventions, protecting women’s rights, and improving 
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their social and nutritional status (19). A key step in 
understanding the difference PSNP makes is to under-
stand the relationship between poverty levels based on 
household consumption and the asset-based wealth 
index, because asset holdings are a critical outcome of 
PSNP (27). Based on this, an appraisal of the effect of 
PSNP across geographic areas is of great interest in terms 
of women’s nutritional status and the ability of their 
households to access an adequate quantity and quality of 
food to promote positive health outcomes. In addition, it 
is important to assess whether a combination of women’s 
nutritional status and household dietary diversity (HDD) 
predicts membership in PSNP and certain wealth groups. 
Therefore, this study was intended to assess factors asso-
ciated with differences in HDD and women’s body mass 
index (BMI) among PSNP and non-PSNP households.

Methods
A community-based cross-sectional study was carried out 
in the Kombolcha District of Eastern Ethiopia from July 
1 to 28, 2015. This period overlapped with failed spring 
(mid-February to May) rain that affected crop production 
from the first harvest that would provide 20% of food pro-
duction followed by the end of 6 months of PSNP cash 
transfer (28). The district contains 19 kebeles (smallest 
administrative units in Ethiopia next to districts), out of 
which 10 are non-beneficiary and 9 kebeles (total of 2,375 
households) benefit from cash transfers. This translates 
to about 9,752 people who receive cash in exchange for 
participating in public works and 1,409 people with direct 
support. For this study, five PSNP and six non-PSNP 
kebeles were selected randomly, and only public works 
participants were included in the study.

Though fairness and transparency is the core principle 
of PSNP client selection, there are inclusion and exclu-
sion errors. Corrupt officials, clan politics, and quota 
allocation were the main causes of inclusion and exclu-
sion errors (22, 29). To obtain data with a low bias esti-
mate, firstly, the data collection was carefully planned to 
include the same variables by using similar data collection 
tools and procedures for beneficiary and non-beneficiary 
households. Secondly, outcomes related to program par-
ticipation were identified using key PSNP-related vari-
ables (livestock ownership, household landholding, access 
to government health post, asset depletion and food aid, 
and asset losses) that identify outcomes related to wom-
en’s nutrition and other related variables. This informa-
tion was obtained from the kebele food security task force 
(KFSTF), which has seven members, including a health 
extension worker. Thirdly, to attain comparable access to 
market systems, similar livelihood zones known for khat 
and vegetable production were selected. These livelihood 
zones had similar agro-ecology and production patterns 
of these commercial crops; the participants had common 

livelihood strategies and comparable access to markets, 
including distance from the market. In this district, cash 
was provided because the markets functioned well.

Information about women was collected during the 
mother’s interview for eligible children aged 6 months to 5 
years (information on children being processed in another 
publication). Hence, participants were selected from five 
randomly selected PSNP and six non-PSNP kebeles. 
Women eligible for a child interview were identified from 
lists obtained from the district PSNP office compiled by 
KFSTF and respective kebele health extension workers. 
Non-PSNP kebeles have similar KFSTFs that follow the 
same procedure to identify food insecure clients. Both 
PSNP and non-PSNP household lists are finally ascertained 
by social networks leaders called gare (groups containing 
25–30 women). In order to minimize handout expectations 
and a spillover effect of the transfer, women from non
-PSNP beneficiary households were entirely selected from 
non-beneficiary kebeles. Pregnant women and direct sup-
port beneficiaries were excluded from this study.

Data collection procedures and quality assurance 
A structured pretested questionnaire was used to assess 
socioeconomic and demographic characteristics of the 
households. Nursing students who could speak a local 
language (Afaan Oromo) were trained to collected data. 
The tool was pretested on 20 households to determine its 
suitability to local accent, format, wording, and order. 
In addition, periodic checking of the weighing scale 
and repeated measurement were used to assure the data 
quality.

Ethical clearance was obtained from the Haramaya 
University College of Health and Medical Science 
Institutional Health Research Ethics Review Committee. 
The objective of the study, known benefits, and risks of 
participant involvement in the research were communi-
cated. Informed written and signed consent was obtained 
from women before commencing the study.

Variables
The primary outcome of this study was women’s BMI. 
The secondary outcome was Household Dietary Diversity 
Score (HDDS). In the statistical analyses, the factor 
considered as a potential confounder was maternal age. 
Factors considered as potential effect modifiers were the 
sex of head of household and PSNP beneficiary status.

Body mass index
BMI is a proxy indicator of energy status (undernutri-
tion), calculated as weight (kg) divided by the square of 
height (m2). Women’s height was measured to the nearest 
0.5 cm without shoes, feet flat, heels together, legs straight 
using a portable wooden height-measuring board with 
a sliding head bar following standard anthropometric 
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techniques. Heights <145 cm were classified as stunted. 
Weight was measured repeatedly to the nearest 100 g 
using an electronic scale (SECA, Hamburg, Germany). A 
BMI of 17–18.4 indicates marginal energy deficiency, 16 
to <17 moderate energy deficiency, and that of less than 
16.0 indicates severe chronic energy deficiency. A BMI of 
≥25 signifies overweight, and >30 signifies obesity. Even 
though a global database on women nutrition is not avail-
able, a BMI of 20–25 kg/m2 is recommended for good 
health and is associated with normal fertility. A weight for 
height equivalent to a BMI of 18 kg/m2 or lower is consid-
ered too low for successful reproductive ability (30).

Household Dietary Diversity Score
The HDD score is a measure of  the total number of 
different food groups consumed in the last 24 hours by 
household members with a well-grounded construction 
of  diet quality and accuracy, cross-checked with incomes. 
HDDS  ranges from 0 to 12, the higher the better, and 
it is a good indicator of  both quantity and quality. It is 
included in the acute food insecurity reference table for 
household group classification of  the Integrated Food 
Security Phase Classification (IPC). HDDS does not 
have established categorical cutoffs and is analyzed only 
as a scale measure. A face-to-face interview was used to 
administer the tool. For households with unusual food 
intake in the previous 24 hours, another appointment 
was made for the interview. Due emphasis was placed 
on acquiring a response with minimal social desirability 
bias (31–33).

Household Wealth Index
Household wealth is a proxy measure of household 
income for long-term wealth. Principal components anal-
ysis was run using 38 items comprising productive assets, 
livestock, household goods, and consumer durables. It 
was used as a continuous variable, and each household 
was classified as being in the lowest, middle, or highest 
asset category.

Sample size determination
Analysis was performed on data that were already available 
for child wasting. Excluding 52 women, the final sample 
size was 623 women from PSNP and 635 non-PSNP (total 
1,258). This sample size is sufficient for the analysis of the 
data to produce results with sufficient statistical precision.

Statistical methods
Data were entered in EpiData 3.1 and the software pack-
age SPSS version 23 for Windows was used for statisti-
cal analysis. To examine whether associations differed 
across groups, stratification was done based on PSNP 
and wealth index. Descriptive statistical analysis was con-
ducted to describe the characteristics of participants. For 

constructing wealth index based on 38 items, the selec-
tion of each factors was based on the rotated component 
matrix of greater than 0.5. One-way Analysis of Variance 
(ANOVA) was conducted. The independent-samples t-test 
was used to compare mean HDDS across PSNP and other 
variables. In order to check whether the assumptions of 
Multivariate analysis of variance (MANOVA) were met, 
preliminary assumption testing for normality, linearity, 
univariate and multivariate outliers, homogeneity of vari-
ance–covariance matrices, and multicollinearity were con-
ducted. No significant violation was found. Further, an 
ordinal logistic regression model was used for prediction 
of women’s BMI (dependent variable). The odds ratio 
(OR) was used as the primary measure of strength and 
direction of the relationship between each independent 
variable and the women’s BMI values, which were catego-
rized into underweight (BMI<18.4), normal (BMI 18.5–
24.9), and overweight (BMI ≥25). In this analysis, OR less 
than 1 indicated a negative relationship.

Result
The study included 1,311 women, of  whom 39 were 
pregnant and 14 had out-of-range values, which resulted 
in a final sample size of  1,258. Table 1 shows the charac-
teristics of  participants stratified by PSNP membership, 
where 50.5% (653) were non-PSNP and 49.5%  (623) 
were PSNP households. There were 146 (11.6%) female-
headed households, mainly 57.5% (84) from PSNP 
households.

The overall prevalence of underweight women (BMI 
<18.5) was 23.7% (95% confidence interval [CI]: 21.3–
26.13). Out of this, the prevalence of BMI severe energy 
deficiency was 3.2% among PSNP households, which was 
higher than for non-PSNP households (1.4%) (Fig. 1).

The total mean HDDS was 5.76 ± 1.59 and the mean 
difference between PSNP and non-PSNP households 
was statistically significant. The magnitude of the differ-
ences in the means as indicated by eta squared was 0.142 
(Table 2).

A multivariate analysis of  variance was performed to 
find any group differences based on a linear combination 
of  women’s BMI that indicate utilization and HDD that 
showed the access and quality aspect of  food insecurity. 
Inclusion of  both dependent variables in the analyses 
provided the maximum amount of  information regard-
ing the effects of  PSNP. Hence a two-way MANOVA 
was employed in which a 2 PSNP (beneficiary and non-
beneficiary) ×3 wealth index (low, medium, and high 
socioeconomic status) were the between-participant fac-
tors. The combined dependent variable was significantly 
affected by state of  PSNP membership, F(2, 1251) = 
40.995, p < 0.001; Wilks’ lambda = 0.938, and the wealth 
index F(4, 2502) = 8.269, p < 0.001; Wilks’ lambda = 
0.974, but not by their interaction F(4, 2504)  =  2.2, 
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Table 1.  Characteristics of women from PSNP and non-PSNP households in Kombolcha District of eastern Ethiopia, 2015

Variables Non-PSNP (n = 635) PSNP (n = 623) Total (n = 1,258)

Head of Household

  Male 573 (90.2%) 542 (86.5%) 1,114 (88.4%)

  Female 62 (9.8%) 84 (13.5%) 146 (11.6%)

Last pregnancy intentional

  No 100 (15.7%) 170 (27.3%) 270 (21.5%)

  Yes 535 (84.3%) 435 (72.7%) 988 (78.5%)

Family planning use

  No 477 (75.1%) 422 (67.7%) 899 (71.5%)

  Yes 158 (24.9%) 201 (32.3%) 359 (28.5%)

Breastfeeding now

  No 331 (52.1%) 371 (59.6%) 702 (55.8%)

  Yes 304 (47.9%) 252 (40.4%) 556 (44.2%)

Less school attrition

  No 372 (58.6%) 293 (47%) 665 (52.9%)

  Yes 263 (41.4%) 330 (53%) 593 (47.1%)

More health care services

  No 153 (24.1%) 172 (27.6%) 325 (25.8%)

  Yes 482 (75.9%) 451 (72.4%) 933 (74.2%)

Reduced selling assets for food

  No 449 (70.7%) 519 (83.3%) 968 (76.9%)

  Yes 186 (64.1%) 104 (16.7%) 290 (23.1%)

Vegetable garden ownership

  No 550 (86.6%) 546 (87.6%) 1,096 (87.1%)

  Yes 85 (13.4%) 77 (12.3%) 162 (12.9%)

Wealth index

  Low 74 (11.7%) 341 (54.7%) 415 (33%)

  Medium 196 (47%) 221 (35.5%) 417 (33.1%)

  High 365 (50.5%) 61 (9.8%) 426 (33.9%)

Fig. 1.  Prevalence of chronic energy deficiency of women from Productive Safety Net Programme (PSNP) and non-PSNP house-
holds in Kombolcha District, 2015.

ED: Energy Deficiency.
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p  =  0.993, η2 =  0.004. The result showed association 
between PSNP and the combined dependent variable 
(η2 = 0.062) and wealth index (η2 = 0.013). This indicates 
that the linear composite of  HDD and women’s BMI dif-
fers significantly with respect to PSNP membership and 
across wealth levels but not by their interaction (Table 3).

Follow-up ANOVAs for investigating the main effect 
on the individual dependent variables (Table 4) indi-
cated significant effects for PSNP both on women’s BMI 
and HDD. However, only HDD differed significantly 
across wealth levels. An inspection of  the mean scores 
indicated that non-PSNP households reported signifi-
cantly higher levels of  HDD (M = 6.36, SD = 1.5) than 
PSNP households (M = 5.15, SD = 1.37). Similarly, 
women from non-PSNP households scored significantly 
higher BMI (M = 20.61, SD = 2.46) than women from 
PSNP households (M = 19.97, SD = 2.41), and PSNP 
membership had a stronger effect on HDD than wom-
en’s BMI (Table 2).

Tukey’s procedure to conduct pairwise comparisons of 
women’s BMI using an alpha of 0.01 for each outcome 
showed a significant mean difference in HDD across 
wealth categories (p < 0.001), with a more pronounced 
mean difference between low and high wealth levels. 
Hence, non-PSNP households scored higher on both 
HDD and women’s BMI (Table 4).

Generally, in the above two-way MANOVA, we asked 
if  households along PSNP membership and wealth index 
were significantly different on a set of  linearly combined 
variables (women’s BMI and HDD). The interaction 
effect of  PSNP membership on combined dependent vari-
ables was not different across the wealth index gradient. 
Likewise, the effect of  wealth index on dependent vari-
ables was similar for PSNP and  non-PSNP households. 
Hence, the combination of women’s BMI and HDD did 
not predict PSNP or wealth group membership.

Table 3.  Effect of PSNP, wealth index, and their interaction on women’s BMI and HDD for PSNP and non-PSNP households in Kombolcha 
District

Independent Variables Dependent variables Univariate F df Partial h2

Wealth index Women’s BMI 2.9 2/1252 0.005

HDD 13.70** 2/1252 0.021

PSNP Women’s BMI 9.20** 1/1252 0.007

HDD 75.90** 1/1252 0.057

Interaction of PSNP ×  
wealth index

Women’s BMI 0.28 2/1252 0.000

HDD 4.30* 2/1252 0.007

*p < 0.05, **p < 0.01.

Table 2.  Effect of PSNP on characteristics of women from PSNP and non-PSNP households in Kombolcha District, 2015

Mean ± SD Mean differences Eta squared

Total Non-PSNP PSNP

HDD 5.76 ± 1.59 6.36 ± 1.5 5.15 ± 1.37 1.2** 0.142

Women’s BMI 20.29 ± 2.46 20.61 ± 2.46 19.97 ± 2.41 0.63** 0.017

Women’s age 28.75 ± 5.85 27.98 ± 5.64 29.54 ± 5.96 −1.6** 0.018

Number of children 
under five

1.73 ± 0.69 1.69 ± 6.80 1.76 ± 0.694 −0.066 0.002

Family size 6.2 ± 2.2 6.18 ± 2.43 6.23 ± 1.96 −0.047 0

Land size (ha) 0.56 ± 0.36 0.639 ± 0.412 0.470 ± 0.26 0.0194** 0.056

**p < 0.001. HDD, household dietary diversity.

Table 4.   Means and standard deviations of women’s BMI and 
HDD as a PSNP and wealth category for PSNP and non-PSNP 
households in Kombolcha District, 2015

Group n Women BMI HDD

M SD M SD

PSNP

  No 635 20.6 2.46 6.35 1.57

  Yes 631 19.97 2.4 5.15 1.36

Wealth index

  Low 415 20.16 2.47 5.09 1.48

  Medium 417 19.97 2.37 5.7 1.37

  High 426 20.72 2.46 6.4 1.6
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Predictors of women’s nutritional status
To examine factors associated with nutritional status, 
women’s BMI measurements were categorized as under-
weight (BMI <18.5), normal (BMI 18.5–25), and over-
weight (BMI ≥25). Ordinal regression was conducted 
(Table 5) and yielded significant associations for wealth 
index, Uptake of better health care service compared to 
the previous year, and a reduction in selling assets for the 
sake of buying foods. As the most notable outcome, con-
trolling for the other explanatory variables, women in the 
middle wealth index (OR = 0.533) had 46.7% lower odds 
than women from the high wealth index of being in the 
higher BMI category.

Discussion
This study was set out to assess the differences in women’s 
nutritional status as determined by BMI and the factors 
associated with it among PSNP and non-PSNP house-
holds. Emphasis was also given to understanding how an 
asset-based wealth index interacted with PSNP to influ-
ence HDD and women’s nutritional status.

Previous PSNP-related studies did not examine this 
issue. Hence, a lack of adequate literature was a challenge 
and points to the need for further studies in the  future. 
On the other hand, this study is useful in informing 
PSNP stakeholders how to plan and allocate appropri-
ate resources, especially for women. The study data were 

Table 5.   Multivariable ordinal regression model for predicting the risk of higher category of BMI for women from PSNP and non-PSNP 
households in Kombolcha District, 2015

B SE(B) p OR 95% CI

HDD 0.067 0.065 0.307 1.069 0.941–1.215

Age of mother (years) −0.008 0.020 0.665 0.992 0.954–1.030

Total land size (ha) −0.240 0.221 0.279 0.787 0.510–1.214

Family size 0.057 0.049 0.240 1.059 0.962–1.166

PSNP

  No 0.165 0.218 0.450 1.179 0.769–1.808

  Yes (ref) 0.000 1.000

Wealth index

  Low −0.343 0.269 0.203 0.710 0.419–1.203

  medium −0.629 0.231 0.006 0.533 0.339–0.837

  High (ref) 0.000 1.000

Sex of head of household

  Male −0.190 0.306 0.530 0.825 0.453–1.504

  Female (ref) 0.000 1

Breastfeeding now

  No −0.636 0.366 0.082 0.530 0.259–1.084

  Yes (ref) 0.000 1.000

Better healthcare services uptakea

  No −0.436 0.209 0.037 0.647 0.429–0.974

  Yes (ref) 0.000 1.000

Less school attritionb

  No −0.261 0.207 0.207 0.770 0.514–1.155

  Yes (ref) 0.000 1.000

Reduced selling assets for foodc

  No 0.455 0.204 0.026 1.575 1.057–2.349

  Yes (ref) 0.000 1.000

Intention to have more 
children

  No 0.27 0.207 0.193 1.310 0.872–1.967

  Yes (ref) 0.000 1.000

aHousehold members’ health services uptake compared to previous year.
bSchool attrition of household members compared to previous year.
cSelling more assets to buy food compared to last year.
CI, confidence interval; OR, odds ratio.
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collected from PSNP and non-PSNP households only 
once and generalizability is limited to a similar popula-
tion definition.

Difference in women’s BMI and HDD
There were large differences in HDD with respect to PSNP, 
which was indicative evidence for an effect on household 
food access. This is consistent with findings from the 
Democratic Republic of Congo, where similar uncondi-
tional cash transfer recipients were free to spend the cash 
transfer for diverse reasons, and in particular for food 
items (34). However, the result is counter to evidence on 
vulnerability to drought and food price shocks in Ethiopia, 
which points to a greater risk of decreased consumption in 
drought-prone areas by non-PSNP households compared 
to PSNP households from price inflation (35).

However, contrary to expectation, PSNP has a minimal 
effect on women’s BMI. This mismatch might indicate 
the presence of an underlying factor that hinders transla-
tion of transfer into better nutrition outcome. Although 
it might be true that government initiated integration of 
nutrition into the PSNP late in 2016 (1, 36), the prevalence 
of underweight women is comparable to national figures. 
For instance, according to the 2011 EDHS reports, 27% 
of women were thin. This is comparable to PSNP (27.3%) 
but lower than non-PSNP (20.2%) household women. 
However, a figure of 6% overweight or obese is lower than 
the figure reported by EDHS (4). This contrasts with find-
ings from rural India and Nigeria, where chronic energy 
deficiency is lower than obesity (37, 38). On the contrary, 
this study showed lower obesity, with an impending ‘food 
insecurity–obesity paradox’, with lack of recognition of 
the rising rates of overweight and obesity (36).

One notable finding was severe chronic energy defi-
ciency for PSNP (3.2%) and non-PSNP (1.4%) women. 
Compared to findings from low- and middle-income coun-
tries that range between 1.8 and 6.2%, the PSNP result 
is comparable to Madagascar (3.4%). This level of 
undernutrition is related to high morbidity, mortality, 
and poor maternal–fetal outcomes with the potential of 
perpetuating intergenerational malnutrition (39). This 
reinforces how addressing conditional minimum pre-
ventative health care is mandatory (Brière & Rawlings, 
2006). Evidence from Shigutes et al.’s (2013) report 
showed increased community-based health insurance 
uptake and retention through increasing demand and 
risk aversion behavior among PSNP households. This 
shows the untapped potential of  PSNP for being a plat-
form to address the most pressing maternal and child 
health care issues (40).

Like other similar social protection programs, there was 
a lower mean HDD among PSNP households that can be 
explained by the effect of cash transfers where markets 
are not able to respond to increased demand by increasing 

supply, thereby pushing up local prices and reducing access 
to food groups during usual lean transfer seasons (41). This 
finding is in favor of Sabates-Wheeler and Devereux (2010) 
work on Ethiopia’s PSNP that supports food transfers or 
a ‘cash plus food’ scheme as preferable to cash transfers 
alone in achieving the PSNP’s goal. This argument contra-
dicts the cash-first policy of Ethiopia’s PSNP (1, 42).

The high magnitude of women’s undernutrition and 
lower HDD among women from non-PSNP is against the 
key design feature of a good public works program, which 
is  inclusion of poor household as far as the wage rate is 
not higher than unskilled manual labor that do not attract 
households who are not poor (43). Taking into account 
PSNP membership and wealth index together, there was 
a difference in the mean of the linear combination of the 
HDD and women’s BMI, but with non-significant inter-
action. This demonstrates that the effect of economic sta-
tus on the linear combination of the HDD and BMI is not 
different for PSNP and non-PSNP members.

From follow-up ANOVA, PSNP has a greater effect on 
HDD than women’s BMI. This means the program has a 
better outcome at household level than on women’s nutri-
tional status. This might be a result of interaction within the 
household such as time use, money, and other resources that 
influence the nutritional status of women. This is consistent 
with the ‘collective approach’ intrahousehold resource allo-
cation theory, which assumes transfer is influenced by the 
identity of the transfer recipient (man or woman), which in 
turn affects how this transfer is used and who benefits from 
it. To put it another way, 86.5% of PSNP beneficiaries are 
male-headed households and they are the recipients of the 
transfer. Hence, they influence how the transfer is used for 
household members as opposed to women recipients (wom-
an-headed households), who tend to use them differently 
(44). Contrary to this, an analysis of the nutrition impact 
of Bolsa Família’s program found that household expendi-
ture decisions in nutrition from increased bargaining power 
of women showed no evidence that favors this hypothesis, 
and impacts were driven by conditionalities that demanded 
households spend the transfer on health care and education, 
which recipients are not required to do in the PSNP (45).

Predictors of women’s nutritional status 
Women’s BMI results showed undernutrition because of 
energy deficiency, health status, and a lack of access to 
health services and sanitation. This study finding showed 
reduced BMI for middle wealth index women, a finding 
that aligns with other low- and middle-income countries 
where the highest wealth quantile is associated with better 
BMI (46). Nevertheless, for lower wealth index the BMI 
reduction was not significant. The most likely explanation 
for this finding is related to control, ownership, and the 
struggle to retain assets among the middle wealth group. 
It also raises concerns related to empowerment of women, 

144 Food and Nutrition: A Human Health Perspective

http://dx.doi.org/10.29219/fnr.v62.1574


which is positively associated with calorie availability and 
dietary diversity at the household level (47). This suggests 
the need for more attention not only to reproductive, 
social, and cultural norms but also differentials in income 
shocks and subsequent poverty (48).

Women from households that did not reduce sale of 
assets for food were 57.7% more likely to become under-
weight. A household’s distress sale of assets is one out-
come indicator for the PSNP public works component in 
Ethiopia, and it shows the extent of change in a house-
hold’s short-term vulnerability to shocks. An Irreversible 
asset decapitalization and income shock reduce uptake of 
health care services, which subsequently leads to loss in 
labor productivity (49).

The analysis showed a higher proportion of breastfeeding 
women in PSNP households than non-PSNP households. 
Further analysis showed, though non-significant, lactat-
ing women had a higher risk of being in lower BMI cate-
gory. This is congruent with the Ministry of Agriculture’s 
enhanced social assessment and consultation report that 
acknowledges health and safety risks for PLW participat-
ing in public works. As a result, PLW switch to temporary 
direct support (up to 1 year after birth) with co-responsi-
bilities of attending health care (antenatal care, postpar-
tum health facility visit and immunization) and nutrition 
services, such as growth monitoring and participation in 
nutrition-related behavioral change communication (1).

Conclusion and recommendations
This study has provided evidence of the PSNP’s substantial 
effect on HDD and its minimal effect on women’s BMI. The 
overall mean value of women’s BMI was within the normal 
range. However, there was a high prevalence of female under-
nutrition and low HDD. The PSNP was born out of decades 
of emergency food aid that met only emergency nutritional 
requirements, with no lasting impact. Similarly, main-
streaming nutrition took three phases of PSNP to initiate. 
Hence, sooner or later strong behavioral interventions and 
other determinants of nutritional status must be addressed 
to unleash PSNP’s human capital development, especially 
on nutrition. These efforts should be supplemented through 
the proper implementation of income-generating oppor-
tunities and health-related soft conditionalities directed to 
women beyond a gender-based quota.

In addition, reassessing strategy to implement a rights-
based framework to address chronically food-insecure 
households residing in non-beneficiary kebeles should be 
considered. The improvements noted in our study were 
not only revisiting women who were thought to be the pri-
mary target of this intervention, but also including com-
parative groups exclusively residing in non-beneficiary 
kebeles. However, the levels of empowerment of women, 
which is central to the success of the PSNP, need to be 
established well in future studies.
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Abstract

Oxidative stress is more likely to cause damage to neuronal cells and mediates some neurodegenerative disorders. 
It is well known that natural antioxidants can prevent oxidative stress damage and become a potential thera-
peutic strategy. Noni juice obtained from the fruit of the tree Morinda citrifolia, as a folk medicine, has been 
used for over two thousand years. In the current study, the neuroprotective effect and mechanism of noni juice 
extracts against tert-Butyl hydroperoxide (TBHP)-induced SH-SY5Y cell damage were investigated. The results 
demonstrated that chloroform fraction (CF) and aqueous fraction (AF) of noni juice protected SH-SY5Y cells 
against TBHP-induced oxidative stress and the associated apoptosis effectively. CF and AF treatment signifi-
cantly weakened the TBHP-induced cytotoxicity, reactive oxygen species generation, mitochondrial membrane 
depolarization, and apoptotic features. CF and AF restored cellular antioxidant enzyme activity; upregulated 
expression of heme oxygenase-1, catalase, and superoxide dismutase-1; and increased the nuclear accumulation 
of nuclear factor-erythroid 2 related factor 2 (Nrf2). The antioxidant and neuroprotection potential of CF may 
account for its high total phenolic and flavonoid content, while AF may be rich in polysaccharides. These results 
suggest that CF and AF exhibit antioxidant defense through the upregulation of Nrf2 along with endogenous 
antioxidants and reduce apoptosis via inhibiting the mitochondrial pathway to protect SH-SY5Y cells damaged 
by TBHP. CF and AF might be developed as agents for neurodegeneration prevention or therapy.

Keywords: noni juice; neuroprotective; oxidative stress; Nrf2; apoptosis

Compared with other organs, lower levels of anti-
oxidant enzymes, higher metabolic activity and 
higher content of polyunsaturated fatty acids in 

the brain, neurons are more susceptible to oxidative stress 
(1, 2). The imbalance between oxidants and antioxidants 
may destroy the redox signal and lead to oxidative stress. 
Excessive oxidative stress can cause oxidative damage in 
biomolecules such as DNA, proteins, lipids, and carbohy-
drates. Many neurodegenerative diseases, such as Alzhei-
mer’s disease, Parkinson’s disease, Huntington’s disease, 
and amyotrophic lateral sclerosis, may be caused by neu-
ronal damage resulting from intracellular oxidative stress 
(3–8). Increasing evidence suggests that natural antioxi-
dants may attenuate neurotoxicity and play important 
roles in prevention and treatment of oxidative stress-in-
duced neurodegenerative diseases (9–12).

Herbal extracts rich in antioxidants, as traditional 
medications, have potent antioxidant activity and prevent 
neurodegenerative diseases caused by oxidative stress. 
Morinda citrifolia L. is commonly known as ‘noni’ and 
has been extensively used as a folk remedy for 2000 years 
in Polynesia, Australia, Southeast Asia, and Hawaii. Noni 
juice, obtained from the fruit of M. citrifolia, is reported 
to have many bioactive phytochemical constituents, such 
as glycosides, iridoids, anthraquinones, flavonoids, phe-
nolic acid, and coumarins (13–15). It has been proven 
that noni juice exhibits many pharmacological properties, 
including antioxidant, anti-inflammatory, and antitumor 
effects (16–19). Therefore, it is suggested that the antiox-
idant and anti-inflammatory properties of noni juice can 
provide a protective effect against oxidative stress-induced 
neurodegenerative diseases.
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Although protective effects of noni juice against 
scopolamine, ß-amyloid, and streptozotocin-induced 
memory impairment caused by focal ischemia and roten-
one in animals have been reported (20–21), there is no data 
available on the neuromodulatory potential and molecular 
mechanism of noni juice or its extracts on neuronal cell 
damage. Thus, for the first time, we investigated the neuro-
protection and potential mechanism of noni juice extracts 
against tert-Butyl hydroperoxide (TBHP)-induced neuro-
toxicity in SH-SY5Y cells.

Materials and methods

Preparation of noni juice extracts
Noni juice (10 liters) was purchased from Noni Biolog-
ical Engineering Development (Hainan, China). Noni 
juice was partitioned successively with chloroform, 
ethyl acetate, and n-butanol. Each fraction was evap-
orated in a vacuum to obtain a chloroform fraction 
(CF,  3.3g), an ethyl acetate fraction (EF, 5.3g), an n-
butanol fraction (BF, 60.7g), and an aqueous fraction 
(AF, 64.8g).

Chemicals and reagents
TBHP and Rhodamine 123 were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). An annexin V/
propidium iodide (PI) double staining kit was purchased 
from  Nanjing KeyGen Biotech Co., Ltd. (Nanjing, 
China). Catalase (CAT), superoxide dismutase-1 (SOD-1), 
glutathione peroxidase (GPx), and glutathione reduc-
tase (GR) kits were obtained from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). A Cell Count-
ing Kit-8 was purchased from Biotool (Shanghai, China). 
5-(and-6)-carboxy-2’,7’-difluorodihydrofluorescein diace-
tate (H2DFFDA) was obtained from Invitrogen (Carls-
bad, CA, USA).

Animals
Specific pathogen-free Sprague-Dawley rats were used for 
the acute oral toxicity tests. Male and female rats (3-week-
old) were provided by the Institute of Experimental 
Animals, Chinese Academy of Medical Sciences (Beijing, 
China). Animals were housed in the animal house with a 
controlled temperature of 24 ± 1°C, relative humidity of 
60 ± 5%, and a 12-hr light–dark cycle.

Cell culture
The SH-SY5Y human neuroblastoma cell line was pur-
chased from the American Type Culture Collection 
(Rockville, MD, USA). The cells were cultured in Dul-
becco’s Modified Eagle Medium/Ham’s F-12 (DMEM/
F12) supplemented with 10% fetal bovine serum (Gibco, 
Australia) and maintained at 37°C in a humidified atmo-
sphere with 5% CO

2.

Acute oral toxicity
Ten liters of noni juice was freeze-dried to obtain 69.4 g 
of powder. The noni juice powder was dissolved in dis-
tilled water at 375 mg/mL. Toxicity of the noni juice was 
assessed after a single oral administration in rats. The rats 
were randomly divided into two groups, each group with 
five males and five females. The rats were administered noni 
juice powder at 15,000 mg/kg body weight (BW) or the ve-
hicle control (distilled water). Treatments (20 mL/kg BW) 
were administered a single dose by oral gavage. The single 
dose administration on the morning of Day 1 was followed 
by a 14-day observation period in which mortality or signs 
of morbidity were recorded for each animal. Animals were 
weighed immediately on Day 1 and again on Day 15.

Bacterial reverse mutation test
Noni juice powder was assessed by two independent ex-
periments for its potential to induce reverse mutation by 
the Ames test as described by Dillon GP (22). Genotox-
icity was measured in Salmonella typhimurium strains TA 
97, TA 98, TA 100, and TA 102. NJP was administered 
at 8, 40, 200, 1,000, and 5,000 μg/plate. All mutagenic-
ity testing was performed in the presence or absence of 
the postmitochondrial fraction of liver homogenates (S9) 
from rats pretreated with Aroclor 1254.

Determination of total phenolic, flavonoid, and 
polysaccharide contents
The total phenolic (TPC) and flavonoid contents were de-
termined according to the method of  Wu CR et al. (23). 
The TPC contained in each sample was expressed as mil-
ligrams of  gallic acid equivalents (GAE) and flavonoid 
amount was expressed as milligrams of  rutin equiva-
lents (RE). Polysaccharide content was determined by 
a spectrophotometric method at 485 nm, modified from 
the method described by Li et al. (24). The amount of 
polysaccharide contained in each sample was expressed 
as milligrams of  D-glucose equivalents (GE).

Cytotoxicity of noni juice extracts and TBHP
The Cell Counting Kit-8 assay was used to assess cell via-
bility. SH-SY5Y cells were seeded into 96-well plates and 
allowed to adhere for 24 h. To evaluate the cytotoxicity 
of TBHP, SH-SY5Y cells were treated by TBHP for 2 h; 
then the drug was washed out and cells were incubated for 
48 h. After adhesion for 24 h, SH-SY5Y cells were treated 
with noni juice extracts for 48 h, and then the cytotoxicity 
of noni juice extracts was evaluated. The cell viability was 
determined using the Cell Counting Kit-8. In brief, 10 μL 
CCK-8 solution was added to each well of the plate. Then, 
the plate was incubated at 37°C for an additional 3 h. The 
absorbance of the WST-8 formazan dye was measured at 
450 nm. The half maximal inhibitory concentration (IC50)
value was calculated from the nonlinear regression analysis.
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Effects of noni juice extracts on SH-SY5Y cells 
against TBHP-induced toxicity
To investigate the protective effect of noni juice extracts 
in TBHP-induced cell death, the cells were incubated with 
DMEM/F12 for 24 h. After incubation with noni juice 
extracts for 4 h, cells were treated with TBHP for 2 h and 
then exposed to noni juice extracts for 48 h. Cell viability 
was measured by means of the CCK-8 assay.

Measurement of cellular antioxidant enzymes
SH-SY5Y cells were seeded into 10-cm culture dishes 
for 24 h. After pretreatment of  noni juice extracts for 
4 h, cells were incubated with TBHP for 2 h and then 
exposed to noni juice extracts for 48 h. SH-SY5Y cells 
were collected from culture dishes and sonicated on ice. 
The solution was centrifuged for 15 min at 4°C to elimi-
nate cell debris, and the supernatant was used in enzyme 
activity assays. Antioxidant enzyme activities including 
CAT, GPx, GR, and SOD-1 were measured as described 
by Heng-Yin Ju et al. (25).

Reactive oxygen species and mitochondrial 
membrane potential assays
The method was performed according to the protocol pre-
viously published (26). To determine the effect of CF and 
AF on TBHP-induced reactive oxygen species (ROS) gen-
eration, SH-SY5Y cells were seeded into 6-well plates at a 
density of 3×105 cells/well and allowed to adhere for 24 h. 
After incubation with CF or AF for 4 h, cells were treated 
with TBHP for 2 h and then followed by the addition of 
various concentrations of CF or AF for 48 h. Then the 
SH-SY5Y cells for the detection of ROS were incubated 
with 10 μmol/L  2’,7’-dichlorodihydrofluorescein diacetate 
(H2DCFDA) at 37°C for 30 min in the dark. For the mi-
tochondrial membrane potential assay, the SH-SY5Y cells 
were incubated with 0.5 mmol/L Rhodamine 123 at 37°C 
for 30 min in the dark. ROS generation was analyzed by a 
BD FACSCalibur cytometerwith the CELLQuest program.

Reverse transcriptase-polymerase chain reaction
The RNA (500 ng) was reverse-transcribed with the 
Moloney murine leukemia virus reverse transcriptase 
(Promega Corp., Madison, WI, USA) and oligo (dT)16 
primer (Promega) in 20 μL of  reaction mixture. Each 
PCR primer used in this study was as follows (forward 
and reverse, respectively): heme oxygenase-1 (HO-1), 5'-
CTT GGC TGG CTT CCT TAC C-3' and 5'-CAT TGC 
CTG GAT GTG CTT T-3'; CAT, 5'-CCG ACG AGA 
TGG CAC ACT TTGACA-3' and 5'-CGC GAG CAC 
GGT AGG GAC AGT TC-3'; SOD-1, 5'-CCA TCA 
ATA TGG GGA CAA TACAC-3' and 5'-ACA CGA 
TCT TCA ATG GAC AC-3'; GAPDH, 5'-AGT GTA 
GCC CAG GAT GCC CTT-3' and 5'-GCC AAG GTC 
ATC CAT GAC AAC-3'.

Western blot analysis
The method was performed according to the protocol 
previously published (27). The level of β-actin was used 
as a loading control. The antibodies against superoxide 
dismutase 1 (SOD-1) (#4266), Nrf2 (#12721), cleaved/
total poly(ADP-ribose) polymerase-1 (PARP-1) (#9532), 
and cleaved caspase-3 (#9661) were obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA). The an-
tibody to β-actin (HC201) was obtained from TransGen 
Biotech (BeiJing, China).

Detection of apoptotic cells by annexin 
V-(fluorescein isothiocyanate, FITC)/PI
SH-SY5Y cells were seeded into six-well plates at a 
density of  3×105 cells/well and allowed to adhere for 
24 h. After incubation with noni juice extracts for 4 
h, cells were treated with TBHP for 2 h, followed by 
the addition of  various concentrations of  CF for 48 h. 
To quantify apoptosis, cells were stained with annexin 
V and PI using an annexin V-FITC/PI apoptosis kit 
(BD Biosciences, San Jose, CA, USA), following the 
protocol provided by the manufacturer. The fluores-
cence intensity was measured using a BD FACSCalibur 
flow cytometer according to the protocol previously 
published (28).

Statistical analysis
Results were expressed as the mean ± SD from at least 
three independent experiments. One-way ANOVA was 
used to analyze the variance for the means of multiple 
groups. Student’s t-test was applied for comparing the 
means of two groups. Statistical analysis was performed 
using SPSS 17.0 and significant differences were consid-
ered at values of p < 0.05.

Results

Acute oral toxicity
During the 14-day single-dose acute toxicity study, no 
mortality or clinical signs of morbidity occurred in 
Sprague-Dawley rats with 15,000 mg/kg BW of noni 
juice powder. Body weights of animals were unaffected 
by treatment (Table 1) and macroscopic examination of 
main organs showed no apparent abnormalities.

Table 1.  Effect on body weight in rats acutely treated with noni juice

Noni juice 
powder (mg/kg)

Sex Number 
dosed

Body weight (mean ± SD)

Day 1 Day 15

0 M 5 196.4±12.2 274.9±11.4

0 F 5 193.3±9.8 230.4±10.3

15,000 M 5 198.5±13.3 275.0±18.5

15,000 F 5 192.0±11.8 228.1±9.9
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Bacterial reverse mutation test (Ames test)
The bacterial reverse mutation tests indicated that noni 
juice powder did not induce mutagenic activity toward 
any of the S. typhimurium strains with or without S9 
activation at concentrations up to 5,000 µg/plate (Table 2).

TPC, flavonoid, and polysaccharide contents
TPC, flavonoid, and polysaccharide contents of noni 
juice extracts were measured systematically by spectro-
photometric methods (Table 3). CF contained the high-
est TPC (284 mg of GAE/g CF) and a higher amount of 
flavonoids (156 mg of RE/g CF). Each gram of EF con-
tained the highest amount of flavonoids (172 mg of RE) 
and higher amounts of TPC (255 mg of GAE). However, 
the amount of polysaccharide (584 mg of GE/g AF) con-
tained in AF was more than other fractions.

Cytotoxic effects of noni juice extracts and 
TBHP on SH-SY5Y cells
To determine doses of noni juice extracts that could be 
used without adversely affecting cell viability, the latter 
was determined using the CCK-8 assay and plotted on 
the survival curves. The IC

50 values of CF and EF for 
SH-SY5Y cells were 65.13 and 65.72 μg/mL, respectively 
(Fig. 1a). No cytotoxicity or changes in cell morphology 
were observed with 10 μg/mL CF or EF. The IC50 val-
ues for BF and AF were both greater than 0.5 mg/mL. 
In order to evaluate the cytotoxicity of TBHP, SH-SY5Y 
cells were treated with different concentrations of TBHP 
(5–500 μM) and a dose-dependent cell death was observed 

(Fig. 1b). Concentrations of TBHP ≥50 μM dramatically 
decreased cell viability and cell death reached 40% after 
50 μM TBHP treatment.

CF and AF confer protection on SH-SY5Y cells against 
TBHP-induced toxicity
In the present study, we evaluated the protective effect of 
noni juice extracts against TBHP challenge by CCK-8 
assay. To determine the protective effects of noni juice ex-
tracts against TBHP-induced cytotoxicity, SH-SY5Y cells 
were preincubated with noni juice extracts for 4 h, treated 
with TBHP for 2 h, followed by treatment with noni juice 
extracts for 48 h. With 50 μM TBHP, only 60.6% of cells 
were viable as compared to the control group. However, as 
shown in Fig. 2, it was noteworthy that TBHP-induced cell 
death was significantly ameliorated by CF and AF treat-
ments. Treatment with 10 μg/mL CF markedly improved 

Table 2.  Salmonella typhimurium reverse mutation test for noni juice by the direct-plate incorporation method with and without S9 activation

Noni juice 
powder  
(ug/plate)

Number of revertants/plate

TA97 TA98 TA100 TA102

- + - + - + - +

Experiment 1

0 119.3±14.6 116.0±12.5 35.7±5.7 40.0±3.0 141.7±12.6 144.3±13.1 267.3±16 261.3±8.1

8 122.3±17.5 121.7±14.6 36.0±3.6 38.0±5.6 147.0±17.1 145.0±14.7 266.7±15.5 265.7±16.6

40 120.3±16.3 125.7±10.6 36.3±4.5 39.0±4.6 150.7±13.3 144.3±18.5 269.7±15.9 266.0±13.1

200 120.0±10.0 114.7±15.0 39.3±3.1 37.0±5.0 150.3±20.6 150.3±13.5 267.7±18.0 265.3±15.0

1,000 119.0±16.8 123.0±12.2 37.7±5.7 39.7±5.0 155.3±15.5 154.3±15.0 271.3±17.2 267.7±12.3

5,000 120.3±10.0 125.0±9.2 37.7±3.1 38.7±4.7 156.7±13.3 154.3±13.7 269.7±13.3 163.3±18.2

Positive control 1,270.0±81.9 1,296.7±97.1 1,926.7±70.2 1,826.7±94.5 1,326.7±73.7 1,336.7±112.4 1,353.3±138.0 920.0±60.0

Experiment 2

0 117.7±11.6 120.0±14.0 42.7±4.5 41.7±4.2 153.0±10.8 146.3±12.7 264.7±22.0 267.7±11.6

8 123.3±10.4 122.7±13.0 39.0±4.6 36.0±5.6 158.3±14.7 150.7±17.2 270.0±11.4 262.3±8.6

40 124.7±12.7 120.7±11.0 36.7±4.7 37.7±5.5 163.0±12.1 152.3±17.8 263.7±12.7 270.7±13.7

200 120.3±15.6 127.3±17.2 39.0±2.6 37.0±4.0 155.0±16.1 143.3±12.3 271.0±14.5 265.7±13.9

1,000 124.7±9.1 126.3±13.3 39.7±5.5 38.0±2.6 160.3±16.0 146.7±17.2 271.7±18.5 270.7±14.2

5,000 124.0±10.8 119.3±17.8 39.3±4.2 40.7±4.7 164.3±12.1 149.7±13.6 264.3±18.9 270.7±19.0

Positive control 1,293.3±61.1 1,316.7±96.1 1,873.3±92.9 1,880.0±124.9 1,270.0±117.9 1,313.3±101.2 1,436.7±106.0 890.0±70.0

Table 3.  TPC, flavonoid, and polysaccharide contents of noni juice 
extracts

TPC  
(mg of GAE/g)

Flavonoids  
(mg of RE/g)

Polysaccharides  
(mg of GE/g)

CF 284.84±5.36 156.32±10.11 nd

EF 255.66±8.84 172.07±6.89 nd

BF 38.73±1.25 14.0±0.23 179.34±8.64

AF 75.45±4.21 8.64±0.18 584.64±12.28

TPC, total phenolic content; GAE, gallic acid equivalents; RE, rutin equiva-
lents; GE, D-glucose equivalents; CF, chloroform fraction; EF, ethyl acetate 
fraction; BF, n-butanol fraction; AF, aqueous fraction; nd, not detect.
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cell survival up to 87.8%, and 20 μg/mL AF reestablished 
cell viability to 76.4%. However, neither EF nor BF had 
any significant effect on cell viability.

Effects of noni juice extracts on antioxidant enzymes 
activity in TBHP-treated SH-SY5Y cells
In order to investigate whether antioxidant enzymes are 
involved in the removal of free radicals by noni extracts, 
SOD-1, CAT, GPx, and GR activities in SH-SY5Y cells 
were measured by the spectrophotometric degradation 
method. As shown in Table 4, oxidative damage induced 
by TBHP remarkably reduced the activity of antioxi-
dant enzymes, while noni juice extracts pretreatment re-
stored their activities almost similar to the control group, 

indicating that active ingredients in noni juice extracts have 
antioxidant defense ability (Table 4). Moreover, greater re-
storing capacity for antioxidant enzymes was observed in 
CF and AF groups, which was consistent with the result 
that CF and AF treatment conferred protection on SH-
SY5Y cells against TBHP-induced toxicity. CF exhibited 
the best restoring capacity for antioxidant enzymes. It  is 
speculated that higher activity of antioxidant enzymes 
could attenuate ROS-induced cell damage more efficiently.

CF and AF inhibits TBHP-induced ROS generation
Further, the effects of CF and AF on TBHP-induced ROS 
generation were investigated. As shown in Fig. 3, com-
pared with the control group, TBHP treatment markedly 

Fig. 1.  Survival of SH-SY5Y cells treated with noni juice extracts and TBHP. (a) Survival of SH-SY5Y cells that were treated 
with noni juice extracts for 48 h. (b) Survival of SH-SY5Y cells that were treated with TBHP for 2 h. Data represent the mean ± 
SD of three independent experiments. TBHP, tert-Butyl hydroperoxide.

Fig. 2.  Effects of noni juice extracts on TBHP-treated SH-SY5Y cells. After incubation with noni juice extracts for 4 h, 
SH-SY5Y cells were treated with TBHP for 2 h and then exposed to noni juice extracts for 48 h. Data are expressed as mean ± 
SD (n = 3). a–cThe bars with different letters represent significant difference (p < 0.05), compared with each control group.
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increased the fluorescence intensity of SH-SY5Y cells to 
251.2%. However, 5 μg/mL CF and 10 μg/mL AF signifi-
cantly decreased the fluorescence intensity to 159.3 and 
181.6%, respectively. The results indicated that CF and 
AF could eliminate endogenous ROS in SH-SY5Y cells 
treated with TBHP efficiently.

Inhibitory effects of CF and AF on TBHP-induced 
disruption of mitochondrial membrane potential (MMP)
In order to examine whether the protection of CF and 
AF on SH-SY5Y cells against TBHP-induced toxicity 
involves the MMP pathway, measurement of MMP was 
carried out. Data showed that treatment with TBHP re-
sulted in a marked decrease of MMP to 70.3%, which 

demonstrated that TBHP induced the mitochondrial 
damage via depolarization of MMP. However, pretreat-
ment with 5  μg/mL CF and 10 μg/mL AF restored the 
MMP to 85.5 and 80.2%, respectively. These results indi-
cated that CF and AF potentially suppressed the depo-
larization of MMP and partially showed the protective 
effects against TBHP-induced toxicity (Fig. 4).

Effects of CF and AF on HO-1, CAT, and SOD-1 gene expression
To explore the molecular mechanism of CF and AF pro-
tection on SH-SY5Y cells, gene expression of antioxidants 
and Phase II detoxifying enzymes such as HO-1, CAT, 
and SOD-1 were analyzed by Reverse Transcription-
Polymerase Chain Reaction (RT-PCR). As shown in 
Fig. 5a, CF and AF treatment increased the expression of 
HO-1, CAT, and SOD-1 gene expression. Compared to 
the control group, treatment with 5 μg/mL CF upregulated 
HO-1, CAT, and SOD-1 gene expression 2.30-fold, 1.65-
fold, and 2.10-fold, respectively, while 10 μg/mL AF upreg-
ulated HO-1, CAT, and SOD-1 gene expression 1.28 times, 
1.35 times, and 1.47 times, respectively (Fig. 5b through d).

Effect of CF and AF on Nrf2 nuclear translocation
The activation of Nrf2/ antioxidant response element 
(ARE) pathway is well known to confer resistance of cells 
to oxidative stress. In order to understand whether the up-
regulation of antioxidant enzymes and Phase II detoxifica-
tion enzymes by CF and AF were related to activation of 
Nrf2, the transactivation of Nrf2 in nuclear fractions was 
examined by Western blotting. As illustrated in Fig. 6a, CF 
and AF treatment obviously increased Nrf2 accumulation 
compared to the control group. A 3.16-fold increase in the 
nucleus Nrf2 was observed in the 10 μg/mL CF treatment 
group by comparison with 2.35-fold in the 10 μg/mL AF 
group (Fig. 6b). It is likely that the Nrf2 signaling pathway 
is an important neuroprotective mechanism of CF and AF 
against TBHP-induced oxidative damage in SH-SY5Y cells.

CF inhibited TBHP-induced apoptotic cell death
To explore whether CF and AF conferring protection 
on SH-SY5Y cells against TBHP-induced toxicity was 

Fig. 3.  Effect of CF and AF on TBHP-induced ROS genera-
tion. SH-SY5Y cells were treated with (a) 0, (b) 50 μM TBHP, 
(c) 5 μg/mL CF + 50 μM TBHP, (d) 10 μg/mL CF + 50 μM 
TBHP, (e) 10 μg/mL AF + 50 μM TBHP, (f) 20 μg/mL AF 
+ 50 μM TBHP. After treatment, the cells were stained with 
H2DCFDAfor 30 min and then analyzed by flow cytometry. 
CF, chloroform fraction; AF, aqueous fraction; ROS, reac-
tive oxygen species.

Table 4.  Effects of noni juice extracts on SOD-1, CAT, GPx, and GR activity in SH-SY5Y cells exposed to 50 μM TBHP

Samples SOD-1 (U/mg) Catalase (U/mg) GPx (mU/mg) GR (mU/mg)

Control 43.2±2.93** 1.84±0.16* 37.3±2.58** 8.89±0.68**

50 μM TBHP 18.7±3.79 1.01±0.08 23.0±2.08 3.45±0.58

5 μg/mL CF+ TBHP 45.5±2.99** 2.16±0.17** 40.8±1.82** 9.94±0.67**

5 μg/mL EF+ TBHP 34.1±2.00** 1.61±0.10* 30.2±2.42* 8.9±0.91**

10 μg/mL BF+ TBHP 37.2±2.38** 2.26±0.05** 36.2±3.48** 4.97±0.89*

10 μg/mL AF+ TBHP 43.0±3.79** 2.07±0.06** 40.1±1.75** 9.7±1.31**

After incubation with noni juice extracts for 4 h, SH-SY5Y cells were treated with TBHP for 2h and then exposed to noni juice extracts for 48 h. Data 
are expressed as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 as compared to TBHP-treated cells.
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associated with apoptosis, the double-staining method 
using FITC-labeled annexin V and PI was performed. 
CF was chosen to investigate the mechanism of its pro-
tection on TBHP-induced cell apoptosis. As shown in 
Fig. 7a, the cell apoptosis rate of the control group was 
1.41% and that of the 50 μM and 100 μM TBHP groups 
was obviously increased to 24.29 and 78.0%. However, 10 
μg/mL CF treatment significantly reduced the TBHP-in-
duced cell apoptosis rate of the 50 μM and 100 μM TBHP 
groups, respectively, to only 9.56 and 33.93%. These re-
sults indicated that CF exhibited protective effects against 
oxidative stress-induced apoptosis.

In the present study, we examined whether THBP-in-
duced cell death was mediated through native caspase-3 
cleavage and PARP-1 degradation and further explored the 

molecular mechanisms of the neuroprotective effect of CF 
on THBP-induced apoptosis. As shown in Fig. 7b, cleaved 
caspase-3 protein and degradation of PARP-1 were un-
detected in the control group but appeared after exposure 
to TBHP. However, CF significantly prevented the activa-
tion of caspase-3 and cleavage of PARP-1, indicating that 
CF could reverse the TBHP-induced apoptotic cell death 
efficiently. These results demonstrated that CF exhibited 
protective effects against TBHP-induced SH-SY5Y cells 
apoptosis through preventing activation of caspase-3.

Discussion
Although noni juice is well known as an antioxidant, the 
anti-oxidation effect and molecular mechanism of its ex-
tracts against oxidative damage in neurons are at present 

Fig. 4.  Estimation of mitochondrial membrane potential in SHSY5Y cells. After incubation with CF or AF for 4 h, SH-SY5Y 
cells were treated with TBHP for 2 h and then exposed to CF or AF for 48 h. After staining with Rhodamine 123 for 30 min, 
the cells were assayed with a FACSCalibur cytometer. Data are expressed as mean ± SD (n = 3). a–cThe bars with different letters 
represent significant difference (p < 0.05), compared with each control group.

Fig. 5.  Effects of CF and AF on HO-1, CAT, and SOD-1 
gene expression. (a) SH-SY5Y cells were pretreated with AF 
and CF for 24 h. Gene expression was analyzed by RT-PCR. 
(b) Quantification of HO-1 gene expression. (c) Quantifica-
tion of CAT gene expression. (d) Quantification of SOD-1 
gene expression. a–fThe bars with different letters represent 
significant difference (p < 0.05). HO-1, heme oxygenase-1; 
CAT, catalase; SOD-1, superoxide dismutase-1.

Fig. 6.  Effect of CF and AF on the nuclear translocation 
of Nrf2. (a) SH-SY5Y cells were pretreated with CF and 
AF for 24 h. Nuclear extracts were prepared and analyzed 
by Western blot. (b) Quantification of Nrf2 protein expres-
sion pretreated with CF. (c) Quantification of Nrf2 protein 
expression pretreated with AF. a–dThe bars with different let-
ters represent significant difference (p < 0.05).
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unclear. In this study, SH-SY5Y cells with oxidative dam-
age induced by TBHP were used as a model to explore 
the antioxidant and neuroprotective effects of noni juice 
extracts and reveal the underlying mechanism.

The acute oral toxicity and genotoxicity potential of 
noni juice were investigated. Noni juice did not induce 
mortality, clinical signs of morbidity, or physiologic ab-
normalities in Sprague-Dawley rats at a dose of 15,000 
mg/kg BW and was also nongenotoxic at concentrations 
up to 5,000 µg/plate. The results indicated that the max-
imum tolerated dose of noni juice was > 215.38 mL/kg 
BW in rats. These results suggest low toxicity of noni juice 
in acute toxicity studies.

Phenolic compounds and Polysaccharides of valuable 
plants for health care and medicine have been proven to 
be the main classes of natural antioxidants and correlated 
with their antioxidant activities (29–32). Our present 
study showed that CF contained the highest amount of 
TPC, while AF had a higher content of polysaccharides 
than other fractions. Recent reports also indicate that 
TPC, flavonoids, and polysaccharides are the bioactive 

compounds present in noni juice, which are responsible 
for its antioxidant and other pharmacological properties 
(15–17).

Previous studies revealed that several herbal extracts 
could inhibit TBHP-induced cell loss efficiently (33, 34). 
In this study, pretreatment with CF and AF significantly 
prevented cell loss in a dose-dependent manner. However, 
EF and BF had no ability to improve cell viability. These 
results indicated that CF and AF protected SH-SY5Y 
cells in the presence of TBHP-induced oxidative stress. 
The high TPC and flavonoid content of CF may account 
for its antioxidant and neuroprotection potential, while 
AF may be rich in polysaccharides.

ROS is a major pathological factor that can lead to 
many serious diseases, including neurodegeneration and 
cardiovascular diseases. Intracellular ROS production 
disrupts redox balance or oxidative stress not only in rela-
tion to cell proliferation and signal transduction but also 
to inducing apoptosis (35, 36). Because ROS serves as an 
initiator of TBHP-induced toxicity, we measured intracel-
lular ROS levels subsequently. Our results showed that CF 

Fig. 7.  Effect of CF on TBHP-induced apoptosis in SH-SY5Y cells. (a) Apoptotic cells were detected by annexin V and PI dou-
ble staining and analyzed by flow cytometry. (b) Western blot analysis of the status of PARP-1 and cleaved caspase-3. β-actin 
was used as a loading control. A representative result of three independent experiments is shown. PARP-1, poly(ADP-ribose) 
polymerase-1; PI, propidium iodide.
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and AF were able to inhibit TBHP-induced ROS genera-
tion, which indicated that the neuroprotective effects of 
CF and AF may be mediated by blocking ROS overpro-
duction. CF reduced the apoptosis rate caused by TBHP, 
indicating that changes in ROS levels are essential for CF 
protection against TBHP-induced cell apoptosis. The 
results are similar to previous findings that demonstrate 
the ROS scavenging activity of Cyperus extract against 
H2O2-induced neuronal stress (37).

Antioxidant enzymes such as CAT, GPx, SOD-1, and 
GR play important roles in detoxifying ROS and main-
taining redox status. Compelling evidence demonstrates 
that the activities of  antioxidant enzymes decrease sig-
nificantly in many neurodegenerative diseases (38). Per-
haps the neuroprotective effects of  noni juice extracts 
were related to antioxidant enzyme action. In order to 
further confirm the participation of  antioxidant status, 
we examined their activities. CF and AF inhibited TB-
HP-induced reduction of  SOD-1, CAT, GPx, and GR 
levels. The results demonstrated that the neuroprotective 
effects of  CF and AF may partly be mediated through 
enhancing the antioxidant enzyme activity. Previous re-
ports also showed that the neuroprotective effects of  nat-
ural plants are associated with activation of  antioxidant 
enzyme activity (10, 25).

Nrf2 is a major regulator for ARE-driven antioxi-
dant and Phase II detoxifying enzyme expressions, such 
as NAD(P)H quinone oxidoreductase 1 (NQO1), HO-1, 
CAT, and SOD-1. Increasing studies reveal that these 
antioxidant enzymes are regulated by activation of Nrf2 
and play an important role in oxidative stress-induced 
neuronal injury (39–42). Our results showed that CF and 
AF treatment increased the nuclear translocation of Nrf2, 
which was also associated with elevated antioxidative en-
zyme expressions of HO-1, CAT, and SOD-1. In addition, 
induction of HO-1 expression was higher than that of 
SOD-1 and CAT, indicating that HO-1 may be a major 
factor exerting neuroprotective effects. It is hypothesized 
that promoting antioxidants and Phase II detoxifying 
enzymes via activating Nrf2 nuclear translocation might 
be responsible for CF and AF protecting SH-SY5Y cells 
from TBHP-induced oxidative damage.

A collapse of  MMP is associated with several models 
of  apoptosis and used to assess stress-induced apoptotic 
cell damage (43–45). Mitochondrial damage has been 
observed in Parkinson’s disease by inhibition of  Com-
plex I activity, which results in mitochondrial impair-
ment. Our results are in agreement with other reports 
that oxidative stress induced by TBHP impairs the mito-
chondrial membrane, resulting in the depolarization of 
MMP. CF and AF potentially restrained the depolariza-
tion of  MMP induced by TBHP. In this study, we fur-
ther explored the possible role of  CF in TBHP-induced 
mitochondrial apoptosis.

TBHP-induced apoptosis mainly occurs via the apoptotic 
caspase pathway; apoptosis is induced by initiating mito-
chondrial dysfunction (46). Caspases are important medi-
ators of cell death through the cleavage of many substrates. 
Caspase-3 is an executioner for the death program in re-
sponse to various stressors. Activated caspase-3 catalyzes the 
degradation of PARP-1, which is an important ribozyme in 
DNA repair, cell proliferation, apoptosis, and transcription 
(47). The results in Fig. 7b show that CF protected TBH-
P-induced apoptosis via preventing caspase-3 activation.

In summary, this study demonstrated the antioxidant 
potential and molecular mechanisms involved in the neuro-
protective effects of CF and AF. Our findings suggest that 
CF and AF can provide neuroprotection for SH-SY5Y 
cells against TBHP-induced oxidative damage and apopto-
sis through improving the antioxidant status, maintaining 
the mitochondrial membrane integrity, and regulating the 
apoptotic markers. Moreover, CF and AF could elevate 
antioxidant and Phase II detoxifying enzyme expression 
through activating the nuclear translocation of Nrf2, which 
may be the underlying molecular mechanism for protecting 
SH-SY5Y cells from TBHP-induced oxidative damage. It 
can be concluded that CF and AF are potential candidates 
for preventing neuronal-associated disorders mediated by 
oxidative stress. However, it is necessary to further explore 
the derivatized compounds in CF and AF with better neu-
roprotective activity, which should be investigated as a nat-
ural remedy for neurodegenerative disorders.
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Abstract

Background:  The innate immune system plays a crucial role in the initiation and subsequent direction of 
adaptive immune responses, as well as in the removal of pathogens that have been targeted by an adaptive 
immune response.
Objective:  Morus alba L. was reported to have immunostimulatory properties that might protect against in-
fectious diseases. However, this possibility has not yet been explored. The present study investigated the pro-
tective and immune-enhancing ability of M. alba L. against infectious disease and the mechanisms involved.
Design:  To investigate the immune-enhancing effects of M. alba L., we used a bacterial infection model.
Results and discussions: The lifespan of mice infected with a lethal dose of Salmonella typhimurium (1 × 107 
colony forming units – CFU) was significantly extended when they were administered M. alba L. Further-
more, M. alba L. activated macrophages, monocytes, and neutrophils and induced Th1 cytokines (IL-12, 
IFN-γ, TNF-α) in mice infected with a sublethal dose (1 × 105 CFU) of S. typhimurium. M. alba L. signifi-
cantly stimulated the uptake of bacteria into peritoneal macrophages as indicated by increased phagocytosis. 
Peritoneal macrophages derived from C3H/HeJ mice significantly inhibited M. alba L. induced NO produc-
tion and TNF-α secretion compared with peritoneal macrophages derived from C3H/HeN mice.
Conclusions:  These results suggest that the innate immune activity of M. alba L. against bacterial infection in 
mice occurs through activation of the TLR4 signaling pathway.

Keywords: Morus alba L; TLR4; Salmonella; immune defense; macrophage

Bacterial infectious agents are responsible for high 
morbidity and mortality in humans (1). Antibiotic 
drugs are used to combat these pathogens; how-

ever, the rise in antibiotic-resistant pathogens has led to 
the development of new therapeutic agents that are effec-
tive against these bacteria (2, 3).

The immune system is our natural defense system 
against pathogens such as viruses, bacteria, and other 
agents (4). It is composed of the innate immune system 
and the adaptive immune system. The innate immune 
system is a primary defense mechanism against invading 
organisms, while the adaptive immune system acts as a 
second line of defense. Both aspects of the immune system 
have cellular and humoral components that mediate their 
protective functions. Macrophages are the most abundant 
cells in granulomas and have been shown to play a key role 
throughout the course of infection in all infected hosts, 
including humans and non-human primates. Once these 

bacteria enter a host, Toll-like receptors (TLRs) recognize 
a variety of microbial products, including bacterial cell 
wall components and endocytosed nucleic acids, thereby 
triggering innate immune responses (5–7). Most labora-
tory studies have focused on the modulation of antimicro-
bial peptides and innate immune mediators by microbial 
components (8, 9). However, the effect of herbal plant 
extracts on immune responses to infectious diseases is not 
well established. An attempt has been made to identify a 
potent immunostimulator from plant extracts selected for 
their immune pharmacological properties. Our previous 
study showed that Morus alba L. had immunostimulatory 
effects in macrophages (10). In addition, M. alba L. might 
have an indirect anticancer effect by enhancing immune 
responses through TLR4 signaling (11). However, the 
protective effects of M. alba L. against pathogens have 
not been examined. In the present study, we investigated 
the protective effect and macrophage-mediated immune 
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container until use. To avoid variations in activity for dif-
ferent preparations, sufficient extract was obtained in one 
batch for use throughout the study. The content of the 
marker chlorogenic acid in M. alba L. was quantitated 
using high performance liquid chromatography. Results 
indicated that M. alba L. possessed 1.18 mg of chloro-
genic acid per 1.0 g of extract (Fig. 1).

Induction of S. typhimurium infectious model
SPF male ICR (Institute for Cancer Research) mice (5 weeks 
old and 25–27 g body weight) were purchased from Hanil 
Laboratory Animals (Iksan, Korea). The mice were ran-
domly divided into two sets (Fig. 2). The first set contained 
three groups: a normal group (n = 10), S. typhimurium- 
​infected group (N = 10), and 500 mg/kg/day M. alba L. + 
S. typhimurium-infected group (n = 10). The second set con-
tained five groups: a normal group (n = 7); S. typhimurium-
infected group (N = 7); 100, 300, and 500 mg/kg/day M. alba 
L. + S. typhimurium-infected group (n = 7, respectively). 
The normal and S. typhimurium-infected groups in these 
experiments were administered the same volume of dis-
tilled water. M. alba L. was dissolved in sterile double- 
distilled water and administered for 5 days consecutively. 
Twenty-four hours after the last drug administration, the 
mice of the first set were intraperitoneally injected with 
a lethal dose of bacterial suspension (107 colony forming 
units (CFU)/mouse) to induce peritonitis. The mice in the 
second set were intraperitoneally injected with a sublethal 
dose of bacterial suspension (105 CFU/mouse) to induce 
peritonitis. The challenged mice were fed a standard diet 
and water for 8 days and their survival and health were 
monitored twice per day throughout the experimental 
period. Any animal that exhibited severe clinical abnor-
malities, became moribund, or lost 20 % of its initial body 
weight was sacrificed by ethyl ether narcosis and exsan-
guination. At the end of the experiment, the mice were 
subjected to ether anesthesia. The blood samples were 
collected from the central vein.

Measurement of cytokines
Blood and cell culture media were collected and then 
TNF-α, IL-6, IL-12, and IFN-γ production was measured 
by the sandwich ELISA method according to the manufac-
turer’s instructions (R&D Systems (TNF-α; DY410, IL-6; 
DY406, IL-12; DY419), Minneapolis, MN, USA and BD 
PharMingen (IFN-γ; RUO – 558258), CA, USA)).

Hematology test
Blood samples were collected from the vena cava of all 
animals under ethyl ether anesthesia at necropsy for hema-
tology. Blood was transferred to a container (EDTA K2; 
BD Biosciences, South Korea) for WBC (white blood cell), 
LYM (lymphocyte), MON (monocyte), and NEU (neu-
trophil) counts using an HORIBA (Edison, NJ, USA).

responses of M. alba L. in mice challenged with patho-
genic Salmonella typhimurium.

Materials and methods

Chemical and reagents
Roswell Park Memorial Institute medium 1640 (RPMI) 
and fetal bovine serum (FBS) were obtained from GIBCO 
(Grand Island, NY, USA). A nitric oxide (NO) detection 
kit was obtained from INTRON Biotechnology (Sungnam, 
Korea). Trizol was obtained from Invitrogen (Carlsbad, 
CA, USA). Interleukin (IL) 6, IL-12, interferon gamma 
(IFN-γ) and tumor necrosis factor alpha (TNF-α) were 
obtained from R&D Systems (Minneapolis, MN, USA). 
Penicillin, streptomycin, neutral red, 3-(4,5-dimethylthiaz
ol-2-yl)-2,5-diphenyltetrazolium bromide, lipopolysaccha-
ride (LPS), and all other chemicals were obtained from Sig-
ma-Aldrich (St. Louis, MO, USA).

Cell culture and animal care
Peritoneal macrophages were prepared from BALB/c, 
C3H/HeJ (wild type) and C3H/HeN (TLR4 mutant) 
mice as described previously (12). RAW264.7 cells were 
routinely cultured in Dulbecco’s Modified Eagle Medium 
(DMEM; Sigma-Aldrich) supplemented with 2 mM l- 
glutamine (Sigma-Aldrich) and 10% FBS. Briefly, perito-
neal macrophages were harvested from three mice, which 
had been injected intraperitoneally with 3 mL of thiogly-
collate broth 3 days before sterile peritoneal lavage with 10 
mL of Hank’s balanced salt solution. Cells were grown at 
37°C in a humidified 5% CO

2 incubator. The cells were al-
lowed to adhere to a 96-well culture plate at 37°C in a 5% 
CO2 incubator for 3 h. Cells were grown in RPMI medium 
supplemented with 10% heat-inactivated FBS, 100 U/mL 
penicillin, and 100 μg/mL of streptomycin. Salmonella ty-
phimurium was grown on Luria-Bertani (LB) agar or in 
LB broth, where appropriate, at 37°C under aerobic con-
ditions. Mice were housed in specific pathogen-free (SPF) 
conditions at 21–24°C and between 40 and 60% relative 
humidity with a 12 h light-dark cycle. All animals were 
acclimatized for at least 1 week prior to the start of exper-
iments. All studies were performed in accordance with the 
guide for animal experimentation by Wonkwang Univer-
sity and approved by the university’s institutional animal 
care and use committee (Approval No. WKU11-21).

Preparation of standardized M. alba L. extract
Dried fruits of M. alba were purchased from a local herbal 
market in Jeonbuk, Korea. The fruits were pulverized 
into  powder and extracted twice with hot water (80°C) 
for 5 h. The solvent was removed under reduced pressure 
in a RV10 rotary evaporator (IKA, Staufen, Germany) 
to  yield M. alba fruit hot water extract (42.8%, w/w).  
The extract was dried to a powder and kept in a closed 
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confirmed in the final volume of 200 μL. After incubation 
at 37°C for 2 h, phagocytic cells were washed 3 times with 
phosphate-buffered saline (PBS), which was aspirated to 
remove non-ingested cell particles. Extracellular fluores-
cence was quenched by the addition of 100 μL of trypan 
blue. After 1 min, the FITC bacteria that had not been 
ingested washed away and the macrophages were rinsed 
twice with PBS. Next, the macrophages were lysed with 
lysis buffer (10 mM Tris-HCl, pH 7.5, 130 mM NaCl, 
1% Triton X-100, 10 mM Na2HPO4, 10 mM Na4P2O7). 
The fluorescence intensity (relative fluorescence unit) 
of bacteria inside the cells was determined at excitation 

Assay for peritoneal macrophage phagocytosis
Phagocytosis assays were performed as described by Han 
et al. (13). Briefly, opsonization of bacteria fluorescein- 
labeled Escherichia coli wells were opsonized by incuba-
tion for 1 h at 37°C with 5% complete mouse serum or 
with 5% inactivated mouse serum. After opsonization, the 
serum was removed by centrifugation to eliminate excess 
opsonins. Fluorescein-5-isothiocyanate (FITC) labeled E. 
coli cells were suspended in Hank’s balanced salt solution 
and added to the adherent phagocytes at a concentration 
of 5 × 105 CFU/mL. The final ratios of bacteria to mac-
rophages (multiplicity of infection (MOI) of 50:1) were 

Fig. 1.  The structure and high-performance liquid chromatography (HPLC) chromatographic profile of chlorogenic acid in 
M. alba L. extract at 340 nm.

Fig. 2.  Time schedule of the experimental procedures.
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Results

Effect of M. alba L. on pathogenic S. typhimurium in mice
To determine the therapeutic effects of M. alba L. on life 
expectancy, mice were infected with a lethal dose (1 × 107 
CFU) of S. typhimurium intraperitoneally and assessed 
for mortality. Figure 3 shows that the mortality rates in 
the normal and S. typhimurium groups were 100 and 0% 
on Day 8. By contrast, the groups treated with M. alba L. 
showed 60% had survived on Day 8. These observations 
demonstrate the potential of M. alba L. to protect mice 
against the lethal effects of S. typhimurium.

Effects of M. alba L. on body and organ weight
Body weight was monitored during the experiment to re-
flect the health status of mice. All the infected groups had 
significantly greater weight loss compared with normal 
mice. At Day 5, mice infected with S. typhimurium had 
lost significantly more weight compared with the M. alba 
L. group (Fig. 4). After sacrificing the animals, the organs 
were removed and weighed. No significant changes in the 
weights of livers were seen in normal, M. alba L. + S. 
typhimurium, or S. typhimurium mice (Table 1). However, 
spleen weights were significantly increased in animals in-
fected with S. typhimurium compared with the normal 
group. The M. alba L. + S. typhimurium group had a sig-
nificantly higher spleen weight than the S. typhimurium 
group (p < 0.05).

Effects of M. alba L. on hematological parameters
Table 2 shows the effect of M. alba L. on the hematological 
parameters of mice. WBC count was significantly increased 
in the M. alba L. + S. typhimurium group (p < 0.05) com-
pared with the S. typhimurium group. Lymphocyte count 
was decreased in the M. alba L. + S. typhimurium group 
and infected control group. Monocyte and neutrophil 
counts were significantly increased in the M. alba L. + S. 
typhimurium group and infected control group compared 
with the uninfected control group (p < 0.05 for all).

Effect of M. alba L. on cytokine production in S. typhimurium-
infected mice
To examine the immunomodulatory effect of M. alba L. 
on pathogenic S. typhimurium infection, the mice were ad-
ministered M. alba L. (100, 300, and 500 mg/kg) for 5 days, 
or were not pretreated and were then challenged with 
1 × 105 CFU/mouse (sublethal dose) of S. typhimurium. 
After 8 days, the levels of key immune molecules, IFN-γ, 
TNF-α, IL-12, and IL-6 were measured in serum. The 
mice fed with M. alba L. (300 or 500 mg/kg) had higher 
IFN-γ, IL-12, and TNF-α production compared with the 
infected group (Fig. 5a, c, d). However, IL-6 production 
was not significantly different in the serum of mice in all 
groups (Fig. 5b).

and emission wavelengths of 480 and 520 nm by using 
a spectrofluorometer (Tecan Infinite F200, Männedorf, 
Switzerland). The relative phagocytic activity was calcu-
lated as the percentage of fluorescence intensity in a sam-
ple supplemented with FITC bacteria compared with that 
with no supplementation (control).

Intracellular killing assay
The intracellular killing assay was conducted as described 
by Wu et al. (14). RAW264.7 cells were seeded at a density 
of 5 × 104 cells/well in a 96-well plate containing 200 µL 
complete RAW medium and incubated at 37°C for 24 h in 
an atmosphere of 5% CO2. Three colonies of each S. typh-
imurium strain were inoculated into 10 mL LB broth with 
appropriate antibiotics and incubated for 16 h at 37°C, 
with shaking at 200 rpm. Cultures were then centrifuged 
at 3,000 g for 10 min and resuspended in complete medium 
to 5 × 105 CFU/mL. The culture medium was removed 
from the RAW264.7 cells and replaced with 200 µL of 
this bacterial inoculum per well, to give a MOI of 10:1. 
This MOI was used as the frequency of infection and was 
high enough to enable observation of infection events at 
the single-cell level in subsequent imaging experiments but 
minimize Salmonella-induced macrophage death. The cells 
were then incubated at 37°C for 30 min in an atmosphere 
of 5% CO2, after which the supernatant was removed from 
each well and 200 µL complete RAW medium containing 
50 µg/mL gentamicin was added; plates were incubated 
for either 15 min (T0) or 2 h (T2) at 37°C for 30 min in an 
atmosphere of 5% CO2. The cells were then washed twice 
with 200 µL DMEM and lysed in 1% saponin, and the 
number of intracellular bacteria (CFU) was determined by 
serial dilution and plating on plate count agar. Intracellular 
killing percentage was calculated as: [(T0 – T2)/T0] × 100.

NO assay
Peritoneal macrophages (1 × 105 cells/well) in a 96-well 
plate were incubated in the presence of three concen-
trations of M. alba L. (10, 30, and 100 μg/mL) for 24 h. 
NO was measured by determining the concentration of 
its stable oxidative metabolite nitrite using a microplate 
assay according to a described method (10). Supernatants 
(100 μL) were collected and mixed with an equal volume 
of Griess reagent (1% sulfanilamide and 0.1% N-(1- naph-
thyl)ethylenediamine dihydrochloride in 5% phosphoric 
acid) at room temperature for 15 min. The absorbance 
was read at 570 nm using a microplate reader. NaNO

2 was 
used as a standard.

Statistical analysis
Data are expressed as the mean ± SD and were examined 
for their statistical significance of difference by analysis of 
variance and Student’s t-test. A p-value <0.05 was consid-
ered statistically significant.
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Fig. 3.  Effects of M. alba L. on survival rates in mice challenged with pathogenic S. typhimurium. Morus alba L. (500 mg/kg) 
was orally administered for 5 days to mice, which were then intraperitoneally injected with a lethal dose of a bacterial suspension 
(107 CFU/mouse) to induce peritonitis. The challenged mice were kept for 8 days on a standard diet with water and their survival 
was monitored twice a day throughout the experimental period.

Fig. 4.  Effects of M. alba L. on change in body weight in mice challenged with pathogenic S. typhimurium. Morus alba L. (100, 
300, or 500 mg/kg) was orally administrated for 5 days to mice, which were then intraperitoneally injected with a sublethal dose 
of a bacterial suspension (105 CFU/mouse) to induce peritonitis. The body weight was recorded daily. The values are the means 
± S.D. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the M. alba L. group.
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Table 2.  Effects of M. alba L. on hematological parameters in mice challenged with pathogenic S. typhimurium. The values are the means ± S.D. 
*p < 0.05, compared with the M. alba L. group

Group Dose (mg/kg) WBC (103/ml) LYM (%) MON (%) NEU (%)

Normal mice

Saline - 4.32 ± 0.19 76.3 ± 10.28 18.4 ± 2.32 6.15 ± 3.27

Mice infected with S. typhimurium (1 × 105 CFU/mouse)

Saline 1.78 ± 0.24 61.3 ± 7.25 23.8 ± 1.93 16.1 ± 1.27

Morus alba L. 100 1.93 ± 0.27 62.7 ± 8.93 25.4 ± 1.42 13.6 ± 1.95

300 4.22 ± 0.43 * 55.4 ± 11.75 29.5 ± 1.28 * 22.7 ± 2.95

500 5.91 ± 1.73 * 53.4 ± 7.32 28.7 ± 1.15 * 25.1 ± 1.87 *

WBC, white blood cells; LYM, lymphocytes; MON, monocytes; NEU, neutrophils.

Fig. 5.  Effect of M. alba L. on the production of cytokines in mice challenged with pathogenic S. typhimurium. Morus alba L. (100, 
300, or 500 mg/kg) was orally administrated for 5 days to mice, which were then intraperitoneally injected with a sublethal dose 
of a bacterial suspension (105 CFU/mouse) to induce peritonitis. At the end of the experiment, the mice were subjected to ether 
anesthesia. Serum was collected from the blood of infected mice pre-administered with M. alba L. to evaluate the serum levels of 
(a) IFN-γ, (b) IL-6, (c) IL-12, and (d) TNF-α. The data are the means ± SD, *p < 0.05 compared with the S. typhimurium group.

Table 1.  Effects of M. alba L. on organ weight in mice challenged 
with pathogenic S. typhimurium. The values are the means ± S.D. 
*p < 0.05, compared with the M. alba L. group

Group Dose  
(mg/kg)

Body 
weight (g)

Relative liver 
weight 

(%)

Relative 
Spleen 

weight (%)

Normal mice

Saline - 36.0 ± 1.41 5.46 ± 0.08 0.35 ± 0.08

Mice infected with S. typhimurium (1 × 105 CFU/mouse)

Saline 25.8 ± 1.18 6.88 ± 0.20 1.16 ± 0.08

Morus alba L. 100 27.6 ± 0.47 7.40 ± 0.64 1.41 ± 0.09 *

300 26.4 ± 2.46 7.91 ± 0.11 1.55 ± 0.11 *

500 27.0 ± 3.57 7.40 ± 0.93 1.60 ± 0.04 *

Effect of M. alba L. on peritoneal macrophage phagocytosis
M. alba L. at the tested concentrations did not affect cytotox-
icity (data not shown). Thus, we treated cells with M. alba L.  
at concentrations of 10, 30, and 100 μg/mL during subse-
quent experiments. To determine the effects of M. alba L.  
on the phagocytic activity of macrophages, the uptake 
of FITC-labeled E. coli particles was compared between  
M. alba L. treated and untreated macrophages. The phagocy-
tosis of macrophages was increased by M. alba L. treatment 
in a dose-dependent manner (Fig. 6a). These results demon-
strate that M. alba L. enhances macrophage phagocytosis.

Effect of M. alba L. on intracellular killing
The bacteria defense functions of macrophages were fur-
ther assessed by using a gentamicin protection assay, a 
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Discussion
Morus alba L., white mulberry, is a deciduous tree that 
belongs to the Moraceae family, which is widely distrib-
uted in Asia. M. alba L. has been used worldwide in tra-
ditional medicine for the treatment of  various diseases 
from ancient times to the present (12, 15). Previous stud-
ies have indicated that M. alba L. possesses various phar-
macological properties, including antimicrobial (16), 
antioxidant (17), antitumor (18), anti-obesity (19), anti-
hypotensive (20), neuroprotective (21, 22), and antidia-
betic (23, 24) actions. In addition, our previous studies 
indicated that the extracts and components of  M. alba 
L. fruit water extract were safe (25), immunostimulatory 
(10, 12, 26), and had indirect anticancer activity by en-
hancing immune responses mediated by TLR4 signaling 
(12). However, the effects and mechanisms involved in 
pathogen defense actions have remained elusive. There-
fore, in this study, we examined the pathogen defense 

method commonly used to test intracellular bactericidal 
activity with live Salmonella as the target. The intracel-
lular killing of macrophages was increased by M. alba L. 
treatment in a dose-dependent manner (Fig. 6b), which 
demonstrated that M. alba L. enhanced macrophage in-
tracellular killing.

Effects of M. alba L. on peritoneal macrophages from TLR4-
deficient mice
To investigate the involvement of TLR4 signaling in me-
diating the beneficial effects of M. alba L., we compared 
NO and TNF-α production in peritoneal macrophages 
from wild-type (C3H/HeN) or TLR4-deficient mice 
(C3H/HeJ). Significantly increased NO and TNF-α was 
detected in peritoneal macrophages from C3H/HeN but 
not C3H/HeJ mice after M. alba L. treatment (Fig. 7). 
Therefore, M. alba L. induces the production of proin-
flammatory cytokines via TLR4.

Fig. 6.  Effects of M. alba L. on phagocytic activity and intracellular killing. Peritoneal macrophages derived from BALB/c mice 
or RAW 264.7 cells were treated with 10, 30, or 100 μg/mL of M. alba L. for 24 h, or with LPS (1 μg/mL) as a positive control. 
(a) After the addition of FITC-labeled E. coli, the cells were incubated for 2 h. The supernatants containing unphagocytosed 
bacteria were removed and then lysed with Triton X-100 containing lysis buffer. Fluorescence intensities of the lysed cells were 
measured by using a fluorescence microplate reader. (b) After the addition of S. typhimurium, the cells were incubated for 2 h. 
Unphagocytosed bacteria were removed and the cells were lysed with 1% saponin. The number of intracellular bacteria (CFU) 
was determined by serial dilution and plating on plate count agar (PCA). The values are the mean ± S.D. **p < 0.01, ***p < 
0.001 compared with the untreated group.

Fig. 7.  Effects of M. alba L. on peritoneal macrophages derived from C3H/HeN and C3H/HeJ mice. Peritoneal macrophages from 
C3H/HeN and C3H/HeJ mice were stimulated with M. alba L. or LPS (1 μg/mL) as a positive control for 24 h. (a) NO and (b) 
TNF-α levels were determined by ELISA. The values are the means ± S.D. **p < 0.01, ***p < 0.001, compared with C3H/HeN mice.

165Activation of macrophage mediated host defense against Salmonella typhimurium by Morus alba L.

http://dx.doi.org/10.29219/fnr.v62.1289


gentamicin at a concentration of c. 50 mg/L has been 
widely used, as this antibiotic is believed to be incapa-
ble of  penetrating the macrophage membrane. However, 
there are reports that such a high concentration of gen-
tamicin penetrates HeLa cells, reaching c. 90% of the ex-
tracellular concentration after incubation for 72 h. The 
M1, or proinflammatory, macrophage phenotype is char-
acterized by high levels of  proinflammatory cytokines 
and reactive nitrogen and oxygen intermediates, the pro-
motion of a Th1 response, and strong microbicidal and 
tumoricidal activity. Phagocytosis is the first step in the 
macrophage response to invading microorganisms and 
activation of phagocytosis enhances innate immune re-
sponses (33). Phagocytosis by macrophages was increased 
by M. alba L. treatment in a dose-dependent manner. The 
activation of intracellular killing mechanisms is critical 
to the antimicrobial activity of  phagocytes. The pathogen 
internalization is followed by the fusion of phagosomes 
and lysosomes, which exposes the internalized pathogen 
to antimicrobial proteins and reactive molecules. Results 
indicate that M. alba L. is armed with such a killing ca-
pacity in a dose-dependent manner.

The first step in the modulation of cellular events is bind-
ing to receptors. TLRs play a central role in macrophage 
activation and the control of pathogen infections (5).

TLR4 is expressed on macrophages, dendritic cells, B 
cells, T cells, and endothelial cells. The role of  TLR as 
a M. alba L. receptor was clearly demonstrated in our 
previous study (10, 12). TLR4 binds with M. alba L. acti-
vated signaling pathways, including MAPKs and NF-κB. 
Activation of MAPKs is required for the induction of 
NO as it controls the activation of NF-κB. In this study, 
the role of  TLR4 as an M. alba L. receptor was confirmed 
in macrophages. To investigate this membrane receptor, 
we examined the effect of  M. alba L. on primary macro-
phages isolated from wild-type C3H/HeN and C3H/HeJ 
mice that have mutant TLR4. Morus alba L. induced NO 
production and TNF-α in macrophages from C3H/HeN, 
but not from TLR4 mutated C3H/HeJ mice, which sug-
gests that TLR4 is the membrane receptor for M. alba L.

In summary, our data suggest that M. alba L. activated 
macrophages via TLR4 to provide protection against Sal-
monella infection, indicating that M. alba L. modulates 
the effector functions of immunocompetent cells.

Acknowledgements

This work was supported by the Industrial Core Technology Devel-
opment Program (10067293), funded by the Ministry of Trade, In-
dustry, and Energy (MOTIE, South Korea).

Authors’ contributions

All authors read and approved the final version of the manuscript. 
S.Y.K. conceived and designed the experiments. B.Y.C. and H.C.L. 
performed the experiments. B.Y.C., J.S.O., and S.Y.K. analyzed the 

properties of  M. alba L. in mice challenged with patho-
genic S. typhimurium.

Several studies have suggested that host cells exposed 
to different groups of pathogens respond with common 
transcriptional activation programs, referred to as the 
core response to infection (27). Macrophages, monocytes, 
and granulocytes are involved in the non-specific defense 
mechanism against pathogens. The common response of 
macrophages to bacterial infections involves the upregula-
tion of genes involved in M1 polarization (28).

We report that M. alba L. enhanced immune activity 
and resistance to experimental challenge with S. typhimu-
rium infection. However, M. alba L. did not directly kill 
S. typhimurium. Therefore, the pathogen defense effect 
of M. alba L. is likely to be mediated by potentiation of 
the host’s defense system, such as macrophage activation, 
rather than by the indirect inhibition of bacterial growth.

We observed hepatomegaly and splenomegaly in S. ty-
phimurium infected mice. The present results showed that 
the killing activity of monocytes and neutrophils was in-
creased in M. alba L. treated mice infected with S. typh-
imurium, indicating its potential to enhance non-specific 
immune responses. Systemic Salmonella infection com-
monly induces splenomegaly in murine or human hosts. 
The capacity of Salmonella to evade killing and replicate 
within tissue phagocytes means that infection can quickly 
overwhelm local host defenses at the site of infection. 
Thus, inflammatory signals produced by cells in the in-
fected tissue rapidly recruit neutrophils and inflammatory 
monocytes to engulf  replicating bacteria. Splenomegaly 
can cause splenic structure change; splenic tissue structure 
is correlated with the recruitment and expansion of T and 
B cells and macrophages (29). The present study provides 
evidence of the induction of the macrophage phagocytic 
effect by M. alba L.

Furthermore, cytokines such as IL-12, IFN-γ, and 
TNF-α have a vital role in both innate and adaptive im-
munity and are responsible for Th1 polarization (30, 31). 
Because IL-12, IFN-γ, and TNF-α were upregulated in 
M. alba L. treated groups, this suggests it has important 
immunoregulatory activity by activating macrophages. 
However, Th2 cytokine production (IL-6) was unaf-
fected. IL-12 is produced primarily by monocytes, macro-
phages, and other antigen-presenting cells and is essential 
for fighting infectious diseases and cancer. IL-12 syner-
gizes with TNF-α and other proinflammatory cytokines 
to stimulate IFN-γ production, as well NK and CD8 T 
cell cytotoxicity (32). TNF-α is another proinflammatory 
cytokine and its levels in plasma are directly correlated 
with the ability of  phagocytes to generate superoxide and 
the activity of  iNOS and, thus, NO levels (31). One of the 
key requirements for the accuracy of  the in vitro bacteri-
cidal assay is to eliminate the bacteria remaining extracel-
lularly after ingestion by macrophages. For this purpose, 
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Abstract

Background: Nutrition education is crucial for improved nutrition outcomes. However, there are no studies to 
the best of our knowledge that have jointly analysed the roles of nutrition education, farm production diver-
sity and commercialization on household, women and child dietary diversity. 
Objective: This article jointly analyses the role of nutrition education, farm production diversity and com-
mercialization on household, women and children dietary diversity in Zimbabwe. In addition, we analyze 
separately the roles of crop and livestock diversity and individual agricultural practices on dietary diversity. 
Design: Data were collected from 2,815 households randomly selected in eight districts. Negative binomial 
regression was used for model estimations. 
Results: Nutrition education increased household, women, and child dietary diversity by 3, 9 and 24%, respec-
tively. Farm production diversity had a strong and positive association with household and women dietary di-
versity. Crop diversification led to a 4 and 5% increase in household and women dietary diversity, respectively. 
Furthermore, livestock diversification and market participation were positively associated with household, 
women, and children dietary diversity. The cultivation of pulses and fruits increased household, women, and chil-
dren dietary diversity. Vegetable production and goat rearing increased household and women dietary diversity. 
Conclusion: Nutrition education and improving access to markets are promising strategies to improve dietary 
diversity at both household and individual level. Results demonstrate the value of promoting nutrition educa-
tion; farm production diversity; small livestock; pulses, vegetables and fruits; crop-livestock integration; and 
market access for improved nutrition.

Keywords: nutrition education; production diversity; commercialization; dietary diversity; Zimbabwe

The topics on behavior change communication 
(BCC), farm production diversity, and commer-
cialization within the nutrition debate are gathering 

enormous interest among researchers, policy makers, and 
development practitioners. BCC interventions (e.g. pro-
moting consumption of iron-rich foods, hygiene, preser-
vation, and nutrition gardens) seek to improve household 
and individual nutrition knowledge and encourage behav-
ior change adoption as well as improve decision-making on 
nutrition and child care as they encourage active participa-
tion of both men and women (1–4). Nutrition education 
increases awareness of malnutrition, benefits of consum-
ing healthy diets, and healthy implications of consuming 
various foods. In Ethiopia, Hirvonen, Hoddinott, Minten 
and Stifel (1) found that enhanced nutrition knowledge 

improved children’s dietary diversity only in areas with 
relatively good market access. Ensuring that caregivers 
understand what foods are appropriate for young children 
and women is seen as an integral component of efforts to 
improve maternal and children’s nutritional status. Hence, 
BCC interventions that seek to improve caregivers’ nutri-
tion knowledge have gained popularity among policymak-
ers in developing countries (1, 5, 6). According to Dewey 
and Adu-Afarwuah (6), BCC has been found to be effective 
at improving child-feeding practices in a number of ran-
domized control trials in different countries. In Zimbabwe, 
there is poor dietary diversity as the majority of smallholder 
farmers heavily rely on maize, the main staple crop, which is 
not very nutritious. National assessments have shown that 
only 54% of the population consume acceptable diets and 
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there is lack of protein-rich foods in the diets (7). This pro-
vides scope for promoting BCC and nutrition interventions 
to increase iron-rich foods and protein consumption (7).

Agriculture has a direct impact on household food secu-
rity and nutrition through three pathways, which are own 
production, agricultural income, and women empower-
ment (8–10). In developing countries, agriculture through 
own production is the main source of diverse and nutri-
tious foods and increased agricultural production through 
diversified farming can positively result in food availabil-
ity, diet, and nutrition improvement (11). Agricultural in-
come is another key pathway that can improve household 
food and nutrition security. Income generated from com-
mercialization – crop and livestock sales and or income 
earned through farm labor supply increases household 
income (12). In addition, higher agricultural productiv-
ity from own production can result in improved house-
hold income through increases in marketable surplus. The 
improved household income might enable households to 
better spend their money on food and non-food items, for 
example, healthcare expenditure which subsequently im-
proves nutrition, health, and welfare (9, 13–16).

Women empowerment is another important pathway to 
improved household nutrition. Women empowerment influ-
ences nutrition through several ways, including time use or 
caring capacity, workload in agriculture, maternal energy 
use, and women’s control of income and resource allocation 
(9, 14). Empowered women can efficiently allocate their time 
for child feeding and caring, agricultural work, and house-
hold chores so as to improve household and child nutrition. 
It is believed that empowering women by giving them access 
to productive resources to the same level as men would in-
crease yields by 20–30% and reduce the malnourished popu-
lation by 100–150 million people (17). Furthermore, studies 
have shown that women’s control of income and resources 
as well as greater access to markets have positive effects on 
household food and nutrition security as well as child educa-
tion. According to literature, empowered women are better 
able to allocate resources for food and health care which can 
improve household, maternal, and child nutrition (9, 14).

There is a growing body of contrasting literature analyzing 
the effect of farm production diversity (8, 14, 15, 18–21), 
commercialization (13, 21), and nutrition knowledge (1) on 
household, maternal, and child nutrition. Malapit, Kadiyala, 
Quisumbing, Cunningham and Tyagi (14) found that pro-
duction diversity positively influenced maternal and child di-
etary diversity in Nepal. In their study, Koppmair, Kassie and 
Qaim (21) conclude that farm production diversity and com-
mercialization have a positive association with household, 
maternal, and child dietary diversity in Malawi. Snapp and 
Fisher (20) found that although crop diversity was positively 
associated with dietary diversity, education, income, market 
access, and availability of improved storage technologies had 
higher influence on dietary diversity. Carrleto, Corral and 

Guelfi (13) found little evidence of a positive relationship be-
tween commercialization and nutritional status in three coun-
tries, namely, Malawi, Tanzania, and Uganda.

The literature on agriculture–nutrition linkages has nar-
rowly focused on farm production diversity and commer-
cialization and only few studies have analyzed the role of 
nutrition education on household and individual-level nutri-
tion (1). Furthermore, there are no studies to the best of our 
knowledge that have jointly analyzed the roles of nutrition 
education, farm production diversity, and commercialization 
on household, women, and child dietary diversity, especially 
in Zimbabwe. This is crucial given that there are context-spe-
cific factors that facilitate the functioning of impact pathways 
for improving nutrition (2). Furthermore, we disaggregate 
farm production diversity into crop and livestock diver-
sity and analyze their separate associations together with 
nutrition education and commercialization on household, 
women, and child dietary diversity. Most studies in literature 
focus on nutrition outcomes at household level and fail to 
capture the effects at individual level (21). In addition, we in-
vestigate the association between specific crop and livestock 
practices on dietary diversity of household, women, and chil-
dren. These areas have received little research attention. This 
paper attempts to fill these gaps by using cross-sectional sur-
vey data from 2,815 smallholder farm households randomly 
selected from eight districts in Zimbabwe.

Methodology

Data collection
The data used in this article were drawn from Crop and 
Livestock Production Survey conducted by Food and Ag-
riculture Organization in 2016 as part of the annual assess-
ment of the Livelihoods and Food Security Programme 
(LFSP). The programme is working to improve food se-
curity and nutrition of smallholder farmers and rural 
communities in eight districts of Zimbabwe (3). A total 
of 2,815 rural households were surveyed across eight dis-
tricts (Table 1). In each district, 10 wards were purposively 
selected to include diversity of agricultural value chains, 

Table 1.  Sample

District Household interviewed

Gokwe South 274

Guruve 391

Kwekwe 392

Makoni 306

Mt Darwin 397

Mutare 352

Mutasa 308

Shurugwi 395

Total 2,815
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areas with biofortified crop production, and community
-based micro-finance groups. Systematic random sampling 
was used to select households in each ward. About 36 
households were selected per ward using beneficiary lists 
where the sampling interval was calculated by dividing 
the total number of beneficiaries by 36. The enumerators 
visited individual households selected through this process 
with an allowance of not more than two house recalls after 
which a replacement household was found. If someone 
was not present at the time of the visit, the next house-
hold on the same list was chosen and not the next-door 
neighbor. The survey collected information on household 
characteristics, agricultural practices, household nutrition, 
maternal and child nutrition, and food security. The total 
number of women and children (6–23 months of age) in 
the 2,815 households is 2,285 and 506, respectively.

Measurements
Household dietary diversity
A modified Household Dietary Diversity Score (HDDS) 
(22) was calculated for each household using recall data on 
consumption of foods over the previous 24 h. In general, 
shorter recall period improves the accuracy of estimates 
compared with longer recall periods of 7 days (23). The 
food items were categorized into 12 different food groups 
with each food group counting toward the household 
score if  a food item from the group was consumed by any-
one in the household in the previous 24 h. The modified 
HDDS, then, is a count variable from 0 to 12. The food 
groups used to calculate the modified HDDS included ce-
reals, roots and tubers, vegetables, fruits, meat, eggs, fish 
and seafood, pulses and nuts, milk and milk products, oils 
and fats, sugar, and condiments.

Women dietary diversity
Women dietary diversity score (WDDS) is measured 
using the individual dietary diversity score (22) of women 
aged 15–49 years. We compute individual dietary diversity 
scores using 24-h dietary recall data of women’s own con-
sumption from 11 food groups, namely, starchy staples; 
pulses; dark green leafy vegetables; vitamin A-rich fruits 
and vegetables; roots and tubers; other fruits and vegeta-
bles; milk and milk products; egg; fish; meat; and sugar 
and condiments (11, 22).

Children’s dietary diversity
The child dietary diversity scores (CDDS) were used to de-
termine the quality of the individual child’s diet (14, 24). 
Dietary diversity of infants aged 6–23 months is measured 
by the number of food groups consumed in the last 24 h 
out of 16 food groups, namely, cereal-based foods; tubers; 
orange vegetables; green vegetables; orange fruits; other 
vegetables and fruits; juice; organ meat; meat; eggs; fish; 
pulses and nuts; dairy; oils; sugar; and liquids (14).

Nutrition education
Households’ nutrition education is captured in the data 
through two questions about whether household received 
information on nutrition and child feeding and care. 
These were captured as dummy variables. Recognizing the 
multidimensional determinants of malnutrition in society, 
the LFSP project uses pluralistic extension approaches 
for wider dissemination of nutrition education. Various 
nutrition messages, for example, healthy eating, four-star 
diets, dietary diversification, and importance of biofor-
tified crops are disseminated to farmers through various 
training platforms such as community health clubs, infor-
mation and communication technology platforms (pod-
casts, videos, WhatsApp), and field days. These messages 
are disseminated by public and private extension officers, 
health officers, project nutritionists, trained community-
based volunteers, and lead farmers (25, 26).

Farm production diversity
The number of crop and livestock species produced on a 
farm was used as the measure of farm production diver-
sity (8, 18, 21). This is a simple, unweighted count mea-
sure. Second, we split and used the simple, unweighted 
count of only crop species produced on a farm (crop 
diversity) and livestock species (livestock diversity) sepa-
rately. For robustness checks, we reran the model for crop 
and livestock diversity with a stepwise exclusion of rele-
vant control variables in the model specifications to ex-
amine whether this influences the results significantly (27).

Commercialization
There are various definitions of commercialization (13). 
For the purposes of this article, we limit our definition 
of commercialization to two definitions: (a) household’s 
market participation measured by the incidence of house-
hold selling crop and or livestock to the market and 
(b) the intensity of market participation measured by the 
share of crop output that the household sells to the mar-
ket (13). The limitation of the first definition is its inability 
to measure the intensity of market participation.

Estimation strategy
To investigate the relationship between nutrition educa-
tion, farm production diversification, and commercial-
ization on dietary diversity, we estimate the following 
regression models:

DD = �b0 + b1Nutrition education +  
b2Farm production diversity +  
b3Commercialization + b4I + b5H + ε� (1)

where, DD is the nutrition outcome (i.e. dietary diver-
sity); I and H are the vectors of individual and house-
hold characteristics, respectively; bi is the parameter to be 
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estimated; and ε is an error term. The parameters b1, b2, 
and b3 capture how nutrition education, farm production 
diversity, and commercialization are correlated with di-
etary diversity, controlling for a set of observable individ-
ual and household characteristics. In the extended model 
specifications, we split farm production diversity into crop 
and livestock diversity and assess their separate roles on 
dietary diversity as follows:

DD = �b0 + b1Nutrition education +  
b2Crop diversity + b3Livestock diversity +  
b4Commercialization + b5I + b6H + ε� (2)

In Equation 2, our key parameters of interest are b1, b2, 
b3 and b4 which capture how nutrition education, crop 
and livestock diversification and commercialization are 
correlated with dietary diversity. A positive and significant 
estimate for b1, b2, b3 and b4 implies that nutrition educa-
tion, crop, livestock diversity, and commercialization are 
associated with higher dietary diversity. The dietary diver-
sity is a count variable that can take values between 1 and 
12 (or between 1 and 9 when only including the healthier 
food groups) and is not normally distributed. The good-
ness-of-fit chi-squared tests for household (1,439, p > 
0.05) and women dietary diversity (1,308, p > 0.05) were 
not statistically significant revealing that poisson models 
fit reasonably well (28). For the children dietary diversity, 
the goodness-of-fit chi-squared test (1,010, p < 0.001) is 
statistically significant, indicating that the data do not fit 
the poisson model well. Given this, the negative binomial 
regression which is suitable for over-dispersed data is used 
for estimating all the three models (28–30). Robust vari-
ance estimator is used to obtain correct standard errors 
for model coefficient estimates in both models (31). For 
both models, we compute the incident rate ratios (IRRs) 
and their 95% confidence intervals. The IRRs are inter-
preted as percent change in the expected count, thus by 
what percentage the dietary diversity score change when 
the explanatory variable changes by one unit (30, 32).

Results

Descriptive results
Table 2 describes household characteristics. The upper 
part of Table 2 shows dietary diversity at the household 
level, and individually for women and children. At the 
household level, mean dietary diversity is 7; that is, the 
average household has consumed seven food groups dur-
ing the reference day. Individual-level dietary diversity 
is lower than those at household level. This is expected 
because at household level the consumption of all house-
hold members is covered, including children above the 
age of 5 years, adolescents, and male adults (21). About 
80% of the sampled households reported to have received 

information on nutrition, child feeding, and care prac-
tices. BCC strategies, for example, healthy eating messages 
disseminated to households, women, and men through 
various training platforms are crucial as they increase 
awareness of eating balanced diets.

The average farm household produces 3.0 and 2.4 dif-
ferent crop and livestock species, respectively. All house-
holds grew vegetables and 67% grew pulses. In terms of 
market participation, 50% of the sample households were 
engaged in crop and/or livestock sales. About 23.3% were 
involved in crop sales. On the contrary, about 10% of the 
harvest from crops is sold. These results reveal that only 
a small proportion of crop produce is sold to the mar-
ket. Farm households prioritize food self-sufficiency and 
only sell surplus to the market. The El-Nino drought of 
2015/16 season resulted in poor harvest and thus reduced 
marketable surplus.

The bottom part of Table 2 shows the variables that 
we use as covariates in the different specifications of the 
regression models. Our sample was dominated by male-
headed households (72%) with a mean age of 50.7 years. 
Regarding education, 53% of the household heads had 
secondary education and above. The household size var-
ied from 1 to 19 members with a mean size of 5.7. Also, 
mean arable land size holding within the sample was 
found to be three hectares.

Food group consumption
As presented in Table 3, food groups that were mostly con-
sumed by households included cereals (99%), condiments/
spices/beverages (95%), oils/fats (94.3%), and sugar and 
sweets (84.9%). Milk and dairy products (24.4%) and eggs 
(22%) were the least consumed. Among households who 
had consumed foods from the given food groups, house-
holds’ own production was the main source of vegetables 
(81.5%), eggs (80.5%), nuts and pulses (77.3%), and cere-
als (72.6%), whereas, oils and fats, sugars and sweets, con-
diments and spices, fish and milk products were mainly 
acquired through purchasing.

Table 4 shows the main food groups that were con-
sumed by the youngest child. The food groups that were 
mostly consumed by the youngest child in the house-
hold included plain water (94.4%), cereals (78.7%), oils 
(63.9%), and cereal porridge (56.8%). Fortified baby 
formula (10.9%), infant formula (11.1%), orange fruits 
(6.5%), and other liquids (4.2%) were the least consumed. 
Unfortunately, we have no data on the source of  foods 
consumed. However, the food types that young children 
eat are mostly acquired through purchasing rather than 
own production. This may suggest that young children 
dietary diversity is most likely influenced by income 
rather than farm production diversity. The results also 
show that approximately half  of  the sampled children 
consumed fruits and nuts.
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Table 2.  Household, farm, and institutional sample characteristics

Variable Description

Household dietary diversity (mean [SD]; median) Frequency of consumption of food groups 7.0 (2.0); 7.0

Women dietary diversity (mean [SD]; median) Number of food groups consumed by women 4.2 (1.7); 4.0

Child dietary diversity Number of food groups consumed by child 5.7 (3.4); 5.0

Nutrition information Received nutrition information (1 = yes) 79

Child feeding and care Received child feeding and care information (1 = yes) 77

Farm production diversity (mean [SD]; median) Number of crop and livestock species reared 5.4 (1.8); 7.0

Crop diversity (mean [SD]; median) Number of crop species grown 3.0 (1.8); 3.0

Livestock diversity (mean [SD]; median) Number of livestock species reared 2.4 (1.2); 2.0

Beans and pulses Grew pulses (1 = yes) 67

Vegetables Grew vegetables (1 = yes) 99

Fruits Grew fruits (1 = yes) 49

Cattle Reared cattle (1 = yes) 61

Sheep Reared sheep (1 = yes) 3

Goats Reared goats (1 = yes) 67

Chicken Reared chicken (1 = yes) 85

Market participation Sold crop and livestock (1 = yes) 50

Market intensity (mean [SD]; median) Total crop sold over total crop production 0.1 (0.5); 0.0

Age (mean [SD]; median) Age of household head (years) 50.7 (14.6); 48

Gender Gender of household head (1 = male) 72

Marital Marital status of head (1 = married) 75

Education Secondary education and above (1 = yes) 53

Household size (mean [SD]; median) Household size 5.7 (2.4); 5.0

Orphans (mean [SD]; median) Number of orphans 0.5 (0.9); 0.0

Chronically ill (mean [SD]; median) Number of chronically ill 0.1 (0.4); 0.0

Land size (mean [SD]; median) Total land owned (hectares) 3.0 (2.2); 2.5

Total income (mean [SD]; median) Total household income (USD) 185.0 (405.0); 75

Number of observations 2,815

Notes: Values are % unless specified as (mean [SD]; median). For all continuous variables, the median is reported, especially for age and income which 
are skewed.

Table 3.  Proportion of households which had consumed foods from each food group and main sources of these foods consumed

Consumption Main source

Own production Purchased Other

Food group N Consumed (%) N % n % N %

Cereals 2,805 99.0 2,010 72.6 535 19.3 223 8.1

Roots and tubers 2,799 25.3 440 62.5 218 31.0 46 6.5

Nuts and pulses 2,795 43.6 940 77.3 194 16.0 82 6.7

Green leafy vegetables 2,802 72.1 1,642 81.5 303 15.0 70 3.5

Fruits 2,802 37.1 598 58.4 242 24.1 184 17.5

Meats – beef and poultry 2,805 41.3 534 46.4 544 47.3 73 6.3

Fish 2,789 29.6 42 5.1 722 87.7 59 7.2

Eggs 2,799 22.0 491 80.5 105 17.2 14 2.3

Milk and dairy products 2,799 24.4 268 39.4 379 55.7 33 4.9

Sugar and sweets 2,792 84.9 52 2.2 2,256 94.5 55 3.3

Oils and fats 2,782 94.3 184 7.0 2,369 90.7 59 2.3

Condiments, spices, and beverages 2,767 95.0 52 2.0 2,519 96.2 48 1.8
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Household dietary diversity and characteristics of 
HDDS tertiles
In this section, we categorized household into three lev-
els to understand the proportions of household dietary 
diversity. Since there are no universal cut-offs for catego-
rizing households according to their HDDS, the sample 
distribution was divided into HDDS tertiles which were 
characterized as low (0–5), moderate (6–7), and high 
(8–12) dietary diversity (23, 33). Figure 1 shows that Mt 
Darwin, Mutare and Makoni had a higher proportion 
of households with low dietary diversity relative to other 
districts. On the contrary, Mutasa, Kwekwe and Gokwe 
South had higher proportion of households with high 
dietary diversity. About 56 and 52% of the households 
were categorized as having high diversity in Mutasa and 
Kwekwe districts, respectively. Higher dietary diversity 
was confined to districts located in relatively high rainfall 
regions.

Econometric results
Nutrition education, farm production diversity, and 
commercialization
Table 5 shows estimates of the association between nu-
trition education and dietary diversity. Results from the 
negative binomial regression show that nutrition educa-
tion and in particular access to child feeding and care 
information has a positive and significant association 
with household, women, and children dietary diversity. 
Nutrition education on child feeding and care practices 
increases household, women, and child nutrition by 3, 9 
and 24%, respectively.
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Fig. 1.  Proportion of households by dietary diversity tertile.

Table 4.  Proportion of youngest child who had consumed foods 
from each food group

Food group N Consumed (%)

Infant formula 506 11.07

Cereal porridge 506 56.76

Fortified baby formula 505 10.89

Cereals 506 78.74

Orange vegetables 506 23.87

Tubers 506 20.12

Green vegetables 506 40.72

Orange fruits 505 6.53

Other vegetables and fruits 504 48.61

Organ meat 503 10.74

Red meat 505 24.55

Poultry 501 20.16

Eggs 504 25.0

Fish 503 14.51

Pulses 502 23.11

Nuts 502 50.40

Milk products 502 21.91

Oils 498 63.86

Sugary foods 501 27.15

Other solids 493 13.18

Plain water 501 94.41

Milk 498 26.71

Fizzy drinks 502 16.14

Maheu 503 43.17

Fruit juice 492 7.52

Tea 502 53.78

Other liquids 481 4.16
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Farm diversification has a positive and significant asso-
ciation with household and women dietary diversity. The 
sample consists of subsistence-oriented households, who 
consume the large part of what is produced on the farm 
and these results are expected. Producing one additional 
crop or livestock species leads to a 3 and 4% increase 
in  household and women dietary diversity, respectively. 
Yet, the effects are relatively small. Commercialization is 
associated with positive nutritional outcomes for house-
hold, women, and children. Market participation results 
in 6, 13, and 15% increase in household, women, and child 
dietary diversity, respectively. This also confirms the result 
that children relied on purchased foods.

Nutrition education, crop and livestock diversification, 
and commercialization
In Table 6, results from the same type of regression 
models are shown, but using the crop and livestock spe-
cies counts as separate independent variables instead of 
farm production diversity. Nutrition education increases 
household, women, and children dietary diversity by 3, 
9 and 25%, respectively. Increasing crop diversity by one 
crop species is associated with only a 4 and 5% increase in 
the number of food groups consumed by the household 
and women, respectively. Livestock diversity is positively 

associated with both household and individual dietary di-
versity. Market participation is associated with 6, 13, and 
16% increase in household, women, and children dietary 
diversity, respectively. Furthermore, education of house-
hold head positively influenced household, women, and 
child nutrition.

Association between individual agricultural practices 
and nutrition
In this section, we assessed which agricultural prac-
tices might play a greater role in shaping household and 
women nutrition patterns in the sample (27). With regard 
to access to information on child feeding and care prac-
tices, our results are still robust and suggest that nutrition 
education is positively and significantly associated with 
women and child nutrition (Table 7). Nutrition education 
improves women and child nutrition by 8 and 24%, re-
spectively. We decomposed the crop and livestock diver-
sity to explore the association between individual farming 
practices and nutrition indicators. Results indicated that 
the cultivation of pulses and fruits were associated with a 
significant increase in household, women, and children di-
etary diversity. The cultivation of pulses increased house-
hold, women, and children dietary diversity by 19, 22, and 
12%, respectively. Vegetables increased household and 

Table 5.  Nutrition education, farm production diversity, and commercialization on household, women, and child dietary diversity

HDDS WDDS CDDS

IRR IRR IRR

Nutrition information 1.00 (0.97–1.03) 0.98 (0.94–1.03) 1.03 (0.89–1.20)

Child feeding and care 1.03** (1.00–1.06) 1.09*** (1.04–1.14) 1.24** (1.04–1.50)

Farm production diversity 1.03*** (1.03–1.04) 1.04*** (1.03–1.05) 1.01 (0.98–1.05)

Market participation 1.06*** (1.04–1.09) 1.13*** (1.09–1.16) 1.15*** (1.04–1.28)

Age 1.00 (1.00–1.00) 1.00** (1.00–1.00) 1.00** (1.00–1.01)

Gender 0.99 (0.95–1.02) 1.01 (0.95–1.07) 0.96 (0.83–1.12)

Marital 1.02 (0.98–1.06) 1.00 (0.94–1.07) 1.11 (0.92–1.33)

Education 1.06*** (1.03–1.08) 1.07*** (1.03–1.11) 1.14** (1.01–1.28)

Household size 1.00 (1.00–1.00) 0.99** (0.98–1.00) 0.99 (0.97–1.02)

Orphans 1.00 (0.99–1.01) 1.01* (0.99–1.03) 1.04 (0.98–1.10)

Chronically ill 0.99 (0.96–1.01) 1.00 (0.96–1.04) 0.93 (0.77–1.14)

Land size 1.00 (1.00–1.01) 1.01*** (1.00–1.02) 0.98 (0.96–1.01)

Total income 1.00*** (1.00–1.00) 1.00*** (1.00–1.00) 1.00 (1.00–1.00)

Gender of child (male) – – 1.03 (0.93–1.14)

District dummies Yes Yes Yes

Constant 5.27*** (4.92–5.65) 2.80*** (2.51–3.12) 3.32*** (2.32–4.75)

No. of observations 2,801 2,272 499

HDDS, household dietary diversity score; WDDS, women dietary diversity score; CDDS, child dietary diversity score; IRR, incidence rate ratios;  
CI, confidence interval.

The dependent variables are household, women, and CDDS. Models were estimated with negative binomial estimator. IRRs are shown with 95% CI in 
parentheses. *, **, and *** Statistically significant at the 10, 5, and 1% level, respectively.
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Table 6.  Nutrition education, crop and livestock diversity, and commercialization on household, women, and child dietary diversity

HDDS WDDS CDDS

IRR IRR IRR

Nutrition information 1.00 (0.97–1.03) 0.98 (0.93–1.03) 1.03 (0.89–1.19)

Child feeding and care 1.03** (1.00–1.06) 1.09*** (1.04–1.14) 1.25** (1.05–1.50)

Crop diversity 1.04*** (1.02–1.05) 1.05*** (1.03–1.07) 0.98 (0.93–1.04)

Livestock diversity 1.03*** (1.02–1.04) 1.03*** (1.02–1.05) 1.04* (1.00–1.09)

Market participation 1.06*** (1.04–1.08) 1.13*** (1.09–1.16) 1.16*** (1.04–1.30)

Age 1.00 (1.00–1.00) 1.00** (1.00–1.00) 1.00** (1.00–1.01)

Gender 0.99 (0.95–1.02) 1.01 (0.95–1.07) 0.96 (0.83–1.12)

Marital 1.02 (0.98–1.06) 1.00 (0.94–1.07) 1.11 (0.92–1.33)

Education 1.06*** (1.03–1.08) 1.07*** (1.03–1.11) 1.15** (1.02–1.29)

Household size 1.00 (0.99–1.00) 0.99** (0.98–1.00) 0.99 (0.97–1.02)

Orphans 1.00 (0.99–1.01) 1.01* (1.00–1.03) 1.04 (0.98–1.11)

Chronically ill 0.99 (0.96–1.01) 1.00 (0.96–1.04) 0.93 (0.77–1.13)

Land size 1.00 (1.00–1.01) 1.01*** (1.00–1.02) 0.99 (0.96–1.02)

Total income 1.00*** (1.00–1.00) 1.00*** (1.00–1.00) 1.00 (1.00–1.00)

Gender of child (male) – – 1.03 (0.93–1.14)

District dummies Yes Yes Yes

Constant 5.25*** (4.90–5.64) 2.77*** (2.49–3.10) 3.28*** (2.24–4.79)

No. of observations 2,801 2,272 499

HDDS, household dietary diversity score; WDDS, women dietary diversity score; CDDS, child dietary diversity score; IRR, incidence rate ratios;  
CI, confidence interval.

The dependent variables are household, women, and CDDS. Models were estimated with negative binomial estimator. IRRs are shown with 95% CI in 
parentheses. *, **, and ***Statistically significant at the 10, 5, and 1% level, respectively.

women dietary diversity by 25 and 27%, respectively. Fruit 
production is associated with an increase in household, 
women, and children dietary diversity. Goat rearing was 

women dietary diversity. Goat rearing increased house-
hold and women dietary diversity by 5 and 7%, respec-
tively. Commercialization is positively and significantly 
associated with household, women, and child nutrition.

Table 7.  Regression analysis of nutrition education, individual crop and livestock production practices, and commercialization on household 
and individual-level dietary diversity

Production system Individual practice HDDS WDDS CDDS

IRR IRR IRR

Nutrition education Nutrition information 1.00 (0.97–1.02) 0.97 (0.93–1.02) 1.00 (0.87–1.16)

Child feeding and care 1.02 (1.00–1.05) 1.08*** (1.04–1.13) 1.24** (1.05–1.48)

Crop Pulses 1.19*** (1.17–1.21) 1.22*** (1.18–1.26) 1.12** (1.00–1.26)

Vegetables 1.25*** (1.11–1.42) 1.27*** (1.11–1.45) 1.31 (0.89–1.94)

Fruits 1.24*** (1.21–1.26) 1.23*** (1.19–1.27) 1.18*** (1.06–1.31)

Livestock Cattle 1.03*** (1.01–1.06) 1.04** (1.00–1.08) 1.07 (0.95–1.21)

Goats 1.05*** (1.03–1.07) 1.07*** (1.03–1.10) 1.09 (0.97–1.22)

Chickens 1.02 (0.99–1.04) 0.99 (0.95–1.04) 0.88* (0.76–1.01)

Market Market participation 1.04*** (1.03–1.06) 1.11*** (1.07–1.14) 1.15*** (1.04–1.28)

Constant 3.81*** (3.33–4.36) 2.08*** (1.77–2.45) 2.48*** (1.46–4.20)

No. of observations 2,801 2,272 499

HDDS, household dietary diversity score; WDDS, women dietary diversity score; CDDS, child dietary diversity score; IRR, incidence rate ratios;  
CI, confidence interval.

The dependent variables are household, women, and CDDS. Models were estimated with negative binomial estimator. IRRs are shown with 95% CI in 
parentheses. *, **, and ***Statistically significant at the 10, 5, and 1% level, respectively. Model estimated with same covariates as in Table 6.
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Robustness checks
We ran a series of robustness checks. First, we re-
estimated Equation 2 with commercialization measured 
as market intensity instead of participation (Table 8). 
Results confirm that market intensity is positive and sig-
nificantly associated with household and women nutri-
tion. Study findings do not seem to be driven by the way 
commercialization is measured. Furthermore, access to 
child nutrition information positively influences women 

and children dietary diversity. In addition, results display 
similar findings and confirm that pulses and fruits are 
positively associated with household, women, and child 
dietary diversity. Our results are therefore quite robust.

Second, we reran the model for crop and livestock di-
versity and market participation as presented earlier in 
Table 6 with a stepwise exclusion of relevant control vari-
ables in the model specification (27, 34). With these vari-
ables removed from the model (Table 9), we found that 

Table 9.  Robustness checks: nutrition education, crop and livestock diversity, and commercialization on household and women dietary diversity

Panel A: Head characteristics  
(age, sex, marital, and education) excluded

Panel B: Wealth  
(land, income) excluded

HDDS WDDS CDDS HDDS WDDS CDDS

IRR IRR IRR IRR IRR IRR

Nutrition 
information

1.00 (0.97–1.03) 0.98 (0.94–1.03) 1.03 (0.89–1.20) 1.00 (0.97–1.03) 0.98 (0.94–1.03) 1.02 (0.88–1.18)

Child feeding  
and care

1.03** (1.00–1.06) 1.09*** (1.04–1.14) 1.24** (1.04–1.48) 1.03** (1.00–1.07) 1.09*** (1.04–1.14) 1.26** (1.06–1.50)

Crop diversity 1.04*** (1.03–1.05) 1.05*** (1.04–1.07) 0.99 (0.94–1.04) 1.04*** (1.03–1.05) 1.06*** (1.04–1.07) 0.98 (0.93–1.03)

Livestock 
diversity

1.03*** (1.02–1.04) 1.04*** (1.02–1.05) 1.04* (1.00–1.09) 1.03*** (1.02–1.04) 1.04*** (1.02–1.05) 1.05** (1.00–1.09)

Market 
participation

1.06*** (1.04–1.09) 1.13*** (1.09–1.16) 1.16*** (1.05–1.30) 1.07*** (1.05–1.09) 1.14*** (1.10–1.17) 1.18*** (1.06–1.31)

Constant 5.59*** (5.32–5.87) 3.10*** (2.86–3.36) 4.48*** (3.29–6.09) 5.24 (4.89–5.62) 2.75*** (2.47–3.08) 3.26*** (2.23–4.76)

Observations 2,801 2,272 499 2,814 2,282 501

HDDS, household dietary diversity score; WDDS, women dietary diversity score; CDDS, child dietary diversity score; IRR, incidence rate ratios;  
CI, confidence interval.

The dependent variables are household, women, and CDDS. Models were estimated with negative binomial estimator. IRRs are shown with 95% CI in 
parentheses. *, **, and ***Statistically significant at the 10, 5, and 1% level, respectively. Model estimated with same covariates as in Table 6.

Table 8.  Regression analysis of nutrition education, individual crop and livestock production practices, and commercialization on household 
and individual-level dietary diversity

Individual practice HDDS WDDS CDDS

IRR IRR IRR

Nutrition education Nutrition information 1.00 (0.98–1.03) 0.99 (0.94–1.03) 1.02 (0.89–1.18)

Child feeding and care 1.02 (0.99–1.05) 1.08*** (1.03–1.13) 1.23** (1.03–1.47)

Crop Pulses 1.19*** (1.17–1.21) 1.22*** (1.18–1.26) 1.13** (1.01–1.27)

Vegetables 1.26*** (1.12–1.43) 1.29*** (1.13–1.47) 1.30 (0.88–1.94)

Fruits 1.24*** (1.21–1.26) 1.23*** (1.19–1.27) 1.20*** (1.08–1.33)

Livestock Cattle 1.03*** (1.01–1.05) 1.04** (1.00–1.07) 1.06 (0.94–1.19)

Goats 1.05*** (1.03–1.07) 1.07*** (1.04–1.11) 1.09 (0.97–1.22)

Chickens 1.02 (0.99–1.05) 1.00 (0.95–1.04) 0.89 (0.77–1.03)

Market Market intensity 1.10*** (1.05–1.16) 1.16*** (1.06–1.26) 0.98 (0.74–1.30)

Constant 3.84*** (3.36–4.39) 2.11*** (1.80–2.48) 2.61*** (1.54–4.43)

No. of observations 2,801 2,272 499

HDDS, household dietary diversity score; WDDS, women dietary diversity score; CDDS, child dietary diversity score; IRR, incidence rate ratios;  
CI, confidence interval.

The dependent variables are household, women, and CDDS. Models were estimated with negative binomial estimator. IRRs are shown with 95% CI in 
parentheses. *, **, and ***Statistically significant at the 10, 5, and 1% level, respectively. Model estimated with same covariates as in Table 6.
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the influence of nutrition education, crop and livestock 
diversity, and commercialization on household, women, 
and child nutrition remained significant and positive, 
thereby providing evidence for the overall robustness of 
the model. We interpret this as evidence that the main re-
sults do not suffer from omitted variable bias (18).

Discussion
Most households consumed starchy staples, whereas few 
consumed eggs and animal-based foods. Similar results 
on consumption of eggs were found in Haiti (33), while 
Galbete et al. (35) found that diets were concentrated on 
starchy foods and animal-based products in rural and 
urban Ghana, respectively. Households’ own agricultural 
production was the main source of foods consumed the 
day before the survey.

To our knowledge, only few studies have analyzed the role 
of nutrition education on household and individual-level 
nutrition. In addition, this is a unique study that jointly ex-
amines the effects of nutrition education, farm production 
diversity, and commercialization on household, women, and 
children dietary diversity in a developing country context. 
The results of this study clearly support the role of nutrition 
education for enhancing household and individual nutrition 
in Zimbabwe. These findings resonate with Hirvonen, Hod-
dinott, Minten and Stifel (1) who found that nutrition knowl-
edge leads to considerable improvements in children’s dietary 
diversity in Ethiopia. BCC and nutrition-specific approaches 
that target women and children are needed to accelerate 
progress toward improved nutrition (4). The positive associ-
ation of farm production diversity on dietary diversity con-
firms the findings of Koppmair, Kassie and Qaim (21) and 
Malapit, Kadiyala, Quisumbing, Cunningham and Tyagi 
(14), highlighting the crucial role of farm production diver-
sity on improving household and women dietary diversity. 
Similarly, Sibhatu, Krishna and Qaim (18) found the positive 
association between farm production diversity and dietary 
diversity. We found no association between farm production 
diversity and child dietary diversity. These results contradict 
other study findings (4, 21, 34). Our study measured dietary 
diversity in relatively younger children (6–23 months) com-
pared to other studies, for example, by Koppmair, Kassie 
and Qaim (21) and Saaka, Osman and Hoeschle-Zeledon 
(4) that included children up to 5 years. Our results are partly 
explained by the fact that younger children tend to rely on 
purchased foods and less on foods from own production.

Crop diversity was significantly and positively asso-
ciated with household and women dietary diversity and 
not children dietary diversity. In rural Malawi, Koppmair, 
Kassie and Qaim (21) and Jones, Shrinivas and Bezner-
Kerr (8) found similar results that crop diversification 
improves dietary diversity. Livestock diversity is posi-
tively associated with both household and individual di-
etary diversity. However, the effects are relatively smaller, 

suggesting that substantial improvement in dietary diver-
sity would require very high levels of crop and livestock 
diversity if  these were the only strategies available. Other 
studies found similar results that livestock improves nu-
trition (36, 37). Kabunga, Ghosh and Webb  (36) found 
that ownership of improved dairy cows enhanced house-
hold welfare and child nutrition in Uganda. In Northern 
Rwanda, Rawlins, Pimkina, Barrett, Pedersen and Wydick 
(37) highlight the positive association between household 
ownership of dairy cows and child linear growth.

Results indicated that the cultivation of pulses and fruits 
were associated with a significant increase in household, 
women, and children dietary diversity. The important 
contribution of pulses for nutrition is also highlighted in 
Kenya (27). Goat rearing was significant and positively cor-
related with household and women dietary diversity. These 
results suggest that crop–livestock integration is crucial for 
improved nutrition. The preservation and storage of fod-
der for livestock feeding in dry season is one crop–livestock 
integration activity that needs to be promoted to enhance 
livestock nutrition. Access to markets for buying food and 
for selling farm produce increased household, women, and 
children dietary diversity. Various scholars found similar 
results for Malawi (21) and Ethiopia (1, 38). Hence, im-
proving access to markets through better infrastructure and 
institutions is a promising strategy to improve nutrition.

Conclusion and policy implications
This study investigated the role of nutrition education, 
farm production diversity, and commercialization on 
household, women, and child dietary diversity. We used 
data collected in 2016 in eight LFSP districts in Zimbabwe. 
There is renewed attention on the factors that directly 
affect household and individual-level nutritional status, 
and efforts are being made to ensure that caregivers and 
individuals understand which diets are appropriate for 
which age groups. In turn, this has led to the use of BCC 
interventions that seek to improve household and individ-
ual nutrition knowledge and encourage behavior change 
adoption. BCC interventions are also expected to improve 
decision-making on nutrition and child care since they 
encourage active participation of both men and women. 
In this study, we find that nutrition knowledge leads to 
improvements in household, women, and children’s dietary 
diversity. Overall, results demonstrate the potential value 
of promoting nutrition education via BCC interventions 
to enhance household and individual-level nutrition. BCC 
strategies, for example, messages on healthy eating and bal-
anced diets should be disseminated to households, women, 
children, and men through various platforms, for example, 
print and electronic media, food fairs, field days, and school 
curriculums and dramas to enhance improved nutrition.

The results show that farm production diversity had 
a strong and positive association with household and 
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women dietary diversity. These results suggest that 
farm production diversification has the potential to im-
prove household and women nutrition, highlighting the 
importance of  individual-level analysis. Furthermore, 
when farm production is disaggregated, our results show 
that crop diversity is positively associated with house-
hold and women dietary diversity. The association be-
tween individual farming practices and nutrition shows 
interesting results. The cultivation of  pulses and fruits 
is positively associated with household, women, and 
child dietary diversity, while vegetables and goats had 
significant relationship with household and women 
dietary diversity only. This suggests that interven-
tions that promote pulses, vegetables, fruits, and small 
stock production maximize nutritional content of  diets 
and are beneficial for household, women, and child  
nutrition.

Market participation is positively associated with 
household, women, and child dietary diversity. Small-
holder farmers have limited access to markets to sell their 
products. They often live in remote locations where infra-
structure is poor and buyers do not travel. In addition, 
they have poor skills to negotiate with buyers and also 
lack access to credit. Therefore, improving access to mar-
kets through better infrastructure and institutions and 
promoting programs that link farmers to the market are 
promising strategies to improve nutrition.

These findings demonstrate the importance of house-
hold and individual-level analysis. Furthermore, results 
demonstrate the significant role of women crops: pulses 
and vegetables on women and child nutrition. Interven-
tions that minimize trade-offs between women child care 
and agricultural production should be promoted, for ex-
ample, the adoption and use of labor-saving technologies 
such as fuel-efficient stoves, shellers, and ridgers. Taken 
together, the results show the need to promote nutrition 
education, farm production diversification, and commer-
cialization as complementary interventions for improving 
household and individual nutrition.

Limitations
This article is based on cross-sectional data which were 
collected at a single point in time. This study has limita-
tions in that we cannot account for seasonality in diets. 
We have data on whether the household, women, and 
child consumed different foods, but we do not have infor-
mation on the quantities consumed. In addition to this, 
as the study considered only the 24-h recall method, it 
might not accurately reflect participants past feeding di-
etary habit. Moreover, there might be a recall bias, and 
being a self-reported study might not give the exact fig-
ure of the minimum dietary diversity practice. Further-
more, establishing causality with cross-section data is a 
challenge. Even if  we are able to find a good instruments, 

the instrumental variable regression results will only be 
as good as the underlying instruments. Future research 
might need to consider use of panel data to address these 
shortcomings. Finally, the study findings are based on a 
LFSP targeting the poor and vulnerable households and 
as such our results are not nationally representative.

Acknowledgements

The authors are grateful to the farmers and extension staff  in the 
survey districts for their enthusiasm and collaboration in providing 
information during fieldwork. We are grateful to the UK Depart-
ment for International Development through Food and Agriculture 
Organization for funding the research. We acknowledge the research 
assistants for providing constructive and very useful comments that 
improved the survey tool as well as collecting the data.

Conflicts of interest and funding
The authors declare that they have no conflicts of interest. 
The article is original work and has not been submitted 
for publication elsewhere.

References

	 1. 	Hirvonen K, Hoddinott J, Minten B, Stifel D. Children’s diets, 
nutrition knowledge, and access to markets. World Dev 2017; 95: 
303–15.

	 2. 	Jones AD. Critical review of the emerging research evidence on 
agricultural biodiversity, diet diversity, and nutritional status 
in low- and middle-income countries. Nutr Rev 2017; 75(10): 
769–82.

	 3. 	LFSP. Livelihoods and Food Security Programme Zimbabwe. 
Available from: https://lfspzim.com/what-is-lfsp/background/
projects/ [cited 3 March 2018].

	 4. 	Saaka M, Osman SM, Hoeschle-Zeledon I. Relationship be-
tween agricultural biodiversity and dietary diversity of children 
aged 6–36 months in rural areas of Northern Ghana. Food Nutr 
Res 2017; 61: 1391668.

	 5. 	Pelto GH, Martin SL, van Liere MJ, Fabrizio CS. Perspectives 
and reflections on the practice of behaviour change communi-
cation for infant and young child feeding. Matern Child Nutr 
2016; 12: 245–61.

	 6. 	Dewey KG, Adu-Afarwuah S. Systematic review of the efficacy 
and effectiveness of complementary feeding interventions in de-
veloping countries. Matern Child Nutr 2008; 4(Suppl 1): 24–85.

	 7. 	Zimbabwe Vulnerability Assessment Committee. Zimbabwe 
Vulnerability Assessment Committee (ZimVAC) rural liveli-
hoods assessment. Harare, Zimbabwe; 2016. Available from: 
http://www.fnc.org.zw/downloads/Bulletins/2016%20Bulletins/
ZimVAC%202016%20Rural%20Livelihoods%20Assessment.
pdf [cited 4 July 2017].

	 8. 	Jones AD, Shrinivas A, Bezner-Kerr R. Farm production diver-
sity is associated with greater household dietary diversity in Ma-
lawi: findings from nationally representative data. Food Policy 
2014; 46: 1–12.

	 9. 	Carletto G, Ruel M, Winters P, Zezza A. Farm-level pathways 
to improved nutritional status: introduction to the special issue. 
J Dev Stud 2015; 51: 945–57.

	10. 	Ruel MT, Alderman H. Nutrition-sensitive interventions and 
programmes: how can they help to accelerate progress in im-
proving maternal and child nutrition? Lancet 2013; 382: 536–51.

179Nutrition education, farm production diversity, and commercialization on household and individual dietary...

http://dx.doi.org/10.29219/fnr.v62.1276
https://lfspzim.com/what-is-lfsp/background/projects/
https://lfspzim.com/what-is-lfsp/background/projects/
http://www.fnc.org.zw/downloads/Bulletins/2016%20Bulletins/ZimVAC%202016%20Rural%20Livelihoods%20Assessment.pdf
http://www.fnc.org.zw/downloads/Bulletins/2016%20Bulletins/ZimVAC%202016%20Rural%20Livelihoods%20Assessment.pdf
http://www.fnc.org.zw/downloads/Bulletins/2016%20Bulletins/ZimVAC%202016%20Rural%20Livelihoods%20Assessment.pdf


	11. 	Arimond M, Wiesmann D, Becquey E, Carriquiry A, Daniels 
MC, Deitchler M, et al. Simple food group diversity indicators 
predict micronutrient adequacy of women’s diets in 5 diverse, 
resource-poor settings. J Nutr 2010; 140: 2059S–69S.

	12. 	Akaakohol MA, Aye GC. Diversification and farm household 
welfare in Makurdi, Benue State, Nigeria. Dev Stud Res. 2014; 
1: 168–75.

	13. 	Carletto C, Corral P, Guelfi A. Agricultural commercialization 
and nutrition revisited: empirical evidence from three African 
countries. Food Policy 2017; 67: 106–18.

	14. 	Malapit HJL, Kadiyala S, Quisumbing AR, Cunningham K, 
Tyagi P. Women’s empowerment mitigates the negative effects 
of low production diversity on maternal and child nutrition in 
Nepal. J Dev Stud. 2015; 51: 1097–123.

	15. 	Pellegrini L, Tasciotti L. Crop diversification, dietary diversity 
and agricultural income: empirical evidence from eight develop-
ing countries. Can J Dev Stud 2014; 35: 211–27.

	16. 	Seng K. The effects of nonfarm activities on farm households’ food 
consumption in rural Cambodia. Dev Stud Res 2015; 2: 77–89.

	17. 	Quisumbing AR, Meinzen-Dick R, Raney TL, Croppenstedt A, 
Behrman JA, Peterman A. Gender in agriculture. Dordrecht: 
Springer Netherlands; 2014.

	18. 	Sibhatu KT, Krishna VV, Qaim M. Production diversity and di-
etary diversity in smallholder farm households. Proc Natl Acad 
Sci U S A 2015; 112: 10657–62.

	19. 	Shively G, Sununtnasuk C. Agricultural diversity and child 
stunting in Nepal. J Dev Stud 2015; 51: 1078–96.

	20. 	Snapp SS, Fisher M. ‘Filling the maize basket’ supports crop di-
versity and quality of household diet in Malawi. Food Security 
2015; 7: 83–96.

	21. 	Koppmair S, Kassie M, Qaim M. Farm production, market ac-
cess and dietary diversity in Malawi. Public Health Nutr 2017; 
20(2): 325–35.

	22. 	Swindale A, Bilinsky P. Household dietary diversity score 
(HDDS) for measurement of household food access: indicator 
guide: indicator guide (v. 2): food and nutrition technical assis-
tance project. FHI360/FANTA: Washington, DC; 2006.

	23. 	Swindale A, Ohri-Vachaspati P. Measuring household food 
consumption: a technical guide: food and nutrition technical 
assistance project. FHI360/FANTA: Washington, DC; 2004.

	24. 	Muhoozi GKM, Atukunda P, Mwadime R, Iversen PO, West-
erberg AC. Nutritional and developmental status among 6- to 
8-month-old children in southwestern Uganda: a cross-sectional 
study. Food Nutr Res 2016; 60: 30270.

	25. 	Kansiime MK, Watiti J, Mchana A, Jumah R, Musebe R, 
Rware  H. Achieving scale of farmer reach with improved 

common bean technologies: the role of village-based advisors. 
J Agric Educ Extension 2018; 1071: 1–18.

	26. 	Kiptot E, Franzel S. Voluntarism as an investment in human, 
social and financial capital: evidence from a farmer-to-farmer 
extension program in Kenya. Agric Hum Values 2014; 31: 231–43.

	27. 	Romeo A, Meerman J, Demeke M, Scognamillo A, Asfaw S. 
Linking farm diversification to household diet diversification: 
evidence from a sample of Kenyan ultra-poor farmers. Food Se-
curity 2016; 8: 1069–85.

	28. 	Cameron AC, Trivedi PK. Microeconometrics using Stata. 
College Station, TX: Stata Press; 2010.

	29. 	Greene WH. Econometric analysis. 7th ed. Boston, MA: 
Prentice Hall; 2012.

	30. 	Hilbe JM. Negative binomial regression. 2nd ed. Cambridge: 
Cambridge University Press; 2011.

	31. 	Wilber ST, Fu R. Risk ratios and odds ratios for common events 
in cross-sectional and cohort studies. Acad Emerg Med 2010; 17: 
649–51.

	32. 	Long JS, Freese J. Regression models for categorical dependent 
variables using Stata. [place unknown]: [publisher unknown]; 2014.

	33. 	Pauzé E, Batal M, Philizaire Y, Blanchet R, Sanou D. Determi-
nants of diet quality among rural households in an intervention 
zone of Grande Anse, Haiti. Food Security 2016; 8: 1123–34.

	34. 	Galbete C, Nicolaou M, Meeks KA, de-Graft Aikins A, Addo 
J, Amoah SK, et al. Food consumption, nutrient intake, and 
dietary patterns in Ghanaian migrants in Europe and their com-
patriots in Ghana. Food Nutr Res 2017; 61: 1341809.

	35. 	Kabunga NS, Ghosh S, Webb P. Does ownership of improved 
dairy cow breeds improve child nutrition? A pathway analysis 
for Uganda. PLoS One 2017; 12: e0187816.

	36. 	Hirvonen K, Hoddinott J. Agricultural production and chil-
dren’s diets: evidence from rural Ethiopia. Agric Econ 2017; 48: 
469–80.

	37. 	Rawlins R, Pimkina S, Barrett CB, Pedersen S, Wydick B. Got 
milk?: the impact of Heifer International’s livestock donation 
programs in Rwanda on nutritional outcomes. Food Policy 
2014; 44: 202–13.

	38. 	Sibhatu KT, Qaim M. Rural food security, subsistence agricul-
ture, and seasonality. PLoS One 2017; 12: e0186406.

*Conrad Murendo
International Crops Research Institute for the Semi-Arid Tropics  
P. O. Box 776  
Bulawayo, Zimbabwe  
Email: cmurendo@hotmail.com

180 Food and Nutrition: A Human Health Perspective

http://dx.doi.org/10.29219/fnr.v62.1276
mailto:cmurendo@hotmail.com
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Abstract

Background: Randomized controlled trials targeting maternal dietary and physical activity behaviors during 
pregnancy have generally failed to accomplish reductions in the prevalence of adverse maternal and neonatal 
outcomes. Interventions carried out during pregnancy could thus be missing the mark in maximizing inter-
vention health benefit.
Objective: To investigate whether pre-pregnancy and early pregnancy dietary behavior as reported at inclusion 
into the Norwegian Fit for Delivery (NFFD) trial was associated with maternal and neonatal outcomes irre-
spective of subsequent randomization assignment.
Design: The study is a post-hoc observational analysis of data from a randomized controlled lifestyle inter-
vention. We constructed two diet scores from participant responses to a 43-item questionnaire that addressed 
dietary behavior in retrospect (pre-pregnancy diet score) and dietary behavior at inclusion (early pregnancy diet 
score), respectively. The diet scores ranged from 0 to 10, with higher score reflecting healthier dietary behavior. 
Associations between diet scores and maternal and neonatal health outcomes were estimated in multivariate 
logistic regression models.
Results: A total of 591 women were eligible for analysis. A one-point increase in pre-pregnancy diet score 
was associated with lower odds of excessive gestational weight gain (GWG) (odds ratio [OR]adj: 0.92; 95% 
confidence interval [CI]: 0.84–1.00, p = 0.050), preterm delivery (ORadj: 0.81; 95% CI: 0.68–0.97, p = 0.019), 
and birthweight ≥ 4,000 g (ORadj: 0.88; 95% CI: 0.78–0.99, p = 0.038). A one-point increase in early pregnancy 
diet score was associated with lower odds of excessive GWG (ORadj: 0.88; 95% CI: 0.79–0.97, p = 0.009), pre-
term delivery (ORadj: 0.82; 95% CI: 0.67–0.99, p = 0.038), and preeclampsia (ORadj: 0.78; 95% CI: 0.62–0.99, 
p = 0.038).
Discussion: Higher diet score either pre-pregnancy or in early pregnancy was protectively associated with ex-
cessive GWG and preterm delivery, whereas the protective association with high birthweight was confined to 
pre-pregnancy diet and with preeclampsia to early pregnancy diet.
Conclusions: Both pre-pregnancy and early pregnancy dietary behavior was associated with important mater-
nal and neonatal health outcomes in the NFFD dataset.

Keywords: diet; neonatal outcome; diet score; preconception; preconception diet; pregnancy complications; pregnancy health; 
preeclampsia; preterm birth; gestational weight gain

Excessive gestational weight gain (GWG) has been 
identified as a potentially modifiable risk factor 
for adverse pregnancy outcomes based on con-

sistent findings from several observational studies (1). 

In the randomized controlled Norwegian Fit for Delivery 
(NFFD) study, we targeted maternal weight gain through 
a lifestyle intervention during pregnancy and demon-
strated that dietary advice and supervised exercise groups 

16

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.29219/fnr.v62.1273
http://foodandnutritionresearch.net/index.php/fnr/article/view/1273


during pregnancy improved dietary behavior and physical 
activity level, and resulted in lower GWG compared to the 
control group who received standard care (2). There was, 
however, no accompanying reduction in common preg-
nancy complications such as gestational diabetes mellitus 
(GDM), preeclampsia, or preterm delivery, and no sig-
nificant between-group differences in birthweight or other 
neonatal outcomes following the intervention. Other large 
and well-designed randomized controlled trials (RCTs) 
have reported similar findings, namely, a modest effect of 
pregnancy interventions on diet quality, physical activity 
level, and reduced GWG, but little or no effect on other 
measurable aspects of maternal and neonatal health (3–5). 
An individual patient data meta-analysis compiling data 
from several RCTs targeting lifestyle during pregnancy 
recently confirmed the lack of intervention effect on 
pregnancy complications and neonatal health outcomes 
despite self-reported improvement in diet and physical ac-
tivity (6). Findings from large prospective observational 
studies have, on the other contrary, repeatedly indicated 
protective associations between healthier maternal diet 
and pregnancy complications such as preeclampsia (7, 8), 
preterm delivery (8–12), and GDM (13).

These seemingly contradictory findings from observa-
tional versus experimental studies could possibly be recon-
ciled by taking into account the time window represented 
by the dietary data. The abovementioned observational 
studies information on maternal diet was collected during 
pregnancy. High correlations have previously been demon-
strated between presently reported diet and diet reported 
several years ahead in the general population (14). Dietary 
data collected during pregnancy may thus simultaneously 
represent longer-term diet and complicate the interpreta-
tion of whether observed associations between diet and 
pregnancy outcomes relate to diet during pregnancy per 
se or rather to maternal pre-pregnancy diet and nutritional 
status before conception. This distinction could be of con-
siderable public health interest, because pregnancy compli-
cations such as GDM, preterm birth, and preeclampsia are 
relatively common and may hamper maternal and newborn 
immediate and long-term health with associated large indi-
vidual and socioeconomic life course costs (15). Effective 
prevention strategies and relevant stages for prevention are 
therefore being searched for (16).

In the NFFD study, participants responded to ques-
tions about diet and dietary behavior both at the time of 
inclusion around week 15 of pregnancy and, in retrospect, 
to identical questions covering the period before getting 
pregnant. This left us with the opportunity to investigate 
both pre-pregnancy and early pregnancy dietary behav-
ior in relation to subsequent maternal and neonatal out-
comes and compare the respective effect sizes. The aim 
of this observational post-hoc analysis was thus to in-
vestigate whether NFFD participants’ dietary behavior 

before inclusion, assessed both pre-pregnancy and in early 
pregnancy, was associated with aspects of maternal and 
neonatal health irrespective of subsequent randomization 
assignment.

Methods
The present paper is a post-hoc analysis carried out 
among pregnant women participating in the NFFD study 
(17). We treated the study population as a cohort for in-
vestigating pre-intervention diet–outcome associations 
independently of randomization assignment but took 
potential randomization-related effects into account by 
adjusting for randomization status in the analyses and by 
carrying out sensitivity analyses confined to the control 
group. Although the main study and effects of the lifestyle 
intervention have been thoroughly described elsewhere 
(2), they have been briefly described below.

The Norwegian Fit for Delivery trial
The NFFD study is a population-based lifestyle RCT car-
ried out among nulliparous pregnant women in Southern 
Norway between 2009 and 2013 (ClinicalTrials.gov ID 
NCT01001689). The main aim of the study was to fa-
cilitate optimal GWG through dietary advice and twice-
weekly supervised exercise lessons, and thereby reducing 
the number of infants with high birthweight. The study 
protocol and the effectiveness of the intervention on vari-
ous outcomes have been published previously (17–21).

Participants
Women were eligible for participation if  they were 18 
years or older, nulliparous, had pre-pregnancy body mass 
index (BMI) ≥19 kg/m2, were 20 weeks pregnant or less at 
inclusion, carrying a single fetus, literate in Norwegian or 
English, and had provided written consent (2). Exclusion 
criteria comprised pre-existing diabetes mellitus, disabili-
ties precluding participation in a physical fitness program, 
ongoing substance abuse, or planned relocation outside 
the study area before delivery. Out of 1,610 potentially 
eligible women, a total of 606 nulliparous women agreed 
to participate and were consecutively enrolled from eight 
health care clinics between September 2009 and Febru-
ary 2013. Mean gestational age at inclusion was 15 weeks. 
Participants were randomly assigned to the control (n = 
303) or intervention group (n = 303), respectively. Twelve 
women were later withdrawn from the study because of 
miscarriage (n = 6), twin pregnancy (n = 2), and relocation 
outside study area (n = 4). One woman was excluded from 
participation in the trial due to very low BMI after being 
mistakenly included, and two women withdrew from the 
trial without giving permission to use data. A total of 591 
participants were thus included in intention-to-treat anal-
yses in the main study and were also eligible for the obser-
vational analyses in the present study.
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The 10 dietary behaviors that were targeted in the diet 
intervention
The diet intervention aimed at facilitating optimal GWG 
and otherwise promoting a healthy pregnancy through 
simple diet rules aimed at heightening participant reflec-
tion on dietary behavior (see below). We based the in-
tervention components on 10 dietary recommendations 
developed specifically for the study. The rationale for the 
10 recommendations has been published previously (22).

The 10 dietary recommendations in the NFFD trial are 
the following (19):

1.	 Eat regular meals
2.	 Drink water when thirsty
3.	 Eat vegetables with dinner every day
4.	 In-between meals – choose fruits and vegetables
5.	 Eat sweets and snacks only when you really appreciate it
6.	 Choose small portion sizes of unhealthy foods
7.	 Limit your intake of added sugar
8.	 Limit your intake of salt
9.	 Do not eat beyond satiety
10.	 Read nutritional labels

Women randomized to the intervention group received 
an illustrated booklet describing the dietary recommen-
dations and their simplified rationale shortly after ran-
domization. The recommendations were reinforced and 
tailored to the individual in two telephone sessions with a 
trained advisor, scheduled approximately 4–6 weeks apart. 
The intervention also comprised access to supervised ex-
ercise classes twice weekly, including strength training 
and cardiovascular exercise at moderate intensity. Women 
in the control group received routine pregnancy care but 
answered the same questionnaires and received the same 
medical follow-up as intervention participants, including 
extra ultrasound investigations and blood tests. The pres-
ent paper addresses pre-intervention dietary behavior in 
relation to maternal and neonatal health outcomes.

The Norwegian Fit for Delivery diet score
We operationalized pre-intervention dietary behavior as 
a pre-pregnancy and an early pregnancy diet score, respec-
tively. The scores were designed to reflect participant degree 
of compliance with the 10 dietary recommendations prior 
to inclusion into the study. Both diet scores were built from 
10 subscales, each subscale referring to a corresponding di-
etary behavior. The subscales were built from participants’ 
responses to the baseline questionnaire that included a 43-
item questionnaire with food frequency questions (FFQ) 
and questions about aspects of dietary behavior. All 43 
questions addressed pre-pregnancy diet in retrospect, and 
present diet at the time of inclusion (e.g. ‘how often did you 
drink water before you became pregnant?’ and ‘how often 
do you drink water now?’). The questionnaire only covered 

selected aspects of diet and dietary behavior, mainly the 
dietary aspects that were targeted in the NFFD interven-
tion (22). The subscales could be single variables or sum 
scores constructed from relevant questionnaire responses. 
Each subscale was dichotomized with the sample median 
as cutoff, and participants with the healthier behavior were 
assigned ‘1’ in each subscale, whereas the other half of 
the sample was assigned ‘0’. Individual diet scoring thus 
ranged from 0 to 10, with higher score indicating healthier 
behavior. For some of the analyses, participants were cat-
egorized as having low [0–3], medium [4–5], or high [6–10] 
diet score. Supplementary Table 1 provides an overview of 
the variables that were included in each subscale including 
cutoffs for scoring in each individual subscale. In brief, the 
behaviors that yielded scoring in the pre-pregnancy and 
early pregnancy subscales were as follows:

1.	 having ≥24 main meals/week (≥25 in the early preg-
nancy subscale)

2.	 44% or more of drinking events being water (≥46% in 
the early pregnancy subscale)

3.	 having vegetables with dinner ≥5 times/week
4.	 choosing fruits or vegetables for in-between meal 

snacks ≥3 times/week (≥5 times/week in the early preg-
nancy subscale)

5.	 never eating sweets and snacks without appreciation
6.	 buying small portion size of one or more unhealthy 

food items (soda, salty crisps, or chocolate)
7.	 consuming sugar-rich food items once a day or less
8.	 consuming fast-foods, snacks, or other salty food less 

than daily
9.	 eating beyond satiety less than once a week
10.	 reading nutrition labels on foods sometimes or often.

A detailed description of the construction of the diet 
score and its test–retest reliability has been published pre-
viously (22).

Maternal and child outcomes
Outcomes in the present study were excessive and inade-
quate GWG, preeclampsia, preterm delivery, GDM, and 
various measures of birthweight. Birth records and hospi-
tal charts were reviewed in retrospect to validate informa-
tion on maternal and neonatal outcomes (2)

All participants were weighed at their healthcare clinic 
at inclusion, and at Sorlandet Hospital at 30 gestation-
al-weeks (Tanita BC 418, Tokyo, Japan). Height was 
measured with a stadiometer (Seca Leicester, Hamburg, 
Germany). Pre-pregnancy BMI (kg/m2) was calculated 
based on self-reported pre-pregnancy weight (kg) and 
measured height (m). Participants were also weighed on 
admission to the delivery ward. If  admission weight was 
not available, the last weight in the prenatal record was 
recorded with its corresponding date. Total weight gain 
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Table 1.  Maternal characteristics and correlation with pre-pregnancy and early pregnancy diet scores in the Norwegian Fit for Delivery study 
(n = 591)

Maternal characteristics Number included Percentage Pre-pregnancy diet score
Mean (SD)

Early pregnancy diet score
Mean (SD)

Age at inclusion (years) 591

  <25 149 25.2 4.3 (2.1) 4.7 (1.9)

  25–29 273 46.2 4.5 (2.2) 4.9 (2.1)

  30–34 129 21.8 4.8 (2.1) 5.2 (2.1)

  35+ 40 6.8 4.7 (2.4) 5.4 (1.9)

Education (years) 588

  ≤12 187 31.8 4.0 (2.1) 4.6 (2.0)

  13–15 192 32.7 4.6 (2.2) 4.9 (2.1)

  ≥16 209 35.5 5.1 (2.1) 5.4 (2.0)

  Missing 3

BMI category pre-pregnancy 590

  <25.0 426 71.5 5.4 (1.9) 5.0 (1.6)

  25.0–29.9 119 20.8 4.4 (2.1) 4.8 (2.0)

  ≥30.0 45 7.6 4.4 (2.4) 5.1 (1.9)

  Missing 1

Current smoking

  No smoking 589 96.1 4.6 (2.2) 5.0 (2.1)

  Current smoking 23 3.9 3.1 (1.8) 4.1 (1.9)

  Missing 2

Marital status 589

  Married/boyfriend/partner 567 96.3 4.6 (2.2) 5.0 (2.1)

  Other 22 3.7 4.2 (2.1) 4.5 (1.7)

  Missing 2

Occupation

  Work outside home 496 84.2 4.6 (2.2) 4.9 (2.0)

  Student 51 8.7 5.1 (2.2) 5.5 (2.2)

  Unemployed 23 3.9 4.2 (1.6) 4.8 (2.0)

  Sick leave/disabled 11 1.9 3.5 (2.0) 4.9 (1.9)

  Homemaker 8 1.4 3.6 (1.7) 4.1 (1.4)

  Missing 2

Income (NOK)

  ≤400,000 183 31.2 4.3 (2.2) 4.7 (2.0)

  400,001–700,000 163 27.8 4.5 (2.1) 5.1 (2.1)

  >700,000 202 34.4 4.9 (2.2) 5.1 (2.0)

  Refrain from response 39 6.6 4.2 (2.4) 4.9 (2.1)

  Missing 4

Physical activity level in early pregnancya 481

  Low activity 127 26.4 4.2 (1.9) 4.7 (1.8)

  Medium activity 280 58.2 4.8 (2.3) 5.3 (2.2)

  High activity 74 15.4 5.0 (2.3) 5.0 (2.0)

  Missing 110

Randomization status 591

  Control 295 49.9 4.6 (2.2) 5.0 (2.1)

  Intervention 296 50.1 4.5 (2.1) 5.0 (2.1)

BMI, Body Mass Index; NOK, Norwegian currency (1 US Dollar).
a�Based on responses to the International Physical Activity Questionnaire short form (IPAQ-SF) and scored and categorized according to IPAQ analysis 
algorithms into physical activity categories (27)
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was calculated for women who delivered at ≥37 gestation-
al-weeks with measured weight available within 2 weeks 
of admission (2). Excessive GWG was defined as preg-
nancy weight gain measured at term exceeding the op-
timal range proposed by the 2009 Institute of Medicine 
(IOM) guidelines, that is, >16.0 kg if  normal weight, 
>11.5 kg if  overweight, and >9.0 kg if  obese pre-preg-
nancy (1). Inadequate GWG was defined as weight gain 
below the BMI-specific optimal range, that is, <11.5 kg 
if  normal weight, <7.0 kg if  overweight, and <5.0 kg if  
obese pre-pregnancy (1). Inadequate and excessive GWG 
were treated as dichotomous variables in the analyses (ex-
cessive GWG yes/no and inadequate GWG yes/no).

Participants underwent a glucose tolerance test in ges-
tational week 30, with measurement of fasting serum glu-
cose after overnight fasting, and postprandial level 2 h 
after intake of 75 g of glucose. Glucose levels ≥7.8 mmol/l 
at 2 h were classified as elevated, based on 2006 WHO 
criteria (23). The diagnosis of GDM was subsequently as-
certained from hospital charts.

Preeclampsia was diagnosed based on guidelines 
adopted by the Norwegian Federation of Obstetricians 
and Gynecologists; an increase in blood pressure to at 
least ≥140 systolic or 90 mm Hg diastolic after 20th gesta-
tional week combined with proteinuria (protein excretion 
of at least 0.3 g/24 h or ≥1+ on dip-stick), both measured 
at least twice (2, 24). Severe preeclampsia was defined as 
preeclampsia before 34 weeks of pregnancy and/or sever-
ity of symptoms, as documented in hospital charts. Cases 
of eclampsia and HELLP-syndrome (preeclampsia af-
fecting hemolysis, liver function, and platelet counts) were 
included as severe preeclampsia cases.

Preterm delivery was defined as delivery before 37 com-
pleted weeks of gestation. Estimated date of confinement 
was determined as part of routine prenatal care for all 
participants, based on ultrasound examinations supple-
mented with date of the last menstrual cycle.

We assessed birthweight according to widely used 
cutoffs for macrosomia (≥4,000 g and ≥4,500 g) and low 
birthweight (<2,500 g) (25), and relative to national ref-
erence values for gestational age and gender. Being small 
for gestational age (SGA) was defined as birthweight 
below the 10th percentile and being large for gestational 
age (LGA) was equivalent to birthweight ≥90th percentile, 
both calculated according to sex and gestational age-spe-
cific references from the Medical Birth Registry of Nor-
way (MBRN) (26).

Sociodemographic variables and potential confounders
Information on maternal age, education, marital status, oc-
cupation, income, smoking, pre-pregnancy weight and early 
pregnancy physical activity level was collected from the base-
line questionnaire completed upon inclusion. BMI was cal-
culated from self-reported pre-pregnancy weight and height 

measured with a stadiometer at inclusion (Secca Leicester, 
Hamburg, Germany). Physical activity level was assessed 
with the International Physical Activity Questionnaire short 
form (IPAQ-SF) (27, 28) that quantifies frequency and dura-
tion of physical activity in the intensity categories: vigorous, 
moderate, walking and sitting during the last 7 days (27). 
In addition to intensity, frequency and duration of physical 
activity are assessed. Responses were scored according to 
IPAQ-SF analysis algorithms into three categories denoting 
low, medium or high physical activity level.

Statistics
Statistical analyses were performed with SPSS for IBM 
statistical software package version 24.0 (IBM Corpora-
tion, Armonk, NY, USA). A two-sided p-value of ≤ 0.05 
was considered significant. Maternal age, weight, height, 
and BMI are presented with mean and standard devia-
tion (SD). Sociodemographic variables are presented with 
number and proportions (%). We calculated mean diet 
score for each category of the sociodemographic variables 
to visualize covariance between pre-pregnancy and early 
pregnancy diet scores and potential confounders.

We compared dietary intake across diet score cate-
gories and presented this information with median and 
interquartile range (IQR) as Supplementary Table 2. 
Prevalence of maternal and neonatal outcomes were sim-
ilarly compared across low, medium and high diet score 
categories and tested for trend across categories with the 
Mantel-Haenszel statistics (29).

We estimated crude and adjusted odds ratios (OR) 
and 95% confidence intervals (CI) for all outcomes with 
the continuous pre-pregnancy and early pregnancy diet 
scores as main exposure in separate tables. In the multi-
variate models, we included the following potential con-
founders: maternal age at inclusion (continuous), marital 
status (husband/boyfriend/partner or living alone), pre-
pregnancy BMI (continuous), educational attainment 
(≤12, 13–15, and ≥16 years), household income (≤400,000, 
401,000–700,000, and >700,000 NOK/year, equivalent 
to <52,000, 52,000–91,000, and <91,000 dollars/year, as-
sessed from exchange rate on 18 September 2017), and 
randomization assignment (control/intervention). In the 
early pregnancy analyses, we additionally included current 
smoking (yes/no). A total of 110 participants had missing 
information on early pregnancy physical activity level. We 
therefore fit a third early pregnancy model that included 
early pregnancy physical activity level (low, medium, or 
high) along with the other potential confounders.

Given the randomized controlled design, and the fact that 
the intervention group improved diet and physical activity 
behaviors compared to the control group between random-
ization and delivery (19), we performed sensitivity analyses 
by rerunning all pre-pregnancy and early pregnancy models 
confined to the control group who received no intervention.
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Ethics
Written informed consent was obtained from all par-
ticipants before inclusion into the study. The study was 
approved by the Norwegian Regional Committee for 
Medical Research Ethics South East C (REK reference 
2009/429). The authors assert that all procedures con-
tributing to this work comply with the ethical standards 
of the Norwegian Regional Committee for Medical Re-
search Ethics and with the Helsinki Declaration of 1975, 
as revised in 2008. The NFFD trial has the Clinical Trials 
registration: clinicaltrial.gov NCT0100168.

Results
Descriptive information about the 591 participants is 
presented in Table 1. Mean age at inclusion was 28.0 
years (SD 4.4, range18–44). Included women were 168.7 
cm tall (SD 6.2) and weighed 67.5 kg (SD12.2). Mean 
pre-pregnancy BMI was 23.7 kg/m2 (SD 3.9). Mean 
pre-pregnancy and early pregnancy diet score across cat-
egories of  the sociodemographic variables are presented 
in Table 1. There was a positive correlation with educa-
tional attainment for both diet scores (p < 0.001) and 
a negative correlation with smoking status (p < 0.05). 
Pre-pregnancy diet score was positively correlated with 
early pregnancy physical activity level (p = 0.029). Nei-
ther age, pre-pregnancy BMI, marital status, income nor 
occupation was significantly associated with the diet 
scores. A comparison of  the dietary characteristics as-
sociated with low, medium, and high diet scores in both 
pre-pregnancy and in early pregnancy are presented in 
Supplementary Table 2. Higher diet score implied more 
frequent consumption of  main meals, fruits, vegetables, 
and water, and less frequent consumption of  sweetened 
beverages, sweets, and snacks. There was considerable 
correlation between the continuous pre-pregnancy and 
early pregnancy diet scores (r

Pearson = 0.59, p < 0.001).

Maternal and newborn outcomes
Differences in prevalence of maternal and child outcomes 
with low, medium, and high pre-pregnancy and early preg-
nancy diet scores, respectively, are presented in Table 2. 
There were significant trends toward lower prevalence 
of excessive GWG, preterm delivery, and macrosomia, 
across pre-pregnancy diet score categories, but concurrent 
higher prevalence of SGA with higher diet scores. For the 
early pregnancy diet score, we observed significant trends 
toward lower prevalence of preterm delivery and mac-
rosomia with higher diet score, and a concurrent higher 
prevalence of SGA.

Mean GWG was 15.0 kg (SD 6.0). The overall prev-
alence of excessive and inadequate GWG was 48.6 and 
20.9%, respectively, leaving 30.5% with optimal GWG. 
There were significant inverse associations between a one-
point increase in pre-pregnancy and early pregnancy diet 

scores and odds of excessive GWG in crude and adjusted 
models (Tables 3 and 4) but no association between the 
diet scores and inadequate GWG.

A total of 53/582 (9.1%) NFFD participants were diag-
nosed with GDM. The highest prevalence of GDM was 
observed among women in the medium diet score category, 
whether assessed pre-pregnancy (13.9%) or in early preg-
nancy (12.5%) (Table 2). There was, however, no associa-
tion between pre-pregnancy and early pregnancy diet scores 
and GDM in multivariate analyses (Tables 3 and 4).

A total of 25/582 participants (4.3%) developed preec-
lampsia, with 15/582 (2.6%) classified as severe cases. 
Early pregnancy diet score was protectively associated 
with preeclampsia risk in model 3 when adjusted for 
pre-pregnancy physical activity level in addition to other 
potential confounders (Table 4). The same trend was ob-
served for severe preeclampsia, although not significant.

A total of 34/591 women (5.8%) delivered preterm. 
Women with low early pregnancy diet score had the high-
est prevalence of preterm delivery (12.5%), while women 
with high diet score pre-pregnancy had the lowest preva-
lence (2.6%) (Table 2). There were significant inverse as-
sociations between the diet scores and preterm delivery, 
whether assessed pre-pregnancy or in early pregnancy 
(Tables 3 and 4). The same pattern was observed when 
pregnancies complicated by preeclampsia were excluded 
from the analysis.

A total of 75/557 (13.5%) newborns had birthweight 
≥4,000 g at term, and 7/557 (1.3%) had birthweight ≥4,500 
g. A total of 18/591 (3.0%) were classified as LGA. Both 
the pre-pregnancy and early pregnancy diet score were in-
versely associated with birthweight above 4 kg in crude 
models, but the association was attenuated and no lon-
ger significant in the adjusted models (Tables 3 and 4). 
The early pregnancy diet score was associated with lower 
risk of birthweight above 4.5 kg, but the association was 
attenuated after adjustment for early pregnancy physical 
activity level (Table 4). There were no significant associa-
tions between the diet scores and other measures of fetal 
growth.

Sensitivity analyses
There was no formal interaction between randomization 
assignment and the diet scores. We nevertheless reran all 
pre-pregnancy and early pregnancy models confined to the 
control group to assess the associations in a non-interven-
tion setting. This made no substantial difference in the 
direction or magnitude of the estimates although some of 
the associations were no longer significant because of the 
smaller sample (Supplementary Tables 3a and 3b).

Discussion
In this study, we investigated whether and how degree 
of maternal compliance with a set of predefined dietary 
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Table 3.  Associations between pre-pregnancy NFFD diet score and maternal and newborn outcomes (n = 591)  

Obstetrical outcomes No. included in 
the analysis

No. of cases Pre-pregnancy model 1

Crude

Pre-pregnancy model 2

Adjusteda

OR 95% CI p-value ORa 95% CI p-value

Adequacy of weight gain (at term)b

  Excessive 528 256 0.91 0.84–0.98 0.019 0.92 0.84–1.00 0.050

  Inadequate 524 110 1.03 0.93–1.13 0.576 1.02 0.92–1.12 0.766

Gestational diabetesc

 � Elevated 2-h glucose tolerance test 
(WHO criteria)

578 53 1.06 0.93–1.20 0.403 1.07 0.94–1.23 0.314

Preeclampsiad

  Preeclampsia total 578 25 0.99 0.82–1.19 0.900 0.97 0.81–1.18 0.784

 � Severe preeclampsia/HELLP/
eclampsiae

578 15 0.93 0.73–1.18 0.564 0.93 0.73–1.19 0.573

Preterm delivery

  Prior to 37 weeks 586 34 0.81 0.68–0.96 0.014 0.81 0.68–0.97 0.019

 � Prior to 37 weeks (preeclampsia 
cases excluded)

553 24 0.76 0.62–0.93 0.008 0.77 0.62–0.95 0.013

Neonatal outcomes

  Birthweight > 4,000 g (term) 552 75 0.87 0.77–0.98 0.016 0.88 0.78–0.99 0.038

  Birthweight > 4,500 g (term) 552 7 0.82 0.57–1.17 0.275 0.76 0.52–1.14 0.183

  LGA >90th centilef 591 18 0.80 0.63–1.00 0.049 0.91 0.64–1.02 0.071

  Birthweight < 2.5 kg (term) 552 7 0.90 0.64–1.28 0.567 0.92 0.63–1.33 0.646

  SGA < 10th centilef 586 57 1.08 0.95–1.22 0.242 1.09 0.95–1.24 0.217

LGA, large for gestational age; SGA, small for gestational age.
aMultivariable associations between pre-pregnancy diet score and outcomes are expressed as odds ratios (OR) with 95% confidence intervals 
(95% CI) and corresponding p-values, adjusted for maternal age (continuous), educational attainment (≤12, 13–15, ≥6 years), marital status (cohabiting 
yes/no), family income (4 categories), pre-pregnancy BMI (continuous), and randomization assignment (control/intervention).
bWeight gain outside Institute of Medicine (IOM) 2009 recommendations, calculated for term pregnancies only (1).
cWHO 1999 criteria at gestational week 30: Elevated 2-h glucose ≥7.8 mmol/l (23).
dBased on guidelines adopted by the Norwegian Federation of Obstetricians and Gynecologists; an increase in blood pressure to at least ≥140 sys-
tolic or 90 mm Hg diastolic after 20th gestational week combined with proteinuria (protein excretion of at least 0.3 g/24 h or ≥1+ on dip-stick), both 
measured at least twice (24).
eDefined as preeclampsia diagnosed before 34 weeks of pregnancy and/or severity of symptoms, as documented in hospital charts. Cases of eclampsia 
and HELLP-syndrome were included.
fBirth weight centile calculated according to offspring sex and gestational age, based on data from the Medical Birth Registry of Norway (MBRN) (26).

behaviors assessed both pre-pregnancy and in early preg-
nancy was associated with maternal and neonatal out-
comes in the NFFD dataset. For the outcomes excessive 
GWG and preterm delivery, respectively, we found protec-
tive associations of similar magnitude with pre-pregnancy 
and early pregnancy dietary behavior. Lower odds of 
high birthweight were only observed with increasing pre-
pregnancy diet score, whereas lower odds of preeclampsia 
were only observed with increasing early pregnancy diet 
score. No association between the two diet scores and 
GDM was observed in this sample.

To our knowledge, no other study has investigated both 
pre-pregnancy and early pregnancy dietary behavior in 
the same individuals in relation to subsequent maternal 
and neonatal outcomes. Having done so, allows for spec-
ulation regarding sensitive periods for the role of diet and 
dietary behaviors in the prevention of adverse pregnancy 

outcomes. Our findings suggest a protective influence of 
healthier pre-pregnancy dietary behavior on GWG, pre-
term delivery, and newborn macrosomia, but possibly 
also an independent protective influence of early preg-
nancy dietary behavior on preeclampsia risk. Although 
aspects of dietary behavior changed from pre-pregnancy 
to early pregnancy among NFFD participants (30, 31), 
the correlation between the two diet scores in the present 
study was high.

Gestational weight gain
The protective associations observed between pre-preg-
nancy and early pregnancy dietary behavior and exces-
sive GWG support the relevance of targeting the chosen 
dietary behaviors for optimizing GWG. A recent obser-
vational study from Greece reported that higher adher-
ence to the Mediterranean diet prior to pregnancy was 
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associated with decreased risk for deviation from the ma-
ternal recommended GWG (32).

NFFD women with high diet score pre-pregnancy had 
similar prevalence of excessive GWG as women in the in-
tervention group (41.6% vs. 42.8%) (2) and almost one in 
two participants in the NFFD cohort exceeded BMI-spe-
cific recommendations for GWG which compares well 
with findings from the MoBa cohort (33). Given the high 
prevalence of excessive GWG in all diet score categories, 
more research is needed to identify successful interven-
tions for optimizing GWG.

Preterm delivery
Preterm birth is strongly associated with perinatal and in-
fant mortality (34), and even late preterm birth may have 
negative consequences for long-term health and devel-
opment (35). Rates of preterm birth vary widely among 
and within countries, and modifiable determinants are 
searched for (16). We observed inverse associations of 
similar strength between pre-pregnancy and early preg-
nancy diet scores and subsequent preterm delivery. Our 
findings are in agreement with previous observations of 
protective associations between healthy dietary patterns 
during pregnancy and subsequent preterm delivery (8, 9, 
11, 12), and higher risk with unhealthy dietary patterns 
(12, 36). In the National Danish Birth Cohort (DNBC), 
a consistent dose–response association between Western 
diet score and risk of preterm delivery was observed (OR: 
1.30, 95% CI: 1.13, 1.49 for highest vs. lowest quintile). 
Grieger et al. derived dietary patterns from retrospectively 
reported pre-pregnancy diet in 309 women and found that 
higher pre-pregnancy score on a high-protein/fruit pattern 
was associated with lower odds of subsequent preterm de-
livery (OR: 0.31; 95% CI: 0.50, 0.91 for each SD higher 
score) (37). The NFFD diet score reflect constellations of 
maternal dietary behaviors with potential favorable im-
pact on maternal hormones, metabolism, immunologic 
factors, inflammation, antioxidant defense, and energy 
balance, all of which might influence the risk of preterm 
delivery (34). Given the magnitude and strength of the 
associations between pre-pregnancy and early pregnancy 
diet score and preterm delivery, it was somewhat surpris-
ing that there was no reduction in preterm delivery in the 
NFFD intervention group. If  a true relationship exists 
between pregnancy dietary behavior and risk of preterm 
delivery, this lack of intervention effect on preterm deliv-
ery could imply a time-dependent association, that is, that 
interventions need to be implemented earlier in pregnancy 
or even before pregnancy to be effective. Other possibili-
ties are insufficient intensity of the NFFD intervention to 
impact on preterm delivery risk, insufficient dietary dif-
ference between control and intervention group, or that 
other aspects of the lifestyle intervention negated poten-
tial protective effects of diet.

Preeclampsia
Preeclampsia is another serious complication of preg-
nancy that may threaten maternal survival and severely 
affect fetal growth and development (38). There was no 
association between pre-pregnancy diet score and preec-
lampsia in the present study. A significant protective as-
sociation was, however, observed between early pregnancy 
dietary behavior when the model was adjusted for physi-
cal activity level (Table 4), indicating that the protective 
association with early pregnancy diet was negatively con-
founded by physical activity level. Fewer preeclampsia 
cases occurred in the intervention group, but the differ-
ence was not significant (OR: 0.65; 95% CI: 0.29–1.47) 
(2). Importantly, the NFFD trial was not powered to 
detect between-group differences for this outcome. A 
meta-analysis of lifestyle interventions during pregnancy 
by Allen et al. found that dietary interventions resulted 
in an estimated 33% reduction in preeclampsia preva-
lence (39), supporting an independent influence of di-
etary factors during pregnancy. We only found one other 
study that prospectively investigated associations between 
pre-pregnancy diet and subsequent hypertensive disorders 
of pregnancy. This study reported a protective dose–re-
sponse association between pre-pregnancy consumption 
of a Mediterranean-style dietary pattern and subsequent 
risk of hypertensive disorders of pregnancy (quartile 4 vs. 
quartile 1: RR, 0.58; 95% CI, 0.42, 0.81) (40).

Newborn birthweight
Only seven children had birthweight ≥4,500 g, so associ-
ations between the diet scores and this outcome should 
be interpreted with caution. The observation that higher 
diet score was associated with lower odds of high birth-
weight might point to pre-pregnancy and the first trimes-
ter as a window of opportunity regarding healthy fetal 
growth. Given that excessive GWG is strongly associ-
ated with macrosomia (41, 42), efforts to avoid excessive 
GWG are likely to simultaneously influence fetal fuel 
availability and birthweight in addition to potential di-
rect influences of diet and dietary behavior on fetal tissue 
accretion (43). The higher prevalence of newborn SGA 
among women with high pre-pregnancy and early preg-
nancy diet score highlights that there is also a risky side 
of presumably healthy dietary behaviors, and that energy 
balance–related behaviors might compromise fetal fuel 
availability if  taken too far. There was however no signifi-
cant association between the diet scores and odds of SGA 
in multivariate analyses, indicating that other maternal 
characteristics associated with the diet scores might ex-
plain the increased prevalence of SGA in the unadjusted 
analysis in Table 2. Fortunately, the NFFD intervention 
did not result in increased prevalence of SGA in the inter-
vention group compared to the control group (OR: 1.16, 
95% CI: 0.68–2.00, p = 0.679) (2).

190 Food and Nutrition: A Human Health Perspective



Gestational diabetes mellitus
Surprisingly, the prevalence of GDM was substantially 
higher in the medium diet score category, whether as-
sessed pre-pregnancy or in early pregnancy. This finding 
is difficult to explain and should be a target for further 
investigations in the NFFD dataset. The dietary differ-
ences between the diet score categories in Supplementary 
Table 2 give no clue as to why the medium diet score group 
should perform worse than the others. There may, how-
ever, be dietary characteristics specific to the medium diet 
score category that was not captured by the NFFD ques-
tionnaire. There could also be unmeasured confounding 
related to maternal risk status, for example, that women 
susceptible to overweight or obesity (and therefore at a 
higher risk of GDM) could be more conscious about their 
diet than women with lower risk, and therefore more likely 
to be categorized in the medium (or high) diet score cate-
gory. A pre-pregnancy ‘Meats, snacks, and sweets’ pattern 
was associated with higher GDM risk, and a ‘Mediter-
ranean-style’ pattern with lower risk after adjustment for 
socioeconomic, reproductive, and lifestyle factors in the 
Australian Longitudinal Study on Women's Health (44). 
Large population-based RCTs as well as RCTs targeting 
overweight and obese gravidas have demonstrated no ef-
fect of lifestyle interventions on GDM prevalence despite 
dietary improvement, increased physical activity, and in 
some of the studies, even reduced GWG (4, 5, 45). A re-
cent systematic review on primary prevention studies of 
GDM through nutritional factors summarized that no 
conclusions can be drawn with regard to the best dietary 
interventions and that there is a strong need for additional 
research on this topic (46).

Strengths and limitations
There are several strengths to the present study. The par-
ticipation rate in the trial was high. All women provided 
dietary data upon inclusion in early pregnancy, and in 
retrospect, the same dietary data pertaining to the period 
before getting pregnant. Birth records and hospital charts 
were reviewed for all participants to confirm data on ma-
ternal weight gain and maternal and neonatal outcomes.

Only nulliparous women were included in the study. 
Nulliparity is associated with higher risk of pregnancy 
complications compared to multiparous pregnancies (16). 
Thus, heterogeneity and bias introduced by differential 
absolute risk of pregnancy complications between nullip-
arous and multiparous gravidas was avoided, as well as 
bias related to the high repeatability risk of preterm de-
livery and preeclampsia in subsequent pregnancies (16).

Sufficient variation in diet is necessary to detect true 
diet–disease associations in epidemiological studies 
(14). Randomized controlled diet interventions nor-
mally result in rather small mean improvements in diet 
or dietary behavior and are therefore not suited to assess 

dose–response relationships in diet–outcome associations 
(14). The NFFD diet score captured a continuum of com-
binations of healthy and less healthy dietary behaviors 
and thus much larger dietary variation than could be ob-
tained in a RCT. Even though the numbers of preterm 
delivery, preeclampsia, and macrosomia cases were small 
in this study, we identified significant inverse associations 
even with these outcomes.

There are, however, also limitations that warrant dis-
cussion. Causality cannot be inferred from observational 
data. We adjusted for randomization assignment in all 
models and reran all models confined to the control group 
to avoid bias introduced by the intervention. There could, 
however, still be residual or unmeasured confounding 
from participating in a lifestyle intervention trial. The diet 
scores are likely to capture level of health consciousness 
in general, which could imply that variation in personal 
traits not captured by the sociodemographic variables 
could positively or negatively confound the associations.

The NFFD diet score and subscales have shown ac-
ceptable test–retest reproducibility (22) but have not been 
validated against other methods of operationalizing di-
etary behavior. Completing questionnaires about diet and 
frequency of intake challenges participants with complex 
tasks that increase the risk of misreporting (47). In addi-
tion, single-item questions about complex dietary behav-
iors may not fully capture a specific behavior. Recalling 
dietary behavior from before getting pregnant adds to the 
risk of misreporting and could lead to incorrect assign-
ment of diet score values and a less reliable pre-pregnancy 
diet score in general. If  random, misreporting would tend 
to bias the estimates toward null association. Misreport-
ing or measurement error in the other covariates could 
not only lead to biased estimates but would also tend to 
bias estimates toward null association. We therefore as-
sume that our estimates are conservative.

The NFFD diet score represents a crude operational-
ization of dietary behavior and equal weight is given to 
each dietary behavior regardless of their potential indi-
vidual impact on the various outcomes. We did not in-
vestigate individual dietary behaviors in relation to the 
outcomes as our aim was to evaluate this constellation of 
dietary behaviors. It has previously been documented that 
single behaviors have less power as predictors of complex 
outcomes such as preterm delivery (48).

The NFFD diet score was primarily constructed to 
evaluate post-intervention effect of the diet intervention 
and reflected degree of adherence to the 10 dietary rec-
ommendations that were forwarded to the intervention 
group in the trial (22). It could be argued that it would be 
better to apply other criteria for scoring in each subscale 
rather than the statistically driven method of using the 
median in each subscale as cutoff. Similar methods have, 
however, been extensively used in evaluating associations 
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between adherence to the Mediterranean diet and subse-
quent health outcomes (49).

The women participating in the NFFD study were 
predominantly white, European, highly educated, and 
nulliparous, and therefore not fully representative of the 
pregnant background population. This self-selection may 
have affected outcome prevalence but is less likely to have 
influenced diet-outcome associations (50).

Concluding remarks
There are numerous reasons why pregnant women should 
be encouraged to achieve and maintain a healthy and nu-
tritious diet during pregnancy. The relevance of pre-preg-
nancy diet for maternal and offspring antenatal and 
long-term health should, however, be explored as a means 
to securing maximum benefit of public health interven-
tions. Our findings suggest that NFFD participants’ 
pre-pregnancy compliance with the dietary behaviors tar-
geted in the NFFD trial was beneficially associated with 
risk of pregnancy and neonatal outcomes such as exces-
sive GWG, preterm delivery, and newborn macrosomia. 
We did not observe substantial differences between as-
sociations with early pregnancy as opposed to pre-preg-
nancy dietary behavior, except for the lower odds of 
preeclampsia that was only observed with increasing early 
pregnancy diet score. Based on these findings, we specu-
late that the previously observed relationship between diet 
reported during pregnancy and pregnancy complications 
such as preterm delivery in observational studies could be 
a representation of a relationship that at least partly exists 
between maternal pre-pregnancy dietary behavior and the 
neonatal outcomes in question.

Prospectively collected high-quality dietary data 
from various time-points before conception and during 
pregnancy with the possibility of  linkage to birth reg-
istry data would help identify important windows of 
opportunity for a healthy pregnancy and a nutritionally 
sound start to life. RCTs evaluating diet interventions 
before conception will need to be undertaken to estab-
lish causality.
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Abstract

We conducted a systematic review of randomised studies on the impact of worksite interventions to pro-
mote healthier food and/or physical activity among people who work irregular hours ‘around the clock’, that 
is, outside of ordinary daytime working hours. The population–intervention–comparator–outcomes–study 
(PICOS) design format was used. Data sources were PubMed and CINAHL. An updated search was con-
ducted on October 2017 using Google Scholar and the related articles function in PubMed on initially in-
cluded studies to identify additional studies. Risk of bias was used to assess study quality. A total of seven 
studies (reports published in 14 papers) were included in the systematic review: Two interventions with a 
broader lifestyle approach, three focusing on physical exercise and two on providing healthier food or meal 
options. The studies had sample sizes from 30 to 1,000 and targeted a mixture of occupations, including both 
male- and female-dominated occupational groups. The interventions lasted from 2 to 12 months. Only one 
had an extended follow-up. In general, the studies showed small-to-moderate effect sizes on several measures, 
including dietary and/or physical activity measures, suggesting acceptable effectiveness for interventions in-
volving community-level behaviour change. Our findings highlight a need to further develop and implement 
well-designed health promotion interventions with comparable outcome measures and effect size reports. A 
mixture of health promotion strategies is recommended for future practice in this target population, including 
individually tailored programmes, improving the food and physical activity environment and using broader 
lifestyle approaches including the use of participatory and empowerment strategies. While more research is 
needed in this field, the existing knowledge base on effective approaches awaits translation into practice.

Keywords: public health; health promotion; occupational health; shift work nutrition; participatory and empowerment strategies

The workplace has been identified as an important 
setting in which behavioural patterns, including 
healthy eating, physical activity as well as sleep hy-

giene, can be promoted (1, 2). Worksites provide a natural 
social context and could potentially reach a large num-
ber of people, including many who would otherwise be 
unlikely to engage in preventive health behaviour (3, 4). 
Workers’ good health and well-being is vital for work-
place competitiveness and productivity, a long life and a 
high quality of life (5). This is also emphasised in the EU 

Public Health Programme for 2014–2020 (6), but there 
appears to be a gap between political intentions and im-
plementation (4, 7–9).

The political agenda is taking place in a context that 
has been created by major changes in working life. The 
modern society has become a ‘24-h society’ in which peo-
ple can buy goods, including food, and go to restaurants 
‘around the clock’. An increasing amount of people are 
employed in shift work or working outside the ordinary 
daytime working period and therefore required to work 
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and eat their meals at unconventional hours (10, 11). 
As the shift work pattern may vary depending on the time 
of day, the rotation cycle and the direction of rotation of 
shifts, and may also involve a mobile working place, it cre-
ates additional challenges to the food situation at work 
(12). While there is no consensus definition of the term 
‘shift work’ in the published scientific literature, it is often 
referred to as work conducted primarily outside of ordi-
nary daytime working hours and a pattern of shifts that 
may be permanent or rotating (13).

Approximately 21% of the workforce in Europe par-
ticipate in shift work (10) which in this review is referred 
to as working irregular hours or extended hours ‘around 
the clock’. Occupations that would fall into this category 
can be found within the health care sector, manufactur-
ing sector, retail and service sectors. Previous research has 
linked shift work and working irregular hours to reduced 
well-being, increased health risks, metabolic syndrome 
and obesity (13–15), and to poorer eating habits, includ-
ing a higher energy intake among shift workers compared 
with day workers (16). However, it has been suggested that 
it is the timing of meals and eating occasions, rather than 
the dietary composition that differs between day and shift 
workers (17–19). Circadian stress due to eating and sleep-
ing in the wrong phase of inherent circadian rhythms is 
believed to be a main contributor to metabolic disorders 
in shift workers (20, 21).

Factors that may negatively affect workers’ ability to 
make healthy food and physical activity choices during 
working hours include a lack of workers’ influence on 
work organisation and hours worked, lack of social sup-
port and feelings of lack of personal agency and control 
over the job situation. In addition to the negative effects 
caused by circadian stress, health risks may be increased 
by the fact that employees working irregular hours often 
have limited access to healthy meals and snacks at work 
(22, 23) and that they are not included in workplace 
health-promoting activities and initiatives to the same 
extent as workers in day jobs (24).

In line with the adoption of ecological and socio-eco-
logical models in health promotion, a change has been 
seen towards moving nutrition from a primarily individ-
ual issue to an environmental concern addressing both the 
physical and psychosocial work environment (3, 14, 25). 
Accordingly, the use of participatory and empowerment 
strategies has become important in assuring programme 
responsiveness to employees’ needs and priorities (3, 26). 
Research evidence on the effectiveness of different health 
promotion strategies, including educational, environmen-
tal and/or multi-component strategies, in worksites during 
ordinary daytime working hours suggests that these may 
be effective in improving dietary habits (27, 28), increasing 
physical activity (29), reducing body weight (30–32) and 
increasing work productivity (33). However, uncertainty 

exists especially regarding the effectiveness and feasibil-
ity of health promotion interventions among the working 
population working ‘around the clock’.

The aim of this study was to conduct a systematic 
review of randomised studies on the impact of worksite 
interventions to promote healthier food and/or physical 
activity among people who work ‘around the clock’.

Material and methods
A systematic review was undertaken and reported accord-
ing to the guidelines of the PRISMA statement (34). The 
protocol was registered with Prospero (registration num-
ber CRD42016045216).

Eligibility criteria
Criteria for study inclusion were developed using the 
population–intervention–comparator–outcomes–study 
(PICOS) design format. The resulting PICOS can be 
found in Table 1, where ‘population’ included people 
working irregular hours (e.g. shift workers in permanent 
2-shift work, permanent night work or 3-shift including 
night work) or extended working hours (e.g. 12- or 24-h 
shifts) and ‘intervention’ included studies that focused 
on developing a healthy working environment defined as 
interventions to improve dietary habits and/or increase 
physical activity for a month or more.

The following studies were excluded: interventions con-
ducted among non-shift workers (i.e. workers working 
ordinary office hours); interventions conducted among 
workers with extreme work schedules or workers who 
cross time zones (e.g. astronauts and air crew); interven-
tions conducted in simulated work environments and 
conditions; literature reviews, commentaries, editorials, 
opinion pieces, policy documents, consensus statements, 
study protocols; lacking both pre- and post-intervention 
critical outcome measures; interventions that were de-
signed to improve profit or turnover; and interventions 
that were reported in a language other than English.

Critical outcome measures focused on dietary and physi-
cal activity. Important outcomes were measures for general 
well-being, quality of life, sleep circadian rhythm, cognitive 
performance, mood, psychological stress, blood measure-
ments, body composition, muscle strength, influence on 
work (e.g. productivity, absenteeism, use of medication, 
work injuries and medical costs), adverse events and drop-
outs. Outcomes at both pre- and post-interventions were 
included, as well as outcomes at follow-up, if reported.

Search strategy
Relevant studies were identified by searching two different 
electronic databases: PubMed and CINAHL. There were 
no time restrictions. Date of search was 14 June 2016. A 
full example of the search terms used in PubMed is out-
lined in Appendix A. An updated search was conducted 
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on 18 October 2017 by performing a search on Google 
Scholar. We also used the related articles function in 
PubMed on initially included studies to identify addi-
tional studies. In addition, a PubMed citation search was 
conducted on all studies included in the final review.

Identification of studies
The titles of the studies generated from the searches were 
reviewed for inclusion by one author alone. Abstracts 
from potentially relevant titles were then reviewed against 
the inclusion and exclusion criteria by two authors. The 
full texts of articles were obtained for all abstracts deemed 
to be potentially relevant and were reviewed by three au-
thors. Systematic reviews identified by the search were 
scrutinised by one author for additional studies. Any dis-
agreements were resolved by discussion and consensus 
reached before final inclusion. The study selection process 
from identification to exclusion was documented using 
the PRISMA flow chart.

Quality assessment of evidence
The Cochrane Collaboration’s recommended tool for 
assessing risk of bias was used to assess the risk of bias 
(35). The potential sources of bias assessed were random 
sequence generation (selection bias), allocation conceal-
ment, blinding of participants and personnel (assessment 
was made for each) and outcome assessment (detection 
bias due to knowledge of the allocated interventions), 
incomplete outcome data, selective outcome reporting and 
other sources of bias. The studies were classified as con-
taining high, low or unclear risk of bias for each of the 
criteria for judging risk of bias, and a conclusion regarding 
the overall risk of bias was made. Classification was based 
on the judgement of three authors following the guidelines 
outlined in the Cochrane Handbook.

Data extraction and description
Outcome measures sought in the publications were defined 
as either ‘critical’ or ‘important’ according to GRADE 
(36) (see Table 1). Data were described in the text. Since it 
was not expected that the included studies would be judged 
to be clinically homogeneous, no meta-analysis was per-
formed. In cases where statistically significant effects were 
demonstrated, effect sizes (Cohen’s d) of the study inter-
ventions were either obtained from the publications when 
provided or calculated for this review. Cohen proposed 
interpreting d = 0.2 as a small effect size, d = 0.5 as a mod-
erate effect size and d = 0.8 as a large effect size (37, 38).

Results

Articles selected for review
The initial searches resulted in 1,196 titles. Screening of titles 
identified 128 abstracts for further assessment. A total of 30 

full-text articles were reviewed. Seven studies (reports pub-
lished in 14 papers) fulfilled the inclusion criteria for the 
present review (see flow diagram in Fig. 1): Härmä et al. 
(39, 40), the POWER study (41, 42), Guillermard et  al. 
(43), Lim et al. (44) and the PHLAME study (45–49), in-
cluding a pilot study (50). Two additional relevant stud-
ies were identified in the updated search: Leedo et al. (51) 
and Matsugaki et al. (52). A list of the excluded full-text 
articles is available from the last author.

Details of the studies
The studies had been performed in different parts of the 
world, including East Asia, Europe, the United States 
and Australia (Table 2). The majority of studies were 
performed in the health care and manufacturing sector 
among shift workers including nurses and other health 
care workers (39, 40, 51, 52), plant workers (41, 42), fire 
fighters (45–50) and different shift workers, including po-
lice officers and nurses (43). One study did not report the 
occupation of the night shift workers (44).

The number of participants within each study was gen-
erally small with four studies having between 30 and 75 
participants (39, 40, 44, 50–52), while three studies had a 
larger sample size of between 110 and 1,000 participants 
(41–43, 45). In all, the participants were young or mid-
dle-aged adults. In three studies, the target population 
included only men or consisted predominantly of male 
employees (41, 42, 44, 45, 50), two included only women 
(39, 40, 52) and two studies included both male and fe-
male employees (43, 51). The length of the interventions 
varied from 2 to 12 months.

Interventions
A broader lifestyle intervention approach was reported 
in two studies; the POWER (41, 42) and the PHLAME 
study (45–50). The POWER study (41, 42) involved a 
3-month cluster randomised controlled trial among 
110  male overweight/obese aluminium plant workers in 
Australia and focused on weight loss. It included an infor-
mation session during work, a handbook with provision 
of information regarding the programme, a study website 
including a tutorial and a user guide, seven individualised 
dietary feedback sheets, group-based financial incentives 
and a pedometer as part of a group-based, cognitive the-
ory-guided weight-loss programme versus usual activity 
(41). In the PHLAME cluster randomised controlled trial 
(45–48, 50), two types of intervention among firefighters 
during duty hours were compared with a control group 
in a 6-month pilot study with 33 participating firefight-
ers and in a 12-month main study (followed by a scaled-
down booster programme the following year and a 4-year 
follow-up period) with 397 participating firefighters. The 
first type of intervention involved a team-centred curric-
ulum with a group-designated team leader, team leaders’ 
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manual, workbooks, lesson plans and team leaders’ ori-
entation focusing on healthy nutrition, physical activity 
and energy balance plus additional core topics, such as 
stress or sleep. The second type utilised individual-centred 
motivational interviewing with a counsellor to discuss 
and review the goals, values and priorities for change in 
firefighters’ personal lifestyle behaviours, plus a short 
follow-up option in person or via phone (45). Further, 
a retrospective follow-up study over a 6-year period was 

conducted among the firefighters in the PHLAME study 
to evaluate medical costs among the fire departments par-
ticipating in the health promotion intervention depart-
ment compared with other fire departments (49).

Physical activity was the focus of the intervention in 
three studies (39, 40, 44, 52). In the randomised controlled 
trial by Härmä et al. (39, 40), a 4-month physical training 
programme was individually tailored for 75 female nurses 
in Finland according to their submaximal ergometer test, 

Fig. 1.  Search strategy, study selection and process of identification of suitable studies.

Table 2.  Description of the included studies

Population (P): People working irregular hours, meaning ‘around the clock’

Intervention (I): Healthy working environment

Comparison (C): Usual care

Outcomes (O): Critical: Dietary and physical activity habits
Important: General well-being, quality of life, sleep circadian rhythm, cognitive performance, psychological stress, blood measurements, body 
composition, muscle strength, influence on work performance, adverse events, dropouts

Study design: Randomised controlled trials, cluster-randomised controlled trials and randomised crossover studies
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age and sports habits. In the exercise programme, both 
circulatory and musculoskeletal systems were activated 
by jogging, running, swimming, skiing, walking and gym-
nastics in 2–6 training sessions per week, according to 
the physical condition of the subject. In a 10-week ran-
domised controlled trial by Lim et al. (44), 30 male night 
shift workers in South Korea were instructed to include 
three 10-min walking exercise sessions on 3 days per week 
into their night routines while at work. Based on the high-
est heart rate recorded during the VO

2 max test, a target 
zone of the maximal heart rate was established for each 
subject. The exercise programme was self-monitored, and 
participants were encouraged to schedule their walking 
time into their night routines while at work. In a ran-
domised controlled trial by Matsugaki et al. (52), the 12-
week exercise programme intervention among 30 female 
nurses conducting shift work consisted of either exercise 
under the individual supervision of a physical therapist 
or voluntary exercise without supervision at the hospital.

Offering healthier food or meal options was the focus 
of the intervention in two studies. Guillermard et al. (43) 
tested in a randomised controlled trial the effect of of-
fering a fermented dairy product containing Lactobacillus 
casei twice a day as a breakfast and dinner supplement 
in a placebo-controlled study of 1,000 male and female 
shift workers in France. This was a 3-month study with 
1-month follow-up aiming at reducing the risk of com-
mon infections. Leedo et al. (51) tested in a randomised 
crossover controlled study the effect of 8 weeks of in-
creased availability of healthy meals at work, including a 
daily cold lunch meal, bottled water and a snack among 
a total of 59 hospital health care employees, including 
16 employees working in shifts.

Additional information about the included studies, that 
is, the outcomes assessed and significant effects, can be 
found in Table 2.

Study quality
Three of  the studies, Guillermard et al. (43), the POWER 
study (41, 42) and Leedo et al. (51), were assessed as hav-
ing a low risk of  bias (see Table 2). This includes also the 
risk of  carry-over effect in the crossover study by Leedo 
et al. (51), based upon the report that the researchers had 
examined the possible existence of  a carry-over effect of 
treatment sequence on all outcomes. However, the study 
by Leedo et  al. (51) was assessed as having an unclear 
to high level of  bias in the group of shift workers as a 
subsample within the larger study sample due to small 
number of  subjects. Four studies were assessed as hav-
ing unclear or high risk of  bias, which was mainly due to 
lack of  blinding of  participants, personnel or outcome 
assessment. In these studies, the outcomes may have 
become influenced by lack of blinding of  the allocated 
interventions and the use of  subjective and self-reported 

outcomes (39, 44, 45, 50, 52), other sources of  bias, for 
example, an imbalance in baseline characteristics (44, 45, 
50), a high dropout rate (39, 40) or in situations where 
the influence of  clusters (in  the analysis) had not been 
considered (45, 50).

Critical outcomes
Dietary habits were evaluated in the PHLAME study (45, 
50), the POWER study (41) and the study by Leedo et al. 
(51) among firefighters, aluminium plant workers and 
health care staff, respectively. All three found some signifi-
cant improvement in dietary behaviour, for example, an 
increased intake of fruit and vegetables in the PHLAME 
main study (effect sizes: 0.2 and 0.4 in the individual and 
team-based groups, respectively) (45), a decreased intake 
of sweetened beverages in the POWER study (effect size: 
0.5 to 0.6) (41) and an increased intake of water among 
the shift-work subgroup in the study by Leedo et al. when 
comparing intervention versus control group (not possi-
ble to calculate effect size) (51). On the contrary, no inter-
vention effect on fruit and vegetable intake was found in 
the POWER study (41). PHLAME and POWER studies 
both used a questionnaire to assess dietary habits, whereas 
in the study by Leedo et al. (51) participants completed 
a 4-day self-reported dietary record. In the PHLAME 
study, mediating factors for the improvement in fruit and 
vegetable intake included an increased knowledge of the 
benefits of fruit and vegetable intake (significant for fruit 
intake) and an improved level of social support (dietary 
norms) experienced from co-workers (significant for vege-
table intake) (45, 47).

Physical activity measures included changes in physical 
activity habits and maximum oxygen uptake and were as-
sessed in four studies (39, 41, 45, 50, 52). All four, expect 
for the PHLAME main study, found a significant impact 
on either maximal oxygen uptake (VO

2 max) (39, 52) or 
physical activity habits assessed via questionnaire (41, 50). 
In the study by Härmä et al., the physical exercise interven-
tion resulted in an improved VO2 max among nurses (effect 
size: 0.4) (39). Similarly, in the study reported by Matsug-
aki et al. (52), VO2 max increased significantly in the group 
receiving exercise supervision (effect size: 0.6) compared 
with the voluntary exercise group. Contrary to these, the 
PHLAME lifestyle interventions among firefighters re-
sulted in non-significant impact on VO2 max in the pilot 
study (46) and in the main study (41). However, the level of 
physical activity, assessed via questionnaire, was reported 
to have significantly improved in the team-based group in 
the PHLAME pilot study (effect size: 1.1) (46).

Physical strength was assessed in three studies (39, 45, 
52), and a significant impact was reported in all on either 
number of sit-ups or on muscle strength measured by 
strength of the knee extensor muscle. Number of sit-ups 
from baseline to post-intervention increased significantly 
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both in the PHLAME main lifestyle intervention (not pos-
sible to calculate effect size) (45) and in the nurses’ phys-
ical activity study by Härmä et al. (39) (effect size: 0.9). 
Also, the Matsugaki et  al. study (52) reported signifi-
cant improvement in muscle strength (180 deg/sec KET) 
among nurses in the supervised exercise group over time 
(effect size: 1.3).

Long-term change in diet and physical activity habits 
were assessed in the PHLAME study, which included a 
4-year follow-up of their participants. The authors con-
cluded that 1-year effects of the programme did not re-
main over time compared to the control group, but the 
long-term pattern of behaviours in both groups suggested 
that the worksites, as a whole, had continued to improve 
in outcome measures for several years following the pro-
gramme (47).

Important outcomes
General well-being including quality of life was assessed in 
three studies via questionnaires (42, 43, 45). Two of the 
interventions showed significant improvements in either 
overall well-being or quality of life using different scales. 
In the PHLAME study, the index of general well-being im-
proved significantly in both types of lifestyle intervention 
(individual- and team-based) among firefighters (45). The 
POWER trial used the SF-12 questionnaire and found a 
significant positive effect of the broader lifestyle interven-
tion on mental health (effect size: 0.7) but not on physical 
health among aluminium plant workers (42). However, no 
difference was found by Guillermard et al., who used the 
original larger SF-36 scale in their study on offering a fer-
mented dairy product as a supplement to reduce the risk 
of common infections among shift workers (43).

Sleep circadian rhythm was examined in two studies. 
Härmä et al. found a significant positive effect of physical 
exercise on sleep length and reduction of fatigue among 
nurses (not possible to calculate effect size) (39), while the 
POWER study (42) did not observe any significant bene-
fits in sleepiness score of a broader lifestyle intervention 
for weight loss among aluminium plant workers.

Psychological stress was measured in several ways: via 
blood pressure, heart rate, testosterone level and body tem-
perature in a total of four studies (39–41, 43, 44). Two of 
them found a significant positive effect on blood pressure 
and/or heart rate (39, 41), while two did not (43, 44). Mor-
gan et al. (41) found a positive effect of the POWER lifestyle 
intervention on systolic blood pressure among aluminium 
plant workers in their group-based weight loss programme 
compared to control (effect size: 0.5). Psychological stress 
was assessed via heart rate in three studies. Two of these 
found a significant positive effect: Härmä et  al. (39) of-
fering physical exercise to female nurses (effect size: −0.4) 
and Morgan et al. (41) offering a lifestyle intervention to 
aluminium plant workers (effect size: −0.8). In contrast, no 

difference between intervention and control groups was re-
ported in the study by Guillermard et al. offering two daily 
fermented dairy products to male and female shift workers 
(43). Härmä et al. (40) also measured psychological stress 
by means of body temperature (40) and did not observe 
any benefit of the intervention in nurses’ physical exercise 
intervention.

Cognitive performance was evaluated in three studies 
using different measures. In two, positive effects were found 
in cognitive performance measures (40, 51). The study by 
Härmä et  al. found a significant positive effect of phys-
ical exercise on alertness in nurses during the night shift 
(not possible to calculate effect size) (40), and the study by 
Leedo et al. (51) found a significant positive effect on total 
mood-related score among the subgroup of shift workers 
(effect size: 0.3). In the latter study, however, no effect on 
reaction time was found. Contrary to Leedo et al.’s study 
(48), Matsugaki et al.’s study did not find any significant 
effect in total mood-related score among nurses (52).

Blood measures, for example, cholesterol and the 
biomarker cathepsin, were evaluated in three studies (44, 
50, 52). All three found significant positive effects: de-
creased level of LDL-cholesterol in the PHLAME pilot 
study in both the team- and individual-based groups 
(effect sizes: −0.2 and −0.4, respectively) (50), increased 
level of HDL cholesterol among nurses in the supervision 
exercise group in the study by Matsugaki et al. (effect size: 
0.2) (52) and a decrease in cathepsin S and L in the Lim 
et al.’s study on night shift workers in the exercise inter-
vention group compared to control (effect size: −0.4) (44).

Body composition was assessed in all studies except the 
Leedo et al.’s study (51). Two studies assessing change in 
lean body mass (LBM) in a physical exercise intervention 
among night shift workers did not find any effect (44, 52). 
However, one of these studies found a small but significant 
positive effect on percentage of body fat (effect size: −0.03) 
(44), while no difference was observed in the others (39, 45, 
52). Finally, Morgan et al. (42) assessed waist circumfer-
ence and found a positive effect of the intervention among 
the aluminium plant workers (effect size: −0.6).

Weight and body mass index (BMI) were measured in 
all studies except the one by Guillemard et al. (43). They 
reported either significant difference in weight loss be-
tween intervention and control groups (41, 44), no sig-
nificant weight changes compared to control group or 
control period (39, 51, 52), or less weight gain in the inter-
vention group than the control group (45). The POWER 
study resulted in both significant weight loss and im-
proved BMI among overweight plant workers in the in-
tervention group compared to control (effect sizes: −0.3 
and −0.4, respectively) (41). The goal of  the PHLAME 
study was, among others, to improve energy balance 
among firefighters. This was succeeded during the 1-year 
intervention, where both the team- and individual-based 
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groups gained less weight than the control group (45). 
The three studies testing the effect of  physical exercise 
(39, 40, 44, 52) measured weight, and in two, the normal 
weight participants in the intervention group had a small 
loss of  weight which was more than in the control group, 
but this type of  unintentional weight loss was reported 
as significant only in the study among night shift work-
ers in the study by Lim et al. (effect size: −0.1) (44). In 
the study by Leedo et al., the participants kept a stable 
weight throughout the intervention offering foods and 
beverages to improve overall dietary intake (51).

Influence on work performance was assessed in three 
studies (41, 43, 46, 49), all with positive outcomes. The 
POWER study among plant workers (42) assessed work 
place productivity, injuries at work and absenteeism and 
found a positive effect on all these outcomes (effect sizes: 
0.5 to 0.7). In the retrospective PHLAME follow-up study, 
a reduction in compensation claims and medical costs 
was seen (49). Guillermard et  al. (43) found a positive 
significant effect from offering fermented dairy products 
among shift workers’ cumulated days with fever (effect 
sizes: −1.2) compared to control (only for the whole study 
phase) but not on the primary outcome, that is, cumulated 
time with chronic infectious diseases.

Adverse effects were only assessed in two studies. 
Guillermard et al. (43) assessed blood pressure, heart rate 
and weight, and Matsugaki et  al. assessed muscle pain 
and physical fatigue (52). They did not find any difference 
between study groups.

Discussion
The present review carried out a systematic identification, 
analysis and quality assessment of the evidence on the im-
pact of workplace interventions to promote healthy food 
and/or physical activity on dietary and physical activity 
outcome measures among people working ‘around the 
clock’ compared with controls receiving usual care. A total 
of seven studies (reported in 14 papers) were included in 
the final analysis: two having a broader lifestyle approach, 
three based on physical exercise and two based on offer-
ing healthy meals as a replacement of ordinary meals and 
offering food supplements to existing workplace meals. In 
general, a positive effect was seen on several of the out-
comes assessed irrespective of the intervention approach.

Taken together, the studies showed small-to-moderate 
effect sizes on several measures, including dietary and/or 
physical activity measures, suggesting acceptable effective-
ness for interventions involving community-level behaviour 
change. This review showed moderate positive effects on 
several critical and important outcomes in the two larger 
studies with a broader lifestyle approach focusing on di-
etary habits among aluminium plant workers (the POWER 
study) (41, 42) and on physical activity among firefighters 
(the PHLAME study) (45–50). These outcomes included 

improvements in intake of fruit and vegetables, intake of 
sweetened drinks, weight status, physical activity, strength 
and work performance. Moderate positive effects were 
seen also in the two smaller ‘high-intensity’ studies using 
individually tailored or supervised exercise programmes 
among nurses (39, 40, 52). Here, the outcomes included 
improvements in physical activity, strength and LDL-
cholesterol levels. Small-to-moderate positive effects were 
seen in the intervention in which a ‘one type fits all’ exer-
cise programme was added to the routines of night shift 
workers by Lim et al. (44). Also, in general, limited effects 
were reported in the study in which a food supplement was 
offered (43). The outcomes in these studies included im-
provements in weight status and the biomarker cathepsin 
in the former, and improvements in incidence of respiratory 
and gastrointestinal common infectious diseases and work 
performance in the latter study. Small effects were also 
shown in the study by Leedo et al. (51), providing health 
workers with healthy foods and beverages during working 
hours. This study reported some positive results, including 
an increase in water intake but did not reach its targets in 
increasing overall dietary intake, for example, an increase in 
fruit and vegetable intake. The Leedo et al.’s (51) study out-
comes might have shown more effect, had the sample size 
been larger in terms of the number of shift workers. In light 
of our literature review, it may be prudent to say that the 
limited outcomes in these three studies (43, 44, 51) may at 
least partly be attributable to a lack of use of participatory 
and empowerment strategies to assure that the intervention 
content is responsive to the employees’ needs and priori-
ties. The unique challenges encountered by shift workers 
in adhering to a healthy diet are important and should be 
acknowledged in successful intervention design (41).

In a similar vein, a review by Verweij et al. of worksite 
interventions, not limited to shift workers, to promote 
physical activity and dietary behaviour, showed greater 
effect, for example, success in weight loss, in interventions 
which contained environment components besides per-
sonal components (32). On the contrary, the review by 
Allan et al. (27) showed that significant change in primary 
outcome measures of eating behaviours, for example, in-
creased fruit and vegetable consumption, was reported 
only by about half  of the identified worksite interventions 
that had used solely environmental strategies to alter eat-
ing behaviours. Implementing environmental interven-
tions can, according to Tam et al. (31) in their review of 
long-term effectiveness of work-based lifestyle interven-
tions to tackle overweight and obesity, prove problematic 
due to the multiple layers of commitment needed at dif-
ferent levels of the organization, for example, support at 
the management level and on behalf of the participants to 
ensure sufficient individual participation. Our review con-
curs with the conclusion of Tam et al. (31) that the most 
effective interventions may be the ones that are of high 
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intensity or include a specific motivational component 
besides interventions with multiple lifestyle components.

To conclude, the findings from our review have high-
lighted a lack of evidence from workplace interventions 
to promote healthy food and physical activity during 
working hours among people who work during unortho-
dox hours, ‘around the clock’.

Quality of the studies reviewed
Several of the studies were assessed as having an overall 
high risk of bias with regard to the outcomes (see Table 2). 
It is important to note that it has probably not been feasi-
ble to conduct blinding in terms of participants and staff  
in the type of interventions studied, that is, focusing on 
diet or physical activity in real-life settings. Achieving a 
high-quality rating was especially problematic because of 
the subjective outcomes (e.g. quality of life) and self-re-
ported measures (via questionnaires) used in many of the 
reviewed studies in assessing their effect. In future studies 
in this field, it is, therefore, important to consider more 
objective outcome parameters. Further, offering an active 
control condition, as opposed to no treatment control, 
may facilitate blinding (53). Another major issue possi-
bly contributing to bias in the assessment of outcomes 
common in the now reviewed studies was an imbalance in 
baseline characteristics. This may, in turn, have contrib-
uted to the lack of effect on some of the outcomes. In ad-
dition, only three studies identified primary outcome and 
presented a power calculation, which reduces their com-
parability and contribution to evidence base in this field.

Limitations and strengths of the systematic review
With our search terms, we identified only seven studies 
that could be included in the analysis. This is an indication 
of a lack of studies on the promotion of physical activity 
and dietary lifestyle changes among employees working 
‘around the clock’. Due to the small number of studies, a 
wide mixture of approaches (from broader lifestyle inter-
vention to food supplements), the generally small sample 
sizes, the variation in intervention duration and the differ-
ent kind of shift work occupations and settings, we were 
only able to perform a qualitative extract of main patterns 
in the effectiveness of the different types of intervention. 
A higher number of larger well-focused studies are needed 
to compare different approaches in different types of shift 
work under irregular working hours and among different 
occupational groups. For example, the two studies focusing 
specifically on male shift workers were the ones that em-
ployed a broader lifestyle approach and showed evidence 
of effectiveness. It would be of interest to replicate such an 
approach among both female and male shift workers and 
different occupational groups. Women have been frequently 
reported to engage in far more health-promoting behaviours 
than men and to obtain healthier lifestyle patterns  (54). 

On  the contrary, from a behavioural standpoint, some 
evidence suggests that men may engage better with a life-
style programme once committed, although getting them to 
initially commit might be more challenging (55). A further 
limitation is the clinical inhomogeneity in the included stud-
ies which did not warrant a meta-analysis but would have 
rendered it meaningless. Finally, a limitation of the search 
strategy was that articles not published in English were not 
included and moreover that the updated search in October 
2017 was restricted to Google Scholar and PubMed, which 
may mean that some relevant studies were missed.

The main strengths of this review were that it employed a 
comprehensive search strategy and brought together research 
findings on the impact of worksite interventions to promote 
healthier food and/or physical activity among an understud-
ied but critical group of employees who work ‘around the 
clock’. Despite the fact that the interventions were focused 
on healthy food and/or physical activities, other beneficial 
outcomes were measured such as work performance. Of 
course, a causal relation between diet/physical activity and 
the important outcomes can be questioned. According 
to our knowledge, no other systematic review has consid-
ered employees working ‘around the clock’. Neil-Sztramko 
et al. (56) has critically reviewed the literature of worksite 
health-related interventions to prevent negative health effects 
among shift workers but limited their target group to night 
shift workers and only two of the 38 studies reviewed had a 
focus on healthy food or physical activity. These two studies 
(39–42) have been included in the present review.

Implications for health promotion programming and practice
Our review highlights the need for further testing of the 
broader lifestyle interventions as well as the individualised 
and high-intensity approaches in the target population. 
This arises from the two interventions carried out among 
male participants in the PHLAME study (45–50) and the 
POWER study (41, 42), and the two physical exercise stud-
ies among nurses (39, 40, 52). These studies included some 
degree of participatory and empowerment strategies, ap-
proaches that have been shown to be important in assuring 
programme responsiveness to employees’ needs and prior-
ities (3, 26). The long-term follow-up of the PHLAME 
study suggested that the participating worksites, as a 
whole, including the control participants, continued to im-
prove in their outcome measures for several years following 
the programme (47). This provides further encouragement 
for knowledge translation into practice. The review also 
provides some support for improving the food and physi-
cal activity environmental strategies within organisations, 
including the provision of healthy meals and beverages, as 
in the Leedo et al.’s study (51). However, the study popula-
tion (51) was too small to make firm conclusions.

In future studies, it is necessary to tailor intervention 
studies with respect to work schedules, meal breaks and 
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mobile or mixed work places. The special challenges with 
respect to working irregular hours and circadian stress 
need to be addressed, that is, to recommend a healthy 
timing of eating with respect to circadian rhythm factors. 
Although there are still unsolved issues regarding the as-
sociation between shift work and disease, we have enough 
knowledge to prompt preventative action (57).

Future perspectives
This review highlights the need for more evidence on the 
effectiveness of workplace interventions to promote healthy 
food and physical activity among people working irregular 
or extended hours ‘around the clock’. Future research could 
focus on the nutritional and social aspects regarding eating 
behaviour in this target population, for example, to describe 
the effect of work schedule on dietary intake and meal tim-
ing, and the strategies people use in relation to their food 
and eating during irregular or extended working hours.

In particular, more knowledge is needed on the cop-
ing strategies and interventions to support shift workers 
employed in the retail and service sector in our modern 
‘24-hour society’. This was a sector from which no studies 
were identified in this review. More research is also needed 
on effective approaches to promote health and well-being 
at any age by adopting a life-course approach and includ-
ing older workers in the studies (58).
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Abstract

Background: The use of alternative and complementary medicines to alleviate stress has increased to avoid the 
negative effects of pharmaceutical drugs.
Objective: This study investigated the safety and efficacy of Eurycoma longifolia in combination with multivi-
tamins (EL+MV) versus placebo on improving quality of life (QoL), mood and stress in moderately stressed 
healthy participants.
Methods: This randomised, double-blind, placebo-controlled 24-week study enrolled 93 participants aged 
25–65 years, with a body mass index of 18–30 kg/m2, scoring ≤18 in tension and ≤14 in fatigue subscale of 
Profiles of Mood Scores (POMS) questionnaire and supplemented with EL+MV or placebo. The primary 
endpoints were QoL measured by 12-Item Short Form Health Survey (SF-12) questionnaire and mood mea-
sured by POMS. The secondary endpoint was stress measured by Multi-Modal Stress Questionnaire (MMSQ). 
The safety of the intervention product was measured by complete metabolic panel, lipid and renal analysis 
including several immune parameters.
Results: While there were no significant between-group differences, within-group improvements were observed 
in the SF-12 QoL, POMS and MMSQ domains. In the SF-12 domain, improvements were seen in role lim-
itation due to emotional health (P  =  0.05), mental component domain (P  <  0.001), emotional well-being 
(P < 0.001), social functioning (P = 0.002) as well as vitality (P = 0.001) at week 12. An increasing trend in 
POMS-vigour domain was also observed in the EL+MV group at week 12. A 15% decrease in physical stress 
domain (P < 0.05) compared with 0.7% in the placebo group was also observed in MMSQ. When the sub-
jects were subgrouped according to age, 25–45 and 46–65 years of age, for primary outcomes, between-group 
significance was observed in the 25–45 year group in the social functioning domain of SF-12 (P = 0.021) 
and POMS-vigour (P = 0.036) in the 46–65 year group. No significant changes were observed in vital signs 
and complete metabolic panel. Regarding immune parameters, the lymphocytes increased significantly in the 
active group (P≤0.05). In total, 13 adverse events were reported: six on placebo and seven on EL+MV.
Conclusion: EL+MV may support the QoL, mood, stress and immune parameters in healthy participants.

Key words: Eurycoma longifolia; multivitamins; quality of life; mood; stress

Unresolved stress greatly increases the risk of de-
veloping depression, consequently becoming a 
topic of public health awareness and therapeutic 

interventions. Depression afflicts approximately 20–25% 
of women and 10–17% of men during their lifetime (1). 
While certain drugs like fluoxetine (Prozac) and sertraline 
(Zoloft) have been used to treat stress and anxiety disor-
ders and, in recent years, the anti-depressant setraline, 

there is a concern that one can be addicted to and depen-
dent on drug usage (2). Alternative and complementary 
medicines, such as herbal supplements, have emerged as 
substitutes to conventional therapeutics for ameliorating 
depression and maintaining mental well-being (3–5).

In South East Asia, where traditional/herbal medicine 
is popular, supplementation with Eurycoma longifolia Jack, 
Simaroubaceae (Tongkat Ali or Malaysian ginseng), has 
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been shown to be efficacious for alleviating stress (6), as 
well as many other ailments including fever, arthritis, high 
blood pressure, diabetes, low energy or libido, bacterial 
infections and cancer (7–9). Eurycoma longifolia (EL) is a 
slender evergreen tree mainly found in Malaysia, Indonesia 
and the Philippines. Derivatives of this plant have been used 
to restore and enhance energy levels, to improve physical 
and mental performance, endurance and stamina (9) and 
quality of life (QoL), as evidenced by a decrease in aging 
males symptoms score and an increase in serum testoster-
one levels (10). Another related study showed improvement 
in QoL and sexual well-being in men, specifically in the do-
mains of ‘physical function’ and ‘vitality’  (11). The roots 
of EL are largely responsible for its biological activity due 
to the presence of alkaloids, quassinoids, quassinoid diter-
penoids, eurycomacoside, eurycolactone, laurylcolactone 
or eurycomalactone and pasakbumin-B (7) and peptides 
(12). It has been demonstrated to reduce stress through 
the reduction of cortisol (6) with a concurrent increase 
in lymphocytes and natural killer cells (13). These active 
ingredients in EL and in other plants, such as mountain 
ginseng (Panax ginseng), may be responsible for improving 
QoL, as well as combating stress without adverse effects 
(11, 14–16). A recent 4-week, randomised clinical study on 
moderately stressed participants consuming water extract 
from EL reported significant improvements in mood, ten-
sion, anger and confusion (6). This was accompanied by 
a reduction in cortisol and increased testosterone levels. 
Another study investigated the effect of EL on the im-
mune status of moderately stressed subjects (13), whereby 
a 1-month supplementation of 200 mg EL extract per day 
nearly significantly improved vigour measured by Profile 
of Mood States (POMS) while scores for immunological 
vigour also improved.

Micronutrient deficiencies contribute to stress and de-
pression (5). Indeed, low levels of folic acid may be cor-
related with depressive symptomatology (16) that can be 
ameliorated by mineral supplementation (17). Multinutri-
ent formulations have a significantly greater effect in reduc-
ing stress and anxiety in subjects than single interventions 
alone (18). In addition, a recent study demonstrated that 
a formulation consisting of multivitamins, minerals and 
herbal extracts was more effective than placebo in signifi-
cantly reducing the overall score on a depression, anxiety 
and stress scale, as well as improving alertness and gen-
eral daily functioning in healthy older men (19). Further-
more, a high dose of vitamin B complex with vitamin C 
and minerals led to significant improvements in ratings on 
Perceived Stress Scales, General Health Questionnaire and 
the ‘vigour’ subscale of POMS in healthy males (20).

While preclinical and clinical studies lend credence to the 
ability of EL to improve mood which was possibly linked 
to hormonal balance favouring elevated mood (21), effi-
cacy studies of EL in combination with micronutrients and 

conducted in accordance with established standards are 
currently lacking. The objective of this study was to inves-
tigate the safety and efficacy of a multivitamin mix in com-
bination with EL water extract on QoL, mood and stress of 
moderately stressed but healthy participants.

Materials and methods
This study was conducted in accordance with the 
Guidelines for Good Clinical Practice (ICH-6) and the 
Declaration of Helsinki. Institutional Review Board 
(IRB) approval was obtained from IntegReview Ethical 
Review Board, an independent IRB located in Austin, 
TX, USA, comprising scientific and non-scientific mem-
bers of mostly medical doctors, on 17 January 2014 prior 
to initiation of any study-related activities. The IRB re-
viewed the protocol, medical ethics, informed consent, 
advertisement, stipend and compliance to protocol. The 
study was conducted at Medicus Research LLC, a clinical 
research site located at Agoura Hills, CA, USA. Written 
informed consent was obtained from volunteers prior to 
all study procedures. The recruitment and follow-up took 
place from 7 February 2014 to 13 March 2015.

Study design
This was a randomised, double-blind, placebo-controlled 
parallel study with a 12-week efficacy and a 24-week 
safety period. The allocation ratio of  participants in each 
of the comparison groups was 1:1. Efficacy was measured 
at 6 and 12 weeks, with safety and adverse events at 6, 12 
and 24 weeks. The participants were required to make 
a total of four visits to the clinical trial site at Medicus 
Research LLC, Agoura Hills, CA.

At screening/baseline (week 0), inclusion/exclusion 
criteria, medical history and concomitant therapies were 
reviewed; baseline demographic data were collected; 
heart rate, respiratory rate, blood pressure and oral tem-
perature were measured; and body mass index (BMI) 
was calculated. Fasting blood samples were obtained for 
assessment of complete blood count (CBC), compre-
hensive metabolic panel (CMP) including kidney func-
tion (estimated glomerular filtration rate, blood urine 
nitrogen [BUN], creatinine and bilirubin), liver function 
(aspartate aminotransferase, alanine transaminase), lipid 
panel (total  cholesterol [TC], high-density lipoprotein-
cholesterol [HDL-C], low-density lipoprotein-cholesterol 
[LDL-C], and triglycerides), testosterone (free and total) 
and urinalysis (leukocyte esterase, amorphous and calcium 
oxalate crystals). A urine pregnancy test was conducted 
on females with child-bearing potential. Electrocardio-
gram (EKG) was performed and POMS (22), SF-12 QoL 
(23), and Multi-Modal Stress Questionnaire (MMSQ) 
(24) were administered. Participants were dispensed a 
6-week supply of the investigational product, a daily dos-
ing diary and a 3-day food recall. Subjects who met all the 
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study inclusion criteria and none of the exclusion criteria 
were enrolled in the study. After eligibility was confirmed, 
all volunteers received a randomisation number.

Participants returned to the clinic at weeks 6, 12 and 24 
after having fasted for 10 h for assessment of medical and 
concomitant medication history. Vital signs and anthro-
pometric measures, compliance and adverse events, and 
current medical history were reviewed. Fasting blood was 
collected for CBC, CMP, lipid panel, testosterone (free 
and total) measurements and urinalysis was performed. 
EKG was performed at baseline and at week 24.

POMS, SF-12 and MMSQ questionnaires were admin-
istered and a daily dosing diary and a 3-day food recall 
were dispensed at baseline, week 6 and week 12 only. At 
week 6, participants were dispensed a 6-week supply of 
the investigational product and at week 12, a 12-week 
supply of the investigational product. Participants main-
tained their daily diary for the duration of the study pe-
riod and were required to record concomitant therapies 
and adverse events.

Participants
Study participants were recruited from the general pop-
ulation by online advertising, recruiting and available 
clinical trial databases. Inclusion criteria were as follows: 
healthy volunteers between 25 and 65 years of age, BMI 
18–30  kg/m2 and having self-reported moderate stress. 
Moderate stress was defined as a measure of both the 
tension and fatigue subscale of the POMS questionnaire. 
Participants who scored ≤18 in the tension subscale and 
≤14 in the fatigue subscale were considered as having 
moderate stress. The tension subscale items are tense, 
on edge, uneasy, restless, nervous and helpless. A highest 
score (4 = extremely) for each of these items will give a 
total subscale score of ≤24 in tension and ≤20 in fatigue. 
An upper cut-off  limit was determined, that is, a scoring 
of ≤18 in the tension subscale and ≤14 in the fatigue sub-
scale, to exclude subjects who might fall within extremely 
stressed and possibly depressed category that will require 
medication and possibly cannot be addressed with health 
supplementation of multinutrients. The subjects were 
furthermore required to answer a Yes/No questionnaire 
in the inclusion/exclusion criteria as to whether they per-
ceived themselves to having mid-level stress at work as a 
result of employment and life balance.

Exclusion criteria: participants were excluded if  they 
were pregnant, lactating, planning to become pregnant 
or unwilling to use adequate contraception during the 
duration of  the study, or had a history of  immune sys-
tem disorders, neurological disorders, temporal arthritis, 
ulcerative colitis, history of  cancer within 2 years prior 
to enrolment, any active infection, or infection requir-
ing antibiotics within 30 days of  enrolment, significant 
gastrointestinal conditions including, but not limited to, 

inflammatory bowel disease, eating disorders, untreated 
hypothyroidism and use of  herbal products containing 
androgenic/anxiolytic activity within 30 days prior to 
enrolment.

Investigational product
The investigational product (50 mg per tablet) was a pro-
prietary water extract of EL root (Physta® also known as 
LJ100 in the USA). The multivitamin mix consisted of 
ascorbic acid (50 mg), retinyl acetate (4,000 IU), chole-
calciferol (200 IU), Dl-alpha tocopherol acetate (15 IU), 
thiamine mononitrate (1.5 mg), riboflavin (1.7  mg), 
pyridoxine hydrochloride (2 mg), cyanocobalamin 
(0.001  mg), folic acid (0.2 mg), niacinamide (20 mg), 
D-biotin (0.15 mg), copper (2 mg), iron (10 mg), magne-
sium (10 mg), manganese (2.5 mg), selenium (0.005 mg), 
zinc (5 mg) and calcium (100 mg). The placebo contained 
microcrystalline cellulose, polyvinylpyrrolidone, sodium 
starch glycolate, colloidal silicon dioxide and magnesium 
stearate. The investigational product was produced under 
good manufacturing practices (GMP) requirements by 
Unison Nutraceutical Sdn Bhd and stored in a dry place 
at room temperature. Participants were instructed to con-
sume either EL+MV or the placebo starting the day fol-
lowing the baseline visit, one tablet daily in the morning 
with water for 24 weeks.

Outcome measures
The primary and secondary outcomes measures were 
assessed by questionnaires at week 0 (Visit 0), week 6 
(Visit 1) and 12 (Visit 2). The primary outcome measure for 
this study was the assessment of the efficacy of EL+MV 
versus placebo on mood and QoL. Mood state was assessed 
using the POMS questionnaire, which consisted of the 
following: total mood disturbance and its subscales, ten-
sion, depression, anger, fatigue, confusion and vigour. The 
POMS rated emotional and physical aspects of mood as 
ranging from ‘not at all (1 point)’ to ‘extremely (5 points)’. 
A lower score, except for vigour, indicates better mood.

The POMS Iceberg profile, designed for assessing ac-
tive/healthy individuals (25), was also analysed. QoL was 
assessed by the SF-12 questionnaire which measured the 
following domains: physical component summary, mental 
component summary, physical functioning, role limita-
tions due to physical health, role limitations due to emo-
tional health, energy/fatigue ratio (vitality), emotional 
well-being, social functioning, pain and general health. 
Scores on the SF-12 scales ranged from 0 to 100, with 
higher scores indicating better health.

The secondary objective was to assess stress using 
MMSQ, which measured the following subscales: total, 
behavioural, cognitive and physical. The MMSQ rated 
emotional and physical aspects of stress as ranging from 
‘never (1 point)’ to ‘constantly (5 points)’.
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Safety and tolerability of the investigational product 
were assessed through changes in CBC, CMP, lipid panel, 
total and free testosterone, urinalysis and vital signs at all 
visits. The study would be temporarily stopped for any of 
the following: if  WHO Grade 3 toxicity is experienced by 
four or more patients or WHO Grade 4 toxicity is experi-
enced by two or more patient(s).

Compliance
The dispensed study product compliance diaries were 
returned to the clinic and participants who were non-
compliant with their diaries were reminded of their obli-
gations regarding appropriate study compliance.

Sample size
The sample size was calculated using the G*Power 3.0.10 
software based on a reference value proposed by Perazzo 
et al. (26), which assessed QoL (SF-12) following treat-
ment of Gerovital (a multivitamin and mineral combined 
with Panax ginseng extract) and placebo. In addition, a 
between-factor repeated-measure analysis of variance 
(ANOVA) with a level of significance (α) of 0.05 (two 
sided) and power of 80% was considered, while the ratio 
between trial and control group was set at 1, resulting in 36 
subjects per group. A 20% loss to follow-up was considered 
relevant, thus resulting in 45 subjects per group. 

Randomisation
Stratified randomisation sequences were created with 
computer-generated random numbers, which allocated 
subjects based on sex (male/female) into two groups. 
Demographic stratifications based on gender were set 
and crossed. Patients were randomly assigned to order 
of  treatment (placebo or active) using simple randomisa-
tion based on the atmospheric noise method and sequen-
tial assignment was used to determine group allocation 
(GraphPad Prism 6). A computer-generated list of  ran-
dom numbers was used in order to allocate participants. 
The results of  these two randomisations were combined 
and assigned as the final randomisation sequence for this 
trial. Allocation, enrolment and assignment of  partici-
pants to products were performed by the staff  of  Medicus 
Research LLC who did not perform any analyses or clini-
cal procedures. The allocation information was disclosed 
to the investigator, subjects and a statistician after all 
measurements were completed. The investigational prod-
uct was stored in a sequentially numbered Study Product 
Container in a locked cabinet with limited access.

Statistical analysis
The modified per-protocol analysis included subjects 
with at least one post-dose completed visit and partici-
pants who completed all visits of the 24-week study and 

consumed the product. Subgroup analysis was performed 
based on gender for testosterone measurements, domains 
within questionnaires and age groups. The safety analysis 
was based on all randomised participants known to have 
taken at least one dose of the investigational or placebo 
products. Subgroup analysis of primary endpoints was 
performed for the age groups, 25–45 and 46–65 years, due 
to perceived stress from increased responsibilities in the 
older age group and potential hormonal variances which 
affect QoL in these subgroups.

All evaluations were performed using the software 
package R 3.2.2 (R Core Team, 2015). Descriptive 
statistics were calculated for each group and statisti-
cal comparisons were performed using the analysis of 
covariance (ANCOVA) adjusting for baseline values. 
Numerical endpoints that are intractably non-normal 
were assessed by the Mann-Whitney U test; in these 
instances, only the comparisons of  the changes from 
baseline were considered in the formal testing between 
groups. Statistical comparisons for baseline characteris-
tics, lipid and testosterone levels, and measures of  safety 
(haematology, blood chemistry, anthropometrics and 
vital signs) were performed using ANOVA. For categor-
ical endpoints, the differences in proportions between 
groups were formally tested by the Fisher’s exact test. 
The Shapiro–Wilk normality test was carried out to 
determine data normality when P > 0.05. Within-group 
comparisons on numeric endpoints were made using 
Student’s paired t-test or, in the case of  intractable non-
normality, the Wilcoxon signed rank test. Differences 
were considered significant at P ≤ 0.05. Subgroup analysis 
based on gender differences was conducted for testoster-
one measurements only.

Results

Participant baseline characteristics
A total of 120 participants were screened and a total of 93 
subjects were enrolled, of which 7 were lost to follow-up 
due to the long enrolment period of 6 months (Fig.1). 
There were 28 females and 19 males in the EL + multi-
vitamins group (EL+MV), and 20 females and 19 males 
in the placebo group. The demographic characteristics of 
participants were not significantly different in terms of 
age, BMI, employment and relationship status between 
groups at baseline (Table 1).

More than 94% of participants in both groups were 
employed and were predominantly Caucasian in eth-
nicity. There were no significant differences in CBC, 
CMP and urinalysis, anthropometric measures and vital 
signs between groups at baseline (Table 2). Analysis of 
POMS-Tension-Anxiety mood state subscale showed 
participants to be moderately stressed.
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Fig. 1.  Study flowchart. A total of 120 participants were screened, of which 93 were randomised in the study, with 47 in the 
EL+MV group and 39 in the placebo group enrolledas the modified per-protocol population in the final analysis. EL+MV, 
E. longifolia + multivitamin.

Primary endpoints

SF-12 questionnaire on QoL
POMS, SF-12 and MMSQ scores obtained by all partici-
pants in the study before and after supplementation with 
EL+MV group or placebo are presented in Table 3. There 
were no significant between-group differences reported in 
physical component, mental component, physical function-
ing, role limitations due to physical health, role limitations 
due to emotional health, vitality, emotional well-being, 
social functioning, pain and general health domains as as-
sessed by the SF-12 questionnaire, but several within-group 
significant findings were observed (Table 3).

Participants supplemented with EL+MV reported sig-
nificant improvements from baseline, with 9.7% improve-
ment in role limitation due to emotional health at week 6 
(P = 0.003) and 9.2% at week 12 (P = 0.05) (Fig. 2a) and 
a further 11.3% improvement in vitality (energy/fatigue 
ratio) at week 12 (P = 0.001) (Fig. 2b). Similar improve-
ments from baseline were not reported by participants in 
the placebo group.

Participants supplemented with EL+MV reported a 
significant increase in the mental component domain at 
weeks 6 (P = 0.001) and 12 (P < 0.001), with an increase of 

24.6% in the EL+MV compared to 12.7% in the placebo 
group at week 12. The placebo group only had significant 
improvements at week 6 (P  =  0.007). In the emotional 
well-being domain, significant improvements were ob-
served in both groups, with a 23% (P < 0.001) and 6.9% 
(P < 0.01) improvement observed at week 12, respectively, 
in the EL+MV and placebo groups. The social function-
ing domain for participants supplemented with EL+MV 
significantly improved by 11.3% at week 12 (P = 0.002) but 
only by 7.5% at week 6 (P = 0.01) in the placebo group.

A subgroup analysis of subjects based on age group 
25–45 years had n = 29 on treatment and n = 24 on placebo, 
while age subgroup 46–65 years had n = 18 on treatment 
and n = 12 on placebo. Primary and secondary outcome 
measures of POMS, SF-12 and MMSQ revealed a 14.4% 
increase in the social functioning score within the SF-12 
questionnaire in the 25–45-year subgroup of the EL+MV 
group, achieving a between-group significance (P = 0.021).
Changes in other domains remained non-significant.

Profile of mood states questionnaire on mood
There were no significant between-group differences 
reported in total mood disturbance, tension, depression, 
anger, fatigue, confusion and vigour assessed by POMS 
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Table 1.  Demographics and anthropometric measures of all 86 participants enrolled in the study. 

EL+MV 
(n = 47)

Placebo 
(n = 36)

P-value§

Age (years)
  Mean ± SD
  Median (min – max)

40.6 ± 12.3 
36 (25 – 62)

41.0 ± 9.9  
39.5 (25 – 62)

0.744σ

Gender (n[%])
  Female
  Male

28 (60%)
19 (40%)

18 (50%)
18 (50%)

0.504

BMI (kg/m2)
  Mean ± SD (n)
  Median (min – max)

23.9 ± 3.20  
23.4 (18.1 – 35)

25.0 ± 3.24  
24.8 (18.3 – 31.8)

0.124

Tobacco use (n[%])
  Current smoker
  Non-smoker
  Past smoker

7 (16%)
31 (69%)
7 (16%)

4 (11%)
29 (81%)
3 (8%)

0.505

Alcohol use (n[%])
  Current consumer
  Non-drinker
  Past drinker

31 (67%)
11 (24%)
4 (9%)

22 (61%)
12 (33%)
2 (6%)

0.739

Ethnicity (n[%])
  African-American
  Asian
  Caucasian
  Latino/Hispanic
  Other

5 (11%)
3 (6%)

32 (68%)
3 (6%)
4 (9%)

4 (11%)
2 (6%)

18 (51%)
7 (20%)
4 (11%)

0.384

Current employment (n[%])
  Employed
  Not employed

44 (96%)
2 (4%)

33 (94%)
2 (6%)

1.000

Relationship status (n[%])
  Divorced
  Domestic partnership
  Married
  Separated
  Single
  Widowed

4 (9%)
1 (2%)

12 (26%)
0 (0%)

28 (60%)
2 (4%)

3 (8%)
1 (3%)
8 (22%)
4 (11%)
19 (53%)
1 (3%)

0.318

Have children (n[%])
  No
  Yes

32 (71%)
13 (29%)

18 (50%)
18 (50%)

0.067

Systolic blood pressure (mmHg)
  Mean ± SD (n)
  Median (min – max)

117.7 ± 14.3 
117 (91 – 154)

118.4 ± 13.5  
119 (91 – 150)

0.819

Diastolic blood pressure (mmHg)
  Mean ± SD (n)
  Median (min – max)

74.5 ± 10.6  
73 (50 – 105)

77.0 ± 10.9  
75 (60 – 99)

0.296

Heart Rate (beats per minute)
  Mean ± SD (n)
  Median (min – max)

66.2 ± 10.7  
66 (42 – 94)

64.5 ± 9.5  
65 (41 – 84)

0.468

Body temperature (°F)
  Mean ± SD (n)
  Median (min – max)

98.14 ± 0.44  
98.2 (97.2 – 99.8)

98.16 ± 0.64  
98.1 (96.4 – 99.6)

0.868

Respiratory rate (per minute)
  Mean ± SD (n)
  Median (min – max)

14.57 ± 1.96  
15 (12 – 20)

14.95 ± 1.60  
15 (12 – 18)

0.354

σBetween-group comparison was made using the independent Student’s t-test.
§Between-group comparisons were performed using Fisher’s exact test. The variable n indicates the number of 
subjects analysed. Demographics data were not available for three participants.
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Table 2.  CBC and CMP safety parameters assessed in participants at all visits.

Item Reference value Group Screening  
(Week 0)

Week 6 Week 12 Week 24

AST 7 –≤70 U/L EL + MV 24.8 ± 10.1 23.9 ± 7.8 29.3 ± 27.1 21.5 ± 7.9

Placebo 25.2 ± 9.0 23.7 ± 10.2 24.3 ± 11.1 29.1 ± 36.1

ALT 12 – <90 U/L EL + MV 21.5 ± 13.4 21.5 ± 9.4 22.9 ± 14.5 21.2 ± 16.7*

Placebo 23.5 ± 14.9 21.1 ± 12.4*# 22.0 ± 13.5** 22.3 ± 16.2

ALP 39−117 IU/L EL + MV 64.5 ± 19.2 63.7 ± 19.8 63.8 ± 19.1 59.2 ± 20.3

Placebo 66.9 ± 18.9 67.1 ± 18.4 67.5 ± 17.1 66.1 ± 19.7

Total bilirubin ≤25 µmol/L EL + MV 0.62 ± 0.36 0.53 ± 0.32 0.454 ± 0.284 0.463 ± 0.213

Placebo 0.62 ± 0.36 0.53 ± 0.33 0.450 ± 0.244 0.474 ± 0.350

Sodium 133–148 mmol/L EL + MV 141.18 ± 1.85 141.30 ± 2.47 140.8 ± 4.7 138.9 ± 6.5

Placebo 141.17 ± 2.50 141.08 ± 2.20 140.8 ± 4.9 141.0 ± 2.8

Potassium 3.3–5.7 mmol/L EL + MV 4.21 ± 0.35 4.39 ± 1.25 4.24 ± 0.37 4.20 ± 0.37

Placebo 4.17 ± 0.27 4.24 ± 0.32 4.61 ± 1.74* 4.36 ± 0.39*

Chloride 98–115 mmol/L EL + MV 102.48 ± 1.97 102.42 ± 2.29 101.5 ± 3.9 99.2 ± 5.7***

Placebo 103.17 ± 2.66 102.73 ± 1.79 101.9 ± 4.1* 100.9 ± 2.8***

Carbon dioxide 18–29 mmol/L EL + MV 26.98 ± 1.99 28.6 ± 11.3 25.4 ± 3.4* 23.43 ± 2.93***

Placebo 26.64 ± 2.26 24.9 ± 3.9* 24.8 ± 2.8* 23.97 ± 2.65***

Anion gap 3–11 mEq/L EL + MV 12.3 ± 3.5 13.3 ± 5.0 16.6 ± 5.6*** 20.0 ± 3.3***

Placebo 11.7 ± 3.2 14.8 ± 5.7* 17.0 ± 5.3*** 19.8 ± 4.2***

Calcium 8.4–10.4 mg/dL EL + MV 9.61 ± 0.40 9.60 ± 0.40 9.26 ± 1.58 9.04 ± 0.67***

Placebo 9.56 ± 0.41 9.51 ± 0.41 9.47 ± 0.59 9.19 ± 0.45**

Glucose 70–109 mg/dL EL + MV 94.9 ± 8.6 93.5 ± 9.6 95.2 ± 11.4 89.0 ± 11.6**

Placebo 92.2 ± 10.2 93.3 ± 6.4 91.6 ± 10.5 88.5 ± 16.3

Blood urea nitrogen 8.0–20.0 mg/dL EL + MV 13.2 ± 3.1 13.4 ± 4.4 12.8 ± 3.1 14.7 ± 11.3

Placebo 13.4 ± 3.7 12.9 ± 4.0 12.9 ± 5.2 13.1 ± 4.1

Creatinine 0.47–0.79 mg/dL EL + MV 0.795 ± 0.152 0.782 ± 0.147 0.777 ± 0.172 0.770 ± 0.204

Placebo 0.794 ± 0.200 0.768 ± 0.220 0.812 ± 0.247 0.774 ± 0.192

Blood urea nitrogen: 
creatinine ratio

10:1 –20:1 EL + MV 17.1 ± 4.7 17.8 ± 5.3 17.1 ± 4.2 17.8 ± 4.8

Placebo 17.6 ± 5.3 17.6 ± 5.9 16.3 ± 5.0 17.4 ± 4.9

Estimated glomerular  
filtration rate

50–≥120 mL/min/1.73 m2 EL + MV 64.6 ± 13.1 69.2 ± 19.5 78.2 ± 23.2*** 92.1 ± 28.2***

Placebo 62.6 ± 9.5 74.9 ± 32.4**# 83.5 ± 30.9** 93.1 ± 23.6***

Total serum protein 6.7–8.3 g/dL EL + MV 7.13 ± 0.37 7.09 ± 0.41 8.0 ± 6.2 6.72 ± 0.56***#

Placebo 7.13 ± 0.47 7.02 ± 0.45 7.0 ± 0.6 7.09 ± 0.48

Serum albumin 3.5 to 5.5 g/dL EL + MV 4.63 ± 0.29 4.60 ± 0.30 4.59 ± 0.43 4.42 ± 0.48**#

Placebo 4.54 ± 0.34 4.56 ± 0.33 4.56 ± 0.38 4.55 ± 0.31

Globulin 2.6–4.6 g/dL EL + MV 2.493 ± 0.277 2.49 ± 0.30 2.36 ± 0.29* 2.31 ± 0.51***#

Placebo 2.586 ± 0.304 2.46 ± 0.35* 2.45 ± 0.33 2.53 ± 0.32

Albumin : globulin ratio 0.8–2.0 EL + MV 1.877 ± 0.251 1.875 ± 0.260 1.958 ± 0.205 1.99 ± 0.35*

Placebo 1.778 ± 0.251 1.897 ± 0.320*# 1.894 ± 0.269* 1.83 ± 0.30

Total cholesterol 120–219 mg/dL EL + MV 195 ± 46 194 ± 43 192 ± 43 180 ± 36*

Placebo 184 ± 34 184 ± 41 184 ± 40 177 ± 40

Triglycerides 30–149 mg/dL EL + MV 89 ± 52 104 ± 99 111 ± 90 91 ± 54

Placebo 98 ± 75 111 ± 171 118 ± 110 97 ± 53

HDL cholesterol 40–95 mg/dL EL + MV 74.8 ± 22.6 73.7 ± 23.2 72.7 ± 24.9 61.5 ± 17.9***

Placebo 69.3 ± 20.5 67.5 ± 24.3 63.0 ± 20.9** 61.3 ± 18.7&**

LDL cholesterol 65–139 mg/dL EL + MV 102 ± 38 100 ± 41 99 ± 34 103 ± 33

Placebo 95 ± 28 95 ± 29 97 ± 31 99 ± 28

Coronary risk factor  
(cholesterol : HDL)

<3.3 EL + MV 2.79 ± 0.99 2.87 ± 1.07 4.3 ± 8.6* 3.26 ± 1.18***

Placebo 2.87 ± 1.03 3.07 ± 1.71 3.1 ± 1.1** 3.15 ± 1.06**
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Table 2.  Continued

Item Reference value Group Screening  
(Week 0)

Week 6 Week 12 Week 24

VLDL cholesterol 2 to 30 mg/dL EL + MV 17.9 ± 10.4 20.9 ± 19.7 22.1 ± 18.1 18.2 ± 10.9

Placebo 19.5 ± 14.9 22.3 ± 34.3 23.6 ± 22.0 19.4 ± 10.6

White blood cell 3,300–9,000/μL EL + MV 6.06 ± 1.65 5.60 ± 1.55* 5.57 ± 1.47* 5.88 ± 1.41

Placebo 5.93 ± 1.86 6.10 ± 2.07 5.86 ± 1.58 5.43 ± 1.34

Red blood cell 430–570 10^4/mL EL + MV 4.71 ± 0.44 4.69 ± 0.49 4.64 ± 0.42* 4.63 ± 0.45*

Placebo 4.79 ± 0.47 4.70 ± 0.46 4.70 ± 0.42 4.60 ± 0.40***

Haemoglobin M: 13.5–17.5 g/dL EL + MV 14.69 ± 1.29 14.58 ± 1.44 14.38 ± 1.32** 14.30 ± 1.42**

F: 11.5–15.0 g/dL Placebo 14.61 ± 1.45 14.40 ± 1.49 14.44 ± 1.53 13.98 ± 1.36***

Haematocrit M: 39.7–52.4% EL + MV 43.2 ± 3.5 43.3 ± 3.7 43.1 ± 3.4 43.0 ± 3.7

F: 34.8–45.0% Placebo 43.3 ± 3.6 42.8 ± 3.3 43.4 ± 3.8 42.3 ± 3.4*

Blood platelet 14.0–34.0 ×10^3/mm3 EL + MV 248 ± 57 255 ± 61# 256 ± 80 277 ± 76**

Placebo 227 ± 57 223 ± 50 239 ± 49* 245 ± 81*

Mean corpuscular volume 85–102 fl EL + MV 92.1 ± 3.9 92.6 ± 4.4 92.9 ± 4.3* 93.0 ± 4.1*

Placebo 90.7 ± 5.4 91.4 ± 5.2 92.3 ± 4.9* 90.7 ± 11.6

Mean corpuscular 
haemoglobin

28.0–34.0 pg EL + MV 31.22 ± 1.38 31.11 ± 1.47 31.00 ± 1.50 30.91 ± 1.14*

Placebo 30.57 ± 2.13 30.67 ± 2.13 30.72 ± 2.10 30.42 ± 2.02*

Mean corpuscular  
haemoglobin concentration

30.2–35.1% EL + MV 33.95 ± 0.92 33.61 ± 1.12 33.39 ± 1.22* 33.24 ± 0.99***

Placebo 33.74 ± 1.15 33.57 ± 1.43 33.26 ± 1.24* 33.01 ± 1.19***

Neutrophil count 1.6–8.0 ×10^9/L EL + MV 55.5 ± 10.8 53.5 ± 10.9# 52.2 ± 10.6* 54.9 ± 9.5

Placebo 56.1 ± 10.1 57.3 ± 9.8 55.8 ± 9.0 56.8 ± 7.7

Lymphocyte count 0.8–3.0 ×10^9/L EL + MV 32.5 ± 9.2 34.6 ± 9.8 35.4 ± 9.1*# 33.2 ± 8.4

Placebo 32.6 ± 8.6 32.4 ± 9.5 32.4 ± 6.9 32.9 ± 6.6

Monocyte count 0.1–1.5 × 10^9/L EL + MV 7.33 ± 2.01 8.00 ± 2.32 7.93 ± 1.94 8.09 ± 2.47

Placebo 7.42 ± 1.67 7.27 ± 1.90 8.19 ± 2.72 7.65 ± 1.91

Eosinophil count 0.0–0.7× 10^9/L EL + MV 3.2 ± 4.0 3.08 ± 2.20 3.28 ± 2.47 3.22 ± 2.35

Placebo 2.8 ± 3.3 2.40 ± 1.93 2.45 ± 1.97 2.25 ± 1.20

Basophil count 0.0–0.2× 10^9/L EL + MV 1.56 ± 0.89 1.42 ± 1.32 1.23 ± 1.76** 0.60 ± 0.54***

Placebo 1.29 ± 0.56 1.08 ± 0.59 1.17 ± 2.30** 0.48 ± 0.46***

*P < 0.05, **P < 0.01, ***P < 0.001, significant within-group differences and #significant between-group differences in E. longifolia + multivitamins (EL+MV) 
group (n = 44–47) and the placebo group (n = 34–36).

questionnaire. Within group, participants supplemented 
with EL+MV and placebo reported significant improve-
ments in several of the POMS domains. An increasing 
trend was observed in the vigour domain of the EL+MV 
group at week 12.

The POMS Iceberg profile was applied to the POMS 
raw scores of healthy, moderately stressed population of 
participants in this study. Average baseline profiles showed 
that participants in both groups had the expected normal 
profiles. A normal profile consists of a peak in vigour with 
tension, depression, anger, fatigue and confusion making 
up the trough of the profile (Fig. 3). In the subgroup anal-
ysis of the POMS scores, participants between the ages 
of 46 and 65 years showed significant between-group im-
provement in vigour (P = 0.036) by 14.1% in the EL+MV 
group, observed by the mean change from weeks 0 to 12.

Secondary outcomes

Multi-modal stress questionnaire on stress
There were no significant between-group differences in 
self-reported total, behavioural, cognitive and physical 
stress by participants, as assessed by the MMSQ question-
naire (Table 3).

Significant within-group effects were observed in sev-
eral domains in both groups, but only for the EL+MV 
group, significant reduction in physical stress was ob-
served at week 12 (P < 0.05), as evidenced by a reduc-
tion of  15% compared to 0.7% in the placebo group only 
at week 6 (P  <  0.05). The decrease in cognitive stress 
and total stress in the EL+MV group was significant 
(P < 0.001) compared to the placebo group (P < 0.01) 
at week 12.
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Table 3.  POMS and SF-12 MMSQ scores in all participants in the study.

Before  
supplementation

P-value After  
supplementation–week 6 P-value

After  
supplementation – week 12

P-value

EL+MV Placebo EL+MV Placebo EL+MV Placebo

POMS†

Tension-anxiety 8.3 ± 4.4 9.8 ± 5.7 0.289 6.6 ± 4.0** 6.8 ± 4.2*** 0.909 5.4 ± 2.9 *** 6.4 ± 4.0*** 0.489

Depression-dejection 8.7 ± 9.5 10.6 ± 11.5 0.892 5.7 ± 9.1** 5.6 ± 8.0** 0.821 3.5 ± 5.4*** 5.2 ± 7.7* 0.427

Anger-hostility 5.1 ± 5.1 7.2 ± 8.5 0.682 3.9 ± 6.3 4.5 ± 6.3* 0.976 2.4 ± 3.5** 4.2 ± 5.8 0.162

Vigour-activity 15.0 ± 6.1 16.6 ± 6.1 0.237 15.1 ± 6.6 16.4 ± 6.1 0.453 16.3 ± 5.4 16.5 ± 5.8 0.974

Fatigue-inertia 6.2 ± 5.7 6.7 ± 5.5 0.673 5.2 ± 5.4 5.5 ± 4.7 0.634 4.2 ± 4.6* 3.2 ± 3.9*** 0.268

Confusion-bewilderment 6.0 ± 4.0 7.9 ± 4.9 0.108 4.96 ± 2.88 5.19 ± 2.72** 0.521 4.63 ± 2.03 5.31 ± 3.01* 0.576

Overall mood 19 ± 27 25 ± 36 0.651 11.2 ± 27.3* 11.1 ± 25.3** 0.962 3.8 ± 18.6*** 7.9 ± 23.8** 0.485

SF-12†

Physical component 56.2 ± 5.5 54.9 ± 4.8 0.294 54.1 ± 5.8* 55.1 ± 3.2 0.332 53.8 ± 4.6** 53.7 ± 5.3 0.930

Mental component 28.4 ± 11.2 32.0 ± 10.8 0.148 33.4 ± 9.9** 35.8 ± 8.6** 0.266 35.4 ± 9.4*** 36.0 ± 8.9 0.749

Physical functioning 53.4 ± 7.6 52.5 ± 9.4 0.781 52.7 ± 9.3 54.7 ± 5.4 0.413 53.7 ± 6.3 54.0 ± 7.7 0.391

Role limitations-physical 28.43 ± 2.60 28.88 ± 1.98 0.444 28.84 ± 1.93 29.14 ± 1.31 0.517 28.74 ± 2.01 28.62 ± 2.18 0.817

Role limitations-emotional 18.5 ± 4.7 20.5 ± 3.9 0.044 20.3 ± 3.6** 20.9 ± 3.5 0.341 20.2 ± 4.2* 21.6 ± 2.9 0.101

Energy/fatigue 44.7 ± 11.6 48.3 ± 11.7 0.158 47.3 ± 10.6 51.2 ± 10.0 0.081 49.7 ± 10.1** 51.2 ± 10.6 0.465

Emotional well-being 34.6 ± 13.0 40.7 ± 11.6 0.274 37.5 ± 12.7** 42.8 ± 11.7* 0.429 42.7 ± 10.8*** 43.5 ± 11.6** 0.797

Social functioning 46.7 ± 9.9 49.1 ± 8.9 0.284 49.5 ± 8.5 52.8 ± 6.5* 0.066 52.0 ± 6.3** 50.2 ± 8.2 0.446

Pain 54.3 ± 5.2 54.2 ± 5.4 0.966 53.2 ± 7.6 55.4 ± 4.8 0.207 53.0 ± 7.0 54.5 ± 5.3 0.404

General health 56.6 ± 5.6 56.1 ± 5.1 0.487 56.5 ± 5.5 56.1 ± 6.0 0.843 55.9 ± 5.2 54.7 ± 7.9 0.888

MMSQ†

Physical stress 47.6 ± 13.6 43.8 ± 13.0 0.198 45.2 ± 13.1 43.5 ± 11.2* 0.071 40.4 ± 9.1* 40.3 ± 9.5 0.277

Behavioural stress 22.1 ± 5.5 21.6 ± 5.0 0.700 20.6 ± 5.2* 19.6 ± 3.4** 0.323 19.6 ± 4.7*** 19.2 ± 4.5*** 0.673

Cognitive stress 16.5 ± 6.0 14.2 ± 5.8 0.094 14.0 ± 5.4*** 12.2 ± 3.9** 0.091 12.4 ± 3.7*** 11.8 ± 4.2** 0.520

Overall stress 86.1 ± 23.0 79.7 ± 21.3 0.209 79.8 ± 21.4* 72.2 ± 14.6** 0.064 75.5 ± 18.0*** 71.3 ± 15.7** 0.181

POMS, SF-12 and MMSQ scores are depicted as mean ± SD. 
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, significant within-group difference in E. longifolia + multivitamins (EL+MV) (n = 47) and placebo group (n = 36).
†Between-group comparisons were made using ANCOVA.

Fig. 2.  (a) Changes in role limitation due to emotional health in EL+MV (n = 46) and placebo (n = 35) groups. Participants 
consuming E. longifolia + multivitamins displayed a significant improvement in role limitation due to emotional health at 
week 6 (9.7%; P = 0.003) and week 12 (9.2%; P = 0.05) when compared to baseline. Axes represent change in scores that nu-
merically capture domains in the SF-12 questionnaire. Within-group comparisons were made using the paired t-test. Mean ± 
SE values. *P ≤ 0.05. (b) Energy/fatigue ratio in EL+MV (n = 46) and placebo (n = 35) groups. Only participants consuming 
E. longifolia + multivitamins showed a significant increase (11.2%, P = 0.001) in their energy/fatigue ratio at week 12 when com-
pared to baseline. Axes represent change in scores that numerically capture domains in the SF-12 questionnaire. Within-group 
comparisons were made using the paired t-test. Mean ± SE values. *P ≤ 0.05.

a b
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Compliance
Compliance, which was assessed by counting the re-
turned unused test product at each visit, was calculated 
by determining the number of  dosage units taken divided 
by the number of  dosages expected to have been taken 
multiplied by 100. The overall mean compliance was 
greater than 99% in both EL+MV and placebo groups. 

No participants were removed from the study due to low 
compliance (less than 80%).

Safety parameters
Anthropometric measures and vital signs (systolic and 
diastolic blood pressure, body temperature, respiratory 
rate and heart rate) were similar between EL+MV and 
placebo groups after 24 weeks of supplementation. Partic-
ipants consuming EL+MV showed incidental differences 
in their respiratory rate at week 12 (P = 0.03) and mean 
diastolic blood pressure at week 6 (P = 0.02) compared to 
the placebo, but not at other time points (Table 1). How-
ever, all excursions were within a normal clinical reference 
range for the duration of the study.

Reduction in neutrophil count at week 6 (P = 0.03) and 
an increase in lymphocyte count at week 12 (P = 0.01) 
versus placebo were observed (Table 2). Mean platelet 
volume increased in the EL+MV at weeks 12 (P < 0.001) 
and 24 (P < 0.001) and in the placebo group at weeks 6 
(P = 0.03), 12 (P < 0.001) and 24 (P < 0.001) compared 
to baseline, but all values remained within their normal 
laboratory range (Table 2).

Participants in the EL+MV group showed a decrease 
in glucose concentration (P = 0.005) and TC(P = 0.03) at 
24 weeks compared to baseline (Table 2). Urinalysis re-
vealed a difference in the presence of leukocyte esterase 
at week 6 (P  =  0.008), with 25% of participants in the 
EL+MV group testing negative (Table 4). Nine per cent 
more participants in the placebo group tested positive 

Fig. 3.  Changes in POMS Iceberg profiles in EL+MV 
(n = 46) and placebo (n = 36) groups. Changes in POMS 
Iceberg profiles based on the raw POMS mood state sub-
scales were consistent with that of  healthy and active indi-
viduals in tension, depression, anger, vigour, fatigue and 
confusion in E. longifolia + multivitamins and placebo 
groups. Vigour activity in placebo group was reduced com-
pared to an increase in the supplemented group. Axes rep-
resent change in scores that numerically capture domains 
in POMS Iceberg profile.

Table 4.  Urinalysis of all participants in the study based on the number of subjects (n).

Presence of leukocyte esterase (n) Presence of calcium oxalate crystals (n)

EL+MV Placebo P-value§ EL+MV Placebo P-value§

Week 0 
(screening)

1+
2+
3+
Negative
Trace

5 (11%)
2 (4%)
1 (2%)

34 (74%)
4 (9%)

1 (3%)
0 (0%)
1 (3%)

32 (94%)
0 (0%)

0.121
Few  

None

0 (0%)  
44  

(100%)

3 (9%)  
31  

(91%)
0.079

Week 6 1+
2+
3+
Negative
Trace

2 (5%)
0 (0%)
2 (5%)

38 (88%)
1 (2%)

0 (0%)
2 (6%)
0 (0%)

25 (76%)
6 (18%)

0.008
Few  

None

3 (9%)  
31  

(91%)

7 (27%)  
19  

(73%)
0.085

Week 12 1+
2+
3+
Negative
Trace

3 (7%)
1 (2%)
1 (2%)

35 (85%)
1 (2%)

2 (6%)
1 (3%)
1 (3%)

21 (66%)
7 (22%)

0.108
Few  

None

1 (6%)  
17  

(94%)

2 (17%)  
10  

(83%)
0.548

Week 24 1+
2+
3+
Negative
Trace

2 (5%)
3 (7%)
0 (0%)

35 (80%)
4 (9%)

0 (0%)
2 (6%)
0 (0%)

28 (88%)
2 (6%)

0.744
Few  

None

2 (25%)  
6  

(75%)

2 (50%)  
2 (50%)

0.547

§Between-group analysis was made using the Fisher’s exact test. P≤0.05 is statistically significant.
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for the presence of calcium oxalate crystals in the urine 
compared to EL+MV group (Table 4).

Testosterone levels
There was no between-group significance; however, a sig-
nificant time effect within group changes in testosterone 
levels was observed. Serum total testosterone decreased in 
the placebo group at week 6 compared to during screening 
(P = 0.009) (Fig. 4a). This decrease continued till weeks 
12 and 24, but was not observed in the EL+MV group. In 
contrast, free serum testosterone levels increased in both 
groups (P < 0.001) (Fig.4b).

However, there was an increase in free testosterone 
levels in males supplemented with EL+MV from 1.67 ± 
2.35 ng/dL at baseline to 11.4 ± 24.9 ng/dL, double the 
increase seen in the placebo group, from 1.4 ± 12.7 ng/dL 
to 6.4 ± 2.9 ng/dL (Table 5). An increase in free testos-
terone levels from 0.15 ± 0.3 ng/dL in the EL+MV and 
0.12 ± 0.4 ng/dL in the placebo group at baseline to 1.05 ± 
0.9 ng/dL and 1.3 ± 1.3 ng/dL, respectively, at week 24 
was observed in female participants. There were no sig-
nificant between-group differences in free testosterone 
levels in both genders.

Adverse events
In this clinical study, there were a total of 13 adverse 
events reported by 13 participants: six (urinary tract in-
fection, blood in urine, nasal congestion, nasopharyngitis 
[n = 2] and migraine) of which were in the placebo group 
and 7 (food poisoning, kidney infection, fracture, influ-
enza, vomiting, nausea and urinary tract infection) were 
in the EL+MV group.

Discussion
This study evaluated the efficacy and safety of EL+MV 
in healthy males and females with moderate stress. The 

demographics of the population studied were middle class 
and lower middle class individuals who worked hard to 
sustain their families and maintain their lifestyles while 
juggling work-related requirements. The participants were 
employed and experienced self-reported job-related stress 
due to work responsibilities, particularly when responsi-
bility and authority were mismatched (27).

Participants on EL+MV reported a significant im-
provement in their mental component domain, suggesting 
they felt ‘calm and peaceful’, emotional well-being and 
improvement in energy/fatigue profile after the 12-week 
supplementation. This supports the results of the POMS 
analysis with regard to the vigour activity domain, which 
reported an increasing trend in the EL+MV group. These 
results were further supported by the POMS Iceberg pro-
files that showed optimal peaks of vigour activity and 
a decrease in the negative mood clusters, contributing 
to the trough values of the profile in both EL+MV and 
placebo groups. This concept has previously been applied 
to assess physical activity and mood among healthy in-
dividuals (28,  29). After the 12-week supplementation, 
the POMS Iceberg profiles favoured an improvement in 
vigour among participants in the EL+MV group. Pre-
vious studies with nutritionally enriched coffee (28) and 
adaptation to competitive sports (30) have reported a 
similar shift to healthy POMS Iceberg profiles, akin to 
positive mood states associated with the use of multivi-
tamins and protein supplements in other stressed popu-
lations (31). In another study, a significant improvement 
in mood by a reduction in tension and anxiety domain of 
the POMS was found (P = 0.054) in stressed subjects with 
EL supplementation (13).

Participants on EL+MV reported significant improve-
ment in role limitation due to emotional health and in 
social functioning domains, suggesting an enhancement 
in their QoL, social interactions and related activities. 

Fig. 4.  (a) Serum total testosterone levels in EL+MV (n = 44) and placebo groups (n = 36). Serum total testosterone decreased 
significantly (P = 0.009) in the placebo group at week 6 compared to baseline. Within-group comparisons were made using the 
paired t-test. Mean ± SE values.*P ≤ 0.05. (b) Serum free testosterone levels in EL+MV (n = 44) and placebo (n = 36) groups. 
Serum free testosterone increased significantly in both groups (P < 0.001). Larger percentage increases were observed in the 
E. longifolia + multivitamins group. Within-group comparisons were made using the paired t-test. Mean ± SE values.*P ≤ 0.05.

a b
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Table 5.  Mean concentrations of testosterone in female and male participants.

EL+MV Placebo P-value  
(t-test)†

EL+MV Placebo P-value  
(t-test)†

Female Male

Mean ± SD (n) 
Within Group P-value

Mean ± SD (n) 
Within Group P-value

Mean ±SD (n) 
Within Group P-value

Mean ± SD (n) 
Within Group P-value

Total testosterone concentration (ng/dL)

Week 0 (baseline) 15.9 ± 12.7 (26) 20.5 ± 12.6 (19) 0.270 641 ± 198 (18) 582 ± 177 (17) 0.269

Week 6 18.3 ± 14.2 (26) 17.8 ± 9.6 (20) 0.723 570 ± 193 (18) 468 ± 230 (17) 0.184

21.6 ± 22.0 (23) 29.4 ± 28.6 (17) 0.155 563 ± 189 (16) 458 ± 188 (17) 0.118

Week 24 18.6 ± 13.2 (28) 20.0 ± 13.1 (19) 0.737 573 ± 208 (18) 434 ± 154 (16) 0.070

Change from  
weeks 0 to 6

1.9 ± 6.5 (24) 
P = 0.223‡

−2.9 ± 10.2 (19) 
P = 0.556‡

0.271 −64 ± 125 (17) 
P = 0.058‡

−124 ± 156 (15) 
P = 0.003‡

0.246

Change from  
weeks 0 to 12

5.3 ± 14.0 (21) 
P = 0.203‡

8.6 ± 33.3 (16) 
P = 0.660‡

0.530 −74 ± 153 (16) 
P = 0.094‡

−130 ± 152 (15) 
P = 0.005‡

0.401

Change from  
weeks 0 to 24

1.9 ± 8.1 (26) 
P = 0.115‡

± 8.5 (18) 
P = 0.433‡

0.839 −79 ± 155 (17) 
P = 0.049‡

−127 ± 185 (14) 
P = 0.017‡

0.710

Free testosterone concentration (ng/dL)

Week-0 (baseline) 0.15 ± 0.30 (26) 0.12 ± 0.44 (19) 0.239 1.67 ± 2.35 (18) 1.40 ± 1.27 (17) 0.298

Week-6 0.39 ± 0.62 (26) 0.27 ± 0.50 (20) 0.456 2.04 ± 2.19 (18) 2.95 ± 2.53 (17) 0.276

Week-12 0.85 ± 0.78 (23) 0.68 ± 1.04 (17) 0.175 3.7 ± 4.2 (16) 4.6 ± 3.1 (17) 0.231

Week-24 1.05 ± 0.89 (28) 1.36 ± 1.37 (19) 0.931 11.4 ± 24.9 (18) 6.4 ± 2.9 (16) 0.506

Change from  
week-0 to -6

0.16 ± 0.43 (24) 
P = 0.132‡

0.09 ± 0.31 (19) 
P = 0.888‡

0.304 −0.04 ± 1.72 (17) 
P = 0.678‡

1.72 ± 2.51 (15) 
P = 0.030‡

0.086

Change from  
week-0 to 12

0.62 ± 0.76 (21) 
P < 0.001‡

0.53 ± 0.99 (16) 
P = 0.025‡

0.249 2.0 ± 4.4 (16) 
P = 0.130‡

3.4 ± 3.0 (15) 
P = 0.002‡

0.151

Change from  
week-0 to-24

0.86 ± 0.93 (26) 
P < 0.001‡

1.26 ± 1.34 (18) 
P < 0.001‡

0.519 9.7 ± 25.9 (17) 
P = 0.005‡

5.3 ± 2.9 (14) 
P < 0.001‡

0.218

‡Within-group analysis was made using the Wilcoxon signed rank test. Significant within-group difference in E. longifolia + multivitamins (EL+MV) and 
placebo groups;
†Between-group analysis was made using the t-test. Probability values P ≤ 0.05 are statistically significant; n = number of subjects.

A significant between-group improvement in the 25–45 
years subgroup in the social functioning domain could be 
explained by the higher occurrence of mood and anxiety 
disorder generally increasing with age (30), hence the ex-
tract at a low dosage of 50 mg EL/day, not showing an in-
tervention effect in the older subgroup, instead having an 
effect in the younger subgroup. In another study, EL with 
a dosage of 200 mg/day was reported to improve the QoL 
demonstrated by a reduction of 38% in aging males score 
(QoL) after 1-month supplementation (10). A higher dos-
age of EL therefore may be required to affect an older and 
otherwise healthy population.

The results of this study indicate that the consumption 
of EL+MV formulation affected the emotional health 
(SF-12) and vigour (POMS) of the participants. Signifi-
cant between-group differences favouring the EL group in 
the vigour activity domain of POMS for the 46–65 years 
age group could be due to the physical fitness since the 
reduction in muscle strength in the upper and lower limbs, 
changes in body fat percentages and endurance increase 
with age and poor nutrition (31). Hence, an intervention 

effect may have probably arisen from muscle and strength 
improvement (32, 33), anti-ageing and enhancement of 
vigour (13) properties of EL. In addition, participants 
consuming EL+MV showed a significant decrease in glu-
cose concentrations from baseline to the end of the study, 
supporting its previously reported anti-hyperglycaemic 
properties in vivo (34, 35) which overall may contribute to 
well-being of subjects.

Improvement in mood with the highest decrease in cog-
nitive stress subscale in the MMSQ – which is made up of 
several questions that include a participant’s perception 
of ‘feeling out of control’, ‘inability to concentrate’, ‘feel-
ing no good’ and a general sense of things being ‘really 
bad’ and a desire to ‘run away and hide’ – in participants 
supplemented with EL+MV is possibly due to the previ-
ously reported calming effect of EL (6), which is corrobo-
rated by animal studies demonstrating the anti-anxiolytic 
effects of EL (22). It was observed that there were more 
parents with children in the placebo group. It is surpris-
ing however that the mean for MMSQ (stress) at base-
line was lower in all four domains in the placebo group in 
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spite of them having more children. The POMS, however, 
had higher baseline means in individual domains. The 
SF-12 had mixed baseline values where either placebo or 
treatment group had higher baseline values. There were 
no between-group differences in all domains at baseline. 
There were also more women in the treatment group, 
which may have contributed to higher mean at baseline 
in MMSQ compared to placebo since stress was more 
prevalent among women (36).

A large placebo effect as well as large standard de-
viations in POMS total mood disturbance and its sub-
scales, however, perhaps contributed to the absence of 
between-group significance in the questionnaires tested. 
Furthermore, it is also plausible that the lower dose of  EL 
(50 mg/day) used in the current formulation may not have 
provided the clinical benefits achieved with the higher 
dose (200 mg/day) used in previous studies which showed 
improvements in tension, anger and confusion with EL 
supplementation (6). A reduction in negative mood states 
mediated by phytochemicals has been demonstrated in 
numerous studies, with placebo effects ranging from 1 to 
50% (37–41); therefore, the 10–12% placebo effect seen 
with SF-12 and MMSQ and nearly 70% in POMS in the 
current study is not surprising. Thus, the lower dose of 
EL and a substantial placebo effect exacerbated by the 
large statistical deviations observed in the current study 
may have obscured the efficacy of  EL+MV. This is a 
challenge in clinical trials conducted on a healthy popu-
lation as the effects of  nutrition interventions are subtle, 
whereas drug trials compare exposure with no exposure, 
and nutrition trials compare higher and lower exposures. 
Everyone consumes nutrients in their diet; therefore, sub-
tle differences may be difficult to detect and have long 
latency periods. Taken together, these limitations and 
considerations mean that it is difficult to demonstrate 
statistically significant benefit between groups (42). In 
addition, due to the lack of  significant difference between 
groups in primary and secondary outcomes, a compari-
son was made in both outcomes across groups and within 
groups at multiple time points, and also in subgroup 
analyses by sex and age. This could contribute to type II 
error, lack of  between-group statistical significance and 
false positives. The problem of multiple comparisons to 
be counteracted by, for example, Bonferroni analysis, 
may be considered.

Within the safety parameters, significant increase in 
lymphocytes similar to earlier reports (15, 43, 44) was 
observed. Furthermore, micronutrients contribute to the 
body’s natural defences by supporting physical barriers 
(skin/mucosa), cellular immunity and antibody produc-
tion. Vitamins A, B6, B12, C, D, E and folic acid and 
the trace elements iron, zinc, copper and selenium work 
in synergy to support the protective activities of  the 
immune cells, whereby vitamins A, C, E and zinc assist in 

enhancing the skin barrier function (45). Combining EL 
with micronutrients thus is anticipated to provide health 
benefits through hormonal balance and optimal nutri-
tional requirements.

Participants in this study showed a significant decrease 
in neutrophils that degranulate to release proteases dur-
ing pathogenesis and psychological stress (46). Stress 
also enhances neutrophilia and neutrophil counts (47) 
without concurrent increase in eosinophils or monocytes 
(48), which was also noted in this study. Plant extracts are 
known to reduce leukocyte esterase (49) and calcium ox-
alate crystals (50) in urine, similar to observations made 
in this study, which suggests fewer urinary abnormalities 
associated with EL+MV. It can be speculated that EL is a 
nutritional adaptogen (51), an agent that rejuvenates the 
body through restoration, which may regulate neutrophils 
and leukocyte esterase release. It is plausible that the 
EL+MV-mediated improvement in emotional health and 
vitality may be associated with changes in these immune 
parameters.

Importantly, serum total testosterone levels in the 
EL+MV group did not alter, while it decreased in the 
placebo group. The stress hormone cortisol increases 
under stressed states and as a result, the opposite effect 
is that the testosterone levels dip. It is possible through 
the absence of  the hormone modulating effect of  EL 
and multinutrients, the cortisol levels as a result of  stress 
may have increased, hence causing the reduction in tes-
tosterone levels (52). However, there was an increase in 
free testosterone levels in males in the EL+MV group. In-
crease in free testosterone levels is a measure of  bioavail-
able testosterone (53). Our results are in agreement with 
other studies showing a 10.3% increase in free testoster-
one with EL in combination of  Polygonum minus sup-
plementation compared to 4.3% with the placebo (54), 
and EL-mediated enhancement of  free testosterone levels 
by 46.8% in subjects suffering from hypogonadism (10). 
A supplementation with testosterone improves mood, 
energy, friendliness and decreased negative mood (55). 
Eurypeptides, a bioactive peptide of  4.3 kDa with tes-
tosterone-modulating properties identified in EL (10), 
may restore normal testosterone levels by influencing the 
release of  free testosterone from its binding hormone, 
sex-hormone-binding globulin, which results in improve-
ment in QoL (10, 55). Eurypeptides enhance metabolism 
of pregnenolone and progesterone to yield more dehydro-
epiandrosterone and androstenedione (10,  44,  56) by 
activating the CYP17 (17α-hydroxylase and 17,20lyase) 
enzyme (10). In addition, even though levels of  free tes-
tosterone increased significantly from baseline in females 
in both groups, the increase was higher in the placebo 
group compared to EL+MV group, rendering it non-
significant between groups. Therefore, EL+MV and the 
adaptogenic nature of  EL may be considered safe in 

219Efficacy and safety of Eurycoma longifolia (Physta®) water extract plus multivitamins on quality of life... 



 - 

women, preventing an increase in free testosterone, which 
is related to conditions such as hirsutism and polycystic 
ovary syndrome (57).

There were no significant and sustained changes from 
baseline or against placebo in relevant blood, liver and 
kidney laboratory tests. This product was well-tolerated 
and safe in the population studied, with no serious ad-
verse events reported, which corroborates findings from 
previous randomised and controlled clinical trials evalu-
ating EL (11). This study did not measure cortisol levels, 
which perhaps may have provided valuable information to 
understand the efficacy of EL+MV on various stress indi-
cators and immunological parameters. This is a limitation 
of the study and should be considered when conducting 
future clinical studies.

Observational studies and clinical trials evaluating the 
efficacy of EL on mood, stress and testosterone levels have 
consistently shown favourable changes in these parameters, 
thereby providing a rationale for its incorporation into 
new formulations of multivitamins. Multivitamin supple-
mentation enhanced mood by 15% and energy levels by 
17% (58) and reduced depressive symptoms since inade-
quacy of key micronutrients has been associated with poor 
mood states (19). Therefore, it is reasonable to speculate 
that EL synergises health benefits exerted by multivita-
mins through improvement in mood states, vigour and a 
reduction in stress. The effect of intervention on depressed 
subjects could be evaluated in the future since the subjects 
used in this study were healthy subjects with only mid-level 
stress and not in a depressed state. There are differences and 
similarities in the way drugs affect a depressed mental state 
compared to the product. For example, fluoxetine (Prozac) 
and sertraline (Zoloft) are newer medicines that act as se-
lective serotonin reuptake inhibitors (SSRIs). The product 
in this study appears to affect energy and mood levels most 
likely via hormonal modulation (testosterone) and nutri-
tional supplementation, for example, vitamins B complex 
and C, which also affect mood (20). Vitamin B complex 
is involved in the metabolism of S-adenosylmethionine 
(SAM), a donator of methyl groups, which plays a deci-
sive role in the functioning of the nervous system and in 
the formation of neurotransmitters (e.g. serotonin) (59). 
The target of the vitamins is similar, whereas the target 
of EL is different for this study. There could be a lack of 
intervention effect in subjects with chronic stress or de-
pressed state; hence, one needs to be open to a more pre-
scription-based therapy than nutritional supplementation 
for beyond everyday moderate stress. With unrealistic ex-
pectations to treat depression or stress related to suffer-
ing from, for example, advanced disease, there is a risk of 
dropping traditional medication exacerbated with a fear of 
potential interactions between EL and other medications. 
It is however noteworthy that recent research on herb–
drug interaction of EL was weak and inconclusive due to 

the dissimilarities between investigated solvent extract and 
aqueous extract of EL (60).

Conclusions
This study reports significant within-group improvements 
in QoL, mood and stress of moderately stressed partic-
ipants supplemented with EL+MV for 12 weeks. De-
spite the placebo effects, participants supplemented with 
EL+MV reported improvements in vigour, mental com-
ponent, emotional well-being, cognition and testosterone 
levels possibly through hormonal balance and nutritional 
supplementation. The stress-related changes in neutrophils 
and leukocyte esterase suggest the counteracting effect of 
EL+MV supplementation; hence, further research is war-
ranted. Significant between-group improvements in the 
social functioning domain of SF-12 observed in the 25–45 
years age group and vigour domain of POMS in the 46–65 
years age group supplemented with EL+MV indicate the 
efficacy of the supplement in particular spheres of influ-
ence, particularly relating to age. EL+MV was found to be 
safe and well-tolerated in this 24-week supplementation 
study on moderately stressed participants.
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Abstract

Background: Inadequate iodine intake has been identified in several population groups in the Nordic countries 
over the past years; however, studies of iodine status in infants and toddlers are scarce.
Objective: The aim of this study is to evaluate the iodine status and dietary iodine sources among 18-month-
old toddlers from Norway.
Methods: Cross-sectional and country representative data from the Little in Norway study were used. All chil-
dren who had given a spot urine sample at 18 months age were included (n = 416). Urinary iodine concentra-
tion (UIC) was determined by inductively coupled plasma mass-spectrometry. Dietary habits and supplement 
use were measured by a food frequency questionnaire.
Results: Median (25th–75th percentiles [p25–p75]) UIC was 129 (81–190) µg/L while estimated median (p25–
p75) habitual iodine intake was 109 (101–117) µg/day. None of the children were below the estimated average 
requirement (EAR) of 65 µg/day or above the upper intake level of 180 µg/day. There were no differences in 
either UIC or estimated habitual iodine intake between different geographic areas in Norway. Milk was the 
most important iodine source, contributing an estimated 70% to the total iodine intake, while other foods rich 
in iodine such as seafood and enriched baby porridge contributed about 30%.
Conclusions: The iodine status among 18-month-old toddlers from different geographic areas in Norway 
was sufficient, indicated by a median UIC above the WHO cutoff  of  100 µg/L. This was further supported 
by the estimated habitual iodine intake, where none of  the participants were below the EAR. Milk was an 
important iodine source in this age group; thus children with a low intake might be at risk of  insufficient 
iodine intake.

Keywords: Iodine; Urinary iodine concentration; Iodine intake; Dietary iodine intake; Toddlers 

Infants and toddlers are particularly vulnerable to 
inadequate iodine nutrition, as iodine is crucial for 
optimal child growth and development (1, 2) through 

the many functions of  the thyroid hormones (3, 4). Thus, 
iodine deficiency has been pointed out as one of  the 
main factors that prevent children from achieving their 
developmental potential (5). Even though the global 
work towards eliminating iodine deficiency disorders 
has been successful (6, 7), iodine deficiency has been 
reemerging in Europe (8); and inadequate iodine status 
has been reported in several European countries during 
recent years (9–12).

Iodine is present in relatively few food groups, and 
iodized salt is the most important source globally (13). In 
Norway, the permitted iodine level of 5 µg/g in table salt 

is too low to be considered a significant iodine source in 
the population (9). However, animal feed is enriched with 
iodine in Norway; therefore milk, dairy products, and 
eggs have significant levels of iodine. Marine fish, espe-
cially lean fish such as cod, haddock, and saithe, and fish 
products also have high levels of iodine (14, 15). Industry-
manufactured baby food is enriched with iodine; thus 
among toddlers this is an important iodine source as well 
as breast milk or formula (16). Dietary surveys among 
Norwegian toddlers revealed that only 35% and 4% were 
still breastfed at 12 (17) and 24 months of age (18), respec-
tively. Young children in the weaning period are therefore 
dependent on iodine-rich complementary foods in order 
to reach an intake of 50–70 µg/day as recommended in the 
Nordic countries (19).
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As the consumption of milk, yoghurt, and lean fish has 
been declining in Norway, recent studies have reported 
insufficient iodine status among pregnant and lactat-
ing women (20–23). An association between insufficient 
iodine intake in pregnant Norwegian women and poorer 
developmental status in children at 3 years of age has also 
been found (24). Infants and young children have therefore 
been identified as a vulnerable group regarding insufficient 
iodine intake. Recently published data among 5-year-old 
preschool children (n = 220) and 3–9-year-old children 
(n = 47) showed iodine sufficiency in these groups, with 
a median urinary iodine concentration (UIC) of 132 and 
148 µg/L, respectively (25, 26). Studies among infants and 
toddlers remain scarce; however, iodine status was mea-
sured in a study of Norwegian toddlers under the age of 2 
with cow’s milk protein allergy. This study found a median 
UIC of 159 ug/L, indicating sufficient iodine status (27). 
The main objective of this paper is to assess iodine status 
in toddlers 18 months of age participating in the Little in 
Norway study (LiN). To our knowledge, this is the first 
paper from Norway to present data on iodine status and 
its relation to dietary habits among healthy children less 
than 2 years of age.

Subjects and methods

Study design and subjects
This paper is based on data from the LiN project 
(ISRCTN registry number 66710572), a prospective 
population-based cohort study conducted between 
September 2011 and November 2014. The study was estab-
lished to investigate pre- and postnatal risk factors influ-
encing child development from pregnancy to 18 months 
of age. Pregnant women at nine primary health clinics 
across all four Norwegian health regions were recruited. 
The data collection included questionnaires completed 
by the mothers and biological samples of mother and 
child. In total, 1,036 pregnant women consented to par-
ticipate in the LiN cohort. In this paper, cross-sectional 
data from toddlers 18 months of age were used, as well 
as background characteristics of their mothers at study 
enrollment. Of the 1,036 participating pregnant women, 
777 children were still participating at 18 months age. Not 
all toddlers were able to give a urine sample at the time 
of data collection and some failed due to technical issues. 
Thus, the final sample size consisted of 416 toddlers 18 
months of age, along with their mothers. Further details 
regarding study attrition for the participants have been 
described elsewhere (28).

Urinary iodine concentration
UIC was assessed in spot urine samples from the chil-
dren using Uricol collection pack (Sterisets International 
B.V., SteriSets GP Supplies, Newcastle Urine Collection 

Pack, UK). The urine was extracted from the pad with a 
syringe and transferred to CryoTubes (CryoTubes™ Vials, 
Nunc A/S, Roskilde, Denmark) for storage at −18°C pend-
ing analysis. Content of iodine in urine was determined 
by inductively coupled plasma mass-spectrometry at the 
Institute of Marine Research in Norway. Further descrip-
tion of the analytic method and accuracy has been pub-
lished elsewhere (23).

Estimated habitual iodine intake
The children’s habitual food intake was mapped by the 
mothers of the children answering questions about aver-
age intake of selected food items and dishes through an 
online questionnaire. There were 13 questions concern-
ing the general diet, of which nine questions concerned 
iodine-containing food items, where intake of yoghurt, 
porridge, fish, and fish products was assessed. Frequency 
responses were recorded as never/rarely to seven times per 
week or more. There was one question assessing intake of 
eggs, where the frequency responses ranged from less than 
one egg per week to eight or more per week. There were 
nine questions assessing intake of fats and oils, of which 
questions regarding margarine and butter were relevant 
for iodine intake. The frequency responses ranged from 
never to daily. There was one question regarding breast 
milk intake at 18 months of age, where the frequency 
responses ranged from once in the last 24 h to 10 times or 
more. However, there were no data available from Norway 
regarding the amount of breast milk consumed among 
18-month-old children. Nor has data regarding breast milk 
intake been registered in the national dietary surveys for 
1- and 2-year-old children in Norway (17, 18). Therefore, 
children still breastfed at 18 months were excluded from the 
iodine intake estimations. The intake frequencies related 
to yoghurt, porridge, fish/fish products, eggs, and butter/
margarine were converted to daily amounts using data 
from a national nutrition survey among children 2 years of 
age (18) and multiplied with the iodine concentration for 
each food item or dish. In all calculations, iodine content 
reported in the Norwegian Food Composition Table (29) 
was used. The questionnaire did not contain intake of milk 
and cheese, which are important dietary iodine sources in 
Norway. Mean intake of milk, white cheese/cheese spread 
and brown cheese/whey cheese spread among Norwegian 
2-year-olds, both users and non-users of the food, was 
used to calculate the iodine contribution from these foods. 
In total, milk and cheese were estimated to contribute 79 
µg/day, which was applied in the estimation of daily iodine 
intake among all non-breastfed children.

The frequency responses of  the major iodine-contrib-
uting foods – fish, yoghurt, and porridge – were divided 
into low/medium consumption and high consumption 
using the following criteria: high consumption of fish: 
lean fish or fish products for dinner at least two to three 
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times per week and fish (fatty and lean) as bread topping 
at least four to six times per week; high consumption of 
yoghurt: at least four to six times per week; high con-
sumption of fish and yoghurt: both intake of fish and 
yoghurt was high; high consumption of porridge: (home-
made or industry manufactured) at least four to six times 
per week.

Definitions of iodine status and iodine intake
The epidemiological criteria for assessing iodine nutri-
tion based on median UIC for children were used in this 
study (13). For children less than 2 years of age a median 
UIC <100 µg/L indicates insufficient iodine status, while a 
median UIC ≥100 indicates adequate iodine status. In the 
Nordic Nutrition Recommendations, an iodine intake of 
50–70 µg/day is estimated to be sufficient for infants and 
children <2 years of age (19). However, as the Nordic 
Nutrition Recommendations does not have an average 
requirement for young children, the estimated average 
requirement (EAR) from the US Institute of Medicine of 
65 µg/day was used for evaluating the habitual iodine intake 
from food (30). To assess excessive iodine intakes, the World 
Health Organization’s (WHO) upper intake level (UL) of 
180 µg/day for children under 2 years was used (31).

Background characteristics and anthropometry
The mothers answered a precoded questionnaire con-
cerning background variables for themselves and their 
children. The WHO body mass index (BMI) (kg/m2) was 
used to classify underweight, normal weight, overweight, 
and obesity, defined by BMI < 18.5 kg/m2, BMI = 18.5–
24.9 kg/m2, BMI = 25.0–29.9 kg/m2, and BMI ≥ 30 kg/m2, 
respectively (32). The children’s height and weight were 
registered at the primary health clinic by trained health 
personnel. The gender-specific z-scores height-for-age, 
weight-for-age, weight-for-height (WHZ), and BMI-for-
age (BMIz) were calculated using the WHO macro for 
SPSS (33, 34). A child was categorized as undernourished 
if  WHZ or BMIz, was <−2, and overweight if  WHZ or 
BMIz was above 2.

Ethics
Ethics approval for the survey was given by the Regional 
Committees for Medical Research Ethics (2011/560 REK 
Sør-Øst). Written informed consent was provided by the 
mothers on behalf  of themselves and their children. All 
aspects of the study agreed with the latest version of the 
Helsinki Declaration.

Statistics
Normally distributed data were presented as mean ± SD. 
Non-normally distributed data were presented as median 
and 25th–75th percentiles (p25–p75). Due to the skewed 
distribution, non-parametric tests were used for two-sided 

tests of differences between groups (Mann–Whitney 
U test). The UIC among children was used as dependent 
variable in linear regression analyses. Because of skewed 
distribution, UIC was log2-transformed. Background 
characteristics (from Table 1) and dietary variables (from 
Table 4) were assessed for associations in simple lin-
ear models. All variables with an association (p < 0.20) 
were selected for the preliminary multiple model, which 
included the following: iodine supplements during preg-
nancy, high consumption of fish, high consumption of 
fish and yoghurt, high consumption of porridge. By back-
wards stepwise selection conducted manually, variables 
with a significant association at p ≤ 0.05 were included in 
the final model. Analysis of the residuals was performed 
to examine the fit of the model.

Results
Background characteristics of mothers and toddlers are 
presented in Table 1. The distribution of participants 
between different geographic regions in Norway was quite 
even. Mean age among the mothers was 30 years, and 82% 
had higher education at university level. The gender distri-
bution among the toddlers was even, with 52% boys and 
48% girls. Almost 10% of the toddlers were still breastfed, 
67% had received breast milk previously, while 4.6% had 
never been breastfed. Only 0.7 and 5.3% were wasted and 
overweight, respectively, according to weight-for-length 
z-scores. In total, 60.8% of the toddlers received dietary 
supplements, and cod liver oil was the most commonly 
used supplement.

Table 2 presents the UIC among the toddlers in differ-
ent geographical regions of Norway and across all areas. 
The median UIC (p25–p75) was 129 (81–190) µg/L. As 
indicated by Fig. 1, 34% had UIC below 100 µg/L, 59% 
had UIC between 100 and 200 µg/L and 7% had UIC 
above 300 µg/L. There were no significant or substantial 
differences in UIC between different geographical regions 
or genders. The children who had never been breastfed 
had higher median UIC (149 µg/L) than children who 
were no longer breastfed. The children who were still 
breastfed had a median UIC of 117 µg/L; however the dif-
ferences in UIC between breastfeeding statuses were not 
statistically significant. Children who were attending kin-
dergarten had similar median UIC as children who were 
not attending kindergarten.

Intake frequencies of iodine-rich foods are shown in 
Table 3. Yoghurt was commonly consumed among the 
toddlers; however, 22% were given yoghurt ≤1 time/week. 
About two-thirds of the children were given porridge, 
either industry manufactured or homemade ≤1 time/week. 
About 80, 70, and 80% of the children were given fatty 
fish, lean fish, or fish products for dinner ≤1 time/week, 
respectively. Baby food with fish was not commonly con-
sumed, with 95% in the category of less than or equal to 
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Table 2.  Urinary iodine concentration (UIC) among Norwegian toddlers 18 months of age by different geographical regions and characteristics 
(n = 416)

UIC (µg/L) Min Max

Median p25–p75 Mean SD

Total (n = 416) 129 81–190 148 97 8 688

Gender

  Boys (n = 217)

  Girls (n = 198)

139

128

83–258

75–199

147

150

95

100

12

8

687

688

Geographic region

  Mid-Norway (n = 134) 125 69–186 138 83 8 426

  North Norway (n = 80) 136 94–195 149 83 17 349

  Western Norway (n = 89) 144 88–220 170 125 14 688

  Eastern Norway (n = 112) 125 75–182 143 95 14 515

Breastfeeding status

  Never been breastfed (n = 19) 149 76–212 169 126 24 515

  Stopped breastfeeding (n = 279) 130 74–201 146 91 8 539

  Still breastfed (n = 41) 117 85–188 144 87 19 422

Kindergarten attendance

  Yes (n = 332) 131 81–190 148 94 8 687

  No (n = 68) 126 73–195 148 114 16 688

There were no significant differences in UIC between gender (p = 0.461), geographic areas (p = 0.321), breastfeeding status (p = 0.854), or kindergarten 
attendance (p = 0, 311) tested by Kruskal–Wallis test/Mann–Whitney U test.

Table 1.  Characteristics of Norwegian mothers and toddlers 18 months of age

Characteristics of mothers (n = 416) Characteristics of toddlers (n = 416)

Age, years 30.3 ± 4.7 Boy 217 (52.2)

BMI, kg/m2a 23.8 ± 4.5 Girl 198 (47.6)

  <18.5 15 (3.6) Never been breastfed 19 (4.6)

  18.5–24.9 233 (56.9) Stopped breastfeeding 279 (67.1)

  ≥25 101 (24.3) Still breastfed 41 (9.9)

Education level Breastfeeding frequency per 24 hc

  Primary and secondary school 7 (1.7)   1 time 6 (14.6)

  High school 67 (16.2)   2–3 times 25 (61.0)

  <4 years of universityb 167 (40.1)   ≥4 times 10 (24.4)

  ≥4 years of universityb 174 (41.8) Weight-for-length/height, z-score 0.6 ± 1.0

Work situation   <−2 (wasted) 3 (0.7)

  Work full-time 319 (76.7)   >2 (overweight) 22 (5.3)

  Work part-time 29 (7.0) BMI-for-age, z-score 0.5 ±1.01

  Student 58 (13.9)   <−2 (underweight) 5 (1.2)

  Unemployed 9 (2.2)   >2 (overweight) 21 (5.0)

Geographic region Supplement use (all types) weekly 253 (60.8)

  Mid-Norway 134 (32.2)   Cod liver oil 151 (36.3)

  North Norway 80 (19.2)   Vitamin D drops 84 (20.2)

  Western Norway 89 (21.4)   Omega-3 19 (4.6)

  Eastern Norway 112 (26.9)   Multivitamin mixture 40 (9.6)

Use medication for thyroid disorder 15 (3.6)   Iron 1 (0.2)

Used iodine supplements during pregnancy 91 (21.9)   Other 14 (3.4)

Values are presented as mean ± SD and n (%).
aBody mass index before pregnancy.
bUniversity or university college.
cBreastfeeding frequency among children still breastfed (n = 41). Missing values: 67 missing from women’s BMI; 1 missing from mother’s education; 
1 missing from geographic area; 1 missing from use of medication for thyroid disorder; 93 missing from iodine supplements during pregnancy; 1 missing 
from tobacco use in pregnancy; 1 missing from work situation; 1 missing from gender of child; 77 missing from breastfeeding status; 21 missing from 
anthropometric measures of children; 90 missing from supplement use in children.
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once a week. Lean fish products such as caviar and fish-
cakes and fatty fish products such as mackerel or salmon 
were consumed as bread spread among 31 and 36% 2–3 
times/week or more frequently, respectively, while the rest 
consumed fish as bread topping ≤1 time/week. Sixty-eight 
percent consumed eggs less than or equal to once a week.

UIC according to low/medium and high consumption 
frequencies of iodine-rich foods is shown in Table 4. There 

were no substantially or statistically significant differences 
in UIC between the different consumption categories for 
any of the foods. There were quite a few children with a 
high consumption frequency of fish (20%). Yoghurt was 
more frequently consumed, and 50% had a high intake. 
Only 12% had a high frequency in intake of both fish and 
yoghurt. Industry-manufactured porridge is enriched with 
iodine in Norway; nevertheless, there were no difference in 

Fig. 1.  Distribution of urinary iodine concentration (UIC) among Norwegian children 18 months of age: 33% had UIC below 
100 µg/L, 59% had UIC between 100 and 299 µg/L, and 7% had UIC above 300 µg/L (n = 416).

Table 3.  Frequency of intake (times/week) of iodine-rich foods among Norwegian toddlers 18 months of age (n = 340a)

Iodine-rich foods Never/rarely 1 time per week 2–3 times per week ≥4 times per week

n (%) n (%) n (%) n (%)

Yoghurt 41 (12) 35 (10) 95 (28) 169 (50)

Porridge (industry 
manufactured)

193 (57) 28 (8) 37 (11) 82 (24)

Porridge (homemade) 147 (43) 85 (25) 62 (18) 46 (14)

Fatty fish, dinner 69 (20) 202 (59) 67 (20) 2 (1)

Lean fish, dinner 80 (19) 221 (53) 39 (12) 0

Fish products, dinner 55 (16) 225 (66) 55 (16) 5 (2)

Baby food with fish (industry 
manufactured)

296 (87) 28 (8) 15 (4) 1 (0.3)

Fatty fish, spread 171 (50) 64 (19) 64 (19) 41 (12)

Lean fish, spread 141 (42) 78 (23) 87 (26) 34 (10)

Eggs 86 (32) 96 (36) 63 (24) 22 (8)

Values given in n (%) within participants with dietary intake category.
an = 340 for all foods except eggs where n = 267.
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median UIC between the group who received homemade 
porridge and those who received industry-manufactured 
porridge.

All the dietary variables among children included 
in Table 4, as well as background characteristics of the 
mothers and children, were tested for associations in lin-
ear regression models. None of the food consumption 
variables or background characteristics for mothers or 
children had a significant association with the children’s 
UIC. Table 5 shows the estimated habitual iodine intake 
from the main dietary iodine sources (yoghurt, milk, 
cheese, fish/fish products, porridge, eggs, butter/marga-
rine) among non-breastfed children 18 months of age 
in Norway. Estimated median (p25–p75) habitual iodine 
intake was 109 (101–117) µg/day for all children across 
geographic regions (where the estimated iodine contri-
bution from milk and cheese is included). There was no 
substantial difference in estimated habitual iodine intake 
between the different geographic regions. None of the 
children were below the EAR (65 µg/day) or above the 
UL (180 µg/day). Estimated iodine intake from milk and 

cheese contributed about 72% of the total iodine mean 
intake, while fish contributed about 12% and other foods 
about 16%.

Discussion
The Norwegian toddlers in this study had adequate iodine 
status, as indicated by a median UIC of 129 µg/L, which 
is above the WHO cutoff of 100 µg/L. This finding was 
supported by the estimated habitual iodine intake, which 
was 109 µg/day. None of the children had an estimated 
habitual iodine intake below the EAR of 65 µg/day or 
above the UL of 180 µg/day. There were no substantial 
differences in either UIC or iodine intake between differ-
ent geographic areas of Norway. These findings are in line 
with the local small-scale Norwegian studies among tod-
dlers with cow’s milk protein allergy and young children 
presented in the introduction (25–27).

Infant formula is enriched with iodine in Norway, 
and  the average iodine content of  several products 
of  prepared formula intended for consumption from 
6  months age, using data from the food composition 

Table 5.  Estimated habitual iodine intake among non-breastfed Norwegian toddlers 18 months of age in different geographical regions of 
Norway (n = 232a)

Estimated habitual iodine intake (µg/day)

Median p25–p75 Mean SD Min Max

Total (n = 232) 109 101–117 110 13 82 157

Geographic region

  Mid-Norway (n = 76) 110 101–116 109 11 90 157

  North Norway (n = 44) 105 97–120 105 12 84 149

  Western Norway (n = 51) 107 101–118 109 13 82 138

  Eastern Norway (n = 61) 113 102–124 114 14 88 145

a149 missing from dietary data and 35 excluded as they were still breastfed. Iodine intake from milk and cheese have been estimated based on data from 
2-year-old children (18) and were estimated to contribute 79 µg iodine/day.

Table 4.  Urinary iodine concentration (UIC) among Norwegian toddlers 18 months of age with low/medium consumption frequency and high 
consumption frequency of iodine-rich foods (n = 340)

UIC (µg/L)

Low/medium consumption High consumptiona

Median (p25–p75) n Median (p25–p75) n

Fish 134 (83–200) 271 117 (56–200) 69

Yoghurt 123 (79–200) 171 132 (75–200) 169

Fish and yoghurt 131 (81–200) 298 117 (55–198) 42

Porridge, industry-manufactured 129 (81–193) 258 123 (55–208) 82

Porridge, homemade 129 (76–205) 294 119 (73–185) 46

Values given as median (p25–p75).
aFish: Lean fish or fish products for dinner at least 2–3 times/week, and lean fish or fatty fish as bread topping at least 4–6 times/week. Yoghurt: at 
least 4–6 times/week. Fish and yoghurt: both intake of fish and yoghurt was high. Porridge (homemade or industry-manufactured): at least 4–6 times/
week. Differences in UIC between consumption frequencies were tested by Mann–Whitney U test for each of the food groups. None were statistically 
significant.
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table, is 15 µg/100 g (29). A recent study among lactating 
Norwegian women found that the median iodine con-
centration in breast milk was 68 µg/L (7 µg/100 g) (20), 
about half  of  the iodine content found in formula. The 
children who were never breastfed might still receive 
formula at 18 months of  age, which could explain why 
the median UIC was highest in this group. A correla-
tion with UIC and use of  infant formula has been 
reported by others (35, 36). Similar results to ours were 
also found in the mentioned study of  57 infants under 
the age of  2 with cow’s milk protein allergy, where the 
breastfed children had lower UIC than the children who 
received formula or were weaned (27).

Intake of  milk, formula, and cheese was not recorded 
in this study, which is a major limitation to the dietary 
data, as milk is an important component in the diet 
of  young Norwegian children (17, 18). In our study, 
yoghurt was the most frequently consumed iodine-rich 
food. Fish and fish products were not as frequently con-
sumed and about 52% consumed fish or fish products 
(all types) for dinner no more than once a week and 
42% as bread spread no more than once a week (data 
not shown). Similar results were found in a Norwegian 
study among preschool children (4–6 years of  age); 
however, the consumption of  fish as bread spread was 
higher than in our study (26). Portion sizes were not reg-
istered in this study; however data from all the Nordic 
countries suggest that fish consumption is generally low 
among preschool children, including Norway (37). This 
is in line with our findings, where the majority had an 
intake below the recommendation for 2-year-old chil-
dren (38). We did not find any substantial difference 
in UIC between different consumption frequencies of 
yoghurt, fish, porridge, or eggs, which was in line with 
the findings from the regression model where none of 
the dietary intake variables were associated with UIC. 
This suggests that milk probably made a large contri-
bution to the total iodine intake among the children in 
this study. Milk as an important contributor to young 
children’s iodine status in Norway has also been found 
by others (25). Recent studies suggest that pregnant 
and lactating women in Norway have mild to moder-
ate iodine deficiency (20–23). Others have also found 
adequate iodine status among children, while moth-
ers from the same population were iodine deficient 
(39–41). In line with our findings, this has been sug-
gested to be caused by a relatively higher consumption 
of  milk among children (25, 39). On the other hand, as 
pointed out by Trøan et al., children with a high milk 
consumption may be at risk of  excessive iodine intakes 
in Norway as the iodine content of  milk is relatively 
high (42).

The median estimated habitual iodine intake was lower 
than the median UIC. There are several challenges related 

to dietary assessment, in addition to the mentioned lim-
itation of using extrapolated intake values for milk and 
cheese. Only the main dietary iodine-containing food 
items were included in the estimated habitual intake, and 
missed sources (e.g. vegetables, meat, and bread) cannot 
be ruled out. Portion sizes from a national survey among 
2-year-old children were used. As dietary habits rapidly 
change in the weaning period (43), the portion sizes may 
not be accurate for toddlers 18 months of age. Also, most 
toddlers in this study were attending kindergarten (79.8%, 
data not shown), which may further complicate dietary 
assessment as the parents have less control of food con-
sumption. Nevertheless, the estimated habitual iodine 
intake indicated sufficient iodine status in this age group, 
which was in line with the WHO epidemiological criteria 
for assessing iodine nutrition by median UIC. Further, 
the estimated habitual iodine intake allows one to assess 
the iodine status at an individual level, as opposed to the 
UIC, which provides valuable information. None of the 
children had an estimated iodine intake below the EAR 
or above the UL.

Conclusion
Iodine is a crucial nutrient during the first 1,000 days 
of  life (44), and children under 2 years of  age have 
been identified as a particularly vulnerable group for 
inadequate iodine intake by the WHO (31). Thus, the 
iodine status among young children should be carefully 
monitored. This study showed that the iodine status 
among 18-month-old toddlers was sufficient. Further, 
milk seemed to be the major iodine-contributing food 
item among these children, and the intake of  fish and 
enriched porridge was low. Children with low intake of 
milk could therefore potentially be at risk of  insufficient 
iodine intake in Norway.
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Henschen I, et al. The Swiss iodized salt program provides 
adequate iodine for school children and pregnant women, 
but weaning infants not receiving iodine-containing comple-
mentary foods as well as their mothers are iodine deficient. J 
Clin Endocrinol Metab 2010; 95(12): 5217–24. https://doi.
org/10.1210/jc.2010-0975.

	37. 	Fagt S, Gunnarsdottir I, Hallas-Møller T, Helldán A, Ingi 
Halldorsson T, Knutsen H, et al. Nordic dietary surveys: study 
designs, methods, results and use in food-based risk  assess-
ments. Copenhagen: Nordic Council of  Ministers; 2012.

	38. 	Norwegian Directorate of Health. Norwegian guidelines on 
diet, nutrition and physical activity. Oslo, Norway: Norwegian 
Directorate of Health; 2014.

	39. 	Vandevijvere S, Mourri AB, Amsalkhir S, Avni F, Oyen HV, 
Moreno-Reyes R. Fortification of  bread with iodized salt cor-
rected iodine deficiency in school-aged children, but not in 
their mothers: a national cross-sectional survey in Belgium. 
Thyroid 2012; 22(10): 1046–53. https://doi.org/10.1089/thy.​
2012.0016.

	40. 	Andersson M, Berg G, Eggertsen R, Filipsson H, Gramatkovski 
E, Hansson M, et al. Adequate iodine nutrition in Sweden: a 
cross-sectional national study of urinary iodine concentration 
in school-age children. Eur J Clin Nutr 2009; 63(7): 828–34. doi: 
10.1038/ejcn.2008.46.

	41. 	Granfors M, Andersson M, Stinca S, Akerud H, Skalkidou A, 
Poromaa IS, et al. Iodine deficiency in a study population of 
pregnant women in Sweden. Acta Obstet Gynecol Scand 2015; 
94(11): 1168–74. https://doi.org/10.1111/aogs.12713.

	42. 	Trøan G, Dahl L, Margrete Meltzer H, Hope Abel M, Geir 
Indahl U, Haug A, et al. A model to secure a stable iodine con-
centration in milk. Food Nutr Res 2015; 59(1): 29829. https://
doi.org/10.3402/fnr.v59.29829.

	43. 	WHO. Guiding principles for complementary feeding of the 
breastfed child. Geneva, Switzerland: World Health Organization; 
2003.

	44. 	Velasco I, Bath S, Rayman M. Iodine as essential nutrient dur-
ing the first 1000 days of life. Nutrients 2018; 10(3): 290. http://
dx.doi.org/10.3390/nu10030290.

*Inger Aakre
Institute of Marine Research
PO. Box 2029 Nordnes
NO-5817 Bergen, Norway
Email: inger.aakre@hi.no

231Sufficient iodine status among Norwegian toddlers 18 months of age – cross-sectional data... 

http://dx.doi.org/10.29219/fnr.v62.1443
https://doi.org/10.1017/S1368980007361004
https://doi.org/10.1017/S1368980007361004
http://apps.who.int/bmi/index.jsp?introPage=intro_3.html
http://apps.who.int/bmi/index.jsp?introPage=intro_3.html
http://www.who.int/childgrowth/software/en/
http://www.who.int/childgrowth/software/en/
https://doi.org/10.1016/j.nut.2004.07.004
https://doi.org/10.1210/jc.2010-0975
https://doi.org/10.1210/jc.2010-0975
https://doi.org/10.1089/thy.2012.0016
https://doi.org/10.1089/thy.2012.0016
https://doi.org/10.1111/aogs.12713
https://doi.org/10.3402/fnr.v59.29829
https://doi.org/10.3402/fnr.v59.29829
http://dx.doi.org/10.3390/nu10030290
http://dx.doi.org/10.3390/nu10030290
mailto:inger.aakre@hi.no


TLR2/4-mediated NF-κB pathway combined with the 
histone modification regulates β-defensins and interleukins 
expression by sodium phenyl butyrate in porcine intestinal 
epithelial cells
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Abstract

Background: Host defense peptides (HDPs) possess direct antibacterial, antineoplastic, and immunomodu-
latory abilities, playing a vital role in innate immunity. Dietary-regulated HDP holds immense potential as a 
novel pathway for preventing infection.
Objective: In this study, we examined the regulation mechanism of HDPs (pEP2C, pBD-1, and pBD-3) and 
cytokines (IL-8 and IL-18) expression by sodium phenylbutyrate (PBA).
Design: The effects of PBA on HDP induction and the mechanism involved were studied in porcine intestinal 
epithelial cell lines (IPEC J2).
Results: In this study, the results showed that HDPs (pEP2C, pBD-1, and pBD-3) and cytokines (IL-8 and IL-
18) expression was increased significantly upon stimulation with PBA in IPEC J2 cells. Furthermore, toll-like
receptor 2 (TLR2) and TLR4 were required for the PBA-mediated upregulation of the HDPs. This process 
occurred and further activated the NF-κB pathway via the phosphorylation of p65 and an IκB α synthesis 
delay. Meanwhile, histone deacetylase (HDAC) inhibition and an increased phosphorylation of histone H3 on 
serine S10 also occurred in PBA-induced HDP expression independently with TLR2 and TLR4. Furthermore, 
p38-MAPK suppressed PBA-induced pEP2C, pBD-1 pBD-3, IL-8, and IL-18 expression, but ERK1/2 failed 
to abolish the regulation of pBD-3, IL-8, and IL-18. Moreover, epidermal growth factor receptor (EGFR) is 
involved in PBA-mediated HDP regulation.
Conclusions: We concluded that PBA induced HDP and cytokine increases but did not cause an excessive 
pro-inflammatory response, which proceeded through the TLR2 and TLR4-NF-κB pathway and histone 
modification in IPEC J2 cells.

Keywords: sodium phenylbutyrate; b-defensins; inflammatory cytokines; signaling pathway

There are now global voices calling for solutions 
to the antibiotic resistance problem to guarantee 
the quality and safety of livestock products and 

human health. It is projected that 10 million people could 
die of infectious diseases caused by bacteria, viruses, or 
fungi by 2050 if  effective measures are not taken (1). Such 
a devastating event should never occur. Therefore, efforts 
are now urgently needed to formulate a proper strategy 
for developing new range of antibiotics.

In multicellular animals, plants and insects, Host de-
fense peptides (HDPs) are not only naturally produced 
but also involved in immunomodulatory and adjuvant 
functions in the immune cells to boost immune response 
of the organisms (2); HDPs are also expressed by the 
host as an antibiotic to protect against potential invading 
pathogenic microbes via their unique physical properties 

and membrane-permeabilizing antibacterial mechanisms 
of action, making drug resistance difficult (3). Recently, 
the role of HDPs in innate and adaptive immunity is being 
increasingly appreciated. As an important first line of de-
fense, HDPs are mostly expressed in the epithelial cells 
of the digestive, respiratory, or urogenital tracts. More 
than 30 HDPs, including the β-defensin and cathelicidin 
genes, have been reported to date in pigs (4, 5); indeed, 
these HDPs include, but are not limited to, β-defensin 1 
(pBD1), pBD2, pBD3, pBD129, and epididymis protein 
2 splicing variant C (pEP2C), which are present in a wide 
range of porcine tissues (6).

The hypothesis  that HDPs synthesis are induced by 
some small molecules or dietary compounds which not 
alter an excessive inflammatory response, this fact will be 
a promise of preventing and controlling inflammatory 
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response and related infective diseases (7). Butyrate is a 
short-chain fatty acid (SCFA) naturally produced by co-
lonic bacteria fermentation, and sodium butyrate is ca-
pable of inducing HDP expression without affecting the 
expression of IL-6 enhancing disease resistance in piglets 
via HDAC inhibition (8). This mechanism is supported by 
an increased phosphorylation of histone H3 on serine S10 
and the activation of the IκB kinase complex, which also 
leads to the activation of NF-κB. Moreover, both NF-κB 
and histone acetyltransferase p300 support the enhanced 
induction of hBD2 expression (9). However, due to the 
special cheese-like, rancid odor of sodium butyrate, the 
use is limited among some animals.

Sodium 4-phenylbutyrate (PBA), an aromatic SCFA, 
is a HDAC inhibitor known for inducing favorable 
effects on many pathologies, including cancer and pul-
monary tuberculosis (10, 11). Indeed, PBA plays an 
immunomodulatory or anti-inflammatory role. Some 
studies have focused on cathelicidin antimicrobial pep-
tide (CAMP)-inducing gene expression by PBA in vari-
ous tissues, and the underlying molecular mechanism of 
CAMP gene expression has been resolved; interest in this 
research area is steadily increasing. Previous studies have 
focused on cathelicidin antimicrobial peptide (CAMP) 
gene expression  induced by PBA in various tissues, how-
ever, current research trend focused on induce CAMP 
expression depends on the vitamin D receptor (VDR) 
pathway (12) and mitogen activated protein kinase 
(MAPK) signaling, coupled with PBA-regulated HDP 
expression displays the gene specific regulation and tissue 
specificity (13). To date, there is no data regarding how 
PBA controls HDP expression and exerts its immune de-
fense ability on porcine cells. Herein, we initially show 
that HDP genes are expressed in porcine intestinal epi-
thelial cells and are enhanced by PBA, but we also show 
that there is no effect on IL-6 levels. Our results demon-
strate that PBA induces HDP expression via the toll-like 
receptor (TLR) pathway. This process is supported by the 
phosphorylation of  NF-κB p65 independent of  myeloid 
differentiation primary response gene (MyD88) and an 
IκB α synthesis delay process; this phosphorylation leads 
to NF-κB activation. PBA possesses a strong ability to 
inhibit HDAC and enhance the phosphorylation mod-
ification of  histone H3 on serine S10 in IPEC J2 cells. 
Thus, we provide novel insights into the regulation of 
HDP gene expression and evaluate the role of  PBA in the 
innate and adaptive immunity of  IPEC J2 cells.

Materials and methods

Reagents and antibodies
Sodium phenylbutyrate (purity above 98%) was pur-
chased from Sigma (St. Louis, MO, USA). SB203580 
(p38 MAPK inhibitor) and PD98059 (MAPKK inhibitor) 

were both purchased from Beyotime (Shanghai, China). 
Gefitinib was purchased from MedChem Express 
(Trenton, New Jersey, USA). We used rabbit mAb 
phospho-NF-κB p65 (Ser536, Cell Signaling Technol-
ogy, Beverly, MA, USA), anti-IκB (SC-371, Santa Cruz 
Biotechnology, Dallas, TX, USA), anti-β-actin (13E5, 
Cell Signaling Technology), and secondary horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG (4970, 
7077, Cell Signaling Technology, Beverly, MA, USA). 
Dimethylsulfoxide (DMSO) was purchased from Sigma 
(St. Louis, MO, USA).

Cell culture
The IPEC J2 cell lines, porcine intestinal epithelial 
cell lines originally derived from the jejunal crypt of  a 
neonatal piglet, were cultured in DMEM/F12 medium 
(Gibco, Carlsbad, CA, USA) supplemented with 8% 
(vol/vol) fetal bovine serum (FBS, Bioind), 5 μg/L ITS 
(Sciencell, Carlsbad, CA, USA, Cat: 0803), 5 μg/L epi-
dermal growth factor (Sciencell, Carlsbad, CA, USA, 
Cat: 10504), and 1% penicillin/streptomycin (100 U/mL 
and 100 mg/mL) (V900929, Sigma, St. Louis, MO, USA) 
at 37°C with 5% CO

2.

Cytotoxicity measurement
The MTT dye reduction assay was used to determine the 
cytotoxicity of PBA on the IPEC J2 cell lines. Briefly, the 
IPEC J2 cells were seeded into a 96-well cell culture plate 
(Corning, NY, USA) with complete DMEM/F12 medium 
and were grown overnight at 37°C in 5% CO2 in a hu-
midified incubator. The cells were washed twice with 
phosphate buffer solution (PBS), and then fresh DMEM/
F12 medium containing different concentrations of PBA 
was added and incubated for 24 h. Next, 10 μL of MTT 
(0.5 mg/mL) was added and then the cells were incubated 
for another 4 h at 37°C. Subsequently, 100 μL of DMSO 
was added to dissolve the formazan crystals that formed. 
Finally, the Optical Density (OD) was measured using 
a microplate reader (TECAN GENios F129004, Austria) 
at 490 nm.

RNA isolation and quantitative real-time PCR
Total RNA was isolated with the TRIzol reagent (Ambion 
Life Technologies, Carlsbad, CA, USA), and almost im-
mediately the cDNA was synthesized using a reverse tran-
scription kit (RR037A, Takara, Ostu, Japan) according 
to the manufacturer’s instructions. PCR was performed 
using a SYBR® Premix Ex Taq™ (Tli RnaseH Plus) 
(RR420A, Takara, Ostu, Japan) on a 7,500 real-time 
PCR system (Applied Biosystems, Carlsbad, CA, USA). 
Each sample reaction was run in duplicate on the same 
plate. The gene-specific primers are presented in Table 1 
(14–16). The mRNA expression levels were determined 
using the 2−ΔΔCt method with β-actin as a reference.
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HDAC activity detection
The HDAC activity assay was performed using the am-
plite™ fluorometric HDAC activity assay kit (AAT 
Bioquest®, Sunnyvale, CA, USA) according to manufac-
turer’s protocol. Briefly, the IPEC J2 cells were cultured 
in a 12-well tissue culture plate overnight at a density of 
1×105 cells/wells. The cells were treated in duplicate with 
increasing concentrations of PBA (0–8 mM). A well-char-
acterized HDAC inhibitor, trichostatin A (TSA), was 
used as a positive control. The cell pellets were harvested 
after 24 h and homogenized in ice-cold RIPA lysis buf-
fer (P0013B, Beyotime, Shanghai, China) containing the 
complete protease inhibitor, phenylmethylsulfonyl fluoride 
(PMSF) (ST506, Beyotime, Shanghai, China). The pro-
tein concentration of cell lysates was measured using the 
trace nucleic acid protein analyzer (Implen, Germany), 
and the cell lysates were diluted into an appropriate range, 
which containing equivalent amount of the protein in the 
assay buffer. Then, 50 µL of the HDAC Green™ substrate 
working solution was added to each well, and the plate was 
incubated at room temperature for 45 min. The fluores-
cence intensity at Ex/Em = 490/525 nm was monitored. 

The fluorescence was detected in the blank wells with buf-
fer only, which was used as the background and was sub-
tracted from the values determined for the wells subjected 
to the HDAC Green™ reactions. All the fluorescence read-
ings are expressed in the relative fluorescence units (RFU), 
and each experiment was performed in triplicate.

Western blot analysis
For the immunoblot analyses, the total protein was ex-
tracted from the cytoplasm of the IPEC J2 cells, and the 
samples were denatured in 4×SDS-PAGE loading buffer 
(40 mM Tris-HCl, PH 8.0, 200 mM DTT, 4% (v/v) SDS, 
40% (v/v) Glycerol and 0.032% (v/v) Bromophenol Blue) 
(No. 7173 Takara, Ostu, Japan) and boiled for 10 min. 
The denatured proteins were separated using 12% SDS-
PAGE and were transferred onto a PVDF membrane 
(0.45 μM) (Millipore, Boston, Massachusetts, USA). The 
membrane was blocked in Tris Buffered Saline with Tween 
(TBST) (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) 
with 5% (w/v) nonfat milk powder for 1.5 h. After wash-
ing with TBST for three times, the blocked membranes 
were incubated with the primary antibodies overnight at 

Table 1.  List of primers used for qRT-PCR

Target gene Sequence (5’-3’) Reference/accession

pBD-3 Forward: GAAGTCTACAGAAGCCAAAT a

Reverse: GGTAACAAATAGCACCATAA

pEP2C Forward: GTTGACCTGGGAGCCAAAG c

Reverse: GCACAGATGACAAAGCCTCA

pBD-1 Forward: CCGCCTCCTCCTTGTATT MF925344.1

Reverse: GGTGCCGATCTGTTTCAT

IL-6 Forward: TGGCTACTGCCTTCCCTACC b

Reverse: CAGAGATTTTGCCGAGGATG

IL-8 Forward: CTGGCTGTTGCCTTCTTG b

Reverse: TCGTGGAATGCGTATTTATG

IL-18 Forward: ACTTTACTTTGTAGCTGAAAACGATG b

Reverse: T TT AGG TTC AAG CTT GCC AAA

TLR2 Forward: TCACTTGTCTAACTTATCATCCTCTTG b

Reverse: TCAGCGAAGGTGTCATTATTGC

TLR3 Forward: AGTAAATGAATCACCCTGCCTAGCA b

Reverse: GCCGTTGACAAAACACATAAGGACT

TLR4 Forward: GCCATCGCTGCTAACATCATC b

Reverse: CTCATACTCAAAGATACACCATCGG

NF-κB1(p50) Forward: CTCGCACAAGGAGACATGAA b

Reverse: ACTCAGCCGGAAGGCATTAT

NF-κB3(p65) Forward: TGTGTAAAGAAGCGGGACCT c

Reverse: CACTGTCACCTGGAAGCAGA

β–actin Forward: GGCTCAGAGCAAGAGAGGTATCC c

Reverse: GGTCTCAAACATGATCTGAGTCATCT

a (14); b (15); c (17); The sequences of pBD-1 in Table 1 are available through GenBank (http://www.ncbi.nlm.nih.gov/nuccore/) under the accession 
numbers listed above.

234 Food and Nutrition: A Human Health Perspective

http://dx.doi.org/10.29219/fnr.v62.1493
http://www.ncbi.nlm.nih.gov/nuccore/


4°C in TBST and were then washed three times followed 
by incubation with the corresponding HRP-linked sec-
ondary antibodies (1:2500) for 1 h at room temperature. 
The membranes were washed three times, and bound an-
tibodies were detected using an ECL plus detection sys-
tem (P1010, Applygen, Beijing, China). The expression of 
each protein was normalized to that of β-actin.

siRNA and transfections
The IPEC J2 cells were cultured to approximately 80% 
confluence in DMEM/F12 medium supplemented with 8% 
(v/v) FBS in 24-well plates. The cells were then transfected 
with 160 nM siRNA using Lipofectamine 2000 (Invitrogen) 
in Opti-MEM media (Gibco) according to the manufac-
turer’s instructions. After 6 h, the transfection medium was 
replaced with DMEM/F12 medium. Then the IPEC J2 cells 
were cultured with 8 mM PBA for 24 h. The cell lysates were 
harvested and analyzed by qRT-PCR. The small interfer-
ing RNA (siRNA) molecules targeting TLR2, TLR4, and 
a scrambled control were obtained from Shanghai Gene 
Pharma, and the sequences are presented in Table 2 (15).

Plasmids transfections and luciferase reporter assays
The NF-κB p65 luciferase reporter plasmid (pNF-κB-Luc) 
and the internal-control plasmid-encoding Renilla lucifer-
ase (phRL-TK) were kindly provided by Prof. Guangx-
ing Li (Northeast Agricultural University, Harbin, P. R. 
China). The IPEC J2 cells were co-transfected with 0.3 
μg of pNF-κB-Luc and 0.1 μg of phRL-TK using the 
Lipofectamine 2,000 (Invitrogen) reagent in 24-well plates 
overnight at a density of 1×105 cells/wells. After 6 h, the 
cells were treated with PBA at 8 mM and were cultured for 
24 h continually. The cells stimulated by lipopolysaccha-
ride (LPS) were used as a positive control, which usually 
activates the NF-κB pathway. The cell lysates were har-
vested and analyzed using the Dual-Luciferase® Reporter 
Assay Kit (Promega, Madison, WI, USA). The luciferase 
activities were detected using a Promega GloMax 20/20 
Luminous detector (Promega, China).

Immunofluorescence assays
The IPEC J2 cells were seeded into 24-well plates and 
were treated with PBA (8 mM) and TSA (1 μM) for 24 h, 

washed with PBS, fixed with 200 μL 4% paraformaldehyde 
for 10 min, and quenched with 0.1 M glycine for 5 min at 
room temperature. Subsequently, the cells were permeabi-
lized with 1% Triton X-100, and diluted into PBS for 10 
min. After washing with PBS three times, the cells were 
then incubated at 37°C with a histone H3 mouse mono-
clonal antibody (1:200) for 45 min, washed three times, 
and were subsequently incubated with a TRITC-conju-
gated AffiniPure goat anti-mouse IgG(H+L) (1:200) for 
30 min. Thereafter, the cells were washed with PBS and 
then stained with DAPI at 37°C for 10 min to detect the 
nuclei, and washed with PBS three times again. The fluo-
rescence signals were visualized using a fluorescence mi-
croscope (Leica).

Statistical analysis
All the results were expressed as the means ± SD. 
Differences between the groups were compared using an 
unpaired Student’s t-test or GLM (General Linear Model 
of Statistical Analysis System, SAS 9.4.2, 2000). Differ-
ences between the treatments were considered significant 
for P < 0.01.

Results

PBA facilitates endogenous HDP gene expression but does not 
enhance IL-6 production in IPEC J2 cells
Recent studies show that sodium 4-phenylbutyrate 
(PBA), an odorless derivative of butyrate sodium, is an 
even more potent inducer of cathelicidins in vitro than 
butyrate sodium (13). We investigated the expression of 
inducible genes encoding HDPs (pEP2C, pBD-1, pBD-3) 
and cytokines (IL-6, IL-8, IL-18) in the innate immune 
response by PBA. Our real-time PCR analyses indi-
cated that HDP expression was markedly increased in a 
dose-dependent manner following a 24-h treatment with 
PBA in IPEC J2 cells (Fig. 1a). Similarly, the expression 
levels of  IL-8 and IL-18 were dose-dependently induced 
by PBA (Fig. 1b). However, the mRNA level of  the IL-6 
gene was not affected. Furthermore, an obvious time-de-
pendent induction of pEP2C, pBD-1, pBD-3, IL-8, and 
IL-18 was observed in the IPEC J2 cells, and the IL-6 ex-
pression was still not affected (Fig. 1c, 1d). Herein, the 
cytotoxicity was not significantly altered by PBA at con-
centrations ≤8  mM in the IPEC J2 cells, as assessed by 
the MTT assay (Fig. 1e). The concentration and time of 
PBA were selected at 8 mM and 24 hour respectively in 
the following trials.

PBA-induced HDP gene expression via TLR2 in IPEC J2 cells
TLRs mediate diverse signaling pathways, which recog-
nize molecular-associated patterns of  microorganisms. 
Intestinal epithelial cells express TLRs, and their activa-
tion leads to the production of  anti- or pro-inflammatory 

Table 2.  The sequences of siRNA

Names Sequences(5'-3') Reference

TLR2 CCA GAU CUU UGA GCU CCA UTT
AUG GAG CUC AAA GAU CUG GTT

a

TLR4 GCA UGG AGC UGA AUU UCU ATT
UAG AAA UUC AGC UCC AUG CTT

a

NC UUC UCC GAA CGU GUC ACG UTT
ACG UGA CAC GUU CGG AGA ATT

a

The sequences of siRNA. a (15).
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cytokines contributing to inflammatory responses (17). 
Previous studies have shown that sodium butyrate acti-
vate TLR2 and then mediate HDP gene expression (16). 
In our studies, the expression of  TLR2 was enhanced 
10-fold by PBA, and the expression of  TLR4 showed an 
increasing tendency but was not significant. However, the 
expression of  TLR3 was significantly decreased by quan-
titative real-time PCR (Fig. 2a). We further evaluated the 
role of  TLR2 or TLR4 in the gene regulation of  encod-
ing HDPs and cytokines by PBA. The IPEC J2 cells were 
transfected with a siRNA-targeting TLR2 or TLR4 to 
silence TLR2 or TLR4, respectively. Compared with the 
control siRNA, the results showed that TLR2 or TLR4 
expression were reduced markedly following the trans-
fection of  TLR2/4 siRNA by qRT-PCR (Fig. 2b and 2c). 
Thereafter, we further analyzed the regulation changes 
of  HDP expression by PBA after silencing TLR2 or 
TLR4. The results showed that even though the expres-
sion of  pEP2C was still increased significantly by PBA, it 
was remarkably reduced in the cells treated with TLR2/4 
siRNA, compared with the control siRNA by PBA (Fig. 
2d). Most clearly, pBD-1, inducted by PBA, was dramat-
ically and completely destroyed under the condition of 
silencing both TLR2 and TLR4 (Fig. 2d). Distinguish-
ingly, TLR4 silencing did not effect pBD-3 mRNA ex-
pression, compared with the cells transfected with the 
negative control siRNA (Fig. 2f). Taken together, these 
data indicate that TLR2 silencing stopped or interfered 
with the upregulation of  HDPs expression by PBA in 
IPEC J2 cells. Interestingly, TLR4 silencing had no effect 
on the pBD-3 induction by PBA, but the role of  TLR4 

signaling was similar to TLR2 with respect to the regu-
lation of  pEP2C and pBD-1 expression by PBA. Fur-
thermore, the results further showed that the induction 
of  IL-8 exhibited an obvious difference with the pBD-
1, pBD-3, or pEP2C genes regulated by PBA, and the 
expression regulation of  IL-8 by PBA was not altered 
after knocking down TLR2 or TLR4 completely (Fig. 
2g). While the expression of  IL-18 significantly declined 
in the IPEC J2 cells treated with TLR2 or 4 siRNA, the 
IL-18 expression was still elevated by PBA; this result 
was similar to when expression of  the pEP2C induced 
by PBA was blocked by TLR2 or 4 silencing (Fig. 2h). 
The myeloid differentiation primary response gene adap-
tor molecule (MyD88) was involved in the TLR signal-
ing pathways (18). Our results showed that PBA did not 
influence MyD88 mRNA levels (Fig. 2i), suggesting that 
PBA influenced signaling effectors during TLR activa-
tion but not MyD88.

PBA activates the NF-k B signaling pathway in IPEC J2 cells and 
induces HDP gene expression
Cytokine production mediated by TLR recognition and 
activation is usually dependent on the NF-κB pathway 
and MAPKs, and thus, we evaluated both signaling 
pathways after PBA stimulation in IPEC J2 cells. First, 
we took a luciferase reporter approach using a luciferase 
vector containing the NF-κB p65 initiation factor se-
quences, as previously reported by others. The IPEC J2 
cells were co-transfected with the pNF-κB-Luc plasmid 
and the internal-control phRL-TK plasmid, and were 
then treated with PBA or LPS to address the effect on 

Fig. 1.  PBA upregulates endogenous HDPs gene expression. IPEC J2 cells were stimulated with 0 mM, 1 mM, 2 mM, 4 mM, and 
8 mM PBA for 24 h (a, b) or 8 mM of PBA for 3 h, 6 h, 12 h, and 24 h (c, d). HDPs (pEP2C, pBD-1, pBD-3) and cytokines (IL-6, 
IL-8, IL-18) were analyzed by qRT-PCR. (e) IPEC J2 cells in a broad range of concentrations (0–32 mM) for 24 h, we used the 
MTT dye reduction assay to examine their toxicity. All data are expressed as the means ± SD. Letters with different superscripts 
are significantly different at P < 0.01, compared with vehicle.
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NF-κB translational activity. LPS is known as a positive 
stimulus of  NF-κB. In agreement, we observed a strong 
expression of  the NF-κB-regulated luciferase following 
PBA pretreatment compared to expression without treat-
ment by the stimulant, and similar results were obtained 
in the IPEC J2 cells after stimulation with LPS (Fig. 3a). 
The classic NF-κB activation pathway is a multi-step 
process that involves several key proteins in inflamma-
tory and immune responses and cellular proliferation. 
The most abundant form of  NF-κB is a heterodimer 
of  p50 and p65 (19). Our results showed a markedly re-
duced p50 expression but not p65 by qRT-PCR (Fig. 3b). 
Next, we observed a clear increase of  NF-κB p65 phos-
phorylation in a time-dependent manner following PBA 
pretreatment (Fig. 3c). A crucial negative regulator that 
controls NF-κB activation is the inhibitor of  κB (IκB); 
this inhibitor binds to p65 in the cytosol to block the 
nuclear translocation of  the p65/p50 complex. Based on 
the IκB-α protein assays, we found that PBA eventually 
facilitated the proteasomal degradation of  IκB-α in re-
sponse to PBA treatment for 24 h, which freed p65/p50, 
allowing the entry of  p65/p50 to the nucleus to activate 
gene expression. There was degradation at 24 h compared 

with the vehicle without pretreatment; however, it is in-
teresting that an increased expression of  IκB-α protein 
from 6 h to 24 h under the internal reference calibration 
were observed (Fig. 3c). Collectively, our results establish 
that PBA upregulates HDP expression and activates the 
NF-κB pathway.

To identify whether TLR2/4 mediated the activation of 
the NF-κB signaling pathway by PBA, the IPEC J2 cells 
were transfected with a siRNA-targeted TLR2/4 to specif-
ically silence TLR2/4 and were then challenged with PBA, 
and the protein levels of IκB-α and phospho-p65 were 
assessed. The data showed that both TLR2 and TLR4 
silencing still markedly facilitated the degradation of IκB-α 
protein compared with the non-silencing control after PBA 
treatment in the IPEC J2 cells. However, interestingly, 
IκB-α protein synthesis increased significantly when both 
TLR2 and TLR4 were silenced alone without treatment by 
PBA. It was observed that TLR4 silencing slightly influ-
enced p65 phosphorylation induced by PBA, but no effect 
by TLR2 (Fig. 3d). The above results indicate that TLR2 
and TLR4 silencing did not inhibit the IκB-α degradation 
induced by PBA indirectly. However, TLR4 silencing de-
creased the phosphorylation of p65 but not completely.

Fig. 2.  PBA-induced HDPs gene expression via TLR2. (a) Expressions of TLRs were determined by quantitative real-time PCR. 
(b, c) IPEC J2 cells were transfected with TLR2/4 siRNA to specifically silence TLR2/4 and then treated with PBA. TLR2/4(b, 
c), HDPs (pEP2C, pBD-1, pBD-3) (d, e, f), and cytokines (IL-8, IL-18) (g, h) gene expressions were analyzed by qRT-PCR. 
(i) IPEC J2 cells were treated with PBA for 24 h, by qRT-PCR to detect the expression of MyD88 mRNA. Letters with different 
superscripts are significantly different at P < 0.01, compared with vehicle.
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Histone modification occurs while PBA induces the HDP gene 
expression increase in IPEC J2 cells
Phenylbutyrate is known as a reversible inhibitor of class 
I and II HDACs. It is considered a first generation HDAC 
inhibitor due to its non-specific inhibitory effect. More-
over, PBA exerts its effects in relatively high, millimolar 
working concentrations, and the effects are pleiotropic. 
Several studies suggest that the HDAC inhibitor TSA or 
butyrate significantly impacts the induction of antimicro-
bial peptide gene expression and requires the acetylation 
of histones H3 at several lysine residues (8, 9). We there-
fore investigated whether PBA behaves as an HDAC in-
hibitor in IPEC J2 cells. By HDAC activity detection, we 
identified a significant dose-dependent manner of HDAC 
activity inhibition efficiency with PBA in the IPEC J2 
cells, and TSA (1µM) was a positive control of the HDAC 
inhibition (Fig. 4a). In addition, the histone H3 phos-
phorylation levels were observed by immunofluorescence. 
There was a strong increase in the fluorescence intensity 
of the phosphorylation marker following PBA and TSA 
pretreatment for 24 h compared with the control, which 
was without treatment in the IPEC J2 cells. Together, 
these results indicate that PBA regulated histone modi-
fication including deacetylation and phosphorylation in 
IPEC J2 cells, as well as upregulated HDP expression and 

has no effect on IL-6 expression (Fig. 4b); these results 
are a reminder that epigenetic pharmacology should be 
achieved to induce epithelial host defense.

In addition, as the above results show, TLR2 and 
TLR4 silencing affected IκB-α protein and p65 phos-
phorylation levels and regulated HDP gene expression 
induced by PBA. It is interesting whether TLR2 or 
TLR4 influences HDAC activity with or without PBA 
treatment. First, IPEC J2 cells were transfected with an 
siRNA-targeted TLR2 or TLR4 for 6 h to specifically 
silence TLR2 or TLR4, and then, the cells were treated 
with PBA for 24 h. As revealed by HDAC activity de-
tection assay, our results indicated that HDAC activ-
ity inhibition by PBA was not slow down after TLR2 
or TLR4 silencing, interestingly, TLR2 and TLR4 
silencing alone  significantly enhanced HDAC activa-
tion which had the opposite effect on HDAC activation 
with PBA (Fig. 4c). Taken together, these results suggest 
that PBA improved HDP gene expression upon histone 
modification.

Activation of the MAPK pathway is necessary for PBA-mediated 
HDP upregulation
Previous studies indicate that PBA-induced CAMP 
gene expression is attenuated by MAPK inhibitors (13). 

Fig. 3.  PBA-induced HDPs gene expression activates the NF-κB signaling pathway. (a) qRT-PCR analysis of p50 and p65 tran-
scription in cells treated with 8 mM PBA for 24 h. (b) Immunoblot analysis of the phospho-NF-κB p65 protein and the IκB-α 
protein in cells pretreated or not for 0–24 h with 8 mM PBA. (c) IPEC J2 cells were co-transfected with the pNF-kB-Luc and 
the internal-control phRL-TK plasmids for 6 h, and were treated with PBA or LPS for 24 h. The cells were then harvested and 
analyzed by luciferase reporter assays. (d) The IPEC J2 cells were transfected with TLR2/4 siRNA to specifically silence TLR2/4 
for 6 h and were then challenged with PBA at 8 mM for 24 h, and a Western blot was used to assess the protein levels of IκB-α 
and phospho-p65. A densitometric analysis of the IκB-α and phospho-p65 protein levels is represented as the mean ± SD from 
six independent experiments. Letters with different superscripts are significantly different at P < 0.01, compared with the vehicle.
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We therefore analyzed HDP expression in IPEC J2 cells 
treated with the specific inhibitors of the MAPK path-
ways by qRT-PCR. The IPEC J2 cells were pretreated 
with the p38 MAPK inhibitor SB203580 and the ERK1/2 
inhibitor PD98059 for 6 h before incubation with PBA 
at 8 mM for 24 h. DMSO was the solvent of the reagent. 
As shown in Fig. 5a, Fig. 5b, and Fig. 5c, the inhibitors 

SB203580 and PD98059 significantly reduced PBA-
induced pEP2C and pBD1 gene expressions but they were 
not inhibited completely. However, PD98059 failed to 
inhibit the pBD-3 induction by PBA determined at the 
mRNA level. The MAPK pathway also plays a critical 
role in intracellular cytokine production. In addition, 
PBA influences the activation of the cytokines IL-8 and 

Fig. 4.  PBA induces HDP gene expression upon histone modification. (a) HDAC activity was determined. The cells were incu-
bated with increasing concentrations of PBA, and TSA was used as a reference. (b) An immunofluorescence analysis of phos-
pho-histone H3 in the IPEC J2 cells, which were treated with PBA and TSA for 24 h. (c) The IPEC J2 cells were transfected 
with TLR2/4 siRNA before a treatment with PBA, and then HDAC activity was detected. Letters with different superscripts are 
significantly different at P < 0.01 compared with the vehicle.

Fig. 5.  The effect of MAPK inhibitors on the upregulation of PBA-mediated HDP expression. IPEC J2 cells were pretreated 
with the p38 MAPK inhibitor SB203580 and the ERK1/2 inhibitor PD98059 for 6 h before incubation with PBA at 8 mM for 
24 h. qRT-PCR was used to detect the gene expression of (a) pEP2C, (b) pBD-1, (c) pBD-3, (d) IL-8, and (e) IL-18. Letters with 
different superscripts are significantly different at P < 0.01 compared with the vehicle.
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IL-18 in IPEC J2 cells. To test whether the MAPK path-
way is involved in the induction of cytokines by PBA in 
the IPEC J2 cells, further studies were performed to detect 
the effects of the inhibitors SB203580 and PD98059 on 
IL-8 and IL-18 mRNA expression before PBA treatment. 
Interestingly, SB203580 markedly suppressed the produc-
tion of IL-8 and IL-18 induced by PBA. In contrast, there 
was no significant change in the IL-8 and IL-18 mRNA 
levels after a pretreatment with PD98059 compared with 
a treatment with PBA alone (Fig. 5d, 5e). Overall, the 
data from the above experiment demonstrate the rele-
vance of host defense cytokines and the MAPK pathway 
in innate host defense. The p38 MAPK and ERK1/2 path-
way may have partially contributed to the upregulation of 
the HDPs pEP2C, pBD-1, and pBD-3 mediated by PBA, 
but the ERK1/2 pathway did not influence pBD-3 upreg-
ulation inducted by PBA in the IPEC J2 cells.

EGFR is a critical factor for PBA-mediated HDP upregulation
IPEC J2 cells possess the typical feature of growth po-
larity and form tight junctions during cell growth, dif-
ferentiation, survival, and movement in response to 
different degrees of confluence. Previous studies report 
that differences in the EGFR transcript expression levels 
at different degrees of confluence affect the production 
of antimicrobial peptides (20). Therefore, different de-
grees of confluence were mimicked by culturing the cells 
at different cell densities, including subconfluent, con-
fluent, and post-confluent; at a subconfluent cell density 
and at a confluent cell density, there was relatively little 
inducible pEP2C, pBD-1, and pBD-3 mRNA expression 
compared with the post-confluent cell density, although 
the HDPs were markedly increased at any confluences; 

pEP2C, pBD-1, and pBD-3 mRNA increased 10-, 50-, 
and 10-fold, respectively, for cells stimulated with PBA at 
a post-confluent density (Fig. 6a, 6b, 6c). It is reported 
that EGFR is expressed at dramatically higher levels in 
post-confluent density than in subconfluent and confluent 
conditions, and the signaling pathways showed a switch in 
the post-confluent cells (20). To understand the correla-
tion of EGFR in the intestinal epithelial cells, IPEC J2 
cells were pretreated with the gefitinib, an EGFR inhib-
itor, for 6 h and were treated with 8 mM PBA. DMSO 
was in control of the solvent of the gefitinib. The results 
showed that the increased mRNA expression of pEP2C, 
pBD-1, and pBD-3 by PBA were downregulated in the 
presence of gefitinib compared with the PBA treatment 
alone by qRT-PCR assay (Fig. 6d, 6e, 6f). In addition, 
gefitinib caused a significant reduction in IL-8 or IL-18 
expression compared to the PBA treatment alone (Fig. 6g, 
6h). The above results show that EGFR is a critical factor 
governing the regulation of HDP expression by PBA; this 
regulation is consistent with the trends of HDP expres-
sion regulation by the PBA between the different degrees 
of confluence, as expected.

Discussion
The establishment and maintenance of epithelial ho-
meostasis were contributed to various actors in the in-
testinal tract. HDPs, as an essential component of innate 
immunity, have the potential to regulate and improve 
intestinal barrier function in animal health and produc-
tivity (21,  22). Oral supplementation of HDPs-induced 
compounds show promise in preventing and control-
ling infections in humans and several animal species (7). 
HDPs and cytokine genes are generally considered to be 

Fig. 6.  The effect of cell density or EGFR on the upregulation of PBA-mediated HDP expression. (a–c) qRT-PCR analysis of 
pEP2C, pBD-1, and pBD-3 transcription at different cell densities treated with 8 mM PBA. (d–h) The IPEC J2 cells were pre-
treated with the EGFR inhibitor Gefitinib and were then treated with PBA. Letters with different superscripts are significantly 
different at P < 0.01, compared with the vehicle.
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synchronously expressed in innate immune response to di-
verse pathogenic microorganism stimuli. Staphylococcus 
aureus or lipopolysaccharide (LPS) induces the expression 
of several HDPs including bovine β-defensin 1 and bo-
vine neutrophil β-defensin 4, after infection (23). In our 
studies, PBA, which is an odorless derivative of butyric 
acid naturally produced by colonic bacteria fermenta-
tion, increased the endogenous HDP gene expression of 
pEP2C, pBD-1, and pBD-3 and the cytokine IL-8 and 
IL-18 production in IPEC J2 cells. However, PBA had no 
effect on the expression level of pro-inflammatory IL-6. 
This result is exactly what the difference between nutrients 
and pathogenic microorganisms exposed to the surface of 
host cells is shown to be on innate immunity. This work 
suggests that PBA may be a potential functional feed ad-
ditive to achieve the induction of epithelial antimicrobial 
defenses while limiting the deleterious risk of an inflam-
matory response.

As we know, this mechanism occurring in jejunum epi-
thelial cells is orchestrated between HDP gene expression 
regulation and exogenous stimulus mainly through signal-
ing pathways, which result in the recognition of a recep-
tor, chromatin histone modification, the activation of key 
signaling factors, and so on. Therefore, it is indispensable 
to further investigate the mechanism between HDP gene 
expression and PBA in jejunum epithelial cells. TLRs are 
generally activated in response to a diverse array of mi-
crobial products. Human corneal epithelial cells (HCECs) 
express TLR2, which responds to Staphylococcus aureus 
infection through the expression and secretion of pro-
inflammatory cytokines and β-defensin-2 (hBD2) (24). In 
addition, human tracheobronchial epithelial cells respond 
to bacterial lipopeptide in a TLR2-dependent manner 
with the induction of mRNA and protein of the anti-
microbial peptide human defensin-2 (25). In our studies, 
PBA also activated the TLR2 and inhibited TLR3 expres-
sion in IPEC J2 cells. Moreover, TLR2 silencing weak-
ened the ability of HDPs expression induction by PBA; 
this outcome was similar to the result of sodium butyrate 
in porcine kidney cells, but the activation ability of PBA 
in IPEC J2 cells was less than sodium butyrate in por-
cine kidney cells (16). The production of pEP2C, pBD-
1, and pBD-3 in IPEC J2 cells stimulated with PBA also 
occurred in a TLR4-dependent pathway although TLR4 
was not markedly activated. PBA possesses the ability to 
regulate HDP expression and PEP2C, pBD-1, and pBD-3 
are well-known as HDPs for their antimicrobial activ-
ity against a broad range of bacterial, fungal, and viral 
pathogens; TLRs are the viral recognition receptors of 
pathogenic microorganisms (4), however, in our results, 
which showed a regulatory role in the HDPs expression 
regulation by PBA.

Intestinal epithelial cells have long been known to pro-
vide a source of inflammatory cytokines and chemokines 

(26), and they also gather different kinds of HDPs. Re-
cent studies demonstrate that HDPs function as immuno-
modulatory mediators and antimicrobial agents through 
either direct chemotactic activity or the upregulation of 
several cytokines and chemokines in various cell types. 
Cathelicidin LL-37 not only favorably induces IL-8 ex-
pression and secretion in human gingival epithelial cells 
(27) but also increases IL-18 mRNA expression in kera-
tinocytes (28). Likewise, we found that PBA upregulated 
endogenous HDPs and cytokine production in IPEC J2 
cells. We hypothesized that HDPs and cytokines were 
not synchronously expressed with different regulatory 
rules; however, a TLR2/4-dependent activation of epi-
thelial cells induced cytokine IL-18 gene expression, and 
HDPs. In addition, IL-8 gene expression was not affected 
by TLR2/4. It remains to be determined which signaling 
pathways are responsible for TLR2/4-dependent HDP 
and cytokine production and which other signaling path-
ways are activated.

The NF-κB pathway, as a hub of regulation in the host 
immune defense between many exogenous stimuli, acti-
vates host immunity, particularly the expression of reg-
ulatory cytokines. In our studies, PBA modulates NF-κB 
signaling in IPEC J2 cells; this modulation is dependent 
on the enhancement of NF-κB p65 phosphorylation and 
IκB α degradation. Furthermore, we found that TLR2 
or TLR4 silencing did not affect PBA-induced NF-κB 
p65 phosphorylation and IκB degradation. MyD88, a 
primary adaptor molecule of TLRs, was not affected by 
PBA, indicating that the PBA effect on HDP production 
was different than the pathogen-associated molecular 
pattern (PAMPs). In this case, the results indicated that 
PBA-induced HDP increase was related to the TLR2/4 
and NF-κB signaling pathway; p65 (NF-κB3) and p50 
(NF-κB1) are two key subunits of the NF-κB pathway, 
and p50 lacks a transcriptional activation domain, which 
induces its downstream target gene expression by inter-
acting with other transcription factors or transcription 
co-activators (19, 29). In our studies, a dramatic decrease 
in p50 expression was present after PBA treatment, which 
suggests the NF-κB pathway activation in the IPEC J2 
cells. In agreement, lower p50 levels were beneficial for 
HDP expression. The increase in both p65 phosphory-
lation in a time-dependent manner and the NF-κB lu-
ciferase activity following PBA pretreatment together 
suggested that NF-κB was activated by PBA in the IPEC 
J2 cells. Interestingly, an apparent increase in IκB α pro-
tein levels was observed in a time-dependent manner 
after PBA treatment, but there was significant degrada-
tion compared with the untreated control cells. Previous 
studies show that trichostatin A potentiates tumor necro-
sis factor (TNF) α-elicited NF-κB activation by histone 
deacetylase inhibitor (HDACi) and delays IκB α cytoplas-
mic reappearance (19, 30). PBA is also a HDAC inhibitor, 
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which suggested to us that PBA induced HDP gene ex-
pression via delaying IκB α synthesis and then activating 
the NF-κB pathway.

Acetylation is a pivotal post-translational modification 
of numerous proteins, such as histones and transcription 
factors, including NF-κB. Histone acetylation and deacet-
ylation modifications play a crucial role in the chromatin 
structure, cellular function, and transcriptional regulation 
of gene expression (30, 31). Two enzyme families with op-
posite activities are crucial regulators of gene expression. 
Histone acetyltransferase (HAT) acts in a positive man-
ner and HDAC acts in a negative manner. NF-κB func-
tions are regulated by post-translational modifications, 
including phosphorylation and acetylation (32). Several 
studies show that HDAC 3 induces the NF-κB p65 sub-
unit deacetylation, leading to the repression of its tran-
scriptional activity (33). In addition, we addressed HDAC 
inhibitors as an approach to attenuate inflammatory re-
sponses and their potential as novel therapeutics (33). 
In our study, a significant dose-dependent inhibition of 
HDAC activity was detected after PBA incubation. Fur-
thermore, PBA-mediated HDAC inhibition activated an 
alternative pathway, inducing H3S10 phosphorylation. 
The phosphorylation of H3S10, as well as the acetylation 
of histone H3 lysines, is highlighted in the current model 
as discrete modifications promoting chromatin remodel-
ing at the promoter of specific innate immune genes, al-
lowing the precise recruitment of NF-κB (9, 34). Herein, 
the delay of IκB α protein synthesis seems to be due to 
impairing of the recruitments of p65 phosphorylation, 
but not histone H3 on Ser10 phosphorylation (30). PBA 
could also be an HDACi, as it enhances HDPs and then 
attenuates inflammatory responses in IPEC J2 cells. Inter-
estingly, TLR2 and TLR4 silencing did not reverse adjust 
the inhibition of HDAC activity by PBA. Moreover, both 
TLR2 and TLR4 silencing alone increased the HDAC 
ability in IPEC J2 cells; this result was consistent with the 
control of PBA increasing TLR2 and TLR4 expression 
and then the inhibition of the HDAC activity, as in the 
results above from our studies.

In a previous study, the canonical phosphorylation 
of histone H3 occurred through the activation of the 
MAPK signaling pathway, and both ERK and p38 ki-
nases induced the phosphorylation of H3S10 at the pro-
moter of the activated genes (35). In addition, ERK and 
MAPK signaling pathways are involved in cathelicidin 
gene expression induced by PBA (13). In this study, we 
observed that both the p38 MAPK inhibitor SB203580 
and the ERK1/2 inhibitor PD98059 weakened the pEP2C 
and pBD-1 expression induced by PBA; this result had 
a distinct effect on blocking the induction of pBD-3. In 
addition, ERK1/2 signal blockade had no effect on the in-
duction of pBD-3, IL-8, and IL-18 by PBA; this outcome 
indicated to us that the signaling pathway of both the p38 

and ERK1/2 signaling pathways participated in the reg-
ulatory mechanism of pEP2C, pBD-1, and pBD-3, but 
were not identical. In addition, unexpectedly, the degree 
of confluence significantly improved the regulatory ability 
of PBA on HDP expression in the IPEC J2 cells. In a pre-
vious report, the degree of confluence also changed the 
regulatory ability of sodium butyrate on HDP expression 
in sodium butyrate in porcine kidney cells, but the trend 
was just in contrast with this study. As reported, epider-
mal growth factor receptor (EGFR) expression levels in-
creased as the degree of confluence increased (20). EGFR 
was also critical in the regulation of cathelicidin expres-
sion (12). Presumably, EGFR may play a role in the pro-
cess of PBA-regulated HDP expression in IPEC J2 cells. 
As expected, inhibition of EGFR with a specific inhibitor 
significantly reduced PBA-increased HDPs gene expres-
sion. Moreover, in porcine  Intestinal epithelial cells, host 
defense peptides regulation maybe utilized different signal 
transduction pathways or a switch in signaling pathways 
with the altered degrees of confluence, including sub con-
fluent, confluent, and post-confluent (20).

To conclude, as shown in Figure 7, PBA regulated 
HDPs and interleukins expression closely via a complex 
route system.
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Abstract

Introduction: The traditional method of producing instant foods involves producing a gelatinised paste from 
the preferred grain flour and proceeding to dry it using a drum drier. This produced a flaked product, which 
can be used as is or ground and sieved to obtain the desired particle size. With the advent of extrusion cooking 
technology and diverse production processes associated with the technology, food products including instant 
foods from cereals were developed.
Objectives: The primary objective of this study was to produce a nutritious and acceptable pearl millet instant 
beverage powder (PMIBP) using combination processing.
Methods: The effect of different processing methods (malting, extrusion, and a combination of both pro-
cesses) on the nutritional, biochemical, and sensory characteristics of beverage powders and beverages made 
from two varieties of pearl millet (Pennisetum glaucum) were evaluated. 
Results: Combination processing led to a significant (p ≤ 0.05) decrease in total fat and total dietary fibre 
(TDF) (3.85 and 22.99 g/100 g, respectively) of AgriGreen (AgG) extruded malted pearl millet (EMPM) 
and extruded raw pearl millet–malted pearl millet mix (ERPMMPM). Combination processing also led to 
a decrease in the ash, total fat, TDF, Fe and Zn content (1.76, 3.48, 14.26 g/100 g, 7.78 and 4.74 mg/100 g, 
respectively) of Babala (Ba) EMPM and Ba ERPMMPM (1.88, 4.22, 21.71 g/100 g, 7.24 and 4.14 mg/100 g, 
respectively). Beverages of 10% total solids were prepared from the samples and offered to an untrained con-
sumer panel. The beverages were rated on appearance, colour, aroma, flavour, texture and overall acceptability 
on a nine-point hedonic scale. In general, Ba raw pearl millet was rated 4 (like slightly), AgG malted pearl 
millet was rated 6 (dislike slightly), and all other pearl millet samples from both varieties were rated 5 (neither 
like nor dislike).
Conclusion: Although combination processing led to an increase in carbohydrates, Ca, energy, Fe content, 
and 12 of the 15 amino acids measured as well as protein and starch digestibility and no change in the other 
nutrients measured, this did not significantly impact on the acceptability of the beverages.

Keywords: Instant beverage powder, pearl millet, combination processing, malting, extrusion, Instant beverage powder

Combination processing (hurdle technology) is the 
use of two or more processing methods in the man-
ufacture and preservation of a food product. It was 

initially developed in order to ensure microbiological food 
safety. However, this concept is proving successful as an in-
telligent combination of hurdles secures microbial stability 
and safety as well as the sensory quality of foods, provides 
convenience and freshness of foods to the consumers, and 
might be cost-efficient for the producers because it de-
mands less energy during production and storage (1).

Babala (Ba) is the most widely used variety of  pearl 
millet in the world. It has been developed to adapt to 

the specific climates in which it grows. It is a nutri-
ent-dense grain with a variety of  food and beverage 
applications. Hybrids of  Ba are developed for various 
other climatic and weather conditions and, ideally, 
developed hybrids are required to have similar char-
acteristics to Ba under  various processing conditions. 
The objective of  this study was to evaluate the effect of 
malting, extrusion, and a combination of  both methods 
on the nutritional and biochemical properties and sen-
sory characteristics of  flours and their beverages made 
from two varieties of  pearl millet (Ba and AgriGreen 
[AgG] – a hybrid of  Ba).
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Materials and methods

Source of materials
Two different varieties of pearl millet (Pennisetum glau-
cum), Ba and AgG, a hybrid of Babala, were obtained from 
Agricol Pty. Ltd., Cape Town, South Africa. All chemical 
reagents were obtained from Sigma-Aldrich South Africa. 
All equipment used was located in the Department of Food 
Technology, Cape Peninsula University of Technology 
(CPUT), Bellville, South Africa, and The Council for Scien-
tific and Industrial Research (CSIR), Pretoria, South Africa.

Processing of pearl millet into beverage powder
The pearl millet (Ba and AgG) was cleaned by placing it 
in a tray and removing the chaff and damaged grains as 
well as stones or pebbles, together with all other extrane-
ous matter, by a combination of winnowing and picking. 
The cleaned grains were further processed (Fig. 1).

Determination of the proximate composition of pearl millet 
flours made from two different varieties
The moisture, protein, total ash, crude fibre contents, total 
fat, saturated, monounsaturated, and polyunsaturated fat 
content of the samples were determined according to the 

methods of the Association of Official Agricultural Chem-
ists (AOAC) (2).

Biochemical assay of beverage powder from two varieties 
of pearl millet
The amino acid content of the millet-based instant bever-
age powder was determined according to the methods of 
Benson and Patterson (3) and Klapper (4), with slight modi-
fications. Calcium, iron, and zinc were analysed using the in-
ductively coupled plasma (ICP) spectrometer (Perkin Elmer, 
model nr, Rodgau, Germany). Prior to analysis, samples 
were digested in a microwave digester (Milestone Microwave 
Laboratory Systems, Sorisole, Italy). The concentrations of 
minerals were calculated using the concentrations from the 
ICP analysis reports, using the following formula:

Mineral concentration mg g

Instrument concentration ppm Volume ml

Mass of sample mg

     100  

             100

     

1( )
( )

( )
( )

=
× ×

−

 

Sample solutions were quantified against standard 
solutions of  known concentrations that were analysed 
concurrently (5).

Fig. 1.  Processing steps of pearl millet into beverage. RPM = raw pearl millet, MPM = malted pearl millet, ERPMMPM = extruded 
mix of raw and malted pearl millet, RT = Room Temperature, EMPM = extruded pearl millet malt, ExPM = Extruded pearl millet.
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The determination of in vitro protein and starch di-
gestibility was carried out according to the method of 
Saunders et al. (6). Digestibility was calculated using the 
following formula (7):

Protein digestibility
Nitrogen in supernatant

Nitrogen in sample
    %  

      100
   

( ) =
×

In vitro carbohydrate digestibility was determined using 
a method described by the authors of Ref. (8). Microsoft 
Excel (2010) was used to plot the standard curve and to cal-
culate the concentration of starch digestion products in test 
solutions. The values were expressed as mg maltose/g starch.

The total amount of phenolic compounds in the pearl 
millet whole meal flour and product extract was deter-
mined using the method described by Silvia et al. (9) with 
modifications for use with a 96-well plate reader. The 
concentration of phenolic compounds in the extracts was 
calculated from a calibration curve of the standard and 
expressed as gallic acid equivalents.

The antioxidant activity (by free radical scaveng-
ing) of  the pearl millet whole meal flour and products 
were determined using the Trolox (6-Hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) equivalent an-
tioxidant capacity (TEAC) assay as described by the 
authors of  Ref. (10) with modifications for a 96-well 
plate reader.

Beverage preparation and sensory evaluation
The sensory evaluation of the beverages was exploratory 
in nature in order to determine if  any one of the samples 
warranted further development. The flour (80 g) of each 
sample (raw pearl millet [RPM], extruded pearl millet 
[ExPM], malted pearl millet [MPM], extruded pearl mil-
let malt [EMPM], and extruded mix of raw and malted 
pearl millet [ERPMMPM]) were individually weighed 
into separate 3 L stainless steel pots with 200 ml of tap 
water (25 ± 3°C) and mixed to form a paste. Boiling water 
(700 ml) was then added slowly whilst stirring to prevent 
the formation of lumps. Two 900 ml pots of each sam-
ple beverage were prepared to give a total of 1800 ml of 
beverage for each sample. The mixture was brought to a 
rolling boil. The prepared beverages were allowed to cool 
to between 50 and 60°C and then transferred into appro-
priately labelled 18/8 stainless steel double-walled vacuum 
thermal flasks.

The consumer panel assessments were conducted at the 
CPUT Department of Food Science and Technology sen-
sory facilities using an untrained panel consisting of a mix 
of staff  and students of the department (78).

For each sample, 78 randomly generated three-digit 
numbers were used to code samples presented to the 
consumer. Freshly prepared beverages of each sample 

(15–25 ml) were poured into 30 ml polystyrene cups to 
retain temperature (50–60°C) and consistency during the 
evaluation. Each consumer was presented with five cups 
of beverages on a polystyrene tray representing the five 
samples at between 40 and 45°C. The consumers were 
provided with water and an empty polystyrene cup to use 
as a spittoon and were instructed to rinse their mouths 
between samples. They were given written instructions to-
gether with a nine-point hedonic scale (1 = like extremely 
to 9 = dislike extremely), on which they were required to 
rate each sample’s flavour, texture, taste, colour, and over-
all acceptability.

Data analyses
All data were collected in triplicate. The data were sub-
jected to multivariate analysis of variance to establish 
mean differences (p ≤ 0.05) between treatments. Duncan 
multiple range tests were used to separate means where 
differences existed. All data analyses were carried out 
using IBM SPSS Statistics version 21 (2012).

Results and discussion

Effect of malting, extrusion, and their combination on the 
proximate content of beverage powders made from two 
varieties of pearl millet
Malting, extrusion, and the combination of both had 
varying effects on the nutritional values of RPM, ExPM, 
MPM, EMPM, and ERPMMPM produced from both 
varieties of pearl millet (Table 1). The effect of extru-
sion on nutritional values (Table 1) include the fol-
lowing: a significant (p ≤ 0.05) increase in the total fats 
(3.98 to 4.61  g/100  g); ash (1.75 to 2.03 g/100 g); car-
bohydrates (81.64 to 83.56 g/100 g); energy (1723.80 to 
1789.44 KJ/100 g); and the minerals (Table 2) Ca (35.05 to 
36.23 mg/100 g) and Fe (7.10 to 9.63 mg/100 g).

These changes depend on temperature, moisture, pH, 
shear rate, residence time, their interactions, the nature 
of the proteins themselves, and the presence of materi-
als such as carbohydrates and lipids (11). The time–tem-
perature conditions to which foods are exposed during 
extrusion are comparable to other high-temperature, 
short-time processes, which is considered preferable in 
terms of nutrient retention and safety of foods since an-
tinutritional factors and contaminating microorganisms 
are more effectively destroyed (12).

According to Bjork and Asp (12), extrusion process-
ing affects the nutritional value of lipids through different 
mechanisms such as oxidation, cis–trans isomerisation, or 
hydrogenation. A decrease in the fat content of extruded 
products has been reported by several authors. Fabriani 
et al. (13) interpreted the decrease in the extractable-fat 
content of extruded products as the result of the forma-
tion of complexes with other compounds present in the 
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food matrix and/or shear damage caused by the action 
of the screws and subsequent pressures generated. These 
could explain the decrease in fat content observed in Ba-
bala. However, the increase in the extractable fat content 
of AgG (Table 1) could have been a result of the exact op-
posite happening, that is, no complexes being formed with 
other compounds in the food matrix during the processes 
and/or little or no shear damaged caused by the actions of 
the screws and subsequent pressures generated.

Malting led to a significant (p ≤ 0.05) increase in the 
carbohydrates, energy (Table 1), Ca, and Zn (Table 2) 
(81.64 to 85.41 g/100 g, 1723.8 to 1763.2 KJ/100 g, 35.05 
to 38.78 mg/100 g and 3.43 to 4.18 mg/100 g, respectively). 
A significant (p ≤ 0.05) decrease in the TDF and total fat 
(26.59 to 19.33 and 3.98 to 2.93 g/100 g respectively) was 
observed, but no effect on the protein, ash, and Fe content 
of AgG MPM (Table 1). These are in contrast to observa-
tions of slightly increased protein content (11, 7, and 2%, 
respectively) for red sorghum, millet, and maize made by 

Traoré et al. (14). Shayo et al. (15) also observed an in-
crease in protein content of 5% after 48 h of germination 
at 30°C in two varieties of millet from Tanzania. Whilst 
the increase in protein content in these experiments was 
attributed to a passive variation resulting from a decrease 
in the carbohydrate compounds used for respiration (16), 
the lack of change in protein content in this particular 
experiment could be attributed to the shorter germination 
time (36 h as opposed to 48 h). According to Chavan and 
Kadam (17), a considerable portion of endosperm car-
bohydrates decrease during germination, causing appar-
ent increase in the protein and fibre contents of cereals; 
this could be the reason for no marked changes in the 
endosperm protein content of sorghum and pearl millet, 
although the rootlets separated from them contained sub-
stantial levels of protein.

The decreases in fat content are in agreement with ob-
servations made by other authors (14, 16–18). This de-
crease could be explained by the fact that lipids are used 

Table 2.  Effect of processing on the mineral (mg/100 g) composition of pearl millet (AgriGreen and Babala) (d.b.)1,2

Nutrient RPM ExPM MPM EMPM ERPMMPM

AgriGreen Ca 35.05 ± 0.25a 36.23 ± 0.04b 38.78 ± 0.45c 40.32 ± 0.25d 36.90 ± 0.14e

Fe 7.10 ± 0.29a 9.63 ± 0.29b 7.01 ± 0.16a 8.56 ± 0.28c 10.57 ± 0.31d

Zn 3.43 ± 0.13a 3.30 ± 0.08a 4.18 ± 0.09b 3.19 ± 0.11a 3.16 ± 0.50a

Babala Ca 30.74 ± 0.25a 27.43 ± 0.20b 34.15 ± 0.13c 32.56 ± 0.24d 33.66 ± 0.28d

Fe 9.60 ± 0.43a 9.51 ± 0.09a 7.08 ± 0.45b 7.78 ± 0.13c 7.24 ± 0.33b

Zn 5.36 ± 0.54a 5.51 ± 0.37a 3.97 ± 0.45b 4.74 ± 0.05cb 4.14 ± 0.08b

1Values are mean ± standard deviation. Different superscripts in rows differ significantly (p ≤ 0.05).
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw 
pearl millet–malted pearl millet mix.

Table 1.  Effect of processing on the proximate composition (g/100 g) and energy (KJ/100 g) of pearl millet (AgriGreen and Babala) (d.b.)1,2

Nutrient RPM ExPM MPM EMPM ERPMMPM

AgriGreen Moisture 12.56 ± 0.25a 9.68 ± 0.21b 9.60 ± 0.03b 8.41 ± 0.15c 9.47 ± 0.07b

Protein 12.46 ± 0.22a 12.30 ± 0.28a 12.73 ± 0.64a 12.51 ± 0.16a 12.47 ± 0.09a

Ash 1.75 ± 0.11a 2.03 ± 0.14b 1.54 ± 0.32a 1.67 ± 0.09a 1.75 ± 0.02a

Total fat 3.98 ± 0.41a 4.61 ± 0.30b 2.93 ± 0.29c 3.85 ± 0.19a 4.21 ± 0.08a

TDF 26.59 ± 3.15a 17.11 ± 0.75b 19.33 ± 1.99c 22.99 ± 2.90c 18.12 ± 2.62b

Carbohydrates 81.64 ± 0.34a 83.56 ± 0.90b 85.41 ± 0.64c 85.68 ± 0.35c 84.27 ± 0.06b

Energy 1723.80 ± 5.48a 1789.44 ± 3.14b 1763.19 ± 11.53c 1804.34 ± 2.78d 1789.83 ± 3.48b

Babala Moisture (g/100 g) 11.91 ± 0.06a 6.88 ± 0.04b 10.69 ± 0.11c 8.18 ± 0.06d 7.76 ± 0.19e

Protein (g/100 g) 12.03 ± 0.18a 12.06 ± 0.08a 12.75 ± 0.04b 12.36 ± 0.26c 12.46 ± 0.11c

Ash (100/g) 1.98 ± 0.04a 1.97 ± 0.03a 1.83 ± 0.07b 1.76 ± 0.07b 1.88 ± 0.12b

Total fat (g/100 g) 4.79 ± 0.17a 4.25 ± 0.50b 2.84 ± 0.56c 3.48 ± 0.37c 4.22 ± 0.55b

TDF (g/100 g) 26.69 ± 4.58a 16.51 ± 0.53b 25.17 ± 7.82c 14.26 ± 2.15b 21.71 ± 5.89c

Carb (g/100 g) 81.64 ± 0.09a 86.85 ± 0.48b 84.17 ± 0.62c 86.35 ± 0.63d 85.73 ± 0.41d

Energy (KJ/100 g) 1750.11 ± 1.99a 1838.08 ± 12.42b 1735.04 ± 10.60a 1799.15 ± 8.42c 1821.70 ± 13.71d

1Values are mean ± standard deviation. Different superscripts in rows differ significantly (p ≤ 0.05).
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw pearl 
millet–malted pearl millet mix;  TDF = total dietary fibre.
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to produce the necessary energy for the biochemical and 
physiological modifications that occur in the seed during 
germination (18). Combination processing (malting and 
extrusion) led to a significant (p ≤ 0.05) increase in carbo-
hydrates, energy (Table 1), Ca, and Fe (Table 2) (81.64 to 
85.68 g/100 g, 1723.8 to 1804.3 KJ/100 g, 35.05 to 40.32 
and 7.10 to 8.56 mg/100 g, respectively); a significant 
(p ≤ 0.05) decrease in TDF (26.59 to 22.99 g/100 g); and 
no effect on the protein and ash content of AgG EMPM.

Combination processing of the ERPMMPM led to 
a significant (p ≤ 0.05) increase in carbohydrates, energy 
(Table 1), Ca, and Fe (Table 2) (81.64 to 84.27 g/100 g, 
1723.8 to 1789.8 KJ/100 g, 35.05 to 36.90 and 7.10 to 
10.57 mg/100 g, respectively); a significant (p ≤ 0.05) de-
crease in TDF (26.59 to 18.12 g/100 g); and no effect on 
ash, total fat, and Zn content of AgG ERPMMPM.

The extrusion process led to a significant (p ≤ 0.05) in-
crease in carbohydrates and energy (81.64 to 86.85 g/100 g 
and 1750.11 to 1838.08 KJ/100 g, respectively); a signifi-
cant (p ≤ 0.05) decrease in total fat, TDF (Table 1), and 
Ca (Table 2) (4.79 to 4.25, 26.69 to 16.51 g/100 g and 30.74 
to 27.43 mg/100 g, respectively); but had no effect on the 
protein, ash, Fe, and Zn content of Ba ExPM (Table 1).

The observations on the effect of malting on proximate 
composition, mineral (Ca, Fe, and Zn) and fibre content 
of both AgG and Ba were in agreement with observations 
made by several authors (19–21) but differed from obser-
vations made by Opoku et al. (16) and Suma and Urooj 
(22). According to Malleshi and Klopfenstein (21), during 
germination several biochemical, textural, and physiolog-
ical transformations occur in the seeds. The growing root 
and shoot mainly derive nutrients from the embryo, scute-
llum, and the endosperm and this result in loss of protein, 
carbohydrates, and minerals from the seed. Consequently, 
the proportion of some of these nutrients in the malt will 
be altered.

Leaching of water-soluble compounds and metabolism 
of carbohydrates during germination also contribute to 
dry matter loss of seeds. This could explain the varying 
changes in the nutritional properties of the pearl millet 
after malting.

Malleshi and Klopfenstein (21) observed that raw sor-
ghum and pearl millet contained 11.8 and 16.1% protein, 
respectively, which did not change appreciably on malting 
and is in agreement with the observations made for the 
protein content of AgG but differed for that of Ba. They 
also observed a slight increase in the dietary fibre content 
of their samples after malting.

This was in contradiction to observations made in this 
experiment. Also, dietary fibre levels reported in their 
works were markedly lower than those reported in this 
work. Combination processing (malting and extrusion) 
led to a significant (p ≤ 0.05) increase in protein content, 
carbohydrates, energy (Table 1), and Ca (Table 2) (12.03 

to 12.36, 81.64 to 86.35 g/100 g, 1750.11 to 1799.2 KJ/100 
g and 30.74 to 32.56 mg/100 g, respectively) and a signifi-
cant (p ≤ 0.05) decrease in the ash, total fat, TDF (Table 1), 
Fe, and Zn (Table 2) (1.98 to 1.76, 4.79 to 3.48, 26.69 to 
14.26 g/100 g, 9.60 to 7.78 and 5.36 to 7.74 mg/100 g, 
respectively) content of the EMPM. Combination pro-
cessing of the ERPMMPM led to a significant (p ≤ 0.05) 
increase in the protein, carbohydrates, energy (Table 1), 
and Ca (Table 2) (12.03 to 12.46, 81.64 to 85.73 g/100 g, 
1750.11 to 1821.70 KJ/100 g and 30.74 to 33.66 mg/100 g) 
and a significant (p ≤ 0.05) decrease in the ash, total fat, 
TDF (Table 1), Fe, and Zn (Table 2) (1.98 to 1.88, 4.79 to 
4.22, 26.69 to 21.71 g/100 g, 9.60 to 7.24 and 5.36 to 4.14 
mg/100 g, respectively) content of Ba ERPMMPM. These 
variations in values observed could be attributed to sev-
eral factors such as differences in the pearl millet varieties 
experimented with as well as extrinsic factors including 
growth region, climate, and soil type, to name a few. The 
decrease in moisture content of both AgG and Ba was the 
result of the kilning of germinated grains. The informa-
tion observed is a summary and a reinforcement of earlier 
discussions on the effect of the processing methods on the 
two varieties of pearl during the production of the Pearl 
Millet Instant Beverage Powder (PMIBP).

Extrusion, malting, and a combination of both pro-
cesses significantly (p ≤ 0.05) reduced the fat constituents 
(saturated, monounsaturated, and polyunsaturated) of Ba-
bala (Table 3). However, extrusion significantly (p ≤ 0.05) 
increased the content of polyunsaturated fat of AgG, but 
the combination process did not affect the fat constituents 
of AgG significantly (p ≤ 0.05) (Table 3). The reduction 
in fat content could be as a result of conversion or utili-
sation for energy during germination or through different 
mechanisms such as oxidation, cis–trans isomerisation, or 
hydrogenation during extrusion processing (12).

Effect of malting, extrusion, and their combination on the amino 
acid content of beverage powders made from two varieties of 
pearl millet
The effects of malting, extrusion, and a combination of 
both methods on the amino acid content of the PMIBP 
made from the two different varieties of pearl millet, AgG 
and Ba, are shown in Table 4. For the AgG variety, extru-
sion led to a significant (p ≤ 0.05) increase in the concen-
tration of the amino acids in the AgG ExPM.

Malting led to a significant (p ≤ 0.05) increase in all 
amino acids, except for glutamic acid, leucine, and me-
thionine, which remained unchanged in the AgG MPM. 
The combination of malting and extrusion significantly 
(p  ≤  0.05) increased all amino acids except for glutamic 
acid, leucine, and arginine in the AgG EMPM. Similar 
results were obtained for the AgG ERPMMPM, with 
glutamic acid, leucine, lysine, and arginine remaining un-
changed by the process. None of the treatments led to a 
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Table 4.  Effect of processing on the amino acid content (mg/100 g) of pearl millet (Babala and AgriGreen)1,2

AA RPM ExPM MPM EMPM ERPMMPM

AgriGreen Asp 0.43 ± 0.03a 0.72 ± 0.03b 0.68 ± 0.04b 0.64 ± 0.03b 0.57 ± 0.06c

Thr 0.22 ± 0.00a 0.33 ± 0.02b 0.29 ± 0.00c 0.26 ± 0.00d 0.25 ± 0.03d

Ser 0.27 ± 0.00a 0.43 ± 0.03b 0.36 ± 0.02c 0.35 ± 0.04c 0.33 ± 0.02c

Glu 1.12 ± 0.05a 1.61 ± 0.16b 1.23 ± 0.04a 1.30 ± 0.14a 1.29 ± 0.14a

Gly 0.19 ± 0.00a 0.29 ± 0.02b 0.25 ± 0.01c 0.23 ± 0.01c 0.23 ± 0.02c

Ala 0.40 ± 0.01a 0.59 ± 0.05b 0.51 ± 0.01c 0.51 ± 0.04c 0.48 ± 0.03c

Val 0.28 ± 0.03a 0.46 ± 0.03b 0.39 ± 0.03c 0.39 ± 0.01c 0.38 ± 0.01c

Met 0.06 ± 0.00a 0.11 ± 0.01b 0.05 ± 0.03a 0.10 ± 0.04c 0.09 ± 0.01c

Ile 0.23 ± 0.00a 0.34 ± 0.02b 0.27 ± 0.00c 0.29 ± 0.03c 0.27 ± 0.02c

Leu 0.53 ± 0.01a 0.79 ± 0.08b 0.59 ± 0.01a 0.63 ± 0.06a 0.63 ± 0.06a

Tyr 0.21 ± 0.01a 0.32 ± 0.04b 0.27 ± 0.01c 0.28 ± 0.01c 0.25 ± 0.02c

Phe 0.28 ± 0.01a 0.42 ± 0.04b 0.35 ± 0.02c 0.35 ± 0.04c 0.32 ± 0.02c

His 0.17 ± 0.00a 0.28 ± 0.04b 0.26 ± 0.01b 0.26 ± 0.04b 0.23 ± 0.02b

Lys 0.19 ± 0.00a 0.32 ± 0.02b 0.32 ± 0.01b 0.31 ± 0.09b 0.24 ± 0.03a

Arg 0.23 ± 0.01a 0.48 ± 0.06b 0.44 ± 0.13b 0.37 ± 0.08a 0.38 ± 0.02a

Babala Asp 0.46 ± 0.05a 0.61 ± 0.04b 0.79 ± 0.00c 0.68 ± 0.03c 0.69 ± 0.02c

Thr 0.23 ± 0.04a 0.27 ± 0.01b 0.27 ± 0.00b 0.29 ± 0.00b 0.28 ± 0.04b

Ser 0.33 ± 0.04a 0.36 ± 0.01a 0.35 ± 0.00a 0.38 ± 0.01a 0.35 ± 0.00a

Glu 1.23 ± 0.21a 1.45 ± 0.09b 1.11 ± 0.00a 1.42 ± 0.08b 1.43 ± 0.16b

Gly 0.20 ± 0.03a 0.25 ± 0.02b 0.28 ± 0.00b 0.24 ± 0.00b 0.24 ± 0.00b

Ala 0.47 ± 0.07a 0.54 ± 0.03b 0.44 ± 0.00a 0.54 ± 0.03b 0.53 ± 0.03c

Val 0.36 ± 0.07a 0.40 ± 0.03a 0.38 ± 0.00a 0.42 ± 0.03a 0.40 ± 0.02a

Met 0.09 ± 0.02a 0.08 ± 0.02b 0.05 ± 0.00a 0.12 ± 0.01b 0.12 ± 0.05c

Ile 0.27 ± 0.04a 0.29 ± 0.01b 0.26 ± 0.00a 0.33 ± 0.02b 0.33 ± 0.02b

Leu 0.62 ± 0.11a 0.71 ± 0.03b 0.55 ± 0.00a 0.72 ± 0.03b 0.69 ± 0.04b

Tyr 0.24 ± 0.02a 0.28 ± 0.02b 0.25 ± 0.00a 0.32 ± 0.01b 0.28 ± 0.01b

Phe 0.33 ± 0.04a 0.39 ± 0.02a 0.33 ± 0.00a 0.39 ± 0.01a 0.38 ± 0.07a

His 0.29 ± 0.06a 0.24 ± 0.00a 0.29 ± 0.00a 0.26 ± 0.01a 0.36 ± 0.08b

Lys 0.22 ± 0.02a 0.29 ± 0.09a 0.32 ± 0.00a 0.30 ± 0.09a 0.28 ± 0.03a

Arg 0.35 ± 0.06a 0.35 ± 0.04a 0.36 ± 0.00a 0.83 ± 0.37b 0.39 ± 0.17a

1Values are mean ± standard deviation. Different superscripts in columns differ significantly (p ≤ 0.05).
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw pearl 
millet–malted pearl millet mix;  AA = Amino Acid.

Table 3.  Effect of processing on the fat constituents (g/100 g) of pearl millet (AgriGreen and Babala) (d.b.)1,2

Nutrient RPM ExPM MPM EMPM ERPMMPM

AgriGreen Total fat (g/100 g) 3.98 ± 0.41a 4.61 ± 0.30b 2.93 ± 0.29c 3.85 ± 0.19a 4.21 ± 0.08a

Saturated fat (g/100 g) 1.11 ± 0.10a 1.27 ± 0.06b 0.83 ± 0.07c 1.07 ± 0.05a 1.16 ± 0.03a

Monounsaturated fat (g/100 g) 1.14 ± 0.13a 1.33 ± 0.10b 0.82 ± 0.09c 1.09 ± 0.07a 1.23 ± 0.02a

Polyunsaturated fat (g/100 g) 1.72 ± 0.18a 2.01 ± 0.14b 1.28 ± 0.13c 1.69 ± 0.08a 1.82 ± 0.05a

Babala Total fat (g/100 g) 4.79 ± 0.17a 4.25 ± 0.50b 2.84 ± 0.56c 3.48 ± 0.37c 4.22 ± 0.55b

Saturated fat (g/100 g) 1.24 ± 0.06a 1.16 ± 0.14b 0.78 ± 0.15c 0.96 ± 0.11c 1.15 ± 0.16b

Monounsaturated fat (g/100 g) 1.28 ± 0.04a 1.18 ± 0.20b 0.76 ± 0.20c 0.95 ± 0.15c 1.16 ± 0.22b

Polyunsaturated fat (g/100 g) 2.27 ± 0.11a 1.92 ± 0.16b 1.29 ± 0.21c 1.57 ± 0.10c 1.92 ± 0.17b

1Values are mean ± standard deviation. Different superscripts in columns differ significantly (p ≤ 0.05).
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw 
pearl millet–malted pearl millet mix.

250 Food and Nutrition: A Human Health Perspective

http://dx.doi.org/10.29219/fnr.v62.1524


decrease in the amino acid content of AgG. Similar results 
were obtained for Ba with a different set of amino acids 
remaining unchanged in the RMF and extruded samples.

Germination of cereals is known to increase their lysine 
and tryptophan contents. The subject has been reviewed 
exhaustively by the authors of Refs. (17) and (23). How-
ever, Malleshi and Klopfenstein (21) only observed simi-
lar trends in finger millet as its lysine content increased on 
malting, but no appreciable changes in the lysine content 
were observed during sorghum and pearl millet germina-
tion. Elmalik et al. (24) reported an increase in most of 
the amino acid contents of sorghum cultivars of varying 
endosperm texture on germination and the increase being 
higher in corneous cultivars than the floury cultivars.

According to Malleshi and Klopfenstein (21), malting 
of sorghum and millets marginally enhances some of their 
essential amino acids but substantially improves their ri-
boflavin, niacin, and ascorbic acid contents. Malting in 
combination with extrusion led to either a significant 
(p ≤ 0.05) increase or no change in the amino acid content.

This is promising as it means that there would not be 
a need for replacement fortification of the finished prod-
uct with the lost amino acids. Of the nine essential amino 
acids required by humans, seven were identified in the 
ERPMMPM of both varieties of pearl millet; valine and 
tryptophan were not identified in the various samples.

The amino acid content of pearl millet was lower than 
the Nutrient Reference Values (NRV). This was observed 
by other researchers and informed the decision to com-
posite millet especially with legumes in order to increase 
their content in the resultant complementary food, and 
hence its protein quality, viz. protein digestibility cor-
rected amino acid score. The NRVs are based on Rec-
ommended Dietary Allowances (RDAs), which will meet 
the needs of nearly all (97 to 98%) healthy individuals to 
prevent nutrient deficiencies. RDA values are not neces-
sarily enough to maintain optimum nutritional status and 
prevent chronic disease. These values are therefore con-
sidered the minimum amounts necessary to achieve and 

maintain optimum nutritional status, which will assist in 
the reduction of disease, specifically degenerative diseases 
of lifestyle (25). This could be happening for several rea-
sons, including the degradation of antinutritional proper-
ties, the presence of which could prevent quantification of 
amino acids in the RPM. According to El-Hady et al. (26), 
soaking reduced phytic content (known antinutrients) in 
all tested legumes in their experiment. Their data were 
in agreement with the findings of Alonso et al. (27) and 
these reductions may be ascribed to the activation of the 
endogenous phytase during the long soaking treatment 
and possible enzyme action continued during the germi-
nation and drying steps of malting. They also observed a 
further decrease in the phytic content on extruding their 
samples at high (180°C) temperatures.

Effect of malting, extrusion, and their combination on the in vitro 
protein and starch digestibility of beverage powders made from 
two varieties of pearl millet
Table 5 summarises the in vitro protein and starch digesti-
bility for RPM, ExPM, MPM, EMPM, and ERPMMPM 
from both AgG and Ba. Malting significantly (p ≤ 0.05) 
decreased the in vitro protein (69.4%) and starch (33.24 mg 
maltose/100 g starch) digestibility of AgG, whilst extrusion 
had no effect on protein (73.18%) digestibility but signifi-
cantly (p ≤ 0.05) increased the starch (66.90 mg maltose/​
100 g starch) digestibility of AgG.

Combination processing led to a significant (p ≤ 0.05) 
decrease in protein digestibility of products from both 
AgG and Ba, a significant (p ≤ 0.05) increase in the starch 
digestibility of EMPM from AgG, and no change in the 
starch digestibility of EMPM from Ba.

Heat treatment of foods may enhance in vitro protein 
digestibility of food products by altering and breakdown 
of high molecular weight protein or by destroying the heat 
labile protease inhibitors. The increase in protein digest-
ibility on malting could also be attributed to the degra-
dation of storage protein (28), which may be more easily 
available to pepsin attack.

Table 5.  Digestibility of beverage powder produced from two varieties of pearl millet by malting, extrusion, and a combination of both processes1,2

AgriGreen Babala

Protein  
digestibility (%)

Starch digestibility  
(mg maltose/100 g starch)

Protein  
digestibility (%)

Starch digestibility  
(mg maltose/100 g starch)

RPM 87.20 ± 6.96a 40.01 ± 2.42a 96.61 ± 1.18a 35.44 ± 11.24a

ExPM 73.18 ± 10.90a 66.90 ± 18.37b 67.89 ± 5.10b 74.47 ± 9.55b

MPM 69.94 ± 5.16b 33.24 ± 6.13a 79.70 ± 4.66c 41.93 ± 2.54a

EMPM 70.04 ± 7.68b 65.70 ± 11.45b 69.45 ± 1.38b 41.56 ± 18.03a

ERPMMPM 61.81 ± 9.02b 65.85 ± 12.76b 78.29 ± 0.96c 37.95 ± 6.85a

1Values are mean ± standard deviation. Different superscripts in columns differ significantly (p ≤ 0.05). 
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw 
pearl millet–malted pearl millet mix.
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The proteins present in the feed material may undergo 
structural unfolding and/or aggregation when subjected 
to heat or shear during extrusion. Intact protein struc-
tures represent a significant barrier to digestive enzymes; 
and the combination of heat and shear is a very efficient 
way of disrupting such structures. In general, denatura-
tion of protein to random configurations improves nutri-
tional quality by making the molecules more accessible 
to proteases and thus more digestible. This is especially 
important in legume-based foods that contain active en-
zyme inhibitors in the raw state (11).

Disulphide bonds are involved in stabilising the native 
tertiary configurations of most proteins. Their disruption 
and shearing can contribute to the breaking of these bonds, 
aiding in protein unfolding and thus digestibility (11).

Partial hydrolysis of proteins during extrusion increases 
their digestibility by producing more open configurations 
and increasing the number of exopeptidase-susceptible 
sites. Conversely, production of an extensively isopeptide 
cross-linked network could interfere with protease action, 
reducing the digestibility (29).

The inherent property of sprouting seeds to increase 
the hydrolytic activity of enzymes may cause the mobilisa-
tion of protein, leading to the formation of polypeptides, 
dipeptides, and free amino acids. Further, during malting, 
the polyphenols and phytic acids are catabolised, and in 
addition, their leftover amount was removed as malting 
loss. This may be responsible for increasing the protein 
digestibility during malting (30).

Considering that most investigators observed an in-
crease in protein digestibility with processing, it is unclear 
what may have caused the opposite in these experiments, 
but there are some possible explanations that would need 
further investigation; the difference in types and variet-
ies of raw materials (grains used) could be a factor in the 
difference in observations, as well as the processing (exact 
parameters) conditions for the experiments. It is possible 

that the combination of malting and extrusion, led to the 
formation of complexes between protein and other com-
pounds thus lowering its digestibility. The decrease in 
in vitro protein digestibility for both AgG and Ba could 
be a direct result of an increase in total phenolic content 
after malting (Table 6).

The in vitro starch digestibility for both AgG and Ba 
(Table 5) was improved significantly (p ≤ 0.05) by extru-
sion cooking, whilst malting only increased starch digest-
ibility for Ba, with no effect on AgG; this is in agreement 
with the authors of Ref. 31, who also observed an increase 
in in vitro starch digestibility of pearl millet. This increase 
they attributed to malting loss, which may represent the 
removal of antinutrients present in sprouts. According 
to Holm et al. (32), other factors that have been shown 
to affect the starch digestion of food included degree of 
gelatinisation, granule particle size, amylose–mylopec-
tin ratio,  starch–protein interaction, amylase–lipid com-
plexes, percentages of resistant or retrograded starch, and 
presence of other non-starch carbohydrates. In seeds, fac-
tors such as amylase inhibitors, phytic acid, and polyphe-
nols have been reported to inhibit α-amylase (33, 34), 
hence decreasing in vitro starch digestibility. The levels of 
these compounds in pearl millet decreases during malt-
ing as a result of leaching and enzymatic breakdown; this 
in turn results in increased starch digestibility of malted 
pearl millet (31). During malting, amylase and phospho-
rylase might become active and catalyse amylolysis. The 
resulting increased concentration of oligosaccharides 
may contribute towards better starch digestibility of pearl 
millet malt (30).

Effect of malting, extrusion, and their combination on the total 
phenolic content and antioxidant activity of beverage powders 
made from two varieties of pearl millet
The effects of extrusion and malting on the total pheno-
lic content and antioxidant activity of AgrG and Ba are 

Table 6.  TPC and antioxidant activity of beverage powder from two varieties of pearl millet processed by malting, extrusion, and a combination 
of both processing methods1,2

AgriGreen Babala

Total phenolics (µg/g) TEAC (µmole TE/g) Total phenolics (µg/g) TEAC (µmole TE/g)

RPM 2.67 ± 0.05a 1.80 ± 0.18a 3.04 ± 0.20a 1.73 ± 0.07a

ExPM 1.78 ± 0.06b 1.73 ± 0.18a 0.93 ± 0.05b 1.74 ± 0.18a

MPM 3.68 ± 0.04c 6.41 ± 0.30b 4.55 ± 0.12c 7.70 ± 0.10b

EMPM 1.34 ± 0.01d 2.14 ± 0.16c 1.30 ± 0.06d 1.78 ± 0.25a

ERPMMPM 1.59 ± 0.08e 2.59 ± 0.09c 1.62 ± 0.01e 3.34 ± 0.04c

OTE 2.34 ± 0.97 3.25 ± 2.06 2.28 ± 1.41 2.94 ± 2.15

1Values are mean ± standard deviation. Different superscripts in columns differ significantly (p ≤ 0.05).
2RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; EMPM = extruded pearl millet malt; ERPMMPM = extruded raw pearl 
millet–malted pearl millet mix; OTE = overall treatment effect;  TEAC = Trolox (6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) equivalent 
antioxidant capacity;  TE = Trolox Equivalent; TPC = Total phenolic content.
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summarised in Table 6. Extrusion significantly (p ≤ 0.05) 
reduced total phenolic content of both AgG (1.78 µg/g) 
and Ba (0.93 µg/g), whilst malting significantly (p ≤ 0.05) 
increased total phenolic content of both AgG (3.68 µg/g) 
and Ba (4.55 µg/g). Extrusion had no effect on the antiox-
idant activity (TEAC) of AgG (1.73 µmole TE/g) and Ba 
(1.74 µmole TE/g), whilst malting significantly increased 
antioxidant activity (TEAC) of both AgG (6.41 µmole 
TE/g) and Babala (7.70 µmole TE/g).

Contrary to observations of the effect of malting on 
total phenolics (increase), Archana and Kawatra (31) re-
ported polyphenol content in untreated (raw) pearl millet 
grains of 764.45 mg/100 g and observed a significant (p < 
0.05) destruction of polyphenols by malting; the level of 
destruction was dependent on germination time.

It is speculated that leaching of polyphenols dur-
ing steeping may account for some of this loss. Loss of 
polyphenols during malting may be attributed to the pres-
ence of polyphenol oxidase (25) and to the hydrolysis of 
tannin-protein and tannin-enzyme complexes, which re-
sults in the removal of tannins or polyphenols (37). Con-
trary to the present study, germination has been reported 
to reduce the polyphenol content in pearl millet (30, 38). 
The increase in total phenolics could be attributed to a 
possible increase in lignin (16).

Sensory acceptability of the pearl millet–based instant beverage 
prepared from beverage powders made from two varieties of 
pearl millet
Figs. 2 and 3 summarise the sensory acceptability of 
RPM, ExPM, MPM, EMPM, and ERPMMPM bev-
erages made from two varieties of  pearl millet (AgG 
and Ba, respectively). The average overall acceptance 
rating for RPM, ExPM, MPM, EMPM, and ERPM-
MPM from Ba and AgG ranged from 4.71 ± 0.22 (like 
slightly) (AgG-RPM) to 6.15 ± 0.23 (dislike slightly) 
(AgG-RPM). In general, the different sensory attributes 
rated by the panellists ranged from ‘like slightly’ (=4) to 
‘dislike slightly’ (=6).

The majority of the panellists neither liked nor disliked 
the different beverages. Significant differences (p ≤ 0.05) 
existed in all the panellists’ acceptability scores for the 
sensory attributes for the different products rated. The dif-
ferent backgrounds and possible prior exposure to similar 
products would affect the ratings of the different products 
(RPM, ExPM, MPM, EMPM, and ERPMMPM from 
pearl millet) by the panellists.

An improvement in the attributes of the beverages is re-
quired in order to improve and increase its overall accept-
ability. This can be achieved with significantly increased 
protein content and quality over the unsupplemented 
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Fig. 2.  Spider sensory plot for Babala. RPM = raw pearl millet; ExPM = extruded pearl millet; MPM = malted pearl millet; 
EMPM = extruded pearl millet malt; ERPMMPM = extruded raw pearl millet–malted pearl millet mix.
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pearl millet by the addition of any of the following: soy-
bean, morama bean, or Bambara groundnut. These would 
also act as functional ingredients supplying taste, texture, 
colour, and other properties to variety of foods (35). The 
percentage inclusion of the suggested legumes will have to 
be determined so as not to adversely affect the flavour and 
colour of the final product.

The colour difference calculated from the data collected 
(36) gives an indication of both the perception of a colour 
difference between ExPM, MPM, EMPM, ERPMMPM, 
and RPM and the effect of processing methods used for 
the preparation of the beverage powders.

The perception (visual) of a colour difference between 
samples could also be an influencing factor in rating of 
the other attributes of the beverages and hence the overall 
acceptability of the beverage.

Conclusions
Beverages produced from both varieties of millet, though 
not unacceptable, were not acceptable to the panellists. 
Improving the colour or rather decreasing the colour dif-
ference (ΔE) as well as improving the flavour of the bev-
erages could inevitably lead to better or increased overall 
acceptance of the beverages. These could be achieved by 
increasing the kilning temperature during malting, to affect 

the development of a more intense flavour profile as well 
as a roasted or toasted colour in the grains. Addition of 
suitable adjuncts could further boost the nutritional value 
of the products and, more importantly, increase the overall 
acceptability of beverages from pearl millet (AgG and Ba).
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