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PREFACE

Over the recent decade, advancements and applications have progressed exponentially. This has led to the 
increased interest in this field and projects are being conducted to enhance knowledge. The main objective of 
this book is to present some of the critical challenges and provide insights into possible solutions. This book 
will answer the varied questions that arise in the field and also provide an increased scope for furthering 
studies. 

The science which interprets the interaction of different substances in food along with nutrients with respect 
to an organism is known nutrition. It takes into consideration the maintenance, growth, reproduction, disease 
and health of the organism. When the nutrient intake is not enough or if the intake is too much, it can cause 
a condition known as malnutrition. Deficiency of nutrients, also known as undernutrition, can cause various 
diseases such as scurvy, anemia and blindness. The excess of nutrients, also called overnutrition, can also cause 
several diseases like obesity and metabolic syndrome. Nutrients are primarily divided into two categories, 
macronutrients and micronutrients. Carbohydrates, fats, fiber and protein are some of the macronutrients. 
Minerals and vitamins are some examples of micronutrients. The topics included in this book on nutrition 
are of utmost significance and bound to provide incredible insights to readers. It includes contributions of 
experts and scientists which will provide innovative insights into this field. This book will serve as a valuable 
source of reference for graduate and post graduate students. 

I hope that this book, with its visionary approach, will be a valuable addition and will promote interest among 
readers. Each of the authors has provided their extraordinary competence in their specific fields by providing 
different perspectives as they come from diverse nations and regions. I thank them for their contributions. 

Editor
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Short-term cactus pear [Opuntia f icus-indica (L.) Mill] 
fruit supplementation ameliorates the inflammatory 
profile and is associated with improved antioxidant 
status among healthy humans

Alessandro Attanzio, Luisa Tesoriere, Sonya Vasto, Anna Maria Pintaudi, Maria A. Livrea 
and Mario Allegra*

Dipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche, Università degli Studi di Palermo, 
Palermo, Italy.

Abstract

Background: Dietary ingredients and food components are major modifiable factors protecting immune sys-
tem and preventing the progression of a low-grade chronic inflammation responsible for age-related diseases.
Objective: Our study explored whether cactus pear (Opuntia ficus-indica, Surfarina cultivar) fruit supplemen-
tation modulates plasma inflammatory biomarkers in healthy adults. Correlations between inflammatory 
 parameters and antioxidant status were also assessed in parallel.
Design: In a randomised, 2-period (2 weeks/period), crossover, controlled-feeding study, conducted in 
28 healthy volunteers [mean age 39.96 (±9.15) years, BMI 23.1 (±1.5) kg/m2], the effects of  a diet supple-
mented with cactus pear fruit pulp (200 g, twice a day) were compared with those of  an equivalent diet with 
isocaloric fresh fruit substitution.
Results: With respect to control, cactus pear diet decreased ( p < 0.05) the pro-inflammatory markers such as 
tumour necrosis factor-α (TNF-α), interleukin (IL)-1β, interferon-γ (INF)-γ, IL-8, C-reactive protein (CRP) 
and erythrocyte sedimentation rate (ESR), whereas it increased ( p < 0.05) the anti-inflammatory marker IL-10. 
Moreover, the diet decreased ratios between pro-inflammatory biomarkers (CRP, IL-6, IL-8, TNF-α) and 
 anti-inflammatory biomarker (IL-10) ( p < 0.05). Cactus pear supplementation caused an increase ( p < 0.05) in 
dermal carotenoids (skin carotenoid score, SCS), a biomarker of the body antioxidant status, with correlations 
between SCS and CRP (r = −0.905, p < 0.0001), IL-8 (r = −0.835, p < 0.0001) and IL-10 (r = 0.889, p < 0.0001).
Conclusions: The presently observed modulation of  both inflammatory markers and antioxidant balance 
suggests cactus pear fruit as a novel and beneficial component to be incorporated into current healthy dietary 
habits.

Keywords: cactus pear fruit; healthy subjects; inflammatory biomarkers; antioxidant network; skin carotenoids

Dietary patterns based on plant-derived food have 
consistently been associated with reduced risk of 
age-related pathologies, such as cardiovascular 

diseases, cancer, metabolic syndrome, inflammatory con-
ditions and neurodegenerative disorders (1). A slowly in-
creasing systemic inflammation is related to the onset and 
the evolution of virtually all the above-mentioned pathol-
ogies. Indeed, serum concentrations of inflammatory me-
diators typically increase with age even in the absence of 
acute infection or other pathological stress. In this context 
in order to examine the ‘diet-health’ relationship, dietary 

interventions targeting disease prevention are critically 
dependent on the evaluation of inflammatory biomarkers, 
even within the reference range, to monitor underlying in-
flammatory state and progression. Notwithstanding the 
complexity and the discordance of the available literature 
in this regard, a suite of biomarkers reliable even in low-
grade inflammation has emerged in the recent years (2).

Inflammation-induced tissue damage occurs in an 
organ-specific manner in different diseases or conditions; 
nonetheless, responses and markers in different organs 
and molecules involved in the inflammatory reaction are 
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remarkably similar. Along with an increased number of 
peripheral leukocytes, an overproduction of inflammatory 
cytokines and chemokines, including tumour necrosis fac-
tor-α (TNF-α), interleukin (IL)-1β, IL-6, IL-8 and inter-
feron-γ (INF-γ), is observed (3, 4). These mediators act to 
amplify the inflammatory process and elicit systemic effects, 
such as generation of high amounts of hepatic acute-phase 
reactant C-reactive protein (CRP), eventually leading to 
tissue injury. All these parameters have then been identified 
as a set of ‘general’ biomarkers that can provide quantita-
tive assessments of the inflammatory condition [2]. On the 
contrary, the concentration of anti-inflammatory cytok-
ine IL-10 (5, 6) and its relationship and balance with the 
pro-inflammatory ones has to be taken into consideration 
when evaluating ongoing inflammatory processes and spe-
cifically age-related low-grade inflammation (7).

Within the abundance of fruits and vegetables, the 
Opuntia  ficus-indica fruit has received a reasonable amount 
of attention over the last decade for its health-promoting 
properties mainly related to its betalain content (8–17). 
In particular, human studies showed that consumption of 
cactus pear at dietary-achievable amounts was associated 
with a remarkable reduction of oxidative stress in healthy 
subjects (18). Moreover, nutritionally relevant supplemen-
tation of either whole fruit extracts or its characteristic 
betalain and indicaxanthin has been reported to exert 
strong anti-inflammatory effects in several experimental 
models both in vitro and in vivo (11–15, 17).

Inflammatory biomarkers undergo an age-related in-
crease, though remaining within a normal range, in healthy 
subjects (7). In this context, the primary objective of this 
short-term dietary intervention study was to investigate 
whether dietary amounts of cactus pear fruit, daily sup-
plemented for 2 weeks, could affect inflammatory status 
and plasma concentration of inflammatory biomarkers 
of healthy men and women. Currently, no single marker 
can predict the effect of a dietary intervention, and very 
few studies have considered multiple markers simultane-
ously, most focusing on non-specific biochemical markers 
such as CRP and/or IL-6 (19–23). Conversely, in our study 
both clinical biomarkers, such as CRP and erythrocyte 
sedimentation rate (ESR), and a large panel of pro- and 
anti-inflammatory cytokines have been considered. More-
over, owing to the interconnections between inflammation 
and oxidative stress (24), we concurrently assessed the ef-
fects from cactus pear supplementation on the global body 
antioxidant balance and sought to correlate them with the 
anti-inflammatory ones.

Subjects and methods

Fruit
Cactus pear fruits from the yellow Sicilian Surfarina 
cultivar, from the same area (San Cono, Catania, Italy), at 

comparable ripening stages and 1-week old, were obtained 
from the producer from October to December 2016, and 
the study was carried out within the same time interval. 
The necessary amounts were delivered to our laboratory 
twice a week. Fruits were peeled and pulp consumed ac-
cording to the design below. The phytochemical content 
of the fruit was randomly checked at the beginning of the 
study and once a week during the time of supplementa-
tion according to methods reported elsewhere (8, 25).

Participants, study design and compliance
The study population consisted of 28 volunteers aged 
30–69 years (14 women, 14 men; age 31–40 years, n = 15; 
40–50 years, n = 10; 50–60 years, n = 2; >60 years, n = 1; 
x ± SD = 39.96 ± 9.15); body mass index (kg/m2): 23.1 
± 1.5. All participants were highly educated, working at 
our university (n = 12), professionals (n = 6) or postdoc 
students (n = 10). Among them, some worked in the field 
of health science (n = 13). Some participants performed 
habitual physical activity (n = 4), and some were smokers 
(n = 6). They provided written informed consent to partic-
ipate and none of them withdrew from the study. All par-
ticipants were in good general health as determined by a 
medical history questionnaire, physical examination and 
clinical laboratory tests. Subjects fulfilled the following el-
igibility criteria: (1) no history of cardiovascular, hepatic, 
gastrointestinal or renal disease, hypertension, diabetes 
mellitus and dyslipidaemia; (2) no antibiotic, vitamin or 
mineral use for > 6 weeks before the beginning of the 
study. The women were not using exogenous hormones. 
The study protocol was in accordance with the Helsinki 
Declaration of 1964 and its later amendments.

The study was a randomised, crossover, 2-period 
(2  weeks/period), controlled-feeding study designed to 
evaluate the effects of  cactus pear fruit pulp consumption 
(200 g, twice a day) in the context of  a planned dietary 
regimen, on both a number of inflammatory parameters 
and the whole body antioxidative status. Blood sam-
ples, collected in EDTA-coated tubes (1 mg/mL) after 
an overnight fasting, were obtained from the subjects at 
the beginning (baseline, B) and at the end of each diet 
period, that is, control diet (CD) and cactus pear diet 
(CPD). Diet periods were separated by a 3-week com-
pliance break after which blood was drawn. Plasma was 
separated from blood cells by centrifugation at 4°C and 
2,000 × g for 10 min. Suitable aliquots of  plasma were 
portioned, stored at −80°C and analysed within 2 weeks. 
The trial design is depicted in Fig. 1. With the exception 
of the substitution of seasonal fruit with cactus pear 
fruits, participants consumed individual but compara-
ble meals. Energy, macronutrient, total lipids, choles-
terol, saturated fatty acids and vitamins were calculated 
by WinFood Software based on the Italian Food Com-
position Table from the National Institute of  Nutrition 
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WT(INRAN). The individual dietary plans were composed 
using information from each subject with the objective of 
respecting the personal food tastes and according to the 
total energy expenditure for each participant. Macronu-
trient distribution was adjusted in accordance with the 
Acceptable Macronutrient Distribution Range (26). Par-
ticipants committed themselves to substitute equivalent 
foods using a food replacement list based on MyPlate’s 
food groups, as vegetables, grains, protein, dairy and 
others (oil, sugar and salt) (27). Food portion size was 
based on Italian standard kitchen utensils, and all par-
ticipants were recommended by the dietician to use them 
to measure their own consumption. Dietary composition 
reported in Table 1 was based on the planned dietary pro-
tocols and consisted of five meals daily, that is, breakfast: 
milk or yogurt, coffee, whole-grain bread with jam; snack 
1: 200 g of  seasonal fresh fruit (CD, Table  2) or 200 g 
of  cactus pear fruit pulp (CPD); lunch: pasta or bread 
or rice, grilled fish, salad or cooked vegetables; snack 
2: 200 g of  seasonal fresh fruits (CD, Table 2) or 200 g 
cactus pear fruit pulp (CPD); dinner: bread, legumes or 
grilled fish, cooked vegetables or salad. Food intake was 
assessed using 3-day food records, applied four times for 
each patient (1 week, 3 weeks, 5 weeks and 7 weeks). All 
raw dietary components were provided to participants 
twice a week, and the subjects were instructed for the 
meal preparation by written recipes. Record methodol-
ogy, portion size estimate and validation were conducted 
in agreement with published protocols (27). Participants 
were recommended to maintain their lifestyle habits.

Assessment of hematologic indexes and inflammatory markers
Glucose was measured using the hexokinase method; total 
cholesterol, high-density lipoprotein (HDL) cholesterol 

and triglycerides were measured using enzymatic colori-
metric methods (Abbott ARCHITECT System; Abbott 
Diagnostics, Abbott Park, Ill). Low-density lipoprotein 
(LDL) cholesterol was calculated using the Friedewald 
formula.

Serum concentrations of all plasma cytokines were 
measured by high-sensitivity magnetic luminex perfor-
mance assay (R&D Systems, Minneapolis, MN) in trip-
licate. Serum high-sensitivity CRP was measured by 
latex-enhanced immuno-nephelometry (Quest Diagnos-
tics, Madison, NJ). ESR was determined as reported by 
Strojnik et al. (28).

Measurement of skin carotenoids as index of body antioxidant 
status
A portable Raman spectroscope, Pharmanex® Bio-
Photonic Scanner S2 (NuSkin, Provo, Utah, USA), de-
signed to monitor carotenoids in the 0.1 mm stratum 
corneum of the skin of  the hand, has been used for the 
measurement of  the global antioxidant status (29). A 

Table 2.  Types of fruit consumed in the CD.

Snack 1 Strawberry

Pineapple

Apple

Tangerine

Snack 2 Orange

Melon

Pear

Grapefruit

Table 1.  Macro- and micro-nutrient composition of cactus pear 
diet (CPD) and control diet (CD), on the basis of 2100 kcal/day and 
averaged across a 5-day menu cycle.

CPD CD

Protein, % of kcal (g) 13.5 (71) 14.3 (75)

Carbohydrate, % of kcal (g) 59.8 (314) 58.7 (308)

Fat, % of kcal (g) 26.6 (62) 27.0 (63)

SFA, % of kcal (g) 7.4 (18) 7.6 (18)

MUFA, % of kcal (g) 10.1 (24) 10.3 (24)

PUFA, % of kcal (g) 6.1 (15) 6.3 (15)

Cholesterol, mg 125 120

Fiber, g 24.1 25.1

Sodium, mg 3012 3018

Potassium, mg 2860 2855

Calcium, mg 1329 1331

Iron, mg 14 16

Ascorbic acid, mg 130 120

Note:  All values were determined using. The Food Processor SQL 
(version 10.8.0; ESHA Research, Salem, OR). MUFA indicates monoun-
saturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated 
fatty acids.

Fig. 1.   Scheme of participant flow through the study.
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low-intensity 471.3–473 nm radiation from light emitting 
diodes interacts with the skin carotenoids. The scattered 
light is detected at 507.8–509.8 nm by the scanner that 
converts the Raman intensity in counts (skin carotenoid 
score, SCS). A computer then transforms the scanner 
signals in a coloured scale going from red (poor SCS, 
<19,000) to dark blue (high SCS, >50,000). SCS can be 
converted to laboratory measurements using the equa-
tion [Y = 12703X + 5891.7], where ‘Y’ is the SCS value 
and ‘X’ is the carotenoid concentration expressed as mi-
crograms (µg)/mL of serum.

Statistical analysis
Data are expressed as means ± SD. Comparisons were 
made using one-way ANOVA followed by Sidak’s multi-
ple comparison test. In all cases, significance was accepted 
when the null hypothesis was rejected at p < 0.05 level. 
Pearson’s correlational analysis was run on comparisons 
of IL-10, IL-8 and CRP versus SCS.

Results

Compliance of subjects to the study
The compliance of  each patient to his/her dietary sched-
ule was assessed by nutritionists every week during the 
intervention and was very good as no one dropped out 
of  the study or reported problems in the self-manage-
ment of  meals; no adverse events were identified in both 
CD and CPD over the study period, and all 28 sub-
jects (14 in the CD group and 14 in the CPD group) 
completed the study and were included in the analyses 
(Fig. 1).

Phytochemical profile of cactus pear fruits
The fruit content was checked for antioxidant vitamins, be-
talain pigments and polyphenols and results are shown in 
Table 3. Significant amounts of ascorbic acid and indicax-
anthin and minor amounts of β-carotene were measured, 

whereas polyphenols were almost absent, with the excep-
tion of minor amounts of kaempferol.

Effect of cactus pear supplementation on CRP and ESR
Characteristics of the participants to the study are sum-
marised in Table 4. All parameters measured were within 
the reference range at the beginning of the study (base-
line), and their level did not vary significantly at the end 
of neither the control diet nor the cactus pear diet.

Levels of CRP and ESR were measured as non-specific 
markers of the global inflammatory status. CRP and ESR 
should not exceed 10 mg/L and 15 mm/h, respectively, in 
healthy subjects (30). In our study, both values were in 
the reference range at the baseline (CRP = 0.47 ± 0.12; 
ESR = 5.5 ± 2.38) and were not significantly modified by 
CD; however, they showed a significant ( p < 0.02 for CRP 
and p < 0.0001 for ESR) decrease after the cactus pear 
supplementation (Fig. 2).

Level of CRP and ESR evaluated at the end of the 
3-week compliance period was not significantly different 
from baseline values (not reported).

Effect of cactus pear supplementation on inflammatory markers
Taking into account the strong relationship between 
CRP and cytokine production (31, 32), we next evalu-
ated the effect of cactus pear fruit supplementation on 
several plasma cytokines. With respect to CD, almost all 
cytokines tested varied significantly after CPD ( p < 0.05) 
(Fig.3). Noteworthy, while remaining within a physio-
logical range, levels of pro-inflammatory cytokines (i.e. 
TNF-α, IL-1β, INF-γ and IL-8) decreased, whereas that 
of IL-10, a potent anti-inflammatory cytokine, increased. 
IL-6 did not show any significant variation (Fig. 3).

The level of cytokines at the end of the 3-week compli-
ance period was not significantly different from the base-
line level (not reported).

Ratios between pro- and anti-inflammatory markers 
can help to define asymptomatic low-grade inflamma-
tion (33). Table 5 reports the calculated ratios between 

Table 4.  Lipid haematological parameters of the subjects enrolled at 
baseline, after CPD and after CD.

Baseline CPD CD

Glucose (mmol/L) 4.60 ± 0.41 4.38 ± 0.39 4.94 ± 0.42

Cholesterol (mmol/L) 4.84 ± 0.42 4.69 ± 0.44 4.94 ± 0.39

HDL-cholesterol (mmol/L) 2.56 ± 0.2 2.46 ± 0.1 2.61 ± 0.2

LDL-cholesterol (mmol/L) 2.28 ± 0.2 2.23 ± 0.2 2.33 ± 0.2

Triglycerides (mmol/L) 1.12 ± 0.09 1.07 ± 0.09 1.14 ± 0.1

Note:  All values are the mean ± SD of separate determinations 
performed in triplicate on blood samples from different subjects, n=28. 
With respect to baseline, no value was significantly different. One-way 
ANOVA with Sidak’s multiple comparison test.

Table 3.  Phytochemicals, vitamins, antioxidants and total reducing 
power (TEAC) of the cactus pear pulp employed in the study.

Content/100 g edible pulp

Indicaxanthin (mg) 8.51 ± 0.33

Betanin (mg) 1.05 ± 0.19

Ascorbic acid (mg) 29 ± 2

α-Tocopherol (µg) 75 ± 6

β-Carotene (µg) 1.3 ± 0.5

Glutathione (mg) 7.8 ± 0.5

Cysteine (mg) 0.67 ± 0.04

Kaempferol (µg) 2.1 ± 0.3

Note:  All values are the mean ± SD of five determinations performed 
in triplicate on four lots of fruits.
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CRP, IL-6, IL-8, TNF-α and IL-10 at baseline and at the 
end of CPD and CD. Although serum concentration of 
IL-6 did not vary at any dietary condition, a significant 

decrease ( p < 0.0002) in IL-6/IL-10 ratios was observed 
after CPD as compared with CD. Likewise, there was a 
decrease of all other pro-inflammatory mediators/IL-10 
ratios ( p <0.0001).

Effect of cactus pear supplementation on antioxidant state
The antioxidant status of the subjects was assessed through 
Raman spectroscopy-based measurements of skin carote-
noids. At the baseline, SCS was 30 × 103 to 40 × 103 (Fig. 4). 
In comparison with CD, CPD significantly ( p  <  0.05) 
improved the SCS (40 × 103 to 50 × 103). Remarkably, 
a negative correlation existed at the end of CPD between 
the change of the skin carotenoid levels and either CRP or 
IL-8, whereas a positive correlation was observed with the 
anti-inflammatory IL-10 (Fig. 5). On the contrary, no sig-
nificant correlation was found between the change of the 
SCS and the change of ESR, TNF-α, IL-1β and TNF-γ.

Discussion
Monitoring the inflammatory status of  healthy sub-
jects following specific dietary approaches may help to 
reveal food components that may protect the immune 
system and counteract its progressive dysfunction. By 
comparing the effects of  a cactus pear fruit including 
diet with those of  a comparable diet with a seasonal 
fresh fruit substitution, this study showed that a 2-week 
supplementation with dietary amounts of  cactus pear 
fruit significantly modulated a large panel of  critical in-
flammatory biomarkers, this being correlated with con-
current amelioration of  the body antioxidant status, in 
healthy adults.

Serum CRP and ESR are general but definite inflam-
matory biomarkers; in line with current literature data 
showing that consumption of healthy dietary patterns 
rich in vegetables, fruits and legumes is associated with 
a significant reduction of both CRP and ESR (1, 34), we 
here observed a remarkable decrease of both these param-
eters after cactus pear supplementation. In addition, be-
side its significance in the inflammatory reaction, CRP is 
considered among risk factors for CVD and independent 

Fig. 2.  Plasma ESR and CRP values of the subjects enrolled 
at baseline, after CPD and after CD. All values are the mean 
±  SD of separate determinations performed in triplicate on 
samples from different subjects, n = 28. Labelled means with-
out a common letter differ with a p < 0.05. One-way ANOVA 
with Sidak’s multiple comparison test.

Fig. 3.  Plasma cytokine levels of the subjects enrolled at 
baseline, after CPD and after CD. All values are the mean 
± SD of separate determinations performed in triplicate on 
samples from different subjects, n = 28. Within each set, as-
terisks indicate that means differ with a p < 0.05. One-way 
ANOVA with Sidak’s multiple comparison test.

Table 5  Ratio between selected inflammatory parameter (IL-6, IL-8, 
TNF-α, CRP) and IL-10 at baseline, after CPD and after CD.

Baseline CPD CD

IL-6/IL-10 1.84 ± 0.98 1.02 ± 0.52* 2.05 ± 1.18

IL-8/IL-10 7.36 ± 3.03 3.26 ± 1.26** 8.35 ± 3.95

TNF-α/IL-10 10.30 ± 5.10 5.55 ± 2.14** 11.60 ± 6.80

CRP/IL-10 0.46 ± 0.27 0.17 ± 0.10** 0.49 ± 0.31

Note: All values are the mean ± SD of separate determinations 
performed in triplicate on blood samples from different subjects, 
n = 28. With respect to baseline, values significantly differ (*) with 
p = 0.0002, (**) with p < 0.0001. One-way ANOVA with Sidak’s 
multiple comparison test.
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WTpredictor of cardiovascular events (35). The reported sig-
nificant reduction of plasma CRP by cactus pear fruit 
supplementation may suggest further benefits from diets 
enriched with these fruits.

The effects from cactus pear supplementation on 
CRP levels were paralleled by those on several plasma 
cytokines, with the exception of  IL-6. The latter plays 
an important role in the inflammatory response and is 
a key stimulus for the acute-phase response that drives 
downstream events, including the hepatic synthesis of 
CRP (36). For this reason, a positive correlation be-
tween levels of  IL-6 and CRP usually exists under in-
flammatory conditions. As stated by our measurements, 
despite the remarkable decrease in CRP, IL-6 was not 
affected by the supplementation. Dietary components 
may possibly affect the levels of  CRP in different ways 
in healthy subjects. Liver pathways regulating CRP pro-
duction are indeed controlled by a number of  pro- and 
anti-inflammatory factors, including IL-10 (33, 37, 38). 
The increase in this anti-inflammatory cytokine, caused 
by cactus pear supplementation, may have altered the 
cytokine balance eventually preventing the activation of 
the CRP synthesis.

Besides the serum levels of inflammatory mediators, 
ratios between pro- and anti-inflammatory markers can 
help to define asymptomatic low-grade inflammation (33) 
and should therefore be considered in healthy subjects. We 
observed a significant decrease in the ratio between CRP, 
IL-6, IL-8, TNF-α, all factors that may undergo a life-long 
variation within their normal range in healthy population 
(7), and IL-10. Although serum concentration of IL-6 did 
not vary, the decrease in IL-6/IL-10 ratio further indicates 
the positive effect of cactus pear on the inflammatory 

status of the subjects and confirms a prevalence of acti-
vation of anti-inflammatory pathways. Then, cactus pear 
fruit supplementation might have, by some means, affected 
physiological mechanisms of control, in turn causing a de-
crease in pro-inflammatory factors and an increase in an-
ti-inflammatory factor.

Anti-inflammatory effects arising from dietary fruits 
and vegetables have possibly been related to the fla-
vonoid content (34). Interestingly, only minor amounts 
of  kaempferol occurred in our cactus pear fruits. A 
modulation of  redox-dependent inflammatory pathways 
by indicaxanthin (13), the main and highly bioavailable 
(39) phytochemical of  this yellow cultivar of  cactus pear 

Fig. 5.  Correlation between changes of SCS and IL-10 (a), 
CRP (b) and IL-8 (c) values of the subjects enrolled at base-
line and after CPD. All values are the mean ± SD of sepa-
rate determinations performed in triplicate on samples from 
different subjects, n = 28. The Pearson’s correlation coeffi-
cients and p-values are stated in the corresponding plots. 

Fig. 4.  SCS values of the subjects enrolled at baseline, after 
CPD and after CD. All values are the mean ± SD of sepa-
rate determinations performed in triplicate on samples from 
different subjects, n = 28. Labelled means without a common 
letter differ with a p < 0.05. One-way ANOVA with Sidak’s 
multiple comparison test.

6 The Science of Nutrition

_________________________ WORLD TECHNOLOGIES _________________________

http://dx.doi.org/10.29219/fnr.v62.1262


WT

fruit that was used, may be implicated. In addition, al-
though we demonstrated that vitamin C was not involved 
in the beneficial effects by cactus pear supplementation 
on the oxidative stress (18), present findings cannot rule 
out a positive role for ascorbate or for a combination of 
betalain pigments with ascorbate on the inflammatory 
status.

The global body’s antioxidant status is a result of  a 
balance between the level of  antioxidants in cells and 
body fluids, including blood, and pro-oxidant species en-
dogenously produced or coming from external sources. 
Body’s molecular antioxidants work in concert and pre-
serve each other, so the level of  each one in the pool re-
flects the level of  the whole antioxidant pool. On this 
basis, dermal carotenoids are a feasible marker of  the 
body antioxidative network and may provide a useful, 
though indirect, indication of  a moderate to severe in-
dividual oxidative stress (40). By a non-invasive laser 
spectroscopy-based measurement of  skin carotenoids, 
we showed that cactus pear consumption caused an in-
crease of  skin carotenoids by around 30%, showing that 
the antioxidant balance of  the subjects varied positively. 
Data from the present approach are substantially in ac-
cordance with those from blood measurements previ-
ously reported by our research group, showing reduction 
of  oxidative stress arising in healthy subjects from cactus 
pear fruit consumption (18). It is not realistic to sup-
pose that the very minute amounts of  β-carotene in the 
fruits might vary the blood amounts of  β-carotene (of 
the order of  10−6 M in healthy people), and then the skin 
content, to the observed extent. Rather, we suggest that 
the ingestion of  the whole fruit and its phytochemical 
components, including betalains, can favourably affect 
cell pathways concurring to the maintenance of  a proper 
antioxidant status (41). Moreover, in accordance with 
the interconnections between inflammation and oxida-
tive stress (24), we observed that the antioxidative effects 
from cactus pear ingestion had a meaningful correlation 
with the anti-inflammatory factor. Specifically, the in-
crease in the changes of  SCS negatively correlated with 
the changes of  CRP and IL-8 and positively with those 
of  the anti-inflammatory IL-10.

A limitation of  the study is the rather small sample 
size including young- to middle-aged healthy subjects 
from the same area. A second limitation is the short 
duration of  the intervention. Nonetheless, the experi-
mental design is quite coherent with previous nutritional 
investigations from this group (18), showing reduction 
of  oxidative stress in healthy volunteers by regular con-
sumption of  cactus pear fruits. Exploring the effect of 
cactus pear fruit supplementation on the immune sys-
tem in different age groups, as well as subjects at risk 
or affected by inflammatory diseases, should deserve 
further studies.

Conclusive remarks and perspectives
Dietary ingredients and food components are major mod-
ifiable factors affecting immune function and may lifelong 
counteract ongoing alterations of the inflammatory state 
associated with ageing and age-related disorders (33, 42). 
In this context, our randomised, crossover, controlled-
feeding study in healthy men and women provides a good 
indication of the potential of this fruit to positively affect 
mechanisms regulating the immune system. Moreover, by 
providing evidence that relationships between the circulat-
ing levels of inflammatory biomarkers and the individual 
oxidative status may be revealed in healthy humans, our 
findings may suggest an interesting issue for nutritional 
investigations. Since inflammation and oxidative stress 
contribute to the pathogenesis of many of chronic pathol-
ogies, assessment of their relationships in healthy pop-
ulations may help to predict risk of age-related chronic 
conditions and eventually validate the effects of dietary 
interventions.

Present findings may suggest cactus pear fruit as a 
novel habit to be incorporated into the dietary portion of 
beneficial lifestyle changes.
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Abstract

Background: The retention of health promoting components in nutrient-rich dried food is significantly af-
fected by the dehydration method. Theoretical and experimental investigations reported in the literature have 
demonstrated that intermittent microwave convective drying (IMCD) can effectively improve the drying per-
formance. However, the impact of this advanced drying method on the quality food has not been adequately 
investigated. 
Design: A programmable NN-SD691S Panasonic inverter microwave oven (1100 W, 2450 MHz) was employed 
for the experiments. The microwave power level was set at 100 W and ran for 20 seconds at different power 
ratios and the constant hot air conditions was set to a temperature of 60°C and 0.86 m/s air velocity. 
Objective: In this study, natural bioactive compounds (ascorbic acid and total polyphenol), water activity, 
colour and microstructure modifications which can occur in IMCD were investigated, taking kiwifruit as a 
sample. 
Results and Discussion: The microwave (MW) power ratio (PR) had significant impact on different quality at-
tributes of dried samples. The results demonstrate that applying optimum level MW power and intermittency 
could be an appropriate strategy to significantly improve the preservation of nutrient contents, microstructure 
and colour of the dried sample. The IMCD at PR 1:4 was found to be the ideal drying condition with the 
highest ascorbic acid retention (3.944 mg/g DM), lowest colour change (ΔERGB = 43.86) and a porous mi-
crostructure. However, the total polyphenol content was better maintained (3.701 mg GAE/g DM) at higher 
microwave density (PR 1:3). All samples attained a desirable level of water activity which is unsusceptible for 
microorganism growth and reproduction. 
Conclusion: Overall, IMCD significantly improved the drying performance and product quality compared to 
traditional convective drying.

Keywords: intermittent microwave convective drying; Kiwifruit; microstructure; ascorbic acid; Polyphenol; colour analysis; 
nutritional quality; drying characteristics

Nomenclature

IMCD Intermittent microwave convective drying PR Power ratio

h Hue angle Rpm Round per minute

M Moisture content of the material (g/g DM) aw Water activity

Me Equilibrium moisture content (g/g DM) DM Dry mass (g)

Mo Initial moisture content (g/g DM) ton Microwave on time 

∆ERGB Total colour difference toff Microwave off  time 

AAC Ascorbic acid content (mg/ g DM) RGB Red – green – blue

GAE Gallic acid equivalents (mg/ g DM) TPC Total polyphenol content
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One of the major processes in food industries is dry-
ing. Drying adds value to a product, reduces trans-
portation and storage costs, increases a product 

shelf  life and has the ability to improve the bio-accessibil-
ity and bio-availability of health-promoting compounds 
in food (1). However, the quality of heat-sensitive plant-
based food rapidly deteriorates during conventional dry-
ing, which results in considerable destruction of bioactive 
components and development of undesirable colour, fla-
vour, texture and microbiological spoilage (2). In order to 
shorten the lengthy processing time in traditional convec-
tive drying, high-temperature drying medium can be used. 
However, these types of drying methods generally result 
in quality deterioration, in particular, a high reduction in 
their nutritional value (3, 4). To overcome this issue, an in-
tegrated convective and microwave (MW) drying method 
has been proposed. This hybrid drying method has a po-
tential to improve energy efficiency while maintaining 
desirable product quality by utilising the advantages of 
each drying method (2, 5). This hybrid drying method can 
significantly reduce the processing time due to rapid vol-
umetric heating caused by MW radiation. However, con-
tinuously applying the MW and convective heating can 
result in higher and localised temperatures. These elevated 
temperatures can cause significant quality deterioration in 
thermo-labile foods like fruits and vegetables (6). Due to 
the continuous supply of heat, the atoms and molecules of 
bioactive components’ movement are accelerated, which 
increases the frequency of collisions until the products 
reach the sufficient energy to start the chemical reaction. 
The rate of biological reaction approximately doubles for 
every 10°C increase in temperature (7–9). Prolonged expo-
sure of samples to a drying environment can facilitate the 
degradative reactions (i.e. vitamin C, polyphenol oxida-
tion, protein hydrolysis and beta-carotene isomerisation), 
which eventually reduces the health-promoting benefits 
and antioxidant activity of bioactive ingredients in plant-
based food materials. One such drying method which has 
received attention recently is intermittent microwave con-
vective drying (IMCD). Applying MW radiation inter-
mittently during convective food drying has shown huge 
potential to reduce browning effects, reduce mitigation 
of hydro-thermo-mechanical stresses generated inside the 
sample, and minimise the chemical reactions that lead to 
health-beneficial component losses and adverse physical 
quality modifications (10–13). The results show that this 
style of drying is a promising alternative for drying of 
thermo-labile plant-based food materials. This advanced 
hybrid drying method has two sections within the drying 
cycle, the active drying period and the tempering period 
(2, 14). During the active drying period (when MW is on), 
moisture from the food surface is evaporated and carried 
away, while in the tempering period (when MW is off) 
the temperature and moisture are redistributed from the 

high- to low-concentration regions. Due to the moisture 
gradient, moisture still migrates from the interior region 
to the surface in the tempering period of the drying cycle. 
This allows the high drying rate to be maintained for the 
next active cycle. This cycle of cooling and rewetting the 
sample during the tempering period prevents samples 
from overheating and quality deterioration. Overheat-
ing can also be avoided by controlling the MW supply to 
the sample allowing the energy to be wisely ultilised, and 
therefore, the sample is heated within the safe region en-
suring the food quality. Hence, IMCD has the potential to 
provide an optimal drying process by overcoming the is-
sues associated with continuous hot air and/or continuous 
MW drying (15–17).

Currently, despite the considerable potential of IMCD, 
the impact of IMCD on food quality has not been ex-
tensively examined (2, 18, 19), particularly no study has 
investigated the effect of IMCD on the nutritional qual-
ity attributes of kiwifruit. Kiwifruit (Actinidia chinensis 
Planch) is an attractive, valuable and nutrient-dense fruit 
with inviting green/yellow flesh colour, distinctive flavour, 
taste and many health beneficial ingredients. It is an abun-
dant source of chlorophyll, actinidin, total polyphenol, 
vitamin E and vitamin C with a high level of antioxidant 
capacity while containing no fat or cholesterol (20). Be-
cause of its abundant health benefits, a growing interest 
is being observed in the impact of thermal dehydration 
on the properties of these compounds and their relation 
to other quality characteristics. Kiwifruit is one of the 
highly perishable foods with seasonal availability; many 
preservation methods have been attempted to prolong 
their storage life and make this healthy product com-
mercially available to consumers (21–25). IMCD drying 
could be one potential dehydration method able to extend 
kiwifruits shelf  life and add value by efficiently reducing 
moisture content, hence inhibiting microbial growth and 
deteriorative chemical and enzymatic reactions (26).

Kiwifruit has been investigated for convective drying by 
several researchers (21, 27–30). Similarly, changes in co-
lour (25, 31, 32) and physical properties (33, 34) of hot air 
convective dried kiwifruit have been published. The influ-
ence of conventional drying conditions on bioactive com-
pounds in fresh and dried kiwifruit has also been examined 
by Tian et al. (22), Orikasa et al. (23) and Kaya et al. (24). 
However, no study exits of the impact of IMCD condi-
tions on the drying characteristics and quality attributes of 
kiwifruit. It is especially challenging to produce high-qual-
ity dried kiwifruit as the fresh kiwi contains high amount 
of thermal-sensitive elements while intensive heating treat-
ments generally have detrimental effects on the bioactive 
compounds, colour, water activity and microstructure of 
the product. Therefore, a comprehensive research is re-
quired to obtain an appropriate drying method to ensure 
the quality of nutrition-rich fruits like kiwifruit.
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In this context, the primary aim of this study is to inves-
tigate the quality characteristic change of kiwifruits under 
different IMCD conditions. The retention of AAC and 
total polyphenol content, water activity, colour degrada-
tion and microstructure modification were investigated 
under different IMCD PRs, taking convective air-dried 
sample as a reference.

Materials and methods

Sample preparation for drying
Fresh green Nutri kiwifruits were used for the IMCD 
experiments. They were carefully chosen to be identical 
in shape, size, firmness and ripeness. The fresh samples 
were stored at 4 ± 1°C before experiments. The kiwi-
fruits taken from the laboratory fridge were washed 
with distilled water to remove residue and dirt and then 
allowed to reach room temperature before conducting 
each drying experiment. The initial moisture content of 
the fresh kiwi slices was estimated to be approximately 
83.4 ± 0.03 (% w.b.). The kiwifruit skin was peeled, and 
then slices of  50 mm diameter and 7mm thickness were 
made by cutting perpendicularly to the main core fruit 
axis using a food slicer. One slice of  kiwifruit was dried 
in each IMCD condition and three replicates were car-
ried out.

Drying equipment and experimental procedure
For IMCD experiment, a programmable NN-SD691S 
Panasonic inverter MW oven with a maximum energy 
output of 1,100 W (2,450 MHz) was employed for the 
experiments. The inverter MW oven provides constantly 
true power transmission at the setting values. The MW 
power level was set at 100 W and was turned on for 20 
sec at different PRs, and the hot air drying time was in 
accordant with PR during the MW time off. The hot air 
condition was set to a temperature of 60°C and 0.86 m/s 
air velocity. The kiwifruit slice was placed in the centre 
of the MW cavity, for an even absorption of MW en-
ergy. The moisture loss was recorded at regular intervals 
at the end of power-off  times by placing the sample slice 
on the digital balance. Once the kiwifruit had reached a 
moisture content of approximately 19.5 ± 0.4 (% w.b.), 
the drying process was stopped. Sample temperature was 
regularly checked during the drying process by aFlir E5 
thermal imaging camera to record the maximum sample 
temperature.

The PR (PR = t
on : toff) was set at four different modes: 

1:1, 1:2, 1:3 and 1:4. Here ton was the MW on time in sec-
onds and toff was the MW off time in seconds.

An independent hot air convective drying experiment 
was also conducted to compare with the results from 
IMCD, which had the same experimental conditions as 
in IMCD method.

The decrease in the moisture ratio (MR) with the dry-
ing time was used to examine the experimental data. The 
MR denotes the remaining moisture in the kiwifruit sam-
ples in relation to the initial moisture content, which can 
be calculated by Equation (1).

	 MR
M M

M M
e

o e

=
−
−

	 (1)

Where M is the moisture content of the material on a dry 
basis, Me is the equilibrium moisture content, and Mo is 
the initial moisture content. For an extended period, the 
Me becomes very insignificant and considerably small as 
compared to M and Mo, and therefore, Equation (1) can 
also be written as MR = M/Mo (35, 36).

Water activity measurement
The water activity (aw) was measured using an Aqualab 
water activity meter (Decagon Devices, Pawkit, USA) 
in stable laboratory condition at 24 ± 0.3°C. The dried 
samples of different drying conditions were kept in a des-
iccant chamber until the sample temperature reach the 
room temperature before placing in the sample cup of the 
water activity meter. The water activity measurements of 
dried product were performed in triplicate.

HPLC analysis of AAC content 
About 4 g of  the fresh sample or 1 g of  dried sample 
was homogenised for 1 min at maximum speed in a Ul-
traTurrax T25 homogeniser in 25 ml of  metaphosphoric 
acid buffer (3% metaphosphoric acid, 1 mM Na

2EDTA) 
under low light condition, purging with nitrogen to pre-
vent the oxidation process. The homogenised samples 
were vortexed, then filtered through a Whatman no. 3 
filter paper and diluted again to 25 mL of the extractant 
solution and centrifuged at 10.000 g for 15 min at ambi-
ent temperature.

AAC contents were determined based on the HPLC 
method proposed by Asami et al. (37) with some modi-
fications. The analysis was carried out using an Agilent 
HPLC 1100, G1311A dual pump, G4225A 1260 HiP 
Degasser, equipped with a G1315B DAD absorbance 
detector. The reverse-phase separation was obtained 
using a Waters Symmetry C18 column (4.6 × 250 mm, 
5 µm). The isocratic mobile phase was HPLC graded 
water brought to pH 3.0 by metaphosphoric acid. The 
flow rate was 0.5 mL/min; injection volume was 20 µL, 
and the applied wavelength was 254 nm. Supernatants 
of  the extracted samples were filtered through a 0.22 µm 
Acrodisc syringe Nylon membrane filter before injection. 
The retention time of  AAC peak was archived at 2.6 min. 
A 5-point standard curve was established to calculate the 
ascorbic content of  samples. All samples were tested in 
triplicate.
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Total polyphenol extraction and measurement
The amount of total polyphenols in the samples was de-
termined by Folin–Ciocalteau method (38) with some 
modification. About 4 g of the fresh sample or about 1 
g of dried sample was homogenised in 25 mL of a mix-
ture of acetone and distilled water (70:30 v/v) for 1 min 
at maximum speed (25,000 rpm) in a UltraTurrax T25 
homogeniser. The homogenised samples were shaken 
and then allowed to settle for 1 h at ambient tempera-
ture. Extracts were centrifuged at 10,000 g for 15 min at 
20oC. The supernatant added with 5 mL extractant was 
filtered through a Whatman no. 3 filter paper. Extraction 
processes were repeated three times to get reliable data, 
and the extracts were diluted 10 times with distilled water. 
Then, 1 ml of the diluted extract solution was mixed with 
5 ml of Folin–Ciocalteau reagent (10%) and 4 ml of 7.5% 
Na2CO3 solution. After 30 min of incubation in a water 
bath at 37°C, the absorbance was measured against water 
at the highest absorption wavelength with kiwifruit ex-
traction solution, 760 nm (Cary50 UV Spectrophotome-
ter). A standard curve with gallic acid standard solutions 
was established. The amount of total phenolic content 
(TPC) was in milligrams of gallic acid equivalents/gram 
(GAE) on the dry mass basis.

Microstructure
A scanning electron microscope (Model Mira 3 Tescan, 
Kohoutovice, ČeskáRepublika) was used to examine the 
microstructure of the dried kiwifruit slices. The scanning 
electron microscopy (SEM) analysis was used in order to 
determine the degree of change/damage of the kiwi cells 
caused by the drying process. The fresh/dried kiwifruit 
samples were cut into cubes of 5–8 mm3 by shaft razor 
blade, placed on a SEMstub by carbon strip, then sput-
ter coated with 10 nm gold before observation (Leica EM 
SCD005 sputter coater). Fresh samples were scanned 
under low vacuum conditions (40 Pa), LVSTD detector, 
at an accelerating voltage of 10 kV; while dried samples 
were scanned under high vacuum mode, 10kV voltage, SE 
detector.

Image acquisition and colour analysis
Digital images were obtained using 8.0 megapixels Sam-
sung camera. These images were stored in the bitmap 
graphic format. ImageJ software was employed to anal-
yse digital images in the RGB (Red–green–blue) colour. 
RGB-triplets for every pixel in the image represent the 
intensities of RGB colours in the range 0–255. Before 
processing of the sample images, the preprocessing was 
carried out based on a method proposed by Sharifian et al. 
(39) to avoid the non-uniform light distribution in the 
background and to remove surrounding noises. Colour 
measurement was performed in triplicate in each drying 

condition to determine hue angle and colour change (6). 
The hue angle ho is defined as:
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Colour changes were defined as in Equation (4):

	 E R G B( ) ( ) ( )RGB
2 2 2∆ = ∆ + ∆ + ∆ 	 (4)

Where ΔERGB represents the total colour changes of IMCD 
dried kiwifruit slices compared to the fresh sample.

Statistical analysis
The investigated characteristics were independently per-
formed in triplicate. The mean data were analysed by 
analysis of variance (ANOVA) using SAS (version 9.1; 
SAS Institute Inc., Cary, NC, USA). Least significance 
difference (LSD) tests were employed to determine the 
difference of means, and statistical significance with a 
confidence interval of 95% (p ≤ 0.05).

Results and discussion

Drying process
Experimental drying curves for different PRs of IMCD 
and the reference convective drying curve are presented 
in Fig. 1. It can be seen that the processing times required 
to attain the same final moisture content were different 
at different drying conditions (PRs). The drying time re-
quired to reach the moisture content of 19.5 ± 0.4 (% w.b.) 
from the fresh condition of 83.4 ± 0.03 (% w.b.) at PR 1:1, 
1:2, 1:3 and 1:4 were 88 min, 93 min, 108 min and 151 min, 
respectively, whereas convective drying took 528 min to 
bring the sample to the same moisture content. While in 
all IMCD settings, the moisture content reached <20% 
within 150 min, the convective sample still remained at a 
high moisture content, approximately 75 (% w.b) or 3.04 
(g water/g dry mass). The results demonstrate that IMCD 
can significantly reduce the drying time compared to con-
vective drying.

The drying rate was significantly high at the beginning 
of the IMCD process as the initial available moisture con-
tent in the samples was high. The drying rate was then 
gradually reduced towards the end of the drying process. 
It can be concluded that in the early drying stage, the MW 
energy was mainly absorbed by water near the sample 
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surface, the free and loosely bound water of the sample, 
which was easily removed (40).

It is clear from Fig. 1 that a higher PR led to higher dry-
ing rate during the drying process, resulting in a shorter 
drying time. Because of the volumetric heating charac-
teristics of  MW, the MW energy directly penetrated in-
side the sample and excited water inside the sample. At 
the same time, the sample was gradually heated from 
the outer surface of the sample by the hot air (Kumar 
et al. 2016). The moisture outward flux was eventually 
increased, and drying rate increased considerably. How-
ever, there was an insignificant difference in the drying 
times between drying PR 1:1 and 1:2, especially in the 
final drying period (when the moisture content was <1 g/g 
dry basis), indicating that determining right PR in IMCD 
is critical to increase the drying rate and achieve shorter 
drying times.

Water activity
Another essential quality indicator measured in this 
study was water activity, which allowed determining the 
product stability and safety (41). Water activity charac-
teristics determine many chemical or enzyme reaction 
and biochemical processes, which are important for the 
control of  food product safety and quality. The results 
of  water activity measurement in fresh and dried kiwi-
fruits are presented in Table 1. The fresh material was 
characterised by the average water activity of  0.97 ± 
0.012. According to Sablani et al. (42), the growth of 
microorganisms, the microbiological stability of  food 
materials, depends on the value of  water activity. More-
over, a change in water activity affects the relative speed 
of  chemical, enzymatic and biological reaction (42, 43). 
This can be seen in Table  1; the water activity of  all 
dried samples was less than 0.6, which means that the 
growth of  bacteria, yeasts and moulds will be inhibited 

and the degradation of  chemical reactions will be mini-
mised in all the drying conditions considered. However, 
the highest a

w value was obtained in convective drying 
(0.57 ± 0.011) and the lowest aw value was observed in 
IMCD at PR 1:1 (0.34 ± 0.004), which was about 40% 
lower compared to convective drying. In drying pumpkin 
slices, Junqueira et al. (44) found similar results that MW 
drying provided lower water activity in the samples than 
other methods. Water activity describes the bound of 
moisture to a food’s structure and it is related to the en-
ergy required to remove moisture from the sample. It also 
takes part in chemical/biochemical reactions and growth 
of  microbials. Therefore, the results demonstrated that 
the intensity of  MW heating takes a significant part in 
the rate of  bound water removal from the sample, which 
is considered as the most time-consuming process and in-
effective energy use in conventional hot air drying. The 
result suggests that MW effectively reduced the sample 
water activity to the optimum stability level. Attaining 
low water activity at desired moisture level helped to 
extend product shelf  life while maintaining its expected 
quality characteristics.

Fig. 1.  Drying curves at different drying conditions.
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Table 1.  Water activity of samples under different drying conditions

Samples Water activity

Fresh sample 0.97 ± 0.012

Convective drying sample 0.57a ± 0.011

IMCD PR 1:1 sample 0.34d ± 0.004

IMCD PR 1:2 sample 0.41c ± 0.005

IMCD PR 1:3 sample 0.43c ± 0.011

IMCD PR 1:4 sample 0.52b ± 0.005

Different superscript letters (a, b, c, d) indicate significant differences 
(p ≤ 0.05) among the samples under different drying conditions. Identical 
superscript letters indicate no significant difference.
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Ascorbic acid
AAC is one of  the most thermo-labile bioactive com-
pounds in plant-based foods. Therefore, the thermal 
drying processes should be carried out in a way that 
ensures the highest preservation of  AAC in the dried 
food products. The effects of  IMCD at different PRs 
and convective drying on the retention of  AAC in de-
hydrated kiwifruit are shown in Fig. 2. It can be seen 
that drying conditions greatly affected the retention of 
AAC and its content decreased in all drying conditions 
in comparison with the fresh samples. This phenom-
enon could be due to the thermal destruction during 
drying and the exposure of  the samples to the drying 
medium. The degradative chemical reactions of  natural 
bioactive compounds are catalysed by heat and ascor-
bate oxidase enzyme released from disrupted cell mem-
branes during the drying process. The average total AAC 
found in fresh kiwifruit was 91.64 mg/100 g fresh sam-
ple (5.520 mg/g DM), which is consistent with those re-
ported in several varieties and genotypes of  fresh green 
kiwi: 59.65 mg/100 g (45), 65–120 mg/100 g (46), and 
117.65 mg/100 g (24). Because AAC is a heat-sensitive 
nutrient, higher degradation of  AAC was observed in 
convective drying and IMCD at higher PR (e.g. 1:1 and 
1:2) and the retention of  AAC was approximately 52%. 
The temperatures of  samples were found fluctuated dur-
ing each IMCD cycle, which was at peak point at the 
end of  the MV heating period and lowest point at the 
end of  the tempering period. The maximum tempera-
tures recorded were 70°C, 76°C, 81°C and 85°C at PR 
1:4, PR 1:3, PR 1:2 and PR 1:1, respectively. The higher 
frequency of  MV radiation (PR) increased the sample 
temperature during IMCD, which generally degrades 
the heat-sensitive bioactive compounds within the sam-
ple. This result affirms the thermal sensitivity of  AAC at 
intensive heating conditions and lengthy drying process 
of  the samples. The results of  this study show that the 
highest retention of  AAC (p ≤ 0.05) can be obtained at 

drying conditions of  PR 1:4 (3.994 mg/g DM) which is 
a pretty mild condition and relatively short total drying 
time, retaining approximately 71.5% of  AAC from the 
fresh sample, whereas samples dried with hot air drying 
at 60°C retained only 53.2% of  AAC (2.938 mg/g DM), 
which was slightly higher than the retention of  AAC at 
PR 1:1 and PR 1:2. It is also noted that the total drying 
time is significantly longer in convective drying.

Total polyphenols content
The retention of total polyphenol content of the fresh 
and dried kiwi slices is shown in Fig. 3. The average con-
centration of the total polyphenol in fresh kiwifruits was 
4.523 mg GAE/g DM. At the end of the drying process, 
the highest loss of 30.4% of the TPC had occurred at PR 
1:1 (3.150 mg GAE /g DM), followed by 22.7 and 23.5% 
loss in PR 1:2 and PR 1:4 samples, respectively, while the 
loss of TPC was lowest (14%) at PR 1:3. A significant 
difference (p ≤ 0.05) in the TPC between PR 1:4 and PR 
1:3 was observed. In spite of the fact that the drying con-
dition in PR 1:3 was more heat-intensive than PR 1:4, it is 
interesting to observe the highest polyphenol retention at 
PR 1:3 (3.701 mg GAE/g DM) . The above-mentioned re-
sults also demonstrated that the level of TPC retention in 
IMCD is higher than that of AAC. It can be concluded 
that TPC is less heat sensitive than AAC. Also, the MW 
radiation at PR 1:3 might be sufficient to release the bound 
polyphenols by breaking the cellular food matrix for bet-
ter extraction in chemical analysis. The discharge of the 
oxidative and hydrolytic enzymes from the collapsed food 
cells can decompose long-chain polyphenols into simple 
phenolic compounds. Also, newly formed phenolic com-
pounds were the result of the complex heat catalysed 
chemical reaction of the released enzymes and bioactive 
compounds. In addition, more phenolic products can be 

Fig. 2.  Ascorbic acid content of fresh and dried sample slices 
under different PRs 1:1, 1:2, 1:3, 1:4 and convective drying. 
Different letters (a, b, c, d) indicate significant differences 
(p ≤ 0.05) among the samples under different drying condi-
tions. Identical letters indicate no significant difference.
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produced as the result of Maillard reaction under PR 1:3. 
In contrast, thermal destruction by intensive MW heating 
in PR 1:2 diminished polyphenols and longer drying time 
in PR 1:4 and convective drying gained sufficient time to 
facilitate oxidative deterioration of polyphenols (47–49). 
The obtained results also highlighted the advantages of 
combining hot air and intermittent MV to enhance ex-
traction efficiency of the bioactive compounds due to its 
combined effect on the cell membrane. Moreover, the el-
evated temperature induced by MW radiation at suitable 
PR can reduce the degradation of polyphenols by inac-
tivating the polyphenol oxidase, lipoxygenase and per-
oxidase enzymes released from the collapsed tissue (50). 
Many published articles (51–53) reported that MW dry-
ing retains high total polyphenol. On the contrary, an in-
significant difference (p > 0.05) in the TPC was observed 
between drying mode PR 1:4 and convective drying, with 
the retention of approximately 75% (3.277 mg GAE/g 
DM). Overall, compared to fresh samples, all the dried 
samples retained high level of phenolic contents. The low-
est phenolic retention was approximately a third from 
fresh sample observed in IMCD at PR 1:1 as well as in the 
case of convective drying.

Microstructure
As MW penetrating deep into the samples causes vol-
umetric heating and rapid moisture evaporation, it is 

suspected that significant microstructural changes may 
take place during IMCD. However, no investigation on 
microstructural changes in IMCD can be found in the 
literature. Illustration of the microstructure of fresh and 
dried samples derived from different drying conditions 
has been presented in Fig. 4. Prolonged external heating 
in convective drying (60°C) causes case hardening and 
collapses as shown in Fig. 4d. A limited number of pores 
and cell opening can be observed. The hot air drying in-
duced slow water migration with high turgor reduction, 
structural shrinkage and collapse, whereas hot air drying 
coupled with periodic MW heating provided a more po-
rous structure compared to the purely convective drying 
method as depicted in Fig. 4.

The MW reduces the drying time due to rapid mois-
ture evaporation from inside the material. However, cell 
collapse can also be observed due to overheated regions 
resulted from uneven heating during MW heating at 
higher PR. This incident is observed from Fig. 4b and c 
that represents the cracked and collapsed microstructure 
of sample dried at PR 1:1 and PR 1:2.

It is also noted that there is swelling, loss of stability 
and disappearance of many cell walls of kiwifruit struc-
ture in the convective dried sample as well as IMCD sam-
ples at high PRs. It can be explained that the kiwifruit 
cells are composed of a small amount of cellulose, and a 
high amount of pectic polysaccharides (54), which were 

Fig. 4.   Microstructure of sample slice in fresh condition and dried state under different drying conditions. (a) Fresh samples, (b) 
PR 1:1 sample, (c) PR 1:2 sample, (d) convective sample, (e) PR 1:3 sample, and (f) PR 1:4 sample.

(a) (b) (c)

(f)(e)(d)
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degraded significantly during severe thermal stresses in 
hot air convective and higher PRs in IMCD. Therefore, 
the prolonged heating time in continuous hot air drying 
and/or intensive MW heating (PR 1:1 and PR 1:2) re-
sulted in the adverse microstructural changes in kiwifruit. 
The IMCD drying condition PR 1:3 and PR 1:4 main-
tained better kiwifruit microstructure. IMCD at PR 1:4 
obtained a porous structure resembling the structure of 
the fresh sample, less shrinkage and collapses (Fig. 4f) 
compared to the other drying modes. Tian et al. (22) re-
ported similar results for MW-assisted vacuum drying 
which indicated that convective sample had a less porous 
structure with severe cell disruption, while MW vacuum 
drying maintained open pore structure with good appear-
ance. The modification of sample microstructure might 
also affect the other sensor properties, for example, hard-
ness and crispiness. Highly porous structure obtained at 
PR 1:3 and PR 1:4 tends to produce crunchy and crispy 
products, while dense and collapsed structure in dried 
products at PR 1:1 and PR 1:2 usually results in chewy 
and hard products.

Colour degradation
During drying, sample colour can be considerably af-
fected by pigment degradation (55, 56), enzymatic activity 
(57), and Maillard nonenzymatic browning reaction (58). 
The changes in porosity and surface texture also vary the 
reflectance of light on food surface, which ultimately af-
fects viewers’ colour perception (5, 59–61).

The visual appearance, average RGB values along with 
total colour changes altered by different drying condi-
tions are presented in Table 1. It is clearly seen that higher 
PR caused more colour degradation in the sample.

Similar to the change of nutrient content, sample co-
lour was also negatively influenced by higher PR because 
of the accelerated colour degradation reaction occurred 
within the sample due to higher MW irradiation. The ap-
plication of MW heating brought about the rapid colour 
change of the samples, caused by intense thermal effect 
and browning reaction during drying. It is also noted that 
extended drying time in convective drying significantly 

degraded the colour of the dried product. From Table 2, 
it can be stated that a higher PR led to higher colour 
changes in the sample. However, the maximum colour 
change (ΔE

RGB= 69.56) (p ≤ 0.05) was found in the case of 
hot air drying, while minimum colour changes (p ≤ 0.05) 
took place in PR 1:2, 1:3 and 1:4 IMCD mode.

In addition to colour changes, the hue angle of the 
dried samples in convective drying, as well as IMCD, was 
considerably different from the fresh sample as shown 
in Fig. 5. In light of this finding, it is clear that the hue 
angle (values from 40 to 68) implies high colour changes 
at IMCD PR 1:1, 1:2 and 1:3, but there was an insignifi-
cant difference among these IMCD conditions (p > 0.05). 
However, the colour of the product under these condi-
tions was still better than in the case of convective drying 
(p ≤ 0.05). Hue angle of the sample dried in IMCD with 
the lowest PR (PR 1:4) resulted in the closest hue angle 
to the fresh sample (p ≤ 0.05). Reducing the PR further 
may result in less degradation of colour (closer to the 
hue angle of the fresh sample). However, it will increase 
the total drying time, which might also negatively affect 

Fig. 5.   Average hue angle of the dried sample under differ-
ent PRs 1:1, 1:2, 1:3, 1:4, and convective drying. Different 
letters (a, b, c, d) indicate significant differences (p ≤ 0.05) 
among the samples under different drying conditions. Iden-
tical superscript letters above the bars indicate no significant 
difference.
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Table 2.  RGB values and total colour changes of samples under different drying conditions.

Factor Sample PR 1:1 Sample PR 1:2 Sample PR 1:3 Sample PR 1:4 Sample convective Fresh sample

Red 119.97 ± 21.88 127.42 ± 20.28 119.25 ± 24.51 146.67 ± 20.29 166.45 ± 32.35 105.45 ± 16.00

Green 103.22 ± 21.62 109.77 ± 21.53 102.26 ± 25.39 159.17 ± 22.79 123.25 ± 30.87 144.61 ± 17.73

Blue 41.03 ± 16.02 51.66 ± 16.79 49.51 ± 18.32 71.76 ± 25.17 42.52 ± 23.56 68.22 ± 15.72

ΔERGB 51.60 ± 2.58b 44.40 ± 2.04c 48.31 ± 2.32b,c 43.86 ± 2.06c 69.55 ± 3.37a -

Different superscript letters (a, b, c, d) indicate significant differences (p ≤ 0.05) among the samples under different drying conditions. Identical super-
script letters indicate no significant difference.

17Nutritional quality of heat-sensitive food materials in intermittent microwave convective drying

_________________________ WORLD TECHNOLOGIES _________________________



WT

colour as extended time exposure to drying environment 
facilitated browning reaction as in the case of convective 
drying. Therefore, PR 1:4 can be considered the best op-
erating condition for the best colour, AAC retention and 
achievement of shorter drying time.

The product qualities, as described in the above sec-
tions, decrease with the increase of PR due to higher 
temperature induced by intensive MW heating. Although 
some reports in the literature claimed that decreasing PR 
might provide better food quality, it would prolong the 
drying time and increase the overall energy consumption 
(3, 62, 63). Moreover, as demonstrated above, prolonged 
drying time can cause undesirable effects on the quality 
of the samples. Therefore, an appropriate/optimum PR 
should be determined for the optimisation of drying time 
and food quality. In the experiments of IMCD, the tem-
pering period supported the redistribution of the temper-
ature and moisture, especially at lower PR as it allowed 
sufficient time to even out the temperature and moisture 
difference in the sample (64). Therefore, the product qual-
ity was better maintained in IMCD at lower PRs.

Considering the above discussion, it can be concluded 
that better appearance and quality of dried food can be 
achieved by appropriately setting the MW power-on/off  
time in IMCD drying.

Conclusion
Effect of the operating variable (e.g. PR) of IMCD on 
the drying process and product quality were investigated 
in this study. In the IMCD experiments, the drying time 
was significantly reduced in comparison with conven-
tional hot air drying process. The water activity of all 
dried samples was attained at a safe level for extended 
storage. Thus, the microbial growth has been inhibited, 
and degradation of chemical reactions has been retarded. 
In addition, water activity decreased with the increase in 
PR of IMCD resulting in safer products with a longer 
shelf  life. Higher PR and/or extended exposure time to 
the drying environment resulted in a greater degradation 
of the total polyphenol and AAC values. It was observed 
that the PR was a profound factor in the IMCD on the 
health-promoting compounds (AAC and total polyphe-
nols) and colour as well as the microstructure. The best 
drying conditions in this study were identified at PR 1:4 
(MW 20 sec on/80 sec off  at 60°C hot air) in terms of co-
lour and AAC retention. However, it should be noted that 
IMCD at PR 1:3 retained the best total polyphenol. It was 
found that the IMCD method was substantially more ef-
ficient than convective drying as it significantly decreased 
the drying time and enhanced the product nutrient and 
colour quality with a porous microstructure. In addition, 
the highly porous microstructure of IMCD samples sug-
gests better texture compared to hot air dried product. 

However, further lowering PR might not guarantee better 
quality product (e.g. PR 1:4 attain lower total polyphenol 
content than at PR 1:3) and efficient drying performance 
due to prolonged exposure of the products to the drying 
environment. Therefore, the PR should be carefully cho-
sen based on product quality, MW power and drying per-
formance to achieve optimal drying conditions.
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Bitter melon extract ameliorates palmitate-induced 
apoptosis via inhibition of endoplasmic reticulum stress 
in HepG2 cells and high-fat/high-fructose-diet-induced 
fatty liver

Hwa Joung Lee1†, Rihua Cui1†, Sung-E Choi2†, Ja Young Jeon1, Hae Jin Kim1, Tae Ho Kim3, 
Yup Kang2 and Kwan-Woo Lee1*
1Department of Endocrinology and Metabolism, Ajou University School of Medicine, Suwon, Republic of Korea; 
2Department of Physiology, Ajou University School of Medicine, Suwon, Republic of Korea; 3Division of Endocrine 
and Metabolism, Department of Internal Medicine, Seoul Medical Center, Seoul, Republic of Korea

Abstract

Background: Bitter melon (BM) improves glucose level, lipid homeostasis, and insulin resistance in vivo. How-
ever, the preventive mechanism of BM in nonalcoholic fatty liver disease (NAFLD) has not been elucidated yet. 
Aim & Design: To determine the protective mechanism of bitter melon extract (BME), we performed experi-
ments in vitro and in vivo. BME were treated palmitate (PA)-administrated HepG2 cells. C57BL/6J mice were 
divided into two groups: high-fat/high-fructose (HF/HFr) without or with BME supplementation (100 mg/kg 
body weight). Endoplasmic reticulum (ER) stress, apoptosis, and biochemical markers were then examined by 
western blot and real-time PCR analyses. 
Results: BME significantly decreased expression levels of ER-stress markers (including phospho-eIF2α, CHOP, 
and phospho-JNK [Jun N-terminal kinases]) in PA-treated HepG2 cells. BME also significantly decreased the 
activity of cleaved caspase-3 (a well known apoptotic-induced molecule) and DNA fragmentation. The effect of 
BME on ER stress–mediated apoptosis in vitro was similarly observed in HF/HFr-fed mice in vivo. BME signifi-
cantly reduced HF/HFr-induced hepatic triglyceride (TG) and serum alanine aminotransferase (ALT) as markers 
of hepatic damage in mice. In addition, BME ameliorated HF/HFr-induced serum TG and serum-free fatty acids. 
Conclusion: These data indicate that BME has protective effects against ER stress mediated apoptosis in 
HepG2 cells as well as in HF/HFr-induced fatty liver of mouse. Therefore, BME might be useful for prevent-
ing and treating NAFLD.

Keywords: bitter melon extract; palmitate; high-fat/high-fructose diet; nonalcoholic fatty liver disease; endoplasmic reticulum 
stress; apoptosis

In recent years, nonalcoholic fatty liver disease 
(NAFLD) is commonly found in many people world-
wide (1). NAFLD ranges from steatosis to nonalcoholic 

steatohepatitis (NASH) that can lead to hepatocellular 
carcinoma and liver failure (2). Obesity-related mortality, 
type 2 diabetes, and cardiovascular risk are particularly 
high in patients with NAFLD (3). Liver steatosis, a typical 
feature of NAFLD, appears when the sum of de novo fatty 
acid synthesis and free fatty acids (FFA) imported into 
liver is greater than the sum of FFA oxidation and FFA 
exported from the liver. Therefore, an increment in FFA 
level in the liver may play a key role in the development of 

NAFLD. Excess FFA evokes endoplasmic reticulum (ER) 
stress and leads to ER dysfunction (4).

Sustained exposure to FFA induces excessive protein syn-
thesis that exceeds ER capacity, resulting in the accumulation 
of unfolded or misfolded proteins in the ER rumen. To solve 
this problem, unfolded protein response (UPR) is induced 
to maintain ER homeostasis. Binding immunoglobulin pro-
tein (BiP) is a member of the heat-shock protein-70 (HSP70) 
family protein chaperone. It is associated with ER-stress 
sensors such as inositol requiring enzyme-1 (IRE1), Protein 
kinase ribonucleic acid-like endoplasmic reticulum kinase 
(PERK), and activating transcription factor 6 (ATF6) in 
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USA). Anti-phospho-Akt (#9271), Anti-Akt (#9272), 
Anti-caspase-3 (#9962), anti-cleaved caspase-3 (#9961), 
anti-calnexin (#2679), anti-CHOP (#2895), anti-phos-
pho-c-Jun (#9164), anti-phospho-eIF2α (#9721), an-
ti-eIF2α (#9722), anti-IκBα (#9242), anti-phospho-JNK 
(#9251), anti-JNK (#9252), anti-phospho-NFκB 
(#3031), anti-NFκB (#4764), and anti-PARP (#9542) 
antibodies were obtained from Cell Signaling Technology 
(Danvers, MA, USA). Anti-actin (sc1616) and anti-c-Jun 
(sc1694) antibodies were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA).

Cells and culture 
Commercially available HepG2 human hepatoma cell line 
was purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA). HepG2 cells were seeded 
into 12-well plates, at a density of 1 × 105 cells per well, 
and then maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS; Gibco, Grand Island, NY, USA), 100 U/mL  
penicillin, and 100 g/mL streptomycin at 37°C, in a hu-
midified atmosphere containing 95% air and 5% CO2. 
After 24 h of incubation, HepG2 cells were treated with 
different concentrations of BME and 300 µM PA. Cells 
were treated with Dimethyl sulfoxide (DMSO) which 
was used as a vehicle control. PA and BME were treated 
for 12 h and subsequently, the cells were harvested using 
trypsin and washed with phosphate-buffered saline (PBS). 
The harvested HepG2 cells were suspended in Radioim-
munoprecipitation assay (RIPA) buffer for western blot-
ting or homogenized in RNAiso Plus reagent for real-time 
polymerase chain reaction (PCR).

Preparation of PA
PA/bovine serum albumin (BSA) conjugate was prepared 
by saponifying PA with sodium hydroxide followed by 
mixing with BSA. PA (20 mM in 0.01 M NaOH) was in-
cubated at 70°C for 30 min (14). Fatty acid soaps were 
then complexed with 5% fatty acid-free BSA in PBS at 
a 1:3 volume ratio. Complexed fatty acids consisted of 
5 mM PA and 3.75% BSA. PA/BSA conjugate was then 
diluted in DMEM containing 10% FBS and administered 
to cell cultures.

Preparation of BME 
BM (Momordica charantia) was purchased at the BM farm 
located in Cheorwon-gun, South Korea. After washing it 
thoroughly, the fruit of BM was cut and dried naturally 
at room temperature; it was powdered using an electric 
grinder and stored at 4°C. BME was prepared from 10 g 
of dried BM powder using 100% ethanol. Extract was 
filtered and dried at 37°C for 24 h. Dried BME was dis-
solved in dimethyl sulfoxide (Supplementary Fig. 1). BME 
was stored in airtight containers at −20°C until use.

the ER membrane to detect unfolded or misfolded proteins 
and move them from membrane to ER rumen for repair-
ing (5). When ER-stress sensors are dissociated from BiP, 
they are activated to participate in three signaling pathways 
of ER stress. The activation degree of IRE1, PERK, and 
ATF6 under UPR determines cell fate such as cell survival 
and cell death (6). Persistent and intense ER stress will cause 
ER dysfunction, eventually leading to apoptosis. Expression 
of C/EBP homologous protein (CHOP), a typical ER-stress 
marker regulated by UPR, plays a key role in inducing the 
apoptotic process. Expression of CHOP is known to be reg-
ulated by IRE1, PERK, and ATF6 pathways. The PERK-
eIF2α-ATF4 pathway has been reported to be the most 
important for the expression of CHOP (7). DeZwaan et 
al. have reported that expression of CHOP can accelerate 
cell death in a variety of chronic liver diseases (8). In ad-
dition, caspase-12, an apoptotic regulator, is activated by 
the IRE-TRAFT2-JNK pathway. It then induces apoptosis 
by sequentially activating caspase-9 and effecter caspase-3 
(9). Strong ER stress induces nuclear condensation, DNA 
fragmentation, and formation of apoptotic bodies contain-
ing cleaved DNA and proteolytic fragments. Since apopto-
sis is associated with ER-stress seen in the progression of 
NAFLD and is positively correlated with disease severity, 
and it can be used as a disease progression marker (7).

Bitter melon (BM) belongs to the family of Cucurbita-
ceae. It is cultivated in tropical regions of Asia, Africa, and 
South America. BM has long been used as traditional medi-
cines in Asia. It is widely known to have antidiabetic, antiox-
idant, antiviral, and anticancer effects. The efficacy of BM 
for several diseases has been proven. It has been reported 
that bitter melon extract (BME) can reduce the expression 
of ER-stress proteins such as ATF6, XBP1, PERK, and 
CHOP in colonic epithelial cells. BME is also known for im-
proving high fat diet (HFD)-induced obesity and hyperlipi-
demia in animal models (10, 11). Beneficial effects of BME 
on obesity and hyperlipidemia in liver and skeletal muscle 
are regulated by fat metabolizing kinases and nuclear fac-
tors (12). The liver protective effect of BME is mainly due to 
its antioxidant effects by scavenging free radicals and reduc-
ing inflammation caused by harmful stimuli (13).

Although several possible mechanisms have been pro-
posed for the hepatoprotective effect of BME, few studies 
have examined the effect of BME on ER stress–mediated 
apoptosis in NAFLD. Therefore, the objective of the 
present study was to determine the effect of BME on 
palmitate (PA)-treated HepG2 cells (in vitro) and a mouse 
model of NAFLD (in vivo).

Materials and methods

Materials 
PA and 4,6-diamidino-2-phenylindole diHCl (DAPI) 
were purchased from Sigma-Aldrich (St. Louis, MO, 
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pH 7.5, protease inhibitor cocktail; Roche Applied Sci-
ence, Mannheim, Germany) was used to extract cellular 
proteins. Equivalent amounts of protein (10 μg each) in 
SDS sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 
100 mM DL-dithiothreitol, 10% glycerol) were sepa-
rated  by 8−15% SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and then transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, Bedford, MA, 
USA). Target antigens were reacted with primary anti-
bodies after blocking membranes with 5% skim milk for 
30 min. After binding with secondary antibodies (horse-
radish peroxidase [HRP]-conjugated anti-goat Immuno-
globulin G (IgG), anti-mouse IgG, or anti-rabbit IgG), 
immunoreactive bands were detected using an enhanced 
chemiluminescence system (Pierce, Rockford, IL, USA). 
Band intensity was determined by densitometric analysis 
using Quantity One D image analysis system (Bio-Rad, 
Hercules, CA, USA).

DNA fragmentation assay
Cell death was determined by measuring fragmented 
DNA using Cell Death Detection enzyme-linked im-
munosorbent assay (ELISA) kit (Roche Applied Sci-
ence, Mannheim, Germany). Briefly, cells were lysed 
by adding cell lysis buffer supplied with the kit. After 
centrifugation (200  × g, 10 min), the supernatant was 
pipetted onto an anti-streptavidin-coated microplate. 
Anti-DNA monoclonal antibody conjugated with per-
oxidase (anti-DNA-POD) and anti-histone-biotin were 
added. After incubating at 25°C for 90 min, wells were 
rinsed with incubation buffer (supplied by the kit) three 
times. The color was developed by adding 2,20-azino-
di-[3-ethylbenzthiazoline sulfonate] (ABTS) substrate 
solution and incubated at room temperature for 10−20 
min with shaking (250 rpm). The amount of peroxidase 
retained in the nucleosome complex was determined by 
measuring absorbance at a wavelength of 405 nm.

DAPI staining
For nuclear staining, photosensitized cells were fixed 
with 4% paraformaldehyde (pH 7.4) for 10 min and then 
incubated with DAPI (1 µg/mL; Sigma-Aldrich) at 37°C for 
10 min. After washing with PBS, stained cells were imme-
diately observed under a fluorescence microscope (340 nm 
excitation and 388 nm emission). Cells exhibiting reduced 
nuclear size, chromatin condensation, intense fluorescence, 
and nuclear fragmentation were considered apoptotic.

Flow cytometric measurement of reactive oxygen species
HepG2 cells grown on a 12-well plate were treated with 300 
μM PA and various concentrations of BME at the same 
time for 4 h. Cells were detached from culture plates by di-
gesting with trypsin (Invitrogen, Carlsbad, CA, USA) and 
then sedimented by centrifugation at 500 × g  for 5 min. 

Animal experiments
C57BL/6J male mice were purchased from Japan SLC, 
Inc. (Hamamatsu, Japan). All animal experiments were 
approved by the Animal Ethics Committee of the Labo-
ratory Animal Research Center, Ajou University Medical 
Center, Suwon, South Korea. These mice were housed in 
a temperature controlled room (22 ± 2°C) with a 12/12 h 
light/dark cycle and fed ad libitum. To prepare the dietary 
NAFLD mouse model, 8-week-old male C57BL/6J mice 
were fed HFD (pellet containing 60% kcal fat; Research 
Diets, New Brunswick, USA, Cat#12492) and drinking 
water containing 30% high fructose (HFr) for 7 weeks. 
Then, these mice were randomly divided into two groups: 
(1) high-fat/high-fructose (HF/HFr) group (n = 6) and (2) 
HF/HFr + 100 mg/kg BME (HF/HFr/BME) group (n = 6). 
Each group was orally administered either DMSO or BME 
(100 mg/kg) on every other day for 5 weeks under the HF/
HFr diet. The body weight was measured before the sacri-
fice. For glucose tolerance tests (GTT), mice were fasted for 
6 h and intraperitoneally injected with glucose solution (1 g/
kg; Sigma-Aldrich) or insulin (1 unit/kg; Sigma-Aldrich). 
Blood samples were taken at different time points (0, 15, 
60, and 120 min after insulin or glucose loading) from the 
tail vein. Plasma glucose levels were measured using an 
Accu-Chek glucometer (Roche, Basel, Switzerland). After 
GTT measurements, mice were sacrificed using carbon di-
oxide. Epididymal fat, perirenal fat, subcutaneous fat, and 
the liver of mice were removed and weighed. The liver was 
suspended in RIPA buffer for western blotting or homoge-
nized in RNAiso Plus reagent for real-time PCR.

Measurement of triglyceride 
Tissue triglyceride was extracted by using Folch extrac-
tion method and measured with commercially avail-
able kits (LabAssayTM triglyceride, Wako Diagnostics, 
Japan)  using N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5- 
dimethoxyaniline sodium salt (DAOS) as a blue pigment. 
For biochemical analysis of  blood samples, blood was 
obtained from 6-h-fasted mouse and immediately centri-
fuged at 13,000 rpm for 1 min at 4°C. The upper plasma 
was then collected and stored at −80°C. Plasma glucose 
levels were measured using the glucose oxidase method. 
Plasma levels of  total cholesterol, triglyceride, and 
alanine aminotransferase (ALT) were measured using an 
autochemical analyzer (Cobas c111, Roche, Germany).

Hematoxylin and eosin staining
The liver of each mouse was removed, fixed in 10% neu-
tral-buffered formalin, embedded in paraffin, and sec-
tioned to a thickness of 3 μm. Liver sections were then 
stained with hematoxylin and eosin (H&E).

Western blot analysis
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycho-
late, 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris-HCl 
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of BME. PA increased apoptosis marker such as cleaved 
caspase-3 (C-caspase-3) and cleaved PARP (C-PARP). 
However, it was noted that PA decreased the survival 
marker, P-Akt. Interestingly, it was noted that BME 
significantly prevented PA-induced C-PARP and C-
caspase-3 in a dose-dependent manner. We also found 
that P-Akt gradually recovered as the BME concentration 
increased (Fig. 1a). We further investigated the effect of 
BME on PA-induced DNA fragmentation and nuclear 
condensation in HepG2 cells. Treatment with 300 µM PA 
increased DNA fragmentation by fivefold. However, such 
an increase in DNA fragmentation was significantly and 
dose-dependently diminished by BME (Fig. 1b). Further-
more, in PA-treated HepG2 cells, DAPI staining demon-
strated nuclear condensation, a typical characteristic of 
apoptosis. However, BME dose-dependently blocked 
PA-induced nuclear condensation, with a maximum effect 
observed at higher concentrations of BME (Fig. 1c). 
Taken together, these data demonstrated that PA-induced 
apoptosis in HepG2 cells and that BME definitely could 
inhibit such apoptotic effect of PA.

BME reduces PA-induced ER stress in HepG2 cells 
ER stress is one of the major mechanisms leading to 
apoptosis and PA is an inducer of ER stress in HepG2 
cells (16–18). When ER stress occurs, BiP is activated to 
restore ER function. If  ER function fails to recover, ER 
stress–specific markers are activated and highly expressed 
(19). Therefore, we investigated whether BME could de-
crease PA-induced ER stress markers in HepG2 cells by 
western blot. Our results revealed that levels of ER stress 
markers were significantly enhanced by PA treatment 
compared with those in the control (Fig. 2). Expression 
level of cleaved calnexin (C-calnexin) was also increased 
by PA treatment. However, expression level of C-calnexin 
was reduced after BME treatment. Expression level of 
BiP was slightly increased after BME treatment (Fig. 2a). 
Furthermore, PA-induced P-eIF2α and CHOP expres-
sion levels were decreased by BME in a dose-dependent 
manner (Fig. 2b). JNK and ROS are also involved in 
ER stress. Therefore, we examined the effect of BME on 
PA-induced JNK phosphorylation. As shown in Fig. 2c, 
BME suppressed PA-induced P-JNK and P-c-Jun levels. 
We also investigated the effect of BME on PA-induced 
ROS, a by-product of ER stress, in HepG2 cells. We found 
that BME inhibited PA-induced ROS production at con-
centrations ranging from 25 to 100 μg/mL (Fig. 2d), indi-
cating that BME had antioxidant activity in HepG2 cells. 
Collectively, our data revealed that BME could decrease 
PA-induced ER stress and ROS production.

BME inhibits HF-/HFr-induced hepatic injury
Since we found that BME efficiently reduced apopto-
sis and ER stress in PA-treated HepG2 cells, we further 

To quantitatively analyze reactive oxygen species (ROS), 
cells were immediately incubated with dichlorofluorescein 
diacetate (DCFDA; Sigma-Aldrich) at 37°C for 10 min. 
After washing twice with PBS, fluorescence intensity of 
stained cells was analyzed on a FACSVantage SE cytome-
ter (BD Biosciences, San Jose, CA, USA).

RNA isolation and quantitative real-time PCR
Total RNA was isolated from mouse liver tissues using 
RNAiso Plus reagent (TaKaRa Bio Inc., Tokyo, Japan) 
according to the manufacturer’s instructions. Then, 
cDNA was synthesized from total RNA using cDNA 
synthesis kit and used as template in PCR using gene-spe-
cific primers for interleukin (IL)-6 [CCA TCC AGT TGC 
CTT GGG (F) and GCC GTG GTT GTC ACC AGC 
AT (R)], IL-1β [TCT CGC AGC ACA TCA ACA (F) and 
CCT GGA AGG TCC ACG GGA AA (R)], and mono-
cyte chemoattractant protein (MCP)-1 [CAG CCA GAT 
GCA GTT AAC GC (F) and GCC TAC TCA TTG GGA 
TCA TCT (R)]. Quantitative real-time PCR (qPCR) was 
performed using SYBR Green (TaKaRa Bio Inc.) on a 
TaKaRa TP-815 instrument. All expression values were 
normalized to levels of 36B4, an internal control.

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling assay
Deparaffinized tissue sections were treated with proteinase 
K (20 µg/mL) for 15 min. Endogenous peroxidase was then 
blocked using 3% hydrogen peroxide in PBS for 10 min. Sam-
ples were then washed three times in distilled water and in-
cubated with terminal deoxynucleotidyl transferase buffer at 
room temperature for 10 min. Excess buffer was drained and 
samples were incubated with terminal transferase and bi-
otin-16-dUTP at 37°C for 1 h. Samples were then rinsed four 
times with PBS and incubated with a 1:400 dilution of per-
oxidase-conjugated streptavidin at 37°C for 1 h. Slides were 
rinsed with PBS and incubated with 3,3-diaminobenzidine 
at room temperature for 5 min. Sections were then washed 
with PBS three times and counterstained with methyl green.

Statistical analysis 
Data are presented as means ± standard errors of the 
mean (SEMs) from at least three independent experiments. 
Statistical differences between groups were determined 
using Student’s t-test and Fisher’s exact test. P-values of 
less than 0.05 were considered statistically significant.

Results

BME inhibits PA-induced apoptosis in HepG2 cells 
As a FFA, PA is cytotoxic to HepG2 cells. It can induce 
apoptotic cell death (15). To examine the protective ef-
fect of BME against PA-induced apoptosis, HepG2 cells 
were treated with 300 µM PA and different concentrations 
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food intake between HF/HFr/BME group and HF/HFr 
group (Supplementary Fig. 2a), but BME significantly 
reduced body weight. Therefore, the effect of  BME is 
not thought to have resulted from dietary control. We 
also measure the fat weight (Supplementary Fig. 2c). 
BME slightly reduced perirenal fat, but epididymal fat 
and subcutaneous fat did not change at all. Therefore, 
the effect of  BME on body fat is considered to be neg-
ligible. As shown in Fig. 3a, GTT experiment revealed 
that HF/HFr/BME mice had significantly lower plasma 
glucose levels than HF/HFr mice. Interestingly, since 
BME significantly reduced liver weight (Supplemen-
tary Fig. 2c), we then performed H&E staining and Oil 
Red O staining to determine the effect of  BME on the 
liver of  mice. BME significantly prevented HF-/HFr- 
induced fat accumulation in the liver (Fig. 3b). Liver TG 

examined the effect of  BM on NAFLD in vivo. It has 
been reported that increased HF intake and HFr con-
sumption might contribute to NAFLD pathogenesis 
in mice (20–22). We have also previously reported that 
high fat and high fructose diet fed mice showed severe 
NAFLD phenotype such as impaired glucose tolerance, 
increased lipid synthesis, and inflammation compared 
to control mice (23). In this study, C57BL/6J mice were 
fed 60% HFD and 30% fructose water (HF/HFr) for 
7 weeks. Then, the mice were randomly divided into two 
groups: an HF/HFr group and an HF/HFr plus BME 
group (HF/HFr/BME). Each group was orally admin-
istered either DMSO or BME (100 mg/kg) on every 
other day for 5 weeks under the HF/HFr diet. During 
this period, the food intake was randomly measured 
three times and averaged. There was no difference in 

Fig. 1.  Protective effects of BME on PA-induced HepG2 cell death. HepG2 cells were treated with different concentrations of 
BME and 300 µM PA. DMSO was used as a vehicle. (a) HepG2 cells were collected at 12 h after treatment. Whole protein lysates 
were prepared using RIPA extraction buffer. PARP, cleaved caspase-3, and Akt were analyzed by western blot using anti-PARP, 
anti-cleaved caspase-3, and anti-Akt antibodies. Data are expressed as mean ± SD of four independent experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001 versus PA-treated group. (b) HepG2 cells were treated with different concentrations of BME and 300 
µM PA for 12 h. Fragmented DNAs were then measured using a Cell Death Detection ELISA kit. Data are expressed as mean 
± SD of four independent experiments. **p < 0.01, ***p < 0.001 versus PA-treated group. (c) Nuclear DNAs in BME-treated 
and PA-treated HepG2 cells were stained using DAPI and observed under a fluorescence microscope (388 nm emission). Arrows 
indicate condensed and fragmented nucleosomes.
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and mRNAs extracted from the mice livers were exam-
ined by western blot and qPCR, respectively. Our results 
revealed that HF/HFr/BME livers showed significantly 
decreased inflammation-related genes, such as IL-1β, 
IL-6, and MCP-1 compared to HF/HFr livers (Fig. 
4a). P-NF-κB levels also significantly reduced in BME-
treated mice group (Fig.  4b). Based on results of  our 
in vitro experiments, we next investigated the effect of 
BME on ER stress and apoptosis in HF/HFr and HF/
HFr/BME groups of  mice. As shown in Fig. 4c, a sig-
nificant reduction in the expression level of  ER stress 
markers like P-JNK, P-c-Jun, and CHOP was observed 
in HF/HFr/BME mice when compared to HF/HFr mice. 
The HF/HFr/BME mice showed lower C-caspase3 levels 
than HF/HFr mice (Fig. 4d). Terminal deoxynucleoti-
dyl transferase dUTP nick and labeling (TUNEL) stain-
ing was then performed for liver tissues obtained from 
these two groups of  mice. TUNEL-positive nuclei were 
observed in liver cells of  HF/HFr mice. The number of 

in HF/HFr was reduced by 30% after BME administra-
tion (Fig. 3c). Furthermore, the HF/HFr/BME group 
showed significantly lower levels of  ALT, TG, and FFA 
compared to the HF/HFr group. However, cholesterol 
level did not differ significantly between the two groups 
(Fig. 3d). Taken together, these data suggest that BME 
can improve glucose tolerance, serum lipid levels, and 
fatty liver.

BME reduces HF-/HFr-induced stress/inflammatory proteins 
and apoptosis 
We have previously reported that HF/HFr mice showed 
a higher inflammatory response than the control mice 
(23). Stress-/inflammation-related signals such as JNK 
and nuclear factor kappa B (NF-κB) are known to be 
involved in the induction liver injury caused by West-
ern diet (24, 25). To determine whether BME could 
decrease HF-/HFr-induced activation of  stress-/inflam-
mation-related genes and apoptosis, levels of  proteins 

Fig. 2.  Reduction of ER stress–related markers in BME-treated HepG2 cells. HepG2 cells were treated with different concentra-
tions of BME and 300 µM PA for 12 h. DMSO was used as a vehicle. ER stress was analyzed by measuring levels of BiP, calnexin 
(a), P-eIF2α, CHOP (b), P-JNK and P-c-Jun (c). Data are expressed as mean ± SD of three independent experiments. *p < 0.05, 
**p < 0.01 versus PA-treated group. (d) After treatment with BME and PA, cells were stained with DCFDA for 10 min. After 
washing twice with PBS, fluorescence intensity of DCFDA was determined by flow cytometry. Gated percentages are shown 
graphically. **p < 0.01 versus PA-treated group.
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ER stress–related protein CHOP and induce apoptosis by 
activating caspase-3 in HepG2 cells (15). Based on this 
report, we induced ER stress and apoptosis using PA in 
this study. The severity of disease progression in NAFLD 
patients and animal models is the result of hepatocyte 
cell death due to apoptosis. Fructose has been used to 
study its effect on hepatic steatosis, oxidative stress, and 
inflammation in hepatocyte apoptosis in NAFLD animal 
models (26, 27). The apoptotic signaling network involves 
a cascade of ER stress, ROS production, and inflamma-
tion intermixed with each other. In the pathogenesis of 
NAFLD, apoptosis is further accelerated by persistent 
and excessive ER stress (28). To maintain ER homeo-
stasis and prevent apoptosis by ER stress, expression of 
chaperone BiP is increased to bind to misfolded proteins 
and activate the UPR response. Overexpression of BiP is 
known to protect saturated fatty-acid-induced apoptosis 
in HepG2 cells (29). If  excessive ER stress persists, BiP 

TUNEL-positive cells was also higher in HF/HFr group 
than that in HF/HFr/BME group (Fig. 4e). These re-
sults clearly revealed that BME treatment can prevent 
ER stress-mediated apoptosis induced by inflammatory 
signals in HF/HFr mice.

Discussion
Because BM has an effect on several diseases, BM has 
become a popular plant in the scientific community 
(10). Although effects of  BM on numerous human dis-
eases have been studied, studies on the effect of  BM on 
NAFLD are insufficient. Therefore, this study focused 
on the effect of  BME in ER stress–mediated apoptosis 
in PA-treated HepG2 cells as well as in an animal model 
of  NAFLD.

NAFLD patients have increased delivery of FFA to the 
liver. Such elevated FFA can lead to serious diseases. It 
has been reported that PA belonging to FFA can increase 

Fig. 3.  Protection effects of BME on fatty liver induced by HF/HFrD. (a) HF (containing 60% fat)/HFr (containing 30% fruc-
tose) water was administered to C57BL/6J mice for 7 weeks. Subsequently, the mice were randomly divided into two groups 
(n = 6 mice/group). Each group was orally administered either DMSO or BME (100 mg/kg) on every other day for 5 weeks under 
the HF/HFr diet. (a) After 5 weeks, GTT was then carried out by measuring glucose levels at 0, 0.25, 0.5, 1, and 2 h after glucose 
injection (1 g/kg). Livers were isolated from HF/HFr and HF-/HFr-/BME-fed mice. Data are presented as mean ± SEM (n = 6 
per group). *p < 0.05, **p < 0.01 versus HF/HFr group. (b) Liver sections stained with hematoxylin & eosin and Oil Red O. 
(c) Liver TG was extracted using the Folch extraction method and TG level was then measured with a TG assay kit. (d) Levels 
of plasma ALT, TG, cholesterol, and FFA were measured using an autochemical analyzer. Data are presented as mean ±  SEM 
(n  =  6 per group). **p < 0.01 versus HF/HFr group (c, d). 
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the reduction of CHOP in ER stress–mediated apoptosis 
is due to overexpression of BiP (32). Caspase-3 also pro-
motes hepatocellular damage and pro-inflammatory sig-
naling, leading to cell death. Caspase-3 inhibitors may be 
helpful for NAFLD progression (33, 34). Thus, targeting 
of BiP, calnexin, CHOP, and caspase-3 might be used as 
a potential strategy to treat NAFLD patients. Similar to 
previous reports, we also found that expression levels of 
CHOP, C-calnexin, and C-caspase-3 were efficiently de-
creased by BME, whereas BiP expression level was slightly 
increased in PA-treated HepG2 cells and animal model of 
NAFLD. These results suggest that BME can reduce ap-
optosis by inhibiting ER stress.

will not be able to restore ER function. Therefore, other 
factors that cause apoptosis are activated. Calnexin is an-
other ER chaperone known as an important marker in 
apoptosis triggered by ER stress. Proapoptotic function 
of calnexin can be regulated by BiP. It has been reported 
that overexpression of calnexin causes apoptotic death in 
Schizosaccharomyces pombe (30).

CHOP and caspase-3 are also prominent markers related 
to ER stress–mediated apoptosis. CHOP is activated by 
P-eIF2α. It has been reported that CHOP is a key marker 
of ER stress–mediated apoptosis. Reduction of apopto-
sis in ER stress has been demonstrated in CHOP(-/-)mice 
(31). In addition, Oyadomari and Mori have found that 

Fig. 4.  Beneficial effects of BME on inflammation and ER stress–mediated apoptosis in HF-/HFr-fed mice. Livers were isolated 
from HF/HFr and HF-/HFr-/BME-fed mice. (a) Hepatic mRNA was isolated from mice livers, and levels of interleukin IL-1β, 
IL-6, and MCP-1 mRNAs were quantified by real-time quantitative PCR. *p < 0.05, **p < 0.01 versus HF/HFr group. (b) Pro-
teins isolated from mice livers. NF-κB protein levels were determined by western blot analysis. **p < 0.01 versus HF/HFr group. 
(c, d) Expression levels of P-JNK, P-c-Jun, CHOP, and C-caspase-3 were detected by western blot analysis. *p < 0.05, **p < 0.01, 
***p < 0.001 versus HF/HFr group. (e) TUNEL staining of liver tissue sections showing DNA fragmentation.
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Abstract

Background: There is no accepted or standardized definition of ‘malnutrition’. Hence, there is also no 
definition of what constitutes an adequate nutritional status. In elderly people, assessment of nutritional 
status is complex and is complicated by multi-morbidity and disabilities combined with nutrition-related 
problems, such as dysphagia, decreased appetite, fatigue, and muscle weakness.
Objective: We propose a nutritional status model that presents nutritional status from a comprehensive 
functional perspective. This model visualizes the complexity of the nutritional status in elderly people.
Design and results: The presented model could be interpreted as the nutritional status is conditional to a per-
son’s optimal function or situation. Another way of looking at it might be that a person’s nutritional status 
affects his or her optimal situation. The proposed model includes four domains: (1) physical function and 
capacity; (2) health and somatic disorders; (3) food and nutrition; and (4) cognitive, affective, and sensory 
function. Each domain has a major impact on nutritional status, which in turn has a major impact on the 
outcome of each domain.
Conclusions: Nutritional status is a multifaceted concept and there exist several knowledge gaps in the 
diagnosis, prevention, and optimization of treatment of inadequate nutritional status in elderly people. The 
nutritional status model may be useful in nutritional assessment research, as well as in the clinical setting.

Keywords: nutritional status; nutritional assessment; elderly people; comprehensive geriatric assessment

The prevalence of malnutrition is reported to be 
18–30% in different populations of elderly people 
in need of health care services (1–6). As yet, there 

is no established or accepted definition of ‘malnutrition’ 
although several definitions have been used in the scien-
tific literature (3, 7, 8) and several proposals have been 
presented (9–12). Hence, there is also no definition of 
what constitutes an adequate nutritional status.

This article will not attempt to define malnutrition but 
will elaborate on nutritional status, as a condition, from 
a comprehensive functional perspective. Impaired nutri-
tional status (as in malnutrition) may not itself  be a sub-
jective problem or discomfort, unless it affects the persons’ 
capacities or contributes to their impairments or disease 
progression. We propose a function-driven nutritional sta-
tus model in order to visualize the diversity of the situation 
and also to analyze and discuss nutritional status.

The proposed nutritional status model, as well as the as-
sociated nutritional assessment, is developed from questions 
concerning how nutritional status affects, and is affected 
by, health or disease. In a young or adult population, the 

importance of an adequate nutritional status in supporting 
a long and healthy life is well established. But what about 
older people who are already in need of health care and 
social services? Is the aim still to lead a long and, depend-
ing on individual circumstances, relatively healthy life? Or 
is the aim to enable them to live an independent life? And 
how does the approach to nutritional status in old age affect 
practice in health care? Populations in geriatric care are het-
erogeneous, which further complicates the application of 
scientific research to individuals’ needs in health care.

Need for personalized nutritional care
There is a need for an effective, personalized, and scientif-
ically based model for the assessment and evaluation of 
nutritional status in old people. Today, most countries and 
communities are facing a geriatric challenge (13), with an in-
creasing proportion of older people in the population (14). 
A geriatric nutritional assessment is complicated by mul-
ti-morbidity, injuries, and disabilities in combination with 
nutrition-related problems such as dysphagia, decreased 
appetite, fatigue, and muscle weakness. Old age is the most 
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dominant risk factor for acute and chronic disease, as well 
as reduced physical, cognitive, affective, and social function. 
This functional decline may be the main reason for high 
risk of malnutrition (8, 15, 16), but the risk of malnutrition 
increases even further in the case of multi-morbidity, and 
such disease-related malnutrition is common in old people 
(17). The increased risk of malnutrition found in research 
may, however, be due to the method used for nutritional 
assessment, as some methods are based on parameters such 
as the number of drugs used, living arrangements (e.g. liv-
ing at home vs. living in the nursing home), and diagnoses 
(e.g. dementia), indicating an increased risk of malnutrition 
according to the screening method. A minimum age, or def-
inition of elderly people, for the proposed approach on nu-
tritional status is not defined, as each individual situation 
has to be taken into concern. The concept of ‘frailty’ has 
been proposed to make a distinction  between biological 
and chronological ages and is therefore applicable in this 
proposed model as it highlights the challenges of geriatric 
nutrition. Nutritional assessments require knowledge, qual-
ified personnel, and scientifically based methods to evaluate 
and meet the nutritional needs of people at old age.

A comprehensive perspective is needed to adequately 
assess and interpret nutritional status in elderly people, as 
visualized in the proposed model for assessment of nutri-
tional status (Fig. 1). The model takes account of the hetero-
geneity of the elderly population, with various symptoms, 

disorders, and treatments affecting their nutritional status. 
Nutritional research, as well as the clinical methodology 
of nutritional assessment, has to explore associations be-
tween nutritional status and its predictors, exposures, and 
outcomes. In clinical practice and also in research we need 
a personalized approach, taking into account the heteroge-
neity of the population and the complex nature of nutri-
tional status (18). Too often research including nutritional 
assessments ignores the complexity of nutritional status 
in elderly people and uses a single parameter such as low 
body mass index or low energy intake, or else it is based 
on simple screening methods such as the Mini Nutritional 
Assessment or Subjective Global Assessment. Also, most 
instruments aim to evaluate the presence of malnutrition 
rather than to adequately assess nutritional status.

In the proposed nutritional status model, the goal for 
actions and treatment in the clinical setting is to identify 
and achieve optimal function (and the optimal situation) 
for each person or patient. The model describes the com-
plex interaction between four domains contributing to the 
overall goal – the optimal function.

Aim of the nutritional status model
The proposed model aims to visualize the interplay 
between the main components of nutritional status from 
an aging perspective. It is intended to be used in nutri-
tional assessments in research as well as in clinical settings.

The four domains included in the proposed model of nu-
tritional status were identified by two background questions: 
‘What constitutes adequate nutritional status in old people?’ 
and ‘How do health care professionals perceive nutritional 
status in elderly people?’ The model should be applied flex-
ibly, as the domains are interrelated and these interrelations 
are individually specific. The model may also require that in 
specific cases domains should be added or rebuilt.

The complexity of nutrition is highlighted within this 
research, as food has nutritional, social, biomedical, and 
functional implications. In the proposed model, we use 
four domains, overall categories or blocks in a compre-
hensive framework, to facilitate a fruitful discussion as 
part of the process of assessing nutritional status.

1.	 Physical function and capacity: comprising muscle 
strength, activities of daily living (ADL) functioning, 
physical activity, body composition, etc.

2.	 Health and somatic disorders: comprising prescribed 
pharmaceuticals, physical symptoms, current diseases, 
health-related quality of life, inflammation, etc.

3.	 Food and nutrition: comprising intake of energy 
and nutrients, mealtime habits, fluid intake, dietary 
patterns, etc.

4.	 Cognitive, affective, and sensory function: comprising 
cognitive decline, depression, mood, sense of taste 
and smell, etc.

Health and
soma�c

disorders

Food and
nutri�on

Physical
func�on

and
capacity

Nutri�onal
status

Op�mal
func�on

Cogni�ve,
affec�ve and

sensory
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Fig. 1.  Individualized model for assessment of nutritional 
status, including an obligatory examination of each of four 
domains, namely, (1) physical function and capacity; (2) 
health and somatic disorders; (3) food and nutrition; and 
(4) cognitive, affective, and sensory function. Each domain 
contributes to nutritional status. Optimal function (defined 
for each person) is the most important factor in analyzing 
nutritional status and at the same time is the overall goal of 
any actions and treatment.
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In practical use, the model encourages transdisciplinary 
competence. No specific speciality has precedence of any 
area or domain, and no specific area or domain has prece-
dence over any other area or domain, in the model.

The model could be interpreted as indicating that 
nutritional status is conditional to a person’s optimal 
function (as defined by themselves), where each of  the 
four domains contributes to the final goal (of  optimal 
function). Also, the model could be interpreted as show-
ing that nutritional status affects each domain and, 
consequently, the individual’s optimal function. Each 
domain has a great impact on nutritional status, which 
has a great impact on the outcome of  the domains, as 
explained below. In each individual case, each domain is 
more or less important for achieving optimal function, 
as the optimal function is defined by each person and 
each particular situation or setting.

In the following, the four domains are described and 
presented from this perspective.

Physical function and capacity
In the framework of this article, ‘physical function’ mainly 
comprises muscle, cardiovascular, and pulmonary func-
tion. Physical function is not necessarily related to physical 
capacity. The muscle function of leg muscles (measured 
using leg press) may be adequate, but when it comes to the 
capacity of performing household chores, the physical (i.e. 
muscle) function (e.g. strong legs) has to be transformed 
to physical capacity (e.g. walking, standing, bending, and 
keeping the balance). In general, loss of muscle mass is as-
sociated with loss of functional capacity and also with the 
risk of developing chronic metabolic disease (19).

Change in body weight is often used as a primary out-
come measure in nutritional interventions in the elderly, 
in research, as well as in clinical practice. As an isolated 
biomarker, the individual’s physical capacity will proba-
bly matter more than body weight. The ability to perform 
ADL is highly relevant in this context, as loss of muscle 
cell mass is related to loss of ADL function (20), and mal-
nutrition is correlated with dependence on other people 
for ADLs (21). Nutritional interventions (dietary advice 
and nutritional supplementation) with the goal to im-
prove ADL functions are most useful for people at risk of 
malnutrition (22).

Body composition is strongly related to nutritional sta-
tus. Body fat mass and fat-free mass are associated with 
physical ability, morbidity, and mortality (23, 24). Body 
composition changes in old age, even in individuals with 
a stable body weight, and is characterized by increased fat 
mass and reduced fat-free mass (25). This change, proba-
bly due to hormonal changes, inadequate nutritional in-
take, increased morbidity, and less physical activity and 
exercise, among other reasons, causes sarcopenia and im-
paired physical function (7, 26).

Older people, especially those with multi-morbidity, 
have increased levels of  systemic inflammatory markers, 
such as C-reactive protein (CRP) (26), and chronic in-
flammation also denoted as ‘inflammaging’. Increased 
levels of  inflammatory activity impair the anabolic pro-
cesses in the body, as an anabolic block (27). The inflam-
matory condition may also decrease the intake of  energy 
through loss of  appetite, a condition also called ‘anorexia 
of  ageing’ (28). Nutritional interventions in such a cata-
bolic state are complicated and should not focus merely 
on achieving a positive energy balance, as this will result 
in increased body weight, meaning predominantly in-
creased body fat. This may, in turn, stimulate the systemic 
inflammatory activity and hamper the anabolic processes 
even further (28).

In summary, physical function and capacity affect 
nutritional status in a bidirectional fashion. Changes in 
body weight as an indicator of a person’s nutritional sta-
tus have to be measured in terms of various body function 
indicators, as a complement. Physical function and capac-
ity may be measured as muscle strength, ADL function, 
physical activity, body composition, etc.

Health and somatic disorders
Disease may negatively affect appetite, which can, in turn, 
lead to impairment of nutritional status and functional 
performance. As described previously in this article, old 
age is associated with chronic systemic inflammation 
(inflammaging), which substantially affects morbidity 
and mortality (29). Physical exercise has been discussed as 
preventive action (30), but its effect has not been clearly 
proven. The presence of this systemic inflammatory ac-
tivity also disqualifies the use of serum albumin concen-
trations as a valid indicator of nutritional status. Because 
of its characteristic as a negative acute phase protein, it 
reflects inflammatory status rather than indicating ade-
quate protein intake in particular, or nutritional status in 
general (31).

Acute or somatic disorders, and their treatment 
and  the resulting functional impairments, may nega-
tively affect the ability to ingest and/or digest a meal, as 
well as to absorb macro- and micronutrients, hence neg-
atively affecting nutritional status. A poor nutritional 
status also impairs the immune function, increasing the 
risk of  disease and contributing to a negative trend. 
Disease and multi-morbidity have traditionally been 
considered as a confounder (or just ignored) in the re-
search on nutritional status and malnutrition. However, 
in the model presented here, this is an essential part of 
and contributor to nutritional status. Classification of 
disease status could not only be achieved by diagnosis 
or a combination of  diagnoses, but also the number or 
category of  pharmaceuticals can be an indicator of  dis-
ease status.
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The presence of  physical or psychological symptoms, 
due to disorders, may affect not only dietary intake but 
also other components of  lifestyle, such as physical ac-
tivity and social interactions. Conversely, poor nutri-
tional status may have an impact on physical capacity 
and social interaction and consequently will affect the 
quality of  life.

In summary, the presence of disease and multi-morbid-
ity, and the inflammation and symptoms they may cause, 
closely affect the nutritional status in a bidirectional fash-
ion. The domain of health and somatic disorders may be 
measured as prescribed or used pharmaceuticals, physical 
symptoms, current diseases, health-related quality of life, 
inflammation, etc.

Food and nutrition
Old age per se does not cause reduced dietary intake. 
However, if  functions required for habitual activities 
(such as shopping, cooking, and eating) are compromised 
due to disease or reduced capacity, then the intake of en-
ergy and nutrients will be decreased (32–35). The changes 
in food habits, in combination with the ongoing disease, 
challenge the health practitioners to provide individual-
ized care and achieve a comprehensive view of the per-
son’s nutritional status.

The Nordic Nutrition Recommendations (NNR) (36) 
include dietary reference values for nutrients, foods, food 
patterns, physical activity, and sustainable food, with the 
aim to help prevent illnesses and chronic diseases. The ref-
erence values are adapted to different age groups, from 
infants to older adults, in good health. The use of refer-
ence values in frail elderly people, or those at immediate 
risk of frailty or malnutrition, is complicated and, hence, 
determining adequate nutritional intake on an individual 
basis in these elderly individuals is cumbersome and not 
evidence based. Therefore, more research in needed for 
this specific group of people. On an individual level, the 
care needs to be based on, among others, a comprehensive 
examination of energy need, body composition, physical 
function, and biomarkers.

The intake of  fluids is rarely included in the analysis 
of  dietary intake, although it is an essential contributor 
to optimal metabolic function and nutritional status. An 
impaired ability to achieve essential hydration status in 
combination with decreased fluid intake is common in 
old age (36, 37), and overt dehydration has been reported 
in old people in need of  health and social care (38–40). 
However, the importance of  fluid intake is probably un-
derestimated in clinical practice (41). Low fluid intake is 
not synonymous with dehydration, as the risk of  dehy-
dration is also affected by the presence of  diseases, and 
their treatment, as well as by the person’s general physi-
cal condition. Unfortunately, the impact of  dehydration 
and  insufficient fluid intake in old age is insufficiently 

studied, although confusion and cognitive impairment 
have been reported as symptoms (42, 43). Impaired cog-
nitive performance may occur with dehydration match-
ing only 2% of  the person’s body weight (44), and older 
people may reach this level of  dehydration earlier than 
younger people, as body water volume decreases with 
age (45). The NNR (36) presents a guiding value of 
water and fluid intake (in addition to water from foods) 
at 1–1.5 L/day for adults. There is no specific recommen-
dation for older people, but it is concluded that elderly 
people should have a broader safety margin due to less 
capacity to concentrate urine and often impaired feel-
ings of  thirst.

Food and nutrition is probably the domain most ob-
viously associated with nutritional status, but it is com-
plex as it comprises aspects such as adequate intake of 
macro- and micronutrients, dietary patterns, mealtime 
situation, mealtime habits, surrounding environment, 
and social interaction during meals. Food intake may be 
perceived as a pleasant event, but can also be a medical 
treatment, as well as a necessity for survival. Hence, the 
solution to an individual nutritional problem needs to be 
more than a recommendation of  a specific dietary intake 
(8), and nutritional intervention studies should include a 
functional perspective in the nutritional assessments or 
outcomes.

In summary, food and nutrition, as the most obvious of 
the domains included, affect nutritional status in a bidi-
rectional fashion. The food and nutrition domain should 
be analyzed from a broader perspective.

Cognitive, affective, and sensory function
Adequate cognitive function is crucial for most activities 
in daily living, including planning and preparing meals, 
food intake, physical exercise, and other factors contrib-
uting to adequate nutritional status. In the care of people 
with dementia, the importance of creating a dining envi-
ronment based on each and every person has been empha-
sized (46), as the physical environment has a major impact 
on the food and meal experience and, hence, the person’s 
nutritional status.

The definition of ‘cognitive function’ may comprise 
mood, regulation of anxiety, concentration, memory, 
and motivation or initiative. Most available scientific re-
ports on the interaction between nutritional status and 
cognitive function deal with the hydration issue, or with 
the impact of dementia. Malnutrition is more common 
in people with dementia (47), with difficulties handling 
mealtimes during the progression of the disease (48). The 
identified increase in risk may also be due to the methods 
used for nutritional assessment.

An association between impaired nutritional status 
and depression has been observed, but the causal rela-
tionship is complex and it can be questioned whether 
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depression is the cause or consequence of  impaired nu-
tritional status (49).

Impairment of olfactory function worsens with age, and 
the prevalence is higher in malnourished and multi-morbid 
people (50). This may negatively affect dietary intake, and 
it may cause specific micronutrient deficiencies that may, in 
turn, deteriorate olfactory function. However, the associa-
tion between malnutrition and olfactory function has not 
been widely investigated and can be questioned (51).

In summary, cognitive, affective, and sensory functions 
affect nutritional status in a bidirectional fashion. To as-
sess this domain, measurements of cognitive function or 
decline, depression, mood, and sensory function such as 
taste and smell can be used.

Conclusion
A model for assessing nutritional status is presented. 
We argue that nutritional status is a multi-faceted con-
cept and the presented model highlights the complexity. 
Several knowledge gaps exist in each domain, leading to 
uncertainty and lack of evidence on how to diagnose, pre-
vent, and optimize nutritional status in an individual and 
personalized setting.

The proposed nutritional status model has been used in 
a research setting but not in regular clinical setting. The 
model should, therefore, be implemented in various set-
tings in order to generate experience. In research setting, 
it has supported the understanding of the complex role 
of nutrition in the health and well-being of the elderly, at 
a group level as well as at an individual level, supporting 
comprehensive geriatric assessment.
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Abstract

Background: Many plant original 
foods have been shown beneficial 
effects in humans. In the previous 
work, we have developed a com-
pound capsule which contains 
major constituents of walnut oil 
and grape seed extract.
Objective: To investigate the anti-
oxidant effects of the Compound 
Walnut Oil Capsule (WOC) in 
aging model induced by D-gal.
Design: 70 C57BL/6J mice were 
randomly divided into seven 
groups. Mice in normal group 
received daily subcutaneous injec-
tion of saline while the control 
group, WOC groups, Vitamin C 
(VC) group and pure walnut oil 
group received daily subcutaneous injection of D-galactose (D-gal) for 8 weeks. Total antioxidant capacity 
(T-AOC), super dismutase (SOD), glutathione peroxidase (GSH-Px) and malondialdehyde (MDA) in serum, 
liver and brain were determined. The expression of Heme Oxygenase (HO-1), iNOS and Klotho in liver and 
brain were obtained.
Results: WOC could improve the pathologic lesions caused by oxidative stress and significantly enhance 
the T-AOC, increase the activities of SOD, GSH-Px and decrease the contents of MDA in serum, liver and 
brain. Also, the WOC could obviously up-regulate the expression of HO-1 and Klotho and down-regulate the 
expression of iNOS.
Conclusion: WOC can be used as an anti-aging food for its effectively eliminating free radicals, enhancing the 
antioxidant capacity and alleviating the damages of oxidative stress.

Keywords: walnut oil capsule; oxidative stress; antioxidant; D-galactose; aging model

Aging is a complex natural process closely 
related to oxidative stress and free radicals, 
which has become a hot topic nowadays (1, 2). 

Accumulation of free radicals can affect the functions and 

abilities of human body such as lung, heart, and brain 
(3,  4). It is important to select appropriate scavengers 
to protect body from the damage of free radicals and 
improve the quality of life.
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Natural drugs for their low toxicity and low side-effects 
are widely used in the field of medicine. It is reported that 
many plant original foods and medicines have potential 
antioxidant capacity in vitro and in vivo, such as Asparagus 
cochinchinensis (Lour.), (5) Trollius chinensis Bunge (6), 
and Cinnamomum verum (7). In the research, we have devel-
oped a compound capsule which contains major constitu-
ents of walnut oil and grape seed extract. Walnut oil is rich 
in linolenic acid and linoleic acid; previous studies showed 
that it has several health benefits including anti-inflamma-
tory and antioxidant effects (8, 9). Many researches indi-
cated that the main ingredients of grape seed extract are 
anthocyanin and procyanidin, which have strong anti-in-
flammatory and anti-lipid peroxidation effects (10–12).

Nowadays, the aging model induced by D-galactose 
(D-gal) is widely used in the field of oxidative stress and 
antioxidant research for its easy operation, cheapness, 
and short periods, which was first reported by Gong et al. 
in 1997 (13). Long-time injection of high dosage of D-gal 
can cause massive production of free radicals, neurotox-
icity, tissue injury, and inflammation, followed by senes-
cence (14, 15). The inbred C57BL/6J mice were widely 
used in the brain aging research for its lower growth rate 
and smaller individual difference (16). In our work, we 
used walnut oil capsule (WOC) to investigate its antiox-
idant effects in C57BL/6J mice aging model established 
by D-gal. Not only did we detect the activities of oxida-
tive stress–related enzymes but also discussed the expres-
sion of some free radicals and aging-related enzymes at 
the molecular level. The histopathologic examination 
was also observed to see the effects of WOC on liver and 
brain. The research aimed to develop the WOC as an anti-
oxidant health food for elderly people.

Materials and methods

Drugs and reagents
WOC was prepared by us according to designed pre-
scription and the China patent (No:201410564056.x). 
Pure walnut oil was purchased from Valder Fields CO., 
Ltd (Yuxi, China), and Vitamin C (VC) from Solarbio 
Science & Technology CO., Ltd (Beijing, China). D-gal 
was purchased from Sigma-Aldrich (St Louis, MO, USA). 
1,1-diphenyl-2-picrylhydrazyl (DPPH) was purchased 
from TCI (Shanghai) Development Co., Ltd (Shanghai, 
China). Total antioxidant capacity (T-AOC), superox-
ide dismutase (SOD), glutathione peroxidase (GSH-PX) 
and malondialdehyde (MDA) kits were purchased from 
Jiancheng Bioengineering Institute (Nanjing, China). BCA 
protein assay kit and SDS-PAGE kits were purchased from 
Multi Sciences Biotech CO., Ltd (Hangzhou, China). Anti-
Heme Oxygenase-1 (HO-1) antibody and anti-Klotho 
antibody were purchased from Abcam (Shanghai, China). 

Anti-iNOS antibody and anti-β-actin antibody were pur-
chased from cell signaling technology (Danvers, USA).

Measurement of radical scavenging in vitro
DPPH free radicals scavenging test has been effectively 
used to evaluate the free radical scavenging capacity of 
antioxidant drugs in vitro (17). Briefly, 20 μL of sample 
was quickly mixed with 180 μL 0.1 mmol/L DPPH and 
placed in the dark for 0 min, 10 min, 20 min, and 30 min. 
Then the absorbance at 517 nm was measured. Absolute 
alcohol was used as negative control. The DPPH scav-
enging rate was determined using K% = [1-(Ai–Aj)/Ao] 
× 100% (Ai, the absorbance of  sample mixed with DPPH; 
Aj, the absorbance of  sample mixed with absolute alco-
hol; Ao, the absorbance of  negative control).

Treatment of animals
Seventy 3-month-old C57BL/6J male mice, weighing about 
20 ± 2 g, were obtained from CAVENS Laboratory Animal 
Co., Ltd (Changzhou, China; certification No. SCXK (Su) 
2016-0010). The mice were housed in an SPF environment 
at 25°C and 60% relative humidity under 12-/12-h dark/
light cycle with free access to food and water. The pro-
tocols were conducted in accordance with the Guidance 
Suggestions for the Care and Use of Laboratory Animals, 
formulated by the Ministry of Science and Technology 
of China. After a week of acclimation, the mice were 
randomly divided into seven groups (10 mice/group), 
including a normal group; an aging model group as con-
trol; WOC low, medium, and high groups; a VC group; 
and a pure walnut oil group as positive control. For the 
control group, WOC groups, positive control groups, all 
mice received daily subcutaneous injection of 1,000 mg/kg 
D-gal for 8 weeks. For mice in normal group, 0.2 mL phys-
iological saline was injected for 8 weeks. From the second 
week, mice in the WOC, positive control groups received  
daily intragastric administration of WOC at doses of 
6 mL/kg, 12 mL/kg, 18 mL/kg; VC at a dose of 200 mg/kg; 
pure walnut oil at a dose of 12 mL/kg, while the normal 
and control groups received intragastric administration of 
distilled water at a dose of 12 mL/kg.Twenty-four hours 
after final administration, the mice were anaesthetized by 
intraperitoneal injection of 10 mL/kg 5% chloral hydrate; 
0.5 mL blood samples were extracted from peri-orbital 
sinus and the serum was collected after being centrifuged 
at 3,000 r/min for 10 min. Mice were sacrificed, followed 
by rapid isolation of liver and brain.

Histomorphological observation of liver and brain
Tissues were fixed in 10% formalin at room temperature 
for 48 h, then desiccated and embedded in paraffin. After 
that, tissues were sliced into 5 μm slices for hematoxy-
lin-eosin (H&E) staining. Specimens were scanned and 
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pathological changes were observed using Case Viewer 
2.0 (3D HISTECH, Ltd, Budapest, Hungary).

Western blotting
Western blot analysis was performed as described pre-
viously (18). Briefly, tissues were lysed into homogenate 
using RIPA lysis buffer and PMSF, and total proteins 
were separated by SDS-PAGE and then transferred to 
PVDF membranes at 300 mA for 1 h. After being trans-
ferred, the membranes were placed in blocking buffer 
(5% non-fat milk in Tris-buffered saline containing 
Tween-20 [TBST]) for 1 h, and the blots were incubated 
with an appropriate primary antibody (anti-Klotho 
antibody [1:1,000], anti-HO-1 antibody [1:20,000], 
anti-iNOS antibody [1:1,000], anti-β-actin antibody 
[1:1,000]) at 4°C overnight, and then treated with sec-
ondary antibody (1:5,000) at room temperature for 
1 h. Then the chemiluminescent indicator was applied 
to membranes and specific proteins were detected by 
fluorchem device.

Statistical analysis
All data were expressed as mean ± SD and analyzed using 
SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). The 
significance of difference among groups was tested by 
one-way analysis of variance (ANOVA) test, and inter-
group differences were compared using least-significant 
difference t-test.

Results

In vitro radical scavenging of WOC
The scavenging rate of WOC and pure walnut showed 
concentration dependence and time dependence. The 
WOC results showed that when the concentration was 
higher than 1%, the changes of scavenging rate was not 
obvious with the decrease of concentration, while when 
the concentration was lower than 1%, the scavenging rate 
decreased obviously. On the contrary, when the concen-
tration was above 1%, pure walnut oil showed that the 
scavenging rate decreased sharply with the decrease of 
concentration, but it flattened out below 1%. As regards 

the result of VC, there was no obvious concentration 
dependence and time independence. Instead, the scaveng-
ing rate remained almost unchanged with the decrease in 
concentration, and as time went on, the scavenging rate 
was almost constant, which indicated the scavenging rate 
of VC reached the maximum in a short time after reac-
tion. In other words, the DPPH scavenging rate followed 
VC > WOC > pure walnut oil in vitro (Fig. 1).

General condition of mice
Mice were weighed daily and the weight changes were 
recorded in order to observe the effects of different drugs 
on mice body weight. Result showed that there were no 
significant differences among groups in body weight both 
on the first day and the last day (Table 1). But the growth 
rate in the normal group was higher than that in other 
groups (p < 0.05 or p < 0.01). It indicated that not only 
D-gal but also WOC, VC, and pure walnut oil could affect 
body weight in mice.

There were also differences in appearance among dif-
ferent groups (Fig. 2). Mice in the normal group had 
smooth hair and active spirit (A), but in the control group, 
mice were curled up and had coarse hair, severe hair loss, 
and poor spirit (B). Mice treated with WOC, VC, and pure 
walnut oil exhibited improvements in their hair color and 
spirit (C D E F G).

Table 1.  The weight changes in mice

Group First day (g) Last day (g) Growth rate (%)

Normal 25.21 ± 1.28 30.07 ± 1.35 19.80 ± 2.94

Control 25.53 ± 1.07 28.74 ± 1.81 12.51 ± 3.10**

WOC low 25.72 ± 1.19 29.49 ± 1.67 14.68 ± 4.18*

WOC medium 24.88 ± 1.61 28.43 ± 1.52 14.43 ± 4.68*

WOC high 25.19 ± 1.04 28.39 ± 1.70 12.44 ± 3.47**

VC 25.03 ± 1.76 28.57 ± 2.79 14.13 ± 7.81*

Pure walnut oil 25.12 ± 1.21 28.35 ± 1.90 12.78 ± 2.13*

The body weight change in C57BL/6J mice on the first and last day. 
*p < 0.05, **p < 0.01 versus normal group (n = 10 in each group).

WOC, walnut oil capsule; VC, Vitamin C.

Fig. 1.  DPPH scavenging rates of WOC, VC, and pure walnut oil at different time points. (A) WOC; (B) VC; (C) Pure walnut oil.
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Fig. 3.  Pathological changes in liver. (A) Normal group; (B) Control group; (C) WOC low group; (D) WOC medium group; 
(E) WOC high group; (F) VC group; (G) Pure walnut oil.

Fig. 2.  The appearance changes in different groups. (A) Normal group; (B) Control group; (C) WOC low group; (D) WOC 
medium group; (E) WOC high group; (F) VC group; (G) Pure walnut oil.

The effects of WOC on histological changes in liver and brain
The pathological changes in liver were shown in Fig. 3. 
In the normal group, the shape of cell nucleus was large 
and round. Hepatic cords were neatly arranged and there 
were no cell necrosis and degeneration. There were spotty 
necrosis, hydropic degeneration, vacuolar degeneration 
and lymphocytic infiltration in the control group. And the 
hepatic cords were disarranged. Mice treated with WOC, 
VC, and pure walnut oil had exhibited improvements in 
these situations. And as the dose of WOC increased, the 
improvements got better.

The pathological changes in hippocampus dentate 
gyrus were observed (Fig. 4). Compared with the nor-
mal group, the granular cells in the control group were 
smaller, fewer, and disarranged. Furthermore, cells with 

hyperchromatism, changes of nuclear shape, and karyo-
pyknosis were also observed, which indicated cell aging 
(19, 20). Groups treated with WOC, VC, and pure wal-
nut oil showed improvements in the cells number and 
arrangement.

The effects of WOC on T-AOC, SOD, GSH-Px, and MDA
In the result of  serum (Fig. 5), decreased levels of 
T-AOC, SOD, and GSH-Px, and increased contents 
of  MDA were found in the control group compared 
with the normal group (p < 0.05 or p < 0.001). Mice 
treated with WOC, VC, and pure walnut oil showed 
improvements in T-AOC, SOD, GSH-Px, and MDA 
compared with the control group (p < 0.05 or p < 0.01 
or p  <  0.001), and there were significant differences 
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Fig. 4.  Pathological changes in brain (H&E staining, ×500). (A) Normal group; (B) Control group; (C) WOC low group; 
(D) WOC medium group; (E) WOC high group; (F) VC group; (G) Pure walnut oil.

Fig. 5.  Biochemical indicators in serum. (A) Effects of WOC on T-AOC; (B) Effects of WOC on the activities of SOD; (C) Effects 
of WOC on the activities of GSH-Px; (D) Effects of WOC on the contents of MDA. *p < 0.05, **p < 0.01,*p < 0.001 versus the 
control group.
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WTbetween WOC high group and pure walnut oil group 
(p < 0.05) in MDA result. But there were no significant 
differences found among WOC, VC, and pure walnut oil 
groups in other results.

As shown in the result of liver (Fig. 6), there were no 
significant differences among groups in T-AOC. In WOC 
groups, the SOD and GSH-Px were significantly higher 
than the control group and the MDA lower than that in the 
control group (p < 0.05 or p < 0.01 or p < 0.001). There 
were also significant differences between the control group 
and the positive control groups in the results of GSH-Px 
and MDA (p < 0.05) but not in the SOD result. Moreover, 
the improvement levels of a high dose of WOC was higher 
than VC and pure walnut oil in GSH-Px (p < 0.05), also 
the MDA level in WOC medium group was lower than 
positive control groups (p < 0.05 or p < 0.01).

For the result of brain (Fig. 7), the T-AOC levels and 
the activities of SOD and GSH-Px in WOC groups were 
significantly higher than that in the control group. The 
contents of MDA decreased significantly in WOC groups 
compared with the control group (p < 0.01 or p < 0.001). 
Moreover, the T-AOC levels in the WOC medium group 
were significantly higher than that in the positive control 
groups (p < 0.001).

Expression of HO-1, iNOS, and Klotho in liver and brain
In the results of western blotting (Fig. 8), the expression 
of HO-1 in D-gal-induced aging mice was significantly 
increased compared with the normal group. Mice treated 
with WOC, VC, and pure walnut oil all exhibited the higher 
upregulation of HO-1 than the control group and the 
enhancements of WOC were higher than VC and pure wal-
nut oil. iNOS found high expression in the control group. 
WOC, VC, and pure walnut oil could obviously downreg-
ulate the expression of iNOS both in liver and brain. Mice 
in the control group showed extremely low expression of 
Klotho, but WOC, VC, and pure walnut oil differently 
upregulated the expression of Klotho in liver and brain.

Discussion
Aging is an inevitable process which can lead to oxidative 
stress and affect the function of  kidney, brain, liver, and 
so on (21–24). In recent years, discovery of  many anti-
oxidant ingredients has made it possible to delay senes-
cence, and finding effective anti-aging foods or drugs 
has become a hot topic. Many plants and plant extracts 
are rich in bioactive constituents and have been widely 
used in pharmaceutical application and research; thus, 
they are potential in the screening of  antioxidant drugs. 

Fig. 6.  Biochemical indicators in liver. (A) Effects of WOC on T-AOC; (B) Effects of WOC on the activities of SOD; (C) Effects 
of WOC on the activities of GSH-Px; (D) Effects of WOC on the contents of MDA. *p < 0.05, **p < 0.01,*p < 0.001 versus the 
control group.
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In this study, we investigated the compound capsule of 
walnut oil and grape seed extract to verify its antioxidant 
capacity and lay basis for its daily use by elderly people.

Generally, in this study, we investigated the antiox-
idant effects of  WOC in vitro and in vivo. The DPPH 
scavenging test was selected to explore the antioxidant 
capacity of  WOC in vitro. The biochemical indicators 
such as T-AOC, SOD, GSH-Px and MDA in serum, 
liver and brain were detected to evaluate the antioxidant 
of  WOC in vivo. Also, the western blotting assays were 
employed to detect some proteins which were closely 
related to oxidative stress and aging. Moreover, the his-
topathologic examination was observed to discuss the 
effects of  WOC on tissues.

The DPPH scavenging test showed that the scaveng-
ing rate of VC was much higher than WOC, but it was 
the opposite in in vivo research.The reason might be that 
the instability of VC led to the low bioavailability in vivo. 
Instead, the bioactive ingredients of WOC might have 
higher bioavailability.

The dose of D-gal covered a wide range wherein the 
minimal dose could be 50 mg/kg (25), while the higher 

Fig. 7.  Biochemical indicators in brain. (A) Effects of WOC on T-AOC; (B) Effects of WOC on the activities of SOD; (C) Effects 
of WOC on the activities of GSH-Px; (D) Effects of WOC on the contents of MDA. *p < 0.05, **p < 0.01,*p < 0.001 versus the 
control group.

Fig. 8.  Western blotting assays of HO-1, iNOS, and  
Klotho. (A) The expression of HO-1, iNOS, and Klotho 
in liver; (B) The expression of HO-1, iNOS, and Klotho in 
brain.
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dose could be 1,250 mg/kg (26). The modeling period usu-
ally ranges from 6 to 8 weeks. In this research, the aging 
model was established by 1,000 mg/kg D-gal for 8 weeks. 
Different indicators were selected to evaluate the anti-
oxidant effects of WOC in vivo. T-AOC could reflect the 
T-AOC of the body. The activity of SOD and GSH-Px 
and the content of MDA are closely related to aging pro-
cess and oxidative stress (27–29). Enzymes of SOD and 
GSH-Px are important antioxidases with strong ability of 
eliminating free radicals (27, 30). The MDA can reflect 
the extent of lipid peroxidation and attacks from free rad-
icals to tissues and cells (31). In the results, WOC could 
obviously increase the levels of T-AOC and the activities 
of SOD and GSH-Px. It could also decrease the contents 
of MDA.

HO-1 is an oxidative, stress-induced enzyme belong-
ing to the HO family, which has strong antioxidant 
capacity (32, 33). Normally, the expression of  HO-1 is 
low in normal organs, such as brain, and high only in the 
spleen and liver(34). However, the expression of  HO-1 
will be upregulated under the condition of  oxidative 
stress (35). In the results, the expression of  HO-1 in the 
aging model group was higher than the normal group. 
WOC, VC, and pure walnut could obviously upregulate 
the expression of  HO-1 and thus enhance the antioxi-
dant capacity.

iNOS belongs to a family of  enzymes called nitric 
oxide synthase (NOS), which is closely related to the pro-
duction of  nitric oxide (NO) (36). NO plays contrasting 
roles in living organism. It is an important host defense 
effector in the immune system. It is also a free radical 
that plays an important role in pathological processes, 
especially in inflammatory disorders (37–39). In many 
systems, the oxidative stress could increase cytokine-
mediated iNOS expression (40), which is accompanied 
by increasing production of  NO, and the NO could react 
with superoxide to produce the strong oxidant peroxyni-
trite, which in turn can increase lipid peroxidation (41). 
In our results, WOC could alleviate the oxidative stress 
by obviously decreasing the expression of  iNOS.

Klotho is an anti-aging gene that was first discovered 
in mice by Kuro-o et al. in 1997. Deficiency of  Klotho 
leads to a syndrome resembling aging, including a short 
lifespan; stunted growth and kyphosis; vascular calci-
fication and atherosclerosis; osteoporosis; pulmonary 
emphysema; cognitive impairment; deafness; and atrophy 
of  skin, muscles, gonads, and many other organs (42). 
Conversely, an overexpression of  klotho could extend 
life span (43). Moreover, studies also indicated that 
Klotho worked as an important factor in the regulation 
of  oxidative stress, cell proliferation, and apoptosis (44, 
45). Our results showed that WOC could upregulate the 
expression of  Klotho and protect against the damages of 
oxidative stress.

All results showed WOC could enhance the antioxi-
dant capacity of the body, but the improvements did not 
exhibit a dose-dependent behavior. We inferred that there 
might be two reasons: (1) The dose gradient we designed 
was small and so there were no obvious differences among 
WOC groups; (2) The improvements reached a maximum 
at a low dose of WOC, but the effects did not enhance 
with an increase in dose. The expression of proteins 
HO-1, iNOS, and Klotho were related to many factors 
and could be regulated through different pathways (41, 
46–47). So the mechanism of how WOC regulates the 
expression of these proteins needs further studies. And, 
the data of weight changes in mice showed that the growth 
rate in the WOC group was lower than that in the normal 
group, leading to the inference that WOC might have a 
weight-loss function.

Conclusion
In conclusion, WOC could improve the antioxidant capac-
ity in aging mice induced by D-gal through increasing the 
activities of antioxidant enzymes, decreasing the con-
tents of MDA, and regulating the expression of oxidative 
stress–related proteins. Our study suggests that WOC can 
be used as a promising anti-aging and weight-loss food.
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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.

Trial registration: This study has been registered at clinicaltrials.gov (NCT02865863).

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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WTFig. 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.
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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 
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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: Compared to white rice, brown rice induces a lower glycemic response in healthy and diabetic 
humans. This effect is partly attributed to the higher amounts of water- or oil-soluble bran components and 
dietary fiber in brown rice. We hypothesized that dietary supplementation with oil-soluble rice bran triterpe-
noids (RBTs; triterpene alcohol and sterol prepared from rice bran) might reduce the incidence of postpran-
dial hyperglycemia in healthy humans.
Objective: We examined the acute effects of a single RBT-supplemented meal on the postprandial blood glu-
cose responses of healthy male adults in a double-blind, randomized, placebo-controlled, crossover trial.
Design: Nineteen subjects consumed a test meal containing either placebo- or RBT-supplemented olive oil. 
Blood biomarkers were evaluated in a fasting state and up to 240 min postprandially.
Results: Compared to the placebo-supplemented meal, the RBT-supplemented meal significantly suppressed 
the increase in postprandial blood glucose level. A subclass analysis revealed that RBT-supplemented oil 
significantly reduced blood glucose increases in subjects with higher postprandial blood glucose elevations. 
Postprandial increases in blood insulin, glucose-dependent insulinotropic peptide (GIP), and glucagon-like 
peptide-1 (GLP-1) levels did not differ between the groups.
Conclusion: These results suggest that RBT consumption improves postprandial hyperglycemia in healthy 
humans, especially those with higher postprandial glucose increases.

Keywords: blood glucose; GIP; GLP-1; insulin; metabolism

Diabetes, a condition that results from impaired 
insulin secretion or insulin resistance, is cur-
rently a health problem worldwide. Global 

statistics suggest that 425 million people were living with 
diabetes in 2017 and predict that this number will exceed 
629  million by 2045 (1). Hyperglycemia is a major risk 
factor for both microvascular and macrovascular compli-
cations (2, 3). Recent epidemiological studies indicated an 
association between isolated postprandial hyperglycemia 
and increased cardiovascular mortality (4–6). Therefore, 
lifestyle changes that ameliorate/prevent postprandial hy-
perglycemia, and particularly dietary changes, are recom-
mended as primary preventive and treatment measures. 
Accordingly, the demand for food components that can 
prevent/mitigate postprandial hyperglycemia in diabetic, 
pre-diabetic, and healthy humans has increased.

For thousands of years, rice has been consumed as a 
staple food in Asian countries. Unpolished brown rice 

contains various nutrients in the germ and bran layers, 
which are removed during the production of white rice. 
Recent increases in the incidence rates of diabetes and 
other relevant diseases have led to increased interest in 
brown rice and its components as natural foods with 
significant health benefits. Rice bran contains nutrients 
such as minerals, fiber, fatty acids, and oil-soluble nutra-
ceuticals (7). Triterpene alcohols, plant sterols, and their 
ferulic acid esters (γ-oryzanol), which exhibit hypocho-
lesterolemic (8), antioxidant (9), anti-inflammatory (10), 
anti-carcinogenic (11), and other effects, are characteristic 
components of rice bran oil.

We previously demonstrated that rice bran triterpe-
noids (RBTs; triterpene alcohol and sterol prepared 
from rice bran) lowered postprandial blood glucose (12) 
and increased glucose-dependent insulinotropic peptide 
(GIP) (13) levels in mice. GIP is a gut hormone secreted 
from enteroendocrine K cells into the bloodstream after 
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food consumption (14). Dietary carbohydrates and fats 
are major secretagogues for postprandial blood GIP re-
sponses (14). Our previous study suggested that cycloar-
tenol, a major triterpene alcohol derived from RBTs, 
reduced postprandial intestinal glucose absorption by 
suppressing the translocation of sodium-glucose cotrans-
porter-1 (SGLT1) to the apical plasma membranes of 
intestinal epithelial cells (12).

Compared to milled rice, brown rice induces lower 
glycemic responses in healthy and diabetic humans. This 
effect is partly attributed to the relatively higher amounts 
of water-soluble rice bran components (phytic acid and 
polyphenols), dietary fiber, and oil in brown rice (15). 
However, the acute effects of rice bran-derived oil-soluble 
components on postprandial blood glucose response 
remain to be clarified.

Against this background, we hypothesized that dietary 
supplementation with RBTs might reduce postprandial 
hyperglycemia in healthy humans. To test this hypoth-
esis, we examined the acute effects of a single RBT-
supplemented meal on the postprandial blood glucose 
responses of healthy male adults in a double-blind, ran-
domized, placebo-controlled, crossover trial.

Materials and methods

Materials
Commercially available food-grade RBTs (Oryza tri-
terpenoid – PK) were purchased from the Oryza Oil & 
Fat Chemical Company (Aichi, Japan). The triterpenoid 
composition was determined using gas chromatography 
(Agilent 6890N series GC System; Agilent Technologies 
Inc., Santa Clara, CA, USA). This composition included 
cycloartenol, 24-methylene cycloartenol, β-sitosterol, 
and campesterol in mass ratios of 57/38/1/2% (w/w) 
(Lot  Q-404). Rice (Sato No Gohan®; energy 294 kcal, 
carbohydrate 67.8 g, protein 4.2 g, fat 0 g) was obtained 
from Sato Foods (Niigata, Japan).

Subjects
Twenty of the 56 men initially recruited for eligibility 
screening were enrolled and 19 subjects aged 37–56 years 
were analyzed in this study (Fig. 1). The subjects were re-
quired to meet the following inclusion criteria: male sex, 
body mass index (BMI) between 20 and 28 kg/m2, systolic 
blood pressure ≤139 mmHg and diastolic blood pressure 
≤89 mmHg, and blood triglyceride (TG) concentration 
between 50 and 149 mg/dL. The main exclusion criteria 
were as follows: chronic pharmaceutical intake; diagnosed 
heart, liver, kidney, gastrointestinal, or infectious disease; 
diagnosed food allergy; smoking habit; alcohol abuse; and 
simultaneous participation in another study. The study in-
terventions were conducted at the Osaki Hospital Tokyo 
Heart Center (Tokyo, Japan).

We calculated the sample size based on data from a 
preliminary pilot study. The previous data indicated that 
the differences in the responses of matched pairs were 
normally distributed, with a standard deviation of 15. 
Accordingly, if  the true difference in the mean responses 
of matched pairs was 10, we would need to study 20 pairs 
of subjects to be able to reject the null hypothesis of a 
response difference of zero, with a probability (power) of 
0.8. A 0.05 probability of a type I error was associated 
with the test of this null hypothesis.

The Human Ethics Committee of Kao Corporation 
approved the study protocol. All subjects provided writ-
ten informed consent. The study was conducted under 
the supervision of the chief  investigator in accordance 
with the tenets of the Declaration of Helsinki. The 
trial was registered at UMIN Clinical Trials Registry 
(UMIN000017447; preregistered on May 7, 2015).

Methods

Study design and diet
We examined the acute effects of  the ingestion of  a 
single meal containing RBT-supplemented olive oil on 

Fig. 1.  Flow chart of the study and numbers of study partic-
ipants from screening to study completion. RBTs, rice bran 
triterpenoids.
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blood glucose levels in a double-blind, randomized, pla-
cebo-controlled, crossover trial with a washout period 
of  7 days. After an overnight fasting period of  at least 
10 h, fasting blood samples (baseline) were collected. 
Subsequently, the subjects were requested to consume 
the assigned meals. Blood samples were also collected 
at 0.5, 1, 2, 3, and 4 h after the beginning of  the meal 
consumption. The subjects were not allowed to consume 
any food or beverages for 4 h after meal intake, except 
for 200 mL of  mineral water at the 2-h time point. The 
subjects consumed one of  the following two meals: 1) 
placebo (200 g of  cooked rice containing 11 g of  olive 
oil) or 2) RBTs (200 g of  cooked rice containing 11 g of 
olive oil supplemented with 16.5 mg of  RBTs).

Blood sampling and analysis
Blood samples were obtained from the antecubital 
vein. Blood glucose levels were measured using a self-
monitoring device (ACCU-CHEK COMFORT, Roche 
Diagnostics, Basel, Switzerland) immediately. At each 
time point, approximately 5 mL of blood was collected 
into Venoject® II vacuum tubes (Terumo, Tokyo, Japan) 
and centrifuged at 3,000 g for 15 min at ambient temper-
ature. Serum samples were collected and stored at −80°C 
until analysis. In addition, 2mL of blood was collected into 
BD Vacutainer™ plastic blood collection tubes contain-
ing EDTA 2K (Becton, Dickinson and Company, Frank-
lin Lakes, NJ, USA) for plasma preparation. After adding 
a protease inhibitor (Protease Inhibitor Cocktail powder, 
P2714-1BTL, Sigma, St. Louis, MO, USA) and serine 
protease inhibitor (Pefabloc, Roche Diagnostics, Basel, 
Switzerland), the blood samples were centrifuged at 2,900 
g for 10 min at ambient temperature. The resulting plasma 
samples were stored at −80°C until analysis. The blood 
concentrations of TG, total cholesterol, high-density and 
low-density lipoprotein cholesterol, aspartate transam-
inase (AST), alanine transaminase (ALT), and lactate 
dehydrogenase (LD) were measured using an automatic 
blood analyzer (ACCUTE TBA-40FR, Toshiba Co., 
Tokyo, Japan) and compatible reagents (Nittobo, Tokyo, 
Japan). Enzyme-linked immunosorbent assays were used 
to measure the blood concentrations of insulin (Merco-
dia, Sweden), active glucagon-like peptide-1 (GLP-1) 
(Millipore, Bedford, MA, USA), and GIP (Millipore). 
The homeostatic model assessment of insulin resistance 
(HOMA-IR) was calculated as the product of the fasting 
serum insulin concentration (in mU/L) and glucose con-
centration (in mg/dL), divided by 405.

Statistical analysis
Numerical data are expressed as means and standard de-
viations. A preliminary F-test of within-group variance 
homogeneity followed by Student’s t-test or a paired t-test 
was used when comparing values between the groups. A 

two-way repeated analysis of variance (ANOVA), followed 
by Bonferroni’s post hoc test, was used to compare changes 
over time and between the groups. Differences were con-
sidered significant when the error probability was <0.05. 
All statistical analyses were performed using GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA, USA).

Results

Subject characteristics
The study participants were all male, with a mean age 
of 48.6 (standard deviation, SD: 5.8) years and a mean 
BMI of 25.4 (SD: 2.3) kg/m2 (Table 1). The concentra-
tions of the blood parameters before each meal (in the 
fasting state) are presented in Table 2. There were no sig-
nificant differences in these parameters between the test 
meal groups.

Effects of RBTs on postprandial blood glucose levels
The overall postprandial blood glucose responses tended 
to be lower (P = 0.087) after the RBT-supplemented meal 
relative to the placebo meal (Fig. 2a). The postprandial 
increases in blood glucose levels (area under the curve, 
AUC 0–1 h [P = 0.042], AUC 0–2 h [P = 0.014], or AUC 
0–3 h [P  =  0.012]) were significantly lower in subjects 
who consumed the RBT-supplemented meal, compared 
to the placebo meal (Table 3). No significant differences 
were observed in the postprandial blood insulin (Fig. 2b), 
GLP-1 (Fig. 2c), and GIP responses (Fig. 2d).

A subclass analysis of  subjects (n  =  8) with higher 
postprandial incremental blood glucose levels at 2 h 
after placebo meal ingestion (>32.8 mg/dL, the average 
of  all subjects) showed significantly lower overall post-
prandial blood glucose levels (P  =  0.003; Fig. 3a) and 
postprandial increases in blood glucose levels (AUC 
0–1 h [P = 0.014], AUC 0–2 h [P = 0.002], AUC 0–3 h 
[P<0.001], or AUC 0–4 h [P<0.001]; Table 4) after con-
sumption of  the RBT-supplemented meal relative to the 
placebo meal. The fasting concentrations of  blood vari-
ables did not differ between the placebo and RBT groups 
or between subjects with higher and lower postprandial 
glucose levels (Table 5).

Table 1.  Baseline demographic and anthropometric characteristics 
of the study subjects (mean values and standard deviation)

Index Subjects (n = 19)

Mean Standard deviation

Age (years) 48.6 5.8

Height (m) 1.71 0.05

Weight (kg) 74.9 8.5

Body mass index Ikg/m2) 25.4 2.3

% Body fat 22.1 3.6
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Fig. 2.  Postprandial changes in blood variables after the consumption of  rice bran triterpenoids (RBTs). Blood glucose (a), 
insulin (b), active glucagon-like peptide-1 (GLP-1) (c), and total glucose-dependent insulinotropic polypeptide (GIP) (d) after 
the consumption of  placebo (○, n = 19) and RBTs (●, n = 19). Data are expressed as means and standard deviations, which 
are represented by vertical bars. A two-way repeated analysis of  variance was used to compare changes over time and between 
the groups.
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Table 2.  Concentrations of blood biomarkers obtained in the fasting state among the study subjects (mean values and standard deviation)

Index Placebo (n = 19) Rice bran triterpenoids (n = 19)

Mean Standard deviation Mean Standard deviation

Glucose (mg/dL) 95.9 15.5 96.1 12.0

Insulin (mU/L) 5.95 3.06 5.76 2.80

Homeostasis model assessment of insulin resistance 1.39 0.74 1.37 0.69

Glucagon-like peptide 1 (pM) 3.48 11.43 1.40 3.19

Glucose-dependent insulinotropic polypeptide, (pg/mL) 64.8 34.5 55.9 26.0

Triglyceride (mg/dL) 145.7 78.2 154.2 75.5

Total cholesterol (mg/dL) 196.9 24.2 201.6 27.7

LDL-cholesterol (mg/dL) 118.2 17.5 126.1 17.6

HDL-cholesterol (mg/dL) 49.8 8.3 49.7 8.0

Aspartate aminotransferase (U/L) 23.5 9.4 23.5 10.3

Alanine aminotransferase (U/L) 29.8 19.1 31.1 21.1

Lactate dehydrogenase (U/L) 185.8 23.5 182.6 23.7

Note: There were no significant differences in the baseline variables between the test meal groups.
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No significant differences were observed in the blood 
insulin (Fig. 3b), GLP-1 (Fig. 3c), and GIP responses 
(Fig. 3d). Among subjects (n = 11) with lower postpran-
dial incremental blood glucose levels, all blood variables 
remained similar between the meal groups (Fig. 3e–h; 
Table 4).

Discussion
This study indicates that the consumption of RBT-sup-
plemented oil significantly decreases the postprandial 
increase in blood glucose levels in healthy male subjects, 

Fig. 3.  Postprandial changes in blood variables after rice bran triterpenoid (RBT) consumption in subjects with higher (a–d, 
n = 8) and lower (e–h, n = 11) postprandial incremental blood glucose levels at 2 h. Blood glucose (a, e), insulin (b, f), active 
glucagon-like peptide-1 (GLP-1) (c, g), and glucose-dependent insulinotropic polypeptide (GIP) (d, h) after the consumption of 
placebo (○) and RBTs (●) in subgroups comprising subjects with higher (>32.8 mg/dL; i.e. average of all subjects) or lower (<32.8 
mg/dL) postprandial incremental blood glucose levels at 2 h after the placebo meal. Data are expressed as means and standard 
deviations, which are represented by vertical bars. A two-way repeated analysis of variance was used to compare changes over 
time and between the groups. Asterisks indicate the probability of random differences between groups: *P<0.05 indicates a sig-
nificant difference between groups (Bonferroni test). 
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Table 3.  Postprandial area under the curves for blood glucose 
concentration (mean values and standard deviations)

Placebo (n = 19) Rice bran  
triterpenoids (n = 19)

P

Mean Standard 
deviation

Mean Standard 
deviation

AUC0–1 h 29.2 11.9 25.3 10.4 0.042

AUC0–2 h 68.0 38.2 56.8 32.8 0.014

AUC0–3 h 92.4 66.3 77.7 57.8 0.012

AUC0–4 h 98.8 92.5 82.6 75.7 0.059
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Table 4.  Postprandial area under the curves for blood glucose concentration in subjects with higher and lower postprandial glucose levels (mean 
values and standard deviations)

Higher glucose level group (n = 8) Lower glucose level group (n = 11)

Placebo Rice bran triterpenoids P Placebo Rice bran triterpenoids P

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

AUC0-1 h 38.3 11.2 32.5 10.9 0.014 22.6 7.4 20.0 6.1 NS

AUC0-2 h 101.0 33.0 81.7 35.3 0.002 43.9 19.0 38.8 14.4 NS

AUC0-3 h 151.4 56.4 121.1 60.7 <0.001 49.6 29.9 46.2 28.8 NS

AUC0-4 h 180.9 72.1 136.2 78.8 <0.001 39.1 49.6 43.7 44.7 NS

NS, not significant.

Table 5.  Concentrations of blood variables obtained in the fasting state among subjects with higher and lower postprandial glucose levels 
(mean values and standard deviation)

Higher glucose level group (n = 8) Lower glucose level group (n = 11)

Placebo Rice bran 
triterpenoids

Placebo Rice bran 
triterpenoids

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Mean Standard 
deviation

Glucose (mg/dL) 96.0 9.9 97.5 12.2 95.7 19.0 95.1 12.3

Insulin (U/L) 5.23 1.97 4.96 1.24 6.47 3.67 6.34 3.49

Homeostasis model assessment of insulin resistance 1.21 0.43 1.18 0.31 1.52 0.90 1.51 0.86

Glucagon-like peptide 1 (pM) 0.67 0.79 0.52 0.59 5.51 14.97 2.04 4.13

Glucose-dependent insulinotropic polypeptide (pg/mL) 60.1 23.5 57.8 24.3 68.3 41.6 54.5 28.2

Triglyceride (mg/dL) 200.4 92.1 201.5 77.3 106.0 30.6 119.8 54.6

Total cholesterol (mg/dL) 214.9 16.6 217.5 26.2 183.8 20.3 190.1 23.4

LDL-cholesterol (mg/dL) 126.6 13.2 132.9 16.3 112.0 18.1 121.1 17.5

HDL-cholesterol (mg/dL) 51.7 9.8 51.7 10.3 48.4 7.1 48.2 6.0

Aspartate aminotransferase (U/L) 23.4 10.0 25.6 9.5 23.6 9.5 21.9 11.0

Alanine aminotransferase (U/L) 29.1 16.5 32.6 20.2 30.3 21.5 30.0 22.7

Lactate dehydrogenase (U/L) 191.4 22.6 188.0 21.0 181.7 24.3 178.6 25.8

Note: There were no significant differences in baseline variables between the test meal groups.

especially those with elevated postprandial hyperglyce-
mia. Thirteen of the 19 subjects exhibited mitigated blood 
glucose increases after consuming RBT-supplemented oil, 
compared with the placebo. This finding supports our hy-
pothesis that dietary RBT supplementation reduces post-
prandial hyperglycemia in healthy humans.

To our knowledge, this study is the first to report that 
the consumption of dietary oil supplemented with RBTs 
(16.5 mg, equivalent to approximately 3.7 g of rice bran) 
reduced the postprandial increase in the blood glucose 
level by >15%, compared with the control group, dur-
ing a 240-min period after meal consumption; however, 
both groups maintained similar postprandial insulin re-
sponses. Our results, therefore, contradict the general 
perception that a decreased blood glucose response leads 

to a decreased postprandial insulin response. This contra-
diction might be explained by the finding that RBTs did 
not decrease the magnitude of the initial blood glucose 
increase, which may determine the initial release of insu-
lin from pancreatic β cells. In fact, the increases in blood 
glucose levels during the first 30 min after meal ingestion 
were similar between the RBT and control groups. Ac-
cordingly, the consumption of RBTs is likely to reduce 
glucose levels beginning at 60 min after ingestion.

Our subclass analysis of subjects with elevated post-
prandial blood glucose responses also showed that the 
postprandial blood glucose response was significantly re-
duced by RBT consumption. Accordingly, dietary RBTs 
are likely to be effective even in subjects with impaired 
glucose tolerance or patients with diabetes.
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Although RBT consumption significantly improved 
postprandial hyperglycemia, the postprandial GIP re-
sponse was not affected. These results were inconsistent 
with our previous finding that RBTs reduced the high-
fat diet-induced GIP response in mice (13). The reason 
for this difference remains unclear, but may be related to 
differences in the macronutrient compositions of the test 
meals. The carbohydrate:fat ratio of the test meal was 2:1 
in our previous study (13), but was 20:1.1 (200 g of cooked 
rice with 11 g of olive oil) in the present study. Dietary 
fat is a more potent GIP secretagogue, compared to di-
etary carbohydrates. However, further studies are needed 
to clarify the discrepant findings that RBTs reduced the 
postprandial blood glucose response but not the GIP 
response after consuming a high-carbohydrate meal.

The major weakness of this study was the small sam-
ple size, particularly regarding subjects with higher post-
prandial blood glucose responses. Accordingly, it remains 
unclear whether consumption of the RBT-supplemented 
oil improved postprandial hyperglycemia. Further studies 
with larger sample sizes are warranted to clarify whether 
the consumption of RBT-supplemented oil could improve 
impaired glucose tolerance.

Conclusion
In conclusion, the consumption of RBT-supplemented oil 
improved postprandial hyperglycemia in healthy human 
male subjects, especially those with higher postprandial 
increases in glucose levels. The consumption of oil-solu-
ble RBTs might, therefore, benefit postprandial glycemic 
control. Further studies are needed to clarify the bene-
ficial actions of RBTs in subjects with impaired glucose 
tolerance or patients with diabetes.
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Grape seed proanthocyanidin extract supplementation 
affects exhaustive exercise-induced fatigue in mice
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Abstract

Background: Grape seed proanthocyanidin extract (GSPE) has been extensively reported to possess a 
wide range of beneficial properties in multiple tissue damage. Previous studies have shown that exhaustive 
exercise-induced fatigue associates with oxidative stress injury, inflammatory response, and mitochondrial 
dysfunction.
Objective: The aim of this study is to investigate the anti-fatigue effects of GSPE in mice and explore its 
possible underlying mechanism.
Design: The mouse model of exhaustive exercise-induced fatigue was established by using the forced swim-
ming test, and GSPE was orally treated for successive 28 days at 0, 1, 50 and 100 mg/kg/day of body weight, 
designated the control, GSPE-L, GSPE-M and GSPE-H groups, respectively.
Results: The presented results showed that treatment of GSPE at a dose of 50 and 100 mg/kg/day of body 
weight significantly relieved exhaustive exercise-induced fatigue, indicated by increasing the forced swimming 
time. In addition, treatment of GSPE significantly improved the creatine phosphokinase and lactic dehydro-
genase, as well as lactic acid level in exhaustive swimming. For underlying mechanisms, treatment of GSPE 
had  anti-fatigue effects by promoting antioxidant ability and resisting oxidative effect, as represented by 
increased total antioxidative capability levels, enhanced superoxide dismutase and catalase activities, and ame-
liorated malondialdehyde levels. Furthermore, treatment of GSPE significantly inhibited the activity of tumor 
necrosis factor-α and interleukin-1β, which suggested that its protective effects on exhaustive exercise-induced 
fatigue may be attributed to inhibition of inflammatory response. Last but not the least, treatment of GSPE 
significantly improved succinate dehydrogenase and Na+-K+-ATPase levels to enhance mitochondrial func-
tion during exhaustive swimming-induced fatigue.
Conclusions: These results proved that treatment of GSPE possessed the beneficial properties of anti-
inflammatory, antioxidant, and mitochondrial protection to improve exhaustive exercise, which suggested that 
GSPE could be used as an effective functional food to delay fatigue.

Keywords: GSPE; exhaustive exercise; fatigue; anti-inflammatory; antioxidant; mitochondria

Exercise involves human physiological changes 
(1,  2). Regular exercise has been widely demon-
strated to have a function of lowering the risk of 

human chronic diseases, such as metabolic syndrome, car-
diovascular disease, obesity, hypertension, type 2 diabetes, 
and even some types of cancers (3–5). However, exhaus-
tive exercise is harmful, as it can cause muscle damage and 
also induce fatigue, which can be considered as extreme 
tiredness physically. Therefore, fatigue is a sub-health sta-
tus and is closely associated with reducing the quality of 
life, which can result in fatigue syndrome and even lead 
to physical and mental unfitness (6, 7). Nowadays, fatigue 
as a complicated physiological phenomenon has become 

a serious phenomenon because of the huge pressures of 
life and work in the rapid development of society (8). So it 
is necessary and significant to seek effective measures to 
prevent and ease fatigue.

There are multiple reasons on the etiology of fatigue, 
such as exhaustion theory, homeostasis disturbance the-
ory, and catastrophe theory (9). Among these, oxidative 
stress injury, inflammatory response, and mitochondrial 
dysfunction are widely known to play a critical role in the 
development of fatigue (10, 11). Nowadays, the develop-
ment of natural products with the ability of reducing mus-
cle injury and possessing anti-fatigue effects is becoming 
a major research focus (12). Previous studies have showed 
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that Dendrobium officinale extract delays fatigue effects 
through enhancing glutathione peroxidase (GSH-Px) 
level and inhibiting malondialdehyde (MDA) content in 
serum (13). In the single exhaustive swimming test, dietary 
tea polyphenols can effectively protect against fatigue 
by inhibiting serum levels of tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), and IL-6, improving 
IL 10/TNF-α ratio in serum and reducing IL-1β mRNA 
expression in liver (14). In addition, dietary nucleotides  
possess the function of improving mitochondrial biogen-
esis, including succinate dehydrogenase (SDH), Na+-K+-
ATPase, and Ca2+-Mg2+-ATPase, in skeletal muscles, to 
exert anti-fatigue effects (15). Therefore, nutritional inter-
vention on antioxidant and anti-inflammatory, as well as 
mitochondrial protection is a valuable approach to fight 
against fatigue.

Grape is one of  the most popular fruits in the world, 
and proanthocyanidin is the main component of  grape 
seed with various pharmacological effects (16, 17). 
More and more researches have showed that grape seed 
proanthocyanidin extract (GSPE) has been used for 
the treatment of  numerous diseases because of  its ther-
apeutic activities, such as anti-inflammatory and anti-
oxidant properties (18). Previous studies have showed 
that natural proanthocyanidin-rich extracts from grape 
seed exhibits an antioxidant effect in the gastrointestinal 
tract, as represented by reduced intestinal ROS in fasted 
animals (19, 20). On the subchronic immune injury, 
intervention of  GSPE could significantly decrease the 
expression of  TNF-α, IL-1β, IL-6, and IFN-γ to restrain 
inflammatory reaction (21). Moreover, GSPE can sig-
nificantly improve indoxyl sulfate-induced HUVEC 
(human umbilical vein endothelial cells) injury by ame-
liorating mitochondrial dysfunction (22). Although pre-
vious studies have demonstrated that grape seed extract 
is involved in regulating oxidative stress on the treadmill 
running performance (23), there is no prior report on the 
protective effects of  proanthocyanidins from grape seed 
on exhaustive exercise. Furthermore, the anti-fatigue 
mechanism of  GSPE remains to be observed deeply. 
The purpose of  this study was to study the relationship 
between GSPE and exhaustive exercise, and further clar-
ify the possible protective effects of  GSPE on fatigue.

Materials and methods

Animals
Male ICR mice (about 8 weeks old, 25 ± 2 g) were 
obtained from the Animal Center of Hunan Normal 
University (Changsha, China). All mice were grown at a 
standard laboratory condition (23 ± 2°C, 50–60% humid-
ity, 12-h light/12-h dark cycle). The mice were randomly 
divided and housed in groups of four animals per cage. 
They were provided with free access to standard diet and 

distilled water. In this study, all animal experiments were 
inspected according to the Animal Care Committee of 
Hunan Normal University.

GSPE was purchased from Tianjin Jianfeng Natural 
Product R&D Co., LTD (purity: ≥95%, Tianjin, China). 
Thirty-two male ICR mice were randomly assigned to four 
experimental groups (8 mice per group) for GSPE treat-
ment: (1) control group, (2)  low-dose group (GSPE-L), 
(3) medium-dose group (GSPE-M), and (4) high-dose 
group (GSPE-H). Three GSPE intervention groups were 
treated with GSPE at a dose of 1, 50 and 100 mg/kg/day 
of body weight, respectively. The control group mice were 
administrated at the same dosage volume of physiological 
saline equivalent to individual body weight. GSPE sup-
plementation was given by oral gavages once a day for 28 
successive days.

Forced swimming test
The mice were challenged by the forced swimming test 
to establish exhaustive exercise-induced fatigue. One 
hour after the final dosing, all mice underwent weight-
loaded swimming test with a lead (approximately 5% 
of  each mouse’s body weight), which was attached to 
their tails root. All mice were trained individually in the 
same condition (25 ± 1°C, 30 cm depth) (25). Before 
being subjected to the forced swimming test, all mice 
were also drilled to  adapt to swimming without any 
loads for 3  days (20 min/day). The time to exhaus-
tion (TTE), which was defined by failure to rise to the 
above water within 10 s and a lack of  apparent coor-
dinated movements, was recorded immediately. After 
the exhaustive swimming, the mice were killed by an 
intraperitoneal injection of  anesthetic. Then blood and 
skeletal muscle tissues were collected and removed for 
further experiments.

Biochemical assay
Blood samples were obtained and centrifuged at 1,200 × g 
and 4°C for 15 min to separate serum after the swim-
ming exercise. The serum biochemical variables related 
to fatigue (Catalog number: A019 for lactic acid [LA], 
A020 for lactic dehydrogenase [LDH], A032 for creatine 
phosphokinase [CK], Nanjing Jiancheng Biotechnology 
Institute, Nanjing, China) were measured according to 
the manufacturer’s protocol.

Determination of oxidative stress
After the swimming exercise, skeletal muscle tissues 
were immediately acquired and stored at −80°C. In our 
research, skeletal muscle tissues were carefully grounded 
and centrifuged. Then the serum and supernatant in 
skeletal muscle were used for oxidative stress assay. Fur-
thermore, the level of antioxidant enzymes and oxida-
tive indicators (Catalog number: A001 for superoxide 
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dismutase [SOD], A003 for MDA, A007 for catalase 
[CAT], A015 for total antioxidative capability [T-AOC], 
Nanjing Jiancheng Biotechnology Institute, Nanjing, 
China) were determined by spectrophotometer according 
to the manufacturer’s protocol.

Examination of inflammatory response
The level of inflammatory cytokines (Catalog number: 
EK0527 for TNF-α, EK0411 EK0394 for IL-1β, BOS-
TER Biological Technology, Wuhan, China) were exam-
ined to assess inflammatory responses in the serum and 
supernatant of skeletal muscle by ELISA. The absorbance 
value was measured at 450 nm to analyze inflammatory 
parameters according to the manufacturer’s instructions.

Measurements of energy metabolism
The energy metabolism parameters SDH and Na+K+ 
-ATPase (Catalog number: A022 for SDH, A016 for 
Na+K+-ATPase, Nanjing Jiancheng Biotechnology 
Institute, Nanjing, China) in skeletal muscles were deter-
mined to assess mitochondrial function by detection kits 
according to the manufacturer’s protocol.

Statistics
All results were displayed as mean ± standard deviation 
(SD). The data was statistically analyzed using SPSS 
16.0 software. Statistical significance between groups 
was demonstrated with one-way analysis of variance 
(ANOVA). A p value of less than 0.05 was considered 
statistically significant.

Results

Effects of GSPE on body weight of mice
The body weight of mice in our experiment is presented in 
Table 1. The general condition of all mice was normal and 
the survival rate was 100% during the whole experimen-
tal process. There were no remarkable differences among 
the groups on the initial body weight. After GSPE sup-
plementation for 28 successive days, the terminal weight 
in mice showed that the control, GSPE-L, GSPE-M, and 
GSPE-H groups were 38.82 ± 1.70, 37.66 ± 1.81, 36.91 ± 
2.11, and 38.30 ± 1.80 g, respectively, which displayed that 
there were no remarkable differences in final body weight 
in the control and GSPE groups.

Effects of GSPE in the weight-loaded swimming test
The effects of GSPE on the weight-loaded swimming time 
are presented in Table 1. Our results displayed that the 
TTE of the control, GSPE-L, GSPE-M, and GSPE-H 
groups was 8.60 ± 1.46, 10.29 ± 2.24, 13.03 ± 3.50, and 
16.63 ± 2.98, respectively. When compared to the control 
group, the TTE in GSPE groups increased by 19.65, 51.51, 
and 93.37%, respectively, and the difference was markedly 
significant in the GSPE-M and GSPE-H groups.

Effects of GSPE on LA, CK, and LDH in serum
The effects of GSPE on the blood biochemical parameters 
are presented in Table 2. In comparison with the control 
group, the LA levels in serum were significantly increased in 
GSPE-M and GSPE-H groups after exhaustive swimming. 

Table 1.  Effects of grape seed proanthocyanidin extract on the body weight and time to exhaustion in mice

Parameters Control GSPE-L GSPE-M GSPE-H

Mean SD Mean SD Mean SD Mean SD

Initial body weight (g) 25.56 0.70 25.14 0.90 25.25 1.36 25.29 1.28

Final weight (g) 38.82 1.70 37.66 1.81 36.91 2.11 38.30 1.80

Exhaustive time (min) 8.60 1.46 9.79 1.90 13.03** 3.50 16.63** 2.98

Note: Data were displayed as means ± SD. **p < 0.01, versus control group. GPSE-L, dietary grape seed proanthocyanidin extract low-dose group; 
GPSE-M, dietary grape seed proanthocyanidin extract medium-dose group; GPSE-H, dietary grape seed proanthocyanidin extract high-dose group; 
SD, standard deviation.

Table 2.  Effects of grape seed proanthocyanidin extract on biochemical indexes in serum of mice

Parameters Control GSPE-L GSPE-M GSPE-H

Mean SD Mean SD Mean SD Mean SD

LA (mmol/L) 12.44 2.75 10.80 1.51 9.51* 1.19 8.74** 1.35

CK(U/mL) 1.42 0.15 1.29 0.14 1.06** 0.23 0.85** 0.17

LDH(U/mL) 5.33 0.19 5.09 0.26 4.74** 0.47 4.24** 0.40

Note: Data were displayed as means ± SD. *p < 0.05, **p < 0.01, versus control group. GPSE-L, dietary grape seed proanthocyanidin extract low-dose 
group; GPSE-M, dietary grape seed proanthocyanidin extract medium-dose group; GPSE-H, dietary grape seed proanthocyanidin extract high-dose 
group; SD, standard deviation.
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Moreover, the CK and LDH activity in serum was also 
measured to evaluate the protective effects of GSPE on the 
tissue damage induced by exhaustive swimming. In this 
study, the serum CK and LDH activities in GSPE-M and 
GSPE-H groups were significantly lower than those in the 
control group.

Effects of GSPE on parameters of oxidative stress in serum and 
skeletal muscles of mice
The effects of GSPE on oxidative stress in both serum 
and skeletal muscles of mice are presented in Table 3. In 
the comparison with the control group, the activities of 
SOD and CAT were significantly increased in GSPE-M 
and GSPE-H groups. In addition, T-AOC levels were sig-
nificantly enhanced, while MDA levels were significantly 
improved, in GSPE-M and GSPE-H groups compared 
with the control group.

Effects of GSPE on activities of inflammatory response in 
serum and skeletal muscles of mice
Inflammatory cytokines, including TNF-α and IL-1β, in 
both serum and skeletal muscles of mice were measured to 
evaluate the effects of GSPE on inflammatory response. 

As shown in Table 4, the TNF-α and IL-1β levels of mice 
were improved in GSPE-M and GSPE-H groups with 
remarkable differences in comparison with the control 
group after exhaustive exercise.

Effect of GSPE on activities of mitochondrial function in 
skeletal muscles
The SDH and Na+-K+-ATPase activity were measured 
to evaluate the effects of GSPE on mitochondrial function 
in skeletal muscles. As shown in Table 5, when compared 
with the control group, the SDH and Na+-K+-ATPase 
activities in skeletal muscle were markedly increased in the 
GSPE-M and GSPE-H groups.

Discussion
Grape is a popular fruit throughout the world. Nowadays, 
proanthocyanidin, as major flavonoids in grape seed, is 
used as a nutritional supplementation worldwide for its 
medicinal and health effects (26, 27). It has been sug-
gested that grape seed extract supplementation improves 
oxidative stress by preventing MDA levels and increasing 
antioxidant enzyme activities to prevent exercise-induced 
oxidative damage (23, 28). In this study, proanthocyanidin 

Table 4.  Effects of grape seed proanthocyanidin extract on inflammatory response in serum and skeletal muscles of mice

Parameters Control GSPE-L GSPE-M GSPE-H

Mean SD Mean SD Mean SD Mean SD

Serum TNF-α (pg/mL) 153.88 7.98 146.71 10.24 143.89* 9.60 140.41** 7.91

IL-1β (pg/mL) 75.70 3.42 72.48 4.15 70.06* 4.46 69.57** 3.19

Skeletal muscle TNF-α (pg/mg pro) 73.72 4.02 70.98 3.90 67.12** 3.06 65.12** 3.92

IL-1β (pg/mg pro) 27.39 1.62 25.94 1.29 24.85** 1.28 24.65** 2.02

Note: Data are displayed as means ± SD. *p < 0.05, **p < 0.01, versus control group. GPSE-L, dietary grape seed proanthocyanidin extract low-dose 
group; GPSE-M, dietary grape seed proanthocyanidin extract medium-dose group; GPSE-H, dietary grape seed proanthocyanidin extract high-dose 
group; SD, standard deviation.

Table 3.  Effects of grape seed proanthocyanidin extract on oxidative stress parameters in serum and skeletal muscles of mice

Parameters Control GSPE-L GSPE-M GSPE-H

Mean SD Mean SD Mean SD Mean SD

Serum T-AOC (U/mL) 117.75 12.14 121.62 9.66 139.76** 10.68 139.49** 9.07

SOD (U/mL) 71.82 12.02 76.86 6.17 84.49** 7.67 88.11** 6.32

CAT (U/mL) 24.63 3.34 27.71 2.58 27.97* 2.83 28.97** 2.30

MDA (nmoL/mL) 8.36 0.68 7.93 0.82 7.19* 1.24 6.77** 0.95

Skeletal muscle T-AOC (U/mg pro) 4.08 0.50 4.39 0.52 5.01** 0.54 5.04** 0.64

SOD (U/mg pro) 7.19 0.72 7.95 0.98 8.12* 0.65 9.83** 1.00

CAT (U/mg pro) 3.50 0.78 4.08 0.60 4.71** 0.45 4.74** 0.49

MDA (nmoL/mg pro) 4.74 0.44 4.39 0.36 4.29* 0.39 3.75** 0.76

Note: Data are displayed as means ± SD. *p < 0.05, **p < 0.01, versus control group. GPSE-L, dietary grape seed proanthocyanidin extract low-dose 
group; GPSE-M, dietary grape seed proanthocyanidin extract medium-dose group; GPSE-H, dietary grape seed proanthocyanidin extract high-dose 
group; SD, standard deviation.
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from grape seed was hypothesized to bring beneficial 
health effects against exhaustive exercise-induced fatigue 
because of its notable effects of inhibiting oxidative 
stress and inflammatory response, as well as potentiating 
mitochondrial function. The mouse model of exhaustive 
exercise was established to assess the anti-fatigue effects 
of GSPE by forced swimming test and to illuminate its 
potential mechanism. In general, the ability of delaying 
fatigue is positively correlated with the TTE in forced 
swimming test (29). In this study, our results showed that 
treatment with GSPE improved the fatigue. GSPE sup-
plementation prolonged the TTE, particularly at 19.65, 
51.51, and 93.37% in GSPE-treated groups, which may 
indicate that GSPE is capable of delaying fatigue. Fur-
thermore, our results showed that GSPE supplementation 
did not significantly cause body weight changes in either 
the control group or the GSPE group, which was con-
sistent with the previous reports (30). In summary, there 
was no abnormality and no death occurred in this study, 
which indicates that GSPE does not have any toxicity and 
is an anti-fatigue natural agent.

LA is formed as a metabolic by-product in skeletal 
muscles and released into the bloodstream. However, 
excess LA is harmful for skeletal muscles during intense 
exercise, which may result in fatigue (31). Therefore, LA 
is identified as a biochemical index relevant to fatigue in 
blood. CK and LDH are muscle injury indicators clini-
cally (32, 33). There is a prominent positive correlation 
between the activity of  CK and LDH and the process 
of  fatigue. To further evaluate the protective effect of 
GSPE on exhaustive swimming-induced fatigue, the 
fatigue indicators, including LA, CK, and LDH, were 
tested in our study. GSPE could lower the contents of 
LA and decrease the activity of  LDH and CK in serum, 
which indicates that GSPE is capable of  protecting skele-
tal muscles from damage and delaying fatigue in exhaus-
tive exercise.

Exhaustive exercise leads to oxidative stress, which 
can destabilize the balance between oxidation and 
antioxidation systems and play an important role in 
fatigue-related disorders (34, 35). It is also believed that 
antioxidant enzymes play an important role in defensing 

against oxidative stress. SOD and CAT belong to anti-
oxidant enzymes, while MDA is a part of  oxidative indi-
cators and aggravates oxidative damage. The anomaly 
between oxidation and antioxidation is associated with 
the development of  fatigue progress. Previous literature 
has showed that okra seeds promote antioxidant ability 
through increasing SOD and GSH-PX levels and low-
ering MDA level to possess anti-fatigue effects (9). In 
addition, GSPE significantly improved oxidative stress 
by enhancing SOD and CAT levels and reducing MDA 
contents in spontaneously hypertensive rats (36). In this 
study, our results showed that GSPE increased the activ-
ity of  SOD and CAT and inhibited MDA contents in 
exhaustive exercise, indicating that anti-fatigue mech-
anism of  GSPE was at least partly associated with its 
antioxidant effects.

Exhaustive exercise has been reported to cause inflam-
matory response which can contribute to fatigue. TNF-α, 
IL-6, and IL-1β are often used as an index to evaluate 
the inflammatory response. Glycine-leucine and leucine-
glycine dipeptides, as primary peptides of fermented 
porcine placenta, significantly decreased IL-6 and IL-1β 
serum levels to display an anti-fatigue effect (37). Further-
more, oxidative stress is recognized as a primary media-
tor of inflammatory response. Hence, anti-inflammatory 
effect as a part of nutritional intervention is an indis-
pensable part of prevention and improvement of fatigue. 
Thus far, relatively few studies have demonstrated whether 
GSPE can possess anti-fatigue function through affecting 
inflammatory cytokine activities during exhaustive exer-
cise, although its anti-inflammatory function has been 
reported on multiple diseases in animal experiments and 
clinical studies. In this study, the elevated inflammatory 
cytokine activity induced by exhaustive exercise in blood, 
which was represented by increasing the level of TNF-α 
and IL-1β, was noticeably alleviated by GSPE pretreat-
ment. Moreover, excess inflammatory cytokine in skele-
tal muscle can induce tissue injury and further accelerate 
fatigue. Our results also showed that GSPE decreased the 
activity of TNF-α and IL-1β in the skeletal muscle. These 
data well suggested that anti-fatigue effects of GSPE 
might be related to its anti-inflammatory function.

Table 5.  Effects of grape seed proanthocyanidin extract on mitochondrial function in skeletal muscles of mice

Parameters Control GSPE-L GSPE-M GSPE-H

Mean SD Mean SD Mean SD Mean SD

SDH (U/mg pro) 2.52 0.28 2.70 0.34 2.91* 0.38 2.91* 0.27

Na+K+-ATPase (U/mg pro) 0.83 0.11 0.94 0.10 1.03** 0.12 1.06** 0.13

Note: Data are displayed as means ± SD. *p < 0.05, **p < 0.01, versus control group. GPSE-L, dietary grape seed proanthocyanidin extract low-dose 
group; GPSE-M, dietary grape seed proanthocyanidin extract medium-dose group; GPSE-H, dietary grape seed proanthocyanidin extract high-dose 
group; SD, standard deviation.
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Mitochondrion is the place of  adenosine triphosphate 
(ATP) generation. The human body needs more ATP 
to maintain muscle contraction and movement during 
exercise. However, exhaustive exercise can lead to dam-
aged mitochondria that further cause skeletal muscles 
damage and fatigue (38). SDH plays an important role 
in ATP synthesis, while Na+-K+-ATPase can reflect 
ATP hydrolysis during energy supply to maintain nor-
mal physiologic function (39, 40). Therefore, SDH and 
Na+-K+-ATPase are the primary factors responsible for 
energy metabolism in mitochondria, the disorder activity 
of  which contributes to exhaustive swimming-induced 
fatigue. Previous findings indicate that GSPE promotes 
mitochondrial oxygen consumption and the enzyme 
activity of  citric acid cycle and electron transport chain 
(ETC) to affect the mitochondrial function and energy 
metabolism (41). To elucidate the anti-fatigue effect of 
GSPE after exhaustive swimming, the activities of  SDH 
and Na+-K+-ATPase in skeletal muscles were measured 
to assess mitochondrial function. Our results showed 
that GSPE could improve mitochondrial function for 
energy supplementation, as represented by enhancing 
levels of  SDH and Na+-K+-ATPase, to delay fatigue 
during exhaustive swimming.

Conclusion
To our knowledge, this research is the first to investi-
gate the effect of  GSPE supplementation on exhaus-
tive swimming-induced fatigue in mice. Treatment with 
GSPE improved the fatigue by prolonging the TTE in 
the forced swimming test. Furthermore, several bio-
chemical markers for fatigue, including LA, LDH, and 
CK, were significantly alleviated by the administration 
of  GSPE. The anti-fatigue property may be associ-
ated with the amelioration of  inflammatory response, 
suppression of  oxidative stress, and improvement of 
mitochondrial function. According to the data, these 
findings indicate that GSPE is a natural and safe ingre-
dient and dietary agent in excessive exercise-induced 
fatigue.
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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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Abstract 

Background: Chitooligosaccharide (COS) has shown potential antihyperlipidemic activity in a few studies as 
a functional food.
Method: We investigated the cholesterol-lowering effect and potential mechanisms of chitooligosaccharide 
capsules (COSTC) in male SD rats fed a high-fat diet.
Results: COSTC could ameliorate serum lipid levels. Simultaneously, the cholesterol-lowering effect is probably 
attributed to its role in two pathways: upregulating the gene expression and activity of cholesterol 7α-hydroxylase 
(CYP7A1), liver X receptor alpha (LXRA), and peroxisome proliferation activated receptor-α (PPARα), which 
facilitates the conversion of cholesterol into bile acid; downregulating the gene expression and activity of enzymes 
including 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) and sterol-responsive element binding 
protein-2 (SREBP2) and upregulating the low-density lipoprotein receptor (LDLR) to reduce the denovo synthe-
sis of cholesterol.
Conclusion: Studies have suggested that COSTC has potential usefulness as a natural supplement or functional 
food for preventing and treating hyperlipidemia.

Keywords: chitosan oligosaccharide; antihyperlipidemic; gene difference expression; high-fat diet; CYP7A1; HMGCR

With the rapid development of  the economy, 
many people have experienced improvements 
in living standards, and thus, the proportion 

of  high-fat diet increases with each passing day. The 
long-term intake of  high-fat food disrupts internal lipid 
metabolism, appearing as a decrease in high-density 
lipoprotein cholesterol (HDL-C) and an increase in total 
cholesterol (TC), triglyceride (TG), and low-density lipo-
protein cholesterol (LDL-C), eventually resulting in fat 
accumulation, obesity, and hyperlipidemia (1). Hyper-
lipidemia is an important risk factor for the develop-
ment and progression of  atherosclerosis and subsequent 
cardiovascular disease, which is one of  the most serious 
diseases of  mankind (2).

In recent decades, seek for new drugs for ameliorat-
ing  serum lipid profiles (reducing TG and TC levels)  
and/or targeting lipid metabolic-related factors (3–8),  
such as CYP7A1, HMGCR, proprotein convertase  
subtilisin/kexin type 9 (PCSK9), and LDLR, has received 

increasing attention. Although lipid-lowering medicines 
are primarily chemical drugs with good effects on the mar-
ket, the adverse effects of these chemicals are problematic 
(9, 10). Given the side effects of the current antihyper-
lipidemic drugs, the development of natural products as 
alternative sources of antihyperlipidemic functional foods 
or agents remains an urgent necessity. Accumulating 
studies have indicated the significant cholesterol-lowering 
activities of natural agents, particularly polysaccharides, 
which have been used in preventing obesity and improving 
plasma lipids (11–13).

COS is an oligosaccharide easily obtained through acid 
hydrolysis or enzymatic hydrolysis from chitosan (14, 15). The 
family of COS compounds which contains between 2 and 10 
glucosamine residues that are attached through β-d-(1–4) gly-
coside linkages have received much attention because of their 
small molecular weight, good aqueous solubility, and diverse 
biological activity (16–19). Previous studies have shown that 
chitosan oligosaccharide with a molecular weight ≤1000 Da 
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WT(COST, Fig. 1) shows improvements in lipids and total bile 
acids (TBA) levels in hyperlipidemic rats (20). Previous stud-
ies have also shown that COST has effects on the inhibition 
of 3T3-L1 preadipocyte differentiation and enhancement 
of hepatic function (21–24). However, until recently, the 
in-depth mechanisms of cholesterol-lowering and hepato-
protective activities of COST remain unclear. Digital gene 
expression (DGE) tag profiling is a powerful method for eval-
uating differences in gene expression with high repeatability 
in a chosen cell, tissue, organism, or condition. Gene ontol-
ogy is an internationally accepted gene function analysis that 
represents the molecular function of the gene, including the 
biological processes involved and cell location (25).

In this study, we investigated COST capsules (COSTC), 
prepared according to a previous study (26), which have 
several advantages: (1) enhancing the stability of COST, 
which shows strong hygroscopicity and oxidability; (2) 
boosting the action rate of COST, because the capsule is 
rapidly dissolved, dispersed, and assimilated in the gastro-
intestinal tract; and (3) these molecules are easy to identify 
and administer to most people. Based on the analysis of 
differential gene expression in the liver tissues of hyperlip-
idemic rats, which was closely related to the hepatic hyper-
lipidemic response, we investigated the antihyperlipidemic 
effects of COSTC using high-fat diet-induced rats, and 
the results demonstrated that COSTC can ameliorate lipid 
metabolism and its related complications. However, fewer 
studies have been reported on the aspect of the antihyper-
lipidemic mechanism of COSTC in the liver. Therefore, in 
this study, we demonstrated that COSTC improved lipid 
metabolism via the upregulation of the gene expression and 

activity of CYP7A1, LXRA, and PPARα, which promotes 
the conversion of cholesterol into bile acid, downregulat-
ing the gene expression and activity of enzymes, including 
HMGCR and SREBP2, and upregulating LDLR to reduce 
the de novo synthesis of cholesterol. Thus, these results 
show that COSTC may be a prospective functional food 
and agent for antihyperlipidemic prevention or treatment.

Materials and Methods

Materials
Commercial samples of COST (Mw ≤ 1,000 Da; degree of 
deacetylation, 95.6%; lot: 160926C) used in this study were 
obtained from Aokang (Shangdong, China). Atorvastatin 
calcium tablets were supplied from Pfizer Pharmaceutical 
Company Limited (Daolian, Liaoning, China). Povidone and 
carboxymethylcellulose sodium were obtained from Tianjin 
Kermel Chemical Reagent Co., Ltd. (Tianjin, China). TC, 
TG, HDL-C, LDL-C, aspartate aminotransferase (AST), and 
alanine aminotransferase (ALT) kits were purchased from 
BioSino Biotechnology and Science, Inc. (Beijing, China). The 
COSTC used in this study were prepared in the laboratory.

Animals and Diets
Eighty healthy male Specefic Pathogen Free (SPF) Sprague- 
Dawley rats (weight, 200 ± 20 g; age, 8 weeks; 
No.44007200034526) were used for the animal experiments 
and were obtained from the Guangdong Medical Labora-
tory Animal Center (GMLAC, Guangzhou, China). The 
animals were fed in an SPF room (temperature: 22–25°C; 
related humidity: 50–70%; differential pressure: ≥ 10 Pa; 
12:12 h light/dark cycle). All animal experimental protocols 
were approved through the Institutional Animal Care and 
Use Committee of Guangdong Pharmaceutical Univer-
sity (Guangzhou, China). Water was arbitrarily provided 
throughout the experiments. All animals were fed a normal 
diet (Guangdong Pharmaceutical University Laboratory 
Animal Center, Guangzhou, China) for 1 week of adaptive 
feeding. Subsequently, 10 rats continued to be fed the nor-
mal diet as a control group (NF), and the remaining rats 
were fed high-fat diets to achieve the hyperlipidemia model.

The basic diet was composed of crude protein (20.0%), 
crude fiber (4.8%), total crude fat (4.3%), moisture 
(9.7%), calcium (1.19%), phosphorus (0.77%), Ca2+/P5- 
= 1.55, and crude ash (6.6%). The test results showed 
that total bacterial count (B10 cfu/g), total molds and 
yeasts (B10 cfu/g), the Escherichia coli count (B3.0 
MPN/100 g), and Salmonella (not detected) all met the 
stipulated standards. The high-fat diet included basic 
feed (52.6%), sucrose (20.0%), lard (15.0%), cholesterol 
(1.2%), bile salts (0.2%), casein (10%), calcium hydro-
phosphate (0.6%), and mountain flour (0.4%) in 
SPF  packaging (provided by GMLAC, No. 20160939). 
After 2 weeks, blood samples were collected from the 

Fig. 1.  The molecular structures of COST (n = 2–10).
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orbital vein using a capillary under ether anesthesia. The 
blood samples were centrifuged (4°C; 3,500 r × min-1; 15 
min) to obtain plasma samples to determine serum TG, 
TC, and LDL-C levels, and in the model group versus con-
trol group, the differences in the TC, TG, or LDL-C levels 
were significant, thereby establishing a judgment model.

Fifty rats were divided into 5 stochastically selected 
groups (n = 10 rats per group): (1) high-fat diet feeding 
group (HF); (2) high-fat diet feeding administered with 
atorvastatin (7 mg/kg·day) (AVT); (3) high-fat diet feeding 
administered with a low dose of COSTC (150 mg/kg·day) 
(COSTC-L); (4) high-fat diet feeding administered with an 
intermediate dose of COSTC (300 mg/kg·day) (COSTC-M); 
and (5) high-fat diet feeding administered with a high dose 
of COSTC (600 mg/kg·day) (COSTC-H) according to a 
previous study (27). The test samples, dissolved in water, 
were treated orally through gavage with a simultaneous dose 
of 1 mL/100 g per day for 6 weeks. The rats in the NF and 
HF groups were administered an equal capacity of solvent.

Experimental Design

Determination of Food Intake, Weight Gain and Parameters 
of Viscera
A record of the food intake levels for all rats was maintained 
daily, and the body weight was measured weekly during the 
experimental period. All rats obtained food and water ad 
libitum. At the end of experimental period, the rats were 
fasted for 24 h and subsequently subjected to 1% sodium 
pentobarbital (0.5 mL/100 g BW) anesthesia, and the blood 
samples were assembled from the abdominal aorta. Then, 
the heart, liver, kidneys, epididymal white adipose tissue, 
and perirenal white adipose tissue of rats were quickly har-
vested and the samples weighed on electronic scales. The 
total wet weight of the epididymal and perirenal fat samples 
was used to measure the body fat ratio. The wet weight of 
the liver was analyzed to determine the visceral index. The 
tissues were promptly stored at -80°C until further analysis.

Serum Biochemical Analysis
Blood samples were collected by cardiac puncture and 
subsequently centrifuged; the serum was stored at 20°C. The 
concentrations of TG, TC, LDL-C, and HDL-C in the serum 
were analyzed using commercial assay kits and an automated 
biochemistry analyzer BC200 instrument (BC200, Beijing 
Precil Instrument Co. Ltd., Beijing, China) according to the 
manufacturer’s instructions. The activities of plasma ALT and 
AST were analyzed using ALT and AST assay kits, respec-
tively, and a Mithras LB 940 Multimode Microplate Reader 
(Berthold Technologies GmBH & Co. KG, Germany).

Histological Staining
The liver, kidney, white epididymal, perirenal, and subcuta-
neous adipose tissues samples (about 0.5 cm3) were taken, 

washed with pre-cooling saline, placed in the embedding 
box, labeled with a pencil on the embedding box, and then 
placed in 12% formaldehyde solution. After immobiliza-
tion, the ethanol was gradually dehydrated at a concen-
tration of 30–100%. After impregnation, the paraffin was 
embedded and then sliced on a slicer, and subsequently 
cut into 3–5-μm-thick sections using a microtome (Leica 
RM2235; Leica, Heidelberg, Germany). The tissues were 
stained with hematoxylin and eosin (H&E) and observed 
under a microscope at 200× magnification.

Digital Gene Expression Tag Profiling
The liver RNA in HF and COSTC groups was extracted 
using Agilent RNA 6000 Pico kits (Agilent Technologies, 
Santa Clara, CA, USA). The concentration and quality 
were detected using an Agilent 2100 instrument (Agilent 
Technologies, Santa Clara, CA, USA). The Beijing 
Genomics Institution conducted the DGE. The experi-
ment pipeline is described in Fig. 2. Briefly, the rRNA was 

Fig. 2.  RNA-Seq experimental process. Hybridize the rRNA with 
the DNA probe and subsequently digest the DNA/RNA hybrid 
strand, followed by DNase I digestion to remove the DNA probe. 
Obtain the target RNA through purification. Fragment the target 
RNA and perform reverse transcription to double-stranded cDNA 
(dscDNA) using the N6 random primer. End repair the dscDNA 
with phosphate at the 5'-end, and add a sticky ‘A’ tail at the 3'-end. 
Subsequently, ligate the adaptor at the 3'-end of the dscDNA using 
a sticky ‘T’ tail. Amplify the ligation product using two specific 
primers. Denature the PCR product by heating, and cyclize the sin-
gle-stranded DNA using a splint oligo and DNA ligase.
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hybridized with DNA probe, and the DNA/RNA hybrid 
strand was digested, followed by a DNase I reaction to 
remove DNA probe. Subsequently, the target RNA was 
obtained after purification. The target RNA was frag-
mented and reverse transcribed to double-stranded cDNA 
(dscDNA) using an N6 random primer. The PCR product 
was denatured using heat, and the single-stranded DNA 
was cyclized using a splint oligo and DNA ligase. The pre-
pared library was sequenced, and subsequently, the differ-
entially expressed genes were screened using the NOISeq 
method and clustering analysis of differentially expressed 
genes, Gene Ontology.

Quantitative RT-PCR
Total RNA was isolated from the liver tissues of  rats using 
TRIzol reagent (Invitrogen, Inc., USA). Single-stranded 
cDNA was generated using the PrimeScriptTM RT Reagent 
kit with gDNA Eraser (TaKaRa, Lot: D413KA5332, 
Shiga, Otsu, Japan) and stored at -20°C. The cDNA 
products were amplified using real-time RT-PCR and 
the TaKaRa SYBR Premix Ex Taq™ kit (TaKaRa, Lot: 
AK7103, Shiga, Otsu, Japan) as well as the Bio-Rad IQ5 
real-time PCR system and analysis software (Applied Bio-
systems, Carlsbad, CA, USA). After initial denaturation 
at 95°C for 30 s, PCR amplification was performed using 
40 cycles at 95°C for 3 s, 60°C for 20 s, and 65°C for 15 s. 
The nucleotide sequences used for PCR were designed 
and synthesized at Sangon Biotech Co. Ltd. (Shanghai, 
China). Beta-actin (β-actin) was used as the internal 
control (housekeeping gene). The relative quantification 
of  mRNA expression was analyzed using the delta CT 
method. The following primer pairs were used for PCR: 
5'-ACCTGCCGGTACTAGACAGC-3' and 3'-CAGGA-
CATATTGTCGCGCCT-5' for CYP7A1; 5'-CTGCAAC-
GGAGTTGTGGAAG-3' and 3'-TCGCAGCTCAGCA​
CATTGTA-5' for LXRA; 5’-GCCGACCTGACGAA​
TTCCAG-3’ and 3'-ATCCGACCAGTCACGACAGT-5' 
for LDLR; 5'-GGAGACCATGGAGACCCTCAC-3' and 
3'-AGACAATGGGACCTGGCTGAA-5' for SREBP2; 
5'-CCTCCATTGAGATCCGGAGGA-3' and 3'-ACA​
AAGAGGCCATGCATACGG-5' for HMGCR; and 
5'-TCTGAACATTGGCGTTCGCA-3' and 3'-TCCCT-
CAAGGGGACAACCAG-5' for PPARα.

Western Blotting
Total proteins were isolated from liver tissues (50 mg) 
using 1.0 mL of  cold RIPA lysis buffer (50 mM Tris, pH 
7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS, and protease and phosphatase inhib-
itor), followed by centrifugation twice at 12,000×g for 
20 min at 4°C, and the protein concentration was mea-
sured using the BCA Protein Assay Kit (Beyotime, Lot: 
0907A16, Shanghai, China). The isolated proteins were 
diluted to the same protein concentrations. The extracted 

proteins were diluted to the same protein concentrations. 
Equal amounts of  each protein lysate were electropho-
resed via sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrophoretically 
transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore Corp., Billerica, MA, USA). After 
sealing with 5% bovine serum albumin (BSA) or skim 
milk powder in TBST buffer (25 mM Tris, 150 mM NaCl, 
and 0.05% Tween 20, pH 7.2–7.5), the membranes were 
hatched with primary antibodies, including HMGCR, 
CYP7A1, SREBP2, LDLR, LXRA, and PPARα poly-
clonal antibodies (Proteintech, Inc., Wuhan, China), 
and rabbit anti-β-actin (Biosynthesis Biotechnology Co., 
Ltd., Beijing, China), followed by the secondary anti-
body, goat anti-rabbit immunoglobulin G/horseradish 
peroxidase (Goat Anti-rabbit IgG/HRP, Biosynthesis 
Biotechnology Co., Ltd., Beijing, China). Subsequently, 
the protein bands were visualized using enhanced chem-
iluminescence (ECL, Millipore Corp., Billerica, MA, 
USA) and detected using a chemiluminescence imag-
ing system (Sage Creation, Beijing, China). Lane 1D 
gel image software (Sage Creation, Beijing, China) was 
used to quantify the gray scale of  protein bands using the 
value of  the β-actin band as a reference.

Statistical Analysis
All data are expressed as the means ± standard devia-
tion (SD). Differences between groups were compared 
using a one-way ANOVA test followed by Duncan’s 
multiple comparison test using SPSS software (SPSS 
Inc., Chicago, IL, USA).

Results

Food Intake, Body Weight Gain, Body Fat Ratio, and Liver Index
To evaluate the effect of  COSTC on cholesterol low-
ering, the 6-week food intake and body weight gain of 
rats were analyzed, and the results are shown in Fig. 3. 
As shown in Fig. 3a, there was no significant difference 
among the HF, AVT and COSTC groups, indicating that 
COSTC exerted no influence on the appetite of  rats. The 
result of  COSTC on weight gain is revealed in Fig. 3b. In 
contrast to the HF group, rats administered COSTC-H 
(p < 0.01), COSTC-M, and COSTC-L (p < 0.05) showed 
significantly decreased body weight gains in a dose-
dependent manner.

The body fat ratio (Fig. 3c) in the HF group was sig-
nificantly higher than that for the rats in the NF group 
(p < 0.01), demonstrating that the content of white adi-
pose tissue in HF group was high. COSTC dose-depen-
dently inhibited the high lipid diet-induced elevation of 
fat pad and body fat ratio, particularly in the COSTC-H 
and COSTC-M groups (p < 0.01), showing effects slightly 
superior to the AVT group.
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detected, and the liver indices (liver mass × 100/body 
mass) are revealed in Fig. 3d. The liver index of the NF 
group was markedly lower than that of the HF group 
(p < 0.01), indicating that the livers of the HF group pos-
sess a high fat content. The liver index was decreased in 
a dose-dependent manner after administering different 
doses of COSTC, and the difference of COSTC-H was 
significant (p < 0.01) compared to the HF group. These 
results demonstrate that COSTC effectively decreased the 
body weight gain in high-fat-diet-fed rats via preventing 
the high-fat diet from enhancing the body fat.

Effect of COSTC on Serum Lipid Levels in Rats
The serum lipid levels of high-fat-diet-fed rats were deter-
mined using an automatic biochemical analyzer, and the 
results are displayed in Fig. 4 and Table 1. In this study, 
the serum and liver TG, TC, and LDL-C levels in the HF 
group were significantly higher than those in the NF group 
(p < 0.01, Fig. 4a–d), showing that the rat experimental 
hyperlipidemic model was successful. Compared to the HF 
group, the serum levels for COSTC-H, COSTC-M, and 
COSTC-L treatment groups were significantly decreased 
by 30.50%, 15.85%, and 13.41% for TC, by 26.26%, 
19.55%, and 12.85% for TG and by 24.37%, 15.19%, and 
7.91% for LDL-C (p < 0.05), respectively. However, treat-
ment did not significantly improve the effect on HDL-C.

The atherogenic index (AI), an indicator of coro-
nary heart disease risk (28), was significantly reduced in 
the serum of rats fed COSTC-H (67.00%), COSTC-M 
(58.80%), and COSTC-L(31.20%) than in that of rats fed 
HF (p < 0.05, Fig. 4E). In addition, the treatment group 
exhibited a markedly reduced AI value than the HF 
group in a dose-dependent manner (p < 0.05), showing 
that although COSTC did not significantly ameliorate the 
effect on LDL-C and HDL-C, it did significantly amelio-
rate their proportion.

Liver injury, or hepatotoxicity, is the main relative fac-
tor of hyperlipidemia (29). Additionally, the increased 
serum activities of AST and ALT, which were specific 
toxicological indices for liver function text, are observed 
in the case of liver injury (30). This study revealed that 
AST and ALT activities in serum were significantly lower 
in the COSTC group at a dose of 600 and 300 mg/kg/d 
than in rats in the HF group (p < 0.05, Fig. 4f–g), suggest-
ing that COSTC has no toxicity to the liver function and 
minimizes the damage resulting from high-fat diet. Thus, 
that COSTC administration had liver protective activity.

Effect of COSTC on Fecal TC, TG, and TBA
The positive charge in the structure of chitosan and COS 
can vigorously absorb fat, fatty acids (FA), and bile acids 
(BA), containing a negative charge, which contributes to 
lowering serum TC and TG (31). Nonetheless, several 

Fig. 3.  The main index of COSTC. Changes in the food intake (a), body weight gain (b), body fat ratio (c), and liver index (d) after 6 weeks of 
treatment. The data are presented as the means ± SD (n = 10). Note: Compared with HF, * p < 0.05; ** p < 0.01.
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Fig. 4.  The serum and liver lipid levels in high-fat diet rats. The effect of COSTC on lipid levels in the serum (a-d), AI in the serum (e), and AST 
activity and ALT activity in the serum (f-g) after 6 weeks of treatment. The data are presented as the means ± SD (n = 10). Note: Compared with 
HF, * p < 0.05; ** p < 0.01.
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COSTC reduces lipid levels is related to charge and the 
regulation of liver lipid metabolism (32). In order to 
remove excess cholesterol, it must be transported from 
the peripheral tissue to the liver and intestine, and finally 
through the feces to the form of BA discharge. Tradition-
ally, the metabolic pathway is thought to be the reverse 
of the cholesterol transporter or centripetal cholesterol 
pathway. To determine the effect of the three compounds 
on the reverse cholesterol transport process, we investi-
gated changes in fecal lipid and BA levels after COSTC 
administration.

The fecal TC, TG, and TBA levels of tested rats are 
shown in Fig. 5 and Table 1. TC and TG concentra-
tions in rats fed different doses of COSTC increased in 
a dose- dependently manner compared with that in the 
HF groups. The results indicated that COSTC effectually 
reduces the lipid concentration by promoting the excre-
tion of cholesterol via feces.

Histological Analysis of Different Tissues
The whole liver and the slices of liver sections are displayed 
in Fig. 6a–b, respectively. The livers in the NF group were 
bright red in color, smooth in the tunica of tissues, and 
characterized by sharp edges, supple texture, and small 
volume. However, the rats’ livers in the HF group were 
intumescent and slightly soft; they became pale, the edges 
were hypertrophic, and the white fat granules in the sur-
face of the liver were readily observed, suggesting that 
severe fatty-liver-like illness was developed via consuming 
high-fat diets in rats. The groups administered COSTC 
improved the steatosis in hepatocytes for which the color 
was between bright red and dull pale, and the white 
fat  granules were reduced. For further observation, the 

morphology of liver sections in different groups showed 
no histological abnormalities in the hepatocytes of the 
NF group with fewer fat droplets, whereas the hepatoc-
ytes in the HF group possessed serious fat vacuoles and 
partly infiltrated the inflammatory cells, further indicating 
that the rats developed a high degree of steatosis induced 
by high-fat diet. Different doses of COSTC groups mark-
edly decreased fat vacuoles in hepatocytes with varying 
degrees, and the infiltration of inflammation was allevi-
ated, particularly the effects observed in the COSTC-H 
group, whose cell morphology was similar to that in the 
NF group, which exerted the hepatoprotective effect via 
efficiently relieving the fatty liver.

The slices of the heart and kidney pathology tissue 
were displayed in Fig. 6c–d, respectively. The heart stri-
ated muscles and myocardial cells in slices from rats in the 
HF group (Fig. 6c) were disarrayed with the infiltration 
of inflammatory cells. However, the heart slices showed 
aligned myocardial cells without enlargement, clear 
stripes and muscle space, and have no cardiac hypertrophy 
in the NF and COSTC-treated groups. In Fig. 6d, the kid-
ney slices from rats treated with different doses of COSTC 
showed an intact glomerular structure. Additionally, the 
renal capsule, mesangial cells and matrix, capillary base-
ment membrane, and Sertoli cells of rats in the COSTC 
groups showed no pathological changes, similar to the NF 
group. These results demonstrated that the COSTC in dif-
ferent doses were not injurious and were nontoxic in heart 
and kidney samples.

The images of white adipose pathology tissues sections, 
including perirenal and subcutaneous fatty tissues, were 
exhibited in Fig. 6e–f, respectively. The perirenal and sub-
cutaneous adipocytes in the HF group are distinctly hyper-
trophic compared to the NF group. The sizes of adipocytes 

Table 1.  The serum, liver, and fetal lipid levels in high-fat diet rats

Groups NF HF AVT COSTC-H COSTC-M COSTC-L

Serum (mmol/L)

TC 2.55 ± 0.52** 4.92 ± 0.63 3.24 ± 0.37** 3.77 ± 0.41* 4.14 ± 0.44* 4.26 ± 0.48*

TG 0.91 ± 0.27** 1.79 ± 0.15 1.06 ± 0.08** 1.32 ± 0.6** 1.44 ± 0.22* 1.56 ± 0.29*

HDL-C 1.42 ± 0.26* 0.82 ± 0.28 1.06 ± 0.32 1.56 ± 0.35 1.06 ± 0.29 0.96 ± 0.45

LDL-C 1.03 ± 0.24*** 3.16 ± 0.25 1.89 ± 0.22* 2.39 ± 0.32* 2.68 ± 0.28* 2.91 ± 0.28*

AI 0.80 ± 0.53*** 5.00 ± 0.83 1.56 ± 0.42** 1.65 ± 0.62** 2.06 ± 0.53* 3.44 ± 0.81*

AST (U/L) 83.06 ± 13.86** 138.22 ± 27.98 134.02 ± 21.13 114.20 ± 16.78* 115.10 ± 15.1* 117.88 ± 18.16*

ALT (U/L) 44.88 ± 13.56** 92.88 ± 11.35 85.52 ± 8.76 74.32 ± 18.16* 77.00 ± 20.14* 79.60 ± 15.59*

Fetal (mg/g)

TC 5.53 ± 1.01** 10.46 ± 1.48 11.67 ± 0.83 15.63 ± 1.76** 14.38 ± 1.56** 12.75 ± 1.80*

TG 5.40 ± 1.42** 12.58 ± 0.96 13.68 ± 1.11 16.16 ± 2.04* 15.48 ± 2.02* 14.63 ± 2.74*

TBA 1.83 ± 0.53** 3.20 ± 0.91 2.90 ± 0.67 5.55 ± 1.53** 5.13 ± 1.51* 4.68 ± 01.43*

TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NF, control group; HF, feeding group, TC, 
total cholesterol; TBA, total bile acids; ATV, atorvastatin.Data are expressed as means ± SD (n = 10 per group). Note: Compared with HF; * p < 0.05, 
** p < 0.01, and *** p < 0.001.
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WTFig. 5.  The fecal levels TC, TG, and TBA fetal in high-fat diet rats. The effect of COSTC on fecal levels of TC (a), TG (b), and TBA (c) after 6 weeks 
of treatment. The data are presented as the means ± SD (n = 10). Note: Compared with HF, * p < 0.05; ** p < 0.01.

Fig. 6.  The whole liver (a), slices of liver (b), heart (c), kidney (d), perirenal adipose tissues (e), and subcutaneous adipose tissues (f) from different 
groups of rats (200×) after 6 weeks of treatment. Tissue sections were stained with hematoxylin and eosin (H&E).
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were prominently diminished to different degrees after 
administering different doses of COSTC, suggesting that 
COSTC can effectively suppress the growth of white adi-
pose tissues to exert the hyperlipidemia effect.

Differential Gene Expression
RNA quality test results showed that the value of 28S/18S 
was close to 2, indicating that good RNA integrity was 
consistent with the requirement to construct a sequencing 
library. The integrity of each RNA sample (RIN) is satis-
factory (date not shown). In Fig. 7a–b, the statistical results 
of differential gene expression analysis were exhibited. Six 
hundred and thirty genes were differentially expressed in 
the COSTC group compared to the HF group. Five hun-
dred and seventeen genes were downregulated, while one 
hundred and thirteen genes were upregulated. The GO 
enrichment analysis shown in Fig.  7c–d suggested that 
differentially expressed genes in the COSTC group com-
pared to the HF group were primarily associated with bio-
logical regulation and cellular progress, such as organelle 
membrane, minute bodies, mitochondria and cytoplasm. 
Among others, the main molecular functions were steroid 
dehydrogenation activity, oxidoreductase activity, cata-
lytic activity, ion binding, NADH or NADPH as a donor, 
and purine nucleotide binding. The enriched genes were 
primarily involved in biological processes, including fatty 
acid metabolism, lipid metabolism, steroid metabolism, 
and small molecule metabolites. The genes expressed of 
large differences (HF vs. COSTC) are shown in Table 2. 
Based on data analysis, we selected the critical factors 
involved in fatty acid and lipid metabolism to explore the 
lipid-lowering activities of COSTC.

COSTC Inhibits Hepatic Cholesterol Synthesis
The first few genes showing differential expression in 
fatty acid and lipid metabolism were selected for verifi-
cation, including HMGCR, SREBP2, and LDLR, which 
are involved in the regulation of hepatic cholesterol syn-
thesis. Therefore, we next investigated these activities 
using RT-PCR and western blotting. The experimental 
results presented in Fig. 8a–g showed that the activity of 
HMGCR and SREBP2 in livers of hyperlipidemic rats 
was dramatically lower in hyperlipidemic rats follow-
ing COSTC administration. In contrast, the activity of 
LDLR in the livers of hyperlipidemic rats administered 
COSTC was upregulated compared with the HF group 
(p ≤ 0.05). The AVT group showed a similar regulation 
effect on HMGCR gene expression. Real-time PCR data 
showed that the gene expression of these modulators in 
the liver was the same as that of the liver.

COSTC Promotes Hepatic Cholesterol Excretion
The first few genes showing differential expression in fatty 
acid and lipid metabolism were selected for verification, 

including CYP7A1, LXRA, and PPARα, which are 
involved in the regulation of hepatic cholesterol excre-
tion. Therefore, we next investigated these activities 
using RT-PCR and western blotting. The experimental 
results presented in Fig. 9a–g revealed that the activity 
of CYP7A1, LXRA, and PPARα in the liver of high-fat 
diet rats was upregulated following the administration 
of COSTC compared with in the HF group (p ≤ 0.05), 
although COSTC-L did not show significance. The AVT 
group did not show similar regulatory effect on the gene 
expression of CYP7A1, as AVT primarily inhibited 
HMGCR, playing a role in lipid lowering. Real-time PCR 
data showed that the gene expression of these modulators 
in the liver was the same as that of the liver.

Discussion
Previous studies have reported that COS are beneficial 
in improving plasma lipids and diminishing atheroscle-
rotic risks; as the molecular weight of COS decreases, 
the biological activity increases (33, 34). In this study, we 
showed that COSTC administration did not only signifi-
cantly decrease the serum AST and ALT levels but also 
reduce the serum TC, TG, and LDLC levels. In addition, 
we demonstrated that COSTC improved lipid metabo-
lism via upregulating the gene expression and activity 
of CYP7A1, LXRA, and PPARα, which promote the 
conversion of cholesterol into bile acid, downregulat-
ing the gene expression and activity of enzymes, includ-
ing HMGCR and SREBP2, and upregulating the gene 
expression and activity of LDLR to reduce the de novo 
synthesis of cholesterol.

Hyperlipidemia refers to a condition characterized by 
high levels of cholesterol in the blood (2). These indica-
tors for the clinical diagnostic criteria of hyperlipidemia 
were examined in this study. An obvious increase in serum 
TC, TG, and LDL-C levels and a decrease in HDL-C 
level were observed in hyperlipidemic rats. The regular 
administration of different doses of COSTC modified the 
disorders of serum lipid metabolism in 6 weeks, similar 
to AVT. It is reported that liver injury, or hepatotoxicity, 
is the main relative factor of hyperlipidemia. Addition-
ally, increased AST and ALT serum activities, which were 
specific toxicological indices for liver function text, are 
observed in liver injury. This study showed that serum 
AST and ALT activities were obviously decreased in the 
COSTC group at a dose of 600 mg/kg/d than those in 
the HDF group (p < 0.05), suggesting that COSTC has 
no toxicity to liver function and minimizes the damage 
induced by high-fat diet. Thus, COSTC administration 
showed liver protective activity.

Bile acids are synthesized in the liver and secreted into 
the small intestine where they promote absorption of 
cholesterol and fat (35). Apart from reabsorbed bile acids, 
the residue is excreted into the feces (36, 37). In this study, 
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Fig. 7.  Differential gene expression analysis (HF vs. COSTC).

the fecal output of total bile acids was increased in groups 
administrated with COSTC compared to the HF group, 
indicating the potential of COSTC to promote the conver-
sion of cholesterol into bile acids in the liver and entrap 
bile acids in the small intestine, which further increases the 

excretion of bile acids from feces in addition to the fecal 
loss of steroids due to reduced enterohepatic recycling. 
These findings might reflect the potential mechanisms of 
the cholesterol-lowering effect of COSTC on high-fat-di-
et-induced hyperlipidemic rats.
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WTTable 2.  The genes expressed of large differences (HF vs. COSTC)

GeneID log2 ratio 
(COSTC/HF)

Upregulation–downregulation 
(COSTC/HF)

Symbol GO function or process

25675 0.2244909 Down HMGCR GO:0006732;GO:0006694//steroid biosynthetic process;GO:0008203//
cholesterol metabolic process; GO:0016114//terpenoid biosynthetic process

691312 10.26795 Up CYP7A1 GO:0008395//steroid hydroxylase activity; GO:0055092//sterol 
homeostasis;GO:0050810//regulation of steroid biosynthetic process

100134871 1.8314004 Up PPARα GO:0030492//hemoglobin binding; GO:0022892//substrate-specific 
transporter activity; GO:0016209//antioxidant activity

100314100 8.0407463 Up LXRα GO:0005126//cytokine receptor binding; GO:0033764//steroid dehydrogenase 
activity, acting on the CH-OH group of donors, NAD or NADP as acceptor; 
GO:0008203//cholesterol metabolic process

500564 5.163333 Up LDLR GO:0004871//signal transducer activity; GO:0060090//binding, 
bridging;GO:0070325//lipoprotein particle receptor binding;GO:0045309//
protein phosphorylated amino acid binding

79451 0.176667 Down SREBP2 GO:0015248//sterol transporter activity; GO:0046983//protein dimerization 
activity; GO:0055092//sterol homeostasis;GO:0050810//regulaticholesterol 
synthesis process

HMGCR, 3-Hydroxy-3-Methylglutaryl-Coenzyme A Reductase; HMGCR: 3-Hydroxy-3-Methylglutaryl-Coenzyme A Reductase; PPARα, Peroxisome 
Proliferation Activated Receptor-α; LXRA, Liver X Receptor Alpha; LDLR, low-density lipoprotein receptor; SREBP-2, Sterol-Responsive Element 
Binding Protein-2.

Fig. 7. Continued  Differential gene expression analysis (HF vs. COSTC).

The DGE analysis showed that 630 genes were differ-
entially expressed in the COSTC group compared to the 
HF group, including 517 downregulated genes and 113 
upregulated genes. The GO enrichment analysis showed 
that the enriched genes were primarily involved in biolog-
ical processes, including bile acids, inflammation, steroid 

metabolism, and β-oxidation of  fatty acids. Based on the 
analysis of  differential expression in fatty acid and lipid 
metabolism, critical differential gene expressions were 
selected for verification. CYP7A1, a rate-determining 
enzyme in the conversion of  cholesterol to primary bile 
acids, catalyzes the initial step in cholesterol catabolism 
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Fig. 8.  Effect of COSTC on the mRNA and protein expression of hepatic HMGCR genes (a–c); effect of COSTC on the mRNA and protein 
expression of hepatic SREBP2 genes (d–f); and effect of COSTC on the mRNA and protein expression of hepatic LDLR genes (g–i). The data 
are the presented as the means ± SD (n = 3). Note: Compared with HF, * p < 0.05; ** p < 0.01.
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Fig. 9.  Effect of COSTC on the mRNA and protein expression of hepatic CYP7A1 genes (a–c); effect of COSTC on the mRNA and protein 
expression of hepatic PPARα genes (d–f); and effect of COSTC on the mRNA and protein expression of hepatic LXRA genes (g–i). The data 
are presented as the means ± SD (n = 3). Note: Compared with HF, * p < 0.05; ** p < 0.01.
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and bile acid synthesis (38). Increased bile acid excre-
tion activates CYP7A1, increasing liver cholesterol into 
bile acid excretion. This leads to a decrease in free cho-
lesterol levels in the liver, which may in turn stimulate 
LDLR expression. LXRA is a master regulator main-
taining the homeostasis of  bile acids (39). PPARa is a 
nutritional sensor that allows the adaptation of  the rates 
of  fatty acid catabolism and lipogenesis (40). SREBP2 
is primarily responsible for cholesterol-related gene 
expression (7). HMGCR is the rate-limiting enzyme of 
hepatic cholesterol biosynthesis (3). The downregulation 
of  HMGCR and SREBP2 activity will inhibit choles-
terol de novo synthesis in the liver and thus reduce serum 
cholesterol levels.

Therefore, in this study, we demonstrated that COSTC 
improved lipid metabolism via the upregulation of 
gene expression and activity of  CYP7A1, LXRA, and 
PPARα, which promote the conversion of  cholesterol 
into bile acid, downregulating the gene expression and 
activity of  enzymes including HMG-CoA reductase and 
SREBP2 and upregulating LDLR to reduce the de novo 
synthesis of  cholesterol. Thus, the results of  this study 
indicate that COSTC may be a prospective functional 
food or supplement for antihyperlipidemic prevention 
or treatment.

Conclusions
In summary, this study was the first to provide evidence 
that COSTC favorably alters lipid metabolism partly 
through decreased cholesterol biosynthesis and increased 
cholesterol conversion into bile acids in high-fat-diet-in-
duced hyperlipidemic rats. The potential cholesterol-low-
ering mechanisms of  COSTC could promote the activity 
of  CYP7A1 to increase the cholesterol conversion into 
bile acids and inhibit the activity of  HMGCR to reduce 
the de novo synthesis of  cholesterol. Thus, these promising 
findings indicated that COSTC has potential usefulness 
as a natural supplement or functional food for prevent-
ing and treating hyperlipidemia. Although the in-depth 
mechanisms need further illumination, these findings will 
be helpful for designing new therapeutic strategies to pre-
vent the occurrence of  hyperlipidemia.
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Abstract

Background: Augmenting glucose utilization in skeletal muscle via the phosphatidylinositol-3 kinase (PI3 
kinase)/protein kinase B (Akt) pathway or the adenosine monophosphate (AMP)-activated protein kinase 
(AMPK) pathway is necessary to regulate hyperglycemia in patients with type 2 diabetes mellitus.
Objective: We investigated the effect of mulberry leaf extract (MLE) on glucose uptake in skeletal muscle cells 
and explored its in vivo antidiabetic potential.
Design: Male db/db mice were treated with either MLE (50 mg/kg, 100 mg/kg, and 250 mg/kg) or metformin 
(100 mg/kg) for 8 weeks.
Results: MLE treatment stimulated glucose uptake, driven by enhanced translocation of glucose transporter 
4 to cell membranes in L6 myotubes. These effects of MLE were synergistic with those of insulin and were 
abolished in the presence of PI3K inhibitor or AMPK inhibitor. In db/db mice, supplementation with MLE 
decreased fasting blood glucose and insulin levels and enhanced insulin sensitivity, with increases of p-Akt 
and p-AMPK in skeletal muscle. Moreover, MLE improved blood lipid parameters and attenuated hepatic 
steatosis in diabetic db/db mice.
Discussion: These findings suggest that MLE exerts antidiabetic activity through stimulating glucose disposal 
in skeletal muscle cells via the PI3K/Akt and AMPK pathways.
Conclusions: MLE can potentially improve hyperglycemia and hepatic steatosis in patients with type 2 diabetes.

Keywords: glucose uptake; muscle; steatosis; insulin; hypertriglyceridemia

T ype 2 diabetes mellitus (T2DM) is characterized by 
insulin resistance (IR), hyperglycemia, and hyperinsu-
linemia. Skeletal muscle accounts for approximately 

70–80% of insulin-stimulated glucose uptake in the postpran-
dial state and plays a key role in maintaining glucose homeo-
stasis (1). Two distinct pathways are responsible for glucose 
transport in skeletal muscle: phosphatidylinositol-3 kinase 
(PI3 kinase)/protein kinase B (Akt) and AMP-activated pro-
tein kinase (AMPK). Insulin facilitates glucose uptake by in-
creasing the translocation of glucose transporter 4 (GLUT4) 
from an intracellular pool to the plasma membrane through 
the activation of the PI3K/Akt pathway (2). Skeletal muscle 
contraction or metformin treatment activates AMPK and 
stimulates GLUT4 translocation in an insulin-independent 
manner (3). Impairment of GLUT4 translocation or de-
creased GLUT4 activity results in systemic IR (4, 5).

Mulberry (Morus alba L.), a member of the Moraceae 
family, has been cultivated worldwide for sericulture from 
ancient times and has been used in Chinese medicine to 
prevent and cure T2DM (6). Results from animal studies 
show that mulberry leaf extract (MLE) reduces postpran-
dial blood glucose levels in rats with high fat diet- and 
streptozotocin-induced diabetes (7, 8). Similarly, long-
term administration of MLE in subjects with impaired 
glucose tolerance or T2DM produces a dose-dependent 
decrease in postprandial blood glucose levels (9, 10). 
A number of studies have revealed that 1-deoxynojirimycin 
(DNJ), a potent α-glucosidase inhibitor, is the main com-
ponent responsible for these activities (11, 12). MLE 
activates the PI3K/Akt pathway and stimulates glucose 
uptake in rat adipocytes (13, 14). It increases adipogenesis 
and stimulates adiponectin secretion from murine 3T3-L1 
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adipocytes: both activities are associated with decreased 
blood glucose levels (15). Anthocyanins isolated from 
MLE maintain the PI3K/Akt pathway and suppress he-
patic gluconeogenesis in HepG2 cells, a human hepatocel-
lular carcinoma cell line (14). Given that skeletal muscle is 
a major site of whole-body glucose uptake and utilization, 
MLE might also act as a direct stimulant of glucose trans-
port in skeletal muscle in addition to its role in adipocytes 
and hepatocytes. However, the effects of MLE on skeletal 
muscle are poorly understood. In this study, using db/db 
mice, we carried out an 8-week supplementation study to 
ascertain the antidiabetic efficacy of MLE. We also ex-
plored the underlying mechanism of action of MLE, with 
a particular focus on the AMPK and PI3K/Akt signaling 
pathways, in L6 myotubes.

Materials and methods

Preparation of MLE
Dried mulberry leaves were obtained from the Buan Ag-
ricultural Development & Technology Center (Buan, 
Korea) in 2016. Dried mulberry leaf extract was prepared 
with 15  volumes of water at 50°C for 4 h, using a DH-
M03 accelerated solvent extractor (DM Engineering Co., 
Siheung, Korea). The extracts were filtered using filter car-
tridges (1 μm), concentrated using a vacuum evaporator 
(DH-M07, Vacuum Engineering Co., Seoul, Korea) at 
60°C, and spray dried with 20% dextrin.

High-performance liquid chromatography analysis of MLE
The components of MLE were analyzed using an Agilent 
1260 Infinity HPLC system (Agilent, Santa Clara, CA, 
USA) with an MG C18 column (4.6 mm × 250 mm, 5 µm, 
Shiseido Co., Tokyo, Japan). The mobile phase was com-
posed of 0.1% acetic acid in water (A) and acetonitrile 
(B). The gradient program (A:B) was as follows: 70:30 for 
0–16 min, 20:80 for 17–27 min, and 70:30 for 28–35 min. 
The flow rate was 1 mL/min, the injection volume was 
10  µl, and the column temperature was maintained at 
35°C. Signals were detected at the wavelengths of excita-
tion (254 nm) and emission (322 nm) using a fluorescence 
detector. The standard (DNJ) for HPLC analysis was 
obtained from Sigma-Aldrich (St Louis, MO, USA). The 
DNJ content was determined using a validation method 
established using dilutions of each standard at concen-
trations ranging from 1.03 to 32.90 ppb injected into the 
HPLC system (correlation coefficient 0.999).

Liquid chromatography mass spectrometry (LC-MS) analysis 
of MLE
Unbiased metabolomics analysis was performed using an 
ultra-performance liquid chromatography (UPLC) sys-
tem (Waters, Milford, CT, USA). Chromatographic sep-
aration was carried out using an ACQUITY UPLC HSS 

T3 column (100 mm × 2.1 mm, 1.8 μm, Waters) with a col-
umn temperature of 40°C and a flow rate of 0.5 mL/min, 
where the mobile phase contained solvent A (0.1% formic 
acid in distilled water [DW]) and solvent B (0.1% formic 
acid in acetonitrile). Metabolites were eluted using the 
following gradient elution conditions: 97% solvent A for 
0–5 min, 3–100% linear gradient solvent B for 5–16 min, 
100% solvent B for 16–17 min, 100–3% reverse linear 
gradient solvent B for 17–19 min; and 97% solvent A for 
19–25 min. The loading volume of each sample was 5 μL. 
The metabolites eluted from the column were detected by 
a high-resolution tandem mass spectrometer SYNAPT 
G2 Si HDMS QTOF (Waters) in positive and negative ion 
modes. For positive ion mode, the capillary voltage and 
the cone voltage were set at 2 kV and 40 V, respectively. 
For negative ion mode, they were set at 1 kV and 40 V, 
respectively. Centroid MSE mode was used to collect the 
mass spectrometry data. The primary scan ranged from 
50 to 1,200 Da and the scanning time was 0.2 sec. All 
the parent ions were fragmented using 20–40 eV. Infor-
mation for all fragments was collected, and the time was 
0.2 sec. In the data acquisition process, the LE signal was 
gained every 3 sec for real-time quality correction. For ac-
curate mass acquisition, leucine enkephalin at a flow rate 
of 10  μL/min was used as a lock mass by a lock spray 
interface to monitor the positive ([M + H]+ = 556.2771) 
and the negative ([M − H]− = 554.2615) ion modes. Data 
acquisition and analysis were controlled using the Waters 
UNIFI V1.71 software. The scan ranges in MS and MS/
MS modes were each 50–1,200 m/z.

Cell culture and differentiation
Rat myoblast cells (L6) were obtained from the American 
Type Culture Collection (Manassas, VA, USA). Cells were 
grown in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum, 10 units/mL penicillin, and 
10 μg/mL streptomycin, at 37°C and air containing 5% CO

2. 
L6 myoblasts were seeded at the density of 2 × 104 cells/cm2 
in 96-well plates one day before the start of the differenti-
ation. The differentiation of myoblasts into myotubes was 
induced by switching the media to alpha minimum essen-
tial medium (α-MEM) supplemented with 2% fetal bovine 
serum and antibiotics. Cells were allowed to differentiate 
into myotubes for 5 days. Fresh medium was added on day 
2. The myotubes were then cultured in α-MEM containing 
0.2% BSA and antibiotics for 12 h and then used for glu-
cose uptake experiments. Cell viability was assessed using 
the   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay.

Muscle glucose uptake
L6 myotubes were treated with phosphate buffered saline 
(PBS), 0.1 μM human insulin (Sigma-Aldrich), and MLE 
in 0.2% BSA and antibiotics at 37°C in a CO2 incubator 
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for 4 h. The cells were washed with PBS and starved for 1 h  
in glucose-free 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES)-buffered saline (20 mM HEPES, 
140 mM NaCl, 5 mM KCl, 2.5 mM MgSO4, 1 mM CaCl2; 
pH 7.4) while maintaining the same concentrations of test 
compounds and insulin. Finally, HEPES-buffered saline 
containing 10 μM 2-deoxy-D-glucose (2DOG, Sigma-
Aldrich) and 0.5 μCi/μL [3H]2-deoxy-D-glucose (Perkin-
Elmer, Turku, Finland) was added to the myotubes, and 
the uptake reaction was allowed to proceed for 15 min at 
room temperature. The uptake reaction was stopped by 
washing the cells three times with ice-cold PBS. The cells 
were lysed in 0.5 M NaOH, and the radioactivity in the 
lysates was counted by liquid scintillation (PerkinElmer).

Animals and experimental design
All mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME, USA). The mice were housed in 
standard laboratory conditions (23±1°C, 40–60% rela-
tive humidity, and a 12 h light–dark cycle) in a barrier 
facility with laminar flow cabinets in the Laboratory 
Animal Care facilities of  Chonbuk National University 
Hospital. All mice were allowed free access to a nor-
mal chow diet and tap water. After 1 week of  acclima-
tization, 7-week-old male db/db mice (C57BLK-leprdb/
leprdb) and non-diabetic db/m mice (C57BLK-leprdb/+) 
were randomly divided into six groups (n = 7 per group): 
normal control (db/m, non-treated), negative control 
(db/db, PBS), positive control (db/db, 100 mg/kg of  met-
formin), and three test groups (db/db, MLE). MLE was 
administered at doses of  50 mg/kg (low dose), 100 mg/
kg (middle dose), and 250 mg/kg (high dose) to the three 
test groups for 8 weeks. All reagents (PBS, metformin, 
and MLE) were administered by oral gavage once daily. 
Food consumption, body weight, and fasting blood glu-
cose (FBG) were measured every week. At the end of 
the 7th week, the mice underwent an oral glucose tol-
erance test (OGTT) and an insulin tolerance test (ITT). 
The animals were sacrificed on the 8th week. Blood sam-
ple was collected from the truncal vein. After the mice 
were anesthetized using ketamine and xylazine, liver 
and skeletal muscle tissues were harvested. This proto-
col was approved by the Institutional Animal Care and 
Use Committee of  Chonbuk National University Hos-
pital (permit no. cuh-IACUC-2017-5-1), and all work 
was performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (National Institutes of 
Health Publication no. 85-23, revised 2011).

Biochemical assays
Whole blood glucose levels were measured using 
Accu-Chek Aviva glucose monitors (Roche Diagnostics, 
Indianapolis, IN, USA), with blood drawn from the tail 
vein. Serum insulin and adiponectin levels were measured 

using an enzyme-linked immunosorbent assay (ELISA) kit 
(Millipore, Bedford, MA, USA), with blood drawn from 
the truncal vein. To assess IR, the homeostasis model as-
sessment (HOMA) index scores were calculated as follows: 
HOMA-IR = (fasting insulin concentration × fasting glu-
cose concentration)/22.5. Serum levels of total cholesterol 
(TC), triglyceride (TG), and high-density lipoprotein cho-
lesterol (HDL-C) were measured using commercially avail-
able kits (Asan Pharmaceuticals Co., Ltd., Seoul, Korea). 
For quantification of liver TG contents, the liver tissue was 
homogenized and extracted in chloroform, methanol, and 
DW (2/1/1 ratio). All procedures were performed according 
to the manufacturer’s instructions.

Glucose and insulin tolerance tests
For the OGTT, glucose (1 g/kg body weight) was admin-
istered by oral gavage after overnight fasting. The ITT 
was performed with an intraperitoneal injection of  in-
sulin (0.75 U/kg body weight) after 6 h of  fasting. These 
two tests were performed at a 3-day interval and had 
the same sampling times: 0 (baseline), 15, 30, 60, 120, 
and 180 min postglucose (or postinsulin) challenge. The 
glucose levels were measured in the blood drawn from 
the tail vein. Insulin responsiveness was also assessed in 
the liver and skeletal muscle. Briefly, insulin (0.75 U/kg 
body weight) was first administered via the truncal vein. 
Tissue samples were then collected from the liver 5 min 
later and from the skeletal muscle 10 min later. The levels 
of  total and phosphorylated Akt in each sample were 
then assessed.

Histological assay
Liver specimens were immediately fixed in 10% formalin, 
embedded in paraffin, and cut into 5-μm sections. The 
specimens were stained with hematoxylin and eosin and 
examined on a light microscope (Eclipse E600 polarizing 
microscope, Nikon, Tokyo, Japan).

Western blotting
Protein samples (20 μg) from L6 myotubes, liver or skel-
etal muscle tissue extracts were resolved by sodium do-
decyl sulfate–polyacrylamide gel electrophoresis and then 
transferred to nitrocellulose membranes (Millipore). The 
membranes were probed with primary antibodies against 
AMPK, p-AMPK, Akt, p-Akt (Cell Signaling Technol-
ogy, Beverly, MA, USA), GLUT4, and β-actin (Santa 
Cruz Biotechnology, Dallas, TX, USA) overnight at 4°C. 
After washing, the membranes were incubated with horse-
radish peroxidase-conjugated anti-IgG secondary anti-
bodies (Zymed, South San Francisco, CA, USA) for 1 h at 
room temperature. Immunoreactive bands were detected 
using an LAS-4000 imager (GE Healthcare Life Science, 
Pittsburgh, PA, USA), and band density was normalized 
to that of the β-actin loading control.
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Statistical analysis
Data are expressed as the mean±SEM. Statistical com-
parisons were made using one-way analysis of variance 
followed by Fisher’s post hoc analysis using GraphPad 
Prism 5.02 (San Diego, CA, USA). P-values < 0.05 were 
considered statistically significant.

Results

Chromatography analysis of MLE
A typical HPLC chromatographic profile of  MLE is 
shown in Fig. 1a. DNJ was adequately resolved from 
other unknown compounds and could be clearly iden-
tified by retention time. The content of  DNJ in the ex-
tracts was calculated from the relevant peak area by using 
an external standard method, and quantified as 0.2%. 

The constituents of  the MLE were further analyzed by 
LC-MS. MLE contained several polyphenols, including 
caffeoylquinic acid derivatives and flavonoid glycosides 
(Fig. 1b).

MLE increases glucose uptake in L6 myotubes
To investigate whether MLE has direct effects on muscle 
cell glucose uptake, L6 myotubes were treated with var-
ious concentrations of MLE. The cell viability observed 
after treatment with ≤60 μg/mL of MLE was similar to 
that of the control (Fig. 2a). MLE (60 μg/mL) treatment 
increased [3H]-2-deoxy-D-glucose uptake into myotubes 
(Fig. 2b). Interestingly, glucose uptake was not depen-
dent on the insulin action. To elucidate the mechanism 
behind this increase in glucose uptake, the levels of 
p-Akt, p-AMPK, and GLUT4 were measured by western 

Fig. 1.  Representative chromatograms of MLE. (a) HPLC analysis of DNJ in MLE. (b) LC-MS analysis of phenolic com-
pounds in MLE. Numbers refer to the main peaks identified: #1, 4-O-caffeoylquinic acid; #2, 1-O-caffeoylquinic acid; #3, 
kaempferol-3,7-diglucoside; #4, 6-hydroxykaempferol-3-O-glucoside; #5, genistein-7,4’-di-O-β-D-glucoside. 

Fig. 2.  Effects of MLE on glucose uptake in L6 myotubes. (a) L6 myotubes were treated with the indicated concentrations of 
MLE, and cell viability was determined by MTT assay (n = 5). (b) L6 myotubes were treated with MLE (60 μg/mL), 0.1 μM 
insulin, 25 μM LY294002 (LY), or 10 μM compound C (CC) as indicated. After 6 h, [3H]2DOG uptake was measured (n = 7/each 
group). (c) L6 myotubes were treated with MLE (60 μg/mL), 25 μM LY294002, or 10 μM compound C (CC) for 5 min, and pro-
tein levels of p-Akt, Akt, p-AMPK, AMPK, and GLUT4 were analyzed by western blotting. The band intensities of each protein 
were quantitated (n = 5). Values are expressed as mean±SEM. MLE, mulberry leaf extract; CC, compound C; LY, LY294002. 
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blotting. A significant increase of p-Akt/Akt, p-AMPK/
AMPK, and GLUT4 was observed after MLE treatment 
(Fig. 2c). Using the PI3-K inhibitor LY294002 and the 
AMPK inhibitor compound C, we further confirmed the 
activation of the PI3K/Akt and AMPK pathways in the 
MLE-stimulated glucose uptake (Figs. 2b and 2c).

MLE decreases blood glucose concentration in db/db mice
To investigate glucose homeostasis and insulin sensitivity 
after MLE treatment in vivo, we used diabetic db/db mice 
treated with PBS or various concentrations of MLE. Met-
formin was used as a positive control. All db/db mice were 
confirmed to be diabetic when the experiment began, as in-
dicated by the high mean FBG level (150.10±32.3 mg/dL). 
After 5 weeks of metformin treatment, the mice exhibited 
significantly reduced FBG levels compared with the con-
trol mice (Fig. 3a). Mice that received 5 weeks of MLE 
supplementation (250 mg/kg) also exhibited reduced FBG 
levels; this effect persisted until the end of the study. The 
glucose-lowering effect of MLE was concentration depen-
dent, and the efficacy of 250 mg/kg MLE supplementation 
was similar to that of metformin treatment. The average 
weekly weight gains (Fig. 3b) and food intakes (Fig. 3c) 
were not different among groups. At the end of the study, 
the FBG levels, insulin levels, and HOMA-IR scores were 
significantly decreased in the MLE (100 and 250 mg/kg)-
treated db/db mice compared with the PBS-treated db/db 
mice (Figs. 3d–3f). Consistent with the changes in FBG 
levels, MLE supplementation (100 and 250 mg/kg) signifi-
cantly increased serum adiponectin levels (Fig. 3g).

Mice with MLE supplementation (100 and 250 mg/kg) 
also exhibited improvements in post-bolus glucose clearance 

compared with PBS-treated db/db mice at all time points of 
the OGTT (Fig. 4a). Significant decreases in blood glucose 
levels during the ITT were also observed in the MLE (50, 
100, and 250 mg/kg)-supplemented mice (Fig. 4b). To iden-
tify the tissue that contributes to this MLE-mediated in-
crease in insulin sensitivity, the levels of insulin-stimulated 
Akt phosphorylation were compared in the liver and skel-
etal muscle tissues. Insulin-injected db/+ mice showed Akt 
phosphorylation (Ser473) in the liver and skeletal muscle; 
however, only weak effects were observed in PBS-treated 
db/db mice (Fig. 4c). In contrast, both MLE (250 mg/kg)- 
and metformin-treated mice showed significantly increased 
Akt phosphorylation compared with PBS-treated mice. 
These results suggest that MLE supplementation improves 
systemic and peripheral IR in db/db mice.

MLE supplementation ameliorates hepatic steatosis and 
hypertriglyceridemia in db/db mice
At the end of the study, supplementation with MLE and 
supplementation with metformin both resulted in signifi-
cantly lower serum TG and TC levels in db/db mice (Figs. 5a 
and 5b). However, no significant differences in HDL-C 
levels were observed with MLE supplementation (Fig. 5c).

Morphological analysis of the livers also indicated 
that lipid accumulation was most pronounced in the con-
trol db/db mice. However, supplementation with MLE 
(250 mg/kg) and metformin both resulted in reduced liver 
sizes and reduced numbers of lipid droplets compared with 
db/db mice (Fig. 5d). Liver wet weight (Fig. 5e), liver TG 
content (Fig. 5f), and serum levels of aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) (Fig. 5g) 
were well correlated with the degree of lipid accumulation.

Fig. 3.  Effects of MLE supplementation on glycemic control in db/db mice. Male db/db mice received PBS, metformin (100 mg/
kg), or MLE (50, 100, and 250 mg/kg) once daily for 8 weeks by oral gavage. (a) Fasting blood glucose, (b) body weight, and (c) 
food intake changes were recorded at the indicated times. (d–g) At the end of the study, glucose, insulin, and adiponectin con-
centrations were analyzed and the HOMA-IR scores were calculated. Values are expressed as mean±SEM (n = 7/each group). 
**p < 0.01 versus db/+, #p < 0.05 and ##p < 0.01 versus db/db+PBS. Met, metformin; MLE50, MLE 50 mg/kg; MLE100, MLE 
100 mg/kg; MLE250, MLE 250 mg/kg.
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MLE supplementation activates PI3K/Akt in skeletal muscle
Because we observed an increased glucose uptake in L6 
myotubes with MLE (Fig. 2), we further verified the 
improvement of  MLE-mediated glucose metabolism in 

skeletal muscle, the major tissue for glucose disposal. 
As shown in Fig. 6, phosphorylated forms of  Akt and 
AMPK were significantly decreased in the muscles of 
PBS-treated db/db mice compared with the db/+ mice. 

Fig. 4.  Effects of MLE supplementation on insulin sensitivity in db/db mice. At the 7th week, glucose concentrations during 
oral glucose tolerance tests (a) and insulin tolerance tests (b) were measured. Areas under the curve were compared (n = 7/each 
group). (c) At the end of the study, insulin-stimulated Akt phosphorylation was measured in the liver and skeletal muscle. The 
band intensities of p-Akt and Akt were quantitated (n = 3/each group). Values are expressed as mean±SEM. **p < 0.01 versus 
db/+ or db/+ with PBS, #p < 0.05 and ##p < 0.01 versus db/db+PBS or db/+ with insulin. 

Fig. 5.  Effects of  MLE supplementation on hepatic steatosis and serum lipid profiles in db/db mice. (a–c) At the end of  the 
study, serum levels of  triglyceride (TG), total cholesterol (TC), and high-density lipoprotein cholesterol (HDL-C) were ana-
lyzed. (d) Macroscopic and microscopic images of  liver sections. Liver sections were stained with H&E. Bar = 100 μm. (e, f) 
Liver wet weight and hepatic TG content were determined. (g) Serum levels of  AST and ALT were measured as an index of 
liver injury. Values are expressed as mean±SEM (n = 7/each group). **p < 0.01 versus db/+, #p < 0.05 and ##p < 0.01 versus 
db/db+PBS. 
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However, supplementation of  MLE (100 and 250 mg/kg) 
significantly increased the phosphorylated forms of  these 
proteins as well as that of  GLUT4 protein. These results 
indicate that MLE likely increases glucose disposal in 
skeletal muscle by increasing both insulin sensitivity and 
GLUT4 expression via the Akt- and AMPK-dependent 
pathways.

Discussion
MLE is rich in the iminosugar DNJ, and therefore much 
attention has been focused on MLE-dependent suppres-
sion of the postprandial elevation of blood glucose levels 
by delaying glucose absorption in the small intestine. Our 
LC-MS analysis shows that in addition to DNJ, MLE 
contains genistein glycoside, kaempferol glycosides, and 
caffeoylquinic acid derivatives. Previous studies have 
shown that genistein is responsible for suppressed hepatic 
gluconeogenesis and increased insulin secretion (16, 17), 
kaempferol stimulates insulin secretion and exerts insu-
linotropic effects (18, 19), and caffeoylquinic acid is ef-
fective in stimulating glucose transport in muscle cells by 
activating AMPK and Akt (20). These results suggest that 
the antidiabetic effects of MLE in db/db mice may be me-
diated by not only DNJ but also a combination of several 
constituents of MLE.

To determine whether MLE can decrease blood glu-
cose levels in an in vivo diabetes model, we treated db/db 
mice with MLE for 8 weeks. Remarkably, MLE supple-
mentation sufficiently lowered FBG levels, and this effect 
was relatively stable, as with metformin, from 5 weeks 
after treatment. Because there were decreases in serum 
insulin levels and HOMA-IR values with MLE supple-
mentation, the insulin sensitization in peripheral tissues 
is likely the main mechanism by which MLE regulates 
blood glucose levels. Indeed, our results provide evidence 
of  insulin sensitization with MLE. First, we observed 
an increase of  insulin signaling in the liver and skeletal 

muscle, as evidenced by the increase of  p-Akt/Akt. Sec-
ond, there was an increase of  glucose disposal as shown 
by an ITT. Third, high levels of  adiponectin were de-
tected, which can predict enhanced insulin sensitivity. Fi-
nally, GLUT4 expression in skeletal muscle and glucose 
uptake into L6 myotubes both increased. All of  these 
results indicate that the favorable antidiabetic effects of 
MLE arise from enhancement of  insulin sensitivity in 
skeletal muscle.

Adipose tissue accounts for a small fraction of glucose 
disposal after a meal, whereas skeletal muscle is proposed 
to be the primary site of whole-body insulin-mediated 
glucose uptake (1). GLUT1 is predominantly responsible 
for transporting glucose during basal conditions, while 
GLUT4 becomes the major glucose transporter in skele-
tal muscle cells in response to insulin (21). Therefore, this 
study investigated the glucose uptake through GLUT4 
in myotubes. Results showed that MLE treatment stimu-
lated glucose uptake independent of insulin action, which 
was paralleled by increased GLUT4 translocation to the 
cell surface. The glucose uptake into skeletal muscle is me-
diated by two pathways: insulin-dependent Akt phospho-
rylation and contraction-stimulated AMPK activation 
(2, 3). Studies using the PI3K inhibitor LY294002 and the 
AMPK inhibitor compound C revealed that both PI3K 
and AMPK were essential for MLE-enhanced muscular 
glucose uptake. In agreement with our study, MLE acti-
vated AMPK phosphorylation in isolated rat muscle (22); 
however, in contrast to our results, MLE inhibited Akt 
signaling in the smooth muscle cell line A7r5 (23). The 
latter discrepancy is most likely due to using different cell 
types (skeletal muscle cells in our study vs. smooth muscle 
cells in their study), as well as visualizing Akt activity at 
a different MLE concentration (60 μg/mL in our study vs. 
> 500 μg/mL in their study).

Mice in the MLE treatment group showed decreased 
serum levels of  TG and TC and recovery of  fatty liver. 

Fig. 6.  Activation of  PI3K/Akt signaling pathways by MLE in muscle. At the end of  the study, the total and phosphorylated 
forms of  Akt and AMPK, and GLUT4 were measured in skeletal muscle tissues. The band intensities of  each form were 
quantitated. Values are expressed as mean±SEM (n = 7/each group). **p < 0.01 versus db/+ and #p < 0.05, ##p < 0.01 versus 
db/db+PBS. 

107Mulberry leaf extract displays antidiabetic activity in db/db mice via Akt and AMP-activated protein...

_________________________ WORLD TECHNOLOGIES _________________________



WT

Excess glucose enters the liver and is metabolized to 
acetyl-CoA, which is used for TG synthesis through 
de novo lipogenesis. Insulin and glucose activate SREB-
P-1c and ChREBP, respectively, and these transcription 
factors are involved in the induction of  lipogenic genes 
(24). Therefore, downregulation of  glucose and insulin 
levels by MLE may, at least in part, be responsible for 
the improvement of  dyslipidemia and fatty liver in db/
db mice.

In summary, MLE-supplemented db/db mice had 
not only lowered blood glucose and insulin but also 
decreased TG and TC levels, and improvements in IR 
and fatty liver. The mechanism of  MLE action involves 
activation of  AMPK and Akt signaling for muscular 
glucose uptake. Our findings manifest that MLE has a 
favorable therapeutic potential for the management of 
type 2 diabetes.
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Green tea (Camellia sinensis) aqueous extract 
alleviates postmenopausal osteoporosis in 
ovariectomized rats and prevents RANKL-induced 
osteoclastogenesis in vitro
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Abstract

Background: Green tea (Camelliasinensis [L.] Kuntze) belongs to the plant family Theaceae and is mainly dis-
tributed in East Asia, the Indian subcontinent and Southeast Asia. This plant has been proven to be beneficial 
to human health, and green tea is the second most consumed beverage in the world after water. However, until 
now, the effect of green tea aqueous extract (GTE) upon postmenopausal osteoporosis has remained unclear. 
In this study, we investigated the therapeutic effects of GTE on estrogen deficiency-induced osteoporosis and 
explored the possible mechanisms in vivo and in vitro.
Materials and methods: Ovariectomized (OVX) female rats were orally administered with GTE at doses of 60, 
120, and 370 mg kg−1 for 13 consecutive weeks. The biochemical parameters, bone gla protein, alkaline phos-
phatase, acid phosphatase, estrogen, interleukin-1β, and interleukin-6 in blood samples were detected, and 
histological change in bones was analyzed by hematoxylin and eosin staining. Meanwhile, the mechanisms of 
GTE on osteoclast formation were explored in RAW 264.7 cells induced by receptor activation of the nuclear 
factor kappa B ligand (RANKL).
Results: The results showed that GTE could increase bone mass and inhibit trabecular bone loss in OVX 
rats. Furthermore, real-time quantitative reverse transcription polymerase chain reaction analysis from 
in vitro experiments also showed that GTE reduced the mRNA expression of osteoclast-associated genes such 
as cathepsin K (cath-K), c-Fos, matrix metalloproteinase 9, nuclear factor of activated T cells cytoplasmic 1 
(NFATc1) and tartrate-resistant acid phosphatase. In addition, GTE caused a reduction in the protein levels of 
NFATc1, c-Fos, c-src and cath-K.
Conclusion: Evidence from both animal models and in vitro experiments suggested that GTE might effectively 
ameliorate the symptoms of osteoporosis in OVX rats and inhibit RANKL-induced osteoclast-specific gene 
and protein expression.

Keywords: green tea aqueous extract; osteoporosis; ovariectomy; receptor activator of the nuclear factor kappa B ligand; osteoclast

Osteoporosis is a systemic metabolic bone dis-
ease characterized by low bone mass, damaged 
microstructure, highly fragile bone, and greater 

vulnerability to fracture (1). The factors underlying osteo-
porosis are very complex and involve aging, endocrine dis-
orders, calcium malabsorption, and limb disuse, as well as 
immune, nutritional, and genetic factors (2). There are two 

types of osteoporosis: primary and secondary. Postmeno-
pausal osteoporosis (PMOP) is the most prevalent of the 
primary forms of osteoporosis (3). Bone metabolism is a 
process of dynamic equilibrium, in which osteoblasts and 
osteoclasts work together to maintain homeostasis. How-
ever, the dynamic equilibrium of bone metabolism can be 
disrupted in response to the reduced level of estrogen (4).

†These authors contributed equally to this work.
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Postmenopausal women are at high risk of  develop-
ing osteoporosis because of  the significant alterations 
in bone metabolism associated with estrogen deficiency 
(5). Approximately half  of  women over the age of 
50 years are expected to suffer an osteoporosis-related 
fracture over their remaining lifetime (6, 7). Some indi-
viduals may develop osteopenia, a condition character-
ized by low bone density (8). The rapid bone loss and 
higher bone fragility that take place during menopause 
lead to an increased incidence of  spine, hip, and wrist 
fractures in postmenopausal women. Estrogen replace-
ment therapy (9), which represents the most common 
therapy for the prevention and treatment of  PMOP, has 
been reported to be associated with an increased risk of 
breast cancer, ovarian cancer, endometrial cancer, and 
cardiovascular disease in postmenopausal women (10). 
Therefore, estrogen therapy is no longer recommended 
for the prevention of  fractures in postmenopausal 
women, and developing alternative treatment strategies 
is needed (11).

Thousands of  years of  human experimentation has 
led to a significant belief  in the safety of  ‘natural’ prod-
ucts and this has contributed to the fairly widespread 
use of  complementary therapies to relieve postmeno-
pausal symptoms (12). Since ancient times, green tea, a 
Chinese traditional beverage, has been held to be bene-
ficial to human health. The pharmacological effects and 
safety of  this plant have been confirmed, particularly 
in respect of  catechins, which make up 30% of  the dry 
weight of  tea leaves (13). Water extracts from green 
tea contain abundant bioactive constituents and have 
shown various biological activities, including antioxi-
dant (14), anti-obesity (15), hypolipidemic, antidiabetic 
(16), anti-inflammatory, and anticancer (17) properties. 
Tea drinking is closely associated with bone health and 
may provide protection against osteoporosis and oste-
oporotic fracture; these effects have been verified both 
in vitro and in vivo (13, 18–20). Previous studies also 
showed that some chemical compositions of  tea could 
improve bone loss in vivo (15, 21). Green tea polyphe-
nols could improve bone loss in middle-aged female rats 
(21). (-)-Epigallocatechin-3-gallate, a main active ingre-
dient in green tea, also showed a protective effect on 
bone microarchitecture in ovariectomized (OVX) rats 
(15). However, until now, the effect of  green tea aque-
ous extract (GTE) upon PMOP has not been specifically 
investigated.

In the present study, we demonstrate that GTE had 
an ameliorative effect in OVX-induced osteoporosis rats, 
and that GTE could inhibit osteoclastic activities in vitro. 
Collectively, these data provide a theoretical foundation 
relating to the molecular mechanisms of GTE against 
osteoporosis.

Materials and methods

Reagents and antibodies
Escherichia coli (E. coli)-derived recombinant mouse re-
ceptor activation of the nuclear factor kappa B ligand 
(RANKL) was purchased from R&D Systems (Minneap-
olis, MN, USA) and dissolved in 1% bovine serum albumin 
in phosphate-buffered saline. Xian-Ling-Gu-Bao (XLGB) 
capsules were obtained from Guizhou Tongjitang Pharma-
ceutical Co., Ltd. (Guizhou, China). Alkaline phosphatase 
(ALP), calcium (Ca), and phosphorus (P) assay kits were 
purchased from Zhong-Sheng BeiKong Bio-Technology 
and Science (Beijing, China). Bone gla protein (BGP) and 
estrogen (E2) radioimmunoassay kits were obtained from the 
Beijing North Institute of Biological Technology (Beijing, 
China). Rat interleukin-1β (IL-1β) and IL-6 enzyme-linked 
immunosorbent assay kits (R111102-07a; R111102-06a) 
were purchased from NeoBioscience Biological Technology 
Co., Ltd. (Shenzhen, China). tartrate-resistant acid phos-
phatase (TRAP) staining kits and acid phosphatase (ACP) 
assay kits were obtained from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). Anti-nuclear factor of 
activated T cells cytoplasmic 1 (anti-NFATc1), anti-c-Src, 
anti-cathepsin K, and anti-c-Fos antibodies were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Anti-β-tubulin and horseradish peroxidase-conjugated sec-
ondary antibodies were purchased from Proteintech Group, 
Inc. (Rosemont, IL, USA) and Thermo Fisher Scientific 
(Waltham, MA, USA), respectively.

Preparation of GTE
The green tea from a variety named Yunnan Daye (Camellia 
sinensis [Linn.] var. assamica [Masters] Kitamura) (22) 
were collected in 2015 in Yunnan Province and identified 
by Prof. Kaicong Fu of the Pu’er National Institute of Tra-
ditional Medicine, and a voucher specimen (2015-DPE-5) 
was deposited in the Key Laboratory of Pu-erh Tea Science 
of Yunnan Agricultural University. In each case, 100 g of 
green tea was extracted twice using 1200 mL of water each 
time (1.5 hours) under reflux. The extract was then de-
canted, filtered, and vacuum freeze-dried to obtain a 20 g 
crude water extract. GTE powder was dissolved in distilled 
water to a concentration of 50  mg/mL and the solution 
was kept at 4°C.

Animals
Healthy specific-pathogen-free female Wistar rats (12 weeks 
of age) were provided by the Laboratory Animal Center 
of Jilin University and were used for all animal exper-
iments. All rats were raised in polypropylene cages with 
sterile paddy husk and kept under a controlled environ-
ment (humidity 50–60%; ambient temperature 24 ± 1°C; 
light–dark cycle: 12L:12D). Experimental maintenance rat 
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chow (XieTong Organism, JiangSu, China) based upon 
the mean weekly food consumption of the sham group was 
used for feeding OVX rats. The calcium content of our rat 
chow is about 10–18 g/kg; the phosphorus content is about 
6–12 g/kg. All experimental procedures were performed 
according to the guidelines of the Yunnan Agricultural 
University Committee for Care and Use of Laboratory 
Animals and were approved by the Animal Experiments 
Ethics Committee of Yunnan Agricultural University.

Group designations and treatment administration
After the rats were allowed to acclimate for 1 week, they 
were anesthetized with chloral hydrate and underwent re-
section of the bilateral ovaries (OVX). A further 12 rats 
(the sham group) were also anesthetized but only under-
went resection of a small sample of fat, rather than the 
bilateral ovaries. All rats were monitored for 15 days be-
fore initiating the therapeutic regimen, to allow them to re-
cover from the operation. We randomly divided the OVX 
rats (n = 70) into five groups: model group, XLGB cap-
sule group (240 mg·kg−1), low-dose GTE group (low dose, 
60 mg kg kg−1), medium-dose GTE group (medium dose, 
120 mg kg−1), and a high-dose GTE group (high dose, 
370 mg kg−1). Each group contained 14 rats. The animals 
were continuously administered with their respective 
treatments via gavage (10 mL/kg) every day for 13 weeks, 
and an equal volume of distilled water was intragastri-
cally administered to the sham and model groups. XLGB 
capsules are widely used for the treatment of osteoporo-
sis as a traditional Chinese medicine (3). The dosage of 
XLGB capsules for rats in our present study was based 
on the dosage used in clinical trials and calculated by a 
dose conversion table between human and rats. Further-
more, in the present study, the different dosage levels of 
GTE were determined and calculated based on previous 
research (23) and slightly modified to adapt to the current 
experimental conditions.

We weighed rats weekly during the treatment period. 
After the treatment period end, we euthanized rats by 
deep ether anesthesia and obtained blood samples for 
biochemical analyses. The uterus, left–right femur, and 
vagina were collected, and the samples for histological 
analysis were fixed in 10% neutral formaldehyde and then 
stored at room temperature for subsequent use.

Analysis of biochemical parameters in blood samples
Blood samples were incubated at room temperature for 
2  h and centrifuged at 1,200 g for 10 min at 4°C, then 
serum was collected and stored at −20°C to await sub-
sequent biochemical analysis. ALP, ACP, BGP, and E

2 
levels were detected in rat serum according to the kit man-
ufacturer’s instructions. In addition, IL-1β and IL-6 levels 
were detected in the rat plasma.

Determination of organ coefficients
We completely removed and weighed the left femur and 
uterus. Then, organ coefficients were calculated as follows: 
organ coefficient = wet weight of organs/body weight.

Detection of bone mass and biomechanical testing
The intact left femur of  each rat was removed with the 
muscle and connective tissue was peeled off  before anal-
ysis. Femoral bone mineral density (BMD) was detected 
using dual-energy X-ray absorptiometry (LUNAR® 
Expert #1170, Lunar Prodigy Advance DEXA, GE 
Healthcare, Madison, WI, USA), in accordance with the 
manufacturer’s instructions (24). Briefly speaking, the 
left femur was scanned, and the femoral BMD value was 
measured automatically. The maximum deflection of  the 
left femur in OVX rats was also evaluated by using the 
three-point bending flexural test method (24). Therefore, 
the femur was placed in a biomechanical testing instru-
ment (Changchun Research Institute for Mechanical 
Science Co., Ltd., Changchun, China) programmed with 
a stride distance of  20 mm and a loading velocity of 
5 mm/s. The data were recorded on a computer, then the 
maximum deflection was calculated.

Histological analysis of the uterus and femur 
The location of  structural analysis of  cortical thickness 
was 1/3 near-end of  the right femurs. Fresh femur tis-
sue was collected and fixed in 10% neutral formaldehyde 
for 72 h, decalcified in ethylenediaminetetraacetic acid 
(Sigma, St. Louis, Missouri, USA) pH 7.4 for 1 week, 
and then embedded in paraffin to perform sections fol-
lowing the longitudinal axis. Embedded tissues were cut 
into 4 µm sections and then were stained with hema-
toxylin and eosin (H&E) in accordance with a standard 
technique described previously (25). For analysis of  the 
trabecular bone, consecutive slices (4 µm) were selected 
as the region of  interest beginning 3.5 mm away from the 
distal femur growth plate. Static structural images of  the 
cortical and trabecular bone were acquired using a med-
ical image analysis system (BI-2000, Taimeng, Chengdu 
Technology 1 & Market Co., Ltd., Chengdu, China). 
Cortical bone thickness and trabecular bone area were 
measured using computer-aided software.

Cell culture and maintenance
RAW 264.7 murine macrophages (ATCC, Manassas, 
VA, USA) were used in this study as a cell model. Cells 
were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS) at 37°C in a humidified atmosphere with 5% CO2. 
DMEM and FBS were purchased from Thermo Fisher 
Scientific and Biological Industries (Israel BeitHaemek 
Ltd.), respectively.
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In vitro osteoclastogenesis assay
To induce osteoclasts, RAW 264.7 cells (ATCC®TIB-71TM, 
macrophage, Abelson murine leukemia virus transformed, 
2 × 103 cells/well) were cultured in the presence of RANKL 
(50 ng/mL) (26). After 6 days, cells were fixed and then 
stained for TRAP activity in accordance with the kit manu-
facturer’s protocol. Cells were defined as mature osteoclasts 
if light microscopy showed that they were TRAP-positive 
multinucleated cells with more than five nuclei.

Quantitative real-time reverse transcription PCR analysis
RAW 264.7 cells (1.2 × 105 cells/well) were inoculated in a 
12-well plate and then treated with RANKL (50 ng/mL) 
in the absence or presence of  XLGB (10 μg/mL) or GTE 
(25, 50, 100 μg/mL) for 48 h. Total RNA was extracted 
using TransZol Up (TransGen Biotech, Beijing, China) 
according to the manufacturer’s protocol. Reverse 
transcription was performed using the PrimeScript RT 
Reagent Kit with gDNA Eraser (TaKaRa Bio, Otsu, 
Japan) in accordance with the manufacturer’s proto-
col. Quantitative real-time reverse transcription PCR 
(qRT-PCR) was performed using SYBR® Premix Ex 
Taq™II (TliRNaseH Plus, TaKaRa Bio), and results 
were determined using a 7900HT Fast Real-Time PCR 
system (Applied Biosystems, Foster City, CA, USA). 
Data were calculated using the comparative 2–∆∆CT 
method, and all values were normalized to the mRNA 
level of  the endogenous GAPDH gene (25). The primer 
sequences (Generay Biotech, Shanghai, China) are pro-
vided in Table 1.

Protein preparation and Western blot analysis
RAW 264.7 cells (4 × 105 cells/well) were inoculated in 
60-mm plates and incubated overnight. Then, the cells 
were treated with RANKL (50 ng/mL) in the absence 
or presence of XLGB (10 μg/mL) or GTE (25, 50, or 
100 μg/mL) for 48 h. Western blot analysis was then per-
formed as previously described (27). In brief, whole cell 
lysates were prepared from cultured cells using RIPA buf-
fer (Solarbio, Beijing, China) according to the manufac-
turer’s protocol. Cell lysates were normalized to calculate 

protein concentration by using the bicinchoninic acid 
(BCA)  method. Then  proteins were separated by SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF) 
membranes (EMD Millipore Corporation, Merck Life 
Sciences, KGaA, Darmstadt, Germany). After washing, 
blocking, and hatching with the primary antibody, the 
membrane was hatched with a proper horseradish perox-
idase-conjugated secondary antibody, and the resultant 
bands were detected using a Pro-light HRP Chemilumi-
nescent Kit (Tiangen Biotech, Beijing, China). The repre-
sentative images were finally acquired using a FluorChem 
E System (ProteinSimple, Santa Clara, CA).

Statistical analyses
We presented all data as the mean and standard deviations 
of the mean (SD). Differences within groups were analyzed 
statistically using one-way ANOVA and p < 0.05 was con-
sidered to be statistically significant. All analyses were per-
formed using SPSS 17.0 (Chicago, IL, USA) and GraphPad 
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).

Results 

GTE influenced the body weight of OVX rats
As shown in Table 2, body weight increased with advanc-
ing age. The body weight of the model group increased sig-
nificantly when compared with the sham group (p < 0.01), 
although the same amount of food was provided to both 
groups.

Body weight did not increase in the XLGB group com-
pared with the model group and there were no significant 
differences between the GTE groups and the model group 
during the first 7 weeks of treatment. However, OVX rats 
treated with high-dose GTE showed a reduction in body 
weight at Week 8, compared with the model group (p < 0.05).

GTE influenced the serology indicators of PMOP in OVX rats
In order to examine the effect of GTE upon serology indi-
cators of PMOP in OVX rats, serum BGP, ALP, ACP, E

2, 
and plasma IL-1β and IL-6 levels were determined using 
appropriate assay kits (Fig. 1).

Table 1.   Primers used in the qRT-PCR study

Genes Forward (5′–3′) Reverse (5′–3′)

GADPH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA

TRAP GCTGGAAACCATGATCACCT GAGTTGCCACACAGCATCAC

c-Fos CAAGCGGAGACAGATCAACTTG TTTCCTTCTCTTTCAGCAGATTGG

cathepsin K CTTCCAATACGTGCAGCAGA TCTTCAGGGCTTTCTCGTTC

MMP-9 CGTCGTGATCCCCACTTACT AACACACAGGGTTTGCCTTC

NFATc1 TGGAGAAGCAGAGCACAGAC GCGGAAAGGTGGTATCTCAA

Notes: qRT-PCR, quantitative reverse transcription polymerase chain reaction; TRAP, tartrate-resistant acid 
phosphatase; NFATc1, activated T cells cytoplasmic 1; MMP, metalloproteinase 9.
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WTSerum BGP, ALP, and ACP were evaluated as 
biomarkers of  bone formation and bone resorption 
(Fig. 1A–C). In the model group, these parameters were 
significantly increased compared with those in the sham 
group (p  <  0.01). In OVX rats treated with low-dose 
GTE, the serum BGP and ALP levels were lower than 
those of  the model group (Fig. 1A and B). OVX rats 
treated with low-dose and medium-dose GTE showed 
lower serum ACP levels compared with the model group 
(Fig. 1C).

The level of serum E
2 in the model group was significantly 

lower than that in the sham group (p < 0.01, Fig. 1D). Com-
pared with the model group, OVX rats treated with XLGB 
showed moderately increased E2 levels. GTE showed no sig-
nificant influence on serum E2 level in OVX rats.

Many cytokines are associated with bone resorption, 
including IL-1β and IL-6. There were significant differ-
ences in IL-1β and IL-6 when comparing levels between 
the model and sham groups (p < 0.05; Fig. 1E and F). 
The plasma levels of IL-1β and IL-6 in OVX rats treated 
with XLGB and GTE (at any dose) were lower than in 
the model group. These results revealed that GTE could 
improve bone homeostasis in OVX rats.

Organ coefficients of the femur and uterus in OVX rats
PMOP can lead to a variety of problems with vital or-
gans. For example, we found that following ovariectomy, 
the uterus of female rats became atrophied and this could 
also lead to vaginal atrophy. To further investigate the in-
fluence of GTE on OVA rats’ organs, we determined the 
organ coefficients for the femur and uterus of OVX rats.

The organ coefficients of the femur and uterus in the 
model group were all significantly smaller than those of 
the sham group (p < 0.01, Fig. 2A and B). However, com-
pared with the model group, the OVX rats treated with 
GTE had no obvious effect on either the femur or uterus 
organ coefficient. These results showed that GTE did not 
improve the organ coefficients in OVX rats to any extent.

GTE improved femoral BMD, biomechanical properties, and 
bone microarchitecture in OVX rats
We determined the BMD and maximum deflection of the 
femur in OVX rats to further investigate the protective ef-
fects of GTE upon bone (Fig. 3). The femoral BMD of 
OVX rats decreased significantly to 0.297 ± 0.013 g/cm2, 
compared with 0.312 ± 0.025 g/cm2 in the sham rats 
(p < 0.05), and the femoral BMD increased significantly 
in the high-dose GTE (p < 0.05); the positive control 
(XLGB) showed the same effect (Fig. 3A).

Next, we analyzed the femoral biomechanical proper-
ties by determining the maximum deflection. We revealed 
that the maximum deflection of the medium-dose GTE 
was significantly increased compared with the model 
group (p < 0.05, Fig. 3B).

These results suggested that treatment with GTE could 
improve femoral BMD and biomechanical properties in 
OVX rats. Furthermore, the trabecular bone microarchi-
tectures in the femur were analyzed. As expected, the thick-
ness of the cortical bone and the trabecular bone in the 
model group was significantly reduced compared to that 
in the sham group (Fig. 3C and E). Treatment with GTE 
could increase the thickness of the cortical bone slightly, 

Table 2.  Effect of green tea extract on body weight (g) in OVX rats

Time (week) Sham Model XLGB Low-dose Medium-dose High-dose

0 254.0 ± 17.54 (12)b 278.3 ± 22.23 (14) 279.9 ± 19.89 (14) 282.4 ± 21.02 (14) 280.4 ± 28.78 (14) 278.8 ± 24.08 (14)

1 260.3 ± 18.66 (12)b 290.0 ± 32.50 (14) 298.0 ± 25.57 (14) 297.4 ± 25.78 (14) 298.9 ± 30.16 (13) 290.1 ± 24.30 (14)

2 263.3 ± 18.87 (12)c 295.8 ± 21.21 (13) 304.4 ± 29.58 (14) 304.5 ± 22.50 (13) 300.7 ± 37.19 (13) 282.1 ± 27.16 (14)

3 268.6 ± 17.64 (12)c 311.5 ± 23.63 (13) 318.0 ± 27.90 (14) 311.3 ± 26.61 (13) 304.2 ± 47.19 (13) 306.7 ± 33.83 (14)

4 271.8 ± 17.85 (12)c 317.5 ± 22.61 (13) 322.2 ± 27.30 (14) 310.8 ± 25.07 (13) 316.5 ± 33.96 (12) 311.4 ± 34.23 (14)

5 275.1 ± 16.08(12)c 327.5 ± 17.22 (13) 331.9 ± 29.08 (14) 328.6 ± 24.56 (13) 326.0 ± 33.76 (12) 320.6 ± 33.46 (14)

6 270.3 ± 14.25 (12)c 335.9 ± 14.82 (13) 331.0 ± 29.62 (14) 330.6 ± 25.41 (13) 323.9 ± 31.68 (12) 319.4 ± 31.91 (14)

7 278.6 ± 15.59 (12)c 343.7 ± 15.16 (13) 336.4 ± 26.45 (14) 340.6 ± 26.86 (13) 328.6 ± 34.67 (12) 328.9 ± 30.44 (14)

8 283.1 ± 24.27 (12)c 353.1 ± 16.61 (13) 338.7 ± 31.11 (14) 347.6 ± 37.28 (13) 336.5 ± 36.32 (12) 332.2 ± 32.19 (14)a

9 281.0 ± 24.27 (12)c 353.6 ± 15.27 (13) 349.9 ± 28.27 (14) 355.2 ± 31.13 (13) 338.5 ± 33.60 (12) 340.5 ± 33.24 (14)

10 284.9 ± 15.5 (12)c 351.3 ± 18.25 (13) 351.4 ± 28.41 (14) 352.0 ± 31.73 (11) 344.2 ± 35.40 (12) 342.9 ± 31.00 (14)

11 298.6 ± 16.29 (12)c 352.8 ± 32.74 (13) 362.5 ± 30.81 (13) 359.2 ± 32.91 (11) 354.3 ± 35.41 (12) 353.9 ± 32.12 (14)

12 296.5 ± 19.67 (12)c 365.9 ± 19.23 (13) 366.1 ± 30.79 (13) 369.2 ± 33.62 (11) 365.2 ± 34.60 (12) 365.4 ± 33.35 (14)

13 303.0 ± 20.85 (12)c 367.0 ± 17.68 (13) 366.7 ± 31.14 (13) 365.9 ± 33.67 (11) 367.3 ± 36.38 (12) 364.3 ± 33.16 (13)

Notes: All data are presented as mean ± SD (n = 12–14). ap < 0.05, bp < 0.01, and cp < 0.001 versus the model group. OVX, ovariectomized; XLGB, 
Xian-Ling-Gu-Bao.
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Fig. 1.   GTE treatment attenuated the serology indicators of postmenopausal osteoporosis (PMOP) in ovariectomized (OVX) 
rats. (A) Serum bone gla protein (BGP); (B) alkaline phosphatase (ALP) acid; (C) phosphatase (ACP); (D) estrogen (E2); (E) 
interleukin-1β (IL-1β); (F) interleukin-6 (IL-6). All data are presented as mean ± SD (n = 10). ∆p < 0.05 and ∆∆p < 0.01 versus the 
sham group; and *p <0.05 and **p < 0.01 versus the model group.

Sham: underwent resection of a small sample of fat
Model: underwent resection of the bilateral ovaries
XLGB: Xian-Ling-Gu-Bao capsule group (XLGB, 240 mg kg−1)
Low-dose: administered GTE (60 mg kg−1)
Medium-dose: administered GTE (120 mg kg−1)
High-dose: administered GTE (370 mg kg−1)

but these changes had no statistical significance (Fig. 3D). 
However, treatment with XLGB or GTE led to a signifi-
cant improvement in the trabecular bone area (p < 0.05 or 
p < 0.01; Fig. 3F). In particular, it was evident that the in-
crease in trabecular bone area in the GTE groups occurred 
in a dose-dependent manner. These results suggested that 
GTE has a protective effect on bone quality in OVX rats. 

Furthermore, an osteoclast formation induced by RANKL 
in RAW 264.7 cells was successfully established (Fig. 4A 
and 4B). To determine whether GTE had cytotoxicity to 
RAW 264.7 cells, we further examined the cytotoxicity 
of GTE in RAW 264.7 cells using the 3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Fig. 4C). As expected, GTE did not have a cytotoxic 
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Fig. 2.   Organ coefficients. (A) Femur and (B) uterus. All data are presented as mean ± SD (n = 10). ∆p < 0.05 and ∆∆p < 0.01 
versus the sham group, and *p < 0.05 and **p < 0.01 versus the model group.

Fig. 3.   GTE treatment improved femoral bone mineral density (BMD) (A) and fracture deflection (B) in OVX rats. Cortical 
bone tissue (C) and trabecular bone tissue (E) were stained with H&E; furthermore, the cortical bone thickness (D) and trabec-
ular bone area (F) was calculated. Representative images were acquired using a medical image analysis system, and the original 
magnification was ×400. All data are presented as the mean ± SD (n = 10). ∆p < 0.05 and ∆∆p < 0.01 versus the sham group, and 
*p < 0.05 and **p < 0.01 versus the model group. Scale bar = 40 μm.
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WTeffect on osteoclast precursor cells. The qRT-PCR analy-
sis showed that the osteoclastogenesis of NFATc1, c-Fos, 
c-Src, and cathepsin K genes were all inhibited by GTE 
treatment (Fig. 5). Collectively, Western blotting results 
indicated that GTE downregulated the expressions of the 
NFATc1, c-Fos, c-src and cathepsin K protein (Fig. 6).

Discussion and conclusions
Green tea, a popular well-known beverage worldwide, 
has captured considerable attention for its scientifically 
demonstrated beneficial effects on human health (25). 
Most of these positive and significant effects are attrib-
uted to its polyphenolic flavonoids, such as catechins (epi-
catechin, epigallocatechin, and epicatechin-3-gallate, as 
well as the major flavonoid (−)-epigallocatechin-3-gallate) 
(28). The most commonly recognized property of green 
tea is its potent antioxidant activity, which arises from an 
ability to scavenge reactive oxygen species (16).

In this study, we used OVX rats to induce a model of 
PMOP. The primary roles of 17-β estradiol and other es-
trogens are as regulators of reproductive function (29), al-
though it is now appreciated that these steroid hormones 
play important activities in other processes that are unre-
lated to reproduction. Notably, the cessation of ovarian 
estrogen production that occurs at menopause is associ-
ated with an increased risk of osteoporosis, cardiovascular 

disease, and vasomotor instability (30). Consequently, the 
OVX model is a highly useful and relevant model for post-
menopausal women. Postmenopausal women are com-
monly linked with weight gain (31). According to previous 
study, body fat mass is negatively correlated with bone 
mass when the mechanical loading effect of body weight 
is statistically removed, suggested that interventions or 
treatments reducing obesity might increase bone mass and 
thus protect against osteoporosis (32). In our study, body 
weight, serum indexes, organ coefficients, and biomechan-
ical parameters were significantly altered compared to the 
sham group. Collectively, these results showed that the 
OVX rats represented a useful model of PMOP.

Animal weight was observed throughout the study; 
high-dose GTE (370 mg kg−1) could decrease the body 
weight at Week 8 compared with model group, which was 
probably due to the error of measurement or the decrease 
in food intake. Our data therefore showed that GTE had 
no obvious effect on weight gain induced by estrogen de-
ficiency. Bone is a complex tissue; its fundamental func-
tion is to resist mechanical injury and absorb pressure 
(33). However, bone strength depends upon the quantity 
and quality of bone tissue, which is defined by the geom-
etry and shape of the bone, the microarchitecture of the 
trabecular bone morphology, cortical thickness, and po-
rosity. Bone strength is also characterized by the intrinsic 

Fig. 4.   Osteoclast differentiation was induced by receptor activator for nuclear factor-κ B ligand (RANKL) in RAW 264.7 cells 
(2 × 103 cells/well). After 6 days, cells were fixed and then stained for TRAP activity according to the manufacturer’s protocol 
(A,B). The effect of GTE treated 48 h on the viability of RAW 264.7 cells as determined by the MTT assay (C). All data are 
presented as the mean ± SD. *p < 0.05 and **p < 0.01 versus the control group.
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properties of bone tissue such as turnover, mineral com-
position, and collagen. Furthermore, our present work 
revealed that GTE treatment could improve the femoral 

BMD, biomechanical properties, and bone microarchitec-
ture of OVX rats (Fig. 3A–E), implying that GTE could 
be of significant benefit to patients with PMOP.

Our in vitro studies showed that GTE could inhibit 
RANKL-induced osteoclast-specific gene and protein 
expression (Figs. 5 and 6). It is well known that osteoclast 
differentiation is directed by the expression of a range 
of marker genes, such as NFATc1, TRAP, c-Fos, c-Src, 
cathepsin K, and MMP-9. Most of these markers are reg-
ulated by NFATc1 (34), a member of the NFAT (nuclear 
factor of activated T cells) family of transcription factor 
genes. NFATc1 is the most strongly induced transcription 
factor gene following stimulation by RANKL, and it has 
been heavily implicated in the bone remodeling process in 
which RANKL-induced osteoclast differentiation plays a 
central role; if  the expression of c-Fos increases, then the 
levels of NFATc1 are upregulated (35, 36). Furthermore, 
data derived from our experiments with RAW 264.7 cells 

Fig. 5.   GTE treatment suppressed RANKL-induced osteoclast-specific gene expression. The mRNA expression levels of cathep-
sin K (A), c-Fos (B), matrix metalloproteinase-9 (MMP-9) (C), NFATc1 (D), and TRAP (E). ∆∆∆p < 0.001 compared with control; 
***p < 0.001 compared with RANKL treatment only.

Fig. 6.   The RANKL-induced osteoclast-specific protein 
expression of NFATc1, c-Fos, c-Src, and cathepsin K were 
downregulated by GTE.
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showed that NFATc1 levels could be upregulated by 
RANKL, while treatment with GTE led to a notable re-
duction in the expression of RANKL-induced NFATc1. 
The downregulation of NFATc1 implied that the ability 
of RAW 264.7 cells to turn into osteoclasts had been 
suppressed by GTE treatment (Fig. 4B). Cathepsin K is 
a cysteine proteinase expressed predominantly by osteo-
clasts; this enzyme cleaves key bone matrix proteins and 
is believed to play an important role in degrading the or-
ganic phase of bone during bone resorption (37). Studies 
have shown that the overexpression of cathepsin K can 
perturb bone metabolism and thus cause bone loss. GTE 
also could reduce the expression of cathepsin K induced 
by RANKL, meaning that GTE could reduce bone loss 
by suppressing the expression of cathepsin K (Fig. 4B). 
C-Fos and MMP-9 are other examples of transcription 
factors involved in the formation of osteoclasts induced 
by RANKL. According to our current data, the expres-
sion of c-Fos and MMP-9 was also reduced in response to 
GTE treatment. In general, our study showed that GTE 
treatment suppressed the expression of osteoclast-specific 
genes and proteins.

In summary, our data demonstrated that GTE could 
improve a series of  health problems induced by meno-
pause, such as weight gain and organ pathology. Serum 
tests also showed that GTE could relieve bone loss. We 
also demonstrated that GTE could improve osteoporo-
sis by suppressing osteoclast-specific gene and protein 
expression.

It has been reported that green tea aqueous extract con-
sists of many chemical components, including green tea 
polyphenols (38), caffeine, aromatic oils, pigments and 
amino acids. Because of the extraordinary complexity of 
its components, the precise bioactive ingredient(s) respon-
sible for the effect upon postmenopausal osteoporosis re-
mains unidentified. Therefore, further research is urgently 
required in order to investigate the bioactive components 
responsible for the anti-osteoporotic effect of green tea. 
Our current results provided a theoretical basis for the 
subsequent exploration of the specific chemical constit-
uents contained in green tea extract, which could act up 
on osteoporosis.
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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.
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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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WTcytokines 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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WTHistone 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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WTIL-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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promising antioxidant and in vitro anticancer activity
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Abstract

Background: Phoenix Dan Cong tea is an Oolong tea produced in Chaozhou, China. Nowaday, the experi-
mental studies on the benefical effects of the Phoenix Dan Cong tea are rare. 
Objective: The objective of this study was to comprehensively evaluate the activity of Phoenix Dan Cong tea 
aqueous extract (PDCe).
Methods: We used a series of evaluation methods in the present study to achieve an in-depth understanding 
and evaluation of the antioxidant and antitumor activity of PDCe.
Results: High-performance liquid chromatography (HPLC) studies have indicated that PDCe is rich in catechins 
such as gallocatechin (GC), epigallocatechin (EGCG) and epicatechin gallate (ECG), with sparse amounts 
of theaflavins. We discovered that PDCe scavenges ABTS•+ and DPPH• free radicals in a dose-dependent 
manner. In addition, PDCe can significantly induce apoptosis of MDA-MB231 cells, mainly through the 
death-receptor-mediated extrinsic apoptotic pathway. Internalized PDCe can not only downregulate intracel-
lular reactive oxygen species levels but also induce oxidative damage to mitochondria in MDA-MB231 cells.
Conclusions: Phoenix Dan Cong tea may act as a substitute for natural antioxidants and as a promising 
anticancer agent due to its protective effect on human health.

Keywords: Dan Cong tea; aqueous extract; cell apoptosis; protective effect; free radical scavenging; oxidative damage

Various degenerative and chronic diseases are fre-
quently attributed to oxidative stress, which is 
often caused by free radicals (1). Free radicals can 

easily react with the cellular molecules because of their 
highly reactive and unstable nature, and can oxidize nu-
cleic acids, proteins, and fats, thus promoting degenerative 
diseases (2). Essential biochemical reactions in the human 
body as well as external exposure may generate free rad-
icals (3). In general, antioxidants can react with free rad-
icals producing relatively stable substances. The human 
body does not need to replenish antioxidants under nor-
mal circumstances because it continues to synthesize and 
secrete endogenous antioxidants. However, exogenous an-
tioxidants are needed when free radicals are produced in 
large quantities (4). It is necessary to maintain a balance 
between free radicals and antioxidants for normal phys-
iological function of the human body. Natural antioxi-
dants can not only protect the human body from damage 
caused by reactive oxygen species (ROS) but also inhibit 

lipid peroxidase activity and thus prevent the degenerative 
diseases (5). Most importantly, natural antioxidants, such 
as tea polyphenols, have low toxicity and cause no harm 
to humans even if  used chronically.

Tea has been consumed for thousands of years as a daily 
health drink in China. Tea has been traditionally used as 
a medication based on experience, and biological activities 
including antioxidant and antitumor activities of the active 
ingredients of tea have been extensively described in China 
and Japan. The major ingredients in the extract of tea, 
flavonols and polyphenols, have been proven to be benefi-
cial to the human body (6–8). Active components playing 
crucial roles in most of the biological activities of tea are 
known to be catechins (also known as polyphenols) (9, 10). 
Tea polyphenols are considered responsible for antimuta-
genic and anticarcinogenic activity, and protection against 
cardiovascular diseases (11). Teas are mainly classified into 
green tea (unfermented), Oolong tea (semi-fermented), 
and black tea (fully fermented) depending on the degree 
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of fermentation in manufacture, where the term fermenta-
tion refers to the natural browning reactions resulting from 
oxidative enzymes in the cells of tea leaves (12). Oolong tea 
has been the most favored choice among Taiwanese over 
the past few decades owing to its special taste and flavor 
(13, 14). Phoenix Dan Cong tea, a variety of Oolong tea, 
is one of the six tea categories in China. It has a long his-
tory and reputation of more than 900 years. The Chaozhou 
Phoenix mountains are one of the three major Oolong tea 
producing areas in China and the ‘Phoenix narcissus vari-
ety’ of tea owes its origin to these mountains. The Phoenix 
Dan Cong tea used in the present study has been screened 
out from the Phoenix narcissus variety by generations of 
tea farmers. It is one of the most tasty and fragrant va-
rieties of tea in China. Phoenix Dan Cong tea has many 
health benefits, for example, vitamin C is known to play an 
important role in skin growth but easily reacts with ROS 
in the human body; however, the antioxidant effect of tea 
polyphenols in Phoenix Dan Cong tea is able to eliminate 
ROS and inhibit the elimination of vitamin C, protecting 
the skin and enabling its whitening (15–17).

Based on the fact that different varieties of tea are used 
as health care products worldwide, but experimental 
studies on the benefical effects of teas such as the Phoe-
nix Dan Cong tea are rare, the present investigation was 
aimed to comprehensively evaluate the activity of Phoe-
nix Dan Cong tea aqueous extract (PDCe), assessing 
ABTS•+ and DPPH• levels and antitumor activity using 
the human tumor cell lines MDA-MB231 (human breast 
cancer cells) and SW480 (human colon cancer cells). The 
possible mechanisms involved that were studied were in-
duction of cell cycle arrest and apoptotis.

The MDA-MB231 human breast cancer cell line and 
SW480 human colon cancer cells were selected as cellular 
models to evaluate in vitro antitumor effects of PDCe, while 
ABTS•+ and DPPH• free radicals were used to evaluate 
its antioxidant effects. As shown in Fig. 1A, PDCe not only 
had an excellent anticancer effect against MDA-MB231 cells 
but also protected against damage caused by ROS. Our re-
sults provide evidence that PDCe may act as a substitute for 
natural antioxidants and as a promising anticancer agent.

Materials and methods

Materials and reagents
Reference standards for caffeine, EC, ECG, CG, C, CA, 
EGC, and EGCG (≥98%) and those for TF1, TF2, TF3, 
and TF4 (≥90%) were purchased from Chen du purify 
Co. (Chen du, China). Folin-Ciocalteu’s phenol reagent 
was purchased from Sigma (St. Louis, MO). Metha-
nol (HPLC grade), 85% phosphoric acid, acetonitrile 
(HPLC grade), and Milli-Q water were filtered through 
a 0.45 μm membrane before use. 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox), 2,2’- 

azinobis-3-ethylbenzothiazolin-6-sulfonic acid (ABTS•+), 
1,1-diphenyl-2-picryhydrazyl(DPPH•), propidium iodide 
(PI), thiazolyl blue tetrazolium bromide (MTT), gluta-
thione (GSH), 4’ 6-diamidino-2-phenylindole (DAPI), 
bicinchoninic acid (BCA), sodium selenite, and all other 
chemicals were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Fetal bovine serum (FBS) and antibiotic mix-
ture (penicillin–streptomycin) were purchased from Invit-
rogen (Carlsbad, CA, USA). Caspase-3, caspase-8, and 
caspase-9 were purchased from Cell Signaling Technology 
(Beverly, MA, USA). Caspase-3, caspase-8, and caspase-9 
substrates were obtained from Biomol (Germany).

Preparation of PDCe
A dry fine powder of Phoenix Dan Cong tea was pur-
chased from the local tea processing plant. The powder 
was stored at 4 C, and when necessary, it was dissolved 
in phosphate-buffered saline (PBS) to make a 10 mg/mL 
working solution.

Measurement of total polyphenol content
Total polyphenol content (TPC) was measured using 
spectrophotometric detection of gallic acid (GA) per 
the Folin–Ciocalteu method (18, 19). Each sample was 
measured in triplicate under the same conditions. The 
procedures were repeated for standard solutions. The 
absorbance of the mixture was measured at 765 nm with 
water as blank using a spectrophotometer (Genesys5, 
Spectronic Instruments, Rochester, NY). The TPC was 
expressed as gallic acid equivalents (GAE) in milligram 
of GA pergram of tea extract.

HPLC analysis of catechins and theaflavins in PDCe
High-performance liquid chromatography (HPLC) (20–22)  
was used to measure the catechin and theaflavin content 
of PDCe. HPLC was performed using a 1260 infinity II 
chromatography system from Agilent Technologies. PDCe 
was injected onto a SiO

2 column (250×4.6 mm), previously 
equilibrated with a solution composed of solvent A (aceto-
nitrile) and solvent B (0.4% aqueous phosphoric acid, v/v). 
Compounds were eluted from the column using the follow-
ing program: 7–15% A in 0–13 min, 15–20% A in 13–35 
min, 20–50% A in 35–70 min, 50–80% A in 70–90 min, 
80–87% A in 90–115 min. The flow-rate of the chromato-
graphic mobile phase was set as 1.0 mL/min and the efflu-
ent was detected at 278 nm for acquiring chromatograms.

ABTS•+ scavenging assay
The ABTS•+ scavenging assay as previously described (23) 
was applied to evaluate the antioxidant activity of PDCe. 
The absorbance of the solution was measured at 734 nm 
after the initiation of mixing for 1 min. The antioxidant ca-
pacity of PDCe was evaluated by calculating half maximal 
inhibitory concentration (IC50). The scavenging assay was 
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performed using a spectrophotometer (Genesys 5, Spin-
tronic Instruments, Rochester, NY).

DPPH• scavenging assay
The DPPH• scavenging activity of PDCe was evaluated 
using a spectrophotometer (Genesys5, Spectronic Instru-
ments, Rochester, NY) following the method described by 
Chen and Wong (2008a) (23). The change in absorbance of 
a mixture that was left to stand for 5 min at 515 nm was mea-
sured. Half maximal inhibitory concentration (IC50) was 
calculated to evaluate the antioxidant capacity of PDCe.

Cell culture
Human cell lines used in this study included HeLa 
cervical cancer cells, SW480 human colon cancer cells, 

MDA-MB231 human breast cancer cells, HepG2 hepato-
cellular carcinoma cells, WI38 human lung cells, and L02 
human normal liver cells, and they were purchased from 
the American Type Culture Collection (ATCC, Manassas, 
Virginia). The cell lines were cultured in DMEM media, 
with penicillin (100 units/mL), streptomycin (50 units/
mL), and FBS (10%) at 37°C in a humidified incubator 
under 5% CO2.

Cell viability assay
Changes in cell viability induced by the PDCe was deter-
mined using MTT assay, based on a previous study (24). 
In short, the cell viability (2 × 104 cells per mL for cancer 
cells and 4× 104 cells per mL for normal cells) after treat-
ment with different concentrations of PDCe for 72 h was 

Fig. 1.  The antioxidant and anti-breast cancer behavior in vitro and HPLC analysis of the active ingredients in Phoenix Dan 
Cong Tea. (A) The anticancer mechanism and the free radical scavenging behavior of PDCe. (B) Representative HPLC-UV 
chromatogram acquired at 278 nm of 15 standard samples and PDCe. (C) The total catechins and total phenolic contents (TPC) 
(as GAE) in PDCe. 1: A; 2: GA; 3: GC; 4: theophylline; 5: EGC; 6: C; 7: Caffeine; 8: EC; 9: EGCG; 10: ECG; 11: CG; 12: TF1; 
13: TF2; 14: TF3; 15: TF4.
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determined using an MTT assay. A micro-plate spectro-
photometer (Spectro Amax TM 250) was used to measure 
the color intensity of the formazan solution at 570 nm 
which reflected the growth of the cells (25).

Flow cytometric analysis
Cell cycle distribution was analyzed via flow cytometry 
as previously described (26, 27). In short, MDA-MB-231 
cells treated with PDCe were washed with PBS and then 
treated with 5% trypsin, then fixed in 75% ethanol over-
night at −20°C. Subsequently, the fixed cells were stained 
with PI in darkness. The stained cells were analyzed using 
an FC-500 flow cytometer (Beckman Coulter, Miami, 
FL). Cell cycle distribution was analyzed using the soft-
ware Multi-Cycle (Phoenix Flow Systems, San Diego, 
CA). The proportion of cells in G0/G1, S, and G2/M 
phases was represented in the DNA histogram. Apoptotic 
cells with hypodiploid DNA content were measured by 
quantifying the sub-G1 peak in the cell cycle pattern. A 
total of 10,000 events were recorded in each experimental 
sample.

Caspase activity assay
Caspase activity was determined via fluorescence inten-
sity measurement using specific caspase-3, caspase-8, and 
caspase-9 substrates as reported (28). Specifically, har-
vested cells pellets were suspended in cell lysis buffer (Be-
yotime) and incubated on ice for 1 h. After centrifugation 
at 11,000 g for 30 min, the BCA assay was immediately 
performed to measure protein concentration in the super-
natants. Thereafter, the cell lysates and specific caspases 
substrates (Ac-DEVD-AMC for caspase-3, Ac-IETD- 
AMC for caspase-8, and Ac-LEHD-AMC for caspase-9) 
were mixed at specific ratios in 96-well plates and incu-
bated at 37°C for 2 h. The fluorescence intensity of the 
mixtures which reflected the caspase activity was detected 
at excitation and emission wavelengths of 380 nm and 
460 nm, respectively.

Measurement of intracellular ROS generation
The relative levels of ROS were determined using fluoro-
metric assays (DHE and DCFH-DA assay) (29, 30). The 
generation of ROS was determined via fluorescence inten-
sity measurement using a multifunction spectrometer (Bio-
Tek®, ELX 800, American) at excitation and emission 
wavelengths of 300 nm and 600 nm, respectively. Relative 
DHE and DCFH-DA fluorescence intensity of the treated 
cells was expressed as a percentage of control (as 100%).

Mitochondrial fragmentation analysis
Mitochondrial fragmentation analysis was carried out 
as reported (31). Briefly, mitochondria and nuclei of the 
MDA-MB231 cells were stained with Mito Tracker Red 
CMXRos and H33342, respectively. Prior to that, the cells 

were treated with PDCe (30 µg/mL) for 0, 6, or 12 h, and 
following straining, photographed using a monochro-
matic Cool SNAPFX camera (Roper Scientific, USA).

Statistical analysis
Results were expressed as mean ± SD, which were ob-
tained from at least three independent experimental 
results. The difference between the two groups was ana-
lyzed using a two-tailed Student’s t-test. Differences with 
P < 0.05 (*) or P < 0.01 (**) were considered statistically 
significant. One-way analysis of variance (ANOVA) was 
used to compare multiple groups.

Results and discussion

Measurement of the active ingredients in PDCe
Because several tea extracts are now available, the con-
centrations of components are known and standard 
solutions with suitable concentration ranges are available 
for analysis; these would reduce error and enable repro-
ducibility and credibility of the results. Therefore, the 
concentrations of different components in the extract 
was calculated using a calibration curve method. Fig. 1B 
shows the typical HPLC-UV chromatogram at 278 nm of 
the PDCe and standard samples mixture including cat-
echins and theaflavins. The retention times and spectra 
were compared with those of commercially available cat-
echins and theaflavins. The peaks and retention times of 
PDCe components were compared to those of the stan-
dard compounds, and 15 active compounds were identi-
fied in the PDCe (Table 1). Compounds such as GC, GA, 
and ECG, and especially EGCG and caffeine, were abun-
dant, while ingredients such as EC, theophylline, and CG 

Table 1.  Chemical composition analysis of PDCe by HPLC analysis

Peak Retention Time (min) Compound Contents (%)

1 2.436 A 0.31

2 4.375 GA 1.55

3 6.467 GC 3.89

4 8.771 Theophylline 0.04

5 9.890 EGC 0.82

6 11.56 C 0.80

7 13.36 Caffeine 5.21

8 15.34 EC 0.76

9 15.97 EGCG 6.15

10 24.52 ECG 1.58

11 25.66 CG 0.63

12 47.14 TF1 0.09

13 48.97 TF2 0.21

14 49.98 TF3 0.06

15 50.24 TF4 0.06
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were low. It is worth mentioning that there were almost no 
theaflavins in the PDCe. In addition, as shown in Fig. 1C, 
the TPC of PDCe was 343.6 mg/g and the total catechin 
content was 161.9 mg/g, which accounted for approxi-
mately 47.1% of the TPC. Taken together, our data allow 
us to conclude that GC, EGCG, ECG, and caffeine are 
the major catechins in PDCe, while theaflavins are rare. 
These tea polyphenols or caffeine in the PDCe may play 
an important role in its antioxidant activity and in vitro 
antitumor activity.

Determination of the optimum wavelength
ABTS•+ and DPPH• free radical scavenging has been 
widely used in the measurement of total antioxidant ca-
pacity of test samples (25). In the test, the ABTS•+ and 
DPPH• solution were subjected to UV-Vis spectral scan-
ning. As shown in Fig. 2A, the ABTS•+ solution showed 
characteristic absorption peaks at 734 nm and 415 nm, 
while the characteristic absorption peak of the DPPH• 
solution was at 515 nm. We discovered that the PDCe 
had no UV absorption at 515 nm or 734 nm, but there 
was slight ultraviolet UV absorption at 415 nm. Further, 
the absorption peak at 734 nm (ABTS•+) and 515 nm 
(DPPH•) showed dose-dependent inhibition and excellent 
linearity correlation after the addition of PDCe (Fig. 2B 
and C). The results above indicated that the change in ab-
sorption peaks at 734 nm and 515 nm reflect scavenging 

of ABTS•+ and DPPH free radicals by PDCe to some 
extent. Therefore, we selected 734 nm and 515 nm as the 
detection wavelengths in the two free radical scavenging 
experiments, the ABTS and DPPH assays, respectively.

Antioxidant activity evaluation
Determination of the response time of the system is 
known to be a very important factor in evaluating differ-
ent antioxidants using the ABTS•+ and DPPH• radical 
scavenging assays. To understand the reaction kinetic 
characteristics of the ABTS•+ and DPPH• free radical 
systems, we measured absorbance change kinetics of the 
ABTS•+ and DPPH• solutions after treating with PDCe 
or Trolox (as positive control). According to the results of 
UV spectral scanning shown in Fig. 3A and B, when dif-
ferent concentrations of PDCe and Trolox was added to 
the ABTS•+ system, the characteristic absorption peaks 
(A734) of the ABTS•+ system decreased significantly in 
60 sec, and tended to be steady after 6 min. As illustrated 
in Fig. 3C and D, the characteristic absorption peaks 
(A515) of the DPPH• system decreased significantly in 
120 sec and tended to be steady after 12 min following 
treatment with PDCe or Trolox.

The ABTS and DPPH assays were used in the present 
study to evaluate the free radical scavenging activity of the 
PDCe because they can accommodate many experimen-
tal samples and also have sufficient sensitivity to detect 

Fig. 2.  Ultraviolet absorbance spectra. (A) Absorbance spectra of PDCe and the ABTS•+ and DPPH• solutions. (B) Changes in 
absorbance spectra of ABTS•+ solution with the addition of PDCe. (C) Changes in absorbance spectra of DPPH solution with 
the addition of PDCe.
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antioxidant activity at low concentrations. For ABTS•+, 
the IC50 values of the corresponding antioxidants (PDCe 
or Trolox) were calculated based on free radical scaveng-
ing at the optimum wavelengths (734 nm) and reaction 
times (60 sec). The same method was applied to DPPH•. 
In the range of 1.50–50.0 μg/mL, PDCe and Trolox had 
excellent linear relationships to ABTS•+ scavenging 
(Fig. 3E and F) and the IC50 values could be calculated; 
the IC50 values of PDCe and the standard antioxidant 
Trolox (as positive control) were 11.06 ± 2.32 and 19.08 
± 1.98 μg/mL, respectively (Fig. 3I). In the DPPH• free 
radical system, PDCe and Trolox also showed good lin-
ear relationships to free radical scavenging in the range of 
3.00–100 μg/mL (Fig. 3G and H). As shown in Fig. 3I, the 
IC50 values of PDCe and Trolox in DPPH• scavenging 
were 31.48 ± 4.96 and 14.47 ± 3.28 μg/mL, respectively; 

this suggested that PDCe also has an excellent scaveng-
ing effect on lipophilic free radicals (DPPH•), although 
its free radical scavenging ability is not as good as Trolox. 
Based on the results discussed above, it is clear that PDCe 
has good antioxidant activity. We can also conclude that 
PDCe has an excellent inhibitory effect on water-soluble 
free radicals (ABTS•+) and a lesser effect on lipid soluble 
free radicals (DPPH•).

Cytotoxicity of PDCe
The anticancer effect of PDCe was evaluated using 
various human cancer and normal cell lines via MTT 
assay. The IC50 values obtained in the cytotoxicity as-
says are shown in Table 2. As shown in Fig. 4A, we 
found that PDCe had significant cytotoxicity towards 
MDA-MB-231 cells and  SW480 cells with IC50 values  

Fig. 3.  Effect of PDCe and Trolox in free radicals scavenging. (A) Changes in absorbance spectra of ABTS•+ solution with the 
addition of PDCe. (B) Changes in absorbance spectra of ABTS•+ solution with the addition of Trolox. (C) Changes in absor-
bance spectra of DPPH• solution with the addition of PDCe. (D) Changes in absorbance spectra of DPPH• solution with the 
addition of Trolox. (E) Dose-dependent inhibitions of PDCe on ABTS•+ and its linearity correlation. (F) Dose-dependent inhi-
bitions of Trolox on ABTS•+ and its linearity correlation. (G) Dose-dependent inhibitions of PDCe on DPPH• free radicals and 
its linearity correlation. (H) Dose-dependent inhibitions of PDCe on DPPH• free radicals and its linearity correlation. (I) The 
inhibitions of the antioxidants on ABTS•+ and DPPH• free radicals. The IC50 values of PDCe and the standard antioxidant 
Trolox determined by ABTS•+ and DPPH• assays. * and ** indicate statistical difference at P < 0.05 and P < 0.01, respectively, 
by comparing with the Trolox group.
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of 30.90 ± 5.55  and 79.33 ± 0.06 μg/mL, respectively. 
However, the PDCe demonstrated relatively low cyto-
toxicity against L02 and WI38 cells, with IC50 values of  
198.3 ± 3.48 and 94.1 ± 3.98 μg/mL strongly indicating that 
PDCe is more cytotoxic to cancer cells (MDA-MB-231, 
SW480, HeLa) than normal cells (L02 and WI38). It is 
worth mentioning that the IC50 of PDCe against liver 
cancer cells (HepG2) was 142.4 ± 2.96 μg/mL, which was 
higher than that against normal human lung cells (WI38). 
Further, as shown in Fig. 4B, the PDCe had a dose-de-
pendent effect on MDA-MB-231 cell death. Cell death at 
PDCe concentrations above 40 μg/mL can be clearly seen. 
Therefore, MDA-MB231 breast cancer cells and SW480 
colon cancer cells, which showed the most sensitivity to 
PDCe, were selected to investigate the specific mecha-
nisms involved in the anticancer activity of PDCe based 
on the results of the MTT assay.

Flow cytometry analysis of cellular apoptosis or arrest
Cell cycle arrest and apoptosis are known to be two major 
routes causing cell death (32–34). In different biological 
phenomena or systems including cell division, embryonic 
development, the immune system, chemically induced cell 
death, and morphological changes, apoptosis is indispens-
able (35). It has also been shown that cellular apoptosis 

is an important mechanism in the antitumor activity of 
natural extracts (36). We performed flow cytometry to 
analyze the effect of PDCe on the cell cycle distribu-
tion of MDA-MB231 breast cancer cells. As shown in 
Fig. 5A, it is clear that the proportion of sub-G1 peaks of 
MDA-MB231 cells were significantly dose-dependently 
increased after PDCe treatment for 72 h, the proportion 
of sub-G1 peaks was only 8.2% when the concentration 
of PDCe was 30 μg/mL. However, when the concentration 
of PDCe was doubled, the proportion of sub-G1 peaks 
was increased to 71.3%, indicating that more than two-
thirds of the MDA-MB231 cells were dead. Moreover, 
there was a slight dose-dependent increase in the propor-
tion of MDA-MB231 cells in the G0/G1 phases due to 
PDCe (Fig. 5C). It is worth mentioning that when SW480 
cells were treated identically (Fig. 5B), only 0.2% of them 
were found to be dead at 60 μg/mL PDCe concentration, 
but the proportion of cells in the G2/M phase showed a 
significant dose-dependent increase after PDCe treatment 
(Fig. 5D), which further indicated that the mechanism of 
PDCe-induced SW480 cell death involved a G2/M phase 
block rather than apoptosis.

Caspase activation induced by PDCe
Caspases, cysteine-containing aspartic acid proteo-
lytic enzymes, are a group of cytoplasmic proteases. 
Caspases are closely associated with cellular apopto-
sis (37). Caspase-3 plays a key role in apoptosis; it acts 
as a central regulator, while caspase-8 and caspase-9 
act as the initiators of the exogenous death receptor- 
mediated and endogenous mitochondria-mediated apop-
totic pathways, respectively (38). To assess caspase activity 
in MDA-MB231 cells during PDCe-induced apoptosis, 
we measured the fluorescence intensity of substrates of 
caspase-3, -8, and -9, which indicate the activation of the 
corresponding enzymes after treatment with PDCe at 7.5, 

Fig. 4.  Cytotoxic effects of the PDCe. (A) Antitumor activity of PDCe on various tumor and normal cells. Each value represents 
means ± SD (n = 3). (B) Effect of the PDCe on the MDA-MB231 breast cancer cells in vitro. The cells’ pictures were taken after 
treating with PDCe for 72 h. Original magnification: 10×.
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Table 2.  Cytotoxicity Effects of PDCe

Cell Name IC50 (μg/mL)

L02 198.3 ± 4.48

WI38 94.1 ± 3.98

MDA-MB231 30.9 ± 5.55

SW480 79.3 ± 6.06

HepG2 142.4 ± 5.96

HeLa 65.5 ± 6.53
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15, or 30 μg/mL. The results shown in Fig. 6A–C indicate  
that PDCe could activate caspase-3, caspase-8, as well as 
caspase-9 in MDA-MB231 cells at different PDCe con-
centrations, including at the highest concentration of  
30 μg/mL. This suggested that both the death receptor-
mediated and the mitochondria-mediated pathways are 
involved in PDCe-induced apoptosis. The activation level 
of caspase-8 was clearly higher than that of caspase-9 in 
MDA-MB231 cells after PDCe treatment.

PDCe-induced intracellular mitochondrial fragmentation
Mitochondria are known to play a key role in cellular ac-
tivities, but some factors can damage the structure and 
function of mitochondria and further induce cell apop-
tosis (39). Fluorescence microscopy-based imaging was 
used to monitor changes in mitochondrial morphology 
after PDCe treatment. In the test, two special fluores-
cence trackers including Mito Tracker (red) and DAPI 
(blue) were used to label mitochondria and nuclei of 

cancer cells (Fig. 6D). Initially, the mitochondria were 
present as red thread-like filaments, and we observed mi-
tochondrial fragmentation and aggregation over time; the 
morphology was not singnificantly altered at 6 h, but the 
mitochondria were fragmented into small particles at 12 h 
after the addition of PDCe. These results suggested that 
PDCe had a clear impact on mitochondria, specifically 
causing mitochondrial fragmentation.

PDCe-induced downregulation of intracellular ROS generation
It has been found that ROS and RNS generation play 
a key role in the oxidative damage to islet cells. Several 
DNA components can be subject to attack due to excess 
ROS in cells, thus causing DNA damage (40, 41). In addi-
tion, an intermediate ROS level is a key factor in several 
cell signaling pathways (42, 43). We assessed intracellular 
ROS level via measurement of DHE fluorescence intensity 
after treatment with different concentrations of PDCe. As 
shown in Fig. 7A, ROS generation in MDA-MB231 cells 

Fig. 5.  Flow cytometric analysis of MDA-MB231cells and SW480 cells after treatment of PDCe for 72 h. (A) Cell cycle changes 
of MDA-MB231 cells treated with PDCe for 72 h by flow cytometry analysis. (B) Cell cycle changes of SW480 cells treated with 
PDCe for 72 h by flow cytometry analysis. (C) Quantitative analysis of sub-G1 and G0/G1 proportion by PDCe in MDA-MB231 
cells. (D) Quantitative analysis of G2/M proportion by PDCe in SW480 cells. Each value represents means ± SD (n = 3). * and 
** indicate statistical difference at P < 0.05 and P < 0.01, respectively, by comparing with the control group.
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WTFig. 6.  Activation of extrinsic and intrinsic apoptotic pathway by PDCe. (A–C) Quantitative analysis of caspase activation 
triggered by PDCe. MDA-MB231cells were treated with PDCe for 48 h. Significant difference between treatment and control 
groups is indicated at * P < 0.05, ** P < 0.01 level. (D) PDCe inhibits mitochondrial fragmentation: representative images of 
mitochondrial fragmentation in MDA-MB231 cells after treatment with 30 μg/mL PDCe for 12 h. Mitochondria fragmentation 
was measured by using a fluorescence microscope. Original magnification: 100×.
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Fig. 7.  Changes in ROS generation induced by PDCe. (A) The change of the intracellular ROS levels (DHE) in MDA-MB231 
cells after being treated with PDCe. All experiments were performed in triplicate. (B) The change of the intracellular ROS levels 
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imaging of ROS generation in MDA-MB231cells after the incubation of PDCe (30 µg/mL) for indicated times using a DHE (C) 
and DCFH-DA (D) probe, respectively. Original magnification: 10×. 
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declined rapidly after treatment with PDCe at differ-
ent concentrations for 15 min, and increased slowly 
after 15  min showing a significant dose-dependence. To 
visually verify that PDCe could downregulate ROS, we 
imaged red fluorescence of DHE in MDA-MB231 cells 
using microscopy. As shown in Fig. 7C, it is clear that the 
fluorescence intensity was weakest at 15min, and weaker 
than that at 0 min at all other times, consistent with the 
ROS curve shown in Fig. 7A. Further, we found the same 
phenomenon using the DCFH-DA Test (Fig. 7B and 
D), with the fluorescence intensity being the weakest at 
15 min and subsequently increasing. Taken together, our 
results show a significant change in ROS generation in 
MDA-MB231 cells due to the actions of PDCe, which fi-
nally induced cell apoptosis. This indicates that PDCe can 
not only significantly scavenge ABTS•+ and DPPH• free 
radicals but also cause remarkable clearance of ROS in 
MDA-MB231 cells.

Conclusions
In conclusion, the results of the experiments above 
strongly suggest that PDCe has excellent antioxidant 
activity, effectively scavenging DPPH• and ABTS•+ free 
radicals in vitro. Further, the inhibition of water-soluble 
free radicals (ABTS•+) was significantly higher than that 
of fat-soluble radicals (DPPH•). In addition, PDCe has 
excellent cytotoxicity against cancer cells, inducing cancer 
cell death via apoptosis and cell cycle arrest at the G2/M 
phase. In breast cancer cells, PDCe could not only down-
regulate intracellular ROS level significantly, causing mi-
tochondrial rupture, but could also induce apoptosis by 
activating the mitochondria-mediated apoptotic pathway. 
Overall, our study provides valuable information regard-
ing the benefical effects of Phoenix Dan Cong tea on 
human health, and that it can act as a natural antioxidant 
and a promising anticancer agent.

Funding
This work was supported by Natural Science Foundation 
of China (21877049), National Program for Support of 
Top-notch Young Professionals (W02070191), YangFan 
Innovative & Entepreneurial Research Team Project 
(201312H05) and Fundamental Research Funds for the 
Central Universities.

References

	 1.	 Widowati W, Herlina T, Ratnawati H, Constantia G, Deva 
IDGS, Maesaroh M. Antioxidant potential of black, green and 
Oolong Tea Methanol Extracts. Biol Med & Nat Prod. Chem 
2015;4:35–39.

	 2.	 Venkatalakshmi P, Brindha P, Vellingiri V. In vitro antioxidant 
and anti-inflammatory studies on bark, wood and fruits of Ter-
minalia catappa L. Int J Phytomed 2015;7:246–253.

	 3.	 Bagchi K, Puri S. Free radicals and antioxidants in health and 
disease. Cell mol biol (Noisy-le-Grand, France). 1998;53:1–2.

	 4.	 Johnson P. Antioxidant enzyme expression in health and dis-
ease: effects of exercise and hypertension. Comp Biochem Phys-
iol C Toxicol Pharmacol 2002;133:493–505.

	 5.	 Wiseman SA, Balentine DA, Frei B. Antioxidants in tea. Crit 
Rev Food Sci 1997;37:705–718.

	 6.	 Hara Y. Elucidation of physiological functions of Tea Cat-
echins and their practical applications. J Food Drug Anal 
2012;20:296–300.

	 7.	 Yang CS, Jin HY, Guan F, Chen YK, Wang H. Cancer preven-
tive activities of Tea Polyphenols. J Food Drug Anal 2012;20: 
318–322.

	 8.	 Nakayama T, Ishii T, Uekusa Y, Kato K, Kumazawa S. Interac-
tion of tea catechins with phospholipids - Roles in their tastes 
and biological activities. J Food Drug Anal 2012;20:305–308.

	 9.	 Hossain MS, Nibir YM, Zerin S, Ahsan N. Antibacterial activities 
of the Methanolic extract of Bangladeshi Black tea against vari-
ous human pathogens. Dhaka Univ J Pharm Sci 2015;13:97–103.

	10.	 Zhao C, Li C, Liu S, Yang L. The galloyl catechins contributing 
to main antioxidant capacity of tea made from Camellia sinensis 
in China. Sci World J 2014;2014:1–11.

	11.	 Tijburg LB, Mattern T, Folts JD, Weisgerber UM, Katan MB. 
Tea flavonoids and cardiovascular disease: a review. Crit Rev 
Food Sci 1997;37:771–785.

	12.	 Haslam E. Thoughts on thearubigins. Phytochemistry 2003;64: 
61–73.

	13.	 Chen GH, Yang CY, Lee SJ, Wu CC, Tzen JTC. Catechin con-
tent and the degree of its galloylation in oolong tea are inversely 
correlated with cultivation altitude. J Food Drug Anal 2014;22: 
303–309.

	14.	 Chung TY, Kuo PC, Liao ZH, Shih YE, Cheng ML, Wu CC, 
et al. Analysis of lipophilic compounds of tea coated on the sur-
face of clay teapots. J Food Drug Anal 2015;23:71–81.

	15.	 Grinberg LN, Newmark H, Kitrossky N, Rahamim E, Chevion 
M, Rachmilewitz EA. Protective effects of Tea Polyphenols 
against oxidative damage to Red Blood Cells. Biochem Pharma-
col 1997;54:973–978.

	16.	 Barbosa NS, Kalaaji AN. CAM use in dermatology. Is there a 
potential role for honey, green tea, and vitamin C? Complement 
Ther Clin 2014;20:11–15.

	17.	 Lykkesfeldt J, Michels AJ, Frei B. Vitamin C. Adv Nutr 2014; 
5:16–18.

	18.	 Lamuela-Raventós RM, Singleton VL, Orthofer R. Analysis of 
total phenols and other oxidation substrates and antioxidants 
by means of Folin-Ciocalteu reagent. J Wiley & sons 1999; 
299:152–178. 

	19.	 Ballus CA, Meinhart AD, Campos FADS, Godoy HT. Total 
phenolics of virgin olive oils highly correlate with the Hydrogen 
Atom Transfer Mechanism of Antioxidant Capacity. J Am Oil 
Chem Soc 2015;92:843–851.

	20.	 Russo A, Cardile V, Lombardo L, Vanella L, Vanella A,  
Garbarino JA. Antioxidant activity and antiproliferative action 
of methanolic extract of Geum quellyon Sweet roots in human 
tumor cell lines. J Ethnopharmacol 2005;100:323–332.

	21.	 Schoenmakers P. Practical HPLC method development. J Chro-
matogr 1988;16:338–338.

22.	 Taylor T. The LCGC blog: practical HPLC method develop-
ment screening; LC GC N. Am 2016, 1–2.

	23.	 Miller NJ, Sampson J, Candeias LP, Bramley PM, Rice-Evans 
CA.. Antioxidant activities of carotenes and xanthophylls. Febs 
Lett 1996;384:240.

	24.	 Xie L, Luo Z, Zhao Z, Chen T. Anticancer and Antiangiogenic 
Iron(II) complexes that target thioredoxin reductase to trigger 
cancer cell apoptosis. J Med Chem 2017;60:202–214.

143Phoenix Dan Cong Tea: An Oolong Tea variety with promising antioxidant and in vitro anticancer activity

_________________________ WORLD TECHNOLOGIES _________________________



WT

	25.	 Liu C, Fu Y, Li CE, Chen T, Li X. Phycocyanin-functionalized 
selenium nanoparticles reverse palmitic acid-Induced pancreatic 
beta cell apoptosis by enhancing cellular uptake and blocking 
Reactive Oxygen Species (ROS)-Mediated Mitochondria Dys-
function. J Agric Food Chem 2017;65:4405–4413.

	26.	 Chen J, Luo Z, Zhao Z, Xie L, Zheng W, Chen T. Cellular local-
ization of iron(II) polypyridyl complexes determines their anti-
cancer action mechanisms. Biomaterials 2015;71:168–177.

	27.	 Deng Z, Yu L, Cao W, Zheng W, Chen T. A selenium-containing  
ruthenium complex as a cancer radiosensitizer, rational design 
and the important role of ROS-mediated signalling. Chem 
Commun (Camb) 2015;51:2637–2640.

	28.	 Fu X, Yang Y, Li X, Lai H, Huang Y, He L, et al. RGD  
peptide-conjugated selenium nanoparticles: antiangiogenesis by 
suppressing VEGF-VEGFR2-ERK/AKT pathway. Nanomed: 
Nanotechnol 2016;12:1627–1639.

	29.	 Fan C, Zheng W, Fu X, Li X, Wong YS, Chen T. Enhancement 
of auranofin-induced lung cancer cell apoptosis by selenocys-
tine, a natural inhibitor of TrxR1 in vitro and in vivo. Cell Death 
Dis 2014;5:e1191.

	30.	 Huang Y, He L, Liu W, Fan C, Zheng W, Wong YS, et al. Selective 
cellular uptake and induction of apoptosis of cancer-targeted  
selenium nanoparticles. Biomaterials 2013;34:7106–7116.

	31.	 Jiang W, Fu Y, Yang F, Yang Y, Liu T, Zheng W, et al. Gracilaria 
lemaneiformis polysaccharide as integrin-targeting surface dec-
orator of selenium nanoparticles to achieve enhanced antican-
cer efficacy. ACS Appl Mater Inter 2014;6:13738–13748.

	32.	 Sinha R, Elbayoumy K. Apoptosis is a critical cellular event in 
cancer chemoprevention and chemotherapy by selenium com-
pounds. Curr Cancer Drug Tar 2004;4:13–28.

	33.	 Li XL, Wong YS, Xu G, Chan JCN. Selenium-enriched Spir-
ulina protects INS-1E pancreatic beta cells from human islet 
amyloid polypeptide-induced apoptosis through suppression of 
ROS-mediated mitochondrial dysfunction and PI3/AKT path-
way. Eur J Nutr 2015;54:509–522.

	34.	 Yu Z, Ying-Xin G, Jia-Ji M, Jun-Yu S, Shi-Chong Q, Hong-
Chang L. N-acetyl cysteine protects human oral keratinocytes 
from Bis-GMA-induced apoptosis and cell cycle arrest by in-
hibiting reactive oxygen species-mediated mitochondrial dys-
function and the PI3K/Akt pathway. Toxicol in Vitro 2015;29: 
2089–2101.

	35.	 Kim GJ, Kim W, Kim KT, Lee JK. DNA damage and mito-
chondria dysfunction in cell apoptosis induced by nonthermal 
air plasma. Appl Phys Lett 2010;96:1721.

	36.	 Agarwal C, Veluri R, Kaur M, Chou SC, Thompson JA,  
Agarwal R. Fractionation of high molecular weight tannins in 
grape seed extract and identification of procyanidin B2-3,3′-di-
O-gallate as a major active constituent causing growth inhibi-
tion and apoptotic death of DU145 human prostate carcinoma 
cells. Carcinogenesis 2007;28:1478–1484.

	37.	 Kumar S. Caspase function in programmed cell death. Cell 
Death Differ 2007;14:32–43.

	38.	 Zhang X, Dai C, You Y, He L, Chen T. Tea regimen, a compre-
hensive assessment of antioxidant and antitumor activities of 
tea extract produced by Tie Guanyin hybridization. RSC Adv 
2018;8:11305–11315.

	39.	 Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and 
mitochondrial quality control. Redox Biol 2015;4:6.

	40.	 Wang C, Zhang H, Xue Z, Yin H, Niu Q, Chen H. The relation 
between doses or post-plasma time points and apoptosis of leu-
kemia cells induced by dielectric barrier discharge plasma. Aip 
Adv 2015;5:143702–143129.

	41.	 Klaunig JE, Wang Z, Pu X, Zhou S. Oxidative stress and oxi-
dative damage in chemical carcinogenesis. Toxicol Pathol 2011; 
38:96–109.

	42.	 Held P. Tech Resources-app guides. Biotek Com; 1970.
	43.	 Ma E, Sasazuki S, Shimazu T, Sawada N, Yamaji T, Iwasaki 

M, et al. Reactive oxygen species and gastric cancer risk: a large 
nested case-control study in Japan. Eur J Epidemiol 2015;30: 
589–594.

*Xiaoling Li
Institute of Food Safety and Nutrition
Jinan University
Guangzhou 510632
China
Email: tlxlli@jnu.edu.cn

*Tianfeng Chen
The First Affiliated Hospital
Department of Chemistry
Jinan University
Guangzhou 510632
China
Email: tchentf@jnu.edu.cn

144 The Science of Nutrition

_________________________ WORLD TECHNOLOGIES _________________________

mailto:tlxlli@jnu.edu.cn
mailto:tchentf@jnu.edu.cn


WT

Nutritional, biochemical and sensory properties of 
instant beverage powder made from two different 
varieties of pearl millet
Anthony O. Obilana1*, Barthi Odhav2 and Victoria A. Jideani1

1Food Technology Department, Cape Peninsula University of Technology, Bellville Campus, Cape Town, South Africa; 
2Biotechnology and Food Technology Department, Durban University of Technology, Durban, South Africa

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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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.
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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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WTpearl 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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Abstract

Background: Several studies have evaluated the effects of oolong tea extracts on obesity. However, only few 
studies focused on the anti-obesity effect of specific components of oolong tea.
Objective: This study investigated the specific anti-obesity capabilities of oolong tea polysaccharide (TPS) and 
tea polyphenols (TPP) in high-fat diet-induced Sprague–Dawley rats.
Methods: Oolong tea water extract, TPS, TPP, and polysaccharide mixed with polyphenol (TPSM) given at 
doses of 400 or 800 mg/kg were administered to rats fed with high-fat diet for 6 weeks to explore the anti-
obesity effects of the treatments.
Results: TPS and TPP were responsible for the suppressive effect on body fat accumulation. TPSM exhibited 
the highest effect on body weight reduction, and TPS and TPP effectively reduced serum leptin levels and sig-
nificantly improved blood lipid and antioxidant levels. Moreover, microarray analysis of hepatic and adipose 
gene expression profiles revealed that TPP and TPS inhibited obesity through effects on the pathways of fatty 
acid biosynthesis, steroid hormone biosynthesis, unsaturated fatty acid biosynthesis, fatty acid elongation, 
glycerolipid metabolism, and glycerophospholipid metabolism.
Conclusions: TPSM might be a potential therapy for the treatment of obesity.

Keywords: oolong tea; anti-obesity; polysaccharide; polyphenols

The incidence of obesity has increased dramatically 
in recent years and has become a serious health 
medical problem in the world (1). Epidemiological 

studies have shown that obesity is a complex metabolic dis-
order caused by the imbalance between energy intake and 
energy expenditure and boosts the risk of various chronic 
diseases, such as hypertension, type II diabetes, coronary 
artery disease, and cancers (2, 3). Currently, the available 
therapy for obesity causes a number of side effects (4–6). 
Therefore, the prevention of obesity is an urgent matter, 
and the use of food to suppress the accumulation of body 
weight and body fat may be a safe solution (7, 8).

As a traditional type of Chinese tea (Camellia sinen-
sis), oolong tea has been a popular beverage worldwide 
because of its health benefits including anti-oxidation, 
anti-microbial, cholesterol-lowering effect, and reducing 
the risks of cancer (9–11). Oolong tea polysaccharide, 

caffeine, and polyphenols contribute to these health ben-
efits (12,  13). The polyphenols found in semi-fermented 
oolong tea mainly comprise epigallocatechin, epigallocat-
echin gallate (EGCG), epicatechin, and epicatechin gal-
late (14–16). Given the ever-growing obesity pandemic, 
the anti-obesity effects of oolong tea have been the focus 
of considerable attention (17). However, the strength of 
such anti-obesity effects differs depending on the variety 
and functional components. Rumpler et al. observed that 
oolong tea extract intake significantly increased the en-
ergy expenditure in a group of young males (18). Since 
then, clinical trials have reported the effects of tea prep-
arations on increasing energy expenditure, fat oxidation, 
weight loss, fat mass, and weight maintenance after weight 
loss (19–21). Oolong tea extracts decreased weight and 
body fat gain in rodent models in several studies (18, 22). 
Kuo et al. reported that body weight suppression occurs 
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in tea-leaf-fed groups in the following order: oolong tea > 
pu-erh tea > black tea > green tea (23).

Several studies have evaluated the effects of oolong tea 
extracts on obesity (24–26). However, only few studies 
have focused on the anti-obesity effect of specific compo-
nents of oolong tea. Therefore, this study aimed to isolate 
polyphenols and polysaccharides from oolong tea and in-
vestigated their influence on the development of obesity.

Materials and methods

Chemicals and animals
The coarse old oolong tea employed in the study was 
produced in Fujian, China. A total of 145 male Sprague–
Dawley rats (~200 g) were purchased from PLA Military 
Academy of Medical Sciences Laboratory Animal Center 
(license number SCXK [Beijing] 2012–0004).

Extraction of tea polyphenols and polysaccharides 
from oolong tea
Crude oolong tea leaves (JinFuDe, Fujian Province, 
China) were ground into powder by a grinder. Water ex-
tracts were obtained three times at 85°C at a solid–liq-
uid ratio of  1:15 once an hour. The extracts were filtered 
using a nine-layer gauze and concentrated under reduced 
pressure. One part of  the concentrate was lyophilized as 
the total water extract. The other part of  the concentrate 
was extracted by chloroform, and the aqueous layer was 
extracted with ethyl acetate. Finally, the organic layer 
was lyophilized to tea polyphenols (TPP), and the aque-
ous layer was precipitated with ethanol and lyophilized 
to tea polysaccharides (TPS) after protein removal. The 
obtained oolong TPP was analyzed through high-perfor-
mance liquid chromatography (HPLC; Shimadzu, Kyoto, 
Japan) equipped with an ultraviolet (UV) detector. The 
oolong TPP is composed of EGC (59.09%), EGCG 
(12.83), EC (13.47%), and ECG (14.61%). The oolong 
TPS comprised 4.06 mol% rhammose, 2.58 mol% fucose, 
27.19 mol% arabinose, 1.26 mol% xylose, 5.68 mol% 
mannose, 4.66 mol% galactose, and 54.57 mol% glucose.

Animals and experimental protocols
All of the experimental procedures employed in the study 
followed the guidelines of the Committee on the Ethics 
of Animal Experiments of Tianjin University of Science 
and Technology (TUST20131015) and were based on the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. All efforts were exerted to mini-
mize suffering.

Rats were kept in a room maintained under standard 
conditions of 20°C to 25°C, 12 h/12 h light/dark cycle, and 
relative humidity of 45 to 65%. After 7 days of adaptation, 
the rats were randomly divided into two groups (Group I 
= 10 and Group II = 135) by weight. Rats in Group I were 

given free access to distilled water and normal diet. Group 
II rats were orally administered with distilled water and a 
high-fat diet consisting of 79% basal feed, 10% lard, 10% 
egg yolk powder, 0.5% cholesterol, and 0.5% cholate. After 
a 2-week high-fat diet, the Group II rats were sorted by 
weight gain, and one-third of the rats with a slower speed 
of gaining weight (obesity-resistant rats, body weight gain 
less than 20%) were eliminated from the study. The 90 
screened out obesity-sensitive rats were randomly divided 
into different groups as follows: model control, the group 
given 40 mg/kg orlistat, the group given 400 or 800 mg/
kg total water extract, the group given 400 or 800 mg/kg 
TPP, the group given 400 or 800 mg/kg TPS, and the group 
given a combination of TPS and TPP at 400 mg/kg. All 
rats used in the experiment were given oolong tea func-
tional materials via oral gavage. These groups were given 
high-fat diet and designated as normal control group (NC), 
model control group (MC), positive control group, orlistat 
(OC), high dose of total water extract group (TWH), low 
dose of total water extract group (TWL), high dose of tea 
polyphenols group (TPPH), low dose of tea polyphenols 
group (TPPL), high dose of tea polysaccharides group 
(TPSH), low dose of tea polysaccharides group (TPSL), 
and the complex of tea polysaccharides and polyphenols 
group (TPSM), respectively. During the experiment, food 
intake was recorded daily, and body weight and length 
were measured once every 3 days.

After 6 weeks of experimentation, all rats were fasted 
overnight, blood sample was collected from the abdom-
inal femoral arteries of the rats, and the rats were sacri-
ficed by cervical vertebral dislocation. The liver, heart, 
kidney, perinephric fat pads, epididymal adipose tissues, 
and mesenteric adipose tissues were quickly removed and 
weighed. Then, the tissues were stored at −80°C.

Blood and liver biochemical analysis
The rat serum parameters, including triglyceride (TG), 
total cholesterol (TC), high-density lipoprotein cho-
lesterol (HDLC), low-density lipoprotein cholesterol 
(LDLC), malondialdehyde (MDA) levels, and total 
superoxide dismutase (T-SOD) activities, were deter-
mined using commercially available kits (BioSino, Bei-
jing, China). The serum leptin was characterized by 
immunoassay using rat/mouse ELISA kit (R&D Sys-
tems, Minneapolis, USA). Hepatic TG, TC, MDA, and 
T-SOD concentrations were estimated using the same kit 
for serum analysis. All measurements performed were in 
accordance with the manufacturers’ instructions.

Adipose and liver histopathology
Suitable rat epididymal adipose and hepatic tissues were 
selected and fixed in 10% formalin for 16 h. Then, all of 
the tissues were dehydrated in graded ethanol (70% etha-
nol for 10 min, 80% ethanol for 10 min, 95% ethanol for 
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10 min thrice, and 100% ethanol for 15 min thrice). Xy-
lene was used to clear the tissues (15 min twice). Then, the 
tissues were dipped in wax twice at 60°C, 1 h to 2 h each 
time, and paraffin embedded at the same temperature. Fat 
and liver tissue blocks were cut into five microsections and 
stained with hematoxylin and eosin.

Gene chip analysis, reverse transcription polymerase chain 
reaction (RT-PCR) verification, and metabolic pathway analysis
Differentially expressed genes were screened for the NC, 
TPP, TPS, and TPSM groups using the gene expression 
profile array (GeneChip Rat Genome 230 2.0 Array, Affy-
metrix, Santa Clara, CA, USA). In addition, the differen-
tially expressed genes screened by gene chip arrays were 
verified through RT-PCR. Specific primers for the genes 
were designed, synthesized, and diluted with sterile water 
in accordance with the manufacturer’s manual. The total 
RNA in the liver and epididymal adipose tissues served as 
raw material, whereas the rat Glyceraldehyde-3-phosphate 
dehydrogenase (GADPH) genes were used as housekeeping 
genes. The One-Step SYBR PrimeScript PLUS RT-PCR 
Kit (TaKaRa, Shiga, Japan) was used for PCR. The differ-
entially expressed genes screened through gene chip arrays 
and verified via RT-PCR were used to determine the related 
metabolic pathways with the GenBank ID in the national 
center for biotechnology information (NCBI) gene database 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
metabolic pathway database. The effects of the resulting 
genes on the fat metabolic pathway were also explored.

Statistical analysis
The results are presented as means with their standard er-
rors. Statistical analysis was performed using the Statisti-
cal Product and Service Solutions (SPSS) program. Data 
were analyzed by one-way analysis of variance (ANOVA). 
Differences between the groups were established using the 
least significant difference test, and the criterion for statis-
tical significance was set at p < 0.05.

Results

Changes in rat body weight, food utilization, and Lee’s index
Table 1 shows the changes in body weight, food utiliza-
tion (body weight gain/food intake × 100%), and Lee’s 
index (3√body weight × 1000/body length). The final body 
weight of rats in the MC group was significantly higher 
than that of the NC group. By contrast, all of the treated 
groups, except for TPSL, exhibited a significant reduction 
in body weight gain compared with the MC group. More-
over, TPSM group showed the highest anti-obesity effects 
when compared with the other groups. These results in-
dicate that polysaccharides and polyphenols were syner-
gistic in reducing body weight gain. Meanwhile, all of the 
groups, except for TPSH, exhibited a significant decrease 
in Lee’s index compared with the MC group.

Body fat weight
At the end of  the experiment, the perinephric fat pads, 
epididymal adipose tissues, and mesenteric adipose tis-
sues of  each group were collected and measured. MC 
group exhibited a significantly higher weight of  the 
three fat parts than that of  the NC group. Meanwhile, 
tea water extract, TPP, TPS, and TPSM decreased in 
adipose tissue.

Blood and liver biochemical profiles
Hepatic lipid and antioxidant profiles are shown in Fig. 1 
and Table 2. The triglyceride and cholesterol levels of 
rats in the MC group increased significantly compared 
with the NC group. Meanwhile, the serum triglyceride 
and cholesterol levels lowered significantly in the TWH, 
TPPH, TPPL, and TPSM groups. Moreover, the serum 
MDA and T-SOD levels reduced significantly in the 
TPSM, TWH, and TPPL groups; similar results were also 
observed in the hepatic MDA and T-SOD levels. How-
ever, the serum LDL-C levels in TWL, TPPH, TPPL, 
TPSH, TPSL, and TPSM groups were significantly lower 

Table 1.   Body weight and other characters of rats in each group

Groups Initial BW(g) Final BW(g) Lee’s index Food utilization (%)

NC 228.58 ± 14.03 459.31 ± 27.19 311.21 ± 11.83 18.73% ± 2.02%

MC 348.74 ± 22.35 548.74 ± 51.74 339.55 ± 8.06 26.87% ± 0.98%

OC 351.33 ± 17.90 511.86 ± 43.54**# 322.31 ± 9.66**## 24.35% ± 1.76%

TWH 346.51 ± 19.37** 466.78 ± 34.21##&& 316.08 ± 9.64## 19.78% ± 2.16%#

TWL 352.16 ± 21.12** 478.61 ± 45.36## 318.45 ± 12.83## 20.56% ± 2.29%#

TPPH 348.44 ± 16.09** 473.26 ± 32.75##& 315.34 ± 5.85## 20.37% ± 3.12%#

TPPL 347.89 ± 13.16** 485.57 ± 34.27## 324.27 ± 9.03**## 21.51% ± 2.29%#

TPSH 349.89 ± 18.27** 522.72 ± 42.43** 328.56 ± 5.68**# 22.67% ± 2.03%

TPSL 343.06 ± 16.62** 505.92 ± 32.48**# 325.73 ± 7.79**## 21.67% ± 1.97%#

TPSM 345.73 ± 12.75** 447.67 ± 33.80##&& 318.49 ± 10.14## 19.04% ± 2.14%#

All values are means ± SD (n = 10). Values with different superscripts are significantly different among the groups by ANOVA with Duncan’s multiple 
range test from NC at *P < 0.05, **P < 0.01; MC at #P < 0.05, ##P < 0.01; OC, &P < 0.05, &&P < 0.01.
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than that of the MC group. TPSL and TPSM groups also 
exhibited significantly lower leptin levels than the other 
groups.

Histological analysis of liver and epididymal white adipose tissue
Changes in the degree of infiltration of lipid droplets in 
the liver are shown in Supplementary Fig. 1. The repre-
sentative liver section of the MC group showed increased 
infiltration of lipid droplets, leading to a hepatic steatotic 
condition. Meanwhile, the infiltration of lipid droplets in 
the representative liver section of the other groups was 
markedly reduced; even the liver histological section of the 
TPSM group was free from lipid droplets. The histology 

of the rat epididymal white adipose tissue is shown in Sup-
plementary Fig. 2, and the numbers of adipocytes within 
the same field are presented in Supplementary Table 1. 
The adipocyte size of the MC group was significantly 
larger than that of the NC group, and the numbers of fat 
cells in the MC group were significantly less than that of 
the NC group. In all of the medicated groups, adipocyte 
sizes were significantly smaller, and the number of fat cells 
was significantly lower than those of the MC group.

Result of cDNA microarray
The Affymetrix GeneChip® Rat Genome 230 2.0 Array 
includes approximately 31,000 probe sets representing 
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Fig. 1.   The effect of oolong tea extracts on rat hepatic lipid profile and antioxidants. (a) Hepatic contents of TG and TC. (b) 
Hepatic contents of TG and TC. (c) Hepatic MDA content. (d) Hepatic total SOD content. Values with different superscripts are 
significantly different among the groups by ANOVA with Duncan's multiple range test from NC at *P < 0.05, **P < 0.01; MC 
at #P < 0.05, ##P < 0.01; OC, &P < 0.05, &&P < 0.01.
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28,000 specific genes. According to the results provided 
by the Tianjin Biochip Corporation, we screened out the 
differentially expressed genes related to lipid metabo-
lism in the liver and epididymal adipose tissues. Under 
the premise of  greater than twofold difference relative 
to that of  the MC group, we detected 11 differentially 
co-expressed genes in the liver of  the NC, TPPL, TPSL, 
and TPSM groups. Among the 11 genes, 2 genes were 
significantly upregulated and 9 genes were significantly 
downregulated. In the same circumstance, we detected 
13 differentially co-expressed genes in the epididymal 

adipose tissues of  the NC, TPPL, TPSL, and TPSM 
groups. Among the 13 genes, 6 genes were significantly 
upregulated and 7 genes were significantly downregulated 
(Table 3). Then, these genes were searched on the KEGG 
website to determine their lipid metabolism pathways 
(Supplementary Figs. 3–8). Microarray analysis revealed 
that TPP and TPS inhibited obesity through effects on 
the pathways of  fatty acid biosynthesis, steroid hormone 
biosynthesis, unsaturated fatty acid biosynthesis, fatty 
acid elongation, glycerolipid metabolism, and glycero-
phospholipid metabolism.
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Discussion
With the dramatically increasing prevalence of obesity, 
the urgent need for new strategies to combat the growing 
epidemic emerges. Therefore, in the present study, we iso-
lated polyphenols and polysaccharides from oolong tea 

and investigated the anti-obesity capabilities of the com-
ponents. In the present study, TWH, TWL, TPPH, TPPL, 
and TPSM effectively prevented rat body weight increase 
relative to the weight of the MC group. Moreover, the tea 
water extract and polyphenols presented dose-dependent 

Table 2.  Serum figures of rats in each group

Groups TC (mmol/) TG (mmol/L) HDLC (mmol/L) LDLC (mmol/L) MDA (mmol/L) T-SOD (U/mL) LEP (pg/mL)

NC 1.57 ± 0.25 0.86 ± 0.42 2.22 ± 1.64 0.94 ± 0.23 0.12 ± 0.09 157.03 ± 20.24 179.73 ± 12.12

MC 2.58 ± 0.43 1.23 ± 0.26 1.14 ± 0.16 1.52 ± 0.56 0.27 ± 0.03 122.99 ± 17.16 198.82 ± 27.41*

OC 1.56 ± 0.32## 0.76 ± 0.26## 1.71 ± 0.55 0.40 ± 0.48 0.21 ± 0.15* 184.48 ± 15.27**## 178.82 ± 25.42#

TWH 1.99 ±0.43*##& 0.61 ± 0.28## 1.98 ± 0.53## 0.91 ± 0.31#& 0.15 ± 0.07## 187.06 ± 18.00**## 182.91 ± 22.67

TWL 1.80 ± 0.77## 0.64 ± 0.33## 1.74 ± 0.42# 0.67 ± 0.78## 0.13 ± 0.07## 154.45 ± 18.70##&& 185.64 ± 29.16

TPPH 1.97 ± 0.41*##& 0.77 ± 0.20## 2.26 ± 0.40## 0.73 ± 0.46## 0.17 ± 0.08## 97.82 ± 24.34**##&& 175.18 ± 19.78#

TPPL 1.75 ± 0.48## 0.68 ± 0.16## 1.75 ± 0.43## 0.43 ± 0.64*## 0.10 ± 0.04##&& 163.03 ± 18.09##& 178.67 ± 21.07#

TPSH 1.86 ± 0.43## 1.11 ± 0.34& 1.65 ± 0.31 0.67 ± 0.34## 0.17 ± 0.11# 174.83 ± 23.80*## 179.86 ± 16.80

TPSL 1.58 ± 0.27## 1.22 ± 0.53*&& 1.41 ± 0.34** 0.36 ± 0.78*## 0.21 ± 0.11* 192.21 ± 11.58**## 166.50 ± 15.71*##

TPSM 1.55 ± 0.25*## 0.69 ± 0.31## 1.73 ± 0.58# 0.27 ± 0.43**## 0.13 ± 0.04##& 146.94 ± 19.69#&& 170.50 ± 19.16##

All values are means ± SD (n = 10). Values with different superscripts are significantly different among the groups by ANOVA with Duncan’s multiple 
range test from NC at *P < 0.05, **P < 0.01; MC at #P < 0.05, ##P < 0.01; OC, &P < 0.05, &&P < 0.01.

Table 3.  Co-expression of regulated genes related to lipid metabolism

Tissue Probe set Gene symbol Gene title RefSeq transcript ID Levels

Live tissue 1367667_at Fdps Farnesyl diphosphate synthase NM_031840 down

1367707_at Fasn fatty acid synthase NM_017332 down

1387006_at Sult2al1 Sulfotransferase family 2A, dehydroepiandrosterone  
(DHEA)-preferring-like 1

NM_012695 down

1370281_at Fabp5 Fatty acid binding protein 5, epidermal NM_145878 down

1370355_at Scd1 Stearoyl-coenzyme A desaturase 1 NM_139192 down

1387123_at Cyp17a1 Cytochrome P450, family 17, subfamily a, polypeptide 1 NM_012753 down

1387156_at Hsd17b2 Hydroxysteroid (17-beta) Dehydrogenase 2 NM_024391 down

1370566_at Rdh2 Retinol dehydrogenase 2 NM_199208 down

1374914_at Ppard Peroxisome proliferator-activated receptor delta XM_001078083 /// down

1380013_at Pnpla3 Patatin-like phospholipase domain containing 3 XM_343302 up

1388108_at Elovl6 ELOVL family member 6, elongation of long chain fatty acids (yeast) NM_134383 /// 
XM_001075165

up

Adipose 
tissues

1369179_a_at Pparg Peroxisome proliferator-activated receptor gamma NM_001145366 /// 
NM_001145367 /// 
NM_013124

down

1367585_a_at Atplal ATPase, Na+/K+ transporting, alpha 1 polypeptide NM_012504 down

1367609_at Mif Macrophage migration inhibitory factor NM_031051 down

1367894_at Insig1 Insulin induced gene 1 NM_022392 down

1370862_at Apoe Apolipoprotein E J02583 down

1371691_at Rarres2 Retinoic acid receptor responder (tazarotene induced) 2 BI282993 down

1371963_at Pcca Propionyl-coenzyme A carboxylase, alpha polypeptide BF395042 down

1375034_at Pla2g15 Phospholipase A2, group XV AI410383 up

1387132_at Lipe Lipase, hormone sensitive NM_012859 up

1387365_at Nr1h3 Nuclear receptor subfamily 1, group H, member 3 NM_031627 up

1379075_at Mboat2 Membrane-bound O-acyltransferase domain containing 2 AI501287 up

1382680_at Adfp Adipose differentiation-related protein BG673602 up

1386960_at Slc37a4 Solute carrier family 37 (glucose-6-phosphate transporter), member 4 NM_031589 up
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effects; the high-dose green tea water extract or polysac-
charide was more efficacious in preventing obesity than 
the other treatments tested. Nevertheless, TPSH and 
TPSL did not significantly change the rat body weight.

He et al. reported that oolong tea could reduce the 
weight of rats by suppressing food intake (27). Kao et al. 
also observed a reduction in food intake after the admin-
istration of EGCG present in TPP (26). We also observed 
a decrease in weight gain induced by polyphenols, poly-
saccharide, or the combination of TPS and TPP, which is 
relevant in food utilization.

Xu et al. reported that green tea extract, polysaccha-
ride, and polyphenols exhibit anti-inflammatory activities 
(28). Our results indicated that polyphenols, polysaccha-
ride, or the combination of TPS and TPP can significantly 
reduce serum and liver triglyceride levels. Furthermore, 
the TPSL group effectively increased serum T-SOD levels.

Numerous studies on genetic, metabolic, hormonal, be-
havioral, social, and cultural aspects have been conducted 
to increase our understanding of the cause and treatment 
of obesity (29, 30). The physiological and molecular 
changes observed in our high-fat-diet-induced obese rat 
model provided useful insight into the development of 
obesity in humans. In the present study, we showed that 
the expression of a number of genes involved in lipid 
metabolism was altered in the MC group, which further 
demonstrated the usefulness of this high-fat diet model. 
In addition, a total of 24 obesity-related genes showed 
significant changes in liver and epididymal adipose tissues 
in the TPPL, TPSL, and TPSM groups compared with 
the MC group. Considerable evidence from the KEGG 
website reveals that these genes play important roles in 
the pathogenesis of obesity. The pathways participated in 
by the genes include fatty acid biosynthesis, steroid hor-
mone biosynthesis, unsaturated fatty acid biosynthesis, 
fatty acid elongation, glycerolipid metabolism, and glyc-
erophospholipid metabolism.

Conclusions
In summary, crude old oolong tea extract prevented 
body weight gain in male Sprague–Dawley rats, in which 
polyphenols and polysaccharide may play an important 
role, particularly the combination of polyphenols and 
polysaccharide. Multiple factors in oolong tea were de-
termined to contribute to the anti-obesity effects in the 
present research. Each main ingredient in oolong tea con-
tributed to the anti-obesity function, and every ingredient 
has potential beneficial effects in achieving weight loss, 
such as reducing food utilization, lowering serum triglyc-
eride levels, inhibiting fatty acid absorption, and regulat-
ing relevant gene expression. Therefore, the combination 
of polysaccharide and polyphenols might be a potential 
therapy to treat obesity, and further clinical studies are 
needed in this regard.
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Abstract

Background: We aimed to describe urinary sodium and potassium excretion and their ratio in a representative 
sample of Portuguese elderly population, according to sociodemographic characteristics and weight status.
Methods: A cluster sampling approach was used, representing older Portuguese adults (≥65 years) according 
to age, sex, education level, and regional area within the Nutrition UP 65 study. This cross-sectional evalu-
ation was conducted in 2015 and 2016. From a sample size of 1,500 participants, 1,318 were eligible for the 
present analysis, 57.3% were women, and 23.5% were aged ≥80 years. Sodium and potassium consumption 
was evaluated through one 24 h urinary excretion. Inadequate sodium intake was defined as ≥2,000 mg/day, 
inadequate potassium intake was considered as <3,510 mg/day, and inadequate sodium-to-potassium ratio 
was defined as >1, according to the World Health Organization cutoffs.
Results: The proportion of the participants with an inadequate intake was 80.0% in women and 91.5% in 
men (sodium), 96.2% of women and 79.4% of men (potassium), and 98.4% of women and 99.1% of men (so-
dium-to-potassium ratio). Higher sodium adequacy was observed among the older elderly, unmarried, with 
lower household income, and underweight/normal weight. Higher potassium adequacy was observed in the 
younger elderly, married, and with higher income.
Conclusion: The majority of the Portuguese elderly population was classified as having inadequate so-
dium, potassium, and sodium-to-potassium ratio urinary excretion. Therefore, strategies for reducing 
sodium and increasing potassium intake are priorities in the Portuguese elderly population.

Keywords: Sodium, potassium, sodium-to-potassium ratio, elderly, urinary excretion

Over the past 25 years, the estimated deaths 
attributed to high blood pressure have increased 
considerably worldwide (1). In Portugal, despite 

improvements in the treatment of  hypertension (2) and 
the decrease in the mean systolic blood pressure in adults, 
including elders, between 1990 and 2015 (1), cerebrovas-
cular diseases are still the leading causes of  death (2).

Jointly, cardiovascular diseases (CVDs) and cancer are 
responsible for 54% of all deaths (3). These two groups of 
diseases also share some important risk factors (4), and 
high sodium intake is recognized to increase the risk of 
fatal stroke, fatal coronary heart disease (5), cancer of the 
nasopharynx and stomach (6), and type 2 diabetes (7).

Potassium is also a critical mineral when assessing the 
health effects of sodium consumption, considering that 
this nutrient may mitigate the negative effects of excessive 
sodium intake by reducing blood pressure and thus pre-
venting stroke (8, 9).

Additionally, the ratio of Na/K may be more reliable 
to assess the risk of CVD and CVD-related mortality 
than either sodium or potassium intake alone (10). How-
ever, studies on the relations of Na/K ratio with stroke 
or cardiovascular-related mortality have been sparse (11). 
To decrease blood pressure and risk of CVD, stroke, and 
coronary heart disease in adults, the WHO recommends 
a reduction to less than 2,000 mg/day of sodium (5) and 
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Universidade do Porto (no. PCEDCSS – FMUP 15/2015) 
and by the Portuguese National Commission of Data 
Protection (no. 9427/2015). All participants, or two rep-
resentatives per participant, were asked to read and sign a 
duplicated informed consent form.

Data collection
Sociodemographic data and nutritional status were col-
lected using a structured questionnaire. Eight previously 
trained registered nutritionists were responsible for the 
questionnaire’s application and also by the anthropomet-
ric data collection.

Sociodemographic data included information on sex, 
age, regional area, education, marital status, residence type, 
and household income. The regional areas used are defined 
in NUTS II: Alentejo, Algarve, Azores, Lisbon Metropol-
itan Area, Center, Madeira, and North (18). Educational 
level was determined by the number of completed school 
years, and the following categories were used: no formal 
education, 1–3, 4, 5–11, and ≥12 years of school. Mari-
tal status was categorized as single, married or in a com-
mon-law marriage, divorced, or widowed. Residence type 
was defined as home or institution. Self-reported data re-
garding the presence of chronic diseases was also collected.

Body mass index (BMI) was computed using the stan-
dard formula [body weight (kg) /standing height 2 (m)], 
and participants were classified according to WHO cutoff 
values.

Anthropometric measurements were collected following 
standard procedures (19). Standing height was obtained 
with a calibrated stadiometer (Seca 213) with 0.1 cm resolu-
tion. For participants with visible kyphosis or when it was 
impossible to measure standing height due to a participant’s 
paralysis or due to mobility or balance limitations, height 
was obtained indirectly from non-dominant hand length (in 
centimeters), measured with a calibrated caliper from Fervi 
Equipment (Fervi Equipment, Vignola, Italy) with 0.1 cm 
resolution (20). Body weight (in kilograms) was measured 
with a calibrated portable electronic scale (Seca 803) (SECA 
GmbH, Hamburg, Germany) with 0.1 kg resolution, with 
the participants wearing light clothes. When it was not 
possible to weigh a patient, for the same reasons that pre-
vented standing height measurement, body weight was es-
timated from mid-upper arm and calf circumferences (21). 
Mid-upper arm and calf circumferences were measured 
with a metal tape measure from Lufkin (Lufkin W606 PM, 
Lufkin, Sparks, Maryland, USA) with 0.1 cm resolution.

The volume of urine in a 24 h period was collected for 
each participant. The interviewers gave the participants 
oral and written instructions on how to proceed for the 
collection and storage of the volume of 24 h urine. A 
24 h urine container was also provided. A certified lab-
oratory, Labco (Lisbon,   Portugal), was responsible for 
urine sample collection and analysis. Urinary creatinine 

a potassium intake of at least 3,510 mg/day (12). If indi-
viduals consume the amounts of sodium and potassium 
recommended by the WHO, the molar Na/K ratio will be 
approximately one to one, a ratio that is considered pos-
itive for health (5, 12). In this sense, lowering the Na/K 
ratio may reduce CVD risk and mortality (11), particu-
larly in the elderly (13), although studies on the optimal 
relation between Na and K intake are still scarce (11).

Current estimates of sodium and potassium intake in 
a survey conducted between 2011 and 2012 in a represen-
tative sample of adults (18–90 years) from the Portuguese 
continental area estimated a mean 24 h urinary sodium 
excretion of 4,197 mg/day (10.7 g of salt) (14). In this 
study (14), mean 24 h urinary potassium excretion was 
2,828 mg/day, making the Na/K ratio for all samples 2.5. 
In this study, data on sodium and potassium intake was 
provided for the overall sample, not allowing the charac-
terization of older subjects.

The health in Portugal has improved considerably in 
the last decades (15), and the average life expectancy in 
the Portuguese population was 80.6 years in 2015 (16). 
However, the lack of data on sodium, potassium, and 
Na/K ratio intake in the elderly remains a challenge for 
the Portuguese region. The objective of our study is to de-
scribe 24 h urinary sodium and potassium excretion and 
their ratio in a representative sample of Portuguese elders, 
according to sociodemographic characteristics and weight 
status. The present study is a subproject of the Nutrition 
UP 65 study, whose protocol is published elsewhere (17).

Methods
Study design and sampling
A cross-sectional observational study was conducted in Por-
tugal in a sample of 1,500 older Portuguese adults, ≥65 years 
old. To achieve a nationally representative sample of older 
Portuguese adults, a quota sampling approach was adopted 
using data from Census 2011 regarding sex, age, educational 
level, and regional area (defined in the Nomenclature of Ter-
ritorial Units for Statistical purposes – NUTS II).

The potential participants were contacted by the inter-
viewers, who provided information about the study pur-
pose and methodology and invited them to participate. 
Individuals presenting any condition that precluded the 
collection of urine, such as dementia or urinary inconti-
nence, were excluded from the study.

Data were collected between December 2015 and June 
2016.

Ethics
This research was conducted according to the guidelines 
established by the Declaration of Helsinki and the study 
protocol was approved by the Ethics Committee of the 
Department of Social Sciences and Health (Ciências 
Sociais e Saúde) from the Faculdade de Medicina da 
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was measured by the Jaffe method. A urine sample was 
considered inadequate if  the creatinine level was <0.4 g/24 
h for women or <0.6 g/24 h for men (22) or if  the volume 
collected was <500 ml (23).

Sodium intake was evaluated after converting 24 h uri-
nary sodium excretion, and excessive sodium intake was 
defined as ≥2,000 mg/day, according to the World Health 
Organization cutoffs (5). Potassium intake was also eval-
uated by 24 h urinary potassium excretion and was con-
sidered low if  <3,510 mg/day. Na/K ratio >1 was defined 
as inadequate.

Statistical analysis
Categorical variables were reported as frequencies. 
According to the normality of variable distribution, 
evaluated through Kolmogorov–Smirnov test, results 
were described as median and interquartile range (IQR).

Monthly household income was summarized using the 
following cutoffs: <€500, €500–€999, and ≥€1,000. Of 
the included participants, 645 (48.9%) did not know or 
preferred not to declare their income and thus they were 
allocated in a separate category.

Sodium and potassium intake, Na/K ratio median 
value, and the frequency of patients presenting inade-
quacy were compared across age groups, education, mar-
ital status, residence type, household income, and also for 
BMI using Kruskal–Wallis or Mann–Whitney test for 
continuous variables and Pearson chi-squared or Fisher’s 
exact test for categorical variables.

Results were considered significant when p < 0.05. 
Statistical analyses were conducted using the Software 
Package for Social Sciences for Windows (version 23.0, 
2012, IBM (SPSS, Inc, an IBM Company, Chicago, IL)).

Results
From the 1,500 individuals recruited, 178 were excluded 
because their urine samples were inadequate. Four other 
participants were excluded due to the impossibility of ei-
ther measuring or estimating weight. The final study sam-
ple was composed of 1,318 participants, median (IQR) age 
equal to 73 (10) years, age ranging between 65 and 94 years, 
57.3% women. Based on self-reported data, 65.2% partici-
pants (n = 859) reported having high blood pressure. More-
over, almost all participants (97.5%) mentioned presenting 
at least one chronic disease or prolonged health issue; eight 
participants did not know or preferred not to respond.

Compared to the final sample, the excluded partic-
ipants were older, median (IQR) = 79 (12) years versus 
median (IQR) = 73 (10) years (p < 0.001), had attained 
lower educational level (p = 0.007), were less likely to be 
married or in a common-law marriage (p < 0.001), and 
were more likely to live in an institution (p < 0.001) and 
to have lower household income or to not declare their 
household income (p < 0.001).

All the analyses performed were stratified by sex. Re-
garding potassium intake and Na/K analyses displayed 
for men, one participant presenting a value of 0 mg/24 h 
potassium was excluded.

Height was estimated from hand length for 25 partici-
pants and weight was estimated from mid-upper arm and 
calf  circumferences for 12 participants.

The older Portuguese adults within the present sample 
presented a median (IQR) sodium excretion of 3,368 (1,848) 
mg/day [equivalent to a median (IQR) salt excretion of 8.42 
(4.62) g/day], a median (IQR) potassium intake of 2,262 
(1,131) mg/day, and a median (IQR) Na/K of 2.33 (1.07).

Concerning sodium, 80% of women and 91.5% of men 
presented excessive intake. Otherwise, only 3.8% of women 
and 20.6% of men had an adequate potassium intake. Also, 
98.4% of women and 99.1% of men presented Na/K ≥ 1.

As displayed in Table 1, among women, sodium intake 
decreased with age. Women aged 80 or more years pre-
sented a lower frequency of inadequate sodium intake 
than women aged 65–79 years. Notwithstanding this, po-
tassium intake decreased across the two age groups and al-
most all (99.5%) women aged 80 or more years presented 
inadequate potassium intake. Women with no formal edu-
cation presented lower potassium intake than women who 
attended school. However, no significant associations were 
found between education and sodium intake. Women who 
were married or in a common-law marriage presented 
higher sodium intake than single, divorced, or widowed 
women and the same tendency was observed for potas-
sium intake. Women living at home ingested more sodium 
than those institutionalized. However, concerning the two 
residence types, no significant differences were found re-
garding potassium intake. Concerning household income, 
the highest sodium intake was observed for women with 
≥€1,000 and the lowest potassium intake was observed 
for women with ≤€499 and for those who did not declare 
the household income. Sodium intake increased across 
BMI categories, with obese women presenting a higher 
frequency of inadequacy than underweight/normal and 
overweight women. Regarding potassium intake, no sig-
nificant differences were observed across BMI categories. 
Concerning Na/K, there were no significant differences 
among women for any of the studied characteristics, with 
an exception for residence type: institutionalized women 
presented lower Na/K than women living at home.

The results for men are presented in Table 2. Men aged 
80 years or more presented lower sodium intake and also 
lower potassium intake than men aged 65–79 years. No 
differences were observed concerning education level for 
sodium intake. However, similarly to women, men with 
no formal education presented lower potassium intake 
than those who attended school. Both sodium and po-
tassium intakes were higher for married men or those in 
a common-law marriage than for those who were single, 
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Table 1.  Sodium intake, potassium intake, and sodium-to-potassium ratio (Na/K) in 755 older Portuguese women, ≥65 years old, participating 
in a crosssectional observational study

Age, yearsa

Sodium intake, mg/day (n = 755) Potassium intake, mg/day (n= 755) Na/K (n = 755)

Median (IQR) Inadequate  
(≥2,000) n (%)

Median (IQR) Inadequate  
(<3,500) n (%)

Median (IQR) >1n (%)

  65–79 3,008 (1,532) 459 (82.0) 2,106 (897) 532 (95.0) 2.38 (1.10) 550 (98.2)

  ≥80 2,552 (1,168) 145 (74.4) 1,755 (780) 194 (99.5) 2.31 (1.02) 193 (99.0)

  p n.s. <0.05 <0.05 <0.05 n.s. n.s.

Education, years

  0 2,572 (1,860) 91 (72.8) 1,755 (1092) 121 (96.5) 2.50 (1.12) 122 (97.6)

  1–3 3,064 (1,780) 132 (78.1) 1,950 (819) 161 (95.3) 2.43 (1.23) 166 (98.2)

  4 2,856 (1,464) 290 (82.4) 2,106 (780) 339 (96.3) 2.33 (1.03) 346 (98.3)

  5–11 2,692 (1,168) 66 (83.5) 1,989 (780) 76 (96.2) 2.28 (0.91) 79 (100)

  ≥12 2,760 (924) 25 (83.3) 1,989 (721.5) 29 (96.7) 2.10 (1.30) 79 (100)

  p n.s. n.s. <0.05 n.s. n.s. n.s.

Marital status

  Single/divorced/widowed 2,712 (1,428) 359 (76.4) 1,930.5 (897) 454 (96.6) 2.35 (1.11) 461 (98.1)

  Married/common-law 
marriage

3,088 (1,452) 245 (86.0) 2,145 (780) 272 (95.4) 2.44 (1.00) 282 (98.9)

  p <0.05 <0.05 <0.05 n.s. n.s. n.s.

Residence

  Home 2,856 (1,520) 582 (80.9) 2,028 (897) 690 (96.0) 2.40 (1.07) 707 (98.3)

  Care home 2,200 (1,328) 22 (61.1) 1,794 (828.8) 36 (100) 1.99 (0.96) 36 (100)

  p <0.05 <0.05 n.s. n.s. <0.05 n.s.

Income, €

  ≤499 2,876 (1580) 130 (78.8) 1,950 (1014) 163 (98.8) 2.40 (1.24) 161 (97.6)

  500–999 2,936 (1388) 147 (86.5) 2,184 (711.8) 163 (95.9) 2.37 (1.10) 169 (99.4)

  >1,000 3,040 (1,660) 65 (87.8) 2,086.5 (858) 69 (93.2) 2.38 (1.15) 72 (97.3)

  Unknown/no response 2,656 (1,520) 262 (75.7) 1,950 (867.8) 331 (95.7) 2.34 (0.98) 341 (98.6)

  p <0.05 <0.05 <0.05 n.s. n.s. n.s.

BMI, kg/m2

  Underweight/normal 2,400 (1,492) 74 (72.5) 1,911 (750.8) 100 (98.0) 2.23 (1.13) 98 (96.1)

  Overweight 2,748 (1,480) 242 (77.1) 2,028 (897) 305 (97.1) 2.28 (0.96) 308 (98.1)

  Obese 2,996 (1,756) 288 (85.0) 2,028 (936) 321 (94.7) 2.49 (1.12) 337 (99.4)

  p <0.05 <0.05 n.s. n.s. n.s. n.s.

Note: 2,000 mg sodium = 5 g salt (NaCl).
n.s. – non significant 
BMI, body mass index; IQR, interquartile range. 
a65–79 years: n = 560; ≥80 years: n = 195.

divorced, or widowed. Also, a lower proportion of  men 
who were married or in a common-law marriage pre-
sented inadequate potassium intake. Institutionalized 
men presented lower sodium intake than those living at 
home, whereas no differences were found regarding po-
tassium intake. Men in the lowest category of  household 
income presented the lowest sodium intake and also the 
lowest potassium intake. Sodium intake increased across 
BMI categories but no differences were observed for po-
tassium intake. Similarly to what was observed among 
women regarding Na/K, only residence type presented 
significant differences, with a lower Na/K for institution-
alized men.

Discussion
Our results have shown that above 64 years, 80% of the 
women and 91.5% of the men exceeded the current guide-
line on sodium consumption (5), while for potassium 96.2% 
of women and 79.48% of men did not meet the recommen-
dation, and only 0.9–1.6% met the WHO reference Na/K 
ratio (12). Mean sodium and potassium intakes in men and 
women were well below the values reported for the general 
Portuguese adult population by the Physa Study (mean in-
takes for sodium were 4,268 mg in men and 4,094 mg in 
women and for potassium 2,980 mg in men and 2,940 mg 
in women) (16); however, these results are difficult to com-
pare with our findings, since the results were not stratified 
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Table 2.  Sodium intake, potassium intake, and sodium-to-potassium ratio (Na/K) in 563 older Portuguese men, ≥65 years old, participating in 
a cross-sectional observational study

Age, yearsa

Sodium intake, mg/day (n = 563) Potassium intake, mg/day (n = 562) Na/K (n = 562)

Median (IQR) Inadequate  
(≥2,000) n (%)

Median (IQR) Inadequate  
(<3,500) n (%)

Median (IQR) >1n (%)

  65–79 3,812 (2,052) 416 (92.0) 2,730 (1,365) 351 (77.8) 2.31 (1.04) 448 (99.3)

  ≥80 3,484 (1,684) 99 (89.1) 2,496 (1,014) 95 (85.6) 2.24 (1.12) 109 (98.2)

  p <0.05 n.s. <0.05 n.s. n.s. n.s.

Education, years

  0 3,416 (1,440) 44 (91.7) 2,340 (897) 43 (89.6) 2.44 (1.21) 48 (100)

  1–3 3,774 (1,808) 69 (93.2) 2,691 (1,365) 58 (79.5) 2.32 (1.18) 73 (100)

  4 3,860 (2,152) 284 (90.2) 2,769 (1,443) 241 (76.5) 2.25 (1.04) 310 (98.4)

  5–11 3,768 (1,964) 90 (94.7) 2,730 (1,014) 77 (81.1) 2.29 (0.84) 95 (100)

  ≥12 3,628 (1,940) 28 (90.3) 2,379 (975) 27 (87.1) 2.13 (1.25) 91 (100)

  p n.s. n.s. <0.05 n.s. n.s. n.s.

Marital status

  Single/divorced/widowed 3,288 (1,668) 174 (88.8) 2,379 (1,014) 172 (88.2) 2.35 (1.14) 195 (100)

  Married/common-law 
marriage

3,952 (2,064) 340 (92.9) 2,886 (1,326) 273 (74.6) 2.27 (1.02) 361 (98.6)

  p <0.05 n.s. <0.05 <0.05 n.s. n.s.

Residence

  Home 3,768 (1,952) 504 (91.8) 2,652 (1,248) 434 (79.2) 2.31 (1.05) 543 (99.1)

  Care home 2,668 (1,320) 11 (78.6) 2,574 (1,267.5) 12 (85.7) 1.59 (0.90) 14 (100)

  p <0.05 n.s. n.s. n.s. <0.05 n.s.

Household income, €

  ≤499 3,276 (1,812) 46 (86.8) 2,418 (1,101.8) 46 (88.5) 2.36 (1.05) 50 (96.2)

  500–999 3,908 (2,168) 109 (92.4) 2,691 (1,218.8) 96 (81.4) 2.39 (0.93) 118 (100)

  >1,000 4,096 (1,584) 91 (97.8) 3,003 (1,287) 66 (71.0) 2.20 (0.98) 93 (100)

  Unknown/no response 3,648 (2,036) 269 (90.0) 2,535 (1,287) 238 (79.6) 2.24 (1.12) 296 (99.0)

  p <0.05 n.s. <0.05 n.s. n.s. n.s.

BMI, kg/m2

  Underweight/normal 3,324 (1,616) 89 (89.9) 2,457 (1,287) 84 (84.8) 2.18 (0.88) 93 (99.0)

  Overweight 3,780 (1,932) 261 (91.9) 2,613 (1,326) 225 (79.5) 2.34 (1.16) 280 (98.9)

  Obese 3,908 (2,188) 165 (91.7) 2,749.5 (1,238.3) 137 (76.1) 2.30 (0.97) 179 (99.4)

  p <0.05 n.s. n.s. n.s. n.s. n.s.

Note: 2,000 mg sodium = 5 g salt (NaCl).
BMI, body mass index; IQR, interquartile range.
n.s. – non significant
a65–79 years: n = 451; ≥80 years: n = 112.

by age in the latter study and subjects above 64 years of age 
represented only 23.3% of the total sample.

The present results reinforce the view that the vast 
majority of  the world’s population have a sodium in-
take within the range of  2.5–5 g (24), which is far from 
the recommendation of  no more than 2 g of  sodium 
per day. However, it is worth mentioning that the cur-
rent cutoffs regarding the recommended sodium and 
sodium-to-potassium ratio intakes are still contro-
versial, and some authors (25) argue that a U-shaped 
curve describes the risk association of  dietary sodium 
intake with CVD and all-cause mortality. Furthermore, 
a recent publication (26) assessed the associations of 

sodium intake with cardiovascular events, and this re-
search is recognized as the largest individual-level data 
study relating sodium intake to CVD events and mor-
tality; for those individuals without hypertension, com-
pared with 4–5 g/day, higher sodium excretion was not 
associated with risk of  the primary composite outcome 
(≥7 g/day), whereas an excretion of  less than 3 g/day 
was associated with a significantly increased risk (26). 
However, the methodology of  the previous study has 
been criticized particularly for the use of  a morning 
spot urine sample to estimate usual salt intake and for 
the use of  Kawasaki formula to estimate salt intake in 
individuals (27).
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people have been described as having a significant advan-
tage in health (36). Conversely, the divorced, separated, and 
widowed may have compromised health (36) and higher 
mortality (36, 37), as well as poorer diet quality (38), con-
suming more industrial meals and fewer homemade foods 
(39). However, the higher intakes of sodium and lower in-
takes of potassium in married subjects, in the present study, 
may reflect unhealthy dietary choices influencing the intake 
of those nutrients. Although little is known about the re-
lation between marital status and sodium and potassium 
intake in the elderly, Kutob et al. (40) reported a worse diet 
quality in married women in comparison to those who were 
divorced/separated, and this data may highlight current so-
cial changes of being married, divorced, separated, never 
married, or widowed that may impact long-held assump-
tions about marital status and nutrition-related health (41, 
42). Single elders may be prone to adapt their food choices 
in order to satisfy their personal needs (42), possibly being 
nutritionally conscious, which may contribute to better ade-
quacy of sodium and potassium.

We also found that institutionalized elderly partic-
ipants of both sexes presented lower sodium intakes 
and Na/K ratios, which could be related to the variety 
of chronic conditions that may put them under health 
care needs (43), and concurrent lower salt intake than 
noninstitutionalized subjects.

Sodium and potassium intakes exhibited opposite direc-
tions according to income categories. Higher incomes were 
associated with higher frequency of sodium inadequacy 
and lower prevalence of potassium inadequacy. Higher-in-
come persons are more likely to consume a healthy diet 
than lower income people, and the diet of high-income 
groups is reported to be higher in potassium (44), in line 
with our findings. Regarding sodium, income has been de-
scribed as a variable that does not affect 24 h urinary so-
dium excretion (45), although in a recent systematic review 
and meta-analysis to assess socioeconomic determinants 
of sodium intake in adult populations of high-income 
countries (46), about two-thirds showed higher sodium in-
take in subjects with low socioeconomic conditions.

Dietary sodium is strongly related to energy intake (35) 
due to its inclusion in a wide variety of foods and food prep-
arations (10), and dietary sodium is sometimes described as 
having a detrimental impact on overweight and obesity in 
the life cycle, including in adults (47–50), although no stud-
ies have specifically addressed this association in persons 
above 65 years old. In our study, the median sodium intake 
increased with increasing BMI categories in both sexes, and 
sodium inadequacy also increased in women with increas-
ing BMI categories (from normal/underweight to obesity). 
Sodium intake is recognized as a factor that may increase 
the risk of obesity (51) as a consequence of increased thirst 
and fluid intake (52), namely of sugary drinks, or as a re-
sult of the consumption of energy-dense foods that are also 

In addition, the vast majority of elderly Portuguese 
participants who reported having high blood pressure 
also reported the use of antihypertensive drugs (91.3%). 
This fact may contribute to an explanation for the appar-
ently high age of the Portuguese even in the presence of 
high sodium intake.

Moreover, the existence of unknown confounding fac-
tors that make the population resistant to the adverse 
effects of high sodium intake is also a possibility (28, 29), 
and some authors have provided new insights into con-
founding variables involved in the control of sodium 
homeostasis that should be considered in future stud-
ies aiming to address public health issues about recom-
mended salt intake (30).

Notwithstanding this, the current recommendations, 
which are internationally accepted (5), indicate the reduc-
tion of salt intake at population level as a public health 
priority (27).

In WHO European member states with salt consump-
tion assessed by 24 h urinary excretion, estimates ranged 
between 8.25 and 18 g/day, with no member states meeting 
recommended levels (31). In the global report of Powles 
et al. (32) describing national sodium intakes by urine 
collection in 187 countries, the mean values in 2010 were 
3.95 g/day (10.6 g salt/day), with the intake being about 
10% higher in men than in women, while the differences 
by age were minor. In this systematic analysis, sodium in-
takes were higher in Eastern Europe (>4.2 g/day) than in 
Central Europe (3.9–4.2 g/day), and in Western Europe 
intakes ranged from 3.4 to 3.8 g/day. No stratification for 
sodium and potassium intakes after age 65 was provided 
in these previous mentioned reports.

Despite the heterogeneity between different popu-
lations, in the vast majority of populations, sodium 
consumption is well above recommended levels, while po-
tassium intake is far below the minimum reference intake. 
Consequently, as in our study, the Na/K molar ratio tends 
to be much higher than the WHO recommendation.

The intake of sodium and potassium was similar across 
education groups, but consumption was lower in the older 
group (80 years or more) in both genders, which may be 
related to the expected decline in energy intake in this age 
group, considering the reduction of energy requirements 
(resting metabolic rate, thermogenesis, and physical activity) 
with aging (33) and, consequently, the lower intake of these 
two micronutrients, since they may be positively correlated 
with overall energy intake (34, 35). Nevertheless, the above-
mentioned factors acting together in these two nutrients may 
have contributed to maintaining the approximate values for 
the Na/K ratio in the two age groups (65–79 and ≥80 years).

Married subjects from both sexes exhibited the worst 
nutritional adequacy for sodium and potassium intake, al-
though no significant differences in Na/K ratio was observed 
in relation to their non-married counterparts. Married 
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no causal association between sodium and potassium uri-
nary excretion and the associated factors can be inferred. 
Another possible limitation of the present study is that 
the present sample, although it can be regarded as large, 
only comprises 0.075% of the older Portuguese popula-
tion. Also, the study included a single 24 h urine collec-
tion, which may not represent the usual dietary intake of 
subjects. However, since the study include a large repre-
sentative sample of the Portuguese elderly population, 
the impact of the latter limitation is minimized. To the 
best of our knowledge, this is the first study presenting na-
tionwide results of 24 h urinary excretion of sodium and 
potassium and the respective Na/K ratio, specifically for 
the elderly population, which we consider to be the main 
strength of the present work.

At least eight in every ten elderly Portuguese participants 
did not meet the sodium intake maximum recommenda-
tion, whereas nine out of ten participants did not meet the 
minimum potassium intake reference, and virtually all the 
elderly had an inadequate Na/K ratio. Therefore, reducing 
sodium and increasing potassium intake must be seen as 
key priorities in the Portuguese elderly population.
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	 3.	 Bordalo A. A Saúde dos Portugueses. Perspetiva 2015 (The 
health of Portuguese. Perspective 2015). Direção Geral da 
Saúde, Lisboa; 2015.

	 4.	 Pereira M, Peleteiro B, Capewell S, Bennett K, Azevedo A, 
Lunet N. Changing patterns of cardiovascular diseases and can-
cer mortality in Portugal, 1980–2010. BMC Public Health 2012; 
12: 1126. doi: 10.1186/1471-2458-12-1126. PubMed PMID:-
23273040PubMed Central PMCID: PMCPMC3560231. eng.

	 5.	 WHO. Guideline: sodium intake for adults and children. 
Geneva: WHO; 2012.

rich in sodium (for example, cheese or chips) (53, 54), or 
even through a direct effect on obesity (47, 53). However, 
since sodium intake, similar to overweight and obesity, is 
strongly related to energy intake, energy consumption may 
act as a confounder in the association between sodium 
and body mass, and, considering the absence of data on 
energy intake in the present study, no further analysis was 
performed to assess the independent association of sodium 
intake with overweight/obesity adjusting for energy intake.

Considering the high levels of sodium and potassium 
inadequacy in the present study, one can expect that ex-
traordinary efforts should be made to simultaneously de-
crease sodium and increase potassium intake, since these 
two nutrients may be positively correlated (34, 35). In ad-
dition, they can also be positively correlated with overall 
energy intake (34, 35), although this may not always hap-
pen (54). In the case of elderly persons with low energy 
requirements, meeting the sodium recommendation could 
be easier, whereas getting enough potassium may be a 
much more difficult task (55).

Population-based sodium reduction strategies are po-
tentially cost-effective (56), and as a governmental food 
policy strategy ‘soft regulation’ approaches combining 
targeted industry agreements and public education are 
considered to be highly cost-effective worldwide (57). 
Among preventive measures, as new science has emerged, 
the basic messages to consumers about the health impact 
of a high sodium intake have evolved, focusing not only 
on children and adults but also on elderly people (12, 58).

Low potassium intake has been associated with hyper-
tension and adverse cardiovascular and renal outcomes 
(9, 59), whereas there is high quality evidence regarding 
the role of an adequate potassium intake in decreasing 
the risk of stroke (9) and in reducing blood pressure in hy-
pertensive subjects without adverse effect on blood lipid 
concentrations, catecholamine levels, or renal function in 
adults. Nevertheless, potassium excess can be harmful in 
patients with impaired potassium excretion (59), which 
may be the case of persons taking some drugs (for exam-
ple, potassium-sparing diuretics) or having some medical 
conditions, such as renal disease, diabetes, or severe heart 
failure (60) A possible solution to achieve adequate in-
takes of sodium and potassium in the elderly could be the 
adoption of a dietary pattern based on low energy and 
high nutritionally dense foods, such as the DASH (Dietary 
Approaches to Stop Hypertension) diet (61) or the Med-
iterranean diet (62), adopting healthy cooking practices. 
However, economic constraints may also be a barrier, 
considering the higher economic costs of adopting low 
energy dense and high nutritionally dense food patterns 
(63), particularly in the case of a potassium-dense diet 
(64) or a Mediterranean eating style (65)

Some limitations have to be acknowledged. The Nutri-
tion UP 65 study is a crosssectional study and therefore 
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Mung bean proteins and peptides: nutritional, functional 
and bioactive properties
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Abstract

To date, no extensive literature review exists regarding potential uses of mung bean proteins and peptides. As 
mung bean has long been widely used as a food source, early studies evaluated mung bean nutritional value 
against the Food and Agriculture Organization of the United Nations (FAO)/the World Health Organiza-
tion (WHO) amino acids dietary recommendations. The comparison demonstrated mung bean to be a good 
protein source, except for deficiencies in sulphur-containing amino acids, methionine and cysteine. Methion-
ine and cysteine residues have been introduced into the 8S globulin through protein engineering technology. 
Subsequently, purified mung bean proteins and peptides have facilitated the study of their structural and 
functional properties. Two main types of extraction methods have been reported for isolation of proteins and 
peptides from mung bean flours, permitting sequencing of major proteins present in mung bean, including 
albumins and globulins (notably 8S globulin). However, the sequence for albumin deposited in the UniProt 
database differs from other sequences reported in the literature. Meanwhile, a limited number of reports have 
revealed other useful bioactivities for proteins and hydrolysed peptides, including angiotensin-converting en-
zyme inhibitory activity, anti-fungal activity and trypsin inhibitory activity. Consequently, several mung bean 
hydrolysed peptides have served as effective food additives to prevent proteolysis during storage. Ultimately, 
further research will reveal other nutritional, functional and bioactive properties of mung bean for uses in 
diverse applications.

Keywords: nutrition; protein extraction; functionality; globulins; angiotensin converting enzyme inhibitory activity; trypsin 
inhibitory activity; anti-fungal activity

Many health organisations worldwide have rec-
ommended increased intake of plant-based 
foods to improve the prevention of chronic dis-

eases and to improve overall human health. As a result, 
a variety of plant-based functional foods have been in-
troduced into health care programmes (1). One such crop 
that has exhibited health benefits is mung bean [Vigna 
radiata (L.)], which is a summer pulse crop with a short 
growth cycle (70–90 days). It is a widely cultivated plant 
in many Asian countries as well as in dry regions of south-
ern Europe and warmer parts of Canada and the United 
States. As an important plant-derived food resource (1), 
mung bean (2) is well known for its detoxification bioac-
tivities. In addition, it has been used for treating numerous 
other conditions ranging from enhancement of human 
mental function to alleviation of heat stroke (3). The 
overall nutritional properties of mung beans have been 
recently reviewed by Dahiya et al. (4). Due to its high 

nutritional value, (5) especially in seeds, mung bean has 
served as an important food/feed source for humans and 
animals. Mung bean seeds contain about 20.97–31.32% 
protein (6), compared to 18–22% (7) and 20–30% (8) for 
the protein content in soy and kidney beans, respectively. 
Moreover, protein content of mung bean seeds is about 
twofold higher than in the cereal seed maize, with a lower 
storage protein content (7 to 10%) (9) and significantly 
higher protein content than observed for conventional 
root crops (10).

Although high levels of proteins and amino acids in 
mung beans (11) are believed to be the main contribu-
tors to its nutritional content, a low methionine content 
and the presence of trypsin inhibitor (12) in mung bean 
seed are thought to be responsible for its low protein effi-
ciency ratio (PER). Meanwhile, mung bean proteins and 
peptides have also been reported to possess angiotensin-
converting enzyme (ACE) inhibitory activity, as well as 
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followed by valine, isoleucine and histidine (Table 1). In 
addition, the aromatic amino acid content of  MBPI was 
12.1%, in which phenylalanine and tyrosine constitutes 
11.3% (90.3 of  800.2 mg g−1). Indeed, the total essential 
amino acid content of  MBPI exceeds the FAO/WHO 
recommendations (15). Conversely, values for threonine, 
tryptophan and total sulphur-containing amino acids 
(methionine and cysteine) were nutritionally inadequate 
(Table 1).

The protein content of mung bean has been reported to 
be negatively correlated with the content of lysine and thre-
onine (4), whereas the latter has been positively correlated 
with methionine content. These results suggest that in-
crease in methionine content is accompanied by decreased 
total protein content in mung bean. Therefore, the reverse 
scenario of high protein content in mung bean seed prob-
ably reflects low methionine content (16, 17). In addition, 
low levels of threonine, tryptophan and sulphur-containing 
amino acids (methionine and cysteine), compared to 
the FAO/WHO recommended values (Table  1), were 
reported in MBPI. However, Khalil (18) reported that the 
threonine content was 140.88% of the value provided by 
the FAO/WHO, as compared to 83.53% reported by Kudre 
et al. (10).

Although mung bean seeds are rich in protein, the de-
ficiency in the sulphur-containing amino acids (methion-
ine and cysteine) places the nutritional quality of mung 
bean seeds on par with other legumes (19). To address 

anti-fungal and/or antibacterial activities (3). Although 
major past use of mung bean seeds has been as a food re-
source, more recently mung bean extracts, especially pro-
tein and peptide isolates, have gained increasing attention 
for additional diverse applications.

Nutritional properties of the mung bean proteins
As mentioned above, mung bean seeds are particularly 
rich in protein, containing about 20.97–31.32% protein 
content (6). Mubarak (13) reported a chemical score of 
76% for mung bean amino acids, which was calculated 
based on the Food and Agriculture Organisation of the 
United Nations (FAO)/the World Health Organisation 
(WHO) (14) guidelines. Therefore, due to its high pro-
tein content and digestibility, consumption of mung bean 
seeds in combination with cereals has been recommended 
to significantly increase the quality of protein intake as 
part of a vegetarian diet (3). To characterise this nutri-
tional content more specifically, Kudre et al. (10) analysed 
the protein composition of isolates from mung bean seeds. 
The total protein content in mung bean protein isolates 
(MBPI) was 87.8%, with a total amino acid content of 
800.2 mg g−1 (Table 1). Essential amino acids constituted 
43.5% of total amino acids in MBPI, whereas sulphur-
containing amino acids constituted approximately 1.6% 
of total MBPI amino acids.

Specifically, the essential amino acids such as leucine, 
lysine and phenylalanine/tyrosine were predominant, 

Table 1.  Amino acids in mung bean protein isolates with levels comparing the ones adapted from FAO/WHO (15) guidelines: (10)]

MBPI levels Amino acids MBPI (mg g−1) FAO/WHO (mg g−1)

Overview Total amino acids 800.2

Total essential amino acids 348.2 (43.51%)a

Total aromatic amino acids 96.7 (12.08%)a

Total sulfur amino acids 13.0 (1.62%)a

Higher levels Phenylalanine + Tyrosine 90.3 63

Leucine 74 66

Lysine 62.4 58

Valine 46.3 35

Isoleucine 39.1 28

Histidine 27.9 19

Lower levels Threonine 28.4 34

Methionine + cysteine 13 25

Tryptophan 6.4 11

Not mentioned by the  
FAO/WHO

Glutamic acid/glutamine 125.4

Aspartic acid/asparagine 85.3

Arginine 64.4

Serine 38.5

Alanine 36.6

Glycine 32.2

Proline 30

MBPI, mung bean protein isolates.
aPercent of amino acids, relative to total amino acids in MBPI.
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the lack of sulphur-containing amino acids, methionine 
was successfully introduced into 8Sα globulin, a major 
mung bean protein, using protein engineering (20). Con-
sequently, the nutritional quality of the modified protein 
containing increased methionine in terms of amino acid 
score improved from 41 to 145%. In a similar vein, Torio 
et al. (11) reported another protein engineering method 
that introduced free sulfhydryl groups and disulphide 
bonds to generate cysteine-modified mung bean 8Sα glob-
ulin to improve nutritional quality.

Meanwhile, the presence of hydrophobic amino acids 
has been reported to contribute greatly to the thermal 
and/or conformational stability of globulins to boost 
yield (10). Consequently, hydrophobic amino acid content 
increased to 53.1% in MBPI after substitution of charged 
amino acids with hydrophobic amino acids.

In addition to the amino acids evaluated using 
FAO/WHO (15) guidelines mentioned above, other 
important amino acids omitted from the guidelines 
should also be mentioned (Table 1). Three of  these, 
glutamic acid, glutamine and arginine, are abundant in 
mung bean seeds and are thought to be important for 
brain development, exhibiting neuro-protective func-
tions in infants (21). In addition, dietary glutamine can 
improve gastrointestinal barrier integrity by reducing 
systemic infections, and by stimulating lymphocyte 
proliferation, monocyte function and T cell 1 helper 
cytokine responses that may improve brain growth. 
Glutamine can also reduce systemic inflammation by 
decreasing the production of  pro-inflammatory cytok-
ines (IL-8 and IL-6). Arginine also has some benefits 
and has been shown to increase cerebral blood flow and 
increase nitric oxide production to help decrease necro-
tising enterocolitis incidence.

As mentioned above, non-genetically engineered mung 
bean proteins contain adequate amounts of most essential 
amino acids, with the exception of the sulphur-containing 

amino acids (methionine and cysteine). Methionine 
and  cysteine have previously been obtained dietarily by 
sulphur-containing amino acids but deficient in lysine (4). 
A 7:3 ratio of rice protein has been recommended as an 
optimal ratio for consumption (22).

Mung bean seed proteins
Mung bean seeds are rich in storage proteins, which 
account for about 85% of  total protein (9). The crop’s 
major seed storage proteins include albumins, globulins 
and prolamins, which are soluble in water, in dilute sa-
line and in alcohol–water mixtures, respectively (23). 
Globulin and albumin, which make up over 60 and 25% 
of  total mung bean protein, respectively, represent the 
main mung bean storage proteins. Prolamin, however, 
has not yet been isolated and characterised from mung 
bean. Aside from these major proteins, components 
comprising the other 15% of  mung bean protein compo-
nents have not yet been extensively studied to date, ex-
cept for trypsin inhibitor (24), non-specific lipid transfer 
proteins (nsLTP) (25) and thiamine-binding proteins 
(26) (Table 2).

Three types of globulins present in mung bean seed 
have been characterised and are designated as basic-type 
(7S), vicilin-type (8S) and legumin-type (11S) globulins (5, 
27), comprising 3.4%, 89.0% (5, 27) and 7.6% (w/w) of 
total mung bean globulin content, respectively (27).

In mature seeds, the major storage protein is 8S glob-
ulin, which is the most reported globulin in mung bean 
proteins (28). No disulphide linkages exist in 8S globulin, 
due to the lack of cysteine content (19, 27, 29). The 8S 
globulin consists of four subunits with molecular masses 
ranging from 26 to 60 kDa, as observed using SDS-PAGE 
analysis (16, 27, 29). Mendoza et al. (27) has deter-
mined the N-terminal amino acid sequences of the four 
mung bean 8S globulin subunits, which are EDKEEQ 
(60 kDa), IDAAEVSVSRGKNNPFYFNN (48 kDa), 

Table 2.  The composition of major protein fractions and individual protein components in mung bean [Vigna radiata (L.)]

Types Proteins Subunits Molecular weight

Storage proteins  
[85% (9) in overall proteins]

Globulins [60% (9) in overall proteins] Globulin 7S 28kD (27)

16kD (27)

8Sα 5.2kD (19)

Globulin 8S 8Sα’5.2kD (19)

8Sβ 5.2kD (19)

Globulin 11S 40kD (28)

24kD (27)

Albumin [25% (9) in overall proteins]

Other proteins  
(15% in overall proteins)

Trypsin inhibitor 14kD (24)

Non-specific lipid transfer peptide (nsLTP) 9.03kD (25)

Thiamine-binding proteins (TBP) 72.6kD (26)

Others
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SKTLSSQNEPFNLRLN (32 kDa) and IDGAEVSVS-
RGKNNP (26 kDa).

Three highly conserved isoforms of the 8S globu-
lin have been classified as 8Sα (UniProt ID: B1NPN8_
VIGRA), 8Sα’ (UniProt ID: Q198W4_VIGRA) and 8Sβ 
(UniProt ID: Q198W3_VIGRA) (9, 19). Bernardo et al. 
(19) studied the amino acid sequence homologies of these 
three isoforms, which were found to be 91–92% between 
8Sα and 8Sα’, 87% between 8Sα and 8Sβ, and 86–88% 
between 8Sα’ and 8Sβ. Another study showed, using the 
SignalP website server (30), that 8Sα, 8Sα’ and 8Sβ signal 
peptide sequences mapped to residues 1–25, 1–24 or 1–25, 
and 1–23, respectively.

The detailed structure of 8Sα globulin has been re-
ported to consist of three subunits, each subunit con-
taining two modules. X-ray crystallographic analysis has 
demonstrated that each module consists of a β-barrel do-
main and an extended loop domain (5). The overall 8Sα 
globulin structure exhibits 68% sequence identity and 
structural similarity (a root-mean-square deviation of 0.6 
Å) with soybean β–conglycinin β (soybean 7S globulin), 
and both proteins share surface hydrophobicity charac-
teristics. However, analysis of cavity size and other struc-
tural features derived from the mung bean 8Sα globulin 
crystal structure suggests that the thermal stability of 8Sα 
globulin is lower than that of soybean β–conglycinin β.

Methionine and cysteine residues have been introduced 
into the 8Sα globulin through protein engineering. Analy-
sis of the methionine-modified mung bean protein, which 
can possess up to 10 additional methionine residues (20), 
indicates that the modified 8Sα globulin exhibits improved 
structural stability versus the wild-type protein, as assessed 
by differential scanning calorimetry (DSC). Notably, no 
allergenic potential has been identified in either wild-type 
or modified protein. Meanwhile, a report by Torio et al. 
(11) demonstrated improved structural stability and im-
proved heat-induced gelation properties for cysteine-mod-
ified mung bean 8Sα globulin versus wild-type protein.

To our knowledge, only a limited number of reports 
covering the characteristics of mung bean 7S and 11S 
globulins exist. Mendoza et al. (27) used SDS-PAGE 
to show that the two bands yielded from 11S globu-
lin were of 40 kDa and 24 kDa in size, whereas the two 
bands yielded from 7S globulin were of 28 kDa and 
16 kDa in size. The N-terminal amino acid sequences 
for these four bands were determined to be NYVMN-
PAYVLMKPTQKDAAL (for the 28 kDa subunit) and 
STTVGHSGGTMIST (for the 16 kDa subunit) of 7S 
globulin and SSSSTNNRF [for the 40 kDa acidic subunit 
(29)] and GLEETIXSSK [for the 24 kDa basic subunit 
(29)] for the 11S globulin. The presence of disulphide 
bridges in these 7S and 11S globulins was demonstrated 
using SDS-PAGE with and without β-mercaptoethanol. 
The 7S and 11S globulins each exhibited only one band in 

the absence of β-mercaptoethanol, but two bands in the 
presence of the reducing agent. Meanwhile, mung bean 
globulins possessing higher 11S to 7S globulin ratios were 
reported to exhibit improved functionalities, for example, 
solubility and emulsifying activities (29).

Research on mung bean storage proteins has also pro-
vided information about this major group of globulins. In 
one study, Ericson et al. (16) used sucrose gradient cen-
trifugation to show that 8S and 11S globulins account for 
approximately 85 and 15% of total globulins, respectively. 
In addition, the acidic nature of 11S globulins was shown 
to be less pronounced than that of 8S globulins, due to the 
greater relative prevalence of disulphide bridges between 
individual acidic and basic polypeptides in 11S versus 8S 
globulins (29).

Only a limited number of studies have been carried out 
regarding mung bean albumin, resulting in deposition of 
only one albumin sequence in the UniProt database (mung 
bean seed albumin, UniProt ID: Q43680_VIGRR). How-
ever, the reference cited for that entry was not accepted 
by Plant Molecular Biology. Another mung bean albumin 
sequence in the UniProt database (albumin 1, UniProt 
ID: ALB1_VIGRR) does not match with the mung bean 
sequence reported by Yamazaki et al. (31), the reference 
cited in the UniProt sequence database.

Functional properties of MBPI
Functional properties of proteins play a significant role as 
additives for food processing applications. Therefore, it is 
necessary to study the physicochemical characteristics of 
MBPI as food ingredients (32). Recently, several reports 
have been published regarding functional properties of 
mung bean proteins (33–35), including protein solubility, 
water absorption capacity (WAC), oil absorption capacity 
(OAC), foaming capacity (FC) and foam stability (FS), 
emulsifying activity (EA) and emulsifying stability (ES), 
and thermal properties. Consequently, such protein or 
peptide properties can improve the functionality of food 
processing applications; for example, the emulsifying 
property of the protein helps to stabilise emulsions, bever-
ages or foams to prolong food shelf  life (33). Functional 
improvements by MBPI would make it more applicable as 
food supplements.

1.  Protein solubility
Solubility is considered as an important functional prop-
erty of proteins, because it acts as a vital factor of the 
sensory quality attributes of foods (36). This property 
is the thermodynamic index of the equilibrium between 
protein–protein and protein–solvent interactions. Vari-
ations in factors, such as temperature, pH, ion strength, 
freezing, heating and drying, lead to changes in proteins’ 
structural conformations, which in turn affect protein 
functionality (37). Additionally, pH value is an important 
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index of protein solubility to determine the behaviour of 
protein isolate in food process.

Due to electrostatic repulsion and hydration, the solu-
bility of MBPI had been higher at pH values of 2, 10 and 
12 than that of other pH values; for example, at pH 4, 
the lowest solubility was observed and aggregation occurs 
(38). Du et al. (35) determined that the minimum solubil-
ity of MBPI appeared at pH 4.6, which is the isoelectric 
point. The protein solubility of untreated MBPI was im-
proved by additional heating from 61.5 to 65.6%, which is 
attributed to increases in charged residues on the MBPI 
surface, as a result of protein denaturation and/or un-
folding (32). Butt and Batool (39) reported that protein 
solubility of MBPI was 72% at pH 7. Kudre et al. (10) de-
termined maximum protein solubility of MBPI as 70.6% 
at pH 10 (Table 3). They also demonstrated that solubility 
of MBPI could be improved with the aid of NaCl at an 
appropriate concentration. Liu et al. (33) demonstrated 
that the solubility of mung bean 8S globulin ranged from 
51.59 to 74.33%, with an average of 64.21%.

2. WAC and OAC
WAC or OAC is defined as the absorbed amount of water 
or fat per gram of protein, as protein has both hydrophilic 
and hydrophobic properties to interact with water and oil 
in foods. WAC is a useful indication to predict moisture 
loss if  protein isolates can be incorporated into various 
food products. And OAC can reflect the hydrophobic ca-
pacity of protein. A strong negative correlation was found 
between WAC and OAC (33).

Brishti et al. (38) determined that the WAC and OAC 
of MBPI were 3.33 g g−1 and 3.00 g g−1 proteins, respec-
tively. The results imply that MBPI could contribute to 
the improvement of textural and sensory qualities during 
processing of fabricated foods because of the proteins ca-
pability of retaining water and reducing interfacial tension 
in an emulsion system. However, Du et al. (35) measured 
that the highest WAC was 2.62 mL g−1, and the OAC was 
from 9.5 to 10.5 g g−1 except at the protein concentration 
of 1.5%. Butt and Batool (39) reported that WAC and 
OAC of MBPI were 163 and 113%, respectively (Table 3). 
In these three reports, similar preparation procedures of 
MBPI were applied as base extraction and acid precipi-
tation. Liu et al. (33) determined that average WAC and 
OAC of mung bean 8S globulin were 1.92 g g−1 and 3.07 
mL g−1, respectively. The varied values of WAC might be 
due to the protein structure and amount of polar amino 
acids, whereas the OAC difference might be due to the dif-
ference in nonpolar side chains binding the oil.

3.   FC and FS
Foamability depends on air–liquid interface hydropho-
bicity, flexibility of  protein molecules, protein solubil-
ity and denaturability (40). FC describes the stabilising T

ab
le

 3
. 

F
un

ct
io

na
l p

ro
pe

rt
ie

s 
of

 m
un

g 
be

an
 p

ro
te

in
 is

ol
at

es

Pr
ot

ei
n 

 
so

lu
bi

lit
y 

(%
)

W
at

er
 a

bs
or

pt
io

n 
ca

pa
ci

ty
O

il 
ab

so
rp

tio
n 

ca
pa

ci
ty

Em
ul

si
on

  
ac

tiv
ity

 (
%

)
Em

ul
si

on
  

st
ab

ili
ty

 (
%

)
Fo

am
 c

ap
ac

ity
  

(v
/v

, %
)

Fo
am

 s
ta

bi
lit

y 
 

(v
/v

, %
)

th
er

m
al

  
pr

op
er

tie
s

R
ef

er
en

ce
s

M
BP

I
–

3.
33

 ±
 0

.5
7 

g 
g−

1
3.

00
 ±

 0
.0

0 
g 

g−
1

63
.1

8 
±

 0
.3

8a
62

.7
5 

±
 0

.4
3a

89
.6

6 
±

 0
.5

7
80

.8
3 

±
 1

.0
4c

15
7.

90
 ±

 0
.1

7°
C

d
(3

8)

72
.0

3 
±

 0
.5

3b
66

.5
0 

±
 1

.3
7b

M
BP

I
–

2.
62

 m
l g

−
1

10
.5

–
–

26
76

.9
–

(3
5)

M
BP

I
61

.6
 ±

 1
.5

/6
5.

6 
±

 2
.1

e
–

–
–

–
–

–
10

0.
8 

±
 1

.1
°C

d
(3

2)

M
BP

I
70

.6
–

–
–

–
–

–
–

(1
0)

M
BP

I
72

 ±
 4

.4
4

16
3 

±
 1

0.
05

%
11

3 
±

 6
.8

4%
41

.1
0 

±
 1

.8
7

21
.0

0 
±

 1
.2

9
11

0 
±

 6
.7

8
58

 ±
 3

.5
8

–
(3

9)

G
lo

bu
lin

s
92

–9
9

–
–

90
–1

20
–

–
–

80
.8

–8
3.

0°
C

d
(2

9)

8S
 g

lo
bu

lin
51

–7
5

1.
37

–2
.1

4 
g 

g−
1

1.
90

–3
.8

4 
g 

g−
1

1.
54

–5
.5

5
45

–7
8

47
–1

06
39

–9
7

–
(3

3)

M
BP

I, 
m

un
g 

be
an

 p
ro

te
in

 is
ol

at
es

.
a  I

n 
di

st
ill

ed
 w

at
er

; b in
 3

%
 N

aC
l; 

c a
ft

er
 1

5 
m

in
; d d

en
at

ur
at

io
n 

pe
ak

 t
em

pe
ra

tu
re

; e  u
nt

re
at

ed
/h

ea
te

d.

178 The Science of Nutrition

_________________________ WORLD TECHNOLOGIES _________________________

http://www.foodandnutritionresearch.net/index.php/fnr/article/view/1290
http://dx.doi.org/10.29219/fnr.v62.1290


WT

peak on the thermogram by DSC (41). Brishti et al. (38) 
reported that the denaturation temperature of MBPI was 
at 157.90°C, which is a transition temperature accompa-
nied by rupture of intramolecular bonds when MBPI are 
heated from native to denatured state. Tang et al. (29) de-
termined that the denaturation temperature of mung bean 
globulins was from 80.8 to 83.0°C (Table 3). Tang et al. 
(40) found that disulphide bonds within the protein mole-
cule contribute to the thermal stability of protein. Kudre 
et al. (10) stated that the high thermal stability attribute 
could be due to the disulphide bonds, whereas the pres-
ence of salt bridges in the hydrophobic clefts of protein 
structure makes it more thermostable. In the process of 
optimisation of temperature, such as extrusion and heat 
treatment, the analysis of thermal properties of MBPI 
serves as an important tool.

Extraction of mung bean proteins and peptides
Extraction of mung bean proteins has been widely stud-
ied. As a key step in mung bean protein research, many 
methods of protein extraction have been established. 
These methods are classified into two types, salt extrac-
tion methods and methods consisting of base extraction 
and acid precipitation. In order to isolate specific mung 
bean proteins, additional steps have been added to sepa-
ration procedures, for example, heat treatment and Sep-
hadex G-50 separation were used as additional steps for 
trypsin inhibitor isolation (24).

1.  Salt extraction method
Johns et al. (42) reported an extraction method using a 
saturated ammonium sulphate solution. Mung bean 
proteins have also been extracted in 5% NaCl solutions, 
which was the optimum NaCl concentration to achieve a 
maximum total protein dissolution of 87.5%. Globulins 
have also been precipitated using saturated ammonium 
sulphate solution with concentrations of 20 and 65% 
for precipitating α-globulin and β-globulin, respectively, 
after which albumin was recovered from the dialysed su-
pernatant liquid and isolated by coagulation. The yields 
of α-globulin and β-globulin were 0.35 and 5.75% (w/w), 
respectively, based on the dry weight of mung bean flour 
extracted, whereas the albumin yield ranged from 0.02 to 
0.05% (w/w) of dry flour weight.

Using a different strategy, Rahma et al. (43) used a 
salt extraction method involving micellisation of mung 
bean proteins from a 0.5 mol L−1 sodium chloride water 
solution. The procedure consisted of extraction, centrif-
ugation, filtration and micellisation steps. The micellised 
protein was separated by centrifugation, washed with 
water and redissolved at pH 7 by addition of sodium 
hydroxide. Basic 7S globulin was subsequently found to 
be easily extracted with 0.15 mol L−1 NaCl, whereas 11S 
globulin was extracted using 0.35 mol L−1 NaCl.

ability of  proteins by the amount of  interfacial area per 
unit weight or concentration, and is related to molecular 
flexibility, charge density and hydrophobicity. And FS 
is the stabilising ability of  proteins to the foam against 
gravitational and mechanical stresses as the effectiveness 
of  whipping agents relies on their capability to preserve 
the whip as long as possible, which is affected by rheo-
logical properties of  protein films, film elasticity and the 
magnitude of  disjoining pressure between the protein 
layers (40).

Brishti et al. (38) reported that FC and FS of  MBPI 
were 89.66 and 80.83% after 15 min of  standing time, 
respectively. Butt and Batool (39) reported that FC and 
FS of  MBPI were 110 and 58%, respectively. Due to dif-
ferent blending methods and different concentrations 
of  MBPI, Du et al. (35) reported MBPI with 26% FC 
and 76.9% FS after 10 min of  standing time, respectively 
(Table 3). This lower FC value might be caused by the 
high levels of  hydrophobic amino acids after homogeni-
sation at 10,000 rpm for 1 min. On the contrary, high 
FS could be due to the formation of  a cohesive continu-
ous network with high elasticity by MBPI, which shows 
optimum intermolecular interactions and creates stable 
foams at the air–liquid interface. Liu et al. (33) found 
significant positive correlation between FC and FS of 
mung bean 8S globulin with average 69.63% FC and 
61.61% FS, respectively.

4.  EA and ES
Emulsifying properties of proteins are also affected by the 
adsorption ratio of protein at the oil–water interface, the 
adsorbed amount of protein, interfacial rearrangement of 
conformation, the reduction degree in interfacial tension 
and formation of cohesive film (40). In a stabilised solu-
tion, EA represents the maximum interfacial area per unit 
weight of protein, and ES is the measure of the steadiness 
of emulsion formed by protein.

In 3% NaCl and in distilled water, EA and ES of MBPI 
were found to be 72.03 and 63.18, and 66.50 and 62.75%, 
respectively (38) (Table 3). Butt and Batool (39) reported 
that EA and ES of MBPI was 41.10 and 21%, respectively 
(Table 3). Liu et al. (33) determined that average EA index 
and ES of mung bean 8S globulin from different mung 
bean cultivars were 3.46 m2 g−1 and 63.15%, respectively. 
In chopped and fabricated meat-based products, EA and 
ES are critical factors. Since EA and ES of MBPI had 
been rather high comparing to other legumes (38), MBPI 
can be applied in both formation and stabilisation of fluid 
emulsion during the production of heat-treated textured 
vegetable proteins.

5.   Thermal properties
The thermal properties of proteins, for example, denatura-
tion of proteins, are often determined as an endothermic 
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Bioactivities of mung bean proteins and peptides
Many different kinds of bioactive proteins and peptides 
have been reported from mung bean seeds. These proteins 
and peptides exhibit bioactivities, which may be beneficial 
to human beings and animals, including ACE inhibitors, 
trypsin inhibitor and anti-fungal agents.

1.  ACE inhibitory activity
Several diverse biological pathways are known to reg-
ulate blood pressure in living organisms. One pathway, 
the renin angiotensin system, has been demonstrated 
to be acted upon by hypotensive peptides (31). Within 
the renin–angiotensin system, conversion of  angioten-
sinogen to the pre-hypertensive hormone angiotensin I 
(DRVYIHPFHL) occurs through the action of  renin se-
creted by the kidneys. Angiotensin I is further converted 
by ACE to angiotensin II (DRVYIHPF), which is the 
active form of  the hormone, by ACE. Angiotensin II 
raises blood pressure by acting directly on blood vessels, 
sympathetic nerves and adrenal glands (48). Inhibition 
of  ACE by ACE inhibitors is a strategy used to control 
hypertension.

ACE inhibitory activity is one of the main bioactivi-
ties reported for plant food-derived peptides (49). Aluko 
(50) reported that hydrolysed proteins from three legume 
sources, including mung bean, could provide ACE in-
hibitory activity. Indeed, food-derived ACE inhibitory 
peptides may be an alternative to synthetic drugs, since 
peptides are thought to cause fewer side effects (51). Con-
sequently, Li et al. (52) have demonstrated that MBPI 
hydrolysed by Alcalase™ showed ACE inhibitory activ-
ity at a half  maximal inhibitory concentration (IC50) of 
0.64  mg protein mL−1. Using this method, the highest 
ACE inhibitory activity (53) was observed for a hydroly-
sate generated by Alcalase™ after 2 h of hydrolysis.

Meanwhile, another study demonstrated that a signifi-
cant decrease in systolic blood pressure was observed in 
spontaneously hypertensive rats after ingestion of hy-
drolysed mung bean peptides. More recently, Li et al. 
(54) isolated three antihypertensive peptides from an Al-
calase™-hydrolysated mung bean preparation using Sep-
hadex G-15 and reverse-phase high-performance liquid 
chromatography (RP-HPLC) purification steps. The three 
peptides were identified by amino acid composition anal-
ysis and matrix-assisted-laser desorption/ionisation time-
of-flight tandem mass spectrometry (MALDI-TOF MS/
MS), as KDYRL, VTPALR and KLPAGTLF, with IC50 
values of 26.5, 82.4 and 13.4 μM, respectively. Concur-
rently, using a different strategy, Lactobacillus plantarum 
B1-6-fermented mung bean milk was shown to produce 
significantly higher ACE inhibitory activity (67.5%) at 
the end of fermentation. Production of inhibitory pep-
tides coincided with the disappearance of larger/more 
hydrophobic peptides with the appearance of increasing 

2. The method of base extraction and acid precipitation
Rahma et al. (43) also established a method of base ex-
traction and acid precipitation, and compared it to the 
salt extraction method outlined above. Briefly, the proce-
dure included alkaline water extraction at pH 8 (using a 
flour to water ratio of 1:20 w/v) followed by isoelectric 
precipitation at pH 4.5, washing, re-dissolution at pH 7 
using 0.1 mol L−1 sodium hydroxide and centrifugation. 
Ultimately, 7S globulin, a predominant storage protein, 
was isolated using this method and 11S globulin was also 
isolated and determined to be a disulphide-linked poly-
peptide chain.

Comparative analysis suggested that the salt extraction 
method was much better for enrichment of the 7S glob-
ulin. Meanwhile, Thompson et al. (12) reported another 
method of base extraction and acid precipitation for the 
preparation of MBPIs. Numerous parameters, includ-
ing pH, temperature, extraction time and ratio of mung 
bean flour to solvent, were optimised to increase the yield 
of protein extracted from mung bean flour. The highest 
yield of mung bean protein was achieved with the follow-
ing optimised parameters: extraction at pH 9 at 25°C for 
20 min with a 1:15 ratio of mung bean flour to solvent, 
followed by precipitation at pH 4. Subsequently, Kudre 
et al. (10) and El-Adawy (44) reported similar methods for 
MBPI whereby mung bean seed flour was extracted with 
NaOH (pH 12) or 0.1 mol L−1 NaOH (pH 9), respectively. 
Next, both extractions were precipitated with HCl (pH 
4.5), followed by centrifugation and washing. Kudre et al. 
obtained approximately 87.8% of MBPI from dry mung 
bean seeds, whereas El-Adawy reported an average yield 
of 13 g protein/100 g mung bean flour.

In addition, other methods incorporating additional 
steps have been used to isolate specific bioactive proteins, 
such as trypsin inhibitor protein (24) and nsLTP (25). 
Klomklao et al. (24) found that the highest trypsin inhib-
itor activity of  822.63 unit g−1 seed and specific trypsin in-
hibitor activity of  31.95 unit mg−1 protein were obtained 
using distilled water extraction. Moreover, certain salt 
and alkaline conditions were observed to increase pro-
tein solubility, leading to a reduction in specific trypsin 
inhibitor activity [as observed in other studies of  other 
legumes (45–47)]. Subsequently, a final specific inhibitory 
activity of  406 unit mg−1 protein was achieved after heat 
treatment, ammonium sulphate precipitation (30–65%) 
and Sephadex G-50 isolation. Ultimately, trypsin in-
hibitor activity was higher by about 13-fold compared 
to crude extract, with a yield of  purified trypsin inhibi-
tor from the extract of  30.25%. Meanwhile, Wang et al. 
(25) extracted anti-fungal nsLTP from ammonium sul-
phate precipitates coupled with purification using both 
CM-Sephadex C-50 and POROS-HS chromatography to 
isolate purified nsLTP, yielding 13 mg nsLTP from 100 g 
mung bean seeds.
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amounts of smaller/more hydrophilic peptides using 
RP-HPLC (55).

Using a different strategy, Mamilla et al. (56) compared 
mung bean grain and germinated seeds for ACE inhibitors 
using an in vitro ACE inhibition assay. Protein hydroly-
sates of germinated mung bean seeds showed greater than 
82% ACE inhibition, reaching an IC50 value of 0.025 mg 
mL−1. However, the activities of ACE inhibitory peptides 
in vitro based on chemical tests are not always mirrored 
by their hypotensive effect in vivo on animal studies (57). 
Therefore, most of the presented studies should be treated 
with great caution due to the general poor correlation 
between in vitro biochemical assays on ACE and physio-
logical responses in vivo. After all, many of the peptides, 
which show good activity in vitro, are degraded in the GI 
system, hence, explaining the unreliability of the assay 
results.

2. Trypsin inhibitory activity
Proteinase inhibitors, especially food-additive grade in-
hibitors, are in demand for protecting myofibrillar pro-
teins from proteolysis by endogenous proteinases. Such 
inhibitors from legume sources, which generally inhibit 
trypsin, are safe, effective, thermally stable and inexpen-
sive (10). For example, due to their inhibitory ability to-
ward proteinases, trypsin inhibitors from legume seeds 
have been used for prevention of softening of mince or 
surimi gel mediated by heat-activated proteinases that are 
abundant in fish muscle or surimi (58). Subsequently, Sun 
et al. (59) reported that mung bean trypsin inhibitor ad-
ditives were effective in preventing softening of surimi gel 
from marine fish blue scad. The fact that trypsin inhibi-
tors from mung bean seeds are safe and effective in inhib-
iting trypsin activity suggests that their use as ingredients 
in drug formulations may prevent trypsin hydrolysis dur-
ing drug administration.

Studies of purified mung bean trypsin inhibitor are be-
ginning to shed light on this protein’s specific functions. 
In one study, Chrispeels et al. (60) reported trypsin inhib-
itory activity from the mung bean seed extracts prepared 
by a method of base extraction and acid precipitation 
followed by trypsin-sepharose affinity chromatography. 
They found that the purified trypsin inhibitor was not a 
double-headed inhibitor containing inhibitory sites for 
both trypsin and chymotrypsin, as observed in soybean 
trypsin inhibitor (61). Moreover, an aliquot (2.5 μl) of 
the purified trypsin inhibitor solution corresponding to 
one unit of trypsin activity did not inhibit vicilin pepti-
dohydrolase, the major endopeptidase in the cotyledons 
of mung bean seedlings. In another study, Lorensen et al. 
(62) reported that six species of trypsin inhibitors, one 
major (F) and five minor inhibitor species (A–E), were 
observed in mung bean seeds, with overall trypsin inhibi-
tory activity reported to be equivalent to 1.8 U g−1 of dry 

seed weight. More recently, Wilson et al. (63) determined 
the sequences of trypsin inhibitors C, E, F using a combi-
nation of automatic solid-phase and manual sequencing 
techniques. Analysis of trypsin inhibitor F showed that it 
contains 80 amino acid residues and exhibits a high degree 
of identity with the other sequenced members of the Bow-
man-Birk family of protease inhibitors. Trypsin inhibitors 
E, E’ and C are derived from inhibitor F by limited spe-
cific proteolysis. Notably, the majority cleavage sites noted 
in the F–E–C–E’ inhibitors were found to occur at pep-
tide bonds involving aspartyl residues. Currently, two se-
quences of trypsin inhibitors are reported in the UniProt 
Database (http://www.uniprot.org/), that is, Bowman-
Birk trypsin inhibitor (UniProt ID: IBB_VIGRR) and 
trypsin inhibitor (UniProt ID: Q1WA44_VIGRA). High 
conservation of these sequences related to other trypsin 
inhibitors has been reported (Table 4).

3.  Anti-fungal and/or antibacterial activities
The anti-fungal and antibacterial protein, nsLTP (a basic, 
9.03 kDa protein), which displays anti-pathogenic activ-
ity, has been isolated from the mung bean (Vigna radiata) 
seeds (25). The nsLTP protein is able to bind and trans-
fer a variety of very diverse lipids between membranes 
in vitro (48). The N-terminal sequence of nsLTP was de-
termined to be MTCGQVQGNL AQCIGFLEKG G. It 
exerts anti-fungal action toward Fusarium solani, Fusar-
ium oxysporum, Pythium aphanidermatum and Sclerotium 
rolfsii and antibacterial action against Staphylococcus au-
reus, but not Salmonella typhimurium. The lipid-binding 
ability of the protein is very similar to that of previously 
described lipid transfer proteins extracted from wheat and 
maize seeds, indicating that it possesses lipid transfer ac-
tivity (64).

Ye et al. (65) isolated an anti-fungal protein, mungin, 
from mung bean (Vigna radiata) seeds. Interestingly, 
mungin, an 18 kDa protein, possesses a novel N-terminal 
sequence homologous to cyclophilins. The N-terminal 
sequence of mungin is PNPKVFFDMT IGGQPAGKIV 
FELFADTTPR TAENFRALTT GEKGVSRGRK PL-
HYHGSIFH R. Mungin was shown to have anti-fungal 
activity against Rhizoctonia solani, Coprinus comatus and 

Table 4.  The sequences of the mung bean trypsin inhibitors reported 
in UniProt database

UniProt ID UniProt sequence

IBB_VIGRR SHDEPSESSE PCCDSCDCTK SIPPECHCAN 
IRLNSCHSAC KSCICTRSMP GKCRCLDTDD 
FCYKPCESMD KD

Q1WA44_VIGRA MMVLKVCVLV VFLVGVTTAG MDLNQLRSSH 
HHDSSDEPSE SSEPCCDSCR CTKSIPPQCH 
CADIRLNSCH SACKSCMCTR SMPGKCRCLD 
TDDFCYKPCE SMDKDDD
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Iodine content of six fish species, Norwegian dairy 
products and hen’s egg

Ive Nerhus, Maria Wik Markhus, Bente M. Nilsen, Jannike Øyen, Amund Maage, Elisabeth 
Rasmussen Ødegård, Lisa Kolden Midtbø, Sylvia Frantzen, Tanja Kögel, Ingvild Eide Graff, 
Øyvind Lie, Lisbeth Dahl* and Marian Kjellevold

Institute of Marine Research (IMR), Bergen, Norway

Abstract

Iodine is a trace element required for the production of thyroid hormones, essential for metabolism, growth 
and brain development, particularly in the first trimester of pregnancy. Milk and lean fish are the main dietary 
sources of iodine in the Norwegian diet. Thus, the aim of the present study was to provide updated analysed 
values of iodine concentration in six fish species, 27 selected Norwegian iodine-rich dairy foods and Norwe-
gian hen’s eggs. The iodine concentrations in the wild fish species varied between 18 µg/100 g (Atlantic halibut) 
and 1,210 µg/100 g (pollack). The iodine concentration of cow milk varied between 12 and 19 µg/100 g and the 
iodine concentration of the eggs varied between 23 and 43 µg/100 g. The results in this study deviate somewhat 
from the current iodine concentrations in the Norwegian Food Composition Table. This deviation may have a 
large impact on the assessment of the iodine intake. Hence, updated knowledge about the variation in iodine 
level of fish, milk, dairy products and hen’s egg are of great importance when estimating the iodine intake in 
the population. These data will contribute substantially to future estimations of dietary iodine intake and will 
be made available for the public Norwegian Food Composition Table.

Keywords: iodine; dairy products; fish; hen’s egg; ICP-MS; food analysis; food composition table

Iodine is an important trace element in human nutri-
tion and is essential for thyroid hormone synthesis. 
Thyroid hormones are involved in many cellular ac-

tivities essential for normal body function. The impor-
tance of assessing iodine intake of pregnant and lactating 
women has become increasingly clear because of emerg-
ing evidence from cohort studies showing that even mild 
to moderate iodine deficiency during pregnancy is asso-
ciated with poorer cognitive function and school perfor-
mance in children (1–4).

Iodine in sufficient concentrations occurs naturally in 
only a limited variety of foods, marine fish having the 
highest iodine concentrations in general (5, 6). Iodine 
concentrations vary between and within fish species, and 
also seasonally and geographically location, as fish absorb 
iodine both from the seawater and from their food (7). 
Even though their iodine content is considerably lower 
than that of fish, milk and dairy products are the iodine 
sources of greatest importance due to their common 

consumation in larger quantities in the Norwegian cul-
ture. The iodine concentration of milk depends on the 
supplementation concentratrion of iodine of cow feed, 
the amount of goitrogens in the rations, application of 
teat dipping containing iodine, iodine source, lactation 
stage, milk yield and milk processing (8). In addition, egg 
is a good dietary source of iodine (5, 9). To determine the 
iodine content of biological samples, inductively coupled 
plasma-mass spectrometry (ICP-MS) is the preferred 
method due to its precision.

Iodised salt programmes are the recommended 
method for providing sufficient iodine intake in a popu-
lation (10). However, in countries with low availability of 
iodised salt, the intake of  dietary iodine intake is of  out-
most importance. Neither household nor industrial io-
disation of  salt is mandatory in Norway. However, some 
brands have added iodine (5 mg/kg) in salt (6). Sufficient 
iodine intake is still challenging in population groups 
across the world, including countries in Europe (11,  12). 
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In the Norwegian diet, milk and dairy products con-
tribute with 55% and fish contributes with 20% of  the 
dietary iodine intake (6). Iodine was included in the Nor-
wegian Food Composition Table in 2014. Dietary iodine 
sources in the Nordic countries have several similari-
ties; in Denmark, milk and mandatory fortification of 
salt used in the bakery industry and household salt are 
the main dietary iodine sources (11, 13). In Iceland, it is 
fish; in Sweden, iodised salt; and in Finland, milk (11). 
In the United Kingdom, which is also lacking an iodised 
salt programme, milk and dairy products contribute 
most to the dietary iodine intake (4). Knowledge about 
current iodine content in foods is expedient for several 
reasons. Since there are few dietary sources of  iodine, 
it is important and feasible to map to what extent these 
food groups contribute. In addition, it is important to 
estimate iodine intake of  population groups, which will 
provide indications on whether additional monitoring 
programmes or health care information for vulnerable 
groups are necessary. Thus, the main aim of  the present 
study was to provide updated data on the iodine content 

of  the most important iodine-rich food groups in the 
Norwegian diet, dairy products and lean fish. In addi-
tion, updated data on egg was provided. Since Norway 
is a major provider of  fish to Europe, the data also have 
high relevance for calculations of  European dietary io-
dine intake.

Materials and methods

Sampling of fish species
Five different species of wild fish were included in this 
study – Atlantic cod (Gadus morhua), saithe (Pollachius 
virens), haddock (Melanogrammus aeglefinus), pollack 
(Pollachius pollachius) and Atlantic halibut (Hippoglos-
sus hippoglossus). Figure 1 illustrates sampling positions. 
Table 1 lists information regarding sampling period, num-
ber of positions and number of fish collected within the 
three major different sea areas – the Barents Sea, the Nor-
wegian Sea and the North Sea.

The samples of wild fish analysed in this study were 
collected during several monitoring programmes for 

Fig. 1.  Sampling positions for Atlantic cod, saithe, haddock, pollack and Atlantic halibut. Cod, saithe and haddock, 10–11 fish 
per position; pollack, 6–11 fish per position; Atlantic halibut, 1–2 fish per position.
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WTcontaminants in wild fish in Norwegian sea areas (14–
19) (Kögel, T. personal communication). The most re-
cent samples collected for each species and area were 
selected, and most samples included were collected in 
2014 and 2015. The sampling positions for each species 
were selected to obtain samples from a wide geographical 
area aiming to represent the normal commercial fishery 
catch areas. From each position, 10–11 individual fish of 
intermediate size were included in the study, excluding 
the smallest and largest fish in order to reduce the possi-
ble biological variation of the iodine concentration due to 
the fish size. However, if  less than 10 fish were collected at 
a particular position, all fish were included into the study 
regardless of size. For Atlantic halibut, only one (or in 
one case two) fish were collected at each position. To ob-
tain representative results for this species, 10 fish from the 
Barents Sea and 10 fish from the Norwegian Sea were in-
cluded, selecting fish with weights between 11 and 40 kg, 
which is the most common commercial weight class for 
this species.

Furthermore, samples of 40 farmed Atlantic halibut 
were collected at three different fish farms in the west-
ern part of Norway in March, June and July 2014 and in 
April, August and September 2015. In addition to the fish 
samples taken in the field, 10 different products of canned 
tuna, from seven different brands, were purchased in vari-
ous supermarkets in Bergen in November 2015.

Preparation of fish
Samples of Atlantic cod, saithe, pollack and haddock 
were frozen as whole fish at −20°C before being shipped 

to the Institute of Marine Research, Bergen, Norway. For 
Atlantic halibut, length, weight and sex of each fish were 
recorded immediately after capture, and from each fish, a 
sample including the head and a 20–30 cm section ante-
rior of the head was frozen and shipped to the laboratory. 
The samples of wild Atlantic halibut were thawed and a 
sample of about 200 g muscle tissue from the lean part of 
the fillet (B-cut) on the upper, ventral side of the fish ante-
rior of the pectoral fin of each fish (20) was homogenised. 
The samples of cod, saithe, haddock and pollack were 
thawed, and the length, weight and sex of each fish was 
determined. The fish were filleted, skinned and about 200 
g of muscle tissue from each individual fish was homoge-
nised. The wet homogenised fish samples were freeze-dried, 
ground to a fine powder, homogenised again and kept dry 
pending analysis. Analyses of wild fish were performed on 
individual fish samples. The samples of farmed Atlantic 
halibut were thawed, filleted and skinned. Muscle samples 
from five fish collected at the same fish farm at the same 
time were pooled and homogenised. The pooled samples 
were freeze-dried, ground to a fine powder, homogenised 
again and kept dry pending analysis. For the canned tuna, 
any oil or water in the respective products was removed 
before the samples were homogenised and freeze-dried.

Sampling of dairy products
Seven different types of cow milk, one type of soy milk, 
two different types of cream milk and 17 other dairy prod-
ucts were included (Table 2). All products were produced 
in Norway with the exception of soy milk and two types 
of cream cheese. During the last years, alternative ‘dairy’ 

Table 1.  Overview of wild fish sampled for analysis of iodine content

Fish species and sampling area Sampling period Number of positions Number of fish

Atlantic cod (Gadus morhua) 11 121

  Barents Sea January–March 2014 and February 2015 5 55

  Norwegian Sea October 2014 1 11

  North Sea August–September 2014 5 55

Saithe (Pollachius virens) 6 61

  Barents Sea July 2013 and June 2015 2 20

  Norwegian Sea March–April 2014 2 20

  North Sea and Skagerrak March and May 2014 2 21

Haddock (Melanogrammus aeglefinus) 6 65

  Barents Sea January–March 2015 4 43

  Norwegian Sea February and May 2015 2 22

Pollack (Pollachius pollachius) 5 41

  Norwegian Sea April and August 2014 2 17

  North Sea June 2014 1 6

  Fjords in western Norway April, October and November 2014 2 18

Atlantic halibut (Hippoglossus hippoglossus) 19 20

  Barents Sea September–October 2014 9 10

  Norwegian Sea August–October 2014 10 10
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products, such as soy and oat milk, have become popular. 
Therefore, soymilk with natural flavour was selected for 
analysis based on supermarket volume. Information re-
garding producer, country of production, batch number, 
best before date and place of sampling were registered. All 
products were purchased with three different batch num-
bers at supermarkets in Bergen, Norway and stored in a 
refrigerator (4°C) prior to homogenisation.

Preparation of dairy products
The homogenisation procedure of  cow milk, choco-
late-flavoured milk, cream milk, soy milk and probiotic 
milk (liquids) consisted of  the following steps: a sub-
sample of  200 mL from each of  three different batch 
numbers were mixed in a glass bottle, resulting in one 

pooled sample of  600 mL. From this, two subsamples 
were frozen pending analysis (12.5 mL) and one for back 
up (50 mL). Three pooled samples were analysed at each 
sampling occasion. Furthermore, cow milk and cream 
milks were sampled at three different occasions of  the 
year (Table 6).

The homogenisation procedure of yoghurts, sour 
cream, crème fraiche, cottage cheese, brie, camembert 
and solid cheeses consisted of the following steps: three 
items of each product were mixed and homogenised in 
a kitchen machine (Braun, lab.nr 1598), resulting in one 
pooled sample. Two sub-samples of 12.5 mL and 50 mL 
were collected, one for freeze-drying, pending analysis, 
and one for backup, respectively. All backups were stored 
in −80°C freezer.

Table 2.  Norwegian milk and dairy products sampled for analysis of iodine content

Dairy product n Description and fat content

Milk

  Low-fat milk, TINE 9 Cow milk, 1.2% fat

  Skimmed milk, TINE 9 Cow milk, 0.1% fat

  Organic low-fat milk, TINE 9 Cow milk, 1.2% fat

  Organic low-fat milk, Røros Meieri 9 Cow milk, 1.2% fat

  Low-fat milk, Q 9 Cow milk, 1.0% fat

  Skimmed milk, Q 9 Cow milk, 0.5% fat

  Chocolate-flavoured low-fat milk. Q 3 Cow milk, 1.2% fat

  Soy milk, Alpro 3 Soy beans, 1.8% fat

Probiotic milk with LGG

  Biola with blueberry flavour, TINE 3 Cow milk, 0.1% fat

Yoghurt

  ‘Go’morgen’ with flavour, TINE 3 Cow milk and contains müsli, 3% fat

  Yoghurt with natural flavour, TINE 3 Cow milk, 3.4% fat

White-coloured solid cheese

  ‘Norvegia’, TINE 3 Cow milk, 2% fat

  ‘Jarlsberg’, TINE 3 Cow milk, 27% fat

  ‘Norsk gulost’, Synnøve Finden 3 Cow milk, 26% fat

White soft and cream cheeses

  Brie, Arla Foods, HØNG 3 Ripened cheese of pasteurised cow milk, 34%

  Camembert, TINE 3 Ripened cheese of pasteurised cow milk, 28%

  Soft, cream cheese, ‘Snøfrisk’, TINE 3 Cream cheese of goat milk, 25% fat

  Soft, cream cheese, ‘Philadelphia’, Mondalez 3 Cream cheese of cow milk, 23.5% fat

Whey cheese

  ‘Gudbrandsdalsost’, TINE 3 Cow milk and goat milk, 29% fat

  ‘Fløtemysost’, TINE 3 Cow milk, 27% fat

  ‘Ekte geitost’, TINE 3 Goat milk, 27% fat

Other dairy products

  Cream milk, TINE 9 Cream milk, 38% fat

  Cream milk, TINE 9 Cream milk, 20% fat

  Crème fraiche, TINE 3 Curdled cream, 35% fat

  Cottage cheese, TINE 3 Cheese product, 4.3% fat

  Curd with natural flavour, TINE 3 Curd/Quark, 8.1% fat

  Sour cream, TINE 3 Sour cream, 18% fat
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A subsample of the dairy products (except probiotic 
milk, cow milk, chocolate-flavoured cow milk, soymilk and 
cream milks) was freeze-dried for minimum 24 h at −20°C 
or −80°C, (Labconco Freezone, 18 liter, model 775030).

Sampling of hen’s egg
Eggs from three different Norwegian producers were pur-
chased in shops in Bergen in April 2016 and in Bergen 
and Oslo April 2017. Based on information on their mar-
ket share, the brand with the highest market share was 
selected. Each box of egg consisted of 6 or 12 eggs and in 
total 33 boxes were purchased (Table 8). Eggs purchased 
in 2016 were stored at −80°C until analysis and the sample 
from 2017 was stored fresh at 4°C until analysis.

Preparation of hen’s eggs
Each pooled hen’s egg sample from 2016 consisted of 
36 eggs from three different boxes (same brand), while each 
pooled hen’s egg sample from 2017 consisted of 18 eggs 
from three different boxes (same brand). The pooled egg 
samples were homogenised using a kitchen whisk.

Iodine analysis and accuracy of the measurements
The iodine content was determined using inductive cou-
pled plasma-mass spectrophotometry (ICP-MS). Tetra 
methyl ammonium hydroxide (TMAH) and water were 
added to the samples before extraction at 90°C ± 3°C 
for 3 h. Dried samples from individual fish were analy-
sed with one analytical replicate per fish. Pooled samples 
from milk and dairy products and eggs were analysed 
with two analytical replicates per sample. Limit of quan-
tification (LOQ) is 0.32 µg/L, or 0.04 mg/kg dry weight. 
Limit of detection (LOD) is 0.01 µg/L. The measurement 
uncertainty differs depending on the concentration range 
and is set to 40% for concentrations between LOQ and 
10 × LOQ, and 15% for concentrations >10 × LOQ. The 
measurement range lies between 0.04 and 90 mg/kg dry 
weight. The measurement uncertainty is based on the 
control card of the method along with participation in 
proficiency tests. ICP-MS is commonly used for the quan-
titative determination of iodine in biological samples due 
to its high sensitivity and selectivity (7). Although there 
are several methods to determine iodine, the sensitiv-
ity for iodine in ICP-MS is superior compared to other 

techniques (21). The freeze-drying method and the IC-
P-MS method used in this study are accredited accord-
ing to ISO 17025. Measurement uncertainty is based on 
internal reproducibility, taken from the control chart of 
the method along with results from participation in profi-
ciency testing. The method is robust when performed ac-
cording to the method description. The results obtained 
from determining iodine content in standard reference 
materials are listed in Table 3.

Statistical analyses
Iodine concentrations in fish of each species sampled 
in different areas and during different months of the 
year were compared using one-way ANOVA followed 
by Tukey’s HSD multiple comparison test. Because of 
heteroscedasticity, iodine concentrations were log trans-
formed prior to analysis. The relationships between iodine 
concentration and fish length and condition (K-factor = 
100 × weight/length3), respectively, were examined for 
each species using Pearson’s linear correlation analysis. 
Statistical analyses were performed using Statistica 64, 
version 13.

Results and discussion

Iodine content of fish
The average iodine content in fish fillet varied from 
21  µg/100 g wet weight (ww) in Atlantic halibut to 
790 µg/100 g ww in pollack (Table 4). There was a large 
variation between individuals within the same species, and 
between fish of the same species from different geographi-
cal areas and/or sampling months (Figure 2). From this 
dataset, we could not detect any consistency between fish 
species with regard to which areas or months showed the 
highest iodine contents. Because this research question 
was not taken into account during the planning of the 
sampling and because the main fishery in different areas 
take place during different times of the year, many of the 
samples were taken during different months of the year in 
the different areas. In several cases this precluded the anal-
ysis of whether observed differences were geographical or 
seasonal. For example, Atlantic cod from the North Sea 
appeared to have lower iodine concentrations than cod 
from the Barents Sea or the Norwegian Sea. However, 

Table 3.  Iodine content in standard reference materials compared with the analysed value and the measured value over time

Reference material Analysed mean value Certified value Measured mean value RSD %

Skimmed milk powder  
(ERM-BD 150)

1.50 ± 0.09 mg/kg (n = 12) 1.73 ± 0.14 mg/kg NA NA

Fish Muscle  
(ERM-BB 422)

1.23 ± 0.05 mg/kg (n = 12) 1.4 ± 0.4 mg/kg 1.26 ± 0.20 mg/kg (n = 209) 10

All values are mean values ± standard deviation (SD). Skimmed milk was used for analysing dairy products and fish muscle for analysing fish and egg.
NA, not analysed; RSD, relative standard deviation.
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most of the samples from the North Sea were taken in 
September, when no cod were caught in the other two 
areas (Figure 2A). These cod, caught in September, were 
relatively large and in good condition (Supplementary 
Table 1), and since both length and K-factor were nega-
tively correlated with iodine content of cod (r = −0.38 and 
−0.35, p < 0.001; Supplementary Figures 1 and 2), this 
may be a possible explanation for the low levels of iodine 
in cod from the North Sea, particularly in September. In 
saithe and haddock, iodine concentrations appeared to be 
higher later in the year, from May on, compared to earlier 
in the year (Figure 2B,C). For haddock, this could be an 
effect of spawning, as haddock spawn during April–
May (22). If  reserves are depleted during spawning to the 
extent that the total muscle mass is reduced, this could 
lead to a relative up-concentration of elements such as io-
dine. The condition (K-factor) of the haddock with the 
highest iodine concentrations, sampled in the Norwegian 
Sea in May, was indeed reduced (0.96) relative to the had-
dock sampled in Feburary (1.37; Supplementary Table 1). 
Saithe spawn earlier in the year, during February–
March  (22), and the relatively lower concentrations in 
April compared to later in the year are thus probably not 

due to spawning. However, iodine is at least partly accu-
mulated from the diet (7), and perhaps increasing iodine 
content through spring and summer may be caused by 
enhanced uptake through the feeding season. The condi-
tion of the saithe increased slightly as the iodine concen-
trations increased from March through to July, and in 
saithe there was a positive correlation between iodine con-
tent and K-factor (r = 0.53, p < 0.001; Supplementary 
Figure 2). In pollack, iodine concentrations were signifi-
cantly higher in a fjord in southwest Norway both in April 
and October as compared to all other months in all other 
areas (Figure 2). These were by far the highest iodine con-
centrations overall in the study, with mean concentrations 
of 2,350 and 1,800 µg/100 g in April and October, respec-
tively. Both pollack sampled in April and October were 
from the same fjord, but the number of fish were low, only 
seven fish. Pollack from the Norwegian Sea had signifi-
cantly lower iodine concentrations in April than in Au-
gust. Condition (K-factor) for the pollack from April was, 
however, high (Supplementary Table 1). This may have 
been mature fish with large gonads, since pollack spawn 
during March and April. The high concentrations of io-
dine in fjords compared to the open sea has limited value 

Fig. 2.  Concentrations of iodine (µg/100 g ww) in A) Atlantic cod (Gadus morhua), B) saithe, (Pollachius virens), C) haddock 
(Melanogrammus aeglefinus), D) pollack (Pollachius pollachius) and E) Atlantic halibut (Hippoglossus hippoglossus) sampled 
during different months in different areas. Mean, minimum and maximum values are given. Significant differences between 
groups on log10-transformed concentrations (one-way ANOVA followed by Tukey HSD) are indicated with different letters. No-
tice different scaling on the y-axis for the different species.
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for nutritional calculations, as the catch volume of fish 
from the open sea is much higher than that from the fjords. 
Fish absorb iodine both from the seawater and from their 
diet (7). Differences in preferred or available prey for dif-
ferent species and for fish of the same species from differ-
ent areas may contribute to the large variation in iodine 
content. The iodine content in Atlantic halibut was low 
both in the Barents Sea and in the Norwegian Sea, and in 
both areas the iodine content was much lower than in the 
four lean codfish investigated. This may be due to a higher 
fat content in Atlantic halibut than in the four other fish 
species, since earlier reports have shown that fatty fish gen-
erally contain less iodine than lean fish (6). Even though it 
was the leaner part of the Atlantic halibut muscle (B-cut) 
(20) that was analysed in this study, the fat content in this 
part of halibut muscle typically lies between 3 and 5 g per 
100 g muscle tissue (23). This is considerably higher than 
the fat content of the four other species, which typically 
contain about 0.8–1.5 g fat per 100 g muscle tissue (23). 
The reason why fatty fish contain lower concentrations of 
iodine is unknown. The iodine content in muscle of farmed 
Atlantic halibut was even lower than in wild Atlantic hali-
but, with an average of 7.8 µg/100 g and a range between 
4.4 and 11 µg/100 g for the eight pooled samples (Figure 
2). The difference may be due to a higher fat content in 
muscle of farmed halibut compared to wild halibut, but 
may also be caused by a low iodine content or bioavailabil-
ity in the fish feed used for Atlantic halibut in fish farms. 
For salmon, it has been shown that fish muscle is respon-
sive to iodine supplementations in feed to a certain degree 
(24). Furthermore, there was a general trend of declining 
concentrations of iodine in fish feed in Norway during 
2000–2006, probably due to reduced use of fish meal in 
feed production (25). However, there must be other bio-

chemical mechanisms explaining the rather large differ-
ences in iodine content between codfish and halibut.

Table 5 lists iodine contents of 10 canned tuna products 
from seven different producers, and mean concentrations 
of the different products varied from 2 to 10 µg/100 g. The 
concentrations we measured in this study are lower than 
those of similar products listed with the following con-
centrations in the Norwegian Food Composition Table: 
26 µg/100 g (in water, drained), 10 µg/100 g (in jelly), 
26 µg/100 g (in oil, drained) and 10 µg/100 g (in oil, not 
drained) (26). In addition, the iodine content in tuna was 
generally lower than in the other fish species in this study 
(Table 4). Canned tuna may contain different species of 
tuna, which is one possible explanation for the variation. 
Unfortunately, the products analysed in this study were 
not declared with species, catch area or fish size, factors 
that may affect iodine content.

Iodine content of milk and cream milk
Table 6 summarises the results for cow milk and cream 
milk from the present study, showing the seasonal varia-
tion of iodine content in the different products. The table 
also lists iodine concentrations from the Norwegian Food 
Composition Table.

In this study, mean iodine concentrations of summer 
milk and fall milk were lower than in winter milk, with val-
ues between 12 and 17 µg/100 g in summer and fall milk 
and between 16 and 20 µg/100 g in winter milk, respectively 
(Table 6). This difference may be explained by a longer pe-
riod of outdoor pasture feeding and/or differences in the 
access to iodine fortified cow feed (27). Previous studies 
have shown seasonal variation of the iodine content in 
milk with significantly higher iodine concentration in win-
ter milk compared to spring milk or summer milk (27, 

Table 5.  Iodine content (mean ± SD) of different types of canned tuna (n = 3) purchased in food shops in Bergen, Norway

Type of tuna product (product brand) Mean ± SD µg/100 g wet weight Food Composition Tablea µg/100 g Sjomatdatab

In water (Rema 1000) 9 ± 3 26c 9

In water (Coop) 8 ± 1.5 26c 9

In water (Eldorado) 8 ± 1 26c 9

In water (First Price) 10 ± 1 26c 9

In water (Luxus) 2 ± 1 26c 9

In jelly (Rema 1000) 8 ± 4 10d 8

In oil (Coop) 7 ± 1 25c 8

In oil (Eldorado) 8 ± 2 25c 8

In olive oil (Ortiz) 10 ± 3 n.a. 10

In vegetable oil (Ramirez) 8 ± 1 25c 8

Mean based on three items from different batch numbers.
aNorwegian Food Composition Table (30.05.2017), www.matvaretabellen.no.
bhttps://sjomatdata.nifes.no/#search/ (14.03.2018).
cLivsmedelsverket. Livsmedelsdatabas, versjon 2013.01.10. www.slv.se.
dStatens råd for ernæring og fysisk aktivitet og Statens næringsmiddeltilsyn. Analyseprosjekt 2000. Div. matvarer. Internt notat.
n.a. – not available.
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28). Due to short durability, the months in each column 
illustrates both the production, ‘best before’ and shopping 
month for all milks and the cream milk. Due to long dura-
bility in food cream milk, the months illustrated are based 
on the production month. Due to smaller production lines 
of both types of cream milks, the months of sampling and 
analysis (Table 6) were not always the same as for cow milk.

Iodine content of organic milk
In this study, the iodine concentration of the organic milk 
was equal to or somewhat higher than the conventional 
milks within the same seasons (Table 6). This result is 
in contrast to earlier studies from the United Kingdom 
(29). However, since we have analysed pooled samples, 
the number of items are too low and statistical analysis 
is not applicable. Different practices in organic and con-
ventional farms include routine use, or no use, of vitamins 
and minerals and the use of fresh foods, among other 
things, which may be restricted in organic farms. Hence, 
deficiencies in some minerals can occur in organic farms 
(29). Rasmussen et al. (30) suggest several explanations for 
the lower iodine content of their organic milk, less use of 
iodine-containing mineral mixtures being one of them. In 
the present study, higher use of such mixtures might be a 
reason for higher concentrations of iodine in organic milk.

Iodine content of other dairy products
The concentration of iodine in Norwegian dairy products 
are summarised in Table 7. The iodine content were com-
pared to the declaration and to the concentratrion listed 
in the Norwegian Food Composition Table (26).

The highest iodine concentrations in the dairy products 
were found in whey cheese, with concentrations from 100 
to 450 µg/100 g (Table 7). In cheese manufacturing, the io-
dine from milk follows into the whey and not into the curd 
(9) which is an explaining factor as to why the brown-co-
loured whey cheese is a rich source of iodine. This type of 
brown whey cheese is typical in the Norwegian diet. The 
results from this study show that brown coloured whey 
cheese is a good source of iodine, which is in accordance 
with the Norwegian Food Composition Table (26) and 
a similar study from Norway (27). The presence of goat 
milk in some of the whey cheeses may also have a positive 
influence on the concentrations of iodine. This is illus-
trated by the relatively higher concentrations in both the 
white-coloured cheese Snøfrisk and the brown-coloured 
whey cheese Ekte geitost – both made of goat milk. The 
latter had more than four times higher concentrations 
of iodine than the brown-coloured cheese Fløtemysost, 
which is prepared from cow milk. In addition, Gudbrands-
dalsost contains some goat milk, which may be the rea-
son why this cheese has a higher concentration of iodine 
than Fløtemysost. In accordance with previous analysis of 
cheese (6), the iodine content did not vary with fat content 

of the cheese (fat content listed in Table 1). Commonly, 
cow milk and cream milks are used as a base in the pro-
duction of other dairy products, which is the reason for 
analysing these products in only one season. Any seasonal 
differences found in cow milk and cream milk are assumed 
to be reflected in dairy products. It is important to have 
updated data on iodine content of these foods because of 
the great variation between products (31).

Analysed concentrations versus declared concentrations of iodine 
content
The mandatory nutrition declaration of foods in Nor-
way does not include iodine. A large deviation range is 
accepted by the food safety authorities regarding declara-
tion of minerals. Thus, we cannot conclude that the new 
analysis is different from the iodine values declared on the 
products. To minimise seasonal variations, the iodine in-
take of cows could be controlled, as discussed by Troan 
et al. (8). Regarding the declared concentrations, one of 
the producers in this study have based their declaration on 
their latest analysis of milk from summer and winter 2012. 
Another producer in this study has based their latest decla-
ration on analysis from 2012 to 2013 (8). Respectively, the 
first producer has two dairies (one based in south western 
Norway and one based in eastern Norway), while the latter 
producer has dairies placed across the country.

Analysed concentrations versus Norwegian Food Composition 
Table iodine content
In this study, the mean concentrations of iodine in wild 
fish were higher than those in the Food Composition Table 
(Table 4). Thus, estimated intake of iodine from lean fish may 
be underestimated in dietary surveys from Norway. The range 
and standard deviations in this study were quite wide. Since 
concentrations in the Food Composition Table are mean con-
centrations, analysis of a representative number of samples is 
necessary in order to estimate intake with high quality. The 
results for other dairy products than milk in this study were 
mostly lower than the Food Composition Table (Table 7). In 
this study, dairy products were sampled and analysed only 
in autumn, which might be one factor explaining the lower 
values. In accordance with earlier findings, the iodine varies 
with seasons, however the sessonal differences are less clear 
in the present study compared with earlier findings. To reflect 
the true variation, the Food Composition Table information 
of nutrient concentrations should include range values.

Iodine content of hen’s eggs
Table 8 lists updated concentrations of iodine of different 
types of egg compared to the Food Composition Table. 
Concentrations measured in whole eggs in this study var-
ied from 23 to 43 µg/100 g, and the values given in the 
Food Composition Table were within this range, with 35 
and 38.5 µg/100 g. Whole eggs from one of the producers 
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from 2016 had lower iodine concentrations than those 
from the same producer in 2017. This is interesting and 
may be due to natural variation or changes in ingredients 
of the hen’s feed. The latter is unfortunately unknown 
to the authors as this topic is outside the scope of this 
manuscript. None of the producers have declared iodine 
contents. Iodine concentrations of eggs in this study were 
lower as compared to the results from a previous study 
in Norway where mean concentrations were 45 µg/100 g 
(range 39–52 µg/100 g, n = 90) (6). Regarding iodine, a 
larger portion is contained in yolk (32). This was also 
shown in our results, where yolk had iodine concentra-
tions of 57 and 78 µg/100 g and egg white only 2.4 and 

3.0 µg/100 g (Table 8). In this study, separate analysis of 
egg yolk and egg white was only carried out for conven-
tional eggs, while whole egg was analysed for both con-
ventional and organic eggs.

Conclusion
The fish analysed not only showed a large variation in io-
dine content between different species but also between 
individuals within the same species and between loca-
tions and/or sampling seasons. Despite these differences, 
applying our new values would influence intake esti-
mates considerably. Regarding dairy products, the results 
confirm previous data on seasonal variation of  iodine 

Table 7.  Comparison of iodine content (µg/100 g wet weight) from the present study compared with the product declaration and the Norwegian 
Food Composition Table

Dairy product Meana (µg/100 g  
wet weight)

Declaration from  
producer

Food Composition  
Tableb

Cow milk with flavour and alternative milk

  Chocolate-flavoured low-fat cow milk, Q 17 - 18c

  Soy milk with natural flavour, Alpro <2 - 1d

Probiotic milk with LGG

  ‘Biola’ with blueberry flavour, TINE 14 16 16c

Yoghurt

  ‘Go’morgen’ with flavour, TINE 13 - 14e

  Yoghurt with natural flavour, TINE 18 - 13e

White-coloured solid cheese

  ‘Norvegia’, TINE 14 31 31c

  ‘Jarlsberg’, TINE 14 32 37c

  ‘Norsk gulost’, Synnoeve Finden 19 - -

White soft and cream cheeses

  Brie, Arla Foods 13 - 43c

  Camembert, TINE 18 45 45c

  Soft, cream cheese, ‘Snøfrisk’, TINE 46 49 49c

  Soft, cream cheese, ‘Philadelphia’, Mondalez 14 - 7f

Whey cheese

  ‘Gudbrandsdalsost’, TINE 140 166 166c

  ‘Fløtemysost’, TINE 100 135 135c

  ‘Ekte geitost’, TINE 450 307 306.6c,g

Other dairy products

  Crème fraiche, TINE 10 - 12c

  Cottage cheese, TINE 15 - 14h

  Curd with natural flavour, TINE 16 - 20c

  Sour cream, TINE 9 - 12c

aMean based on two replicates per pooled sample (one pooled sample consists of three items of three different batch numbers)
bNorwegian Food Composition Table (30.05.2017), www.matvaretabellen.no
cData from the food industry.
dPublic Health England og Institute of food research (2015). McCance and Widdowson`s The Composition of Foods, Seventh summary edition. 
Cambridge: The Royal Society of Chemistry.
eThe value is calculated from similar foods.
fLivsmedelsverket. Livsmedelsdatabas, versjon 2016.02.17.
gGoat cheese, whey
LGG, Lactobacillus rhamnosus GG
- no declaration
hDanmarks Fødevareforskning. Fødevaredatabanken, versjon 7.01 (2009).
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content in milk. This study provideds updated data of the 
iodine concentration in six fish species, 27 selected Nor-
wegian iodine-rich dairy foods and Norwegian hen’s eggs, 
which will be made available for the public Food Compo-
sition Table.
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A novel polysaccharide from the Sarcodon aspratus 
triggers apoptosis in Hela cells via induction of 
mitochondrial dysfunction
Dan-Dan Wang1, Qing-Xi Wu1,  Wen-Juan Pan1, Sajid Hussain1,  Shomaila Mehmood1 and 
Yan Chen12*
1School of Life Sciences, Anhui University, Hefei, China; 2Anhui Key Laboratory of Modern Biomanufacturing, 
Hefei, China

Abstract

Background: Polysaccharides extracted from fungus that have been used widely in the food and drugs indus-
tries due to biological activities. 
Objective: The objective of the present study was to investigate the tumor-suppressive activity and mechanism 
of a novel polysaccharide (SAP) extracted from Sarcodon aspratus.
Methods: The SAP was extracted and purified using Sepharose CL-4B gel from S. aspratus. The cytotoxicity 
of SAP on cell lines was determined by MTT method. Cellular migration assays were implemented by using 
transwell plates. The apoptosis and mitochondrial membrane potential (Δψm) of Hela cells were analyzed by 
flow cytometry. The western blot was used to determine the protein expression of Hela cells.
Results: The results showed that SAP with a molecular weight of 9.01×105 Da could significantly inhibit 
the growth of Hela cells in vitro. Three-dimensional cell culture (3D) and transwell assays showed that SAP 
restrained the multi-cellular spheroids growth and cell migration. Flow cytometry analysis revealed that SAP 
induced a loss of mitochondrial membrane potential (Δψm). Western blot assays indicated that SAP promoted 
the release of cytochrome c, increased Bax expression, down-regulated of Bcl-2 expression and activated of 
caspase-3 expression.
Conclusion: This study suggested that SAP induced Hela cells apoptosis via mitochondrial dysfunction that 
are critical in events of caspase apoptotic pathways. The anti-tumor (Hela cells) activity of SAP recommended 
that S. aspratus could be used as a powerful medicinal mushroom against cancer.

Keywords: Sarcodon aspratus; mushrooms; polysaccharide; apoptosis; mitochondrial dysfunction

In recent years, various therapeutic means have con-
tributed to the treatment and prevention of cancers, 
but these methods can provoke irreversible side effects. 

Thus, the urgent task of the new drug research is to pur-
sue the natural alternatives with high therapeutic proper-
ties and low toxicity. With unique advantages of nontoxic 
and anticancer cell activities, the polysaccharides from 
medicinal mushrooms have attracted global interest from 
pharmaceutical industries as a miraculous herbal medi-
cine (1, 2). In particular, Ganoderma lucidum (3), Lentinus 
edodes (4), and Grifola frondosa (5) are commonly known 
medicinal mushrooms worldwide.

Sarcodon aspratus is a famous rare delicious and edible 
mushroom grown mainly in the Yunnan Province, China. 
Earlier experiments had demonstrated that the fucoga-
lactan isolated from S. aspratus triggers the release of 
the tumor necrosis factor-α and nitric oxide from murine 

macrophages associated with antitumor effect (6). In ad-
dition, the polysaccharide from S. aspratus had immu-
nostimulatory activity (7). Two polysaccharide fractions 
were separated from the mycelium of S. aspratus in our 
laboratory; they displayed strong tumor-suppressive ac-
tivities with no cytotoxicity against normal cell lines in 
vitro (8). However, investigation on the S. aspratus has 
its main focus toward the characteristics and medicinal 
value of polysaccharides. There is little information re-
lated to biochemical mechanisms underlining the tumor 
cells apoptosis promotion by  polysaccharides isolated 
from fruiting bodies of  S. aspratus.

Mitochondria, as a vital organelle existing in almost 
all eukaryotic cells to supply energy for various activities, 
are viewed as central regulator of the decision between 
cellular survival and demise (9). There is a burgeoning in-
terest in the scientific community to fully define the role 
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fractions were monitored by high-performance liquid 
chromatography (HPLC) instrument (Agilent Technol-
ogies, Palo Alto, CA, USA). The relevant fraction was 
collected, concentrated, and lyophilized to obtain a brown 
polysaccharide (SAP), which was examined whether or not 
polysaccharide could inhibit the growth of cancer cells.

Molecular weight determination
Molecular weight of the polysaccharide was deter-
mined by HPLC equipped with Ultrahydrogel 1000 
(300 × 7.8 mm, Tosoh Corp, Tokyo, Japan) and an evapo-
rative light scattering detector (ELSD). Standard dextrans 
including T-10, T-40, T-70, T-500, and T-1000 were used 
as molecular mass markers. Sample solution (10 mg/mL, 
10 μL) was injected into each run and eluted with distilled 
water at 30°C with a flow rate of 1.0 mL/min.

Infrared spectral analysis
The construction of SAP was detected by Fourier trans-
form infrared spectrometer (FT-IR). The sample (1.0 mg) 
was ground with 100 mg potassium bromide (KBr) pow-
der and then pressed into pellets for FT-IR measurement 
in the frequency range of 4,000–4500 cm−1. 

Chemical characters of the polysaccharide
The polysaccharide content of SAP was estimated by phe-
nol-sulfuric acid method, and the protein content was de-
tected by Coomassie Brilliant Blue G-250 method.

The monosaccharide compositions of the polysaccha-
ride were determined using the method reported by our 
laboratory (12). Briefly, the SAP (10 mg) was hydrolyzed 
with 2 M trifluoroacetic acid (TFA, 110°C, 6 h), and the re-
sidual acid was removed with a rotary evaporator at 65°C 
under vacuum. The hydrolysis product monosaccharides 
and standard monosaccharides (including d-fructose, 
d-mannose, l-rhamnose, d-glucose, d-galactose, d-xylose, 
and l-fucose) were derivatized to be 0.5 mol/L 1-phenyl-
3-methyl-5-pyrazolone (PMP) and 0.5 mol/L NaOH incu-
bated at 70°C for 30 min. The hydrolysates were analyzed 
by HPLC equipped with a ZORBAX SB-C18 column 
(150×4.6 nm, particle size 5 m, Agilent Technologies, CA, 
USA). The analysis was performed using gradient elution 
of acetonitrile (14–20–40%) and 200 mM ammonium ac-
etate (86–80–60%) for 0–20–30 min, respectively, with the 
flow rate of 1.0 mL/min and UV absorbance at 245 nm.

Cell culture
The cell lines were cultured in RPMI-1640 medium con-
taining 10% FBS at 37°C and 5% CO

2 in a humidified at-
mosphere incubator.

Effect of cytotoxicity of the polysaccharide
The cytotoxicity of SAP on Hela, HepG-2, HGC-27, 
and MRC-5 cells was determined by MTT method (13). 

of mitochondria in cellular apoptosis. There is abundant 
evidence to demonstrate that mitochondria can release cy-
tochrome c and other proteins to activate caspases and trig-
ger tumor cells apoptosis (10). The experiments presented 
in this article provide some guidelines for elucidating the 
tumor-suppressive activity and mechanism of a new poly-
saccharide (SAP) extracted and purified from the fruiting 
bodies of S. aspratus. Given the evidence that SAP induce 
Hela cells apoptosis via a mitochondrial pathway, the study 
will be helpful to develop novel functional foods and drugs.

Materials and methods

Materials and chemicals
The S. aspratus fruiting bodies were obtained from Yimeng 
Yisheng edible fungus cooperative (Yunnan, China). 
Human uterine cervix carcinoma cell line (Hela), human 
hepatoma cell line (HepG-2), human stomach cancer cell 
line (HGC-27), and human normal liver cell line (MRC-5) 
were purchased from the cell bank of Shanghai Institute 
of Cell Biology (Shanghai, China). Sepharose CL-4B gel 
was obtained from Amersham (Uppsala, Sweden). Dex-
tran standards, standard monosaccharides, 5-fluorouracil 
(5-Fu), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
liumbromide (MTT), 5,5′,6,6′-tetraethylimida-carbocya-
nine iodide (JC-1), and poly(2-hydroxyethylmethacrylate) 
(poly-HEMA) were obtained from Sigma (St. Louis, MO, 
USA). Fetal bovine serum (FBS) and RPMI-1640 medium 
were obtained from Wisten Biotechnology (WISTEN Co. 
Ltd., Nanjing); 24-well transwell plates were acquired 
from Corning (NY, USA). Anti-β-actin antibody, anti-
caspase-9 antibody, anti-caspase-3 antibody, anti-Bcl-2 
antibody, anti-Bax antibody, and anti-cytochrome c anti-
body were purchased from Abcam (Cambridge, UK). All 
the kits used in assays were supplied by Shanghai Beyot-
ime Bioengineering Institute (Shanghai, China). All other 
chemical reagents used were of analytical grade.

Preparation and purification of S. aspratus polysaccharide
The fruits of S. aspratus (100 g) were dipped into the 95% 
ethanol at 70°C for 2 h to remove lipid and some colored 
materials. After filtering, the residue was collected and im-
mersed into distilled water (1:5, w/v) three times at 80°C for 
2 h. The supernatant was concentrated to 50 mL with a ro-
tary evaporator at 65°C under vacuum. Then, the concen-
trate was added to a fourfold of 95% (v/v) ethanol and kept 
overnight at 4°C. The precipitates were obtained by centrif-
ugation (4,500 rpm, 10 min) and dissolved in distilled water 
to remove the proteins by using Sevag method (11). After 
that, dialyzed against distilled water, the crude polysaccha-
rides were obtained after the freeze-drying.

The crude polysaccharides (100 mg) were loaded on 
Sepharose CL-4B column (2.6 × 100 cm) equilibrated with 
deionized water at a flow rate of 1 mL/min. The eluting 
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5-Fu (25 μg/mL). After 48 h, we used Annexin V-FITC 
Apoptosis Detection Kit to detect the cell apoptosis. The 
stained cells were analyzed by FACSCalibur (BD Biosci-
ences; Ex = 488 nm; Em = 530 nm). The data were col-
lected and analyzed using Cell Quest pro software. At 
least 10,000 events were evaluated.

Mitochondrial membrane potential
The mitochondrial membrane potential (Δψm) of Hela cells 
was analyzed by JC-1. JC-1 is a lipophilic fluorochrome 
that is used to evaluate the status of the Δψm (17). JC-1 that 
fluoresces in the FL-1 channel (R1), which J-aggregates, 
will emit red fluorescence at high membrane potential in 
healthy cells, and JC-1 that lacks fluorescence in the FL-2 
channel (R2) is considered to correspond to mitochondrial 
dysfunction with a depolarized Δψm which remained green 
fluorescence monomers. The Hela cells were treated by the 
same methods as described above. They were harvested and 
labeled with JC-1 and then analyzed by flow cytometry. 
The data were collected and analyzed using Cell Quest pro 
software. At least 10,000 events were evaluated.

Western blot analysis
After the treatment with SAP (0, 50, 100, 200 μg/mL) for 
48 h, the Hela cells were lysed with ice-cold radioimmuno-
precipitation assay (RIPA) buffer for 30 min over ice and 
then centrifuged at 12,000 r/min for 15 min at 4°C to ob-
tain the cytosol fraction. In order to obtain cytochrome c 
protein, Cell Mitochondrial Isolation Kit was used. The 
protein concentration was determined with BCA Protein 
Assay Kit according to the manufacturer’s protocol. The 
proteins were denatured by boiling in 1× loading buffer, 
and protein samples were separated by 12% SDS-polyacry-
lamide gel electrophoresis (SDS-PAGE) and electroblotted 
onto a 0.22 μm polyvinylidene difluoride (PVDF). Subse-
quently, the membrane was blocked in blocking buffer (5% 
skim milk with 1× Tris-buffered saline [TBS] containing 
0.1% Tween-20) for 3 h with shaking at room temperature, 
followed by incubation with the primary antibodies (cyto-
chrome c, Bcl-2, Bax, caspase-3, procaspase-9, and β-actin) 
overnight at 4°C. The membrane was then washed by sus-
pending it in washing buffer (add 5 mL of 10% Tween-20 
to 1,000 mL TBS), agitated for 10 min and incubated with 
the appropriate secondary antibodies for 3 h at room tem-
perature. After washing twice with TBS (15 min/time), the 
antibody-specific protein was visualized by enhanced chem-
iluminescence (ECL) detection system with ECL Kit.

Statistical analysis
Results were expressed as mean ± standard deviation 
(SD). The statistical significance of difference groups 
was evaluated by analysis of variance, followed by Ser-
vice Solutions (SPSS, version 18.0) software. A value of 
p < 0.05 was regarded to be statistically significant.

A single cell was dispensed in a 96-well culture plate at 
density of 3 × 103 cells per well. After 24 h, cells were 
incubated with various concentrations of SAP (25, 50, 
100, 200, and 400 μg/mL), with 5-Fu (25 μg/mL) as pos-
itive group, whereas the control group was treated with 
the medium, only for 48 h. The cells were incubated with 
100 μL of MTT (0.5% w/v) for 4 h at 37°C in dark. After 
removing the supernatant, the formazan crystals in the 
cells were dissolved in dimethyl sulfoxide (DMSO, 100 μL/
well). Then, the plates were placed in microplate reader  
(Epoch-2, Biotek) and the absorbance was measured at 
560 nm. The cytotoxicity of SAP was expressed as per-
centage of cell viability as compared to control.

The effect of SAP restrains tumor migration ability
Cellular migration assays were implemented using 24-well 
transwell plates containing 8.0 μm pore membrane (14). 
The Hela cells (5 × 104) were resuspended in serum-free 
medium and then added into the upper insert membrane. 
RPMI-1640 medium supplemented with 20% FBS was 
added into the bottom chamber. Cells were then treated 
with polysaccharide and 5-Fu for 48 h, concurrently. The 
cells without the treatment of SAP were used as control 
group. Then, the migrated cells fixed with methanol and 
cells localized on the bottom membrane surface. After 
staining with hematoxylin–eosin, the migrated cells were 
imaged and counted using an inverted microscope (Carl 
Zeiss, Oberkochen, Germany) (10× magnification, at least 
five fields per condition).

Proliferation rate of multicellular spheroids of Hela cells
The cell culture flask, the bottom of which was coated 
with a layer of  poly-HEMA thin film, was exposed 
to ultraviolet light for 3 h to ensure asepsis before use. 
The Hela monolayer cells (5 × 105) were resuspended in 
the medium containing 5% FBS and then seeded in the 
cell culture flask. Cells were incubated at 37°C with 5% 
CO2, and the culture medium was changed every other 
day (15). After 2 days, the Hela multicellular spheroids 
(MCS) could self-assemble to form three-dimensional 
(3D) MCS. Hela 3D tumor models maintained good 
structural stability for 3 days. Then, we added the water 
extract of  SAP (200 μg/mL) and 5-Fu (25 μg/mL) to the 
cultures. MCS formation and growth were monitored 
every day; MCS of Hela cells were examined under an 
inverted microscope.

Cell apoptosis analysis
To analyze apoptosis of Hela cells, an Annexin V-FITC 
Apoptosis Detection Kit was used (16). Hela cells were 
seeded at a density of 5 × 105 cells per well in 6-wells 
plate with 1.5 mL culture medium. Twenty-four hours 
after cell inoculation, the SAP was added to the cultures 
at different concentrations (50, 100, and 200 μg/mL) and 
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WT1.48:4.13:1.0. The total sugar content of SAP was about 
85.68% and its protein content was 4.25%.

Effect of cytotoxicity of the polysaccharide
We evaluated the cytotoxicity of  SAP toward Hela, 
HepG-2, and HGC-27 cells by MTT (Fig. 2a). The can-
cer cells viability obvious descent was triggered by SAP 
and occurred in a dose-dependent manner in compari-
son with the control group. The SAP presented signifi-
cantly high inhibition for Hela cells that could reach 70% 
at the concentration of  200 μg/mL, which was in good 
agreement to our previous work (8). In addition, cyto-
toxicity of  SAP toward normal cells was also determined 
in comparison with 5-Fu. The SAP had no cytotoxicity 
on MRC-5 (human normal cells) even at high concen-
tration (400 μg/mL), but 5-Fu (25 μg/mL) killed human 
normal cells (Fig. 2b). Our previous study and current 
results indicated that polysaccharides extracted, whether 
from mycelium or fruiting bodies, preferably inhibit 
Hela cells. Based on the significant tumor-suppressive 
activity, Hela cells were chosen as the targeted cell line to 
further investigate the antitumor activity and molecular 
mechanism of  SAP.

SAP restrains tumor migration ability
Metastasis, which is an essential character of  biological 
behaviors in malignancies, is also the main reason for 

Results and discussion

Preparation and chemical characters of the polysaccharide
The crude polysaccharide was isolated from the fruiting 
bodies of S. aspratus and purified by Sepharose CL-4B 
gel. The homogeneity and average molecular weight of 
the SAP were estimated using an HPLC method. SAP 
showed single and symmetrical peaks, indicating their 
homogeneity (Fig. 1a). The SAP retention time was 4.63 
min. The average molecular weight of SAP fractions was 
estimated to be about 9.01 × 105 Da.

FT-IR has been shown to be a powerful tool for the 
identification of characteristic organic groups in the poly-
saccharide (Fig. 1b). The absorbance band at 3,400 cm−1 
represented the stretching vibration of O–H in the con-
stituent sugar residues (18). The adjacent peak at 2,933 
cm−1 was found for the stretching vibration of C–H in the 
sugar ring (19). The relatively strong absorption peak at 
1,643 cm−1 was caused by the bending vibration of C–O 
bonds in uronic acids. On the contrary, SAP had the ab-
sorption band centered at 1,409 cm−1 due to the C–H 
(deformation) (20). In addition, the absorbance of poly-
saccharides in the range 1,040–1,600 cm−1 was charac-
teristic of the C–O (19). The sugar composition of SAP 
was identified and quantified by HPLC analysis (Fig. 
1c). The results indicated that it was composed of d-ga-
lactose, d-glucose, and d-mannnose with molar ratios of 

Fig. 1.  (a) HPLC chromatogram of SAP; (b) FT-IR spectrum of SAP; (c) a standard mixture of monosaccharides; (d) analysis 
of monosaccharide composition of SAP (*-solvent peak, 1-fructose, 2-mannose, 3-rhamnose, 4-glucose, 5-galactose, 6-xylose, 
and 7-fucose).
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Proliferation rate of multicellular spheroids of Hela cells
Three-dimensional (3D) cell culture has microenviron-
ment characteristics of  cells in living organisms, which 
is better than classic two-dimensional (2D) cell culture. 
MCS represent the most common use of  cancer research 
(22–24). In addition, cancer cells in 3D environments ex-
hibit stronger survival potential as well as more power-
ful chemoresistance to anticancer drugs (24). To validate 
the anticancer effect of  SAP, we developed 3D tumor 
models based on human cancer cells. An inverted mi-
croscope was used to observe the morphology of  Hela 
cells  over  a 4-day treatment with 200 μg/mL SAP and 

the death of  tumor sufferers (21). We examined whether 
SAP could suppress the migration of  Hela cells. The 
migrated cells were stained with hematoxylin–eosin; 
the transwell assay showed that migrated cells were sig-
nificantly reduced with SAP (200 μg/mL) co-cultured 
for 48  h (Fig. 3). The migrated cells were counted by 
using an inverted microscope at six fields per condition; 
the  data indicated that the SAP at low concentration 
(50 μg/mL) could suppress the cell migration compared 
with control (p < 0.05). These observations suggested 
that SAP significantly suppressed the migration ability 
of  Hela cells.

Fig. 2.  The in vitro growth inhibition ratio of cells by SAP. (a) Cytotoxicity of SAP in HepG-2, Hela or HGC-27 cancer cells; 
(b) cytotoxicity of SAP at different concentrations and 5-Fu (25 μg/mL) on MRC-5 cells. The results were expressed as means ± 
SD (n = 3) for MTT assay. (a) **p < 0.01 compared with HGC-27 cells. (b) **p < 0.01 compared with control group. 

Fig. 3.  The effect of SAP restrains tumor migration ability of Hela cells. Typical photos and quantification of the transwell 
migration assay with Hela cells co-cultured with SAP or 5-Fu. The results were expressed as means ± SD (n = 3). **p < 0.01 
compared with control group.
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concentrations of SAP (50 μg/mL) induced cell apoptosis 
(12.31%) as compared to the control (1.47%) (Fig. 5). As 
a result of the treatment with SAP (200 μg/mL), the per-
centage of living cells significantly declined from 98.05% 
(control group) to 75.21%, which was close to the 5-Fu (25 
μg/mL) effect (63.55%). In light of this, a conclusion could 
be drawn that SAP might induce Hela cells apoptosis.

SAP induces the dissipation of mitochondrial membrane 
potential
Recent studies have shown that mitochondrial metab-
olism is a research field that has development for can-
cer therapy (25). Apoptosis is frequently associated 
with depolarization of  the mitochondrial membrane 
potential (Δψm). The majority of  cells in healthy cul-
tures will have a polarized Δψm; loss of  Δψm is an early 
event in the apoptotic process (26). In this study, the 
cells were stained with JC-1 according to the protocol 
and analyzed by flow cytometry. The change of  Δψm 
was observed in treated Hela cells (Fig. 6). Compared 
to control, the proportion of  the green fluorescence of 

25 μg/mL 5-Fu. Diameters of  Hela MCS increased every 
day in control group; however, MCS in SAP-treated 
group were almost not increased as compared to that in 
the control group (Fig. 4a). To further analyze the cel-
lular morphology in the 3D constructs, we observed a 
pride of  MCs after 6 days (Fig. 4b). It was shown that 
Hela cells formed round spheroids with smooth surface 
and tight cell–cell connections in the control group. Im-
age-based nano measure analysis was used to measure 
the spheroid’s diameter. It is obvious from Fig. 4c that 
MCS in the control group have shown increased diame-
ter (>600 µm) after 6 days. On the contrary, SAP-treated 
MCS displayed smaller diameter (≤400 µm) as compared 
to the control group.

SAP induced cell apoptosis
To investigate whether SAP induced decrease in Hela 
cells viability was related to cell apoptosis, Hela cells were 
treated with 5-Fu and different concentrations of SAP for 
48 h; the cells were stained (with Annexin V-FITC and PI) 
and analyzed by flow cytometry. We found that low 

Fig. 4.  The multicellular spheroids of Hela cells were treated with 5-Fu (25 μg/mL) and SAP (200 μg/mL). (a) Cellular mor-
phological changes during 4 days of culture in 3D constructs were observed under contrast microscope (Olympus, Japan). (b) 
Representative photographs of the multicellular spheroids and (c) distribution of spheroid diameter in 3D Hela cells on day 6. 
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SAP induced cells apoptosis via regulation of cytochrome c and 
Bcl-2 family
A reduction in the mitochondrial membrane potential is 
usually accompanied by release of cytochrome c into the 
cytosol. The release of cytochrome c from mitochondria 

cells increased from 6.75 to 18.59% after treatment with 
200 μg/mL of  SAP. Taken together, the results indicated 
that SAP could induce the dissipation of  mitochondrial 
membrane potential (Δψm) which facilitated the apop-
tosis of  Hela cells.

Fig. 5.  The effect of SAP induces tumor cell apoptosis of Hela cells. The cells apoptosis were monitored by flow cytometry using 
FACScan (BD Biosciences). The results were expressed as means ± SD (n = 3). **p < 0.01 compared with control group.

Fig. 6.  Loss of mitochondrial membrane potential of Hela cells induced by 5-Fu or different concentrations of SAP and stained 
by JC-1. Red/green fluorescence intensity detected by flow cytometry using FACScan (BD Biosciences). The results were ex-
pressed as means ± SD (n = 3). **p < 0.01 compared with control group.
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inhibit activated caspase-3 expression in a dose-depen-
dent manner (29). Therefore, the ratio of Bax/Bcl-2 is one 
of the decisive factors that determine cell apoptosis. With 
the increase in SAP concentration, the expression level of 
Bcl-2 gradually decreased, whereas the expression level of 
Bax gradually increased (Fig. 7b). The results suggested 
that SAP could promote apoptosis by elevating cyto-
chrome c and Bcl-2 family.

Caspase 3 contributes to the SAP-induced Hela cells apoptosis
Once cytochrome c is released from the mitochondria 
into the cytoplasm, it binds to Apaf-1 and subsequently 
recruits procaspase-9 to the apoptosome which can acti-
vate caspase-9 (30). The caspase-9 cleaves and activates 

is a particularly important event in the induction of ap-
optosis (27). Therefore, we examined the amount of 
cytochrome c in the cytoplasm using western blotting 
technique. After 48 h, a significant (p<0.05) increase in 
cytosolic cytochrome c was observed (Fig. 7a).

On the one hand, this mitochondrial-mediated apop-
tosis pathway is regulated by the pro-apoptotic effectors 
(Bax, Bak, Bid, Bad, etc.) and the anti-apoptotic effec-
tors (Bcl-2, Bcl-k, Bcl-w, etc.). The Bax serves as a major 
regulator to accelerate the permeability of mitochondria 
and release of cytochrome c, whereas the Bcl-2 resides in 
the mitochondrial wall and protects the integrity of mito-
chondria against cell apoptosis (28). On the other hand, 
Bcl-2 expression does not influence Bax expression but 

Fig. 7.  Cytochrome c, Bcl-2, Bax, procaspase-9, and caspase-3 expression were analyzed by western blot. (a) SAP regulated the 
Hela cells release of cytochrome c from mitochondria and (b) Bcl-2 protein family. (c) SAP regulated the Hela cells procaspase-9 
and activated caspase-3. The results were expressed as means ± SD (n = 3). *p < 0.05 and **p < 0.01 compared with control group. 
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cytotoxicity against normal cells. Our study investigated 
the apoptotic pathways by SAP in Hela cells. Experimen-
tal results suggested that SAP caused mitochondrial dys-
function by increased expression of Bax and decreased 
expression of Bcl-2 which prompted release of cytochrome 
c from the mitochondria to the cytosol. These pro-apop-
totic effectors caused recruitment of procaspase-9 which 
can activate caspase-9. The caspase-9 cleaves and activates 
downstream effector caspase-3 resulting in programmed 
cell apoptosis. These results speculate that SAP induces 
tumor cells apoptosis at least in part through the activa-
tion of caspase-3 and mitochondrial pathway (Fig. 8). In 
a nutshell, S. aspratus could be used as a potential medici-
nal agent for the treatment of cervical carcinoma.
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downstream effector caspase-3. Caspase-3 is regarded as 
a crucial mediator of programmed cell apoptosis which 
has a prominent execution in the apoptotic signaling 
pathways (31). To investigate SAP-induced apoptosis in 
Hela cells, western blot technique was used to detect the 
expression level of activated caspase-3 and procaspase-9. 
The results (Fig. 7c) indicated that during treatment with 
200 μg/mL SAP, the activation of caspase-3 prominently 
increased (reaching 1.77 times compared with control 
group), while procaspase-9 decreased dramatically. The 
above-mentioned results presented that SAP could regu-
late the activities of caspase-9 and caspase-3 and induce 
the Hela apoptosis subsequently.

Conclusions
In this study, we isolated, purified, and characterized 
the novel polysaccharide from the fruiting bodies of 
S.  aspratus. We evaluated the cancer cells cytotoxicity 
of SAP on tumor cells, in vitro. The results showed that, 
no matter at three-dimensional (3D) cell culture or two-
dimensional (2D) cell culture, SAP (50 μg/mL) could 
significantly restrain the growth of tumor cells with no 

Fig. 8.  Possible apoptotic mechanisms of SAP in Hela cells.
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