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Abstract: The gut microbiome is an important contributor to human health, shaped by many endogenous and exogenous factors. The
gut microbiome displays sexual dimorphism, suggesting influence of sex hormones, and also has been shown to change with aging.
Yet, little is known regarding the influence of menopause — a pivotal event of reproductive aging in women — on the gut microbiome.
Here, we summarize what is known regarding the interrelationships of female sex hormones and the gut microbiome, and review the
available literature on menopause, female sex hormones, and the gut microbiome in humans. Taken together, research suggests that
menopause is associated with lower gut microbiome diversity and a shift toward greater similarity to the male gut microbiome,
however more research is needed in large study populations to identify replicable patterns in taxa impacted by menopause. Many gaps
in knowledge remain, including the role the gut microbiome may play in menopause-related disease risks, and whether menopausal
hormone therapy modifies menopause-related change in the gut microbiome. Given the modifiable nature of the gut microbiome, better
understanding of its role in menopause-related health will be critical to identify novel opportunities for improvement of peri- and post-
menopausal health and well-being.
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Introduction

At current life expectancy, women on average spend approximately three decades of life post-menopause. This significant life
chapter is met with elevated risk of age-related chronic diseases, such as diabetes and cardiovascular disease, with risk
possibly accelerated by the menopausal transition itself.' > Declines in ovarian sex hormones during menopause, particularly
estradiol, are credited with directly triggering these health effects. For example, estrogens have many direct actions via
estrogen receptor signaling which are beneficial to the cardiovascular system, and such estrogen-related cardioprotection is
lost after menopause. Menopause-related health outcomes may also be influenced indirectly through the gut microbiome — the
community of microorganisms residing in the human gut, which are known to metabolize estrogens and other sex hormones.
Menopausal influence on the gut microbiome may have potentially broad consequences, given the diverse actions of gut
microbiota in human health. However, relatively little is known regarding the impact of menopause on the gut microbiome and
resulting health sequelae. In this review, we summarize the current state of knowledge on the relationship of menopause and
the gut microbiome and highlight research gaps and areas for future investigation.

The Menopausal Transition

Menopause is the final stage of reproductive aging in women, typically defined retrospectively after a woman has ceased
menstruating for 12 months. During the menopausal transition, which occurs over a span of several years, declines in the
number of remaining ovarian follicles lead to decreased and variable production of the ovarian reproductive hormones
estradiol and progesterone, and more variable/abnormal menstrual cycles with or without ovulation.” The declines in
ovarian hormones lessen negative feedback on the pituitary, causing elevations in follicle stimulating hormone (FSH),
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a hallmark of the menopausal transition. Culminating at menopause (ie, the final menstrual period), complete depletion of
ovarian follicles leads to loss of ovarian production of estradiol and progesterone, which stay low for the remainder of
a woman’s life. After menopause, peripheral tissues (mainly adipose tissue) become the primary producers of estrogens,
derived from adrenal androgen precursors.®

The menopausal transition may be accompanied by a number of symptoms ranging in severity woman-to-woman, including
vasomotor symptoms (ie, hot flashes), genitourinary symptoms such as vaginal atrophy and dryness, mood and sleep changes,
and bone loss.” Menopausal hormone therapy (HT) with estradiol is effective in alleviating symptoms of menopause.

The Gut Microbiome

Over the past two decades, advances in next-generation sequencing technology have expanded the study of microbial
communities to an unprecedented degree.” Study of the microbes (bacteria, archaea, fungi, and viruses) colonizing the
human body, known collectively as the human microbiome, has uncovered extensive taxonomic and functional diversity®
and large variation across body sites and between individuals.” It is estimated that microbial cells in the human body exist
in approximately a 1:1 ratio with human cells, though the number of microbial genes outnumbers human genes at a ratio
of >100:1, reflecting the vast genetic diversity of the microbiome.'” Research into this new frontier has revealed
a significant role for microbes in human health and disease, with much attention focused on the high biomass microbial
community of the digestive tract (ie, the gut microbiome). The gut microbiota carry out many functions which can
contribute to health homeostasis or disease, including metabolism of dietary components (eg, fiber, amino acids) and
endogenous compounds (eg, bile acids, hormones), and biosynthesis of lipopolysaccharide (LPS), a cell wall component
of gram-negative bacteria which triggers inflammation.'" The products of the gut microbiota can reach far past the
gastrointestinal tract, even influencing the central nervous system via the “gut microbiota-brain axis”, a bi-directional
interaction involving metabolic, neuroendocrine, and immune pathways which is important for the homeostatic main-
tenance of the gastrointestinal and central nervous systems.'>'? Studies in humans have observed correlations of gut
microbiome composition with a wide range of conditions and diseases, including obesity, inflammatory bowel disease,
colorectal cancer, depression, diabetes, and cardiovascular disease.'* In many instances, reduced diversity of the gut
microbiome is indicative of dysbiosis, and associated with Western lifestyle and various disease states.'” Research on the
gut microbiome is motivated by a strong translational potential to utilize the gut microbiome as a biomarker of disease, '’

as well as the possibility to modulate the gut microbiota to alter the onset or progression of disease.'"

Aging and Sexual Dimorphism of the Gut Microbiome

An individual’s gut microbiome composition shifts over the course of their lifetime, with the largest shifts occurring in
early life during weaning, when the diversity of the gut microbiome skyrockets upon the transition from breastmilk to
solid food.'®!'” A shift towards sexual dimorphism of the gut microbiome may occur during puberty and adolescence,
since teenage male-female dizygotic twin pairs have greater microbiome dissimilarity than same gendered dizygotic twin
pairs, a pattern not observed in infancy,'® and the gut microbiome in girls was shown to shift toward an adult-like state
during pubertal progression.'® Post-pubertal sexual dimorphism of the gut microbiome is supported by animal studies:
weanling male and female mice are indistinguishable in their gut microbiome composition, but sex differences emerge at
puberty and are most apparent in adult mice.’>*' This evidence strongly implicates sex hormones in shaping gut
microbiome structure during puberty and onward.

In adulthood, gut microbiome diversity continues to increase with advancing age, which may reflect underlying age-
related changes in immunity, mucosal function, diet, metabolism, diseases, and other factors. Gut microbiome diversity
appears to plateau around age 40,>> while the composition of the gut microbiota transitions towards a state of uniqueness
within each person with increasing age.”®> The gut microbiome is also distinct in extremely long-lived individuals (ie,

1724 and specific gut microbiome characteristics such as

nonagenarians and centenarians) compared with younger adults,
high uniqueness and low Bacteroides dominance have been related to healthy aging and longevity.”® Regarding sexual
dimorphism of the gut microbiome in adulthood, several large studies in humans have shown differences between men
and women, including higher gut microbiome richness and lower Prevotella abundance in women compared to men.>> >°

However, sex differences in aging of the gut microbiome remain under-explored, especially regarding menopause,
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a significant milestone of reproductive aging in women. Interestingly, one study of aging found that women have higher
gut microbiome diversity than men in younger adulthood but not in older adulthood,”® which is suggestive of sex
differences in microbiome aging related to menopause.

The Sex Hormone-Gut Microbiome Axis
While the sex hormone milieu appears to impact the gut microbiome, resulting in sexual dimorphism, the gut microbiota are
also involved in regulating free circulating hormone levels, suggesting a bi-directional relationship. Endogenous estrogens,
namely estradiol (predominant in pre-menopause), estrone (predominant in post-menopause), and estriol (predominant in
pregnancy), are metabolized in the liver through first-pass irreversible hydroxylation and/or conjugation with glucuronide
or sulfate groups. Glucuronide or sulfate conjugation in the liver allows for biliary excretion of estrogens by way of the
intestinal tract (ie, fecal excretion). However, some gut microbiota possess the ability to deconjugate estrogens, releasing
them for reabsorption into the enterohepatic circulation; through this “recycling” mechanism, the estrogens may again
access the systemic circulation and some target tissues’' (Figure 1). The aggregate of bacterial genes capable of
deconjugating estrogens is termed the “estrobolome”.** Though much literature focuses on the gut microbiome and
estrogens, other hormones excreted in bile including progesterone®® and androgens®* are similarly deconjugated and
recirculated by the gut microbiome. Thus, presumably, sex hormones influence the gut microbiota in part by serving as
substrates for microbial metabolism, and in turn the gut microbiota influence sex hormone levels via deconjugation.
Studies of injected radioactively labeled estradiol and estrone in women have shown that, while much of the injected

3536 2 much smaller fraction (eg, 7% or 10-15%>7) occur in

estrogens are excreted in bile (approximately 50%),
conjugated form in feces, indicating that a significant proportion of estrogens are reabsorbed in the circulation via
deconjugation activity of the gut microbiome. Many gut species across major gut phyla, especially Firmicutes and

839 and sulfatase®® enzymes, acting in the deconjugation of glucuronide or sulfate

Bacteroidetes, possess B-glucuronidase
groups, respectively. Human gut bacterial B-glucuronidases have been shown in vitro to deconjugate estradiol and estrone
glucuronides,*' providing proof-of-principle that human gut microbiota can reactivate estrogens.

Some studies have examined correlations of the gut microbiome with directly measured estrogens or progesterone in
humans (Table 1). A series of studies by scientists at the US National Institutes of Health and their collaborators have

examined the relationship of the gut microbiome with urinary estrogens. In post-menopausal women (n = 7) and men (n = 25),
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Figure | Enterohepatic recirculation of estrogens by the gut microbiome. Estrogens in the systemic circulation, produced by the ovaries, adrenal gland, and adipose or other
tissues, undergo first-pass metabolism in the liver; and also may be conjugated with glucuronide or sulfate groups in the liver which facilitates biliary excretion. In the
intestinal tract, conjugated estrogens are either excreted in feces, or deconjugated by gut microbiota with B-glucuronidase or sulfatase enzymes, termed the “estrobolome” —
this allows estrogens to enter the enterohepatic circulation, and thus subsequently re-enter the systemic circulation and reach other tissues.
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Table | Summary of Studies of Menopause or Sex Hormones and the Gut Microbiome in Women
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n=978 men matched to pre- and
post-menopausal women on age,
BMI, and Hispanic/Latino
background

sequencing

Post-menopausal microbiome more similar to men than pre-menopausal to
men

1 Bacteroides sp.GabAl, Prevotella marshii, Sutterella wadsworthensis; sulfate
transport system pathway

| Escherichia coli-Shigella spp., Oscillibacter sp.KLE | 745, Akkermansia muciniphila,
[Clostridium] lactatifermentans, Parabacteroides johnsonii, Veillonella seminalis;
pathogenic bacterial secretion system pathways; B-glucuronidase gene
ortholog

1 [Clostridium] lactatifermentans,
Akkermansia muciniphila, B-
glucuronidase gene ortholog, aryl-
sulfatase gene ortholog

| Sulfate transport system

Serum progestin metabolites in pre-
menopausal women not associated

with species

First Author Location | Sample Size Method Results (Post- vs Pre-Menopause) Results (Hormones) Control for
Last Name Age
(Year)
Studies of menopause and hormones
Santos-Marcos Spain n=17 pre-menopausal women 16S rRNA No difference in a-diversity Plasma estradiol: None
(2018)* n=20 post-menopausal women gene Difference in B-diversity 1 Gammaproteobacteria,
n=39 men matched to pre- and sequencing Post-menopausal microbiome more similar to men than pre-menopausal to Mixococcales
post-menopausal women on age, men | Prevotellaceae
BMI, and nutritional background 1 Firmicutes, Roseburia, Lachnospira
| Bilophila, Prevotella, Parabacteroides
Mayneris- Spain n=44 pre-menopausal women Shotgun No difference in a- or p-diversity Plasma progesterone concentration Multivariable
Perxachs n=45 post-menopausal women metagenomic Post-menopausal microbiome more similar to men than pre-menopausal to men | predicted by microbiome adjustment
(2020)* n=42 men sequencing Menopausal differences attenuated among obese composition (no taxa specified)
90 differentially abundant taxa in post- vs pre-menopause, including:
1 Bacteroides sp. CAG:66 |, Anaerovibrio sp. JC8, Prevotella sp. P6B1, Lactobacillus
rhamnosus, Dorea sp. CAG:317, Veillonella dispar, Haemophilus parainfluenzae
| Ruminococcus sp. CAG:379, Clostridium neonatale, Acidiphilium sp. CAG: 727,
Bifidobacterium angulatum, Alistipes sp. AL-1, Eubacterium sp. CAG:603, Enterococcus
faecalis, Blautia sp. CAG:257; pyrimidine and one carbon pool by folate pathways
Wu (2021)* China n=35 premature ovarian 16S rRNA No difference in a- or B-diversity Serum FSH: None (though
insufficiency (POI) <40 years old gene 1 Bacteroidetes, Butyricimonas, Dorea, Lachnobacterium, Sutterella 1 Bacteroidetes age was similar
n=18 pre-menopausal with normal | sequencing | Firmicutes, Bulleidia, Faecalibacterium | Firmicutes between
ovarian function <40 years old Serum estradiol: groups)
1 Firmicutes, Faecalibacterium
| Bacteroidetes
Serum AMH:
1 Faecalibacterium
| Bacteroidetes, Butyricimonas
Peters (2022)*° us. n=295 pre-menopausal Shotgun | a-diversity Serum progestin metabolites in post- | Multivariable
n=1027 post-menopausal metagenomic Difference in B-diversity menopausal women: adjustment
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Studies of menopause only

Zhao (2019)%*

China

n=24 pre-menopausal women Shotgun | a-diversity N/A Matching
n=24 post-menopausal women metagenomic Difference in fB-diversity
matched to pre-menopausal sequencing | Firmicutes, Ruminococcus, Abiotrophia; pentose phosphate and proline
women on age and BMI degradation pathways
1 Glycolysis, lactate consumption, cysteine biosynthesis, and homocysteine,
lysine and arginine degradation pathways
Peters (2021)%° us. n=182 post-menopausal HIV+ 16S rRNA HIV+: N/A Multivariable
n=99 pre-menopausal HIV+ gene 1 a-diversity adjustment
n=80 post-menopausal HIV- sequencing Difference in B-diversity
n=71 pre-menopausal HIV- 1 Enterobacteriales, ASVs from [Ruminococcus] torques, Bacteroides,
Parabacteroides distasonis
| ASVs from Prevotella copri
HIV-:
No difference in a- or B-diversity
1 ASV from Parabacteroides distasonis
| ASVs from Shigella, Roseburia inulinivorans, Gemmiger formicilis
Studies of hormones only
Flores (2012)* us. n=19 pre-menopausal women 16S rRNA N/A In post-menopausal women and men: | Multivariable
n=7 post-menopausal women gene Total urinary estrogens: adjustment
n=25 men sequencing 1 a-diversity
1 Clostridia (non-Clostridiales and
Ruminococcaceae)
Urinary estrone:
1 Fecal B-glucuronidase activity
Fecal total estrogens:
| Fecal B-glucuronidase activity
In pre-menopausal women:
No associations observed
(Continued)
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Table | (Continued).

| Eubacterium, Haemophilus,
unclassified Firmicutes

1 Akkermansia, Barnesiella
Luteal vs follicular phase:

1 Akkermansia, Lactococcus

First Author Location | Sample Size Method Results (Post- vs Pre-Menopause) Results (Hormones) Control for
Last Name Age
(Year)
Fuhrman us. n=60 post-menopausal women 16S rRNA N/A Total urinary estrogens: Multivariable
(2014)* gene 1 Ruminococcus adjustment
sequencing Ratio of estrogen metabolites to
parent estrogens:
1 a-diversity
1 Clostridiales, Ruminococcaceae
| Bacteroides
Shin (2019)* Korea n=26 pre- and post-menopausal 16S rRNA N/A Serum estradiol: Excluded taxa
women gene 1 o-diversity correlated with
sequencing | Slackia, Butyricimonas age
Mihajlovic Austria n=16 pre-menopausal women 16S rRNA N/A Combined oral contraceptive users vs | Contraceptive
(2021)* gene non-users: users and non-
sequencing | a-diversity users matched

on age

Notes: 1 and | indicates enriched or depleted abundance of taxon, respectively, in relation to specified continuous variable or group comparison; italicized text indicates genus or species.
Abbreviation: ASV, amplicon sequence variant.
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gut microbiome richness, diversity, and Clostridia abundance were strongly positively related to urinary total estrogens as well
as estrogen metabolites.*> Functional activity of fecal p-glucuronidase was positively correlated with urinary estrone, and
inversely correlated with fecal total estrogens, suggesting recycling of estrogens by microbial B-glucuronidase activity.**
These associations were not observed in pre-menopausal women (n = 19), possibly because urine samples were collected
irrespective of menstrual cycle timing, and thus highly variable in levels of estrogens.** Another study of 60 post-menopausal
women observed a positive association of urinary total estrogens with Ruminococcus,® which is an anaerobic gram-positive
genus involved in complex carbohydrate fermentation to short-chain fatty acids.**

Other studies have examined the relationship of the gut microbiome with estradiol or progesterone measured in blood. Serum
estradiol was associated with increased gut microbial diversity and lower abundance of genera Slackia and Butyricimonas among
26 pre- and post-menopausal women in Korea,** higher abundance of Firmicutes and Faecalibacterium and lower abundance of
Bacteroidetes among 53 women with or without premature ovarian insufficiency (POI) in China,*® and higher abundance of
Gammaproteobacteria and lower abundance of Prevotellaceac among 37 pre- and post-menopausal women in Spain.47 A study
of 89 pre- and post-menopausal women from Spain reported that gut microbiome composition could significantly predict plasma
progesterone levels.* Among 16 pre-menopausal women from Austria, use of combined hormonal contraceptives, which
decreased serum estradiol and progesterone on average, was associated with decreased gut microbiome diversity, lower
abundance of genera Eubacterium, Haemophilus and unclassified Firmicutes, and higher abundance of Akkermansia and
Barnesiella, controlling for menstrual timing.** Additionally, Akkermansia and Lactococcus were enriched in the luteal phase
(high estradiol and progesterone) vs the follicular phase (Iow estradiol and progesterone) of the menstrual cycle.* Lastly, in
Hispanic/Latino women in the US, we observed correlations between gut species and serum progestin metabolites in post-
menopausal women (n = 192) but not pre-menopausal women (n = 154), and gut microbiome “estrobolome” potential (eg,
orthologs of B-glucuronidase and aryl-sulfatase genes) was also positively related to serum progestin metabolites in post-
menopausal women,”® suggesting recycling of progesterone by the gut microbiota.

These studies support a bi-directional relationship of sex hormones with the gut microbiome, in which higher levels
of estrogens and progesterone promote increased microbial diversity by serving as substrates for a diverse range of
species, while at the same time, higher gut microbiome diversity and greater deconjugation activity may promote
hormone retention. As post-menopausal women lack ovarian hormone production and have very low levels of estrogens
and progesterone, enterohepatic recycling of hormones by the gut microbiota may be an important determinant of
systemic estrogens and progesterone levels after menopause.

Menopause and Microbial Translocation
The gut microbiota may exert their influence on human health not only through metabolic activities, but also via
microbial translocation, a process in which gut epithelial barrier dysfunction allows microbes and microbial products to
translocate from the gut lumen to the systemic circulation.”' In the healthy gastrointestinal tract, several layers of defense
prevent microbiota from traversing into the circulation, including mucus and epithelial barriers and resident macro-
phages. However, under certain conditions of immunodeficiency, pathogenic invasion, or inflammation in the gut, the
structural integrity of the gut barrier is damaged and microbial translocation can occur. Microbial translocation leads to
systemic immune activation and inflammation, and is implicated in the pathogenesis of many diseases, included
inflammatory bowel disease and human immunodeficiency virus (HIV) infection.”’

Experimental evidence indicates that estradiol and progesterone maintain the gut barrier and protect from gut injury.
In vitro and ex vivo studies have found that female rat intestines are more resistant to shock-induced injury than male rat
intestines (reversed by estradiol administration);>* estradiol treatment protects mucus-producing intestinal epithelial cells

against oxidant injury;>® estrogen receptor-p signaling maintains colonic epithelial barrier function;**>> and estradiol and

progesterone improve epithelial barrier function in intestinal epithelial cells by upregulating tight junction proteins.”®’
In vivo, ovariectomy has been shown to increase intestinal permeability in mice.’® Observationally, estrogen receptor-p
mRNA is reduced in the colon of animal with colitis, and in the colon of patients with inflammatory bowel disease.”
Plasma progesterone levels during human pregnancy are inversely correlated with plasma lipopolysaccharide, a marker
of microbial translocation.”’>® Taken together, this evidence suggests that the ovarian hormones estradiol and progester-

one are important in limiting intestinal permeability and preventing microbial translocation.
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It is well known that estrogens and progesterone are master regulators of the immune system and mucosal barrier in
the female reproductive tract, leading to bothersome vaginal symptoms and increased susceptibility to pathogenic
infections during menopause.®®®! These hormones may be similarly important in the gastrointestinal tract, with
menopause reducing barrier integrity and increasing microbial translocation in the gut as well, though few studies
have examined the association of menopause with gut barrier integrity and microbial translocation in humans. A recent
report of 65 women from the Study of Women’s Health Across the Nation (SWAN) showed that plasma intestinal fatty
acid binding protein (IFAB; a marker of gut epithelial cell function), lipopolysaccharide binding protein (LBP; a marker
of microbial translocation), and soluble CD14 (sCD14; a marker of immune activation related to microbial translocation)
increased significantly within-woman from pre- to post-menopause, while lower plasma estradiol was associated with
higher IFAB and sCD14.°® Though it is difficult to disentangle this finding from changes related to aging, it suggests that
microbial translocation increases over the menopausal transition, related to sex hormone changes. In a study of 350
women with HIV, we have observed that plasma sCD14, but not IFAB, is elevated in post-menopausal compared to pre-
menopausal women® — we speculate that the elevation in sSCD14 could be related to increased microbial translocation, or
to other factors. However, a small study of 37 women found no difference in LPS or LBP by menopause status.*” More
research is needed to determine the impact of menopause on gut barrier function and microbial translocation in humans.

Human Studies of Menopause and the Gut Microbiome

A number of cross-sectional human studies have compared gut microbiome composition between post- and pre-menopausal
women (Table 1). Most studies accounted for age via matching or multivariable adjustment — a crucial step in mitigating
confounding by chronological aging. Some studies also measured female sex hormones to support hormonal underpinnings of
menopause-related findings in the gut microbiome. Mayneris-Perxachs et al found greater differences in gut microbiome
composition between pre-menopausal women (n = 44) and men (n = 42) than post-menopausal women (n = 45) and men.*®
These differences were attenuated when restricting to participants with obesity, perhaps related to estrogen production by excess
adipose tissue.*® They observed 90 differentially abundant species between pre- and post-menopausal women adjusting for age
and obesity status, including species Bacteroides sp. CAG:661, Prevotella sp. PB61, Dorea sp. CAG:317, and Veillonella dispar
(enriched in post-menopause), and Ruminococcus sp. CAG:379 and Clostridium neonatale (depleted in post-menopause).*® In
that study, gut microbiome composition was able to predict plasma progesterone concentrations, but specific taxa with high
predictive ability were not specified. Santos-Marcos et al similarly found that pre-menopausal women (n = 17) differed more
from age-matched men than post-menopausal women (n = 20) from age-matched men; they also reported enrichment of
Firmicutes, Roseburia, and Lachnospira and depletion of Bilophila, Prevotella, and Parabacteriodes in post-menopausal
compared to pre-menopausal women, however this analysis did not control for age.*’ They additionally found that plasma
estradiol was related to higher abundance of Gammaproteobacteria, and lower abundance of Prevotellaceae, with lack of
adjustment for age.*” In a study of premature ovarian insufficiency (POI), Wu et al observed that women with POI (n = 35) did
not differ in gut microbiome diversity from pre-menopausal women with normal ovarian function (n = 18), though women with
POI had higher abundance of Bacteroidetes, Butyricimonas, Dorea, Lachnobacterium, and Sutterella, and lower abundance of
Firmicutes, Bulleidia, and Faecalibacterium.*® Additionally, serum estradiol was associated with higher abundance of Firmicutes
and Faecalibacterium, and lower abundance of Bacteroidetes.* In a large study of US Hispanics/Latinos, we recently reported
that the gut microbiome of post-menopausal women (n = 1027) was less diverse than pre-menopausal women (n = 295), and
more similar to that of men than was the pre-menopausal gut microbiome.>® Additionally, we found that post-menopausal women
had higher abundance of Bacteroides sp.Ga6Al, Prevotella marshii, and Sutterella wadsworthensis, and lower abundance of
Escherichia coli-Shigella spp., Oscillibacter sp.KLE1745, Akkermansia muciniphila, [Clostridium] lactatifermentans,
Parabacteroides johnsonii, and Veillonella seminalis. Regarding functional capacity, post-menopausal women were found to
have higher levels of the sulfate transport system pathway, and lower levels of pathogenic bacterial secretion system pathways
and the p-glucuronidase gene ortholog.>® Using serum metabolomics data available in a subset of participants (n = 154 pre-
menopausal and n = 192 post-menopausal), we observed that gut species and functions depleted in menopause, including
[Clostridium] lactatifermentans, Akkermansia muciniphila, and the B-glucuronidase gene ortholog, were positively correlated
with serum progestin metabolites in post-menopausal women, but not in pre-menopausal women.’
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Some studies only compared gut microbiome by menopause status, without measurement of sex hormones. Zhao et al
reported lower gut microbiome diversity and differences in gut microbiome composition for post-menopausal (n = 24)
compared to pre-menopausal (n = 24) women matched on age and BMI, including lower abundance of Firmicutes,
Ruminococcus, and Abiotrophia in post-menopausal women.®* In a study of women with and without HIV, we found that
post-menopausal women with HIV (n = 182) had higher gut microbiome diversity, higher abundance of
Enterobacteriales, and lower abundance of amplicon sequence variants (ASVs) from Prevotella copri than pre-
menopausal women with HIV (n = 99), while post-menopausal women without HIV (n = 80) had higher abundance
of an ASV from Parabacteroides distasonis and lower abundance of ASVs from Shigella, Roseburia inulinivorans, and
Gemmiger formicilis than pre-menopausal women without HIV (n = 71).%

Heterogeneity of results between studies could be related to small sample sizes in some studies and/or different study
populations, as the gut microbiome is well known to vary by geography and lifestyle.'®°%” However, some patterns of the
menopause — gut microbiome relationship are emerging that are also in agreement with estrogens and progesterone — gut
microbiome relationships (Table 1). Out of 10 total studies of menopause or female sex hormones and the gut microbiome in
humans to date (n = 6 menopause studies with or without hormones; n =4 hormone only studies), 5 studies found decreased a-

42,45,49,50,64

diversity in post- vs pre-menopausal women or in women with lower estrogen and 3 studies observed more

similarity to the gut microbiome in men for post- vs pre-menopausal women.*”**° Although various gut bacterial taxa were

reported to differ by menopause status, some consistent results were observed across studies. For example, multiple studies

46,64 . 43,4
6.6 and Ruminococcus 3,48,68

46,50

found lower abundance of Firmicutes
- 45,46 46,48 48,50
Butyricimonas,”™™ Dorea,”>™" Prevotella,”™”" Sutterella,

menopausal women or in women with lower estrogen. As the functions and health influences of these bacteria are not fully

(genus or species), and higher abundance of

and Bacteroides*®>°

genera or species, in post- vs pre-
known, it is difficult to yet surmise whether menopause may have a disadvantageous impact on the gut microbiome
composition based on available information. Ruminococci are fiber fermenters and producers of short-chain fatty acids,
which is considered a beneficial function.®” Reduced abundance of some Ruminococcus species has been observed in patients
with Crohn’s disease, though other species are associated with diseases such as diverticulitis and arthritis.** Dorea, Prevotella,
and Sutterella have all been previously associated with obesity in multiple studies.”® Prevotella is a very diverse genus of fiber
degraders, which are more abundant in non-Westernized than Westernized populations; research is conflicting on whether
Prevotella are beneficial or detrimental to human health, likely related to different strains having differing health effects.”’
Similarly, gut Bacteroides can be beneficial or harmful depending on other microbiome and host factors.”” Thus, the health
consequences of menopause-related gut microbiome modification remain to be elucidated.

Menopausal Hormone Therapy and the Gut Microbiome

Rodent experiments of ovariectomy with estradiol therapy have provided proof-of-principle that gut microbiome
alterations related to ovariectomy can be reversed with estrogen treatment.”>’> For example, in female and male
C57BL/6 mice, sexual dimorphism of the gut microbiome (ie, lower Proteobacteria and LPS biosynthesis in females)
was attenuated upon female ovariectomy, and restored with estradiol treatment.”* However, it is not yet clear whether
menopausal hormone therapy reverses menopause-related changes in the gut microbiome in humans, as it does in
animal models, due to a dearth of research in this area. A study of 17B-estradiol hormone therapy in women with POI
(n = 20 with POI [10/10 treated/not treated], n = 10 healthy controls) reported that hormone therapy partially
attenuated POl-related gut microbiome dysbiosis, in that the elevated abundance of Eggerthella in POl compared
with healthy women was reversed with therapy.”® Studies of hormone therapy and the gut microbiome in naturally
menopausal women are needed to determine whether hormone therapy may benefit gut health in post-menopause.

Research Gaps and Future Directions

The research to date on menopause and the gut microbiome has just begun to scratch the surface of this complex
relationship. While human studies support the existence of differences in the gut microbiome by menopause status, small
sample sizes in many of the studies likely hindered robust agreement in findings between studies. Additionally, no studies
have examined longitudinal within-person trends in gut microbiome across the menopausal transition — this would allow
for gold-standard analysis of whether changes in microbiome diversity and taxon abundance accelerate during the
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menopausal transition relative to a linear pattern of aging, as has been interrogated for other health characteristics in
leading studies of menopause such as the SWAN.>"7-78

In addition to identifying changes in the gut microbiome during menopause, there are other gaps in knowledge regarding the
menopause and gut microbiome relationship. (1) What are the mechanisms by which menopause may influence the gut
microbiome? We posit that declines in estradiol and progesterone (ie, removal of metabolic substrate) would directly impact
the gut microbiome, but are other indirect mechanisms also involved, such as hormonal influences on gut motility and/or
immunity which affect the gut microbiome? In particular, progesterone suppresses the immune system thereby increasing

781 and it slows gastrointestinal motility®> which is an important determinant of the gut

susceptibility to pathogens,
microbiome.® (2) Does the gut microbiome influence the timing of menopause or the symptoms of menopause, through its
actions in recycling estrogens or other mechanisms? For example, the gut estrobolome may provide a source of estrogens for the
vaginal microbiota, which play an important role in genitourinary health and are profoundly impacted by the loss of ovarian
estradiol during menopause.®* (3) Does menopausal hormone therapy impact the gut microbiome favorably, and in turn do the
gut microbiota modulate the effectiveness of hormone therapy? (4) Finally, are menopause-related health sequelae mediated by
the gut microbiome? Animal models suggest a causal role of the gut microbiome in potentiating disease states induced by

86,87

ovariectomy, including metabolic syndrome,”® non-alcoholic fatty liver disease,® osteoporosis, and atherosclerosis.”* For

example, enhanced microbial translocation due to ovariectomy has been shown to induce bone loss in mice, and a less diverse
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Figure 2 Summary of putative changes in the human gut microbiome related to menopause. (A) Trajectory of estradiol and progesterone concentration during a woman’s
adulthood, showing declines during the menopausal transition and low levels post-menopause. (B) Diagram of putative gut microbiome and gut epithelium changes during
menopause. With declining estradiol and progesterone, diversity of the gut microbiome and estrobolome potential is reduced, and microbiome composition becomes more
similar to men. Additionally, declines in estradiol and progesterone may lead to permeability of the gut barrier, allowing microbial translocation to occur.
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88.89 and higher gut permeability®® have been associated with lower bone mineral density in studies of

and altered gut microbiome
post-menopausal women. In our own research, we have observed that menopause-related gut microbiome changes were
associated with an adverse cardiometabolic risk factor profile in post-menopausal women, including lower HDL, higher waist
circumference, and higher blood pressure.”® Additional research is needed to determine the contribution of the gut microbiome to

menopause-related disease risk in humans.

Conclusions

In summary, the research to date on menopause, female sex hormones, and the gut microbiome suggests that menopause
and/or low estrogens are associated with reduced gut microbiome diversity and estrobolome potential, and greater similarity
to men in microbiome composition (Figure 2). Additionally, declines in estradiol and progesterone may lead to permeability
of the gut barrier, allowing microbial translocation to occur. However, much of this is speculated based on studies with
small sample sizes and heterogeneous findings. Additional research in large study populations is needed to confirm these
putative effects of menopause, and to identify replicable associations of menopause with gut microbiome taxa.

The gut microbiome, with its capacity to deconjugate and recycle estrogens, progesterone, and other hormones, may play
an important role in determining levels of sex hormones post-menopause. Given the potential to modify the gut microbiome
through specific prebiotic, probiotic, or antibiotic drugs, the gut microbiome represents an unexplored new frontier in peri- and
post-menopausal health. For example, could the gut microbiome be harnessed to improve menopause symptoms, effectiveness
of hormone therapy, or menopause-related health outcomes? Better understanding of changes in the gut microbiome during
menopause, and the function of these microbiota in symptoms and health sequelaec of menopause, may open the door to this
new frontier and ultimately improve the health and well-being of women in the post-reproductive years.
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