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This review discusses the interactions of steroids with the gut and vaginal
microbiomes within each life phase of adult women and the implications for
women’s health. Each phase of a woman'’s life is characterized by distinct hormonal
states which drive overall physiology of both host and commensal microbes. These
host-microbiome interactions underlie disease pathology in disorders that affect
women across their lifetime, including bacterial vaginosis, gestational diabetes,
polycystic ovary syndrome (PCOS), anxiety, depression, and obesity. Although
many associations between host health and microbiome composition are well
defined, the mechanistic role of the microbiome in women’s health outcomes
is largely unknown. This review addresses potential mechanisms by which the
microbiota influences women’s health and highlights gaps in current knowledge.

It is well established that the human microbiome has a dramatic impact on health and disease. In
this review we discuss the interaction of steroids with the gut and vaginal microbiomes and the
implications of these interactions on women'’s health across three of the major developmental
transitions: early adulthood, pregnancy, and menopause.

Microbiota refers to the microorganisms that inhabit the body, including bacteria, viruses, archaea,
protozoa, and fungi [1]. These microorganisms, their genomes, and the metabolites they produce
comprise the microbiome. The bacterial composition of the human gut is plastic in infants and
becomes adult-like around the age of three [2]. Although sex differences in the gut microbiota
(GM, see Glossary) exist before puberty, these differences are greater after puberty [3] and persist
into adulthood [4], suggesting that gonadal steroids influence gut microbial composition [5].
Although the plasticity and development of the vaginal microbiome in early years remains unclear,
the sudden surge in sex steroid levels during puberty is observed to be associated with lower
diversity of the vaginal microbiota (VM) [6]. Taken together, these findings suggest that the
increase in endogenous steroid hormones at puberty creates a new environment and shapes
the adult female gut and vaginal microbiomes. This new adult female hormonal milieu establishes
a novel equilibrium between host and commensal microbial physiology, which is central to
women’s health (Figure 1).

Sites of estrogen modification and response by the microbiota

Estrobolome and the GM

The estrobolome describes the functional collection of all enteric bacterial gene products capable
of metabolizing estrogens (Figure 2). In the process of conjugation, estrogens are metabolized in
the liver and marked for excretion via urine and feces by the addition of a glucuronic acid moiety
[7]. Removal of the glucuronic acid group via deconjugation allows estrogens to remain in the
body and exert their effects. Enteric bacteria (e.g., the genera Bifidobacterium, Clostridium, and
Lactobacillus [8]) produce [3-glucuronidases and [3-glucuronides that can determine the fate of
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estrogens in the gut via deconjugation and conjugation, respectively [7]. The relative ratios of
these bacterial enzymes, [3-glucuronidases, and [3-glucuronides, in the gut directly impact on
the amount of circulating estrogens. Some bacteria involved in the estrobolome produce
enzymes that differentially deconjugate estradiol (E2) and estrone [9]. The selective deconjugation
of some estrogens by the GM could alter the circulating hormonal profile, in turn affecting host
physiology. Although a direct link between the capacity of the GM to metabolize estrogens and
the metabolic changes taking place in pregnancy and at menopause has yet to be shown, there
is potential that they are functionally linked through the estrobolome.

Glycogen-estrogen hypothesis and the VM

The hypothesized mechanism by which estrogens establish a high abundance of Lactobacillus
spp. in the human VM is through driving an increase in glycogen production by vaginal epithelial
cells, which promotes Lactobacillus growth [6,10,11] (Figure 1A,B). In fact, one evolutionary
explanation for how humans developed Lactobacillus dominance suggests that the high starch
content of human diets led to high glycogen content in the vaginal tract, creating an ideal environ-
ment for lactobacilli [12]. Interestingly, intravaginal estrogen treatment in transgender men
appears to increase their typically low vaginal Lactobacillus abundance [13].

Menstrual cycle

E2 and progesterone levels fluctuate across different phases of the menstrual cycle (Figure 1A).
The follicular phase is characterized by rising estrogen levels, in particular E2. During the ovulatory
phase, E2 peaks when progesterone levels also begin to rise. During the luteal phase the follicle
transforms into the corpus which secretes progesterone for stimulation of the secretory endome-
trium. When pregnancy does not occur, the corpus luteum degenerates and estrogen and proges-
terone decline to basal levels, which triggers shedding of the secretory endometrium [14].

Menstrual cycle and the GM

Describing the standard GM in healthy adults is challenging given that each individual’s signa-
ture is unique owing to a wide variety of factors that influence the GM composition, including
sex, age, diet, and body mass index (BMI) [15]. However, across most populations the
Firmicutes and Bacteroides phyla are the most abundant. In support, Eubacterium rectale-
Clostridium coccoides, Bacteroides-Prevotella, and Faecalibacterium prausnitzii are the most
prevalent gut microbes across all groups of European adults [16]. It appears that women
have lower levels of Bacteroidetes than men [15,16]. Although a variety of rodent studies
suggest that ovarian steroids alter the GM [5,17-19], we are only beginning to understand
the impact of the menstrual cycle on the GM [20]. Given that the menstrual cycle affects a
variety of gastrointestinal disorders, including irritable bowel syndrome [21], it will be important
for future studies to investigate the effects of the menstrual cycle on the GM and the implica-
tions for women’s health.

Menstrual cycle and the VM

In the healthy adult vaginal microbiome, Lactobacillus dominance protects the vaginal environment
by producing lactic acid [22], creating an exceptionally low pH environment [23]. In addition to
creating an unsuitable environment for pathogenic bacterial growth, which can cause bacterial
vaginosis (BV), Lactobacillus dominance and low pH contribute to the normal immune response
of the vaginal epithelium [24]. A healthy vaginal environment may also be achieved with non-
Lactobacillus species because many women with low or no Lactobacillus have a similar resistance
to BV [24]. Moreover, one study reports that transgender men taking testosterone exhibit lower
Lactobacillus abundances and higher alpha diversity than cisgender women, but these men
present as asymptomatic for BV [13].

Trends in Endocrinology & Metabolism, August 2021, Vol. 32, No. 8

¢? CellPress

Glossary

Bacterial vaginosis (BV): a state of
perturbed bacterial composition in the
vagina, often leading to inflammation.
Estradiol (E2): a major ovarian
estrogen steroid hormone.
Gestational diabetes (GD): the onset
of diabetes in pregnancy.

Gut microbiota (GM): commensal
microbes in the gastrointestinal tract,
whereas the gut microbiome constitutes
all microbes and their associated gene
products.
Hypothalamus—pituitary—adrenal
(HPA,) axis: the primary neuroendocrine
pathway comprising the hypothalamus,
anterior pituitary gland, and adrenal
glands which regulates homeostasis
and the stress response.

In vitro fertilization (IVF): a procedure
in which an egg is fertilized by a sperm
outside the body.

Polycystic ovary syndrome (PCOS):
a common hormonal disorder affecting
women of reproductive age, causing
elevated androgen levels, irregular
menstrual cycles, and often small
follicular cysts on the ovaries.
Postpartum depression (PPD): the
appearance of depressive symptoms
after childbirth.

Sex hormone-binding globulin
(SHBG): a glycoprotein that binds
estrogens and androgens and
modulates their bioavailability.
Short-chain fatty acids (SCFAs):
fatty acids with one to six carbons that
are produced by bacterial fermentation
of non-digestible dietary fibers, and that
have a variety of physiological roles.
Unexplained infertility (Ul): diagnosis
of infertility in the absence of any
underlying conditions.

Vaginal microbiota (VM): commensal
microbes in the vagina, whereas the
vaginal microbiome consists of all
microbes and their gene products.
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Figure 2. Systemic effects and modulation of estrogens. Estrogens (E) have widespread effects throughout the body
and are central to many aspects of women’s health. In addition to their central effects, estrogens act on, and are acted on by,
the human microbiome. The gut microbiota (GM) consists of microbes that produce [3-glucuronidase. This enzyme can
deconjugate estrogens that were destined for excretion, causing them to reenter the body and remain active [7]. The
composition of the vaginal microbiota (VM) is influenced by estrogens in the body via its effects on the vaginal epithelium
[12]. Vaginal glycogen increases in response to estrogens and drives Lactobacillus spp. dominance in the VM [11].

The composition and stability of the VM is dynamic throughout the menstrual cycle, with a notable
increase in alpha diversity, a decrease in the abundance of Lactobacillus spp., and a decrease in
community stability during menses [6,25-27]. Transient and permanent changes in the vaginal
microbial community state are also more likely to occur during menses [27]. A variety of changes
during menses, including the presence of blood, tampon usage, variations in hygiene and sexual
activity, and fluctuations in estrogens and progestins, may contribute to these vaginal microbial
alterations [26,28]. Alpha diversity, the relative abundance of Lactobacillus spp., and community
stability correlate with changes in E2 levels across the menstrual cycle (Figures 1A,B) [25,27],
triggering the proliferation of squamous epithelial cells that produce more glycogen to fuel
Lactobacillus spp. growth [11]. Finally, preliminary evidence suggests that progestin-only
contraceptives disrupt the usual predictable decline in Lactobacillus during menses [27], and
contraceptives containing estrogens promote Lactobacillus proliferation and reduce the risk of
BV [29]. However, more work must be done to better understand the effects of contraceptives
on VM and the implications for women’s health.

Disorders affecting reproductive age women
Polycystic ovary syndrome (PCOS) is an endocrine disorder that affects ~10% of reproductive
age women and is characterized by hyperandrogenism, ovarian dysfunction, and metabolic
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Figure 1. Women'’s life phases are characterized by distinct changes in the hormonal milieu and the vaginal microbiota (VM). Estrogens and progesterone
follow a cyclical pattern of release during the menstrual cycle (A) which influence the composition of the VM, where the Shannon index is a measure of diversity (B).
Pregnancy (C) is characterized by a lack of hormonal cyclicity and steadily increasing sex steroids to maintain pregnancy. The initial change in hormone levels relative to
the follicular phase (FP) alters the composition of the VM during pregnancy (D), which later returns to a state similar to that of the secretory phase of the menstrual
cycle. Hormone levels return to pre-pregnancy values postpartum (PP). At menopause (E), ovarian function declines and sex steroid levels drop precipitously. The
endocrine changes of menopause coincide with drastic changes in the VM (F), including a decrease in the relative abundance of Lactobacillus spp.
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syndrome [30]. Although there are several diagnostic criteria, the main symptoms include signs
of hyperandrogenism such as hirsutism, irregular menstrual periods, and ovarian cysts [31].
Women with severe symptoms of PCOS have elevated androgen levels as well as increased
triglycerides, low-density lipoprotein cholesterol, fasting insulin, and insulin resistance indices
[32]. PCOS is also associated with decreased GM richness and a lower relative abundance
of bacteria that produce short-chain fatty acids (SCFAs), including Roseburia and
Odoribacter, as well as with increased markers of intestinal dysbiosis and permeability
[32,38]. SCFAs, a product of fiber fermentation by GM, are associated with gut health and
have immunomodulating effects [34]. Specifically, the SCFA butyrate promotes gut barrier
function by providing an energy source for epithelial cells, inducing tight-junction protein
expression, and by increasing the expression of antimicrobial peptides, which protect against
infection by pathogens [35,36]. SCFAs reduce inflammation by altering cytokine expression
in intestinal epithelial cells and coordinating the recruitment of immune cells, including neutro-
phils, monocytes, and macrophages [35].

Because of the inherent challenges in translating the VM of mouse models to humans, fewer
studies have explored the relationship between PCOS and the VM. However, one case—control
study found that women with PCOS have higher VM alpha diversity, lower abundances of
L. crispatus, and elevated levels of Mycoplasma and Prevotella, after adjusting for BMI [37]. In
contrast to the VM and PCOS, well-established rodent models of PCOS that recapitulate the
endocrine, metabolic, and reproductive halmarks of the disorder have been used to demonstrate
a potentially causal role of the GM in PCOS. Administration of the aromatase inhibitor, letrozole, to
female rodents induces a PCOS-like phenotype [38]. Female mice treated with letrozole have an
altered GM, including a shift in the Firmicutes/Bacteroidetes ratio, similar to that reported in
mouse models of metabolic syndrome [39]. These GM changes in PCOS mice have a causal
role in the metabolic and reproductive dysfunction. Letrozole-treated mice cohoused with healthy
fermale mice, and thus exposed to their GM by coprophagy, had marked improvements in meta-
bolic and reproductive phenotype, presumably due to the distinct changes in the GM of the
PCOS mice [40].

Other reproductive system disorders are associated with VM composition. Lactobacillus-
dominated vaginal environments are considered 'healthy' because they confer a lower incidence
of BV [28,41]. BV recurrence is most likely to occur during or immediately after menses [26],
which is a period of decreased Lactobacillus and VM stability, and increased alpha diversity
[6,25,27]. Black and Latina women, who are more likely to have low levels of lactobacilli [42],
also have a higher BV prevalence (>30%) than white (23%) or Asian (11%) women [43]. Studies
suggest that estrogen-containing contraceptives are associated with lower risk of BV [29,44],
although a recent randomized controlled trial indicated that combined oral contraceptives did
not reduce the risk of BV recurrence [45]. Meanwhile, depot medroxyprogesterone acetate, a
progestin-only contraceptive injection, may increase BV risk in some individuals [46].

A wide range of brain disorders, including anxiety, depression, and Alzheimer’s disease, involve
the gut-brain axis, which is an important communication pathway between the gut microbiome
and the brain [5,47]. Anxiety disorders peak during adolescence, and females have a higher
risk and degree of severity than males [48]. This sex difference may be due to the interactions
between estrogens and the hypothalamic—pituitary—adrenal (HPA) axis [49]. Although the
exact cause is poorly understood, hormonal fluctuations throughout the menstrual cycle do
influence mood, particularly anxiety and depression, such as in premenstrual syndrome and
premenstrual dysphoric disorder [50]. Like humans, rodents exhibit sex differences in anxiety
[51], likely due to sex hormones such as E2 [52].
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Sex differences in GM may also contribute to sex differences in anxiety disorders [53]. Recent
studies demonstrate that the gut-brain axis is sexually dimorphic in regard to GM composition,
resulting in differences in downstream targets (including the immune and neuroendocrine
systems) and susceptibility to a variety of disorders [54]. In support of a role for the GM in anxiety
in females, conventionally raised female mice had greater anxiety-like behavior than germ-free
female mice lacking a normal GM [55]. Dietary supplementation with the long-chain fatty acid
docosahexaenoic acid alters neurobehavior in mice. Male mice challenged with social isolation
and treated with docosahexaenoic acid had improvements in anxiety-like behavior and different
changes in the GM compared to females — which did not exhibit improvements in behavior
[56]. These findings in mice, taken together with the observations of sex differences in the GM
and anxiety in humans, support the notion that the GM plays a causal role in brain disorders in
women.

Pregnancy

Endometrial receptivity is guided by progesterone production during the luteal phase. During
implantation, progesterone and estrogens regulate important physiologic mechanisms in prepa-
ration for embryonic development [57]. Estrogen and progesterone levels increase throughout
pregnancy, peak during the third trimester [58], and return to pre-pregnancy values by 5 days
postpartum [59] (Figure 1C).

Pregnancy and the GM

The hormonal and physiological changes that occur over the course of pregnancy are accompa-
nied by changes in the GM. Between the first and third trimesters of pregnancy, women gain
adiposity, have increased insulin levels, and exhibit insulin resistance. The changes in energy
metabolism coincide with increases in the relative abundances of the phyla Proteobacteria and
Actinobacteria, and an overall decrease in GM richness [60]. Germ-free mice inoculated with
fecal microbiota collected from pregnant women in their third trimester gained fat and also had
increased inflammatory markers and insulin resistance, suggesting that GM alterations can
cause the metabolic changes occurring late in pregnancy [60]. Although the effects of specific
hormonal changes in pregnancy on the GM are poorly understood, an increase in progesterone
in late pregnancy mediates an increase in the relative abundance of Bifidobacterium spp. [61].

Changes in metabolism in late pregnancy can set the stage for the development of glucose
intolerance and gestational diabetes (GD). GD is highly prevalent worldwide and is increasing
[62]. In addition to the deleterious effects during pregnancy, GD can cause obstetric complica-
tions later in pregnancy and increases the risk of type 2 diabetes in mother and baby after delivery
[62]. Distinct changes in the GM during pregnancy are associated with GD, namely increased
abundances of Parabacteroides distasonis and Klebsiella variicola, and decreased abundances
of Methanobrevibacter smithii and Bidfidobacteria spp. [63]. In another study, the GM of women
with GD resembled that of non-pregnant individuals with type 2 diabetes, and this persisted for
8 months postpartum [64].

Pregnancy and the VM

The normal, healthy VM is distinct during each trimester of pregnancy, and the onset of preg-
nancy is marked by drastic changes in the VM (Figure 1D) [6]. Microbial diversity decreases
and the abundance of Lactobacillus spp. increases as pregnancy progresses [65,66]. However,
there are opposing findings on whether VM diversity increases or decreases in pregnant women
relative to non-pregnant women [6,65,67,68]. Stratifying the pregnant VM across geographical
location and ethnic group reveals differences in species abundance [69], perhaps explaining
this controversy. Although the prevailing understanding of the role of microbes in the womb posits
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that the embryonic environment is free of culturable bacteria, recent research indicates that the
womb and fallopian tubes are not sterile and microbes may function in fetal health [70,71]. The
postpartum vaginal microbiome is less dominated by Lactobacillus spp. and shows increased
alpha diversity [69].

Disorders affecting conception, pregnancy, and postpartum health

Unexplained infertility (Ul) affects 10% of women undergoing in vitro fertilization (IVF) in the
USA where assisted reproduction techniques are insufficient for successful pregnancy [72]. This
lack of success prompts exploration of the role of the VM in IVF [73]. Although the vaginal and
cervical microbiomes do not differ significantly between fertile and infertile women, the endome-
trial microbiome differs in community composition [74], and the VM may be a predictive tool for
IVF outcome [75]. Furthermore, women with Ul have a cervico-vaginal microbiota that is distinct
from that of non-idiopathic infertile women [76]. Further work must be done to determine the
composition of the endometrial microbiota at the time of implantation and its effect on both the
embryo and endometrium morphology specifically in women with Ul

Preterm birth affected one in ten infants in the USA in 2018 [77]. The preterm birth vaginal
microbiome shifts away from the typical increase in Lactobacillus prevalence [78]. However, in-
creased levels of Lactobacillus iners, in particular, are a risk factor for preterm birth after a gestational
age of 16 weeks [79]. Interestingly, translocation of gut microbes into the amniotic fluid is associated
with preterm rupture of membranes, suggesting that GM composition and its effect on gut integrity
influence the intrauterine environment [80]. Furthermore, women receiving vaginal progesterone
treatment to mediate risk factors for preterm birth have unchanged microbial community composi-
tion [79]. Preterm rupture of membranes and the accompanying dysbiotic state require temporal ex-
amination to deduce why and how these shifts occur and their role in preterm birth.

Although the gut microbiome-brain axis has been implicated in depression [81], its role in
postpartum depression (PPD) is poorly understood. Antibiotic exposure during pregnancy
was a predictive factor for PPD within 1 month post-birth [82]. Although hormone levels
decrease sharply following birth, relative estrogen levels do not correlate with PPD [83]. The
role of progesterone is less clear because progesterone supplementation worsens depression
scores, but decreases recurrent PPD [84]. The modulation of steroid metabolism by the GM
discussed in the previous text [7] could play an important role in PPD and needs to be
explored. The VM has not yet been implicated in depression, but, given its role in pregnancy
and female reproductive health, it might contribute to the interactions between steroid
hormones, the microbiome, and the brain.

Across all stages of pregnancy — from before conception to postpartum — the microbiome is a
potential mediator of a healthy pregnancy. The distinct challenge in examining the role of both
the GM and the VM is the temporal nature of the experiments required and the sensitivity of
embryo-endometrial synchrony to temporal disruptions. Novel in vitro microfluidic culture
systems could potentially offer insight into these temporal changes in the reproductive tract
and examine interactions between embryo and endometrium while also supporting microbial
coculture [85-87]. Although pregnancy is difficult to examine clinically, there are gaps in knowledge
that require the development of novel techniques and approaches to more fully understand and
treat reproductive disorders in the future.

Menopause
Menopause is defined by the permanent cessation of ovarian follicle activity and the lack of a
menstrual cycle for 1 year, marking the end of natural reproductive life in women [88]. The period
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of decline in ovarian function is termed perimenopause and is characterized by increases in follicle-
stimulating hormone owing to the lack of follicles and negative feedback from the ovaries [88]. As
ovarian activity continues to decrease, the production of E2 and progesterone ceases (Figure 1E).
At menopause, estrogens and progestins have declined considerably and women’s E2 levels drop
to those similar of age-matched men [89]. Endogenous androgen levels also fluctuate throughout
menopause, increasing in some women during the menopause transition, and declining thereafter
[89]. Sex hormone-binding globulin (SHBG) begins to increase after the menopause transition
and is associated with the levels of the adipokines leptin and adiponectin in postmenopausal
women [90]. As discussed in the following text, these hormonal changes have widespread effects
on the health of postmenopausal women.

Menopause and the GM

In addition to changes in the hormonal milieu, menopause also involves alterations in the microbiota
[4,91]. Although young adult women have a more diverse GM than their male counterparts, this sex
difference is not observed in older adults, suggesting that the lack of ovarian steroids after meno-
pause impacts on the GM [4]. In support of menopause affecting the GM, postmenopausal women
had greater abundances of the phylum Firmicutes and the genera Lachnospira and Roseburia than
premenopausal women. A higher Firmicutes to Bacteroidetes ratio is associated with obesity in
adults [92]. Both Lachnospira and Roseburia produce SCFAs, which exert beneficial effects on
host health and metabolism [93]. In addition, postmenopausal women, similarly to men, had
lower levels of plasma glucagon-like peptide-1 and higher levels of the inflammatory cytokines
interleukin-6 and monocyte chemoattractant protein-1 than premenopausal women [91]. Taken
together, these findings suggest that menopausal women are more susceptible to metabolic
syndrome owing to increased inflamlmation, reduced satiety, and nutrient uptake signaling.

Menopause and the VM

The vaginal microbiome changes in tandem with hormonal fluctuations as women enter their
menopausal years (Figure 1F). Decreased levels of estrogens can cause vulvovaginal atrophy
and decreased vaginal secretions that contain nutrients to support bacterial growth [11,94,95].
Consequentially, increased vaginal pH is observed universally across postmenopausal women
[94]. However, differences in postmenopausal women'’s previous usage of contraceptives and
reproductive history can contribute to variation in specific microbial makeup and diversity [11].
Lactobacilli remain prominent in the vaginal microbiomes of healthy Chinese postmenopausal
women [94], although other studies suggest that strictly anaerobic bacteria codominate vaginal
communities [11]. Therefore, the inconsistencies in the correlation between levels of serum
estrone, vaginal glycogen, lactobacilli [96], and genitourinary symptoms reported in healthy post-
menopausal women may imply that Lactobacillus dominance or low pH are not necessarily
indicative of health in postmenopausal women [94,96].

Disorders affecting menopausal women

The unopposed estrogen hypothesis posits that exposure to higher circulating levels of estrogens
unopposed by the antagonistic effects of progestins is associated with a higher risk of endome-
trial cancer owing to the proliferative effects of estrogens on the endometrium [97]. In support,
unopposed exogenous estrogens from oral contraceptives or hormone treatment increase the
risk of endometrial cancer, but not when paired with progesterone [98]. Progestins increase
dehydrogenase activity in endometrial cells, reduce estrogen receptor concentrations, and in-
duce endometrial cell differentiation into a secretory state [99]. The specific reproductive tract mi-
crobiota in postmenopausal women has a significant overlap with the microbiota associated with
endometrial cancer [100]. Commonly, Lactobacillus spp. no longer dominate the VM postmeno-
pause, leaving the reproductive tract more susceptible to dysbiosis, and thus putting women at
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greater risk for atrophic vaginitis, BV, and endometrial cancer [94,100]. Hormone treatment is
commonly administered to restore Lactobacillus dominance and reduce symptoms of
atrophy [11,94,95].

Because estrogens are crucial in energy homeostasis, the lack thereof results in an increased risk
of obesity, metabolic syndrome, diabetes, cardiovascular disease, and cancer [101]. Hormone
treatment reduces the risk and severity of type 2 diabetes and metabolic syndrome in meno-
pausal women by improving insulin signaling, but it is not a suitable option for all wormen because
of its risks, including blood clots and steroid-responsive cancers [102]. Interestingly, administra-
tion of the probiotic Lactobacillus plantarum from fermented milk improves markers of inflamma-
tion and cardiovascular health in postmenopausal women with metabolic syndrome [103]. In
addition, obese postmenopausal women treated with flaxseed mucilage, which is rich in prebiotic
fibers, altered GM composition and improved insulin sensitivity [104]. Finally, SCFAs from GM
metabolism of dietary fibers play a role in protection from dysregulated lipid metabolism and in-
flamsmatory cardiovascular damage [105].

The drastic decline in ovarian steroids during perimenopause affects mental health, most likely
due to the interaction between estrogens and the HPA axis [106]. Across menopausal status,
perimenopause is associated with a higher risk of depression symptoms, whereas postmeno-
pause is associated with greater risk of anxiety-type symptoms [107]. In support of a role of
estrogens, a mouse model of menopause suggests that obesity and diabetes during menopause
increase the risk of depression-like symptoms, which are alleviated by estrogen treatment [108].
Furthermore, in another mouse model of menopause, the GM was directly linked to depressive
symptoms which were alleviated by progesterone supplementation and were associated with
distinct changes in the GM [109]. The impact of the GM on depression in postmenopausal
women is poorly understood, but the early results discussed previously highlight its importance
in future research.

Concluding remarks

The interaction between sex steroids and the vaginal and gut microbiomes is a bidirectional axis
that profoundly impacts on women’s health across all life stages. The GM modulates circulating
estrogens in the estrobolome, and in turn these circulating estrogens help to shape the VM,
driving reproductive tract health. The gut and vaginal microbiomes appear to have crucial over-
lapping functions in various disease states in women’s health. However, there are glaring gaps
in our understanding of the mechanisms through which women’s health is influenced by the inter-
actions between steroids, the GM, and the VM (see Outstanding questions). In addition, although
it is well established that the GM affects brain health and disease through the gut microbiome-
brain axis, it is not known whether the VM has similar influences. As highlighted in this review, it
will be crucial for future research to explore how these interactions, and the mechanisms involved,
impact on women'’s health.
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Outstanding questions

What effects do hormonal contraceptives
have on the hormonal milieu, and how
might they affect the GM and VM?

What is the mechanistic role of
hormones and the reproductive tract
microbiome in embryonic implantation
and development?

What is the role of the GM in mediating
the effects of estrogens on mood and
energy metabolism in pregnancy and
menopause? Could dietary interven-
tions or supplementation of prebiotics
alleviate metabolic dysfunction caused
by hormonal shifts?

How do the reproductive tract
microbiota and hormonal landscape
in menopause drive the pathogenesis
of endometrial cancer individually and
in concert?

Because of the cyclical nature of
female hormones, how can the
temporal resolution of GM and VM
sampling be improved to reflect these
changes? How should women'’s life
phases and/or menstrual phases be
taken into account when considering
pro- and prebiotic treatments?

If in fact the womb is not sterile, how
should treatment of idiopathic infertility,
preterm birth, and fetal surgery evolve?
Would it be possible to identify new
populations at risk for preterm birth or
birth complications?

Does the vaginal microbiome play a
role in mental health? Could pro- and
prebiotic supplementation of both the
GM and VM improve mental health as
an alternative to steroid hormone-
based therapies in premenstrual dys-
phoric disorder, PPD, or menopause?

Given that gut microbiota can influence
the levels of steroid hormones, what
is the causal role of aberrant gut
microbiota in disorders such as
PCOS and in endometrial and other
cancers?
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