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posed as a possible strategy to enhance reproductive health and reduce the risk of diseases. The male
seminal microbiota has been suggested as an important factor that influences a couple’s health, preg-
nancy outcomes, and offspring health. Probiotics have been reported to play a role in male fertility and
to affect the health of mothers and offspring. While the female reproductive microbiota is more compli-
cated and has been identified in both the upper and lower reproductive systems, they together contribute
Reproductive system to health maintenance. Probiotics have shown regulatory effects on the female reproductive tract,
Reproductive microbiome thereby contributing to homeostasis of the tract and influencing the health of offspring. Further, through
Probiotic transmission of bacteria or through other indirect mechanisms, the parent’s reproductive microbiota and
Regulation effect probiotic intervention influence infant gut colonization and immunity development, with potential
health consequences. In vitro and in vivo studies have explored the mechanisms underlying the benefits
of probiotic administration and intervention, and an array of positive results, such as modulation of
microbiota composition, regulation of metabolism, promotion of the epithelial barrier, and improvement
of immune function, have been observed. Herein, we review the state of the art in reproductive system
microbiota and its role in health and reproduction, as well as the beneficial effects of probiotics on repro-

ductive health and their contributions to the prevention of associated diseases.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mounting evidence indicates the existence of an extensive
microbiome in the animal system, which commensally contributes
to host health and helps sustain normal physiology [1]. Several
studies have also manifested the presence of microorganisms in
the male and female reproductive tracts. In males, the reproductive
microbiota was mainly identified in semen [2], whereas in females,
microbiomes were detected in the whole reproductive tract [3],
and each region or tissue of the reproductive organs was colonized
by a unique microbiome with its own characteristic composition
[4,5]. There is increasing evidence that reproductive microorgan-
isms are key effectors not only in reproductive health but also in
associated diseases. Commensal microorganisms help maintain
ecological balance in the reproductive tract, thus contributing to
host fertility and fitness [3]. Dysbiosis of the reproductive tract
microbiome could induce reproductive physiological dysfunction
and cause associated diseases and adverse pregnancy outcomes
[6]. Furthermore, multiple studies have suggested that gut micro-
biota play an important regulatory role in maintaining the basal
healthy state of the reproductive tract and in the progression of
some associated diseases [7].
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Considering the evidence that the microbiome plays roles in
reproductive health and associated diseases, it is not surprising
that probiotic treatment capable of targeting the microbiome is
becoming a sensible therapeutic option. In recent years, many
studies have demonstrated that dietary supplementation or
direct intervention with probiotics can alleviate reproductive
dysfunction and have positive therapeutic effects on associated
diseases [8-10]. Probiotics can alter the abundance and activity
of microbes, thus exerting their effects by directly regulating
the host microbiota composition. In addition, probiotics and the
altered microbiota influence host metabolism and health. Probi-
otics may improve host reproductive function by regulating host
metabolism, because metabolic health is correlated with repro-
ductive function [11]. Moreover, probiotics and their produced
molecules promote epithelial barrier function, and membrane
integrity is essential for successful blastulation and formation
of the amnion, chorion, and placenta; thus, it is reasonable that
probiotics can influence the different membrane structures
involved in reproduction [8]. Furthermore, the immunomodula-
tory effect of probiotics has been proven by several studies,
and specific probiotics have been suggested to have beneficial
roles in some reproductive processes and their associated
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Fig. 1. Proposed modes of action of probiotics on reproductive health. Probiotics may exert beneficial effects on reproduction through the modulation of microbiota
composition, regulation of metabolism, promotion of the epithelial barrier, and improvement of immune function.
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Fig. 2. Overview of the potential pathway by which probiotics affect reproductive health in both males and females as well as their offspring. 1. Probiotic supplements have
positive effects on testicular function, improving semen quality, which may influence couple and offspring health through sexual intercourse. 2. Probiotic supplements can
modulate the microbiota composition of the gut and regulate the metabolism of the female, thus impacting microbiome configuration, biofilm integrity, and the immune
response of female reproductive organs. The affected female reproductive tract then influences the health of infants through mother-to-child transmission. Additionally,
probiotic supplements can influence bacterial transmission from the gut to milk, and then influence infant health through breast feeding. 3. Probiotics may also act through
the vagina by changing its microbiota composition directly and balancing its microbial ecology, thus contributing to vaginal reproductive health.
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diseases because of their ability to interfere with the inflamma-
tory cascade [12] (see Fig. 1). In general, probiotic treatments
have been proposed as a novel strategy to improve reproductive
performance and alleviate associated reproductive diseases in
both males and females, as well as to improve the health of off-
spring (see Fig. 2). The effects and modes of action of probiotics
on reproductive function have yet to be summarized. Here, we
review the current literature on the role of probiotics in improv-
ing reproductive function in both males and females and in the
health of their offspring.

2. Male reproductive microbiome
2.1. Role of the seminal microbiome in reproduction

2.1.1. Microbiomes in semen

Recent studies have shown that a rich microbiome exists in
semen and plays an important role in the maintenance of male
reproductive health [13,14]. According to several studies, the
composition of serum microflora is correlated with sperm
quality. Lactobacilli are typically predominant in semen and
preserve sperm motility and viability [15]; therefore,
Lactobacillus-predominant semen is of higher quality than
semen with other predominant bacteria [16]. Correlations
between the existence of Proteobacteria, Anaerococcus, and
Bacteroides ureolyticus and depressed sperm quality and poor
reproductive outcomes have been identified, suggesting the crit-
ical role of semen microbiota composition in male reproductive
health [17-19]. The semen microbiota has been thought to orig-
inate from the upper genital tract [20], but a latter common
assumption is that it might be derived either from different
urogenital tissues or from other tissues, such as the gut, mouth,
blood, or vagina [16,21]. Microbes can interact with sperm by
directly adhering to it and affecting spermatozoa functions, or
they can impair sperm motility indirectly through their metabo-
lites [14].

2.1.2. Effects of the seminal microbiota on females and offspring

Exchange of microbiota occurs in unprotected sexual inter-
course, implying that the transmission of seminal fluid micro-
biota from males to females affects the health of the couple
[18]. Studies have shown that normal sexual intercourse does
not alter the consistency of microbial communities, but does
increase the diversity of the Gardnerella vaginalis clade in young
women with and without bacterial vaginosis (BV), indicating
that sexual transmission of commensal and potentially patho-
genic clades is possible [22]. Frequent sexual intercourse and
multiple sexual partners can cause fluctuations in the vaginal
microbiota composition, resulting in episodes of BV [13]. How-
ever, other studies have found no correlation between sexual
intercourse and BV [23], although BV could be considered a sex-
ually enhanced disease, i.e., one in which the frequency of inter-
course is an important factor [24]. Further studies are required
to address this discrepancy. Additionally, studies have also
shown that the paternal microbiome may affect offspring
through the seminal microbiome [25]. Possible mechanisms sug-
gest that the seminal microbiome may affect offspring epigenet-
ics, including the methylome and transcriptome in multiple
tissues, which may induce persistent phenotypic changes [26].
Moreover, potential modulation of the immune system has also
been observed. One study has shown that long-term exposure
of a female to the semen of their partner correlates positively
with regulatory T cell development, which limits the maternal
anti-fetal immune response [27]. However, the underlying mech-
anisms remain to be investigated.
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2.1.3. Microbiomes in the prostate

The prostate, the largest male accessory gland, plays an impor-
tant physiological role in male fertility. Prostatic fluid not only
influences ejaculation, sperm activation, and capacitation but also
enables remodeling of the components of the female reproductive
tract, preparing it for conception [28]. It is debatable whether pros-
tate microbiota exists, and few studies have been carried out on
prostate microbiomes, partly due to the difficulty in procuring
non-disease-state prostates [29]. Recently, Feng et al. [30] discov-
ered the colonized microbiota in both prostate tumors and adja-
cent benign tissues using integrated metagenomic and
metatranscriptomic analyses, and the predominant bacteria
included Escherichia, Propionibacterium, Acinetobacter, and Pseu-
domonas. Enterobacteriaceae, especially Escherichia coli, have been
confirmed as the predominant pathogens in acute and chronic bac-
terial prostatitis [31]. More research is still needed to reveal the
relationship between prostate microbiomes and prostate health
and disease.

2.2. Effects of probiotics on male reproduction

2.2.1. Testicular function and semen quality

The impacts of probiotics on male fertility have not been thor-
oughly investigated. However, studies have shown that probiotic
strains have beneficial effects on sperm motility and kinematic
parameters both in vivo and in vitro [32,33], as well as in some
disease models. Supplementation of Lactobacillus rhamnosus
PBO1 to diet-induced obese mice resulted in significantly higher
percentages of progressively motile sperm and positive effects
on weight loss and reproductive hormones [33], while Lactobacil-
lus and Bifidobacterium resulted in improved sperm motility and
reduced percentage of sperm DNA fragmentation in astheno-
zoospermic males [34]. Increased sperm quality and spermatoge-
nesis following fecal microbiota transplantation (FMT) originated
from mice fed with alginate oligosaccharide were also found, in
which bacteria with probiotic roles in the gut were proliferated
by oligosaccharides [35]. Supplementation with probiotics can
restore testosterone levels and seminiferous tubule cross-
sectional profiles as well as spermatogenesis in aging mice, indi-
cating that probiotics may affect semen quality by influencing
testicular function [36]. Studies have demonstrated that the gut
microbiome may modulate the permeability of the blood-testis
barrier (BTB) and play a regulatory role in testicular function
[37]. It is easy to imagine that probiotics may play a role through
the BTB, but this requires further investigation. Moreover, by
enhancing the quantity and quality of semen, administration of
probiotics can increase litter size and litter birth weight of rabbits
mated to bucks supplemented with nitrate, which indicates the
antisterility effect of probiotics and their positive effect on off-
spring output [38]. The above evidence, if verified by further
investigations, may pave the way to intriguing therapeutic strate-
gies for infertility.

Several hypotheses have been developed to explain the mecha-
nisms by which probiotics augment spermatozoa function. Zhang
et al. [39] investigated the suppressive effect of a predominant
beneficial genus (Lactobacillus casei) and harmful genus (Pseu-
domonas aeruginosa) in serum using an in vitro model. They discov-
ered that L. casei significantly depressed the reduction of sperm
motility and the damage to mitochondrial activity caused by P.
aeruginosa, although L. casei treatment alone did not improve these
parameters, revealing that Lactobacillus may promote semen qual-
ity by suppressing the negative effect of dominant harmful bacteria
on sperm. However, more in vivo studies have revealed that probi-
otic supplementation may affect testicular function and spermato-
genesis by modifying the gut microbiota and acting as an
antioxidant. The relationships between key gut microbiota and tes-



T. Feng and Y. Liu

Computational and Structural Biotechnology Journal 20 (2022) 1541-1554

Table 1
Effects of Microbiomes and Probiotics on Male Reproduction.

Microorganisms Target(s) Main effects Reference

Bacteroides ureolyticus Sperm Depressed sperm quality in men [17]

Anaerococcus Sperm Considered as a biomarker for low sperm quality in men [18]

Proteobacteria Sperm Increased seminal hyperviscosity in men [19]

Lactobacillus brevis, L. salivarius, L. plantarum Sperm Preserved sperm motility and viability from ROS in men [32]

L. rhamnosus PBO1 Sperm Improved sperm motility and kinematic parameters in mice [33]

L. rhamnosus CECT8361, Bifidobacterium longum Sperm Improved sperm motility and reduced sperm DNA fragmentation in men [34]
CECT7347

L. casei CGMCC 1.570 Sperm Improved sperm motility and mitochondrial activity caused by Pseudomonas [39]

aeruginosa in boars

L. rhamnosus CECT8361, Bacteroidetes longum Sperm Alleviated sperm oxidative stress in men [41]
CECT7347

Fecal microbiota transplantation Testis Improved sperm quality and spermatogenesis in mice [35]

L. reuteri ATCC 6475 Testis Increased spermatogenesis and Leydig cell numbers in mice [36]

Clostridium Tyrobutyricum Testis Increased BTB permeability in mice [37]

L. acidophilus, Saccharomyces cerevisiae Testis Increased testosterone, number and weight of offspring in rabbits [38]

L. plantarum TW1-1 Testis Restored testis injury caused by DEHP in mice [40]

Bifiprost® and Serenoa Repens Prostate Prevented chronic bacterial prostatitis caused by Enterobacteriaceae in men [44]

PRO-Men Hyperbiotics Prostate Reduced inflammatory process of recurrent prostatitis in men [45]

L. acidophilus La-05, L. casei-01, Bifidobacterium Prostate cancer Induced antiproliferative and apoptotic effects on prostate cancer cells [42]
animalis Bb-12 cells

L. rhamnosus GG Prostate cancer Decreased cell viability of prostate cancer cells [43]

cells

Note: L.: Lactobacillus; ROS: radical oxygen species; BTB: blood-testis barrier; DEHP: diethylhexyl phthalate.

ticles were investigated using Spearman’s correlation analysis [40].
Bacteroidetes, Deferribacteres, and Firmicutes were significantly
connected with the testicular function reduction caused by
diethylhexyl phthalate (DEHP). However, Lactobacillus plantarum
TW1-1 pretreatment can regulate the abundance of these testicu-
lar damage-correlated bacteria and restore testis injury in DEHP-
exposed mice, suggesting that probiotic strains may alleviate tes-
ticular injury by modulating the intestinal microbiota. Further-
more, it is well known that oxidative stress, which disrupts the
integrity of sperm DNA and limits the fertilization potential of
sperm, is a major cause of defective sperm function [41]. Studies
have shown that administration of L. rhamnosus CECT8361 and
Bacteroidetes longum CECT7347 improved sperm motility, reduced
DNA fragmentation, and decreased intracellular H,0, levels in
sperm. Thus, these probiotic strains may improve sperm quality
by acting as antioxidants [34].

2.2.2. Prostate health

The effects of probiotics on the prostate have been rarely
examined, with only a few studies in recent years. Several
in vitro experiments have shown that treatment of human pros-
tate cancer cells with certain probiotic strains (L. rhamnosus GG,
L. acidophilus La-05, L. casei-01, and Bifidobacterium animalis Bb-
12) strongly induced apoptosis [42,43], indicating the potential
of probiotics to suppress prostate cancer. Furthermore, probiotics
have been demonstrated to improve prevention of episodes and
alleviate symptoms in chronic bacterial prostatitis caused by
Enterobacteriaceae [44]. In addition, decreased bacterial load of
E. coli and Enterococcus faecalis in urine cultures was observed
after probiotic administration in prostatitis [45]. However, no
clear etiology exists for prostate disease [46]; thus, the relation-
ship between prostate microbiota and prostatitis and prostate
cancer, as well as the potential role of probiotics in their allevia-
tion, is worth further investigation. Effects of microbiomes and
probiotics on male reproduction were briefly summarized in
Table 1.
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3. Female reproductive microbiome
3.1. Upper and lower tract microbiomes

The female reproductive tract can be divided into two con-
nected parts: the upper and lower reproductive tracts. The former
includes the ovaries, fallopian tubes, and uterus, while the latter
covers the cervix and vagina. Microorganisms have been identified
both in the upper and lower tracts. The upper tract was originally
thought to be sterile, but promising research has indicated the
existence of microorganisms in the follicle, fallopian tubes, uterus,
and placenta [3,7,47,48]. The lower reproductive tract shows high
diversity and abundance of microbiomes [7,49]. The different parts
are colonized by their own unique microbiomes with diverse com-
position and richness [4,6]. The microbial composition of the
reproductive tract is not permanent, but fluctuates with age, phys-
iological conditions, lifestyle, and environmental factors [49].

3.1.1. Follicle

The ovarian follicles can be colonized, and several studies have
shown the presence of microorganisms in follicular fluid, not only
in humans but also in bovines and swine, among other animals
[48,50]. Follicular fluid plays important roles in ovarian physiology,
including in steroidogenesis, follicle growth, ovulation, oocyte
maturation, and oviduct transport. Microorganisms colonizing
the follicular fluid have been revealed as the normal flora of the
vagina (Lactobacillus spp.), gastrointestinal tract (Bifidobacterium
spp., enteric bacteria, Streptococcus agalactiae), skin (Staphylococcus
spp.), and oral mucosa (Streptococcus spp.) [51]. Lactobacillus spp.
are the most predominant bacteria colonizing follicular fluids and
are associated with embryo maturation and quality [6]. Lactic acid,
produced by Lactobacillus spp., plays a key role in protecting
against adverse microbiota during oocyte maturation because of
its antimicrobial properties [52]. Microorganisms in the oral
mucosa and respiratory tract can spread to the follicular fluid
through  hematogenous  dissemination [53].  Therefore,
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asymmetrical ovarian vascularization may lead to an uneven dis-
tribution of the microbiota in the follicular fluid of different side
of the ovaries [51].

3.1.2. Placenta

The placental microbiome is characterized by a low abundance
of microbiota but is metabolically rich. There are significant dis-
tinctions between the microorganisms harbored in the basal plate
and the placental villi [6]. The placental microbiome is hypothe-
sized to be colonized in three ways: ascension from the vagina
(vaginal-placental), hematogenous dissemination from oral intake
(oral-placental), and transport of intestinal bacteria to the placenta
via dendritic cells (gut-placental) [4]. The placental microbiome
mainly includes nonpathogenic symbiotic microbiota and is largely
similar to that of the oral cavity and the deep endometrium of non-
pregnant women when compared to the adjacent vaginal micro-
biome [54,55]. McElrath et al. [56] reported that placental micro-
biota from preterm infants were similar to microbiota resident in
the vagina, which may suggest that dysbiosis of placental microor-
ganisms disturbed by the vagina is associated with placental dys-
function and influences pregnancy outcomes. However, some
researchers are still convinced that the placenta is sterile and that
the identification of microbiota in the placenta is due to contami-
nation, rather than due to the presence of resident microorganisms
[57-59].

3.1.3. Uterus

It was long thought that a healthy uterus should be sterile.
Recently, it has been revealed that the uterine cavity is colonized
with its own unique microbiome [47,60], and uterine microbiomes
have been characterized in mares, giant pandas, cows, and bitches
[4]. Four genera, including Lactobacillus, Bacteroides, Gardnerella,
and Provotella, have been identified as highly abundant in the
human uterus [4]. Nine genera, including Atopobium, Bifidobac-
terium, Chryseobacterium, Gardnerella, Haemophilus, Klebsiella, Neis-
seria, Staphylococcus and Streptococcus in endometrium were
associated with clinical miscarriage of infertile patients [60]. Since
the cervix serves as a partial filter or barrier against ascending
microbiota in the female reproductive tracts, the character of the
cervical microbiome shows a transitional phenotype between
those of the vagina and uterus, with a significantly lower quantity
than that of the vagina [5,61]. In pregnant women, part of the uter-
ine microbiome originates from cervical bacteria carried upstream
with sperm during fertilization [ 1], while the rest is resident in the
uterus.

3.1.4. Vagina

The vaginal microbiome was first reported in 1892 [62]. To date,
the vaginal microbiomes of many species, including humans, live-
stock (cow, ewe, bitch, and mare), wild primates (chimpanzee,
baboon, howler, red colobus monkey, lemur, and giant panda),
and guinea pigs [4] have been sequenced. It has been widely
demonstrated that the human vagina is colonized by commensal
bacteria, prevailingly Lactobacilli, and consequently, the vaginal
microbiota creates an acidic environment to protect the female
reproductive tract against pathogens and to establish normal
female reproductive physiology and function [63]. Another role
of the dominant Lactobacilli colonizing the vaginal microbiome is
to serve as a probiotic, maintaining microbial homeostasis by sup-
pressing overgrowth of other bacterial species in the vagina [64].
Changes in diversity and richness of the vaginal microbiome influ-
ence fetal development [5]. Pregnant women with increased vagi-
nal microbiome instability or decreased Lactobacillus dominance
have a higher risk of preterm birth [65,66].
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3.2. Effects of probiotics on female reproductive performance

3.2.1. Follicular development

Few studies have described the influence of probiotics on follic-
ular development in women with healthy ovaries. Probiotic sup-
plementation is thought to delay the interruption of ovarian
activity and estradiol production in menopausal women to help
prevent associated symptoms, including dyslipidemia and obesity,
among others [67,68]. Oral gavage of probiotics originating from
feces of healthy women increased estrogen circulation by modify-
ing gut microbiota metabolites in ovariectomized menopausal
mice [67], indicating the effects of probiotic treatment on main-
taining estradiol levels under ovarian dysfunction. Treatment of
perimenopausal women with the probiotic Sanprobi Barrier
increases follicle-stimulating hormone (FSH) levels, which helps
maintain ovarian activity, and is considered a non-invasive means
to impact hormonal homeostasis [68]. Probiotic supplementation
has been shown to improve follicle development in birds. Admin-
istration of Bacillus significantly increases egg production and egg
mass in Hy-Line laying hens [69,70], while the addition of Entero-
coccus faecium to AA broiler breeders increases egg weight and egg-
shell thickness [71]. The above studies show that probiotic
treatment can increase levels of reproductive hormones, including
FSH, estradiol, and growth hormone, while decreasing adrenal cor-
tical hormone, thus regulating follicle development [70,71]. In
addition, probiotics improve fish follicle maturation. Zebrafish
(Danio rerio) fed with L. rhamnosus IMC 501 undergo chemical
changes in oocyte composition to promote the oocyte maturation
process by increasing the gene expression of neuropeptide hor-
mones (Kiss1 and Kiss2) and metabolic signals (leptin) both on
the endocrine system level and at the peripheral level [72]. In live-
stock, probiotics have significant effects on weaning estrus inter-
vals, especially in sows. Studies have demonstrated that
supplementation with either a single or a cocktailed probiotic
strain shortened the weaning estrus interval in sows with different
parities [73,74]. It was discovered that weaning estrus interval is
correlated with sex hormone secretion and alteration of the gut
microbiome in sows after weaning [75], and it can be speculated
that the influence of probiotics on weaning estrus intervals may
be correlated with regulation of gut microbiota and hormone
secretion.

3.2.2. Placental function

The placenta is a temporary tissue that connects the maternal
uterus and fetus during gestation. The function of the placenta is
to efficiently deliver nutrients and oxygen from mother to fetus
to support normal fetal growth [76]. A large number of published
papers have reported that orally administered probiotics can affect
placental function. Studies have shown that administered probi-
otics can translocate from the gut to the amniotic fluid of the fetus
through the placenta using a genetically labeled E. faecium strain
[77], suggesting that probiotic dietary consumption could poten-
tially change the configuration of the placental microbiota, thus
influencing placental function [78]. Regulated toll-like receptor
(TLR)-related genes and autophagy-related protein expression in
the placenta were observed after oral probiotic administration
[79,80]. In an in vitro study, lipopolysaccharide-stimulated TNF-o
production in human placental trophoblast cells was inhibited by
L. rhamnosus GR-1 [81]. Probiotics also decrease the risk of severe
preeclampsia through the reduction of inflammatory responses in
the placenta [82]. These results indicate that the effects of probi-
otics on placental function may be mediated by enhancing the
immune response. Furthermore, probiotics combined with prebi-
otics were found to enhance triacylglycerol concentration in the
serum of sows and reduce total cholesterol concentration in umbil-
ical venous serum, implying that the combination may contribute
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to improved placental lipid metabolism [83]. From the above, it can
be suggested that probiotics could improve placental function by
modifying microbiota composition and enhancing the immune
response, as well as improving metabolic regulation in the placenta
during pregnancy.

3.2.3. Fetal development

Probiotic supplementation during pregnancy has been shown to
be beneficial in modulating gut microbiota composition and
improving metabolism in pregnant women, which is subsequently
beneficial to fetal development [84,85]. Maternal intervention by
specific probiotics, Bifidobacterium lactis and L. rhamnosus, was
found to significantly modulate the expression of TLR-related
genes in the fetal gut (reflected by meconium), indicating the ben-
eficial effect of probiotics on fetal immune physiology [79]. Rasool
et al. [86] reported that probiotics might function as placental ther-
apeutics to prevent preterm birth and poor placental efficiency.
Although the effectiveness of maternal probiotic intervention in
preventing preterm labor and birth has been studied, insufficient
data have been obtained to evaluate the actual effect on preterm
birth and its complications [87]. As for animal reproduction and
production, fetal development during pregnancy determines birth
weight and is highly associated with preweaning mortality and
piglet growth after weaning [88]. Studies have demonstrated that
probiotic supplementation in late pregnancy can increase birth
weight and litter weight both in first and higher parity sows
[74,89]. Increased feed intake, improved immunoglobulin, and reg-
ulated gut microbiota were revealed to be the potential pathways
by which probiotics influence fetal development [74,90]. Further-
more, increased growth hormone concentrations in umbilical
venous serum and improved placental antioxidant capacity were
also interpreted to contribute to fetal development after Bacillus
supplementation combined with a prebiotic (isomaltooligosaccha-
ride) [83].

3.3. Effects of probiotics on female reproductive disease prevention

3.3.1. Polycystic ovary syndrome (PCOS)

PCOS is a common endocrine syndrome in women of childbear-
ing age and is accompanied by metabolic disorders mainly charac-
terized by hyperandrogenism, insulin resistance, and disturbances
in lipid, carbohydrate, and hormonal metabolism [91,92]. No single
pathological process could result in all cases of PCOS [93], but dys-
biosis of the gut microbiota is strongly associated with PCOS pro-
gression [94,95]. The use of probiotics has been recommended to
reform gut microbiota composition in PCOS treatment [96]. Dietary
probiotic supplementation could promote the growth of short
chain fatty acid-producing bacteria and concurrently decrease
the number of lipopolysaccharide-producing bacteria in the
intestines of patients with PCOS, thus alleviating inflammation
[96,97]. Furthermore, probiotic supplementation could ameliorate
insulin resistance and lipid metabolism disturbances in subjects
suffering from PCOS, characterized by decreased fasting plasma
glucose and fasting insulin as well as decreased total cholesterol
and very-low-density lipoprotein cholesterol [98]. Moreover, some
lactic acid bacterial strains can also alleviate steroidogenesis dys-
biosis in patients with PCOS by modifying the population of sex
hormone-related gut microbiota, ultimately regulating FSH,
luteinizing hormone, and testosterone levels [99]. Recently, FMT
showed considerable effectiveness in PCOS with much lower rates
of remission by reestablishing gut eubiosis after gut dysbiosis
[100], suggesting the beneficial effect of bacteria with probiotic
roles in PCOS.
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3.3.2. Bacterial vaginosis (BV)

Bacterial vaginosis is caused by imbalance in the ecology of
the vaginal microbiota, and approximately one-third of women
worldwide have suffered to BV at different times in their lives
[101]. Probiotics are considered an effective treatment to increase
the Lactobacillus colonization rate and restore the normal flora in
the vagina, thus helping to alleviate vaginal inflammation. Single
or multi-strain Lactobacillus spp. can be administered through
enteric or intravaginal routes. Enteric probiotic administration
(Lactobacillus crispatus strains) can reduce the abundance of vagi-
nal G. vaginalis in patients with BV [102], while vaginal probiotic
supplementation (containing L. rhamnosus DSM 14870 and Lacto-
bacillus gasseri DSM 14869) would contribute to the colonization
of Lactobacilli in BV patients [103], consequently lowering vaginal
pH and increasing production of antimicrobial substances that
treat or prevent BV [104]. Another strategy to relieve BV is vagi-
nal microbiota transplantation (VMT), which resets the vaginal
microbiome to a healthy state by transplanting vaginal discharge
from a healthy individual to a patient with BV [105]. Some
patients displayed rapid changes in vaginal bacterial composition
as early as one-month post-VMT and closely approached the
donor vaginal microbiome configuration. Both probiotics and
VMT intervention through the vagina can change the composition
of the female vaginal microbiome directly and relieve vaginal
inflammation caused by BV. However, studies have shown that
oral probiotics administration can positively regulate the vaginal
microbial ecosystem [106] and inhibit NF-xB activation and
TNF-o expression in the vagina and uterus [107], indicating that
the relief from vaginosis symptoms in this manner may be
through alteration of the vaginal microbiota or stimulation of
the immune system.

3.3.3. Endometrial diseases

The beneficial effects of probiotics on the endometrium have
been well documented. An in vitro study showed that the probi-
otic strain L. rhamnosus BPLOO5 plays a protective role against
endometrial infections, as demonstrated by decreased pH levels
and significantly reduced levels of pathogenic bacteria [108].
Another in vitro study demonstrated that probiotic Lactobacilli
(Lactobacillus reuteri RC-14 and L. rhamnosus GR-1) treatment
can strengthen the barrier function of endometrial epithelial
cells destroyed by human immunodeficiency virus-1 [109].
Endometritis is an infectious and inflammatory disorder of the
endometrium. The persistent inflammation of the endometrial
mucosa is caused by the presence of bacterial pathogens in the
uterine cavity [110]. Probiotics have been demonstrated to
enhance uterine barrier integrity and inhibit the inflammatory
response, thus alleviating Staphylococcus aureus-induced
endometritis after intragastric administration of Clostridium
tyrobutyricum [111]. Endometriosis is a chronic inflammatory
disease characterized by the presence of endometrial-type
mucosa outside the uterine cavity, which causes pelvic pain
and infertility. Leonardi et al. [112] reviewed that endometriosis
was associated with increased abundance of Proteobacteria,
Enterobacteriaceae, Streptococcus and E. coli across different
microbiome classification. The potential of probiotics to alleviate
endometritis is promising. Oral administration of Lactobacillus
has been shown to reduce the pain associated with endometrio-
sis [113,114]. Studies also found that probiotic strain L. gasseri
OLL2809 can suppress the development of ectopic endometriotic
lesions by enhancing the transcription of IL-12 and natural killer
cell activation [115]. The above mentioned studies demonstrated
that probiotics alleviate endometritis and endometriosis by
changing the endometrial microbiome configuration, inhibiting
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Table 2
Effects of Microbiomes and Probiotics on Female Reproduction.
Microorganisms Target(s) Main effects Reference
Sanprobi Barrier HPO axis Increased FSH level in perimenopausal women [68]
Bacillus licheniformis Ovary Improved follicle development in hens [69]
Bacillus amyloliquefaciens BLCC1-0238 Ovary Improved follicle development in hens [70]
Enterococcus faecium Reproductive system Improved egg quality and increased FSH in hens [71]
L. rhamnosus IMC 501 Follicle Promoted oocyte maturation in fish [72]
Bacillus subtilis C-3102 Reproductive system Decreased weaning estrus interval in sows [73]
Bacillus mesentericus strain TO-A, Clostridium butyricum strain Intestine, reproductive  Changed gut structure and improved reproductive [74]
TO-A, Enterococcus faecalis strain T-110 system performance in sows
Enterococcus faecium strain Placenta Translocated probiotics from maternal gut to amniotic fluid in  [77]
women
L. rhamnosus GG, Bifidobacterium lactis Placenta Enhanced fetal and placental immune physiology in women [79]
Bifidobacterium, Lactobacillus, Streptococcus Placenta Reduced autophagy-related protein expression in women [80]
L. rhamnosus GR-1 Human placental Inhibited lipopolysaccharide-stimulated TNF-o production [81]
trophoblast cells
L. acidophilus LA-5, B. lactis Bb12, L. rhamnosus GG Placenta Decreased the risk of severe preeclampsia in women [82]
Bacillus licheniformis and isomaltooligosaccharide Placenta Improved placental lipid metabolism in sows [83]
L. plantarum 30M5 Intestine Increased circulating estrogen level and improved SCFAs [67]
production
Bifidobacterium lactis probiotic V9 Intestine Alleviated inflammation through changing gut microbiome in [97]
PCOS patients
L. plantarum HL2, Bifidobacterium longum HB3 Intestine Regulated sex hormone related gut microbiota in PCOS [99]
patients
Fecal microbiota transplantation Intestine Reestablished gut eubiosis in PCOS patients [100]
Gardnerella vaginalis Vagina Pathogen of bacterial vaginosis in women [22]
L. crispatus strains Vagina Reduced the abundance of vaginal G. vaginalis in BV patients [102]
L. rhamnosus DSM 14870, L. gasseri DSM 14869 Vagina Colonized Lactobacilli in BV patients [103]
Vaginal microbiota transplantation Vagina Changed in vaginal bacterial composition in BV patients [105]
L. paracasei LPC-S01 Intestine Reduced the abundance of Gardnerella spp. in BV patients [106]
L. plantarum NK3, Bifidobacterium longum NK49 Intestine Suppressed NF-kB-linked TNF-a expression in the colon in BV  [107]
patients
L. rhamnosus BPLOO5 Primary endometrial Reduced pathogens in an in vitro endometrial cell model [108]
epithelial cells
L. reuteri RC-14, L. rhamnosus GR-1 Primary endometrial Enhanced barrier function and reduced proinflammatory [109]
epithelial cells cytokines in endometrial cells
Clostridium tyrobutyricum Intestine Alleviated Staphylococcus aureus-induced endometritis. [111]
L. gasseri OLL2809 Intestine Reduce pain associated with endometriosis [113]
LactoFem® Intestine Reduce pain associated with endometriosis [114]
L. gasseri OLL2809 Intestine Suppressed the development of ectopic endometriotic lesions [115]
L. acidophilus LA5, Bifidobacterium animalis BB12 Intestine Maintained serum insulin levels and prevented developing [122]
insulin resistance in pregnant women
Probiotic Mixture (VSL#3) Intestine Maintained glycemic control in GDM women [123]
L. rhamnosus, LGG, Bifidobacterium animalis subsp. lactis Bb12 Intestine Restored the gut microbiota of GDM rats [124]

Note: HPO axis: hypothalamic-pituitary-ovarian axis; FSH: follicle-stimulating hormone; L.: Lactobacillus; SCFAs: short-chain fatty acids; PCOS: polycystic ovary syndrome;

BV: bacterial vaginosis; GDM: gestational diabetes mellitus.

the inflammatory response, or enhancing the uterine barrier
integrity. Furthermore, FMT from mice with endometriosis
induced endometriotic lesions, suggesting the influence of gut
microbiota on endometriosis [116]. Thus, FMT was proposed as
a promising tool for the treatment of female reproductive tract
diseases [7], and uterine microbiota transfer has also been
offered to be considered for the treatment of endometritis and
endometriosis [117].

3.3.4. Gestational diabetes mellitus (GDM)

GDM is defined as any degree of glucose intolerance with
onset or first recognition during pregnancy and is associated with
significant health risks for both the pregnant woman and the
developing fetus. Recent evidence shows that GDM may result
from maternal gut microbiome disequilibrium during pregnancy
[118]. Less diversity was observed in the intestinal microbial flora
of pregnant women with GDM than that of pregnant women
without GDM [119]. The preventive effects of specific probiotics
on GDM have been widely reviewed [120,121]. Consumption of
probiotic yogurt or a multispecies probiotic mixture prevented
increases in serum insulin levels and the development of insulin
resistance, thereby improving glucose metabolism and glycemic
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control [122,123]. Studies have shown that probiotic supplemen-
tation can restore the diversity of the gut microbiota in rats with
GDM, and the gut microbial composition was inclined to that of
normal pregnant rats [124], indicating that modulation of the
gut microbiota via probiotic microorganisms could contribute to
GDM prevention [125]. Furthermore, probiotic administration
can also alleviate inflammation caused by insulin resistance,
decreasing several inflammatory markers (such as IL-6, IL-10,
TNF-o, and interferon-gamma, among others) in patients with
GDM [121]. It can be speculated that the advantageous outcomes
following probiotic intervention in GDM resulted from direct pro-
biotic regulation of the host metabolism and immune response
and were mediated through alteration of the gut microbiota com-
position. However, the exact mechanisms by which probiotics
may affect GDM remain unknown. Furthermore, some studies
have shown no evidence that probiotics administration decreases
the risk of GDM any more than placebos [126,127], and another
study suggests that probiotics (L. rhamnosus and B. animalis sub-
species lactis) had limited ability to prevent GDM in overweight
and obese pregnant women [128]. Effects of microbiomes and
probiotics on female reproduction were briefly summarized in
Table 2.
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4. Impact of maternal microbiomes on offspring

4.1. Potential pathway by which the maternal microbiome affects
offspring

It is still unclear whether the newborn is sterile or has prenatal
colonization by bacteria [129,130]. However, it is very clear that
the maternal microbiota is extensively transmitted to neonates
through bacterial translocation from maternal circulation, direct
contact with maternal microbiota during vaginal delivery, and
the supply of breastfeeding bacteria during lactation [131-133].
Fetal microbiomes derived from maternal skin and the vagina
seem tentative, while gut microbiomes that migrated and evolved
from the mother have proven to be more persistent with better
adaptability, following to improve infants’ intestinal microbiota
[132]. Maternal microbiomes could have an impact on microbial
colonization and microbiota establishment in infants, subse-
quently affecting infant growth and health [134]. The microbiota
composition and homeostasis can be affected by external ele-
ments, including diet [135] and infection [136] during gestation,
which in turn influence fetal gut microbiomes after farrowing. Pro-
biotic supplementation is a potential strategy to modulate preg-
nancy and infancy outcomes during the perinatal period and
lactation because of its positive role in regulating intestinal and
vaginal microflora both in mothers and infants [12,137]. A pilot
study by Schultz et al. [138] showed that after oral intake of probi-
otic L. rhamnosus strain GG (L. GG) from late pregnancy to farrow-
ing, L. GG could be detected in most fetal fecal samples at 1 and
6 months, and the longest persistence of L. GG was found in infants
at 24 months of age. In a study, maternal supplementation with L.
acidophilus increased fecal L. acidophilus counts at the onset of
weaning in mice, suggesting that maternal transfer occurred
[139]. Furthermore, a higher prevalence of Bifidobacterium breve
and a lower prevalence of Bifidobacterium adolescentis were
observed in infants at 5 days of age whose mothers were treated
with L. rhamnosus GG during the perinatal period, and the preva-
lence of B. adolescentis in the mothers before delivery was also cor-
related with its presence in infant samples at 1 and 5 months
[140]. These results indicate that administered probiotic bacteria
can transfer from mother to newborn or that maternal supplemen-
tation with probiotics can alter the initial establishment of the
microbiome in neonates.

Computational and Structural Biotechnology Journal 20 (2022) 1541-1554
4.2. Impact of maternal microbiome on offspring health

The maternal microbiota is an important determinant of health
for infants [141,142]. Whether the neonate is sterile or not, the
maternal microbiome during late pregnancy and early lactation
acts as the source of the infant microbiome, while the maternal
microbiome during pregnancy is the main cause of adverse preg-
nancy outcomes and affects neonatal and infant health [141].
Through microbial exposure or action of bacterial metabolites,
the maternal gut microbiota influences the composition and estab-
lishment of bacteria in the newborn’s gut, thus affecting intestinal
function and immune system development [142]. Orally adminis-
tered probiotic bacteria can be detected in mammary tissue and
milk, confirming translocation of bacteria from the gut to milk
[143]; thus, the gut-breast milk axis is regarded as a potential
pathway through which maternal microbiota drives early offspring
health indirectly. Breast-fed infants harbor a characteristic fecal
microbiota with a higher abundance of Bifidobacteria than that of
formula-fed infants, implying the role of maternal microbiota in
infant gut microbiota and immune establishment through the
breast [144]. Moreover, vaginal microbes also seem to play a crit-
ical role in programming neonatal immunity. Several studies have
shown that neonates have different immunity after vaginal and
cesarean delivery, that is, infants delivered by cesarean section
exhibited fewer Bifidobacteria in their microbiomes early in life
and presented stronger humoral immune responses than did
infants born vaginally, indicating that vaginal microbiota play a
significant role in immune education in neonates [145,146]. These
findings suggest that maternal microorganisms in the gut and
reproductive tracts may play a key role in the health of newborns
[147].

4.3. Effects of maternal probiotics on offspring

4.3.1. Effects of maternal probiotic supplements on newborn health
Probiotic supplementation during pregnancy has been demon-
strated to positively modulate gut microbiota composition and
improve metabolism in pregnant women; such interventions have
been proposed to transmit benefits to newborns. However, the
impacts of probiotic supplementation on pregnant and breastfeed-
ing women on fetal and infant birth weight and growth have only
been partially addressed. Several systematic reviews and meta-

Table 3

Effects of Microbiomes and Probiotics on Offspring.
Microorganisms Target Main effects Reference

(s)
Bacillus subtilis C-3102 Fetus Supplemented to mother and improved piglet growth and health [73]
Enterococcus faecium DSM 7134 Fetus Increased feed intake and weight performance in piglets [89]
L. plantarum B90, Saccharomyces cerevisiae P11 Fetus Supplemented to mother and increased intestinal immunity in piglets [133]
L. rhamnosus GG Fetus Transferred from maternal intestine to fetal intestine in human [138]
L. acidophilus Fetus Transferred from maternal intestine to fetal intestine in mice [139]
L. rhamnosus GG Fetus Transferred and established fecal bifidobacterial microbiota in neonates [140]
Lactococcus lactis MG1614, L. salivarius PS2 Milk Transferred from intestine to milk in mice [143]
L. rhamnosus GG, B. lactis Bb12 Fetus Diminished the risk of larger birth size and weight in GDM mother [149]
L. rhamnosus CGMCC 1.3724, Bifidobacterium lactis CNCC  Fetus Supplemented to mother and increased infant weight and length gains at 12-month  [150]
1-3446 old
Enterococcus faecium Fetus Supplemented to mother and increased fecal Lactobacillus and Enterococcus counts [151]
in piglets

Paciflor Fetus Supplemented to mother and increased piglet growth [152]

Note: L.: Lactobacillus; GDM: gestational diabetes mellitus.
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analyses have indicated that maternal probiotic interventions do
not evidently influence newborn birth weight, head circumference,
or length in overweight pregnant women or those with GDM
[126,148]. However, some studies have also shown that combined
supplementation of the probiotics L. rhamnosus and B. lactis during
pregnancy had beneficial effects on infant weight and length gains
during the first two years of life, suggesting the potential long-term
benefits of maternal supplementation [149,150]. Several studies
have also evaluated the effect of probiotic strain supplementation
during pregnancy and lactation on the outcome of gastrointestinal
diseases, particularly diarrhea, which is common among infants.
Mantaring et al. [150] evaluated the impact of an oral maternal
nutritional supplement formulated with the probiotics L. rhamno-
sus and B. lactis on the incidence of diarrhea in infants from birth
to one year of age, but no significant effects were observed.

However, in animal production, many studies have highlighted
the effect of maternal probiotic supplementation on fetal and new-
born health. Maternal supplementation with probiotics can change
the microbiota and metabolism profiles of sows, thereby improv-
ing piglet growth and health as demonstrated by higher mean daily
gain and body weight at weaning and increased numbers of piglet
weaned, as well as reductions in abundance of both Escherichia coli
and Clostridium spp. in piglet feces [73]. Microbiota shifts were also
observed in livestock animals, and Lan and Kim [151] observed
that piglet fecal Lactobacillus and Enterococcus counts linearly
increased after E. faecium supplementation in sows, indicating
the potential of microbial communities to shift from sows to pig-
lets. This shift can alter the gut microbiota of offspring piglets, thus
improving their immune responses and enhancing their produc-
tion performance and health status. Paciflor was fed to sows
15 days prior to farrowing to weaning, and the piglets from
Paciflor-treated mothers were significantly heavier than those
from untreated dams, indicating that the use of the probiotic (Paci-
flor) in sows during late pregnancy and lactation had benefits for
piglet growth [152]. Wang et al. [133] supplemented sow diets
with probiotic fermentation broth (Lactobacillus spp. combined
with yeast) during gestation and lactation and discovered several
increased immune indices both in the plasma and small intestine
tissue of offspring piglets. They also indicated modulated piglet
intestinal microbiota composition and its correlation with the
alterations of immunoglobulin and cytokines after maternal probi-
otic supplementation. Therefore, maternal probiotic supplementa-
tion is considered a potential dietary strategy to improve health
and production and reduce disease risk in newborn piglets.

4.3.2. Effects of maternal probiotic supplements on newborn disease
prevention

During gestation, fetal immune states and metabolic functions
are largely up to the mother, and maternal intake of probiotics
can regulate immune development in the fetus to decrease the risk
of immune abnormalities and improve fetal resistibility [12].
Changes in gut microbes are likely to cause allergies, while the
use of probiotics seems to be a practical option for their preven-
tion. Cuello-Garcia et al. [153] and Zuccotti et al. [154] performed
a systematic review and meta-analysis to assess the effects of pro-
biotic supplementation during pregnancy and early infancy and
concluded that probiotics consumed by pregnant women or
breastfeeding mothers and/or given to infants reduced the risk of
eczema and prevented atopic diseases in infants. This suggests that
maternal or infantile probiotic intervention is a feasible, effective,
relatively short-term method to decrease the risk of allergy-
related diseases in infants [12,155]. Asthma is another type of
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allergic disorder. However, another systematic review and meta-
analysis of randomized controlled trials evaluating the correlation
of probiotic administration during pregnancy or infancy with
asthma and wheeze in childhood concluded that there is little evi-
dence to verify the protective association between perinatal use of
probiotics and allergic disease [156]. Further investigation is war-
ranted to define the role of probiotics in the prevention of child-
hood autoimmune diseases. Therefore, clinical use of probiotics
for these purposes is still far away, and the probiotic strains used,
as well as their preparation methods, matrix, and delivery vehicles,
need to be considered. For example, Szajewska and Horvath [157]
concluded that L. GG supplementation (regardless of the timing of
administration) does not reduce the risk of eczema, suggesting that
specific strains would be indicated when recommending the use of
probiotics to prevent these diseases. Effects of microbiomes and
probiotics on offspring were briefly summarized in Table 3.

5. Summary and outlook

Modern omics techniques have helped prove the existence of
microorganisms in almost the entire reproductive tract, and their
vital roles in maintaining the reproductive health of males and
females was also discovered. Exploration of reproductive-related
microorganisms offers a potential opportunity to develop specific
treatments aimed at their modification, including probiotics. This
review investigated the currently available evidence for the impact
of probiotic intervention on the reproductive health of males and
females, as well as on their offspring. The suggested mechanism
by which probiotics benefit reproduction may include modulation
of microbiota composition, regulation of metabolism, promotion of
the epithelial barrier, and improvement of immune function. Pro-
biotic intervention may be a tolerable, relatively affordable, and
effective way to improve reproductive health in males, females,
and their offspring, but we still cannot draw any firm conclusions
about using probiotics in reproductive health improvement. A lar-
ger number of randomized trials have been suggested to illuminate
the potential role of certain probiotics in improving reproductive
health. Moreover, further studies are required to elucidate the
underlying mechanisms by which probiotics may influence host
reproductive physiology and thus to explain and rationally exploit
their modes of action.
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