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The influence of gut microbiota on physiological processes is rapidly gaining

attention globally. Despite being under-studied, there are available data

demonstrating a gut microbiota-gonadal cross-talk, and the importance of this

axis in reproduction. This study reviews the impacts of gut microbiota on

reproduction. In addition, the possible mechanisms by which gut microbiota

modulates male and female reproduction are presented. Databases, including

Embase, Google scholar, Pubmed/Medline, Scopus, and Web of Science, were

explored using relevant key words. Findings showed that gut microbiota

promotes gonadal functions by modulating the circulating levels of steroid sex

hormones, insulin sensitivity, immune system, and gonadal microbiota. Gut

microbiota also alters ROS generation and the activation of cytokine

accumulation. In conclusion, available data demonstrate the existence of a gut

microbiota-gonadal axis, and role of this axis on gonadal functions. However,

majority of the data were compelling evidences from animal studies with a great

dearth of human data. Therefore, human studies validating the reports of

experimental studies using animal models are important.
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Introduction

Sources of gut microbiota

The human body contains countless microorganisms, which makes the body a planet filled

with ecosystems. Most of these reside in the gut, while others reside in the mouth (1), skin (2),

vagina (3), and penis (4). The microbiome of individuals is unique to each person, just like the

fingerprint and genome. From where do they originate? The human body serves as the largest
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reservoir of gut microflora. They transmit the microbes from another

reservoir to reservoir. In addition, food, water, the environment, and

animal also carry microorganisms that make up the human gut (5).

The birth of a child is the very first form of acquisition and

transmission of gut microflora. The source of the initial

microorganism depends on the mode of delivery. As a child

passes through the birth canal of a mother, it comes in contact

with its primary microflora from the mother through the vaginal,

via the faeco-oral or vaginal-oral route, while those born through

caesarean section acquire theirs through the skin. It further

encounters other bacteria and organisms through skin- to-skin

contact, and breastfeeding. The exposure to these microorganisms

is known as seeding. Thus, unlike the genome, microbiome

composition originates from the biological mother. As the child is

exposed to the world, the composition of its microbiome is

influenced by factors such as the birth and growth environment,

nature, nutrition, other members of the family, pets among others

(6). Seeding is pertinent to the biological development of a child.

The microbes colonize the gastrointestinal tract (GIT) and multiply

rapidly, this ensures longevity of the microorganisms. Transmission

of gut bacteria to the new born continues upon birth as the baby

comes in contact with other humans, especially members of the

family. Transmission also occurs from pets and the environment in

which the child lives in its early life (5). The takeover by obligate

anaerobes is determined by transmission ability among human

population, that is, the ability to exit a host, enter and colonize

another (7). At birth and through the first three years of life, the GIT

is first dominated by facultative anaerobic bacteria, which are later

replaced by obligate anaerobes as the child transitions to eating

solid food (8, 9).

Some animals share similar microbiome with humans; Roseburia,

Faecalibacterium, Bacteroides, Prevotella and Ruminoccocus are

commensal bacteria found in humans, dogs, and cats (10, 11),

while intestinal infections caused by Salmonella enterica subsp.

enterica serovar Enteritidis, enteropathogenic E. coli, Campylobacter

jejuni, and C. difficile are transmitted between animals and humans

(12–14). The interaction between humans and animals has also

contributed to the incessant spread of antibiotic resistance.

Therefore, there is a possibility that commensal bacteria are

transmitted from animals to humans and vice versa. Interaction

with pets and farm animals is thus a source of acquiring

gut microbiota.

Foods contain microorganisms that could make up the gut

microflora (15). Breast milk supplies a baby about 8 million

intestinal bacteria on a daily basis (5). It has been established that

humans consume about 106 to 109 microorganisms daily from food.

Although not all these survive the digestion process and those that do

survive do not colonize the gut for a long term, gut microbiota

acquired through food are obtained through horizontal gene transfer.

Food serves as a source of external bacteria species and as genes for

commensal gut microbes to acquire. Probiotics, prebiotics, and

synbiotics also influence the gut microbiota.

Probiotics are viable bacteria and yeasts (predominantly

Bifidobacterium and Lactobacillus, Lactococus, Streptococcus,

Enterococcus species) (16) that confer health benefits when

consumed in the right quantity, usually as food supplements or
Frontiers in Immunology 02
with some foods (17). Prebiotics are fibre-rich foods that support

the growth of human microflora (18). When both are taken

together, this becomes symbiotic (Figure 1). Of the numerous

benefits of probiotics, they mainly are involved in the

development of normal flora of the gut in order to ensure a

balance between invaders and bacteria responsible for normal

functioning of the organism (19, 20). Probiotics restore the

natural microbiome of the gut after drug therapy (21, 22). Studies

have shown that prebiotics (artichokes, asparagus, bananas, berries,

chicory, garlic, green vegetables, legumes, onions, tomatoes, as well

as barley, cereals, linseed, oats, vegetables, and wheat Fruit) modify

the growth of gut bacteria. They selectively foster the growth of

microorganisms in hosts gut and modify the gut environment such

that normal flora can effortlessly grow and reproduce, but

unconducive for pathogens of the gut (23, 24).

The environment is another reservoir of microorganisms;

indoor airborne microbes circulate through ventilation systems,

while outdoor organisms could be carried by humans to become

inborne. Bacteria reside on surfaces within and outside the home

environment, many of which are skin-resident. However, intestinal

bacteria belonging to the families of Bacteroidaceae, Prevotellaceae,

Ruminococcaceae, and Lachnospiraceae have been isolated from

bathroom and toilet surfaces (25, 26), and could be transmitted into

human gut via poor hygiene. Water harbours a lot of intestinal

pathogens, which are linked to gastrointestinal diseases. When

improperly treated water is consumed, there is a risk of

consuming bacteria pathogens such as Shigella sonnei, Shigella

flexneri, and V. cholerae. The means of transmission is not fully

understood, but Blautia spp and E. coli have been isolated from

water and linked to be of human origin (27).
Disruption of gut microbiota

The microbial composition gets perturbed by very many factors,

which can alter or destroy the function and makeup of the
FIGURE 1

The association between probiotics, prebiotics, and symbiotics.
Probiotics are viable bacteria and yeasts that confer health benefits
when consumed in the appropriate proportions, usually as food
supplements or with some foods, while prebiotics are fibre-rich
foods that support the growth of human microflora. When both are
taken together, this becomes symbiotic.
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microbiome. The gut microbiome is in a constant state of change

through life; its role in both health and disease are been studied.

Studies have established the link between gut microflora and human

metabolism, nutrition, physiology, and immune function. The exact

contribution to disease progression is not clear, however, a

disruption of these commensal microbes is an environmental

factor that impacts on hosts metabolism and plays a role in

diseases such as diabetes, obesity, and atopy- and gut-related

Irritable bowel syndrome IBS, and Inflammatory Bowel Disease,

IBD (28). The microbes in the child reach a steady state around age

2 or 3; these ecosystems are however altered by external factors to

form the composition which dominates through the entire life of

the child (29, 30). If the microbiota would return to its previous

state after a disruption is determined by the extent of disruption,

exposure to other microbes, and the composition of microbiota.

Food is one of the factors that influences the abundance and

diversity of the gut microorganisms. Certain foods have been linked

with the general state of health by affecting the microflora of the

intestinal tract. According to a study by McIntosh et al. (31), low

fermentable oligosaccharides, disaccharides, monosaccharides, and

polyols (FODMAP) diet such as dairy, fruits, vegetables, proteins,

nuts and seeds, grains increased Actinobacteria in the gut, while

high FODMAP diet reduced bacteria that in turn produced gas.

Uchida et al. (32) demonstrated that cheese increased the

abundance of Bifidobacterium and Foligné et al. (33) showed that

cheese also decreased Bacteroides and Clostridia; some of these

strains of bacteria are culprits in gut infections. Food additives, high

intensity sweeteners, polyphenols from tea, coffee, berries, and some

vegetables have also been proven to influence the gut microbial

diversity (34–40).

Also, drugs are important modulators of the gut microbial

composition. Many researchers have studied how commonly used

drugs alter the composition, functions, and abundance gut

microbiota (41, 42). Weersma and others (43) reported on how

19 groups of commonly administered drugs modulate different gut

microflora among Belgium Flemish people. ACE inhibitors, beta-

blockers, laxatives, lipid-lowering statins, metformin, proton pump

inhibitors (PPI), and selective serotonin reuptake inhibitor

antidepressant have been reported to modulate gut microbiota

(43–45). A study in the Netherlands reported a decrease in the

diversity of gut microbes with the use of PPIs (41), which agrees

with the reports by Imhann et al. (46) who opined that PPIs altered

the bacterial population among some populations; in the report,

some population increased while others decreased. A similar study

reported a decrease in microbial diversity of gut microflora from

faecal samples obtained from the cohorts (47). In general, PPIs alter

commensal organisms of the intestine (Enterobacteriaceae,

Enterococcaceae, and Lactobacillaceae) decrease Ruminococcaceae

and Bifidobacteriaceae, but increase bacteria resident in the oral

cavity (Rothia dentocariosa and Rothia mucilaginosa, the genus

Actinomyces and the family Micrococcaceae) (46). Another drug

with a wide range of application, which has a modulatory effect on

gut microbiome is Metformin. It is used to control blood glucose

levels and prevent complications such as renal injury, blindness,

and sexual/erectile dysfunction in diabetic patients. Although its

mode of action is not fully understood, it has been reported to cause
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a change in gut bacteria. It was reported that the use of metformin

among a group of people resulted in a change in over 80 species of

bacteria when compared to the control group. The use of metformin

caused a significant increase in Escherichia coli and reduced

Intestinibacter. In addition, the study reports one- third of the

total population to which metformin was administered suffered

gastrointestinal disorders such as like diarrhoea, bloating and

nausea, which were caused by an increase in Escherichia coli

population (48, 49). In addition to metformin and PPIs, other

commonly used drugs such as laxatives, statins, antidepressants and

opioids have been reported to influence gut microbiome (41, 44,

46). An increase in Bacteroides species has been reported in patients

on laxatives, which is similar to the findings in mice that were

administered polyethylene glycol (PEG) (50–52). Similarly in a

study, the authors administered broad spectrum antibiotics

consisting of neomycin, vancomycin, and metronidazole to 11

human cohort suffering bacteria gastrointestinal infection for 5

days, with the aim to measure the effect of these antimicrobials on

gut microbiota (53). The study showed a non-negligible change in

the composition and diversity of the microbiome, with the highest

alteration occurring one month after antibiotic intervention.

Specifically, Enterobacteriaceae remained dominant till the 7th

day post antibiotic therapy. By the 30th day, Lachnospiraceae,

Enterobacteriaceae, and Ruminococcaceae were greatly reduced

but finally returned to their previous state by day 90 post-

antibiotics (53). The entry of an invading microorganism, which

successfully colonizes the gut and competes with the normal flora

for space and nutrient may cause a depletion of the resident flora

and outnumber same.
Immunomodulatory effects of
gut microbiota

Since there are several factors that disrupt the human

microbiota, it is therefore almost impossible to define a healthy

microbiota. This large variability could cause commensal and/or

mutualistic microorganisms to turn pathogenic. The opportunistic

invasion could result in infection and inflammation. A healthy

microbiota is one that returns to its previous state after recovering

from a disruption (54). The immune system maintains a constant

symbiotic relationship with microorganisms to maintain a state of

balance. These microbial populations control the host’s

physiological and metabolic functions, they are involved in the

maturation of intestinal immune cells (55, 56) and maintaining

homeostasis, as well as exert strong immunomodulatory effects in

response to invasions (57). Although the exact mechanisms have

not been fully elucidated, studies have demonstrated that the

interaction between gut microbiota and the host immune system

undeniably impacts inflammation and glucose tolerance. Gut

microbiota plays an important role in the maturation of CD4 +

TH cells, which is crucial for host defense and the development of

autoimmune disease by producing pro-inflammatory cytokines

(58). Certain commensal bacteria of the guts are responsible for

the induction of Treg cells (58). In addition, immunoglobulins and

innate lymphoid cells (ILCs) are also dependent on this microbial
frontiersin.org
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community for development (58). Gut microbiota shapes the

transcriptional landscape of the hepatic endothelium, thus

modulating hepatic endothelial sphingosine metabolism and the

sphingosine-1-phosphate pathway (59).

A study by Zhao et al. (60) showed that Akkermansia

muciniphila supplementation repressed metabolic inflammation

in mice fed a chow diet. This study demonstrated that A.

muciniphila, a gut bacterium, regulates host immune response by

inhibiting inflammatory pathways, ER stress, and lipogenesis in

insulin-responsive tissues, leading to improved insulin action and

glucose tolerance (60). A. muciniphila protects the gut from

invasion and infections (61). The study in addition to this

reported an increase in a-tocopherol, b-sitosterol (60). Another
study with a gnotobiotic mouse model carried out by Desai et al.

(62) that aimed at studying the relationship between dietary fiber

deprivation on gut microbiota and the mucus defense effect, showed

that a malfunction of gut microbiota results in inflammation and

increased susceptibility to invasion, which arises from the

degradation of the colonic mucus barrier. The mucus barrier is

made up of antimicrobial peptides and immunoglobulins, which a

potential microorganism must successfully bypass to cause an

infection (63). Sonnenburg et al. (64) opined that there is a

connection between diet and the mucus barrier. Authors have as

well reported depletion of the colonic mucus barrier as a response to

reduced dietary fiber (65–67). Other studies suggested these diets

support the growth of normal flora of the gut. A disruption in the

population and physiology of gut microflora (gut dysbiosis) is

implicated in the pathogenesis of diseases, including host

susceptibility to pathogens, inflammatory bowel disease (IBD),

and colon cancer (68, 69). Successful treatment of gut dysbiosis

negatively modulates inflammasomes and represses unsolicited

immune system activation (54). Gut microbiota ensures a balance

in mucus secretion and production. As reported, an imbalance of

mucus production leads to inflammation of the intestine (70) and

supports the entry and invasion of commensal bacteria in the inner

mucus layer in murine models of colitis and ulcerative colitis

patients (71).

Gut-microbiota modulation of innate immunity
In a balanced system, phagocytes are sequestered within the

lamina propria. This is necessary to ensure that the immune system

maintains a state of unresponsiveness to commensal bacteria. The

phagocytes are not activated as long as the epithelial barrier is not

compromised. However, the immune system becomes activated

through a cascade of processes once an invader/pathogen is

detected. S. Typhimurium and Pseudomonas aeruginosa promote

caspase1/Interleukin-1 converting enzyme (ICE) by inducing pro-

inflammatory IL-1b (58, 72). When active, caspase 1 cleaves inactive

inflammatory cytokines IL‐1b and ‐18 and converts them to their

active forms. The cytokines thus activate other immune cells to attack

and ward off the invading pathogens (58, 72). Growing evidence has

shown that gut microbiota regulates T lymphocytes (73). Some

studies have suggested as well that the development of B-cells takes

place in the intestinal mucus, and it is controlled by signals from

commensal microorganisms, resident in the gut (74). Kamada et al.
Frontiers in Immunology 04
(58) also posited that the gut microorganisms positively modulate

innate immunity by stimulating ILCs to produce IL-22. This is in

agreement with other authors that documented that the production

of IL-22 likely depends on commensal gut bacteria or their

metabolites, as germ-free mice lacked the ability to produce IL-22

(75). Mice lacking the IL-22 production cells were more susceptible to

C. rodentium infection than their counterparts. This suggests that IL-

22 production, which is gut microbiota-dependent, is crucial for

protection against pathogen invasion. Summarily, gut

microorganisms might modulate host defense by activating the

production of IL-22 through ILC stimulation. Gut microbiota has

also been reported to suppress neutrophil extracellular traps (NET)

ing neutrophil hyperactivity in mesenteric ischaemia/reperfusion

injury, while ensuring immunovigilance by enhancing neutrophil

accumulation (76).

Gut-microbiota modulation of adaptive immunity
As previously mentioned, some intestinal microbiota regulates

the production of T lymphocytes, which play important roles in the

pathogenesis of some diseases (58, 77–82). TH17 cell differentiation is

induced by the colonization by segmented filamentous bacteria

(SFB), which confers protection against C. rodentium invasion (78).

There is growing evidence that TH17 cells are essential in regulating

immune responses in the intestine and that they protect against some

pathogens. SFB are commensal organisms that colonize the epithelia

of the host ileum; they are attached to the surface of the absorptive gut

epithelium but do not induce inflammatory responses (83). Although

the presence of SFB in humans is still debatable, some studies have

reported the isolation of representative members such as

Eubacterium, Prevotella, Roseburia, Escherichia, and Klebsiella

Clostridia spp from human intestinal mucosa (2, 84, 85).

Furthermore, the hyper reaction of immune cells to invading

pathogens could result in damage to the host intestinal mucosa.

Treg cells regulate the intensity of immune responses in order to

prevent host damage (81). As previously stated, the production of

Treg cells is gut microbiota-induced. Thus, gut microbiota regulates

the host’s immune protection. Studies demonstrate that B. fragilis

plays a crucial role in promoting IL-10-producing Treg cells, which

fight against invasion of the host by Helicobacter hepaticus (81),

Bifidobacterium infantis (86), and reduce the severity of S.

Typhimurium infection (87). Gut bacteria have as well been

reported to play a role in the production of IgA and CD4+ T

cells. These immune cells target specific antigens (88–90). The exact

role and mechanisms by which gut microflora regulate adaptive

immune responses is still under investigation, but based on

evidence from different studies, commensal organisms of the

intestinal mucosa play important roles in activating various

immune cells that serve as barriers for invaders and prevent

epithelial invasion and disruption; they as well contribute to

clearing off pathogens via opsonization. It is at least safe to say

gut microbiota release microbial molecules that enhance host

defense responses (58, 91).

Putting together, commensal microbes protect the host from

pathogen invasion, prevent infections, limit the severity of infection,

and are involved in pathogen clearance upon infection of the gut. In
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addition, they play important roles in the upregulation

and downregulation of immune cells and are crucial to

maintaining homeostasis.
Gut microbiota and
reproductive functions

Gut microbiota and female reproduction

The gut microbiota plays an essential role in several physiological

processes, including reproductive function. The influence of gut

microbiota on female reproduction is an area of growing interest and

research (92). Valeri and Endres (93) discovered that the gut

microbiota has both direct and indirect effects on female

reproductive health. Gut microbiota influences reproductive function,
Frontiers in Immunology 05
especially female reproductive functions, through various mechanisms,

including hormone regulation, immune system modulation, nutrient

metabolism, inflammatory pathways, and genital ecosystem pathway

(94) (Figure 2). The metabolism and regulation of circulating estrogen

hormones are carried out by the enzyme GUSB, which is one of the

many enzymes involved in host metabolism that are encoded by the

gut microbiota (95). There is a dearth of data linking gut microbiota

and female reproduction and many aspects of the gut microbiota’s

influence on female reproduction are yet to be fully elucidated,

nonetheless, understanding and optimizing the gut microbiota’s role

in reproductive health hold promises for improving women’s

reproductive outcomes and overall well-being.

The gut microbiota is involved in the metabolism and regulation

of hormones that are essential for female reproductive function (96)

and dysbiosis in the gut microbiota have been associated with altered

hormone levels, which can disrupt normal female reproductive
FIGURE 2

Effect of gut microbiota and dysbiosis on male and female reproductive function. Gut microbiota promotes innate and adaptive immune
development and function, and control inflammatory response, which in turn enhances insulin sensitivity. Improved insulin sensitivity and the
maintenance of balance redox state facilitates the hypothalamic-pituitary-gonadal axis, culminating in optimal levels of gonadotropin releasing
hormone, GnRH, follicle-stimulating hormone, FSH, and lutenising hormone, LH that results in optimal ovarian steroidogenesis (with optimal
oestrogen production), testicular steroidogenesis (with optimal testosterone and dihydrotestosterone, DHT, production), and spermatogenesis.
These events promote reproductive functions. However, gut dysbiosis promotes the translocation of microbial-associated molecular patterns,
MAMPs, such as lipoprotein acids, lipoproteins, peptidoglycans, and lipopolysaccharide, LPS from the gut through the circulation via the hepatic
portal vein or lymphatic system into the gonads to induce hyper-immunological response, chronic inflammation, and gonadal damage by activating
the innate immune cells and pattern recognition receptors-expressing epithelial cells through LPS/toll like receptor 4 (TLR4), nuclear factor kappa-B
(NFkB)/mitogen-activated protein kinases (MAPK), and MyD88 and TRAM-dependent signaling pathways. Activation of these pro-inflammatory
processes stimulate xanthine oxidase, leading to increased uric acid generation and oxidative stress that causes ovarian and testicular injury and
impairs fertility.
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processes (97). For example, it has been shown to influence the

metabolism of estrogen, a key hormone involved in the menstrual

cycle and fertility. Indeed, as earlier stated, the gut microbiome

encodes different enzymes involved in host metabolism, certain

bacterial species in the gut produce enzymes that can modify

estrogen affecting their bioavailability and activity in the body. The

circulating estrogen is metabolized and modulated by the enzyme

GUSB, which secretes b-glucuronidase, an enzyme that deconjugates

estrogen and allows it to bind to estrogen receptors (92). Additionally,

gut microbes can produce or modify other hormones, such as

progesterone and follicle-stimulating hormone (FSH) (98), which

are vital for the menstrual cycle, follicle development, ovulation, and

physiological downstream effects (99, 100). Thus, modifications to the

microbial community that codes for the GUSB enzyme, referred to as

the estrobolome (101), influence enterohepatic circulation of these

hormones, which in turn affects endogenous estrogen metabolism

and ultimately affects hormonal balance and fertility (94). This

microbial influence on estrogen metabolism may affect menstrual

regularity, ovulation, and overall reproductive health.

Women with endometriosis have been shown to have a

diminished Lactobacillus spp. dominance, an altered Firmicutes:

Bacteroidetes ratio, and an abundance of vaginosis-related bacteria

with other opportunistic pathogens (102, 103). This may be

accompanied by an upregulation of ovarian estrogen secretion via

neuro-active metabolites that excite GnRH neurons, which in turn

worsens hormonal homeostasis (103). Also, PCOS patients show an

abnormal Escherichia: Shigella ratio and an excess of Bacteroides

compared to healthy women (104, 105), which is associated with

insulin resistance that is characterized by an increased Firmicutes:

Bacteroidetes ratio as seen in endometriosis. Moreover, gut microbiota

exerts a role in the pathogenesis of thyroid autoimmune disease, an

endocrinopathy that is usually associated with infertility (106–108).

Since a healthy gut microbiota and the immune system have a

significant association, the gut microbiota and female infertility

appear to be intimately related (109). The gut microbiota plays a

crucial role in regulating the immune system. Gut microbial dysbiosis

can trigger immune system dysfunction and chronic low-grade

inflammation. This inflammation can affect the female reproductive

organs, leading to infertility-related disorders like endometriosis (102,

103, 110), polycystic ovary syndrome (PCOS), insulin resistance (IR)

(104, 110–115), and obesity (104, 113) characterized by an altered

immune profile and pro-inflammatory status, known to adversely

affect fertility (116, 117). Reduced gut microbiota diversification and

particular microbial imbalances in the gut and reproductive tract are

the defining characteristics of these disorders, which result in

immunological dysfunction, impaired immunosurveillance, and

disrupted immune cell profiles. Additionally, a connection between

premature ovarian insufficiency (POI) and the gut microbiota has

been proposed (118, 119).

Furthermore, the gut microbiota helps educate and shape the

immune system by modulating the development and function of

immune cells that are involved in reproductive processes (120).

Imbalances in the gut microbiota during critical developmental

periods may disrupt immune programming, potentially impacting

fertility and pregnancy outcomes (95).
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The gut microbiota modulates female reproductive function via its

crucial role in the digestion and absorption of nutrients from the diet. It

can produce enzymes and metabolites that influence the breakdown

and utilization of various nutrients, including vitamins, minerals, and

macronutrients (121). Optimal nutrient metabolism is essential for

reproductive health as it provides the necessary building blocks for

hormone synthesis, energy production, and overall cellular function.

Imbalances in the gut microbiota can affect nutrient absorption and

utilization, potentially leading to deficiencies or excesses in key

nutrients that are essential for reproductive processes (122).

Inadequate absorption of certain vitamins or minerals may impair

ovulation, embryo development, and implantation (123, 124).

Chronic low-grade inflammation, often associated with

dysbiosis, can have detrimental effects on female reproductive

health (125, 126). Inflammatory mediators released by

imbalanced gut microbiota induces hormone imbalance, leading

to reproductive dysfunction (96). Gut microbiota dysbiosis-induced

inflammation plays a role in the development of endometriosis

(127) and also disrupts the ovarian milieu, thus impairing follicular

development, ovulation, and oocyte quality (128).

Furthermore, intestinal microbiota eubiosis influences the

genital tract microbiota through a constant ecosystem interaction

between the uterus and the vagina, which is crucial for female

fertility (129, 130). It is likely that there is a gut-vagina crosstalk

because microbial species, like the gram-positive Lactobacillus spp.

that predominate the vaginal microbiota in physiological

conditions, originate from the gut and oral probiotic

administration influences vaginal microbiota composition and

immunity (131). These cross-talks may be disrupted by gut

dysbiosis, which may also result in uterine and vaginal dysbiosis,

which may alter endometrial receptivity during implantation (98,

129). Additionally, a dysbiosis of the gut microbiota can result in the

leaky-gut syndrome, which can alter the microbiota of the female

genital tract (130) by causing intestinal permeability and the leakage

of bacteria and bacterial products into the bloodstream (132, 133).

Overall, the gut microbiota has a multi-faceted impact on

female reproduction through the modulation of hormone

regulation, immune function, nutrient metabolism, inflammatory

pathways, and genital tract ecosystem. Dysbiosis in the gut

microbiota may disrupt these processes, potentially leading to

reproductive disorders, menstrual irregularities, infertility, and

other reproductive health issues.
Gut microbiota and male reproduction

Although the field of reproductive immunology is still growing and

data reporting the impact of gut microbiota on male fertility is yet

accumulating, there are mounting pieces of evidence sufficiently linking

gut microbiota and male reproduction. Just like in females, gut

microbiota regulates male reproduction through the modulation of

male sex hormones, insulin sensitivity, immune system, and testicular

microbiota (Figure 2).

Studies have established a gender disparity with gut microbiota

(Figure 3). Prevotella has been found to be more abundant in men
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and positively correlate with testosterone (134), while Bacteriodes,

Clostridia, Desulfobibrio and Methanobrevibacter are more in

women (135, 136). The link between testosterone and gut

microbiota is quite complex; testosterone remodels the gut

microbiota, while gut microbiota also regulates testosterone

biosynthesis. In an experimental study, it was revealed that the

development of blood-testis-barrier (BTB) was delayed in germ-free

mice, which was accompanied by downregulation of E-cadherin,

occluding, and ZO-2 in the testis (137). This impaired

spermatogenesis and fertility (138). Following microbiota

transplantation, there was a rise in circulating testosterone (139).

These findings demonstrate the role of gut microbiota in the

development of BTB, spermatogenesis , and testicular

steroidogenesis. Studies have also shown that glucoronidated

androgens may be excreted via the bile into the small intestine

(140, 141). Gut microbiota degluconided glucoronidated

testosterone and dihydrotestosterone to produce testosterone and

dihydrotestosterone that are reabsorbed in the distal intestine (141).

Although it remains a fact that most of the circulating testosterone

is produced in the testis while a minute quantity is produced in the

adrenal gland (142), Clostridium scindens and Ruminococcus gnavus

have been shown to produce dihydrotestosterone and testosterone

in the intestine through the conversion of glucocorticoids,

Pregnenolone, and hydroxypregnenolone into androgens (143).

This intestinal contribution to androgen synthesis did not alter

the circulating levels of androgens. On the other hand, letrozole

(aromatase inhibitor) and finasteride (5a reductase inhibitor)
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therapies modified gut microbiota structure and function

(144, 145).

In a study by Hsu et al. (146), it was observed that there was no

significant difference in the gut microbiota among patients with

erectile dysfunction when compared with their counterparts

without the dysfunction, however, patients with erectile

dysfunction showed more abundant Clostridium XVIII, which has

been associated with incident irritable bowel syndrome that

contributes to erectile dysfunction (146). The study by Hsu et al.

(146) also reported a low level of Alistipes, which has been reported

to produce sulfonolipids that antagonizes von Willebrand factor

receptor and block TNF-a (147) that promote endothelial injury

and erectile dysfunction (148). In a study by (149), it was observed

that Allobaculum, Eubacterium, Bifidobacterium, and

Anaerotruncus were lower but TMAO, LPS, and inflammatory

factors were higher in diabetic mice. This may explain the

enhanced vascular inflammation, endothelial injury, and incident

erectile function observed in diabetic patients.

Another mechanism through which gut microbiota modify

male reproduction is the modulation of insulin sensitivity,

although the current available data linking microbiota and male

reproductive function are conflicting. Bäckhed et al. (150) observed

a rise in body weight and development of insulin resistance 14 days

post gut microbiota transplantation from the cecum to germ-free

mice, however, (151) reported an improved clinical status of

patients with metabolic syndrome after gut microbiota transplant.

The disparity in these findings may be due to the clinical state of the
FIGURE 3

Sex-specific disparity in the prevalence of gut microbiota. Anaerotruncus, Alistipes, Bacteroides, Bifidobacteriaceae, Clostridia, Collinsella,
Desulfobibrio, Lactobacillaceae, Methanobrevibacter, and Phascolarctobacterium are more abundant in females than in males, while Desulfovibrio,
Faecalibacterium, Holdemania, Prevotella, Rikenellaceae, Roseburia, and Ruminococcaceae are more abundant in males than in females.
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subjects. It is likely that microbiota transplantation induces insulin

resistance in a healthy state, but improves it in a diseased state such

as metabolic syndrome. Gut microbiota disorder following LPS

transfer results in low-grade inflammation (152), which induces

insulin resistance via the inhibition of insulin signaling (153). It has

also been shown that infertile mice with insulin resistance had a

reduced level and variety of intestinal flora compared to infertile

mice model without insulin resistance (152, 154, 155). It is likely

that gut microbiological population predicts insulin resistance-

induced testicular damage and spermatogenesis (156). Gut

microbiota translocation-driven inflammation results in insulin

resistance and hyperinsulinemia, which elevates lipids and

suppress LH and FSH (157). Hyperinsulinemia modulates hepatic

SHBG synthesis, reduces testosterone transport to the peripheral

tissue, and increases circulating free testosterone, which in turn

activates a negative feedback that suppresses the hypothalamic-

pituitary-testicular axis and suppresses the production of LH, FSH,

and testosterone (158, 159). Furthermore, microbiota dysbiosis-led

insulin resistance is accompanied by leptin and ghrelin

upregulation (160–162). Leptin and ghrelin impair testosterone

production and modulate seminiferous tubule functions (163, 164).

Beyond the induction of an inflammatory state, gut microbiota-

testes crosstalk may be mediated by the “gut leaky” hypothesis and

immune activation. Ding et al. (165) demonstrated that the

transplant of faecal flora from mice fed with high-fat diet to those

feed with normal diet led to an increase in Bacteriodes and

Prevotella in the intestine of the normal diet mice. This triggered

a local inflammatory state, endotoxemia, and impairment of

spermatogenesis (165). A negative correlation was also observed

between sperm viability and Bacteriodes and Prevotella (165). The

gut microbiota (microbial-associated molecular patterns, MAMPs,

such as lipoprotein acids, lipoproteins, peptidoglycans, and

lipopolysaccharide, LPS) translocates into the circulation via the

hepatic portal vein or lymphatic system and gets to the testis

through the testicular artery to induce hyper-immunological

response, chronic inflammation, disruption of blood-testis-barrier,

and testicular damage (166) by activating the innate immune cells

and pattern recognition receptors-expressing epithelial cells (167)

through LPS/toll like receptor 4 (TLR4), nuclear factor kappa-B

(NFkB)/mitogen-activated protein kinases (MAPK), and MyD88

and TRAM-dependent signaling pathways (168). The pro-

inflammatory cytokines also activate xanthine oxidase, leading to

increased generation of uric acid and oxidative stress (169–171) that

causes Leydig and Sertoli cells damage (172–174). In addition,

accumulation of macrophages and dendritic cells in the

epididymal lumen may trap normal sperm cells and trigger

immunological damage (175).

The testis is not absolutely sterile as earlier thought. It contains

microflora that influence its functions. Although studies on

epididymal microbiota are scarce, testicular microbiota is similar

to the gut microbiota, and just like the gut microbiota, it influences

male reproductive functions. Testicular microbiome was observed

to be reduced in diversity, especially in Bacteroides and

Proteobacteria, in patients with idiopathic nonobstructive

azoospermia (176). After decontamination with Actinobacteria,

Firmicutes, Blautia, Clostridium, Bacteroidetes, and Prevotella,
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testicular studies showed a similar microbiome (177). Su et al.

(178) also demonstrated a similar alteration in the testicular and gut

microbiota when experimental animals were fed a high-fat diet.

Zhang et al. (179) also revealed that faecal microbiota

transplantation improved gut and testicular microbiota and also

promoted spermatogenesis via the upregulation of glutathione

peroxidase, and the protein levels of spermatogenesis-related

genes in the testis (180) and arginine levels (181).

The link between gut microbiota and male reproduction has

also been demonstrated in probiotic and prebiotic supplementation.

Valcarce et al. (182) showed that probiotics (Lactobacillus

rhamnosus CECT8361 and Bifidobacterium longum CECT7347)

reduced sperm DNA fragmentation and improved sperm motility

by downregulating ROS generation. These findings are similar to

those observed by Abbasi et al. (183) when Lactobacillus paracasei

B21060, oligo-fructosaccharides, arabinogalactan, and L-glutamine

were administered. Lactobacillus rhamnosus PB01 supplementation

has also been reported to improve sperm motility, normal

morphology, and Leydig cells number in the testis (184).

Prebiotics, such as oligofructose, have been shown to promote

testosterone production and spermatogenesis (185).

Gut microbiota also modulates testicular macrophage. The

testes are immune privilege organs and the macrophages are first

seeded during prenatal development. Gut microbiota preserves the

immune privileged testicular microenvironment by promoting anti-

inflammatory cells and factors such as toll-like receptor 2 (TLR2),

inter leukin ( IL)10 ( IL-10) , shor t cha in fa t ty ac ids ,

dihydrotestosterone, occluding, claudins, and zona occludens;

however when abnormal bacteria proliferate in large quantities,

they upregulate pro-inflammatory molecules such as TLR4, TNF-a,
IL-6, IL-1b, nuclear factor-kappa B (NF-kB), lipopolysaccharide

(LPO), branched chain fatty acids (BCFAs), myeloid differentiation

factor 88 (MyD88), and translocation associated membrane protein

(TRAM) and break the immune privi leged test icular

microenvironment (186), hence impairing testicular functions.
Gut microbiota and
epigenetic modification

Notably, both the gut microbiota and epigenetic processes are

dynamic and heavily influenced by environmental factors and diet.

This suggests the possibility of shared triggers and potential link

between the two in the regulation of host physiology (187).

Epigenetic modifications serve as a mechanism by which

mammalian cells can modulate gene expression without

modifying the genetic code (188). Consequently, they play a

fundamental role in enabling mammalian cells to adapt their

transcriptional program in response to environmental cues.

Epigenetic modifications generally associated with chromatin

relaxation (euchromatin) facilitate active gene transcription, while

the condensation of histone-DNA complexes (heterochromatin)

indicates regions that are inaccessible and silenced (189).

Several bacteria in semen have been linked to male infertility

(190). The interactions between the gastrointestinal microbiota and

endocrine-disrupting compounds (EDCs) are complex and
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interconnected. On one hand, environmental contaminants have

the potential to disrupt the composition of gastrointestinal bacteria

and their metabolic activities, subsequently influencing the host’s

microbial profile. On the other hand, the gastrointestinal

microbiota plays a significant role in metabolizing environmental

chemicals, thereby influencing their toxicity within the host. The

microbiota is considered an additional organ involved in the

biotransformation of xenobiotics and has an impact on the

pharmacokinetics of environmental chemicals. Consequently, an

altered symbiotic flora can potentially modify how chemical

substances exert their toxic effects (191).

It has been shown that the intracellular pathogen Mycoplasma,

which is frequently present in colonic epithelia, produces the

enzymes known as DNA methyltransferases (DNMTs), which are

in charge of catalyzing DNA methylation (192). Notably, these

mycoplasmal DNMTs could localize within the host nucleus and

induce alterations in DNA methylation at genomic regions that are

typically unaffected by host-derived DNMTs. These findings

suggest that microbes have the potential to directly induce unique

and enduring epigenetic modifications in the host (192). Apart from

Mycoplasma, commensal microbiota can also contribute to

epigenetic modifications in the host genome through various

mechanisms. One such mechanism involves the production of

Short Chain Fatty Acids (SCFAs), including acetate, butyrate, and

propionate. SCFAs, generated through dietary fiber digestion, play a

crucial role in promoting intestinal health. Notably, butyrate acts as

a major nutrient source for colonocytes and has been shown to

suppress nuclear factor-B (Nf-kB) activation, thereby mitigating

intestinal inflammation. Furthermore, butyrate serves as a histone

deacetylase inhibitor, facilitating epigenetic remodeling in intestinal

stem cells (193). It has also been demonstrated that histone

deacetylase inhibition by acetate suppresses oxidative stress and

NFkB-mediated inflammation to promote testicular functions viz.

testosterone production and spermatogenesis (193). Acetate, a

known catalyst for the removal of the acetyl group from histone

to create a link between the DNA and lysine-rich histone tail, has

also been shown to promote sexual function by upregulating

testosterone-dependent eNOS/NO/cGMP signaling and activating

Nrf2/heme oxygenase (HO)-1 via suppression of epigenetic

alteration and histone modification (194).

Biotinylation, another important epigenetic process, involves

the attachment of biotin to histone groups. This process plays a key

role in suppressing retrotransposition and maintaining

chromosomal stability. Humans rely on both dietary and

bacteria-derived biotin since they are unable to synthesize it

themselves. Certain commensal genera, particularly Lactobacillus

and Bifidobacteria, impact the bioavailability of methyl groups

through their production of folate. Folate is involved in the one-

carbon metabolism cycle, regulating the availability of methyl

donors and consequently affecting DNA methylation (195).

Microbiota-mediated signaling through Pattern Recognition

Receptors (PRRs) plays a vital role in the immunological

processes occurring after birth. It is crucial for the maturation of

gut-associated lymphoid tissue (GALT), the conversion of CD4(+)
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T cells into Foxp3(+) T-regulatory cells, and the establishment of a

balanced TH1/TH2 immune response (196). Studies have shown

that biotinylation enhances sperm motility (197) and the

fertilization capacity of spermatozoa (198).
Gut virome, gut microbiome,
and fertility

Increasing evidence shows that gut virome is essential in shaping

the composition and function of gut microbiota (199, 200). The gut

viral community is dominated by prokaryotic viruses (201) such as

bacteriophages that attack bacteria in a host-specific form (202).

Through a phage-mediated gut microbiome modulation, gut virome

alters the phenotype of the gut microbiota (203, 204). The effect of gut

viruses on gut microbiota determines their impacts on fertility.

Rasmussen et al. (205) demonstrated that fecal virome transfer

upregulated the proliferation of Akkermansia muciniphila, a

commensal gut, and unexpectedly enhances fertility in a mice

model. It is likely that these microorganisms influence gonadal

metatranscriptomics profile; however, there is a dearth of data on

the gut microorganisms, bacteria or viral, that may have a significant

impact on gonadal metatranscriptomics profile.
Conclusion and future perspectives

There are existing pieces of compelling evidences, however

little, which prove beyond reasonable doubts the link between the

gut microbiota and reproduction. Most studies agree that gut

microbiota influences gonadal functions by modulation steroid

sex hormones, insulin sensitivity, immune system, and gonadal

microbiota. Also, ingestion of probiotics and prebiotics also

modifies gonadal functions by modulating the gut and gonadal

microbiota. Although the mechanisms involved in gut microbiota-

gonadal cross talk are complex and yet to be fully explored, the roles

of gut microbiota, as well as probiotics and prebiotics that promote

gut microbiota, should not be downplayed. Human studies

validating the findings in animal models are important to curtail

the reported global decline in fertility, especially for couples seeking

conception. Also, it is important to investigate the gut

microorganisms that may have a significant impact on gonadal

metatranscriptomics profile. In addition, the role of gut virome and

epididymal microbiota in reproduction should be explored.
Author contributions

VA: Data curation, Investigation, Project administration,

Resources, Writing – original draft, Writing – review & editing.

BA: Data curation, Investigation, Project administration, Resources,

Writing – original draft, Writing – review & editing. PA: Data
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1346035
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ashonibare et al. 10.3389/fimmu.2024.1346035
curation, Investigation, Project administration, Resources, Writing

– original draft, Writing – review & editing. TA: Data curation,

Investigation, Project administration, Resources, Writing – original

draft, Writing – review & editing. RA: Conceptualization, Data

curation, Formal Analysis, Funding acquisition, Investigation,

Methodology, Project administration, Resources, Software,

Supervision, Validation, Visualization, Writing – original draft,

Writing – review & editing.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was self-funded.
Frontiers in Immunology 10
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Arweiler NB, Netuschil L. The oral microbiota. Microbiota of the human body:
implications in health and disease. (2016), 45–60. doi: 10.1007/978-3-319-31248-4_4

2. Chen YE, Fischbach MA, Belkaid Y. Skin microbiota–host interactions. Nature.
(2018) 553:427–36.

3. Chee WJ, Chew SY, Than LT. Vaginal microbiota and the potential of
Lactobacillus derivatives in maintaining vaginal health. Microbial Cell factories.
(2020) 19:203.

4. Onywera H, Williamson AL, Ponomarenko J, Meiring TL. The penile microbiota
in uncircumcised and circumcised men: relationships with HIV and human
papillomavirus infections and cervicovaginal microbiota. Front Med. (2020) 7:383.
doi: 10.3389/fmed.2020.00383

5. Browne HP, Neville BA, Forster SC, Lawley TD. Transmission of the gut
microbiota: spreading of health. Nat Rev Microbiol. (2017) 15:531–43. doi: 10.1038/
nrmicro.2017.50

6. Sender R, Fuchs S, Milo R. Revised estimates for the number of human and bacteria
cells in the body. PloS Biol. (2016) 14:e1002533. doi: 10.1371/journal.pbio.1002533

7. Falkow S. Who speaks for the microbes? Emerging Infect Dis. (1998) 4:495–7.
doi: 10.3201/eid0403.980342

8. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al.
Succession of microbial consortia in the developing infant gut microbiome. Proc
Natl Acad Sci United States America. (2011) 108 Suppl 1:4578–85. doi: 10.1073/
pnas.1000081107

9. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras
M, et al. Human gut microbiome viewed across age and geography. Nature. (2012)
486:222–7. doi: 10.1038/nature11053

10. Handl S, Dowd SE, Garcia-Mazcorro JF, Steiner JM, Suchodolski JS. Massive
parallel 16S rRNA gene pyrosequencing reveals highly diverse fecal bacterial and fungal
communities in healthy dogs and cats. FEMS Microbiol Ecol. (2011) 76:301–10.
doi: 10.1111/j.1574-6941.2011.01058.x

11. Hand D, Wallis C, Colyer A, Penn CW. Pyrosequencing the canine faecal
microbiota: breadth and depth of biodiversity. PloS One. (2013) 8:e53115. doi: 10.1371/
journal.pone.0053115

12. Møller-Stray J, Eriksen HM, Bruheim T, Kapperud G, Lindstedt BA, Skeie Å,
et al. Two outbreaks of diarrhoea in nurseries in Norway after farm visits, April to May
2009. Euro surveillance: Bull Europeen sur les maladies transmissibles = Eur
communicable Dis Bull. (2012) 17:20321. doi: 10.2807/ese.17.47.20321-en

13. Knetsch CW, Connor TR, Mutreja A, van Dorp SM, Sanders IM, Browne HP,
et al. Whole genome sequencing reveals potential spread of Clostridium difficile
between humans and farm animals in the Netherlandle genome sequencing reveals
potential spread of Clostridium difficile between humans and farm animals in theto
2011. Euro surveillance: Bull Europeen sur les maladies transmissibles = Eur
communicable Dis Bull. (2014) 19:20954. doi: 10.2807/1560-7917.es2014.19.45.20954

14. Toro M, Retamal P, Ayers S, Barreto M, Allard M, Brown EW, et al. Whole-
Genome Sequencing Analysis of Salmonella enterica Serovar Enteritidis Isolates in
Chile Provides Insights into Possible Transmission between Gulls, Poultry, and
Humans. Appl Environ Microbiol. (2016) 82:6223–32. doi: 10.1128/AEM.01760-16

15. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S, et al.
Impact of diet in shaping gut microbiota revealed by a comparative study in children
from Europe and rural Africa. Proc Natl Acad Sci United States America. (2010)
107:14691–6. doi: 10.1073/pnas.1005963107
16. Simon O, Vahjen W, Scharek-Tedin L. (2003). Micro-organisms as feed
additives-probiotics, in: 9th International Symposium of Digestive Physiology in Pigs, .
pp. 295–318.

17. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. Expert
consensus document. The International Scientific Association for Probiotics and
Prebiotics consensus statement on the scope and appropriate use of the term
probiotic. Nat Rev Gastroenterol Hepatol. (2014) 11:506–14. doi: 10.1038/
nrgastro.2014.66

18. Deehan EC, Duar RM, Armet AM, Perez-Muñoz ME, Jin M, Walter J.
Modulation of the gastrointestinal microbiome with nondigestible fermentable
carbohydrates to improve human health. Microbiol Spectr. (2017) 5. doi: 10.1128/
microbiolspec.BAD-0019-2017

19. Schachtsiek M, Hammes WP, Hertel C. Characterization of Lactobacillus
coryniformis DSM 20001T surface protein Cpf mediating coaggregation with and
aggregation among pathogens. Appl Environ Microbiol. (2004) 70:7078–85.
doi: 10.1128/AEM.70.12.7078-7085.2004

20. Oelschlaeger TA. Mechanisms of probiotic actions—A review. Int J Med
Microbiol. (2010) 300:57–62. doi: 10.1016/j.ijmm.2009.08.005

21. Cremonini F, Di Caro S, Nista EC, Bartolozzi F, Capelli G, Gasbarrini G, et al.
Meta-analysis: the effect of probiotic administration on antibiotic-associated diarrhoea.
Alimentary Pharmacol Ther. (2002) 16:1461–7. doi: 10.1046/j.1365-2036.2002.01318.x

22. Johnston BC, Supina AL, Vohra S. Probiotics for pediatric antibiotic-associated
diarrhea: a meta-analysis of randomized placebo-controlled trials. CMAJ: Can Med
Assoc J = J l’Association medicale Can. (2006) 175:377–83. doi: 10.1503/cmaj.051603

23. Crittenden R, Payne MJ. Nutrition news. Facts and functions of prebiotics,
probiotics and synbiotics. Department of Human Nutrition, K-State Research and
Extension, Kansas State University; Prebiotics. In: Lee Y.K., Salminen S. Eds.,
Handbook of Probiotics and Prebiotics, 2nd Edition, Chap. 4., Wiley-Interscience,
Hoboken, (2008). pp. 1–2, 535–82.
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