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Abstract

Endometriosis that afflicts one in 10 women of reproductive age is characterized by growth of endometrial tissue in the extra-uterine sites
and encompasses metabolic-, immunologic-, and endocrine-disruption. Importantly, several comorbidities are associated with endometriosis,
especially autoimmune disorders such as inflammatory bowel disease. Primarily thought of as a condition arising from retrograde menstruation,
emerging evidence uncovered a functional link between the gut microbiota and endometriosis. Specifically, recent findings revealed altered gut
microbiota profiles in endometriosis and in turn this altered microbiota appears to be causal in the disease progression, implying a bidirectional
crosstalk. In this review, we discuss the complex etiology and pathogenesis of endometriosis, emphasizing on this recently recognized
role of gut microbiome. We review the gut microbiome structure and functions and its complex network of interactions with the host for
maintenance of homeostasis that is crucial for disease prevention. We highlight the underlying mechanisms on how some bacteria promote
disease progression and others protect against endometriosis. Furthermore, we highlight the areas that require future emphases in the gut
microbiome—endometriosis nexus and the potential microbiome-based therapies for amelioration of endometriosis.

Summary Sentence

The commensal gut microbes prevent endometriotic lesions formation through protective effect of short chain fatty acids (SCFAs) while other
gut microbes may promote lesion formation in the state of dysbiosis through disruption of gut barrier integrity and the resulting macrophage
activation.
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Introduction

The earliest notions of the genotype shaping the organismal
biology singularly are overthrown with dramatic advances in
our understanding of the “microbiome,” and its staggering
role in shaping the physiological, psychological, and reproduc-
tive phenotypes of the host. The resident microorganisms and
their combined gene pool expand the host functions multitu-
dinally, such that the microbiome is essentially recognized as
an “extended human genome” [1]. Majority of these microbes
are harbored in the gastrointestinal tract with explicit roles in
virtually all host biological processes. In turn, the gut micro-
biota is impacted by several host-associated and environmen-
tal factors involving but not limited to diet, immune status,
and exposure to toxins and antibiotics. These individual vari-
ations muddle our understanding of the microbiome, yet each
study inch us closer to the association between gut micro-
biome perturbations and disease resistance or susceptibility,
leading us to argue upon how we explore our genetic fitness
landscapes. The importance of host-microbial balance has
been widely elaborated in metabolic and immunological as
well as neuronal processes. On the other hand, the gut micro-
biome-reproductive health nexus remains underappreciated.
Nevertheless, most of the reproductive tract pathologies are
regulated by hormonal imbalance that apparently result, in
part, from the interactions of microbiota with gut milieu and
the resulting influences on immunologic signaling.
Reproductive health, particularly in females, is of major
concern that can lead to several diseases, such as endometrio-
sis, polycystic ovary syndrome (PCOS), pregnancy complica-
tions, infertility, and cancer. These diseases have distinct clini-
cal manifestations, but all have been linked to the underlying
gut microbiome perturbations and loss of intestinal integrity.
Under this scenario, corrections of perturbed gut microbiota
are being viewed as an alternative strategy to prevent and treat
several female reproductive pathologies. Endometriosis is one
of the most frequently encountered pathological conditions
with incidences reported in one out of every 10 females in
the reproductive age (18-52 years) and affecting up to ~196
million women worldwide [2]. The condition is of serious
global concern as up to half of the women (35-50%) pre-
senting for infertility are afflicted with endometriosis [3]. The
disease is characterized by the growth of endometrium that
normally lines the uterus outside, mainly in ovaries, fallopian
tubes and pelvic tissues. Intriguingly, the condition arises in
only 10% of the women, even when a small degree of retro-
grade menstruation is experienced by almost all women [4].
Recent studies have revealed altered gut microbiota profiles
during endometriosis and effects of microbial metabolic by-
products on disease progression [5, 6]. This arise the possi-
bility of targeting the commensal gut microbes to re-establish
homeostasis in this hormone-mediated inflammatory disease
[7-10]. Here, we summarize the theories concerning the origin
of endometriosis and the underlying mechanisms of disease
progression. We discuss the gut microbiome and complex net-
work of its interactions with the host encompassing metabolic,
immune-, and neuroendocrine-modulatory effects that, if dis-
rupted, may all contribute to endometriosis progression in
women. Besides structural changes in gut microbiota due to
endometriosis, we review the recent knowledge gained on
how gut microbiome may affect and potentially contribute
to disease progression in this bidirectional crosstalk. Of clini-
cal relevance, we discuss the potential of microbiome-based
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therapeutic strategies that can be capitalized upon for the
treatment of endometriosis.

Endometriosis

Endometriosis is a poorly understood disease characterized
by the growth of endometrial glands and stroma tissue out-
side of the uterus in the pelvic peritoneal cavity, ovaries,
bowel, uterosacral ligaments, pouch of Douglas, rectovaginal
septum, and even extra-pelvic sites [11-13]. These extra-
uterine implants act much like eutopic endometrium bleeding
cyclically in response to estrogen and result in acute chronic
inflammation that causes severe pelvic pain [14].

Prevalence and theories of origin

At a global prevalence rate of 10%, endometriosis is a much
common, but major concern in women of reproductive age.
Five out of every 10 women with pelvic pain or infertility
are affected with endometriosis [15]. The incidences of the
condition are reported in about 2-7/1000 women per year
[15]. This number, however, is an underestimate and a fur-
ther 11% of the asymptomatic cases remain undiagnosed
or are not reported in general population [16]. Moreover,
it is suggested to be a transient phenomenon and that all
women have endometriosis at some stage of their reproductive
cycle [17].

Multiple hypotheses to describe the origin of endometrium-
like tissue at ectopic sites have been proposed, all of which are
based on two opposing ideas. First, endometriosis develops on
the site where it is found (in situ development), and second,
endometrial tissue is transplanted and subsequently implanted
onto extra-uterine sites (transplantation theory). The theories
of “coelomic metaplasia” and “induction” support the idea
of in situ development of endometriosis through metaplastic
transformations of coelomic membrane [18] or induction
from unknown substances that are released from degener-
ating endometrium in menstruating women [19]. These the-
ories, however, lack experimental evidence to support the
development of endometrial stroma at ectopic sites from
induced metaplastic changes. The most widely accepted the-
ory describing the cause of endometriosis is Sampson theory
of retrograde menstruation [4, 20] that supports the idea
of “transplantation or implantation.” The theory proposes
that the endometrial tissue, which is otherwise expelled out
of the uterus through vagina, flows backward through the
fallopian tubes into the peritoneal cavity [4, 20, 21] and
that allows for the entry of endometrial cells in the ectopic
space. Building upon the concept of retrograde menstruation,
the “lymphatic dissemination” of the endometrial fragments
for implantation to distant ectopic sites is also proposed [4].
All hypotheses are based on the different genetic, epigenetic,
hormonal, immunologic, inflammatory, angiogenic, and lym-
phangiogenic components involved in the pathogenesis, yet
none is singly able to explain the different manifestations of
the disease. In this view, composite theories such as those
combining implantation and lymphatic dissemination are also
proposed [22].

Pathogenesis of endometriosis

Much like its origin, the pathogenesis of the disease remains
mystifyingly elusive. The disease presents itself in heteroge-
nous manifestations based on where the endometriotic tissue
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implants: (a) superficial peritoneal endometriosis—the most
common type of endometriosis when atypical lesions grow
superficially on the peritoneum; (b) ovarian endometrioma—
endometrial tissue implant into ovaries progressing from very
early lesions to typical dark, fluid-filled cysts with adhesions;
and (c) deeply infiltrating endometriosis—a less common
manifestation when endometriotic tissue implants >5 mm
below the peritoneum [11]. These multiple manifestations
of the disease and a substantial number of women that
experience retrograde menstruation yet do not develop
endometriosis suggest that a range of factors that may
be genetic, lifestyle-related, or environmental, hormonal,
immunological are involved in its pathogenesis. These
factors and the aberrant expression of genes/proteins under
each of these classes are summarized in Table 1. Genome-
wide association studies to identify causal variants that
may predispose women to this disease implicate genes for
estrogen-induced cell growth, inflammatory cytokines, steroid
hormone receptors, adhesion molecules, cellular damage, and
growth and differentiation [14, 23-27]. Epigenetic modifica-
tions that result in reduced expression of genes involved in
homeostasis are also seen in women with endometriosis [28—
30]. The dietary components that exert pro-inflammatory
and oxidative effects are also thought to play significant roles
in endometriosis development. For instance, consumption of
fruits and green vegetables reduces the risk of endometriosis
due to anti-inflammatory and antioxidant effects of vitamins
A and C, whereas red meat consumption increases the risk by
promoting higher estrogen levels [31, 32]. Exposure to envi-
ronmental toxins such as dioxins and bisphenol A promote
endometriosis possibly through epigenetic modifications and
altering uterine structure to promote retrograde menstruation
[33-38]. However, an indefinitive diagnosis limits the studies
concerning causal relationship between endometriosis and
diet or environmental toxins [39].

Regarded as estrogen-dominant condition, the disease pro-
gression is known to be mediated by high expression of
enzymes that convert androgens to estrogens and deficiency
of enzymes that convert estrogen to weak estrone [40-42].
The high estrogen levels induce expression of these enzymes
to enable a positive feedback loop that exacerbates further
estrogen production [41]. Synergistic to estrogen produc-
tion is the suppression as well as resistance to progesterone
that, in general, acts to halt estrogen-driven endometrial pro-
liferation, elicits differentiation, and reduces inflammation
[43-45]. There is increased adhesion, aberrant expression of
growth factors and proteolytic enzymes, apoptotic suppres-
sion, and parallel angiogenesis and neuroangiogenesis during
pathogenesis of endometriosis that promote lesion growth
at ectopic sites [46-48]. Of these, the chronic inflamma-
tion resulting from defective immune clearance of sloughed
endometrium is considered the most important hallmark cen-
tral to the disease progression.

Immune dysfunction and inflammation in
endometriosis

The refluxed endometrial tissue at the ectopic sites is pro-
cessed through adhesion, acute inflammation, macrophage
infiltration, and tissue remodeling. The initial attach-
ment is mediated by increased adhesive properties of the
endometrial cells resulting from enhanced expression of
integrins [49]. This adhesion is further promoted by chronic
inflammatory peritoneal environment, partly achieved from
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high estrogen levels [50]. Macrophages are key immunologic
cells that are recruited in both eutopic endometrium and
ectopic lesions in women with endometriosis independent of
hormonal cycle [51]. The high levels of macrophages help
secrete pro-inflammatory cytokines such as transforming
growth factor-betal (TGF-betal), interleukin-8 (IL-8), IL-
6, tumor necrosis factor-alpha (TNF-alpha), and IL-1beta
for activation of nuclear factor kappa light chain enhancer
of activated B cells (NF-kappaB) signaling [52-54]. Surges
in cytokines promote the recruitment of immune cells
and production of more cytokines, permitting a persistent
inflammatory peritoneal milieu to favor angiogenesis [55—
57]. Consequent activation of vascular endothelial growth
factor (VEGF) expression, cell cycle, and anti-apoptotic gene
B-cell lymphoma 2 (bcl-2) also mediate pathogenesis [58].
Angiogenesis is further favored by the chronic inflamed state
that exposes damaged tissues to provide for an adequate
blood supply to the growing implants [59]. The estrogen
receptor beta, Erbeta, is involved in the (1) inhibition of TNF-
alpha-induced apoptosis signaling [60], (2) direct activation
of the NF-kappaB pathway and radical oxygen species
detoxification system for enhanced cell survival and escape
from immune clearance, (3) upregulation of hypoxia-induced
signaling, and (4) epithelial mesenchymal transition signaling,
which are all involved in progression of endometriosis [61].

Intriguingly, women with endometriosis are shown more
likely to have comorbidities that are associated with height-
ened inflammation. These include inflammatory bowel dis-
ease (IBD) and metabolic disorders—obesity and diabetes—
while it has been also linked with other autoimmune disorders
such as systemic lupus, multiple sclerosis [62, 63], atopic
diseases [62], neurological disorders [64, 65], as well as can-
cers [66]. The molecular mechanisms linking the condition
with these chronic diseases are still unknown; however, a
recent view embraces a central role of gut microbiome in
the onset and progression of endometriosis. The two pri-
mary drivers of endometriosis are hormonal and immune
dysregulation, both of which are profoundly governed by
microbial members in the gut. The sex steroid hormones,
estrogen and progesterone, are well known to mediate bidi-
rectional crosstalk between host and microorganisms [67].
Aberrant gut microbiota profiles have also been linked to the
disruption of immune function including elevation of pro-
inflammatory cytokines, compromised immunosurveillance,
and altered immune cell profiles, all of which are impli-
cated in pathogenesis of endometriosis. Whether these altered
microbiome profiles result from the disease or are instead
involved in its causation is work in progress. Therefore, the
role of gut microbiota in the complex multifactorial etiology
of endometriosis involving genetic predisposition, prenatal
endocrine disruption, immune dysfunction, and the sex hor-
mones must be explored.

Gut microbiome

Exploring the role of microorganisms that live in close asso-
ciation with human hosts has been of tremendous interest in
the last two decades. Since the human microbiome project, the
estimated count of these microbial partners was estimated to
be 10-100 trillion, exceeding the human cells by a factor of
10 with a breadth of genes that dwarfs that in human genome
[68]. Even though the numbers have been revised to a 1:1
ratio of human and microbial cells [69], the latter are rightly
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Table 1. Factors involved in pathogenesis of endometriosis
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Factor Mechanism

Dysregulated proteins/pathways References

Cellular adhesion and invasion

tissue to the peritoneum
Estradiol synthesis in
endometrium is increased;

Hormonal (estrogen/progesterone)
imbalance

decreased estrogen inactivation;

progesterone resistance and
inaction

Enhanced expression of
pro-inflammatory cytokines;
compromised
immunosurveillance, chronic
inflammation

Immune dysfunction and
inflammation

Cell proliferation and survival

cell proliferation
Increased angiogenic and
lymphangiogenic potential in

Angiogenesis, lymphangiogenesis,
and neuroangiogenesis

eutopic endometrium to facilitate

survival at ectopic locations;

abnormal growth of nerve fibers,

leading to pain

Disrupted balance of ROS
production and antioxidant
defense

Oxidative stress

Genetic and epigenetic
lesion growth and immune
evasion

Diet and environment External factors that exert

pro-inflammatory and oxidative

effects

Endometrial expression of cell
adhesion molecules is increased
for attachment of endometrial

Reduced endometrial apoptosis;
enhanced stromal and epithelial

Cellular functions are altered for

tMntegrins, MMPs, VEGE, [166,167]
peritoneal macrophages,
pro-inflammatory cytokines

| Selectins, TIMPs
4Pro-inflammatory cytokines,
NF-kappaB signaling, Akt
phosphorylation, E2, ER-beta,
COX-2, aromatase, PGE;

P4, ER-alpha, 17beta-HSD2, PR-
beta

tPeritoneal macrophages and
other immune cells,
pro-inflammatory cytokines- IL-6,
IL-8, TNF-alpha, IL-1beta,
TGF-beta; NO, COX-2, iNOS,
PGE,

+NF-kappaB, bcl-2, FASL

J Caspase, BAX, FAS

[41, 43, 168]

[168-171]

[172-174]

1Epithelial to mesenchymal [175-181]
transition (EMT), VEGE, PDGE,

FGF, HIF-1alpha, Ang-1, Ang-2,

Tie-2, SDF-1, erythropoietin,

neutrophins, nerve fibers

tROS, RNS, iNOS, eNOS,
pro-oxidant enzymes
JAntioxidant enzymes: SOD, GPx
Hypermethylation of PR-beta and
HOXA-10 genes promoter;
hypomethylation of ER-beta and
SF-1 genes promoter;

1PR gene polymorphisms
(PROGINS), mir-196a, mir-29¢
Jmir-9, mir-34

1Endometriosis risk—red meat,
alcohol, environmental toxins
such as dioxins, PCBs, BPA, DES
JEndometriosis risk—PUFAs,
Vitamins A and C

-No effect—Smoking

[25, 182]

[14,27,183, 184]

[31-33, 35-38]

MMPs, matrix metalloproteinases; VEGEF, vascular endothelial growth factor; TIMPs, tissue inhibitors of metalloproteinases; E2, estrogen; ER-beta, estrogen
receptor beta; COX-2, cyclooxygenase-2; PGE,, prostaglandin E, ; P4, progesterone; ER-alpha, estrogen receptor alpha; 17beta-HSD2, 17beta-hydroxysteroid
dehydrogenase 2; PR-B, progesterone receptor beta; TNF-alpha, tumor necrosis factor alpha; TGF-beta, transforming growth factor beta; NO, nitric oxide;
iNOS, inducible nitric oxide synthase; bcl-2, B-cell lymphoma 2; FASL, Fas ligand; BAX, BCL2-associated X; FAS, Fas cell surface death receptor; PDGE,
platelet-derived growth factor; FGE, fibroblast growth factor; HIF-1alpha, hypoxia-inducible factor 1-alpha; Ang-1, angiopoietin-1; Ang-2, angiopoietin-2;
SDF-1, stromal cell-derived factor 1; ROS, reactive oxygen species; RNS, reactive nitrogen species; eNOS, endothelial nitric oxide synthase; SOD, superoxide
dismutase; GPx, glutathione peroxidase; HOXA-10, homeobox A10; PCBs, polychlorinated biphenyls; BPA, bisphenol A; DES, diethylstilbesterol; PUFAs,

polyunsaturated fatty acids.

perceived to be our “last organ” [70]. The complex assem-
blage of microbes, including bacteria, archaea, viruses, phages,
yeast, and fungi, that occupy the body space are referred to
as the “microbiota,” with their genes together constituting
the “microbiome” [71]. Human intestinal tract harbors most
of these microbes, providing one of the largest interfaces for
interactions with environmental factors, especially the large
intestine with conditions optimum for microbial growth such
as slow flow rates and neutral to mildly acidic pH [72].
The advances of molecular biology techniques, including 16S
ribosomal RNA sequencing and metagenomics, have been
instrumental in identifying the large gut microbiota diversity.
Interestingly, the adult human gut microbiota is not as diverse
as that from other bodily sites and reveals a high degree of
functional redundancy [73, 74]. Typically, it is dominated by
bacteria of the phyla Bacteroidetes and Firmicutes (together

representing up to 90% of gut microbiota), Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia [75-77].
The members have been further identified at different taxo-
nomic levels, with Firmicutes largely represented by genera
such as Clostridium, Lactobacillus, Bacillus, Enterococcus,
and Ruminococcus [10, 75]; Bacteroides and Prevotella pre-
dominantly represent Bacteroidetes; Proteobacteria involve
Escherichia and Desulfovibrio; and the less abundant Acti-
nobacteria is represented by Bifidobacterium, whereas Verru-
comicrobia by Akkermansia spp. [75]. Despite the established
beneficial roles of several commensal bacteria, there is not a
defined composition of healthy human gut microbiota but a
host-microbe balance that is crucial for disease prevention.
Any change in the structural and/or functional profiles of
gut microbiome that disrespects this homeostatic balance
(eubiosis) can cause dysbiosis and a range of disorders.
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Figure 1. Impact of gut microbiome on host physiology. The gut
microbiome influences several host metabolic pathways in a healthy
state of normobiosis (green), whereas an imbalance in its composition or
dysbiosis (red) is implicated in several diseases.

| Normal functions

Gut microbiome and host physiology

Gut microbiome encodes the ability to perform a variety
of functions that are implicated in host physiology and dis-
eases (Figure 1). These functions range from synthesis of
micronutrients to metabolism of complex carbohydrates as
well as regulation of signaling pathways. Importantly, these
microbial catalytic pathways produce short chain fatty acids
(SCFAs) and anti-inflammatory lipids as important energy
sources for gut epithelial cells [78]. In addition, microbial
regulation of host metabolism helps in release of gut hormones
such as cholecystokinin, peptide YY, glucagon-like peptide-
1 from enteroendocrine cells regulating insulin sensitivity,
glucose tolerance, fat storage, and appetite [79]. Gut com-
mensals also prevent bacterial invasion by maintaining the
intestinal epithelium integrity [80] and respond to perturba-
tions in the niche via secretion of a wide range of bioac-
tive molecules involved in microbe-microbe-host communi-
cations through complex antimicrobial and immunomodula-
tory activities [81]. Through these responses, gut microbiome
modulates almost all major host metabolic and physiologic
functions, even expanding to crucial gut-lung and gut-brain
axes and controlling several human pathologies.

The two dominant phyla: gram-positive Firmicutes and

gram-negative Bacteroidetes play pivotal roles in gut microbiota-

mediated functions such that changes in their ratios markedly
influence host health status [82]. Members of these phyla
form three main groups of strict gut extremophile anaerobes:
Bacteroides, Clostridium cluster XIVa (Clostridium coccoides
group), and Clostridium cluster IV (Clostridium leptum
group) [83, 84]. Bacteroides spp. function as “generalists”
that can grow on a variety of substrates for making them
available to other non-utilizing commensals [85]. Through
their complex starch utilization systems (sus), Bacteroides
spp. fundamentally process complex dietary carbohydrates
and host-derived glycans into simpler ones [85]. For
instance, Bacteroides thetaiotaomicron encodes several sus-
like polysaccharide utilization loci with carbohydrate-active
enzymes to degrade a wide range of glycan substrates
[86]. More nutritionally specialized members from phyla
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Firmicutes, Actinobacteria, and Verrucomicrobia play critical
roles within the community by degradation of complex plant
cell walls, starch, as well as mucin [87]. Several Firmicutes
spp. produce SCFAs from complex glycans. For instance,
Clostridium spp. of the groups IV and XIVa produce most
of the butyrate, which is the main energy source of gut
epithelial cells [84]. Besides, Actinobacteria, importantly
Bifidobacterium spp., functions as probiotics [88], whereas
mucin-degrading members of Verrucomicrobia, in particular,
Akkermansia muciniphila hydrolyzes up to 85% of mucin and
serves to fortify gut epithelial integrity [89]. A large number of
other microbes including those with yet undefined functions
maintain host physiology and homeostasis through intricate
communications while they reside within the host.

Immune homeostasis

Gut microbiota closely interact and co-evolve with intestinal
immunologic cells to protect the host against pathogens while
simultaneously conditioning them to develop tolerance to the
healthy gut microbiota [90]. This phenomenon is crucial for
maintaining immune homeostasis. For example, macrophages
within gut develop “inflammation anergy,” which maintain
a non-inflammatory profile when they encounter microbial
stimuli such as Toll-like receptor (TLR) ligands in homeostatic
conditions [91]. The strong communication between microbes
and intestinal immunologic cells is observed through the
deficient profiles of secretory immunoglobulin A (IgA) and
cytotoxic T cells in gut-associated lymphoids due to microbial
absence [92] and lower mast cell densities in germ-free mice
[93]. Certain groups of gut commensals are also involved in
maintaining adaptive immune homeostasis (Figure 2). For
example, segmented filamentous bacteria potently induce
Th17 cells [94]. Clostridia of cluster IV and XIVa can induce
regulatory T cells (Tregs) [95], whereas polysaccharide A of
Bacteroides fragilis can mediate suppression of systemic Th1
response by signaling through TLR2 on Tregs [96] (Figure 2).
Moreover, colonic Tregs possess a unique repertoire of T-
cell receptors (TCR) optimized for recognition of colonic
bacteria [97] (Figure 2). Thus, colonic Tregs are educated by
gut microbial commensals such that altered gut microbiota
structure may lead to a pathological outcome. In addition,
DNA of microbial origin is also shown to maintain immune
homeostasis by limiting Treg cell conversion through TLR9
signaling in the intestinal sites [98]. The gut microbiome also
condition CD8™ T cells to modulate other peripheral immune
cells, such as marginal zone B cells, plasmacytoid dendritic
cells (DCs), and invariant natural killer T cells [99, 100].
Therefore, gut microbiome and immune homeostasis maintain
a delicate balance that, if disrupted, may trigger inflammation
and, subsequently, a number of pathologies.

Intestinal integrity

The gut epithelial layer, together with the biochemical mucus
layer, the tight junction proteins, the vascular and cellular
immune systems, acts as a barrier, whereas the gut microbes
orchestrate intestinal immune responses. The integrity of the
epithelial layer is pivotal to maintaining this gut-microbial
immune homeostasis. A compromised barrier integrity,
referred to as the “leaky-gut,” may arise from gut-microbe
imbalance and may lead to systemic entry of harmful microbes
and abnormal perpetuation of mucosal and intestinal immune
responses (as illustrated in Figure 2). In this context, the
mucus layer of the gut offers first line of defense and functions
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Figure 2. Gut-microbiome barrier integrity and dysfunction. Gut microbiome participates in a complex network of communications with the host and
orchestrates immune responses and maintains gut barrier integrity implicated in host health and diseases. Under healthy state or “eubiosis” (right), the
high gut microbial diversity exhibits colonization resistance and checks pathogenic population. The intact mucus layer prevents microbial translocation
while interactions with select commensals and with their metabolites (such as SCFAs) at the interface educate the host immune system for
maintenance of homeostasis. Under conditions of “dysbiosis” (left), the integrity of gut epithelial layer is compromised due to reduction in gut

commensals that leads to microbiota translocation through the “leaky gut,

at the interface to prevent the luminal microbes and limit
pathogenic interactions. The gut microbes inhabit the outer
mucosal layer (luminal), whereas the inner sterile mucosa
harbors abundant immunologic cells [101]. To favor or limit
a species’ colonization is selected for by the host through the
mucus layer, for instance, by regulating mucin glycosylation
that mediates adhesion [102]. Alternatively, the mucus layer
acts as carbohydrate source for many mucin-degrading gut
bacteria, such as B. thetaiotaomicron [103], A. muciniphila
[104], and B. fragilis [105]. Mucin 2 (Muc2), a major
component of mucus, also facilitates Treg cell differentiation
and immune tolerance and suppression [106, 107]. Next, the
tight junctions, adherent junctions, and desmosomes together
with transmembrane (claudin, occludin) and peripheral
membrane proteins (zonula occludens) connect epithelial

" thereby activating immune responses and a chronic inflammatory state.

cells tightly and control gut permeability through molecular
signaling [108, 109]. The lamina propria underneath the
epithelial layer nurtures crosstalk between the immune cells
and microbial counterparts to maintain intestinal homeostasis
[110]. The gut vascular system composed of endothelial cells,
pericytes, and fibroblast is also crucial for gut wall integrity
[111].

Increasing evidence suggests intricate involvement of gut
microbial commensals in maintaining barrier integrity by
acting as energy sources for gut epithelial cells and regulating
tight junction expression [112]. The SCFAs, for example,
butyrate that derives from bacterial anaerobic fermentation
of complex dietary polysaccharides, serve as a major energy
source for the colonic epithelial cells [113]. Other SCFAs
such as propionate are involved in producing glucose in
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the liver and small intestine and acetate is important for
energy production and synthesis of lipids [113]. Furthermore,
these metabolites promote anti-inflammatory environment
within the gut by exerting pleiotropic effects on different
immunologic cells, including macrophages, DCs, B and T
lymphocytes [114] (Figure 2). Microbiota-derived butyrate is
also shown to augment barrier function by increasing epithe-
lial oxygen consumption and thereby stabilizing hypoxia-
inducible factor, a transcription factor that coordinates barrier
protection [78]. Microbial metabolites derived from dietary
tryptophan also reinforce intestinal barrier function via aryl
hydrocarbon receptor [115]. Several gut bacteria produce
antibacterial lectins and secretory IgA that promote host—
bacterial segregation and maintain homeostatic spatial rela-
tionships between host and microbiota [116, 117]. In con-
trast, direct epithelial interaction with certain microbiota-
derived components also contributes to maintaining intestinal
homeostasis. For instance, epithelial recognition of bacte-
rial lipopolysaccharide (LPS), a major component of gram-
negative cell wall, triggers inflammation through TLR sig-
naling, compromising intestinal integrity [118]. LPS-induced
endotoxemia is a major underlying cause involved in the
onset of insulin resistance and obesity [119]. At the gut—
microbiome interface, the epithelium-associated inflammo-
somes sense endogenous or exogenous damage-associated
molecular patterns and maintain colonic homeostasis [120,
121]. Specifically, the NOD-like receptor family pyrin domain
containing 6 (NLRP6) inflammasome stimulates mucus syn-
thesis for barrier function, IL-18 secretion, and anti-microbial
peptides production for shaping the gut microbiota [121].
Nlrp6 inflammasome-deficient mice show an aberrant micro-
biota, with an overgrowth of Bacteroidetes, particularly Pre-
votellaceae, and a decrease in Lactobacillaceae [120, 122].
The subsequent dysbiosis enhances inflammatory responses
in the intestine, thereby predisposing the host to develop IBD
[120]. Intriguingly, endometriotic women co-develop autoim-
mune disorders, most commonly IBD, which share similar gut
microbiota alterations with a general loss of diversity and
imbalance of Firmicutes/Bacteroides ratio. Research on the
association of endometriosis and gut microbiome is a fledgling
field that lies far behind that of IBD. However, recent studies
suggest a “leaky gut” through perturbed gut microbiota as the
possible conduit to endometriosis disease progression, owing
to its pleiotropic effects on host functions.

Gut microbiota—endometriosis crosstalk

The gut microbiota profiles are long known to be associated
with endometriosis in rhesus monkeys [123]. More recently,
Huang et al. [124] suggested that gut microbiota profiles may
critically diagnose the debilitating condition in humans, and
which even exceed the diagnostic potential of cervical micro-
biome. This is explained by the metabolic and inflammatory
changes originating from changes in gut microbiome that may
govern development of a disease both inside and outside of the
intestinal tract. Although the field is nascent, a strong associa-
tion between gut microbiome and endometriosis is suggested
from limited data from human subjects and through mouse
and rat models of the disease [125-128]. The recent insights
gained on this bidirectional crosstalk of gut microbiome and
endometriosis and the possible underlying mechanisms are
summarized in Figure 3. For elucidating the potential link
between the two, we need to explore (1) perturbations in
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gut microbiota profiles that arise during endometriosis and
(2) how these perturbations in gut microbiome regulate onset
and/or progression of the disease. Although most studies
address the alterations in gut microbiota, focus on deciphering
the latter needs to pace up (summarized in Table 2). Currently,
only two studies from our group describe the regulation of
endometriosis by the gut microbiota [6, 127]. If we are to
address the disease through gut microbiome-based therapies,
further studies emphasizing on the latter are needed to unveil
crucial insights. Furthermore, the causal direction between gut
microbiota alterations and endometriosis development is a
challenging question that needs to be addressed.

Gut microbiota alterations in endometriosis

The gut, peritoneal cavity, and female reproductive tract are
known to harbor unique microbial communities where the
peritoneal flora may itself derive from the gut or lower
reproductive tract [129-131]. Studies in mice show that
endometriosis drives changes in gut microbial flora that
develops a distinct profile following 21 and 42 days of
endometriosis induction [5, 127]. Out of the few works that
studied association between gut microbiota and endometrio-
sis, even fewer studied this link in human subjects (Table 2).
A reduced overall microbial diversity within gut of women
with endometriosis is generally observed [124, 132, 133].
Studies in mice also found a decrease in gut microbial diversity
associated with endometriosis [126, 127]. However, the
results are not consistent as Hantschel et al. [128] reported no
effect of endometriosis on gut microbiota diversity, neither on
genus nor on family level. Perrotta et al. [134] also found this
in humans and reported no difference in gut microbiomes
in patients and healthy groups. Although the study used
stringent control measures, the bias in results that may
arise from sample size, difficult diagnosis, and unmatched
controls calls for careful analyses before drawing conclusions
from such studies. The ratio of Firmicutes/Bacteroidetes,
which is an important feature of dysbiosis, is elevated
in the disease [5, 126, 133, 135, 136]. Proteobacteria,
Actinobacteria, Cyanobacteria, Saccharibacteria, Fusobac-
teria, Acidobacteria, and Patescibacteria are significantly
increased in endometriosis and Tenericutes are reported to be
significantly decreased in the patients [5, 133, 136]. At genus
level, Huang et al. [124] reported increase in populations
of harmful Eggerthella lenta and Eubacterium dolichum,
whereas a marked decrease in other protective microbes
in gut of women with endometriosis. Particularly, they
found reduced abundances of Clostridia and Ruminococcus
and Lachnospiraceae. These commensals produce SCFAs
regulating the intestinal integrity and are implicated in
various other diseases linked with gut-microbiome dysbiosis
such as Crohn disease [124]. Hormonal treatment of
endometriosis is shown to increase Ruminococcus and other
SCFA producers, Blautia and Butyricimonas, in endometriosis
patients [132]. Contrarily, Shan et al. [133] observed
increased abundances of Blautia in endometriosis patients
that correlated with increased estradiol levels in blood.
Genera Sneathia, Barnesella, and Gardnerella are shown to be
significantly reduced in advanced stage 3/4 endometriosis gut
[129]. The dominance of genera Shigella and Escherichia is
reported in endometriosis-afflicted group [129]. However, a
subsequent study only reported a non-significant enrichment
of Enterobacteriaceae, and Shigella and Escherichia could not
be detected at genus level [132]. Prevotella (Bacteroidetes)
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Figure 3. Schematic illustration of the mechanisms underlying the gut microbiome—endometriosis crosstalk. The gut microbiota structure is significantly
altered (detrimental) in endometriosis that may be greatly involved in promoting the disease through disruption of gut barrier integrity and the resulting
activation of macrophages and inflammation (shown on the right). The endometriotic lesions may, in turn, activate macrophages and the Th17/IL22 axis
to promote conditions conducive to gut inflammation. On the other hand, the commensal gut microbes (protective) are shown to prevent endometriotic
lesion formation and disease progression (shown on the left). This latter protective effect is shown to be mediated by gut microbiota-derived SCFAs in a
G-protein-coupled receptors (GPCRs)-mediated signaling-dependent mechanisms through inhibition of Class | and Class Il histone deacetylases (HDACs)

and upregulation of RAP1GAP (tumor suppressor gene) signaling.

is found in high abundance in endometriosis groups [133]
and in patients with gastrointestinal symptoms, Prevotella
(Bacteroidetes) correlates with symptoms of constipation,
bloating, flatulence, vomiting, and nausea [132].

Functional profiles of gut microbiomes in endometriosis
are enriched in pathways for environmental information pro-
cessing, endocrine system, and immune system functions as
compared with healthy gut microbiomes [133]. Altered gut
microbiota in endometriosis is closely related to enrichment of
Retinoic acid-inducible gene I (RIG-I)-like receptor signaling
pathway for transcription of NF-kB target genes, associated
with inflammatory response (IL-8 and TNF-alpha), apoptosis
(Bax and Fas), proliferation (epidermal growth factor), and
angiogenesis (VEGF) [133]. Analysis of differential metabo-
lites in endometriosis and healthy mice groups also suggest
decreased abundances of alpha-linolenic acid in endometriosis
(positively correlated with Helicobacter and Ruminococcus)
and increased abundances of primary and secondary bile
acids chenodeoxycholic acid (CDCA; negatively correlated
with the abundance of Blautia) and ursodeoxycholic acid
(UDCA) that are known to exert anti-inflammatory effects

[136]. Although it is evident that gut microbiome is altered
during endometriosis, yet conflicting results from limited data
make it difficult to develop a consensus gut microbiota profile
linked with endometriosis. Other than itself being altered due
to endometriosis, data from mouse models of endometriosis
also suggest an inverse relationship, suggesting that gut micro-
biome alterations may also drive progression of the disease.

Role of gut microbiome in endometriosis disease
progression

Gut microbiome dysbiosis is linked with progression of
several pathologies centrally originating from compromised
gut barrier integrity. An interesting question to address is
if the gut microbiome alterations could potentially drive
the progression of disease in non-endometriosis models. To
test this potential, previous studies from our group used
microbiota-depleted mice and observed smaller lesions in
these mice and that had fewer proliferative cells (positive
for Ki-67 marker) as compared with control mice [127].
Depletion of gut microbiota through antibiotic cocktail
resulted in smaller lesions as compared with mice that received
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only the vehicle [6]. Whether smaller lesions only resulted
from antibiotics treatment was further confirmed through
fecal transfer from mice with endometriosis (endo-feces) to
mice treated with metronidazole (endo-metronidazole) that
developed lesions that were similar in mass and volume to
those in endo-vehicle mice, contained more macrophages
in lesions and more IL-1beta in the peritoneal fluid. These
findings highlight a potentially significant role of gut micro-
biome in endometriosis progression. The pro-inflammatory
potential of microbiota members was revealed from high
numbers of macrophages in lesions from control mice with
higher peritoneal IL-1beta, TNF-alpha, IL-6, and TGF-betal
levels than mice treated with antibiotics [6]. These provide
substantial evidence for a casual role of gut microbiome
dysbiosis in endometriosis disease progression. Interestingly,
in certain diseases, gut microbiome imbalance results in
microbiota-derived metabolite alteration, including gut-
derived SCFAs (Figure 3). Thus, our group further measured
the concentrations of different SCFAs in feces of mice with or
without endometriosis. Interestingly, endometriotic mice were
found to have significantly reduced n-butyrate concentrations.
Although acetate and propionate concentrations were also
non-significantly reduced, their supplementation through
diet had only modest effect on lesion reduction, whereas
butyrate supplementation orally resulted in greatly reduced
sizes of lesions and inflammatory cell infiltration in mice
with endometriosis [6]. #-butyrate also demonstrated similar
inhibitory effect on immortalized human endometriotic
epithelial cells (iIHEECs) and primary human endometriotic
stromal cells in vitro and on lesions developed in pre-clinical
mouse models injected with iIHEECs and immortalized human
endometrial stromal cells. Another interesting question to
address appears to be whether n-butyrate exerts protective
effect through the well-known G-protein-coupled receptor
(GPCR) signaling. This was tested in iHEECs cells pre-
treated with antagonists of either or both known GPCR
receptors (GPR43 and GPR109A) of n-butyrate. Treatment
with either or both receptor antagonists resulted in increased
proliferation of these cells as compared with non-pretreated
endometriotic cells. Furthermore, when these cells were
transfected with either or both GPR43 or GPR109A silencing
RNA and followed by #n-butyrate treatment, knockdown
of either or both receptors could restore the viability of
n-butyrate-treated cells [6]. Endometriotic mice that were
injected with GPR43 and GPR109A antagonists before
treatment with #n-butyrate developed larger lesions than
those that were given only n-butyrate. However, blocking
the receptors with antagonists only partially prevented n-
butyrate-derived protection that suggested other mechanisms
independent of the GPCR signaling. Hence, inhibition of
histone deacetylases (HDAC) by n-butyrate was tested as
another possible mechanism contributing to its protective
actions. Treatment of iHEECs with pan-HDAC inhibitors
inhibited their viability to a great extent than did treat-
ment with #n-butyrate. Further intraperitoneal injections
of HDAC inhibitors in endometriotic mice resulted in
similar lesions as in control mice as compared with mice
that received n-butyrate in addition to HDAC inhibitors
[6]. Therefore, it is apparent that n-butyrate-mediated
inhibition of HDAC activity also contributes as one of the
underlying mechanisms through which gut microbiota-
derived n-butyrate suppresses growth of endometriotic
lesions. From RNA-seq analysis of iHEECs treated with
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n-butyrate, Repressor/activator protein 1 (RAP1) signaling
was observed as one of the upregulated pathways. RAP1
regulates cell proliferation and tumor cell migration and inva-
sion and is inactivated by RAP1GTPase-activating protein
(RAP1GAP). n-butyrate treatment of iHEECs upregulated
RAP1GAP possibly through inhibition of HDAC1. Further
n-butyrate-treated cells in which RAP1GAP was knocked
down proliferate significantly more than n-butyrate-treated
cells transfected with control siRNA [6]. Data from these
studies support the hypothesis that whereas some gut
bacteria promote endometriosis by inducing macrophage-
mediated inflammation, others protect against endometriosis
by fermenting fiber to produce SCFAs.

Whether gut microbiome or endometriosis affects the other
is unclear, yet certain groups of bacteria may aggravate
the pathological condition as observed through reduced
endometriotic lesions and inflammation following antibiotic
treatment in mice [127]. It appears that a dysbiosis of
gut microbial diversity (reduced) resulting from prolonged
inflammation from retrogradely shed endometrial tissues may
impair intestinal barrier function that may lead to disease
progression and further promote gut microbiome dysbiosis
in a vicious cycle (Figure 3). The insignificant differences in
the hitherto published studies suggest that research in this
field has yet to deliver an enormous amount of mechanistic
understanding necessary to unveil the causal relationship
between endometriosis and gut microbiome and for the
development of gut microbiome-based treatment options of
the disease.

Potential gut microbiome-based therapies for
endometriosis

With understanding of the multifarious roles of gut micro-
biota in range of disorders, the gut microbiome research
has advanced to its targeted exploitation and/or manipula-
tion that can also be disseminated to endometriosis treat-
ment or, in part, its symptoms. The broad aim remains the
enteric reconstitution of commensal microflora to re-establish
homeostasis, while the targeted microbial members might
differ in different disorders. The idea behind microbiome-
based therapies is to restore beneficial microbiome functions
including strengthening of gut mucosal barrier, reinforcing
gut colonization resistance, and restoring healthy microbial-
immune cells crosstalk. We discuss the potential of widely
accepted (i) microbiota-derived metabolites, (ii) whole fecal
microbiota transplantation (FMT), (iii) modulation of diet
and probiotics, and (iv) use of target microbial consortia, as
emerging therapeutic options for endometriosis.

Microbiota-derived SCFAs and other metabolites

The SCFAs and secondary bile acids are recognized as impor-
tant classes of commensal-derived homeostasis effectors and
restoring their healthy levels warrants protection from dis-
eases [137]. Significantly, butyrate, propionate, and acetate
interact locally with colonic epithelial cells [138] and most
notably target the mammalian G protein-coupled receptor
pair of GPR41 and GPR43, inhibit the activity of HDACs,
mediating anti-inflammatory activities of intestinal epithelial
cells (IECs), macrophages, and DCs, and further promote the
development of T, cells [139, 140]. Reduced concentrations
of these SCFAs are central to pathogenesis of several disorders
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including endometriosis [6]. The reduction in lesion growth
observed upon n-butyrate administration in endometriotic
mice highlight its therapeutic potential of n-butyrate largely
produced by commensals of families Lachnospiraceae and
Ruminococcaceae of the eubiotic gut microbiome [141, 142].

An additional class of microbiota-derived protective
metabolites is represented by secondary bile acids that
are produced from microbial modulation of primarily
bile acids. For example, deoxycholic acid and lithocholic
acids are generated from cholate and chenodeoxycholate,
respectively, by gut commensals. The modified isodeoxycholic
acid downregulates immunostimulatory properties of DCs,
inducing proliferation of T, cells [143]. In mouse models of
endometriosis, Ni et al. [126] reported an increase in bile acids
CDCA and UDCA synthesis pathways. CDCA is a primary
bile acid produced in liver, a small part of which remains in
the gut where it serves as substrate for modification by the
commensals [144]. On the other hand, the secondary bile acid
UDCA is generated through 7alpha-dehydroxylation by gut
microbiota. Both CDCA and UDCA exert anti-inflammatory
effects by promoting intestinal barrier function. CDCA
blocks LPS-induced activation of the myosin light chain
kinase pathway, thereby protecting the intestinal epithelial
barrier function [145, 146], whereas UDCA protects the
intestinal barrier through epidermal growth factor receptor
(EGFR) and cyclooxygenase-2-dependent mechanisms, thus
alleviating the inflammatory response [147, 148]. The
increased CDCA and UDCA in the intestine of endometriotic
mice is demonstrated to build an effective protective wall
between gut microbiota dysbiosis and endometriosis [126].
Although these metabolites offer host protection, numerous
challenges due to their functional versatility need to be
overcome for devising effective microbiome-based therapeutic
strategies.

Fecal microbiota transplantation (FMT)

FMT from healthy subjects to the patients of serious illnesses
appears the most likely approach in microbiome-based treat-
ments of human diseases [149, 150]. In general, feces from
healthy subjects are screened for absence of any pathogens
prior to transplantation. Pertaining to efficacy of FMT in
endometriosis, our group previously showed that endometri-
otic mice transplanted with feces from healthy mice exhibit
reduced lesion growth as compared with those transplanted
with feces from endometriotic mice [6]. Similar findings were
recently reported by Ni et al. [136] that showed reduced
zona occludens-2 (ZO-2) expression upon fecal administra-
tion from endometriotic mice to healthy mice. These prelim-
inary studies highlight the potential of FMT in mitigating
endometriosis through reinforcement of barrier integrity. If
not treatment per se, FMT can be used as an adjunctive
treatment of this yet incurable condition. FMT has received
much attention in treatment of Clostridium difficile infec-
tion (CDI) in humans with the curative symbiotic micro-
bial consortium identified to up to strain level [151-153].
Its potential in treatment of other acute and inflammatory
disorders of female reproductive tract has also been iden-
tified such as in PCOS [154]. FMT from healthy rats in
PCOS rats resulted in increased populations of gut commen-
sals Lactobacillus and Clostridium and decreased Prevotella
numbers. It also resulted in improved estrous cycles and
ovarian morphologies and decreased androgen biosynthesis
in the FMT groups [154]. Endometriosis development and
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progression is also mediated by estrogen that is modulated
by estrobolome, the component of gut microbiome involved
in estrogen metabolism. Theoretical logic aside, the strat-
egy is challenged by undefined microbiota composition and
unexplored pathogenic strains in the transplanted feces. Fur-
thermore, the immune status and inflammatory state that
underpins the stage of the disease is important for persistence
of the transplanted microbiota in the recipient endometriotic
patient.

Modulation of diet and use of probiotics

Very few studies report the effects of diet on endometriosis,
although their probable correlation is frequently noted. A
high intake of omega-3 polyunsaturated fatty acids (PUFAs) is
known to lower the risk of endometriosis in women that can
be attributed to underlying modification of gut microbiota
[155, 156]. In mouse models, PUFA-rich diet exhibits anti-
inflammatory effects through reducing TNF-alpha and IL-
6 inflammatory markers [52, 157-159] and suppresses the
formation of endometriotic lesions [160, 161]. Diets rich
in PUFAs and probiotic supplements are also demonstrated
to alter the gut flora and prevent various diseases, such as
obesity [162, 163]. Apparently, plant-based diets are shown
to result in dominance of SCFA-producing Firmicutes, as
opposed to animal-based diets that increase the frequencies
of Bacteroidetes [164]. The preliminary results are, however,
insufficient and more empirical data needs to be generated
to conclude the role of diet and identification of pre- and
probiotics for mitigating endometriosis.

Use of defined commensal consortia

Another potential microbiome-based mitigation of the disease
can be viewed in the use of a defined microbial consor-
tium of commensals that significantly impact endometriosis
progression. The approach appears to be a safer than FMT
with undefined microbiota components and has been success-
fully applied in various bowel disorders such as CDI [165].
Using target microbial consortium to increase the produc-
tion of n-butyrate and other beneficial SCFAs, for reducing
intestinal inflammation, and reinforcing barrier maintenance
and colonization resistance may substantially contribute to
endometriosis treatment. However, the structural and func-
tional dynamics of the gut microbiome in endometriosis need
to be fully elucidated to exploit the potential of commensal
microbiota within the community.

Summary and future perspectives

Although the two fields are not very well connected, a
consistent trend of evidence of gut microbiome-endometriosis
relationship is revealed from recent studies. Most impor-
tantly, a reduced gut microbiome diversity and an elevated
Firmicutes/Bacteroidetes ratio have mostly been linked
with increased endometriosis risk. Reduced populations
of Gardnerella, Lachnospira, Paraprevotella, Sneathia and
increased abundances of Bifidobacterium, Blautia, Dorea,
Parabacteroides, and Enterobacteriaceae, mainly Escherichi-
alShigella, at genus level are reported alterations in gut
microbiota of patients. Contradictory observations from a
smaller number of studies highlight the need for extensive
research required to draw conclusions. We are yet to
understand if dysbiosis of the gut microbiome drives the onset
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of the disease or is itself critically impacted during diseased
state. Fecal microbiota transplants from endometriotic mice
to healthy groups promote lesion growth. Broad spectrum
antibiotics such as metronidazole are shown to significantly
impede lesion growth, opposed to the reduced gut microbial
diversity observed in endometriosis. In this context, it is
noteworthy to remember that microbial residents of the gut
reside in complex assemblages interacting and communicating
with each other and with the gut epithelial cells. A balance
of this crosstalk is, therefore, critical to maintaining the
functional dynamics characteristic of eubiosis. Nonetheless,
the understanding put forth enormous opportunities to
mitigate the condition through modulation of the gut
microbiome and derived metabolites. Identifying the effects
of microbiota-derived SCFAs, primary and secondary bile
acids, as well as altered metabolic pathways in endometriotic
physiological settings in human subjects can be rewarding.
The field may benefit from understanding of gut microbiome
perturbations in other diseases that often accompany
endometriosis in patients and correlating with the disease
severity in longitudinal studies. Certainly, the challenge that
requires immediate attention is small sample sizes due to lack
of non-invasive definitive diagnostic methods and the lack
of robust methods for inclusion of asymptomatic healthy
controls in the studies. An additional challenge in tailoring
the gut microbiome for remission of endometriosis would
be to leverage specific ecological concepts in the healthy
gut microbiota—endometriosis crosstalk. Nonetheless, an
understanding of the key microbiota-derived metabolites
associated with endometriosis would be of interest to
evaluate and design future microbial consortium-based
therapies. Specially, identifying bacterial candidates that
promote or protect against endometriosis in reproductive age
women will accelerate efforts to diagnose, prevent, and treat
endometriosis.
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