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Chapter 1

Bacterial Cell-Free Probiotics 
Using Effective Substances 
Produced by Probiotic Bacteria, 
for Application in the Oral Cavity
Tomoko Ohshima, Tomomi Kawai and Nobuko Maeda

Abstract

To avoid side effects of conventional antibiotics and disinfectants used for 
prevention of oral diseases such as dental caries, periodontitis, and oral candidiasis, 
application of probiotics has attracted attention recently. However, difficulties arise 
when applying those probiotics in the oral cavity, because exogenous probiotic 
bacteria do not colonize easily in the established oral microbiota. Even, if we are 
able to overcome the restriction of colonization by probiotic bacteria in the oral cav-
ity, it comes with the risk of dental caries due to the potential acidic environment 
generated by probiotic bacteria. To solve these problems, “biogenics,” bacterial 
cell-free probiotics using only the effective substances metabolically produced by 
probiotic bacteria, is recommended for application in the oral cavity. The concept 
and frontline of biogenic research will be introduced and discussed.

Keywords: biogenics, probiotics, oral diseases, dental caries, periodontitis, 
candidiasis

1. Introduction

More than 700 bacterial species live in the oral cavity [1, 2]. These bacteria 
form their own indigenous flora in their habitats, such as teeth, gingival sulcus, 
and tongue dorsum, making the oral environment considerably complicated. Oral 
indigenous bacteria coexist with humans and are vital for preventing colonization 
by foreign pathogenic microorganisms in the oral cavity. Such oral indigenous bac-
teria proliferate with time, and together with the extracellular polymeric substance 
(EPS) that they produce, form a biofilm visible even to the naked eye known as 
dental plaque [3–5].

It has recently been clarified that the formation of biofilms is controlled by 
quorum-sensing (QS) signals in a communication system between microorgan-
isms that sense each other’s abundance [6–8]. It has further been shown that 
microorganisms constituting a biofilm activate the expression of pathogenic 
factors when QS signaling molecules, so-called “autoinducers (AI),” act as tran-
scription factors [8].
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2. The potential pathogenicity of dental plaque as oral biofilm

Oral plaque contains also dental caries and periodontal disease causing organ-
isms [9–12], and when these exert their potential pathogenicity, they are considered 
to accelerate biofilm formation even more. Generally it can be said that with 
increasing thickness of the biofilm, the bacterial metabolites build up at the bottom 
of the biofilm, and the caries and periodontitis occurrence proliferate.

Caries and periodontal diseases are called the two major dental diseases, 
and both of them occur as oral infectious diseases which are caused by specific 
bacteria known as cariogenic bacteria (such as Streptococcus mutans) and peri-
odontal pathogens (such as Porphyromonas gingivalis) growing in plaque. This 
status is interpreted as dysbiosis of the oral flora. In addition, a small number of 
fungal genus Candida is also present in the indigenous oral resident microflora, 
and some factors also cause its growth in the plaque, resulting in dysbiosis, which 
causes a major oral mucosal disease, oral candidiasis. However, there is currently 
no technique to selectively eliminate only those causative microorganisms from 
the flora.

3. Oral application of probiotics and problems

The method of preventing caries and periodontal disease is basically the 
mechanical removal of the entire plaque by brushing, etc. However in the case of 
onset of the disease, antimicrobial drugs are administered for the treatment of 
the acute phase of periodontal disease, and antifungal administration is the first 
choice for treatment of oral candidiasis. However, the use of antimicrobial agents 
has shown problems regarding adverse effects such as drug-resistant bacteria and 
allergies, indicating the limitation of chemotherapy [13]. Therefore, attention 
has recently focused on probiotic bacteria such as bifidobacteria and lactobacilli 
recognizing the usefulness for improving dysbiosis [14]. Although probiotics 
were originally intended to improve dysbiosis of the intestinal flora [15], their 
usefulness is also assumed in the dental field. Attempts have been made for direct 
use in the oral cavity to prevent diseases such as caries and periodontal disease, 
and several results have been reported [16–18]. Ishikawa et al. reported that 4 
weeks of oral administration of Lactobacillus salivarius TI 2711 (LS1) significantly 
reduced the major periodontal pathogens of P. gingivalis, Prevotella intermedia, and 
Prevotella nigrescens [19].

However, in these reports, there are few basic facts on the effects of probiotics 
on the oral flora and the antibacterial substances produced by them, so progress and 
establishment of practical applications based on the underlying mechanism has not 
been accomplished. In addition, genera Lactobacillus and Bifidobacterium, which are 
representative probiotic bacteria, exist though in minority in the oral microbiota, 
but because they metabolize sugar and produce large amounts of organic acid, the 
general understanding is that they work cooperatively with cariogenic bacteria or 
induce hypersensitivity.

As another fundamental issue, previous studies have highlighted the limitation 
of colonization and fixation of nonnatural probiotic bacteria in the intestinal tract 
[20, 21]. This phenomenon of transiency, but not permanency in colonization, is 
also relevant for probiotic applications in the oral cavity [16, 22, 23]. Even if we are 
able to address the restriction of colonization of probiotic bacteria in the oral cavity, 
it comes with the risk of dental caries due to the potential acidic environment gener-
ated by probiotic bacteria.
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4. The concept of biogenics

To overcome the above problems, “biogenics” as a new idea has been introduced. 
Biogenics is a kind of functional food, using only the ingredients, which have a 
positive effect on the host with regard to immunostimulating or immunosuppress-
ing mutagenesis, tumorigenesis, peroxidation, hypercholesterolemia, or intestinal 
putrefaction [24]. Achieving a probiotic effect by the intake of nonviable probiotic 
bacteria has been proposed in previous reports. For example, the life span of mice 
increased, when they were fed with pasteurized fermented milk [25, 26]. A signifi-
cant reduction of the Ehrlich ascites tumor growth in mice was also reported [26]. 
In addition, it was shown that heat-inactivated Enterococcus faecalis [27] or L. gasseri 
[28] showed a beneficial regulatory effect in the gut. Moreover, Nakamura et al. [29] 
found an angiotensin-I-converting enzyme (ACE) inhibitor in a Japanese sterilized 
milk beverage fermented by L. helveticus and Saccharomyces cerevisiae. The active 
substance in this fermented beverage was identified as lactotripeptide metabolically 
generated in the fermentation pathway. Follow-up studies were able to determine 
the bioactive metabolites of probiotic bacteria in addition to the antimicrobial sub-
stances, such as bacteriocin [30, 31], and other beneficial active substances, such as 
conjugated linoleic acid (CLA) [30–32], proteins or peptides [33, 34], and polyphe-
nols [35, 36]. Taking all these observations into account, biogenics, which makes 
use of the bioactive metabolites as foods or medicine, was recently advocated as a 
new concept [24, 37]. The biogenic effect is independent of the colonization and 
viability of probiotic bacteria. Hence, biogenics is the direct delivery of an isolated 
and purified active ingredient of probiotics to the local environment. This strategy 
may also be useful for oral disease prevention. It may be possible to purify the effec-
tive ingredients against oral pathogenic activity of probiotic bacteria for use in the 
biogenics process. However, this idea requires further study prior to clinical use.

5. Antibacterial substances produced by lactic acid bacteria

Research of probiotics for intestinal health has revealed several antibacterial 
substances produced by lactic acid bacteria in addition to organic acids such as lactic 
and acetic acids [38]. These are (1) hydrogen peroxide [39], (2) bacteriocins [40], 
and (3) low-molecular-weight antimicrobial substances.

5.1 Hydrogen peroxide (H2O2)

Hydrogen peroxide is produced by most lactobacilli in the presence of oxygen. 
lactobacilli possess oxidases that reduce oxygen to hydrogen peroxide, oxidizing 
substrates such as pyruvate or NADH [41]. Since they do not produce catalases, 
H2O2 does not suffer auto-degradation. H2O2 has a broad-spectrum planktonic bac-
teria, but the effect decreases dramatically on biofilm. It appears that Lactobacilli 
do not produce effective concentrations of H2O2 against fungi [42], unlike other 
bacteria [39].

5.2 Bacteriocins

Lactic acid bacteria produce bacteriocins, proteinaceous antimicrobial sub-
stances with molecular weights of several thousand daltons or more. Bacteriocins 
can be divided into five classes according to their primary structure, molecu-
lar composition, and physical and functional properties [43, 44]. However, 
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bacteriocins produced by lactic acid bacteria against S. mutans and P. gingivalis are 
not yet known. Bacteriocin L23 produced by Lactobacillus fermentum L23 [44], 
plantaricin produced by L. plantarum [45], and pentocin TV35b produced by L. 
pentosus [46] appear to be effective against the yeast form of Candida. Bacteriocins 
effective for the hyphal forms of Candida have not yet been identified [47, 48].

5.3 Low-molecular-weight antimicrobial substances

Reuterin, an antibacterial substance (also known as 3-hydroxypropionaldehyde; 
molecular weight, 74 Da; composition formula, C3H6O2), is a product of glycerol 
fermentation, which has been seen in several probiotic bacteria. These probiotic 
bacteria include not only L. reuteri [49] but also L. brevis, L. buchneri [50], and L. 
collinoides [51]. Under anaerobic conditions L. coryniformis [52] also produces a 
low-molecular-weight antimicrobial substance that does not contain amino acids 
[53]. Reuterin was found to exert its antibacterial effects by causing oxidative stress 
within the bacterial cell [54]. In addition to reuterin, the low-molecular-weight 
substances of lactobacilli, reutericyclin [55] and diacetyl [56] also showed effective-
ness against the yeast forms of Candida [57].

As the smallest peptides, diketopiperazines (DKPs, cyclic dipeptides) are known 
to possess several physiological activities, including an antimicrobial effect.

diketopiperazines are a group of cyclic organic compounds where two amino 
acids are connected by a peptide bond, forming a lactam, and it is the first peptide 
whose three-dimensional structure has been completely solved by Robert Corey 
in the 1930s [58]. Corey determined the structure of the cyclic anhydride of the 
dipeptide glycylglycine. Diketopiperazines are also biosynthesized from amino 
acids in diverse organisms including mammals and are considered to be secondary 
metabolites [59]. Although some protease enzymes, such as dipeptidyl peptidase, 
produce a dipeptide by cleavage from the protein terminus, it is known that the 

Cyclic  

dipeptide

Origin Biological function References

Cyclo(Leu-Pro) Lactobacillus casei AST18 Antifungal activity [64]

Cyclo(Phe-Pro) L. plantarum MiLAB393 Antifungal activity [65]

Cyclo(Phe-4-OH-Pro)

Cyclo(Gly-Leu) L. plantarum VTT  

E-78076

Antimicrobial activity [66]

Cyclo(Phe-Pro) L. reuteri RC-14 Antimicrobial activity [67]

Cyclo(Tyr-Pro)

Cyclo(Pro-Pro) L. amylovorus DSM  

19280

Antifungal activity [68]

Cyclo(Leu-Pro)

Cyclo(Met-Pro)

Cyclo(His-Pro)

Cyclo(Leu-Leu) L. plantarum AF1 Antifungal activity [69]

Cyclo(4-OH- 

Pro-Leu)

L. fermentum ALAL020 Antimicrobial activity [70]

Table 1. 
Diketopiperazines (cyclic dipeptide) produced by probiotic bacteria.
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resulting dipeptide cyclizes spontaneously to form a diketopiperazine. In addition, 
diketopiperazines are attractive scaffolds for drug design due to their structural 
properties such as a rigid structure, optical activity, and various side-chain struc-
tures [59]. Both natural diketopiperazines and synthetic diketopiperazines have 
been reported to possess various physiological activities including antitumor activ-
ity [60], antiviral activity [61], antibacterial activity [62], and antimicrobial activ-
ity [63]. However, there are only few reports on DKP produced by probiotic bacteria 
(Table 1). In addition, the antimicrobial mechanism is also poorly understood.

6. Anti-inflammatory substances produced by lactic acid bacteria

Periodontitis and candidiasis are both inflammatory diseases; therefore, inflam-
mation symptoms are desired to be cured by biogenics, but there are few candidates 
for that.

CLA is a general term for regioisomers and structural isomers of linoleic acid 
having a conjugated diene structure.

Diene structure means there are two double bonds with a single bond in 
between. Rumenic acid, for example, is one of the 28 isomers of CLAs and exists 
in the fat and dairy products of ruminants [71]. It is a trans fat; however, CLAs can 
also appear as cis-fats. CLAs are known to reduce the production level of IgE and 
a chemical mediator leukotriene in a rat inflammatory model [72]. However, the 
opposite effect of increasing serum C-reactive protein value and reducing serum 
adiponectin level in human by CLA supplementation was observed recently [73].

7. Understanding the property of biofilm

Most bacteria and fungi have the potential to grow in a biofilm, in an environ-
ment with liquid flow and solid surfaces. Biofilm formation, which has been experi-
mentally observed in single bacteria, is now known not only to cross species but 
also to cross the kingdom of microbes. In human bodies, such situations particularly 
exist in the resident microbiota. Microorganisms including oral pathogens have the 
potential to express pathogenic properties in biofilms, contrary to the planktonic 
type. In other words, the so-called biofilm phenotypes upregulate the production 
of EPS that block the stimuli or stress from outside the biofilm, such as antibiotics 
and disinfectants. The EPS also provides sticky intercellular binding material and 
extracellular energy storage compounds [74, 75] to promote interaction among 
contacting microbial cells [76], resulting in complex and dynamic interplay.

8. Disruption of the quorum-sensing signals

Recently, a QS inhibitor (QSI) and QS signal quencher (QQ ) molecule attracted 
attention in regard to understanding biofilm infections. Biofilm formation is 
triggered and controlled by a cell-to-cell communication process in harmony 
with the bacterial population density known as quorum-sensing system, which is 
based on small molecules termed autoinducers [77]. Some reports revealed that 
bacteriocins produced by probiotic lactobacilli such as L. acidophilus, L. plantarum, 
and L. reuteri functioned as QSI or QQ molecules [78]. It may be possible to purify 
the effective ingredients of probiotic bacteria against oral pathogenic activity in 
biofilms for use in the biogenics process. Recently, some instance of QC disruption 
by cyclic dipeptides has been reported. L. reuteri, a human vaginal isolate, was 
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capable of producing the cyclic dipeptides cyclo(L-Phe-L-Pro) and cyclo(L-Tyr-L-
Pro), inhibiting the staphylococcal quorum-sensing system driven by the AI named 
agr, to suppress the expression of toxic shock syndrome toxin-1 in S. aureus [79]. 
The report is useful for a better understanding of interspecies cell-to-cell commu-
nication between Lactobacillus and Staphylococcus and provides a hint to attenuate 
virulence factor production by bacterial pathogens. However, this idea requires 
further study before clinical application.

9. Conclusion

Biogenics is based on the concept of using the active ingredients which were 
revealed by the mechanism of oral probiotics. Biogenics is expected to be a preven-
tion method for oral diseases that can be implemented without the problems associ-
ated with the use of probiotic bacteria, namely the involvement of acids harmful to 
teeth. The emergence of resistant bacteria against naturally occurring substances 
of biogenic candidates is not yet known. Furthermore, it is possible to combine 
substances which contribute to the health of the oral cavity, with those contributing 
to systemic health, such as control substances for blood sugar level, blood pressure, 
neutral fat, antioxidants, anti-stress, immune enhancement, anti-inflammation, 
antianxiety, and antidepressants. Therefore, the progress of practical application is 
expected. However, the elucidation of the mechanism of action is still in the begin-
ning, and further study is needed.
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Chapter 2

Probiotics and Prebiotics in Infant 
Formulae
José Maldonado

Abstract

Human breast milk provides all necessary nutrients for the development of term 
infants. In addition to its universally recognized nutrients, human breast milk con-
tains a number of non-nutritive components that play a potential role in supporting 
infant growth. Human breast milk also contains bioactive compounds exerting a 
wide range of beneficial effects, such as promoting immune system maturation 
and exerting protection against infections. Supplementation of infant formulae 
with oligosaccharides and bacteria with proven beneficial health effects seems to be 
well-founded. The purpose of supplementation is to mimic the functional effects of 
oligosaccharides and bacteria found in human breast milk. Oligosaccharides with 
prebiotic functions and bacteria strains with probiotic functions have recently been 
added to infant formulae in the European Union and other countries. However, 
a systematic review conducted by the Committee on Nutrition of the European 
Society for Pediatric Gastroenterology, Hepatology, and Nutrition revealed that 
there is no conclusive evidence supporting the routine use of probiotic- and/or 
prebiotic-fortified infant formulae. The aim of this review is to analyze the scien-
tific basis for supplementation of infant formula with these compounds.

Keywords: intestinal microbiota, infant formulae, probiotic, prebiotic, symbiotic

1. Introduction

Human breast milk (HBM) is a complex physiological fluid uniquely suited to 
nourish infants. Its composition is specifically adapted to the digestive system and 
nutritional and growth needs of infants. HBM does not only contain essential nutri-
ents, but also a vast array of non-nutritional bioactive components and microbes 
(microbiota) that confer benefits to the health of infants in the short and long terms. 
The microbiota mediates bacterial colonization of the newborn gut and supports 
immune system maturation and metabolic and cognitive development. Protective 
constituents such as cytokines, oligosaccharides, and bacteria facilitate newborn’s 
adaptation to the extrauterine environment [1, 2]. HBM has been long known to 
protect neonates and infants from infections. It has been suggested that this pro-
tective role could be regulated by the action of a group of components that might 
inactivate bacteria and viruses individually, additively, and synergistically [3].

Gut microbiota has effects on health, and HBM contributes decisively to its com-
position via its bacteria and oligosaccharides supply. In order to achieve the same 
health effects, infant formulae are supplemented with live bacteria (probiotics), 
which favor bifidobacteria and lactobacilli growth (prebiotics) or a combination of 
these components (symbiotics).
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2. Gut microbiota

Our body hosts a vast, diverse community of stable and varying microorganisms 
that are referred to as microbiota. The gut is the niche with the highest number and 
diversity of micro-organisms, containing over 1014 microbial cells, 10 times the 
amount of somatic and germinal cells in our body. The microbes that inhabit our 
gut are known as gut microbiota [4].

Gut microbiota is an open ecosystem that contains a broad diversity of meta-
bolically active microbes that coexist in space and time and play a relevant role in 
the health of their host. The gut microbiota is considered a metabolic organ that is 
adaptable and rapidly renewable. There is a mutually beneficial interplay between 
the host and gut microbiota [4, 5].

2.1 Gut microbiota and immunity

The relationship between the lymphatic system and gut microbiota in early 
stages of life is crucial to the appropriate development of interactions between 
mucosal cell communities and systemic immunomodulation [5]. Animals with a 
sterile gut have been proven to be highly vulnerable to infections, which demon-
strate the important role that gut microbiota plays in the immune system [4].

Bacterial colonization of the newborn’s gut is influenced by a variety of factors 
such as gestation and delivery and breast-feeding mode [6]. HBM is an excellent con-
tinuous source of commensal bacteria for the infant gut. Evidence has been provided 
of a vertical transfer of bacteria from mother to child via breast milk [7, 8]. The fact 
that facultative anaerobic bacteria in newborn’s gut are the predominant bacterial 
community in HBM microbiota is not a chance. These bacteria play a key role in the 
prevention of infections in the newborn [9]. Gut microbiota disorders (dysbiosis) in 
the first stages of life reportedly precede the development of atopy [10].

During the first week of life, the total bacterial count and, more specifically, 
anaerobic bacteria count progressively increase. The feeding mode of the newborn 
has a decisive impact on bacterial gut colonization. Bifidobacteria, lactobacilli, and 
Gram-positive cocci predominate in the feces of breastfed infants, whereas the 
bifidobacteria count is lower in the feces of formula-fed infants, with the predomi-
nance of bacteroides, clostridia, and coliforms [11–13]. Differences in the composi-
tion of newborn’s gut microbiota based on the type of feeding could be the clue to 
identifying the bacteria that exert protective effects to breastfed infants [4].

3. Probiotics

Bacterial concentrations in HBM range between 102 and 104 ufc/mL. This means 
that an infant ingesting over 800 ml of milk a day would receive 105 to 107 ufc [14]. 
Therefore, HBM is a primary source of commensal and probiotic bacteria to the 
infant and plays a key role in the initial colonization of the gut. Some bacteria 
isolated from HBM have proven to have immunomodulatory and anti-infective 
effects. Therefore, the protective effects of HBM may be conferred by these bacte-
ria. Supplementation of infant formulae with probiotic bacteria isolated from HBM 
could help improve gut microbial balance in formula-fed infants, thereby mimick-
ing the beneficial effects of HBM.

Evidence has been published that probiotics modulate mucosal and systemic 
immune function, improve intestinal barrier function, and exert metabolic effects 
on the host [4]. Some of the lactobacillus strains isolated from HBM [15] have been 
reported to compete with enteropathogenic bacteria for nutrients and epithelium 
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adhesion and improve gut barrier functions. The ability of lactobacillus and bifido-
bacteria strains to stabilize the integrity of gut barrier has been demonstrated [16]. 
These types of bacteria potentially reduce antigen systemic load and influence 
immune function via enterocytes, antigen-presenting cells (monocytes and den-
dritic cells), regulatory T cells, and effector T and B cells [17, 18].

3.1 Infant formula supplemented with probiotics

European Society for Pediatric Gastroenterology, Hepatology, and Nutrition 
(ESPGHAN) Committee on Nutrition [19] published a systematic review of studies 
assessing the safety and health effects of probiotic-supplemented infant formulae. 
No conclusive data were obtained from ESPGHAN’s analysis of infant and follow-on 
formulae due to considerable variability in the type and dose of probiotics used and 
supplementation periods.

3.1.1 Safety

Formulae supplemented with probiotics do not raise safety concerns with regard 
to growth and adverse effects [19]. There are sufficient data supporting the safety 
of probiotics for infants older than 6 months. However, data on the use of probiotic 
supplementation in infants younger than 4 months are more limited. Studies in 
breastfed infants younger than 6 months who received a formula supplemented 
with either Lactobacillus fermentum CECT5716 or Lactobacillus rhamnosus GG 
revealed that formulae were well tolerated and had no adverse effects on growth 
either during the study period or at 3–5 years of age [20–23]. A recent study 
revealed that growth and food tolerance improved in premature infants >30 weeks 
of gestational age fed with a formula supplemented with Saccharomyces boulardii, 
and no adverse effects were detected [24].

3.1.2 Prevention and treatment of infant disorders

Conflicting results have been obtained regarding the effects of probiotics on 
the composition of fecal microbiota. A decrease in bifidobacteria and enterobac-
teria concentrations has been reported with respect to controls [25, 26]. Also, 
no differences have been observed in lactobacillus and bacteroides. By contrast, 
Maldonado et al. [27] reported an increase in fecal bifidobacteria and lactobacilli 
concentrations in infants fed with a formula supplemented with Lactobacillus 
fermentum CECT 5716. Also, no differences were found in other bacteria strains. 
Evidence has been provided that a formula containing Bifidobacterium lactis can 
influence the composition, stability, and function of gut microbiota in low-weight 
newborns [28].

The literature reports that probiotic supplementation of formula beyond early 
infancy can produce a decrease in the use of antibiotics and incidence of diarrhea, 
colic, and/or irritability. Yet, the variety of methods, type and dose of probiotics, 
and duration of interventions hinders that conclusive data can be obtained on 
clear clinical effects of probiotic-supplemented formulae in infants younger than 4 
months [19].

In general, there is no consistent evidence supporting that supplementation 
of follow-on formula with probiotics has protective effects against infectious diar-
rhea [19]. Yet, a reduction has been reported in the duration and number of episodes 
of diarrhea associated with the use of probiotic-supplemented formulae [27, 29–31].

A systematic review conducted by Mugambi et al. [32] of controlled, ran-
domized trials did not reveal that supplementation had any effects on infectious 
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diarrhea, colic, crying/irritability, regurgitation, or vomiting. No beneficial effects 
were documented on either crying or irritability in the review by ESPGHAN 
Committee on Nutrition. A study that was not included in ESPGHAN study showed 
that colic symptoms substantially improved with the administration of Lactobacillus 
reuteri DSM 17938 in breastfed infants [33]. There is no sufficient evidence, how-
ever, supporting routine supplementation with probiotics for the treatment or 
prevention of colic, especially in formula-fed infants [34].

In a review on the effects of a variety of immunonutrients in the prevention 
of necrotizing enterocolitis [35], the authors gathered sufficient data supporting 
supplementation of infant formulae with probiotics. Several meta-analyses com-
bined these randomized controlled trials and observational studies demonstrated 
that the use of probiotics was beneficial for the prevention of severe necrotizing 
enterocolitis, late-onset sepsis, and all-cause mortality in very-low-birth-weight 
infants, as well as the time to achieve full enteral feeding in preterm infants 
[36–38]. By contrast, no differences were observed in a multicenter study involving 
1315 preterm newborns fed with a hydrolyzed formula supplemented and non-
supplemented with the probiotic Bifidobacterium breve BBG-001 [39]; the results of 
this trial provide no evidence of benefit of this probiotic intervention in reducing 
late-onset sepsis and necrotizing enterocolitis or death.

In relation to respiratory infections, limited available evidence from randomized 
controlled trials showed that formula supplementation with the probiotics studied 
is not associated with a reduction in the duration or risk of respiratory infections 
[19, 32]. A number of studies on formulae supplemented with different probiotic 
bacteria [30, 27, 40, 41] have shown a significant reduction in the number of upper 
airway tract infections in infants fed with these formulae. A study on Lactobacillus 
fermentum CECT 5716 [27] reports a significant 30% reduction in the total number 
of infections.

Significant reductions have been documented in the incidence of influenza and 
respiratory symptoms in several studies, where Lactobacillus fermentum CECT 5716 
was administered in combination with anti-influenza vaccine [42]. This effect is 
explained by increased levels of NK cells and T-helper and T-cytotoxic lymphocytes.

Sufficient evidence has not been published supporting the beneficial effects 
of supplementation of infant formulae with probiotics on allergies. Several meta-
analyses, however, have shown that the use of probiotics reduces the incidence of 
atopic dermatitis in infants but not of other types of allergies [43–45].

Evidence has been published that dietary treatment with a extensively hydro-
lyzed formula containing Lactobacillus rhamnosus GG is associated with a higher 
rate of acquisition of tolerance in infants allergic to cow’s milk proteins, as com-
pared to infants treated with a non-supplemented hydrolyzed formula [46, 47]. A 
relationship has been documented between dysbiosis in gut microbiota composition 
and the pathogenesis of cow’s milk allergy [48, 49]. In addition, the administration 
of a hydrolyzed formula supplemented with probiotics reduces the incidence of 
other allergies and favors tolerance, as it changes the composition of infant’s gut 
microbiota [23, 50].

Some studies suggest that gut microbiota alterations precede the development 
of the allergic phenotype. Therefore, probiotics could exert preventive and thera-
peutical effects [51]. The potential of some strains to favor Th1 and Th3 immune 
response against Th2 activity in patients with atopy can create the optimal condi-
tions to redirect immune memory and reduce the risk of atopic disease. The Work 
Allergy Organization (WAO) [52] determined that probiotics confer health benefits 
in the prevention of eczema. Thus, WAO recommends the use of probiotics in preg-
nant or breastfeeding women whose infants have a high risk of developing allergies 
and in infants with a high risk of allergy.
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3.1.3 Conclusion

ESPGHAN Committee on Nutrition does not recommend the routine use of 
infant formulae supplemented with probiotics. However, the evidence obtained 
in recent studies suggests that infant formulae containing some specific bacteria 
strains can confer beneficial health effects. A large number of infant formulae cur-
rently available on the market contain probiotics, and several panels support their 
use provided that their safety and benefits for the health and development of the 
infant have been demonstrated [19, 53, 54]. The European Food Safety Authority 
(EFSA) supports the safety of formula supplementation with probiotic bacteria. 
Yet, EFSA recommends that further studies are conducted to obtain the highest 
quality evidence on their efficacy [55].

4. Prebiotics

Prebiotics are defined as oligosaccharides refractory to the human digestive 
process with ability to stimulate and promote the growth and/or metabolism of 
bifidobacteria and lactobacilli in human gut [56]. More than 200 oligosaccharide 
complexes (neutral and cyclical oligosaccharides) have been identified in human 
breast milk [57]. Neutral oligosaccharides account for 70% of the total count 
and include the isomers lacto-N-tetraose, lacto-N-neotetraose, lacto-N-hexaose, 
monofucosyl-lacto-N-hexaose, and difucosyl-lacto-N-hexaose. Low levels of acidic 
oligosaccharides containing sialic acid or sulfate groups are present in HBM, and 
they primarily contain 5-N-acetyl-neuraminic acid [58].

Colostrum is composed of higher oligosaccharide concentrations (15–23 g/L), 
whereas mature HBM contents range from 1 to 10 g/L [59]. Oligosaccharides 
account for 8% of the total nutrient contents of HBM and are the third prevalent 
component following lactose and lipids.

Most of these oligosaccharides are non-absorbable and reach the colon, where 
they have different functions. Thus, they compete for membrane receptors with 
pathogenic bacteria and viruses in intestinal epithelium; they contribute to acidifi-
cation via fermentation by colon bacteria; inhibit the growth of bacteroides, clos-
tridia, and coliforms; promote lactobacilli and bifidobacteria growth; and stimulate 
the development of infant’s immune system. A direct relationship has been 
documented between oligosaccharides and selectins, integrins, and other recep-
tors, and they mediate leukocyte-endothelial cell interactions [59]. Fermentation 
of prebiotics by gut bacteria produces short-chain fatty acids, which exert a direct 
anti-inflammatory effect and promote intestinal barrier integrity by stimulating the 
proliferation and differentiation of gut mucosal cells.

Cow milk oligosaccharide content is substantially lower than that of HBM, and 
infant formula supplementation with prebiotics with the purpose of obtaining their 
health benefits is well founded. At present, GOS and FOS combinations are used, 
and other HBM oligosaccharides have been recently incorporated to infant formulae.

4.1 Infant formulae supplemented with prebiotics

The European Scientific Committee on Food approved prebiotic supplemen-
tation in infant and follow-on formulate up to a maximum of 0.8 g/100 ml to a 
GOS:FOS ratio of 9:1. By contrast, a systematic review on the safety and health 
effects of prebiotic-supplemented infant formulae conducted by ESPGHAN 
Committee on Nutrition [19] did not provide conclusive evidence due to variability 
in the type and dose of the prebiotic used and period of intervention.
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2′-flucosyllactose, a HBM oligosaccharide, was recently synthesized and has 
been incorporated to some infant formula [60].

4.1.1 Safety

Formulae fortified with prebiotics do not raise safety concerns with regard to 
growth and adverse effects. [19]. Infant formulae containing HBM oligosaccharides 
have proven to be safe and well tolerated, and synthetic oligosaccharides have 
demonstrated to have similar effects to those of HBM oligosaccharides [60].

4.1.2 Prevention and treatment of infant disorders

There is solid evidence that infant formula containing some prebiotics is associ-
ated with less-consistent feces and a higher frequency of defecation [61]. However, 
inconsistent evidence has been obtained on the association between prebiotics and 
the frequency of defecations [32, 62].

The use of prebiotic-fortified formulae has been associated with a lower risk 
for intestinal and respiratory infections [63, 64] and an increase in fecal secre-
tory IgA levels [65]. By contrast, they have not been proven to exert any effects 
on humoral and cellular immunity [66]. In general terms, there is no conclusive 
evidence supporting that supplementation of infant formulae with prebiotics exerts 
any protective effects against infections, colic, crying/irritability, regurgitation, or 
vomiting [19, 32]. Fortification with 2′-flucosyllactose does seem to improve infant 
immunity, as it has been reported to be related to a lower incidence of infections, 
especially respiratory infections [60].

GOS:FOS mixtures favor the growth of bifidobacteria and lactobacilli in the 
feces of infants receiving fortified formulae. However, they have a limited effect on 
the reduction of pathogenic bacteria [19]. Yet, some studies suggest that prebiotics 
reduce pathogenic micro-organism concentrations, while the infant is receiving a 
formula supplemented with oligosaccharides [67]. A number of studies [25, 32, 62] 
have failed to demonstrate that bifidobacteria, lactobacilli, or pathogen count 
decreases with prebiotics.

Other studies have shown similarities between the bifidogenic effect of 
prebiotic-fortified formulae and HBM, as compared to non-fortified formulae 
[59, 68, 69]. Indeed, prebiotics have been reported to have special effects on some 
bifidobacteria species such as Bifidobacterium breve. Thus, fecal Bifidobacterium 
breve concentrations in infants fed with a fortified formula have been documented 
to be similar to those found in breastfed infants.

Although prebiotic-supplemented formulae are thought to prevent eczema 
in infants at high risk of developing allergies [43, 63, 70], there is no sufficient 
evidence on the role that prebiotics play in the prevention of eczema, atopic derma-
titis, or food hypersensitivity [71, 72]. A partially hydrolyzed formula containing 
specific prebiotics has been reported to generate a gut microbiota similar to that of 
breastfed infants. A potential link between microbial activity and eczema onset was 
identified, which could suggest a suboptimal implementation of gut microbiota in 
specific developmental stages of infants at high risk of developing allergy [73].

4.1.3 Conclusion

ESPGHAN Committee on Nutrition does not recommend routine use of infant 
formulae supplemented with prebiotic. In agreement with the American Academy 
of Pediatrics, they recommend that further studies are conducted to assess the 
safety and efficacy of prebiotic supplementation.

17

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT
Author details

José Maldonado
Unit of Pediatric Gastroenterology, Hepatology and Nutrition, Department of 
Pediatrics, Virgen de las Nieves University Hospital, University of Granada, Spain

*Address all correspondence to: jmaldon@ugr.es

5. Symbiotics

Symbiotics are mixtures of probiotics and prebiotics that beneficially affect 
the host by improving the survival and implantation of the probiotic bacteria 
and stimulate the activity of the host’s endogenous bacteria [56]. Symbiotics are 
believed to act synergistically to increase the overall gut health by offering more 
benefits than the use of either a probiotic or prebiotic agent alone. Considering a 
huge number of possible combinations, the application of symbiotics for the modu-
lation of intestinal microbiota in humans seems promising [74]. A disadvantage to 
using symbiotics is that it is difficult to predict the selectivity and specificity of each 
of the components and what the resulting mechanisms of action will be.

Limited data have been provided on concomitant prebiotic and probiotic 
supplementation of infant formulae. The few studies carried out with symbiotics 
[19, 32, 75] revealed that symbiotics: (a) do not exert effects on growth; (b) do not 
reduce the incidence of digestive disorders (colic, regurgitation, crying, vomiting, 
to name a few) or infections; (c) increase the frequency of daily defecations but do 
not influence fecal consistency; and (d) no data are available on their effects on the 
composition of gut microbiota or on immune response.

There is no conclusive evidence on the effects of supplementation of infant 
formula with symbiotics. Therefore, ESPGHAN Committee on Nutrition does not 
recommend routine use of infant formula fortified with symbiotics.
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Chapter 3

Prebiotics, Probiotics, and 
Bacterial Infections
Christina C. Tam, Kirkwood M. Land and Luisa W. Cheng

Abstract

Bacterial pathogens have developed exquisite virulence mechanisms to survive 
in the host cells. These virulence mechanisms help them bind and internalize into 
host cells, replicate, and evade the host immune response. The mammalian host 
itself has developed its own repertoire of weapons to prevent this from happening. 
One important component of host response in preventing infections in the gut 
lumen is the diverse commensal microbiota present. Dysbiosis of the gut microbiota 
has been implicated in the development of many gastrointestinal diseases. A poten-
tial therapeutic pathway to solve these diseases would be by providing probiotics 
and/or prebiotics to help stimulate growth of the beneficial commensal bacteria. 
Here, we will present evidence of commensal microbiota imbalance in the develop-
ment of disease as well as potential therapies to restore gut harmony.

Keywords: probiotics, bacterial infections, prebiotics, microbiota, therapeutics

1. Introduction

Probiotic microorganisms have been extensively studied for their beneficial 
effects in not only maintaining the normal gut mucosa but also protection from 
allergens, pathogens, and toxins [1, 2]. The gastrointestinal tract (GI) and its associ-
ated microbiota is a complex system that allows for the digestion and absorption 
of critical nutrients. Additionally, the presence of the commensal bacteria leads to 
the development and regulation of the mucosal immune system [3]. It is believed 
that 60% of all fecal matter mass in humans consists of bacteria and that there are 
between 1010 and 1012 colony-forming units per gram of intestinal content in the 
colon [4]. The intestinal epithelium is a physical and biochemical barrier that seeks 
to protect mammalian cells from infection and injury from contaminants such as 
toxins, pathogenic bacteria, commensal bacteria, and even other luminal contents. 
Specialized intestinal epithelial cells (IECs) are able to sense and respond to these 
stimuli with appropriate responses such as increasing their barrier function to 
activation of anti-pathogenic immune mechanisms [3].

The International Scientific Association for Probiotics and Prebiotics (ISAPP) in 
2014 agreed on a consensus definition of probiotics based on the previous Food and 
Agriculture Organization of the United Nations and World Health Organization 
(WHO) definition. ISAPP defines probiotics as ‘live microorganisms that, when 
administered in adequate amounts, confer a health benefit on the host” [5]. 
Probiotics have been used for the treatment of Helicobacter pylori infection, irritable 
bowl syndrome, and inflammatory bowel disease (ulcerative colitis and Crohn’s 
disease) in addition to enhancing the immune system of healthy individuals [6–12].
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Though in vivo and in vitro studies suggest that probiotics can be beneficial [1, 
2, 13], the exact mechanism(s) remains to be fully explained. Four mechanism are 
believed to be involved: (a) maintenance of the gut epithelial barrier, (b) competi-
tive exclusion of pathogenic organisms, (c) secretion of antimicrobial products, and 
(d) regulation of the mucosal immune system in favor of the hosts.

The major defensive mechanism of the gut is the intestinal barrier which main-
tains epithelial integrity and to protect the host from the environment. In defense of 
this barrier, there exists the mucous layer, antimicrobial peptides, secretory IgA and 
the epithelial junction adhesion complex [14]. Disruption of these defense mecha-
nisms allows for the bacteria and food antigens to reach the submucosa, which can 
induce an inflammatory response potentially leading to the intestinal disorders such 
as inflammatory bowel disease [15, 16].

1.1 Probiotics

The most common probiotic strains used are Lactobacillus, Bifidobacteria, and 
the yeast strain Saccharomyces cerevisiae var. boulardii. Lactic acid bacteria and 
bifidobacteria have been shown to remove heavy metals [17], cyanotoxins [18], 
and mycotoxin from in vitro aqueous solutions [19, 20].

In regards to maintenance of the gut epithelial barrier, one can upregulate the 
genes important for this process [21]. Lactobacilli treatment has been shown to 
affect several genes including E-cadherin and β-catenin that affect adherence cell 
junctions in a cell culture model. The phosphorylation and abundance of adherence 
junction proteins including PKCδ [22] has been seen with Lactobacilli treatment. 
The probiotic Escherichia coli Nissle 1917 strain (EcN1917) can initiate repair of the 
intestinal barrier after damage by enteropathogenic E. coli by enhancing the expres-
sion and redistribution of tight junction proteins of the zonula occludens (ZO-2) 
and PKC [23, 24]. Treatment with Lactobacillus casei DN-114001 [25] and VSL#3 
(an eight combination probiotic strain mixture) [26] also affect the gut barrier.

Another method to promote epithelial barrier function may be to increase 
mucin production thereby leading to increased barrier function as well as exclu-
sion of pathogens and toxins. There have been contradictory data for both in vitro 
and in vivo experiments as to whether mucin production occurs in response to 
probiotic treatment. Some studies have suggested Lactobacillus adhesion is required 
to increase mucin production, which may not occur in vivo [27, 28]. However, a 
Lactobacillus acidophilus A4 cell extract has been shown to increase MUC2 expres-
sion in HT29 cells independent of attachment [29]. VSL#3 has also been shown to 
increase expression of MUC2, MUC3, and MUC5AC in HT-29 cells [26]. In vivo 
studies of mucin production have also been inconsistent. VSL#3 given to mice 
for 14 days did not show any increase in mucin production or thickness [30] 
whereas rats given VSL#3 for 7 days have a 60-fold increase in MUC2 expression 
and  secretion [31].

1.2 Prebiotics

Prebiotics and their beneficial effects on human health have been of interest in 
recent years because of their perceived safety since they are derived from dietary 
products. The definition of prebiotics has changed somewhat from their initial 
description in 1995 by Glenn Gibson and Marcel Roberfroid [32]. Today, the general 
consensus is that “dietary prebiotics” are “selectively fermented ingredients that 
results in specific changes in the composition and/or activity of the gastrointestinal 
microbiota, thus conferring benefit(s) upon host health” [33]. There are many types 
of prebiotics but they can be segregated into the following groups [33]: (1) fructans, 
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(2) galacto-oligosaccharides (GOS), (3) starch and glucose-derived oligosaccha-
rides, (4) other oligosaccharides, and (5) non-carbohydrate oligosaccharides.

Fructans, such as inulin and fructose-oligosaccharides (FOS)/oligofructose, 
generally have a linear chain of fructose with a β(2 + 1) linkage usually with termi-
nal glucose units with a β(2 + 1) linkage with variable degrees of polymerization 
(DP) [33–36]. GOS is the product of lactose extension that can be classified into 
two subgroups: (i) excess galactose at C3, C4 or C6 and (ii) derived from enzymatic 
trans-glycosylation [33]. The product of the enzymatic trans-glycosylation is a 
mixture of tri-to pentasaccharides with galactose known as trans-galacto-oligo-
saccharides (TOS) [37, 38]. In addition, there are GOSs derived from lactulose, 
an isomer of lactose, as well as raffinose family of oligosaccharides (RFO) [33, 
37]. Starch that is resistant to the upper gut digestion is known as resistant starch 
(RS) and is considered a prebiotic along with polydextrose (glucose-derived 
oligosaccharide) [39, 40]. Pectin derived oligosaccharides (POS) are derived 
from an extension of galacturonic acid or rhamnose [33]. The carboxyl groups of 
POS can be modified with methyl esterification as well as acetylated at C2 or C3. 
Additionally, many different types of sugars (i.e. arabinose, galactose, and xylose) 
or ferulic acid can be linked to the side chains of POS [41, 42]. Though most of 
the accepted compounds defined as prebiotics are carbohydrates, there are some 
non-carbohydrate compounds that are recommended to be classified as prebiotics, 
i.e. cocoa-derived flavanols [33, 43].

How do prebiotics affect human health? What mechanism(s) are involved? 
Since prebiotics are derived from dietary products, they provide the metabolic 
energy for the gut microbiota. This means that they can affect the composition and 
function of these microorganisms. For example, GOSs can stimulate the growth of 
Bifidobacteria and Lactobacilli to a high degree while Enterobacteria, Bacteroidetes, 
and Firmicutes growth levels occurred at a lower level [35]. Cross-feeding, the 
production of a by-product that can sustain another microorganism, can occur and 
an example is the degradation of resistant starch by Ruminococcus bromii to provide 
energy for several other species [44].

In addition to feeding the gut microbiota, the fermentation of prebiotics can 
generate metabolites such as short chain fatty acids (SCFA) (i.e. lactic acid, butyric 
acid, and propionic acid) that have dramatic effects not only on the intestinal 
environment but can affect distant organ sites as well as the immune system. SCFAs 
decrease the pH of the gut that can alter the composition of the microbiota [45, 46]. 
A pH unit decrease affects acid sensitive species such as Bacteroides and increases 
butyrate production by Firmicutes [45]. Butyrate itself has been shown to be impor-
tant for intestinal cell development [47]. As reviewed in [33], propionate affects the 
TH2 helper cells, macrophages, and dendritic cells while peptidoglycan stimulates 
the innate system.

2. Bacterial infections and the disruption of gut homeostasis

Bacterial pathogens are microorganisms that have the ability to cause disease due 
to their specialized virulence factors or that can arise from a dysbiosis such as from 
antibiotic treatment that can eliminate the normal healthy flora of the gut leading to 
opportunistic infections from commensals or normally non-pathogenic organisms.

2.1 Bacterial pathogens, virulence factors, and mechanisms of pathogenesis

Some of the best-known bacterial pathogens are Salmonella enterica, Listeria 
monocytogenes, Vibrio cholera, Shigella flexneri, Shiga toxin producing E. coli 
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(STEC) (i.e. E. coli 0157:H7), Clostridium difficile, Clostridium perfringens, and 
Clostridium botulinum. Both Gram-positive and Gram-negative pathogens must 
develop mechanisms to outcompete the normal gut microbiota, bind/invade 
cells, avoid detection and killing from the host immune system. Some important 
pathogen virulence mechanisms consist of specialized secretion systems that 
encode factors important for all the above steps in pathogenesis. The type III 
secretion systems (TTSS/T3SS) encoded by some Gram-negative pathogens 
such as Salmonella, Vibrio, Shigella, Escherichia coli, and Yersinia are well-known 
examples. Other specialized secretion systems are the T4SS and T6SS. T6SSs are 
prevalent in both pathogens and commensals suggesting their importance in the 
intestinal environment [48]. For non-intracellular pathogens, bacterial toxins 
[i.e., Listeriolysin O (LLO), botulinum neurotoxins (BoNTs), alpha toxin-C. 
perfringens, TcdA/TcdB-C. difficile] are important virulence factors that can bind 
to and enter the intestinal epithelium and/or their target cells to effect their func-
tions (i.e. cytotoxicity).

One important growth restriction system on the part of hosts/intestinal 
flora is the sequestration of iron, which is absolutely required for growth. For 
example, Salmonella enterica can evade lipocalin-2-mediated growth restriction 
by producing modified siderophores that cannot be bound by lipocalin-2 [49]. 
The T4SS and T6SS systems can be utilized for intra-and-inter bacterial species 
warfare. Bacteroides strains encoding the T6SS have been shown to target sensi-
tive Bacteroides spp. suggesting they limit their competition [50–52]. Salmonella, 
Vibrio, and E. coli have also been shown to use T6SS against their competition, the 
intestinal microbiota [53–55].

2.2 The mammalian host response to bacterial infections

Probiotic strains have been shown to induce the release of defensins, small 
peptides/proteins active against bacteria, fungi, and viruses but also are able to 
stabilize the gut barrier from epithelial cells. Host cells are able to mount as a first 
line of defense against pathogens increased production of antimicrobial proteins 
(AMPs) such as α- and β-defensins, cathelicidins, C-type lectins and ribonucleases. 
Many of these proteins disrupt the cell wall structures of the bacterial membrane 
either through enzymatic (i.e. lysozyme, phospholipase A2) or non-enzymatic 
mechanisms (i.e. pore formation by defensins and cathelicidins) [56–58].

The effect of commensal and probiotic bacteria on the host immune system is 
complex and not fully understood. It is believed that the effect of probiotic bacteria 
in modulating the immune system lies with its potential interactions with the host 
innate immune system by activating pattern recognition receptors (PRRs) that rec-
ognize common structures called pathogen-associated molecular patterns (PAMPs) 
shared by the vast majority of pathogens. Of note are the potential interactions with 
toll-like receptors (TLRs), extracellular C-type lectin receptors (CLRs), and intra-
cellular nucleotide-binding oligomerization domain-containing protein (NOD)-like 
receptors (NLRs) that recognize PAMPs such as lipopolysaccharide (LPS), peptido-
glycan, lipoprotein, flagellin, and CpGDNA. Activation of these receptor complexes 
will activate multiple downstream signaling pathways that may induce a pro- or 
anti-inflammatory response. Dysregulation of the pro-inflammatory response has 
been implicated in Crohn’s disease with human intestinal inflammation as well as 
human autoinflammatory disease [59]. However, expression levels of some of these 
PRRs are low in immune cells therefore the ability to rapidly induce the expression 
of the PRRs such as NLRP3 in response to PAMP stimuli are absolutely critical in the 
defense against potential pathogens [60–64].
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3.  Probiotic mechanisms of antagonism against bacterial growth  
and gene expression

In 1969, Greenberg [65] described the phenomena that Salmonella typhimurium 
was completely excluded from maggots of blowflies. The term “competitive exclu-
sion” was used to define the scenario in which one species of bacteria more vigor-
ously competes for the receptor sites in the intestinal tract than another species. 
There are a variety of mechanisms used by one bacterial species to exclude or reduce 
the growth of another species such as creation of a hostile environment, blocking 
available receptor sites, production and secretion of antimicrobial products and 
specific metabolites, and competitive depletion of essential nutrients [66].

Lactobacilli and bifidobacteria have been shown to inhibit a broad range of 
pathogens including E. coli, Salmonella, Helicobacter pylori, Listeria monocytogenes 
and rotavirus [6, 67–73]. Competition for host cell surface receptors by some probi-
otics has been successful against some enteropathogens [74–76]. L. rhamnosus can 
prevent enterohemorrhagic E. coli (EHEC) internalization [77]. Probiotic inhibition 
of pathogen binding to host cells relies heavily on steric hindrance [78].

Lactobacilli have been shown to produce bacteriocins that are active against 
some foodborne pathogens [79]. Additionally production of various metabolites 
and low molecular weight products by probiotics have been shown to have antimi-
crobial and antifungal properties such as low molecular weight species, deconju-
gated bile acids, and cyclic dipeptides among others [80–85]. Enterococcus faecium 
BGPAS1–3 has been shown to produce a cell wall product that has an anti-listerial 
effect, prevents tight junction disruption, as well as modulating the TLR2/TLR4 
immune response to Listeria monocytogenes ATCC19111 [86]. L. plantarum ATCC 
8014 has recently been shown to have in vitro antimicrobial activity against C. 
butryicum ATCC 860, C. difficile ATCC 9689, and C. perfringens ATCC 12924 sug-
gesting that this probiotic strain may have therapeutic potential [87].

The production of antimicrobial substances such as lactic and acetic acid is 
one example of probiotics making the host environment hostile for pathogens. 
Lactobacillus co-cultivation with E. coli O157:H7 in broth culture produced organic 
acids which lead to a decrease in both pH and stx2A expression [88]. Low pH also 
prevented the induction of Stx prophage [89]. Mice given Lactobacillus reuteri 
with E. coli O157:H7 had decreased intestinal pathogen count, weight gain, and 
less kidney damage than controls [90]. The presence of probiotics in cattle feed 
reduced the amount E. coli O157:H7 seen in cattle [91]. Bifidobacterium strains 
decrease STEC and in vivo expression of Shiga toxin due to low pH and produc-
tion of acetate [92, 93]. Pre-treatment with live Lactobacilli before Salmonella 
enterica Javiana infection in a tissue culture model showed decrease expression of 
virulence genes, less cytotoxicity, and reduced host production of inflammatory 
cytokines [94].

4. Probiotics and inhibition of bacterial toxins

Clostridium botulinum is an ubiquitous, gram-positive, anaerobic spore-forming 
organism that is the causative agent of botulinum. The botulinum neurotoxins are 
one of the most lethal toxins known to mankind with a parenteral lethal dosage of 
0.1–1 ng/kg and an oral dose of 1 μg/kg. Due to this high toxicity and potential for 
bioterrorism, botulinum neurotoxins (BoNTs) are considered Tier 1 category Select 
Agents by the Centers for Disease Control and Prevention (CDC). BoNTs are a pub-
lic health and safety threat in the form of foodborne, wound, and infant botulism.
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In order to cause disease for foodborne botulism, BoNTs must first be able 
to survive in the intestinal lumen, bind to and translocate through the intestinal 
epithelium to reach the bloodstream [95]. Once in the bloodstream, BoNTs bind 
to peripheral cholinergic neurons to cleave SNAREs and block exocytosis of neu-
rotransmitters hence leading to flaccid muscle paralysis. Similar to other classic 
A-B chain toxins, the heavy chain (B chain) of BoNTs bind to carbohydrate and 
protein receptors on their target cell while the light chain (A chain) has the enzy-
matic function. Therefore, there are two potential therapeutic pathways to block 
BoNT intoxication: (1) blocking binding/translocation at the intestinal epithelium/
target cells and (2) degradation or inactivation of the toxin It has been shown that 
pre-treatment with probiotics (Saccharomyces cerevisiae var. boulardii, Lactobacillus 
acidophilus, Lactobacillus rhamnosus LGG, and Lactobacillus reuteri) was able to 
block toxin binding to cells in an in vitro Caco-2 cell culture model and that the 
mechanism most likely used by the probiotics was steric hindrance of binding to 
host receptors [96].

Another mechanism to inactivate bacterial toxins would to be to subject them to 
proteolysis thus rendering them inactive. S. boulardii has been shown to produce a 
54-KDa protease that is able to cleave and inactivate the two main C. difficile toxins, 
TcdA and TcdB [97] in a HT-29 colonic cell model. Whether or not this occurs in any 
significant degree in human infection is still unclear.

5.  Probiotics and/or prebiotics as therapeutics to combat gastrointestinal 
diseases and bacterial infections

Studies in using probiotics as a treatment for a diverse set of diseases ranging 
from colorectal cancer, traditional gastrointestinal diseases (i.e. IBS/IBD/RCDI), 
as well as non-gastrointestinal diseases such as arthritis, autism, multiple sclerosis, 
and Parkinson’s among others [99] has been undertaken. In this chapter, we will 
focus mainly on the effect probiotic and/prebiotic treatments on gastrointestinal 
diseases.

The therapeutic potential of prebiotics has been investigated for some gastro-
intestinal disorders. Irritable bowel syndrome (IBS) is a gastrointestinal disease 
characterized by chronic pain and altered bowel movements with no clear cause. 
Crohn’s disease, a chronic relapsing inflammatory bowel disease (IBD), can affect 
any part of the gastrointestinal tract. For both conditions, it has been speculated 
that a shift in the gut microbiota population lays at the foundation of these diseases. 
It has been shown that the Bifidobacteria, Faecalibacterium prausnitzii, Bacteroides to 
Firmicutes population ratio were decreased [100, 101].

Therefore, prebiotics were hypothesized as a potential therapeutic because of its 
known properties to stimulate the growth of beneficial bacteria. In regards to IBS, 
the results were unclear for 4 clinical trials. Two clinical trials had no improvement 
[102, 103] whereas two studies using FOS and GOS showed an improvement in IBS 
symptoms [104, 105]. In the case of Crohn’s disease, one study showed improve-
ment [106] while two did not [107, 108]. As reviewed in [109], their analysis of 
available studies indicated that generally, the conclusions were supportive of probi-
otic treatment for IBS, however, the exact beneficial strains to be used were unclear. 
The caveats from these studies were the variabilities in the type of prebiotic(s) 
used, the dosage, time of supplementation, and patient disease stage. As has been 
used in the treatment of recurrent C. difficile infection (RCDI), fecal microbiota 
transplantation (FMT) has also been used with success in the treatment of IBS and 
IBD (i.e. Crohn’s disease) [99].
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The recurrent infection in humans with recurrent Clostridium difficile infection 
(RCDI) in hospitalized patients treated with antibiotics is a severe problem. Studies 
have successfully used the transfer of healthy gut microbiota to the infected indi-
viduals as a treatment [110, 111]. As reviewed in [99], an amazing success rate of 
≈92% of RCDI patients was found after FMT therapy.

Another area of medical use that prebiotics may impact is on the health of pre-
term neonates. These babies are at significant risk of developing the severe gastro-
intestinal condition necrotizing enterocolitis (NEC), a life-threatening condition. 
Studies have shown that FOS and GOS prebiotics can help prime the growth of gut 
bacteria such as Bifidobacteria and reduce pathogenic organisms in preterm babies 
[112–114] thereby preventing NEC. Additionally, SCFAs from prebiotic fermenta-
tion enhances both gastric emptying and bowel motility [115, 116]. A systemic 
analysis of four randomized controlled trials showed elevated concentrations of 
fecal Bifidobacteria if babies were given FOS, GOS, or their mixture, but there was 
no significant risk reduction or progression to NEC [117]. In a review of several 
studies regarding probiotics and their effectiveness in preventing necrotizing 
enterocolitis (NEC) in preterm infants [13, 118], the authors concluded a beneficial 
effect of using probiotics but this benefit decreased over time. However, since the 
studies varied in age, doses, and duration of treatment, this observation has prob-
ably very little effect on NEC.

The successful use of probiotics in treating acute infectious diarrhea (AID) in 
children is well documented and accepted treatment therapy [119]. It has beneficial 
effects for children at risk (i.e. hospital acquired diarrhea) and should be used early 
after onset of symptoms. Its usage, however, in healthy populations as a preven-
tive measure to prevent diarrhea in day care centers and communities is currently 
unknown and not advised.

It has been shown that E. coli Nissle 1917 can outcompete Salmonella for iron 
leading to reduced Salmonella colonization and inflammation [120]. E. coli Nissle 
1917 also can prevent L. monocytogenes entry into cell lines [121]. Probiotic treat-
ment against Listeria infections has best been shown in the poultry industry. 
Competitive exclusion (CE) cultures have been developed and used successfully. 
Pre-treatment with CE prevented the expansion of Listeria monocytogenes in young 
chickens [122].

The development of synthetic oligosaccharide-based mimics such as Synsorb 
(inert silica particles-linked to synthetic oligosaccharides) have been developed 
against a variety of toxins including: Stx1/2-Gb3, Stx2e-Gb4, Ctx-GM1, LT-GM1, 
epsilon toxin–GM2, TcdA-Lewis X and Lewis Y, botulinum neurotoxin- GD1a, 
GT1b, E. coli K88 ad fimbriae-nLc4, E. coli P pili- Gb3 and Gb4 [98]. However, the 
results for these synthetic oligosaccharide conjugates have been mixed. Synsorb-PK 
was designed as a mimic for Gb3, receptor for Stx1/2, to prevent intoxication with 
Shigella and STEC strains but failed to prevent the progression of children to 
hemolytic uremic syndrome (HUS) in a clinical trial [123]. However, there could be 
at least two reasons as to the failure of this compound, (1) treatment given late in 
the onset of disease and (2) potential steric hindrance of the size of the compound. 
Synsorb-90 was developed in the treatment of severe colitis due to C. difficile 
infection. This compound was able to bind TcdA in vitro as well as decrease toxin-
mediated fluid secretion in a rat-ileal loop model [124]. However, phase III clinical 
trials for Synsorb-90 was abandoned after promising results from both phase I and 
phase II trials so we still do not know its efficacy [125].

STEC gastroenteritis has not been traditionally treated with probiotics/FMT as 
has been seen with acute gastroenteritis and RCDI. There has been a plethora of 
evidence suggesting the role of probiotic strains in having an antimicrobial effect 
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on STEC but the effects were dependent on the strain(s) used as reviewed in [126]. 
Additionally, recombinant receptor mimics have been targeted against STEC [98].

In the three studies that mimicked human digestive conditions, S. cerevisiae 
CNCM I-3856 was implicated in having antagonistic effects on STEC includ-
ing downregulating Stx expression and how the resident microbiota regulates 
 infectivity [126–129].

Though there have been many successful and safe uses of probiotics for treat-
ment of multiple conditions, there have been reported side effects linked to their 
usage especially in vulnerable populations [130]. As reviewed in [131], there has 
been movement toward using extracellular vesicles (EVs) derived from probiotic 
strains (both Gram-negative and Gram-positive) to deliver the same beneficial 
effects as from using the probiotic strains themselves. There are many different 
pathways that EVs utilize including bacteria-bacteria communication, affecting host 
microbial interactions, host immune system, increasing tight junction function, 
and decreasing inflammatory responses from TLR signaling [131].

6. Future works and perspectives

It has been shown that the development of gastrointestinal disease is due to an 
imbalance in the host response (physical, commensal microbiota, adaptive/innate 
immune systems) to bacterial infections. There has been an increasing accumula-
tion of evidence (in vitro, in silico, and some in vivo) supporting the key role that 
the resident microbiota in the gut plays in mitigating bacterial infections as well as 
metabolic and physical diseases. There has been development of novel therapies all 
designed to replace/regenerate the lost beneficial commensal strains in a variety 
of diseases such as IBS, IBD, acute gastroenteritis, NEC, RCDI, etc. There has been 
tremendous success in the treatment of RCDI, IBS, and IBD using FMT therapy. 
However, it is still unclear from all the evidence that giving probiotics and/or 
prebiotics will mitigate all gastrointestinal diseases [13]. The beneficial effects of a 
probiotic(s)/prebiotic mixture is utterly dependent on many factors including: time 
of dosage in relation to disease, probiotic strains used, prebiotics given, dosage, 
time of treatment, pre, post, and the pre-existing health and/or the microbiota of 
the host. Additionally, the clinical trials should also be developed with statistical 
power to clearly answer the question at hand.
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Chapter 4

Cholesterol Uptake and Survival 
of Lactococcus lactis Strains in 
Fluids Simulating the Human 
Stomach and Duodenum
Małgorzata Ziarno

Abstract

Scientific evidence exists showing that lactic acid bacteria, including the genus 
Lactococcus, have the capacity to bind and remove cholesterol. However, in many 
cases, in vivo and in vitro results are not unambiguous or reproducible; thus it 
appeared valid to conduct a study which would explain what factors determine 
adhesion and assimilation of cholesterol by Lactococcus. The study on Lactococcus 
bacteria under in vitro conditions in model digestive fluids may contribute to 
the explanation of the observed ambiguities. In vitro research has proven that 
Lactococcus is capable of removing free cholesterol under in vitro conditions in 
broths without bile salts, as well as in a simulated gastric fluid and in the conditions 
of simulated intestinal fluid. The amount of cholesterol removed by live cells of 
Lactococcus is directly proportionately dependent on the concentration of this sub-
stance, incubation temperature, count, and viability of cells. However, oftentimes 
these relationships are not linear. Under the conditions of model gastric fluid or 
intestinal fluid, the cultures of Lactococcus release portion of the previously bound 
cholesterol, independent of cell viability. The survival rate of Lactococcus cells in 
simulated gastric fluid or simulated intestinal fluid depends on the tested bacterial 
culture and does not depend on the presence of cholesterol.

Keywords: cholesterol, Lactococcus, survival, gastrointestinal tract, duodenum, 
gastric acid

1. Introduction

Coronary ischemia, known as the coronary disease, is one of the modern civili-
zation diseases, whose cause is coronary atherosclerosis (so-called atherosclerotic 
coronary plaque) in over 90% of cases, leading to their stenosis. One of the risk fac-
tors for the formation of atherosclerotic coronary plaques is hypercholesterolemia, in 
particular elevated concentration of LDL cholesterol. Scientific data exist indicating 
that consumption of fermented milk products reduces the level of cholesterol in 
humans. Some of the studies (on animals and human volunteers) indicate that the 
reduction of the cholesterol level in blood serum is caused by lactic acid bacteria 
present in fermented milk drinks. Numerous in vitro studies demonstrate that the 
capacity to reduce the cholesterol level may be exhibited not only by the strains with 
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documented probiotic traits but also some “traditional” lactic acid bacteria used in 
the production of cheese, cream, or fermented milk products. The role of Lactococcus 
in dairy fermentation is mostly down to the production of lactic acid; however these 
bacteria utilize less than 0.5% of lactose from milk. Only Lactococcus lactis is appli-
cable in the dairy industry, with its two subspecies: Lactococcus lactis subsp. lactis and 
Lactococcus lactis subsp. cremoris. These subspecies comprise the basic component of 
dairy mesophilic starter cultures, used for the production of cream, buttermilk, cot-
tage cheeses, cheeses, and fermented milk [1–3]. In the process and functional terms, 
Lactococcus possess all the traits required for starter cultures: the capacity to ferment 
lactose, resistance to low pH, low temperature, and high concentrations of cooking 
salt. They are characterized by stability and suitable survival time during lyophiliza-
tion and freezing and in the storage process of starter cultures [1, 2, 4].

Furthermore, lactic acid bacteria have the capacity to reduce the level of choles-
terol in simulated conditions, i.e., culture media. It is known that lactic acid bacteria 
are not capable of metabolizing cholesterol, meaning its transformation into other 
compounds. It has been noted that bacterial cells are capable of binding cholesterol, 
consisting in adhesion of substances by the cell wall or its assimilation into cell wall. 
It has also been suspected that lactic acid bacteria are capable of deconjugating bile 
salts being the component of bile, followed by coprecipitation of cholesterol with 
deconjugated bile acids. Furthermore, tests on gnotobiotic animals demonstrated 
that hydrolysis of bile enhances its secretion and thus may contribute to reduction 
of the cholesterol level in blood serum. Moreover, the cholesterol level in the human 
organism may be also influenced by exopolysaccharides (EPS) produced by numer-
ous lactic acid bacteria species. It is believed that these bacteria, similar to fiber, can 
bind cholesterol and bile acid molecules present in intestines and remove them from 
the human organism.

In many cases, results of in vitro studies are not unambiguous, or lack of their 
reproducibility has been determined. It turns out that also in vivo tests conducted 
on human volunteers or experimental animals do not produce unambiguous results 
or that their results are divergent. Considering that it is difficult to explain as to why 
this happens, such studies are frequently criticized for methodological and techni-
cal errors and lack of reproducibility.

2.  Influence of lactic acid bacteria, including Lactococcus, on the 
cholesterol level in humans

The extensive collection of scientific publications devoted to health-promoting 
properties of lactic acid bacteria includes articles presenting studies on the pos-
sibility of reducing the cholesterol level in human and animal organisms through 
consumption of fermented milk products including traditional and probiotic strains 
of lactic acid bacteria.

As early as in 1974, Mann and Spoerry [5, 6] determined the reduced level of 
cholesterol in the blood serum of men from the African Maasai, which stemmed 
from the consumption of high amounts of fermented milk containing wild lactic 
acid bacteria strains. This research enabled researchers to look for the methods of 
reducing the cholesterol level in the human organism, although the first reports on 
the positive impact of fermented milk drinks on the reduction of the cholesterol 
level in live organisms were criticized due to their methodological and technical 
errors. However, these studies opened a new route for researchers in terms of the 
search of methods of cholesterol level reduction in the human organism, increasing 
the chances of the modern human populations in the combat with cardiovascular 
disorders [7–13].
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The interpretation of study results concerning the influence of lactic acid 
bacteria on the cholesterol level obtained under in vivo conditions on living organ-
isms is not easy. Organisms of animals and humans differ in terms of mechanisms 
of regulation of lipid metabolism, including cholesterol. It should be taken into 
account that introduction of lactic acid bacteria to the gastrointestinal tract does 
not only have a direct influence on the cholesterol metabolism but also on the entire 
intestinal microflora, which is capable of metabolizing cholesterol and other lipids, 
as indicated by the study results obtained by Hosono et al. [14]. This might be the 
cause for the difficulties in proving the positive influence of lactic acid bacteria on 
the cholesterol level in the human organism.

Certain in vitro studies from this field conducted within the last dozen or so years 
enabled assumption that it is lactic acid bacteria that produce the effect of cholesterol 
level decrease in humans and animals consuming fermented milk products. Numerous 
study results are available in the literature concerning cholesterol level reduction under 
laboratory conditions in model media. Decrease of the cholesterol level in culture 
media has been determined for numerous species and strains of lactic acid bacteria. 
The majority of research concerns thermophilic bacilli of the genus Lactobacillus 
[14–22]. Other genera of bacteria exhibiting similar property include Streptococcus, 
Enterococcus, Lactococcus, and Leuconostoc [20, 21, 23–26]. According to these studies, 
the cholesterol binding capacity can be exhibited not only by strains with probiotic 
characters documented by research but also certain lactic acid bacteria species that are 
traditionally used to manufacture dairy products and included in dairy starter cultures.

It should be borne in mind that despite the results of in vitro and in vivo studies 
on animals and humans, it is impossible to unambiguously confirm or negate the 
capacity of lactic acid bacteria to reduce the cholesterol level in the blood serum due 
to the possibility of methodological and technical errors and the lack of reproduc-
ibility [27]. The more so that the level of cholesterol in blood serum is positively 
correlated not only with the amount of cholesterol taken with food but also depends 
on the intake of saturated fatty acids and refined carbohydrates. Therefore, the 
definite confirmation of the manner in which lactic acid bacteria exercise a benefi-
cial influence on the level of cholesterol in humans is still missing [28–30].

3.  Mechanism of cholesterol level reduction by lactic acid bacteria 
including Lactococcus in humans

The assumption that lactic acid bacteria may cause reduction of the cholesterol 
level directly in fermented milk products or live organisms was made on the basis of 
numerous in vivo and in vitro studies demonstrating that certain lactic acid bacteria 
produced a reduction of the cholesterol level in the blood serum of experimental 
animals or human volunteers or in model culture media. This type of research has 
been conducted since the 1970s [5, 7, 8, 14, 31–36]. The majority of these studies 
concern the influence of consumption of fermented products or products contain-
ing lactic acid bacteria strains, including primarily probiotic strains. In that time, 
several scientific hypotheses were formed on the mechanisms through which the 
phenomenon of cholesterol level reduction performed by lactic acid bacteria may 
occur. Literature data lists here primarily cholesterol binding, enzymatic deconjuga-
tion of bile salts, production of exopolysaccharides, and synthesis of short-chain 
fatty acids (SCFAs) [15, 21, 23–25, 28, 29, 36–45].

Cholesterol binding by the bacterial cell wall and its incorporation into the cell 
wall or cytoplasmic membrane of bacterial cells are listed among the major mecha-
nisms [9, 19, 23–25, 43]. It is known that cholesterol binding may have different 
paths. Certain bacteria incorporate cholesterol into the cell wall, as exhibited by 
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such genera as Micrococcus, Bacillus, Proteus, or Mycoplasma. In the case of lactic acid 
bacteria, it has been thus far believed that cholesterol is solely attached by the cell 
through physical adhesion and it is not subject to subsequent metabolism. However, 
in vitro tests demonstrated that lactic acid bacteria are also capable of incorporating 
cholesterol into the cell wall [19, 23, 28, 30]. Many scientists have determined that 
the amount of cholesterol bound by lactic acid bacteria cells depends on, among 
others, genus, species, and culture of bacteria, growth phase, viability, and cell 
count [5, 10, 23–25, 38–40, 43]. Research results demonstrate that the strains com-
mercially used in fermented food production are less efficient in binding cholesterol 
in comparison with the strains isolated from the alimentary tract of humans and 
animals [16, 46]. According to the majority of literature data, the phenomenon of 
cholesterol binding by lactic acid bacteria occurs primarily in anaerobic conditions 
and with the presence of bile salts [5, 17, 35, 47]. However, scientific reports have 
been published indicating a lack of or poor correlation between tolerance of bile 
salts and the capacity to bind cholesterol [22, 46, 48].

Another proposed mechanism for cholesterol level reduction in the human 
organism by lactic acid bacteria is the deconjugation of bile salts, associated with 
the activity of bile salt hydrolase (BSH) enzyme [16, 17, 21, 30, 39, 40, 45, 49, 50]. 
Bile salt hydrolase also referred to as cholylglycine hydrolase EC.3.5.1.24 catalyzes 
hydrolysis (also known as deconjugation) of the amide bond in bile acids conju-
gated with taurine or glycine, with the release of primary bile acids and amino 
acids, taurine or glycine [30, 45]. Hydrolysis of bile salts conjugated with taurine 
or glycine is one of the best known microbiological biotransformations of bile salts. 
BSH activity is observed for certain bacteria species isolated from the alimentary 
tract of humans and animals, i.e., strains from genera Lactobacillus, Enterococcus, 
Peptostreptococcus, Bifidobacterium, Clostridium, and Bacteroides, that is, microflora 
from environments rich in conjugated bile acids [14, 30, 35, 39, 40, 45, 51, 52]. A 
study conducted by Tanaka et al. [53] demonstrated BSH activity also in Lactococcus 
lactis, Leuconostoc mesenteroides, and S. thermophilus strains. The details on the 
function of BSH are unknown. It is believed that a relationship exists between BSH 
activity and the natural environment of bacteria. It is likely that hydrolysis of bile 
salts catalyzed by BSH constitutes a protection mechanism against the toxic effect 
of these salts, present in the natural environment of the bacteria. As demonstrated 
in the literature data, the influence of bile salts on the surface of bacterial cells may 
result in changes in the metabolism and structure of the cell wall and membrane 
[23, 54–56]. Such changes have been observed in Lactobacillus bacteria, among 
others. However, some researchers believe that bile acids released by BSH are even 
more toxic toward bacterial cells than their forms conjugated with taurine or glycine 
[48, 53, 57–61]. Recently, a mechanism has been proposed, according to which BSH 
facilitates incorporation of cholesterol or bile salts into bacterial cell membrane 
[62]. The positive effects stemming from the capacity of lactic acid bacteria for 
bile salt hydrolysis are sometimes understated in the literature. It is believed that 
deconjugated bile salts may return to the liver and then to the intestines, where the 
intestinal microflora transforms them into secondary bile salts (SBS), which are 
considered cytotoxic [63]. Deoxycholate and lithocholate are examples of such sec-
ondary bile salts and are formed by removing the 7α-hydroxyl group from primary 
bile salts, cholane and chenodeoxycholate, respectively [28, 30, 64, 65]. Removal of 
the 7α-hydroxyl group from primary bile salts is catalyzed by an enzyme known as 
7α-dehydroxylase. It is suspected that BSH along with 7α-dehydroxylase plays a sig-
nificant role in the gallstone formation [53]. However, no 7α-dehydroxylase activity 
could be found for Lactobacillus strains isolated from humans or dairy products  
[64, 65]. This debunks the myth that lactic acid bacteria and bifidobacteria contrib-
ute to the formation of secondary bile acids and gallstones.
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Another probable mechanism of cholesterol level reduction in the blood serum is 
associated with the capacity of numerous lactic acid bacteria to synthesize exopoly-
saccharides. However, this mechanism remains among the group of hypotheses that 
have been poorly understood and studied [28, 29, 42, 66, 67]. It is suspected that 
EPS influence the absorption of cholesterol, free bile acids, or salts from the intes-
tines through binding and removing them from the organism via the same principle 
as it is performed by nutritional fiber or plant polysaccharides [42, 68]. Nakajima 
et al. [67] demonstrated that the level of cholesterol in the blood serum was lowest 
in the rats fed with milk containing EPS-producing streptococci. Similarly, the HDL 
cholesterol fraction ratio to its total content was highest in the rats fed with diet 
including these streptococci. This shows that EPS produced by Lactococcus lactis 
subsp. cremoris SBT 0495 had a positive impact on the metabolism of cholesterol in 
rats. Moreover, results of in vitro tests carried out by Pigeon et al. [42] suggested 
that bile acid binding by EPS could influence reduction of the cholesterol level via 
its usage in the synthesis of new bile acids in the place of those associated with EPS 
and thus removed from the system. Moreover, they formed a hypothesis that the 
full EPS efficiency in terms of cholesterol or bile acid removal requires the activity 
of BSH-type enzymes in lactic acid bacteria and bifidobacteria. However, these 
researchers did not verify whether this relationship is also present with regard to 
conjugated bile acids (e.g., glycocholic acid, taurocholic acid), as then it would be 
possible that the phenomenon of bile salt binding by EPS does not require activity 
of bile salt hydrolase and it may occur in the conditions prevailing in the intestine. 
Perhaps the cholesterol removal by EPS-producing bacteria is even more complex 
than in the case of bacteria that do not produce these substances. Moreover, it is 
unknown whether the cholesterol bound by EPS is biologically available to human 
organism, as the literature lacks information as to whether this research has been 
conducted in vivo.

Another mechanism, associated with production of short-chain fatty acids, has 
been mentioned among other possible mechanisms of cholesterol level reduction in 
the human organism by lactic acid bacteria [28, 29, 36, 69]. In the human organism, 
propionic acid penetrates to the liver and inhibits the hypercholesterolemic effect of 
acetate, the precursor of cholesterol and a product of fermentation activity of lactic 
acid bacteria. Thus far no in vivo tests have been conducted to confirm this phe-
nomenon. St-Onge et al. [36] further point out to the fact that synthesis of acetate 
by lactic acid bacteria predominates synthesis of other SCFAs.

The aforementioned supposed mechanisms concern reduction of the level of 
cholesterol in the blood serum by lactic acid bacteria. It is presumed that consider-
ing lactic acid bacteria and bifidobacteria do not metabolize cholesterol, then it is 
possible that only binding (adhesion and/or assimilation) of cholesterol by cell wall 
or cytoplasmic membrane occurs in food products. Thus far, it has not been dem-
onstrated that lactic acid bacteria are capable of metabolizing cholesterol, although 
the literature provides examples of studies on the introduction of genes encoding 
activity of such genes to the cells of lactic acid bacteria [70–73]. It is known that 
many other microorganisms produce enzymes that decompose cholesterol to other 
compounds, e.g., cholesterol reductase or cholesterol oxidase [70, 71, 74, 75]. 
Worth noting are intestinal microorganisms producing the enzyme of cholesterol 
reductase that transforms cholesterol into coprostanol (5β-cholestan-3β-ol). In 
the human organism, the anaerobic intestinal microflora transforms cholesterol 
primarily to 5β-coprostanol [76]. It should be noted that coprostanol is poorly 
absorbed in the gastrointestinal tract and it is easily eliminated from the organism 
[14]. Eubacterium coprostanoligenes is a bacteria species that includes cholesterol 
reductase. These bacteria could be used for production of probiotic foods with a 
naturally reduced cholesterol level, and such attempts have been made, yet thus far 
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with poor effects [77]. In vivo tests on animals demonstrated that administration 
of Eubacterium coprostanoligenes has a positive influence on reduction of cholesterol 
in the blood serum [29, 78–80]. This is an indication that providing lactic acid 
bacteria cells with the capacity for cholesterol transformation into coprostanol may 
enable reduction of the cholesterol level already at the stage of fermented product 
formation.

By examining the hypocholesterolemic influence of lactic acid bacteria on the 
level of cholesterol in the blood serum of volunteering humans or experimental 
animals, it should be borne in mind that introduction of additional microflora to 
the intestines may significantly alter the quantitative and qualitative composition of 
the entire intestine ecosystem and its function. As shown in the results of the study 
of Hosono et al. [14], despite the fact that lactic acid bacteria cells do not possess the 
capacity to transform cholesterol into coprostanol, they are capable of influencing 
the amount at which it is excreted from the organism. This forms the effect of the 
influence of lactic acid bacteria on the remaining microorganisms present in the 
intestinal microflora.

4. Cholesterol binding sites by bacterial cells

As stated above, binding (adhesion or assimilation) by bacteria cells is one of 
the major mechanisms for the removal of cholesterol by bacteria from the environ-
ment. Hosono and Tono-Oka [24] have suggested that it is the chemical nature 
and structure of peptidoglycan present in bacterial cell wall that fulfill a major 
role in cholesterol binding. This hypothesis was confirmed by Usman and Hosono 
[43]. They further suggested that a portion of cholesterol could be embedded into 
the bacterial cell walls. The possibility for incorporating cholesterol into the cell 
membrane of lactic acid bacteria was demonstrated in the study of Noh et al. [19].

The phenomenon of cholesterol binding by the cell wall has been indicated by 
similar research conducted on the binding of aflatoxin B1 (AFB1) by lactic acid 
bacteria cells [81–86]. Many researchers point out to the phenomenon of AFB1 
aflatoxin binding by live and dead lactic acid bacteria cultures, which do not possess 
the capacity to metabolize this compound [81, 83–85, 87, 88].

As it is known, Gram-positive bacteria are characterized by a thick cell wall. 
The cell wall of Gram-positive bacteria comprises of peptidoglycan (murein) and 
its associated teichoic and/or teichuronic and lipoteichoic acids and proteins [89]. 
The wall thickness ranges between 15 and 50 nm, corresponding to 20–30 indi-
vidual murein layers. Murein is built of saccharide chains comprising of alternately 
arranged N-acetylglucosamine and N-acetylmuramic acid, joined with a β-(1 → 
4)-glycoside bond [89]. Apart from the saccharide chains, murein contains short 
peptides. The free carbonyl group of muramic acid forms the acceptor for the first 
peptides amino acid. Typically, l-alanine is the first amino acid. The protein portion 
of murein exhibits considerably greater diversity than its saccharide part, as its 
composition depends on the bacteria species, environmental conditions, and even 
the cell age. In Gram-positive bacteria, the cell wall further contains proteins active 
in various physiological and biochemical processes—energy transfer, electron 
and proton transport, cell casing synthesis, etc. [89]. Moreover, various types of 
polymers are associated with murein, such as teichoic acids (teichoic and lipotei-
choic acid) and teichuronic acid. Considering the manner in which these acids are 
attached, they are sometimes referred to as secondary (after murein) polymers 
of bacterial cell wall. The importance of these acids has not been fully explained, 
although numerous assumptions have been made explaining the presence of these 
compounds in the bacterial cell wall. It is possible that these acids play a certain 
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role in bacteria adhesion, biofilm formation, tolerance to environmental acidity, 
resistance to antibiotics, bacteriophages, or UV radiation. Lactic bacteria synthe-
size teichoic and lipoteichoic acids simultaneously or lipoteichoic acids only. The 
characteristic feature of lipoteichoic acids is the presence (at the end of the chain) 
of a glycolipid anchored into the cytoplasmic membrane, and the structure of this 
connection depends on bacteria species. The qualitative composition of cytoplasmic 
membrane phospholipids depends on environmental factors, such as availability of 
nutrients, temperature, pH, and presence of toxic materials. The fatty acids profile 
changes also depending on the genus and species of bacteria and their growth 
phase, which has been used for microorganism grouping and classification attempts 
[69, 74, 90]. C16 fatty acids are the most common, while C12, C14, and C18 fatty 
acids are less frequently found. Methylated, hydroxylated, and branched fatty acids 
or those containing cyclopropane ring are common. Lactobacillic acid—a fatty acid 
containing cyclopropane ring—was first detected in the cytoplasmic membrane of 
lactic bacilli [50, 69].

Literature data indicate that the cell wall or cytoplasmic membrane can form 
the cholesterol binding site. In the case of the cell wall, the bond may have physical 
(adhesion) or chemical character (analogous to incorporation of teichoic, lipotei-
choic, and teichuronic acid incorporation). In the case of a chemical bond, we deal 
with cholesterol assimilation, that is, its incorporation into the cell wall. Cholesterol 
molecules are oriented in the cell membrane in the same manner as phospholipid 
molecules. The polar portion of cholesterol molecule adheres to the polar portion 
of phospholipid. Perhaps, in cytoplasmic membranes of bacterial cells, cholesterol 
molecules are located in the same manner as in membranes of eukaryotic organisms. 
The bacterial cytoplasmic membrane contains compounds with a structure similar 
to steroids, which further indicates the possibility for cholesterol incorporation 
into the cytoplasmic membrane of bacterial cells. However, in order to be incorpo-
rated into the cytoplasmic membrane, cholesterol molecules must be transported 
through the cell wall. As shown in the studies of Kurdi et al. [91], Pigeon et al. 
[42], and Kurdi et al. [61] on bile acids, transport of such large molecules through 
the cell wall is possible even if it threatens the survival of the bacteria. Cholesterol 
binding by the cell membrane is not neutral to the bacterial cell itself. The pres-
ence of such substances as cholesterol in the environment influences the ratio of 
saturated acids to unsaturated acids in the cytoplasmic wall, as well as the structure 
and properties of this membrane. Goldberg and Eschar [92] noted that addition 
of Tween 80 to culture medium increases the concentration of certain fatty acids 
with the concomitant influence on the ratio of saturated acids to unsaturated acids. 
The same happens when the cholesterol molecules are being bound. Dambekodi 
and Gilliland [23] proved that incorporation of cholesterol into the cell membrane 
of bifidobacteria was manifested by changes in its composition and resulted in an 
increase of the resistance of cells growing in the presence of cholesterol to ultrasonic 
lysis. In turn, Taranto et al. [50] demonstrated that bacterial cells growing in the 
presence of cholesterol or bile salts are more resistant to lysis than those growing in 
their absence, contrary to the cells growing in the absence of cholesterol. The cited 
authors observed that addition of cholesterol to culture broth resulted in an increase 
of saturated fatty acid content in lactic bacilli biomass from 44.3% to 56.5% of total 
acids and unsaturated acids from 1.26% to 43.5% of the total amount of fatty acids. 
Furthermore, Kimoto et al. [25] reached a conclusion that the change in the distribu-
tion of fatty acids by Lactococcus lactis cells growing in the presence of cholesterol 
is an effect of its removal from the culture medium and incorporation into the cell 
membrane. Liong and Shah [38] examined the influence of cholesterol on the profile 
of fatty acids of lactic bacilli and determined that the strains growing in the medium 
without addition of cholesterol demonstrated a stronger percentage content of 
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unsaturated acids (oleic and linoleic acids) than the samples, to which cholesterol 
was added. According to Boggs [93] cholesterol forms hydrogen bonds with the 
amide group N▬H of bile acids and oxygen molecules of hydroxyl groups of sac-
charides in fatty acids. It is likely that the same bonds connect the cholesterol with 
phospholipids and glycolipids of bacterial cell membrane [50]. However, according 
to other literature data, no strict relationship exists between lactic acid bacteria 
resistance to bile salts and their capacity to bind cholesterol [46, 48].

5.  Influence of selected factors on cholesterol removal  
by Lactococcus cells

It can be stated that the phenomenon of cholesterol binding and removal by bac-
terial cells is complex. It can be concluded that the contribution of the phenomenon 
of cholesterol molecule assimilation or adhesion by lactic acid bacteria cells depends 
on a wide range of factors, which are not always possible to reproduce or replicate in 
subsequent experiments. Perhaps this depends on the different chemical structure 
of the cell wall, particularly peptidoglycan, as well as lipid profile of phospholipids 
of the cytoplasmic membrane in bacterial cells.

5.1 Influence of cholesterol concentration on cholesterol removal by Lactococcus

The capacity of lactic streptococci to reduce the cholesterol level under in vitro 
conditions was also tested by Hosono and Tono-Oka [24] and Kimoto et al. [25]. 
The cited researchers carried out cultures at 37°C for 24 h. In the study of Hosono 
and Tono-Oka [24], the percentage of cholesterol bound by Lactococcus lactis 
subsp. lactis 12007 and 12546 strains was 25.1 and 30.3%, respectively. Four strains 
of Lactococcus lactis subsp. cremoris bound from 14.2 to 20.9% of cholesterol and 
two strains of Lactococcus lactis subsp. lactis biovar. diacetilactis—29.7 and 33.9%, 
respectively. The capacity to remove cholesterol from culture broth was demon-
strated also in the case of Leuconostoc mesenteroides subsp. cremoris, and it amounted 
to between 11.4% and 14.9%, depending on the strain. In turn, in the experi-
ments of Kimoto et al. [25], bacterial cells from Lactococcus lactis subsp. lactis and 
Lactococcus lactis subsp. lactis biovar. diacetilactis strains removed 53.9–86.7% and 
31.0–97.3% of cholesterol, respectively, from GM17-THIO broth, containing addi-
tion of 0.2% sodium taurocholate and 0.070 g cholesterol per 1 dm3 of medium. 
Moreover, Ziarno [4] examined the capacity of isolates from the genus Lactococcus 
originating from fermented dairy products to remove cholesterol depending on the 
concentration of cholesterol in culture broth (in a range from slightly above 0 g/dm3 
to close to 2 g/dm3). Considering it is known that lactic acid bacteria do not metabo-
lize cholesterol, its loss from post-culture liquid can be seen as the amount of 
cholesterol removed and bound by bacterial cells. Ziarno [4] demonstrated that the 
amount of cholesterol removed by bacterial cells is determined by the preliminary 
concentration of this substance in the culture medium. In general, the more choles-
terol was introduced to the culture broth, the more of it was removed by bacterial 
cells. However, the above statement is true only for low cholesterol concentrations 
in culture broth. With higher concentration of cholesterol in the culture broth, 
amounting to over 1–1.5 g/dm3, its removal by bacterial cells was still observed; 
however the dynamics of this removal was far less pronounced than in broths with 
lower cholesterol concentration. The earlier research indicates a different capacity 
of lactic acid bacteria cultures to remove cholesterol from culture media [6, 94, 95]. 
The differences were observed between individually tested cultures and between 
individual replications for the same culture. This is a confirmation of observations 
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of other researchers [5, 6, 10, 16, 17, 21–26, 38, 41, 46, 48, 96]. A significant effect 
on the diversity of the results obtained not only within the strains but also repeti-
tions seems to be also held by the fact that the mechanism of cholesterol binding 
by bacterial cells can occur via adhesion of cholesterol molecules through the cell 
wall or by embedding it into the cell wall or membrane [9, 19, 23–25, 43]. It appears 
to be obvious that cholesterol adhesion does not produce strong binding, and this 
substance is very easily washed back to the culture broth. In turn, embedding 
cholesterol into the cell wall or cytoplasmic membrane is more durable. This may 
explain the observed considerable dispersion of results and the lack of experiment 
reproducibility.

5.2 Influence of culture temperature on cholesterol removal by Lactococcus

Usman and Hosono [43] demonstrated that Lactococcus lactis subsp. lactis biovar. 
diacetilactis bacteria are capable of binding and removing cholesterol already after 
culture is started, independent of its temperature in the range from 10 to 70°C. After 
addition of salts of such metals as Mg2+, Na+, Ca2+, or K+, the cholesterol binding was 
inhibited. The bacteria bound the highest amount of cholesterol when the pH value 
was about 7.0. The applied culture temperature range indicates that dead bacterial cells 
are also capable of binding cholesterol, which comprised the subject of further tests of 
this study. In turn, Noh et al. [19] demonstrated that lactic bacilli bind cholesterol in 
a culture with constant pH of 6.0, as well as during growth without pH value control. 
Ziarno [4] examined the capacity of Lactococcus cells isolated from industrial dairy 
starters to remove cholesterol in M17 culture broth with application of several tempera-
ture variants of culture (4, 25, and 30°C). The temperature of 4°C aimed at stimulating 
refrigeration conditions and ensuring inhibition of bioactivity of bacterial cells [97, 98]. 
The temperature of 30°C was utilized as the optimum conditions for the development 
of mesophilic bacteria. In turn, the temperature of 25°C was used to simulate room 
temperature conditions. It was proven that bacterial cells from all tested lactic acid bac-
teria cultures reduced the level of cholesterol in culture medium in the applied experi-
mental conditions. As it could be expected, the degree at which cholesterol is removed 
depended on the applied temperature of lactic acid bacteria incubation. The initial 
cholesterol concentration in culture broths was on average 0.606 g/dm3. When the cul-
tures were kept at the temperature of 4°C, mesophilic cultures of Lactococcus removed 
low amounts of cholesterol (from 0.005 to 0.021 g/dm3) [4]. When the cultures were 
carried out at 25°C, the discussed cultures bound from 0.065 to 0.085 g/dm3. In turn, at 
the temperature of 30°C, which is optimum for the development of mesophilic cultures, 
the obtained values of removed cholesterol ranged from 0.068 to 0.104 g/dm3 [4].

5.3  Influence of Lactococcus live cell biomass concentration on  
cholesterol removal

Usman and Hosono [43] determined that cholesterol binding was significantly 
dependent on the amount of bacterial cell biomass and it increased proportionate to 
the increase of the cell count. Furthermore, Liong and Shah [38] observed that the 
amount of cells has a significant impact on the differences in the amount of cho-
lesterol bound by lactic acid bacteria, whereas the growth dynamics for individual 
strains determines the amount of cell biomass and differences in experimental 
results. Ziarno [4] verified the manner in which the concentration level of live cell 
biomass originating from monocultures and multi-species cultures of Lactococcus 
influences the capacity of cultures to remove cholesterol from M17 culture broth. As 
expected, the highest amount of cholesterol was removed in the cultures containing 
10-fold concentrated Lactococcus biomass. At this cell biomass concentration, the 
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studied Lactococcus cultures removed on average between 0.113 and 0.129 g/dm3 of 
cholesterol from its initial content of 0.611 g in 1 dm3 of M17 broth. In turn, bacterial 
biomasses with a 10-fold lower concentration (1×) produced approximately 1.3–1.6-
fold reduction of the amount of cholesterol removed. From a culture broth contain-
ing a 10-fold diluted bacterial cell biomass culture, from 0.054 g/dm3 to 0.066 g/dm3 
of cholesterol was removed after culture maintained for 20h, thus 1.3–1.5 times less 
than in the case of 1× concentrated biomasses [4]. It is worthy of emphasis that in 
multi-species commercial mesophilic starter cultures, used in the dairy industry, 
e.g., cheese and cream production, similar capacities to remove cholesterol were 
observed as in lactic acid bacteria monocultures. However, it should be expected 
that with 10-fold decrease of cell biomass concentration, the amount of choles-
terol removed from culture broth will be decreased proportionately (by 10-fold). 
However, minor differences were observed in the amount of cholesterol removed by 
biomasses with selected live cell concentration levels. This can be explained with two 
phenomena. Firstly, the applied cultures were live and biologically active. During 
the experiments, bacteria propagated, significantly altering the amount of biomass 
capable of binding cholesterol. Microbial analyses demonstrated that the strongest 
increase of Lactococcus population was observed in the culture with the lowest initial 
biomass concentration (10-fold diluted). Bacteria propagation was poorest in the 
cultures with the highest initial concentration of biomass (10×). After completion 
of experiments, in the cultures containing 10-fold diluted biomass of the tested 
mesophilic cultures, the live cell bacteria count was determined at 7–8 log CFU/cm3. 
In cultures with 10-fold concentrated biomass, an average of 6–7 log CFU/cm3 was 
determined [4]. The second explanation for the minor differences in the amount 
of cholesterol removed by Lactococcus biomass with the used live cell concentration 
levels is the concomitant adhesion and assimilation of cholesterol molecules. Most 
likely, with poor growth of bacterial cells, the phenomenon of cholesterol removal 
through its adhesion by the cell wall is predominant. And as it could be expected, 
this type of cholesterol binding is not durable and cholesterol is easily released. In 
turn, the high biological activity of bacterial cells may favor permanent embedding 
of cholesterol into the wall or cytoplasmic membrane of bacteria cells, which likely 
occurred in the experiments of this stage of research, in cultures with the lowest 
initial biomass concentration (diluted 10-fold), in which the greatest increase in 
population was observed.

The obtained study results may find implications for the explanation of hypo-
cholesterolemic influence of products containing lactic acid bacteria. A considerable 
amount of literature data is available on the subject, but these are often contradictory 
[5–7, 10–13]. Based on the results of this study, a hypothesis can be formed that in 
this case the count of live bacteria in the product is important. In order for bacterial 
cells to assimilate cholesterol molecules, their high biological activity is required, 
as demonstrated by Hosono and Tono-Oka [24] for Lactococcus lactis subsp. lactis 
biovar. diacetilactis R-43 strain; the course of this phenomenon is most intensive in 
the logarithmic growth phase. The physical binding of cholesterol by the cell wall 
does not require cell activity, only a suitably long contact time between the cells and 
cholesterol molecules. The same team of researchers noted that not only live but also 
dead cells of the tested strain were capable of binding cholesterol.

5.4  Influence of Lactococcus dead cell biomass concentration  
on cholesterol removal

The sparse literature data on cholesterol removal by inactivated cells prove that 
lactic acid bacteria monocultures are capable of removing cholesterol from culture 
media even after their thermal death [21, 24, 25, 43, 95]. The amount of cholesterol 
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removed by inactivated cells is considerably lower than by biologically active cells, 
which likely stems from the fact that in the case of dead cells cholesterol may not be 
built into the cell wall or cytoplasmic membrane, but it only undergoes adhesion by 
the cells. Furthermore, Ziarno [4] demonstrated that biomass of dead (thermally 
inactivated) cells of Lactococcus, originating from industrial monocultures and 
multi-species cultures, influences cholesterol uptake from the M17 culture broth. 
The highest amount of cholesterol was removed in the cultures containing 10x con-
centrated biomass of dead bacterial cells, from 0.074 to 0.083 g/dm3 of cholesterol 
from the M17 broth. Bacterial biomasses with 1x concentration removed 1.4–1.9-
fold less cholesterol. Tenfold diluted biomass of dead bacterial cells bound from 
0.021 to 0.029 g/dm3 of cholesterol, thus 1.7–2.3-fold less than 1× concentrated 
biomasses. The fact that cholesterol removal occurs even when the bacterial cells 
are dead confirms that the physical binding of cholesterol molecules by the cell wall 
(adhesion) is one of the mechanisms of cholesterol removal by Lactococcus cells.

6. Survival of Lactococcus cells in the human gastrointestinal tract

Literature contains studies confirming the capacity of lactic bacilli to survive 
under in vivo conditions in the human alimentary tract [28, 30, 35, 52, 99, 100]. The 
factors with a significant impact on lactic acid bacteria survivability in the alimen-
tary tract include low gastric pH value, intestine peristalsis, presence of bile acids in 
the pancreatic fluid and various digestive enzymes present in the individual sec-
tions of the alimentary tract, presence of nutrients, as well as bacteria passage time 
through the alimentary tract and their initial count [35, 50, 101–103]. The mentioned 
factors result in a decrease of lactic acid bacteria survival rate, but at the same time 
they may constitute a criterion for the selection of probiotic strains [28, 104].

In order to determine the survival rate of lactic acid bacteria, scientists first deter-
mine their resistance to low pH present in certain sections of the gastrointestinal tract. 
Gastric fluid comprises of the secretion of foveolar cells secreting mucus, chief cells 
secreting digestive enzymes (pepsin), and parietal cells secreting hydrochloric acid. 
The pH of gastric fluid is between 1.5 and 3.0. Secretion of gastric fluid is inhibited 
when the pH drops below 2.0. The temperature inside the stomach is over 37°C, and the 
alimentary content, depending on the individual physiological and emotional circum-
stances, remains in the stomach for average 1–3 h [4]. Results of in vitro tests concern 
survival rate of different lactic acid bacteria strains under conditions imitating low 
pH of the gastric fluid [18, 35, 41, 105–109]. Strains traditionally used to manufacture 
dairy products have also been commonly found to survive the conditions of gastric fluid 
[101]. Also the study of Lankaputhra and Shah [107] indicated that numerous lactic 
bacilli strains survived perfectly the conditions simulating the pH of gastric fluid.

Another subject of the study is the capacity of lactic acid bacteria to survive 
during transport through subsequent sections of the alimentary canal. Here, a 
particular significance is exhibited by the section of the small intestine [102, 110, 
111]. Literature data show that bile salts comprise a serious obstacle for lactic acid 
bacteria, as they contain toxic bile acids [19, 106, 107, 112]. Ziarno and Bartosz [113] 
provided evidence for the influence of cell biomass on the survival of lactic bacilli 
in model intestinal fluid. Cholesterol influences the composition and functioning 
of the bacterial cell wall and membrane, thus producing change in the relationship 
with the surrounding environment, such as resistance to bile acids, pH, or tempera-
ture [46, 48, 50]. Cholesterol uptake by bacterial cells is not neutral to them and 
results in a change of, among others, the profile of fatty acids of the cell membrane 
[23, 25, 38, 50]. Cell responds to stress conditions of the environment with a change 
of the composition of the cell membrane, and it may result in an increase of the 
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resistance of the cell to stress factors [50]. Doubtlessly, this is significant for the 
survival of lactic acid bacteria in various environments they inhabit, such as  
the alimentary tract or food products.

The strains which are not probiotics exhibit lower survival rate of their cells in 
model gastric fluid as compared with probiotic strains [41, 108]. Ziarno and Margol 
[109] examined the capacity of bacteria from several mesophilic starter cultures to 
survive in a simulated gastric fluid. Also in their study, industrial starter cultures 
containing bacteria from the genus Lactococcus were used, which, after propaga-
tion, were kept in a simulated gastric fluid with pH of 2.4 for 3 h at 37°C. The study 
demonstrated that the present streptococci were not resistant to the environment 
of a simulated gastric fluid [109]. On the other hand, intestinal fluid has a more 
complex enzymatic and chemical composition than broths used by other research-
ers, but its influence on lactic acid bacteria cells is typically referred to probiotic 
strains of thermophilic lactic acid bacteria [38–40, 108, 110, 111]. Ziarno [4] tested 
the viability of Lactococcus in model conditions of the alimentary tract in the pres-
ence of cholesterol, separately for the simulated gastric fluid and simulated intestinal 
fluid. Lactococcus isolated from industrial starter cultures were used for the experi-
ments. No influence of addition of cholesterol on the viability of Lactococcus cultures 
in a simulated gastric fluid could be demonstrated, although reduction of live cells 
in the range from 1 to 3 log CFU/cm3 was observed. Lactococcus cells exhibited low 
tolerance also to the conditions of simulated intestinal fluid, considerably lower than 
the simulated gastric fluid. From the initial cell population of average 6–7 log CFU/
cm3, only 2–3 log CFU/cm3 remained after 6 h of experiment, with few exceptions 
surviving at the level of 6 log CFU/cm3, independent of the addition of cholesterol. 
The lack of influence of cholesterol in simulated intestinal fluid on the survival rate 
of lactic acid bacteria cells was also demonstrated in earlier research [114, 115]. The 
study conducted by Ziarno [114, 115] utilized bacteria cultures isolated from com-
mercial pharmaceutical preparations and commercially available dairy products or 
dairy starter monocultures. Cells of lactobacilli tolerated conditions of simulated 
intestinal fluid better than bifidobacteria cells and Lactococcus lactis cells.

The good tolerance of bacterial cells to the conditions of simulated digestive 
fluids can be explained by the occurrence of these bacteria in the alimentary tract 
of humans and animals. Numerous factors determine lactic acid bacteria viability, 
including pH, temperature, oxygenation, and presence of toxic substances toward 
bacterial cells [101–103]. Bacteria not forming the natural intestinal microflora do 
not possess the natural resistance to the conditions of the intestinal fluid [106]. 
Viability of bacterial cells determines the level of cholesterol removal. It seems obvi-
ous that the count of live and dead bacterial cells holds significance for the removal 
of cholesterol under the conditions of a human alimentary tract. Thus, a hypothesis 
can be formed that the factors determining survival rate of bacterial cells further 
influence the cholesterol removal level by lactic acid bacteria and bifidobacteria cells. 
Such relationships may further impede interpretation of the results of experiments 
realized under in vitro or in vivo conditions and may prevent interpolation of results 
obtained in vitro onto the conditions of human or animal organisms.

7.  Cholesterol uptake and release by Lactococcus in the simulated  
human gastrointestinal tract

7.1 Cholesterol uptake by Lactococcus under conditions of simulated gastric fluid

Cholesterol uptake by Lactococcus cells in simulated gastric fluid depends on the 
amount of biomass [4]. Ziarno [4] carried out in vitro experiments with the use of 
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industrial starter cultures of mesophilic lactic bacteria, including Lactococcus. The 
cultures were grown for 5 h at 37°C in a simulated gastric fluid containing addi-
tion of 0.511 g/dm3 of cholesterol. The study demonstrated that higher amount of 
cholesterol was bound by Lactococcus cells contained in mixed cultures than cells 
from Lactococcus lactis monocultures. Bacterial cells present in the mixed cultures 
removed cholesterol in the range from 0.012 to 0.020 g/dm3. In turn, bacterial cells 
from Lactococcus lactis cultures reduced cholesterol concentration in the simulated 
gastric fluid by an average 0.005 g/dm3. 10× concentrated bacterial biomasses 
removed 1.4–2.3 times more cholesterol than bacterial cells with 1× cell concentra-
tion. In turn, biomasses with 0.1× bacterial cell concentration bound 2.2–4.6 less 
cholesterol than bacterial cultures with 1× cell concentration. This means that the 
conditions prevailing in the stomach may favor removal of cholesterol by bacterial 
cells independent of their viability. However, it remains unknown whether bacte-
rial cells release the bound cholesterol after entering the gastrointestinal tract and 
whether it may penetrate to the blood. Similar studies concerning aflatoxin B bound 
by the cell wall of lactic bacilli suggest that such assimilation by the cell wall may be 
robust [81–84]. This may indicate that cholesterol binding is also robust.

7.2  Release of cholesterol bound by Lactococcus in the conditions of simulated 
gastric fluid

The study of Ziarno [4] indicates that the binding of a portion of cholesterol by 
lactic acid bacteria cells is robust enough so that it is not released in the conditions 
of gastric fluid. The study was carried out using isolates of Lactococcus originating 
from industrial monocultures and mixed cultures. Bacterial cells present in the 
tested cultures released 51–84% of the removed and bound cholesterol independent 
of bacterial cells’ viability. The biomass of dead cells released lower amount of 
cholesterol than the biomass with viable cells, but it also bound and removed lower 
amount of cholesterol from the culture medium earlier. Biomass of live Lactococcus 
lactis cells removed an average of 0.063 g cholesterol/dm3, whereas biomass of dead 
cells removed average of 0.033 g/dm3 [4].

Similar tendencies are observed in the case of studies conducted on aflatoxin B1 
binding by lactic acid bacteria [81, 84]. El-Nezami et al. [81] observed that aflatoxin 
B1 uptake from culture medium by selected lactic acid bacteria cultures depended 
on their population and culture temperature. The same was demonstrated by Lee 
et al. [84]. Identical relationships were observed in the present study with regard to 
binding and release of cholesterol by lactic acid bacteria cells. Moreover, Lee et al. 
[84] concluded that thermal killing of bacteria resulted in a change of the surface of 
bacteria cells and uncovering of additional binding sites for aflatoxin B1.

7.3  Cholesterol removal by Lactococcus in the conditions of simulated  
intestinal fluid

As stated by Ziarno and Bartosz [113], cholesterol removal by lactic acid bac-
teria in intestinal fluid is less pronounced than in culture broth. This is further 
confirmed by the experiments of Ziarno [4] conducted under in vitro conditions 
with Lactococcus isolates originating from industrial starter cultures. The mentioned 
cultures were grown at 37°C for 6 h in a simulated intestinal fluid with addition of 
cholesterol. The tested Lactococcus cultures resulted in a reduction of cholesterol 
from the initial content of 0.543 g/dm3 to the level between 0.011 and 0.087 g/dm3. 
In the majority of the tested cultures, the influence of biomass concentration on the 
degree of cholesterol removal was statistically significant; however, 10-fold concen-
trated biomass did not remove 10 times more cholesterol than onefold concentrated 
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biomass. Therefore, Ziarno [4] demonstrated that in not all of the tested Lactococcus 
cultures the degree of biomass concentration had a significant influence on the 
amount of cholesterol removed. This can be explained by the activity of enzymes 
such as BSH, which caused bile hydrolysis and coprecipitation of cholesterol with 
released bile acids, independent of the amount of cells in the culture.

The chemical composition of simulated intestinal fluid seems to be of signifi-
cance for the obtained results [18]. This indicates additional methodological factors 
influencing the results obtained in laboratory experiments conducted under in vitro 
conditions. In order to prepare simulated intestinal fluid, cattle bile was also used 
containing conjugated and deconjugated bile salts; therefore bile salt hydrolase 
activity (produced by the majority of intestinal lactic acid bacteria strains) was 
not necessary for cholesterol precipitation with free bile acids to occur [30, 35, 39, 
40, 45]. Active BSH enzyme results in hydrolysis of bile salts, whereas cholesterol 
molecules may coprecipitate with the released bile acids [16, 17, 21, 30, 35, 39, 40, 
45, 49, 50]. Such phenomenon has been observed in numerous lactic acid bacteria 
species, but not in Lactococcus thus far [49, 53]. It is known that coprecipitates 
of cholesterol with bile acids are formed at a low pH below 5.5 [17, 18, 21, 39, 49, 
52]. However, with a renewed increase of pH to over 5.5, such coprecipitates were 
rapidly dissolved [15, 18, 28, 39]. Bile secreted from the liver is introduced to the 
duodenum, where it neutralizes the acidic food pulp that leaves the stomach and 
then the pH in the small intestine has a value of over 6.0. Under these conditions, 
the coprecipitates of bile acids and cholesterol are dissolved. Thus, the hypocholes-
terolemic effect caused by cholesterol coprecipitation with deconjugated bile acids 
is probably impossible to occur under in vivo conditions.

7.4  Release of cholesterol bound by Lactococcus in the conditions of simulated 
intestinal fluid

Ziarno [4] studied whether the cholesterol previously bound by Lactococcus cells 
is released under the conditions of simulated intestinal fluid. It was determined that 
certain isolates of Lactococcus lactis released up to 60–90% of cholesterol, which was 
earlier bound by these cells. Lower amount of cholesterol under conditions of simu-
lated intestinal fluid is released by Lactococcus lactis cells (average of 45%), meaning 
that in these bacteria cultures cholesterol was bound with sufficient force by the cell 
wall so that it was not released under the conditions of simulated intestinal fluid. 
This may confirm the hypothesis of Lee et al. [84] on structural changes in the wall 
of dead bacterial cells.

8. Conclusions

One important conclusion should be drawn from the research results presented 
above, namely, that lactic acid bacteria may cause a different hypocholesterolemic 
effect in the human digestive system. They may exhibit a clear capacity for perma-
nent binding and removal of cholesterol or to not bind it at all. It is also possible that 
they may cause such change of the intestinal microflora. Hosono et al. [14] formed a 
hypothesis that lactic acid bacteria may influence the amount of cholesterol elimi-
nated from the organism despite the fact that they do not have the capacity to trans-
form it into coprostanol. This is an effect of the influence of lactic acid bacteria on 
other microorganisms present in the intestinal microflora, including microorgan-
isms capable of transforming cholesterol into coprostanol. This is particularly pos-
sible in the case of probiotic strains of lactic acid bacteria and bifidobacteria, which 
are distinguished due to their capacity to produce low-molecular antimicrobial 
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substances. Based on the results of experiments conducted by Ziarno [4], it can be 
stated that the phenomenon of cholesterol binding depends on such a wide array of 
factors influencing the cell wall and cytoplasmic membrane of bacteria that it may 
not be impossible to predict the hypocholesterolemic effect unambiguously.

It can be concluded that lactic acid bacteria are capable of binding cholesterol 
molecules present in their environment. Cholesterol can be subject to adhesion by 
the cell wall or assimilation via the cytoplasmic membrane or cell wall of lactic acid 
bacteria, including Lactococcus. However, the degree and force of this bond depend 
on numerous environmental factors. A change of even one of these parameters 
results in the hypocholesterolemic effect which is no longer reproducible in the 
experiments. It is likely that this is the manner in which the results and the discrep-
ancies found between in vitro and perhaps also in vivo tests on human volunteers 
and experimental animals should be interpreted and explained.
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Abstract

Evidence is mounting to a possible link between autism spectrum disorder 
(ASD) and gut microbiota through the well-known gut-brain axis. Numerous 
mechanisms have been suggested including bacterial metabolites that could involve 
in chemokines, antimicrobial peptides, or neuropeptides production. Hence, 
numerous studies reported dysbiosis in autistic patients. Antibiotic courses are 
known to more or less improve neurobehavioral symptoms; however, it could lead 
to side effects. Modulation of the gut microbiota using pro- and/or prebiotics is 
therefore an appealing way of treatment. Fecal microbiota transfer is suggested to 
be an alternative new approach that could be promising. The aim of our chapter 
will be first to briefly review the current data concerning the possible role of the 
gut microbiota and its mechanisms in ASD and second to review the interest and 
limits of the pre- and probiotic supplementations in ASD treatment. Lastly, we will 
discuss on the potential interest of the microbiota transfer in ASD.

Keywords: autism spectrum disorder, gut microbiota, dysbiosis, probiotics, 
prebiotics, fecal microbiota transplantation

1. The human microbiota

1.1 Definition and functions

The term microbiota describes the entirety of all bacterial, viral, fungal, 
protozoal, and archaeal microorganisms living on almost every cutaneous and 
mucosal surface of the body [1]. The gut microbiota (GM) inhabited by several 
trillion microorganisms that live in a symbiotic relationship with the host repre-
sents the most heavily colonized area of the human body. It is mainly dominated 
by organisms belonging to four major phyla that together account for more than 
90% of the total bacterial population: Bacteroidetes, Firmicutes, Proteobacteria, and 
Actinobacteria, followed by the minor phyla Fusobacteria and Verrucomicrobia. 
With a number of microorganisms being around 10 times higher than the number 
of human cells and a number of genes nearly 150 times greater than the human 
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genome, the GM is now recognized as an environmental factor that affects normal 
host physiology, metabolism, immunity, brain function, and behavior.

During recent decades, the development of high-throughput sequencing 
technology has hugely contributed to increased understanding of host-microbe 
interactions in health and disease [2]. First, GM offers a barrier, protecting against 
external factors and proliferation of pathogenic microbes, through various mecha-
nisms such as increasing mucus production, reinforcing intestinal epithelium 
permeability, and production of bacteriocins and antimicrobial peptides. GM is also 
involved in many fundamental metabolic functions such as synthesis of essential 
nutrients, hormones, vitamins, supply of energy from dietary sources otherwise 
unavailable to host and clearance of drugs, and toxins. Furthermore, GM is shown 
to be involved in the maturation of the host immune system, where specific strains 
such as Bifidobacterium and Lactobacillus produce anti-inflammatory cytokines, and 
others such as Clostridium and Ruminococcus produce pro-inflammatory cytokines. 
Hence, GM is essential for the development of innate and acquired immunity 
through stimulation of local and systemic immune responses.

Lastly, very recently there is mounting evidence of the significant influence of 
GM in the modulation of brain activity and behavior across the so-called “microbi-
ota-gut-brain axis (GBA)” [3]. The GBA consists of bidirectional communication 
between the central nervous system (CNS), the enteric nervous system, and the gut 
linking emotional and cognitive centers of the brain with peripheral intestinal func-
tions [4]. The exact mechanisms of signal transmission within this network are not 
completely elucidated. The CNS asserts its role over the GM through influencing 
gut motility patterns, altering the equilibrium in the gut permeability, and modulat-
ing mucus secretion which are known to exert control over gut microbial composi-
tion [5]. Conversely, the GM claims its influence over the CNS by regulating the 
hypothalamic-pituitary-adrenal axis and the production and turnover of cytokines 
and neurotransmitters. In addition to their effects on development and maturation 
of the enteric nervous system, these neuroactive metabolites can signal beyond the 
local gastrointestinal (GI) tract to the distant CNS potentially through signaling 
pathways that include the vagus nerve. Catecholamines can modulate important 
processes, including neurogenesis, myelination, microglia activation, brain plastic-
ity, and blood-brain barrier permeability [6]. Indeed, recent studies demonstrated 
that, under extreme conditions (e.g., in a germ-free environment or during anti-
biotic (ATB) treatment), GM absence is associated with several abnormalities in 
brain gene expression and neurophysiology [7]. Interestingly, these aberrations are 
reversed after colonization with a conventional GM [8] or even specific bacterial 
species [7]. Thus, the disruption of neural, endocrine, immune, and metabolic 
mechanisms that are involved in gut-CNS signaling seems to be involved in neuro-
psychiatric, neurobehavioral, neurodegenerative, and mental disorders.

1.2 Colonization of intestinal ecosystem in early life and its evolution

The composition of the GM varies widely from fetal life to adult age. Until 
recently, babies were believed to be born sterile and only populated by microbes on 
exposure to their first postdelivery environments. Recent research suggests that the 
process of microbial colonization of the GI tract could begin prenatally as acquisi-
tion of maternal microbiota might occur during intrauterine life via placenta [9]. 
However, these findings are questionable, and recent data strongly suggest that 
bacteria isolated in utero are rather a contamination linked to the sampling methods 
than a specific microbiota [10]. Neonates show unstable and highly dynamic intes-
tinal microbiota with a low microbial diversity. First colonizers in healthy neonates 
are enterobacteria, Staphylococcus, and Streptococcus, followed by strict anaerobes 
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such as Bacteroides, Bifidobacterium, and Clostridium [11]. This pattern of microbial 
diversity provides an efficient means for adaptation to the variable circumstances 
over a lifetime such as changes in lifestyle, illness, puberty, and others. Over the 
first few years of life, GM matures and stabilizes to a more balanced “adult-like” 
composition at around the end of the third year [12].

Interestingly, the brain of neonates grows to approximately 90% of its future adult 
volume until the age of two, and the formation of new synapses in the brain peaks dur-
ing this period [13]. Thus, the critical window for establishment of a healthy microbial 
composition falls into the same critical time window for brain development. Therefore, 
understanding GM establishment and its critical developmental window in early child-
hood is important because any perturbation during this period causes long-lasting 
effects on the development of the CNS. Being more flexible at infantile in contrast to 
the subsequent life, this temporal requirement may have important ramifications for 
potential preventative and therapeutic remediation strategies.

2. Autism spectrum disorder and the gut microbiota

2.1 Gut microbiota involved in the pathogenesis of autism spectrum disorders

Microbiota role in health and disease is as crucial as is complex. Alterations in 
normal commensal GM (known as dysbiosis) have been widely reported as a key 
contributor to the etiology and/or pathogenesis of various diseases including several 
neurobehavioral conditions, such as Parkinson’s disease, schizophrenia, Alzheimer’s 
disease, depression, anxiety, and most compellingly autism spectrum disorder 
(ASD) [14].

ASD refers to a group of heterogeneous and complex neurodevelopmental dis-
orders characterized by impaired social interactions and reciprocal communication 
skills as well as restricted, repetitive, and stereotyped patterns of behavior, inter-
ests, and activities [15]. Over the last decades, a steady increase of ASD prevalence 
has been reported worldwide. ASD is currently estimated to affect about 1 in every 
68 children, with greater incidence found among boys (4:1) [14]. To date, the etiol-
ogy of ASD remains elusive, and it is thought to involve both genetic predisposition 
and different environmental triggers. Although several genetic factors are known 
to influence the etiology of different types of ASD, these only apply to a minor part 
of the autistic population. By estimate, the heritability accounts approximately 
for only 35–40% of the contributing elements and the remaining 60–65% results 
from the combination of prenatal, perinatal, and postnatal environmental factors 
as well as related medical disorders [16]. Besides, along with significant psychiatric 
symptoms, ASD is often characterized by a number of medical comorbidities, the 
most prominent of which implicates the GI tract. Children with ASD experience 
significantly more GI symptoms than children without ASD occurring nearly at 
a fourfold greater rate [17]. Symptoms include constipation, diarrhea, abdomi-
nal pain, bloating, gastroesophageal reflux, and food selectivity and seem to be 
strongly associated with the severity of ASD behaviors. Clinical abnormalities such 
as altered GI motility and increased gut permeability have also been reported [18]. 
The cause of ASD-associated GI problems is difficult to ascertain, but it appears to 
partly relate to the excessive use of oral ATBs which can alter GM. Indeed, several 
studies report increased use of oral ATBs in children with ASD compared to neu-
rotypical children. By eliminating beneficial indigenous GM, long-term ATB use 
destabilizes microbial community and creates favorable environment for coloniza-
tion by potentially harmful (toxin-producing) microorganisms. Thus, considering 
the potential interactions between intestinal microbes and the CNS, loss of the 
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protective commensal microbiota along with the overgrowth of pathogenic micro-
organisms is hypothesized to cause or contribute not only to GI dysfunction but also 
to ASD-related behavioral symptoms. All these findings have gained an insight into 
the influence of GM in ASD as potential mediator of risk factors.

2.2 Disruptions of microbial colonization in autism spectrum disorder

Imbalances in GM composition at the first stages of life and concomitant behav-
ioral changes have been related to various prenatal and early-life events [8].

Mode of birth, whether through natural birthing process or Cesarean section 
(C-section), greatly affects the initial microbial settlement. Vaginally delivered 
babies harbor bacteria similar to their mothers’ fecal and vaginal microbiota with 
dominance of Bifidobacterium, whereas babies born via C-section would acquire 
an altered GM composition resembling to their mother’s skin microbiota as well as 
microbes from the surrounding environment with a delayed colonization by bac-
teria from maternal origin, mainly enterobacteria, bifidobacteria, and Bacteroides 
[11]. Interestingly, these modifications can persist for several months [2]. Thus, 
concern has arisen that this reduced microbial diversity and altered bacterial profile 
in babies delivered via C-section could contribute to ASD. Indeed, studies employ-
ing animal models have revealed that, compared with vaginally delivered animals, 
those delivered by C-section suffer more frequently from behavioral abnormalities 
that have been associated with ASD [19]. Consistent with this, some clinical studies 
report that C-section births in comparison to natural vaginal delivery are associated 
with a significantly 23% higher risk of the child developing ASD [20]. Thus, the 
importance of C-section in conditioning negative effects on the CNS is debated.

In terms of gestational age at birth, preterm neonates (PT) are characterized 
by a delayed microbial colonization, missed or reduced acquisition of Lactobacillus 
and Bifidobacterium, greater abundance of Proteobacteria, and earlier acquisition 
of Firmicutes [11], hence increasing the risk to develop later disease. One study 
reported a relationship between premature birth and an increase risk of ASD 
development [21]. Interestingly, each week of shorter gestation was associated with 
an increased risk of ASD. The early development of infant at birth has also been 
recognized as a biomarker of future risk of neurodevelopmental disorders. Besides, 
gestational growth affects the neurodevelopment, and both infants born small or 
large for gestational age are associated with higher rates of ASD [22].

Early feeding pattern also interferes greatly in the regulation of the intestinal 
colonization, with breastfed infants harboring a less diverse but more stable and 
uniform GM. Specific biological markers of healthy GM, including early coloni-
zation of Bifidobacterium and greater prevalence of Lactobacillus, characterize 
microbial communities of breastfed infants [11]. By contrast, increased species 
richness accompanied by an overrepresentation of Clostridium prevails in bottle-
fed ones. In fact, cognitive functioning and neurological development of children 
have been associated with the duration of exclusive breast-feeding and introduc-
tion of formula feed [23]. Remarkably, breast-feeding appears to be less frequent 
and, when present, occurs for a much shorter duration in children with ASD [24]. 
Further differentiation occurs after the introduction of solid foods. Feeding pat-
terns and strong food preferences of ASD children for nutrient-poor starchy foods 
while rejecting fruits, vegetables, and proteins may lay the foundation of an abnor-
mal GM. The high prevalence of ASD in some countries has been correlated with 
typical carbohydrate rich diet and consequently predominance of genera Prevotella 
and Megasphaera [25]. Therefore, understanding how these changes affect human 
GM suggests that early dietary habits have a more complex effect on the metabolic 
programming of a child than previously anticipated.
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Additional modifications are induced by exposure to drugs either directly or 
indirectly from the mother. ATB-induced shifts in the gut microbial composition 
can persist several months after cessation of the treatment, inducing long-term 
dysbiosis [26]. An association between long-term ATB use, hospitalization, abdomi-
nal discomfort, and the onset of ASD symptoms has been shown [27]. Likewise, a 
population-based cohort study revealed the use of various ATBs during pregnancy 
as a potential risk factor for ASD [28]. Using animal models, periconceptional 
exposure to nonabsorbable ATB was shown to induce variations in GM composition 
in offspring associated to reduction in social interactions and increased anxiety 
[29]. Other drugs lead to similar observations. In mice, modeling maternal exposure 
to valproic acid, an antiepileptic drug induced lasting changes in the offspring GM 
composition, which was associated with neuroinflammation, abnormal GI physiol-
ogy, and ASD-like behavioral abnormalities [30]. All these observations point to 
the common hypothesis that early exposure to drugs can modify GM composition 
transiently or permanently, possibly affecting the severity of non-GI-related 
symptoms of ASD patients.

Apart from exposition to drugs, another emerging explanation for the differ-
ence in GM between ASD and healthy individuals is immunological. Maternal 
infection during pregnancy was shown to alter microbial composition and is a 
primary environmental risk factor for ASD [31]. GM alterations (especially in the 
bacterial classes clostridia and bacteroidia) and higher gut permeability are seen in 
a maternal immune activation model of ASD [18]. Male progenies of pregnant mice 
injected during pregnancy with a viral mimetic develop abnormal communication 
and sociability, repetitive behaviors, and increased anxiety. Another well-estab-
lished brain-gut connection is the role of stress and its mediators in altering the 
GM. Maternal separation is a typical model of early-life stress employed in animal 
studies. In rats, early maternal separation does not only lead to a dysbiotic state of 
the GM that persists into adulthood but also results in functional GI symptoms and 
long-term cognitive and behavioral deficits [32]. Likewise, psychological stress was 
shown to alter colonic mucosa-associated microbiota, with significant decrease in 
abundance of health-benefit bacteria, such as Lactobacillus, while abundance of 
clostridia increased [33]. Although one cannot extrapolate from mice to human 
without further evidence, these findings nonetheless suggest that the differences 
seen in the GM of ASD patients may be a result of immunological changes.

Further, metals and other contaminants have also been identified to increase 
the risk for ASD knowing their capacity to interfere with the composition and 
metabolic activity of the GM. In fact, results of a study evaluating the interaction 
between environmental chemicals and GI microorganisms suggest that alterations 
in the levels of seven elements (Pb, As, Cu, Zn, Mg, Ca, and Hg) and nine genera 
of GM (Bacteroides, Parabacteroides, Sutterella, Lachnospira, Bacillus, Bilophila, 
Lactococcus, Lachnobacterium, and Oscillospira) may be related to ASD [34]. 
Excessive accumulation of these typical neurotoxic elements leads to abnormally 
increased abundance of several genera and is reported to be closely related to poorer 
intellectual function [35].

Taken together, ASD is thought to be a result of a combination of different 
interacting mechanisms that each contributes a fraction of disease risk.

2.3 Microbial and metabolic dysregulations in autism spectrum disorder

Previously, much research effort on ASD focused on genetic, neurological, 
and behavioral aspects of disease. Recently, the evidence of the impact of dysbio-
sis on CNS raised interest in the analysis of the potential link between GM and 
ASD. So far, various studies demonstrated that children with ASD exhibit different 
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compositions of GM compared to healthy controls [36–43]. Moreover, exciting 
work with animal models widely deepened the possible role of gut microorgan-
isms in the pathogenesis of such disorders [44, 45]. These evidences have led to the 
hypothesis that GM alteration is not only associated with ASD but may play a key 
role in the exacerbation of ASD symptoms and/or its pathogenesis, at least for some 
ASD subgroups [14]. Overall, most studies agree that GM composition is distinctive 
in ASD compared to healthy controls, but results are often inconsistent as to the 
nature and/or extent of GI bacterial community differences, failing to generate a 
coherent picture. Microbiota analyses reported tenfold higher counts of pathogenic 
Clostridium spp. in children with ASD compared with healthy controls [46, 47]. 
Clostridium is known to produce neurotoxins and P-cresol, cause higher propionic 
acid levels, and promote conditions that favor inflammation and exacerbate ASD 
symptoms. On the other hand, there have been some consistent findings of decrease 
in certain beneficial bacteria, specifically Bifidobacterium [40, 48, 49] known for 
its health-benefit properties. Then, the composition of GM of ASD individuals 
has been characterized, showing a reduction of the Bacteroidetes/Firmicutes ratio 
which pointed to elevated numbers of Firmicutes in contrast to decreased levels of 
Bacteroidetes [36, 39, 41, 49–51]. Bacteroidetes are short-chain fatty acids (SCFA) 
producing bacteria, and their metabolites, especially propionic acid, may influence 
the CNS and autism behavior by modulating the GBA [36]. Moreover, species of 
Desulfovibrio were also isolated from the stool of patients with ASD, and, to a lesser 
extent, in non-affected siblings [52]. Desulfovibrio could be an important contribu-
tor to GI inflammation, as its major metabolic by-product—hydrogen sulfide—is 
cytotoxic to colonic epithelial cells. Furthermore, the presence of autistic symptoms 
in children with ASD has been correlated with a less diverse gut microbiome, with 
less carbohydrate degrading and fermenting bacteria of the genera Prevotella, 
Coprococcus, and the unclassified Veillonellaceae in ASD microflora samples as 
compared to the healthy controls [39]. This decrease in GM diversity can lead to a 
loss of key signals required for normal brain maturation. Additionally, increased 
Sutterella were found in significant numbers in intestinal biopsies and stools of 
ASD children [48, 50]. This genus is known to regulate mucosal metabolism and 
intestinal epithelial integrity. Lastly, there were still some conflicting results 
about the alterations of Akkermansia, Ruminococcus, and Faecalibacterium in ASD 
patients. Akkermansia and Ruminococcus are mucin-degrading bacteria [40], and 
Faecalibacterium is regarded as commensal or even beneficial due to its function of 
producing anti-inflammation butyrate [45].

Thus, the existence of a GI dysbiosis as an actor in the ASD etiopathogenesis 
remains a controversial topic. Indeed, other studies comparing children with ASD 
and their healthy siblings reported no meaningful difference in GM composition 
[53, 54]. According to the authors, other explanations for the GI dysfunction in 
this population should be considered, including elevated levels of anxiety and 
self-restricted diets. Therefore, given the higher incidence of ATB usage and often 
different diets compared with neurotypical individuals, both of which can alter the 
composition of the GM, such data should be interpreted with care.

Dysbiosis in ASD involves not only bacterial species but also yeasts, as reported 
in recent studies [40, 41, 55, 56]. One culture-based study showed significant pres-
ence of Candida species in the feces of children with ASD, mainly Candida albicans. 
It also identified hyphae formation, suggesting that the dimorphic yeast had 
switched to its invasive and adhesive form. However, another study did not report 
such overrepresentation of Candida in ASD children compared to control ones [49].

Moreover, correlations between ASD and GI disturbances may not alone be driven 
by the composition of the GM but also by differences in its functionality, such as the 
bacterial metabolites that could play a role in the GBA. Indeed, overproduction of 
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bacterial metabolites (e.g., p-cresol) and SCFA (e.g., propionic acid) is frequently 
described in infants with ASD [30, 49, 57]. These compounds induce intracellular 
signaling and modulate host gene expression related to neurotransmission systems and 
behavior [58]. P-cresol seems to negatively affect the homeostasis of colonic epithelial 
cells in children with ASD.  When tested in vitro, excessive concentration of p-cresol 
showed deleterious metabolic and genotoxic effects on colonocytes [59]. In addition, 
early exposure to p-cresol may contribute to the severity of behavioral symptoms and 
cognitive impairment in ASD toddlers. On the other hand, propionic acid is known to 
have a number of direct effects on gut physiology. It increases the contraction of colonic 
smooth muscle, dilates colonic arteries, stimulates serotonin release, and decreases gas-
tric motility, which could be easily related to the GI abnormalities frequently observed 
in many ASD patients [60]. In fact, lower plasmatic levels of propionic acid have been 
reported in ASD children as an aspect of metabolic alteration in gut host-microbial 
co-metabolism. Authors related the occurrence of lower propionic acid in the plasma 
to elevated levels of propionic acid in the brain [61]. Additionally, administration of 
neurotoxic dose of propionic acid to animals was effective in inducing autistic features. 
Orally dispensed propionic acid was reported to induce oxidative stress. Elevated inter-
leukin 6 (IL-6), tumor necrosis factor α (TNF-α), and interferon γ (INF-γ) confirmed 
the neuroinflammatory effect of propionic acid [61]. When propionic acid was injected 
into the cerebral ventricles of rats, the rats showed biologic, chemical, and pathologic 
changes that are characteristic of ASD [62]. These chemicals can also alter the intercel-
lular spaces between the cells, resulting in the “leaky gut syndrome” that can lead to 
detrimental neurologic effects.

Dysbiosis can also affect the functional intestinal barrier that can lead to an 
alteration in the intestinal permeability referred to as “leaky gut” state, a funda-
mental factor underlying the relationships between ASD and the GM [63]. Indeed, 
several reports show increased gut permeability in ASD patients [64]. Disrupted 
barrier function facilitates the translocation of bacterial metabolites from the gut 
into the bloodstream to possibly reach the otherwise sterile CNS inducing directly 
inflammatory reactions. One important bacterial component is the lipopolysaccha-
ride (LPS) that was shown to increase the activity of areas deputed to the emotion-
alism control such as amygdale [65]. It also leads to the production of inflammatory 
cytokines that critically alter the physiological brain activity, modulating the neuro-
peptides synthesis [66]. Moreover, it has been demonstrated that the administration 
of low doses of LPS in healthy subject is associated to increased pro-inflammatory 
cytokines and plasma norepinephrine, with higher depression rates, fatigue, and 
apathy [67]. Consistent with this, a study showed LPS serum levels were signifi-
cantly higher in autistic patients compared to heath individuals and correlated with 
socialization scores in an inverse and independent manner [68].

3.  Restoring the gut ecosystem: therapeutic outlooks for autism 
spectrum disorder

Despite increased ASD diagnoses, there remains no US Food and Drug 
Administration (FDA)-approved pharmaceutical treatment to alleviate core symp-
toms of ASD [69]. Currently, recommended management strategies essentially 
involve rehabilitation, educational interventions, speech therapies, psychiatric 
medications, and specific treatments for individual comorbidities [70], all with lim-
ited success [71]. Considered the emerging role of gut dysbiosis in ASD, interest in 
rebalancing human GM as a possible therapeutic approach is growing [72]. Indeed, 
targeting the GM in children with ASD through administration of ATBs, pro- and 
prebiotics, and nutritional approaches or, more recently, through fecal microbiota 
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transplantation (FMT) has been shown to improve not only GI disturbances but 
also behavioral and neurophysiological abnormalities associated with ASD [18, 24].

3.1 Antibiotics/antifungals

ATB therapy is used for the management of ASD and is routinely prescribed to 
treat ASD symptoms associated with several underlying disorders like pediatric 
autoimmune neuropsychiatric disorder associated with streptococcal infections 
(PANDAS) and pediatric acute-onset neuropsychiatric syndrome (PANS) [72]. 
Short-term administration of vancomycin was shown to provide significant 
improvement in both GI and behavioral disturbances in a subset of children with 
ASD [73]. Unfortunately, this attempt had only partial success since children 
relapsed, and benefits waned upon treatment termination. As vancomycin is 
a poorly absorbed ATB known to destroy Gram-positive anaerobes, observed 
improvement is believed to be the consequence of temporary elimination of toxin-
producing clostridia population. Hence, symptomatic relapse was attributed to the 
spore-forming capacity of these bacteria, and spores resistant to ATB would later 
germinate into vegetative forms once treatment has stopped [46].

Children with ASD, particularly those with GI disease, are sometimes treated 
with antifungal agents, as they may have increased incidence of fungal infection. 
Despite the lack of evidence of fungal overgrowth in children with ASD, parents 
find that antifungal therapies can often be beneficial and may be a useful adjuvant 
for the treatments of ASD [74].

Thus, it is possible to speculate that anti-infectives, through modulation of GM, 
should be able to influence symptoms and expression of psychiatric disorders. 
However, ATB resistance (and to some extent antifungal resistance) is a major public 
health concern, making the safety of ATB/antifungal treatments ethically problem-
atic, if they do prove to be beneficial. Therefore, extensive and prolonged use of 
ATB/antifungal treatments may not be advisable as a long-term therapy for ASD.

3.2 Probiotics

One of the most nutritional popular approaches selectively modulating the GM 
is probiotic supplementation due to ease of use, wide availability, and good safety 
profile. Probiotics are defined as live microorganisms that when administered in 
adequate amounts confer a health benefit to the host [75]. The main species used are 
one Escherichia coli strain, several lactic acid-producing Lactobacillus, a number of 
bifidobacterial strains, and a yeast Saccharomyces boulardii. Research on probiotics 
has shown efficacy in prevention or treatment of a wide variety of diseases associ-
ated with GI difficulties. Recently, some evidence has been accumulated regarding 
the possible role of probiotics in modulating symptoms of certain psychological 
diseases such as depression and anxiety as well as ASD [76–78]. Hence, a new class 
of probiotics, termed as psychobiotics, has emerged and refers to living organisms 
with beneficial effects on mental health [79]. In spite of the well-documented 
beneficial effects of probiotics, testing for ASD is still in its infancy, and the exact 
mechanism of their action has not been thoroughly elucidated to date, though there 
are several hypotheses. Implicating correction of both composition and/or activities 
of GM is the first mechanism of action of probiotics through several mechanisms 
including bacteriocins and metabolites, such as lactic, propionic, and acetic acids.

Hence, because ASD patients present GI dysbiosis, which may exacerbate the 
disease, these patients could benefit from GM modulation through probiotic supple-
mentation. Conversely, other investigations have shown that probiotic administra-
tion could act independently from GM alterations by inducing a stabilization of the 
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microbial communities making them less susceptible to perturbations from stressors 
such as ATBs, poor diet, and psychological stress [80]. Moreover, probiotics may cor-
rect the imbalance in the activity of the GM without changing its composition, via 
their metabolites released in the gut lumen or by potentially correcting the overpro-
duction of harmful and underproduction of beneficial gut bacterial products [81]. 
The increased intestinal permeability in ASD may also be ameliorated by probiotics 
which are able to enhance the mucosal barrier. This supports the concept that probi-
otics can provide protective effect by preventing the metabolites of exogenous toxic 
substances from leaving the gut and entering the bloodstream to affect the brain 
[70]. Probiotics may therefore maintain or improve gut barrier integrity and aid in 
ASD rehabilitation by promoting “leaky gut” healing. Lastly, given the multiple find-
ings of aberrant immune activation and higher levels of gut inflammation in a subset 
of individuals with ASD, that a major part of the immune system is concentrated in/
around the intestinal mucosa, and that the GM plays an important role in the matu-
ration and the regulation of the immune response, another mechanism of action of 
probiotics may be on the immune system [82]. Probiotics can downregulate gut and 
CNS inflammatory pathways in a species- and strain-specific manner [83], by pro-
moting the production of regulatory T cells, diminishing the levels of LPS, providing 
tolerogenic signals, and boosting the brain-derived neurotrophic factor (BDNF). 
BDNF is a protein that promotes the survival of existent neurons in the developing 
brain, fosters the growth and differentiation of new neurons, and regulates the 
formation and plasticity of synaptic connections, thereby playing an essential role 
in the normal neurological development [6]. Impairment in BDNF signaling in early 
developmental phases is thought to be related to CNS abnormalities, the most severe 
forms of ASD, as well as intellectual disability [84]. Probiotics have been shown also 
to modulate the intestinal immune system by the production of secreted factors and 
metabolites that affect growth and function of intestinal epithelial and immune cells 
[85]. Moreover, probiotic immunomodulation may occur through inhibiting the pro-
duction of pro-inflammatory cytokines such as IL-12, TNF-α, and INF-α or increase 
the expression of anti-inflammatory mediators such as IL-10 and transforming 
growth factor beta (β-TFGF). Thus, by alleviating gut inflammation and suppressing 
dysregulated immune functions, probiotic supplementation may be effective for 
improving both gut microbial and behavioral problems in ASD. Lastly, probiotics 
could act via the vagus nerve-mediated GBA to influence neurotransmission and 
mood states [86]. They can exert central actions by influencing several neuroactive 
metabolites such as gamma-aminobutyric acid (GABA) and serotonin which are also 
associated with neuropsychiatric disorders [87, 88]. Consequently, administration of 
probiotics regulates the behavior in a way that significantly reduces anxiety, depres-
sion, and stress and promotes positive emotional changes. Therefore, probiotic 
administration might be a useful new therapeutic option to restore normal GM, 
reduce inflammation, restore epithelial barrier function, and possibly improve some 
behavioral symptoms associated with ASD.

A role for probiotics has been suggested for children with ASD as well, as 
preliminary findings from experimental animals studies provide some evidence that 
administration of selected probiotics may be effective in reducing neurologic signs 
and symptoms associated with gut dysbiosis. In a summary of studies to date, sev-
eral probiotic strains, i.e., Bifidobacterium sp. (B. longum, B. breve, B. infantis, and B. 
bifidum), Lactobacillus sp. (L. acidophilus, L. helveticus, L. rhamnosus, L. plantarum, 
L. sporogenes, L. bulgaricus, L. delbrueckii, L. salivarius, L. casei, and L. paracasei), 
Streptococcus sp. (S. thermophilus and S. salivarius), and Bacteroides fragilis, are 
presumed to be effective in ameliorating CNS functions related to mental disorders, 
as shown through several animal models [18, 89–92]. In a mouse model of ASD 
induced by maternal immune activation, oral administration of human commensal 
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B. fragilis corrected intestinal permeability, restored GM, improved GI physiology, 
and abolished ASD-like behavioral disruptions [18]. Interestingly, the probiotic also 
corrected altered expression of the tight junction proteins in the colon and restored 
the increase in the pro-inflammatory cytokine IL-6. Moreover, B. fragilis treat-
ment mitigated elevations in several maternal immune activation-induced serum 
metabolites associated with ASD. One metabolite of particular interest was 4-ethyl-
phenylsulfate (4EPS) which is chemically similar to p-cresol and is thought to be a 
possible putative urinary biomarker for ASD [59]. Hence, the administration of B. 
fragilis in a mouse model for ASD was able to reverse autistic symptoms and meta-
bolic derangement. Similarly, reconstituting GM with a human breast milk and gut 
commensal Lactobacillus reuteri completely corrected social deficits and reversed 
aberrant neurotransmission in maternal high-fat diet offspring [89]. This is intrigu-
ing in light of reports that risperidone, an FDA-approved treatment for ASD, does 
not correct social abnormalities [93]. Treatment with L. reuteri resulted also in 
reduction of stress-induced corticosterone, and stimulation of the production of 
oxytocin, a key regulator of social behaviors, involved in the mesolimbic dopamine 
reward system, which is thought to be dysregulated in ASD [94]. On another hand, 
a recent study performed on hamsters in which autistic-like behaviors were induced 
by propionic acid and clindamycin administration studied the therapeutic effect 
of a 3-week oral treatment with a mixture of bifidobacteria and lactobacilli strains 
(Protexin®) [91]. Protexin® administration was effective in rebalancing GM, ame-
liorating oxidative stress, and counteracting behavioral deficits. Finally, in maternal 
separation-induced early-life stress mice model, oral administration of L. plantarum 
as a psychobiotic strain significantly reduced anxiety while improving locomotor 
activities and exploratory behavior [92]. According to various animal studies, L. 
plantarum can modulate the levels of neurotransmitters in the brain by influencing 
gene expression in the CNS and increasing dopamine level in the prefrontal cortex 
[92]. Summing up, by conducting behavioral tests in animal models, research 
provided convincing evidence for the efficacy of psychobiotic strains in improving 
ASD-like behaviors. However, the experimental evidence for the positive behavioral 
changes observed in animal models after administration of probiotics raises the 
interesting question whether the same result also applies to humans.

To date only few studies explored the effects of probiotics on ASD clinical 
features in humans. Table 1 synthesizes available evidence on the efficacy and 
safety of probiotic supplementation as an adjunctive treatment for ASD [49, 51, 
73, 95–106]. In these studies, probiotic interventions varied across all of the tri-
als. Concentrations of the probiotic strains administered ranged from 107 to 1010 
colony-forming units (CFU)/dose, and their usage by recipients differed. Strains 
were administered alone or as mixed strains with or without other additives (immu-
nomodulators [99] and ATBs [73]). In summary, despite the variability in species, 
strains, dosages, and duration utilized, all studies pointed toward a similar trend 
of improvement in both caregiver-reported ASD and GI symptoms after probiotic 
therapies. Accordingly, a recent survey found that almost 20% of physicians treat-
ing ASD patients encourage probiotic use, and almost 60% accept their use [107]. 
In a recent study, the positive effect of probiotic treatment was represented not only 
by the ability to consistently normalize the Bacteroidetes/Firmicutes ratio and restore 
the amounts of Desulfovibrio and Bifidobacterium in children with ASD [51] but 
also by the tendency to reduce intestinal inflammation and permeability. Similarly, 
another study associated changes in the GM composition to improvements in GI 
symptoms and functioning [102]. After probiotic supplementation in the latter 
study, children with ASD experienced a significant increase in Bifidobacterium 
and Lactobacillus in their fecal stool samples with a simultaneous reduction of 
Clostridium species. Furthermore, in a third study, probiotic feeding of children 
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Authors Study design Diagnosis Probiotic therapy

Blades M., 2000, 
UK [95]

Case report of a 6 y with 
ASD

Not reported Strain and dosage not provided 
Administration for 2 mo

Sandler et al., 
2000, USA [73]

Open-label with self-
control study
11 ASD subjects
(10 M, 3.5–7 y)

CARS L. acidophilus, L. bulgaricus, and B. 

bifidum, 40 × 109 CFU/mL
QD for 4 wk

Parracho et al., 
2010, UK [96]

Randomized, double-
blind, PBO-controlled, 
cross overdesigned 
feeding study
17 ASD subjects
(14 M, 4–16 y)

Not reported L. plantarum WCFS1
4.5 × 1010 CFU
QD for 3 wk

Ray et al., 2010, 
USA [97]

Open-label with self-
control study
10 ASD subjects
(Gender not reported, 
4–15 y)

ATEC L. rhamnosus, B. bifidum, L. acidophilus, 
B. infantis, B. longum, S. thermophilus, 
L. plantarum, L. salivarius, L. reuteri, L. 

casei, L. bulgaricus, L. acidophilus DDS-1, 
and L. sporogenes

Dosage not provided
BID for 21 d

Adams et al., 
2011 USA [49]

Retrospective case 
cohort study
57 ASD subjects:
19 PS vs. 38 no PS
(50 M, 3–9 y)

ATEC Strain and dosage not provided
QD

Kałzuna-
Czaplinska et al., 
2012, Poland [98]

Open-label with self-
control study
22 ASD subjects
(20 M, 4–10 y)

DSM-IV L. acidophilus (strain Rosell-11)
5 × 109 CFU/g
BID for 2 mo

West et al., 2013, 
USA [99]

Open-label with self-
control study
33 ASD subjects
(Gender not reported, 
3–16 y)

Not reported L. acidophilus, L. casei, L. delbrueckii, B. 

longum, and B. bifidum

1 × 1010 CFU/capsule
One capsule TID for 6 mo

Partty et al., 
2015, Finland 
[100]

Randomized, double-
blind, PBO-controlled 
prospective follow-up 
study 75 ASD subjects
40 PS (24 M, 13 y) vs. 
35 PBO
(16 M, 13 y)

ICD-10 L. rhamnosus GG
1 × 1010 CFU
QD for 6 mo

Tomova et al., 
2015, Slovakia 
[51]

Case control cohort 
study
10 ASD subjects (9 M, 
2–9 y)
9 non-ASD siblings 
(7 M, 5–17 y)
10 non-ASD controls 
(10 M; 2–11 y)

ICD-10 3 strains of Lactobacillus (60%, one is 
L. casei), 2 strains of Bifidobacterium 
(25%, one is B. longum), and 1 strain 
of Streptococcus (15%, exact strain 
information not provided)
Dosage not provided
One capsule TID for 4 mo

Grossi et al., 
2016, Italy [101]

Case report of a 12 y boy 
with ASD

DSM-V + ADOS-2 B. breve, B. longum, B. infantis, L. 

acidophilus, L. plantarum, L. paracasei, 
L. bulgaricus, L. delbrueckii, S. 

thermophilus, and S. salivarius

9 × 1010 CFU/g Bifidobacteria

8 × 1010 CFU/g Lactobacilli, and
20 × 1010 CFU/g Streptococci

QD for 4 months
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with ASD significantly increased levels of the beneficial bacteria, specifically, the 
amount of lactobacilli and enterococci, and reduced their fecal Clostridium counts 
[96]. Additionally, in the same study, the efficacy of probiotic supplementation 
seemed to be age-dependent, with better effects noticed on younger children, 
underscoring the importance of early interventions. Although all aforementioned 
studies showed changes in GM after the implementation diet with probiotics, only 
some of them analyzed the correlations with GI symptoms and reported improve-
ment of GI function indices [96, 98, 101, 102, 105]. In fact, a survey conducted 
on caregivers showed that daily administration of a specific five-strain probiotic 
decreased the severity of comorbid GI problems [99]. Concurrent with increases 
in the proportion of normal stools, there was an increased appetite and willingness 
to consume novel foods that may be due to reduced abdominal pain or improved 
stool evacuation [105]. Besides, in one case study report, a multi-strain mixture 
of 10 probiotics not only relieved the GI disturbances but also improved ASD 
core symptoms [101]. However, benefits reversed after the term of the therapy. In 
addition to the alteration in GI dysfunction and GM, more than half of the stud-
ies also included assessment of change in behavior after probiotic therapy. Most 
of these studies recorded a reduction in the severity of ASD symptoms, although 
not all reached significance. Noted positive effects on mood and general behavior 
were (i) statistically significant differences in behavioral scores for disruptive/
antisocial behavior, anxiety problems, communication disturbances, and self-
absorbed behavior compared to baseline [96, 104]; (ii) decrease in the severity of 

Authors Study design Diagnosis Probiotic therapy

Shaaban et al., 
2017, Egypt 
[102]

Prospective, open-label 
cohort study
30 ASD subjects (19 M, 
5–9 y)
30 age/sex-matched 
non-ASD siblings

DSM-V + ADOS + 
ADI-R

L. acidophilus, L. rhamnosus, and B. 

longum

10 × 107 CFU/g
5 g QD for 3 mo

Liu et al., 2019, 
Taiwan [103]

A double-blind, 
randomized, PBO-
controlled, parallel 
feeding study
71 ASD subjects:
36 PS (36 M, 7–15 y) vs. 
35 PBO
(35 M, 7–15 y)

DSM-V + ADI-R L. plantarum PS128
3 × 1010 CFU/capsule
1 capsule QD for 4 wk

Kobliner et al., 
2019, USA [104]

Case report of a 16 y 
child with ASD

Not reported S. boulardii

3 × 109 CFU/capsule
Week 1: 6 capsules QD. Weekly 
increases reaching a final dose of 12 
capsules BID. After 3 mo, weaning 
down to 3 capsules BID

Sanctuary et al., 
2019, USA [105]

Double-blind, crossover, 
randomized clinical trial
8 ASD subjects
(7 M, 4–11 y)

ADOS B. longum subsp. infantis

2 × 1010 CFU
QD for 5 wk

y, years; M, male; PBO, placebo; PS, probiotic supplementation; ADI-R, Autism Diagnostic Interview-Revised; 
ADOS, Autism Diagnostic Observation Schedule; ATEC, Autism Treatment Evaluation Checklist; CARS, Childhood 
Autism Rating Scale; DSM-IV, Diagnostic and Statistical Manual-4th Edition; ICD-10, International Classification 
of Diseases-10th Edition; d, days; wk, weeks; mo, months; CFU, colony-forming unit; g, gram; QD, once a day; BID, 
two times a day; TID, three times a day; QID, four times a day.

Table 1. 
Main clinical trials investigating the effectiveness of probiotic supplementation in autism spectrum disorders.
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speech/language/communication performance [97, 101]; (iii) progress in sociabil-
ity, sensory and cognitive awareness, physical health, and behavior [99, 102]; and 
(iv) changes in adaptive, repetitive, and aberrant behaviors including irritability, 
lethargy, stereotypy, and hyperactivity [105]. Conversely, in other investigations, 
no statistically significant differences in behavioral scores were detected between 
probiotics and placebo control groups [73, 103]. Lastly, probiotic treatment reversed 
the metabolic disruptions and improved behavioral performance. In one of the 
studies, probiotics significantly lowered the concentration of myeloperoxidase (a 
marker of inflammation and oxidation) in ASD patients compared to other autistic 
individuals not taking probiotics [106]. Metabolic changes were also observed in 
another former study in which probiotics substantially diminished fecal levels of 
propionic acid in ASD individuals [49]. In a third study, probiotic supplementation 
significantly reduced metabolic products of the pathogenic Candida yeast species 
[98], which are remarkably elevated in the urines of individuals with ASD [108]. 
This biological improvement also corresponded to behavioral outcomes, where 
children showed significant ameliorations in their ability to concentrate and fulfill 
orders. In 2015, an intriguing randomized trial demonstrated that early postnatal 
probiotic administration has a preventive effect on ASD and may reduce the risk 
of developing further neuropsychiatric disorder [100]. Results showed that from 
children randomly assigned to probiotic or placebo groups during the first 6 months 
of life, 17% in the placebo group had a diagnosis of ASD at the age of 13, while none 
of the children in the probiotic group did.

At last, though probiotics are considered a relatively risk-free option for individu-
als with ASD, the current literature cannot confidently state their safety as there is a 
paucity of systematic reporting of adverse events. However, among the studies that 
monitored side effects, the reported ones (bloating, skin rash, worsening constipation 
or diarrhea, and weight loss) appear to be mild, transient, and infrequent [96, 99, 
102, 105]. Conclusively, due to the large heterogeneity between trials, studies provide 
only suggestive but not conclusive evidence regarding the efficacy of probiotics on GI 
and behavioral symptoms among ASD patients. Thus, future probiotic research holds 
hopes for discovering the optimal species, strains, strength, and length of probiotic 
therapy for the particular comorbidity profile of different individuals with ASD.

3.3 Prebiotics

The International Scientific Association for Probiotics and Prebiotics (ISAPP) 
defines prebiotics as substrates “selectively utilized by host microorganisms, confer-
ring a health benefit” [75]. Such benefits are not limited to gut homeostasis but can 
extend elsewhere in the organism, leading to improvements of the immune, meta-
bolic, endocrine, or nervous functions. Fructans, comprising fructooligosaccharides 
(FOS) and inulin, and galactans (galactooligosaccharides (GOS)) are the most rec-
ognized prebiotics. Differently from most dietary fibers, which promote growth of a 
wide variety of microorganisms, prebiotics display a selective effect, being a sub-
strate for beneficial strains only, while excluding metabolism by pathogenic bacteria 
[6]. Thus, the main reason for a potential influence of prebiotics on the treatment of 
ASD concerns the selective enrichment of Lactobacillus and/or Bifidobacterium spp. 
Besides, various other mechanisms have been identified through which prebiotics 
can act, including generation of SCFA that have an influence on gut energy metabo-
lism, barrier function, water fluxes, motility [109], elongation of microvilli, increase 
in mucus layer thickness, and consequent protection of gut epithelium. However, as 
with probiotics, prebiotic studies regarding their impact in neurological problems 
are few and not conclusive. In rats, oral administration of GOS elevates BDNF levels 
[110], normalizes LPS-induced anxiety, and modulates cortical IL-1β levels [111], 
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thus confirming the potential role for prebiotics in ASD where anxiety and neuroin-
flammation are prominent clinical features. Lastly, only two clinical trials examined 
the use of prebiotics in children with ASD [105, 112]. In the first study, GOS alone 
did not have a significant effect on GI symptoms, while when combined with bovine 
colostrum, GI symptoms improved as well as irritability scores and stereotypy [105]. 
Similarly, in the second trial, GOS intervention did not show a significant impact 
when provided alone. Nevertheless, when associating GOS treatment with an exclu-
sion diet, notable increases occurred in beneficial bacteria supporting improvement 
in antisocial behavior [112]. GOS also affected SCFA production decreasing propi-
onic acid as a result of normalized GM composition. Thus, it is sensible to postulate 
that combined intervention therapies might have a better impact on ASD individuals 
than single dietary approach and prebiotics could be a useful option for ASD chil-
dren treatment in early life.

3.4 Fecal microbiota transplantation

The process of FMT consists in the delivery of feces from a healthy donor to a 
patient with gut dysbiosis, with the aim of replacing an impaired microbiota with a 
healthy one. Unlike probiotics, where only a restricted number of bacterial species are 
supplemented, FMT allows the transplantation of thousands of different components 
of the healthy GM. In fact, FMT is one of the most effective techniques recently con-
sidered in treating recurrent ATB-refractory Clostridium difficile infection [113] and 
has shown varying levels of success in patients with other GI diseases such as irritable 
bower syndrome [114], and non-GI diseases like autoimmune disorders, obesity, and 
insulin sensitivity [115]. Given the growing evidence for a role of GM disruption and 
GI symptoms in ASD, clinical trials are under way using FMT to treat children with 
ASD. In a recent open-label study, ASD children with chronic GI problems underwent 
a modified FMT protocol, termed microbiota transfer therapy (MTT), consisting of a 
2-week vancomycin treatment followed by bowel cleansing, and administration of a 
high dose of standardized human gut microbiota [24]. After this 10-week treatment, 
MTT induced an 80% improvement of GI function and a slow but steady improvement 
in behavioral ASD scoring, both of them maintained at least 8 weeks after treatment 
stopped. In line with previous reports, few adverse events were described, and the 
most commonly reported include mild diarrhea, abdominal tenderness, flatulence, 
and nausea thus confirming treatment safety and tolerability in autistic patients. 
Coincident with these clinical improvements, FMT confirmed its ability in modifying 
GM composition by significantly increasing bacterial diversity and the relative abun-
dance of Bifidobacterium and Prevotella [24]. Two years after this original clinical trial 
was completed, re-evaluation of the participants showed that GI benefits were mostly 
maintained and ASD symptoms were reported to have improved significantly since 
the end of treatment [116]. Changes in the GM also persisted for 2 years. According 
to these encouraging observations, intensive FMT intervention can be considered an 
effective and well-tolerated promising approach in treating children with ASD who 
have GI problems. However, the safety of FMT should be considered as it carries many 
risks including aspiration and transmission of opportunistic pathogens to recipients. 
Therefore, major efforts at refinement are necessary before FMT can be adopted widely.

3.5 Dietary interventions

A number of nutrition intervention strategies have been explored to treat 
behavioral symptoms and comorbid GI distress [117], but evidence is still relatively 
weak and sometimes inconsistent, as in the case with gluten-free and/or casein-free 
(GF/CF) diet and ketogenic diet (KD).
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Various observational studies reported alleviation of GI problems and/or 
significant behavioral improvements in ASD children following an extended GF/CF 
diet [118, 119]. However, elimination diets for ASD patients should not be recom-
mended as standard treatment and only be considered after reaching a diagnosis of 
an adverse food reaction since dietary restrictions are likely to limit variety of food 
intake and provoke nutritional deficiencies in developing children [120]. Moreover, 
GF/CF diet can also exacerbate the already disrupted gut microbial composition in 
ASD by reducing beneficial and increasing opportunistic bacteria [121].

Improvements in neurobehavioral symptoms have also been reported in ASD 
as a result of following a KD. KD is a high-fat and low-carbohydrate diet that, due 
to its beneficial effects on GM composition, has been suggested as a treatment for 
ASD. In humans, administration of KD to individuals with ASD results in increased 
sociability, improved communication, and decreased repetitive comportments 
[122]. In animal models, both improvement of behavioral symptoms and com-
positional remodeling of GM after KD have been described [123, 124]. However, 
KD causes an “antimicrobial”-like effect by significantly decreasing the total gut 
microbial abundance. Moreover, it results in an increase in clostridia species and 
may lead to adverse effects such as dehydration [125]. So, side effects and increase 
in harmful bacteria in the GM associated with limited number of positive results 
constitute insufficient evidence for the practicability of KD as a treatment for ASD.

4. Conclusion and perspectives

In the last few years, the importance of GM in the maintenance of physiologi-
cal state into the CNS is supported by several studies that have shown qualitative 
and quantitative alterations of the intestinal flora in a number of neuropsychiatric 
diseases. Within neurobehavioral disorders, it seems that at least a subset of the 
cases comprising ASD are connected to, and perhaps dependent on, the health 
and well-being of the GM. In recent years the increased prevalence of ASD, along 
with the evidence of a significant link between ASD and GI disturbances, raised a 
special interest in exploring the reciprocal influences between GM and brain under 
the so-called GBA. Alterations of GM composition in children with ASD presented 
in the literature mainly consist in reduced levels of Bifidobacterium and increased 
levels of Clostridium spp. and Desulfovibrio. However, the available data do not allow 
to define a characteristic and unique profile of ASD. If dysbiosis is confirmed to be 
a precipitating factor in ASD, then several potential therapeutic approaches ranging 
from ATBs, probiotics, prebiotics, up to FMT and other nutritional strategies may 
be useful adjuvant treatments in these patients. Future research, together with the 
application of state-of-the-art “omics” methods, could address possible unequivo-
cal microbial biomarkers for ASD. Further, as dysbiosis contributes to a significant 
subset of ASD, specific identification of ASD endophenotypes will allow patient 
stratification and personalized interventions. Addressing microbial processes could 
be the aim of the next pharmacological therapy of ASD that will potentially help to 
alleviate the burden of this disorder for the millions of people affected worldwide.
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Chapter 6

Role of the Microbiome as the First 
Metal Detoxification Mechanism
Rebeca Monroy-Torres, Marco Antonio Hernández-Luna, 

Xochitl Sofía Ramírez-Gómez and Sergio López-Briones

Abstract

Exposure to environmental toxins in water, soil and air are increasing with 
health effects, mainly in older ages and physiological states (childhood and preg-
nancy). The role of the microbiota has been widely studied with effects on the 
maintenance of health but this is only possible with a diet that promotes it. The 
traditional Mexican diet is rich in fiber, which has prebiotic effects and has found 
a higher excretion of arsenic and fluoride in adolescents who maintained a diet 
high in fiber derived from traditional foods. After several descriptive studies in the 
state of Guanajuato, since 2004, first with arsenic in drinking water in population 
of several communities, in 2015, it is achieved through an intervention study with 
a supplementation of several vitamins and minerals in population adolescent, a 
greater urinary arsenic and fluoride excretion, as well as a greater consumption of 
traditional foods such as beans, bananas, orange and quelites. Food is key to main-
tain a function of the microbiota, so its review and study should be encouraged.

Keywords: microbiome, traditional Mexican diet, soluble fiber, arsenic, fluoride

1. Introduction

Exposure to toxins in the environment, soil and air increase the effects on the 
health of the population in all ages and physiological states of higher priority such 
as childhood and pregnancy [1]. The role of the microbiota has been extensively 
studied with effects on health maintenance, but this is only possible with a diet 
that promotes its development, growth and maintenance of key bacteria [2]. An 
adequate diet (complete, varied, balanced, sufficient and safe) generates intestinal 
health by preserving the microbiota [3]. Among the key nutrients, it is known 
that soluble fibers function as a prebiotic for bacteria. The fructoligosaccharides 
represents one kind of these soluble fibers and are found in food such as banana, 
bean, onion, garlic, etc., that are part of the traditional Mexican diet [4]. After 
several descriptive studies in the state of Guanajuato, since 2004, first with arsenic 
in drinking water in population of several communities, in 2015, it is achieved 
through an intervention study with a supplementation of several vitamins and 
minerals in population adolescent, a greater urinary arsenic and fluoride excre-
tion, as well as a greater consumption of traditional foods such as beans, bananas, 
orange and quelites [5–7]. The traditional Mexican diet composed for quelites, 
legumes (beans, lentils), a wide variety of fruits and vegetables are rich in flavo-
noids, vitamins (A, B, C, D, E) have been associated prebiotic effect and a greater 

92
_____________________ WORLD TECHNOLOGIES _____________________



WT

excretion of metals. Monroy-Torres, et al found more excretion for fluoride and 
arsenic in adolescents who maintained these foods in their diet during the study [7]. 
Knowing the food transition and its impact on the changes in the microbiota is part 
of a research subline of Environmental Nutrition and Food Security [8].

The contamination of the main environmental resources, necessary to preserve 
the life of any human being are water, soil and air, which have a deterioration in 
quantity and quality integrating the presence of various pollutants with their cor-
responding health risks. Current evidence has integrated and recognized the main 
toxins present in water, soil, air and therefore in food, with important implications 
for the health of people at different stages of life, are lead, cadmium, mercury and 
arsenic [9, 10].

Lead, for many years, is part of the compounds of gasoline and to date is still 
used in pottery despite the existence of a rule that prohibits it for Mexico and in 
many countries. Low doses begin to generate problems especially in childhood and 
when there is anemia or poor nutrition, its toxicity is exacerbated. Sweets have been 
a source of lead exposure and also some lead-based paints. Pregnant women and 
children are more susceptible to lead exposure due to their high bioavailability at 
the gastrointestinal level and its permeability of the blood-brain barrier [11].

Cadmium compounds not only are present in batteries and cigarette smoke, but 
also food could represent a source of exposure to this metal. Cadmium is used in the 
manufacture of rechargeable batteries (composition based on nickel and cadmium) 
whose main problem is that everything containing cadmium is reusable or recycla-
ble being household waste one of the most frequent routes of exposure, so that its 
exposure has increased and ascending during the twentieth century. One concern is 
the low dose of this metal to generate kidney damage, bone damage and fractures, 
although this also varies according to the population group [10, 11].

With respect to mercury, this metal mainly causes deterioration and neurologi-
cal damage and the main source of exposure of people is the consumption of fish 
contaminated with methylmercury, as well as dental amalgams that in rural com-
munities remain the main option, given their durability. Due to the exposure of 
mercury orally through the consumption of fish, food alerts have been generated 
to avoid or minimize its exposure in pregnant women mainly, since the nervous 
system develops throughout fetal life, so it is vital to alert the population and avoid 
the consumption of large fish such as tuna, shark and swordfish [9, 12].

Arsenic is a metalloid present at different concentration in water tables. The 
toxicity of arsenic depends of its valence states and its organic or inorganic form. 
Organic As is considered less toxic than inorganic, as it is easier to excrete, this 
can be found mainly in shellfish and some cereals. Inorganic As is most toxic in its 
trivalent form that can chemically combine with sulfhydryl groups, these func-
tional groups form intermolecular and intramolecular bridges in proteins and their 
structure and biological function depend accordingly [1, 12].

El To address in this chapter, with utmost importance, we consider a summary 
of these four toxic heavy metals since little is known about their interactions and 
role of the microbiota, in the chemical reactions of oxide-reduction or those that 
apply for their detoxification of the organism. The health effects will depend on 
the toxic route of entry, dose and exposure time, as well as the nutritional status of 
each person. One of the main causes of contamination of food by these metals is 
that the land and water in which they are contaminated with these environmental 
toxins and this coupled with the fact that they can also be contaminated in processes 
of their subsequent industrialization and apart from this. The process generates 
foods with poor null nutrient content (fiber, vitamins and minerals) and also have 
more additives and preservatives [9, 10]. Reason for achieving a correct diet that is 
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complete, varied, balanced, sufficient, adequate and safe, has become a challenge, 
especially safety, defined “that the usual consumption of a diet or food does not 
involve health risks because it is free of pathogenic microorganisms, toxins and 
contaminants and is consumed in moderation” [3], whose definition we can affirm 
is difficult to achieve in the toxicological aspect [1].

Recently, the study of intestinal microbiota has increased significantly, because 
important protective and metabolic functions have been associated. On this regards, 
intestinal microbiota competes for nutrients, space and receptors with pathogenic 
microorganisms, as well as stimulating the production of antimicrobial peptides 
and immunoglobulins. The microbiota converts many complex substances such as 
starches, cellulose, pectin and gums into metabolites that are easily absorbed by 
the host, it also ferments another non-digestible residues from the diet, synthesizes 
some vitamins and is also involved in the absorption of ions [13, 14].

There are several probiotic bacteria that have been administered gastrointesti-
nally to sequester toxins present in food, such as a 250 g yogurt with 1010 CFU of 
Lactobacillus rhamnosus supplemented with probiotics to reduce exposure to metals 
in pregnant women and children with elevated blood lead levels in a study con-
ducted in Tanzania, changes in blood metal levels were evaluated and children’s gut 
microbiomes were analyzed, finding a protective effect against additional increases 
in mercury (3.2 nmol/L; P 0.035) and arsenic (2.3 nmol/L; P 0.011), only in women, 
but not in children [1, 2]. One of the reasons for these differences can be explained 
by the physiological immaturity of children as well as the stage of growth that 
are most vulnerable them; In the case of women where benefit was observed, it is 
explained why it is known that women have an efficiency in the excretion of metals, 
unlike men [1, 2, 15]. On the other hand, as regards Cadmium, it has been observed 
in women in the menopause stage, differences in metal metabolism and excretion as 
well as greater absorption of cadmium orally in women with anemia and osteoporis, 
causing kidney damage, osteoporosis and osteomalacia [15]. As women, in the 
menopause period should be more monitored being that is when there is a deterio-
ration in nutritional status such as anemia exacerbating increased exposure to lead, 
for example.

Respect of lifestyle change, nutrition plays an important role in maintain the 
microbiota; poor quality diets are rich in refined grains and added sugars, salt, 
unhealthy fats and foods of animal origin; and low in whole grains, fruits, veg-
etables, legumes, fish and nuts are the main causes of poor microbiome. Processed 
red meats are associated with an increase in cardiovascular diseases and strokes. 
However, for our population, the relationship between these variables was not 
conclusive [16].

Gut microbiota is composed of bacteria, fungi, archaea, viruses and protozoa. 
Some of the functions of gut microbiota are metabolism and the development of the 
nervous system and immune system [17]. Furthermore, alterations in microbiota, a 
process known as dysbiosis, have been associated with the development of obesity 
and diseases such as diabetes, inflammatory bowel disease and even neoplasms such 
as colon cancer. Some factors that cause intestinal dysbiosis are antibiotics, alcohol 
consumption, infection of pathogenic microorganisms and diet [18], this last one 
can favor the proliferation of specific phyla of bacteria in the gut [19]. Likewise, 
gut dysbiosis has been associated to exposure to heavy metals as cadmium and 
mercury [20, 21], halogenated compounds such as fluoride and metalloids such 
as arsenic, these last two contaminants of water for human consumption [22]. On 
the other hand, the role of the microbiota in the detoxification of xenobiotics [23], 
arsenic [24] and heavy metals [25], has been little studied. In the case of heavy 
metals, it has been observed that probiotics, especially lactic acid bacteria (LAB), 
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could contribute to their elimination, because these kinds of bacteria have a high 
affinity for heavy metals [26]. Therefore, a diet that favors the proliferation of LAB 
could be used as the natural detoxification of the organism in populations exposed 
to environmental pollutants. In this chapter, we review the role of diet in the gut 
microbiota and its possible use for the natural detoxification of the organism.

2. Toxicokinetics and heavy metal toxicodynamics

Of the most important aspects to consider in heavy metal poisoning is toxicoki-
netics and toxicodynamics. In this regard, the term toxicokinetics refers to the way 
through which toxins from the source of exposure enter the body, are distributed, 
biotransformed and eliminated [27]. On the other hand, toxicodynamics studies the 
mechanisms at the cellular or molecular level by which toxins cause damage [27]. 
These branches of toxicology are important to know because through toxicokinetics 
it is possible to prevent the metal from entering the bloodstream, its distribution 
can be modified and therapeutic measures can be taken to eliminate and reduce the 
toxic effects caused in the organism [28].

In this context, there are different sources of exposure to heavy metals, these 
sources can be natural such as water for human consumption or food of animal 
and plant origin mainly contaminated with arsenic, mercury or lead [29]. On the 
other hand, there are other sources of exposure such as the use of clay utensils or 
glazed earthenware that are used in Mexico to prepare food, industrial activities 
for the manufacture of accumulators, paints, cosmetics, medicines, thermometer 
manufacturing, etc., which also contribute to heavy metals being available in the 
environment so that they can enter the body of those exposed to them [27, 30, 31]. 
Of these sources of exposure, the most worrisome are natural sources such as water 
and food contaminated with these metals, because the population is unaware that 
their natural resources are contaminated and use them daily so they have a high risk 
of these metals that can damage your health, whether in the short, medium and/
or long term [32]. In the case of the sources generated by man as a work practice, it 
is easier to prevent exposure by taking various hygiene and safety measures in the 
work environment.

From the sources of exposure, heavy metals enter the body through different 
routes such as oral, topical and inhalation [27]. However, the main route of entry 
is the oral and sometimes in the same individual heavy metals can enter through 
different routes; such as mercury, the most common case is when a glass thermom-
eter containing this metal is broken and the user tries to pick it up with their hands, 
it will be absorbed through the skin, in addition to room temperature the mercury 
evaporates in its elementary form so that in this same individual mercury vapors 
enter by inhalation. But if, in addition, he did not wash his hands after collecting 
the mercury and immediately consumes food, he can contaminate them by taking 
them by hand and the mercury will enter orally, although by this route practically 
the elemental mercury is absorbed very little [33]. In this example, it is clear how 
the metal can enter via different ways, which increases the amount of metal that 
enters the body. However, in general, for all metals it is important to consider jointly 
and not in isolation: the source of exposure, the amount of toxic present, the route 
of entry of the toxic and the time of exposure to the toxic, since these aspects influ-
ence the magnitude of the damage that metals can cause in the organism [27, 28].

From these routes of entry, the four toxicokinetic processes of absorption, dis-
tribution, biotransformation and elimination are initiated. The absorption process 
refers to the passage of the toxic through the route of entry into the blood, for this 
to happen, it is important to consider whether it is exposed to organic and inorganic 
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compounds or to the elemental form of the metal that is contaminating either water 
or the food. In the case of organic compounds, they enter the bloodstream more 
easily because they are fat soluble and diffuse biological membranes faster and 
therefore their absorption rate may be higher than that of inorganic species. The 
species in elementary state evaporate so that when they are inhaled, they diffuse 
through the alveoli [34]. As for the distribution of heavy metals, it is observed that 
the organic forms are rapidly distributed to the central nervous system since they 
can easily cross the blood-brain barrier due to their liposolubility, they are also 
distributed to adipose tissue and other organs with higher fat content such as liver, 
heart and kidneys [27]. In contrast, inorganic compounds do not pass blood-brain 
barrier [28]. In general, metals pass placenta, and are attached to the disulfide 
bonds present in the keratin of the skin, hair and nails. On the other hand, lead is 
redistributed and deposited in bone and teeth [27].

In the biotransformation process of some heavy metals such as mercury and 
arsenic mainly, methylation reactions occur [27]. These occur in the liver and 
kidney, but various biotransformation reactions in the intestine can also be carried 
out through the microbiota. In this context, there is evidence at the preclinical level 
in cell cultures and in animal models that the microbiota performs various chemical 
reactions that can modify the toxicity of heavy metals; since heavy metals when 
distributed in the body can be concentrated in the bile and subsequently enter the 
enterohepatic circuit, or during their journey through the gastrointestinal system 
they may be susceptible to being biotransformed by the microbiota enzymes to 
less or more compounds toxic to the individual and even to the microbiota itself 
[35, 36]. This is a new issue that is changing the approach to toxicokinetics and 
toxicodynamics of heavy metals and other environmental toxins. For example, 
it has been described in murine models that the intestinal microbiota specifically 
the presence of bacteria such as Faecalibacterium can protect against acute arsenic 
toxicity [37]. At the preclinical level, there is a very interesting study on the intes-
tinal microbiome of conventionally raised mice (with normal microbiomes) and 
of mice with mammalian microbiomes altered with antibiotics and both groups 
exposed to sodium arsenite. In this regard, the authors found high levels of As in 
urine of mice with altered mammalian microbiomes, but the levels of As in the total 
feces were lower in this group, compared with conventionally raised mice. They 
also observed that the interruption of the intestinal microbiome with antibiotics 
significantly modified the biotransformation of arsenic and the urinary ratio of 
monomethylarsonic acid/dimethylarsinic acid increased. Regarding the expression 
of carbon metabolism genes (folr2, bhmt and mthfr), they observed a downward 
regulation, and the levels of S-adenosyl methionine (SAM) in the liver of mice with 
mammalian microbiome altered with antibiotics and treated with arsenic they also 
decreased significantly. Finally, they concluded that altering the microbiome with 
antibiotics also increases the toxic effects of arsenic in mice [38]. In another study, it 
was observed that dietary supplementation with a galactooligosaccharide produced 
an increase in fecal excretion of lead, a decrease in plasma and tissue concentra-
tion of the metal in mice. This effect was not observed when the microbiota of the 
mice was modified with antibiotics [39]. On the other hand, the probiotic strain 
Lactobacillus plantarum CCFM8661, prevented the absorption of lead in mice by 
intestinal sequestration, also significantly induced bile acid synthesis, improved 
bile flow and bile glutathione excretion, and increased bile acid excretion in feces 
of mice, the outflow of bile lead and improved fecal excretion of lead. Previous 
antibiotic treatment eliminated the effects induced by L. plantarum CCFM8661 on 
enterohepatic circulation of bile acids and lead [40].

In another study in rodents with a probiotic strain (Lactobacillus plantarum 
CCFM8610) administered orally, significantly improved hepatic synthesis of bile 
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acids, bile glutathione release and fecal excretion of bile acids. The biliary and fecal 
excretion of cadmium increased markedly after the administration of L. plantarum 
CCFM8610, which resulted in a marked reduction in Cd levels in tissues. These 
effects were related to the intestinal microbiota, since prior antibiotic treatment 
reversed the effects induced by L. plantarum CCFM8610 on the metabolism of bile 
acids and cadmium [41].

Finally, heavy metals and some demethylated metabolites are eliminated 
primarily by urine, but they can also be eliminated by bile, feces, breast milk, skin, 
nails and hair [27, 28]. Once the processes of absorption, distribution, metabolism 
and elimination of heavy metals are analyzed, it is very important to consider the 
pharmacokinetic changes that can occur in the most vulnerable populations who 
suffer from toxic effects such as children and pregnant women (Table 1) [27].

Regarding the toxicodynamics of heavy metals, various toxicity mechanisms 
have been described, however the most important are:

a. Production of free radicals with oxidative stress generation.

b. Enzymatic inhibition in a reversible and irreversible way.

c. DNA alteration probably due to the products generated in the methylation 
reactions.

d. Apoptosis.

e. Decoupling oxidative phosphorylation.

These cell targets are primarily responsible for alterations and damage in vari-
ous organs and systems [42]. Currently, the treatment for heavy metal poisoning 
is based on the administration of chelating drugs, which form a coordination link 
with heavy metal, favoring its elimination mainly by urine [27, 43]. However, when 
analyzing toxicodynamics, an important aspect to consider during treatment is to 
block the free radicals that are formed to prevent damage caused by the oxidation 

Lead Mercury Arsenic Reference

Children Oral absorption of lead is more 
increased compared with an adult.
Deficiencies of calcium and iron 
increase oral absorption of lead.
Children accumulate more lead in 
bone during the growing.
A greater amount of lead is absorbed 
by inhalation (increased ventilatory 
capacity).
Crosses blood-brain barrier.

Crosses 
blood-brain 
barrier.

Crosses 
blood-brain 
barrier.

[30, 31]

Pregnant 
woman

In pregnancy, lead is redistributed 
of bone into the bloodstream by 
increased calcium requirement.
A greater amount of lead is absorbed 
by inhalation (increased ventilatory 
capacity).
Crosses placenta.

Crosses 
placenta.

Crosses 
placenta.

[30, 31]

Table 1. 
Most important aspects to consider in the toxicokinetics of vulnerable populations.
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of lipids and proteins of the membranes and thus avoid oxidative cell stress, so that 
phytochemical compounds present in various foods can be effective in preventing 
oxidative cell damage. It has been described in the literature that heavy metals 
readily bind to groups -SH-, -SS-, -NH2-, -OH and -COO-, these groups are present 
in some endogenous antioxidants such as glutathione and exogenous acids such as 
acid ascorbic, so many antioxidant compounds such as flavonoids present in food 
can be an alternative to block the oxidative effect of heavy metals and thereby 
minimize or prevent oxidative damage in the population that has exposure to heavy 
metals [28, 44].

3. Microbiota and its composition

In recent years, the study of intestinal microbiota has increased significantly, 
because important protective and metabolic functions have been associated.

In this regards, intestinal microbiota compete for nutrients, space and receptors 
with pathogenic microorganisms, as well as stimulating the production of antimi-
crobial peptides and IgA antibodies; whereas in metabolic functions, the microbiota 
converts many complex substances such as starches, cellulose, pectins and gums 
into metabolites that are easily absorbed and used by the host, it also ferments 
another non-digestible residues from the diet, synthesizes some vitamins and is 
also involved in the absorption of ions (such as calcium, magnesium and iron) and 
energy recovery [13, 14].

The intestinal microbiota comprised about 35,000 species of microbes 
and includes at least six bacteria phyla, among them Firmicutes, Bacteroidetes, 
Fusobacteria, Proteobacteria, Actinomycetes and Verrucomicrobia; the predominant 
bacteria populations constituting about 90% of the total being Firmicutes and 
Bacteroidetes [45]. In gastrointestinal tract, there is a wide variety of bacteria 
that survive and have adapted to different pH conditions. In the esophagus, pH 
<4 is inhabited by bacterial strains from phyla Bacteroides, Gemella, Megasphaera, 
Pseudomonas, Prevotella, Rothia sps., Streptococcus and Veillonella. The phylas such as 
Streptococcus, Lactobacillus, Prevotella, Enterococcus and Helicobacter reside mainly 
in stomach (pH = 2). In small intestine (pH = 5–7), the phylas such as Bacteroides, 
Clostridium, Streptococcus, Lactobacillus, g-Proteobacteria and Enterococcus are found 
mainly (Figure 1). In colon (pH = 5–5.7), Bacteroides, Clostridium, Prevotella, 
Porphyromonas, Eubacterium, Ruminococcus, Streptococcus, Enterobacterium, 
Enterococcus, Lactobacillus, Peptostreptococcus and Fusobacteria are the resident 
phylas and finally in cecum (pH = 5–7) the phylas such as Lachnospira, Roseburia, 
Butyrivibrio, Ruminococcus, Fecalibacterium and Fusobacteria are found [46]. The 
intestinal microbiota has both a symbiotic and mutualism relationship, and also it 
has an important influence on the health and physiology of host. In this way, intes-
tinal dysbiosis has been associated with a large array of human diseases such as, 
irritable bowel syndrome, inflammatory bowel disease, metabolic diseases (obesity 
and diabetes), as well as allergic and neurological diseases [47–49].

There are several factors affecting variations on intestinal microbiota, including 
age and diet [46, 50, 51]. It has been suggested that intestinal microbiota in healthy 
individuals is relatively stable when the diet remains without major changes, but 
with a subtle change in diet, the intestinal bacterial composition may also change 
and produces important alterations on the protective barrier function of the intes-
tine. It is well known that not only the intestinal microbiota supports the protective 
functions of host. In addition, there is a complex cellular barrier where a variety of 
cells with different functions are housed, such as enterocytes, goblet cells, enteroen-
docrine cells, Paneth cells and intraepithelial lymphocytes; together with the mucus 
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cells), the main function is to limit the translocation of bacteria or other antigens 
and, therefore, proinflammatory processes are avoided and controlled (Figure 1). 
However, some intestinal bacteria from microbiota could produce toxic metabolites 
that may damage the epithelial barrier, increasing intestinal permeability and allow 
the entry of bacterial products into the circulatory system [52].

On the other hand, the role of the microbiota in detoxification of xenobiot-
ics and contaminants (pesticides and heavy metals) has been poorly studied. 
Nevertheless, it has been found that intestinal microbiota contributes to metabolism 
of xenobiotics [23] and heavy metals such as cadmium [21], mercury [20] and 
metalloids such as arsenic [24]. In this regards, in rats [53] and mice [54], several 
bacteria strains have been proposed and used as detoxifying probiotics, including 
mainly lactic acid bacteria. However, to date, there are no studies about the use of 
lactic acid bacteria as probiotics in humans. Recently, in Drosophila melanogaster, it 
has been found that use of L. rhamnosus has reduced both absorption and toxicity 
of organophosphate pesticides [55]. Also, lactic acid bacteria [56] and Pediococcus 
[57] have been used to reduce the toxic effects of aflatoxins and mycotoxin present 
in food, respectively. Likewise, in vitro experiments have shown the ability of lactic 
acid bacteria to bind and neutralize acrylamide molecules, a carcinogenic compo-
nent present in some foods [58].

Since 1977, the interaction of the intestinal microbiota with the elimination 
of heavy metals was demonstrated. Here, elimination of mercury in feces of 
germ-free mice was lower, while the retention of mercury was slightly higher in 
organs from germ-free mice than in control mice [59]. In addition, it has been 
shown that oral administration of probiotics like Lactobacillus plantarum inhibit 
heavy metal cadmium (Cd) absorption by protecting the intestinal barrier upon 

Figure 1. 
The cellular composition of the complex barrier of the small intestine, where cells with different functions, 
such as enterocytes, goblet cells, enteroendocrine cells, Paneth cells and intraepithelial lymphocytes are the main 
residents. In addition, there is a layer of mucus in the intestinal lumen. Moreover, the lamina propria contains 
mainly T and B lymphocytes (secretory IgA plasmatic cells), macrophages and dendritic cells. It is possible to 
find the following bacterial phylus in the small intestine microbiota: Bacteroides, Clostridium, Streptococcus, 
Lactobacillus, g-Proteobacteria and Enterococcus that adapt to survive at pH = 5–7. These bacteria are in 
constant contact with all host cells and they have several functions related to health and illness of host.
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acute and chronic Cd intoxication in mice [25]. Recently, it has been proposed 
that the possible mechanism of detoxification of Cd upon oral administration of 
Lactobacillus plantarum as a probiotic is through the enterohepatic cycle, increas-
ing the metabolism of bile salts, which are conjugated with Cd and favoring its 
elimination in feces [40]. Similarly, the probiotic strains of Lactobacillus rhamno-
sus, Propionibacterium freudenreichii and Shermanii js. showed an effective ability 
to bind cadmium and lead, both in vitro and in experimental mouse model of oral 
heavy metal intoxication [60, 61]. Additionally, use of probiotics improved the 
nutritional, biochemical and physiological parameters in experimental rat model 
intoxicated with chromium, suggesting that probiotic bacteria neutralize the toxic 
effects of chromium [62]. Also, administration of Lactobacillus plantarum as a 
probiotic significantly reduced both renal and hepatic injury induced by alumi-
num in mice that are chronically exposed to this toxic heavy metal [63]. Recently, 
human gut commensal Faecalibacterium prausnitzii was used as probiotic in mice. 
Here human stool transplantation restored protection in acute arsenic toxicity in 
mouse models [24]. Moreover, the functions in detoxification of inorganic arsenic 
of arsDABC genes from obligate anaerobic bacteria Bacteroides vulgatus, a common 
resident of the human microbiota have been well characterized [64]. Interestingly, 
in a clinical pilot study, yogurt supplemented with probiotic was administered to 
pregnant women and school children living in contaminated areas of Tanzania, 
resulting in a significant reduction on blood levels of heavy metals such as mercury 
and arsenic [65].

Finally, the ability of the microbiota to metabolize drugs has been referred as 
Pharmacomicrobiomics [66]. Intestinal microbiota generates phase I and phase 
II reactions to metabolize drugs, similar to the one generated by host cells. These 
include hydrolysis, dealkylation, glucuronidation and others reactions [67]. Thus, 
it has been strongly suggested that bacteria from the intestinal microbiota produce 
enzymes that metabolize drugs and contribute to determine the pharmacologi-
cal properties of several drugs. Some examples of drugs that are metabolized by 
intestinal microbiota include aminosalicylates and anthranoid laxatives; digoxin; 
irinotecan and non-steroidal anti-inflammatory drugs, such as rutin, diosmin and 
baicalin, as well as l-dopa and simvastatin, used for the treatment of Parkinson’s 
disease [68–70].

4. Evidence in the state of Guanajuato, Mexico

Guanajuato is a Mexican state located in the middle area of the country and 
according to the 2015 intercensal National Population Census, Guanajuato has 
5,853,677 inhabitants, representing 4.9% of the total population of the country. 
Guanajuato is divided into 6 socioeconomic and geographic regions with 46 
municipalities [71]. Since 2005, the risks of arsenic exposure in drinking water 
have been studied in some rural populations belonging to the State of Guanajuato 
[72]. In a comparative study in children of 10 years of age on average, arsenic levels 
were found in hair above the norm (from <0.006 to 1.3 mg/kg) and for the control 
group <0.006 mg/kg of arsenic [72]; however, it was found that children with 
non-standard levels of arsenic in hair, referred to drinking only carafe water and 
not tap water, which was explained because the water used to prepare soups, broths 
or beans, was used tap water [73]. On the other hand, only 26% had an adequate 
energy intake and the consumption of protein, folic acid, zinc and fiber was low 
according to RDA and children used to have mainly soft drinks, fried foods and pro-
cessed foods [74]. Another study was applied in 352 households (heads of family) 
and measuring experiences related to access to water [sufficiency, safety (safety), 
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acceptability, availability and accessibility], 33.4% of households reported concern 
about not having access to water and 74.8% had no access. About 70.8% had to buy 
water to drink and 5.7% became ill and related it to water consumption. About 
65.6% of households presented food insecurity. The correlation was significant for 
the level of schooling of female heads of household, the number of households with 
children aged 1 and 12 with the use of tap water for drinking, preparing powdered 
milk for children and for food at home and fresh water [70, 75], which reflects the 
problem of exposure to various pollutants.

4.1 Main health problems in the state of Guanajuato

Studies conducted regarding lifestyles and eating habits have found a deteriora-
tion in it, where the child and adolescent population are the first years of key life of 
growth and development, have a low consumption in fruit, vegetables and legumes 
(beans and lentils), which reflects risks of the absence of having prebiotics that 
allow maintaining intestinal health (microbiota) [71, 72]. Studies have shown a 
decrease in breastfeeding that so far during 2019 are changing these figures in 
Guanajuato but before that, the time of breastfeeding identified was 4.3 months in 
a range of not breastfeeding up to 7.3 months maximum [71, 72]. It is known that 
breastfeeding is the best food that promotes intestinal health and thus the microbi-
ota. Guanajuato, as well as several regions of Mexico and in the world, has high rates 
of prematurity, teenage pregnancy and diabetes, which has a strong component 
with lifestyles and if we combine environmental pollution problems, we will face an 
obvious risk. For the first known biotransformation mechanism is the microbiota, 
but studies are still scarce [72, 73].

Regarding the stage of pregnancy, a study found reports of 26% of the mothers 
who reported a consumption of soda at least twice a week and preferred to buy 
already processed foods than prepared at home. The consumption of fruit, vegeta-
bles, legumes, cereals and tubers were low. This reflects problems of access to food 
and with its food insecurity, in addition to worrying about not having enough access 
to water, and in the last 3 months, 50% of households experienced water shortages. 
Most households used tap water to prepare milk for the children, as well as for 
personal hygiene. About 25% of the interviews reported that water availability has 
decreased in their homes, while the cost of water has increased [74].

4.2 Dietary and food intervention in the region

Derived from studies with arsenic and knowing its metabolism in addition to 
deterioration in lifestyles [74], the effect of vitamin and mineral supplementation 
on nutritional status and urinary excretion of arsenic in a group of 45 exposed 
adolescents was measured to this metal through drinking water [7], supplementa-
tion was provided daily for 4 weeks for subsequent weekly assessment of nutritional 
status and arsenic levels in urine and drinking water. It was observed that the basal 
nutritional intake was low for protein, fiber, folic acid, vitamin B2, B6, B12, E, C, 
selenium and iron, as well as the increase of 1 g/dL of hemoglobin in all partici-
pants, at the end of the intervention in addition to an increase in fat-free mass and 
decrease in the percentage of body fat; the average arsenic consumption of drinking 
water in participants was 96.2 ± 7.5 μg/L with a urinary excretion of arsenic in the 
first week of intervention [35.91 μg/g Cr (95% CI = 23.2–74.8 μg/g Cr)] resulting 
higher, which was statistically significant compared with baseline urinary arsenic 
levels [43.2 μg/g Cr (95% CI = 30.8–117.6 μg/g Cr)] (p < 0.05).

From several species of quelites, which are endemic plants of Mexico, its vast 
nutritional composition is known. A recent study, evaluated three types of quelites 
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(purslane-Portulaca oleracea-;quintonil-Amaranthus spp.- and quelite ash or green 
quelite-Chenopodium album-) from Mexico, determined their nutritional composi-
tion, antioxidant capacity and physicochemical analysis finding considerable levels 
of carotenoids (2.85 mg/g DW) and the highest antioxidant activity. The nutritional 
content of iron, calcium and magnesium were higher for quintonyl, while for 
phosphorus, potassium and zinc was higher in quelite ash [75]. The ash and purs-
lane quelite showed similar antioxidant activity but a higher level in the phenolic 
and flavonoid content, while the quintonil showed the presence of chlorophyll and 
protein concentration higher than those found in the quelite ash.

5. Conclusions

The chapter closes in a compilation of studies that reflect that despite the 
changes in lifestyle with a greater deterioration in healthy habits and therefore the 
consumption of an adequate diet (low in fruit and vegetables) and with it a low con-
tribution in nutrients that promote the growth of the microbiota as well as in fiber 
which is known to have a probiotic effect, the consumption of fruit such as banana, 
apple and orange that is seasonal and low-cost fruit is preserved; of vegetables such 
as onion used as a condiment or in the preparation of most Mexican foods such as 
broths and sauces, as well as the consumption of beans (legume group), which are 
rich in antioxidants, soluble fiber rich in fructooligosaccharides.

Despite the little evidence, it is clear that the maintenance and promotion of the 
microbiota is to have a nutritious or adequate, varied, balanced, sufficient diet; as 
well as considering the alternatives of consuming fermented and probiotic-added 
dairy products, locally produced nutrients that are known to counteract non-toxic 
exposures such as those already reviewed, as is the case of prolonged exposure to 
arsenic, through food and drinking water, as it increases the risk of cancer, diabetes 
and high blood pressure, among other diseases. The typical Mexican diet is high 
in soluble fiber, key nutrients such as antioxidants, proteins are beans, tortilla 
plantain, orange, chili, quelites, showing that they co-help with a greater arsenic 
excretion through the urinary tract.

It is suggested to continue expanding the evidence of the combination of foods 
from a diet and lifestyle in general, mainly in women during the menopause period 
and pregnancy, due to a greater susceptibility to the development of anemia and 
resorption. Bone with exposure to metals such as lead or cadmium, since arsenic 
and fluoride are not the only contaminants that have been described in Guanajuato, 
the presence of lead, chromium and mercury, among the main ones, is known, and 
it is necessary Scale these experiences to combine nutritional treatment and drug 
therapy with chelators.
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Chapter 7

Prebiotics and Probiotics -
Potential Benefits in Human
Nutrition and Health
Maria Inês Sucupira Maciel and

Michelle Maria Barreto de Souza

Abstract

The growing interest of using probiotic bacteria into foods has lately increased
due to its beneficial effects on intestinal microbiota. This fact has motivated
researchers and the food industry to develop new functional products, such as
probiotics. The probiotic fruit juices can be a good alternative for new foodstuff
production mainly for people with galactosemia and lactose intolerance. Among the
microencapsulation techniques of probiotics in juices, spray drying and freeze dry-
ing are two of the most used with 220 and 228 publications found in Science Direct,
8 and 0 Web Science, and 5 and 0 in SCOPUS, respectively. Several studies have
reported the addition of probiotics in different fruit juices to produce functional
beverages; however, there are no reports on the use of three or more probiotic
microorganisms in mixed beverage. Our research group has been directing studies
in this area in order to provide results of scientific interest and to food industry.

Keywords: new product, juice fruit, spray dryer

1. Introduction

Consumers’ growing interest in using food to improve their health and well-
ness has motivated researchers and the food industry to develop new functional
products, such as probiotics [1]. Interest in healthy, nutritious, high-end food
products has increased worldwide as probiotic-supplemented beverages benefi-
cially affect one or more body functions and have the potential to promote health.
Consumers are more aware of the relationship between good nutrition and health,
so there is a growing demand for foods that, in addition to nourishing, provide
health benefits.

Traditionally, probiotics are incorporated into dairy products. However, non-
dairy food matrices have been studied as potential carriers for these microorganisms
because of the increasing number of individuals who are affected by lactose intol-
erance, milk protein allergy, galactosemia, and hypercholesterolemia. Seventy-five
percent of the world’s population is suffering from lactose intolerance [2, 3].

Fruit juices, desserts, and cereal-based products featuring probiotics may be
other suitable media for delivering probiotics. Most of the probiotic food products is
categorized as functional foods. These products include fruit drinks. According to
Corbo [4], functional beverages are nonalcoholic beverages containing
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nontraditional ingredients that offer health benefits. Within this context, fruit
juices are indeed promising probiotic carriers due to their essential nutrient content
along with their appeal to a niche of consumers who already care about healthier
habits [5]. The great advantage of fruit juices as a probiotic food is that it is regularly
consumed by high portion of the population, which would allow continuity of the
beneficial effect from the probiotic microorganisms carried by this food.

However, the viability of the microorganisms is defined during processing,
being a necessary application of methods that can maintain or improve their viabil-
ity and functionality. With this, new technologies have been proposed, among
them, the microencapsulation stands out as a promising technique. The microen-
capsulation can be defined as a process in which small solid particles, liquid drop-
lets, or gases are evolved by a coating layer, or incorporated into a homogeneous or
heterogeneous matrix, yielding small capsules with useful properties [6–9].

The microencapsulation of food ingredients in coating materials can be achieved
by various methods. Some of them are spray drying, extrusion, freeze drying,
fluidized bed, coacervation, and cocrystallization. Among these methods, atomiza-
tion is the most used in the manufacture of foodstuffs [10, 11].

The spray drying consists of transforming a product in fluid state into solid state
in the form of powder, a continuous operation, through a relatively short time
[12–14], being also the most used method to encapsulate probiotic bacteria [15].

2. Nondairy food matrices as a carrier of microencapsulated probiotic
microorganisms microencapsulated

The word probiotic comes from the Greek word “προ-βίος” that means “for life”;
thus, probiotics are live microorganisms (mainly bacteria but also yeasts) that
confer a beneficial effect on the host if administered in proper amounts [16].

The most common probiotic microorganisms used commercially in food are
bacteria from the genera Lactobacillus and Bifidobacterium [17]. Lactobacillus species
used as probiotics in food include L. acidophilus, L. crispatus, L. amylovorus, L.
gallinarum, L. gasseri, L. johnsonii, L. helveticus, L. delbrueckii subsp. bulgaricus, L.
salivarius subsp. salivarius, L. casei, L. paracasei subsp. paracasei, L. paracasei subsp.
tolerans, L. plantarum, L. rhamnosus, L. fermentum, and L. reuteri [18].

Probiotics are widely used in commercial functional products of animal origin,
mainly fermented milk, such as yogurt and cheeses; however, the use of milk-based
products may be limited by allergies, cholesterol diseases, dyslipidemia, and vege-
tarianism, and therefore, several raw materials have been extensively investigated
to determine if they are suitable substrates to produce novel nondairy functional
foods [16, 19].

Nondairy probiotic products are found to a lesser extent in market and are
usually restricted to traditional products based on cereals or soy [19]. The number
of articles on the use of nondairy matrices for the transport of probiotic microor-
ganisms increases each year (Table 1), which demonstrates the increasing interest
they have received in the health sciences literature. From a scientific point of view,
it is unquestionable that probiotics constitute an important field of investigation
and study, with the digestive tract, more specifically the intestinal microbiota, as
the main point [20, 21].

Fruit and vegetable juices can be considered as a new category of food matrices
for probiotic bacteria [37] with developments reported in literature [38, 39].
Particularly, fruit juices have been reported as a novel and appropriate medium
for probiotic for their content of essential nutrients. Moreover, they are usually
referred as healthy foods, designed for young and old people [40].
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Fruit juices are indeed promising probiotic carriers due to their essential nutrient

content along with their appeal to a niche of consumers who already care about
healthier habits. Fruits are healthy and refreshing and have good taste and flavor
profile and can be suitable for probiotics [41, 42].

The observations that plant compounds, like complex carbohydrates and phe-
nolics, may act synergistically with probiotics [43, 44] in formulations for gut
health were important for nondairy probiotic product developers. Every food cate-
gory from cereals to soy, to fruits and vegetables, has been the subject of research
for new product development.

The use of probiotics represents a promising, rapidly growing area for the
development of functional foods. Probiotic crops are successfully applied to differ-
ent food matrices [45]. However, the development of nondairy products represents
a challenge for the industry, as each food matrix has unique characteristics, and it is
necessary to optimize and standardize each type of product.

Probiotic foods should be safe and contain sufficient probiotic microorganisms
during the shelf life of the product. Therefore, selected probiotic strains should be
suitable for large-scale industrial production, with the ability to survive and retain

Probiotic Food matrices Food product References

L. rhamnosus Apple Apple cubes [22]

L. casei NRRL B-442 Cashew Cashew juice [23]

L. casei Melon Melon juice [24]

L. casei NRRL B-442 Cashew Dehydrated
cashew juice

[25]

L. plantarum 33 Olive Olive paste [26]

L. casei 01 Lychee Dehydrated
lychee juice

[27]

L. casei NRRL B-442 Orange Dehydrated
orange juice

[20]

L. rhamnosus HN001, L.
acidophilus LA-5 e L. plantarum

Pineapple, banana, guava, apple,
papaya, and mango

Fruit salad [28]

Bifidobacterium animalis

spp. lactis
Jussara Dehydrated

jussara juice
[29]

L. casei NRRL B-442 Orange Dehydrated
orange juice

[30]

L. paracasei Orange Orange juice [31]

L. plantarum Apple Apple cubes [32]

L. salivarius

spp. salivarius
CECT 4063

Mandarin Mandarin juice [33]

L. plantarum LS5 Lemon Lemon juice [34]

L. plantarum DW12 Coconut water Fermented drink
of coconut

[35]

L. casei NRRL B-442 Apple Dehydrated
apple cubes

[36]

L. plantarum MTCC2621 Lychee Dehydrated
lychee juice

[21]

Table 1.
Studies on the use of nondairy matrices for the transport of probiotic microorganisms.
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their functionalities during food processing and storage [17]. Several strains of Lb.
plantarum, Lb. acidophilus, and Lb. casei can grow in fruit matrices due to their
tolerance to acidic environments [46].

During food storage different factors may affect the viability of probiotic bacte-
ria, such as probiotic strains used, pH, the presence of hydrogen peroxide and
dissolved oxygen, buffering form, storage temperature, the nature of the ingredi-
ents added, and food matrices [23, 47, 48].

In order to exert beneficial effects on health, the number of viable cells of
probiotic microorganisms should be located above 106 CFU.g�1 in the product for
consumption, available over the entire shelf life. Therefore, the preservation of
probiotic cultures in products during storage is of extreme importance [49].

In this context, microencapsulation of probiotic cells has been widely studied as
a technique to improve the stability of these microorganisms by protecting them
from unfavorable environments [17]. Microencapsulation also has a potential effect
on reducing post-fermentation acidification and possible negative sensory effects of
probiotic food products [50].

Among the microencapsulation technologies, spray drying and freeze drying are
the most commonly used. However, spray drying is the most effective for large-
scale industrial production because it is a continuous, rapid process and has rela-
tively low cost and high reproducibility [51, 52]. It is suggested as a technique that
improves the survival of probiotics during food processing and storage, as well as
confers protection of probiotics against subsequent exposure to the harsh conditions
of the gastrointestinal tract, as this process gives a coating to the cells, protecting
them from the outside environment [53].

Among the advantages of atomization, a distinguished one is the ability to
handle heat-sensitive materials with high surface area/droplets volume ratio,
resulting in shorter time of exposition to drying temperature [54]. Besides
protecting probiotic cells from adverse conditions, powders obtained through spray
dryer have good reconstitution and low water activity and are suited for storage at
ambient temperature, what it is desirable, especially in commercial applications,
due to higher operational costs associated with cooled storage, transport, and dis-
tribution difficulties [55, 56].

The characteristics of the powder produced in driers depend mainly on the
operational variables of the drier (air inlet and outlet temperatures), on the product
composition, solid concentration, feed flow rate, and also on the type of encapsu-
lating agent used in the formulation [57].

Several studies reported that microencapsulation by spray dryer might provide
a more favorable anaerobic environment for sensitive probiotic bacteria, as well
as a physical barrier from the harsh acidic conditions of fruit juice [58]. The
addition of probiotics in different fruit juices to produce functional beverages
microencapsulated by spray drying has also been reported [21, 25, 27, 29].

The most commonly used carrier materials for encapsulation are maltodextrin.
Maltodextrin (MD) is a polysaccharide, which molecular weight and properties
depend on the hydrolysis process employed to obtain it from starch. Maltodextrin is
classified by its dextrose equivalent (DE) which measures the amount of reducing
sugars present in a sugar product, relative to dextrose [59–61].

The wall material is one of the most important parameters in the food microen-
capsulation processes. Its chemical composition and structure can affect the quality
of the powdered product and criteria, such as solubility, apparent density, absolute
density, porosity, particle size distribution, morphology, hygroscopicity, cell via-
bility, water activity, moisture content, and sensory evaluation [61, 62].

However, to date there are no reports on the use of various probiotic microor-
ganisms incorporated into a mixed beverage. In view of this, aiming at
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complementing nutrients, increasing nutritional characteristics, and developing
new flavors, our research group has been directing studies in this area in order to
provide results of scientific interest and to food industry.

2.1 Microencapsulated probiotic mixed fruit juice

In recent years our research group has been carrying out studies with microen-
capsulation of juices from various fruits, using maltodextrin as the main encapsu-
lating agent. In a recent study [63], with mixed juice of tropical fruits, the process
was optimized in order to obtain products with better sensorial and nutritional
characteristics. Based on these results, in order to meet the growing demand for
functional foods, probiotic microorganisms were added.

The study related to the process of addition of probiotics to mixed juice in
powder is an innovation, consisting of a new food product. Thus, the patent of
product and process category was registered, at Brazil’s National Institute of Indus-
trial Property with Patent nature of Invention, under register number BR 102019
009006 5.

The objective was to develop a novel nondairy probiotic product, composed of
mixed juice with three Lactobacillus microencapsulated by spray drying using
maltodextrin DE 5.

Currently there is a growing market for juices composed of more than one fruit,
and this tendency is most observed in products that use tropical fruits. Tropical
fruits are widely accepted by consumers and are important sources of antioxidant
compounds. For this reason the acerola and siriguela were selected.

Acerola (Malpighia emarginata D.C.) is a fruit native to Central America and
Northern South America, with some of its largest plant area in Brazil, which has
been increasingly produced, because of their high vitamin C contents from 700 to
1400 mg/100 g�1 [64–66]. The siriguela (Spondias purpurea L.) is a fruit from
Anacardiaceae family originally from Central America and widespread in all tropi-
cal countries, mainly in the northeast region of Brazil. It is a small yellow fruit, with
a pleasant aroma and taste, being a source of carotenoids [67, 68]. Thus, acerola and
siriguela juice is an interesting nondairy matrix for a probiotic beverage.

The viability of probiotic bacteria is the most important parameter in the spray
drying process using microorganisms due to heat inactivation and exposure to
dehydration, and maximum viability is there for the major goal for this type of
product [25, 69]. Probiotic mixed powder juice with maltodextrin DE 5 presented
viable cell counts above 6.0 log CFU.g�1 (Table 2), which is the minimum

Analyses Maltodextrin DE 5

Microbial viability (log CFU.g�1) 8.50 � 0.04

Water activity 0.12 � 0.00

Moisture content (%) 2.09 � 0.06

Hygroscopicity (g.100 g�1) 24.40 � 0.70

Apparent density (g/mL) 0.38 � 0.01

Absolute density (g/mL) 1.97 � 0.01

Porosity (%) 31.13 � 0.29

Solubility (%) 92.75 � 2.03

Table 2.
Physical properties and microbial viability of acerola and siriguela probiotic mixed juice microencapsulated by
spray drying using air inlet temperature 140°C, feed flow rate 0.60 L/h, and 10% maltodextrin DE 5.
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recommended level for probiotics in food products necessary to produce therapeu-
tic benefit [25, 70].

Probiotics’ survival during spray drying can also be attributed to the strong
adherence to the carrier, which protects cells from high acidic and bile conditions.
Overall, maltodextrin is confirmed to serve as a good encapsulating matrix as well
as a moderate prebiotic for high survival of probiotics. The sugars present in juice
may also have contributed to the survival during spray drying since sugars act as
thermoprotectants [71].

Moisture and water activity are important indexes for spray-dried powders due
to their effects on the shelf life of the product; a large amount of retained water can
accelerate degradation reactions and microorganism growth [72]. It is necessary
that its equilibrium moisture content is less than 5 g water/100 g of dry solid and its
water activity is in the range from 0.1 to 0.4, ensuring greater stability for dry food
[73]. The moisture and water activity for probiotic mixed powder juice (Table 2)
are in agreement with the study of [73]. Values similar were obtained by [20, 27, 30]
studying orange, lychee, and orange juice probiotic microencapsulated by spray
drying, respectively.

Hygroscopicity is the ability of a material to attract and hold moisture from the
environment. It is generally calculated from the weight gain after storing the food
powder in a high humid desiccator (relative humidity more than 60%) for a period
(generally 1 week) [74, 75]. The hygroscopicity value (Table 2) was similar com-
pared to other probiotic microencapsulated formulation [27] and much larger than
[21]. The hygroscopicity can be easily controlled by using suitable packaging,
maintaining the integrity of the product without significant changes.

Solubility, the ability of a powder to form solution or suspension in water, is
defined as the most reliable criterion to evaluate the behavior of powder in an
aqueous solution. This parameter shows the ability of the spray-dried powder to
form solution or suspension in water [76]. Solubility of powders can be affected by
many parameters such as initial composition of the raw material to be
microencapsulated by spray-dried, compressed airflow rates, low feed rates, and
the carrier agents [77]. In this study, high solubility values were obtained with
maltodextrin DE 5 (Table 2). The characteristics of solubility normally contradict
to apparent density; the powder showing high solubility should have low apparent
density [78].

The absolute density of the particle matches the actual density of the solid and
does not consider the spaces present between the particles, unlike the apparent
density. A similar result with this study (Table 2) was reported by [75] using
maltodextrin DE 10 for açai pulp drying.

The higher values of porosity indicate the presence of a larger number of spaces
between the particles, containing oxygen available for degradation reactions [79]. In
this study (Table 2), lower value of porosity was obtained. In this way, the malto-
dextrin DE 5 is suitable for the spray dryer process. The efficacy of low-DE malto-
dextrin as drying carriers is due to the encapsulating property and low moisture
diffusivity [80].

Particle size distribution is an important physical property that directly affects
the application of microcapsules into food formulations [81]. The microcapsules
exhibited lower particle size distribution (7.07 μm � 0.03). Small particles are
preferred in food formulations for ensuring homogeneity and quality, since they
have large surface area and enable interaction with microorganisms favoring the
microbial reactivation [82] (Figure 1).

The morphological characteristics of the particles showed spherical shapes with
various sizes that are features of spray-dried powders and surfaces with wrinkled
predominance and few particles with smooth surface. The occurrence of roughness
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on the surface of the microparticles may be associated with shrinkage of the wall
material during initial stages of the process and temperature used in the drying
chamber [83, 84]. With these results, a great potential for the use of such powders
in the food industry is observed (Figure 2).

3. Conclusion

The development of new functional food products is very challenging, and it has
to complete the consumer’s expectations for palatable and healthy products. Probi-
otic cells can be stabilized with microencapsulation to preserve them from detri-
mental processing and storage factors such as high acidity and low pH. Therefore,
there is a potential market for nondairy probiotics such as vegetable-based prod-
ucts, fruit-based products, cereal- and legumes-based products, confectionary
products, and breakfast cereals. The present investigation concludes that it is possi-
ble to obtain probiotic foods from several matrices, including fruit juice. The acerola
and siriguela mixed juice is a suitable medium for the incorporation of Lactobacillus
spp. with suitable counts (>6 log CFU.g�1), demonstrating to be an ideal substrate
for the culture of probiotics, since it already contains beneficial nutrients such as
minerals, vitamins, dietary fibers, and antioxidants. The microencapsulation by
spray drying of probiotics in acerola and siriguela mixed juice is a viable alternative,

Figure 1.
Particle size distribution of acerola and ciriguela probiotic mixed juice microencapsulated by spray drying using
air inlet temperature 140 °C, feed flow rate 0.60 L/h and 10% maltodextrin DE 5.

Figure 2.
Scanning electron microscopy (SEM) photographs of acerola and ciriguela probiotic mixed juice
microencapsulated by spray drying using air inlet temperature 140 °C, feed flow rate 0.60 L/h and 10%
maltodextrin DE 5.
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since the powder produced showed favorable physicochemical characteristics,
suggesting their production for various applications in the food industry.
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Chapter 8

Comparision of Antioxidant 
Activity of Cow and Goat Milk 
During Fermentation with 
Lactobacillus acidophilus LA-5
Jessica Dayara Álvarez-Rosales, César Ozuna,  
Rubén Salcedo-Hernández and Gabriela Rodríguez-Hernández

Abstract

This research aimed to evaluate the effects on the antioxidative capacity of cow 
and goat milk during fermentation with Lactobacillus acidophilus LA-5. The anti-
oxidative capacity of milk samples during 28 days of storage was measured using 
a spectrophotometric decolorization assay by using 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) radical scavenging activity. Also a principal component analysis (PCA) 
was used, to study the development of antioxidative activity during storage, and 
the connection to proteolysis and peptide concentration. The results of this study 
suggest that milk type (cow or goat) was a significant parameter for the proteolytic 
and antioxidative activity of fermented milk. Additionally, high degree positive and 
negative correlations were observed between the variables analyzed (0.511–0.787).

Keywords: probiotics, bioactive peptides, proteolysis, fermented milk, DPPH 
radical assay

1. Introduction

Milk and milk products are a source of vitamins, minerals, lipids, and proteins 
of high biological value [1]. For decades, fermented dairy products are considered 
beneficial foods for the health of human beings; this is due to a large part of the 
microorganisms involved in the fermentation and to the products released during 
this process [2]. The lactic acid bacteria (LAB), such as Lactobacillus acidophilus, 
are important in fermentation processes, which is why they are widely used in the 
food industry, due to their ability to acidify the food and preserve it from spores as 
well as to intervene in the texture, taste, and smell of fermented products [3]. The 
proteolytic activity of LAB in the milk fermentation process produces bioactive 
peptides that provide additional benefits in consumer health [2], such as those with 
antioxidant activity [4]. The composition of milk determines its nutritional quality 
and its properties in the manufacture of food products; goat milk has high nutri-
tional values only surpassing human breast milk. Among the proteins of cow’s milk 
and goat’s milk, there are many differences in their composition [5], which is why 
fermented beverages based on cow’s and goat’s milk, inoculated with the probiotic 
Lactobacillus acidophilus, will be made in the present study. Additionally, the 
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correlation between proteolytic activities, peptide concentrations, and antioxidant 
activity were determined.

2. Background

2.1 Milk and its components

Milk is composed of water, carbohydrates, lipids and proteins, as well as 
enzymes, vitamins, and mineral salts [6]. Fat is the component that varies the most 
in milk and is the main determinant of its physical and organoleptic properties [7]. 
Lactose is the major carbohydrate in milk; it is formed by glucose and galactose, two 
simple sugars that the human body uses directly as an energy source [8]. It partici-
pates in the synthesis of cerebrosides and glycoproteins; also it acts to facilitate the 
absorption of calcium. Lactose and other sugars in milk also favor the growth of 
probiotics in the intestine [9]. In milk, two main classes of proteins are identified: 
the caseins, which represent 80% of the total proteins, comprised of several types 
(αs1, αs2, β, K, and γ), and serum proteins (α-lactalbumin, β lactoglobulin, and 
small amounts of serum albumin, immunoglobulins, and protease-peptone) [10]. 
These proteins are separated by the acidification of milk at pH 4.6, the isoelectric 
point of caseins, which produces its precipitation [6]. The biological value of casein 
in the diet is due to its content of essential amino acids [7]. The protein concentra-
tion, as well as the concentration and amino acid sequence of each of the milk 
proteins, depends on where the species comes from. Casein micelles are smaller in 
goat’s milk (50 nm) than that in cow’s milk (75 nm); these caseins present in goat’s 
milk contain more glycine, less arginine, as well as sulfur-containing amino acids. 
Another difference between these types of milk is that cow’s milk is slightly acidic 
and goat’s milk is almost neutral (pH 6.7) because it has higher protein content and 
different combinations of phosphates [5]; also in cow’s milk the largest fraction of 
protein is comprised of αS1-casein; however, in the case of goat’s milk, the larger 
fractions include β-casein and αS2-casein [11]. Of the mineral elements, the milk 
contains sodium, potassium, magnesium, calcium, manganese, iron, cobalt, copper, 
fluorides, iodides, and phosphorus. Of which calcium, copper, iron, magnesium, 
manganese, phosphorus, and zinc are in the highest concentration in the membrane 
of the fat globules. In addition, the milk contains vitamins such as A, D, E, K, B1, 
B2, B6, B12, and C, carotenes, nicotinamide, biotin, and folic acid [7].

2.1.1 Proteolytic activity

Proteolysis is the process of degradation of proteins by the breakdown of their 
peptide bonds. From the abasement of milk proteins, peptides and free amino acids 
are formed, which can later present diverse bioactivities in the organism [12]. The 
proteolytic system of lactic acid bacteria is basically composed of proteinases that 
initially cleave the milk protein to peptides, and then these peptides are divided 
into peptides and smaller amino acids by intracellular peptidases. Subsequently, the 
amino acids are catabolized, producing a variety of low molecular weight com-
pounds responsible for the formation of odor and taste compounds in fermented 
milks [13].

The initial step in the degradation process is carried out by the proteinase PrtP 
bound to the extracellular wall that decompose the proteins into peptides of 5–30 
amino acids that are transported to the cells [2]. The action of the proteinases 
and peptidases provides the cells with peptides and free amino acids, which are 
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transported through the membrane by specific transport systems, where the 
peptides are hydrolyzed by cytoplasmic peptidases [13].

2.1.2 Bioactive peptides

The biologically active peptides derived from milk are initially in inactive form 
within the sequence of the precursor molecules but can be released in different ways: 
by hydrolysis with digestive enzymes such as pepsin, trypsin, chymotrypsin, etc., 
proteolysis by enzymes derived from proteolytic microorganisms, and by fermentation 
of milk with proteolytic starter cultures [14]. During the fermentation of milk, LAB 
are able to produce bioactive peptides by the fermentation process; this is because they 
contain an active proteolytic system that allows the degradation and release of amino 
acids from milk proteins [2]. This system consists of a series of different intracellular 
peptidases, including endopeptidases, aminopeptidases, dipeptidases, and tri-pepti-
dases. The production of various bioactive peptides, including antimicrobial peptides, 
immunomodulators, and antioxidants, has been demonstrated through microbial 
proteolysis [14]. Bioactive peptides derived from milk are generally composed of 2–20 
amino acids and become reactive after the release of the precursor protein. Several 
lactic acid bacteria such as Lactococcus lactis and Lactobacillus helveticus have been 
reported to release bioactive peptides through the fermentation process [15].

2.1.2.1 Bioactive peptides with antioxidant activity

Oxidizing compounds can cause damage to proteins, lipids, or DNA. These 
damages are related to the development of various diseases and to aging. 
Antioxidant peptides present in dietary proteins can limit oxidative damage, 
both in food and in the oxidation of body cells when they are ingested in the diet 
[16]. There are dairy peptides with antioxidant activity, and caseins and whey 
proteins are considered as precursors of these peptides [4]. Antioxidant peptides 
derived from milk are formed from 5 to 11 hydrophobic amino acids, includ-
ing proline, histidine, tyrosine, and tryptophan, in sequence, that are widely 
distributed among the caseins, which can work by eliminating or preventing the 
formation of radicals as well as inhibiting enzymatic and nonenzymatic lipid 
peroxidation [15].

1,1-Diphenyl-2-picrylhydrazyl (DPPH) is known as a stable free radical due to 
the delocalization of an unpaired electron over the entire molecule. The delocaliza-
tion of the electron intensifies the violet color of the radical, which it absorbs in 
methanol at 517 nm. When the DPPH solution reacts with an antioxidant substrate 
that can donate a hydrogen atom, the violet color fades. The antioxidant activity 
cannot be measured directly, but it can be determined by the effects of the antioxi-
dant compound in a controlled oxidation process [17].

2.2 Lactic acid bacteria

Lactic acid bacteria are microorganisms that have various applications, includ-
ing the fermentation of foods such as milk, meat, and vegetables. These bacteria, 
in addition to contributing to the biopreservation of foods, help to improve taste, 
smell, texture, and nutritional quality [18]. In addition, beneficial effects on health 
are attributed to them through the direct effects of live microorganisms known as 
probiotics as well as indirect effects during fermentation, in which these micro-
organisms participate in the generation of secondary metabolites such as peptides 
with biological activities [19].
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There are several genera of LAB, which are classified as homofermentative and 
heterofermentative based on the final product of their fermentation. The homofer-
mentative produce lactic acid as a product of the fermentation of glucose. On the 
other hand, the heterofermentative produce lactic acid in addition to other products 
such as acetates, ethanol, and carbon dioxide as a product of its fermentation [18]. 
The LAB are characterized by Gram-positive cocci or bacilli, catalase and oxidase 
negative, facultative anaerobic, non-sporulated, and non-motile. In addition, they 
are tolerant acid, being able to grow some at pH values as low as 3.2 and others at 
values up to 9.6; however, most grow between pH of 4 and 4.5 [19].

2.2.1 Lactobacillus acidophilus

There are many probiotic bacteria that are used for human consumption, 
although the most used are Lactobacillus spp. These lactic acid bacteria have been 
used for food preservation through fermentation for hundreds of years, in addition 
to providing flavor and texture, and they increase the nutritional value and are 
also found in the gastro-intestinal tract of humans [20]. In addition, they are a key 
factor in the processes of competitive exclusion and immunomodulation carried out 
by commensal organisms. Lactobacillus acidophilus is a Gram-positive, non-spore-
forming bacterium, homofermentative anaerobic, and catalase negative, 2–10 μm in 
diameter, which has an optimal growth temperature of 37°C and is a typical intes-
tinal bacterium in humans [21]. This microorganism is not part of the natural flora 
of milk and acts on it very slowly, which is why it is essential to avoid contamination 
during the manufacture of a product [8].

Lactobacillus acidophilus uses the glycolysis or Embden-Meyerhof-Parnas route 
(EMP) to ferment hexoses and produce lactic acid. Lactic acid does not contribute 
to the aroma because it is odorless, but it helps the sour taste of dairy products [13]. 
Lactobacillus acidophilus LA-1/LA-5 is one of the main species of microorganisms 
that can potentially be used as probiotic cultures in dairy products. Some examples 
in the market of fermented milk products that include Lactobacillus acidophilus are 
Bioghurt, Aktifit, Actimel, Bifilac, Kaiku, and Kefir [22].

2.3 Fermented beverages

Today, the main function of fermented milk is to prolong shelf life, improve fla-
vor and digestibility, and manufacture a wide range of dairy products. In fermented 
milk products, probiotic bacteria can act in the treatment of some infectious, 
atopic, and tumoral diseases, among others [23]. Fermented milks can be classified 
based on different criteria, among them are its fat content, the concentration of 
milk, separation of the whey, the use of milk from different species, and the type 
of fermentation process. Based on the type of fermentation, there are the products 
with a lactic fermentation such as ymer, langfil, viili, yogurt, and acidified milk. 
Among the products in which lactic fermentation is combined with the production 
of alcohol are kefir and koumiss [8]. Today, the main function of fermented milk 
is to prolong shelf life, improve flavor and digestibility, and manufacture a wide 
range of dairy products. In fermented milk products, probiotic bacteria can act 
in the treatment of some infectious, atopic, and tumoral diseases, among others 
[23]. Fermented milks can be classified based on different criteria, among them are 
its fat content, the concentration of milk, separation of the whey, the use of milk 
from different species, and the type of fermentation process. Based on the type of 
fermentation, there are products with a lactic fermentation such as ymer, langfil, 
viili, yogurt, and acidified milk. Among the products in which lactic fermentation is 
combined with the production of alcohol are kefir and koumiss [8].
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3. Materials and methods

3.1 Treatment of fermented beverages

Cow’s milk (10 L) and goat’s milk (10 L) were separately subjected to a heat 
treatment at 95°C for 20 minutes and then cooled down to 37°C. Four treatments 
were prepared by making three batches of each of them, all incubated at 37°C until 
a pH of 4.5. Two of the treatments were fermented with Lactobacillus acidophilus 
LA-5 (Chr. Hansen) at 1%, only one of them with goat’s milk and the other with 
cow’s milk; the other two treatments that were the controls were not added with 
probiotics, and their fermentation occurred due to thermodynamic microorgan-
isms (persistent after pasteurization). The beverages were kept refrigerated at 8°C 
during their shelf life.

3.2 Physicochemical analysis

The physicochemical analysis was formed by fat (%), nonfat solids (%), density 
(kg/m3), lactose (%), protein (%), total solids (%), added water (%), and freezing 
point (°C), and electrical conductivity (Ms/cm) was performed in triplicate of the 
raw material (cow’s and goat’s milk) in the Lactoscan Milk Analyzer (Lactoscan SA, 
Milkotronic Ltd., Bulgaria).

3.3 Determination of titratable acidity

It was determined based on the norm NOM-155-SCFI-2012 [24], taking 10 mL 
of sample, 20 mL of distilled water, and two drops of phenolphthalein, carrying out 
the titration with 0.1 N NaOH. The calculation of titratable acidity was carried out 
using the following equation:

  Acidity ( g ⁄ L )  =    (V)  (N)  (90)  _ 
M

    (1)

where V = milliliters of 0.1 N NaOH solution, spent in the titration; N = nor-
mality of the NaOH solution; M = volume of the sample in mL; 90 = lactic acid 
equivalent.

3.4 Preparation of the filtrates

The samples were treated as described by Donkor [25], in which 5 mL of each 
was taken and mixed with 10 mL of 0.75% trichloroacetic acid (TCA), passing the 
mixture through filter paper (Whatman No. 1 of 150 mm), obtaining the filtered 
beverages (FB), which were frozen (−20°C) until analysis. The filtrates were carried 
out at 0, 7, 14, 21, and 28 days to determine the proteolytic activity, the total peptide 
concentration, and the antioxidant activity.

3.5 Proteolytic activity

The proteolysis of each of the FB was determined in triplicate based on the 
reaction of the free primary amines (NH3) with O-phthaldialdehyde (OPA) and 
b-mercaptoethanol, according to the Church method [26]. The OPA reagent was 
prepared as follows: 25 mL of 100 mM sodium tetraborate, 2.5 mL of 20% sodium 
dodecyl sulfate (SDS), 40 mg of OPA in 1 mL of methanol, 100 mL of b-mercapto-
ethanol, and capacity to 50 mL with tridestilated water. For the readings, 100 mL of 
each sample was taken and mixed with 2 mL of the OPA reagent by inversion of the 
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quartz cell, with 2 minutes of incubation at room temperature and inside the equip-
ment to avoid exposure to light; the absorbance in a spectrophotometer (Genesys 
10S UV-Visible, Thermo, USA) at a wavelength of 340 nm was read. The degree of 
proteolysis was determined as the difference between the proteolytic activity in the 
treatments (beverages fermented with probiotics) and the control samples (fer-
mented beverages without probiotics).

3.6 Total peptide concentration

The concentration of the peptides contained in each of the FB was determined 
in triplicate using the Bradford method [27]. This is based on the reaction of the 
proteins with the bright blue dye of Comassie G-250, to form a colorful compound 
that absorbs strongly at 595 nm. For which, a calibration curve was made using eight 
bovine serum albumin (BSA) standards; at concentrations of 0.1–0.01 mg/mL, the 
standards were prepared using 0.15 M saline solution. The absorbance reading was 
performed in the spectrophotometer (Genesys 10S UV-Visible, Thermo, USA), and 
a calibration curve was made. A linear regression was made from the given curve, 
obtaining the following equation:

  Y = 0.3123X − 0.1007,  R   2  = 0.9977  (2)

Based on the equation, the peptide concentration of each one of the filtrates 
during its shelf life could be determined from the given absorbance reading.

3.7 Antioxidant activity

This activity was evaluated by means of the spectrophotometric technique 
described by Pritchard [28], which determines antioxidant activities with the 
DPPH radical (1,1-diphenyl-2-picrylhydrazyl) in the presence of an antioxidant 
substance (in this case the content of FB), measuring the inactivation potential 
of said radical in aqueous medium. For this, we started from an initial concen-
tration of free radical at 0.1 mM DPPH in ethanol, respectively, diluting 1500, 
1000, and 750 μL plus 500 μL of the FB adjusting to a volume of 2 mL with water 
HPLC grade, which generated three concentrations of the radical (0.075, 0.05 and 
0.0375 mM). Water HPLC grade dissolved in DPPH was used as control, according 
to the concentration used. Subsequently, the samples were subjected to centrifuga-
tion at 9470 g (Spectrafuge 16 M, Labnet, USA) for 2 minutes, and the absorbance 
at 517 nm was measured in the spectrophotometer (Genesys 10S UV-Visible, 
Thermo, USA). The percentages of inhibition were calculated by the following 
equation:

  %inibici o ́  n =    A   control  −  A   extracto   ____________ 
 A   control 

   x 100  (3)

3.8 Statistical analysis

The analysis will be carried out using the SAS statistical package [29], in which 
an analysis of variance was carried out with the GLM procedure; considering 
a block design (three lots), treatments were used as qualifying variables and as 
variables of response (proteolysis, peptide concentration, and antioxidant activity). 
Considering the following model:

  yijkl = μ + 𝜏i + Dj +  (𝜏D) ij + 𝛽k + θ (ij)  + 𝜀ijkl  (4)

130

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

where yijkl = response variable measured over time; μ = general average; ti = fixed 
effect of the i-th treatment; Dj = effect of the j-th day (0, 7, 14, 21, 28); (tD) ij = fixed 
effect of the interaction between the i-th treatment and the j-th day; βk = random effect 
of the k-th block; Ɵ (ij) = random effect of the j-th experimental unit, nested in the 
i-th treatment; eijkl = random error distributed in normal form with zero mean and 
variance; and eij = N (0, s2).

A principal component analysis was also performed using the PRINCOMP pro-
cedure, and it was determined as response variables (proteolysis, peptide concen-
tration, and antioxidant activity) within which its correlations will be determined.

4. Results and discussion

4.1 Treatment of fermented beverages

The time elapsed after the pasteurization of the cow’s milk until it reached a pH 
of 4.5 for the beverages inoculated with Lactobacillus acidophilus was 16 hours, while 
for the controls the necessary time was 27 hours. On the other hand, in goat’s milk, 
the beverages inoculated with Lactobacillus acidophilus needed a time of 11 hours, 
whereas the controls 19 hours. In both types of milk for the controls, a longer time 
lapse is observed to reach the ideal pH; this because the fermentation of the milk in 
these treatments was carried out by the thermoduric microorganisms, which toler-
ate the thermal treatments applied to the milk. In the pasteurization process, it has 
also been observed that as the incubation temperature of the milk increases, there is 
evidence of greater microbial development of thermoduric species [30].

4.2 Physicochemical analysis

A physicochemical analysis was carried out in triplicate in cow and goat milk, 
as shown in Table 1. Between each parameter analyzed by the type of milk, a 
significant difference (p ≤ 0.05) occurred, because milk differs in its composition 
depending on the species where it comes from. For cow’s milk, the average percent-
age of total solids that it must contain is 12.7 [31], fat 4.2, protein 3.3, lactose 4.7, 
and nonfat solids 8.8%, while in goat’s milk, its fat content should be 4.5, protein 
2.9–4.60, lactose 4.1, nonfat solids 8.9%, and total solids from 11.70 to 15.21%; how-
ever, all these values depend on several factors such as the breed of the animal, its 
age, the period of lactation, and feeding, among others [32]. For cow milk analyzed, 
the percentage of protein and total solids that was obtained is within the reported 
parameters, although a smaller amount was registered in the parameter correspond-
ing to fat and a slight increase in the percentage of lactose and nonfat solids. On the 
other hand, in goat’s milk the percentages of total solids and protein are within the 
established ranges; there was a slight increase in both fat and lactose and a lower 
percentage in nonfat solids. However the percentage of protein in goat’s milk is 
within the parameters reported for a good quality milk compared to the percentage 
obtained in cow’s milk that present a significant difference (p ≤ 0.05), surpassing 
the milk of cow.

Regarding the physical properties, at 20°C the density of the milk is approximately 
1030 kg/m3, but this depends on its composition [8]. Cow’s milk showed an optimum 
density, while a lower density was registered in goat’s milk (1027.5 kg/m3). Based on 
the freezing point, this is relatively constant and is between −0.510 and −0.560°C 
due to the natural fluctuations of the composition of the milk [32], the freezing point 
recorded in the sample of cow’s milk was −0.580°C, so it may be that an balance in 
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the salt-lactose ratio has occurred in the cow’s milk. In the goat’s milk there was a 
freezing point of −0.550°C, being within the acceptable range. On the other hand, 
the electrical conductivity of milk is given by the presence of ions such as chlorides, 
phosphates, calcium, as well as sodium, and its value is between 4.0 and 6.0 mS/cm 
for a good quality milk. Mastitis is part of the risk conditions in the process of milk 
production, but through electrical conductivity it is possible to identify the beginning 
of this disease, because mastitis causes an increase in the concentration of sodium and 
chloride in the milk, increasing the conductivity values [33]. The conductivity of cow 
and goat milk was 4.64 and 5.49 mS/cm, respectively, so the animals from which the 
milk came were free from mastitis.

4.3 Determination of titratable acidity

After the incubation of the beverages, the titratable acidity of each of the treat-
ments was measured, which is shown in Table 2. The predominant acid in the 
fermented beverages is lactic acid, although bacterial fermentation can determine 
the production of other acids other than lactic acid, such as acetic acid [8]. A sig-
nificant difference (p ≤ 0.05) was observed between the two treatments, where the 
beverages inoculated with Lactobacillus acidophilus showed higher values of titratable 
acidity; this may be due to the fact that the probiotic favored the production of lactic 
acid. Regarding the type of milk, there was no significant difference (p ≤ 0.05).

Mexican standard NOM-181-SCFI-2010 [34] for yogurt indicates a minimum 
acidity of 0.5% lactic acid, equivalent to 5 g/L of lactic acid, while CODEX STAN 
[35] establishes a minimum acidity of 0.6% lactic acid; therefore, both controls and 
treatments inoculated with Lactobacillus acidophilus in the two types of beverages 
presented higher values than those established as minimum required acidity.

4.4 Proteolytic activity

The production of fermented beverages is a process that involves many physical 
and chemical changes during its production and shelf life. One of these changes 
is proteolysis, which consists in the progressive hydrolysis of milk caseins to 

Parameter Parameter reading

Cow milk Goat milk

Fat 3.66% ± 0.01b 5.57% ± 0.02a

NFS 9.13% ± 0.01a 8.52% ± 0.02b

Lactose 5.01% ± 0.00a 4.68% ± 0.01b

Protein 3.33% ± 0.00a 3.09% ± 0.00b

Total solids 12.79% ± 0.01b 14.09% ± 0.01a

Added water 0% ± 0a 0% ± 0a

Density 1031.39 kg/m3 ± 0.04a 1027.5 kg/m3 ± 0.09b

Freezing point −0.58°C ± 0.00b −0.55°C ± 0.00a

Electric conductivity 4.64 mS/cm ± 0.01b 5.49 mS/cm ± 0.02a

NFS: non-fatty solids.
a, bDifferent literals indicate significant differences (p ≤ 0.05) between parameters by type of milk.

Table 1. 
Physicochemical parameters of cow’s and goat’s milk (raw material).
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smaller polypeptides, peptides, and amino acids by intracellular peptidases [25]. In 
Figure 1, the percentages of proteolytic activity of each type of fermented beverage 
are shown, which were compared with their respective control, taking it as 0%, to 
observe the percentage of proteolytic activity obtained in each type of beverage by 
the effect of the addition of the probiotic Lactobacillus acidophilus. The proteolytic 
activity of fermented beverages based on cow’s milk ranged from 17.0 to 49.9% 
during their shelf life, while beverages based on goat milk ranged from 15.8 to 
58.8%. For the two types of fermented beverages, a significant difference (p ≤ 0.05) 
occurred during their shelf life, showing a tendency to increase the percentage of 
proteolysis over time.

Based on the type of beverage, there was also a significant difference (p ≤ 0.05), 
where from day 0 to 7 the cow milk-based beverages had the highest percentage of 
proteolysis, while from 14 to 28 beverages, fermented milk-based goats presented 
the highest percentages; this may be due to the fact that the casein concentration 
is higher in goat’s milk [10], which generates a greater proteolytic activity in the 
beverages.

Considering the absorbance at 340 (Figure 2), the proteolytic activity was 
estimated by determining the free amino groups using the OPA method. There 
was a significant difference (p ≤ 0.05) between the days of monitoring, the treat-
ments, and the type of fermented beverage. The absorbance of the controls was 
lower compared to the absorbance of the beverages inoculated with Lactobacillus 
acidophilus throughout their shelf life; these values are influenced by the effect of 
the probiotic in the milk. However, species and strains of lactic acid bacteria differ 
in their ability to hydrolyze proteins, due in part to the organization of proteolytic 
enzymes [8]. It is observed that cow’s milk-based beverages have greater absor-
bance throughout their shelf life. However, in Figure 1, these beverages only show 
higher proteolytic activity on days 0 and 7; this is because the beverages are based 
on goat’s milk; although they have less absorbency, from day 14 they have greater 
absorbance than their control, unlike cow milk-based beverages, which is why 
their percentage of proteolytic activity is higher. On the other hand, for beverages 
based on cow’s milk, their absorbance is in a range of 0.96–1.49 during their shelf 
life, values higher than those reported by Donkor [25], who estimated values of 
0.80–1.03 during the same days of monitoring; these differences may be due to 
the fact that in their research they also used the probiotics Lactobacillus delbrueckii 
and Streptococcus thermophilus. The ability of LAB to grow at high cell densities in 
milk depends on a proteolytic system that can release essential amino acids from 

Fermented beverage type Lot number Titratable acid (g/L)

LA-5 Control

Cow milk 1 9.67 ± 0.31a 7.15 ± 1.97b

2 6.34 ± 0.57a 7.42 ± 0.31b

3 7.56 ± 0.38a 5.31 ± 0.12b

Goat milk 1 8.05 ± 0.06a 5.94 ± 0.38b

2 8.01 ± 0.12a 6.70 ± 0.31b

3 7.38 ± 0.12a 6.79 ± 0.19b

LA-5: fermented beverage with Lactobacillus acidophilus.
a, bDifferent literals indicate significant differences (p ≤ 0.05) between treatments.

Table 2. 
Titratable acid values (g/L lactic acid) for each treatment of the fermented beverages.
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casein-derived peptides; ultimately these amino acids are catabolized producing 
many low molecular weight compounds such as aldehydes, alcohols, carboxylic 
acids, esters, and sulfur compounds [13]. That is why as they lived their shelf life, 
a more intense aroma in the drinks was perceived, due to the compounds that 
were forming.

4.5 Total peptide concentration

To determine the concentration of the peptides contained in each of the filtrates, 
a standard calibration curve was first performed (Figure 3), which is used to 
determine the protein concentration in unknown samples. The Bradford method 
[27] is based on the specific binding of the Coomassie G-250 bright blue dye (GBB) 
to the Arg, Trp, Tyr, His, and Phe residues of the proteins, producing a maximum 
absorbance at 595 nm, whereas the free dye has an absorbance at 470 nm.

Figure 1. 
Percentage of proteolytic activity of each type of beverage fermented during its shelf life compared to its 
respective control. A, BDifferent literals in uppercase indicate significant difference (p ≤ 0.05) per type of 
fermented drink. a, b, c, d, eDifferent literals in lowercase indicate significant difference (p ≤ 0.05) due to the 
effect of monitoring day.

Figure 2. 
Proteolytic activity of fermented beverages during their shelf life. Gray color, drinks based on cow’s milk; black 
color, drinks based on goat’s milk. LA-5: fermented beverages with Lactobacillus acidophilus. With significant 
difference (p ≤ 0.05) between milk types. A, BDifferent literals in uppercase indicate significant difference 
(p ≤ 0.05) between treatments by the type of milk. a, b, c, dDifferent literals in lowercase indicate significant 
difference (p ≤ 0.05) due to the effect of monitoring day.
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Regarding the total peptide concentration (Figure 4), the highest value recorded 
was 0.105 mg/mL, which corresponds to the zero day control of goat milk-based 
beverages, and the lowest value was of 0.018 mg/mL corresponding to the LA-5 of 
day 28 of the drinks based on cow’s milk. Based on the monitoring day, there was a 
significant difference (p ≤ 0.05), observing that as time went by the peptide con-
centration was decreased, both in the controls and in the beverages fermented with 
Lactobacillus acidophilus. Considering the type of fermented beverage, beverages 
based on goat’s milk always had the highest peptide concentration; this is due to the 
fact that goat’s milk contains a higher concentration of caseins [10]. Added to this, 
in the controls there was a higher peptide concentration; this was because beverages 
fermented with Lactobacillus acidophilus had more microorganisms than degraded 
milk proteins, since LAB proteinases are able to hydrolyze more than 40% of the 
peptide bonds of the caseins, which generates a large amount of peptides, which can 
be degraded by peptidases to generate various volatile compounds [2]. This could 
be observed in the decrease of the peptide concentration along the length of the 
fermentation time during the shelf life.

4.6 Antioxidant activity

The two types of fermented beverages were analyzed for the presence of antioxi-
dant activity by determining whether the generated peptides inhibit 1,1-diphenyl-
2-picrylhydrazyl (DPPH), a free radical. The antioxidant activity of the peptides 
is due to the unique physicochemical properties conferred by their amino acid 
sequences. The fermented beverages presented antioxidant activity as shown in 
Table 3.

The highest percentage of inhibition occurred in the concentration of 0.05 mM 
DPPH on day 0 for the drink based on cow’s milk fermented with Lactobacillus 
acidophilus with a value of 73.30%, while the lowest percentage of inhibition was 
obtained by the control of the drink based on cow’s milk on day 28 of monitoring 
at the same concentration of DPPH, with a value of 23.71%. There was a significant 
difference (p ≤ 0.05) between the concentrations of the DPPH radical used, where 
the treatments containing a concentration of 0.075 mM DPPH obtained on average 
the highest percentages of radical inhibition. Regarding shelf life, there was also sig-
nificant difference (p ≤ 0.05), where on day 7 the highest percentages of inhibition 
were presented, followed by day 0; however, from day 14 the percentages of inhibi-
tion were decreasing considerably for all the concentrations of the radical; this is 
related to the peptide concentration that was obtained, where at a lower concentra-
tion of peptides in the product, the percentage of inhibition is also lower.

Figure 3. 
Calibration curve for the determination of protein concentration (serum bovine albumin).
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The levels of antioxidant activity determined in the present study are higher 

than those reported by Amirdivani and Salihin [36], who reported values of 
28–34% inhibition of the radical during the shelf life of their drinks; these dif-
ferences may be due to the concentration of DPPH used as well as the LAB used 
in the process of making the drink, since they used Streptococcus thermophilus, 
Lactobacillus acidophilus, Lactobacillus bulgaricus, and Bifidobacterium bifidum as 
probiotics.

Likewise, Amirdivani and Salihin [36] also reported the highest percentages 
of antioxidant activity on day 7 of refrigeration, which can be attributed to meta-
bolically active BAL even at low temperature. In this sense, the consumption of 
fermented beverages is highly recommended within 7 days after its preparation to 

Figure 4. 
Total peptide concentration of the fermented beverages during their shelf life. Gray color, drinks based on cow’s 
milk; black color, drinks based on goat’s milk. LA-5: fermented beverages with Lactobacillus acidophilus. With 
significant difference (p ≤ 0.05) between mil types. A, BDifferent literals in uppercase indicate a significant 
difference (p ≤ 0.05) between treatments. a, b, c, dDifferent literals in lowercase indicate significant difference 
(p ≤ 0.05) due to the effect of monitoring day.

LA-5: drink fermented with Lactobacillus acidophilus.
A, BDifferent literals in uppercase indicate a significant difference (p ≤ 0.05) between concentrations of DPPH.
a, b, c, dDifferent literals in lowercase indicate significant difference (p ≤ 0.05) due to the effect of monitoring day, 
with a significant difference (p ≤ 0.05) between the type of milk and treatment.

Table 3. 
Percentage (%) of inhibition of DPPH radical in three different concentrations.

136

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT
benefit from the high content of biopeptides and high antioxidant activities useful 
for consumer health. Free amino acids are generally not effective as antioxidants in 
food, so extensive proteolysis of proteins results in a decrease in antioxidant activity 
[37], which is reflected in the decrease in the percentage of inhibition of the radical 
when proteolysis increases during shelf life.

4.7 Principal component analysis

The antioxidant activity is given for 0.075 μM DPPH. Level of significance of the 
correlations (p < 0.01).

For the variables analyzed (proteolytic activity, total peptide concentration, and 
antioxidant activity) of the fermented beverages during their shelf life, a correla-
tion coefficient was performed as shown in Table 4. The Pearson correlation coef-
ficient is an index that measures the degree of covariation between different linearly 
related variables, where the correlation between directly proportional variables is 
positive and inversely proportional negative [38].

In this analysis, it is observed that the correlation between equal variables is 
positive, because exactly as one variable increases, the other increases [39] because 
the same data is analyzed in the two axes. The proteolytic activity and the total 
peptide concentration showed a negative correlation with a value of −0.787, since 
there is a tendency between the increase in proteolysis and the decrease in the 
peptide concentration.

5. Conclusion

The analyzed physicochemical parameters of cow and goat milk showed 
values of a good quality product. The beverages fermented with Lactobacillus 
acidophilus, as well as the controls, presented an acidity higher than the mini-
mum required for commercial yogurts; in addition, no significant variations 
were observed in the titratable acidity for the two types of milk. Regarding the 
proteolytic activity, this was significantly augmented during the shelf life of the 
beverages compared to the antioxidant activity and the peptide concentration, 
which were decreasing. For the proteolytic activity and the peptide concen-
tration, goat’s milk-based beverages had the highest values; however, in the 
antioxidant activity, cow’s milk beverages had the highest percentages of radical 
inhibition. In the peptide concentration, the controls showed the highest 
concentration, confirming the effect of the addition of lactobacilli to trans-
form the proteins into different compounds, for which a continuation study is 
suggested where the volatile compounds that are suggested are quantified they 
have formed.

Variables Proteolytic 

activity

Total peptide 

concentration

Antioxidant 

activity

Proteolytic activity 1

Total peptide concentration −0.787 1

Antioxidant activity 0.511 −0.606 1

Table 4. 
Pearson correlation coefficients (R) given by the principal component analysis determined for different 
variables obtained in fermented beverages.
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Chapter 9

The Use of Probiotics in Poultry 
Production for the Control of 
Bacterial Infections and Aflatoxins
Daniel Hernandez-Patlan, Bruno Solis-Cruz, Billy M. Hargis 

and Guillermo Tellez

Abstract

In intensive poultry production, a large number of antimicrobials are frequently 
employed to prevent (prophylactic use) and treat (therapeutic use) diseases, as 
well as for growth promotion (subtherapeutic use), in order to increase productiv-
ity. However, it has been reported that the use of antimicrobials at subtherapeutic 
doses is closely related to the increase in bacterial resistance and with the treatment 
failure. In addition to antimicrobial resistance, another problem derived from the 
use of antimicrobials is the presence of residues in animal products. Therefore, 
these problems and the ban of antimicrobial as growth promoters have prompted 
the poultry industry to look for alternatives with similar benefits to antibiotics. 
Among these alternatives, probiotics are one of the most widely studied and inter-
esting groups. Hence, in the present chapter, the effect of probiotics and direct-fed 
microbial against foodborne pathogens and mycotoxins will be summarized.

Keywords: probiotics, direct-fed microbial, foodborne pathogens, antimicrobial 
resistance, aflatoxins

1. Introduction

Since the discovery and application of penicillin in 1940, antibiotics have played 
an unprecedented role in the prevention, control, and treatment of infectious 
diseases in both humans and animals [1]. However, in animal production, they have 
also been used at subtherapeutic doses [2]. It is estimated that the global consump-
tion of antibiotics in animal production could increase by 67% in the coming 
years [3] mainly because of the growing global demand for animal protein [2, 4]. 
Although it has been reported that in developed countries the total consumption 
of antibiotics has decreased by around 4%, consumption of antibiotics in the USA 
increased slightly [5]. Furthermore, it has been reported that the amount of antibi-
otics used in animal production in the USA is 100–1000 times higher than human 
medicine, being used ~80–90% at subtherapeutic doses, and for prophylactic 
purposes, while the remaining 10–20% at therapeutic doses [6, 7].

The inclusion of antibiotics at subtherapeutic doses into the feed was general-
ized in the early 1950s, both in the EU and the USA since they could be used to 
prevent diseases and positively influence the promotion of growth and feed effi-
ciency of animals [3, 8, 9].
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Nevertheless, in the last decades, these practices have changed considerably 
due to the concern of the increase of bacteria resistant to antibiotics, since they can 
be transmitted zoonotically from animals to humans, causing serious problems in 
public health and even death because of the failure of the antibiotic at therapeutic 
doses [10]. Furthermore, another problem for human health is the presence of 
antibiotic residues in animal-derived food, by the use of antibiotics for long periods 
of time, since it is associated in some cases with allergic reactions, imbalance of the 
intestinal microbiota, and especially, the development of antibacterial resistance [11].

Consequently, one of the measures taken in the face of the problems of bacterial 
resistance was the restriction of antibiotics at subtherapeutic doses in the EU in 
2006 [12] and the USA in 2017 [13], and although in countries as Mexico they have 
not been officially banned, the Ministry of Agriculture and Rural Development 
(SADER), through its decentralized administrative body, the National Health 
Service, Food Safety and Food Quality (SENASICA), has promoted initiatives to 
prevent their use since 2012 [14–17]. However, as a consequence of this measure, 
the incidence of enteric diseases in animals has increased significantly [18], as well 
as the use of antibiotics, but at therapeutic doses for the purpose of controlling and 
preventing diseases, which could lead to a worse scenario of bacterial resistance [2, 
19–21]. In this context, the European One Health Action Plan against antimicrobial 
resistance calls for the phasing out of routine prophylactic (Prevent) and metaphy-
lactic (Control) antimicrobial use in animal production and investment in the 
research of new alternatives [22], since they could be regulated in the coming years.

Therefore, the poultry industry has been under pressure to seek and investigate 
new alternatives to reduce the problems of bacterial resistance, prevent and control 
diseases, reduce the mortality rate, and finally promote the growth of animals. 
Among these alternatives, the most popular are probiotics (yeasts or bacteria) since 
it has been reported that they can improve the performance [23, 24], as well as 
prevent and control enteric pathogens in poultry [25–27]. Furthermore, it has been 
reported that probiotics could be an interesting alternative to prevent and control 
the toxic effects of aflatoxins. For these reasons, the probiotic market has expanded 
rapidly and is expected to grow to around 7% in 2020. However, this market is led 
mainly by Asia and Europe given the growing demand for dietary supplements [18].

2. Probiotics

Probiotics are defined as “live strains of strictly selected microorganisms which, 
when administered in adequate amounts, confer a health benefit on the host” [28]. 
The most common microorganisms used as probiotics in livestock production are 
lactic acid bacteria (LAB) from the genus Lactobacillus, Pediococcus, Lactococcus, 
Enterococcus, Streptococcus, and Leuconostoc. Nevertheless, only the genera 
Lactobacillus, Streptococcus, Pediococcus, Enterococcus, and Weissella are the most fre-
quently used in poultry production [29]. Although the efficacy of probiotics reducing 
enteric pathogens is evident, one of the disadvantages is that they require refrigera-
tion or lyophilization to survive for long storage periods or can be encapsulated to 
increase their stability/viability when included in the feed, which would increase 
the cost of production at the industrial level, making it unprofitable [30]. Unlike 
LAB, direct-fed microbials (DFM) as Bacillus spores, other types of probiotics, have 
several potential applications since they can be included as feed additives in poultry 
diets, due to their remarkable heat stability and long shelf life [31, 32]. Bacteria of 
the genus Bacillus are Gram-positive, frequently found in the soil. However, several 
studies have shown that Bacillus spores can also be present, germinate, and survive 
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in the gastrointestinal tract (GIT) of different animal species [25]. The survival rate 
and persistence of some Bacillus strains in the GIT could be related to their capacity 
to synthesize biofilms, thus protecting themselves against the different conditions 
present in the gut [33]. Furthermore, another advantage of Bacillus strains is that 
they are frequently used by biotechnology companies for the production of enzymes 
and antibiotics. Therefore, these multifunctional microorganisms have different 
applications, since they are useful inside or outside a host [34, 35].

2.1 Mechanisms of action probiotics

2.1.1 Pathogenic bacteria

Although a large number of studies have shown the possible mechanisms by 
which probiotics have a beneficial action in inhibiting of pathogens, more studies 
are needed to elucidate them.

The possible modes of action of probiotics for the inhibition of pathogens 
include two basic mechanisms [29, 36, 37]: competitive exclusion and modulation 
of the host immune system (Figure 1). Competitive exclusion involves mechanisms 
such as (1) production of inhibitory compounds, that is, hydrogen peroxide, 
bacteriocins, and defensins [38, 39], (2) prevention of the pathogen adhesion [38], 
(3) competition for nutrients [40], and (4) reduction of toxin bioavailability [36]. 
Meanwhile, in the modulation of the host immune system, both innate and adaptive 
immune responses are involved [29]. The adaptive immune response depends on B 
and T lymphocytes to induce an antigen-specific response and produce antibodies 
[29, 41]. In contrast, physical and chemical barriers (innate immunity), such as 
intestinal epithelial cells (IEC), are the first line of defense to prevent the spread 
of pathogens and subsequent infections. Furthermore, IEC are the target cells for 
probiotics, which can improve the function of the intestinal barrier by stimulating 
the production of mucus and antimicrobial peptides such as defensins [42, 43].

Figure 1. 
Mechanism of action of probiotics.
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2.1.2 Aflatoxins

Similar as for pathogenic bacteria, probiotics can (1) compete for space and 
nutrients with aflatoxigenic mold strains, (2) degrade aflatoxins by the production 
of enzymes, or (3) avoid the intestinal absorption of AFB1 by its binding to the cell 
walls of probiotic strains [44].

3. Probiotic application in poultry industry

Although probiotics are considered potential alternatives to antibiotic use in 
poultry because they leave no residues in the meats and eggs given their modes of 
action, the variety of microorganisms in terms of species and even between strains 
of the same species, as well as their variation in metabolic activity, could affect 
their effectiveness. Furthermore, other factors that influence the effectiveness of 
probiotics in poultry are the species of origin, the probiotic preparation method, 
the survival of colonizing microorganisms in the gastrointestinal tract conditions, 
the environment where the birds are raised, the application time and administration 
route of probiotics, the immunologic state, the lineage of poultry, as well as age 
and concomitant use of antibiotics [45, 46]. Below are some of the applications of 
probiotics in poultry.

3.1 Effects of lactic acid bacteria against pathogens of importance in poultry

Several articles published by our laboratory have shown that the use of 
probiotics as a replacement of antibiotics in poultry production has had positive 
effects by reducing the growth of pathogens in in vitro models that simulate or 
not the three main compartments in birds (crop, proventriculus, and intestine) 
[47, 48], as well as the colonization of pathogens through the gastrointestinal 
tract in both turkeys and broiler chickens [26, 27, 49–51]. Although the results 
obtained have been promising, it is a fact that the isolated probiotics were 
characterized biochemically and by 16S rRNA sequence analyses (Microbial ID 
Inc., Newark, DE 19713, USA), subsequently, they were evaluated using in vitro 
models to determine their activity against pathogens, and, finally, the candidates 
were tested in in vivo models with the purpose of obtaining a well-characterized 
functional product.

Extensive research conducted by our laboratory determined the antimicrobial 
capability of several lactic acid bacteria (LAB) isolates mainly against Salmonella 
in in vitro models. However, only 11 were selected to produce a product called 
FloraMax®-B11 given their effect against Salmonella. Subsequently, these LAB were 
characterized by 16S rRNA sequence analyses (Table 1) [52].

However, since these LAB were grown together in a culture, the only LAB 
that remained viable were Lactobacillus salivarius and Pediococcus parvulus, two 
strains of poultry gastrointestinal origin. Despite this, in vitro studies showed 
that FloraMax®-B11 presented antimicrobial activity against Salmonella enter-
itidis, Escherichia coli (O157:H7), and Campylobacter jejuni [47] (Table 2). The 
antimicrobial activity of this probiotic culture could be due to the accumulation 
of primary metabolites such as lactic acid, ethanol, and carbon dioxide and to 
the production of other antimicrobial compounds such as bacteriocins [53]. 
Furthermore, the probiotic culture was capable of maintaining its viability 
under acidic conditions (pH = 3) for 4 h, which agrees with other studies where 
Lactobacillus spp. isolates were resistant to low pH, with high survival rates at 
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the stomach (pH 1.5–2.0) [55], and maintain their viability for 4 h or more [56] 
before reaching the intestine, the feed passage rate for birds is faster; therefore, 
bacterial acid tolerance is not as critical in chickens as it is in other animals [57]. 
Additionally, this probiotic culture grew at low and high temperatures for 4 h 
of incubation. However, the ability to grow at high temperatures is an impor-
tant advantage since the production of lactic acid increases, and, therefore, the 
bacterial load decreases [58]. The probiotic culture was also able to tolerate high 
osmotic concentrations of NaCl, but it is extremely important since it has been 
reported that a high salt concentration could affect the physiology of probiotics, as 
well as their enzymatic activity, water activity, and metabolism [58]. Finally, this 
probiotic culture has its ability to tolerate bile salt concentrations of 0.4, 0.5, and 
0.6% for 2, 4, and 24 h of incubation. Bile resistance of probiotics is related to 
their enzyme activity of bile salt hydrolase that helps to hydrolyze conjugated bile, 
reducing its toxic effect [59, 60].

Furthermore, the effect of this commercial product (FloraMax®-B11) has been 
evaluated in different models of infection both in broiler chickens and turkeys. 
In neonatal broilers, the administration of 1 × 106 cfu/bird FloraMax®-B11 by 
oral gavage 1 h after the chicks were challenged with Salmonella enteritidis (SE) 
and Salmonella typhimurium (ST) (1 × 104 cfu/bird) reduced the incidence of 
SE and ST, as well as the SE counts by >2.9 log, 24 h post-LAB administration 
[61] (Table 3). In contrast, there were no significant differences at 6- and 12-h 
post-LAB administration, but a slight reduction was observed at 12-h post-LAB 

LAB identification 16S rRNA sequence analyses (Microbial ID Inc.)

18 Pediococcus parvulus

24 Weissella confusa

27 Weissella confusa

29 Pediococcus parvulus

36 Lactobacillus salivarius

37B Weissella confusa

40 Weissella confusa

44 Weissella paramesenteroides

46 Lactobacillus salivarius

48 Lactobacillus salivarius

42 Pediococcus parvulus

Table 1. 
Identifications of FloraMax®-B11 (FM-B11) lactic acid bacteria (LAB).

Salmonella 

enteritidis

Escherichia coli 

(O157:H7)

Campylobacter jejuni

Lactobacillus salivarius + + +

Pediococcus parvulus + + +

Symbols: +, inhibition.

Table 2. 
In vitro assessment of antimicrobial activity of Lactobacillus salivarius and Pediococcus parvulus present in 
FloraMax®-B11 against enteropathogenic bacteria.
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administration. These data suggest that the mechanism to reduce Salmonella was 
initiated within the first 12 h after treatment. Probably the reduction of Salmonella 
is due to the set of mechanisms of action of probiotics: bacterial interactions (com-
petitive exclusion) or stimulation of a host innate immune response. The competi-
tive exclusion could have included competition for receptor sites, production of 
volatile fatty acids that are inhibitors of certain enteric pathogens, production of 
bacteriocins, or competition with pathogens and native flora for limiting nutrients 
[62]. Furthermore, since the Salmonella recovery was performed in the early stages 
of infection, the innate immune response could be responsible for the reduction of 
Salmonella.

In our other studies, the administration of FloraMax®-B11 in drinking water 
(106 cfu/mL) for 3 days post-SE challenge (104 cfu/bird) using two presentations, 
liquid and lyophilized significantly reduced the incidence of Salmonella [63], which 
agrees with other studies [64]. Furthermore, the administration of FloraMax®-B11 
at the same concentration as the previous study after 1-h post-Salmonella 
Heidelberg (SH) challenge practically eliminated the concentration of SH, as well as 
its incidence, since only one sample was positive. However, in turkey poults under 
the same experimental conditions (Table 4), although similar significant results 
were observed at day 3 post-FloraMax®-B11 administration, it is clear that poults 
were more susceptible to SH colonization than chicks [51].

Finally, trying to find FloraMax®-B11 applications in poultry, we opted for spray 
application since it could be more efficient and has lower cost than its application in 

Rep. Treatment ST cecal 

tonsil 

+/− (%)

SE cecal 

tonsil 

+/− (%)

Log SE cecal recovery 

(all samples)

Log SE cecal 

recovery (only 

positive samples)

1 Control 20/25 (80) 22/25 (88) 3.81 ± 0.32 4.33 ± 0.17

LAB 2/25 (8)* 8/25 (32)* 0.62 ± 0.19* 1.95 ± 0.09*

2 Control 18/25 (72) 25/25 (100) 3.59 ± 0.23 3.59 ± 0.23

LAB 2/25 (8)* 7/25 (28)* 0.42 ± 0.18* 1.91 ± 0.29*

3 Control 20/25 (80) 25/25 (100) 3.91 ± 0.19 3.91 ± 0.19

LAB 1/25 (4)* 11/25 (40)* 1.00 ± 0.25* 2.22 ± 0.24*

*A significant (p ≤ 0.05) difference was observed between control and treated within a single experiment in each 
column.

Table 3. 
Effect of lactic acid bacteria (LAB) on Salmonella typhimurium (ST) or Salmonella enteritidis (SE) 
recovered from cecal tonsils or ceca of broiler chicks 24-h post-LAB administration.

Treatment 24 h 72 h

Cecal 

tonsils1

SH2 (log10 cfu/g of ceca 

content)

Cecal 

tonsils1

SH2 (log10 cfu/g of 

ceca content)

Control SH 20/20 (100) 7.04 ± 0.19a 20/20 (100) 6.05 ± 0.28a

FloraMax®-B11 13/20 (65)* 4.36 ± 0.74b 9/20 (45)* 2.15 ± 0.75b

a,bDifferent superscripts within columns indicate significant differences (p < 0.05).
1Data expressed as positive/total poults (%).
2Data expressed as mean ± SE.
*p < 0.001.

Table 4. 
In vivo evaluation of FloraMax-B11 against Salmonella Heidelberg (SH) at 24 and 72 h in poults.
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drinking water since it is important to take into account water quality and medica-
tor/proportioner function [65]. The results obtained were promising since when 
the probiotic was applied by spray and in drinking water, there was a reduction in 
the recovery of SE (55 and 50%, respectively; controls 85%) when chicks were held 
for 8 h prior to SE challenge and placement. In the same way, when probiotic was 
applied by spray or in drinking water and SE challenge occurred simultaneously, 
with placement 8 h after treatment, a marked and significant reduction of SE recov-
ery was noted after 5d (10 and 40%, respectively; controls 55%). Furthermore, 
when the probiotic was sprayed and chickens were SE challenged simultaneously, 
with placement 8 h after treatment, a significant reduction of SE recovery was again 
noted in both the spray and DW application (80% controls, 15% spray, 15% drink-
ing water) (Table 5). These results suggest that the spray application of this probi-
otic can be effective in protecting chicks against Salmonella infection. Furthermore, 
hatchery administration could prove to be a more effective way to administer 
probiotics because the chicks will be receiving the beneficial bacteria at the earliest 
possible time, in the absence of in ovo administration.

In this regard, an in ovo study was performed to know the effectiveness of 
FloraMax®-B11 [66]. For this, 18-day-old embryos were candled and inocu-
lated with either saline or 104 cfu FloraMax®-B11 via in ovo injection into the 
amnion. On day 21, chicks were pulled from hatchers to measure hatchability. 
Subsequently, all chickens were then orally gavaged with SE on the day of hatch 
(~104 cfu/chick) and maintained for 7 days. Salmonella recovery was done 24-h 
post-SE challenge. Body weight (BW) was determined at days 1, 3, and 7. In this 
experiment, a significant increase in BW was observed. Furthermore, chickens 
that received the probiotic culture showed a significant reduction in the incidence 
and counts of SE in cecal tonsils when compared with saline control chickens 
(Table 6).

These results agree with another study where the in ovo colonization with a 
probiotic could become an important method to reduce Salmonella and other 
intestinal bacterial infections in poultry [67]. Regarding the increase of BW in the 
group treated with the probiotic, this could be due to the significant morphometric 
changes in the duodenum and ileum observed at day 1 of age.

Treatment regimen Group Cecal tonsils

Exp. 1 Exp. 2

Treat-challenge-place immediately Control 95% (19/20) 95% (19/20)

Probiotic (drinking water) 75% (15/20) 25% (5/25)**

Probiotic spray 90% (18/20) 80% (16/20)

Treat-hold 8 h-challenge-place Control 85% (17/20) 70% (14/20)

Probiotic (drinking water) 50% (10/20)* 70% (14/20)

Probiotic spray 55% (11/20)* 80% (16/20)

Treat-challenge-hold 8 h-place Control 55% (11/20) 80% (16/20)

Probiotic (drinking water) 44% (7/20)* 15% (2/20)*

Probiotic spray 20% (2/20)** 15% (2/20)*

*Indicates significant (p < 0.05) differences were observed between control and treated within a single experiment 
and treatment regime in each column.
**Significantly (p < 0.01) different than all groups within a single experiment and treatment regime in each column.

Table 5. 
Salmonella enteritidis recovery from cecal tonsils of broiler chicks 5-day post-challenge.
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3.2 The use of direct-fed microbials (DFM) for the control of pathogens in poultry

Although the use of LAB has been promising for the control of pathogens 
such as Salmonella spp., as described above, it is important to mention that one 
limitation is their sensitivity to pelletizing processes for feed production (heating) 
[30, 68, 69], environmental factors [70], and the low pH of the stomach and the 
presence of bile salts in the small intestine [71, 72]. For this reason, some strategies 
to increase the viability of these bacteria include their microencapsulation in poly-
mer matrices [73, 74], as well as their freezing or lyophilization [75, 76]. However, 
production costs increase, so it becomes nonviable in animal production. Although 
LAB are better probiotics than Bacillus, the latter is more stable due to their ability 
to form spores, which are more resistant to severe environmental conditions, feed 
pelleting process with extreme temperatures, as well as tolerance to extremes of pH, 
dehydration, high pressures, and chemicals, and therefore, stability to long period 
storage conditions, making them suitable for commercialization [77, 78] since they 
could be used as direct-fed microbials (DFM) [68].

Previously in our laboratory, we have screened and identified Bacillus spp. 
isolates as DFM. Some of these demonstrated to be effective as potential DFM 
candidates by reducing Salmonella colonization and having a positive effect on the 
increase in body weight gained in both chickens and turkeys, as well as tolerance to 
acidic condition (pH = 2), high osmotic pressure (NaCl at 6.5%), and 0.037% bile 
salts after 24 h of incubation [79–81].

Several studies have reported that some Bacillus species are capable of producing 
different exogenous enzymes such as protease, lipase, cellulase, xylanase, phytase, 
and keratinase [82–86], which agrees with one of our studies already published [25]. 
These enzymes could improve the digestion of nutrients, making them more 
bioavailable, and also, they help to reduce intestinal viscosity in non-starch polysac-
charide diets and decrease the substrates available for the growth of pathogenic 
bacteria. Considering this information, we performed a study in order to evaluate 
the effect of three Bacillus-DFM candidates with excellent to good relative enzyme 
activity values (cellulase and xylanase) on digesta viscosity and Clostridium 
perfringens (CP) proliferation in different poultry diets using an in vitro digestive 
model [87]. One of the three Bacillus strains was identified as Bacillus subtilis and 
the other two isolates as Bacillus amyloliquefaciens by 16S rRNA sequence analy-
sis. Subsequently, Bacillus candidate strains were sporulated and mixed in equal 
amounts during the Bacillus-DFM preparation process [88] and incorporated into 
the experimental diets (108 spores/g). The results of this study demonstrated that 
Bacillus candidate significantly reduced the viscosity of non-corn-based diets.  

Treatment Day 1 BW (g) Day 3 BW (g) Day 7 BW (g) SE 

incidence 

cecal 

tonsils  

24 h PI

Log SE/g of 

ceca content 

24 h PI

Saline 49.13 ± 0.30a 62.53 ± 0.81b 132.89 ± 3.06b 20/20 
(100%)

7.13 ± 1.01a

FloraMax®-B11 49.72 ± 0.36a 65.42 ± 0.77a 144.98 ± 3.02a 9/20 
(45%)*

5.45 ± 1.25b

a,bSuperscripts within columns indicate significant differences p < 0.05, n = 12/group.
*Indicates significant differences p < 0.001, n = 20/group.

Table 6. 
Evaluation of in ovo administration of FloraMax®-B11 on body weight and Salmonella enteritidis (SE) 
recovery in broiler chickens.
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This could be due to the capability of these Bacillus strains to produce cellulase and 
xylanase, which could help improve the digestibility of cereals with high-soluble 
non-starch polysaccharides [89]. Furthermore, Bacillus-DFM candidate demon-
strated effective antimicrobial properties against CP (Table 7), given their capability 
to produce antimicrobial-like compounds and/or compete for nutrients. Likewise, 
it was shown that the persistence of Bacillus-DFM candidate spores changes in each 
compartment of the in vitro digestive model mainly due to the conditions of pH and 
suggests that their full life cycle is developed in the gastrointestinal tract.

Based on the previous results, the effect of Bacillus-DFM candidate spores 
formed by an isolate of Bacillus subtilis and two of Bacillus amyloliquefaciens on 
growth performance, intestinal integrity, necrotic enteritis (NE) lesions, and ileal 
microbiota in broiler chickens using a previously established NE-challenged model 
[90] was evaluated [24]. This study consisted of three experimental groups: nega-
tive control (NC), positive control (PC), and Bacillus-DFM group (DFM). The last 
two groups were challenged with Salmonella typhimurium (ST, day 1), Eimeria 
maxima (EM, day 13), and Clostridium perfringens (CP, day 18–19). The overall 
results of performance showed that chickens supplemented with DFM had a signifi-
cant body weight (BW) higher than PC. Furthermore, the body weight gain (BWG) 
and feed conversion ratio (FCR) were 59 g higher and 17 points lower, respectively, 
in the DFM group than PC (Table 8).

This enhancement in the performance of chickens supplemented with Bacillus-
DFM could be due to better digestibility of nutrients, maintenance of the benefi-
cial gut microbiota, and promotion of a healthy intestinal integrity [48, 87, 91]. 
Furthermore, these results could relate to the low-serum FITC-d concentration, 
bacterial translocation (BT), ileal lesion (IL), and total intestinal IgA levels in 
the DFM group compared to the PC group given the low impact of EM and CP 
challenge since DFM could produce beneficial chemical compounds, has immuno-
regulatory capacity, and stimulates the homeostasis of the intestinal microbiota, 
resulting in a proper intestinal health status [92].

Microbiota analysis confirms that DFM played a vital role in restoring gut 
dysbiosis. Although only the phylum Proteobacteria was significantly lower in DFM 
group than PC group, it could be explained due to the antimicrobial properties 
of DFM against ST [25], a predisposing factor in the NE model. In contrast, the 
genus Lactobacillus was significantly predominant in both NC and DFM groups 
with respect to PC, but it was higher in the DFM group than NC group (Figure 2). 
It has been reported that DFM is capable of increasing the genus Lactobacillus, 
which plays a crucial role in preventing dysbiosis and maintaining gut integrity 
( homeostasis) [36, 93].

Diet Control diet Bacillus-DFM

Corn-based 6.44 ± 0.19a 6.68 ± 0.08a

Wheat-based 7.12 ± 0.07a 5.20 ± 0.18b

Barley-based 7.50 ± 0.13a 6.86 ± 0.11b

Rye-based 7.15 ± 0.09a 6.68 ± 0.12b

Oat-based 6.96 ± 0.13a 5.76 ± 0.07b

a,bDifferent superscripts within a row indicate significant differences p < 0.05.
1Inoculum used 105 cfu of CP.
2Data expressed in log10 cfu/mL.

Table 7. 
Concentration of Clostridium perfringens (CP)1 in different digested diets with or without inclusion of 
Bacillus-DFM candidate spore2.
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Item Negative control Positive control DFM

BW, g/broiler

d 0 46.88 ± 0.64b 46.54 ± 0.64b 49.23 ± 0.68a

d 7 127.14 ± 2.90a 115.58 ± 3.27b 123.05 ± 3.80ab

d 14 273.80 ± 11.02b 295.78 ± 12.10ab 318.08 ± 13.57a

d 18 457.79 ± 18.97ab 456.32 ± 19.39b 525.58 ± 17.92a

d 21 603.81 ± 24.32a 445.96 ± 18.50c 507.77 ± 20.60b

BWG, g/broiler

d 0–7 80.39 ± 3.06a 67.74 ± 3.24b 75.08 ± 3.64ab

d 7–14 147.01 ± 9.51b 182.60 ± 9.48a 196.22 ± 10.56a

d 14–18 183.99 ± 9.85ab 160.55 ± 9.02b 198.31 ± 9.61a

d 14–21 325.78 ± 15.58a 152.13 ± 9.67b 185.27 ± 10.52b

d 0–21 552.72 ± 24.35a 399.42 ± 19.79b 458.58 ± 20.48b

FI, g/broiler

d 0–21 808.21 ± 29.86a 772.34 ± 10.66a 805.21 ± 71.07a

FCR

d 0–21 1.46 ± 0.04b 1.93 ± 0.10a 1.76 ± 0.18ab

1Data expressed as mean ± SE from 40 chickens (four replicates with 10 chicks each pen). p < 0.05.
a–cValues within columns with different superscripts differ significantly (p < 0.05).

Table 8. 
Evaluation of body weight (BW), body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) 
in chickens supplemented with or without DFM on a necrotic enteritis challenge model1.

Figure 2. 
Relative abundance of different phyla (A), families (B), and genera (C) in different treatment groups (NC, 
PC, and DFM). NA refers to those reads that were not assigned to the respective taxonomic levels.
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Furthermore, Clostridium was significantly higher in PC group due to the change 

in the ileum microbiota caused by NE [94], whereas the genera Lactobacillus and 
Bacillus were more abundant in the DFM group, suggesting that these genera could 
alleviate the negative impacts caused by CP [95].

Finally, significant differences in beta diversity were found between NC 
versus PC and PC versus DFM (Figure 3), which agrees with another study where 
NE causes significant changes in the intestinal microbiota [96]. Interestingly, 
there was no difference in bacterial community structure between NC and 
DFM. It confirms again that DFM played a vital role in restoring the gut dysbiosis 
in this study.

Figure 3. 
PCoA plot showing difference in microbial community structure between (A) NC and PC (ANOSIM; R = 0.40 
and p < 0.05) and (B) DFM and PC (ANOSIM; R = 0.73 and p < 0.01).

Item NC AFB1 DFM SEM2 p-value

BW, g/broiler

d 0 46.23 ± 0.68a 47.92 ± 0.72a 48.12 ± 0.74a 0.4174 0.1275

d 7 133.29 ± 4.64a 129.92 ± 2.78a 137.02 ± 4.19a 2.2763 0.4502

d 14 320.92 ± 17.53a 272.06 ± 8.54b 318.42 ± 14.65a 8.4215 0.0263

d 21 640.10 ± 31.51a 474.81 ± 15.57b 571.60 ± 25.47a 16.2361 0.0001

BWG, g/broiler

d 0–7 87.06 ± 4.24a 82.00 ± 2.71a 88.90 ± 4.15a 2.1705 0.4103

d 7–14 187.63 ± 13.82a 142.13 ± 7.06b 181.40 ± 11.38a 6.7337 0.0097

d 
14–21

319.17 ± 16.08a 202.75 ± 9.77c 253.17 ± 14.89b 9.5832 <0.0001

d 0–21 593.87 ± 31.21a 426.88 ± 15.66c 523.48 ± 25.42b 16.2105 0.0001

FI, g/broiler

d 0–21 750.55 ± 17.23a 775.93 ± 3.51a 731.97 ± 82.35a 25.1292 0.8193

FCR

d 0–21 1.27 ± 0.06b 1.82 ± 0.06a 1.40 ± 0.06b 0.0875 0.0016

a–cSuperscripts within rows indicate significant difference at p < 0.05.

Table 9. 
Evaluation of body weight (BW), body weight gain (BWG), feed intake (FI), and feed conversion ratio 
(FCR) in broiler chickens consuming a corn-soybean-based diet contaminated with aflatoxin B1 (2 ppm) 
supplemented with or without DFM.
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3.3  The use of Bacillus-DFM candidate to prevent the toxic effects 
of aflatoxin B1 (AFB1) in poultry

Aflatoxin B1 (AFB1) is the predominant mycotoxin produced by several spe-
cies of Aspergillus [97]. This mycotoxin has hepatotoxic and hepatocarcinogenic 
effects [98]. It has been reported that AFB1 has detrimental effects on performance 
parameters, which can cause serious economic problems in the poultry indus-
try [99]. Therefore, the control of AFB1 is critical for producers. In this sense, the 
use of probiotics has proven effective in preventing and controlling the toxic effects 
of AFB1.

An in vitro study performed in our laboratory showed that 3 of 69 Bacillus spp. 
candidates were capable of biodegrading AFB1 since they reduced the fluorescence 
and area of clearance around each colony [100]. However, when these Bacillus spp. 
were tested in broiler chickens, no significant differences in performance param-
eters were observed when the groups were compared [101].

Despite the previous results, the Bacillus-DFM candidate spores formed by the 
isolate of Bacillus subtilis and the two of Bacillus amyloliquefaciens were included in 
the diets containing AFB1 to determine their effect on performance in broiler chick-
ens fed with 2-ppm AFB1-contaminated diet [unpublished work from our labora-
tory]. The results are promising since the Bacillus-DFM improved performance 
of broilers, and even, there were no significant differences between the negative 
control (NC) and DFM group. It was due to the capacity of DFM to produce certain 
essential nutrients, extracellular enzymes, and growth factors to promote host 
growth [99, 102] (Table 9).

4. Conclusions

As it can be seen, probiotics could be considered a potential alternative to 
the use of antibiotics in poultry since it has been reported that they can improve 
the performance, as well as prevent and control enteric pathogens in poultry. 
However, their applications depend on the type of microorganism. In this regard, 
since lactic acid bacteria (LAB) are very sensitive to pelletizing processes for feed 
production (heating), environmental factors, and the low pH of the stomach, as 
well as the presence of bile salts in the small intestine, their administration in a 
single dose could be the most viable application especially to prevent bacterial 
diseases in both in ovo and broiler chickens. In contrast, Bacillus spp. direct-fed 
microbials (DFM) can be a better alternative since they are more stable because 
they can form spores. Therefore, DFM can be included in the feed, and, in addi-
tion, the production costs are lower than the microencapsulation and freezing or 
lyophilization processes that are used to maintain the viability of LAB. Finally, 
probiotics as Bacillus-DFM have also shown beneficial effects in preventing and 
controlling toxic effects of AFB1. Although the mechanisms by which the DFM 
reduce the effect of AFB1 are still known, our laboratory is working to elucidate 
the mechanism.

Acknowledgements

This research was supported by the Arkansas Biosciences Institute under the 
project: Development of an avian model for evaluation early enteric microbial 
colonization on the gastrointestinal tract and immune function. The authors thank 
the CONACyT for the doctoral scholarship number 270728.

153

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT
Author details

Daniel Hernandez-Patlan1, Bruno Solis-Cruz1, Billy M. Hargis2 
and Guillermo Tellez2*

1 Laboratorio 5: LEDEFAR, Unidad de Investigacion Multidisciplinaria, Facultad de 
Estudios Superiores (FES) Cuautitlan, Universidad Nacional Autonoma de Mexico 
(UNAM), Cuautitlan Izcalli, Estado de Mexico, Mexico

2 Department of Poultry Science, University of Arkansas, Fayetteville, AR, USA

*Address all correspondence to: gtellez@uark.edu

154

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

[1] Cheng G, Hao H, Xie S, Wang X, 
Dai M, Huang L, et al. Antibiotic 
alternatives: The substitution of 
antibiotics in animal husbandry? 
Frontiers in Microbiology. 2014;5:217

[2] Hao H, Cheng G, Iqbal Z, Ai X, 
Hussain HI, Huang L, et al. Benefits 
and risks of antimicrobial use in 
food-producing animals. Frontiers in 
Microbiology. 2014;5:288

[3] Van Boeckel TP, Brower C, Gilbert M, 
Grenfell BT, Levin SA, Robinson TP, 
et al. Global trends in antimicrobial 
use in food animals. Proceedings of 
the National Academy of Sciences. 
2015;112(18):5649-5654

[4] Van Boeckel TP, Glennon EE, Chen D, 
Gilbert M, Robinson TP, Grenfell BT, 
et al. Reducing antimicrobial use 
in food animals. Science. 
2017;357(6358):1350-1352

[5] Klein EY, Van Boeckel TP, 
Martinez EM, Pant S, Gandra S, 
Levin SA, et al. Global increase and 
geographic convergence in antibiotic 
consumption between 2000 and 2015. 
Proceedings of the National Academy of 
Sciences. 2018;115(15):E3463-E3470

[6] Bartlett JG, Gilbert DN, 
Spellberg B. Seven ways to preserve the 
miracle of antibiotics. Clinical Infectious 
Diseases. 2013;56(10):1445-1450

[7] Mehndiratta PL, Bhalla P. Use of 
antibiotics in animal agriculture & 
emergence of methicillin-resistant 
Staphylococcus aureus (MRSA) clones: 
Need to assess the impact on public 
health. The Indian Journal of Medical 
Research. 2014;140(3):339

[8] Huyghebaert G, Ducatelle R, 
Van IF. An update on alternatives to 
antimicrobial growth promoters 
for broilers. The Veterinary Journal. 
2011;187(2):182-188. Available from: 

http://www.sciencedirect.com/science/
article/pii/S1090023310000869

[9] Allen HK, Levine UY, Looft T, 
Bandrick M, Casey TA. Treatment, 
promotion, commotion: Antibiotic 
alternatives in food-producing 
animals. Trends in Microbiology. 
2013;21(3):114-119

[10] Zaman SB, Hussain MA, Nye R, 
Mehta V, Mamun KT, Hossain N. A 
review on antibiotic resistance: Alarm 
bells are ringing. Cureus. 2017;9(6):e1403. 
DOI: 10.7759/cureus.1403

[11] Muaz K, Riaz M, Akhtar S, Park S, 
Ismail A. Antibiotic residues in chicken 
meat: Global prevalence, threats, 
and decontamination strategies: A 
review. Journal of Food Protection. 
2018;81(4):619-627

[12] EPC. Ban on Antibiotics as Growth 
Promoters in Animal Feed Enters 
into Effect. European Commission—
IP/05/1687 [Internet]. 2005. Available 
from: http://europa.eu/rapid/
press-release_IP-05-1687_en.htm

[13] Editors A. U.S. Bans Antibiotics 
Use for Enhancing Growth in Livestock 
[Internet]. 2017. McGraw-Hill 
Education. Available from: https://www.
accessscience.com:443/content/u-s-bans-
antibiotics-use-for-enhancing-growth-in-
livestock/BR0125171 OP—AccessScience

[14] DOF. Acuerdo por el que se dan 
a conocer los Lineamientos para la 
Operación Orgánica de las actividades 
agropecuarias. México; 2013

[15] SENASICA. Guía para la 
presentación e integración de los 
documentos para la autorización o 
registro de los productos y aditivos 
alimenticios para consumo por animales. 
2015. Available from: http://analav.com.
mx/wp-content/uploads/2016/08/Guía-
regulación-ALIMENTICIOS-oct15.pdf

References

155

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

[16] Zaidi MB, Dreser A, Figueroa IM. 
A collaborative initiative for the 
containment of antimicrobial resistance 
in Mexico. Zoonoses and Public Health. 
2015;62:52-57

[17] DOF. Acuerdo por el que se declara 
la obligatoriedad de la Estrategia 
Nacional de Acción contra la Resistencia 
a los Antimicrobianos. México; 2018

[18] Park YH, Hamidon F, Rajangan C, 
Soh KP, Gan CY, Lim TS, et al. Application 
of probiotics for the production of safe 
and high-quality poultry meat. Korean 
Journal for Food Science of Animal 
Resources. 2016;36(5):567

[19] Marshall BM, Levy SB. Food 
animals and antimicrobials: Impacts on 
human health. Clinical Microbiology 
Reviews. 2011;24(4):718-733

[20] Borck Høg B, Korsgaard HB, 
Wolff Sönksen U, Bager F, Bortolaia V, 
Ellis-Iversen J, et al. DANMAP 2016-
Use of Antimicrobial Agents and 
Occurrence of Antimicrobial Resistance 
in Bacteria from Food Animals, Food 
and Humans in Denmark [Internet]. 
2016. Available from: http://orbit.dtu.
dk/files/140535625/DANMAP_2016_
LOW_241017.pdf

[21] Founou LL, Founou RC, 
Essack SY. Antibiotic resistance in the 
food chain: A developing country-
perspective. Frontiers in Microbiology. 
2016;7:1881. Available from: http://
www.ncbi.nlm.nih.gov/pmc/articles/
PMC5120092/

[22] European Parliament. European 
Parliament Resolution of 13 September 
2018 on a European One Health 
Action Plan against Antimicrobial 
Resistance (AMR) (2017/2254(INI)). 
2018; Available from: http://www.
europarl.europa.eu/doceo/document/
TA-8-2018-0354_EN.pdf

[23] Latorre JD, Hernandez-Velasco X, 
Vicente JL, Wolfenden R, Hargis BM, 

Tellez G. Effects of the inclusion of 
a Bacillus direct-fed microbial on 
performance parameters, bone quality, 
recovered gut microflora, and intestinal 
morphology in broilers consuming a 
grower diet containing corn distillers 
dried grains with solubles. Poultry 
Science. 2017;96(8):2728-2735

[24] Hernandez-Patlan D, 
Solis-Cruz B, Pontin KP, Hernandez X, 
Merino-Guzman R, Adhikari B, et al. 
Impact of a Bacillus direct-fed microbial 
on growth performance, intestinal 
barrier integrity, necrotic enteritis 
lesions and ileal microbiota in broiler 
chickens using a laboratory challenge 
model. Frontiers in Veterinary Science. 
2019;6:108

[25] Latorre JD, Hernandez-Velasco X, 
Wolfenden RE, Vicente JL, 
Wolfenden AD, Menconi A, et al. 
Evaluation and selection of Bacillus 
species based on enzyme production, 
antimicrobial activity, and biofilm 
synthesis as direct-fed microbial 
candidates for poultry. Frontiers in 
Veterinary Science. 2016;3:95

[26] Yang Y, Latorre JD, Khatri B, 
Kwon YM, Kong BW, Teague KD, et al. 
Characterization and evaluation of 
lactic acid bacteria candidates for 
intestinal epithelial permeability and 
Salmonella typhimurium colonization in 
neonatal Turkey poults. Poultry Science. 
2017;97(2):515-521

[27] Prado-Rebolledo OF, Delgado-
Machuca J d J, Macedo-Barragan RJ, 
Garcia-Márquez LJ, Morales-Barrera JE, 
Latorre JD, et al. Evaluation of a selected 
lactic acid bacteria-based probiotic on 
Salmonella enterica serovar enteritidis 
colonization and intestinal permeability 
in broiler chickens. Avian Pathology. 
2017;46(1):90-94

[28] Tsuda H, Miyamoto T. Guidelines 
for the evaluation of probiotics in 
food. Report of a joint FAO/WHO 
working group on drafting guidelines 

156

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

for the evaluation of probiotics in 
food guidelines for the evaluation 
of probiotics in food. Report of a 
joint FAO/WHO working group on 
drafting guidelines for the evaluation 
of probiotics in food, 2002. Food 
Science and Technology Research. 
2010;16(1):87-92

[29] Vieco-Saiz N, Belguesmia Y, 
Raspoet R, Auclair E, Gancel F, Kempf I, 
et al. Benefits and inputs from lactic 
acid bacteria and their bacteriocins 
as alternatives to antibiotic growth 
promoters during food-animal 
production. Frontiers in Microbiology. 
2019;10:57

[30] Tellez G, Pixley C, Wolfenden RE, 
Layton SL, Hargis BM. Probiotics/direct 
fed microbials for Salmonella control in 
poultry. Food Research International. 
2012;45(2):628-633

[31] Cartman ST, La 
Ragione RM, Woodward MJ. Bacillus 
subtilis spores germinate in the 
chicken gastrointestinal tract. Applied 
and Environmental Microbiology. 
2008;74(16):5254-5258

[32] Nguyen ATV, Nguyen DV, 
Tran MT, Nguyen LT, Nguyen AH, 
Phan T. Isolation and characterization 
of Bacillus subtilis CH 16 strain from 
chicken gastrointestinal tracts for use 
as a feed supplement to promote weight 
gain in broilers. Letters in Applied 
Microbiology. 2015;60(6):580-588

[33] Barbosa TM, Serra CR, 
La Ragione RM, Woodward MJ, 
Henriques AO. Screening for Bacillus 
isolates in the broiler gastrointestinal 
tract. Applied and Environmental 
Microbiology. 2005;71(2):968-978

[34] Priest FG. Extracellular enzyme 
synthesis in the genus Bacillus. 
Bacteriological Reviews. 1977;41(3):711

[35] Azevedo EC, Rios EM, Fukushima K, 
Campos-Takaki GM. Bacitracin production 

by a new strain of Bacillus subtilis. 
Applied Biochemistry and 
Biotechnology. 1993;42(1):1

[36] Caly DL, D’Inca R, Auclair E, 
Drider D. Alternatives to antibiotics 
to prevent necrotic enteritis in broiler 
chickens: A microbiologist’s perspective. 
Frontiers in Microbiology. 2015;6:1336

[37] Alagawany M, El-Hack MEA, 
Farag MR, Sachan S, Karthik K, 
Dhama K. The use of probiotics as 
eco-friendly alternatives for antibiotics 
in poultry nutrition. Environmental 
Science and Pollution Research. 
2018;25(11):10611-10618

[38] Tiwari G, Tiwari R, Pandey S, 
Pandey P. Promising future of probiotics 
for human health: Current scenario. 
Chronicles of Young Scientists. 
2012;3(1):17

[39] Pan D, Yu Z. Intestinal microbiome of 
poultry and its interaction with host and 
diet. Gut Microbes. 2014;5(1):108-119

[40] Kabir SML, Rahman MM, 
Rahman MB, Rahman MM, 
Ahmed SU. The dynamics of probiotics 
on growth performance and immune 
response in broilers. International Journal 
of Poultry Science. 2004;3(5):361-364

[41] Khalighi A, Behdani R, 
Kouhestani S. Probiotics: A 
Comprehensive Review of their 
Classification, Mode of Action and Role 
in Human Nutrition. IntechOpen; 2016

[42] Schlee M, Harder J, Köten B, 
Stange EF, Wehkamp J, Fellermann K. 
Probiotic lactobacilli and VSL# 3 induce 
enterocyte β-defensin 2. Clinical 
and Experimental Immunology. 
2008;151(3):528-535

[43] Bermudez-Brito M, Plaza-Díaz J, 
Muñoz-Quezada S, Gómez-Llorente C, 
Gil A. Probiotic mechanisms of action. 
Annals of Nutrition & Metabolism. 
2012;61(2):160-174

157

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

[44] Solis-Cruz B, Hernandez-Patlan D, 
Hargis B, Téllez G. Control of 
Aflatoxicosis in Poultry Using Probiotics 
and Polymers [Online First]. In: 
Micotoxins-Impact and management 
strategies. IntechOpen; 2018. DOI: 
10.5772/intechopen.76371. Available 
from: https://www.intechopen.com/

[45] Otutumi LK, De Moraes Garcia ER, 
Góis MB, Loddi MM. Variations on 
the efficacy of probiotics in poultry. 
In: Rigobelo EC, editor. Probiotic in 
Animals. Rijeka: InTech; 2012:203-230

[46] Harimurti S, Hadisaputro W. 
Probiotics in Poultry. In: Beneficial 
microorganisms in agriculture, 
aquaculture and other areas. Cham: 
Springer; 2015:1-19

[47] Menconi A, Kallapura G, 
Latorre JD, Morgan MJ, Pumford NR, 
Hargis BM, et al. Identification and 
characterization of lactic acid bacteria 
in a commercial probiotic culture. 
Bioscience of Microbiota, Food and 
Health. 2014;33(1):25-30

[48] Latorre JD, Hernandez-Velasco X, 
Bielke LR, Vicente JL, Wolfenden R, 
Menconi A, et al. Evaluation of a 
Bacillus direct-fed microbial candidate 
on digesta viscosity, bacterial 
translocation, microbiota composition 
and bone mineralisation in broiler 
chickens fed on a rye-based diet. British 
Poultry Science. 2015;56(6):723-732

[49] Higgins JP, Higgins SE, 
Wolfenden AD, Henderson SN, 
Torres-Rodriguez A, Vicente JL, 
et al. Effect of lactic acid bacteria 
probiotic culture treatment 
timing on Salmonella enteritidis in 
neonatal broilers. Poultry Science. 
2010;89(2):243-247

[50] Higgins SE, Wolfenden AD, 
Tellez G, Hargis BM, Porter TE. 
Transcriptional profiling of cecal gene 
expression in probiotic-and Salmonella-
challenged neonatal chicks. Poultry 
Science. 2011;90(4):901-913

[51] Menconi A, Wolfenden AD, 
Shivaramaiah S, Terraes JC, Urbano T, 
Kuttel J, et al. Effect of lactic acid 
bacteria probiotic culture for the 
treatment of Salmonella enterica serovar 
Heidelberg in neonatal broiler chickens 
and Turkey poults. Poultry Science. 
2011;90(3):561-565

[52] Tellez G, Higgins SE, Donoghue AM, 
Hargis BM. Digestive physiology 
and the role of microorganisms. 
Journal of Applied Poultry Research. 
2006;15(1):136-144

[53] Rattanachaikunsopon P, 
Phumkhachorn P. Lactic acid bacteria: 
Their antimicrobial compounds and 
their uses in food production. Annals of 
Biological Research. 2010;1(4):218-228

[54] Fontana L, Bermudez-Brito M, 
Plaza-Diaz J, Munoz-Quezada S, Gil A. 
Sources, isolation, characterisation 
and evaluation of probiotics. 
The British Journal of Nutrition. 
2013;109(S2):S35-S50

[55] Dunne C, O’Mahony L, Murphy L, 
Thornton G, Morrissey D, O’Halloran S, 
et al. In vitro selection criteria for probiotic 
bacteria of human origin: Correlation with 
in vivo findings. The American Journal of 
Clinical Nutrition. 2001;73(2):386s-392s

[56] Bakari D, Tatsadjieu NL, 
Mbawala A, Mbofung CM. Assessment 
of physiological properties of some 
lactic acid bacteria isolated from the 
intestine of chickens use as probiotics 
and antimicrobial agents against 
enteropathogenic bacteria. Innovative 
Romanian Food Biotechnology. 2011;8:33

[57] Boonkumklao P, Kongthong P, 
Assavanig A. Acid and bile tolerance of 
Lactobacillus thermotolerans, a novel 
species isolated from chicken feces. 
Kasetsart Journal. 2006;40:13-17

[58] Ibourahema C, Dauphin RD, 
Jacqueline D, Thonart P. Characterization 
of lactic acid bacteria isolated 

158

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

from poultry farms in Senegal. 
African Journal of Biotechnology. 
2008;7(12):2006-2012

[59] Du Toit M, Franz C, Dicks LMT, 
Schillinger U, Haberer P, Warlies B, 
et al. Characterisation and selection of 
probiotic lactobacilli for a preliminary 
minipig feeding trial and their effect on 
serum cholesterol levels, faeces pH and 
faeces moisture content. International 
Journal of Food Microbiology. 
1998;40(1-2):93-104

[60] Tanaka H, Doesburg K, Iwasaki T, 
Mierau I. Screening of lactic acid bacteria 
for bile salt hydrolase activity. Journal of 
Dairy Science. 1999;82(12):2530-2535

[61] Higgins JP, Higgins SE, 
Vicente JL, Wolfenden AD, Tellez G, 
Bm H. Temporal effects of lactic acid 
bacteria probiotic culture on Salmonella 
in neonatal broilers. Poultry Science. 
2007;86(8):1662-1666

[62] Mead GC. Prospects for ‘competitive 
exclusion’ treatment to control 
Salmonella and other foodborne 
pathogens in poultry. Veterinary 
Journal. 2000;159(2):111-123

[63] Vicente JL, Torres-Rodriguez A, 
Higgins SE, Pixley C, Tellez G, 
Donoghue AM, et al. Effect of a selected 
Lactobacillus spp.-based probiotic on 
Salmonella enterica serovar enteritidis-
infected broiler chicks. Avian Diseases. 
2008;52(1):143-146

[64] Pascual M, Hugas M, Badiola JI, 
Monfort JM, Garriga M. Lactobacillus 
salivarius CTC2197 prevents 
Salmonella enteritidis colonization in 
chickens. Applied and Environmental 
Microbiology. 1999;65(11):4981-4986

[65] Wolfenden AD, Pixley CM, 
Higgins JP, Higgins SE, Vicente J, 
Torres-Rodriguez A, et al. Evaluation 
of spray application of a Lactobacillus-
based probiotic on Salmonella enteritidis 
colonization in broiler chickens. 

International Journal of Poultry Science. 
2007;6(7):493-496

[66] Teague KD, Graham LE, 
Dunn JR, Cheng HH, Anthony N, 
Latorre JD, et al. In ovo evaluation of 
FloraMax®-B11 on Marek’s disease HVT 
vaccine protective efficacy, hatchability, 
microbiota composition, morphometric 
analysis, and Salmonella enteritidis 
infection in broiler chickens. Poultry 
Science. 2017;96(7):2074-2082

[67] De Oliveira JE, Van der 
Hoeven-Hangoor E, Van de Linde IB, 
Montijn RC, Van Der Vossen J. In ovo 
inoculation of chicken embryos with 
probiotic bacteria and its effect on 
posthatch Salmonella susceptibility. 
Poultry Science. 2014;93(4):818-829

[68] Tellez G, Rodríguez-Fragoso L, 
Kuttappan VA, Kallapura G, Velasco X, 
Menconi A, et al. Probiotics for human 
and poultry use in the control of 
gastrointestinal disease: A review of 
real-world experiences. Alternative and 
Integrative Medicine. 2013;2:1-6

[69] Guillermo T, Andrea L, Juan DL, 
Xochitl H-V, Billy MH, Todd C. Food-
producing animals and their health in 
relation to human health. Microbial 
Ecology in Health and Disease. 
2015;26(1):25876

[70] Praepanitchai O-A, Noomhorm A, 
Anal AK. Survival and behavior of 
encapsulated probiotics (Lactobacillus 
plantarum) in calcium-alginate-soy 
protein isolate-based hydrogel beads in 
different processing conditions (pH and 
temperature) and in pasteurized mango 
juice. BioMed Research International. 
2019;2019:1-8

[71] Iravani S, Korbekandi H, 
Mirmohammadi SV. Technology and 
potential applications of probiotic 
encapsulation in fermented milk 
products. Journal of Food Science and 
Technology. 2015;52(8):4679-4696

159

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

[72] Samedi L, Charles AL. Viability of 
4 probiotic bacteria microencapsulated 
with arrowroot starch in the simulated 
gastrointestinal tract (GIT) and 
yoghurt. Food. 2019;8(5):175

[73] Gbassi GK, Vandamme T. Probiotic 
encapsulation technology: From 
microencapsulation to release into the 
gut. Pharmaceutics. 2012;4(1):149-163

[74] Evivie SE, Huo G-C, Igene JO, 
Bian X. Some current applications, 
limitations and future perspectives of 
lactic acid bacteria as probiotics. Food 
& Nutrition Research. 2017;61(1): 
1318034

[75] Chávarri M, Marañón I, 
Villarán MC. Encapsulation technology 
to protect probiotic bacteria. In: 
Probiotics. IntechOpen; 2012

[76] Montel Mendoza G, Pasteris SE, 
Otero MC, Fatima Nader-Macías ME. 
Survival and beneficial properties of 
lactic acid bacteria from raniculture 
subjected to freeze-drying and storage. 
Journal of Applied Microbiology. 
2014;116(1):157-166

[77] Vreeland RH, Rosenzweig WD, 
Powers DW. Isolation of a 250 million-
year-old halotolerant bacterium 
from a primary salt crystal. Nature. 
2000;407(6806):897

[78] Cartman ST, La Ragione RM, 
Woodward MJ. Bacterial spore formers 
as probiotics for poultry. Food Science 
& Technology Bulletin Functional 
Foods. 2007;4(217):30

[79] Shivaramaiah S, Pumford NR, 
Morgan MJ, Wolfenden RE, 
Wolfenden AD, Torres-Rodriguez A, 
et al. Evaluation of Bacillus species 
as potential candidates for direct-fed 
microbials in commercial poultry. 
Poultry Science. 2011;90(7):1574-1580

[80] Wolfenden RE, Pumford NR, 
Morgan MJ, Shivaramaiah S, 
Wolfenden AD, Pixley CM, et al. 

Evaluation of selected direct-
fed microbial candidates on live 
performance and Salmonella reduction 
in commercial Turkey brooding houses. 
Poultry Science. 2011;90(11):2627-2631

[81] Menconi A, Morgan MJ, 
Pumford NR, Hargis BM, Tellez G. 
Physiological properties and Salmonella 
growth inhibition of probiotic Bacillus 
strains isolated from environmental and 
poultry sources. International Journal of 
Bacteriology. 2013;2013:1-8

[82] Monisha R, Uma MV, Murthy VK. 
Partial purification and characterization 
of Bacillus pumilus xylanase from soil 
source. Kathmandu University Journal 
of Science, Engineering and Technology. 
2009;5:137-148

[83] Mazotto AM, Coelho RRR, 
Cedrola SML, de Lima MF, Couri S, 
Paraguai de Souza E, et al. Keratinase 
production by three Bacillus spp. using 
feather meal and whole feather as 
substrate in a submerged fermentation. 
Enzyme Research. 2011;2011:1-7

[84] Arpana M, Gulab S, Varsha G, Anita Y, 
Aneja KR, Gautam SK, et al. Isolation 
and biochemical characterization 
of acido-thermophilic extracellular 
phytase producing bacterial strain for 
potential application in poultry feed. 
Jundishapur Journal of Microbiology. 
2011;4(4):273-282

[85] Shah K. Purification and 
characterization of lipase from B. subtilis 
Pa2. Journal of Biochemical Technology. 
2012;3(3):292-295

[86] Jani SA, Chudasama CJ, Patel DB, 
Bhatt PS, Patel HN. Optimization of 
extracellular protease production from 
alkali thermo tolerant actinomycetes: 
Saccharomonospora viridis SJ-21. Bulletin 
of Environment, Pharmacology and Life 
Sciences. 2012;1(6):84-92

[87] Latorre JD, Hernandez-Velasco X, 
Kuttappan VA, Wolfenden RE, 

160

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

Vicente JL, Wolfenden AD, et al. 
Selection of Bacillus spp. for cellulase 
and xylanase production as direct-fed 
microbials to reduce digesta viscosity 
and Clostridium perfringens proliferation 
using an in vitro digestive model in 
different poultry diets. Frontiers in 
Veterinary Science. 2015;2:25

[88] Zhao S, Deng L, Hu N, Zhao B, 
Liang Y. Cost-effective production 
of Bacillus licheniformis using 
simple netting bag solid bioreactor. 
World Journal of Microbiology and 
Biotechnology. 2008;24(12):2859-2863

[89] Wang ZR, Qiao SY, Lu WQ , 
Li DF. Effects of enzyme supplementation 
on performance, nutrient digestibility, 
gastrointestinal morphology, and volatile 
fatty acid profiles in the hindgut of 
broilers fed wheat-based diets. Poultry 
Science. 2005;84(6):875-881

[90] Shivaramaiah S, Wolfenden RE, 
Barta JR, Morgan MJ, Wolfenden AD, 
Hargis BM, et al. The role of an early 
Salmonella typhimurium infection as a 
predisposing factor for necrotic enteritis 
in a laboratory challenge model. Avian 
Diseases. 2011;55(2):319-323

[91] Zhou M, Zeng D, Ni X, Tu T, 
Yin Z, Pan K, et al. Effects of Bacillus 
licheniformis on the growth performance 
and expression of lipid metabolism-
related genes in broiler chickens 
challenged with Clostridium perfringens-
induced necrotic enteritis. Lipids in 
Health and Disease. 2016;15(1):48

[92] Jadamus A, Vahjen W, Simon O. 
Growth behaviour of a spore forming 
probiotic strain in the gastrointestinal 
tract of broiler chicken and piglets. 
Archives of Animal Nutrition. 
2001;54(1):1-17

[93] Jin LZ, Ho YW, Abdullah N, 
Jalaludin S. Probiotics in poultry: Modes 
of action. World’s Poultry Science 
Journal. 1997;53(4):351-368

[94] Prescott JF, Smyth JA, Shojadoost B, 
Vince A. Experimental reproduction of 
necrotic enteritis in chickens: A review. 
Avian Pathology. 2016;45(3):317-322

[95] Thibodeau A, Fravalo P, Yergeau É, 
Arsenault J, Lahaye L, Letellier A. Chicken 
caecal microbiome modifications 
induced by Campylobacter jejuni 
colonization and by a non-
antibiotic feed additive. PLoS One. 
2015;10(7):e0131978

[96] Stanley D, Wu S-B, Rodgers N, 
Swick RA, Moore RJ. Differential responses 
of cecal microbiota to fishmeal, Eimeria 
and Clostridium perfringens in a necrotic 
enteritis challenge model in chickens. 
PLoS One. 2014;9(8):e104739

[97] Wilson KA, Kung RW, Wetmore SD. 
Toxicology of DNA adducts formed 
upon human exposure to carcinogens: 
Insights gained from molecular 
modeling. In: Advances in Molecular 
Toxicology. Elsevier; 2016;10:293-360

[98] Rawal S, Kim JE, Coulombe R Jr. 
Aflatoxin B1 in poultry: Toxicology, 
metabolism and prevention. Research in 
Veterinary Science. 2010;89(3):325-331

[99] Oguz H, Kurtoglu V. Effect of 
clinoptilolite on performance of 
broiler chickens during experimental 
aflatoxicosis. British Poultry Science. 
2000;41(4):512-517

[100] Galarza-Seeber R, Latorre JD, 
Hernandez-Velasco X, Wolfenden AD, 
Bielke LR, Menconi A, et al. Isolation, 
screening and identification of Bacillus 
spp. as direct-fed microbial candidates 
for aflatoxin B1 biodegradation. Asian 
Pacific Journal of Tropical Biomedicine. 
2015;5(9):702-706

[101] Galarza-Seeber R, Latorre JD, 
Wolfenden AD, Hernandez-Velasco X, 
Merino-Guzman R, Ledoux DR, et al. 
Evaluation of Bacillus spp. as direct fed 
microbial (DFM) candidates for aflatoxin 
B1 biodegradation in broiler chickens. 

161

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

International Journal of Probiotics and 
Prebiotics. 2016;11(1):29-37

[102] Guo M, Hao G, Wang B, Li N, Li R, 
Wei L, et al. Dietary administration 
of Bacillus subtilis enhances growth 
performance, immune response and 
disease resistance in Cherry Valley ducks. 
Frontiers in Microbiology. 2016;7:1975

162

Probiotics and Prebiotics: Bioactive Foods

_____________________ WORLD TECHNOLOGIES _____________________



WT

Chapter 10

Prebiotics and the Modulation on 
the Microbiota-GALT-Brain Axis
Elena Franco-Robles, Joel Ramírez-Emiliano,  

José Sergio López-Briones and Cristina Doriany Balcón-Pacheco

Abstract

It is well known that there exists a bi-directional communication system 
between the enteric nervous system and central nervous system. Recent research 
has attempted to understand the influence of intestinal bacteria on the brain and 
behavior. In this manner, it has been observed that pathogenic bacterial products 
such as lipopolysaccharides (LPSs) can induce behavioral changes such as acute 
anxiety, depressive symptoms, cognitive deficits, and increased sensitivity to vis-
ceral pain. The modulation of LPS production through probiotics, prebiotics, and 
symbiotics can prevent these changes. In addition to the neuronal, endocrine, and 
metabolic pathways, it has been observed that the immune mechanism also exerts 
an influence on the gut-brain axis. The cells of the immune system can undergo 
phenotypic changes by the induction of certain bacterial species, which can have an 
important participation in the development of brain disorders. Although the main 
effect of prebiotics is through the stimulation of probiotic bacteria, in this chapter, 
we review the indirect therapeutic potential of prebiotics on the brain through 
the intestinal microbiota, the gut-associated lymphoid tissue (GALT), and other 
components of the intestinal lumen. Thus, the objective is to elucidate the mecha-
nisms underlying its effects on the gut-brain axis. Here, we will summarize the 
possible therapeutic effect of prebiotics on intestinal microbiota, the gut-associated 
lymphoid tissue (GALT), and brain.

Keywords: prebiotics, gut microbiota, central nervous system, enteric nervous 
system, GALT

1. Introduction

The intestinal microbiota contributes significantly to metabolic, trophic, and 
protective functions. In this regard, intestinal bacteria are responsible for metabo-
lism of many complex substances into simple components; thus, intestinal microbi-
ota contributes to the digestion of nutrients and has a key role in the nutrition of the 
host, to the control of certain pathogens and to the improvement of the functions 
of the local immune system, preventing or participating in some pathologies such 
as colon cancer [1]. In addition, intestinal bacteria are involved in vitamin synthesis 
and also in ion absorption [2, 3]. Through their trophic effect, the intestinal bacteria 
stimulate the proliferation and differentiation of cells on intestinal epithelium [4]; 
also, these bacteria may contribute to the maturation of immune cells, regulating 
the proliferation of pathogenic microorganisms and their toxins [1]. In addition 
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exerts indirect functions in other organs such as the liver and brain. Studies per-
formed in humans and in animal models suggest that intestinal dysbiosis has an 
important role in the development of mood disorders such as depression, anxiety, 
and Parkinson’s disease [5–7]. For these reasons, the interest in exploring the inter-
actions between immune system, intestinal microbiota, and central nervous system 
(CNS) has increased (Figure 1).

On the other hand, when bacterial probiotics are administered in adequate 
amounts, they confer benefits on host health. The main functions of probiotics are 
to prevent and ameliorate several digestive and allergic disorders. Also, the micro-
biota modulates ontogeny and immune system functions, as well as the interactions 
of the intestine-brain axis to regulate some neurological functions. However, the 
microbiota effects are not only in intestine but also in peripheral tissues, such as 
in immune system modulation and interacting with the gut-brain axis to regulate 
some neurologic functions.

2. The gut-associated lymphoid tissue (GALT)

2.1 Anatomy and physiology

The gut-associated lymphoid tissue (GALT) is a specialized component of 
mucosal-associated lymphoid tissue (MALT) or mucosal immune system that 
protects the individual’s intestine from invading pathogens. The intestine-associated 

Figure 1. 
Microbiota-GALT-brain axis. The vagus nerve makes the connection of the intestine to the brain and vice 
versa. Dysbiosis causes local alterations in the GALT and in the brain. When there is no dysbiosis, the bacterial 
metabolites participate in the state of local and systemic health and even more so over the brain.
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tissue extends throughout the small and large intestine, covering an area of  
260–300 m2 approximately. An important function of intestine is nutrient absorp-
tion, where an epithelial cells monolayer (also called enterocytes) separates the 
GALT from lumen and its content. The enterocytes monolayer on luminal surface 
is coated by a glucocalix layer, which protects them from acidic pH. The intestinal 
mucosal surface can function as a permeable barrier to the inside of the body. This 
permeability increases the vulnerability to infections by a variety of infectious agents 
that invade the human body orally. Therefore, the largest populations of plasma 
cells that produce antibodies are enriched on GALT, generating a local and systemic 
humoral immune response with high production of immunoglobulin A (IgA), pro-
moting a robust cellular immunity with cytotoxic, regulatory, and memory functions 
[8]. GALT can be divided into: (a) inductive sites, composed by lymphoid aggregates 
or follicles, and (b) effectors sites formed by the lamina propria and the lumen.

In Figure 2 there is a complete description of GALT, thus GALT forms nodules 
disseminated into the submucosa and the lamina propria. The largest aggregates 
form “Peyer’s patches,” which in the small intestine are located in front of the mes-
enteric tissue. Locally, new epithelial cells derived from stem cells are constantly 
produced to regenerate the epithelium. In addition to conventional enterocytes, 
there are also Paneth cells at the bottom of the epithelial crypts. These cells secrete 
lysozyme and other antibacterial substances to control the growth of pathogens. 
These cells are found in the small intestine, especially in the jejunum, and their 
granules become visible after several hours of fasting. Also, the mucus goblet cells 
are scattered between other cell types. On the other hand, enteroendocrine cells 
produce polypeptides and are distributed diffusely throughout the gastrointestinal 
tract. On the surface of Peyer’s patches, “M cells” also called “caveolate cells” are 
located, which capture antigens and function as intestinal chemoreceptors.

Beneath the epithelial lining is an underlying layer of connective tissue called 
lamina propria, which is connected to the lymphatic circulation and mesenteric 

Figure 2. 
Anatomy of gut-associated lymphoid tissue (GALT).
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lymph nodes. The intestine is constantly exposed to several antigens derived from 
the diet, microbiota, and a wide variety of bacterial, viral, fungal, and other patho-
gens. The immunity of this compartment is highly specialized because it is capable 
of both functions: (a) triggering an immune response and (b) inducing tolerance 
by suppressing immune response through the interaction of epithelial cells and 
microbiota [9, 10].

The induction of intestinal mucosa tolerance depends on several factors, such 
as: (a) nature of antigen (mainly protein antigens) [11]; (b) dose and frequency 
of antigen exposition [12–14]; (c) kinetics of antigen uptake, because antigenic 
exposition time with the immune system is key to induce tolerance [15]; and (d) 
genetic background and age of the host, because there is different susceptibility 
to infection, depending on age and genetic inheritance. The main antigens reach-
ing GALT are a mixture of free amino acids and short oligopeptides, generated by 
gastric, pancreatic, or protease action on large proteins, which are absorbed by 
intestinal epithelial cells [16]. However, some intact proteins or incomplete prote-
olysis products can reach inductive sites through the following three non-exclusive 
pathways:

a. The epithelium responds to stimuli from different antigens expressing 
chemokine and cytokine genes [17]. Consequently, different subsets of cells 
carrying antigens are recruited to inductive sites [18].

b. M cells, specialized cells in both internalizing and transportation of intestinal 
antigens [19]. The antigens are endocytosed or phagocytosed, transported in 
vesicles through the M cells cytoplasm, and released on the basal surface where 
they are captured by antigen-presenting cells and transported to inductive 
sites, which will be presented to T and B cells.

c. Lamina propria (LP) dendritic cells (CDs) can go through the epithelial cells to 
capture antigens directly from the intestinal lumen, preserving the epithelial 
barrier integrity [20].

It is well known that the intestinal epithelium provides a physical barrier that 
separates the trillions of commensal bacteria present into intestinal lumen from 
both underlying lamina propria and deeper intestinal layers. The intestinal epithe-
lium is composed of four cellular subsets derived from a common pluripotent stem 
cell progenitor: (1) enterocytes which constitute the majority of intestinal epithelial 
cells (IECs), (2) goblet cells producing mucus, (3) enteroendocrine cells producing 
hormones, and (4) Paneth cells that produce antimicrobial peptides and lectins. In 
addition, below the intestinal epithelium, stromal cells, B cells (especially plasma 
IgA producing cells), T cells, macrophages, and dendritic cells are found in lamina 
propria. In addition, strategically positioned are intraepithelial lymphocytes or 
iIELs (specialized T cells) and some dendritic cells, which are located between the 
IECs to sample the luminal content [20–22]. Thus, intraepithelial lymphocytes are 
considered the first line of cellular defense against any antigen that enters orally. 
The iIELs belong to the lymphoid tissue associated to intestine and they are found 
in a ratio of 1:10 with respect to the epithelial cells along 300 m2 of intestinal surface 
[23]. Most iIELs contain abundant cytoplasmic granules for cytotoxic activity; also, 
effector cytokines such as interferon gamma (IFN-γ), interleukin-2 (IL-2), IL-4, 
and IL-17 can be secreted [24, 25]. The iIELs are cells that provide an immediate and 
efficient immune protection to prevent the spread of pathogens. However, to avoid 
excessive or unnecessary inflammatory responses on intestinal barrier, the iIELs 
also have regulatory functions [26].
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3. Microbial ecosystem of the gastrointestinal tract

The human intestine contains a wide variety of microorganisms, approximately 
500–1000 different species, of which the Bacteria, Archaea and Eukarya are the 
principal ones [1, 27]. The predominant bacteria populations in the intestine are 
the Bacteroidetes and Firmicutes, constituting about 90% [28]. This diverse ecosys-
tem is called “gut microbiota,” which has a symbiotic and mutualism relationship 
with the host [29, 30]. The intestinal microbiota exerts its own functions and has 
both direct and indirect influence on host’s physiology and health, especially on 
metabolism. However, several pathologies, including neurological disorders such as 
irritable bowel syndrome, depression, anxiety, and Parkinson’s disease have been 
associated with alteration of the intestinal microbiota known as “dysbiosis” [5–7].

With respect to dysbiosis, the wide diversity and abundance of gut microbiota 
population can be modified importantly by host’s diet and age, as well as by other 
factors. The newborn is colonized by bacteria from birth and initially, there are 
no differences between bacteria population localized on different parts of body. 
Infants who are born via vaginal delivery are mainly colonized by Lactobacillus and 
Prevotella, microbial populations closely related to maternal vaginal bacteria popu-
lations [31]. In contrast, infants born by cesarean-section (C-section) are exposed 
to Staphylococcus and Corynebacterium, which are skin microbes [32]. Thus, vaginal 
delivery or cesarean section as well as lactation or weaning are important factors 
that influence intestinal microbiota establishment. On the other hand, initially it 
was proposed that the prenatal environment is sterile; however, the presence of 
several bacterial species has been detected on placentas, amniotic fluid, and in 
meconium of healthy mothers, which suggests that, in the intrauterine stage there is 
already contact with microbes [33]. The diversity and functionality of the bacterial 
ecosystem is modified and increased in subsequent years of childhood [33]. 
Thus, in adult life, the predominant populations are both Bacteroidetes and 
Firmicutes, while the phylum Actinobacteria, Proteobacteria, Verrucomincrobia, 
archaea, and eukaryotes decrease importantly [34, 35]. Commonly, intestinal 
microbiota is very stable in adulthood, although a greater proportion of both 
Bifidobacteria and Clostridia has been found in the gut of young adults in com-
parison with older adults [36]. Important changes in composition and function 
of intestinal microbiota occur on aging. Aging has been associated with changes 
in intestinal microbiota composition, inducing alterations of multiple physi-
ological functions, including intestine and immune system malfunctioning. An 
increased proportion of facultative anaerobes bacteria as well as an imbalance of 
Bacteroidetes/Firmicutes ratio in microbiota are age-related differences. Also, in 
people over 60 years of age, when the immune system function begins to decline, a 
significant decrease in Bifidobacteria has been found [37]. These previous findings 
were also supported by studies performed in intestinal mucosal tissue of aged and 
young mice, where a reduction in Akkermansia muciniphila proportion as well as 
decrease of antimicrobial factors Ang4 and lysozyme were detected in aged mice. 
Moreover, an important decrease in genes expression related to immunity was 
found, including T cell activation and other gene signaling pathways [38].

The high-carbohydrate and high-fat diet composition may produce dysbiosis. 
It was described that in mice, a Western diet (WD: high-carbohydrate and high-fat 
diet) intake caused dysbiosis and dysregulated bile acids (BA) synthesis with reduced 
endogenous ligands for BA receptors, that is, farnesoid X receptor and G-protein-
coupled bile acid receptor in the liver and brain [39]. More relevantly, a ketogenic low-
carbohydrate high-fat diet induced changes in the oral microbiome of elite endurance 
athletes; the relative abundances of Haemophilus, Neisseria, and Prevotella spp. were 
decreased, and the relative abundance of Streptococcus spp. was increased [40].
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3.1 Functions of the gut microbiota in the host

The main biological functions regulated by the gut microbiota are related to 
the efficiency to metabolize food and obtain energy. Polysaccharides are the main 
source of energy in bacterial metabolism, which are transformed into short-chain 
fatty acids (SCFAs). Bacterial metabolism is not limited only to SCFAs production 
and obtaining energy. The intestinal microbiota can synthesize several vitamins, 
aryl hydrocarbon receptor (AHR) ligands on host cells, polyamines [41], folate 
[42], indole [43], serotonin [44], and other compounds. In addition, intestinal 
microbiota also produces bacterial toxins called bacteriocins. To date, 13 species of 
bacteriocins have been found in human feces [45].

The major SCFAs produced by the gut microbiota are acetate, propionate, and 
butyrate, which are found at 80–130 mM [46, 47]. In this way, the SCFAs repre-
sent approximately 70% of the total energy captured by the intestinal epithelial 
cells. Interestingly, butyrate produced by Butyrivibrio fibrisolvens protects against 
autophagy and energy starvation in the epithelium of gnotobiotic mice [48, 49]. 
While acetate and propionate have an important role in lipid metabolism, activation 
of the Gpr43 receptor promotes adipogenesis [50]. Therefore, using antibiotics at 
subtherapeutic doses, as commonly used in animal production, a dysbiosis is gener-
ated by increasing SCFA levels, which consequently induces lipogenesis and hepatic 
triglycerides synthesis [50].

It is well known that microbiota strongly impacts on the expression of genes and 
proteins on host intestinal epithelial cells. In axenic mice, it has been found that in 
intestinal colonization by Bacteroides thetaiotaomicron, an important gene expression 
was induced. Expression of these genes is involved in protection, intestinal barrier 
function regulation, epithelium vascularization, and digestion/absorption of nutri-
ents by increasing amino acid metabolism [50, 51]. It also participates in the regula-
tion of endocrine, neurological, and bone density functions [33], as well as in the 
metabolism and absorption of phytochemicals such as polyphenols and drugs [50].

Additionally, several studies have shown that microbiota has an important 
role in peripheral and intestinal immune system ontogeny, as well as intestinal 
epithelium renewal [52, 53]. Also, microbiota-epithelial cell interaction indirectly 
controls the expenditure and storage of energy in the host [54]. Dysbiosis has been 
associated with a several pathologies affecting directly the digestive tract, including 
chronic inflammatory bowel diseases, colorectal cancer, constipation, and diar-
rhea; but in peripheral organs, it can also induce allergies, arthritis, or neurological 
disorders [55]. In this way, correcting the dysbiosis could improve the symptoms of 
diseases like irritable bowel syndrome (IBS) and functional diarrhea [56].

Intestinal bacteria are importantly involved in development and regulation of 
the immune system [57–59]. On this regard, mice grown under germ-free conditions 
exhibited several abnormalities, including hypoplastic Peyer’s patches, IgA-producing 
cells reduction, relatively poorly structured spleen and lymph nodes, and decrease in 
proportion of Treg cells in colon [53]. Interestingly, when mice were exposed to intestinal 
bacteria for several weeks, the structure and function of immune system cells were 
restored [60]. Moreover, it has been shown that lipopolysaccharides from gram negative 
bacteria, as well as peptidoglycans from gram positive bacteria, activate Toll-like recep-
tors (TLRs), inducing different immune responses [61]. Also, the expression of angio-
genin 4 by Bacteroides thetaiotaomicron is induced. Angiogenin 4 is an important immune 
response regulator with microbicidal activity against a wide range of intestinal microbes, 
including bacterial and fungal pathogens [62]. A zwitterionic capsular polysaccharide 
of Bacteroides fragilis is an antigen related to T CD4 + effector cells function [63]; it also 
protects mice from Helicobacter hepaticus infections by suppressing IL-17 production and 
other immunological mechanisms [64]. Moreover, the genus Bifidobacteria is a producer 
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of acetate that inhibits the translocation of Shiga toxin from E.coli 0157 suppressing 
colon inflammation [65]. In addition, Bacteroides, Turicibacter, and Barnesiella bacteria 
strains interact with T CD8 + cytotoxic cells in the mucosal compartment of both the 
small intestine and the colon [66]. Finally, the gut microbiota also regulates the interac-
tion of dendritic cells with regulatory T cell through TLR 2 signaling, which induces an 
increased susceptibility to chronic inflammatory diseases such as colitis [67].

3.2 Host’s immunomodulatory activity on the gut microbiota

The interactions between environmental signals and intestinal immune system 
are necessary to maintain a stable equilibrium and regulate the protective function 
of the intestinal barrier. Thus, in order to prevent microbial colonization and tran-
sepithelial migration, several chemical substances are produced by the intestinal 
epithelial cells, such as gastric acid, enzymes (lactoferrin, lysozyme), antimicrobial 
peptides (defensins), mucins, and nitric oxide [68]. On the other hand, signaling 
through Toll-like receptors (TLRs) is very important for the activation of innate 
immune system. TLRs recognize a wide range of common antigens present in 
pathogens, activating the adaptive immune system for the generation of multiple 
highly specific and immunocompetent clones [69].

4.  Connection between enteric nervous system (ENS) and central 
nervous system (CNS)

The enteric nervous system (ENS) extends from the esophagus to the anal 
region. The main functions are: (1) stimulation of glandular secretions, (2) motor 
functions such as peristalsis, and (3) ions and water exchange. The neurons found 
in CNS are subdivided into two main plexuses: the myenteric plexus and the submu-
cosal plexus [70]. The former is responsible for peristalsis and second regulates the 
glandular secretions and control of blood flow. There are extrinsic fibers connecting 
these two plexuses, which are stimulated by both sympathetic and parasympathetic 
nervous system, communicating directly to spinal cord, part of the vagus nerve, 
and pre-vertebral ganglia of the sympathetic nervous system, although the ENS is 
able to function independently [71].

Generally, there are different types and subtypes of neurons throughout the 
ENS: excitatory neurons of the intestine, secretomotor, vasodilator, and non-vaso-
dilator; some of them innervate whole endocrine cells and others intrinsic visceral 
afferent neurons. Most of the different types of neurons participate in reflexes 
corresponding to each plexus (myenteric and submucosal) (Figure 3).

The neurotransmitters secreted by enteric neurons are varied, the acetyl-
choline (excitatory effect) and noradrenaline (inhibitory effect) being the most 
studied [72]. In addition, the communication of the ENS with the CNS is not only 
through the secretion of these neurotransmitters. Several studies have shown that 
bacterial metabolites generated in the intestinal ecosystem have a direct impact on 
the brain. Thus, it is well known that the intestinal microbiota has an important 
effect on CNS, because the homeostasis and intestinal functions can be regulated 
by the CNS [73]. The CNS and intestine connection may occur through several 
pathways, including: neuronal, hormonal, immune system, and intestinal bacte-
rial metabolites [74]. Regarding the neuronal connection, the intestine is directly 
connected to the brain through the vagus nerve; thus, intestinal microbiota may 
stimulate the enteric nervous system [75]. In addition, several reports have shown 
that a defective communication between the brain and intestine microbiota is 
associated to anxiety, depression, inflammatory bowel disease, and other diseases 
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decreased immune function, resulting in alteration of intestinal microbiota-brain 
connection [79].

4.1 Dysbiosis and its effect on the neuroplasticity and behavior

In the first weeks of life, microbiota diversifies into a microbial community 
in which anaerobic microorganisms predominate [80]. This early colonization 
coincides with hypothalamic-pituitary-adrenal (HPA) axis activation, which has 
an important role in the innervation of the gastrointestinal (GI) tract and enteric 
nervous system (ENS) function. Likewise, the production of 5HT by enterochro-
maffin cells is regulated by the intestinal microbiota, inducing de novo synthesis of 
5HT [44].

Several reports have shown the relation between intestine and the CNS through 
metabolic, neuroendocrine, and immunological pathways, impacting neuronal 
plasticity and cognition. Production of proinflammatory cytokines (IL-1) in intes-
tinal lumen may affect the brain through vagus nerve [81]. Also, bacterial products 
like lipopolysaccharide (LPS) can increase cytokines production, as well as induce 
both neuroinflammation and neurodegeneration [82]. In addition, it was shown 
that WD-fed mice had intestinal dysbiosis, which was accompanied by inflam-
matory signaling in the brain, microglial activation, and reduced neuroplasticity 
[83]. Therefore, dysbiosis of gut microbiota may increase the cytokines production 
and neuroinflammation, affecting mood, or it could induce psychiatric disorders 
such as depression and anxiety as was described in animal models [56] as well as in 
comparative studies performed in humans [5, 84]. Moreover, in maternal immune 
activation (MIA) mouse model, intestinal dysbiosis induced both higher production 
of both 4-ethylphenylsulfate (4EPS) and indolepyruvate, leading to autism spec-
trum disorder (ASD). Interestingly, with Bacteroides fragilis administration, these 
behavioral symptoms were ameliorated [85].

Figure 3. 
Structure of the enteric nervous system. Both plexuses can be identified (myenteric and submucosal). The 
extension goes from the intestinal wall to the enteric plexuses and from there to the pre-vertebral ganglia of the 
spinal cord and brainstem. SNS, sympathetic nervous system; PSNS, parasympathetic nervous system.
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A mechanism by producing substrates from bacterial metabolism such as SCFAs 
from the fermentation of dietary fiber has been described. The SCFAs regulate the 
metabolism of glucose and cholesterol [86]. Most importantly, the SCFAs (acetate, 
propionate, and butyrate) treatment alleviated the psychosocial stress-induced 
alterations in mice; the effect observed was selective, because the stress-induced body 
weight gain, fecal SCFAs, and the colonic gene expression of the SCFAs receptors free 
fatty acid receptors 2 and 3 remained unaffected by SCFAs supplementation [87].

Other studies also have shown that dysbiosis may induce mood alterations. For 
example, dysbiosis induced by antibiotics treatment in mice leads to cognitive and 
behavioral alterations as well as to neurological changes [88, 89]. In addition, in juvenile 
mice with dysbiosis, after a 2-week antibiotic treatment, the levels of mRNA and 
protein of brain-derived neurotrophic factor (BDNF) and tropomyosin-related recep-
tor kinase B (TrKB) in hippocampus CA3 and dentate gyrus subregions, respectively, 
significantly increased [89]. Most importantly, patients with disorders like depression, 
anxiety, and eating disorder psychopathology have a significantly lower microbial alpha 
diversity as compared with healthy subjects [5]. Interestingly, depression and anxiety 
symptoms may be improved by fecal microbiota transplantation in patients with 
irritable bowel syndrome (IBS), functional diarrhea (FDR), or functional constipation 
(FC). Thus, the increase of microbiota diversity may improve the patient’s mood [56].

5. Prebiotics

Since its initial description in 1995, the concept of prebiotic has been in constant 
evolution. Currently, according to Gibson and Roberfroid, a probiotic has been 
defined as “any substance present in diet, which specifically stimulates the growth 
and/or the fermentative activity of one or a limited number of bacteria species of 
intestinal microbiota, generating beneficial effects on health of host as a conse-
quence of changes on either bacterial composition or metabolic activity” [90].

Generally, a food ingredient is considered as a prebiotic when it has the fol-
lowing characteristics: (a) it must be kept in good condition until reaching the 
distal portions of the intestine; that is, it is not absorbed in the anterior part of the 
gastrointestinal tract and resists the hydrolysis of digestive enzymes [91] such as 
α-glucosidase, maltase, isomaltase, and sucrase [92]; (b) it must act as a selective 
substrate in the growth and/or metabolism of one or a limited number of beneficial 
bacterial species, such as Lactobacillus spp. and Bifidobacterium spp.; and finally (c) 
it must positively stimulate the microbiota, by increasing beneficial microorgan-
isms and reducing pathogenic bacteria [93].

It is well known that proliferation of bifidobacteria and lactobacilli is favored 
by prebiotics; moreover, the proliferation of bacterial pathogenic strains such as 
Clostridium, Escherichia, Campylobacter, Enterobacterium, or Salmonella is inhibited. 
It has been proposed that intestinal microbiota is in involved in inhibition prebiotics 
mechanisms, by either competition for adhesion sites to the mucosa, or changes in 
the intestinal environment, such as (a) a reduction in pH as result of the synthesis 
of SCFA and (b) production of metabolites inhibiting pathogens proliferation, such 
as bacteriocins [94].

5.1 Types and sources

As already mentioned, prebiotics are normally ingested in the diet; however, 
only some carbohydrates (poly and oligosaccharides), whose chemical structure has 
β-type bonds, some peptides, some proteins, and certain lipids such as esters and 
ethers are food ingredients qualified as prebiotics [95].
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Different types of oligosaccharides considered as prebiotics have been 
reported, among them are: fructooligosaccharides (FOS), oligofructose (OF), the 
inulin type fructans (ITFs), galactooligosaccharides (GOS), transgalactooligo-
saccharides (TOS), and lactulose. However, there are others less known such as 
isomaltooligosaccharides (IMOS). Xylooligosaccharides (XOS) and mananooligo-
saccharides (MOS) also have a probiotic potential [90, 95]. It is well known that 
sucrose and starch are the main carbohydrates found in higher plants, followed by 
glucomannans and fructans are the main reserve sources in the vegetable kingdom 
[96, 97].

5.2 Interaction of prebiotics in gut microbiota

The non-digestible carbohydrates or prebiotics are selectively fermented by 
the microbiota that produces important metabolites for the health of the host, the 
SCFAs acetate, propionate, and butyrate mainly. Likewise, prebiotics have a direct 
impact on the gut-associated lymphoid tissue (GALT) with immunomodulatory 
functions [98]. The symbiotic association between the host and the microbiota is 
fundamental in its physiology. The increase of the beneficial populations in the 
intestinal lumen affects the establishment of opportunistic pathogens, contributing 
to the strengthening of the GALT.

5.3 Potential effects on microbiota-GALT-brain axis

The stimulation of probiotic bacteria by prebiotics contributes to the increase of 
the production of beneficial metabolites for the host, such as the SCFAs. However, 
prebiotics not only have an impact on the intestinal microbiota. Oligofructose, an 
inulin type fructan, can bind to cellular receptors of pathogenic bacteria and block 
adhesion to the surface of enterocytes, helping to prevent colonization. In the same 
way, β (2→1)-fructans are ligands of TLR2, TLR4, TLR5, TLR7, TLR8, and NOD2. 
Moreover, levan (2→6)-fructans appears to be a recognized of TLR4 to reduce 
IgE serum levels and Th2 responses [98]. Bacterial metabolites travel through the 
vagus nerve to reach specific brain regions such as cerebellum and hippocampus 
and modify gene expression [99]. It has been described that alterations in intestinal 
microbiota due to exposure to chronic stress are reversed with the administration of 
prebiotics and/or probiotics [100].

According to the classification of microbiota obtained by statistical analysis of 
sequence data, an alpha diversity has been identified, which describes the diversity 
of bacteria within a single individual; while beta diversity describes the diversity of 
specimens between different individuals. It has been shown that different types of 
prebiotics have an effect on the microbiota-GALT-brain axis in mice and human 
models. Prebiotics treatments (isolated from acorn and sago) induced increased 
β-diversity in heart failure patient’s fecal microbiome, while no significant change in 
β-diversity was seen in healthy fecal microbiome. Alpha diversity was significantly 
higher in both healthy and diseased fecal microbiome, which was accompanied with 
an increase of the beneficial bacteria and SCFAs. Moreover, prebiotics treatment 
ameliorated HFD-induced glucose intolerance and insulin resistance in diabetic 
mice. Feeding both prebiotics treatments and inulin increased SCFAs levels in the 
mouse gut, and decreased the gut hyperpermeability and mucosal inflammatory 
markers in HFD-fed mice. The expression of pro-opiomelanocortin was also modu-
lated by prebiotics administration, suggesting an important role in the hypotha-
lamic energy signaling in the mice [101]. In diabetic db/db mice, the administration 
of oligofructose increases the expression of tight junction proteins occludin and 
ZO-1, which improves the integrity of the BBB in the hypothalamus and normalizes 
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the expression of mRNA of IL-6 in the hippocampus; however, it does not improve 
alterations in behavior or in neurogenesis [102].

Moreover, the administration of prebiotic chitosan oligosaccharides (COSs) in 
Male Sprague-Dawley rats increases cognitive function and reduces levels of TNF-α 
and IL-1β, both pro-inflammatory cytokines [103]. In a mouse model of amyo-
trophic lateral sclerosis, the oral administration of GOS reduced the motor neuron 
death and muscular atrophy and increased the levels of serum folate, vitamin B12, 
and homocysteine [104]. In the same way, in a mouse model with lipopolysac-
charide-induced anxiety, the administration of bimuno-galacto-oligosaccharides 
(B-GOSs) reduced the pro-inflammatory cytokine IL-1β and expression of cortical 
5-HT2A receptors [78]. In a mouse model of vascular dementia, the β-glucan from 
barley and arabinoxylan from the yeast Triticum aestivum demonstrated a protective 
effect [105].

Interestingly, our research group previously demonstrated that the administra-
tion of oligofructose and Agave fructans decreased TBARS levels and carbonyls in 
learning and memory regions of the brain of overweight mice [106]. Also, in high-
fat diet-induced obese mice, prebiotics not only reduces the oxidative damage in the 
same regions but also increases the levels of BDNF and GDNF [107].

On the other hand, the administration of synbiotics (probiotics and prebiotics 
in combination) shows interesting effects. In infants with cow’s milk allergy, the 
treatment with based formula of amino-acid and symbiotics (a combination of 
fructo-oligosaccharides and Bifdobacterium breve M-16V) increased Bifidobacterium 
spp. and Veillonella sp bacteria substantially. Additionally, the lactate levels were 
increased, but the valerate and SCFAs levels were decreased [108]. Prolonged 
consumption of ADR-159 diet (fermentate generated from Lactobacillus fermentum 
and Lactobacillus delbrueckii) had no effect on anthropometrics or general health, 
but mice fed with ADR-159 presented increased sociability and lower baseline 
corticosterone levels (stress hormone). The diet also induced significant changes in 
the microbiota [109].

In patients with major depressive disorder (MDD), probiotics treatment 
(≥10 × 109 CFU of freeze-dried Helveticus R0052 and B. longum R0175 bacteria) for 
8 weeks improved depression symptoms, but the serum inflammatory cytokines 
marker (TNF-α, IL-1β, IL-6, and IL-10) levels were not improved, and the urinary 
cortisol levels decreased by 20% of baseline. However, the prebiotics treatment 
(galactooligosaccharides, GOS) had no effect on depression symptoms nor inflam-
matory marker levels [110]. In a like manner, oral GOS administration reduced 
the human stress hormone cortisol and increased attentional vigilance to positive 
versus negative stimuli [111].

6. Conclusions

The effect of the probiotics on the intestinal microbiota is quite important not 
only for the functions on intestine, but also for the development and function of 
immune system, metabolism, and central nervous system. Moreover, these systems 
are closely related, so that any alteration will impact their functionality. Therefore, 
the balance on microbiota-gut-central nervous system axis is very important to 
maintain the adequate functions of these systems.

Intestinal dysbiosis leads to alterations in development and function of central 
nervous system, which is significantly improved upon intestinal colonization with 
normal microbiota and probiotics treatment. To date, the interaction of microbiota-
intestine-brain axis is not completely clear. For this reason, it is interesting to redi-
rect the investigation of CNS diseases whose pathological mechanism is unknown.
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Chapter 11

Probiotics in Health and 
Immunity: A First Step toward 
Understanding the Importance of 
Microbiota System in Translational 
Medicine
Ciro Gargiulo Isacco, Andrea Ballini, Danila De Vito,  
Angelo Michele Inchingolo, Stefania Cantore, Gregorio Paduanelli, 
Kieu Cao Diem Nguyen, Alessio Danilo Inchingolo, 
Gianna Dipalma and Francesco Inchingolo

Abstract

There are mounting evidences showing the relation of chronic inflammatory 
and autoimmune diseases with the uncontrolled intensification of gut dysbiosis. 
This position asserts that an elevated presence of pathogens and bacterial, fungal, 
and viral components is directly involved in inflammatory metabolic diseases with 
a strong alteration of autoimmune components such as in inflammatory bowel 
syndrome (IBS), ulcerative colitis, and Crohn’s disease. Furthermore, the increase 
of unbalanced enteric microbiota is also connected to other types of conditions of 
metabolic origin such as diabetes mellitus, atherosclerosis, and osteo-degenerative 
conditions. As a matter of fact, evidence confirmed that gut damages histologically 
inspected revealed a situation with high expression of pro-inflammatory cytotumor 
necrosis factor-alpha (TNF-α), and IL1β, IL-2, IL-4, IL-6, and IL-17 together with 
high level of mucin-2. This chapter focuses on diverse topics related to microbiota 
dysfunction and systemic health condition and regenerative capacity and the 
therapeutic role of probiotics in gut health and disease emphasizing the potential 
beneficial role of probiotics in idiopathic inflammatory metabolic diseases. In brief, 
outcomes demonstrate that an intimate relationship between microbiota, metabo-
lism, tissue/cellular damages, and regeneration is standing. Within this scenario, 
the gut certainly plays a big part of the regenerative mechanisms in translational 
medicine.

Keywords: inflammatory bowel syndrome, ulcerative colitis, Crohn’s disease, gut 
dysbiosis, short-chain fatty acids, central nervous system, experimental autoimmune 
encephalopathy, vagus nerve, tumor necrosis factor-alpha, IL1β, IL-2, IL-4, IL-6, 
IL-17, mucin-2, probiotics
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1. Introduction

The oral-gastro-intestinal-sex-skin can be classified as unique large and 
heterogeneous apparatus populated by a huge variety of microorganisms, 
bacteria, virus, fungi, and other single-celled creatures, that compose the totality 
of human microbiota that contributes together with bone/skeleton system, to 
maintain the body energy homeostasis. The human body hosts something like 
10–100 trillion microbial cells that coexist in a strict fruitful symbiotic relation-
ship that persists as long as the body is kept in a balanced healthy state [1, 2]. 
The gut plays an important role in regulating metabolic immune activities. The 
gut’s essential task is the absorption of nutrients and the synthesis of important 
micromolecules obtained from food that cannot be assimilated by the stomach 
and small intestine [1–3]. Xyloglucans and fructo-oligosaccharides from veg-
etables and fruits, protein, and lipids; the assimilation of essential vitamins like 
vitamins B-12, D, and K; and the synthesis of hormones like serotonin from 
tryptophan amino acid take place right in the gut, thanks to the constant activity 
of its entire microbiota. The microbiota are able to produce 50–100 mmol·L—1 
per day of extremely important short-chain fatty acids (SCFAs), such as acetic, 
propionic, and butyric acids—and serve as an energy source to the host intestinal 
epithelium and skeleton [1–4].

The importance of SCFAs has been well described by several studies during the 
last decade; the activity of acetic acid, for instance, has been found to be essen-
tial against infections, in blood pressure regulation and against sclerotic plaque 
deposition in arterial walls. The presence of butyric acid is an essential anti-IBS 
agent due to its immune-modulator properties and anti-inflammatory action, 
while propionic acid has been found to be important in preventing obesity and 
diabetes 2 [1–4].

Although bacteria, viruses, and fungi might be very harmful and dangerous, 
they are indispensable for life as well. This symbiotic coexistence throughout the 
millennia made a deep crucial biological impact on human species, and it has 
become essential not only for survival but for evolution as well. Accumulating 
evidences have clearly demonstrated how part of these specific microorganisms 
can resume specific immunomodulatory roles and the way they affect either 
composition function or migration of various immune cell subpopulations from 
one site to a different location. For instance, oral macrophages may migrate 
under the influence of specific signal induction of local microbiota from oral 
either to the lungs or even the brain passing through the blood brain barrier 
(BBB) [5–10].

The outcomes from experiments performed on germ-free (GF) mice confirmed 
the great role of gut microbiota in the upsurge of immune system deficiencies. GF 
animals were shown to have compromised Paneth cells and low levels of natural 
killer (NK) cells, dendritic cells (DCs), and α/β + and γ/δ + T cell populations that 
play an important role in defense and pathogenesis during inflammation and infec-
tion, especially against certain types of malignancies. In addition, GF animals were 
highly susceptible to frequent infections due to a decline in angiogenin-4 (Ang4), 
a powerful antimicrobial part of the class of microbicide proteins in Paneth cells 
[5–10].

The alteration of the gut microbiota may contribute to open up the invasion of 
exogenous pathogens that may destabilize the whole intestinal mucosa. The patho-
gen systematic overgrowth will trigger a cascade of strong inflammatory responses 
making intestinal mucosa highly susceptible and motile. The chronic inflammation 
will weaken the endothelial tide junction to the point that the walls become highly 
relaxed and permeable causing the phenomenon known as “leaky gut” that allows 
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the free, uncontrolled passage of microorganism into the system via the blood-
stream and tissues where they start allocating. In fact, the presence of these typical 
gut residents could be found in eroded, inflamed, and degenerated joints and 
organs such as the lungs, heart, brain, and liver [11–13].

2.  Gut dysbiosis: a modality to understand neurodegenerative diseases: 
the disruption of blood-brain barrier (BBB) may explain the  
gut-oral-brain axis relationship

The high and uncontrolled levels of pathogenic microorganism colonizing the 
gut contribute to a condition known as dysbiosis [14]. Since few years the dysbiosis 
has been associated with a variety of degenerative patterns that tend to subvert the 
metabolic/neuro/hormonal/immune axis contributing to a variety of disorders that 
round to different body systems ranging from skeleton, cardiovascular, to neuro 
system. There are several mechanisms proposed that are able to trigger this state 
of systemic disorders; one of the possibilities is linked to bacterial metabolites and 
immune-modulating mediators that contribute to the high permeability of intesti-
nal mucosa allowing local pathogens to get through the mucosal barriers triggering 
a huge variety of immune responses. A second and though related mechanism is 
the sabotage of SCFAs’ production; the consequences of this mechanism are the 
abrupt breakdown of energy balance mechanism, a reduction of cell-bacteria 
signaling pathway, and the worsening of epithelial cell layer integrity due to the 
decreased production of tight junction proteins which allows the translocation 
of LPS into the submucosa as well. The significant presence of pro-inflammatory 
cytokines and interleukins such as TNFα, IFN-γ, IL-1β, IL-2, IL-4, IL-5, and IL-6 
is the peculiar trait of a dysbiotic gut (Figure 1) [14–16]. A third way of dysbiosis 
transmission is through the vagus nerve (VN), the main component of parasym-
pathetic nervous system (PSN) which also constitutes an effective bridge of the 
gut/CNS axis. This hypothesis, today supported by a concrete line of evidences, 
proposes the existence of a reciprocal interference way between the CNS and gut 
through the VN. In this view the VN is able to perceive microbiota movement, 
grade of activity, and therefore degradation; on the other hand, pathogens once 
out from the gut mucosa barrier are able to communicate and move to the CNS 
through the VN pathway [14–18].

These essential structural alterations are at the base of neurodegenerative 
pathologies. Though it is a unique pathological aspect, we may see the presence of 
a common configuration indeed, which is a shared neurological chronic inflam-
matory pattern. In all these cases, the chronic neuro-inflammatory condition is 
characterized by an abnormal hyperactive behavior of neural immune cells, the 
microglia, known as macrophages of the brain [18, 19]. The chronic inflammatory 
state that from the gut opens up the pathway of pathogenic microbiota invasion 
all the way through oral and brain compartment, which is the hallmark of neuro-
degenerative disorders’ dynamic pathogenesis. Patients with Parkinson’s disease 
(PD), Alzheimer’s (AD), multiple sclerosis (MS), or amyotrophic lateral sclerosis all 
present a variety of disturbances in intestinal microbial compared to healthy indi-
viduals. Neurodegenerative-affected patients’ intestinal and fecal analysis showed 
a clear clinical picture of microbiota dysbiosis. The test outcomes showed high 
level of coliform and gram-negative bacteria from Ralstonia genus concomitantly 
with low critical level of anti-inflammatory strains related to Blautia, Coprococcus, 
and Roseburia genera. Another indicator was also noted; it was the low presence of 
Prevotella generally seen as beneficial bacteria, involved in the metabolism of plant 
polysaccharides and vitamins strictly associated with the production of neuroactive 
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O-glycan production which is extremely important in the integrity of gut epithelial 
barrier; the absence of this mucin type (mucin-2 specifically) tends to compromise 
the correct homeostatic balance of the local microbiota, increasing intestinal 
permeability, a clinical feature associated with both microbial dysbiosis and neuro-
degenerative diseases [32–34].

Disruption of the BBB is a hallmark in individuals with neurodegenerative dis-
eases that contributes to a steady and progressive death of dopaminergic neurons in 
the CNS. The BBB is a part of a systemic condition that eventually allows the inva-
sion of pathogens and immune agents from a dysbiotic gut into the CNS. However, 
damages are also due to a series of changes that weaken the integrity of microvascu-
lature and blood vessels; these modifications are mainly due to nutritional impair-
ment as a consequence of gut microbiota disturbances that cause low-level intake of 
important nutrients. Deficiencies in vitamins like C, K, D, and folates responsible 
for low hydroxylation for the formation of chondro-sulfate necessary for healthy 
microvessel endothelial walls, the augmentation of free radicals, and depletion in 
oxygen contents and nitrogen, matrix metalloproteinases (MMPs), cyclooxygenases 
(COXs), and hypoxia-inducible factor-1α (HIF-1α) are all linked with BBB disrup-
tion as neuro-inflammatory responses tend to increase and evolve [35].

Thus the scenario existing in the great majority of neurodegenerative patholo-
gies presents a combination of higher permeability of the intestinal barriers and 
the BBB, inducing a greater access between gut microbiota and the CNS compart-
ment. Experiments conducted with the use of high dose of minocycline antibiotic 
are well known to have an impact on specific gut and oral invasive bacteria; the 
post-administration results showed significant protection on LPS-induced PD 
in mice data confirmed by a significant amelioration of neuro-inflammatory 

Figure 1. 
The gut microbiota is a very dynamic ecosystem. The entire gut microbiota is composed of different sub-
environments with unique features like niches with specific microbes and tissue interactions. The large intestine 
represents the more populated area and performs the highest variety of biotransformation under the guide of 
specific gene expression in charge of enzymes necessary for highly specific biotransformation necessary of the 
SCFAs. The local flora is crucial for the local microbiome homeostasis, and the whole chain of bio-reaction 
takes place in spaces with a specific mean pH of 6.5–7. The changes in local balance homeostasis and in pH 
negatively impact on the mucosa shield that repair the outside and inside permeability gradient. Once the 
stability and the equilibrium between all the components are broken, the gut walls become fragile under the 
constant attack of local immune cells that start to deteriorate the integrity of both endothelial wall and mucosa 
shield that induce on medium long term and accumulation of pro-inflammatory endotoxins, bacteria free 
passage into the system, and low antimicrobial peptide production with a consequent high gastrointestinal 
motility.
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markers such as TNF-α expression, IL-1α expression, and microglia activation 
and a substantial amelioration of astrocyte loss with an increased number of 
surviving dopaminergic neurons compared to control LPS only-injected mice [36, 
37]. It follows that a correct use of antibiotics generally known to alter gut micro-
bial diversity may disclose a positive immune protective side effect on inflam-
matory mechanism existent in PD patients [36–38]. Several other outcomes have 
shown the beneficial effects of oral antibiotic, minocycline, and tetracycline, in 
CNS degenerative condition like the experimental autoimmune encephalopathy 
(EAE) disease and MS. It was found a significant increase of IL-10 expression 
concomitant with a favorable increase of a subset of invariant NK T cells and in 
patients with MS, and there was a substantial reduction of CNS deteriorations 
[38–42].

2.1 Crosslink between microbiota dysbiosis and osteo-decay

Aging brings generally substantial physiological alterations—hormonal, 
humoral, and physical—that involves the entire homeostatic organization of 
the human body. Of course the GI tract and its microbiota as well undergo 
through profound changes that under the variations of dietary influences bring 
to a general decline of cognitive and immune activities. With aging, the gut 
microbiota lost bacterial balanced diversity with an increase of “pathogenic 
Proteobacteria” vs. a continuing, steady, and progressive lower level of “friend 
bacteria” such as Firmicutes, Faecalibacterium prausnitzii, and Actinobacteria 
(mainly bifidobacteria) [42–45].

Another important feature of gut microbiota is the ability to modulate genes that 
can be seen either on regulation or variation; this is one of the main factors that may 
explain the influences that gut microbiota eventually exert on bone development 
and on bone-related diseases such as osteoporosis, osteopenia, or the different types 
of arthritis. The delicate homeostatic balance that regulates bone formation and 
resorption is partly played by the activity of intestinal microorganisms. This activ-
ity is basically performed through the interaction with endocrine/nervous system 
axis; thereby the hormonal activity such as serotonin, cortisol, and sex hormones 
and several growth factors affect bone mass in mice and humans. In addition, bone 
marrow stem cells, circulatory stem cells, and stem cells from bone marrow niche 
are highly sensitive to gut microenvironment condition which eventually affects the 
differentiation process toward either osteoblasts or osteoclasts. In this case it has 
been proven that the metabolic pathway compartment which involves the ribosome 
activity, glycolysis, oxidative phosphorylation, carbon metabolism, and mitochon-
dria ATP are fully responsible of regulating MSCs’ functionality, growth, prolifera-
tion, and differentiation [45, 46].

This important connection has also been confirmed by Xiao and colleagues; they 
were able to highlight through the single-cell RNA-sequencing analysis the existing 
connection between the gut microbiota, BM-MSCs, and bone metabolic functional-
ity. The presence of several factors such as the HIF-1 together with the expression 
of infection/inflammatory signaling pathways could be the scattering patterns that 
influence MSC mobility and immunomodulation. These outcomes showed how 
HIF-1 signaling is involved in BM-MSC immunomodulation. In fact, the HIF-1 
is notoriously known as a triggering factor of inflammatory transcription factor 
NFκB and an active regulator of specific cytokine and chemokine recruitment in 
inflammation and infection situations. The chronic presence of an inflammatory 
response under the triggering activity of pro-inflammatory cytokines such as the 
TNF superfamily IL-1β, IL-2, IL-4, IL-6, and IL-17 can deeply disturb the osteoclast 
and osteoblast balance, typically resulting in a net hyper-osteoclast activity and 
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thus bone loss. While there is an evident mechanical effect on the bone where these 
cytokines stimulate osteoclast differentiation with a consequent upregulation of 
RANKL expression in progenitor osteoblasts together with a higher RANKL expres-
sion, a concomitant nonmechanical effect under the downregulation of specific 
deficit due to a metabolic inability of vitamin K and vitamin D synthesis in the 
intestinal lumen should be mentioned (Figure 2) [47–54].

2.2 Probiotic efficacy in therapy and clinically use

The potential impact of the therapeutic effect of probiotic on a dysbiotic situ-
ation could not be seen without taking in consideration a change of lifestyle. Diet 
habits, stress, poor healthy conditions, and lack of exercise can significantly impact 
the gut microbiota stability [55–57]. There are many evidences that nutritional habits 
based on “Western diet” composed of huge additive and animal fats, processed glu-
cose and excessive quantities of hypercaloric nutritional facts, low contents of fresh 
food, and low level of vitamins and minerals, essential for our body, all negatively 
affect the correct balance of gut microbiota, which eventually lead to the insurgence 
of metabolic dysfunctions. It is also well known that these bad behaviors are associ-
ated with an increased risk of developing several chronic diseases that may attack 
oral microbiota and vaginal microbiota that recent study findings have indicated as 
an independent risk factor for severe neurodegenerative conditions [9, 58–60].

Figure 2. 
The gut dysbiosis is one of the main contributors in osteo-degenerative conditions. The dysbiotic 
microenvironment increase the viability of systemic pro-inflammatory cytokines and interleukins generating 
three main anti-regenerative patterns, the increase of pH acidic level, decrease of the differentiating pathway 
from MSCs and SCs toward osteoblasts, and hyper-expression of osteoclast activity. The dysbiosis generates a 
defective absorption mechanism of important nutrients for bone homeostasis like vitamins, among them K and 
D, and hormones such as serotonin, testosterone, and estrogen. The prerogative of this condition is a cascade of 
events that will involve systemically and progressively the whole vital activity of cells, tissues, and systems of the 
organism.
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By definition, probiotic refers to large and diverse types of microbes both com-
mensal that normally reside in the gut and exogenous that may migrate through 
the intestine following food or diet and supplement consumption. Probiotics might 
be composed of different microbial strains, the most common include species of 
Lactobacillus, Bifidobacterium, Streptococcus, and yeast Saccharomyces species [61].

As previously mentioned, currently there is a great interest on the use of spe-
cific probiotics as therapeutic tool to be associated as clinical approach toward 
immune system pathologies that may include autoimmune conditions that may 
attack nerves, bone, and bowel. Given the prevalence of probiotic use, the effects of 
probiotics on bone health is of significant interest.

Significant positive clinical outcomes have been obtained in numerous studies 
conducted on CNS inflammatory condition that have therapeutically used different 
types of probiotic strains. The results showed a reduction of CNS inflammatory 
level and progression; these outcomes were eventually explained by the capacity of 
certain strains (Lactobacillus species including bacteria like the Pediococcus acidilac-
tici, Bifidobacterium bifidum, Bifidobacterium animalis, Streptococcus thermophiles, 
and Bifidobacterium infantis 35,624) to modulate the expression of T-regs, B-regs, 
and IL-10 production such as [62–64].

In addition, an experiment with genetically engineered microbial strains such as 
Lactococcus lactis capable of expressing heat shock protein 65 obtained from another 
strain like the Mycobacterium leprae was seen highly efficient in reducing EAE 
symptoms and disease progression [63, 64]. The beneficial outcomes in this study 
were associated with a decrease in IL-17 pro-inflammatory interleukin with a paral-
lel growth of IL-10 evaluated in the mesenteric lymph node and spleen cell cultures. 
Furthermore, mice showed a significant higher level of endogenous CD4 + Foxp3+ 
regulatory T-regs and CD4 + LAP+ (latency-associated peptide). These results 
might be also sustained by a higher production of SCFAs that, as stated by Opazo 
and colleagues, were seen to induce either a decrease in RORγt, a biomarker of 
IL-17, or IL-23 with a higher production of IL-10 and IL-12 with a similar beneficial 
effect on both EAE and IBS [61–66].

Therefore beneficial homeostatic-metabolic effect of specific probiotic strains 
can be seen on different systems such as the cardiovascular, immune, and CNS. For 
instance, few strains conserve a natural ability of inhibiting the insurgence of 
hypercholesteremia in both mice and human. In fact the use of Lactobacillaceae 
strains such as L. acidophilus, Bifidobacterium bifidum, and L. plantarum Lp9 strain 
showed a significant role in lowering the cholesterol level under in vivo conditions 
thanks to their ability of secreting functional bile salt hydrolase (BSH), an enzyme 
crucial in the protection against the insurgence of bad cholesterol in the host. 
Genomic analysis has indicated that Lactobacillaceae especially L. plantarum contain 
the highest presence of BSH genes. Intriguingly, milk fermented by L. plantarum 
NTU 102 revealed to have a high significant efficacy on total cholesterol and LDL 
cholesterol levels though in presence of individuals undergone a cholesterol-rich 
diet [67–70].

Major depressive disorders have been seen even today as a consequence of 
decreased serotonin level; therefore, the therapeutic strategy has mainly concen-
trated on producing medication, which focused on serotonin only. The major treat-
ments are based on a class of drugs known as selective serotonin reuptake inhibitors 
(SSRIs). These SSRIs stimulate the serotonin uptake between neurons, and, though 
it has been seen some improvements, the medium long-term use has produced 
serious side effects on gut homeostatic balance with severe metabolic disturbances. 
Nowadays, as above mentioned, following the fact that current researches have 
established associations between gut microbes, digestive function, and mental 
well-being especially under the fact that serotonin is synthesized in the gut by the 
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combined activity of different microbiota strain such as Lactobacillus. The connec-
tion was firstly seen in IBS patient who also manifests clear clinical signs of depres-
sive disorders; the analysis of gut microbiota from these patients showed a very low 
level of Lactobacillus strains versus healthy subjects that might be explained by the 
increased expression of serotonin transporter (SERT) [71–74].

Overall the data on this specific topic all have evidenced the positive effects of 
probiotics in CNS health. These effects are explained by the ability of probiotics to 
directly interact with fundamental metabolic agents either within the gut or outside 
that eventually explain the Gut-CNS axis. The use of probiotics and in specific the 
Lactobacillus strains showed that mice fed with these probiotics revealed a better 
capacity of reabsorbing tryptophan amino acid the precursor or serotonin, the 
re-established normal level of those hormones strictly related to stress deviances 
and depression such as the adrenocorticotropic hormone (ACTH), corticosterone, 
adrenaline, noradrenaline and the re-increase expression of brain-derived neu-
rotrophic factor (BDNF) a marker that indicate a neuronal health and memory 
functionality [74–79].

To conclude, the higher permeability of gut or “leaky gut” intensifies the fee 
passage of endotoxins such as the LPS and other forms of molecules and pathogens 
to leak into the bloodstream and thus in the entire system. The upsurge of these 
endotoxins, pathogens, and waste molecules eventually trigger the activation of a 
cascade of immune responses through switching on the Toll-like receptor 4 (TLR4) 
that mediates the recruitment of T and B lymphocytes together with a huge number 
of pro-inflammatory cytokines, interleukins, and IgA (Figure 3) [80, 81]. The 
current position therefore considers the use of probiotics as a therapeutic tool that 

Figure 3. 
There is a strict connection between CNS and gut system. The connection takes place through the afferent and 
efferent pathways of vagus nerve that physically connects both CNS and gut. Both CNS and gut may undergo 
leaky phenomena; in both cases, the barriers of either CNS or gut become extremely permeable under the 
chronic attack of both pathogens and immune agents overexpressed on the site. This event may eventually 
explain degenerative condition of both systems including IBS, ulcerative colitis, depression, PD, AD, and MS.
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may exert beneficial effects on the CNS by improving the stability homeostasis and 
integrity of gut microbiota, decreasing systemic inflammation.

2.2.1 Probiotics in the treatment of skin and oral mucosa dysbiosis

The skin represents another system where an immense variegation of micro-
biota environment can be found. Skin diseases caused by disturbances at the 
level of local microbiota that also showed to have strict connection with gut 
dysbiosis are quite exhaustive in explaining these malevolence patterns. Psoriatic 
lesions show a very specific histopathological conformation which present highly 
infiltrated immune cells like the CD3+ T cells and dendritic cells (DCs). Psoriasis 
showed to have a genetic family trait prevalent in twins; researchers have spotted 
36 genetic loci associated with PS susceptibility 1 (PSORS1) locus on chromo-
some 6p21.3 [82, 83]. Data confirmed that most of them are directly involved in 
the overexpression of those genes that regulate part of pro-inflammatory innate 
immune responses such as the NFkB activation and interleukin (IL)-23 signaling 
pathway. Intriguingly a 2018 study performed on mice proved the use of two spe-
cific probiotic Lactobacillus strains, the L. salivarius L305 and L. rhamnosus L307, 
in alleviating the clinical symptoms of psoriasis through inhibiting the aggressive 
effect of pro-inflammatory cytokines and interleukins like TNF-α, IL-1β, IL-6, 
IL-17, and IL-22 and promoting the anti-inflammatory/modulatory activity of 
IL-4 and IL-10 [84].

In oral dysbiosis, we are facing a similar inflammatory arrangement; oral 
diseases manifest with high-grade inflammatory patterns that spread from the 
gums to the adjacent structures gradually destroying the supporting tissues of the 
teeth, both ligaments and alveolar bones, causing early loss. Similarly to psoriasis 
in periodontitis, we may encounter multifactorial condition due to a combination 
of genetic variants triggered by the initial subgingival dysbiosis and then become 
highly susceptible to wider disease progression [85].

The gram-negative bacteria such as Porphyromonas gingivalis, Tannerella 
forsythia, and Aggregatibacter actinomycetemcomitans are be able to migrate into 
the system either down to the heart, lungs, and sex apparatus or are capable 
to enter into the brain via the bloodstream or via infected periodontal sites. 
Histopathological analysis has confirmed these bacteria almost everywhere in 
atheromatous plaques, the vagina, amniotic fluid, rheumatoid arthritis bioptic 
samples, and brain plaques typical of neurodegenerative diseases AD, PD, and 
MS [86–90].

As can be seen from published studies, different strains of probiotics have been 
used for the treatment of periodontitis. Lactobacillus strains are the commonest 
used in the majority of high-grade inflammatory disease. The use of L. salivarius in 
combination with L. rhamnosus and B. subtilis together with L. reuteri and L. brevis 
probiotics has shown the most promising results. High-positive results were also 
obtained by Laleman and colleagues in using Streptococcus oralis KJ3, Streptococcus 
uberis KJ2, and Streptococcus ratti JH145 [91, 92].

Therefore an associated altered gut microbiota may lead to chronic gut dysbiosis 
and propagation of systemic injuries that involve cells, tissues, system, and the 
intrinsic dysfunction of the regenerative mechanism.

3. Conclusion

In summary, the present chapter reveals that gut microbiota and a correct 
use of probiotic may play important pleiotropic functions on several levels and 
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systems. It is now clear that there is a bidirectional interaction between micro-
biota and nervous system, microbiota and immunity, microbiota and bones, and 
eventually microbiota and mitochondria. Probiotics are getting more and more 
attention due to the increase of evidence of their benefits in many degenerative 
disorders. It shows the capacity of microbiota to restore gut and vaginal and 
oral microbiota, thus attenuating various severe inflammatory responses. All 
these findings suggest that probiotics could play a role in clinical procedure and 
therapy approaches to decrease the risk of morbidity and mortality related to CNS 
diseases, cardiovascular diseases, and bone degenerations. The shared informa-
tion presented on this chapter may also demonstrate that the traditional view on 
gut microbiota and microbiome has changed and may be eventually useful as a 
prospective medium for the delivery of superior, more precise, and personalized 
treatments in the achievement of better protective health benefits for a more and 
more aging society.
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Chapter 12

Use of Prebiotics as an Alternative 
to Antibiotic Growth Promoters in 
the Poultry Industry
Bruno Solis-Cruz, Daniel Hernandez-Patlan, Billy M. Hargis 

and Guillermo Tellez

Abstract

Nowadays there is a great concern about antimicrobial resistance (AMR), 
which has been recognized as one of the most serious global public health threats. 
Multilateral organizations focused on global health accept the use of antibiotics in 
animal production as one of the main drivers of AMR, so that many strategies to 
control this problem have been proposed, resulting in the total ban of antibiotics as 
growth-promoting agents. On the other hand, this ban has led to an increase in the 
incidence of bacterial infections or even to the use of antibiotics at therapeutic doses, 
which could cause a worse scenario of bacterial resistance. Poultry is one of the most 
commonly exploited species worldwide and a sector that continues to grow and 
industrialize in many parts of the world, so it was to be expected that a large part of 
the antibiotics used in animal production was destined to this industry. The reduction 
or complete abolition of antibiotics in poultry production would have a positive effect 
in the control of AMR, but this would also have negative economic and public health 
repercussions, caused by foodborne pathogens and the decrease of the productive 
parameters. For that, many specific alternatives have been evaluated and marketed, 
prebiotics being one of the most promising alternatives for the poultry industry.

Keywords: prebiotics, antibiotics, antimicrobial resistance, poultry, intestinal 
microbiota

1. Introduction

Over recent years, the scientific community has expressed great concern about 
antimicrobial resistance (AMR), which has been recognized as one of the most seri-
ous global public health threats in this century [1]. Nowadays, most multilateral orga-
nizations focused on global health accept the use of antibiotics in animal intended 
for food production as one of the main drivers of AMR infections in human health, 
adopting national action plans that commit to reduce the indiscriminate use of anti-
biotics by their members [2–4]. These action plans propose many strategies to control 
this problem, particularly by encouraging reasonable and limited use of antibiotics in 
food animal production, particularly those that are considered of critical importance 
for both human and veterinary medicine. The World Health Organization (WHO) 
has issued a series of guidelines and resolutions in regard to the use of antimicrobial 
agents in animal production, among those that stand out being the overall reduction 

200
_____________________ WORLD TECHNOLOGIES _____________________



WT

in the use of all classes of antimicrobials, with the conditional recommendation not 
to use those that have been classified as critically important for human medicine, as 
well as the complete restriction for growth promotion and prevention of infectious 
diseases that have not yet been clinically diagnosed [5], for which some government 
regulatory agencies have taken action on the use of antibiotics for animal production, 
resulting in their total ban as growth-promoting agents [6, 7].

It could be expected that the total ban on the use of antibiotics as growth promot-
ers will lead to a decrease in the levels of antibiotic resistance [8]. However, we cannot 
ignore some issues resulting from this ban, such as the increase in the incidence of 
bacterial infections which would also increase the use of other antibiotics at pro-
phylactic or even therapeutic doses, accelerating the development of AMR in these 
pathogens and making it a worse scenario [9, 10]. In addition, some farming practices 
must be implemented to reduce the use of antibiotics in animal production, such as 
adequate animal vaccination, good hygiene and husbandry practices, higher animal 
welfare, and improved breeding programs, which implies an increase in production 
costs, and it is still not enough to completely reduce the risks of infection [11, 12].

Poultry is one of the most commonly exploited species worldwide, and a sector 
that continues to grow and industrialize in many parts of the world [13], so it was 
to be expected that a large part of the antibiotics used in animal production was 
destined to this industry [14, 15]. Antibiotics have been used in poultry production 
for therapeutic, prophylactic, or growth promotion purposes, especially in broiler 
chickens, which has resulted in huge profits for poultry producers [16].

Although it is a fact that the reduction or complete abolition in the use of antibiot-
ics for poultry production would have a positive effect in the control of AMR and 
public health, this would also have negative economic repercussions, since production 
costs and, consequently, the prices of the final products, as well as the international 
trade of poultry products, would be affected [17, 18]. Furthermore, the antibiotic-
free production of poultry could imply public health problems caused by foodborne 
pathogens such as e C. perfringens, E. coli, S. aureus, Campylobacter spp., or Salmonella 
spp. [19–21] while increasing production costs caused by bacterial infections, along 
with the detriment in the health of the birds and the decrease of the productive 
parameters. Hence, the ban on the use of antibiotics for poultry production, as well 
as other increasingly popular trends, such as the growth of the organic products 
market, has forced poultry producers to find viable alternatives with similar benefits 
to antibiotics. For that, many specific alternatives have been evaluated and marketed, 
such as enzymes, prebiotics, probiotics, organic acids, dietary fiber, highly available 
nutrients, herbs, spices, essential oils, plant components, and vaccines [15].

Among all the available alternatives, prebiotics have proven to be promising 
alternatives for the poultry industry because they are able to pass through the diges-
tive tract, which facilitates and supports the symbiotic relationship between the 
host and gastrointestinal tract (GIT) microbiota and results in health benefits for 
the birds [22–24]. Thus, this chapter exposes the use of prebiotics as feed additives 
in poultry, with emphasis on their beneficial effects on the microbiota composi-
tion, their ability to control pathogenic infections, positive changes in intestinal 
morphology, improved productive parameters, and immunomodulatory effects as 
possible mechanisms of action, which make them potential alternatives to avoid the 
use of antibiotics as growth promoters in the poultry industry.

2. Types of prebiotics used in the poultry industry

It is difficult to describe in a few words what a prebiotic is; nevertheless, all 
definitions agree that these compounds, when administered as feed ingredients, are 
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resistant to enzymatic digestion and cannot be absorbed, and still they confer a health 
benefit for the host animal by selectively stimulating the growth, metabolism, and 
composition of beneficial native bacteria in the GIT and eliminating the pathogenic 
ones [25–27]. In general, prebiotics share these common properties, but there are 
some others that are also common among them, including resistance to gastric acidity, 
selective fermentability by a limited number of potentially beneficial microorgan-
isms, alteration of the GIT microbiota toward a healthier composition, and modula-
tion of the host animal defense system [28].

Although only carbohydrate-based compounds, such as nondigestible oligosac-
charides and non-starch polysaccharides, were previously considered as prebiotic 
candidates, nowadays the prebiotic concept has expanded to “a substrate that is 
selectively utilized by host microorganisms conferring a health benefit,” so that 
other substances might fit to it, including a diversity of oligosaccharides with 
varying carbon chain lengths and even polyphenols and polyunsaturated fatty acids 
converted to respective conjugated fatty acids [29, 30]. However, to confirm its sta-
tus as a prebiotic, studies for each candidate must be performed in the target animal 
species for its intended use, demonstrating its beneficial health effects mediated 
through the microbiota.

In aviculture, a wide range of prebiotic alternatives have been evaluated, 
trying to improve the GIT health and resistance against pathogen colonization; 
nevertheless, all of them have been well characterized, indicating their source, 
purity, chemical composition and structure, suitable dose, and side effects, and 
have the status of generally recognized as safe (GRAS). The most commonly used 
prebiotics in poultry diets are nondigestible oligosaccharides (NDO), including 
fructooligosaccharides (FOS) and inulin type, mannan oligosaccharides (MOS), 
xylooligosaccharides (XOS), galactooligosaccharides (GOS), and isomaltooligosac-
charide (IMO), as well as some structural carbohydrate components of non-starch 
polysaccharides (NSP), such as β-glucan [25, 31, 32]. These prebiotics are com-
monly administered to poultry orally at first hours or days after hatching, either 
spraying them directly in the feed or by their direct addition in drinking water; 
but recently, the administration of in ovo prebiotics in chicken embryos has been 
proposed as a better route of delivery, since the doses of prebiotics used in ovo could 
be at least 10 times lower than after hatching, with the same beneficial effects as the 
oral administration [23, 33].

As mentioned above, the main purpose of prebiotics is to modify the intestinal 
microbiota in a favorable manner for the host animal and induce positive effects, not 
only in the intestinal environment but also systemically, which is reflected in positive 
improvements of the productive parameters such as egg production, body weight 
gain, feed conversion ratio, and mortality index [34–36]. Besides improved host 
health and productivity, prebiotics have also proven their efficacy to reduce coloni-
zation of important pathogens both for poultry production and public health, such 
as Salmonella, Campylobacter, C. perfringens, and E. coli [37–41]. This set of benefi-
cial effects, along with the lower risks of undesirable side effects in the host and the 
fact that they are cheaper and easier to produce in a large scale than probiotics, make 
prebiotics an excellent option as an alternative to minimize the use of antibiotics in 
poultry production, thus contributing to reduce the problem of AMR [42, 43].

3. Mechanisms of action of prebiotics in poultry

There are many mechanisms and functions of prebiotics which have been associ-
ated with the poultry GIT microbiota, and it seems that there are several bacteria 
involved in their use; but there is evidence that other microbiota-independent 
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influence the host animal health or how they can inhibit pathogen establishment, 
but all their beneficial effects are the result of a complex set of interactions on 
the host physiology, including their positive effects on intestinal morphology and 
microbiota balance, the suppressive effects on the enteric and systemic infections 
by pathogens due to the immune stimulation, the higher nutrient digestibility, and 
positive metabolic alterations (Figure 1), which result in improved productive 
parameters, higher quality of food products from poultry origin, general welfare of 
animals, and ultimately decrease in production cost [42, 44].

3.1 Intestinal microbiota balance

In poultry species, as in almost all the others, the microbiota largely determines 
the intestinal integrity, functionality, and health, which in turn plays a vital role 
in nutrient digestion and absorption, immune system development, and pathogen 
exclusion [46]. Since a symbiotic interaction between host and its microbiota is 
fundamental to poultry health and production, the alteration of the intestinal micro-
biota when using prebiotic has been one of the most widely investigated mechanisms 
of action [25, 32, 47]. Nowadays it is well known that prebiotics alter positively the 
intestinal microbiota in poultry; however, the exact mechanism (s) and type of 
interaction involved will depend on the structure of the prebiotic and the host spe-
cies. Among all the microorganisms that make up the intestinal microbiota in poul-
try, some particular bacteria, such as Lactobacillus spp. and Bifidobacterium spp., have 
positive effects on intestinal physiology and, thus, are beneficial for the host health. 
These beneficial bacteria, which have been reported to have higher abundance when 
chickens are fed diets supplemented with prebiotics, can ferment and metabolize 
prebiotics, selectively stimulating their proliferation and activity [45, 48, 49], which 

Figure 1. 
Some of the potential mechanisms of action of prebiotics in poultry species, showing how they are metabolized 
by the host microbiota and have positive effects on immunity, gut health, metabolic activity, and pathogen 
colonization. Modified and adapted from Refs. [25, 45].
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can potentially influence the production of short-chain fatty acids (SCFA) and the 
consequent decrease in intestinal pH, improve the metabolism by increasing diges-
tive enzyme activity and vitamin production and decreasing levels of triglycerides, 
cholesterol, and odor compounds, and stimulate the immune system that contributes 
to the inhibitory effects on the growth of pathogenic bacteria [50, 51].

On the other hand, several studies have shown that prebiotics influenced the 
beneficial intestinal microbiota of broiler chickens while maintaining low levels 
of potential pathogens in the small intestine and cecal digesta. Addition of FOS 
as prebiotic to the basal diet (4.0 g/kg) significantly increased the viable count 
of Bifidobacterium and Lactobacillus in the small intestinal digesta of male broiler 
chickens, while the number of Escherichia coli was significantly reduced compared 
to the control group [52].

It has been also reported that feeding 0.25% of FOS and 0.05% of MOS to broil-
ers resulted in an increased diversity and population of Lactobacillus and decreased 
populations of E. coli and C. perfringens in the ileum, as shown in Figure 2 [40]. In 
laying hens, dietary supplementation with different levels of inulin linearly reduced 
coliform bacteria counts by increasing concentrations of this prebiotic, while 2.0% 
of inulin achieved significantly increased cecal Bifidobacterium counts compared 
with the control group [53].

A recent study has shown that 3.5 mg of a GOS mixture delivered in ovo had a 
bifidogenic effect in adult chickens, since the relative abundance of Bifidobacterium 
communities was higher in four sections of intestinal content (duodenum, jejunum, 
ileum, and cecum), while the values of Lactobacillus abundance resulted to be 
higher in the control group for most of the four sections [32].

3.2 Inhibition of pathogen colonization

The ability of prebiotics in poultry diet to reduce colonization of pathogens 
results from the combination of several mechanisms occurring in the GIT, from 
those that are directly related to the selective stimulation of the favorable micro-
biota to those in which the prebiotics directly affect the pathogens or the host 
animal in a microbiota-independent manner. To date, it is not possible to define an 
exact mechanism of prebiotics to reduce pathogenic infections, so more research is 
required to fully elucidate their exact function and mode of action.

Figure 2. 
Intestinal microbiota modifications in the small intestinal content of broiler chickens at 4 weeks of age. Within 
a bacterial species (or total), bars with different letters (a–c) are different (P < 0.05, n = 8). Modified from 
Ref. [40].
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Various potential mechanisms have been proposed by which prebiotics can 
provide resistance to pathogens, one of the main ones being directly related to the 
beneficial bacteria in the GIT, such as Lactobacillus and Bifidobacterium, whose selec-
tive growth results in an increased concentration of SCFA, especially acetate, propio-
nate, and butyrate, and lactate during primary fermentation process at the ceca [30]. 
This is mainly because these bacteria secrete several hydrolases, which monogastric 
animals cannot, hydrolyzing the carbohydrate-based prebiotics through a fermenta-
tion process whose metabolic end products not only contribute to the nutrition of 
poultry, but they have additional beneficial effects [54]. Since SCFA are the principal 
luminal anions, and they are relatively weak acids, their increased concentration is 
correlated with a lower intestinal pH, which in turn is associated with a suppression 
of pathogens by dissipating the proton motive force across the bacterial cell mem-
brane [55], although it has also been reported that SCFA, butyrate specifically, can 
downregulate expression of invasion genes in Salmonella at low doses [56].

For instance, the effect of 14 or 19 days of 10% dietary lactose administration 
was evaluated in Leghorn chicks, resulting in a significantly increase of acetic, 
propionic, butyric, and lactic acid concentration in the cecal contents as compared 
with the control group; additionally, lactose decreased the pH of cecal contents, 
with the consequent reduction of the total number of chicks with organ cultures 
that were positives for this pathogen (Figure 3) [57].

Another study was conducted to investigate if changes in SCFA could decrease the 
numbers of Enterobacteriaceae in the ceca of broiler chickens during growth; the authors 
found a significant negative correlation between the log CFU of Enterobacteriaceae and 
the concentration of acetate, and the undissociated form of acetate, propionate, and 
butyrate, evidencing that SCFA are one of the mechanisms responsible for the decrease 
in numbers of these bacteria in the ceca of broiler chickens during growth, while they 
did not affect beneficial GIT bacteria such as Lactobacillus [58].

Nevertheless, there are many other mechanisms by which SCFA may be 
useful to avoid pathogen colonization in the GIT, such as the increased produc-
tion of mucin by goblet cells that serves as a physical barrier against pathogens 
and contributes to their lower colonization [59, 60]. The effect of inulin dietary 
supplementation at different levels on mucin mRNA expression was evaluated at 
21 and 42 days in broiler chickens, and it was found that dietary supplementa-
tion of this prebiotic at 10 and 15 g/kg enhanced mucin mRNA expression in the 
jejunum both days [61]. Moreover, depending on the poultry species, the SCFA 
provide different levels of the of the total metabolic energy requirements, serving 
as the preferred energy source of colonocytes and stimulating intestinal integrity 
[54, 62].

Figure 3. 
Effect of dietary lactose (10%) during 14 and 19 days on cecal organic acid concentrations, pH of cecal contents, 
and Salmonella enteritidis organ invasion in Leghorn chicks. (*) (**) (***) significantly different from controls 
(P < 0.05) (P < 0.005) (P < 0.001), respectively. Data obtained from Ref. [57].
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On the other hand, the natural antipathogen activity of the intestinal microbiota 
in poultry has been documented by the Nurmi concept of competitive exclusion, 
also known as “bacterial antagonism” or “bacterial interference,” through which 
beneficial microorganisms compete with potentially pathogenic bacteria for 
limiting nutrients and attachment sites on the mucosa, or even by the production 
of bacteriocins like lactocin, helveticin, curvacin, nisin, or bifidocin, which may 
be destructive to various Gram-positive or Gram-negative intestinal pathogens, 
particularly Salmonella, Campylobacter, and E. coli [47, 63, 64]. It has been demon-
strated that competitive exclusion is potentiated with prebiotics, since they promote 
growth of beneficial bacteria which are ubiquitous in the host animal and are 
capable to survive in GIT conditions.

In a study carried out in broiler chicks, the effect of treatments with dietary 7% 
lactose and 6.3 × 106 of anaerobic organisms, alone or in combination, on cecal colo-
nization by Salmonella typhimurium (ST) after 10 and 15 days at different inoculum 
doses, was evaluated. The authors report that treatment with anaerobes without the 
addition of lactose did not effectively control cecal colonization of ST, while chick-
ens treated with the combination of anaerobic organisms and lactose were resistant 
to cecal colonization by this pathogen, concluding that oral administration of only 
total anaerobes did not function well as competitive exclusion cultures [65].

In another similar study, the inhibitory effect of competitive exclusion and 
0.1% concentration of FOS, singly and in combination, on Salmonella enteritidis SE 
colonization of chicks was investigated. Chicks received this pathogen at 7 or 21 days, 
and then birds from each group were slaughtered at 1, 7, and 14 days after for count 
of SE in cecal contents. Additionally, quantification of the major cecal microbiota 
was performed. Results from this study demonstrated the efficacy of CE on chicks 
7 days post inoculation with SE, but this efficacy was not clearly demonstrated 
21 days post inoculation, indicating that the efficacy of CE to reduce susceptibility to 
SE colonization is higher on young chicks, while FOS offered protection to chickens 
particularly in 21-day-old chicks (Figure 4). Nevertheless, when FOS was given in 
combination with a CE treatment, both in the 7- and 21-day-old chicks, a reduction 
in the number of SE per g of ceca was observed, so that low doses of FOS in the diet 
of chickens with a CE treatment may result in reduced susceptibility to Salmonella 
colonization. Regarding the intestinal microbiota, few changes in Bifidobacterium, 
Bacteroides, and Lactobacillus in the cecal contents of treated groups were observed 
compared with the control group, both 7- and 21-day-old chicks, although when 
chickens were fed FOS for long times, Bifidobacterium and/or Lactobacillus of the 
intestinal flora may increase [39].

Figure 4. 
Effect of competitive exclusion (CE) and FOS (0.1%) on recovery of Salmonella enteritidis from cecal contents 
of chicks infected at 7 and 21 days. Numbers in parentheses indicate the number of birds positive for SE/birds 
examined. The right graph shows the effect of these treatments on the major bacterial population of cecal 
microbiota. Data obtained from Ref. [39].
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Some pathogenic bacteria, such as Salmonella spp., E. coli, or Vibrio cholerae, 
have mannose-specific lectins (Type 1 fimbriae) on their surface, which recognize 
glycoprotein receptors rich in mannose on the intestinal cells of the host animal 
and are key to initiate attachment and colonization [45, 48]. Prebiotics, specifically 
MOS, can also reduce pathogen colonization by their direct union to the pathogen 
lectins, avoiding its attachment to the intestinal epithelial cells and, thus, passing 
through the GIT without colonizing.

This mechanism has been also corroborated in poultry species, both in vitro 
and in vivo, in two independent studies. In the first study, the in vitro effect of 
D-mannose, galactose, methyl-α-D-mannoside, and arabinose, on the adherence 
of Salmonella typhimurium to epithelial cells of the small intestine from 1-day-old 
chicks, was investigated. Authors showed that the small intestine of the chicken 
has receptors for bacteria with Type 1 fimbriae, and those fimbriae-positive strains 
of ST adhered significantly better than fimbriae-negative strains. They reported 
that adherence of ST to chicken small intestinal cells was inhibited more than 90% 
by methyl-α-D-mannoside and D-mannose and to a lesser extent by arabinose and 
galactose through the mechanism of blocking [66].

In the other study, the same effect of mannose was demonstrated in vivo. For 
that, 1-day-old broiler chickens were fed normal drinking water or drinking water 
supplemented with mannose (2.5% w/v) for 10 days. On day 3, birds were chal-
lenged orally with S. typhimurium (108 CFU), and then the cecal contents were 
examined on day 10. Results corroborated the blocking action of D-mannose, which 
could reduce the percentage of chickens colonized by ST from 78 to 28%, 82 to 21%, 
and 93 to 43%, in three trials [67].

In a more recent study, the ability of MOS from yeast cell walls to decrease the 
concentrations of enteric pathogens that express Type 1 fimbriae in poultry was 
evaluated. In the first part of this work, the ability of different enteric pathogens 
and coliforms to adhere to the MOS was measured in vitro, evaluating qualita-
tively if agglutination was modified with the presence of fructose, galactose, 
glucose, and mannose. Results of the agglutination test showed that 5 of 7 strains 
of Escherichia coli and 7 of 10 strains of Salmonella typhimurium and S. enteritidis 
agglutinated MOS. Other strains like S. montevideo, S. give, S. kedougou, and S. 
dublin also caused agglutination of MOS, but strains of S. choleraesuis, S. pullorum, 
and Campylobacter did not lead to agglutination. Nevertheless, agglutination 
of these Gram-negative bacteria could be inhibited by mannose and fructose, 
although it took much more fructose to observe the inhibitory responses than 
mannose. Authors reported that MOS had reduced cecal S. typhimurium con-
centrations by about 25-fold compared to the control group; concentrations of 
coliforms also tended to be lower when MOS was added to the feed, while con-
centrations of lactobacilli, enterococci, and anaerobic bacteria were not affected 
by treatment; concentration mean values are shown in the upper left graph of 
Figure 5. This tendency to reduce the salmonella concentration was observed 
during the time after the challenge with the pathogen, as shown in the upper right 
graph of Figure 5. The last part of the study consisted in a similar challenge using 
S. dublin, in which the percentage of prevalence this pathogen was lower in the 
MOS-treated groups (55.7%) than in the control group (89.8%), while concen-
trations of the other bacterial populations were not different. Since no changes 
in cecal parameters were observed with MOS addition, such as a major shift in 
bacterial populations or changes in pH or SCFA concentrations, which are known 
to affect salmonella, together with the in vitro agglutination results, authors con-
clude that adsorption of salmonellae by MOS could be a possible mode of action by 
which adhesion of these pathogens to the wall is avoided [68].
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Another proposed mechanism for health benefits of prebiotics is the 
improved intestinal morphological structure; several prebiotics have proven 
their capacity to modify positively intestinal morphology, both on macroscopic 
(intestinal length) and microscopic (size and density of villi and microvilli and 
crypt depth) structures of different sections of the intestine in poultry species 
[52, 69, 70]. Furthermore, an increased number of goblet cells of the intestinal 
villi have been reported after dietary administration of prebiotics; these special-
ized cells are responsible for secreting glycoprotein compounds, mainly mucins, 
which bind pathogenic microorganisms and reduce their adherence to the 
intestinal mucosa [71]. These morphological changes lead to a higher efficiency 
of nutrient absorption, since well-developed and functional enterocytes have 
been associated with increased absorptive area of the intestine [72] but also with 
an increased activity of the intestinal brush border enzymes and the nutrient 
transport systems [70, 73].

In turkeys, the dietary addition of two doses of a product based on MOS and 
β-glucans (1 and 2 lb./ton) on gastrointestinal tract development was evaluated 
through the measurement of ileal, jejunal, and duodenal morphology of turkey 
poults at 7 and 21 days of age. Data derived from this study suggest that feed supple-
mented with MOS and β-glucans could accelerate GIT maturation in turkey poults 
and was more pronounced in the ileum than in other portions of the small intestine. 
Ileum villus height, surface area, lamina propria thickness, and crypt depth were 
enhanced with the prebiotic treatment both on day 7 and 21, in a dose-dependent 
manner for many of the parameters evaluated, as it can be observed in Figure 6. In 
the jejunum results were consistently higher only for the highest dose of treatment 
(2 lb./ton) compared with the control group on both days, while in the duodenum 
results were better for the highest dose on day 7, although intestinal morphology of 
this intestinal section was not different on day 21. Furthermore, density of neutral, 
sialomucin, and sulfomucin goblet cells that were taken per intestinal section was 
also evaluated, showing a very similar tendency than the enteric morphometric 

Figure 5. 
Upper graphs: Effect of dietary added MOS on concentrations of different bacterial populations (left) and 
concentration of Salmonella typhimurium at different times after challenge in the ceca of chicks (right). Lower 
graphs show different bacterial populations (left) in the ceca of chicks challenged with S. dublin and (right) 
the percentage of birds from which S. dublin was recovered. Within bacterial populations, bars with different 
letters (a, b) are different (P < 0.05, n = 6). Data were obtained from Ref. [68].
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β-glucan-based additive, because the numbers of neutral, sialomucin, and sulfomu-
cin goblet cells in the GIT were increased in supplemented poults [74].

Studies have also been conducted whose results demonstrate the beneficial effect 
of prebiotics on changes at the macroscopic level. A study to evaluate and compare 
the effectiveness of adding inulin (1%) and oligofructose (1%) to the feed of broiler 
chickens was conducted, being one of the objectives to evaluate the intestinal length 
considering the influence of the bird sex. The experiment the experiment lasted 
6 weeks, during which the productive parameters were also evaluated. Results 
from this study suggest that the longer the intestinal length, the better in nutrient 
absorption which resulted in a heavier body weight, showing correlation coef-
ficients between intestinal length and body weight of 0.68 and 0.74 for the male 
and female birds, respectively, regardless of the treatments. Oligofructose-treated 
birds resulted to have a longer intestinal length, especially for the females, although 
inulin-fed birds also had a longer small intestine than control birds. There were no 
visible differences in villi density among the males, regardless of the treatments, 
while for females, the villi from inulin- and oligofructose-treated birds appeared to 
be denser than those of the controls [69].

3.4 Productive performance

Undoubtedly, one of the main objectives of the use of food additives in the 
poultry industry is the improvement of productive performance, a major indica-
tor of poultry well-being that is directly tied to efficiency of nutrients utilization 
and, thus, to the profitability of production. In fact, replacement of antibiotics as 
growth promoters with prebiotics to observe improvements in poultry performance 
is the major reason for the researches [28]. As mentioned above, there is no exact 
mechanism of action for beneficial effects of prebiotics, so that stimulation of 
poultry performance results from the very complex interactions of all mechanisms 
previously described, for instance, by decreasing pathogen colonization, since it 

Figure 6. 
Effect of MOS dietary addition at two different doses on the ileal, jejunal, and duodenal morphology of Turkey 
poults at 7 and 21 days of age. Within treatments, bars with different letters (a–c) are different (P < 0.05, 
N = 9 birds, n = 20 measurements/bird). Data were obtained from Ref. [74].
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has been described that pathogens depress performance by interfering with nutri-
ent digestion, absorption, and utilization; impairment of normal cellular func-
tion; negative impact on enzyme activity, epithelial integrity, and function; and 
diversion of energy for growth to immune response purposes [75]. Prebiotics can 
potentially stimulate growth performance through increased SCFA production in 
poultry, mostly acetate, propionate, and butyrate, since they are directly absorbed 
in the intestine and used as an energy source in tissues and besides that stimulate a 
higher metabolic activity in the intestine [76, 77]. SCFA may also serve as a potent 
regulator of insulin homeostasis in the chicken and carbohydrate metabolism, 
which stimulate the metabolic activity of striated muscle cells, possibly also hav-
ing an influence on muscle protein synthesis and, thus, growth performance [78]. 
Beneficial effects of prebiotic on nutrient digestibility of poultry have been also 
reported, such as improved digestibility of crude protein, fat, dry matter, energy, 
and minerals [79, 80]. These results have been attributed to an increase in the ben-
eficial microbiota, such as Lactobacillus, changes in the intestinal mucosal structure, 
and improved intestinal health, which result from the morphological changes in the 
intestine that lead to a higher efficiency of nutrient absorption and a better nutrient 
transport system, as discussed above [70, 81, 82].

Other prebiotic effects that might influence productive performance of poultry 
species are alterations on lipid metabolism and mineral absorption [83, 84]. Studies 
have demonstrated that prebiotic supplements have a positive effect on the mineral 
metabolism of Ca, P, Zn, Cu, and Fe [85–88], whose intake is influenced by factors 
such as the lower luminal pH that increases their solubility promotion and thus 
their passive absorption, changes in the intestinal mucosa and increased absorption 
surface area, elevated expression of Ca-binding proteins, release of bone-modu-
lating factors, phytate degradation by probiotic bacteria enzymes, and improved 
overall intestinal health [89, 90]. On the other hand, although no exact mechanisms 
have been reported for the alteration on lipid metabolism caused by prebiotics, 
it has been demonstrated that intestinal microbiota play a role in maintaining 
lipid metabolism [91], so that the increase in bacterial numbers or a change in the 
composition of the intestinal microbiota might be related to the lipidic alterations. 
Studies have shown that prebiotics have a positive effect on lipid metabolism in 
poultry species, such as hypocholesterolemic effect both in serum and eggs, which 
has been attributed to many reasons. The enhanced production of SCFA results in 
inhibition of cholesterol biosynthesis in the liver, due to inhibition of the incorpora-
tion of colonic acetate into plasma lipids [92]. Another mechanism through which 
prebiotics may exert hypocholesterolemic effect is via bile acids, since they enter 
the small intestine and are absorbed and directed to the liver; however, during 
reabsorption, conjugated bile acids are exposed to intestinal microflora that hydro-
lyze conjugated bile acids, making cholesterol unavailable for absorption into the 
circulation [53]. Although it has not been evaluated in poultry, other studies have 
also suggested that prebiotics may modify gene expression of lipogenic enzymes, 
with reduced concentration of plasma phospholipids, triacylglycerols, and lipo-
proteins [93–96]. However, reports of prebiotics on the performance of poultry 
have been very variable, and often contradictory, as their effectiveness is strongly 
dependent on the type of prebiotic and the source, dose used, time of consumption, 
type of diet and interactions with other feed additives, administration route, animal 
characteristics, hygiene, husbandry conditions, and environmental stress [28, 50].

In a study carried out in White Leghorn hens, the performance parameters were 
measured to test two prebiotic treatments consumed for 4 weeks, oligofructose 
(1% w/w) and inulin (1% w/w), during the later part of the first laying cycle. Egg 
production, cumulative egg weight per bird, and average egg weight for each treat-
ment were calculated weekly. Besides, body weight change, feed consumption, and 
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feed conversion ratio were also monitored. Results showed that oligofructose and 
inulin increased weekly egg production by 13.35 and 10.73% and cumulative weekly 
egg weight per bird by 12.50 and 10.96%, respectively, as compared to the control 
group. Both prebiotics also improved the feed conversion ratio. Nevertheless, there 
were no differences in average egg weight, feed consumption, or the percentages of 
changes in live body weight after 4 weeks, as shown in Figure 7 [85].

In another study, the effect of MOS at a dosage of 2 g/kg on growth performance 
and nutrient digestibility of two cereal-based diets (corn or wheat) in broiler 
chickens was evaluated, over an experimental period of 21 days. For that, body 
weight, feed intake, and feed conversion ration were measured at week 1 and 
weeks 2–3. Also, the ileal digestibility of nutrients was evaluated on day 21. Authors 
reported that dietary addition of MOS did not affect the body weight gain of birds 
but increased their feed intake during the first 7 days, while the feed conversion 
ratio also tended to increase with MOS, regardless of the type of cereal-based diet. 
Contrary, between 7 and 21 days, dietary MOS improved the growth performance 
of birds given the wheat-based diet compared to that of birds given the corn-based 
diet. Regarding the ileal digestibility of starch, the addition of MOS improved it and 
showed a high interaction with the type of cereal, indicating that this positive effect 
of MOS was more profound for the wheat diet than for the corn diet.

3.5 Enhancement of immune system

Currently, much research has focused in modulation of the immune system 
by the use of prebiotics, which results from the interaction of all the mechanisms 
mentioned above, so that it is not an isolated mechanism. A multitude of mecha-
nisms and functions associated with the immunomodulatory effect of prebiotics 
have been reported, by the activation of genes and pathways implicated in immune 
processes [25]. It has been cited for many authors that the use of prebiotics in 
poultry diets improves bird’s immunity through the selective growth of beneficial 
microbiota, resulting in an increased production of a variety of substances, such as 
bacteriocins and SCFA, that, in addition to being able to inhibit growth of patho-
gens, play a role in signaling pathway of immune system [97–99].

Figure 7. 
Performance parameters as affected by dietary oligofructose and inulin in laying hens. Within treatments, bars 
with different letters (a, b) are different (P < 0.05, n = 10). Data were obtained from Ref. [85].
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The chicken gut microbiota, especially Lactobacillus and Bifidobacterium, has 
also been reported to modulate intestinal gene expression, T cell-mediated immu-
nity, and accelerated intestinal immune system maturation, by influencing the 
intestinal epithelium to produce antimicrobial peptides and cytokines such as IL-12, 
IFN-γ, IL-10, IL-1β, and TNF-α; modulating the immune system through enhance-
ment of phagocytosis and proliferation of immune cells such as macrophages and 
monocytes; enhancing production of IgA, IgM, and IgG, reactive oxygen species, 
and reactive nitrogen species; and proliferating natural killer cells, CD3, CD4, and 
CD8 T cells [25, 47, 75, 100]. Some prebiotics have shown to increase the production 
of secretory IgA in the intestine, which inhibits the attachment and penetration of 
bacteria in the lumen, increases the production of mucus, and prevents inflamma-
tion that could cause epithelial tissue damage [40, 42].

On the other hand, as previously mentioned, prebiotics can inhibit pathogen 
colonization, decreasing detrimental molecules produced by pathogenic bacteria, 
which act as exogenous signals called pathogen-associated molecular patterns 
(PAMPs). These PAMPs can be recognized by pattern recognition receptors (PRR) 

Figure 8. 
Relative mRNA expression of immune-related (cytokines and host defense peptides) and barrier function (mucin 
and free fatty acid receptors) genes in different segments of intestinal mucosa in chickens injected in ovo with 
GOS. Asterisk indicates pair-wise significant differences (P < 0.05, n = 10). Graphs were obtained from Ref. [32].
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expressed on the surface of epithelial cells, macrophages, mast cells, and dendritic 
cells, including toll-like receptors and NOD-like receptors, and once recognized 
are activated, producing cytokines for the regulation of further innate immune 
responses [45]. Although little data show direct effects of prebiotics on immune 
function, some studies have indicated that prebiotics have an improved response 
to salmonella vaccine, which could be because prebiotics can act as nonpathogenic 
antigens themselves, being recognized by receptors of immune cells, which conse-
quently modulate host immunity beneficially [45, 101].

Immunomodulatory effect of prebiotics has been evaluated in vitro and in vivo. 
For instance, in an in vitro study, the influence of a FOS-inulin prebiotic at 200 μg/
mL on the ability of the chicken macrophage HD11 cell line to phagocytose and kill 
Salmonella enteritidis was tested. The influence on their ability to express selected 
inflammatory cytokines and chemokines, such as for IL-1β, lipopolysaccharide-
induced TNF factor (LITAF), C-C motif chemokine ligand 4 (CCL4) and inducible 
nitric oxide synthase (iNOS), and nitric oxide production, was also evaluated. 
Results showed that phagocytosis of SE by macrophages was not affected with the 
FOS-inulin treatment, but there was a significant reduction of viable intracellular 
SE in macrophages treated with the prebiotic. On the other hand, prebiotic treat-
ment did not influence the nitric oxide production, thus suggesting that the FOS-
inulin-mediated bacterial clearance was not mediated by this compound. Similarly, 
prebiotic treatment has no influence on expression of LITAF, CCL4, nor iNOS; 
however, IL-1β expression was significantly lower in macrophages treated with 
FOS-inulin, suggesting that this prebiotic can modulate the innate immune system 
by preventing IL-1β-associated macrophage cell death [102].

In a more recent study, GOS prebiotic was in ovo administered to evaluate 
the modulation of chicken intestinal microflora and demonstrate the molecular 
responses of the host animal. The study was performed on meat-type chickens, 
with 3.5 mg GOS delivered by in ovo injection on day 12 of egg incubation, and the 
analysis of microbial communities and mucosal gene expression was performed at 
day 42 post-hatching. Results showed that GOS increased the relative abundance of 
Bifidobacterium in the cecum. GOS also upregulated cytokine and barrier function 
genes in the jejunum and cecum, host defense peptides in the cecum, and free fatty 
acid receptors in the jejunum, ileum, and cecum, as shown in Figure 8, so that it has 
been demonstrated that GOS prebiotics have a bifidogenic effect in adult chickens, 
modulating gene expression related to intestinal immune responses and gut barrier 
function [32].

4. Conclusion

Due to the great concern about AMR, it is imperative to avoid the use of 
antibiotics as growth promoters and look for effective alternatives that can help 
poultry production to improve the welfare of the poultry birds, performance, 
and production costs. As a result of all the studies that have been carried out, we 
can conclude that dietary addition of prebiotics has a positive effect on poultry 
production, highlighting the improvement of intestinal health, immune system, 
control of pathogens, and performance parameters, which are achieved through a 
series of interrelated mechanisms and interactions involving interactions between 
the organisms of the intestinal microbiota and the microbiota with the host 
animal. Nevertheless, effectiveness of prebiotics will depend on many factors, like 
the type of supplement, doses, composition of the basal diet, animal characteris-
tics, and environmental condition, showing variable effects on poultry species, so 
that it is necessary to determine conditions under which prebiotics are effective 
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and elucidate the mechanisms(s) of action involved, ensuring their effective use. 
Many studies have elucidated mechanisms involved in the effectiveness of prebi-
otics, but we believe that there is still information that remains to be discovered or 
that must be confirmed, including the identification of new prebiotics and their 
application in the poultry industry, for which we can take hold of the emerging 
analysis technologies.
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Chapter 13

Functional Attributes and Health 
Benefits of Novel Prebiotic 
Oligosaccharides Derived from 
Xylan, Arabinan, and Mannan
Bradley A. Saville and Sandra H. Saville

Abstract

Prebiotic oligosaccharides are produced from many different sources, with sub-
stantial differences in chemical structure, bonds between subunits, and degree of 
polymerization. These structural differences can materially affect microbial utiliza-
tion and the dose required for efficacy. Most prebiotic oligosaccharides are based on 
subunits comprised of 6-carbon sugars such as glucose/fructose and alpha bonds. 
Newer/novel oligosaccharides are derived from 5 carbon sugars and/or connected 
via beta bonds. Clinical trials with xylooligosaccharides, arabinoxylanoligosaccha-
rides, and mannooligosaccharides have shown improvements in lipids, cholesterol, 
management of blood glucose, weight management, and laxation, at doses typically 
ranging from 1 to 4 g per day. Mannooligosaccharides are also showing promise for 
animal health, with the potential to reduce antibiotic use. These novel prebiotics are 
showing promise due to greater selectivity and their ability to deliver health benefits 
at a lower dose compared to conventional prebiotics.

Keywords: xylooligosaccharide, mannooligosaccharide, arabinoxylooligosaccharide, 
prebiotics, human health, clinical trials, animal studies

1. Introduction

There is increasing recognition of the beneficial role of prebiotics in modulating the 
microbiome of humans and animals, with the opportunity to beneficially impact health. 
While the initial focus has been the digestive tract, there has been increasing attention 
on modification of the microbiome on the skin, in the mouth, and in the urogenital tract. 
The efficacy of prebiotics is predicated upon selectively feeding beneficial microbes 
within the target region, with key metabolites, inflammatory and immune markers, etc. 
driving “distal” health benefits. Within this chapter, we focus on prebiotics that modulate 
the microbial community in the digestive tract, with a specific focus on novel prebiotics 
that are based upon 5-carbon sugars as well as 6-carbon sugars with less common beta 
bonds. When prebiotics are consumed, they are feeding a mixed community of microbes 
in a dynamic environment in the gastrointestinal tract, where carbohydrates (polymers, 
oligomers, dimers, monomers) of various types are broken down by digestive enzymes, 
absorbed into the bloodstream, and utilized by microbes via specific transport and 
enzyme systems. We elaborate on these concepts in sections 2 and 3, below.
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We thus start by describing the environment within the digestive tract – diges-
tive enzymes, systems for carbohydrate absorption, and the microbial communities 
therein. We then discuss various types of prebiotics, with a particular emphasis 
on differences in subunits and bond structure. These differences, coupled with 
differences in microbial enzymes and transport systems, contribute to differences 
in efficacy, selectivity, and dose between prebiotics. We then focus on prebiotics 
derived from xylan, arabinan, and mannan, differentiating them from “conven-
tional” prebiotics that rely on subunits of common 6-carbon sugars. Finally, we 
discuss results from clinical and animal trials with these novel prebiotics, discussing 
impacts on human and animal health.

2.  The gastrointestinal tract, gut microbiota, and carbohydrate 
absorption

Downstream of the stomach, the digestive tract is comprised of the small intes-
tine and the colon. The colon is often discussed in terms of the proximal and distal 
regions, which is relevant in the context of prebiotics, considering both rates and 
locations for bacterial growth. The small intestine is the primary region for drug 
and nutrient absorption, although some nutrients and metabolites from microbial 
growth and metabolism are also absorbed from the colon, where the majority of 
the gastrointestinal bacteria reside. The transit time through the small intestine is 
very short – only a few hours, whereas the transit time through the colon may be on 
the order of 30–40 hours or more, depending upon dietary fiber and fluid intake, 
among other factors [1].

2.1 Enzymes and nutrient absorption in the digestive tract

The small intestine of the human gastrointestinal system contains amylases 
(from the pancreas) to break down glycogen and starch, a 6-carbon sugar with 
α-1,4 bonds, and brush border enzymes (lactase, maltase, dextrinase, sucrase) to 
break down short chain glucooligosaccharides and disaccharides such as sucrose, 
lactose, and maltose into glucose, fructose, and galactose [2]. Other enzymes aid 
in the digestion of fats and proteins. The epithelium in the jejunum and ileum of 
the small intestine is also specifically designed to absorb 6-carbon sugars such as 
glucose, fructose and galactose via passive, facilitated and active transport systems. 
Dimers must be broken down into monomers before absorption, and oligomers 
can persist further into the colon, where they feed microbes that contain enzymes 
and transport systems to break down complex polymers and oligomers such as 
xylan and inulin. Short chain fatty acids (SCFAs) can be absorbed from the small 
intestine, or from the colon if produced as metabolites of bacterial fermentation. 
It is estimated that >90% of the SCFAs produced in the colon are absorbed, where 
they can influence, e.g., hepatic regulation of glucose and lipids, and hormones that 
regulate satiety [3].

2.2 Microbial communities in the digestive tract

The digestive tract is proposed to contain about 1013 bacteria, with 100–300 
different taxa and thousands of phenotypes [4]. The dominant gut bacteria 
identified by 16S RNA are Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, 
Verrucomicrobia. The small intestine, where simple carbohydrates are abun-
dant, contains about 1–10000 bacteria per gram of intestinal content, primarily 
Clostridium, Bacteroides, and Streptococcus species. Zoetendal et al. [5] sampled 
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the small intestine of four healthy subjects, and observed that Bacteroidetes, 
Clostridium (clusters XIVa, IV, XI, and IX) and Proteobacteria dominated, with 
some Actinobacteria and Bacilli also present. Zoetendal et al. [5] provides evidence 
that the microbiota, particularly Streptococcus species, in the small intestine adapts 
rapidly to changes in dietary intake, particularly carbohydrates, based upon the 
presence of transport systems and enzymes that quickly and efficiently utilize 
simple carbohydrates.

The colon, which survives on complex carbohydrates that are not digested or 
absorbed in the small intestine, contains about 1011 bacteria per gram of intestinal 
content, mainly Prevotella, Ruminococcus, and Bacteroides. Mucin degraders such as 
Akkermansia mucinophila are commonly found in the mucous layer. The GI tract, 
for various reasons, may also contain pathogenic bacteria at levels that may or may 
not be clinically significant. Furthermore, there is increasing recognition of the 
impact of the gut microbiota on the efficacy of drugs, since some microbes contain 
enzymes similar to those in the liver [6, 7], or may initiate breakdown of prodrugs. 
Such effects have been observed with metformin and L-DOPA, among other drugs, 
and may account for at least part of the interindividual variation in drug efficacy 
and side effects.

Most microbes evolved to process conventional 6 carbon sugars, particularly 
monomeric glucose, fructose and galactose. A smaller fraction is able to use man-
nose, arabinose, and xylose [8].

3. Background on prebiotics

3.1  Definition, brief description of different types of prebiotics, their structure, 
and function

Historically, the definition of prebiotics was specific to oligosaccharides 
affecting the gut microbiome, and health impacts arising therein. Recently, the 
International Scientific Association for Probiotics and Prebiotics modified the con-
sensus definition to include other types of compounds that may act as prebiotics, 
and also included prebiotics that could work outside of the digestive tract [9]. Even 
so, it is essential that that a prebiotic must selectively stimulate the growth of benefi-
cial bacteria, and that there must be a health benefit arising from the consumption/
application of the prebiotic. Molecules such as antibiotics that modify the micro-
biome by acting as antimicrobial agents against undesirable bacteria would not be 
considered prebiotics, since they do not act as substrates for beneficial bacteria.

Fructans such as inulin and fructooligosaccharides (FOS) are most common 
among prebiotics in the marketplace, although galactooligosaccharides (GOS) 
produced from lactose are also available, and xylooligosaccharides (XOS) were 
available in Japan since the 1980s [10]. Recently, forms of resistant starch (RS), 
isomaltooligosaccharides (IMOS), arabinoxylooligosaccharides (AXOS) and man-
nooligosaccharides (MOS) have become available commercially.

Fundamentally, these prebiotics are all materially different, even though the end 
goal – promoting growth of beneficial bacteria, is the same. The types of bacteria 
that can be fed by each of these prebiotics depend upon enzymes and transport 
systems present in the bacteria, which can vary considerably. The selectivity of a 
prebiotic is also tied to these enzyme and transport systems; if a high percentage of 
the bacteria have the necessary enzymes and transport systems, then the prebiotic 
will feed a diverse array of bacteria, including beneficial bacteria along with unde-
sirable bacteria. Conversely, a highly selective prebiotic may not feed many types 
of bacteria, because fewer types of microbes have the right microbial “machinery” 
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to utilize these prebiotics. Such prebiotics are less likely to directly feed undesirable 
bacteria if these bacteria do not have the right transport systems and enzymes. 
Below, we describe the different chemical structures of prebiotics, along with the 
enzymes and transport systems responsible for their utilization.

3.2 Chemical structures of prebiotics

Prebiotics are typically comprised of oligomers of 6-carbon and/or 5-carbon 
sugars, with different bonding structures, and different chain lengths (see Figure 1 
for examples) [11].

Fructans from inulin are typically linear oligomers primarily made up of fruc-
tose monomers connected by β-2,1 bonds. Fructans from agave tend to have a more 
complex structure with multiple side branches and β-2,6 linkages in addition to 
β-2,1 bonds [12]. FFn-type fructans such as inulin are comprised entirely of fructose 
subunits, whereas GFn-type fructans (typically shorter chain oligosaccharides) may 
have a glucose subunit connected by an α-2,1 bond onto the main fructan chain. 
These short-chain GFn-type FOS molecules are typically produced by enzymati-
cally adding fructose subunits onto sucrose (glucose-fructose) as the starting 
substrate. In contrast, short chain FFn FOS would be produced by hydrolysis of 
inulin (long chain FFn) using endoinulinases [11, 12].

Galactooligosaccharides (GOS) may also be comprised exclusively of galactose 
subunits, or it may have a glucose terminal subunit arising from use of lactose 
(glucose-galactose) as the initial substrate to produce GOS using β-galactosidases. 
The galactose subunits may be connected by β-1,3, β-1,4, or β-1,6 bonds, and may 
include branched structures, depending upon the type of β-galactosidase [11, 13].

Xylooligosaccharides (XOS) are primarily comprised of xylose subunits 
connected by β-1,4 bonds, although longer chain XOS may contain branches of 
arabinose subunits, acetyl groups, or uronic acids (originally present in the xylan 
source material) that can influence their functionality. XOS that includes arabi-
nose sub-groups are frequently referred to as arabinoxylanoligosaccharides, or 
AXOS [11, 14].

Mannooligosaccharides are derived from mannan in biomass, and thus 
are typically made up of mannose subunits connected by β-1,4 bonds [15]. 
Isomaltooligosaccharides (IMOS) contain glucose subunits, but vary in their bond-
ing structure (affected by manufacturing method). α-1,6 bonds are typical, with 
either linear or branched structures [11].

Complex starch structures that resist breakdown by pancreatic enzymes into 
glucose can persist into the colon – thus leading to the concept of “resistant starch” 
as a prebiotic. Resistant starch (RS) is available in four forms, depending upon 
method of manufacture and bond structure [16, 17]. Like starch, most of the bonds 
are of the α-1,4 variety; the presence of other types of bonds may confer “resis-
tance”. RS1 is conventional starch that may be trapped within whole grains. RS2 
is typically starch with more complex branching or bond structures, rendering it 
less accessible to amylase. RS3 is produced when starch undergoes retrogradation, 
i.e., cooked starch is cooled below its gelatinization temperature. RS4 starches have 
undergone chemical modification, usually by acidification or cross-linking [16].

The microbial ability to utilize specific substrates is dependent upon the 
enzymes and transporters encoded within the cells. Some microbes can utilize 
a broad set of substrates, while others are more selective. This also points to the 
selectivity of the prebiotic; preferably, the prebiotic preferentially feeds beneficial 
bacteria, with limited growth of undesirable bacteria. Table 1 summarizes the 
key hydrolytic enzymes and the corresponding substrates/reactions [19]. These 
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enzymes may be extracellular, or intracellular, which can influence substrate utili-
zation; intracellular enzymes require a corresponding transporter system.

There are various types of transport systems that move prebiotics into the cell, 
although microbes are likely to only possess a subset, targeted towards a narrower 
set of substrates. Some transport systems are specific to (certain) monomers, while 
others target specific oligosaccharides. Chemical structures must be matched to the 
structure of the transport system in order to be transported into the cell. Table 2 
summarizes key membrane transport systems involved in utilization of prebiotics 
and other carbohydrates.

From a selectivity perspective, it is advantageous if the substrate is used intracel-
lularly – thus, the requisite transport system plus intracellular fructofuranosidases 

Figure 1. 
Chemical and bonding structures of prebiotics.
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would have an advantage (i.e., FOS that can be transported intracellularly would 
have an advantage over FOS/inulin that can only be processed via extracellular 
enzymes). The restricted capacity of most transporter systems precludes use of long 
chain fructans by many Lactobacillus species [11].

3.3 Types of microbes with enzyme/transport systems of various types

Microbes that have fructofuranosidase encoded extracellularly are able to use 
long-chain FFN-type FOS, and inulin. Some species of Lactobacillus (casei, paraca-
sei) and Streptococcus are examples [11]. The resulting short chain fructans may be 
transported intracellularly for utilization. Mao et al. [23] identified 19 strains from 
human feces that were capable of metabolizing FOS, including multiple strains of 
E. coli, Enterobacter cloacae, Bifidobacterium spp., and Lactobacillus spp. Additional 
bacteria also proved capable of growth on FOS. This includes additional strains 
of E. coli and Bifidobacteria, along with several strains of Streptococcus, Clostridia, 
Roseburia, Klebsiella, and Enterococcus [23].

According to Rossi et al. [24], virtually all Bifidobacteria are able to grow on 
short-chain FOS. However, most Bifidobacteria grew poorly on inulin (only 8 out of 
55), because most of the fructofuranosidases are intracellular, and inulin cannot be 
transported intracellularly. Scott et al. [25] made similar observations when inulin 
with a DP >25 were fed to Bifidobacteria. However, in a mixed culture system, inulin 
may be broken down into shorter chain FFn-FOS, and then used by Bifidobacteria. 
Thus, growth of Bifidobacteria in the presence of inulin is primarily due to cross-
feeding in the presence of other microbes that act as primary degraders, rather than 
direct feeding by inulin.

Different species of Bifidobacteria contain ABC transporters, sucrose perme-
ases, fructose PTS transporters, and MFS transporters. The type(s) of available 
transporters dictate substrate utilization, whether GFn-type short chain FOS, 
FFn-type FOS, or analogous substrates. Although several strains of Bifidobacteria 
can utilize GOS, there are significant differences between strains [26]. Certain 
strains of B. breve and B. longum contain an extracellular galactanase that 
breaks down long-chain GOS and galactan in plant fiber, producing di- and 

Enzyme Substrates, reactions

α-amylase, glucoamylase, 

pullulanase

Converts starch and RS into glucose

Inulinase, β-fructofuranosidase Converts inulin into FOS, and FOS into fructose/glucose

β-galactosidases Converts lactose into glucose and galactose; aids individuals with 

lactose intolerance [18]

β-Endoxylanases, β-xylosidases Converts XOS into short chain XOS (sc-XOS) and xylobiose, then 

xylose

β-endoglucanase, cellobiohydrolase, 

β-glucosidase

Converts cellulose and β-gluco-oligosaccharides into cellobiose, then 

glucose

β-galactanase, β-galactosidase, 

α-galactosidase

Converts galactan into β-GOS, then galactose; β-galactosidase can 

also remove galactose subunits that are present as side chains in 

xylan/XOS

β-mannanase, β-mannosidase Converts MOS into mannobiose, then mannose

α-arabinofuranosidase Releases arabinose from side chains of xylan and AXOS

Table 1. 
Key enzymes for carbohydrate utilization.
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tri-saccharides that can be transported into the cell and converted into galactose 
via intracellular β-galactosidase [27]. B. lactis BI-04 contains lactose permease 
and ABC transport systems, along with β-galactosidase [28], that enable utiliza-
tion of GOS. L. acidophilus has the ability to utilize many different prebiotics, 
with various monomeric subunits and bond structures [28]. Such broad utili-
zation is due to a multiplicity of molecular transport systems and hydrolytic 
enzymes, including up to nine different enzymes from the GH13 family that act 
on α-glucan [11].

Transport system Target molecules Examples/implications

ATP-dependent binding 

cassette (ABC-type) 

transporter system

There are many variations 

of the ABC transporter. 

Transporters in the CUT1 

class work on sucrose, 

lactose, maltose, FOS, 

maltodextrins, XOS, and other 

oligosaccharides. Transporters 

in the CUT2 class generally 

transport monomers such 

as arabinose, xylose, ribose, 

glucose [20, 21]

Such a system is present in L. 

acidophilus, for utilization of 

short-chain FOS; Bifidobacteria have 

an ABC transporter specific to XOS; 

various enterobacteria, including 

E. coli, have CUT1 and CUT2 

transporters for maltose and various 

6-carbon sugars

Sucrose phosphoenolpyruvate 

phosphotransferase (PTS) 

transport system

Transport system is highly 

specific to compounds that 

incorporate sucrose as part of 

their structure.

Allows L. plantarum to utilize short-

chain FOS synthesized from sucrose 

(GFn-type), but FFn FOS, which 

lacks the sucrose structure, cannot 

be used by L. plantarum

Major facilitator superfamily 

(MFS) transporter system

A major transporter system 

with various types, allowing 

intracellular transport of 

glucose, lactose, xylose, 

oligosaccharides, FFn-type FOS 

[11, 21]

Present in many bacteria, fungi, 

yeasts, plants, animals, humans; key 

for energy homeostasis

Fructose PTS transporters Transport system targets 

the fructose component of 

substrates, thus allowing use of 

fructose, sucrose, inulin, and 

both FFn and GFn-type FOS.

L. rhamnosus GG contains a fructose 

PTS transporter, which allows 

growth on various types of FOS and 

inulin

Lactose PTS transporters Transport system targets the 

lactose component of substrates

L. gasseri contains a lactose PTS 

transporter [22]

LacS and LacY permeases MFS-type transport systems 

enabling transport of molecules 

with lactose module. The 

LacS transport system allows 

a microbe to use lactose, GOS 

(with lactose terminus), and 

lactitol. LacS and LacY differ 

based upon source family.

LacS is stated to be the sole 

transporter for GOS, with 

specificity for β-galactosides [22].

Sucrose permease Transport of substrates with a 

sucrose module, such as GFn-

type FOS.

CUT = Carbohydrate Uptake Transporter; FFn = FOS comprised of “n” fructose (F) subunits and a fructose terminal 
unit; GFn = FOS containing “n” fructose (F) subunits and a terminal glucose (G); PTS = phosphoenolpyruvate 
phosphotransferase.

Table 2. 
Key Transmembrane transport systems.
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Starch, owing to its high DP and complex branched structure, would be degraded 
in the presence of extracellular enzymes that can act on α-1,4 and α-1,6 linkages 
between glucose subunits. Certain Bifidobacteria, including B. pseudolongum and B. 
breve have the necessary enzymes for extracellular starch utilization [29].

Microbes such as the L. acidophilus cluster (including L. johnsonii, L. helveticus, 
L. reuteri and L. plantarum) contain LacS permease and β-galactosidase which allow 
these microbes to transport GOS into the cell, then break it down into glucose and 
galactose for metabolism [28].

Several Bifidobacteria contain the hydrolytic enzymes needed to break down the 
β-1,4 linkages present in xylooligosaccharides (XOS) and XOS with arabinose side 
groups (AXOS). Key enzymes include β-xylosidase and β-xylanase, the latter which 
breaks down longer chain XOS into shorter chains, ultimately xylobiose, that may 
be converted into xylose using β-xylosidase. AXOS requires arabinofuranosidase 
enzymes to process the arabinose side group. Some carbohydrate esterases may also be 
present to deal with acetyl or feruloyl side groups. The enzymes may be intracellular or 
extracellular; intracellular enzymes also require transporters such as an ABC transport 
system to act on the longer chain oligomers. Ejby et al. [30] noted that ABC transport-
ers specific to XOS are exclusive to Bifidobacteria. B. lactis, B. breve, and B. bifidum are 
among the many species of Bifidobacteria that have the requisite enzymes and trans-
port systems for utilization of short and longer chain XOS and AXOS. Crossfeeding 
of Bifidobacteria is aided by Bacteroides and Prevotella, which act as primary degraders 
that break down insoluble xylan in plant fiber into soluble oligosaccharides.

The wide variation in structures of prebiotics, along with the different transport 
and enzyme systems, ultimately dictate the selectivity of the prebiotic in a mixed 
culture. Monoculture systems provide some useful insights into the utilization of 
prebiotics by various substrates. Makelainen et al. [31] conducted a thorough study 
of the growth of >15 microbes, some beneficial, some pathogenic, in the presence 
of 11 different carbohydrate sources. Aggregate growth over 24 hours was reported 
as the area under the curve of DP600 measurements. Figures 2–6 show growth 
of various probiotics and pathogenic microbes on glucose, FOS, GOS, scXOS, and 
XOS, respectively. As expected, all bacteria grew well on glucose (Figure 2), consis-
tent with the widespread ability of microbes to utilize simple 6-carbon sugars.

Low DP FFn-FOS proved to be a good substrate for several strains of 
Bifidobacteria, along with L. paracasei and L. acidophilus, but was also used by E. 
coli EHEC, S. epidermis, and C. perfringens, among pathogenic bacteria tested. GOS 
also grew well on Bifidobacteria and Lactobacilli, but also proved to be an excellent 
substrate for several pathogenic bacteria, including E. coli and C. perfringens.

Consistent with the unique chemical structure and enzyme/transporter 
requirements, there was less microbial growth on scXOS and XOS. Fewer strains of 
Bifidobacteria utilized XOS, along with select strains of Lactobacillus. Li et al., in a 
study using 29 Lactobacillus strains and 35 strains of Bifidobacterium, observed that 
all Bifidobacterium strains tested grew on a high dose of XOS, and 30 of 35 strains 
grew on low dose XOS [32]. They also noted that Lactobacillus strains were able to uti-
lize XOS, albeit with fewer strains and at lower efficiency compared to Bifidobacteria.

However, importantly, Makelainen et al. [31] noted minimal growth of patho-
genic bacteria in the presence of XOS (Figures 5 and 6), consistent with a much 
higher selectivity of XOS for beneficial bacteria. This is a key advantage in a mixed 
microbial environment such as the GI tract. Bifidobacteria and Lactobacillus species 
have to compete with many more bacteria for FOS and GOS, which thus increases 
the dose required for efficacy. XOS, conversely, is better targeted to Bifidobacteria, 
and in a mixed culture, could be efficacious at a lower dose.

The aggregate area under the curve data reported by Makelainen et al. [31] do 
not, however, capture changes in growth rates, which can vary over time. Similarly, 
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any issues with viability of microbes could be masked by rapid early growth, which 
may not be sustained. Figure 7 illustrates growth of a strain of B. breve on FOS, XOS, 
and inulin, showing temporal effects. A noteworthy observation is that viability 
of B. breve decreased significantly after ~12–16 hours if grown on FOS or inulin, 
whereas growth on XOS sustained B. breve for a longer period, even up to 48 hours. 

Figure 2. 
Microbial growth on glucose (positive control). Data from Makelainen et al. [31].

Figure 3. 
Microbial growth on FFn FOS (DP 2–7). FFn = FOS comprised exclusively of fructose (F) subunits. Data from 
Makelainen et al. [31].
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This may have important implications in terms of sustaining key microbes in the 
digestive tract.

In the next section, we describe health impacts of prebiotics, with a particular 
emphasis on studies with XOS, AXOS, and MOS, due to their distinct chemical 
structures and selectivity for beneficial bacteria.

Figure 5. 
Microbial growth on short chain XOS (scXOS; DP 2–5). Data from Makelainen et al. [31].

Figure 4. 
Microbial growth on GGan GOS (DP 3–5). GGan GOS is comprised of n subunits of galactose (Ga) with a 
terminal glucose (G) subunit. Data from Makelainen et al. [31].
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4. Health impacts of prebiotics

Stimulating the growth of beneficial bacteria with prebiotics can lead to a 
cascade of health effects, as illustrated in Figure 8. Much of the historical focus had 
been on Bifidobacterium spp. and Lactobacillus spp., although more recently, benefi-
cial health outcomes have been associated with other microbial species as well. Short 
chain fatty acids, primarily acetate, propionate, and butyrate, along with lactate, 
are produced by fermentation of non-digestible fibers and prebiotics, potentially 
reducing the pH within the colon. This can promote absorption of minerals such as 

Figure 7. 
Comparative growth of B. breve on FOS, XOS, and inulin.

Figure 6. 
Microbial growth on XOS (DP 2–10). Data from Makelainen et al. [31].
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responsible for protein fermentation [3]. The extent of such a pH reduction in vivo 
is difficult to establish, however, given that greater than 90% of SCFAs are typically 
absorbed, and as little as 5% may be excreted [33]. Thus, changes in fecal SCFA 
levels (or pH) may be difficult to detect, or may not represent what is present in 
the digestive tract. Autopsy samples indicate SCFA levels are an order of magnitude 
greater in the cecum than the ileum, and that levels decrease from about 70–140 mM 
in the proximal colon to 20–70 mM in the distal colon [33].

The effect of increased colonic SCFA production may, however, be observed in 
the form of distal health impacts mediated by the SCFAs that have been absorbed 
into the bloodstream. Each SCFA has a different effect on host metabolism, yet the 
direct effect of a prebiotic on SCFAs can be difficult to establish, due to crossfeeding 
between microbes that directly consume the prebiotic and other microbes within 
the digestive tract. Dietary fiber intake also affects SCFAs, further clouding inter-
pretation of fecal SCFA levels. The impacts of prebiotics on SCFA levels are easier 
to detect via in vitro cultures, particularly monocultures, and in gut simulators that 
contain mixed microbial communities that enable cross-feeding, such as acetate 
production via one class of microbes, and acetate conversion into butyrate by, e.g., 
E. rectale, F. prausnitzii, or Roseburia spp. [3].

SCFAs provide energy for colonocytes, and, after absorption into the portal vein, 
are metabolized by the liver, modulating cholesterol synthesis, maintaining glucose 
homeostasis in peripheral tissues, and producing long chain fatty acids. SCFAs can 
act on leukocytes that modulate immune responses, beneficially impact hormones 
that influence satiety, and influence neural signals that modulate appetite and 
food intake via the gut-brain axis [3]. Acetate can influence hormones responsible 

Figure 8. 
Health impacts associated with prebiotic intake.
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for cholesterol production, and may be transported to the muscle and the brain; 
acetate may thus contribute to effects attributed to the “Gut-Brain Axis”. Propionate 
can play a role in hepatic regulation of glucose and synthesis of cholesterol, while 
butyrate can promote growth of protective colonocytes via colonic epithelial cells. 
Consequently, microbes fed directly or indirectly by prebiotics can influence health 
via SCFAs that act either locally within the digestive tract, or distally, mainly via the 
liver, and to a lesser extent, in the muscle, kidney, heart, and brain [3].

4.1 XOS/AXOS

As noted previously, XOS and AXOS are oligomers of 5-carbon sugars, con-
nected by β-1,4 bonds. Fewer types of microbes contain the enzymes and transport 
systems necessary to utilize XOS and AXOS, thus conferring greater selectivity to 
beneficial bacteria (see Figures 5 and 6). Mannooligosaccharides (MOS), although 
based upon a 6-carbon sugar backbone, are connected via β-1,4 bonds that also 
render them less susceptible to microbial utilization. In this section, we summarize 
clinical trial results from these novel prebiotic oligosaccharides.

Tables 3 and 4 summarize clinical trial results with XOS and AXOS, respectively, 
outlining impacts on the microbiome and various clinical biomarkers. Clinical trials 
with XOS were conducted with doses ranging from 0.4 to 8 g per day; most were in 
the range from 1 to 3 g per day. A statistically significant increase in Bifidobacteria 
was observed in most trials with XOS [34–39]. Improvements in laxation were noted 
by Childs et al. [34], Chung et al. [35], Iino et al. [40], and Tateyama et al. [41]; 
the latter was a study in constipated pregnant women. Studies by Childs et al. [34], 
Na and Kim [39], and Sheu et al. [42] observed improvements in triglyceride and 
cholesterol levels, at doses as low as 2.8 g/d, whereas Yang et al. [43] did not observe 
changes in triglycerides when dosing XOS at 2 g/d (2.8 g/d of a 70% purity product). 
Yang et al. [43] observed a tendency towards a reduction in OGTT insulin in predia-
betes patients dosed with 2.8 g/d of 70% XOS, but no effect on blood glucose, unlike 
Na and Kim [39], who noted a reduction in blood glucose at a XOS dose of 2.8 g/day. 
Sheu et al. [42], in a trial with diabetic patients receiving 4 g/d of XOS, observed a 
statistically significant reduction in blood glucose and HbA1C.

Studies with AXOS complement studies with XOS, since most AXOS products 
are comprised of at least ~50% XOS. All studies noted an increase in Bifidobacteria 
[44–48]. Francois et al. [45] and Walton et al. [48] observed increased fecal levels 
of SCFAs (acetate, propionate, and butyrate). Reductions in cresol, indicative of 
reduced protein fermentation, were observed by Cloetens et al. [44] and Francois 
et al. [45] with AXOS, and Lecerf et al. [38] with XOS.

The bifidogenic effect and health benefits observed in the various clinical trials 
with XOS and AXOS where generally observed at a dose less than 4 g/d. By com-
parison, approximately 10–20 g/d of FOS is needed to trigger a bifidogenic effect, 
and the required inulin dose is stated to be at least 15 g/d [49, 50]. Alfa et al. [51] 
required a dose of 30 g/d of resistant starch to enhance Bifidobacterium levels.

Miremadi et al. [52] summarized clinical trials in which various prebiotics were 
evaluated to assess cardiovascular impacts, particularly reductions in cholesterol, 
lipids and blood pressure. No improvements to lipid profile were observed with 
5.5 g of GOS or 20 g/d of FOS (type not specified), whereas triglyceride levels 
improved following consumption of 10 and 20 g/d of inulin. Similarly, Alles et al. 
were unable to detect changes in blood glucose and lipid profiles following adminis-
tration of 15 g/d FOS [53].

The higher doses required for a bifidogenic effect or clinical efficacy compared 
to XOS and AXOS is likely due to the greater selectivity of XOS and AXOS for 
beneficial bacteria, versus the widespread utilization of FOS and GOS [11, 23, 31]. 
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For example, Mao et al. [23] found that 237 out of 453 strains (114 genera) of gut 
bacteria contained the necessary transporters and enzymes for some type/degree of 
FOS utilization, suggesting fairly widespread utilization of FOS, which will impact 
the effective dose required to grow the targeted beneficial bacteria. Similarly, Goh 
et al. [11] note the widespread ability of microbes to utilize lactose, suggesting the 
presence of LacS (or similar) transporters and enzymes in many microbes that 

Table 3. 
Summary of clinical trials with XOS.
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would allow use of the GGan type of GOS. This is consistent with the observations 
of Makelainen et al. [31], who also observed excellent growth of many species, ben-
eficial and pathogenic, on GOS (see also Figure 4). Ultimately, increased sharing 
of prebiotic substrates among bacteria means that a higher dose is needed to trigger 
sufficient growth of the targeted beneficial bacteria that produce the desired health 
benefits.

4.2 MOS

Manno-oligosaccharides (MOS), extracted from yeast cell walls, coffee or 
biomass rich in mannan, are typically comprised of up to 6 mannose subunits con-
nected by β-1,4 bonds. MOS have not been as extensively evaluated in humans, but 
have been recognized as a nutritional supplement for livestock.

Salinardi et al. [54] observed a reduction in body volume and adipose tissue in 
men consuming 4 g/d MOS, attributed to an increase in fat excretion in the feces 
or inhibition of hepatic lipogenesis. Kumao et al. [55] observed a reduction in fat 
utilization and an increase in fecal fat excretion in people consuming 3 g/d of MOS 
for 7 days. St.-Onge et al. [56] also observed a reduction in body weight and adipose 
tissue following consumption of 4 g/d MOS for 12 weeks. Umemura et al. evaluated 

Table 4. 
Summary of clinical trials with AXOS.
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the impact of 1 g/d of MOS consumption on fecal microbiota and laxation [57]. 
They noted an increased ratio of Bifidobacterium spp., and enhanced defecation 
frequency/volume, reducing constipation. A study in mice by Zheng et al. [58] sug-
gested that MOS acted synergistically with metformin, altering the gut microbiota 
in a manner that would decrease clinical diabetic parameters, including a reduction 
in blood glucose. This may have promise for future clinical trials and application of 
MOS plus metformin for management of type II diabetes.

Jahromi et al. [59] examined MOS supplementation (1 g/kg) to broiler chicks, 
and observed increased levels of Lactobacillus spp. and Bifidobacteria spp., while 
reducing levels of E. coli and Enterobacter by >50%. Navidshad et al. [60] compared 
MOS derived from yeast cell walls with MOS from palm kernel expeller, assessing 
their efficacy as a supplement (2 g/kg) to the diet of broiler chicks. The yeast-
derived MOS improved weight gain, while reducing the intestinal percentage of 
E. coli in the birds. MOS has been reported to have receptors for fimbriae on E. 
coli, which can help to control or limit colonization within the digestive tract [61]. 
Jahromi et al. [62] also evaluated In Ovo injection of MOS, and feeding of MOS 
to chicks. The single In Ovo injection had some short term but limited long term 
effects, other than an increase in Bifidobacterium spp. at 14 days. Feeding MOS in 
the diet markedly improved levels of Lactobacillus and Bifidobacteria, while reduc-
ing levels of pathogenic strains of Salmonella, E. coli, and Campylobacter. Adding 
MOS to the diet also improved levels of serum immunoglobulins IgA, IgM, and 
IgG. The immunomodulatory effect of MOS in chicks was stated to be a significant 
benefit that could help improve productivity, and reduce disease (thereby reducing 
use of antibiotics). Zhao et al. [63] studied the impact of supplementing 0.1 wt% 
MOS or 0.1 wt% FOS in weanling pigs over 28 days. They observed greater average 
daily weight gain and average daily feed intake in pigs consuming MOS compared 
to controls. Nutrient digestibility also improved, along with diarrhea score (poten-
tially by inhibiting E. coli). Collectively, the authors concluded that MOS could 
enhance piglet growth and health.

5. Summary

Increased understanding of enzyme and transporter expression in various 
microbes, and key differences between the various classes of enzymes and types of 
transporters, are enhancing our knowledge about microbial selectivity for sub-
strates, including prebiotics. Differences in chemical structure, degree of polym-
erization, and bonds between subunits affect microbial utilization of prebiotics. 
Novel prebiotics derived from xylan, arabinan, and mannan are comprised of less 
common subunits based on 5 carbon sugars (xylose, arabinose), and/or are con-
nected via β-bonds. The unique types of subunits and bond structures confer greater 
selectivity for beneficial bacteria, and health benefits at a lower dose compared to 
conventional prebiotics comprised of glucose, fructose and galactose subunits.

Clinical trials with XOS and AXOS led to improvements in laxation, triglyc-
erides, cholesterol, and blood glucose, typically at doses from 1 to 3 g per day, 
far less than the 10–30 g per day required with FOS, GOS, inulin, and resistant 
starch. Preliminary clinical trials with MOS suggested the potential for weight 
management and reductions in adipose tissue at doses in the range of 4 g per day. 
Furthermore, MOS seems to have a unique capacity to inhibit proliferation of E. 
coli, and its addition to livestock feed has improved livestock health with a concur-
rent reduction in antibiotic use. Ultimately, these novel prebiotics may usher in a 
new era of prebiotic utilization, driven by their greater selectivity for beneficial 
bacteria, and easier product formulation and efficacy at a lower dose.
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