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Abstract: The intestinal microbiota, comprised of bacteria, archaea, and phages, inhabits the gastroin-
testinal tract of the organism. Male reproductive sterility is currently a prominent topic in medical
research. Increasing research suggests that gut microbiota dysbiosis can result in various reproductive
health problems. This article specifically investigates the impact of gut microbiota dysbiosis on male
reproductive infertility development. Gut microbiota imbalances can disrupt the immune system
and immune cell metabolism, affecting testicular growth and sperm production. This dysfunction
can compromise the levels of hormones produced and secreted by the endocrine glands, affecting
male reproductive health. Furthermore, imbalance of the gut microbiota can disrupt the gut–brain–
reproductive axis, resulting in male reproductive infertility. This article explores how the imbalance
of the gut microbiota impacts male reproductive infertility through immune regulation, endocrine
regulation, and interactions of the gut–brain–reproductive axis, concluding with recommendations
for prevention and treatment.

Keywords: gut microbiota; male reproductive infertility; immune system; endocrine system;
gut–brain–reproductive axis

1. Introduction

Infertility affects about 10–15% of couples globally, with men of reproductive age
accounting for 50% of the determinants [1]. Male infertility can be classified into congenital
and acquired causes. Congenital factors primarily involve impaired testicular development
during fetal growth in the mother’s womb, leading to congenital testicular deficiency and
subsequent male infertility. On the other hand, acquired causes encompass a spectrum of
problems, including reproductive system infections, endocrine abnormalities, unhealthy
lifestyle practices, and psychological factors [2]. Male infertility contributes to the global
decline in fertility rates, resulting in slower population growth, population decline, and sig-
nificant global aging trends. Recent research highlights the prevalence of microorganisms
that primarily reside in the human intestine, forming a crucial intestinal microbial system
that profoundly impacts human health. These microorganisms outnumber human cells
by about tenfold, totaling approximately 100 trillion cells and encoding a unique genome
a hundred times larger than that of humans [3,4]. This underscores the critical role of mi-
croorganisms in human health. The gut microbiota significantly influences various aspects
of human health, such as digestion and absorption in the gut, predisposition to obesity and
metabolic disorders, immune system modulation, mental well-being, and even male fertil-
ity issues [5]. In particular, the gut microbiota and male reproductive health are intricately
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interconnected, potentially influencing immune regulation, endocrine function, neuroen-
docrine interactions, hormone levels, inflammatory responses, and nutrient metabolism.

The human gut harbors a vital microecosystem, primarily the intestinal microbiota,
with robust metabolic capabilities that support normal bodily functions and provide pro-
tective mechanisms against viral and pathogenic invasions. The stability of the intestinal
flora is crucial, as disturbances can lead to a range of intestinal and extraintestinal diseases,
highlighting the importance of maintaining a balanced intestinal microecological environ-
ment to enhance resistance against infectious diseases caused by intestinal pathogens [6].
In general, the symbiotic relationship between the gut microbiota and the host organism is
paramount for maintaining health in humans and other animals. The human gut micro-
biota comprises bacteria, archaea, eukaryotic bacteria, viruses, and parasites [7]. Bacteria
dominate the intestinal microbiota, accounting for more than 99% of the total population
and consisting of 500–1000 different species classified as beneficial, neutral, or harmful [8].
Beneficial bacteria contribute to vitamin synthesis, neutral bacteria support overall health,
and harmful bacteria pose risks as pathogens. Research demonstrates that the intestinal
microbiota exerts a significant functional role in maintaining healthy physiological activities
by colonizing intestinal spaces, interacting with intestinal surfaces, and utilizing resources
to hinder the growth of pathogenic microorganisms, thus safeguarding the intestines and
diminishing the likelihood of infections [9]. Certain intestinal microbes synthesize essen-
tial substances such as vitamins and amino acids necessary for physiological metabolic
functions [10]. Furthermore, intestinal microorganisms aid in food digestion, breaking
down complex polysaccharides, generating absorbable nutrients, and improving digestion
efficiency [11]. They can also facilitate chondrogenesis by participating in glycosamino-
glycan biosynthesis. Gut microbes influence the immune system of the gut, regulating
intestinal immunity to prevent autoimmune diseases and maintain immune balance [12].
Furthermore, the composition of intestinal microbes is correlated with metabolic disorders
such as obesity and diabetes, which affects energy metabolism and fat storage [13]. These
microbes also play a role in the central nervous system, influencing the mental health
of the organism [14]. Various methods, such as UniFrac, assess and measure intestinal
microbial diversity, offering insights into the characteristics of microbial communities.
Promising advances in diagnostic and therapeutic applications emerge through innovative
approaches like low-error 16S ribosomal RNA amplicon sequencing combined with whole
genome sequencing, bolstering the potential of the gut microbiota as a diagnostic tool and
therapeutic target (Table 1) [15].

Table 1. Classification, composition, and function of the major gut microbiota.

Classification Composition Function

Bacteria

Probiotics Maintain intestinal pH balance, inhibit pathogen growth and reproduction, and
promote digestion and absorption [16].

Lactobacilli Reduce intestinal pH value, inhibit the growth of harmful bacteria [17].

Thick-walled bacteria Influence the degradation and absorption of intestinal food [18].

Morphogenic bacteria Plays an important role in the carbohydrate metabolism process in the intestinal
tract [19].

Enterococci Regulate intestinal health and the immune system [20].

Actinomycetes Synthesize antibiotics [21].

Streptococcus faecalis Short-chain fatty acids and other metabolites that contribute to maintaining
homeostasis in the intestinal environment [22].

Fungi Yeasts Assist in the intestinal digestive process [23].

Viruses Poliovirus Causes intestinal infections, leading to an immune response [24].
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Various studies have demonstrated the close association between the gut microbiota
and male reproductive health, highlighting its multifaceted impact on male reproductive
function. The intestinal microbiota significantly influences the regulation of the immune
system, maintaining the equilibrium of the intestinal immune system for normal physio-
logical functions. Disruption of this balance can cause irregularities in the immune system,
which subsequently affect normal reproductive function [25–27]. “Balance” refers to the
symbiotic relationship that exists between the host’s commensal microbiota and the host’s
normal physiologic immune activity, as well as the balance between the composition and
function of the microbiota. The microbiota plays a crucial role in inducing and regulating
local and systemic immune responses. On the other hand, the immune system is also
involved in maintaining the composition of the microbiota. Optimal microbiota-immune
system cross-talk is essential for protective responses to pathogens and for immune tol-
erance to self and environmentally benign antigens. Any disruption of this symbiotic
relationship may lead to disease susceptibility [28]. In addition, the intestinal microbiota
exerts an influence on hormone synthesis, utilization, and metabolism, particularly andro-
gens and testosterone, affecting hormone levels throughout the reproductive system and
contributing to the treatment of reproductive issues [29,30]. Regarding interactions with the
neuroendocrine system, the gut microbiota can modulate the gut–brain–reproductive axis
through interactions with the neuroendocrine system (HPG axis), influencing reproductive
function by directly impacting nerve signaling and hormone secretion [31,32]. Additional
factors related to the gut microbiota and male reproductive health include malabsorption
of intestinal nutrients, intestinal inflammation, and microbiota-derived metabolites that
can impact healthy reproductive function. Studies have identified various bacteria within
the gut microbiota related to reproductive health, capable of directly influencing reproduc-
tive hormone levels or impeding the invasion of pathogens into reproductive organs by
disrupting intestinal microecosystem regulations. These bacteria can also cause aberrations
in the immune, endocrine, nervous, digestive, and other interconnected systems, indirectly
causing reproductive problems. Notable examples of such bacteria include Lactobacillus
spp., Bifidobacterium spp., Streptococcus spp., Anaplasma spp., Enterococcus spp., Clostridium
spp., and Bacillus spp., among others [33]. Lactobacilli, beneficial bacteria within the intesti-
nal microbiota, regulate the balance of acid and base of the organism through lactic acid
production, sustaining normal physiological functions. In the female reproductive tracts,
lactobacilli aid in maintaining a vaginal acidic environment, thwarting harmful bacterial
proliferation to protect reproductive health [34]. Bifidobacterium bifidum, an early colonizer
of the human gastrointestinal tract, promotes host health and helps maintain intestinal
microecological equilibrium, indirectly ensuring organismic reproductive health [35]. Bac-
teroidetes, beneficial intestinal microorganisms present in the intestines and various parts of
the body, metabolize indigestible polysaccharides and oligosaccharides while synthesizing
essential vitamins for the body and other intestinal microorganisms to sustain healthy life
activities, thus indirectly promoting reproductive health [36].

2. Possible Mechanisms
2.1. Regulation of the Immune System

The immune system comprises the innate immune system and the acquired immune
system, intricate defense mechanisms crucial to protecting the body against pathogens
such as bacteria, viruses, and fungi, and eliminating harmful entities to prevent diseases
such as cancer and autoimmune diseases [37]. The innate immune system represents
the body’s intrinsic defense mechanism spread across various tissues and cells, such as
skin tissues, mucous membrane tissues, natural killer cells, and macrophages. Although
this system responds rapidly, its specific recognition efficiency remains relatively low,
primarily serving to isolate foreign pathogens from internal body contact. On the other
hand, the acquired immune system learns to recognize and defend against pathogens
through exposure, classified into the T-cell immune system and the B-cell immune system.
T cells identify infected cells and pathogens, whereas B cells generate antibodies to bind
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to recognized pathogens, expelling them from bodily fluids [38]. The immune system is
vital to maintaining biological health of organisms, acting as a primary defense mechanism
against pathogenic attacks and the development of diseases, including cancer. Moreover,
interrelated with various body systems, any irregularities of the immune system can disrupt
the equilibrium of the body, leading to the onset of diseases, such as autoimmune diseases,
when the immune response becomes excessively active [39].

An imbalance in the gut microbiota disrupts the microecological environment of the
gut, impacting the immune system and consequently resulting in immune dysfunction.
This imbalance adversely affects multiple aspects of the immune system. Regarding im-
mune regulation, an imbalanced intestinal microbiota hinders the activity, growth, and
differentiation of T cells, B cells, and regulatory T cells, thus compromising the immune ca-
pacity and tolerance of the organism, especially affecting the mucosal immune system [40].
Regarding regulation of the inflammatory response, the imbalance of the gut microbiota
inhibits the signaling pathways of immune transduction between intestinal mucosal ep-
ithelial cells and immune cells, increasing the levels of overall organismic inflammatory
responses due to regulatory limitations. Furthermore, certain gut microorganisms pro-
duce anti-inflammatory agents such as short-chain fatty acids; an imbalance reduces their
production, intensifying inflammation levels [41]. It has now been shown that the gut
microorganisms that produce SCFA have been largely identified. For example, Akkermansia
muciniphila is recognized as the essential bacterium for the production of propionate, which
contributes to the degradation of mucins. Similarly, in the colon, Ruminococcus bromosus
makes a significant contribution to butyrate production by fermenting resistant starch.
In addition, Faecalibacterium prausnitzii, Eubacterium hallii, and Eubacterium rectale are also
recognized as major butyrate producers. Prevotella spp., Streptococcus spp., Lactobacillus
spp., Bifidobacterium spp., Clostridium spp., Clostridium mucilaginousum spp., Clostridium
hydrogenatum spp., and Ruminococcus spp. produce acetate as a SCFA metabolite via the
Wood–Jungdahl pathway and the pyruvate-decarboxylation to acetyl-CoA pathway [42].
E. hallii, Roseburia spp., Anaerostipes spp., Coprococcus comes, F. prausnitzii, E. rectale, C. catus,
and Coprococcus eutactus produce butyric acid via exogenous acetic acid and butyric acid
kinase pathways. Zoogloea ramigera, Megasphaera and Escherichia coli utilize thiolases to
process butyryl-CoA, propionyl-CoA, and acetyl-CoA to produce valeric acid and hexanoic
acid [43]. In terms of immune response, specific strains of the gut microbiota synthesize
immunosuppressive agents, such as polysaccharides, lipopolysaccharides, and peptides,
influencing organismic immune responses [44]. Disruption in the balance of the intestinal
microbiota can alter the levels of these immunosuppressive substances, affecting the effi-
ciency of immune function or leading to immune hyperactivity, thus resulting in immune
malfunction (Figure 1).

The testicular mesenchyme exhibits potent immunomodulatory activity, influencing
various immune cells such as macrophages, T cells, dendritic cells, mast cells, and others
to produce cytokines, androgens, and related immunomodulatory molecules. For exam-
ple, immune signaling pathways can be regulated by anti-inflammatory factors such as
TGF-β and IL-10, reducing immune responses and maintaining immune balance in the
testes [45,46]. These immune cells exhibit a high tolerance to germ cell autoantigens. On-
going research has identified androgens, prostaglandins, and microenvironmental cues
such as corticosterone as immunomodulatory molecules believed to shape the function and
phenotype of interstitial testicular immune cells [47]. Within the organism, macrophages in
the interstitium of human testes are classified into interstitial and peritubular macrophages,
comprising 62% of testicular myeloid cells, with interstitial macrophages of the rat testic-
ular interstitial macrophages constituting 80% of testicular leukocytes [48,49]. Therefore,
macrophages are the predominant immune cells in the testicular interstitium [50]. Studies
have shown a significant increase in testosterone production when interstitial macrophages
interact with conditioned medium for testicular macrophages, highlighting the crucial role
of close interactions between these cells in promoting testosterone synthesis [51]. Testicular
macrophages can produce the 25-hydroxycholesterol cytokine as a substrate for testosterone
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synthesis, positively impacting testosterone levels [52]. In CSF1 mutant mice lacking most
macrophages, testosterone levels in the testes decrease. Testosterone, which acts via the
androgen receptor in Sertoli cells, regulates spermatogenesis by modulating downstream
gene expression such as Rhox5, thus overseeing spermatogenesis processes, including
germ cell maintenance, integrity of the blood–testis barrier, meiotic completion, adhesion
of sperm to Sertoli, and sperm release [53,54]. Macrophages contribute to sperm prolifera-
tion and differentiation through the expression of the CSF1 and retinoic acid biosynthesis
enzymes ALDH1A2 and RDH10, and reduced macrophages in the testicular mesenchyme
alter spermatogonial differentiation [55].

Life 2024, 14, x FOR PEER REVIEW 5 of 18 
 

 

macrophages interact with conditioned medium for testicular macrophages, highlighting 
the crucial role of close interactions between these cells in promoting testosterone synthe-
sis [51]. Testicular macrophages can produce the 25-hydroxycholesterol cytokine as a sub-
strate for testosterone synthesis, positively impacting testosterone levels [52]. In CSF1 mu-
tant mice lacking most macrophages, testosterone levels in the testes decrease. Testos-
terone, which acts via the androgen receptor in Sertoli cells, regulates spermatogenesis by 
modulating downstream gene expression such as Rhox5, thus overseeing spermatogene-
sis processes, including germ cell maintenance, integrity of the blood–testis barrier, mei-
otic completion, adhesion of sperm to Sertoli, and sperm release [53,54]. Macrophages 
contribute to sperm proliferation and differentiation through the expression of the CSF1 
and retinoic acid biosynthesis enzymes ALDH1A2 and RDH10, and reduced macro-
phages in the testicular mesenchyme alter spermatogonial differentiation [55]. 

 
Figure 1. Impact of the gut microbiota on the immune system. 

In a healthy organism, lymphoid T cells constitute 10–20% of total leukocytes, spread 
throughout the interstitium. Unlike lymphoid B cells, lymphoid B cells are absent from 
the interstitial space in the testicular interstitium. Interstitial lymphocytes in the testes en-
compass effector T helper cell 1 (Th1), effector T cell 7 (Th17), and Tregs. In autoimmune 
diseases, the number of T cells in the testes increases significantly. Foxp3+ Tregs act as 
potent immunosuppressive cells found in rat, mouse, and human testes under physiolog-
ical conditions, contributing to the immunosuppressive properties of the testes. In partic-
ular, testosterone supplementation increases the population of CD4+ CD25+ Foxp3+ 
Tregs, mediated by androgen-induced binding of AR to the Foxp3 locus [56]. Dendritic 
cells, although a minor group among testicular immune cells, play a crucial role in deac-
tivating effector T cells, fostering Treg growth, and influencing the normal operations of 
the adaptive immune system in the testes. Immature dendritic cells under physiological 
conditions protect spermatocytes by binding antigens to normal spermatocytes, inducing 

Figure 1. Impact of the gut microbiota on the immune system.

In a healthy organism, lymphoid T cells constitute 10–20% of total leukocytes, spread
throughout the interstitium. Unlike lymphoid B cells, lymphoid B cells are absent from
the interstitial space in the testicular interstitium. Interstitial lymphocytes in the testes
encompass effector T helper cell 1 (Th1), effector T cell 7 (Th17), and Tregs. In autoimmune
diseases, the number of T cells in the testes increases significantly. Foxp3+ Tregs act as
potent immunosuppressive cells found in rat, mouse, and human testes under physiological
conditions, contributing to the immunosuppressive properties of the testes. In particular,
testosterone supplementation increases the population of CD4+ CD25+ Foxp3+ Tregs,
mediated by androgen-induced binding of AR to the Foxp3 locus [56]. Dendritic cells,
although a minor group among testicular immune cells, play a crucial role in deactivating
effector T cells, fostering Treg growth, and influencing the normal operations of the adaptive
immune system in the testes. Immature dendritic cells under physiological conditions
protect spermatocytes by binding antigens to normal spermatocytes, inducing tolerance.
However, mature dendritic cells, when stimulated, upregulate co-stimulatory proteins
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and inflammatory cytokines, leading to autoimmune T-cell activation, reducing immune
tolerance, and potentially causing male reproductive sterility [57].

In the testes, a variety of immune cells have been identified, each with unique
metabolic processes and mechanisms that play a critical role in their phenotype and regula-
tion of plasticity [58]. Inflammatory stimuli activate and polarize macrophages, leading
to metabolic reprogramming that shifts normal mitochondrial metabolism towards ROS
production, favoring glycolytic pathways. This change positively affects the transcription
of the pro-inflammatory cytokine IL-1β, known to reduce testicular steroid production,
and IL-1β itself, which positively influences autocrine cell regulation [59]. The relationship
to the autocrine regulatory function of cells is noteworthy. Different immune cells undergo
different metabolic processes and produce various metabolites in different external and
internal immune stimulation states. Metabolic processes not only enable macrophages
to produce immune cytokines but also allow other immune cells to generate different
immune factors with diverse functions. Immune cells can impact cytokine levels through
metabolic processes, whereas cytokines can reciprocally influence immune cell function
and metabolism. Activation of an immune cell by a relevant stimulus triggers changes
in cell metabolism and immune cytokine production, ultimately disrupting the normal
immune system function of the testes [60].

2.2. Effects of the Endocrine System

In the human body, the endocrine system serves as a vital regulatory mechanism,
responsible for secreting various hormones into the bloodstream to influence physiological
functions and cellular activities throughout the body [61]. This intricate system comprises
several essential endocrine glands, including the hypothalamus, thyroid, pancreas, pitu-
itary glands, adrenal glands, and gonads. The hypothalamus, located at the base of the
brain, regulates hormone release and influences the secretory activities of the pituitary
gland [62]. The thyroid, located in the front of the neck, produces thyroxine and triiodothy-
ronine, which are crucial for basal metabolism and energy balance. Likewise, the pancreas,
located in the abdominal cavity, releases insulin and glucagon, which are essential for
maintaining blood glucose homeostasis. The pituitary glands, located at the base of the
brain, secrete a variety of hormones, such as growth hormone, thyroid hormone, and
adrenocorticotropic hormone, essential for normal physiological functions [63]. Positioned
above the kidneys, the adrenal glands secrete adrenocorticotropic and adrenomedullary
hormones, which affect metabolic activities and immune functions. The gonads, which
include the testes and ovaries, produce androgens and estrogens, such as testosterone and
progesterone, crucial for the regulation of reproductive physiology [64]. In general, the
hormones produced by the endocrine system are essential to regulate metabolic activities,
growth, development, reproductive functions, and internal environment homeostasis. In-
teracting with the nervous system, the hypothalamus acts as a key mediator within the
endocrine system, which maintains hormone levels through negative feedback mechanisms.
Any dysregulation within the endocrine system can alter the internal homeostasis of the
organism, leading to various physiological abnormalities and diseases, such as diabetes
mellitus, hyperthyroidism, abnormal adrenal function, and sexual dysfunction [65].

The imbalance of the intestinal microbiota disrupts the homeostasis of the internal
environment of the body, affecting various physiological processes, especially the endocrine
system. This imbalance leads to abnormalities in the immune system, which affects the
immune function of the body, which is closely interlinked with the endocrine system.
Dysregulation of the intestinal microbiota initiates immune dysfunction, subsequently
influencing the stability of the endocrine system. Under normal conditions, the intestinal
barrier protects the mucosa of the microbiota and their metabolites. However, immune
dysfunction caused by the microbiota increases the inflammatory response in the intestines,
increasing mucosal permeability. This increased permeability allows the easier entry
of harmful substances into the internal environment, ultimately affecting the endocrine
organs through the bloodstream, thus compromising endocrine function [66,67]. The
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endocrine system relies on hormones secreted by endocrine glands to maintain normal
physiological functions of the body. Some intestinal microbiota are intricately connected to
the metabolism and physiological effects of relevant hormones in the body. For example, the
microbiota influence sex hormone levels such as testosterone and progesterone, disrupting
the negative feedback regulation loop of the endocrine system and leading to abnormal
secretion of sex hormones, consequently affecting reproductive function [68]. Gut microbes
produce anti-inflammatory substances such as short-chain fatty acids, which modulate
hormone sensitivity, such as insulin, in the digestive process, affecting the immune and
endocrine systems. In summary, when the balance of the gut microbiota is compromised,
the endocrine system is directly or indirectly affected, resulting in endocrine disorders.

The hypothalamic–pituitary–gonadal (HPG) axis, vital for the regulation of body
growth, development, and the reproductive system, plays a critical role [69]. Within the
HPG axis, the hypothalamus orchestrates the pulsatile release of gonadotropin-releasing
hormone (GnRH), which activates the pituitary–gonadal axis. GnRH stimulates the pitu-
itary gland to produce luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
which are crucial for male reproductive processes. LH regulates intertesticular cell function
and testosterone secretion, while FSH promotes germ cell division and sperm production,
as well as supporting energy metabolism in testicular germ cells. Testosterone, through
negative feedback, inhibits gonadotropin secretion, ensuring hormonal balance in the repro-
ductive system [70]. These hormones maintain internal environmental homeostasis in the
reproductive system, which is crucial for healthy physiological activities. On the HPG axis,
hormones facilitate spermatogenesis and regulate the quantity and quality of sperm [71,72].
During testicular metabolism, the energy requirements of germ cells within the testis are
addressed by support cells, which preferentially utilize lactic acid secreted by cells as the
raw material for the generation of ATP through the glycolytic pathway and the use of the
mitochondrial fatty acid oxidation pathway to satisfy the energy requirements of germ cells
for normal physiological processes [73]. Germ cell energy needs are met by support cells
using lactic acid, glucose, and lipids. FSH regulates energy substance uptake, glycolytic
metabolism, and lipids, which affects support cell metabolism [74–76]. Androgens and
estrogens regulate testicular support cell metabolism, influencing glycemic absorption and
lactic acid production [77]. The metabolic processes involved in the development and
functioning of reproductive cells require energy metabolism. For example, LH regulates
cholesterol metabolism to produce testosterone and other steroid hormones in testicular
cells, involving energy expenditure [78]. Hormone synthesis on the HPG axis is dependent
on endocrine system activity, particularly testosterone and steroid hormones, vital for
sperm production and normal male reproductive function (Figure 2).

Studies have shown that metabolic disorders of the endocrine system can induce
a variety of abnormalities in male reproductive function. The endocrine system of the
human body comprises various endocrine glands, such as the gonads (testes, ovaries),
adrenal glands, thyroid gland, hypothalamus, pituitary gland, and pancreas [79]. These
endocrine glands are interconnected and the hormones they secrete interact with each
other. Dysfunction in the hypothalamus, pituitary gland, and HPG axis gonads, as well as
disorders of the adrenal glands, thyroid gland, and pancreatic endocrine glands, can lead
to reproductive abnormalities in men. Specifically, disturbances in gonadal function can
affect the secretion of testosterone hormone by testicular interstitial cells, affecting sper-
matogenesis and the overall growth and development of the organism [80]. Dysfunction in
the hypothalamus can alter the levels of prohormone-releasing hormone and regulatory
hormones, causing an imbalance in the levels of hormones of the body, which in turn
impairs normal reproductive function. In cases of pituitary gland dysfunction, changes in
prohormone levels, particularly luteinizing hormone (LH) and follicle-stimulating hormone
(FSH), can disrupt sex hormone secretion, affecting sperm production and quality through
the negative feedback mechanism of the endocrine system. Adrenal dysfunction can result
in chronic overstimulation, leading to excessive cortisol secretion, which in turn interferes
with hormone production by the testes and affects male reproductive function [81]. Thyroid
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gland dysfunction can cause abnormalities in thyroid hormone secretion, leading to hyper-
thyroidism or hypothyroidism, both of which can alter normal hormone production by the
testes, affecting sex hormone secretion and sperm quality [82]. Pancreatic dysfunction can
lead to uncontrolled levels of insulin and glucagon, which can cause diabetes and obesity.
In cases of diabetes, glucose uptake and utilization in testicular cells, as well as energy
metabolism processes, are affected, ultimately affecting spermatogenesis [83]. Obesity can
alter lipid metabolism, increase estrogen production by adipocytes, reduce testosterone
and LH levels, and consequently decrease sperm production and quality, affecting male
reproductive health [84].
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2.3. Interaction of the Gut–Brain–Reproductive Axis

The concept of the brain–gut microbiome axis, which facilitates bidirectional commu-
nication between the gut, the gut microbiota, and the nervous system, has been elucidated
in relevant studies [85,86]. Experimental animal studies have confirmed the regulatory
role of the gut microbiota in the organism, and below, we elaborate on the mechanisms
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of the gut–brain axis using various research examples. The key to the association of the
gut microbiota with the central nervous system (CNS) are intermediates generated by the
gut microbiota, including short-chain fatty acids, secondary bile acids, and tryptophan
metabolites [87,88]. Tryptophan metabolites produced by the gut microbiota signal to the
CNS through multiple pathways, enhancing glucose metabolism by generating FGF19,
suppressing the HPA axis by producing FGF19, and promoting the release of GLP-1 and
PYY from L cells through the TGR5 receptor [89,90]. The production of short-chain fatty
acids leads to the production of leptin by adipocytes via GPR41, after transversely crossing
the CNS [91]. Similarly, the synthesis of secondary bile acids triggers the production of
CCK from EECs through tlr signaling through the CNS [92]. Intermediates can directly
convey signals to high levels through interactions with the intestinal mucosal system, en-
teroendocrine cells, and enterochromaffin cells, or they can traverse the intestinal mucosal
barrier into the bloodstream, subsequently acting at specific sites to transmit signals to
higher levels. Gut microbes release microbial signals that communicate directly via vagal
pathways and transmit signals from the spinal cord to nerves [93,94].

Numerous studies indicate a close relationship between the gut microbiota and im-
mune signaling in the nervous system. Studies in germ-free mice and mouse models
exposed to broad-spectrum antibiotics have revealed that disruptions in gut microbiota
neuromodulatory signaling lead to abnormalities in neurodevelopment and neurological
disorders in mice, underlining the intimate connection between the gut microbiota and the
mouse nervous system [95,96]. The development of microglia is regulated by both the gut
microbiota and the CNS. Microglia are brain tissue macrophages that comprise 10–15%
of brain macrophages, playing crucial roles in CNS development; early stage antigen pre-
sentation; direct communication with neurons, astrocytes, and blood vessels through cell
body extensions; and regulation of inflammation. Dysregulation of the microbiota results
in altered microglial levels, inflammatory diseases, altered organism homeostasis, and neu-
rological abnormalities [97,98]. Short-chain fatty acids synthesized by the gut microbiota
contribute to the growth, maturation, and maintenance of normal physiological functions
of microglia, highlighting the significance of the gut microbiome and the gut–brain axis
in microglia development studies. In essence, alterations in the gut microbiota affect the
functional activities of the CNS, while reciprocal changes in the CNS affect the balance of
the gut microbiota.

In the study of the HPG axis, it is important to understand that this axis comprises
the hypothalamus, pituitary gland, and gonads organized sequentially, thus forming the
hypothalamic–pituitary–gonadal axis (HPG) [99,100]. The HPG axis functions by releasing
hormones in response to signals from the nervous system, making it a crucial neuroen-
docrine system that primarily regulates various physiological activities, particularly those
related to growth and reproduction. Situated deep within the base of the brain, the hypotha-
lamus not only ensures bodily stability, but also serves as a vital link between the nervous
and endocrine systems [101]. Through input from the neural and peripheral nervous
system, the hypothalamus acts as the central control system, adjusting hormone levels to
maintain normal physiological functions even in the face of failure. Hormones within the
HPG axis act as chemical messengers that fine-tune the functioning of different body parts
upon release into the bloodstream, facilitating optimal organism performance. Neurons
stimulate the hypothalamus to secrete gonadotropin-releasing hormone (GnRH), which
triggers the pituitary gland to release follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), crucial for testosterone regulation in men and sperm production. The
pituitary gland, located below the hypothalamus, plays a pivotal role in hormone secretion,
including adrenocorticotropic hormone (ACTH), growth hormone (GH), and thyroid stimu-
lating hormone (TSH), all controlled by hypothalamic signals. In particular, the secretion of
LH and FSH is essential for maintaining male reproductive functions. The GnRH released
by the hypothalamus is vital for the final release of sex hormones through multiple neuronal
and epigenetic regulations. Recent research has highlighted the strong connection between
the hypothalamic–pituitary axis and the central nervous system [102,103], highlighting the
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intricate relationship and the potential wider implications of the neuroendocrine–HPG axis.
Kisspeptin neurons in the hypothalamus, crucial for the regulation of reproductive function,
are located centrally in both the anterior and posterior regions and play a key role in the
secretion of pulsatile gonadotropin-releasing hormones. Phoenixin (PNX) has emerged
as a significant neuropeptide that affects gonadotropin-releasing hormone secretion on
the HPG axis, particularly by regulating GnRH receptor expression in the pituitary gland.
Excess PNX secretion leads to decreased levels of gonadotropin, negatively affecting sperm
production and related reproductive functions [104] (Figure 3).
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3. Intervention and Treatment Strategies

Male infertility is usually associated with microbiota dysbiosis, an imbalance in the
composition and function of the microbiota. This imbalance is thought to affect infertil-
ity through various mechanisms. Inflammation and immune response: One important
mechanism linking microbiota dysbiosis to male infertility is the activation of inflammation
and immune response. In the case of male infertility, inflammation and immune response
can negatively affect sperm function and overall fertility, and ROS produced by the body
during inflammation can induce OS. It has now been shown that OS impairs the fluidity
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of the sperm plasma membrane and the integrity of the DNA, leading to reduced sperm
counts and impaired sperm function, which can negatively affect fertility. OS and its effect
on sperm quality: OS is an imbalance between ROS production and the body’s antioxidant
defenses, and it has been linked to male infertility [105]. Although ROS are essential for
reproduction, their overproduction can damage sperm DNA, impair sperm viability, and
increase susceptibility to genetic abnormalities. ROS alter sperm morphology, decrease
sperm concentration, and affect overall semen parameters. Mechanisms by which OS
affects sperm quality include lipid peroxidation, DNA damage, and impaired mitochon-
drial function. Mitochondrial function is critical for sperm motility because mitochondria
provide the energy required for sperm movement. Sperm motility is heavily dependent on
mitochondrial function, as these organelles play a crucial role in providing the necessary
energy for sperm motility. Impaired mitochondrial function reduces the production of
adenosine triphosphate (ATP), resulting in decreased sperm motility and fertility [106].
Impaired sperm function and viability: Sperm motility and dysfunction are common in
male infertility. The composition of the gut microbiota is influenced by factors such as
diet and the immune system, which can affect sperm function and viability. Dysbiosis of
the gut microbiota, characterized by reduced microbial diversity and growth of specific
bacterial taxa, has been associated with impaired sperm function and motility. Factors
such as oxidative stress, phage induction, and bacterial toxin release can trigger this dys-
biosis [107]. Notably, pathogenic bacteria can also negatively affect sperm function and
viability. Bacterial infections in the male reproductive tract can induce inflammation and
oxidative stress, affecting sperm quality and overall fertility. The presence of intracellular
bacteria in the male reproductive tract can trigger an immune response that interferes with
sperm function, leading to fertility problems [108].

Dysbiosis of the intestinal microbiota can cause a variety of disruptions in bodily
functions and metabolic processes, as well as abnormal system activities, increasing the risk
of disease. Thus, preventing intestinal microorganism dysbiosis is crucial to maintaining
normal physiological functions. As a general guideline, a balanced diet is recommended
that includes an abundance of vegetables, fruits, grains, and cereals rich in dietary fiber.
These foods can encourage the growth and proliferation of beneficial bacteria in the intesti-
nal microbiota. Careful cleaning of food surfaces is essential to prevent pesticide residues
from entering the digestive tract, potentially causing the demise of intestinal flora and
triggering dysbiosis of intestinal microflora. It is recommended to avoid pesticides such as
thiamethoxam and butachlor [109–114]. When using medications for common diseases, it is
important to limit the excessive use of disinfectants and bactericides to avoid disrupting the
intestinal microbiota. Similarly, overuse of antibiotics should be avoided as they can destroy
beneficial intestinal microorganisms, compromising the stability of the microbiota. It is rec-
ommended to practice good personal hygiene using mild detergents and avoiding strong
antibacterial products to maintain intestinal microbiota balance. Consumption of probiotic-
and prebiotic-rich beverages, containing live beneficial bacteria and food ingredients that
support probiotic growth, respectively, is encouraged [115–117]. Furthermore, moderating
smoking and alcohol consumption, ensuring adequate sleep, regular exercise, and stress
management all contribute positively to preventing intestinal microbiota dysbiosis.

The principles of treating intestinal microbiota dysbiosis can be classified into micro-
bial therapy and pharmacotherapy. Microbial therapy comprises probiotic therapy and
fecal transplantation therapy. Probiotics are commonly included in daily diets and offer
numerous benefits in maintaining healthy metabolic functions, such as promoting intestinal
health and regulating intestinal microbiota homeostasis. Probiotics can inhibit the growth
and reproduction of pathogenic microorganisms in the intestinal tract and ferment into var-
ious intestinal metabolites, such as short-chain fatty acids (SCFA) such as acetate, butyrate,
and propionate. These metabolites have favorable effects on the balance of Lactobacillus,
Bifidobacterium, and other bacteria in intestinal microbiota homeostasis, promoting the
growth and reproduction of beneficial bacteria [118,119]. Fecal transplantation therapy
(FMT) is a therapeutic strategy that involves transferring fecal material from a healthy
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donor to a recipient in order to reprogram the regulation of the gut microbiota, with the
objective of stabilizing the structural composition of the gut microbiota and normalizing its
function. The specific process of FMT includes the transfer of the intestinal microbiota from
a healthy organism to the intestinal tract of a diseased individual, which corrects intestinal
microbiota disorders within the recipient and treats the disease [120] (Figure 4).
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Drug therapy aimed at regulating intestinal microbial balance is a prominent focus
in current medical research. Among the limited drugs used to preserve the intestinal
microbiota, the Gannetna capsule (code name: GV-971) stands out. This capsule targets the
brain–gut axis, effectively restoring the intestinal microbiota; reducing abnormal concentra-
tions of amino acids in both blood and feces; and mitigating neuroinflammation associated
with peripheral helper T cells, particularly Th1 cells in the brain. Furthermore, compound
herbs have shown the potential to maintain intestinal microbiota homeostasis by influenc-
ing the structure, composition, and function of the intestinal flora [121]. Both microbial and
pharmacological treatments play a pivotal role in the balance of intestinal microorganisms,
leading to a lower prevalence of the disease and ensuring optimal metabolic activity in
the body.

4. Challenges and Future Research Directions

The study of male reproductive infertility mechanisms triggered by gut microbiota
dysbiosis has limitations, predominantly due to the use of animal models in research
with limited human evidence. The divergence between the gut microbiota in animals and
humans restricts the broad applicability of the study results. Although some research has
suggested a link between gut microbiota dysbiosis and male infertility, the evidence does
not establish a conclusive causal relationship, given the influence of various physiological
and external factors on male infertility. Insufficient research has been conducted on drug
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treatments for GI dysbiosis, specifically in regard to male infertility caused by GI dysbiosis.
This inadequacy underscores the limitations of drug use for this purpose.

The current focus of biomedical research is the link between the gut microbiota and
male reproductive infertility. To improve our understanding of how gut microbiota dysbio-
sis impacts male reproductive infertility mechanisms, in-depth analyses of gut microbiota
composition and diversity are imperative. Variations in the gut microbiota between indi-
viduals and specific microorganism content may significantly impact male reproductive
sterility. More research is essential to investigate how the gut microbiota influences the
activities of the immune and reproductive systems, contributing to male reproductive
abnormalities. Exploring these interactions is crucial for studying drugs used to treat men’s
reproductive health issues.

For future studies on the impact of the gut microbiota on male reproductive infertility,
several key areas should be emphasized. First, the establishment of systematic animal
models that closely mirror the mechanisms of the human gut and the composition of the
microbiota will elucidate how changes in the gut microbiota lead to male reproductive
sterility. Second, the focus should shift to understanding the regulatory mechanisms of the
body’s immune system. By exploring the intricate interplay between the gut microbiota
and the immune system, a deeper understanding of how gut microbiota imbalances dis-
rupt immune system homeostasis and impact male reproductive function can be achieved.
Lastly, integrating various scientific research methods such as molecular biology, molecular
biochemistry, immunology, and reproductive studies to investigate the relationship of the
gut microbiota with male reproductive infertility will provide a comprehensive under-
standing of the mechanisms, thereby laying a theoretical foundation for the treatment and
prevention of male reproductive issues.

5. Conclusions

In conclusion, the gut microbiota plays a vital role in maintaining normal reproductive
function in organisms by closely interacting with the body’s immune system. This symbi-
otic relationship ensures that the immune system’s metabolic activity functions effectively
to ward off pathogens, safeguarding the reproductive system, and upholding overall repro-
ductive health. A thriving gut microbiota also supports male sperm production and quality,
positively impacting fertility. Certain metabolites produced by intestinal microorganisms
can trigger inflammation, such as orchitis, which can affect fertility. Therefore, preserving
a healthy intestinal microbiota is crucial for the health of male reproductive organs. Pro-
moting intestinal health through a balanced diet, healthy lifestyle choices, and judicious
medication use is essential to maintain the equilibrium of the intestinal microbiota, protect
the male reproductive system, and promote its growth and development.

The significance of investigating the relationship between the gut microbiota and male
reproductive infertility lies in elucidating how a healthy gut microbiota enhances male
fertility, particularly in spermatogenesis and sperm quality. On the contrary, imbalances
in the gut microbiota can negatively impact reproductive health. This underscores the
crucial role of the gut microbiota in male reproductive processes. Research on how the
gut microbiota influences male reproductive health aims to explicate the entire chain of
influence and establish a theoretical foundation for future studies on drugs targeting gut
microbiota imbalance and male reproductive disorders. This research is of significant
importance for clinical applications.
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