Submitted 3 October 2024
Accepted 18 March 2025
Published 15 April 2025

Corresponding author
Cennikon Pakpahan,
cennikon.pakpahan@fk.unair.ac.id

Academic editor
Paul Ayayee

Additional Information and
Declarations can be found on
page 0

DOI 10.7717/peer;j.19289

© Copyright
2025 Pakpahan et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Potential relationship of the gut
microbiome with testosterone level in
men: a systematic review

Cennikon Pakpahan', Geraldo Laurus', Markus Christian Hartanto’,
Rajender Singh’, Ankur Saharan™*, Darmadi Darmadi’, Andri Rezano® and
Gito Wasian’

' Andrology Study Program, Department of Biomedical Sciences, Faculty of Medicine, Universitas Airlangga,
Surabaya, East Java, Indonesia

? Division of Endocrinology, Central Drug Research Institute India, Lucknow, Uttar Pradesh, India
? Faculty of Medicine, Amity University India, Noida, Uttar Pradesh, India
* Department of Human Genetic, McGill University, Montreal, Quebec, Canada

° Department of Internal Medicine, Faculty of Medicine, Universitas Sumatera Utara, Medan, North Sumatera,
Indonesia

¢ Department of Biomedical Sciences, Faculty of Medicine, Universitas Padjadjaran, Sumedang, West Java,
Indonesia

’ Department of Medical Biology, Faculty of Medicine, Universitas Indonesia, Jakarta, Indonesia

ABSTRACT

The gut microbiome influences the metabolism and health of several organs beyond
the gut and has recently gained considerable attention. The gut plays a central role in
food digestion, absorption, nutrition, and general health. Hence, the gut microbiome
has become a research subject for almost all health conditions. Imbalance or dysbiosis
in the gut microbiome can cause different health issues in men, including reproductive
and sexual health issues associated with testosterone levels. Several studies have
investigated the relationship between the gut microbiome and testosterone levels. In this
systematic review, we aimed to examine the relationship between the gut microbiome
and testosterone levels in men. Literature searches were conducted by scanning
PubMed, ProQuest, EBSCO, Taylor & Francis Online, Wiley Online, Springer Link,
Web of Science, Google Scholar, and Science Direct databases for relevant keywords
following the preferred reporting items for the systematic review guidelines. This
review included cross-sectional, case-control, retrospective, and prospective cohort
studies. Quality assessment was conducted using the Newcastle-Ottawa Scale. We
found a significant positive correlation between the gut microbiome and testosterone
levels in men. Several microbes play substantial roles in testosterone production.
Mechanisms have been proposed as factors that contribute to testosterone levels,
namely the hypothalamus-pituitary-gonad axis modulation, androgen metabolism, and
intestinal homeostasis, by balancing the bone morphogenic protein (BMP) and the Wnt
diverse microbiome. Ruminococcus showed a stronger correlation with testosterone
levels than other microorganisms. The gut microbiome has complex correlations with
testosterone metabolism. However, the microbiome with the most significant influence
on testosterone levels cannot be easily identified and requires further research.
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INTRODUCTION

A microbiome is a collection of all the taxa that constitute the microbial community in a
particular organ or system. Bacteria constitute approximately 99% of all microbiomes in the
human body, whereas other microorganisms, such as viruses, archaea, protozoa, and fungi,
constitute the remaining 1% (Marchesi et al., 2016). Several studies have demonstrated the
influence of the microbiome in predicting and improving the clinical outcomes of acne
vulgaris (Ruchiatan et al., 2023), atopic dermatitis (Menul Ayu Umborowati et al., 2022),
pemphigus vulgaris (Satriyo & Vidyani, 2024), neurodevelopment delay (Fadlyana et al.,
2022), tuberculosis (Wigoyah et al., 2021), and sexual dysfunction (Darmadi et al., 2024).
The human gut microbiome has the highest density and number of microorganisms,
with the small intestine and colon differing in their relative abundances (greater density
at the distal end than at the proximal end) (Marchesi et al., 2016; Schroeder ¢ Biickhed,
2016). Trillions of microbes inhabit the gut of healthy individuals, with different parts
of the gut harboring different microorganisms. The stomach and duodenum contain
approximately 10'~10> CFU/mL of the gut microbiome, the jejunum and ileum contain
10*-10® CFU/mL of gut microbes, and the colon with 101°-10'> CFU/mL is the most
abundant in gut microbes (Cresci ¢ Bawden, 2015). The majority of the gut microbiome
comprises only five phyla (Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and
Verrucomicrobia). However, the numbers and species diversity varies considerably. Most of
the gut microbiome is comprised of anaerobic bacteria with a mass of 1.5-2 kg (Schroeder ¢
Biickhed, 2016). The remaining 1% of the microorganisms in the human body are found in
the respiratory, digestive, integumentary, and reproductive systems (Kim, 2022; Koedooder
etal., 2019).

The gut microbiome is established early in life and remains relatively constant
throughout adulthood. It is influenced by several factors such as genotype, body mass
index (BMI), lifestyle, physical activity, and dietary and cultural habits (Koliada et al.,
2021). Metagenomic research has demonstrated that ethnicity, age, stress, psychological
factors, antibiotics, health of the pregnant mother, and delivery method influence the
gut microbiome. The host and the microbiome communicate bidirectionally and affect
each other’s functions (Kim, 2022). The gut microbiome influences health and disease
physiology by affecting the metabolic functions and immune system, protecting against
pathogens, and directly or indirectly contributing to various physiological processes
(Shreiner, Kao ¢ Young, 2015). It also communicates with the brain through the gut-brain
axis (Ranuh et al., 2019). The gut microbiome is involved in the development, maturation,
modulation, and stimulation of the host (Vemuri et al., 2019). Furthermore, the gut
microbiota regulates metabolism by producing vitamins and short-chain fatty acids
(SCFAs). The gut microbiome interacts with the intestine locally; it also interacts with and
affects distant organs such as the adipose tissues, liver, pancreas, cardiovascular system,
brain, lungs, and reproductive system. Each of these organs forms a network with the
intestines, and the gut microbiome influences almost every organ of the human body (Li
et al., 2022).
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The interaction between gut microbiome and reproductive hormones was first
introduced by Flak, Neves ¢» Blumberg (2013) under the term “microgenderome”. In
the testicles, Leydig cells produce testosterone, the main sex steroid, at a secretion
rate of 7 mg/day (Hohl, 2023). The adrenal gland also produces approximately 5% of
total testosterone. Testosterone can bind to sex hormone-binding globulin (SHBG)
and albumin or circulate freely in plasma. The fundamental mechanism that influences
testosterone production is the hypothalamic-pituitary-testicular axis. The gonadotropin-
releasing hormone secreted by the hypothalamus stimulates the pituitary gland to
release luteinizing hormone, which then stimulates the testes to produce testosterone
(Hohl, 2023). Testosterone is essential for masculinization, normal sexual function, and
spermatogenesis (Brinkmann, 2011; MacLeod et al., 2010). It targets the brain, skin, muscle,
bone, hair follicles, and hematopoietic system. This vast biological effect demonstrates that
testosterone is important for the overall health of men, including mood, energy levels, and
cognitive function (Li et al., 2022). Studies have suggested a possible relationship between
the gut microbiome and androgen levels in men. Androgens can profoundly alter gut flora
via a complex pathway (Harada et al., 2016). Yan et al. (2024) reported a causal effect of
SHBG on gut microbiota. Higher SHBG levels in men were associated with Dorea and
Clostridiales. Genome-wide association studies have shown that Alphaproteobacteria are
associated with high levels of SHBG, a carrier of sex hormones (Yan et al., 2024). The gut
microbiome may also influence testosterone production and metabolism through various
mechanisms (Colldén et al., 2019). Emerging evidence suggests that the gut microbiome
influences testosterone production through various mechanisms. One proposed pathway
involves the modulation of the hypothalamic-pituitary-gonadal (HPG) axis, where the
gut microbiota may affect the release of gonadotropin-releasing hormone (GnRH) and,
consequently, luteinizing hormone (LH), which stimulates testosterone synthesis in the
testes (Chen et al., 2024). Additionally, certain gut microbes possess steroid-processing
enzymes that can directly affect androgen metabolism, contributing to testosterone levels
in circulation (Tang et al., 2024; Zou et al., 2024). In contrast, testosterone and other
hormones influence the gut microbiome. Diet, lifestyle, toxins, and drugs, among other
factors, can influence the gut microbiome (Li et al., 2022). Presently, no conclusive evidence
is available supporting a direct link between the microbiome and testosterone levels, and
the microgenome theory remains unproven. The gut microbiome may also affect sexual
and reproductive problems in men, including infertility.

Notably, researchers have conducted a comprehensive analysis to evaluate the association
between the gut microbiome and sex hormone levels in women (D’Afflitto et al., 2022);
however, a similar analysis has not been conducted for men. In this systematic study, we
aimed to determine the significance of microgenderomes and the probable relationship
between the gut microbiome and testosterone levels in men.

MATERIALS AND METHODS

Search strategy and selection
We conducted a systematic review following the Preferred Reporting Items for Systematic
Review and Meta-Analysis (PRISMA) 2020 guidelines (Page et al., 2021) and registered

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 3/20


https://peerj.com
http://dx.doi.org/10.7717/peerj.19289

Peer

this review in the PROSPERO database (CRD42022350064). In this systematic review, we
aimed to assess the literature addressing the association between male testosterone levels
and the gut microbiome without setting any filters on the publication date. We searched
PubMed, ProQuest, EBSCO, Taylor and Francis Online, Wiley Online, Springer Link,
Web of Science, ScienceDirect, and Google Scholar databases using the MeSH terms “gut
microbiome” or “microflora” and “testosterone” or “sex steroid” and “male.”

Inclusion and exclusion criteria

This review included observational studies (cross-sectional, case-control, retrospective,
and prospective cohorts). We included studies with male subjects or any study on the
microbiome that included male subjects, those involving testosterone or sex steroid
examinations, and those published in English. Our main finding was the association
between the gut microbiome and testosterone levels, which was evident with and without
statistical analysis. Duplicate, non-human, irrelevant, and review articles were excluded.

Search strategy, study selection, and data extraction

Three authors (CP, GL, and MCH) performed keyword searches of the specified databases.
All studies that matched the keyword findings were exported to the Mendeley reference
manager. Duplicate screening was performed using Mendeley, followed by screening

of titles and types of articles; two authors independently evaluated the articles using
abstracts. In case of disagreement during screening/data extraction, the authors discussed
it internally until an agreement was reached. For example, the design of the study included
and the results. The authors also asked experts who were not included in the group for
consideration. The PRISMA flowchart shows the study exclusion process and related
reasons (Fig. 1).

Data were extracted from all eligible studies (CP, GL, and MCH). The first author’s
name, publication year, research type, inclusion/exclusion criteria, sample size, dominant
microbiome type, and study outcomes were recorded in an Excel spreadsheet. This
information was obtained from the individual studies. The authors were contacted to
obtain the missing information, if any. Statistical significance of the results was determined
using appropriate measures of association, such as relative risk (RR), odds ratio (OR),
or correlation coefficient (r), along with corresponding p-values. All authors collectively
examined all the findings including those that were challenging to interpret. We performed
qualitative analyses and comparisons without conducting quantitative analyses because
statistical analyses and presentations differed across the studies.

Quality assessment

We evaluated the quality of the included studies using the Newcastle-Ottawa scale (Ottawa
Hospital Research Institute, 2024). Studies with a score > of seven were included in this
review.

Ethical approval

No ethical approval was deemed necessary given the nature of the review.
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Figure 1 PRISMA flowchart. The process of excluding research studies and the reasons for exclusion.

Full-size &l DOL: 10.7717/peerj.19289/fig-1

RESULTS

Study findings and characteristics
We examined 929 studies from eight databases. After screening, ten studies were deemed
appropriate for qualitative analysis. Figure 1 shows the selection procedure for eligible

studies and the reasons for exclusion. The ten eligible studies were observational and
analytical studies published between 2019 and 2024. According to the Newcastle-Ottawa
scale for the qualitative assessment of studies, four were of high quality (score 9) and six
were of medium quality (score 8). Therefore, the results or interpretation of each included

studies in this review were adequate. These studies were conducted on seven populations:
Spanish, Japanese, Ukrainian, Australian, American, Chinese, and Korean. The total sample
size in these studies was 35.904 males, whereas one study used an in vifro procedure. Some
of these studies also collected data from women. However, our analysis focused only on

male participants. Therefore, we used data from men for the qualitative analysis, as the

review focused on male populations. Table 1 presents the details and characteristics of
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the included studies. Our assessment of the quality of all studies included using the New
Ottawa Scale >8, indicating that the included studies were of good quality for review.

Outcome

We examined the relationship between the gut microbiome and testosterone levels in
men (Table 2). However, a quantitative analysis was not performed in this review
because each study employed different parameters. These six studies differed in their
reporting of the dominant microbiome types in their subjects. Furthermore, some studies
provided only phyla, rather than microbiome species (Jie et al., 2021; Matsushita et al.,
2022b; Shin et al., 2019). A qualitative analysis of these studies suggests that the gut
microbiome has a significant impact on testosterone levels in men. Wilmanski et al.
(2019) discovered that the gut microbiome positively correlated with testosterone’s
metabolic outcome (5a-androstane-38-17a-diol disulfate), and Bacteroides were anti-
correlated with this metabolite. Similarly, Shin et al. (2019) reported that Acinetobacter
(r =0.3782, p=10.0359), Dorea (r = 0.3976, p = 0.0268), Megammonas (r = 0.4161,

p =0.0199), and Ruminococcus (r = 0.4589, p =0.0094) correlated with testosterone
levels in men. Jie ef al. (2021) found that the gut microbiome had the greatest predictive
power for metabolites and plasma hormones, including testosterone. Matsushita et al.
(2022b) reported an association between the gut microbiome and testosterone levels in a
Japanese population and testosterone levels, indicating that the number of Firmicutes in
the gut correlated with serum testosterone levels (r = 0.3323, p =0.0141) (Matsushita et
al., 2022a). These reports are consistent with the finding that the gut microbiome affects
testosterone levels.

In each study, several microbial types, such as the phyla Bacteroidetes and Firmicutes
were consistently prevalent (Jie et al., 2021; Koliada et al., 2021; Matsushita et al., 2022b;
Mayneris-Perxachs et al., 2020; Shin et al., 2019; Wilmanski et al., 2019). No other phyla
were identified in any of the qualitative investigations. In contrast, Mayneris-Perxachs
et al. (2020) examined an orthogonal partial least squares model to predict circulating
testosterone levels and reported that the gut microbiome could not predict circulating
testosterone levels.

The gut microbiome influences testosterone levels, and testosterone controls gut
microbiome diversity. This is consistent with the findings of Matsushita et al. (2022b),
who reported a more significant number of gut microbes in the high-testosterone group
than in the low-testosterone group. Koliada et al. (2021) reported similar findings, in
which the type and number of specific microbiomes differed between men and women.
This is considered valid because testosterone levels differ significantly between men and
women (Koliada et al., 2021). The prevalence of the gut microbiome may be influenced by
comorbidities, obesity, dietary patterns, and lifestyle factors.

All the included studies had different microbiomes and statistical outputs; therefore, we
could not continue the quantitative analysis or meta-analysis.
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DISCUSSION

Ten studies reported the relationship between the gut microbiome and testosterone levels.
Wilmanski et al. (2019) discovered that the gut microbiome positively correlated with a
testosterone metabolite (5¢-androstane-38-17«-diol disulfate), and Bacteroides were anti-
correlated with this metabolite. Shin et al. (2019) reported that Acinetobacter (r =0.3782,
p=0.0359), Dorea (r =0.3976, p=0.0268), Megammonas (r =0.4161, p =0.0199), and
Ruminococcus (r = 0.4589, p = 0.0094) positively correlated with testosterone levels in
men. Jie et al. (2021) found that the gut microbiome had the greatest predictive power
for metabolites and plasma hormones. Matsushita et al. (2022b) reported an association
between the gut microbiome and testosterone levels in a Japanese population, with the
specific finding that the number of Firmicutes in the gut correlated with testosterone levels
(r=0.3323, p=0.0141).

Identifying the specific microbes that predominantly affect testosterone levels could be
valuable. Several microbiome types were consistently reported across studies, such as the
phylums Bacteroidetes and Firmicutes (Jie et al., 2021; Koliada et al., 2021; Matsushita et al.,
2022b; Mayneris-Perxachs et al., 2020; Shin et al., 2019; Wilmanski et al., 2019). In contrast
to the other study findings, Mayneris-Perxachs et al. (2020) used an orthogonal partial least
squares model to predict circulating testosterone levels in men and found that the gut
microbiome could not predict circulating testosterone levels. A quantitative analysis of
these study findings would be valuable; however, the data presentation across these studies
differed significantly. Furthermore, some studies have reported only phyla rather than
specific microbiome species (Jie et al., 2021; Matsushita et al., 2022b; Shin et al., 2019).

Thus, the gut microbiome influences testosterone levels, which may also control gut
microbiome diversity. This is consistent with the findings of Matsushita et al. (2022b), who
discovered a more significant number of gut microbes in the high-testosterone group than
in the low-testosterone group. Androgens maintain intestinal homeostasis by balancing
bone morphogenetic proteins and wingless/transforming growth factor-beta signaling in
stromal cells (Y et al., 2020). Therefore, the role of androgens in regulating the intestinal
barrier and microenvironment may affect and govern the gut microbiome.

Sex hormones, such as estrogen and testosterone, influence gut microbiome diversity
(D’Afflitto et al., 2022; Ma ¢ Li, 2019). High estrogen levels are associated with higher
Bacteroidetes levels and lower levels of Firmicutes and the Ruminococcaceae family (D Afflitto
et al., 2022). Progesterone boosts Bacteroides and Prevotella intermedius growth in mice
(He et al., 2021). The gut microbiome composition of female mice was similar to that
of castrated male mice (He et al., 2021). Males with high testosterone levels had higher
gut microbiome diversity. After puberty, males have relatively lower o gut microbiome
diversity than females (Wang et al., 2019); however, a Japanese study reported different
results (Matsushita et al., 2022b). The gut microbiome diversity did not differ significantly
between males and females (Takagi et al., 2019).

Shin et al. (2019) observed that Acitenobacter, Dorea, Ruminococcus, and Megamonas
were prevalent in males with high testosterone levels, whereas Atopobium was less common.
Of the gut microbiomes, Ruminoccus was the genus most significantly associated with
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testosterone levels. Other studies conducted under different conditions and locations
have revealed significant differences in the gut microbiomes (Fransen et al., 2017; Haro et
al., 2016; Markle et al., 2013). Firmicutes and Actinobacteria were more prevalent in men
than in women, whereas Bacteroidetes were less prevalent (Koliada et al., 2021). Koliada
et al. (2021) reported similar findings, in which men and women had different types and
numbers of specific microbiomes. Sex-specific differences in the gut microbiome may
be associated with the differences in hormone metabolism, sexual function, and health
profiles between men and women.

Shin et al. (2019) reported that Acinetobacter, Dorea, Megammonas, and Ruminococcus
were positively correlated with serum testosterone levels in Korean men. However,
Mayneris-Perxachs et al. (2020) reported that Actinobacteria, Proteobacteria, Firmicutes, and
Verrucomicrobia were negatively associated with testosterone levels in Spanish men, whereas
Prevotellaceae, Cytophagaceae, Fibrobacteriaceae, Sphingobacteriaceae, and Idiomarinaceae
were positively associated with testosterone levels. Matsushita et al. (2022b) also reported
that Firmicutes were positively correlated with testosterone levels in a Japanese male
population. In addition, Wilmanski et al. (2019) reported that microbiome diversity is
positively associated with androstane-3-17-diol disulfate (a testosterone metabolite).
The strongest positive predictor, 5-androstan-3-17 diol disulfate, also correlated with
the Bacteroides genus, suggesting that the dominance of this taxon was linked to a
decline in Shannon diversity. Diet, drugs/pharmaceuticals, geography, birth process,
infant feeding methods, stress (exercise, metabolic, and psychological), lifestyle, physical
activity, genotype, BMI, and cultural practices determine gut microbiome diversity (Cresci
¢ Bawden, 2015; Koliada et al., 2021).

Host and gut microbiomes communicate bidirectionally, indicating that they influence
each other’s functions (Kim, 2022). A well-known function of the gut microbiome is to
modulate the immune system (particularly the innate immune system) which influences
gut-specific diseases and conditions. Obesity-related diseases, liver diseases, inflammatory
bowel diseases, and colitis-associated malignancies are associated with the gut microbiome
(Marchesi et al., 2016). Folates, indoles, secondary bile acids, trimethylamine-N -oxide,
neurotransmitters (serotonin and gamma-aminobutyric acid), and short-chain fatty acids
(SCFA) are vital metabolites in the gut microbiome. Previous study findings show that
these microbial metabolites affect the host metabolism by binding to specific nuclear
receptors or membranes. SCFA are the most widely investigated metabolites because they
are recognized by G-protein-coupled receptors (GPR-41 and GPR-43). Stimulation of these
receptors by short-chain fatty acids (SCFA) activates the secretion of peptide-1, such as
glucagon or peptide YY, which plays a role in glucose metabolism. The gut microbiome can
also influence testosterone levels through the gut-brain axis. Alterations in the composition
of the gut microbiome and its active metabolites, such as trimethylamine N-oxide and
lipopolysaccharides, cause an imbalance in gastrointestinal homeostasis, resulting in an
inflammatory state, glycometabolic disorders, and insulin resistance (Tanase et al., 2020).
Lachnospirales were identified as the cause of substantial increases in plasma glucose and
reduced serum insulin in colonized germ-free mice; however, no study has reported the
direct effect of this species on the synthesis or metabolism of testosterone in type 2 diabetes
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mellitus patients (Liu et al., 2022). In addition, gut-derived bacterial endotoxins may trigger
testosterone deficiency in men with obesity by impairing testosterone production in the
Leydig cells (Tremellen, 2016).

Notably, germ-free male mice have a distinct transcriptional profile in the hippocampus
compared to conventionally raised mice (Zhou et al., 2020). The most interesting difference
was in the transcription factor associated with gonadotropin-releasing hormone signaling,
suggesting that the gut microbiota may influence androgen synthesis by interacting with
the hypothalamic-pituitary-gonadal axis (Seminara & Crowley, 2008; Zhou et al., 2020).
Microbes act on different organs by activating the enteroendocrine cells to produce
hormones (Cani, 2018). This shows the versatility of the gut microbiome to affect distant
organs such as the testicles (Li et al., 2022).

The gut microbiome is a key regulator of androgen metabolism, and (Colldén et al.,
2019; Yoon ¢ Kim, 2021) testosterone and dihydrotestosterone can be conjugated by
glucuronidation, which increases their water solubility. These glucuronidated androgens
are excreted in urine or through bile into the small intestine. An in vitro study showed
that Clostridium scindens has the potential to cleave the side chains of host glucocorticoids,
converting them into androgens, and (Ridlon et al., 2013) Colldén et al. (2019) reported
the involvement of the gut microbiome in androgen metabolism and glucuronidation.
Gut flora may efficiently deglucuronidate the intestinal glucuronidated testosterone and
dihydrotestosterone excreted by the liver (Colldén et al., 2019). According to a previous
study, germ-free mice have higher glucuronidated testosterone and dihydrotestosterone
levels in their intestines than their counterparts (He et al., 2021; Markle et al., 2013).

In contrast, free dihydrotestosterone levels increase in the blood, highlighting the
importance of the gut microbiome in preventing excretion and sustaining testosterone
levels. Microbiome transplantation reverses this effect (Aguilera, Gdlvez-Ontiveros ¢
Rivas, 2020; He et al., 2021). In addition to their deglucuronidation activity, some specific
microbial taxa express steroid-processing enzymes that enable them to directly metabolize
steroid hormones (Li et al., 2022). Widely distributed environmental bacteria may feed
on testosterone and other steroids to eliminate contamination (Chen et al., 2016). The
endobolome involves the gut microbiota genes, pathways, and enzymes involved in steroid
hormone metabolism (Aguilera, Gdlvez-Ontiveros & Rivas, 2020). The gut microbiome
expresses classic steroid-metabolizing enzymes such as 17,20-desmolase, 20a-HSDH,
3a-HSDH, 20b-HSDH, and 5b-reductase (Aguilera, Gdlvez-Ontiveros ¢ Rivas, 2020; He et
al., 2021). Diviccaro et al. (2020) observed that dihydrotestosterone, 3a-diol, and 17b-E,
testosterone metabolites, were substantially higher in the colon than in the plasma.
Specific bacteria such as Butyricicoccus desmolans and Clostridiu scindens, possess steroid-
metabolizing enzymes that can convert and use sex steroids (Ly et al., 2020; Maffei et al.,
20225 Ridlon et al., 2013).

Another proposed mechanism involving the gut microbiome and androgens is sex
hormone-binding globulin (SHBG) metabolism. Yan ef al. (2024) reported a causal effect
of SHBG on the gut microbiota. Higher SHBG levels in men were associated with Dorea
and Clostridiales (Yan et al., 2024). In contrast, the gut microbiome may also influence
testosterone production and metabolism (Colldén et al., 2019). Genome-wide association
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studies have shown Alphaproteobacteria are associated with high levels of SHBG, a carrier
of sex hormones (Yan et al., 2024). Microbiome modulation is an emerging therapeutic
strategy that affects testosterone levels in men. Altering the composition of the gut
microbiome may enhance microbial taxa associated with healthy testosterone levels.
Probiotic supplementation, dietary interventions, prebiotic intake, and fecal microbiota
transplantation (FMT) are under investigation for their potential to restore or optimize
gut microbiota composition and could serve as novel treatment pathways for testosterone-
related disorders.

This study has some limitations. First, this review included a small number of studies;
only ten studies met the inclusion criteria. While the meta-analysis included a substantial
sample size of 35,904 men, the limited number of studies involved may render the
conclusions susceptible to modification by future research. Second, the included studies
showed significant heterogeneity. The studies included in this review were conducted on
six populations: Spanish, Japanese, Ukrainian, Australian, American, Chinese, and Korean.
However, these findings may not apply to other ethnicities. Third, we could not perform
quantitative analysis. A quantitative analysis with big data from different background, such
as different races, would have provided a better and clearer picture of the biodiversity of the
microbiomes and the relationship between the gut microbiomes and testosterone levels,
limiting our conclusions to being qualitative. Future research should focus on identifying
the microbial taxa that are most beneficial for testosterone production and investigating the
effects of targeted microbiome interventions in clinical settings. Clinical trials evaluating
the impact of specific probiotics, dietary adjustments, and FMT on testosterone levels
could provide insights into effective strategies for managing low testosterone levels via
microbiome modulation. Additionally, exploring personalized microbiome therapies
could be a promising avenue for precision medicine, enabling interventions tailored to
individual gut microbiome profiles.

CONCLUSION

In conclusion, most studies reported a significant relationship between the gut microbiome
and testosterone levels. Of the ten studies included in this review, a significant relationship
was observed between the gut microbiome and testosterone levels. The association between
the gut microbiome and testosterone levels appears to be bidirectional, although its extent
remains unclear. The gut microbiome has a qualitative relationship with testosterone levels;
however, the exact quantitative relationship remains unknown. The findings regarding
microbial diversity differed significantly across studies. It would be interesting to determine
whether specific types of microorganisms are correlated with higher testosterone levels.
This will be useful for designing microbiome transplants for therapeutic purposes. The
gut-testicular and gut-brain axes could have significant effects on testosterone production,
metabolism, and action. Nevertheless, the relationship between the microbiome and
testosterone levels is not straightforward, as comorbidities, obesity, dietary patterns, and
lifestyle may influence the gut microbiome. This field is still in its infancy and much work
is required to determine the association between the gut microbiome and testosterone
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levels. Future research should focus on standardizing microbiome analysis techniques and

identifying the microbial taxa most critical for testosterone production.

List of Abbreviations

BMP bone morphogenic protein
CFU colony-forming unit
BMI body mass index
SCFAs short-chain fatty acids
SHBG sex hormone-binding globulin
HPA hypothalamic-pituitary-gonadal axis
PRISMA  preferred reporting items for systematic review and meta-analysis
GPR G-protein-coupled receptors
ADDITIONAL INFORMATION AND DECLARATIONS
Funding

The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

Cennikon Pakpahan conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

Geraldo Laurus conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the article, and approved the final
draft.

Markus Christian Hartanto conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, and approved the final
draft.

Rajender Singh analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.

Ankur Saharan analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.

Darmadi Darmadi performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.

Andri Rezano performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.

Gito Wasian performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

Ethics

The following information was supplied relating to ethical approvals (i.e., approving body

and any reference numbers):

PROSPERO (CRD42022350064)

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 16/20


https://peerj.com
http://dx.doi.org/10.7717/peerj.19289

Peer

Data Availability
The following information was supplied regarding data availability:
This is a systematic review/meta-analysis.

Supplemental Information

Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.192894#supplemental-information.

REFERENCES

Aguilera M, Galvez-Ontiveros Y, Rivas A. 2020. Endobolome, a new concept for
determining the influence of microbiota disrupting chemicals (MDC) in rela-
tion to specific endocrine pathogenesis. Frontiers in Microbiology 11:578007
DOI 10.3389/FMICB.2020.578007.

Brinkmann AQ. 2011. Molecular mechanisms of androgen action—a historical perspec-
tive. Methods in Molecular Biology 776:3-24 DOI 10.1007/978-1-61779-243-4_1.

Cani PD. 2018. Human gut microbiome: hopes, threats and promises. Gut
67:1716-1725 DOI 10.1136/GUTJNL-2018-316723.

Chen YL, Wang CH, Yang FC, Ismail W, Wang PH, Shih CJ, Wu YC, Chiang YR.

2016. Identification of Comamonas testosteroni as an androgen degrader in sewage.
Scientific Reports 6:1-13 DOT 10.1038/srep35386.

Chen W, Zou H, Xu H, Cao R, Zhang H, Zhang Y, Zhao J. 2024. The potential
influence and intervention measures of gut microbiota on sperm: it is time
to focus on testis-gut microbiota axis. Frontiers in Microbiology 15:1478082
DOI 10.3389/fmicb.2024.1478082.

Colldén H, Landin A, Wallenius V, Elebring E, Findriks L, Nilsson ME, Ryberg
H, Poutanen M, Sjogren K, Vandenput L, Ohlsson C. 2019. The gut mi-
crobiota is a major regulator of androgen metabolism in intestinal contents.
American Journal of Physiology - Endocrinology and Metabolism 317:E1182
DOI 10.1152/AJPENDO.00338.2019.

Cresci GA, Bawden E. 2015. Gut microbiome: what we do and don’t know. Nutrition in
Clinical Practice 30:734-746 DOI 10.1177/0884533615609899.

D’Afflitto M, Upadhyaya A, Green A, Peiris M. 2022. Association between sex hormone
levels and gut microbiota composition and diversity —a systematic review. Journal of
Clinical Gastroenterology 56:384-392 DOI 10.1097/MCG.0000000000001676.

Darmadi D, Pakpahan C, Singh R, Saharan A, Pasaribu WS, Hermansyah H, Rezano A.
2024. Inflammatory bowel disease (ulcerative colitis type) severity shows inverse cor-
relation with semen parameters and testosterone levels. Asian Journal of Andrology
26(2):155—-159 DOT 10.4103/AJA202353.

Diviccaro S, Giatti S, Borgo F, Falvo E, Caruso D, Garcia-Segura LM, Melcangi
RC. 2020. Steroidogenic machinery in the adult rat colon. The Journal of Steroid
Biochemistry and Molecular Biology 203:105732 DOI 10.1016/].JSBMB.2020.105732.

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 17/20


https://peerj.com
http://dx.doi.org/10.7717/peerj.19289#supplemental-information
http://dx.doi.org/10.7717/peerj.19289#supplemental-information
http://dx.doi.org/10.3389/FMICB.2020.578007
http://dx.doi.org/10.1007/978-1-61779-243-4_1
http://dx.doi.org/10.1136/GUTJNL-2018-316723
http://dx.doi.org/10.1038/srep35386
http://dx.doi.org/10.3389/fmicb.2024.1478082
http://dx.doi.org/10.1152/AJPENDO.00338.2019
http://dx.doi.org/10.1177/0884533615609899
http://dx.doi.org/10.1097/MCG.0000000000001676
http://dx.doi.org/10.4103/AJA202353
http://dx.doi.org/10.1016/J.JSBMB.2020.105732
http://dx.doi.org/10.7717/peerj.19289

Peer

Fadlyana E, Soemarko DS, Endaryanto A, Haryanto B, Darma A, Dewi DK, Chandra
DN, Hartono B, Buftheim S, Wasito E, Sundjaya T, Basrowi RW. 2022. The impact
of air pollution on gut microbiota and children’s health: an expert consensus.
Children 9:765 DOI 10.3390/CHILDREN9060765.

Flak MB, Neves JF, Blumberg RS. 2013. Immunology. Welcome to the microgenderome.
Science 339:1044-1045 DOI 10.1126/SCIENCE.1236226.

Fransen F, Van Beek AA, Borghuis T, Meijer B, Hugenholtz F, Van der Gaast-de Jongh
C, Savelkoul HF, De Jonge MI, Faas MM, Boekschoten MV, Smidt H, Aidy SEl,

De Vos P. 2017. The impact of gut microbiota on gender-specific differences in
immunity. Frontiers in Immunology 8:264981 DOI 10.3389/FIMMU.2017.00754.

Harada N, Hanaoka R, Hanada K, Izawa T, Inui H, Yamaji R. 2016. Hypogo-
nadism alters cecal and fecal microbiota in male mice. Gut Microbes 7:533-539
DOI 10.1080/19490976.2016.1239680.

Haro C, Rangel-Zuniga OA, Alcala-Diaz JF, Gomez-Delgado F, Pérez-Martinez P,
Delgado-Lista J, Quintana-Navarro GM, Landa BB, Navas-Cortés JA, Tena-
Sempere M, Lopez-Miranda J, Clemente JC, Pérez-Jiménez F, Camargo A. 2016.
Intestinal microbiota is influenced by gender and body mass index. PLOS ONE
11:e0154090 DOI 10.1371/JOURNAL.PONE.0154090.

HeS, LiH, Yu Z, Zhang F, Liang S, Liu H, Chen H, Lii MH. 2021. The gut micro-
biome and sex hormone-related diseases. Frontiers in Microbiology 12:711137
DOI 10.3389/FMICB.2021.711137.

Hohl A. 2023. Testosterone: from basic to clinical aspects: second edition. In: Testos-
terone: from basic to clinical aspects: second edition, Cham: Springer, 1-520
DOI10.1007/978-3-031-31501-5/COVER.

Jie Z, Liang S, Ding Q, Li F, Tang S, Wang D, Lin Y, Chen P, Cai K, Qiu X, Li Q, Liao Y,
Zhou D, Lian H, Zuo Y, Chen X, Rao W, Ren Y, Wang Y, Zi J, Wang R, Zhou H, Lu
H, Wang X, Zhang W, Zhang T, Xiao L, Zong Y, Liu W, Yang H, Wang J, Hou Y,
Liu X, Kristiansen K, Zhong H, Jia H, Xu X. 2021. A transomic cohort as a reference
point for promoting a healthy human gut microbiome. Medicine in Microecology
8:100039 DOI 10.1016/].MEDMIC.2021.100039.

Kim N. 2022. Sex/gender-specific medicine in the gastrointestinal diseases. In:
Sex/gender-specific medicine in the gastrointestinal diseases. Singapore: Springer
Singapore, 1-478 DOI 10.1007/978-981-19-0120-1.

Koedooder R, Mackens S, Budding A, Fares D, Blockeel C, Laven J, Schoen-
makers S. 2019. Identification and evaluation of the microbiome in the fe-
male and male reproductive tracts. Human Reproduction Update 25:298-325
DOI 10.1093/HUMUPD/DMY048.

Koliada A, Moseiko V, Romanenko M, Lushchak O, Kryzhanovska N, Guryanov V,
Vaiserman A. 2021. Sex differences in the phylum-level human gut microbiota
composition. BMC Microbiology 21:1-9 DOI 10.1186/512866-021-02198-Y.

Li X, Cheng W, Shang H, Wei H, Deng C. 2022. The interplay between androgen and gut
microbiota: is there a microbiota-gut-testis axis. Reproductive Sciences 29:1674-1684
DOI 10.1007/543032-021-00624-0.

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 18/20


https://peerj.com
http://dx.doi.org/10.3390/CHILDREN9060765
http://dx.doi.org/10.1126/SCIENCE.1236226
http://dx.doi.org/10.3389/FIMMU.2017.00754
http://dx.doi.org/10.1080/19490976.2016.1239680
http://dx.doi.org/10.1371/JOURNAL.PONE.0154090
http://dx.doi.org/10.3389/FMICB.2021.711137
http://dx.doi.org/10.1007/978-3-031-31501-5/COVER
http://dx.doi.org/10.1016/J.MEDMIC.2021.100039
http://dx.doi.org/10.1007/978-981-19-0120-1
http://dx.doi.org/10.1093/HUMUPD/DMY048
http://dx.doi.org/10.1186/S12866-021-02198-Y
http://dx.doi.org/10.1007/S43032-021-00624-0
http://dx.doi.org/10.7717/peerj.19289

Peer

LiuS, CaoR, LiuL, LvY, Qi X, Yuan Z, Fan X, Yu C, Guan Q. 2022. Correlation between
gut microbiota and testosterone in male patients with type 2 diabetes mellitus.
Frontiers in Endocrinology 13:836485 DOI 10.3389/FENDO.2022.836485.

Ly LK, Rowles JL, Paul HM, Alves JMP, Yemm C, Wolf PM, Devendran S, Hudson
ME, Morris DJ, Erdman JW, Ridlon JM. 2020. Bacterial steroid-17, 20-desmolase
is a taxonomically rare enzymatic pathway that converts prednisone to 1 4-
androstanediene-3, 11 17-trione, a metabolite that causes proliferation of prostate
cancer cells. The Journal of Steroid Biochemistry and Molecular Biology 199:105567
DOI 10.1016/].JSBMB.2019.105567.

MaZ, Li W. 2019. How and why men and women differ in their microbiomes: medical
ecology and network analyses of the microgenderome. Advanced Science 6:1902054
DOI 10.1002/ADVS.201902054.

MacLeod DJ, Sharpe RM, Welsh M, Fisken M, Scott HM, Hutchison GR, Drake AJ,
Van Den Driesche S. 2010. Androgen action in the masculinization programming
window and development of male reproductive organs. International Journal of
Andrology 33:279-287 DOI 10.1111/].1365-2605.2009.01005.X.

Maffei S, Forini F, Canale P, Nicolini G, Guiducci L. 2022. Gut microbiota and sex
hormones: crosstalking players in cardiometabolic and cardiovascular disease.
International Journal of Molecular Sciences 23:7154 DOI 10.3390/1JMS23137154.

Marchesi JR, Adams DH, Fava F, Hermes GDA, Hirschfield GM, Hold G, Quraishi
MN, Kinross J, Smidt H, Tuohy KM, Thomas LV, Zoetendal EG, Hart A. 2016.
The gut microbiota and host health: a new clinical frontier. Gut 65:330—-339
DOI 10.1136/GUTJNL-2015-309990.

Markle JGM, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-Kampczyk
U, Von Bergen M, McCoy KD, Macpherson AJ, Danska JS. 2013. Sex differences in
the gut microbiome drive hormone-dependent regulation of autoimmunity. Science
339:1084-1088 DOI 10.1126/SCIENCE.1233521.

Matsushita M, Fujita K, Motooka D, Hatano K, Hata J, Nishimoto M, Banno E,
Takezawa K, Fukuhara S, Kiuchi H. 2022a. Firmicutes in gut microbiota correlate
with blood testosterone levels in elderly men. The World Journal of Men’s Health
40:517 DOI 10.5534/wjmh.210190.

Matsushita M, Fujita K, Motooka D, Hatano K, Hata J, Nishimoto M, Banno E,
Takezawa K, Fukuhara S, Kiuchi H, Pan Y, Takao T, Tsujimura A, Yachida
S, Nakamura S, Obara W, Uemura H, Nonomura N. 2022b. Firmicutes in gut
microbiota correlate with blood testosterone levels in elderly men. The World Journal
of Men’s Health 40:517 DOI 10.5534/WJMH.210190.

Mayneris-Perxachs J, Arnoriaga-Rodriguez M, Luque-Cérdoba D, Priego-Capote
F, Pérez-Brocal V, Moya A, Burokas A, Maldonado R, Ferniandez-Real JM.

2020. Gut microbiota steroid sexual dimorphism and its impact on gonadal
steroids: influences of obesity and menopausal status. Microbiome 8:136
DOI10.1186/540168-020-00913-X.

Menul Ayu Umborowati M, Nurdini Wilda Salsabila M, Damayanti MP, Sylvia

Anggraeni M, Cita Rosita Sigit Prakoeswa MP. 2022. The role of skin and gut

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 19/20


https://peerj.com
http://dx.doi.org/10.3389/FENDO.2022.836485
http://dx.doi.org/10.1016/J.JSBMB.2019.105567
http://dx.doi.org/10.1002/ADVS.201902054
http://dx.doi.org/10.1111/J.1365-2605.2009.01005.X
http://dx.doi.org/10.3390/IJMS23137154
http://dx.doi.org/10.1136/GUTJNL-2015-309990
http://dx.doi.org/10.1126/SCIENCE.1233521
http://dx.doi.org/10.5534/wjmh.210190
http://dx.doi.org/10.5534/WJMH.210190
http://dx.doi.org/10.1186/S40168-020-00913-X
http://dx.doi.org/10.7717/peerj.19289

Peer

microbiome in atopic dermatitis. Journal of Pakistan Association of Dermatologists
32:148-155.

Ottawa Hospital Research Institute. 2024. The Newcaste-Ottawa Scale (NOS) for
assessingthe quality of nonrandomised studies in meta-analyses. Available at htips:
//www.ohri.ca/programs/clinical_epidemiology/oxford.asp (accessed on 30 August
2024).

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer
L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hr6b-
jartsson A, Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness
LA, Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. 2021. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BM]
372:n71 DOI 10.1136/BM]J.N71.

Ranuh R, Athiyyah AF, Darma A, Risky VP, Riawan W, Surono IS, Sudarmo SM.

2019. Effect of the probiotic Lactobacillus plantarum IS-10506 on BDNF and 5HT
stimulation: role of intestinal microbiota on the gut-brain axis. Iranian Journal of
Microbiology 11:145-150 DOI 10.18502/ijm.v11i2.1077.

Ridlon JM, Ikegawa S, Alves JMP, Zhou B, Kobayashi A, Iida T, Mitamura K, Tanabe
G, Serrano M, De Guzman A, Cooper P, Buck GA, Hylemon PB. 2013. Clostridium
scindens: a human gut microbe with a high potential to convert glucocorticoids into
androgens. Journal of Lipid Research 54:2437-2449 DOI 10.1194/JLR.M038869.

Ruchiatan K, Rizqandaru T, Satjamanggala PR, Tache N, Cahyadi AI, Rezano A,
Gunawan H, Sutedja EK, Dwiyana RF, Hidayah RMN, Achdiat PA, Sutedja E,
Suwarsa O, Hindritiani R. 2023. Characteristics of Biofilm-Forming Ability and
Antibiotic Resistance of Cutibacterium acnes and Staphylococcus epidermidis
from Acne Vulgaris Patients. Clinical, Cosmetic and Investigational Dermatology
16:2457-2465 DOI 10.2147/CCID.5422486.

Satriyo EA, Vidyani A. 2024. Inflammatory bowel disease in a pemphigus vulgaris
survivor. Journal of Biosciences 6:7225-7242.

Schroeder BO, Bickhed F. 2016. Signals from the gut microbiota to distant organs in
physiology and disease. Nature Medicine 22:1079-1089 DOI 10.1038/NM.4185.

Seminara SB, Crowley WF. 2008. Kisspeptin and GPR54: discovery of a novel pathway in
reproduction. Journal of Neuroendocrinology 20:727-731
DOI10.1111/].1365-2826.2008.01731.X.

Shin JH, Park YH, Sim M, Kim SA, Joung H, Shin DM. 2019. Serum level of sex steroid
hormone is associated with diversity and profiles of human gut microbiome.
Research in Microbiology 170:192-201 DOI 10.1016/].RESMIC.2019.03.003.

Shreiner AB, Kao JY, Young VB. 2015. The gut microbiome in health and in disease.
Current Opinion in Gastroenterology 31:69-75 DOI 10.1097/MOG.0000000000000139.

Takagi T, Naito Y, Inoue R, Kashiwagi S, Uchiyama K, Mizushima K, Tsuchiya S, Dohi
O, Yoshida N, Kamada K, Ishikawa T, Handa O, Konishi H, Okuda K, Tsujimoto
Y, Ohnogi H, Itoh Y. 2019. Differences in gut microbiota associated with age,
sex, and stool consistency in healthy Japanese subjects. Journal of Gastroenterology
54:53—63 DOI 10.1007/S00535-018-1488-5.

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 20/20


https://peerj.com
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://dx.doi.org/10.1136/BMJ.N71
http://dx.doi.org/10.18502/ijm.v11i2.1077
http://dx.doi.org/10.1194/JLR.M038869
http://dx.doi.org/10.2147/CCID.S422486
http://dx.doi.org/10.1038/NM.4185
http://dx.doi.org/10.1111/J.1365-2826.2008.01731.X
http://dx.doi.org/10.1016/J.RESMIC.2019.03.003
http://dx.doi.org/10.1097/MOG.0000000000000139
http://dx.doi.org/10.1007/S00535-018-1488-5
http://dx.doi.org/10.7717/peerj.19289

Peer

Tanase DM, Gosav EM, Neculae E, Costea CF, Ciocoiu M, Hurjui LL, Tarniceriu CC,
Maranduca MA, Lacatusu CM, Floria M, Serban IL. 2020. Role of gut microbiota
on onset and progression of microvascular complications of type 2 diabetes (T2DM).
Nutrients 2020(12):3719 DOI 10.3390/NU12123719.

Tang L, Yang X, Zhou M, Feng L, Ji C, Liang J, Zhang B, Shen R, Wang L. 2024. Inhibi-
tion of inosine metabolism of the gut microbiota decreases testosterone secretion in
the testis. MSystems 9:e00138-24 DOI 10.1128/msystems.00138-24.

Tremellen K. 2016. Gut Endotoxin Leading to a Decline IN Gonadal function (GELD-
ING) - a novel theory for the development of late onset hypogonadism in obese men.
Basic and Clinical Andrology 26:7 DOI 10.1186/512610-016-0034-7.

Vemuri R, Sylvia KE, Klein SL, Forster SC, Plebanski M, Eri R, Flanagan KL. 2019.

The microgenderome revealed: sex differences in bidirectional interactions between
the microbiota, hormones, immunity and disease susceptibility. Seminars in
Immunopathology 41:265-275 DOI 10.1007/500281-018-0716-7.

Wang G, Huang S, Wang Y, Cai S, Yu H, Liu H, Zeng X, Zhang G, Qiao S. 2019.
Bridging intestinal immunity and gut microbiota by metabolites. Cellular and
Molecular Life Sciences: CMLS 76:3917-3937 DOI 10.1007/500018-019-03190-6.

Wilmanski T, Rappaport N, Earls JC, Magis AT, Manor O, Lovejoy J, Omenn
GS, Hood L, Gibbons SM, Price ND. 2019. Blood metabolome predicts gut
microbiome a-diversity in humans. Nature Biotechnology 37:1217-1228
DOI 10.1038/541587-019-0233-9.

Wiqoyah N, Mertaniasih N, Artama W, Matsumoto S. 2021. Microbiome in sputum
as a potential biomarker of chronicity in pulmonary resistant to rifampicin-
tuberculosis and multidrug-resistant-tuberculosis patients. International Journal of
Mpycobacteriology 10:260-267 DOI 10.4103/IJMY.IJMY 132 _21.

Yan Z, Zheng Z, Xia T, Ni Z, Dou Y, Liu X. 2024. Causal relationship between gut micro-
biome and sex hormone-binding globulin: a bidirectional two-sample Mendelian
randomization study. American Journal of Reproductive Immunology 91:e13824
DOI 10.1111/AJ1.13824.

Yoon K, Kim N. 2021. Roles of sex hormones and gender in the gut microbiota. Journal
of Neurogastroenterology and Motility 27:314-325 DOI 10.5056/JNM20208.

YuX,LiS,XuY, Zhang Y, Ma W, Liang C, Lu H, Ji Y, Liu C, Chen D, Li]J. 2020.
Androgen maintains intestinal homeostasis by inhibiting BMP signaling via intestinal
stromal cells. Stem Cell Reports 15:912-925 DOI 10.1016/].STEMCR.2020.08.001.

Zhou C, Rao X, Wang H, Zeng B, Yu Y, Chen J, ZhongJ, Qi X, Zeng L, Zheng P, Hong
W, Xie P. 2020. Hippocampus-specific regulation of long non-coding RNA and
mRNA expression in germ-free mice. Functional & Integrative Genomics 20:355-365
DOI 10.1007/510142-019-00716-W.,

Zou H, Chen W, Hu B, Liu H, Zhao J. 2024. Testis—gut-reproduction axis: the key to
reproductive health. Andrologia 2024:5020917 DOI 10.1155/2024/5020917.

Pakpahan et al. (2025), PeerdJ, DOI 10.7717/peerj.19289 21/20


https://peerj.com
http://dx.doi.org/10.3390/NU12123719
http://dx.doi.org/10.1128/msystems.00138-24
http://dx.doi.org/10.1186/S12610-016-0034-7
http://dx.doi.org/10.1007/S00281-018-0716-7
http://dx.doi.org/10.1007/S00018-019-03190-6
http://dx.doi.org/10.1038/S41587-019-0233-9
http://dx.doi.org/10.4103/IJMY.IJMY_132_21
http://dx.doi.org/10.1111/AJI.13824
http://dx.doi.org/10.5056/JNM20208
http://dx.doi.org/10.1016/J.STEMCR.2020.08.001
http://dx.doi.org/10.1007/S10142-019-00716-W
http://dx.doi.org/10.1155/2024/5020917
http://dx.doi.org/10.7717/peerj.19289

