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ABSTRACT

Sex hormone and gut microbiota interactions are known to play a significant role in mental
health and psychotropic medication responses. This study aimed to explore the sexually
differentiated impact of psychotropic medication on the gut microbiome composition and
diversity, with a focus on sex steroid hormones. Our findings demonstrate that psychotropic
medications influence gut microbial diversity differently in male and female models. Notably,
females exhibited a higher abundance of Bacteroidota and lower Firmicutes at 24h, while males
displayed an opposite trend. Additionally, the a-diversity was significantly lower in females,
indicating reduced microbial evenness, although no significant differences in B-diversity were
observed. Psychotropic treatment resulted in increased microbial diversity in both sexes, with
shifts in key taxa, such as Eubacterium coprostanoligenes and Sutterella in females, along with
alterations in short-chain fatty acid production, particularly in acetate, propionate, and butyrate.
These results suggest that sex hormones play an important role in modulating gut microbiome
composition and their interactions with psychotropic drugs. These findings emphasize the need
to consider sex-specific microbiome profiles and hormonal status when optimizing
psychotropic treatments for mental health problems.

Keywords: sex hormones, gut microbiota, psychotropic medication, short-chain fatty acids, a-

diversity, B-diversity, sex-specific effects, in vitro fermentation.



RESUME

Les interactions entre les hormones sexuelles et le microbiote intestinal jouent un role
significatif dans la santé mentale et la réponse aux médicaments psychotropes. Cette étude
visait a explorer I'impact différencié selon le sexe des médicaments psychotropes sur la
composition et la diversité du microbiote intestinal, avec un accent particulier sur les hormones
stéroides sexuelles. Nos résultats ont démontre que les médicaments psychotropes influencent
la diversité microbienne intestinale différemment chez les modeles masculins et féminins.
Notamment, les femmes ont présenté une abondance plus élevée de Bacteroidota et une
diminution des Firmicutes a 24h, tandis que les hommes ont affiché une tendance opposée. De
plus, I'a-diversité était significativement plus faible chez les femmes, indiquant une diminution
de I'nomogénéité microbienne, bien qu'aucune différence significative en p-diversité n'ait été
observée. Le traitement psychotrope a entrainé une augmentation de la diversité microbienne
dans les deux sexes, avec des changements au niveau de certains taxons cles tels que
Eubacterium coprostanoligenes et Sutterella chez les femmes, ainsi que des altérations dans la
production d'acides gras a chaine courte, notamment lI'acétate, le propionate et le butyrate. Les
résultats suggeérent que les hormones sexuelles jouent un réle important dans la modulation de
la composition du microbiote intestinal et de ses interactions avec les médicaments
psychotropes. Ces conclusions soulignent la nécessité de prendre en compte les profils
microbiens spécifiques a chaque sexe ainsi que 1’état hormonal lors de l'optimisation des

traitements psychotropes pour la santé mentale.

Mots-clés: hormones sexuelles, microbiote intestinal, médicaments psychotropes, acides gras

a chaine courte, diversité a, diversité 3, effets spécifiques au sexe, fermentation in vitro.
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GENERAL INTRODUCTION

Understanding the intricate connections between mental health and physiological
processes has emerged as an important focus of contemporary research (World Health
Organization, 2017). Psychiatric disorders, recognized as leading causes of disability globally,
have garnered considerable attention owing to their profound impact on individuals and
societies alike (Bains & Abdijadid, 2023). These disorders encompass a spectrum of highly
prevalent and debilitating illnesses that significantly contribute to the burden of the disease.
While the microbiota-gut-brain axis has been robustly linked to various neuropsychiatric
disorders, including depression, anxiety, and psychosis, establishing a definitive cause-effect
relationship remains a challenge (Chahwan et al., 2019; Kazemi et al., 2019; Ramirez-Carrillo
et al., 2020; Uemura et al., 2019).

Research suggests that microbial dysbiosis, characterized by alterations in microbial
diversity and function, is often accompanied by severe mental disorders, with depression being
a prominent example (X. Hu et al., 2023). Notably, the use of antibiotics, implicated in reducing
microbial diversity, has been associated with depression, suggesting a central role for gut
microbial diversity in its pathophysiology (Pouranayatihosseinabad et al., 2023). Additionally,
factors such as diet and environmental exposure have been linked to changes in gut microbiota
composition, further underscoring the influence of the gut microbiome on mental health
(Herselman et al., 2022).

Moreover, emerging evidence highlights sex-specific disturbances along the gut
microbiota-brain axis as potential contributors to divergent mental health phenotypes in men
and women (Audet, 2019; Jasarevi¢ et al., 2016). Recent findings by Bashir et al. (2024)
showed that women with high depressive symptoms had increased levels of Escherichia,
Shigella, and Parabacteroides, whereas women experiencing high perceived stress showed an
increased abundance of Escherichia, Shigella, and Blautia. This dysbiosis is particularly
significant in Escherichia and Shigella, which are potentially pathogenic bacteria, and
correlates with alterations in neuroactive pathways, such as the glutamatergic, GABAeric,
dopaminergic, and kynurenine pathways (Bashir et al., 2024). Notably, women exhibit a higher
susceptibility to psychiatric disorders and demonstrate differential responses to psychotropic
treatments, likely influenced by sex-based physiological and molecular differences that affect

antidepressant drug dynamics (LeGates et al., 2019).



The role of the gut microbiome extends beyond its direct interaction with the brain to
influence systemic inflammation and metabolic processes, which are increasingly recognized
as important factors in mental health (D. Zheng et al., 2020). Chronic inflammation, often
linked to dysbiosis, has been implicated in the pathophysiology of depression and other
psychiatric disorders (Clapp et al., 2017). Similarly, metabolic disturbances associated with
altered gut microbiota may contribute to psychiatric symptoms, suggesting that a
comprehensive understanding of these pathways could inform novel therapeutic strategies
(Grau-Del Valle et al., 2023; Liu et al., 2023).

The interplay between sex hormones, gut microbiome diversity, and metabolism of
psychotropic drugs presents a complex yet intriguing area for further exploration (Manosso et
al., 2021; Shobeiri et al.,, 2022). Hormonal fluctuations, particularly during puberty,
menstruation, and menopause, can significantly alter the gut microbiota composition and
function (Jasarevi¢ et al., 2016; Valeri & Endres, 2021), potentially influencing mental health
outcomes (Cussotto et al., 2018). Preliminary studies suggest that specific probiotic strains and
prebiotic fibers may have beneficial effects on mood and cognitive function, opening new
avenues for clinical applications (Kimse et al., 2024). Understanding these multifaceted
microbiome-host interactions holds promise for elucidating novel therapeutic strategies and
personalized nutritional interventions for psychiatric disorders (Zhao et al., 2024).

The connection between sex hormones, gut microbiome diversity, and metabolism of
psychotropic medications presents a complex yet intriguing area for further exploration.
Understanding these multifaceted interactions holds promise for the elucidation of novel
therapeutic strategies and personalized interventions for psychiatric disorders. Thus, this study
aimed to delve into the nuanced dynamics of the sexually divergent gut microbiome and its
interplay with psychotropic medication, shedding light on potential avenues for targeted

interventions in psychiatric care.
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Abstract

The complex interplay between the gut microbiota, sex hormones, and mental health is
emerging as a pivotal factor in understanding and managing psychiatric disorders. Beyond their
traditional roles, sex hormones exert profound effects on various physiological systems
including the gut microbiota. Fluctuations in sex hormone levels, notably during the menstrual
cycle, influence gut physiology and barrier function, shaping gut microbiota composition and
immune responses. Conversely, the gut microbiota actively modulates sex hormone levels via
enzymatic processes. This bidirectional relationship underscores the significance of the gut-
brain axis in maintaining mental well-being. This review explores the multifaceted interactions
between sex hormones, the gut microbiota, and mental health outcomes. We highlight the
potential of personalized interventions in treating psychiatric disorders, particularly in
vulnerable populations such as premenopausal women and individuals with depressive
disorders. By elucidating these complex interactions, we aim to provide insights for future
research into targeted interventions, enhancing mental health outcomes.

Keywords: Gut Microbiota; Sex Hormones; Mental Health Disorders; Microbiome-Targeted

Interventions; Sex-Specific Responses



1. Introduction

The complex interplay between sex hormones, gut microbiota, and mental health represents a
developing area of research with significant implications for health management (Cryan et al.,
2019; Ganci et al., 2022). Recent advancements in microbiome research have introduced the
concept of the "microsexome™, which describes the phenomenon of sexual dimorphism of the
microbiome and entails multidirectional interactions between sex hormones, various
parameters of the microbiome, and the immune system (Mulak et al., 2022). The microbiota-
gut-brain axis (MGBA), a bidirectional communication network linking the central nervous
system (CNS) and gastrointestinal tract, plays a pivotal role in regulating physiological
processes and mental well-being (Carabotti et al., 2015). This axis encompasses a diverse array
of signaling mechanisms, including endocrine, humoral, metabolic, and immune pathways,
through which the gut microbiota and sex hormones exert reciprocal influences on CNS
function and mental health (Appleton, 2018; Santos-Marcos et al., 2023).

Emerging evidence highlights the significant impact of the gut microbiota on mental health
outcomes (Basiji et al., 2023). Disruptions in the composition and function of gut microbiota
have been implicated in stress, anxiety, and depression (Grau-Del Valle et al., 2023).
Communication between the gut microbiota and CNS occurs through the production of
microbiota-derived metabolites, neuroactive substances, and modulation of immune responses,
emphasizing the crucial role of MGBA in maintaining mental well-being (Brydges et al., 2021,
Huo et al., 2017; Mosaferi et al., 2021). More specifically, a meta-analysis showed that depleted
levels of Faecalibacterium and Coprococcus and enriched levels of Eggerthella were
consistently observed across major depressive disorder (MDD), bipolar disorder, psychosis,
schizophrenia, and anxiety (Nikolova et al., 2021). Furthermore, recent studies have shed light
on the multifaceted interactions between sex hormones, gut microbiota, and mental health

outcomes (Barth et al., 2015; Chen et al., 2018; S.-Y. Kim et al., 2023). Sex hormones, such as
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androgens and estrogens, not only play critical roles in sexual differentiation and reproductive
processes, but also exert profound effects on various physiological systems, including
cardiovascular, immune, and neuroendocrine functions (Campbell & Jialal, 2024).
Additionally, sex hormones contribute to CNS function by influencing neurogenesis,
neuroprotection, learning, memory, and mood regulation (McEwen & Milner, 2017).
Furthermore, sex-specific differences in gut microbiota composition, hormone regulation, and
mental health outcomes have been increasingly recognized (Fang et al., 2021; Jamilian et al.,
2018; Ostadmohammadi et al., 2019; Shobeiri et al., 2022).

In this paper, we comprehensively review the current understanding of the complex interplay
between the gut microbiota and sex hormones, particularly focusing on their intertwined
interactions and their potential impact on mental health. By synthesizing current knowledge in
this field, we aimed to provide insights for future research directions and facilitate the

development of personalized interventions for individuals with mental health disorders.

2. Overview of The Gut Microbiota in the Early Stages of Life

Microbial colonization of the intestine occurs even before birth as a result of the microbiota
present in the amniotic fluid and placenta (Collado et al., 2016; Jiménez et al., 2008). Previous
research has indicated the presence of bacteria and bacterial components, including DNA, in
the meconium, amniotic fluid, and placenta itself, without causing noticeable effects on either
the course of pregnancy or the well-being of the newborn (Bushman, 2019; Chu et al., 2016;
Jiménez et al., 2008; L. Stinson et al., 2020). Stinson et al. (2019) collected meconium and
amniotic fluid samples and subjected them to full-length 16S rRNA gene sequencing using
PacBio SMRT cell technology for high-resolution profiling of fetal gut and amniotic fluid
bacterial microbiomes. Bacterial DNA was found in all meconium samples and in the majority

of amniotic fluid samples, with Pelomonas puraquae dominating the meconium microbiome,



suggesting that the fetus is exposed to bacterial DNA and metabolites prior to birth (L. F.
Stinson et al., 2019). While the aforementioned studies have shown the presence of
microorganisms in prenatal intrauterine locations, a recent study contradicts this hypothesis
(Kennedy et al., 2023). The currently available data do not substantiate the presence of robust
and stable microbial populations under typical non-pathogenic conditions (Kennedy et al.,
2023). Therefore, more research is needed to better understand microbial interactions at the
maternal-fetal interface (Bolte et al., 2022). Recent advancements have highlighted the role of
microbiota-derived extracellular vesicles (EVs) in maternal-fetal communication (Kaisanlahti
et al., 2023; Menon et al., 2023). These EVs, found in the amniotic fluid of healthy pregnant
women, resemble those found in the maternal gut microbiota and carry a diverse protein cargo,
including bacterial proteins originating from predominant phyla, such as Bacteroidetes and
Firmicutes (Kaisanlahti et al., 2023). Importantly, the presence of bacterial EVs in amniotic
fluid suggests a potential mechanism by which the maternal microbiota communicates with the
fetus (Kaisanlahti et al., 2023).

The method of delivery significantly influences the early development of gut microbiota (C.
Zhang, Li, et al., 2021). In newborns delivered vaginally, lactobacilli and Prevotella are most
commonly present in the gut microbiota, which originate from the mother's vaginal microbiota
(Biasucci et al., 2010). In contrast, infants born via cesarean section acquire gut microbiota
from the skin, resulting in an abundance of Staphylococcus, Corynebacterium, and
Propionibacterium (Dominguez-Bello et al., 2010). Reyman et al. (2019) assessed the effect of
delivery mode on gut microbiota in 74 vaginally delivered and 46 cesarean section-born infants
(Reyman et al., 2019). Significant differences have been observed in the composition and
stability of the gut microbiota in infants, particularly during the initial months of life (Reyman
et al., 2019). Notably, Bifidobacterium was found to be more abundant in vaginally delivered

children, consistent with the existing literature on the subject (Wampach et al., 2017).



Following birth, the intestinal microbes in infants are primarily sourced from the mother's skin,
breastfeeding, and/or formula feeding. One of the earliest influences on gut microbiota is diet
(Bezirtzoglou et al., 2011). The process of intestinal colonization is significantly influenced by
feeding, with breastfed and formula-fed infants exhibiting differences in their microbial
composition (Coker et al., 2021). Breast milk composition plays a pivotal role in shaping the
gut microbial community (Van Den Elsen et al., 2019). In breastfed infants, the prevailing
species in the gut microbiota are lactobacilli and Bifidobacterium (B. Yang et al., 2019). Breast
milk, owing to its abundant supply of unique oligosaccharides, is the most effective stimulant
for the development of a balanced infant microbiome. The oligosaccharides present in breast
milk are readily broken down by certain species, leading to an increase in short-chain fatty acids
(SCFA) (Williams et al., 2019). SCFAs play various roles in intestinal physiology by
contributing to homeostasis, promoting epithelial barrier function, and regulating the turnover
of intestinal epithelial cells (Koh et al., 2016). Human milk contains all types of
immunoglobulins (Igs), with the most predominant being secretory IgA (slgA) followed by
slgG (Demers-Mathieu et al., 2018). In contrast, infants fed formula tended to show a
predominance of Enterococcus, Enterobacteria, Bacteroides, Clostridium, and Streptococcus
in their gut microbiota (Wang et al., 2020).

As infants grow, primary microbial communities established during infancy may have a
significant impact on their immunity. The primary microbiota of infants during this crucial
period plays an important role in protecting them from illnesses associated with compromised
immunity (Y. Yao et al., 2021). These primary microbial communities undergo a gradual
transformation over time, increasing and becoming more diverse and achieving relative stability
by the age of three years, when these microbial communities closely resemble those found in

the adult gut microbiota (Koenig et al., 2011).



Gut microbiota continues to develop after infancy, and diet is key to defining its structure,
diversity, and shape (MetaHIT Consortium et al., 2014; J. Yang et al., 2021). Long-term and
short-term alterations in dietary composition can affect the structure and activity of gut
microbiota (Ecklu-Mensah et al., 2022; D. So et al.,, 2018; Tomova et al., 2019). The
predominant microbial communities in the human gut are closely linked to the ratio of
microbiota-accessible carbohydrates, dietary fats, and proteins in the overall dietary makeup
(Senghor et al., 2018). Restricting microbiota-accessible carbohydrates not only results in a loss
of bacterial diversity but also leads to a reduction in SCFAs, affecting various physiological
processes, including energy homeostasis, lipid metabolism, and inflammation (Nogal et al.,
2021). Although total dietary proteins and amino acid composition also influence SCFA
production, the molecular mechanisms underlying these effects are not fully understood
(Oliphant & Allen-Vercoe, 2019).

Beyond environmental influences on the gut microbiota, another layer of complexity emerges
with sex-related differences in the gut microbial composition (Y. S. Kim et al., 2020).
Interestingly, although sex differences in gut microbes are present in infancy, these disparities
undergo significant increases during puberty, concomitant with changes in endogenous sex

hormone levels (Jasarevic¢ et al., 2016; Valeri & Endres, 2021).

3. A Trilateral Intertwined Relationship

The complex communication between sex hormones, gut microbiota, and mental health
underscores a dynamic trilateral relationship with important implications for human well-being
(S.-Y. Kim et al., 2023; Niemela et al., 2024). At the core of this intertwined relationship lies
the MGBA, a complex network that facilitates bidirectional communication between the CNS
and gastrointestinal tract (Rutsch et al., 2020). Through sophisticated signaling mechanisms

encompassing endocrine, humoral, metabolic, and immune pathways, MGBA maintains a



delicate balance crucial for physiological processes and mental well-being (Mitrea et al., 2022)

(Figure 1.2).

3.1. Sex Hormones Influence the Gut Microbiome and Mental Health

3.1.1. Role of Sex Hormones in Shaping the Gut Microbiome

Although it is traditionally believed that the gut microbiome remains unaffected by biological
sex during childhood (Yoon & Kim, 2021), a recent study challenged this assumption (Chen et
al., 2021). Investigating the developmental trajectory of the gut microbiota and sex-specific
microbial characteristics in preterm twins and triplets during their initial 28 days in the neonatal
intensive care unit revealed significant differences between the female twins/triplets and male
twin groups in gut microbiome diversity, composition, and predicted metabolic profiles.
Furthermore, it highlights the significant dissimilarities between females and males within the
co-twin/triplet pairs of the mixed-sex twin/triplet group (Chen et al., 2021).

During puberty, gonadal sex hormones significantly influence the gut microbiome (Valeri &
Endres, 2021). Accumulating evidence indicates that gut microbiota may play an important role
in influencing the onset of puberty through metabolic and hormonal mechanisms (Korpela et
al., 2021). Furthermore, there is a possibility that the composition of gut microbiota is
intricately linked to hormonal signals (Dong et al., 2020). This hormonal transition becomes
particularly evident as girls progress through puberty, with their fecal microbiota adopting a
more adult-like profile (Korpela et al., 2021). Unlike boys, girls exhibited a statistically
significant increase in the relative abundance of estrogen-metabolizing Clostridia and a
concurrent decrease in Bacteroidia during pubertal development. Hormonal fluctuations during
puberty can also affect immune reactions to gut microbes, resulting in shifts in the microbial

composition (Yurkovetskiy et al., 2013). Moreover, changes in bile acid metabolism,
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influenced by sex hormones, may further alter the gut microbiota composition, thus affecting
pubertal timing via metabolic signaling pathways involving bile acids (Org et al., 2016). Given
the complexity of puberty as a biological process, there may be additional uncharacterised
mechanisms at play. These findings underscore the evolving role of the gut microbiota in
shaping the timing of puberty, potentially through metabolic and hormonal interactions,
supporting the notion that gut microbiota composition may be responsive to hormonal signals
(Kheloui et al., 2023; Korpela et al., 2021).

Huang et al. (2023) analyzed the gut microbiome profile and metabolic alterations in patients
with central precocious puberty (CPP), a disease in which the development of secondary sexual
characteristics begins earlier than expected owing to the early release of gonadotropin-releasing
hormone (GnRH) (Huang et al., 2023). The genera Bifidobacterium and Streptococcus were
highly enriched in CPP and both were associated with GnRH signal transduction. The fecal
metabolites estrone sulfate, 3-dehydroepiandrosterone sulfate, androsterone glucuronide, 11p-
hydroxyprogesterone, and corticosterone were significantly different between CPP patients and
healthy controls. Notably, estrone sulfate and androsterone glucuronide were highly enriched
in CPP, which was correlated with GnRH activation. The enrichment of specific genera and the
presence of distinct metabolites suggest a potential interplay between sex hormones and the gut
microbiome, highlighting the complex relationship between endocrine function and microbial
composition during puberty (Carson et al., 2023). A survey of the literature investigating the
relationship between sex and the gut microbiome strongly supports the hypothesis that human
and rodent gut microbiomes differentiate during puberty, and that this differentiation results in
sex-specific communities by adulthood (Korpela et al., 2021; Markle et al., 2013; Yuan et al.,
2020).

Studies have consistently identified distinct gut microbial communities between the sexes (De

La Cuesta-Zuluaga et al., 2019; Org et al., 2016; X. Zhang et al., 2021). In a study involving
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341 female and 348 male mice from 89 matched strains, significant differences in microbiota
composition and diversity were observed between the sexes within individual strains (Org et
al., 2016). Permutational multivariate analysis indicated that both sex and strain exerted
significant effects on microbiota. Further investigation revealed that the phyla Actinobacteria
and Tenericutes and several taxa, including Allobaculum, Anaeroplasma, and Erwinia, were
more abundant in males, whereas SMB53, Dorea, Coprococcus, and Ruminococcus from the
family Lachnospiraceae were more abundant in females. Subsequent analyses with specific
strain subsets and multiple cages confirmed the consistency of the observed sex-related
differences, highlighting the impact of both host sex and strain on gut microbiota composition
(Org etal., 2016).

In the same study, distinct sex differences in gut microbiota composition were identified in both
regular chow and high-fat diets in three mouse strains (Org et al., 2016). Combining the mouse
strains in different treatment groups revealed significant sex effects on the microbiota.
Hormonal status had a more pronounced effect on microbiota composition in male mice fed a
chow diet, whereas in female mice, this effect was more evident in response to a high-fat diet.
Post-gonadectomy testosterone administration prevented significant changes in the gut
microbiota composition of both the strains. Notably, Ruminococcacea abundance of
Ruminococcaceae varied significantly between gonadectomized and sham control male mice
fed a high-fat/high-sucrose diet. In females, a distinct separation was observed in response to
the high-fat/high-sucrose diet, with strain-specific differences in Akkermansia abundance
between the sham control and gonadectomized mice (Org et al., 2016).

Mueller et al. (2006) found sex-specific differences in Bacteroides-Prevotella with higher
levels in men than in fertile women in a sample of 230 healthy individuals (Mueller et al., 2006).
Recent findings further suggest that hormonal changes during the postpartum phase may

influence the composition and diversity of gut microbiota, potentially contributing to variations

12



in mental well-being among mothers (Matsunaga et al., 2024). Furthermore, in a recent meta-
analysis, Yang et al. (2022) analyzed the differences in gut microbiota in women before and
after menopause (M. Yang et al., 2022). Primary findings revealed no differences in Firmicutes,
Bacteroidetes, or Proteobacteria during menopause at the phylum level. However, at the genus
level, postmenopausal women exhibited a higher relative abundance of Odoribacter and
Bilophila than did premenopausal women. Furthermore, Sutterella, Roseburia, and Blautia
showed a declining pattern after menopause, whereas Prevotella, Parabacteroides, and
Bacteroidetes showed an increasing trend. Additionally, estradiol levels are positively
correlated with the presence of Gammaproteobacteria, particularly Shewanella putrefaciens
and Erwinia amylovora (M. Yang et al., 2022).

Sex hormones directly modulate bacterial metabolism through steroid receptors, a regulatory
mechanism that significantly affects the intestinal microbial diversity (Hussain et al., 2021).
This influence extends to the regulation of gene expression, protein production, and various
processes within the gut microbiota (Gancz et al., 2023). Sex hormones have bidirectional
effects on the gut microbiome. In reciprocal dynamics, the microbial population actively shapes
sex hormone levels, thereby conditioning the physiological responses (Garcia-Gomez et al.,
2013). Pregnancy introduces an additional layer into this complex interaction with
progesterone, assuming a critical role in influencing crucial physiological changes for fetal
development and maintaining an optimal gestational environment (Soma-Pillay et al., 2016).
Recognized as the principal gestation hormone, progesterone influences the gut microbial
community, as evidenced by the increased relative abundance of Bifidobacterium in vitro
(Nuriel-Ohayon et al., 2019). However, research on the impact of sex hormones on the gut
microbiome has largely focused on estrogen and androgen rather than progesterone.

Recent studies have explored the complex relationship between serum testosterone levels and

the composition of the gut microbiota, shedding light on bidirectional interactions (d’Afflitto
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et al., 2022; Del Castillo-1zquierdo et al., 2022). Matsushita et al. (2022) identified a positive
correlation between serum testosterone levels and relative abundance of Firmicutes in elderly
men. Remarkably, they observed that the abundance of Firmicutes significantly influences
serum testosterone levels (Matsushita et al., 2022). Furthermore, Markle et al. (2013)
demonstrated that in female mice, elimination of commensal microbiota increased circulating
testosterone levels (Markle et al., 2013). Shin et al. (2019) stratified participants into low,
medium, and high groups based on serum testosterone and estradiol levels in both men and
women. Notably, the high-testosterone group exhibited a decrease in Atopobium and an
increase in Acinetobacter, Dorea, Ruminococcus, and Megammonas. Among these,
Ruminococcus is the most responsive to testosterone levels (J.-H. Shin et al., 2019).

It has been established that the microbiota can affect estrogen levels, and reciprocally, the
composition and diversity of the microbiota may be influenced by estrogen levels (d’ Afflitto et
al., 2022). The estrobolome is defined as a collection of specific genes within the microbiome,
whose products are capable of metabolizing estrogens through the expression of f-
glucuronidase (Figure 1.1), an enzyme that facilitates the deconjugation of both dietary and
non-dietary estrogens, implying that gut microbial communities have a significant influence on
hormonal profiles (Baker et al., 2017). For example, in mice, gavage with Klebsiella aerogenes,
isolated from the fecal samples of women, led to an estradiol decline. Notably, a previous study
identified the estradiol-degrading enzyme responsible for this effect as 3B-hydroxysteroid
dehydrogenase (D. Li et al., 2023).

Experiments involving the injection of radiolabeled estrogen into women showed that
approximately 65% of estradiol (E2), 48% of estrone (E1), and 23% of estriol (E3) were
retrieved from the bile (Adlercreutz & Jarvenpad, 1982). Additionally, approximately 10-15%
of E1, E2, and E3 were found in a conjugated state in feces, indicating that the majority of

deconjugated estrogens undergo reabsorption through deconjugation activity (Adlercreutz &
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Jarvenpaa, 1982). Disruption of the balance between reabsorption and excretion ratios can
result in significant fluctuations in estrogen levels within the body, potentially leading to
estrogen-related diseases (S. Hu et al., 2023).

Another piece of evidence for the metabolism of sex hormones by the gut microbiome is the
presence of metabolites in the wastewater (Almazrouei et al., 2023; Gonzélez et al., 2020).
Estrogens, progestins, and androgens are produced and released in large quantities by both
human and animal fecal matter, ultimately making their way into wastewater systems
(Combalbert & Hernandez-Raquet, 2010; Jaukovi¢ et al., 2017). This poses a significant
environmental concern as aquatic organisms are highly susceptible to contamination by steroid
hormones, leading to morphological changes, behavioral alterations, developmental

abnormalities, fertility issues, and reproductive disorders (Adeel et al., 2017).

3.1.2. Sex Hormones modulate the Gut-Brain Axis

3.1.2.1. The Gut-Brain Axis

The intricate communication between the microbiota, gut, and brain, known as the microbiota-
gut-brain axis (MGBA), has immense therapeutic potential (Cryan et al., 2019). Signaling
mechanisms within MGBA are diverse and involve bidirectional pathways that connect the
central nervous and digestive systems (Carabotti et al., 2015). Through the hypothalamic—
pituitary—adrenal (HPA) axis and autonomic nervous system, the brain influences intestinal
functions, including functional immune effector cells, mood, cognition, and mental health
(Appleton, 2018). Conversely, the gut modulates central nervous system (CNS) functions by
employing microbiota-derived metabolites, neuroactive substances, gut hormones, and
neurotransmitters. These include a range of compounds such as serotonin, kynurenine, indoles,

dopamine, glutamate, y-aminobutyric acid (GABA), acetylcholine, short- and medium-chain
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fatty acids, secondary bile acids, and branch-chain amino acids (Brydges et al., 2021; Huo et
al., 2017).

This bidirectional network extends beyond mere anatomical connections and incorporates
endocrine, humoral, metabolic, and immune pathways (Appleton, 2018). The autonomic
nervous system, HPA axis, and gastrointestinal tract nerves collectively form the gut-brain axis,
enabling reciprocal influence (Cryan et al., 2019). Huo et al. (2017) investigated the effect of
intestinal microbes on the HPA axis by analyzing the behavior, hormone levels, and receptor
expression within the HPA axis, employing a chronic restraint stress model in mice under either
germ-free or specific pathogen-free conditions (Huo et al., 2017). The heightened levels of
corticotropin-releasing hormone, adrenocorticotropic hormone, and cortisol in germ-free
restraint-stressed mice signify exaggerated activation of the HPA axis. The enhanced release of
stress hormones may be a physiological response to perceived stressors in the absence of certain
gut pathogens. This study implies that the composition of the gut microbiota has a substantial
impact on behavioral and hormonal responses to stress (Huo et al., 2017). Kelly et al. (2016)
demonstrated that transferring gut microbiota from depressed patients to rats with depleted gut
microbiota induces the development of depressive features such as anhedonia and anxiety-like
behaviors, along with a physiological profile resembling that of depressed individuals (Kelly et
al., 2016). Similarly, Zheng et al. (2016) showed that fecal microbiota transplantation in germ-
free mice with depressive microbiota derived from MDD patients resulted in depression-like
behaviors compared with colonization with ‘healthy microbiota’ from healthy individuals (P.
Zheng et al., 2016). Multiple authors have further supported these observations by showcasing
animal models with fecal microbiota transplantation from donors with mental disorders such as

depression, anxiety, and stress (Jang et al., 2021; Knudsen et al., 2021; N. Li et al., 2019).

3.1.2.2. Sex Hormones modulate the Gut-Brain Axis
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In addition to the complex dynamics of MGBA, sex hormones exert significant effects on both
the gut and the brain (He et al., 2021). These hormones, known for their roles in sexual
differentiation and reproductive processes, also affect various physiological systems, including
cardiovascular, skeletal, immune, and muscular (Campbell & Jialal, 2024). Moreover, sex
hormones contribute to CNS function by promoting neurogenesis, neuroprotection, learning,
and memory, and by influencing brain structure and cognitive function (McEwen & Milner,
2017; Sun et al., 2019). The effects of sex hormones are mediated through various receptors,
such as intracellular or membrane-associated receptors, including the androgen and estrogen
receptors (ERa and ERP), as well as transmembrane receptors, such as zinc transporter protein
9 and G protein-coupled estrogen receptor 1 (Diotel et al., 2018). The interaction between gut
microbiota and sex hormones in MGBA involves several mechanisms. For example, the gut
microbiota regulates bile acid metabolism into secondary bile acids, which in turn influence the
microbiota structure (Guzior & Quinn, 2021). Furthermore, enzymatic processes in the gut
microbiota, particularly B-glucuronidases and hydroxysteroid dehydrogenase, can affect sex
hormone levels and activity (Ervin et al., 2019). Additionally, phytoestrogens, which are plant
compounds activated by gut microbiota, exhibit structural and functional similarities to
estrogens, inducing physiological effects through cell signaling and affecting estrogen
receptors, thereby triggering epigenetic effects (Dominguez-Ldpez et al., 2020; Rietjens et al.,
2017).

The menstrual cycle affects not only the gut microbiota composition but also the immune
response (Hussain et al., 2021; Roomruangwong et al., 2019). Roomruangwong et al. (2019)
showed that peak IgA responses to lipopolysaccharides (LPS) in gram-negative bacteria occur
around day 28, coinciding with increased bacterial proliferation during the secretory phase.

Conversely, lower IgA levels were observed around days 7—14, suggesting variations in LPS
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load and potential bacterial translocation during menstruation. These fluctuations may
contribute to the pathophysiology of premenstrual and peri-menstrual syndrome symptoms, as
evidenced by the association between IgA responses to LPS and symptom domains, such as
physio-somatic symptoms, breast-craving, and anxiety (Roomruangwong et al., 2019).
Furthermore, the impact of the menstrual cycle extends beyond immune responses, including
hormonal modulation of the gut physiology and barrier function. Fluctuations in sex hormone
levels, particularly progesterone, influence colonic transit time, smooth muscle contraction,
and barrier integrity by modulating tight and adherens junctions (Coquoz et al., 2022; Matos et
al., 2016; Nie et al., 2018). Increased gut permeability during the luteal phase, coupled with
relative corpus luteum insufficiency, may contribute to increased bacterial translocation and
subsequent IgA  production, potentially exacerbating premenstrual  symptoms
(Roomruangwong et al., 2019).

Sex hormones, specifically androgens and estrogens, play a role in shaping mental health
outcomes (Barth et al., 2015). Androgens exhibit anxiolytic properties, potentially causing
lower rates of anxiety in males. In males, decreased testosterone levels are associated with sleep
disruptions such as nocturnal awakenings, reduced sleep efficiency, and symptoms of
depression (Cherrier et al., 2015; Shigehara et al., 2018). As men age and experience declining
testosterone levels, they become more susceptible to depressive symptoms (Zarrouf et al.,
2009). Administering testosterone to individuals with depressive disorders may alleviate these
symptoms (Pope et al., 2003). Conversely, disrupted sleep patterns can lead to decreased
testosterone levels owing to altered nighttime secretion. Furthermore, a meta-analysis showed
that testosterone treatment significantly reduced depressive symptoms in men compared with
placebo (Walther et al., 2019).

Estrogens, on the other hand, enhance the HPA axis activity. Several studies have consistently

indicated that elimination of most endogenous estrogens through ovariectomy leads to a
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reduction in stress-induced adrenocorticotropin and corticosterone levels (Figueiredo et al.,
2007; Garciaetal., 2018). Conversely, estradiol treatment produces opposing effects (El-Khatib
etal., 2020; Walf & Frye, 2010). In the paraventricular nucleus, estradiol has been demonstrated
to enhances stress-induced neuronal activation and elevates the expression of Crh and Avp
genes (Ogura et al., 2008). This heightened HPA axis activity in response to estradiol may
explain the higher rates of anxiety and depression observed in women (Oyola & Handa, 2017,
Patchev, 1996). Furthermore, a strong body of evidence suggests that fluctuations in sex
hormones among women are the primary biological factors contributing to sex differences in
depression risk (Albert, 2015; Kundakovic & Rocks, 2022; Theriault & Perreault, 2019).
Moreover, adult female mice exhibit a higher expression of inflammation-related genes in
microglial cells than male mice, potentially contributing to neuroinflammation (Lynch, 2022).
These microglia, as resident immune cells of the CNS, respond to changes in gut microbiome
composition (D’ Alessandro et al., 2022). Microbial effectors, including SCFAs and tryptophan-
derived metabolites, influence the intestinal barrier integrity, immune system activity, and vagal
nerve stimulation (Silva et al., 2020). Thus, there is a strong bidirectional relationship between
endogenous sex hormones and the gut microbiome, which may impact neurobiological and
neuroendocrine functions in the host through the gut-brain axis (Cussotto et al., 2018).

Investigating sex-specific comparisons, which are relatively underexplored or unreported in
many studies, may play a crucial role in understanding the complex interactions in mental health
(Jaggar et al., 2020). Table 1.1 provides a summary of studies investigating the interactions

between sex hormones, the gut microbiota, and mental health.

3.2. Gut Microbiota Influence Host Sex Hormone Levels and Mental Health

Microbial communities within the gut produce enzymes that can metabolize sex hormones,

thereby influencing their levels and activities in the body (Ervin et al., 2019; D. Li et al., 2022,
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2023). These enzymes enable gut bacteria, such as Bacteroides and Clostridium, to reactivate
estrogens by cleaving glucuronide bonds with deconjugating enzymes such as 3-glucuronidase
(Ervin et al., 2019). This process, particularly via deglucuronidation, regulates active estrogen
levels within the body. Estrogens are rapidly deactivated in the liver via conjugation reactions
(Cotton et al., 2023), thereby preventing their interaction with receptors and facilitating their
elimination from the body (Baker et al., 2017). Gut bacteria also convert and modulate
estrogen-like compounds (Nakatsu et al., 2014), with certain bacterial strains, such as those in
the Coriobacteriaceae family, metabolizing compounds structurally similar to estrogens,
affecting estrogen receptor activity and gene expression (Seyed Hameed et al., 2020).
Similarly, androgens are modulated by gut microbiota, affecting male physiological
characteristics and disease susceptibility. Bacterial enzymes can synthesize and degrade
testosterone, affecting systemic hormone levels and disease outcomes (D. Li et al., 2022;
Sambyal & Singh, 2020). Clinical studies have linked alterations in microbiota composition to
changes in androgen levels, implicating the microbiota in conditions such as polycystic ovary
syndrome and prostate cancer (Guo et al., 2016; Wheeler & Liss, 2019). In depression, the
degradation of testosterone by the microbiota has been associated with low hormone levels and
depressive symptoms, highlighting the potential of microbiota-targeted interventions to
modulate hormone levels and alleviate symptoms (D. Li et al., 2022).

Dysbiosis can disrupt the metabolism of estrogens and androgens by altering the abundance
and activity of bacteria involved in hormone synthesis and degradation (Qi et al., 2021). This
dysregulation can lead to fluctuations in systemic hormone levels, which have been linked to
various health conditions including depression (K. M. Albert & Newhouse, 2019). SCFAs
influence reproductive health, particularly in women (Mirzaei et al., 2023), by affecting sex
steroid hormone levels through signaling pathways involving leptin, GnRH, and gonadotropin

production (X. Yao et al., 2023). Butyric acid controls progesterone and estradiol synthesis in
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granulosa cells via the cAMP signaling pathway, which is possibly mediated by GPR41/43
receptors (N. Lu et al., 2017). In a retrospective cross-sectional study involving patients
undergoing in vitro fertilization or intracytoplasmic sperm injection and embryo transfer, fecal
propionate levels were significantly higher in the group with no pregnancies than in the group
with clinical pregnancies (X. Yao et al., 2023). High fecal propionate concentration is
negatively associated with clinical pregnancy outcomes and positively correlated with fasting
serum insulin, triglycerides, and insulin resistance (X. Yao et al., 2023). Additionally, peptide
YY and glucagon-like peptide-1, which are influenced by SCFAs, regulate gonadotropin
secretion and serve as important signals in the female reproductive system (Taylor et al., 2009).
Studies have shown that disruptions in gonadotropin levels may contribute to depression-like
behaviors (Padda et al., 2021) observed in stressed animals, highlighting a potential pathway
through which alterations in reproductive hormones intersect with mental health (Sahin et al.,
2022).

Previous research has suggested that gut microbiota has a potential influence on mental health
and hormone regulation (Mosaferi et al., 2021). Evidence shows that the microbiota
significantly influences the hippocampal serotonergic system, with observed sex-specific
effects, particularly in male germ-free animals exhibiting serotonergic alterations, decreased
BDNF expression in the hippocampus, and fewer anxiety-like behaviors (Clarke et al., 2013).
In individuals with MDD, the relative abundance of Actinobacteria and Bacteroidetes differed
significantly between women and men compared to their respective healthy counterparts.
Specifically, Actinobacteria increased in women with MDD, whereas Bacteroidetes decreased
in men with MDD, suggesting notable sex differences in the gut microbiota composition (Chen
et al., 2018). Cross-sex transfer of the cecal microbiota between male and female mice affects

depressive-like behaviors, with recipients of the female cecum displaying decreased grooming
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behavior compared to both controls and recipients of the male cecum, suggesting increased
depressive-like behavior (Hinks et al., 2023).

Recently, researchers reported that Klebsiella aerogenes, isolated from fecal samples of women
experiencing depression, led to a decline in estradiol levels and induced depression-like
behavior in mice (D. Li et al., 2023). Similarly, Mycobacterium neoaurum, isolated from fecal
samples of men with testosterone deficiency and depression, degrades testosterone in vitro,
reduces serum and brain testosterone levels, and causes depression-like behaviors in rodents
(D. Li et al., 2022). Notably, Akkermansia spp., a gut microbe associated with metabolic health
and stress responses, showed contrasting associations with anxiety in male and female mice.
Male mice exposed to chronic social defeat stress exhibited a lower abundance of Akkermansia,
which is potentially associated with increased anxiety (McGaughey et al., 2019). Conversely,
Akkermansia is positively associated with increased anxiety in female mice, highlighting sex-

specific differences in microbial responses to stress (Acharya et al., 2023).

3.3. Mental Health Influences Microbiota and Sex Hormone Levels

Recent studies have demonstrated the impact of mental health on sex hormone levels. For
example, Pletzer et al. (2021) investigated gonadal hormone responses to social evaluative
stress in both males and females (Pletzer et al., 2021). The results revealed that stress
significantly affected testosterone and estradiol levels in both the sexes. Specifically,
testosterone levels decreased and estradiol levels increased after stress. Surprisingly, some
participants exhibited a decrease in estradiol levels in response to stress, showing individual
variability in gonadal hormone stress response. Importantly, these gonadal stress responses are
largely independent of cortisol levels, suggesting that the endocrinological stress response
extends beyond the HPA axis (Pletzer et al., 2021; Zueger et al., 2023). Stress, particularly

chronic stress, disrupts gut microbiota and contributes to dysbiosis (F. Gao et al., 2022). Stress
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signals conveyed through the autonomic and circulatory systems and immune cells can trigger
inflammation and promote the growth of pathogenic bacteria (Rust et al., 2023). Both acute
and chronic stressors have been shown to alter the composition of gut bacteria, affecting
various regions of the gastrointestinal tract (Leigh et al., 2023). Dysbiosis induced by stress
can have wide-ranging effects on immune function, metabolism, stress reactivity, mood, and
sex hormone regulation, potentially exacerbating mental health symptoms and increasing the
risk of infection and autoimmune diseases (Anand et al., 2022). Stress and depression can also
lead to increased gut barrier permeability, commonly referred to as a "leaky gut,” allowing
bacteria to enter the circulation and trigger inflammation (H.-N. Kim et al., 2018; Ohlsson et

al., 2019).

4. Sex-specific Psychotropic Response and Interplay with the Gut Microbiota

Men and women demonstrate distinct responses to pharmacotherapy, owing to variations in
drug absorption, metabolism, and distribution within the body (Soldin & Mattison, 2009).
These differences stem from variations in pharmacokinetic and pharmacodynamic factors
including bioavailability, volume of distribution, and plasma protein binding. Additionally,
hormonal fluctuations throughout a woman's life, such as those associated with menstrual
cycles, pregnancy, and lactation, further influence the drug response by altering
pharmacokinetic parameters and the activity of drug-metabolizing enzymes (Mitchell et al.,
2009). Despite these disparities, the contrast in drug kinetics tends to diminish during
menopause as estrogen and progesterone production declines, leading to a convergence in drug
responses between the sexes (Seeman, 2020). Psychotropic medications, which are commonly
used to manage psychiatric disorders, are no exception to sex-specific responses (Bolea-

Alamanac et al., 2018).
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Women tend to utilize psychotropic medications more frequently than men (Boyd et al., 2015).
A study encompassing 1999 individuals aged > 20 years revealed a prevalence of psychotropic
drug use of 11.7%, with a notable discrepancy between the sexes (7.3% among men and 15.8%
among women). In particular, the utilization of antidepressants was significantly higher among
women, accounting for 44.3% of their usage, compared to 25.5% among men (Estancial
Fernandes et al., 2018). Women also tend to take multiple psychotropic medications and are
more vulnerable to adverse drug reactions, including nonspecific side effects such as nausea,
dizziness, and sexual dysfunction (Shetageri et al., 2016). Women have a significantly higher
incidence of hypothyroidism, and tend to experience substantial weight gain during lithium
treatment (Gitlin, 2016). Endocrinological abnormalities such as hyperandrogenism and
menstrual irregularities are also more prevalent in women undergoing mood-stabilizing
treatments (Qadri et al., 2018).

Beyond direct pharmacological effects, emerging research suggests that psychotropic
medications can affect the gut microbiota, adding another layer to the complexity of sex-
specific responses to treatment (Ait Chait et al., 2023a; Ortega et al., 2023). Most
psychopharmaceuticals exhibit antibacterial activity, which may influence the microbial
diversity over time (Ait Chait et al., 2020a). In a previous study of 40 patients diagnosed with
depression and/or anxiety, changes in microbial diversity were observed, particularly in those
receiving antipsychotics, where a significant decrease in diversity was noted (Tomizawa et al.,
2021). Furthermore, B-diversity analysis revealed notable compositional changes in the gut
microbiota structure between patients receiving antipsychotics and those who did not,
indicating the potential influence of these medications on the microbial composition (Tomizawa
et al., 2021). Antipsychotic dosage showed a negative correlation with gut microbial diversity,
suggesting a dose-dependent effect on the microbiome. Selective serotonin reuptake inhibitors

are associated with alterations in microbial abundance, such as decreased Turicibacteraceae
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and increased Eubacterium ramulus (Rogers et al., 2013). Additionally, the use of mirtazapine,
fluoxetine, and nortriptyline has been linked to changes in gut microbiome composition,
including the expansion of antimicrobial resistance genes and increased colonization by
pathogens such as Clostridium difficile and Enterococcus faecium (Nagata et al., 2022; Rogers

etal., 2013).

5. Nutritional Interventions and Sex-specific responses

Several studies have investigated the effects of interventions targeting both sex hormones and
the gut microbiota on mental health parameters (Acharya et al., 2023; Fang et al., 2021;
Ostadmohammadi et al., 2019). For example, the antidepressant-like effects of the aqueous
extract of pomegranate (AE-PG) have been investigated in ovariectomized female rats (\Valdés-
Sustaita et al., 2017). AE-PG demonstrated behavioral profiles similar to those of citalopram
and estrogen, with a combination of citalopram and AE-PG producing synergistic effects. The
potential mechanisms underlying the antidepressant-like effects of AE-PG include inhibition of
monoamine oxidase enzymes, metabolism of ellagitannins by gut microbiota resulting in the
production of urolithins, and activation of estrogen receptors, particularly ERB, which is linked
to changes in the sensitivity of the serotonergic system (Valdés-Sustaita et al., 2017).
Additionally, co-administration of vitamin D and probiotics in women with polycystic ovary
syndrome led to improvements in depressive and anxious behaviors, as indicated by reduced
scores on various depression and anxiety scales. This synergistic effect was attributed to the
regulation of the gut-brain axis, neuroprotection, and modulation of neurotransmitters such as
GABA and serotonin (Ostadmohammadi et al., 2019).

Fang et al. (2021) investigated whether berberine could alleviate anxiety by modulating the
intestinal microbiota under estrogen-deficient conditions in specific pathogen-free

ovariectomized rats. These findings revealed positive associations, wherein genera enriched by
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berberine treatment, such as Bacteroides, Lactobacillus, and Akkermansia, were positively
correlated with equol metabolism. Equol production is significant because of its potential
implications in treating menopausal symptoms, including anxiety. This study emphasizes the
role of the gut microbiota in isoflavone metabolism and its potential in treating menopausal
symptoms (Fang et al., 2021). Similarly, Acharya et al. (2023) analyzed the associations
between gut microbiota composition, estrogen treatment, a high-fat diet (HFD), and anxiety-
like behavior in mice. Microbial taxa enriched by a HFD, including Ruminococcaceae,
Mogibacteraceae, Peptostreptococcaceae, Erysipelotrichaceae, Lactococcus, A. muciniphila,
Coprococcus, Coprobacillus, Adlercreutzia, and Oscillospira, were positively correlated with
increased anxiety-like behavior. Notably, Mogibacteraceae, Peptostreptococcaceae, and
Coprococcus decreased in mice treated with estrogen, indicating that the proliferation of these
microbial communities induced by HFD may increase the risk of anxiety and exacerbate it in
the absence of estrogens (Acharya et al., 2023). In addition to emerging research, probiotic
formulations already available on the market that address women's health needs, such as
vaginal, urinary, and digestive health support, as well as those targeting menopausal symptoms
and postmenopausal bone health, are gaining popularity. The probiotic supplement market for
women's health is experiencing robust growth, driven by heightened consumer awareness and
demand for health products (Technavio, 2024). This growth trajectory is expected to continue,
with projections indicating a substantial increase in market size from 2023 to 2028, reaching an

estimated USD 660.82 million (Technavio, 2024).

6. Current limitations and future perspectives

While the aforementioned studies provide valuable insights into the intertwined and complex
interactions between sex-specific responses, the gut microbiome, and mental health outcomes,

most of them are constrained by the limitations inherent in using animal models such as murine
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models. Researchers often employ techniques such as gonadectomy to examine the influence
of sex hormones on different parameters, allowing them to study the effects of sex hormone
depletion or supplementation on various biological processes (Sovijit et al., 2021). Other
methods, such as germ-free models and fecal microbiota transplantation, offer complementary
approaches to understanding the complex relationships between sex hormones, gut
microbiome, and mental health (N. Li et al., 2019). For instance, germ-free models allow
researchers to study the effects of specific microbial colonization on physiological processes,
whereas fecal microbiota transplantation facilitates investigations into how microbial
communities influence mental health outcomes (Hinks et al., 2023; Jang et al., 2021). Although
these models offer controlled environments and experimental manipulations, they may not
capture the full complexity of human physiology and behavior, including the dynamics of the
gut microbiome (Nguyen et al., 2015; C. Zhang, Franklin, et al., 2021).

To overcome certain limitations and enhance the translational relevance of preclinical research
involving the gut microbiome, there is a compelling opportunity to incorporate ex vivo models
such as bioreactors into experimental designs (Van Den Abbeele et al., 2023). Unlike animal
models, bioreactors offer a unique platform that enables researchers to culture complex
microbial communities in environments that closely mimic the human gastrointestinal tract
(Davis Birch et al., 2023). Several models have been developed to replicate the complexities
of the human gut microbiome (Von Martels et al., 2017). Humanized gut bioreactors recreate
diverse microbial communities found in the human gut by inoculating them with fecal samples
obtained from human donors (Bayer et al., 2021). Age-specific gut models, for example, have
been developed to mimic microbial communities at different life stages from infancy to old age
(An et al., 2021; Fehlbaum et al., 2015; Pham et al., 2019). These models allow the study of
personalized responses to interventions, capturing individual variations in microbial

composition and activity shaped by genetics, diet, lifestyle, and medical history (Von Martels
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et al., 2017). They enable researchers to study how the gut microbiota changes throughout life
and its impact on health and disease across different age groups in a controlled yet
physiologically relevant context (Fehlbaum et al., 2015). Moreover, ex vivo models allow for
the exclusion of confounding host effects, thereby providing a clearer understanding of the
direct impact of interventions on gut microbiota composition and function (Van De Steeg et
al., 2018). This approach facilitates the identification of specific microbial pathways and
mechanisms underlying observed effects on mental health outcomes (Isenring et al., 2023).

Furthermore, the application of ex vivo models holds promise in elucidating sex-specific
responses to dietary interventions and their impact on mental health outcomes. By tailoring
these models to specific populations, such as females and males, researchers can explore sex
differences in the composition and function of gut microbiota in response to various nutritional
stimuli. For example, investigations into the effects of hormonal fluctuations throughout the
menstrual cycle or hormonal therapies in women, as well as testosterone levels in men, offer
avenues for uncovering sex-specific mechanisms underlying the gut-brain axis (Zou et al.,
2023). However, fermentation bioreactor models face challenges in fully replicating the
intricacies of the gut environment, such as the dynamics of peristalsis, mucus layers, and host-
tissue interactions (Costa & Ahluwalia, 2019). Integrating cell cultures or tissues with microbial
communities within these systems offers a promising solution (Mittal et al., 2023). By
developing co-culture systems that mimic physiological barriers, such as the gut epithelial
barrier and mucosal immune system, researchers can delve into complex host-microbe
interactions that occur within the gut (Ramadan & Jing, 2016; W. Shin & Kim, 2018). Despite
inherent complexities and limitations, the integration of ex vivo models into research paradigms
not only enhances the robustness of preclinical studies, but also paves the way for the

development of personalized interventions tailored to individual physiological and microbial
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profiles, thus advancing our understanding and treatment of mental health disorders (Isenring
etal., 2023).

Future research should explore the sex-specific mechanisms underlying the interactions
between sex hormones, the gut microbiota, and mental health disorders. This includes
elucidating how sex hormones modulate immune responses, metabolism, and neurotransmitter
production, which in turn influence gut microbiota composition and its impact on mental health.
Such investigations hold promise for the discovery of novel therapeutic targets and personalized
treatment strategies for individuals affected by these conditions. Furthermore, longitudinal
studies that track changes in gut microbiota composition and mental health outcomes over time
in response to hormonal fluctuations, psychotropic medications, and interventions are essential
for understanding the dynamic nature of these interactions. These studies provide valuable
insights into the causal relationships between gut microbiota dysbiosis, hormonal imbalances,
and mental health disorders. Further exploration of clinical interventions targeting both sex
hormones and gut microbiota is crucial. Investigating the efficacy of interventions such as
probiotics, prebiotics, and dietary supplements in modulating gut microbiota composition and
improving mental health outcomes, particularly in vulnerable populations such as
premenopausal and postpartum women with depressive disorders, could pave the way for novel

therapeutic approaches.

7. Conclusion

The complex interplay between sex hormones, the gut microbiota, and mental health highlights
the complexity of understanding and treating psychiatric disorders. Studies examining mental
health disorders have revealed sex-specific associations between the gut microbiota
composition, hormonal fluctuations, and mental health outcomes. These findings suggest that

the composition and diversity of the gut microbiota may contribute differently to mental health
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symptoms in men and women, and are influenced by sex hormones and related physiological
mechanisms. Furthermore, interventions targeting both sex hormones and the gut microbiota
show promise in modulating mental health parameters, offering novel therapeutic avenues for
psychiatric disorders. Additionally, the effect of psychotropic medications on the gut
microbiota adds another layer of complexity to the sex-specific response to treatment. Although
these medications are crucial for managing psychiatric disorders, their potential to alter
microbial diversity highlights the need for personalized treatment approaches. Understanding
the bidirectional relationship between psychotropic medications, sex hormones, and the gut

microbiota may lead to more effective and tailored interventions for mental health disorders.
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Table 1.1. Summary of studies reporting sex hormone-influenced interactions between gut microbiota and mental health

Muribaculaceae, Sutterella and

paraventricular nucleus of the hypothalamus and

Mental Population Gut microbiota associated with sex | Potential mechanisms Reference
Health hormones
Condition
Anxiety Men and women [e Lower relative abundances of |e The differences in gut microbiota composition| (S.-Y. Kim
categorized into Oscillospiraceae, Monoglobaceae, and diversity are influenced by sex steroid | etal., 2023)
anxious and non- and Lachnospiraceae_ NK4A136 in hormones and related genes, affecting immune
anxious groups anxious men. system responses and metabolism.
e Lower relative abundance of [e Alterations in immune responses and metabolism
Prevotella in anxious women. may shape microbial diversity and specific taxa
e Sex-specific associations between colonization in the gut, impacting overall
microbial taxa and anxiety symptoms. physiology and contributing to anxiety
e Enrichment of Shigella in anxious symptoms.
women.
Ovariectomized |e Progesterone stimulates |[¢  Progesterone may regulate local microbiota | (Sovijit et
C57BL/6J mice Lactobacillus spp. growth composition by promoting the growth of specific | al., 2021)
bacteria and reducing IL6 mRNA expression in
cecum tissue, suppressing the inflammatory
response in ovariectomized mice.
e Decreased progesterone levels may lead to
dysbiosis, diminishing Lactobacillus  spp.
abundance and stimulating inflammatory
responses through kynurenine production. This
inflammation is associated with depression and
anxiety, potentially by downregulating BDNF
expression.
C57BL/6J female |e Estradiol treatment was associated e Estradiol may influence neuronal activity in| (Acharya et
mice with  increased abundances of anxiety-related  brain  regions like the| al., 2023)
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decreased abundances of
Peptostreptococcaceae,
Mogibacteriaceae.

the medial preoptic area, potentially contributing
to its anxiolytic effects.

Estradiol treatment attenuates high fat diet-
induced  alterations in gut microbiota
composition, with specific microbial taxa linked
to anxiety-like behavior and metabolic health.
Some taxa negatively correlate with anxiety,
while others associate with weight gain.

Major
Depressive
Disorder
(MDD)

Premenopausal Gut microbiota from depressed 3p-Hydroxysteroid  dehydrogenase  enzyme | (D. Lietal.,
women with premenopausal  women  showed expressed by gut bacteria as a key player in| 2023)
depression  and higher efficiency in degrading estradiol degradation, potentially leading to
female mice with estradiol compared to microbiota depression-like behaviors in mice.
fecal transplants from non-depressed women.
derived from these Klebsiella  aerogenes  TS2020,
depressed women isolated from female patients with

depression, demonstrated the ability

to degrade estradiol.
First-episode Increased Actinobacteria and Suggested causal role of gut microbiome| (Chen et
drug-naive MDD decreased Bacteroidetes levels in dysbiosis in depressive behaviors. al., 2018)

patients and
healthy controls

female and male MDD patients,
respectively.

Actinobacteria and Bacteroidia are
potential sex-specific biomarkers for
MDD diagnosis.

Bacteroidetes decreased only in male

MDD  patients,  Actinobacteria
increased only in female MDD
patients.

Gut microbiota can regulate bile-acid pool size
and affect blood-brain barrier and HPA axis.
Metabolites from gut microbiota impact the gut—
brain axis and host immunity.

Gut microbiota influences tryptophan metabolism
and regulates microglia homeostasis.
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Postpartum
depressive
disorder
(PPD)

PPD patients and
healthy controls

Lower relative abundance of
Firmicutes phyla in PPD patients.
Reduced levels of Faecalibacterium,
Phascolarctobacterium,
Butyricicoccus, and
Lachnospiraceae, increased levels of
Enterobacteriaceae in PPD patients.
Progesterone level was positively
correlated with Prevotella,
Eubacterium, Ruminococcus.
Testosterone level was positively
correlated with Erysipelotrichaceae,
Alistipes, Burkholderiaceae, while
estradiol was positively correlated
with Burkholderiaceae and
Turicibacter.

The interaction of sex hormones and gut
microbiota was suggested to play a substantial
role in PPD, with Faecalibacterium and
Lachnospiraceae being correlated with disease
severity.

(Y. Zhou et
al., 2020)

Neuroticism

Men and women

Neuroticism was correlated with
Haemophilus spp. and
Conscientiousness with
Lachnospiraceae in men.

Negative emotions can trigger  chronic
inflammation, impacting gut permeability and
allowing harmful bacterial components to enter
the bloodstream.

Decreased abundance of butyrate-producing
bacteria may fuel inflammation and influence
personality traits.

Microbial activities involved in amino acid
degradation might influence neurotransmitter
synthesis, potentially affecting personality traits.
Gut microbiota composition and function could
affect physiological pathways like the HPA axis,
thereby influencing personality traits.

(H.-N. Kim
etal., 2018)
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Figure 1.1. Molecular mechanisms linking microbiota, sex hormones, and mental health.

There are several proposed molecular mechanisms underlying the connection between the
microbiota, sex hormones, and mental health, involving complex interactions within the gut-brain
axis. Neurotransmitter Production: Gut microbiota plays a role in synthesizing neurotransmitters
such as serotonin, dopamine, and GABA, crucial for mood regulation and stress response.
Neuroinflammation: Dysbiosis can increase gut permeability, allowing bacterial products to enter
systemic circulation. This triggers immune responses and neuroinflammation, contributing to
mental health disorders. Hormonal Regulation: Sex hormones influence the gut microbiota's
composition and function. Conversely, gut microbiota can metabolize and modulate sex hormone
levels through the B-glucuronidase enzyme, affecting hormone signaling and homeostasis. Steroid
hormone such as 17beta (J)-estradiol are metabolized and recycled in the body through a process
involving gut microbial beta (B)-glucuronidase enzymes. These enzymes, as important players in
the estrobolome, influence both the excretion and the levels of circulating conjugated 17beta (p)-
estradiol in the body. SCFA Production: Gut bacteria ferment dietary fibers to produce SCFAs such
as acetate, propionate, and butyrate. SCFAs possess anti-inflammatory properties and regulate
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neurotransmitter synthesis, gut barrier function, and immune responses, thereby impacting mental
health. Stress Axis Regulation: The gut microbiota communicates with the HPA axis, regulating
the body's stress response. Dysbiosis can dysregulate the HPA axis, leading to abnormal cortisol
levels and heightened stress responses associated with anxiety and depression.
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Figure 1.2. A trilateral intertwined relationship between sex hormones, gut microbiota, and
mental health.

Sex hormones impact the gut-brain axis, influencing neurogenesis, cognitive function, and various
physiological systems through androgen and estrogen receptors. They interact with gut microbiota,
regulating bile acid metabolism and activating enzymes that affect hormone levels. Sex hormones
also influence gut microbiota composition and immune response, modulating gut physiology and
barrier function, and affecting colonic transit time and permeability. Gut microbiota metabolizes
sex hormones, impacting their levels and activities. Mental disorders like Major Depressive
Disorder (MDD) and Generalized Anxiety Disorder (GAD) show sex-specific prevalence. Mental
disorders impact sex hormone levels and gut microbiota composition, leading to dysbiosis and
increased gut permeability, exacerbating mental health symptoms and affecting immune function.
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Hypothesis and Objectives

Sex steroid hormone levels, such as estrogen and testosterone, could contribute to shaping the gut
microbiome and modulating its interactions with drugs, including psychotropic chemicals.
Therefore, this study aimed to investigate the interplay between sexually divergent gut microbiome
and psychotropic medication.
Specific objectives:

e Develop a sexually divergent microbiome simulated model of the human gut;

e Investigate the impact of sex hormones on gut microbiome composition and metabolism;

e Study the impact of psychotropic medication on the gut microbiome in a developed

feminine colonic model.
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1. INTRODUCTION

The gut microbiome is increasingly recognized as a key player in mental health,
influencing brain function and behavior through the gut-brain axis (Loh et al., 2024). This complex
communication between the gut and the brain involves various mechanisms, including the
production of neuroactive compounds, modulation of the immune system, and synthesis of
essential metabolites such as short-chain fatty acids (SCFA) (Marano et al, 2023). As
understanding of this connection deepens, the gut microbiome has emerged as a potential target

for therapeutic interventions aimed at treating psychiatric disorders (Mhanna et al., 2024).

Sex hormones not only control reproductive functions but also play a significant role in
both brain health and composition of the gut microbiome, making them particularly relevant in the
context of mental health (He et al., 2021). Women are more likely to experience psychiatric
conditions, including depression and anxiety, owing in part to the fluctuating levels of these
hormones throughout their lives, particularly during menstruation, pregnancy, and menopause
(Wieczorek et al., 2023). Given the cyclical nature of hormone levels in women, these interactions
may contribute to the observed differences in mental health between sexes and across lifespan
(Toffol et al., 2015). This hormonal variability not only affects mood and cognitive function but
also influences how women metabolize medications, including psychotropic drugs (Gonzalez-
Rodriguez & Seeman, 2019). For instance, postmenopausal decreases in estrogen can reduce the
levels and effectiveness of certain antipsychotics, such as olanzapine and clozapine, while
increasing the levels of others, potentially altering the therapeutic outcomes (Spina & De Leon,

2014).

The effect of sex hormones on the gut microbiome is especially pertinent when considering
the use of psychotropic medications, which are commonly prescribed to manage various
psychiatric conditions (Ait Chait et al., 2023a; Ortega et al., 2023). Women tend to use these
medications more often than men, with studies showing a prevalence of 15.8% in women
compared to 7.3% in men, particularly for antidepressants (Estancial Fernandes et al., 2018).
Aripiprazole, for example, used to treat schizophrenia, bipolar disorder, and major depressive
disorder as adjunctive therapy (Gettu & Saadabadi, 2023), was found to have higher

concentration—dose ratios in women than in men (Jonsson et al., 2019). This suggests that sex-
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specific differences in drug metabolism may affect the therapeutic efficacy and side effect profiles
of these medications (Bolea-Alamanac et al., 2018). Moreover, psychotropic medications can alter
the gut microbiome, potentially affecting their effectiveness and the severity of side effects through
mechanisms involving the gut-brain axis (Ait Chait et al., 2020; Ait Chait et al., 2023; Ortega et
al., 2023).

Understanding how psychotropic drugs interact with the gut microbiome is crucial for
optimizing mental health treatments and minimizing adverse effects, especially considering sex-
specific responses to these medications. Women are more likely to take multiple psychotropic
drugs and are more vulnerable to adverse reactions, including nonspecific side effects (Mazza et
al., 2024). These sex-specific differences in drug utilization and responses further highlight the
importance of considering both hormonal and microbial factors in the treatment of psychiatric

disorders.

This study investigated the impact of sex hormones (estrogen, progesterone, and
testosterone) on the gut microbiome composition and metabolic activity using an ex-vivo colonic
fermentation model. Additionally, we examined how the psychotropic drug aripiprazole affects the

gut microbiota in a newly developed female model of the simulated human colon.

2. METHODS
2.1. Development of sexually divergent human colon model

An in vitro simulated colon was used to develop a sexually divergent model to replicate
the representative gut microbiota in both men and women. This model consisted of a two-stage
design, including an inoculation reactor with immobilized fecal microbiota used to inoculate four
second-stage reactors that were continuously operated in parallel (Fig. 2.1). An ex-vivo
fermentation model simulates the physiological and microbiological conditions of the human gut
(Ait Chait et al., 2023b; Mottawea et al., 2020). The impact of testosterone, estrogen, and
progesterone on the structure and functionality of fecal microbiota was evaluated ex-vivo in a colon
model mimicking the physiological and microbiological conditions of the large intestine
(Mottawea et al., 2020). Fecal samples were provided by four donors: two men (ages 40 and 36)
and two women of reproductive age (ages 30 and 25) with no previous history of mental disorders.

The study was conducted under the certificate of ethics approval number H-02-18-347.
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Figure 2.1. Experimental reactor setup of the ex-vivo PolyFermS fermentation model.
IR: inoculum reactor containing immobilized donor feces (30% v/v); CR: control reactor; TR1-
TR3: test reactors 1-4.

Immobilization of microbiota was performed using fresh fecal samples within 1 h to
inoculate gellan (2.5%, w/v) and xanthan (0.25%, w/v) beads under anaerobic conditions, as
previously described. (Le Blay et al., 2012). Bacteria immobilized within the beads were protected
from harsh external conditions, such as pH fluctuations, temperature changes, and shear forces.
This enhanced stability allows the bacteria to maintain their activity and viability over longer
periods (Dieni & Ustadi, 2020). The immobilization procedure was based on a dispersion process
in a two-phase system, as described by (Lamboley et al., 1997) for kappa-carrageenan/locust bean
gum gel bead preparation. The autoclaved polymer solution was cooled to 43°C and inoculated

aseptically with fecal inoculum (2%). After inoculation, the polymer solution was stirred into a
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freshly autoclaved (15 min at 121°C) hydrophobic phase (commercial canola oil) at 43°C to obtain
a suspension of aqueous droplets in the oil. The gel beads were formed by cooling the suspensions.
After separation and washing, the beads were hardened by soaking for 30 minutes in CaClI2 (0.1
M). Beads with diameters in the 1.0-2.0 mm range were selected by wet sieving and used for
fermentation. The process was completed under aseptic conditions within 1 h (Cinquin et al.,
2004). Gel beads (30%) were then transferred to a stirred glass reactor containing fresh
MacFarlane culture medium (Macfarlane et al., 1998).

Each fermentation lasted for 23 days. During the first 48 h, the colonic model was run as a
batch culture to allow bead colonization, with the nutritive medium being replaced by fresh
medium every 12 h. This period was essential for establishing a stable and functional microbial
community on the beads, as the microorganisms required time to adjust to the new conditions and
nutrients provided by the fresh medium. This ensured that the microbial community was
established and became active before any subsequent experimental manipulation was performed
(Scannell et al., 2000).

Following the initial 48 h, the medium flow was switched to the continuous mode for the
rest of the experiment. After a stabilization period of 15 d, the microbial community in the
inoculum reactor (IR) was used to inoculate four second-stage DASGIP® bioreactors (Eppendorf,
Mississauga, ON): one Control Reactor (CR: non-treatment control) and three Treatment Reactors
(TR1-3) that were challenged with different parallel treatment periods (as described below). A
working volume of 100 mL was maintained in each sub-bioreactor by inoculating 5% (v/v) (0.62
mL/h) IR effluent and adding 95% (v/v) (11.88 mL/h) of fresh fermentation medium. The entire
second-stage bioreactor ran for another 2 days to stabilize the microbial community. Each reactor
reproduced the physiological and microbiological conditions of the adult proximal colon (pH 5.7,
stirring at 120 rpm, 37°C, and mean retention time of 8 h) (Ait Chait et al., 2023b; Mottawea et
al., 2020). Anaerobiosis was ensured through continuous headspace flushing of N> and CO- at a
0.9:0.1 ratio, and a constant pH of 5.7 was maintained by adding NaOH (2.5 M). (Mousavi et al.,
2022). Once stabilization was reached in all reactors, the bioreactors were subjected to treatment
every 24 h, as shown in Table 2.1.

The concentrations of female hormones were determined based on research by Stricker et
al. (2006), who identified three distinct phases of the menstrual cycle (E-P-, E+P-, and E+P+)

according to estradiol and progesterone serum levels (Fig. 2.2) (Stricker et al., 2006). The hormone
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concentrations used in each treatment are shown in Table 2.2. Hormonal treatments and combined
treatments with hormones and the psychotropic aripiprazole were added to the media that fed the
bioreactors TR2 and TR3, respectively, following the 2-day stabilization period. To simulate the
menstrual cycle, the hormonal concentrations were adjusted every two days. The psychotropic
aripiprazole was selected following a previous study from our lab, demonstrating its antimicrobial
effects on intestinal bacterial pure cultures and the gut microbiome ex-vivo (Ait Chait et al., 2020b,
2023b). Stock solutions of aripiprazole at a concentration of 20 mg/mL were prepared according
to the manufacturer’s recommendations, filter-sterilized (0.22 um), and stored at -20°C until use.
The collected samples were separated (centrifugation at 14,000 x g for 5 min at 4°C), the pellet
was used for metagenomic DNA extraction, and the supernatant was used for short chain fatty acid
(SCFA) analysis.

Table 2.1. Sampling details according to the treatments

Treatments Sampling time Cycle phase Number of samples
Control (CR) 0, 12, 24, 48h - 6 (d0, d1, d2, d3, d4, d5, d6)
Male (TR1) 0, 12, 24, 48h - 6 (d0, d1, d2, d3, d4, d5, d6)

E-P-, E+P-, and 9 (d0, d1, d2b, d2a, d3, d4b, d4a,
Female (TR2) 0, 12, 24, 48h

E+P+ ds, de)
Female +
o E-P-, E+P-,and 9 (d0, d1, d2b, d2a, d3, d4b, d4a,
Aripiprazole 0, 12, 24, 48h
E+P+ ds, de6)
(TR3)
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Figure 2.2. Estradiol and progesterone concentrations during the menstrual cycle.
Table 2.2. Hormone concentrations for each treatment
Female gut E-P- E+P- E+P+ Reference
(Phase 1) (Phase 2) (Phase 3)
Estradiol (pmol/L) 130 650 464 Stricker et al. (2006)
Progesterone (nmol/L) 1 2 34
Testosterone (nmol/L) 0.32 0.32 0.32 Skiba et al. (2019)
Male gut
Testosterone (nmol/L) 16.2 16.2 16.2 Zhu et al. (2022)

2.2. Microbiome genomic analysis

DNA extraction

Genomic DNA was extracted from the pellet of fecal slurry and fermentation samples using
a Fast DNA Spin Kit following the manufacturer’s instructions. Briefly, mechanical lysis was
performed in two cycles of 40 s each at a speed of 6.0 m/s in a Bead Mill-24 Homogenizer, with a
5-minute cooling period on ice between the two cycles (Mottawea et al., 2016). The amount of

extracted DNA was quantified by using a Qubit fluorometer.
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16S rRNA gene sequencing

The microbial profiles of the fecal slurry and fermentation samples were assessed using
tag-encoded 16S rRNA gene MiSeq-based high-throughput sequencing. The VV3-V4 regions of the
16S rRNA gene were amplified using dual-barcoded primers, and an amplicon library for
sequencing was prepared according to the Illumina standard protocol. The amplicon libraries were
pooled in equimolar amounts and paired-end sequenced using the Illumina MiSeq platform with
the 600 bp MiSeq Reagent Kit v3 following the standard protocol.

We processed the V3-V4 region sequences were processed using the Qiime2 pipeline (version
2023.2) (Bolyenetal., 2019). DADA2 was employed for quality control, truncation, and denoising
of reads, resulting in an amplicon sequence variant (ASV) feature table. Taxonomic annotation
was performed using a classifier trained on the targeted 16S rRNA regions from the Silva database
(release 13.8) (Yilmaz-Ersan & Kurdal, 2014). Downstream analyses were performed using 'R’

(v.4.3.1) (https://www.R-project.org/). Alpha diversity was estimated using the observed features

and Shannon and Simpson’s metrics. Beta diversity among samples was calculated using the Bray-
Curtis distance and visualized using Principal Coordinate Analysis (PCoA). The contribution of
different treatments to the diversity of the gut microbiota community will be assessed from the
Bray-Curtis distance matrix using pairwise permutational multivariate analysis of variance with
999 permutations (McMurdie & Holmes, 2013). To identify differential taxa among different
treatments, a linear regression model was conducted on the relative abundance of taxa at various
levels using linear models for differential abundance analysis (LinDA) (Zhou et al., 2022). The

results were deemed significant if the p-value was < 0.05.

2.3. Quantification of short-chain fatty acids using GC-FID

SCFA (butyrate, acetate, and propionate) production in fermentation samples from all sub-reactors
was assessed using Gas Chromatography combined with a Flame lonization Detector (GC-FID)
following the methods described in previous studies (Ait Chait et al., 2023b; Monk et al., 2016).
To summarize the procedure briefly, supernatants obtained from the fermentation samples
underwent centrifugation (at 14,000 x g for 30 min at 4°C) followed by filtration using a 0.22 um
filter for sterilization. For quantification, a mixture of formic acid and 2-ethyl butyric acid will
serve as an internal standard, with each sample receiving a concentration of 0.5 mM.

Approximately 100 puL of each sample was injected into a capillary column, Stabilwax-DA, and
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the analysis was performed for 20 min. The resulting peaks were identified and quantified using
standards from Millipore Sigma (Oakville, ON, Canada). The results are expressed as the
concentration of SCFAs in millimolar (mM) units. All samples underwent duplicate analyses (two

technical measurements).

2.4. Statistical Analysis

Kruskal-Wallis test with Dunn post-hoc test (FDR-corrected) was applied when the statistical
analysis was required to compare differences between the control, female, male, and psychotropic
groups using the rstatix package (v. 0.7.2). Data from Gas Chromatography analyses were analyzed
using GraphPad Prism v8.3 (GraphPad Software, USA) to assess the significance of results among
treatments simultaneously and among different time points within each treatment. Data are
expressed as the mean + standard deviations (SD), and an ANOVA test with Bonferroni post hoc

test for multiple comparisons was applied (P-values < 0.05).

3. RESULTS
3.1. Impact of Sex Hormones on Microbiota Composition

3.1.1. Microbiota Composition

The shift in microbiota composition over time was compared between the study groups during the
first two days of fermentation. At the phylum level, the dominant phylum Bacteroidota showed an
increase over time in all groups except at time 48h in the female group (Fig. 2.3). In contrast, the
relative abundance of Firmicutes and Actinobacteriota dropped sharply from time 12h to 48h,
particularly Firmicutes, in all study groups. The relative abundance of Proteobacteria was unstable
at an early fermentation time of 6-12h followed by an increase at 24h and 48h (Fig. 2.3). A
statistical analysis using Kruskal-Walis (KW) test was conducted to investigate the differences
between the groups. Over time, no significant difference was found between the groups, as
indicated by p-value (= 0.05). However, the pairwise comparison analysis showed a statistical
significance at 24h between the male and female groups for Bacteroidota and Firmicutes.
Bacteroidota was significantly increased in the female group, contrary to Firmicutes, which
increased in the male group (p-value < 0.05 (Fig. 2.4 A&B). Actinobacteriota abundance showed

a large increase in the male group compared to the control at 24h as indicated by the p-value of <
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0.05, whereas Proteobacteria relative abundance showed no differences over all time points (Fig.

2.4 C&D).

Among the groups, no significant difference was found between the compared phyla in the control
group at 6h, 12h, and 24h (data not shown). At 48h, significance was observed by KW analysis
with a p-value of 0.037, and the relative abundance of Bacteroidota was significantly larger than
that of Firmicutes and Actinobacteriota by p < 0.01 and p < 0.05, respectively. For the female
group, the KW test revealed large variations between phyla at 6h, 12h, and 24h with p-value of
0.03, 0.012, and 0.03, respectively (Fig. 2.5 A-C). Notably, the abundance of Bacteroidota was
significantly higher than that of Firmicutes at all time points (Fig. 2.5 A-D). The male group
showed no significant difference between the compared phyla for 6h-24h. However, pairwise
comparisons revealed large differences between Bacteroidota and Firmicutes at 12h, 24h, and 48h.
Bacteroidota were more abundant than Firmicutes at 12 and 48h, contrary to 24h where Firmicutes

abundance was the highest.
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Figure 2.3. Line plots illustrate the changes in the relative abundance of the most abundant
phyla enriched in each treatment over time for the first 2 fermentation days.
The relative abundance represents the shift (A) from time 0.
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Figure 2.4. Changes in relative abundance between study groups based on time 24h.
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Figure 2.5. Changes in the relative abundance of top abundant phyla among Female groups
at different times post-fermentation.

Kruskal-Wallis tests were conducted to assess significant differences in relative abundance
variations over the initial two fermentation days. Relative abundance values represent the shift (A)
from the baseline abundance at time 0. (*p < 0.05, **p <0.01).

At the family level, the most abundant families were Acidaminococcaceae, Bacteroidaceae,
Lachnospiraceae, Prevotellaceae and Veillonellaceae. Almost all the compared groups exhibited
an increase in the relative abundance of Bacteroidaceae and Prevotellaceae over time. However,
at 48h the female group showed a dramatic decrease in the abundance of Bacteroidaceae after
stability between 12-24h (Fig. 2.6). Lachnospiraceae abundance exhibited a similar trend in both
the control and psychotropic groups, but remained stable in the male group and decreased in the
female group. In contrast, Veillonellaceae consistently declined in relative abundance over time

across all groups (control, female, and male) (Fig. 2.6).
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Figure 2.6. Line plots show the shifts in the relative abundance of the most prevalent families
over the first two fermentation days, expressed as shift (A) from the baseline abundance at
time 0.

3.1.2. Exploring the Influence of Donor Sex on Microbiota Composition in a Female Model
The impact of female hormones on microbiota composition was investigated based on donor sex.

The microbiota from male donors, donorl (D1) and donor4 (D4), showed similarity in the relative
abundance of Bacteroidota, Proteobacteria, and Actinobacteria over time in the female model.
However, a notable difference in the abundance of Firmicutes was observed over time. In D1,
Firmicutes abundance increased from 12 to 48 h, whereas in D4, it declined over time (Fig. 2.7
A&D). For female donors, donor2 (D2) and donor3 (D3), while the Bacteroidota abundance
dropped particularly after 24h, Actinobacteria showed steady stability in both donors. This stability
was observed with Proteobacteria in D2, in contrast to D3, which sharply elevated particularly
after 24h. Interestingly, a steady increase and decrease were found in Firmicutes abundance over

time in D2 and D3, respectively ((Fig. 2.7 B and C).

Kruskal-Wallis analysis revealed significant differences in the abundance of Bacteroidota,
Actinobacteriota, and Proteobacteria among donors (p < 0.05), while Firmicutes abundance
remained relatively comparable across all individuals (p > 0.05) (Fig. 2.8 A-D). However,

Firmicutes abundance was higher in D1 and D2 than in D4, as indicated by the p-value (< 0.05)
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(Fig. 2.8 A). Notably, Bacteroidota was significantly higher in male than in female donors (p <
0.001) (Fig. 2.8 B). Conversely, Proteobacteria levels were elevated in female donors, particularly
at D3 (p <0.05) (Fig. 2.8 C). Actinobacteriota abundance was also relatively high in female donors,

albeit with a large variation between male donors (Fig. 2.8 D).

Kruskal-Wallis analysis revealed significant differences in the abundance of Bacteroidota,
Actinobacteriota, and Proteobacteria among donors (p < 0.05), while Firmicutes abundance
remained relatively comparable across all individuals (p > 0.05) (Fig. 2.8 A-D). However,
Firmicutes abundance was higher in D1 and D2 than in D4, as indicated by the p-value (< 0.05)
(Fig. 2.8 A). Notably, Bacteroidota was significantly higher in male than in female donors (p <
0.001) (Fig. 2.8 B). Conversely, Proteobacteria levels were elevated in female donors, particularly
at D3 (p <0.05) (Fig. 2.8 C). Actinobacteriota abundance was also relatively high in female donors,

albeit with a large variation between male donors (Fig. 2.8 D).
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Figure 2.8. Variations in the microbiome composition depending on the donor sex for the top
abundant phyla, Firmicutes (A), Bacteroidota (B), Proteobacteria (C), and Actinobacteriota

(D).
D1 & D4 are the male donors and D2 & D3 are the female donors. (*p < 0.05, **p <0.01).

3.1.3. Microbiota Diversity is Affected Over Time by Sex Hormones
The a-diversity was measured using three metrics: Observed, Shannon, and Simpson, and the shift

from baseline (Time 0) was calculated and statistically investigated. After two days of
fermentation, we found that the female group had significantly lower a-diversity than the control
group, as indicated by the KW p-value for Shannon and Simpson's by 0.016 and 0.0037,
respectively. Moreover, the female group showed lower observed features, Shannon entropy, and
Simpson's diversity compared to the control (p < 0.05, observed index; p < 0.01, Shannon entropy
and Simpson’s index) (Fig. 2.9 A-C). Additionally, the female group had lower Simpson's index
values than the male group (p <0.05 (Fig. 2.9 C). Despite significant differences in the a-diversity

52



metrics, B-diversity analysis revealed no discernible differences between the study groups (Fig.

2.9 D).
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Figure 2.9. Analysis of gut microbiota diversity across 4 study groups.

Panels (A), (B), and (C) present a-diversity analyses, showing the change in Observed Features,
Shannon, and Simpson's Index, respectively. (D) shows Beta Diversity analysis through Principal
Coordinate Analysis (PCoA). Asterisks indicate statistical significance: *p <0.05, and **p <0.01.

3.1.4. Sex hormones significantly shape the microbiota structure
Differential abundance (DA) analysis was performed at the genus level after filtering sequences to

remove low-abundance reads (frequency <10) and those present in < 10% of the samples. The
findings revealed significant shifts in the gut microbiome composition of females and males
compared to that of the control group (Fig. 2.10 A-C). DA findings revealed significant enrichment
of Eubacterium coprostanoligenes, Agathobacter, Sutterella, and Acidaminococcus in the female

group compared to the control group (p =0.002, p = 0.02, and p = 0.03, respectively). In contrast,
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Parasutterella was significantly enriched in the control group (p = 0.03) (Fig. 2.10 A, Table 2.3).
While no variations were found in the male group compared to the control, the Butyricicoccus
taxon showed a declining trend, although this difference was not statistically significant (p=0.05)

(Fig. 2.10 B, Table 2.3).

Table 2.3. Results of significant taxa that are differentially abundant between groups using

the LinDA linear model.

Phase Comparison Genus Group p-value
Eubacterium Female  0.002025
coprostanoligenes group

Female vs Control Agathobacter Female 0.027187
Sutterella Female 0.030921
Parasutterella Control 0.031297
Acidaminococcus Female 0.037676
Phase 1 Male vs Control Butyricicoccus Control 0.055778
Bacillus Psychot. 0.016187
Psychot. vs Control Enterococcus Pszchot. 0.044344
Female vs Psychot.* Enterococcus Female 0.001481
Female vs Psychot, ~ Lubacterium 0.012642
coprostanoligenes group  Female
Female vs Psychot. Acidaminococcus Female 0.020871
Phase 2 Female vs Control Acidaminococcaceae Female 0.0456666
Phase 3 Psychot. vs Control Blautia Psychot. 0.0030525

Psychot.*, the psychotropic group
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Figure 2.10. Volcano plots illustrate significant differences in specific taxa at the genus level

between study groups compared to the control, as identified by the LinDA linear model.
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3.1.5. Correlation between SCFAs and the most abundant families

In both the control (Fig. 2.11 A) and female (Fig. 2.11 B) groups, various bacterial families
were associated with different SCFAs at specific time points. In the control group, Bacteroidaceae
and Veillonaceae were negatively associated with butyrate at 6h, while Lachnospiraceae and
Ruminococcaceae were positively associated (Fig. 2.11 A-1). By 12h, Acidaminococcaceae
exhibited a positive association with both propionate and butyrate, whereas Bacteroidaceae
continued to have a negative association with acetate (Fig. 2.11 A-2). At 24h, Bacteroidaceae
remained negatively associated with acetate and Lachnospiraceae displayed positive associations
with both propionate and butyrate (Fig. 2.11 A-3). Acidaminococcaceae was positively associated
with acetate and propionate, Enterobacteriaceae with butyrate, and Veillonaceae was negatively

associated with both acetate and propionate at 48h (Fig. 2.11 A-4).

In the female group, Bacteroidaceae was positively associated with acetate at 6h (Fig. 2.11 B-1),
and Enterobacteriaceae was positively associated with propionate. At 12h, Bifidobacteriaceae and
Veillonaceae were positively associated with both propionate and butyrate, whereas
Oscillospiraceae and Ruminococcaceae were negatively associated with propionate and butyrate
(Fig. 2.11 B-2). Finally, at 48h, Bifidobacteriaceac and Coriobacteriaceae were positively
associated with both propionate and butyrate (Fig. 2.11 B-4).
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Figure 2.31. Correlation heatmap between the most abundant families and SCFAs Produced
by the Control (A) and Female (B) simulators at various time points.

Panels 1-4 display Spearman’s correlation coefficients for the time points of 6h, 12h, 24h, and 48h,
respectively. In the heatmaps, dark red represents a strong positive correlation, while dark blue
indicates a strong negative correlation between the families and SCFAs. *p <0.05, **p <0.01, and
**%p <0.001.
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3.2. Impact of psychotropic medication on gut microbiome in the developed
feminine colonic model
3.2.1. Microbiome composition

In the control group, the profile of phyla was similar across all phases; Bacteroidota and
Proteobacteria exhibited a consistent increase in relative abundance. Conversely, Firmicutes and
Actinobacteriota showed a steady decline, with more significant reductions at the end of the phase.
In contrast, instability in the abundance of phyla for all phases was observed in the female and
psychotropic groups, Bacteroidota consistently increased, similar to control, while Firmicutes
showed a sharp decrease in phase 1 and was relatively stable in phases 2 and 3. Actinobacteriota
maintained a relatively stable relative abundance, although only a minor increase was observed.
Proteobacteria demonstrated the greatest variability, especially in the female and psychotropic

bioreactors, where they initially decreased but subsequently recovered (Fig. 2.12 A-C).
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The relative abundances of Acidaminococcaceae and Bacteroidaceae were consistent across the
Control and Female groups in phase 1 (Fig. 2.13 A). The Psychotropic group, however, showed a
marked difference, particularly a higher abundance of Lachnospiraceae at the earlier time point
(6h), but this seemed to decrease over time. Over time, bacterial diversity stabilized in both the
Control and Female groups, with fewer drastic shifts after 48h. Phase 2 (Fig. 2.13 B) A greater
variability was observed between the groups, especially at the 6-hour mark, where the psychotropic
group showed a higher abundance of Enterobacteriaceae and Oscillospiraceae compared to the
Female group. Enterobacteriaceae became more prominent in the female group at 24h and 48h,
while the psychotropic group continued to exhibit more dynamic changes in bacterial family
composition. In Phase 3 (Fig. 2.13 C), the differences between the Female and Psychotropic groups
became more pronounced. The Female group showed a steady presence of Bacteroidaceae,
whereas the psychotropic group exhibited a large increase in Ruminococcaceae and Prevotellaceae
after 48h. The Control group remained relatively stable across all time points, suggesting less

disruption compared with the other two conditions.

After normalizing the data with a rarefication approach, alpha diversity was investigated using
Observed, Shannon, and Simpson's metrics. The Observed and Simpson's metrics were not
significant at any time point in any of the three phases. However, a large difference in Shannon
diversity (A) between phase 1 and phase 2 at 48h (p < 0.05) was found, indicating a notable shift
in the microbial community composition and diversity over time (Fig. 2.14 A). In the Beta
Diversity Analysis through Principal Coordinate Analysis (PCoA) presented in Fig. 2.14 B, there

were no significant differences observed between the groups across the cycle phases.
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Figure 2.64. (A) Shannon Diversity by Cycle Phase. Panels display changes in Shannon
diversity by cycle phase (A shift from diversity at time (). (B) Beta Diversity Analysis
Through Principal Coordinate Analysis (PCoA).

Panels A, B, and C present PCoA plots for cycles during Phases 1, 2, and 3, respectively. Asterisks
indicate statistical significance: *p < 0.05.

Over time (6h, 12h, 24h, and 48h), alpha diversity analysis showed temporal changes in the
microbial community composition in phase 1. The findings revealed significant differences
between the study groups at 6 and 24h post-fermentation but not at 12 or 48h. All three a-diversity
indices indicated lower diversity in the female group than in the psychotropic group at 6h (p <
0.05) (Fig. 2.15 A). Although the Observed index showed no significant differences at 24h, both
Shannon and Simpson's metrics indicated a notable decrease in alpha diversity in the psychotropic
group compared to the control and male groups (p < 0.05) (Fig. 2.17 A). In phase 2, significant
variations were observed at 24 and 48h (Fig. 2.15 B). We observed a significant difference in
diversity between the psychotropic and control group at 24h using the three metrics. The
psychotropic group displayed a lower diversity. Interestingly, this trend was reversed at 48 h, with
the female group showing a higher diversity than the psychotropic group (p < 0.05). In Phase 3,
the psychotropic group showed lower diversity than the control group, as indicated by the observed

index (Fig. 2.15 C).
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Figure 2.7. Alpha diversity analysis over time (6h, and 24h) for the first 2 days of
fermentation.

Figure A-C illustrates the differences between the four study groups at 6h and D-F for 24h of
Observed Features, Shannon, and Simpson's metrics. Asterisks indicate statistical significance: *p
<0.05.
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Differential abundance analysis revealed variations between the groups across the three phases.
When comparing the female group to the psychotropic, Enterococcus showed a negative shift (p
= 0.001), indicating a decrease in its abundance under the psychotropic influence in phase 1.
Similarly, Eubacterium coprostanoligenes group and Acidaminococcus exhibited reductions (p=
0.01, 0.02, respectively), suggesting a negative impact of psychotropic drugs on these bacteria
(Fig. 2.16 A, Table 2.3). Acidaminococcaceae thrived significantly in the female group (p= 0.04)
compared to the control at phase 2 (Fig. 2.16 B). In phasel, psychotropic medication was found to
have a significant impact on microbiota composition, promoting the growth of Bacillus while
suppressing Enterococcus (p = 0.01, p = 0.04, respectively) (Fi. 2.16 C, Table 2.3). However, in
Phase 3, Blautia was largely elevated in the psychotropic (p= 0.003) compared to the control (Fig.
18 C).
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Figure 2.86. Volcano plots highlight significant differences in specific taxa between the study
groups and the control.

(A) DA between female and psychotropic in phase 1, (B) between female and control in phase 2,
and (C) and (D) between control and psychotropic in phase 1&3 respectively.
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3.2.2. SCFA production levels by phases

A comparative analysis of SCFA concentrations across the study groups revealed distinct temporal
profiles. In the first 48 h of treatment, SCFA concentrations in the control group were higher for
all three analyzed SCFAs, following a similar trend of gradual decline over time. The other
treatment groups also displayed a decrease in SCFA levels over time (Fig. 2.17 A). In the female
group, SCFA concentrations decreased sharply during phase 3 compared with the other phases,
showing a more pronounced reduction over time for all three SCFAs (Fig. 2.17 B). In the
psychotropic group, acetate levels increased after 12 h in Phase 3 and then decreased after 24 h. In

contrast, propionate and butyrate showed steady increases throughout the time points (Fig. 2.17
O).
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Figure 2.97. SCFA Concentration by Time Point and Cycle Phase.

Panels show changes in SCFA concentration relative to baseline (A SCFA = time point - baseline).
A- SCFA concentration over time at the first 48h. B- SCFA concentration by cycle phase in the
female bioreactor over time. C- SCFA concentration by cycle phase in the psychotropic bioreactor
over time.
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4. DISCUSSION

The aim of this study was to investigate the impact of the sex steroid hormones on the gut
microbiota. This study aimed to develop a female simulated model of the colon and assess the
microbiome response to antidepressant drugs. The findings of this study support the hypothesis
that sex hormones play an important role in modulating gut microbiome composition and

metabolism.

4.1. Sex-Specific Differences in Gut Microbiome

Our results demonstrated that the gut microbiome of male and female models exhibited differences
in bacterial abundance. At the phylum level, Bacteroidota was increased in all study groups, with
the exception of a decline at 48h in the female group. Pairwise comparisons revealed differences
at 24h between male and female groups, where Bacteroidota was notably higher in females, while

Firmicutes increased in males.

The observed differences in bacterial abundance between male and female colonic models,
particularly the higher levels of Bacteroidota in females and Firmicutes in males at 24h, align with
findings from the literature, such as d'Afflitto et al. (2022). Their meta-analysis revealed that in
healthy women, higher estrogen levels were associated with a greater abundance of Bacteroidetes
and a reduction in Firmicutes, particularly within the Ruminococcaceae family (d’Afflitto et al.,
2022). These results contrast with those of several previous studies that reported a lower abundance
of Bacteroidota and a higher proportion of Firmicutes in females than in males. For instance,
Koliada et al. (2021) found that the relative abundance of Firmicutes and Actinobacteria was
significantly higher in females, whereas that of Bacteroidetes was significantly lower (Koliada et
al., 2021). Similarly, Kaliannan et al. (2018) reported that the Firmicutes/Bacteroidota ratio was
elevated in female mice (Kaliannan et al., 2018). Further complicating the picture, a study in Spain
found that Bacteroidota abundance was lower in men than in women with Body Mass Index (BMI)
>33 (Haro et al., 2016). This variability suggests that factors such as BMI, diet, and overall health
could also influence the relationship between sex and microbial composition (X. Gao et al., 2018).
The discrepancies between our findings and those of previous studies may be attributed to

variations in hormonal treatments or the conditions under which the studies were conducted. For
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instance, the hormonal environment in our study might have been different from those reported in

studies showing lower Bacteroidota and higher Firmicutes in females.

Microbial diversity, as measured by a-diversity, further supports the influence of sex hormones on
gut microbiota. The lower Simpson’s index values in the female group suggest that females exhibit
less evenness in their microbiota, indicating that certain bacterial taxa dominate the ecosystem
more than in males. Despite the differences observed in a-diversity, no significant differences in
B-diversity were found between the study groups, indicating that while the evenness of the
microbial communities may vary, the overall composition of microbial species remains similar
across the sexes. Notably, these results were obtained in the first two days of treatment when
bioreactors mimicked the follicular phase with low estrogen and progesterone (E-P-) levels,
potentially influencing the observed microbial patterns. These findings contradict some existing
literature on the effects of sex hormones on the gut microbiota. Shin et al. investigated the
association between serum levels of sex steroid hormones and gut microbiome diversity. They
found that although no significant changes in microbiota richness were observed among groups
with varying levels of testosterone or estradiol, significant differences in diversity and evenness
were noted. Specifically, men with high testosterone levels and women with high estradiol levels
showed significantly higher diversity and evenness scores than their medium-level counterparts

(J.-H. Shin et al., 2019).

In our study, low hormone levels may have contributed to the observed reduction in microbial
evenness in females, consistent with previous studies showing an inverse relationship between
estradiol and a-diversity (Insenser et al., 2018). Additionally, the lack of an association between
estrogen and diversity in premenopausal women, as observed by Flores et al. (2012), may help
explain the variability in findings across studies (Flores et al., 2012). The hormonal context, phase
of the menstrual cycle, and individual hormonal levels are likely key factors in determining the

impact of estrogen on gut microbiota diversity (Krog et al., 2022).

When examining the influence of the sex of the microbiota donor, the data revealed that female
sex hormones impacted bacterial communities across all donors, indicating a notable effect of
hormonal treatment on microbiota composition. Although the donor's original sex still affected the
microbial response, hormonal treatment induced consistent directional changes, such as a

decreasing trend in Actinobacteriota across both male and female donors. However, the extent and
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timing of these changes can vary, highlighting the need for further research to understand and

optimize the influence of sex hormones on microbial profiles.
4.2. Impact of Sex Hormones on Microbiome Diversity

Our study revealed distinct shifts in microbiota influenced by sex hormones. The study's a-
diversity metrics showed lower diversity in females than in males, as previously mentioned, but
also in controls, with a significant reduction in Simpson's index. The lack of difference between
the microbiota in the bioreactors without hormones and those with testosterone indicates that
testosterone might not significantly alter the a-diversity. In a recent study, Moadi et al. (2024)
found that testosterone supplementation led to significant increases in a-diversity and shifts in
microbial composition in pre-pubertal mouse samples, indicating a pronounced effect before
puberty. However, they also reported that testosterone had no significant effect on a-diversity, -
diversity, or differentially abundant taxa in samples collected after puberty, suggesting that the
influence of testosterone on the microbiome may diminish or vary with the developmental stage

(Moadi et al., 2024).

In our study, the distinct differences observed in female hormones suggest that estrogen and
progesterone have a more pronounced effect on microbial diversity. This lower diversity in females
could be attributed to hormone concentrations, which are known to influence microbial ecosystems
(Yoon & Kim, 2021). In the real-world context, such changes are known to potentially increase
women's susceptibility to conditions linked to microbial imbalances, such as inflammatory bowel

disease or metabolic syndrome (Santos-Marcos et al., 2023; S. Y. So & Savidge, 2021).

Diftferential abundance analysis at the genus level further highlights the sex-specific influence of
hormones. For example, the female bioreactor exhibited enrichment of FEubacterium
coprostanoligenes, Agathobacter, Sutterella, and Acidaminococcus, whereas Parasutterella was
significantly enriched in the control group. These findings align with those of previous studies
highlighting the influence of estradiol on microbial composition. Ortiz-Alvarez De La Campa et
al. (2024) observed that increased estradiol levels were significantly associated with Eubacterium
coprostanoligenes in mice, supporting our observation of its enrichment in the female bioreactor
(Ortiz-Alvarez De La Campa et al., 2024). Similarly, Zhou et al. (2020) reported a positive

correlation between Sutterella, Agathobacter, and estradiol levels in obese women with PCOS (L.
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Zhou et al., 2020). However, Wu et al. (2022) found a positive correlation between Parasutterella
and estradiol, which is in contrast to our results showing a higher abundance in the control group

(Wu et al., 2022).

In every phase of the cycle, female hormones caused sharper increases in Bacteroidota and more
dramatic declines in Proteobacteria and Firmicutes compared to the control, which maintained a
more gradual and steady bacterial profile. Notably, the female bioreactor demonstrated higher
peaks in Bacteroidota and a decline in Firmicutes during phases 2 (E+P-) and 3 (E+P+), when
estrogen levels were elevated. These findings suggest that hormonal fluctuations play a critical
role in driving specific shifts in the bacterial composition. This aligns with Shin et al. (2019), who
reported that higher estradiol levels in healthy women correlated with increased Bacteroidetes
abundance and reduced Firmicutes abundance (J.-H. Shin et al., 2019), reinforcing the idea that
sex hormones significantly influence the gut microbiome dynamics, particularly throughout the
menstrual cycle. Interestingly, despite significant differences in a-diversity, p-diversity analysis
revealed no discernible differences between groups or cycle phases. This suggests that although
the overall diversity of bacterial species varied, the community composition remained relatively

similar across the different study groups.

In the female bioreactor, distinct patterns of bacterial association with SCFAs emerged at different
time points. At 6h, Bacteroidaceae were positively associated with acetate, whereas
Enterobacteriaceae were linked to propionate. By 12h, Bifidobacteriaceae and Veillonaceae were
positively correlated with propionate and butyrate, whereas Oscillospiraceae and
Ruminococcaceae were negatively associated with these SCFAs. By 48h, Bifidobacteriaceae and
Coriobacteriaceae were positively associated with propionate and butyrate. Despite these
associations, SCFA concentrations in the female bioreactor were lower than those in all other
treatment groups, with a notable decline in every cycle phase, particularly in phase 3 (E+P+),
which exhibited the most pronounced decrease. This decline in SCFA levels may reflect hormonal
effects on microbial metabolic activity and highlight the potential disruptions in gut health due to

hormonal fluctuations (Acharya et al., 2023).
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4.3. Interaction of Psychotropic Medication with Gut Microbiota

We observed that psychotropic medication significantly affected gut microbiota, leading to
increased microbial diversity and evenness within the bioreactor. This finding aligns with a recent
meta-analysis by Minichino et al. (2024), who reported that treatment with antipsychotics and
antidepressants is associated with significant changes in gut microbiome diversity indices,
taxonomy, and functionality (Minichino et al., 2024). They also found that baseline gut
microbiome parameters were linked to subsequent therapeutic responses, highlighting the
importance of the initial microbial profiles in predicting treatment outcomes (Minichino et al.,
2024). The instability in the relative abundance of major phyla, particularly the increase in
Bacteroidota and decrease in Firmicutes and Actinobacteria, suggests that psychotropic
medications may selectively inhibit the growth of certain bacterial populations. This observation
is consistent with the findings of Pan et al. (2022), who studied longitudinal changes in the
microbiome of children during treatment with atypical antipsychotics including aripiprazole. Their

research also indicated changes in the composition of microbiota over time (Pan et al., 2022).

Furthermore, Flowers et al. (2017) reported significant differences in gut microbiota communities
between patients treated with atypical antipsychotics (including aripiprazole) and those who were
not (Flowers et al., 2017). In their study, treated women exhibited decreased species diversity
compared to the non-treated group, whereas men showed no significant differences between
treatment groups (Flowers et al., 2017). This sex-specific response to antipsychotic treatment
reinforces our findings of higher a-diversity in the psychotropic group, particularly during the early

fermentation phases, despite the suppression of taxa, such as Enterococcus.

A notable observation from our study is the impact of psychotropic medication on SCFA
production, which is a crucial aspect of the gut microbiome function. In our study, acetate levels
increased initially but declined after 24h, while propionate and butyrate levels steadily increased
throughout the fermentation period. This shift in SCFA profiles may have important implications
for gut health. SCFAs such as acetate, propionate, and butyrate are vital metabolites produced by
gut bacteria through fermentation of dietary fibers and resistant starches. These SCFAs contribute
to energy metabolism, regulate immune responses, and maintain the integrity of the gut barrier

(Mann et al., 2024).
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Our results are consistent with the findings of Hua et al. (2022), which highlighted that ketamine
and its metabolites can enhance antidepressant effects by promoting microbiota associated with
SCFAs (Hua et al., 2022). Lu et al. (2023) also demonstrated that antidepressant medications exert
therapeutic effects by interacting with the gastrointestinal microbiome and its metabolites (Y.-L.
Lu et al., 2023). Furthermore, Singh et al. (2022) reviewed evidence showing that antipsychotic
drugs can disturb the intestinal barrier, intensify gut-associated lymphoid tissue activity, and
reduce SCFA synthesis (Singh et al., 2022), which aligns with our observation of SCFA profile

changes.

4.4. Implications for Personalized Treatment

Aripiprazole, a partial dopamine agonist, is widely prescribed for conditions such as schizophrenia,
bipolar disorder, and, in some cases, MDD (Tuplin & Holahan, 2017). These conditions,
particularly in women, often intersect with hormonal fluctuations that can modulate both
psychiatric symptoms and treatment responses (Brand et al., 2022; Lin et al., 2024). Estrogen and
progesterone are known to influence not only the dopaminergic pathways but also (Hwang et al.,
2020; Wieczorek et al., 2023), as observed in this and past studies, the gut microbiota, which
together play critical roles in mental health (D. Li et al., 2023; Sovijit et al., 2021). This interaction
raises important considerations for women with psychotic disorders, a significant clinical
population taking aripiprazole. For these individuals, the effects of aripiprazole on the gut
microbiota may be compounded by sex hormone-driven changes in the gut-brain axis. These
results suggest that psychotropic medications may need to be tailored based on the sex-specific

microbiome and hormonal status of the patients (Lotter & Altfeld, 2019).

The observed differences between male and female gut microbiomes, often referred to as the
"microsexome” (Mulak et al., 2022), indicate that treatments effective for one sex may have
unintended or less effective outcomes for the other. The "microsexome" not only influences gut
composition but also plays a crucial role in regulating immune processes and driving sex
differences in disease manifestation (Vemuri et al., 2019). For instance, the reduced abundance of
beneficial SCFA-producing bacteria in females undergoing psychotropic treatment raises concerns
about the long-term impact of these medications on gut health, potentially leading to dysbiosis or
metabolic complications (Hua et al., 2022; Singh et al., 2022). As a result, treatments such as

psychotropic medications or those aimed at manipulating the microbiome, including fecal
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microbial transplants, may need to be carefully adjusted based on the patient’s sex to optimize

therapeutic outcomes.

4.5. Limitations

Although fermentation bioreactor models are valuable tools for studying the gut microbiome, they
have certain limitations. A significant challenge is the inability to fully replicate the complexities
of the human gut environment. For instance, these models do not capture key physiological factors
such as the movement of the gut (peristalsis), protective mucus layers, or direct interactions
between gut microbes and host tissues (Costa & Ahluwalia, 2019). These limitations indicate that
while the model offers controlled conditions for studying microbial dynamics, it may not account

for all aspects of gut function and its interaction with the microbiota.

Despite these limitations, the in vitro fermentation model offers several advantages that make it an
effective tool for studying the gut microbiome. This system allows for the controlled manipulation
of different variables, enabling researchers to simulate the specific physiological conditions of
both male and female guts (Isenring et al., 2023). The use of immobilized fecal microbiota
enhances stability and microbial viability, closely mimicking the environment of the colon (Dieni
& Ustadi, 2020). Additionally, the continuous mode of operation and parallel reactor design ensure
reproducibility and enable long-term studies, providing valuable insights into microbial

community dynamics and functional outputs, such as SCFA production (Isenring et al., 2023).

5. Conclusion

This study provides compelling evidence for the need to consider sex differences in the
microbiome when prescribing psychotropic medication. Future research should focus on
understanding the molecular mechanisms by which sex hormones and psychotropic drugs interact
with the microbiome. Moreover, the significant role of SCFAs underscores the potential
consequences of microbiome disruption, particularly in females. The loss of beneficial SCFA -
producing microbes in females could indicate the need for tailored therapeutic strategies, such as
incorporating probiotics or dietary modifications to maintain SCFA production and gut health

during psychotropic treatment. Additionally, hormonal fluctuations, especially those related to the
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menstrual cycle or menopause, may further influence microbial responses, thereby emphasizing

the importance of hormone-informed treatment strategies.

Clinical studies are needed to confirm these findings in human populations and explore how
personalized interventions targeting the gut microbiome may improve psychiatric treatment
outcomes. By considering microbiome composition, hormonal status, and sex-specific responses,
future psychiatric treatments could achieve more precise and effective results, reducing the risk of

gut dysbiosis and improving overall mental health outcomes.
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CHAPTER 3:
General conclusion and perspectives

This thesis explored the complex interactions between the gut microbiome, psychotropic
medications, and sex steroid hormones. Through a combination of in vitro fermentation models
and microbiome analysis, this research has helped decipher the crucial role of sex-specific factors
in shaping gut microbiota and the effects of a psychotropic drug. These findings provide significant
insights into the “microsexome”, underscoring how sex hormones influence not only the
composition and diversity of gut bacteria, but also the functional outcomes related to gut health,

including SCFA production and microbial stability.

The results of this study suggest that sex hormones play a critical role in determining the gut
microbial composition and diversity. The simulated male and female colons exhibited distinct
microbial profiles in response to hormonal manipulation and psychotropic medications, with the
female model showing a trend toward reduced microbial diversity and alterations in key microbial
taxa. This reduction in diversity, particularly in SCFA-producing bacteria, highlights the potential
vulnerabilities in females related to gut health, metabolic regulation, and immune responses when

exposed to psychotropic treatments (Lu et al., 2023; Shin et al., 2019)

The limitations of the in vitro bioreactor model, while acknowledged, does not diminish the value
of the findings. The controlled environment enabled precise observation of microbial dynamics
and the interplay between hormones, medication, and microbial communities. However, future
work is necessary to validate these findings in vivo, as human gut physiology introduces
complexities that are not fully captured by in vitro systems, such as the influence of host-
microbiota interactions, immune responses, and hormonal fluctuations during life stages such as

menstruation and menopause (Krog et al., 2022).

The implications of this study extend beyond the study of microbiome-drug interactions. This work
opens avenues for more personalized approaches to psychiatric treatment by revealing the sex-
specific effects of psychotropic drugs on the gut microbiota. Sex differences in microbiome
composition and response to medication suggest that future therapeutic strategies should consider
the hormonal status and microbiome profiles of patients. Tailoring psychotropic drug treatments
based on sex could optimize therapeutic outcomes while minimizing the adverse effects related to

gut health and metabolic functions (X. Gao et al., 2018). Moreover, this study emphasizes the
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potential of integrating microbiome-modulating therapies, such as probiotics, prebiotics, and fecal
microbiota transplantation, into treatment plans for psychiatric conditions. Particularly, for women
undergoing psychotropic treatment, interventions aimed at preserving or enhancing SCFA-
producing bacteria may offer protective benefits against dysbiosis and related complications.
Hormonal fluctuations, including those occurring during the menstrual cycle or menopause, can

further exacerbate these microbial shifts (Vemuri et al., 2019).

In conclusion, this thesis contributes to the growing body of evidence highlighting the importance
of the microbiome in mental health and the need for sex-specific approaches to psychiatric care.
The insights gained from this research lay the foundation for future investigations into the
“microsexome” and its implications for precision psychiatry, ultimately aiming to improve

treatment outcomes and patient well-being.
Future directions in this area of research would be:

Expand the donor pool by replicating this study with a larger number of fecal donors to capture
greater diversity in terms of age, health status, and hormone levels ensures that the results are
generalizable to a wider population.

Test different psychotropic medications in addition to aripiprazole, comparing their effects on
gut microbiota composition, and determining how different classes of these drugs affect the
microbiome.

Conduct in vivo studies using animal models to validate these findings, particularly focusing
on the gut-brain axis and its role in mood disorders while assessing the long-term effects of
both hormones and psychotropic drugs on microbiome health.

Undertake clinical trials involving both healthy and mentally ill individuals undergoing
psychotropic treatment should be undertaken to assess how changes in gut microbiota correlate

with treatment outcomes and overall mental health improvement.

75



REFERENCES

Acharya, K. D., Graham, M., Raman, H., Parakoyi, A. E. R., Corcoran, A., Belete, M.,
Ramaswamy, B., Koul, S., Sachar, I., Derendorf, K., Wilmer, J. B., Gottipati, S., & Tete
M. J. (2023). Estradiol-mediated protection against high-fat diet induced anxiety and
obesity is associated with changes in the gut microbiota in female mice. Scientific
Reports, 13(1), 4776. https://doi.org/10.1038/s41598-023-31783-6

Adeel, M., Song, X., Wang, Y., Francis, D., & Yang, Y. (2017). Environmental impact of
estrogens on human, animal and plant life: A critical review. Environment International
99, 107-119. https://doi.org/10.1016/j.envint.2016.12.010

Adlercreutz, H., & Jarvenpii, P. (1982). Assay of estrogens in human feces. Journal of Steroid
Biochemistry, 17(6), 639—645. https://doi.org/10.1016/0022-4731(82)90565-9

Ait Chait, Y., Mottawea, W., Tompkins, T. A., & Hammami, R. (2020a). Unravelling the
antimicrobial action of antidepressants on gut commensal microbes. Scientific Reports,
10(1), 17878. https://doi.org/10.1038/s41598-020-74934-9

Ait Chait, Y., Mottawea, W., Tompkins, T. A., & Hammami, R. (2020b). Unravelling the
antimicrobial action of antidepressants on gut commensal microbes. Scientific Reports,
10(1), 17878. https://doi.org/10.1038/s41598-020-74934-9

Ait Chait, Y., Mottawea, W., Tompkins, T. A., & Hammami, R. (2023a). Evidence of the
Dysbiotic Effect of Psychotropics on Gut Microbiota and Capacity of Probiotics to
Alleviate Related Dysbiosis in a Model of the Human Colon. International Journal of
Molecular Sciences, 24(8), 7326. https://doi.org/10.3390/ijms24087326

Ait Chait, Y., Mottawea, W., Tompkins, T. A., & Hammami, R. (2023b). Evidence of the

Dysbiotic Effect of Psychotropics on Gut Microbiota and Capacity of Probiotics to

L,

2

76



Alleviate Related Dysbiosis in a Model of the Human Colon. International Journal of
Molecular Sciences, 24(8), 7326. https://doi.org/10.3390/ijms24087326

Albert, K. M., & Newhouse, P. A. (2019). Estrogen, Stress, and Depression: Cognitive and
Biological Interactions. Annual Review of Clinical Psychology, 15(1), 399—-423.
https://doi.org/10.1146/annurev-clinpsy-050718-095557

Albert, P. R. (2015). Why is depression more prevalent in women? Journal of Psychiatry and
Neuroscience, 40(4), 219-221. https://doi.org/10.1503/jpn.150205

Almazrouei, B., Islayem, D., Alskafi, F., Catacutan, M. K., Amna, R., Nasrat, S., Sizirici, B., &
Yildiz, I. (2023). Steroid hormones in wastewater: Sources, treatments, environmental
risks, and regulations. Emerging Contaminants, 9(2), 100210.
https://doi.org/10.1016/j.emcon.2023.100210

An, R., Wilms, E., Logtenberg, M. J., Van Trijp, M. P. H., Schols, H. A., Masclee, A. A. M.,
Smidt, H., Jonkers, D. M. A. E., & Zoetendal, E. G. (2021). In vitro metabolic capacity of
carbohydrate degradation by intestinal microbiota of adults and pre-frail elderly. ISME
Communications, 1(1), 61. https://doi.org/10.1038/s43705-021-00065-5

Anand, N., Gorantla, V. R., & Chidambaram, S. B. (2022). The Role of Gut Dysbiosis in the
Pathophysiology of Neuropsychiatric Disorders. Cells, 12(1), 54.
https://doi.org/10.3390/cells12010054

Appleton, J. (2018). The Gut-Brain Axis: Influence of Microbiota on Mood and Mental Health.
Integrative Medicine (Encinitas, Calif.), 17(4), 28-32.

Audet, M.-C. (2019). Stress-induced disturbances along the gut microbiota-immune-brain axis
and implications for mental health: Does sex matter? Frontiers in Neuroendocrinology,

54, 100772. https://doi.org/10.1016/].yfrne.2019.100772

7



Bains, N., & Abdijadid, S. (2023). Major Depressive Disorder. In StatPearls. StatPearls
Publishing. http://www.ncbi.nlm.nih.gov/books/NBK 559078/

Baker, J. M., Al-Nakkash, L., & Herbst-Kralovetz, M. M. (2017). Estrogen—gut microbiome axis:
Physiological and clinical implications. Maturitas, 103, 45-53.
https://doi.org/10.1016/j.maturitas.2017.06.025

Barth, C., Villringer, A., & Sacher, J. (2015). Sex hormones affect neurotransmitters and shape
the adult female brain during hormonal transition periods. Frontiers in Neuroscience, 9.
https://doi.org/10.3389/fnins.2015.00037

Bashir, Z., Hugerth, L. W., Krog, M. C., Prast-Nielsen, S., Edfeldt, G., Boulund, F., Schacht, S.
R., Tetens, 1., Engstrand, L., Schuppe-Koistinen, I., Fransson, E., & Nielsen, H. S. (2024).
Investigations of microbiota composition and neuroactive pathways in association with
symptoms of stress and depression in a cohort of healthy women. Frontiers in Cellular
and Infection Microbiology, 14, 1324794. https://doi.org/10.3389/fcimb.2024.1324794

Basiji, K., Sendani, A. A., Ghavami, S. B., Farmani, M., Kazemifard, N., Sadeghi, A., Lotfali, E.,
& Aghdaei, H. A. (2023). The critical role of gut-brain axis microbiome in mental
disorders. Metabolic Brain Disease, 35(8), 2547-2561. https://doi.org/10.1007/s11011-
023-01248-w

Bayer, G., Ganobis, C. M., Allen-Vercoe, E., & Philpott, D. J. (2021). Defined gut microbial
communities: Promising tools to understand and combat disease. Microbes and Infection,
23(6-7), 104816. https://doi.org/10.1016/j.micinf.2021.104816

Bezirtzoglou, E., Tsiotsias, A., & Welling, G. W. (2011). Microbiota profile in feces of breast-
and formula-fed newborns by using fluorescence in situ hybridization (FISH). Anaerobe,

17(6), 478-482. https://doi.org/10.1016/j.anaerobe.2011.03.009

78



Biasucci, G., Rubini, M., Riboni, S., Morelli, L., Bessi, E., & Retetangos, C. (2010). Mode of
delivery affects the bacterial community in the newborn gut. Early Human Development,
86(1), 13—15. https://doi.org/10.1016/j.earlhumdev.2010.01.004

Bolea-Alamanac, B., Bailey, S. J., Lovick, T. A., Scheele, D., & Valentino, R. (2018). Female
psychopharmacology matters! Towards a sex-specific psychopharmacology. Journal of
Psychopharmacology, 32(2), 125-133. https://doi.org/10.1177/0269881117747578

Bolte, E. E., Moorshead, D., & Aagaard, K. M. (2022). Maternal and early life exposures and
their potential to influence development of the microbiome. Genome Medicine, 14(1), 4.
https://doi.org/10.1186/s13073-021-01005-7

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K.,
Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodriguez, A. M.,
Chase, J., ... Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852—857.
https://doi.org/10.1038/s41587-019-0209-9

Boyd, A., Van De Velde, S., Pivette, M., Ten Have, M., Florescu, S., O’Neill, S., Caldas-de-
Almeida, J.-M., Vilagut, G., Haro, J. M., Alonso, J., & Kovess-Masféty, V. (2015).
Gender Differences in Psychotropic Use Across Europe: Results From a Large Cross-
Sectional, Population-Based Study. European Psychiatry, 30(6), 778—788.
https://doi.org/10.1016/j.eurpsy.2015.05.001

Brand, B. A., Haveman, Y. R. A., De Beer, F., De Boer, J. N., Dazzan, P., & Sommer, I. E. C.
(2022). Antipsychotic medication for women with schizophrenia spectrum disorders.

Psychological Medicine, 52(4), 649-663. https://doi.org/10.1017/S0033291721004591

79



Brydges, C. R., Fiehn, O., Mayberg, H. S., Schreiber, H., Dehkordi, S. M., Bhattacharyya, S.,
Cha, J., Choi, K. S., Craighead, W. E., Krishnan, R. R., Rush, A. J., Dunlop, B. W.,
Kaddurah-Daouk, R., the Mood Disorders Precision Medicine Consortium, Penninx, B.,
Binder, E., Kastenmiiller, G., Arnold, M., Nevado-Helgado, A., ... Rinaldo, P. (2021).
Indoxyl sulfate, a gut microbiome-derived uremic toxin, is associated with psychic
anxiety and its functional magnetic resonance imaging-based neurologic signature.
Scientific Reports, 11(1), 21011. https://doi.org/10.1038/s41598-021-99845-1

Bushman, F. D. (2019). De-Discovery of the Placenta Microbiome. American Journal of
Obstetrics and Gynecology, 220(3), 213-214. https://doi.org/10.1016/j.2jog.2018.11.1093

Campbell, M., & Jialal, 1. (2024). Physiology, Endocrine Hormones. In StatPearls. StatPearls
Publishing. http://www.ncbi.nlm.nih.gov/books/NBK 538498/

Carabotti, M., Scirocco, A., Maselli, M. A., & Severi, C. (2015). The gut-brain axis: Interactions
between enteric microbiota, central and enteric nervous systems. Annals of
Gastroenterology, 28(2), 203-209.

Carson, M. D., Westwater, C., & Novince, C. M. (2023). Adolescence and the Microbiome. 7The
American Journal of Pathology, 193(12), 1900—1909.
https://doi.org/10.1016/j.ajpath.2023.07.004

Chahwan, B., Kwan, S., Isik, A., Van Hemert, S., Burke, C., & Roberts, L. (2019). Gut feelings:
A randomised, triple-blind, placebo-controlled trial of probiotics for depressive
symptoms. Journal of Affective Disorders, 253, 317-326.
https://doi.org/10.1016/j.jad.2019.04.097

Chen, J., Li, H., Hird, S. M., Chen, M.-H., Xu, W., Maas, K., & Cong, X. (2021). Sex

Differences in Gut Microbial Development of Preterm Infant Twins in Early Life: A

80



Longitudinal Analysis. Frontiers in Cellular and Infection Microbiology, 11, 671074.
https://doi.org/10.3389/fcimb.2021.671074

Chen, J., Zheng, P., Liu, Y., Zhong, X., Wang, H., Guo, Y., & Xie, P. (2018). Sex differences in
gut microbiota in patients with major depressive disorder. Neuropsychiatric Disease and
Treatment, Volume 14, 647—655. https://doi.org/10.2147/NDT.S159322

Cherrier, M. M., Anderson, K., Shofer, J., Millard, S., & Matsumoto, A. M. (2015). Testosterone
Treatment of Men With Mild Cognitive Impairment and Low Testosterone Levels.
American Journal of Alzheimer s Disease & Other Dementiasr, 30(4), 421-430.
https://doi.org/10.1177/1533317514556874

Chu, D. M., Meyer, K. M., Prince, A. L., & Aagaard, K. M. (2016). Impact of maternal nutrition
in pregnancy and lactation on offspring gut microbial composition and function. Gut
Microbes, 7(6), 459—470. https://doi.org/10.1080/19490976.2016.1241357

Cinquin, C., Le Blay, G., Fliss, I., & Lacroix, C. (2004). Immobilization of Infant Fecal
Microbiota and Utilization in an in vitro Colonic Fermentation Model. Microbial
Ecology, 48(1), 128—138. https://doi.org/10.1007/s00248-003-2022-7

Clapp, M., Aurora, N., Herrera, L., Bhatia, M., Wilen, E., & Wakefield, S. (2017). Gut
Microbiota’s Effect on Mental Health: The Gut-Brain Axis. Clinics and Practice, 7(4),
987. https://doi.org/10.4081/cp.2017.987

Clarke, G., Grenham, S., Scully, P, Fitzgerald, P., Moloney, R. D., Shanahan, F., Dinan, T. G., &
Cryan, J. F. (2013). The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system in a sex-dependent manner. Molecular Psychiatry,

18(6), 666—673. https://doi.org/10.1038/mp.2012.77

81



Coker, M. O., Laue, H. E., Hoen, A. G., Hilliard, M., Dade, E., Li, Z., Palys, T., Morrison, H. G.,
Baker, E., Karagas, M. R., & Madan, J. C. (2021). Infant Feeding Alters the Longitudinal
Impact of Birth Mode on the Development of the Gut Microbiota in the First Year of Life.
Frontiers in Microbiology, 12, 642197. https://doi.org/10.3389/fmicb.2021.642197

Collado, M. C., Rautava, S., Aakko, J., Isolauri, E., & Salminen, S. (2016). Human gut
colonisation may be initiated in utero by distinct microbial communities in the placenta
and amniotic fluid. Scientific Reports, 6(1), 23129. https://doi.org/10.1038/srep23129

Combalbert, S., & Hernandez-Raquet, G. (2010). Occurrence, fate, and biodegradation of
estrogens in sewage and manure. Applied Microbiology and Biotechnology, 86(6), 1671—
1692. https://doi.org/10.1007/s00253-010-2547-x

Coquoz, A., Regli, D., & Stute, P. (2022). Impact of progesterone on the gastrointestinal tract: A
comprehensive literature review. Climacteric, 25(4), 337-361.
https://doi.org/10.1080/13697137.2022.2033203

Costa, J., & Ahluwalia, A. (2019). Advances and Current Challenges in Intestinal in vitro Model
Engineering: A Digest. Frontiers in Bioengineering and Biotechnology, 7, 144.
https://doi.org/10.3389/fbioe.2019.00144

Cotton, S., Clayton, C. A., & Tropini, C. (2023). Microbial endocrinology: The mechanisms by
which the microbiota influences host sex steroids. Trends in Microbiology, 31(11), 1131—
1142. https://doi.org/10.1016/7.tim.2023.03.010

Cryan, J. F., O’Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme,
M., Codagnone, M. G., Cussotto, S., Fulling, C., Golubeva, A. V., Guzzetta, K. E.,

Jaggar, M., Long-Smith, C. M., Lyte, J. M., Martin, J. A., Molinero-Perez, A., Moloney,

82



G., Morelli, E., Morillas, E., ... Dinan, T. G. (2019). The Microbiota-Gut-Brain Axis.
Physiological Reviews, 99(4), 1877-2013. https://doi.org/10.1152/physrev.00018.2018

Cussotto, S., Sandhu, K. V., Dinan, T. G., & Cryan, J. F. (2018). The Neuroendocrinology of the
Microbiota-Gut-Brain Axis: A Behavioural Perspective. Frontiers in
Neuroendocrinology, 51, 80—101. https://doi.org/10.1016/.yfrne.2018.04.002

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(5), 384-392.
https://doi.org/10.1097/MCG.0000000000001676

D’ Alessandro, G., Marrocco, F., & Limatola, C. (2022). Microglial cells: Sensors for neuronal
activity and microbiota-derived molecules. Frontiers in Immunology, 13, 1011129.
https://doi.org/10.3389/fimmu.2022.1011129

Davis Birch, W. A., Moura, 1. B., Ewin, D. J., Wilcox, M. H., Buckley, A. M., Culmer, P. R, &
Kapur, N. (2023). MiGut: A scalable in vitro platform for simulating the human gut
microbiome—Development, validation and simulation of antibiotic-induced dysbiosis.
Microbial Biotechnology, 16(6), 1312—1324. https://doi.org/10.1111/1751-7915.14259

De La Cuesta-Zuluaga, J., Kelley, S. T., Chen, Y., Escobar, J. S., Mueller, N. T., Ley, R. E.,
McDonald, D., Huang, S., Swafford, A. D., Knight, R., & Thackray, V. G. (2019). Age-
and Sex-Dependent Patterns of Gut Microbial Diversity in Human Adults. mSystems,
4(4), 00261-19. https://doi.org/10.1128/mSystems.00261-19

Del Castillo-Izquierdo, A., Mayneris-Perxachs, J., & Fernandez-Real, J. M. (2022). Bidirectional

relationships between the gut microbiome and sexual traits. American Journal of

83



Physiology-Cell Physiology, 322(6), C1223-C1229.
https://doi.org/10.1152/ajpcell.00116.2022

Demers-Mathieu, V., Underwood, M., Beverly, R., Nielsen, S., & Dallas, D. (2018). Comparison
of Human Milk Immunoglobulin Survival during Gastric Digestion between Preterm and
Term Infants. Nutrients, 10(5), 631. https://do1.org/10.3390/nu10050631

Dieni, A. & Ustadi. (2020). Immobilization of Bacterial Cells and Chitinolytic Activity of
Streptomyces sp. (PB 2). E3S Web of Conferences, 147, 03032.
https://doi.org/10.1051/e3sconf/202014703032

Diotel, N., Charlier, T. D., Lefebvre d’Hellencourt, C., Couret, D., Trudeau, V. L., Nicolau, J. C.,
Meilhac, O., Kah, O., & Pellegrini, E. (2018). Steroid Transport, Local Synthesis, and
Signaling within the Brain: Roles in Neurogenesis, Neuroprotection, and Sexual
Behaviors. Frontiers in Neuroscience, 12, 84. https://doi.org/10.3389/fnins.2018.00084

Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., &
Knight, R. (2010). Delivery mode shapes the acquisition and structure of the initial
microbiota across multiple body habitats in newborns. Proceedings of the National
Academy of Sciences, 107(26), 11971-11975. https://doi.org/10.1073/pnas.1002601107

Dominguez-Lopez, 1., Yago-Aragon, M., Salas-Huetos, A., Tresserra-Rimbau, A., & Hurtado-
Barroso, S. (2020). Effects of Dietary Phytoestrogens on Hormones throughout a Human
Lifespan: A Review. Nutrients, 12(8), 2456. https://doi.org/10.3390/nu12082456

Dong, G., Zhang, J., Yang, Z., Feng, X., L1, J., Li, D., Huang, M., L1, Y., Qiu, M., Lu, X, Liu, P,
Zeng, Y., Xu, X., Luo, X., Dai, W., & Gong, S. (2020). The Association of Gut
Microbiota With Idiopathic Central Precocious Puberty in Girls. Frontiers in

Endocrinology, 10, 941. https://doi.org/10.3389/fendo.2019.00941

84



Ecklu-Mensah, G., Gilbert, J., & Devkota, S. (2022). Dietary Selection Pressures and Their
Impact on the Gut Microbiome. Cellular and Molecular Gastroenterology and
Hepatology, 13(1), 7-18. https://doi.org/10.1016/j.jcmgh.2021.07.009

El-Khatib, Y. A., Sayed, R. H., Sallam, N. A., Zaki, H. F., & Khattab, M. M. (2020). 17p-
Estradiol augments the neuroprotective effect of agomelatine in depressive- and anxiety-
like behaviors in ovariectomized rats. Psychopharmacology, 237(9), 2873-2886.
https://doi.org/10.1007/s00213-020-05580-2

Ervin, S. M., Li, H., Lim, L., Roberts, L. R., Liang, X., Mani, S., & Redinbo, M. R. (2019). Gut
microbial B-glucuronidases reactivate estrogens as components of the estrobolome that
reactivate estrogens. Journal of Biological Chemistry, 294(49), 18586—18599.
https://doi.org/10.1074/jbc.RA119.010950

Estancial Fernandes, C. S., De Azevedo, R. C. S., Goldbaum, M., & Barros, M. B. D. A. (2018).
Psychotropic use patterns: Are there differences between men and women? PLOS ONE,
13(11), €0207921. https://doi.org/10.1371/journal.pone.0207921

Fang, Y., Zhang, J., Zhu, S., He, M., Ma, S., Jia, Q., Sun, Q., Song, L., Wang, Y., & Duan, L.
(2021). Berberine ameliorates ovariectomy-induced anxiety-like behaviors by enrichment
in equol generating gut microbiota. Pharmacological Research, 165, 105439.
https://doi.org/10.1016/j.phrs.2021.105439

Fehlbaum, S., Chassard, C., Haug, M. C., Fourmestraux, C., Derrien, M., & Lacroix, C. (2015).
Design and Investigation of PolyFermS In Vitro Continuous Fermentation Models
Inoculated with Immobilized Fecal Microbiota Mimicking the Elderly Colon. PLOS

ONE, 10(11), e0142793. https://doi.org/10.1371/journal.pone.0142793

85



Figueiredo, H. F., Ulrich-Lai, Y. M., Choi, D. C., & Herman, J. P. (2007). Estrogen potentiates
adrenocortical responses to stress in female rats. American Journal of Physiology-
Endocrinology and Metabolism, 292(4), E1173—-E1182.
https://doi.org/10.1152/ajpendo.00102.2006

Flores, R., Shi, J., Fuhrman, B., Xu, X., Veenstra, T. D., Gail, M. H., Gajer, P, Ravel, J., &
Goedert, J. J. (2012). Fecal microbial determinants of fecal and systemic estrogens and
estrogen metabolites: A cross-sectional study. Journal of Translational Medicine, 10(1),
253. https://doi.org/10.1186/1479-5876-10-253

Flowers, S. A., Evans, S. J., Ward, K. M., Mclnnis, M. G., & Ellingrod, V. L. (2017). Interaction
Between Atypical Antipsychotics and the Gut Microbiome in a Bipolar Disease Cohort.
Pharmacotherapy: The Journal of Human Pharmacology and Drug Therapy, 37(3), 261—
267. https://doi.org/10.1002/phar.1890

Ganci, M., Suleyman, E., Butt, H., & Ball, M. (2022). Associations between self-reported
psychological symptom severity and gut microbiota: Further support for the
microgenderome. BMC Psychiatry, 22(1), 307. https://doi.org/10.1186/s12888-022-
03947-7

Gancz, N. N., Levinson, J. A., & Callaghan, B. L. (2023). Sex and gender as critical and distinct
contributors to the human brain-gut-microbiome axis. Brain Research Bulletin, 199,
110665. https://doi.org/10.1016/j.brainresbull.2023.110665

Gao, F., Guo, R., Ma, Q., Li, Y., Wang, W., Fan, Y., Ju, Y., Zhao, B., Gao, Y., Qian, L., Yang, Z.,
He, X., Jin, X, Liu, Y., Peng, Y., Chen, C., Chen, Y., Gao, C., Zhu, F., & Ma, X. (2022).

Stressful events induce long-term gut microbiota dysbiosis and associated post-traumatic

86



stress symptoms in healthcare workers fighting against COVID-19. Journal of Affective
Disorders, 303, 187—195. https://doi.org/10.1016/j.jad.2022.02.024

Gao, X., Zhang, M., Xue, J., Huang, J., Zhuang, R., Zhou, X., Zhang, H., Fu, Q., & Hao, Y.
(2018). Body Mass Index Differences in the Gut Microbiota Are Gender Specific.
Frontiers in Microbiology, 9, 1250. https://doi.org/10.3389/fmicb.2018.01250

Garcia, N. M., Walker, R. S., & Zoellner, L. A. (2018). Estrogen, progesterone, and the menstrual
cycle: A systematic review of fear learning, intrusive memories, and PTSD. Clinical
Psychology Review, 66, 80—96. https://doi.org/10.1016/j.cpr.2018.06.005

Garcia-Gomez, E., Gonzélez-Pedrajo, B., & Camacho-Arroyo, I. (2013). Role of Sex Steroid
Hormones in Bacterial-Host Interactions. BioMed Research International, 2013, 1-10.
https://doi.org/10.1155/2013/928290

Gettu, N., & Saadabadi, A. (2023). Aripiprazole. StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing. https://www.ncbi.nlm.nih.gov/books/NBK 547739/

Gitlin, M. (2016). Lithium side effects and toxicity: Prevalence and management strategies.
International Journal of Bipolar Disorders, 4(1), 27. https://doi.org/10.1186/s40345-016-
0068-y

Gonziélez, A., Kroll, K. J., Silva-Sanchez, C., Carriquiriborde, P., Fernandino, J. I., Denslow, N.
D., & Somoza, G. M. (2020). Steroid hormones and estrogenic activity in the wastewater
outfall and receiving waters of the Chascomus chained shallow lakes system (Argentina).
Science of The Total Environment, 743, 140401.
https://doi.org/10.1016/j.scitotenv.2020.140401

Gonzalez-Rodriguez, A., & Seeman, M. V. (2019). The association between hormones and

antipsychotic use: A focus on postpartum and menopausal women. Therapeutic Advances

87



in Psychopharmacology, 9,204512531985997.
https://doi.org/10.1177/2045125319859973

Grau-Del Valle, C., Fernandez, J., Sola, E., Montoya-Castilla, I., Morillas, C., & Baiuls, C.
(2023). Association between gut microbiota and psychiatric disorders: A systematic
review. Frontiers in Psychology, 14, 1215674.
https://doi.org/10.3389/fpsyg.2023.1215674

Guo, Y., Q1 Y., Yang, X., Zhao, L., Wen, S., Liu, Y., & Tang, L. (2016). Association between
Polycystic Ovary Syndrome and Gut Microbiota. PLOS ONE, 11(4), e0153196.
https://doi.org/10.1371/journal.pone.0153196

Guzior, D. V., & Quinn, R. A. (2021). Review: Microbial transformations of human bile acids.
Microbiome, 9(1), 140. https://doi.org/10.1186/s40168-021-01101-1

Haro, C., Rangel-Zuiiiga, O. A., Alcala-Diaz, J. F., Gbmez-Delgado, F., Pérez-Martinez, P.,
Delgado-Lista, J., Quintana-Navarro, G. M., Landa, B. B., Navas-Cortés, J. A., Tena-
Sempere, M., Clemente, J. C., Lépez-Miranda, J., Pérez-Jiménez, F., & Camargo, A.
(2016). Intestinal Microbiota Is Influenced by Gender and Body Mass Index. PLOS ONE,
11(5), €0154090. https://doi.org/10.1371/journal.pone.0154090

He, S., Li, H., Yu, Z., Zhang, F., Liang, S., Liu, H., Chen, H., & Lii, M. (2021). The Gut
Microbiome and Sex Hormone-Related Diseases. Frontiers in Microbiology, 12, 711137.
https://doi.org/10.3389/fmicb.2021.711137

Herselman, M. F., Bailey, S., & Bobrovskaya, L. (2022). The Effects of Stress and Diet on the
“Brain—Gut” and “Gut—Brain” Pathways in Animal Models of Stress and Depression.
International Journal of Molecular Sciences, 23(4), 2013.

https://doi.org/10.3390/ijms23042013

88



Hinks, M., Martin, Y. H., Burke, F. F., Bambico, F. R., & Swift-Gallant, A. (2023). Cross-sex
cecal microbiota transfer alters depressive-like behaviours in mice. Behavioural
Processes, 213, 104960. https://doi.org/10.1016/j.beproc.2023.104960

Hu, S., Ding, Q., Zhang, W., Kang, M., Ma, J., & Zhao, L. (2023). Gut microbial beta-
glucuronidase: A vital regulator in female estrogen metabolism. Gut Microbes, 15(1),
2236749. https://doi.org/10.1080/19490976.2023.2236749

Hu, X., L1, Y., Wu, J., Zhang, H., Huang, Y., Tan, X., Wen, L., Zhou, X., Xie, P., Olasunkanmi,
O. 1., Zhou, J., Sun, Z., Liu, M., Zhang, G., Yang, J., Zheng, P., & Xie, P. (2023). Changes
of gut microbiota reflect the severity of major depressive disorder: A cross sectional
study. Translational Psychiatry, 13(1), 137. https://doi.org/10.1038/s41398-023-02436-z

Hua, H., Huang, C., Liu, H., Xu, X., Xu, X., Wu, Z., Liu, C., Wang, Y., & Yang, C. (2022).
Depression and antidepressant effects of ketamine and its metabolites: The pivotal role of
gut microbiota. Neuropharmacology, 220, 109272.
https://doi.org/10.1016/j.neuropharm.2022.109272

Huang, X., Chen, J., Zou, H., Huang, P., Luo, H., Li, H., Cai, Y., Liu, L., Li, Y., He, X., & Xiang,
W. (2023). Gut microbiome combined with metabolomics reveals biomarkers and
pathways in central precocious puberty. Journal of Translational Medicine, 21(1), 316.
https://doi.org/10.1186/s12967-023-04169-5

Huo, R., Zeng, B., Zeng, L., Cheng, K., Li, B., Luo, Y., Wang, H., Zhou, C., Fang, L., Li, W.,
Niu, R., Wei, H., & Xie, P. (2017). Microbiota Modulate Anxiety-Like Behavior and
Endocrine Abnormalities in Hypothalamic-Pituitary-Adrenal Axis. Frontiers in Cellular

and Infection Microbiology, 7, 489. https://doi.org/10.3389/fcimb.2017.00489

89



Hussain, T., Murtaza, G., Kalhoro, D. H., Kalhoro, M. S., Metwally, E., Chughtai, M. 1., Mazhar,
M. U., & Khan, S. A. (2021). Relationship between gut microbiota and host-metabolism:
Emphasis on hormones related to reproductive function. Animal Nutrition, 7(1), 1-10.
https://doi.org/10.1016/j.aninu.2020.11.005

Hwang, W. J., Lee, T. Y., Kim, N. S., & Kwon, J. S. (2020). The Role of Estrogen Receptors and
Their Signaling across Psychiatric Disorders. International Journal of Molecular
Sciences, 22(1), 373. https://doi.org/10.3390/ijms22010373

Insenser, M., Murri, M., Del Campo, R., Martinez-Garcia, M. A., Fernandez-Duran, E., &
Escobar-Morreale, H. F. (2018). Gut Microbiota and the Polycystic Ovary Syndrome:
Influence of Sex, Sex Hormones, and Obesity. The Journal of Clinical Endocrinology &
Metabolism, 103(7), 2552-2562. https://doi.org/10.1210/jc.2017-02799

Isenring, J., Bircher, L., Geirnaert, A., & Lacroix, C. (2023). In vitro human gut microbiota
fermentation models: Opportunities, challenges, and pitfalls. Microbiome Research
Reports, 2(1), 2. https://doi.org/10.20517/mrr.2022.15

Jaggar, M., Rea, K., Spichak, S., Dinan, T. G., & Cryan, J. F. (2020). You’ve got male: Sex and
the microbiota-gut-brain axis across the lifespan. Frontiers in Neuroendocrinology, 56,
100815. https://doi.org/10.1016/j.yfrne.2019.100815

Jamilian, M., Mansury, S., Bahmani, F., Heidar, Z., Amirani, E., & Asemi, Z. (2018). The effects
of probiotic and selenium co-supplementation on parameters of mental health, hormonal
profiles, and biomarkers of inflammation and oxidative stress in women with polycystic
ovary syndrome. Journal of Ovarian Research, 11(1), 80. https://doi.org/10.1186/s13048-

018-0457-1

90



Jang, H.-M., Kim, J.-K., Joo, M.-K., Shin, Y.-J., Lee, C. K., Kim, H.-J., & Kim, D.-H. (2021).
Transplantation of fecal microbiota from patients with inflammatory bowel disease and
depression alters immune response and behavior in recipient mice. Scientific Reports,
11(1), 20406. https://doi.org/10.1038/s41598-021-00088-x

Jasarevi¢, E., Morrison, K. E., & Bale, T. L. (2016). Sex differences in the gut microbiome—brain
axis across the lifespan. Philosophical Transactions of the Royal Society B: Biological
Sciences, 371(1688), 20150122. https://doi.org/10.1098/rstb.2015.0122

Jaukovi¢, Z. D., Gruji¢, S. D., Mati¢ Bujagi¢, 1. V., & Lausevi¢, M. D. (2017). Determination of
sterols and steroid hormones in surface water and wastewater using liquid
chromatography-atmospheric pressure chemical ionization-mass spectrometry.
Microchemical Journal, 135, 39—47. https://doi.org/10.1016/j.microc.2017.07.011

Jiménez, E., Marin, M. L., Martin, R., Odriozola, J. M., Olivares, M., Xaus, J., Fernandez, L., &
Rodriguez, J. M. (2008). Is meconium from healthy newborns actually sterile? Research
in Microbiology, 159(3), 187—193. https://doi.org/10.1016/j.resmic.2007.12.007

Jonsson, A. K., Spigset, O., & Reis, M. (2019). A Compilation of Serum Concentrations of 12
Antipsychotic Drugs in a Therapeutic Drug Monitoring Setting. Therapeutic Drug
Monitoring, 41(3), 348-356. https://doi.org/10.1097/FTD.0000000000000585

Kaisanlahti, A., Turunen, J., Byts, N., Samoylenko, A., Bart, G., Virtanen, N., Tejesvi, M. V.,
Zhyvolozhnyi, A., Sarfraz, S., Kumpula, S., Hekkala, J., Salmi, S., Will, O., Korvala, J.,
Paalanne, N., Erawijantari, P. P., Suokas, M., Medina, T. P., Vainio, S., ... Reunanen, J.
(2023). Maternal microbiota communicates with the fetus through microbiota-derived
extracellular vesicles. Microbiome, 11(1), 249. https://doi.org/10.1186/s40168-023-

01694-9

91



Kaliannan, K., Robertson, R. C., Murphy, K., Stanton, C., Kang, C., Wang, B., Hao, L., Bhan, A.
K., & Kang, J. X. (2018). Estrogen-mediated gut microbiome alterations influence sexual
dimorphism in metabolic syndrome in mice. Microbiome, 6(1), 205.
https://doi.org/10.1186/s40168-018-0587-0

Kazemi, A., Noorbala, A. A., Azam, K., Eskandari, M. H., & Djafarian, K. (2019). Effect of
probiotic and prebiotic vs placebo on psychological outcomes in patients with major
depressive disorder: A randomized clinical trial. Clinical Nutrition, 38(2), 522—-528.
https://doi.org/10.1016/j.cInu.2018.04.010

Kelly, J. R., Borre, Y., O’ Brien, C., Patterson, E., El Aidy, S., Deane, J., Kennedy, P. J., Beers, S.,
Scott, K., Moloney, G., Hoban, A. E., Scott, L., Fitzgerald, P., Ross, P., Stanton, C.,
Clarke, G., Cryan, J. F., & Dinan, T. G. (2016). Transferring the blues: Depression-
associated gut microbiota induces neurobehavioural changes in the rat. Journal of
Psychiatric Research, 82, 109—118. https://doi.org/10.1016/j.jpsychires.2016.07.019

Kennedy, K. M., De Goffau, M. C., Perez-Mufioz, M. E., Arrieta, M.-C., Biackhed, F., Bork, P.,
Braun, T., Bushman, F. D., Dore, J., De Vos, W. M., Earl, A. M., Eisen, J. A., Elovitz, M.
A., Ganal-Vonarburg, S. C., Ginzle, M. G., Garrett, W. S., Hall, L. J., Hornef, M. W.,
Huttenhower, C., ... Walter, J. (2023). Questioning the fetal microbiome illustrates
pitfalls of low-biomass microbial studies. Nature, 613(7945), 639-649.
https://doi.org/10.1038/s41586-022-05546-8

Kheloui, S., Smith, A., & Ismail, N. (2023). Combined oral contraceptives and mental health:
Are adolescence and the gut-brain axis the missing links? Frontiers in

Neuroendocrinology, 68, 101041. https://doi.org/10.1016/j.yfrne.2022.101041

92



Kim, H.-N,, Yun, Y., Ryu, S., Chang, Y., Kwon, M.-J., Cho, J., Shin, H., & Kim, H.-L. (2018).
Correlation between gut microbiota and personality in adults: A cross-sectional study.
Brain, Behavior, and Immunity, 69, 374-385. https://doi.org/10.1016/j.bbi.2017.12.012

Kim, S.-Y., Woo, S.-Y., Raza, S., Ho, D., Jeon, S. W, Chang, Y., Ryu, S., Kim, H.-L., & Kim, H.-
N. (2023). Association between gut microbiota and anxiety symptoms: A large
population-based study examining sex differences. Journal of Affective Disorders, 333,
21-29. https://doi.org/10.1016/j.jad.2023.04.003

Kim, Y. S., Unno, T., Kim, B.-Y., & Park, M.-S. (2020). Sex Differences in Gut Microbiota. The
World Journal of Men's Health, 38(1), 48. https://doi.org/10.5534/wjmh.190009

Kimse, L., Reinis, A., Mikelsone-Jansone, L., Gintere, S., & Kriimina, A. (2024). A Narrative
Review of Psychobiotics: Probiotics That Influence the Gut—Brain Axis. Medicina, 60(4),
601. https://doi.org/10.3390/medicina60040601

Knudsen, J. K., Michaelsen, T. Y., Bundgaard-Nielsen, C., Nielsen, R. E., Hjerrild, S., Leutscher,
P., Wegener, G., & Serensen, S. (2021). Faecal microbiota transplantation from patients
with depression or healthy individuals into rats modulates mood-related behaviour.
Scientific Reports, 11(1), 21869. https://doi.org/10.1038/s41598-021-01248-9

Koenig, J. E., Spor, A., Scalfone, N., Fricker, A. D., Stombaugh, J., Knight, R., Angenent, L. T.,
& Ley, R. E. (2011). Succession of microbial consortia in the developing infant gut
microbiome. Proceedings of the National Academy of Sciences, 108(supplement 1),
4578-4585. https://doi.org/10.1073/pnas.1000081107

Koh, A., De Vadder, F., Kovatcheva-Datchary, P., & Bickhed, F. (2016). From Dietary Fiber to
Host Physiology: Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell, 165(6),

1332-1345. https://doi.org/10.1016/j.cell.2016.05.041

93



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), 131. https://doi.org/10.1186/s12866-021-02198-
y

Korpela, K., Kallio, S., Salonen, A., Hero, M., Kukkonen, A. K., Miettinen, P. J., Savilahti, E.,
Kohva, E., Kariola, L., Suutela, M., Tarkkanen, A., de Vos, W. M., Raivio, T., &
Kuitunen, M. (2021). Gut microbiota develop towards an adult profile in a sex-specific
manner during puberty. Scientific Reports, 11(1), 23297. https://doi.org/10.1038/s41598-
021-02375-z

Krog, M. C., Hugerth, L. W., Fransson, E., Bashir, Z., Nyboe Andersen, A., Edfeldt, G.,
Engstrand, L., Schuppe-Koistinen, I., & Nielsen, H. S. (2022). The healthy female
microbiome across body sites: Effect of hormonal contraceptives and the menstrual cycle.
Human Reproduction, 37(7), 1525—1543. https://doi.org/10.1093/humrep/deac094

Kundakovic, M., & Rocks, D. (2022). Sex hormone fluctuation and increased female risk for
depression and anxiety disorders: From clinical evidence to molecular mechanisms.
Frontiers in Neuroendocrinology, 66, 101010.
https://doi.org/10.1016/j.yfrne.2022.101010

Lamboley, L., Lacroix, C., Champagne, C. P., & Vuillemard, J. C. (1997). Continuous mixed
strain mesophilic lactic starter production in supplemented whey permeate medium using
immobilized cell technology. Biotechnology and Bioengineering, 56(5), 502-516.
https://doi.org/10.1002/(SICI)1097-0290(19971205)56:5<502:: AID-BIT4>3.0.CO;2-M

Le Blay, G., Hammami, R., Lacroix, C., & Fliss, L. (2012). Stability and Inhibitory Activity of

Pediocin PA-1 Against Listeria sp. In Simulated Physiological Conditions of the Human

94



Terminal Ileum. Probiotics and Antimicrobial Proteins, 4(4), 250-258.
https://doi.org/10.1007/s12602-012-9111-1

LeGates, T. A., Kvarta, M. D., & Thompson, S. M. (2019). Sex differences in antidepressant
efficacy. Neuropsychopharmacology, 44(1), 140—154. https://doi.org/10.1038/s41386-
018-0156-z

Leigh, S., Uhlig, F., Wilmes, L., Sanchez-Diaz, P., Gheorghe, C. E., Goodson, M. S., Kelley-
Loughnane, N., Hyland, N. P., Cryan, J. F., & Clarke, G. (2023). The impact of acute and
chronic stress on gastrointestinal physiology and function: A microbiota—gut—brain axis
perspective. The Journal of Physiology, 601(20), 4491-4538.
https://doi.org/10.1113/JP281951

Li, D., Liu, R., Wang, M., Peng, R., Fu, S., Fu, A, Le, J., Yao, Q., Yuan, T., Chi, H., Mu, X., Sun,
T., Liu, H., Yan, P., Wang, S., Cheng, S., Deng, Z., Liu, Z., Wang, G, ... Liu, T. (2022).
3B-Hydroxysteroid dehydrogenase expressed by gut microbes degrades testosterone and
is linked to depression in males. Cell Host & Microbe, 30(3), 329-339.e5.
https://doi.org/10.1016/j.chom.2022.01.001

Li, D., Sun, T., Tong, Y., Le, J., Yao, Q., Tao, J., Liu, H., Jiao, W., Mei, Y., Chen, J., Liu, Z.,
Wang, G., & Li, Y. (2023). Gut-microbiome-expressed 33-hydroxysteroid dehydrogenase
degrades estradiol and is linked to depression in premenopausal females. Cell
Metabolism, S1550413123000530. https://doi.org/10.1016/j.cmet.2023.02.017

Li, N., Wang, Q., Wang, Y., Sun, A., Lin, Y., Jin, Y., & Li, X. (2019). Fecal microbiota
transplantation from chronic unpredictable mild stress mice donors affects anxiety-like
and depression-like behavior in recipient mice via the gut microbiota-inflammation-brain

axis. Stress, 22(5), 592—602. https://doi.org/10.1080/10253890.2019.1617267

95



Lin, J., Nunez, C., Susser, L., & Gershengoren, L. (2024). Understanding premenstrual
exacerbation: Navigating the intersection of the menstrual cycle and psychiatric illnesses.
Frontiers in Psychiatry, 15, 1410813. https://doi.org/10.3389/fpsyt.2024.1410813

Liu, L., Wang, H., Chen, X., Zhang, Y., Zhang, H., & Xie, P. (2023). Gut microbiota and its
metabolites in depression: From pathogenesis to treatment. eBioMedicine, 90, 104527.
https://doi.org/10.1016/j.ebiom.2023.104527

Loh, J. S., Mak, W. Q., Tan, L. K. S., Ng, C. X., Chan, H. H., Yeow, S. H., Foo, J. B., Ong, Y. S.,
How, C. W., & Khaw, K. Y. (2024). Microbiota—gut—brain axis and its therapeutic
applications in neurodegenerative diseases. Signal Transduction and Targeted Therapy,
9(1), 37. https://doi.org/10.1038/s41392-024-01743-1

Lotter, H., & Altfeld, M. (2019). Sex differences in immunity. Seminars in Immunopathology,
41(2), 133—135. https://doi.org/10.1007/s00281-018-00728-x

Lu, N., Li, M., Lei, H,, Jiang, X., Tu, W,, Lu, Y., & Xia, D. (2017). Butyric acid regulates
progesterone and estradiol secretion via cAMP signaling pathway in porcine granulosa
cells. The Journal of Steroid Biochemistry and Molecular Biology, 172, 89-97.
https://doi.org/10.1016/.jsbmb.2017.06.004

Lu, Y.-L., Jiang, T., & Duan, J.-J. (2023). Gastrointestinal Microbiome and related metabolites in
Depression and Antidepressants—A comprehensive review. Life Research, 6(3), 16.
https://doi.org/10.53388/LR20230016

Lynch, M. A. (2022). Exploring Sex-Related Differences in Microglia May Be a Game-Changer
in Precision Medicine. Frontiers in Aging Neuroscience, 14, 868448.

https://doi.org/10.3389/fnagi.2022.868448

96



Macfarlane, G. T., Macfarlane, S., & Gibson, G. R. (1998). Validation of a Three-Stage
Compound Continuous Culture System for Investigating the Effect of Retention Time on
the Ecology and Metabolism of Bacteria in the Human Colon. Microbial Ecology, 35(2),
180—-187. https://doi.org/10.1007/s002489900072

Mann, E. R., Lam, Y. K., & Uhlig, H. H. (2024). Short-chain fatty acids: Linking diet, the
microbiome and immunity. Nature Reviews Immunology, 24(8), 577-595.
https://doi.org/10.1038/s41577-024-01014-8

Manosso, L. M., Lin, J., Carlessi, A. S., Recco, K. C. C., Quevedo, J., Gongalves, C. L., & Réus,
G. Z. (2021). Sex-related patterns of the gut-microbiota-brain axis in the neuropsychiatric
conditions. Brain Research Bulletin, 171, 196-208.
https://doi.org/10.1016/j.brainresbull.2021.04.001

Marano, G., Mazza, M., Lisci, F. M., Ciliberto, M., Traversi, G., Kotzalidis, G. D., De Berardis,
D., Laterza, L., Sani, G., Gasbarrini, A., & Gaetani, E. (2023). The Microbiota—Gut—
Brain Axis: Psychoneuroimmunological Insights. Nutrients, 15(6), 1496.
https://doi.org/10.3390/nu15061496

Markle, J. G. M., Frank, D. N., Mortin-Toth, S., Robertson, C. E., Feazel, L. M., Rolle-
Kampczyk, U., Von Bergen, M., McCoy, K. D., Macpherson, A. J., & Danska, J. S.
(2013). Sex Differences in the Gut Microbiome Drive Hormone-Dependent Regulation of
Autoimmunity. Science, 339(6123), 1084—1088. https://doi.org/10.1126/science.1233521

Matos, J. F., Americo, M. F., Sinzato, Y. K., Volpato, G. T., Cor4, L. A., Calabresi, M. F. F.,
Oliveira, R. B., Damasceno, D. C., & Miranda, J. R. A. (2016). Role of sex hormones in
gastrointestinal motility in pregnant and non-pregnant rats. World Journal of

Gastroenterology, 22(25), 5761. https://doi.org/10.3748/wjg.v22.i125.5761

97



Matsunaga, M., Takeuchi, M., Watanabe, S., Takeda, A. K., Kikusui, T., Mogi, K., Nagasawa,
M., Hagihara, K., & Myowa, M. (2024). Intestinal microbiome and maternal mental
health: Preventing parental stress and enhancing resilience in mothers. Communications
Biology, 7(1), 235. https://doi.org/10.1038/s42003-024-05884-5

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. (2022). Firmicutes in Gut
Microbiota Correlate with Blood Testosterone Levels in Elderly Men. The World Journal
of Men's Health, 40(3), 517. https://doi.org/10.5534/wjmh.210190

Mazza, M., De Berardis, D., & Marano, G. (2024). Keep in mind sex differences when
prescribing psychotropic drugs. World Journal of Psychiatry, 14(2), 194—198.
https://doi.org/10.5498/wjp.v14.12.194

McEwen, B. S., & Milner, T. A. (2017). Understanding the broad influence of sex hormones and
sex differences in the brain. Journal of Neuroscience Research, 95(1-2), 24-39.
https://doi.org/10.1002/jn1.23809

McGaughey, K. D., Yilmaz-Swenson, T., Elsayed, N. M., Cruz, D. A., Rodriguiz, R. M., Kritzer,
M. D., Peterchev, A. V., Roach, J., Wetsel, W. C., & Williamson, D. E. (2019). Relative
abundance of Akkermansia spp. And other bacterial phylotypes correlates with anxiety-
and depressive-like behavior following social defeat in mice. Scientific Reports, 9(1),
3281. https://doi.org/10.1038/s41598-019-40140-5

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive
Analysis and Graphics of Microbiome Census Data. PLOS ONE, 8(4), e61217.

https://doi.org/10.1371/journal.pone.0061217

98



Menon, R., Khanipov, K., Radnaa, E., Ganguly, E., Bento, G. F. C., Urrabaz-Garza, R.,
Kammala, A. K., Yaklic, J., Pyles, R., Golovko, G., & Tantengco, O. A. G. (2023).
Amplification of microbial DNA from bacterial extracellular vesicles from human
placenta. Frontiers in Microbiology, 14, 1213234,
https://doi.org/10.3389/fmicb.2023.1213234

MetaHIT Consortium, Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., Arumugam,
M., Kultima, J. R., Prifti, E., Nielsen, T., Juncker, A. S., Manichanh, C., Chen, B., Zhang,
W., Levenez, F., Wang, J., Xu, X., Xiao, L., ... Wang, J. (2014). An integrated catalog of
reference genes in the human gut microbiome. Nature Biotechnology, 32(8), 834—841.
https://doi.org/10.1038/nbt.2942

Mhanna, A., Martini, N., Hmaydoosh, G., Hamwi, G., Jarjanazi, M., Zaifah, G., Kazzazo, R.,
Haji Mohamad, A., & Alshehabi, Z. (2024). The correlation between gut microbiota and
both neurotransmitters and mental disorders: A narrative review. Medicine, 103(5),
€37114. https://doi.org/10.1097/MD.0000000000037114

Minichino, A., Preston, T., Fanshawe, J. B., Fusar-Poli, P., McGuire, P., Burnet, P. W. J., &
Lennox, B. R. (2024). Psycho-Pharmacomicrobiomics: A Systematic Review and Meta-
Analysis. Biological Psychiatry, 95(7), 611-628.
https://doi.org/10.1016/j.biopsych.2023.07.019

Mirzaei, R., Kavyani, B., Nabizadeh, E., Kadkhoda, H., Asghari Ozma, M., & Abdi, M. (2023).
Microbiota metabolites in the female reproductive system: Focused on the short-chain

fatty acids. Heliyon, 9(3), e14562. https://doi.org/10.1016/j.heliyon.2023.e14562

99



Mitchell, S., Smith, R., & Waring, R. (2009). The Menstrual Cycle and Drug Metabolism.
Current Drug Metabolism, 10(5), 499-507.
https://doi.org/10.2174/138920009788897966

Mitrea, L., Nemes, S.-A., Szabo, K., Teleky, B.-E., & Vodnar, D.-C. (2022). Guts Imbalance
Imbalances the Brain: A Review of Gut Microbiota Association With Neurological and
Psychiatric Disorders. Frontiers in Medicine, 9, 813204.
https://doi.org/10.3389/fmed.2022.813204

Mittal, E., Cupp, G., & Kang, Y. (Abraham). (2023). Simulating the Effect of Gut Microbiome
on Cancer Cell Growth Using a Microfluidic Device. Sensors, 23(3), 1265.
https://doi.org/10.3390/s23031265

Moadi, L., 10.1016/j.chom.2022.01.001., S., Asulin, N., & Koren, O. (2024). The effect of
testosterone on the gut microbiome in mice. Communications Biology, 7(1), 880.
https://doi.org/10.1038/s42003-024-06470-5

Monk, J. M., Liddle, D. M., Cohen, D. J. A., Tsang, D. H., Hillyer, L. M., Abdelmagid, S. A.,
Nakamura, M. T., Power, K. A., Ma, D. W. L., & Robinson, L. E. (2016). The delta 6
desaturase knock out mouse reveals that immunomodulatory effects of essential n-6 and
n-3 polyunsaturated fatty acids are both independent of and dependent upon conversion.
The Journal of Nutritional Biochemistry, 32, 29-38.
https://doi.org/10.1016/j.jnutbi0.2016.01.004

Mosaferi, B., Jand, Y., & Salari, A.-A. (2021). Gut microbiota depletion from early adolescence
alters anxiety and depression-related behaviours in male mice with Alzheimer-like

disease. Scientific Reports, 11(1), 22941. https://doi.org/10.1038/s41598-021-02231-0

100



Mottawea, W., Chiang, C.-K., Miihlbauer, M., Starr, A. E., Butcher, J., Abujamel, T., Deeke, S.
A., Brandel, A., Zhou, H., Shokralla, S., Hajibabaei, M., Singleton, R., Benchimol, E. L.,
Jobin, C., Mack, D. R., Figeys, D., & Stintzi, A. (2016). Altered intestinal microbiota—
host mitochondria crosstalk in new onset Crohn’s disease. Nature Communications, 7(1),
13419. https://doi.org/10.1038/ncomms13419

Mottawea, W., Sultan, S., Landau, K., Bordenave, N., & Hammami, R. (2020). Evaluation of the
Prebiotic Potential of a Commercial Synbiotic Food Ingredient on Gut Microbiota in an
Ex Vivo Model of the Human Colon. Nutrients, 12(9), 2669.
https://doi.org/10.3390/nu12092669

Mousavi, R., Mottawea, W., Audet, M.-C., & Hammami, R. (2022). Survival and Interplay of y-
Aminobutyric Acid-Producing Psychobiotic Candidates with the Gut Microbiota in a
Continuous Model of the Human Colon. Biology, 11(9), 1311.
https://doi.org/10.3390/biology 11091311

Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L., Midtvedt, T., Cresci, A., Silvi, S.,
Orpianesi, C., Verdenelli, M. C., Clavel, T., Koebnick, C., Zunft, H.-J. F., Dor¢, J., &
Blaut, M. (2006). Differences in Fecal Microbiota in Different European Study
Populations in Relation to Age, Gender, and Country: A Cross-Sectional Study. Applied
and Environmental Microbiology, 72(2), 1027-1033.
https://doi.org/10.1128/AEM.72.2.1027-1033.2006

Mulak, A., Larauche, M., & Taché, Y. (2022). Sexual Dimorphism in the Gut Microbiome:
Microgenderome or Microsexome? Journal of Neurogastroenterology and Motility,

28(2), 332-333. https://doi.org/10.5056/jnm21242

101



Nagata, N., Nishijima, S., Miyoshi-Akiyama, T., Kojima, Y., Kimura, M., Aoki, R., Ohsugi, M.,
Ueki, K., Miki, K., Iwata, E., Hayakawa, K., Ohmagari, N., Oka, S., Mizokami, M., Itoi,
T., Kawai, T., Uemura, N., & Hattori, M. (2022). Population-level Metagenomics
Uncovers Distinct Effects of Multiple Medications on the Human Gut Microbiome.
Gastroenterology, 163(4), 1038—1052. https://doi.org/10.1053/j.gastro.2022.06.070

Nakatsu, C. H., Armstrong, A., Clavijo, A. P., Martin, B. R., Barnes, S., & Weaver, C. M. (2014).
Fecal Bacterial Community Changes Associated with Isoflavone Metabolites in
Postmenopausal Women after Soy Bar Consumption. PLoS ONE, 9(10), e108924.
https://doi.org/10.1371/journal.pone.0108924

Nguyen, T. L. A., Vieira-Silva, S., Liston, A., & Raes, J. (2015). How informative is the mouse
for human gut microbiota research? Disease Models & Mechanisms, 8(1), 1-16.
https://doi.org/10.1242/dmm.017400

Nie, X., Xie, R., & Tuo, B. (2018). Effects of Estrogen on the Gastrointestinal Tract. Digestive
Diseases and Sciences, 63(3), 583-596. https://doi.org/10.1007/s10620-018-4939-1

Niemela, L., Lamoury, G., Carroll, S., Morgia, M., Yeung, A., & Oh, B. (2024). Exploring
gender differences in the relationship between gut microbiome and depression—A
scoping review. Frontiers in Psychiatry, 15, 1361145.
https://doi.org/10.3389/fpsyt.2024.1361145

Nikolova, V. L., Smith, M. R. B., Hall, L. J., Cleare, A. J., Stone, J. M., & Young, A. H. (2021).
Perturbations in Gut Microbiota Composition in Psychiatric Disorders: A Review and
Meta-analysis. JAMA Psychiatry, 78(12), 1343.

https://doi.org/10.1001/jamapsychiatry.2021.2573

102



Nogal, A., Valdes, A. M., & Menni, C. (2021). The role of short-chain fatty acids in the interplay
between gut microbiota and diet in cardio-metabolic health. Gut Microbes, 13(1),
1897212. https://doi.org/10.1080/19490976.2021.1897212

Nuriel-Ohayon, M., Neuman, H., Ziv, O., Belogolovski, A., Barsheshet, Y., Bloch, N., Uzan, A.,
Lahav, R., Peretz, A., Frishman, S., Hod, M., Hadar, E., Louzoun, Y., Avni, O., & Koren,
0. (2019). Progesterone Increases Bifidobacterium Relative Abundance during Late
Pregnancy. Cell Reports, 27(3), 730-736.€3. https://doi.org/10.1016/j.celrep.2019.03.075

Ogura, E., Kageyama, K., Hanada, K., Kasckow, J., & Suda, T. (2008). Effects of estradiol on
regulation of corticotropin-releasing factor gene and interleukin-6 production via
estrogen receptor type B in hypothalamic 4B cells. Peptides, 29(3), 456—464.
https://doi.org/10.1016/j.peptides.2007.11.007

Ohlsson, L., Gustafsson, A., Lavant, E., Suneson, K., Brundin, L., Westrin, A., Ljunggren, L., &
Lindqvist, D. (2019). Leaky gut biomarkers in depression and suicidal behavior. Acta
Psychiatrica Scandinavica, 139(2), 185—193. https://doi.org/10.1111/acps.12978

Oliphant, K., & Allen-Vercoe, E. (2019). Macronutrient metabolism by the human gut
microbiome: Major fermentation by-products and their impact on host health.
Microbiome, 7(1), 91. https://doi.org/10.1186/s40168-019-0704-8

Org, E., Mehrabian, M., Parks, B. W., Shipkova, P, Liu, X., Drake, T. A., & Lusis, A. J. (2016).
Sex differences and hormonal effects on gut microbiota composition in mice. Gut
Microbes, 7(4), 313-322. https://doi.org/10.1080/19490976.2016.1203502

Ortega, M. A., Alvarez-Mon, M. A., Garcia-Montero, C., Fraile-Martinez, O., Monserrat, J.,
Martinez-Rozas, L., Rodriguez-Jiménez, R., Alvarez-Mon, M., & Lahera, G. (2023).

Microbiota—gut—brain axis mechanisms in the complex network of bipolar disorders:

103



Potential clinical implications and translational opportunities. Molecular Psychiatry,
28(7), 2645-2673. https://doi.org/10.1038/s41380-023-01964-w

Ortiz-Alvarez De La Campa, M., Curtis-Joseph, N., Beekman, C., & Belenky, P. (2024). Gut
Biogeography Accentuates Sex-Related Differences in the Murine Microbiome.
Microorganisms, 12(1), 221. https://doi.org/10.3390/microorganisms12010221

Ostadmohammadi, V., Jamilian, M., Bahmani, F., & Asemi, Z. (2019). Vitamin D and probiotic
co-supplementation affects mental health, hormonal, inflammatory and oxidative stress
parameters in women with polycystic ovary syndrome. Journal of Ovarian Research,
12(1), 5. https://doi.org/10.1186/s13048-019-0480-x

Oyola, M. G., & Handa, R. J. (2017). Hypothalamic—pituitary—adrenal and hypothalamic—
pituitary—gonadal axes: Sex differences in regulation of stress responsivity. Stress, 20(5),
476-494. https://doi.org/10.1080/10253890.2017.1369523

Padda, J., Khalid, K., Hitawala, G., Batra, N., Pokhriyal, S., Mohan, A., Zubair, U., Cooper, A.
C., & Jean-Charles, G. (2021). Depression and Its Effect on the Menstrual Cycle. Cureus.
https://doi.org/10.7759/cureus.16532

Pan, L., Zhou, Y., Zhang, X., & Jiang, H. (2022). Gut microbiota is associated with weight gain
in children treated with atypical antipsychotic: A pilot longitudinal study. Psychiatry
Research, 316, 114784. https://doi.org/10.1016/j.psychres.2022.114784

Patchev, V. (1996). The Neurosteroid Tetrahydroprogesterone Attenuates the Endocrine
Response to Stress and Exerts Glucocorticoid-like Effects on Vasopressin Gene
Transcription in the Rat Hypothalamus. Neuropsychopharmacology, 15(6), 533—-540.

https://doi.org/10.1016/S0893-133X(96)00096-6

104



Pham, V. T., Chassard, C., Rifa, E., Braegger, C., Geirnaert, A., Rocha Martin, V. N., & Lacroix,
C. (2019). Lactate Metabolism Is Strongly Modulated by Fecal Inoculum, pH, and
Retention Time in PolyFermS Continuous Colonic Fermentation Models Mimicking
Young Infant Proximal Colon. mSystems, 4(4), €00264-18.
https://doi.org/10.1128/mSystems.00264-18

Pletzer, B., Poppelaars, E. S., Klackl, J., & Jonas, E. (2021). The gonadal response to social
stress and its relationship to cortisol. Stress, 24(6), 866—875.
https://doi.org/10.1080/10253890.2021.1891220

Pope, H. G., Cohane, G. H., Kanayama, G., Siegel, A. J., & Hudson, J. I. (2003). Testosterone
Gel Supplementation for Men With Refractory Depression: A Randomized, Placebo-
Controlled Trial. American Journal of Psychiatry, 160(1), 105—111.
https://doi.org/10.1176/appi.ajp.160.1.105

Pouranayatihosseinabad, M., Bezabih, Y., Hawrelak, J., Peterson, G. M., Veal, F., & Mirkazemi,
C. (2023). Antibiotic use and the development of depression: A systematic review.
Journal of Psychosomatic Research, 164, 111113.
https://doi.org/10.1016/j.jpsychores.2022.111113

Qadri, S., Hussain, A., Bhat, M. H., & Baba, A. A. (2018). Polycystic Ovary Syndrome in
Bipolar Affective Disorder: A Hospital-based Study. Indian Journal of Psychological
Medicine, 40(2), 121-128. https://doi.org/10.4103/IJPSYM.IJPSYM 284 17

Qi, X., Yun, C., Pang, Y., & Qiao, J. (2021). The impact of the gut microbiota on the reproductive
and metabolic endocrine system. Gut Microbes, 13(1), 1894070.

https://doi.org/10.1080/19490976.2021.1894070

105



Ramadan, Q., & Jing, L. (2016). Characterization of tight junction disruption and immune
response modulation in a miniaturized Caco-2/U937 coculture-based in vitro model of
the human intestinal barrier. Biomedical Microdevices, 18(1), 11.
https://doi.org/10.1007/s10544-016-0035-5

Ramirez-Carrillo, E., Gaona, O., Nieto, J., Sanchez-Quinto, A., Cerqueda-Garcia, D., Falcon, L.
I., Rojas-Ramos, O. A., & Gonzélez-Santoyo, 1. (2020). Disturbance in human gut
microbiota networks by parasites and its implications in the incidence of depression.
Scientific Reports, 10(1), 3680. https://doi.org/10.1038/s41598-020-60562-w

Reyman, M., Van Houten, M. A., Van Baarle, D., Bosch, A. A. T. M., Man, W. H., Chu, M. L. J.
N., Arp, K., Watson, R. L., Sanders, E. A. M., Fuentes, S., & Bogaert, D. (2019). Impact
of delivery mode-associated gut microbiota dynamics on health in the first year of life.
Nature Communications, 10(1), 4997. https://doi.org/10.1038/s41467-019-13014-7

Rietjens, I. M. C. M., Louisse, J., & Beekmann, K. (2017). The potential health effects of dietary
phytoestrogens. British Journal of Pharmacology, 174(11), 1263—1280.
https://doi.org/10.1111/bph.13622

Rogers, M. A., Greene, M. T., Young, V. B., Saint, S., Langa, K. M., Kao, J. Y., & Aronoff, D. M.
(2013). Depression, antidepressant medications, and risk of Clostridium difficileinfection.
BMC Medicine, 11(1), 121. https://doi.org/10.1186/1741-7015-11-121

Roomruangwong, C., Carvalho, A. F., Geffard, M., & Maes, M. (2019). The menstrual cycle may
not be limited to the endometrium but also may impact gut permeability. Acta
Neuropsychiatrica, 31(6), 294-304. https://doi.org/10.1017/neu.2019.30

Rust, C., Malan-Muller, S., Van Den Heuvel, L. L., Tonge, D., Seedat, S., Pretorius, E., &

Hemmings, S. M. J. (2023). Platelets bridging the gap between gut dysbiosis and

106



neuroinflammation in stress-linked disorders: A narrative review. Journal of
Neuroimmunology, 382, 578155. https://doi.org/10.1016/j.jneuroim.2023.578155

Rutsch, A., Kantsjo, J. B., & Ronchi, F. (2020). The Gut-Brain Axis: How Microbiota and Host
Inflammasome Influence Brain Physiology and Pathology. Frontiers in Immunology, 11,
604179. https://doi.org/10.3389/fimmu.2020.604179

Sahin, Z., Ozkurkculer, A., Kalkan, O. F., Bulmus, F. G., Bulmus, O., & Kutlu, S. (2022).
Gonadotropin levels reduced in seven days immobilization stress-induced depressive-like
behavior in female rats. Journal of Basic and Clinical Physiology and Pharmacology,
33(2), 199-206. https://doi.org/10.1515/jbcpp-2020-0195

Sambyal, K., & Singh, R. V. (2020). Production aspects of testosterone by microbial
biotransformation and future prospects. Steroids, 159, 108651.
https://doi.org/10.1016/j.steroids.2020.108651

Santos-Marcos, J. A., Mora-Ortiz, M., Tena-Sempere, M., Lopez-Miranda, J., & Camargo, A.
(2023). Interaction between gut microbiota and sex hormones and their relation to sexual
dimorphism in metabolic diseases. Biology of Sex Differences, 14(1), 4.
https://doi.org/10.1186/s13293-023-00490-2

Scannell, A. G. M., Hill, C., Ross, R. P, Marx, S., Hartmeier, W., & Arendt, E. K. (2000).
Continuous production of lacticin 3147 and nisin using cells immobilized in calcium
alginate. Journal of Applied Microbiology, 89(4), 573-579.
https://doi.org/10.1046/j.1365-2672.2000.01149.x

Seeman, M. V. (2020). Men and women respond differently to antipsychotic drugs.

Neuropharmacology, 163, 107631. https://doi.org/10.1016/j.neuropharm.2019.05.008

107



Senghor, B., Sokhna, C., Ruimy, R., & Lagier, J.-C. (2018). Gut microbiota diversity according
to dietary habits and geographical provenance. Human Microbiome Journal, 7-8, 1-9.
https://doi.org/10.1016/j.humic.2018.01.001

Seyed Hameed, A. S., Rawat, P. S., Meng, X., & Liu, W. (2020). Biotransformation of dietary
phytoestrogens by gut microbes: A review on bidirectional interaction between
phytoestrogen metabolism and gut microbiota. Biotechnology Advances, 43, 107576.
https://doi.org/10.1016/j.biotechadv.2020.107576

Shetageri, V. N., Bhogale, G. S., Patil, N. M., Nayak, R. B., & Chate, S. S. (2016). Sexual
Dysfunction among Females Receiving Psychotropic Medication: A Hospital-based
Cross-sectional Study. Indian Journal of Psychological Medicine, 38(5), 447-454.
https://doi.org/10.4103/0253-7176.191379

Shigehara, K., Konaka, H., Sugimoto, K., Nohara, T., Izumi, K., Kadono, Y., Namiki, M., &
Mizokami, A. (2018). Sleep disturbance as a clinical sign for severe hypogonadism:
Efficacy of testosterone replacement therapy on sleep disturbance among hypogonadal
men without obstructive sleep apnea. The Aging Male, 21(2), 99—-105.
https://doi.org/10.1080/13685538.2017.1378320

Shin, J.-H., Park, Y.-H., Sim, M., Kim, S.-A., Joung, H., & Shin, D.-M. (2019). Serum level of
sex steroid hormone is associated with diversity and profiles of human gut microbiome.
Research in Microbiology, 170(4-5), 192-201.
https://doi.org/10.1016/j.resmic.2019.03.003

Shin, W., & Kim, H. J. (2018). Intestinal barrier dysfunction orchestrates the onset of

inflammatory host-microbiome cross-talk in a human gut inflammation-on-a-chip.

108



Proceedings of the National Academy of Sciences, 115(45).
https://doi.org/10.1073/pnas. 1810819115

Shobeiri, P., Kalantari, A., Teixeira, A. L., & Rezaei, N. (2022). Shedding light on biological sex
differences and microbiota—gut—brain axis: A comprehensive review of its roles in
neuropsychiatric disorders. Biology of Sex Differences, 13(1), 12.
https://doi.org/10.1186/s13293-022-00422-6

Silva, Y. P,, Bernardi, A., & Frozza, R. L. (2020). The Role of Short-Chain Fatty Acids From Gut
Microbiota in Gut-Brain Communication. Frontiers in Endocrinology, 11, 25.
https://doi.org/10.3389/fendo.2020.00025

Singh, R., Stogios, N., Smith, E., Lee, J., Maksyutynsk, K., Au, E., Wright, D. C., De Palma, G.,
Graff-Guerrero, A., Gerretsen, P., Miiller, D. J., Remington, G., Hahn, M., & Agarwal, S.
M. (2022). Gut microbiome in schizophrenia and antipsychotic-induced metabolic
alterations: A scoping review. Therapeutic Advances in Psychopharmacology, 12,
204512532210965. https://doi.org/10.1177/20451253221096525

Skiba, M. A., Bell, R. J., Islam, R. M., Handelsman, D. J., Desai, R., & Davis, S. R. (2019).
Androgens During the Reproductive Years: What Is Normal for Women? The Journal of
Clinical Endocrinology & Metabolism, 104(11), 5382—-5392.
https://doi.org/10.1210/jc.2019-01357

So, D., Whelan, K., Rossi, M., Morrison, M., Holtmann, G., Kelly, J. T., Shanahan, E. R.,
Staudacher, H. M., & Campbell, K. L. (2018). Dietary fiber intervention on gut
microbiota composition in healthy adults: A systematic review and meta-analysis. The
American Journal of Clinical Nutrition, 107(6), 965-983.

https://doi.org/10.1093/ajcn/nqy04 1

109



So, S. Y., & Savidge, T. C. (2021). Sex-Bias in Irritable Bowel Syndrome: Linking Steroids to
the Gut-Brain Axis. Frontiers in Endocrinology, 12, 684096.
https://doi.org/10.3389/fendo.2021.684096

Soldin, O. P., & Mattison, D. R. (2009). Sex Differences in Pharmacokinetics and
Pharmacodynamics: Clinical Pharmacokinetics, 48(3), 143—-157.
https://doi.org/10.2165/00003088-200948030-00001

Soma-Pillay, P., Nelson-Piercy, C., Tolppanen, H., & Mebazaa, A. (2016). Physiological changes
in pregnancy. Cardiovascular Journal of Africa, 27(2), 89-94.
https://doi.org/10.5830/CVJA-2016-021

Sovijit, W. N., Sovijit, W. E., Pu, S., Usuda, K., Inoue, R., Watanabe, G., Yamaguchi, H., &
Nagaoka, K. (2021). Ovarian progesterone suppresses depression and anxiety-like
behaviors by increasing the Lactobacillus population of gut microbiota in ovariectomized
mice. Neuroscience Research, 168, 76—82. https://doi.org/10.1016/j.neures.2019.04.005

Spina, E., & De Leon, J. (2014). Clinically relevant interactions between newer antidepressants
and second-generation antipsychotics. Expert Opinion on Drug Metabolism &
Toxicology, 10(5), 721-746. https://doi.org/10.1517/17425255.2014.885504

Stinson, L. F., Boyce, M. C., Payne, M. S., & Keelan, J. A. (2019). The Not-so-Sterile Womb:
Evidence That the Human Fetus Is Exposed to Bacteria Prior to Birth. Frontiers in
Microbiology, 10, 1124. https://doi.org/10.3389/fmicb.2019.01124

Stinson, L., Hallingstrom, M., Barman, M., Viklund, F., Keelan, J., Kacerovsky, M., Payne, M.,
& Jacobsson, B. (2020). Comparison of Bacterial DNA Profiles in Mid-Trimester
Amniotic Fluid Samples From Preterm and Term Deliveries. Frontiers in Microbiology,

11, 415. https://doi.org/10.3389/fmicb.2020.00415

110



Stricker, R., Eberhart, R., Chevailler, M.-C., Quinn, F. A., Bischof, P., & Stricker, R. (2006).
Establishment of detailed reference values for luteinizing hormone, follicle stimulating
hormone, estradiol, and progesterone during different phases of the menstrual cycle on
the Abbott ARCHITECT® analyzer. Clinical Chemistry and Laboratory Medicine
(CCLM), 44(7). https://doi.org/10.1515/CCLM.2006.160

Sun, T., Liu, Z., Liu, M., Guo, Y., Sun, H., Zhao, J., Lan, Z., Lian, B., & Zhang, J. (2019).
Hippocampus-specific Rictor knockdown inhibited 17p-estradiol induced neuronal
plasticity and spatial memory improvement in ovariectomized mice. Behavioural Brain
Research, 364, 50—61. https://doi.org/10.1016/j.bbr.2019.02.014

Taylor, V. J., Patterson, M., Ghatei, M. A., Bloom, S. R., & Wilson, C. A. (2009). Ghrelin and
peptide YY (PYY) profiles in gastrointestinal tissues and the circulation of the rat during
pregnancy and lactation. Peptides, 30(12), 2213-2220.
https://doi.org/10.1016/j.peptides.2009.09.022

Technavio. (2024). Feminine Probiotic Supplement Market Analysis—US, Germany, UK, Japan,
China—Size and Forecast 2024-2028.

Thériault, R.-K., & Perreault, M. L. (2019). Hormonal regulation of circuit function: Sex,
systems and depression. Biology of Sex Differences, 10(1), 12.
https://doi.org/10.1186/s13293-019-0226-x

Toffol, E., Heikinheimo, O., & Partonen, T. (2015). Hormone therapy and mood in
perimenopausal and postmenopausal women: A narrative review. Menopause, 22(5),
564-578. https://doi.org/10.1097/GME.0000000000000323

Tomizawa, Y., Kurokawa, S., Ishii, D., Miyaho, K., Ishii, C., Sanada, K., Fukuda, S., Mimura,

M., & Kishimoto, T. (2021). Effects of Psychotropics on the Microbiome in Patients With

111



Depression and Anxiety: Considerations in a Naturalistic Clinical Setting. International
Journal of Neuropsychopharmacology, 24(2), 97-107.
https://doi.org/10.1093/ijnp/pyaa070

Tomova, A., Bukovsky, 1., Rembert, E., Yonas, W., Alwarith, J., Barnard, N. D., & Kahleova, H.
(2019). The Effects of Vegetarian and Vegan Diets on Gut Microbiota. Frontiers in
Nutrition, 6, 47. https://doi.org/10.3389/fnut.2019.00047

Tuplin, E. W., & Holahan, M. R. (2017). Aripiprazole, A Drug that Displays Partial Agonism and
Functional Selectivity. Current Neuropharmacology, 15(8).
https://doi.org/10.2174/1570159X15666170413115754

Uemura, M., Hayashi, F., Ishioka, K., Thara, K., Yasuda, K., Okazaki, K., Omata, J., Suzutani, T.,
Hirakawa, Y., Chiang, C., Aoyama, A., & Ohira, T. (2019). Obesity and mental health
improvement following nutritional education focusing on gut microbiota composition in
Japanese women: A randomised controlled trial. European Journal of Nutrition, 58(8),
3291-3302. https://doi.org/10.1007/s00394-018-1873-0

Valdés-Sustaita, B., Lopez-Rubalcava, C., Gonzalez-Trujano, M., Garcia-Viguera, C., & Estrada-
Camarena, E. (2017). Aqueous Extract of Pomegranate Alone or in Combination with
Citalopram Produces Antidepressant-Like Effects in an Animal Model of Menopause:
Participation of Estrogen Receptors. International Journal of Molecular Sciences, 18(12),
2643. https://doi.org/10.3390/ijms18122643

Valeri, F., & Endres, K. (2021). How biological sex of the host shapes its gut microbiota.
Frontiers in Neuroendocrinology, 61, 100912.

https://doi.org/10.1016/j.yfrne.2021.100912

112



Van De Steeg, E., Schuren, F. H. J., Obach, R. S., Van Woudenbergh, C., Walker, G. S.,
Heerikhuisen, M., Nooijen, I. H. G., & Vaes, W. H. J. (2018). An Ex Vivo Fermentation
Screening Platform to Study Drug Metabolism by Human Gut Microbiota. Drug
Metabolism and Disposition, 46(11), 1596—-1607.
https://doi.org/10.1124/dmd.118.081026

Van Den Abbeele, P., Deyaert, S., Thabuis, C., Perreau, C., Bajic, D., Wintergerst, E., Joossens,
M., Firrman, J., Walsh, D., & Baudot, A. (2023). Bridging preclinical and clinical gut
microbiota research using the ex vivo SIFR® technology. Frontiers in Microbiology, 14,
1131662. https://doi.org/10.3389/fmicb.2023.1131662

Van Den Elsen, L. W. J., Garssen, J., Burcelin, R., & Verhasselt, V. (2019). Shaping the Gut
Microbiota by Breastfeeding: The Gateway to Allergy Prevention? Frontiers in
Pediatrics, 7, 47. https://doi.org/10.3389/fped.2019.00047

Vemuri, R., Sylvia, K. E., Klein, S. L., Forster, S. C., Plebanski, M., Eri, R., & Flanagan, K. L.
(2019). The microgenderome revealed: Sex differences in bidirectional interactions
between the microbiota, hormones, immunity and disease susceptibility. Seminars in
Immunopathology, 41(2), 265-275. https://doi.org/10.1007/s00281-018-0716-7

Von Martels, J. Z. H., Sadaghian Sadabad, M., Bourgonje, A. R., Blokzijl, T., Dijkstra, G., Faber,
K. N., & Harmsen, H. J. M. (2017). The role of gut microbiota in health and disease: In
vitro modeling of host-microbe interactions at the aerobe-anaerobe interphase of the
human gut. Anaerobe, 44, 3—12. https://doi.org/10.1016/j.anaerobe.2017.01.001

Walf, A. A., & Frye, C. A. (2010). Estradiol reduces anxiety- and depression-like behavior of
aged female mice. Physiology & Behavior, 99(2), 169-174.

https://doi.org/10.1016/j.physbeh.2009.09.017

113



Walther, A., Breidenstein, J., & Miller, R. (2019). Association of Testosterone Treatment With
Alleviation of Depressive Symptoms in Men: A Systematic Review and Meta-analysis.
JAMA Psychiatry, 76(1), 31. https://doi.org/10.1001/jamapsychiatry.2018.2734

Wampach, L., Heintz-Buschart, A., Hogan, A., Muller, E. E. L., Narayanasamy, S., Laczny, C.
C., Hugerth, L. W., Bindl, L., Bottu, J., Andersson, A. F., De Beaufort, C., & Wilmes, P.
(2017). Colonization and Succession within the Human Gut Microbiome by Archaea,
Bacteria, and Microeukaryotes during the First Year of Life. Frontiers in Microbiology, 8,
738. https://doi.org/10.3389/fmicb.2017.00738

Wang, Z., Neupane, A., Vo, R., White, J., Wang, X., & Marzano, S.-Y. L. (2020). Comparing Gut
Microbiome in Mothers” Own Breast Milk- and Formula-Fed Moderate-Late Preterm
Infants. Frontiers in Microbiology, 11, 891. https://doi.org/10.3389/fmicb.2020.00891

Wheeler, K. M., & Liss, M. A. (2019). The Microbiome and Prostate Cancer Risk. Current
Urology Reports, 20(10), 66. https://doi.org/10.1007/s11934-019-0922-4

Wieczorek, K., Targonskaya, A., & Maslowski, K. (2023). Reproductive Hormones and Female
Mental Wellbeing. Women, 3(3), 432—444. https://doi.org/10.3390/women3030033

Williams, J. E., Carrothers, J. M., Lackey, K. A., Beatty, N. F., Brooker, S. L., Peterson, H. K.,
Steinkamp, K. M., York, M. A., Shafii, B., Price, W. J., McGuire, M. A., & McGuire, M.
K. (2019). Strong Multivariate Relations Exist Among Milk, Oral, and Fecal
Microbiomes in Mother-Infant Dyads During the First Six Months Postpartum. 7he
Journal of Nutrition, 149(6), 902-914. https://doi.org/10.1093/jn/nxy299

World Health Organization. (2017). Depression and Other Common Mental Disorders: Global

Health Estimates.

114



Wu, Y., Peng, X., Li, X., Li, D., Tan, Z., & Yu, R. (2022). Sex hormones influence the intestinal
microbiota composition in mice. Frontiers in Microbiology, 13, 964847.
https://doi.org/10.3389/fmicb.2022.964847

Yang, B., Chen, Y., Stanton, C., Ross, R. P, Lee, Y.-K., Zhao, J., Zhang, H., & Chen, W. (2019).
Bifidobacterium and Lactobacillus Composition at Species Level and Gut Microbiota
Diversity in Infants before 6 Weeks. International Journal of Molecular Sciences, 20(13),
3306. https://doi.org/10.3390/ijms20133306

Yang, J., Wu, J., L1, Y., Zhang, Y., Cho, W. C., Ju, X., van Schothorst, E. M., & Zheng, Y. (2021).
Gut bacteria formation and influencing factors. FEMS Microbiology Ecology, 97(4),
fiab043. https://doi.org/10.1093/femsec/fiab043

Yang, M., Wen, S., Zhang, J., Peng, J., Shen, X., & Xu, L. (2022). Systematic Review and Meta-
analysis: Changes of Gut Microbiota before and after Menopause. Disease Markers,
2022, 1-10. https://doi.org/10.1155/2022/3767373

Yao, X., Dong, S., Guan, W., Fu, L., Li, G., Wang, Z., Jiao, J., & Wang, X. (2023). Gut
Microbiota-Derived Short Chain Fatty Acids Are Associated with Clinical Pregnancy
Outcome in Women Undergoing IVF/ICSI-ET: A Retrospective Study. Nutrients, 15(9),
2143. https://doi.org/10.3390/nu15092143

Yao, Y., Cai, X, Ye, Y., Wang, F., Chen, F., & Zheng, C. (2021). The Role of Microbiota in Infant
Health: From Early Life to Adulthood. Frontiers in Immunology, 12, 708472.
https://doi.org/10.3389/fimmu.2021.708472

Yilmaz-Ersan, L., & Kurdal, E. (2014). The Production of Set-Type-Bio-Yoghurt with
Commercial Probiotic Culture. International Journal of Chemical Engineering and

Applications, 5(5), 402—408. https://doi.org/10.7763/1JCEA.2014.V5.418

115



Yoon, K., & Kim, N. (2021). Roles of Sex Hormones and Gender in the Gut Microbiota. Journal
of Neurogastroenterology and Motility, 27(3), 314-325.
https://doi.org/10.5056/jnm20208

Yuan, X., Chen, R., Zhang, Y., Lin, X., & Yang, X. (2020). Sexual dimorphism of gut microbiota
at different pubertal status. Microbial Cell Factories, 19(1), 152.
https://doi.org/10.1186/s12934-020-01412-2

Yurkovetskiy, L., Burrows, M., Khan, A. A., Graham, L., Volchkov, P., Becker, L., Antonopoulos,
D., Umesaki, Y., & Chervonsky, A. V. (2013). Gender Bias in Autoimmunity Is
Influenced by Microbiota. Immunity, 39(2), 400—412.
https://doi.org/10.1016/j.immuni.2013.08.013

Zarrouf, F. A., Artz, S., Griffith, J., Sirbu, C., & Kommor, M. (2009). Testosterone and
Depression: Systematic Review and Meta-Analysis. Journal of Psychiatric Practice,
15(4), 289-305. https://doi.org/10.1097/01.pra.0000358315.88931.fc

Zhang, C., Franklin, C. L., & Ericsson, A. C. (2021). Consideration of Gut Microbiome in
Murine Models of Diseases. Microorganisms, 9(5), 1062.
https://doi.org/10.3390/microorganisms9051062

Zhang, C., Li, L., Jin, B., Xu, X., Zuo, X., Li, Y., & Li, Z. (2021). The Effects of Delivery Mode
on the Gut Microbiota and Health: State of Art. Frontiers in Microbiology, 12, 724449.
https://doi.org/10.3389/fmicb.2021.724449

Zhang, X., Zhong, H., L1, Y., Shi, Z., Ren, H., Zhang, Z., Zhou, X., Tang, S., Han, X., Lin, Y.,
Yang, F., Wang, D., Fang, C., Fu, Z., Wang, L., Zhu, S., Hou, Y., Xu, X., Yang, H., ... Ji,

L. (2021). Sex- and age-related trajectories of the adult human gut microbiota shared

116



across populations of different ethnicities. Nature Aging, 1(1), 87—100.
https://doi.org/10.1038/s43587-020-00014-2

Zhao, S., Liang, S., Tao, J., Peng, Y., Chen, S., Wai, H. K. F., Chung, F.-Y., Sin, Z. Y., Wong, M.
K. L., Haqq, A. M., Chang, W. C., Ni, M. Y., Chan, F. K. L., Ng, S. C., & Tun, H. M.
(2024). Probiotics for adults with major depressive disorder compared with
antidepressants: A systematic review and network meta-analysis. Nutrition Reviews,
nuad171. https://doi.org/10.1093/nutrit/nuad171

Zheng, D., Liwinski, T., & Elinav, E. (2020). Interaction between microbiota and immunity in
health and disease. Cell Research, 30(6), 492—506. https://doi.org/10.1038/s41422-020-
0332-7

Zheng, P., Zeng, B., Zhou, C., Liu, M., Fang, Z., Xu, X., Zeng, L., Chen, J., Fan, S., Du, X.,
Zhang, X., Yang, D., Yang, Y., Meng, H., Li, W., Melgiri, N. D., Licinio, J., Wei, H., &
Xie, P. (2016). Gut microbiome remodeling induces depressive-like behaviors through a
pathway mediated by the host’s metabolism. Molecular Psychiatry, 21(6), 786—796.
https://doi.org/10.1038/mp.2016.44

Zhou, H., He, K., Chen, J., & Zhang, X. (2022). LinDA: Linear models for differential
abundance analysis of microbiome compositional data. Genome Biology, 23(1), 95.
https://doi.org/10.1186/s13059-022-02655-5

Zhou, L., Ni, Z., Cheng, W., Yu, J., Sun, S., Zhai, D., Yu, C., & Cai, Z. (2020). Characteristic gut
microbiota and predicted metabolic functions in women with PCOS. Endocrine

Connections, 9(1), 63—73. https://doi.org/10.1530/EC-19-0522

117



Zhou, Y., Chen, C., Yu, H., & Yang, Z. (2020). Fecal Microbiota Changes in Patients With
Postpartum Depressive Disorder. Frontiers in Cellular and Infection Microbiology, 10,
567268. https://doi.org/10.3389/fcimb.2020.567268

Zhu, A., Andino, J., Daignault-Newton, S., Chopra, Z., Sarma, A., & Dupree, J. M. (2022). What
Is a Normal Testosterone Level for Young Men? Rethinking the 300 ng/dL Cutoff for
Testosterone Deficiency in Men 20-44 Years Old. Journal of Urology, 208(6), 1295—
1302. https://doi.org/10.1097/JU.0000000000002928

Zou, S., Yang, X., L1, N., Wang, H., Gui, J., & Li, J. (2023). Association of probiotic ingestion
with serum sex steroid hormones among pre- and postmenopausal women from the
NHANES, 2013-2016. PLOS ONE, 18(11), €0294436.
https://doi.org/10.1371/journal.pone.0294436

Zueger, R., Annen, H., & Ehlert, U. (2023). Testosterone and cortisol responses to acute and
prolonged stress during officer training school. Stress, 26(1), 2199886.

https://doi.org/10.1080/10253890.2023.2199886

118



