
Special Article
Cellular Components Contributing to Fibrosis in Endometriosis:
A Literature Review

Paola Vigan�o, PhD, Jessica Ottolina, MD, Ludovica Bartiromo, MD, Giulia Bonavina, MD,
Matteo Schimberni, MD, Roberta Villanacci, MD, and Massimo Candiani, MD
From the Reproductive Sciences Lab, Division of Genetics and Cell Biology (Dr. Vigano), and Gynecology/Obstetrics Unit (Drs. Ottolina, Bartiromo,

Bonavina, Schimberni, Villanacci, and Candiani), San Raffaele Scientific Institute, Milan, Italy
ABSTRACT E
The authors decla

Corresponding a

Division of Gene

Via Olgettina 60,

E-mail: vigano.pa

Submitted August

tion November 21

Available at www

1553-4650/$ —
https://doi.org/10
ndometriosis-related fibrosis represents a complex phenomenon with underlying mechanisms yet to be clarified. Fibrosis is con-

sistently present in all disease forms and contributes to classic endometriosis-related symptoms of pain and infertility. The purpose

of this literature review was to examine the role of various cellular populations and biologic mechanisms and signaling pathways

in inducing fibrogenesis of endometriotic lesions. A search was performed through PubMed andMEDLINE for animal and human

studies published in English in the last 23 years that examined fibrosis in superficial, ovarian, and deep infiltrating endometriosis.

The main cell types found to be involved in the development of fibrosis were platelets, macrophages, ectopic endometrial cells,

and sensory nerve fibers. Interactions among each of the cell types contribute to the production of fibrosis through the production

of soluble factors, mostly transforming growth factor-b but also other cytokines and neuropeptides. Cell types known to be critical

to the pathophysiology of endometriosis also contribute to fibrogenesis, thus supporting the theory that fibrosis is an inherent part

of endometriosis. Journal of Minimally Invasive Gynecology (2020) 27, 287−295. © 2019 AAGL. All rights reserved.
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The development of fibrosis in endometriotic lesions

represents a complex phenomenon with underlying mecha-

nisms yet to be fully clarified. Fibrosis is consistently pres-

ent in all endometriosis forms (peritoneal, ovarian, deep

infiltrating endometriosis [DIE], and endometriosis-related

adhesions) leading to the classic endometriosis-related

symptoms of pain and infertility [1].

The American Society of Reproductive Medicine Classifi-

cation scoring system is highly influenced by endometriosis

pelvic adhesions [2,3], but it does not consider pathology-

based staging according to the natural history of fibrosis and

endometriosis (i.e., epithelial-to-mesenchymal transition

[EMT] or fibroblast-to-myofibroblast transdifferentiation

[FMT]); consequently, some patients with endometriosis-

related adhesions and fibrotic components may not receive a

correct diagnosis [1]. Furthermore, histologic analyses have

shown that, especially in deep lesions, endometrial-like tissue
is minimal. The major component of nodular lesions is not

endometrial tissue but fibromuscular tissue with sparse finger-

like extensions of glandular and stroma tissue [3].

The biologic process of fibrosis in endometriosis resem-

bles that of other fibrotic conditions involving myofibro-

blasts and smooth muscle cell activity and production of

high levels of transforming growth factor (TGF)-b, EMT,

and collagen deposits [1].

The aim of this review was to gain insight into the mech-

anisms underlying the development of fibrosis in endome-

triosis, focusing, in particular, on the responsible cell types

to facilitate a better understanding of future developments

in this field.
Literature Search and Review

An advanced search of PubMed and MEDLINE was

limited to English and peer-reviewed manuscripts pub-

lished between 1996 and March 2019 using the keywords

“endometriosis” or “endometrioma” or “endometriotic” or

“ectopic endometrium” in combination with either

“fibrosis” or “fibrogenesis.”

The selection was made based on titles and abstracts, and

then full-text manuscripts were evaluated. All authors

reviewed a reference list from the selected studies to iden-

tify additional articles for inclusion. In this phase, specific
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topics were assigned by the corresponding author (P.V.) to

5 authors (J.O., L.B., M.S., R.V., and G.B.) who reviewed

the manuscripts independently. Studies in animals, mouse

and nonmouse models, and humans were included. Case

series, case reports, randomized clinical trials, and articles

investigating fibrosis in adenomyosis were excluded.

Studies conducted with animal models highlighted some

of the pathogenetic mechanisms underlying the develop-

ment of fibrosis [4−25]. However, it remains unclear

whether the results obtained in animal studies are applicable

to humans because animal models may not parallel exactly

the natural course of the disease toward fibrosis in humans.

Table 1 [4−25] shows the animal studies to date describing

the fibrotic process characterizing endometriotic lesions

and its mechanisms of development.

To present the role of various cellular populations con-

tributing to fibrogenesis in endometriotic lesions in humans,

the results of this literature search have been noted accord-

ing to the different forms of disease and characterization of

the respective cellular environment.

Cellular Components Involved in Fibrosis Development

Platelets

Activated platelets have been suggested to be involved

in the development of fibrosis in both mice and humans.

According to Zhang et al [4,5], endometriotic lesions are
Table 1

Animal models of endometriosis and fibrotic components

Models Histology Cellular components

and molecular factors

Mouse Endometrial epithelial and stromal cells

Inflammatory cells

Macrophages

Fibroblasts, myofibroblasts

Smooth muscle cells

Fibrosis

Ectopic endometrium

thromboxane A2, K

NRF2, ADAM17/N

Activated platelets!
ane A2, TGF-b1, V

Neutrophils and M2 m

IL-1, VEGF, IL-10,

Peritoneal mesothelia

Sensory nerve fibers!

Equines Endometrial epithelial and stromal cells

Fibroblasts, myofibroblasts

Smooth muscle cells

Periglandular fibrosis

Activated platelets!

Monkeys Endometrial epithelial and stromal cells

Inflammatory cells

Macrophages

Fibroblasts, myofibroblasts

Smooth muscle cells

Fibrosis

Activated platelets!

ADAM17 = disintegrin and metalloproteinase domain 17; CGRP = calcitonin gene−relate
IL-6 = interleukin 6; IL-1 = interleukin 1; IL-10 = interleukin 10; KLF11 = Kr€uppel-like f

b1 = transforming growth factor b 1; TNF a= tumor necrosis factor alpha; VEGF = vascul
essentially wounds undergoing repeated tissue injury and

repair, ultimately leading to fibrosis, implying the develop-

ment of “leaky” blood vessels with the consequent extrava-

sation and aggregation of platelets that induce fibrosis in

endometriosis lesions through TGF-b1 release and induc-

tion of the TGF-b1/Smad3 signaling pathway [7]. Studies

in mice have shown that the STAT3 signaling pathway is a

potent inducer of EMT, FMT, and smooth muscle metapla-

sia (SMM) in endometriotic epithelial and stromal cells,

resulting in increased contractility, collagen deposition, and

fibrosis [8,9]. In turn, endometriotic stromal cells produce

potent platelet-activating molecules such as thrombin and

thromboxane A2, which coupled with increased angiogene-

sis and vascular permeability result in further platelet

extravasation or aggregation [4,10,11] (Fig. 1). Confirma-

tion of repeated tissue injury and repair occurring in endo-

metriotic lesions comes from studies in baboons showing

that platelets aggregate in the stroma [4]. The levels of

TGF-b1, activation of Smad3 signaling pathway, and for-

mation of a-smooth muscle actin (SMA)−positive myofi-

broblasts increase progressively as lesions develop.

A similar role of activated platelets that promote EMT,

FMT, and differentiation to smooth muscle cells has been

suggested for human ovarian endometriosis and DIE

[26,27]. However, recent immunohistochemistry analysis

revealed, albeit not consistently, that DIE is characterized

by a higher fibrotic content, higher expression of vimentin,
involved in fibrosis

involved
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Fig. 1

Main cellular types and molecules involved in the development of endometriosis-related fibrosis. IL-6 = interleukin 6; IL-8 = interleukin 8; LOX = lysyl

oxidase; MMP =matrix metalloproteinase; PA = plasminogen activator; PAI-1 = plasminogen activator inhibitor-1; ReTIAR = recurrent tissue injury and

repair; TGF-b1 = transforming growth factor b 1; TIMP = tissue inhibitor of metalloproteinases; VEGF = vascular endothelial growth factor.
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and production of TGF-b1, but lower E-cadherin, less vas-

cularity, and less platelet aggregation than ovarian endome-

triosis [28,29]. The accelerated fibrosis observed in DIE

might involve factors other than platelets [28].

Macrophages

Macrophages are main cellular components playing a

key role in fibrosis development [12,13,15,30]. In mice

models, a transition from classical M1 macrophage activity

with proinflammatory function to an alternate M2 profile

with reparative tissue remodeling function has been

observed. M2a profibrotic macrophages can produce extra-

cellular matrix products [14]. Once activated by interleukin

(IL)-4, they can induce EMT and FMT through the produc-

tion of TGF-b1 and activation of TGF-b1/Smad3 signaling

pathway in endometriotic cells, resulting in increased cellu-

lar contractility and collagen production in vitro [31].

In humans, macrophages produce some mediators criti-

cal to profibrotic phenomena such as TGF-b1, vascular

endothelial growth factor (VEGF), tumor necrosis factor a,

IL-1, IL-6, IL-8, and lysyl oxidases [32]. Tumor necrosis

factor a levels seem to vary considerably and inversely

with the degree of pelvic adhesions, whereas IL-1 concen-

tration is higher in severe adhesions [33,34]. The presence
of adhesions also correlated with increased levels of IL-6,

whereas incidence and score were negatively associated

with increased levels of VEGF-A. The negative association

between VEGF-A and adhesions may be, at least partially,

explained by the fibrinolytic effects of this factor that may

inhibit the profibrotic activity of TGF-b1 and activate tissue

plasminogen activator [35,36]. Other effects cannot be

excluded because some benefits were derived from the

block of the angiogenic factor [37].

Contrary to VEGF, inflammatory cytokines such as IL-1

and IL-6 can lead to adhesion formation through the inhibi-

tion of fibrinolysis and activation of plasminogen activator

inhibitor-1 [35,38].

Ectopic Endometrium

Increased levels of TGF-b1 have been found in the peri-

toneal fluid and serum of patients with adhesions and/or

endometriosis, with the molecule expression being upregu-

lated in ectopic endometrium and peritoneum [39]. A sub-

stantial increase in TGF-b mRNA expression has been

observed in peritoneal cells adjacent to endometriotic

lesions compared with sites distant to lesions. The possible

roles of TGF-b1 in the pathophysiology of peritoneal endo-

metriosis include the regulation of EMT and cell
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metabolism (Warburg effect) [39]. A substantial positive

correlation between concentrations of lactate and TGF-b1

in ectopic lesions has been reported, suggesting that TGF-

b1 may regulate changes in cell metabolism that are able to

fuel ectopic cell survival [40,41].

The levels of adiponectin that suppress the gene expres-

sion of TGF-b were conversely decreased in endometriosis

[42]. Other pathways and molecules have been found to

have a profibrotic effect in endometriotic tissue [22,23,43].

Sensory Nerve Fibers

In a mouse model of nodular lesions, intraperitoneal

injection of uterine fragments, along with infusion of the

neuropeptide substance P and/or calcitonin gene−related
peptide, or the rat dorsal root ganglia supernatant induced

EMT and FMT in endometriotic lesions, resulting in the

production of collagen and fibrosis [17] (Fig. 1) and imply-

ing that sensory nerve fibers play a facilitatory role in fibro-

genesis of endometriotic lesions [17]. Furthermore,

neuropeptide substance P and calcitonin gene−related pep-

tide are vasodilators that induce M2 polarization and thus

can activate the signaling resulting in platelet extravasation

or aggregation [4,31]. TGF-b1 protein levels are consider-

ably increased in nerve fibers of peritoneal endometriosis

lesions compared with that of peritoneum in patients with-

out endometriosis [44]. Infiltrating endometriotic lesions

are hyperinnervated with sensory nerves and are in close

proximity to several nerve plexuses [45,46], which explains

why DIE lesions have more fibrosis than other lesions

[29,47].
Cellular Components Involved in Fibrosis in Peritoneal
Endometriosis

Peritoneal lesions tend to evolve from red lesions, the

most active and vascularized lesions, to black lesions

because of fibrotic components. The subsequent fibrosis

leads to areas of white opacification and yellow-brown

lesions, which are considered latent stages of endometriosis

[48].

Mesothelial and Submesothelial Cells

In mice, mesothelial cells may lose their apicobasal

polarity and gain a fibroblast-like phenotype with increased

tendency to invade the submesothelial zone. Mesothelial

cells converted into myofibroblasts tend to upregulate

a-SMA and the transcription factor Snail and acquire the

ability to synthesize extracellular matrix components

[8,9,49].

Smooth muscle cells of the subcoelomic mesenchyme in

peritoneal biopsies of human endometriotic lesions have

been identified predominantly from the region of the utero-

sacral ligaments and pelvic side wall, whereas biopsies

without a smooth muscle layer were from the pararectal

area or rectal serosa [50]. Where present, the smooth mus-

cle varied in prominence, depth, thickness, and organization
of muscle bundles. Neovascularization was observed in

some areas with prominent smooth muscle development.

Anaf et al [51] detected smooth muscles in 54 endo-

metriotic lesions originating from 4 different pelvic loca-

tions (peritoneum, ovary, rectovaginal septum, and

uterosacral ligaments). Smooth muscle cells were found to

be more frequent in endometriotic lesions compared with

healthy tissue or eutopic endometrium. The smooth muscle

content in black lesions was higher than that in red lesions,

supporting, at least partially, the occurrence of a metaplas-

tic phenomenon (SMM) in the pathogenesis of endometri-

otic lesions [51].

Ectopic Endometrium

During embryologic development, the endometrium is

formed from intermediate mesoderm via mesenchymal-to-

epithelial transition. As in animal models of endometriosis,

it may be assumed that also in humans, retaining some

imprint of their mesenchymal origin, endometriotic epithe-

lial cells may be prone to return to this state via EMT after

transdifferentiation of stromal cells via FMT and SMM in

smooth muscle cells. Matsuzaki et al [29] investigated the

expression of molecular markers for EMT in different

forms of endometriosis and found that epithelial cells of red

peritoneal lesions and ovarian endometriosis showed less

epithelial marker (cytokeratin) expression and more mesen-

chymal marker (vimentin) expression than menstrual endo-

metrium. This finding suggests that endometrial epithelial

cells might undergo an EMT-like process after the attach-

ment of endometrium to peritoneum, resulting in red lesions

of a more invasive nature. In contrast, epithelial cells of

black peritoneal lesions and DIE showed more epithelial

marker (E-cadherin) expression than those of menstrual

endometrium and red lesions. These findings suggest that

processes such as mesenchymal-to-epithelial transition may

occur during the evolution of DIE and peritoneal endo-

metriotic implants, thereby resulting in black lesions. In

addition, dephosphorylated b-catenin protein expression

was considerably higher in epithelial cells of DIE than in

red and black lesions and ovarian endometriosis, suggesting

that a more epithelial cell−like phenotype along with Wnt/

b-catenin pathway activation might characterize DIE evolu-

tion. FMT-like processes may then occur during the evolu-

tion of peritoneal implants, resulting in black, yellow-

brown, and white peritoneal endometriosis. An increased

accumulation of type I collagen has also been observed in

black compared with red peritoneal lesions [52,53].
Cellular Components Involved in Fibrosis in Ovarian
Endometriosis

Cells Lining the Surface of the Endometriotic Cysts

Endometrioma cells are prominently involved in fibrosis

formation. Positive immunostaining for a-SMA antibody

has been demonstrated in all ovarian cysts by Khare et al



Fig. 2

Main cellular types and molecules involved in the development of ovarian endometriosis−related fibrosis. CDH1 = E-cadherin; CDH2 = N-cadherin;

CGRP = calcitonin gene−related peptide; CRLR = calcitonin receptor−like receptor; Ecto-MSC CM= endometriotic mesenchymal stem cells−condi-
tioned medium; eIF3e = eukaryotic translation initiation factors; EMT = epithelial-mesenchymal transition; FMT = fibroblast-to-myofibroblast transdif-

ferentiation; LOX = lysyl oxidase; NK1R = neurokinin receptor 1; RAMP-1 = receptor activity−modifying protein 1; RGS2 = regulator of G-protein

signaling 2; SP = neuropeptides substance P; TGF-b1 = transforming growth factor b 1.
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[54] and Anaf et al [51]. According to Mechsner et al [55],

smooth muscle content was present in 87% of ovarian

lesions in contrast to the 17.5% reported by Fukunaga et al

[56]. Reduced protein expression in the stromal cells of

ovarian lesions with an increased a-SMA proportion has

been found by Konrad et al [57]. Ovarian samples analyzed

by Liu et al [28] consistently showed markers of FMT that

stained positively for fibrosis.

Several factors have been suggested to be involved in

this process that lead to fibrosis in the ovarian endometriotic

lesion and are shown in Fig. 2 [29,32,58−60].

Endometriotic Mesenchymal Stem Cells

Li et al [61] demonstrated that treatment with endometri-

otic mesenchymal stem cells−conditioned medium pro-

moted proliferation, migration, invasion, and collagen gel

contraction of endometriotic stromal cells derived from

ovarian endometrioma, increasing the expression of genes

involved in fibrogenesis.

Fibroblasts Outside Endometriomas

Fibroblast cells in interstitial spaces around the endo-

metriotic cyst seem to be involved in the fibrosis process.

Kitajima et al [62] compared the histologic features in
apparently normal ovarian cortical tissue from ovaries with

small endometriomas with those from the contralateral

healthy ovaries and found fibrosis to be more frequent in

the cortex from ovaries with endometriomas (80%) than in

those without (27%). Cells in interstitial spaces also stained

positively for nerve growth factor, suggesting that the inter-

stitial components include smooth muscle cells and nerve

cells with vascularization [63].
Cellular Components Involved in Fibrosis in Deep
Infiltrating Endometriosis

Deep infiltrating nodules such as the rectovaginal nod-

ules proliferate smooth muscle cells with active glandular

epithelium and scanty stroma (Fig. 3).

Ectopic Endometrium

Liu et al [28] found positivity for a-SMA even in the

glandular epithelium in DIE, noting that ectopic endome-

trial stromal cells of DIE are involved in fibrosis. Recently,

oxidative stress present in ectopic lesions has been associ-

ated with the activation of a disintegrin and metallopro-

teases 17 (ADAM17)/Notch signaling pathway supposed to

promote endometriosis development and fibrosis [21].



Fig. 3

Main cellular types and molecules involved in the development of DIE-related fibrosis. a-SMA = alfa smooth muscle actin; b-cat = b-catenin;

ADAM17 = ADAM metallopeptidase domain 17; APC = adenomatous polyposis coli gene product; DIE = deep infiltrating endometriosis; CGRP = calci-

tonin gene−related peptide; DSH = dishevelled protein; ERK = extracellular-regulated kinase; FOXP1 = forkhead box protein P1; GBP =G-coupled

binding protein; GSK3 = glycogen synthase kinase 3; LEF = lymphoid enhancer factor; MEK =mitogen-activated protein kinase; mTOR =mammalian

target of rapamycin; NICD = Notch intracellular domain; PIK3 = phosphatidylinositol 3-kinase; RAF = rapidly accelerated fibrosarcoma; ROS = reactive

oxygen species; SP = neuropeptides substance P; TCF = T-cell factor; TGF-b1 = transforming growth factor b 1.

292 Journal of Minimally Invasive Gynecology. Vol 27, No 2, February 2020
Levels of advanced oxidation protein products, increased in

peritoneal fluid of DIE, correlate with ADAM17 activity.

Binding to the Notch complex expressed on the surface of

ectopic endometrial cells, ADAM17 induces the release

and transport of the Notch intracellular domain protein and

transcription of fibrosis-related genes [64].

The proliferation of normal fibroblasts is typically regu-

lated by the presence of type I collagen. In endometriosis,

deep endometriotic stromal cells are not inhibited in their

growth by the surrounding fibrotic environment. This

uncontrolled growth seems to be owing to aberrant activa-

tion of the AKT and ERK pathways [65].
Discussion

The in-depth study of endometriosis-associated fibrosis

represents a relatively novel area of research and has long

been considered a critical aspect of endometriosis, although

mechanisms underlying its development have received little

attention. With better understanding of the cellular and

molecular pathways at the basis of fibrosis in other fields

[66], these pathways have become the focus of some studies
in endometriosis. This review indicates that several cell

types contribute to fibrosis in all manifestations of endome-

triosis. Activated platelets, macrophages, ectopic endome-

trial cells, and sensory nerve fibers all facilitate

fibrogenesis, inducing the release of factors that allow

EMT, FMT, collagen deposition, and fibrosis. On the basis

of these observations, some potential therapeutics have

been tested in animal models. Supporting the role of acti-

vated platelets, Guo et al [9] found that P-selectin slowed

the development of endometriosis and fibrosis in a mouse

model. Soluble P-selectin treatment or a tromboxane 2 syn-

thase inhibitor markedly reduced lesion size and fibrotic

content through decreased platelet aggregation, angiogene-

sis, and macrophage infiltration [7−9]. The same group

investigated tashinone IIA, another antiplatelet molecule, in

the treatment of endometriosis in mouse models resulting in

the limitation of EMT, FMT, SMM, and fibrogenesis in

ectopic lesions and in reduced lesion weight [5]. Finally,

the administration of scutellarin (a potent flavonoid-isolated

antiplatelets agent) has been tested in untreated versus low-

and high-dose groups in a mouse model, also reducing

lesion weight [15]. Some drugs have been tested for their
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ability to block factors released by macrophages. Treatment

with tocilizumab, an IL-6 blocker, in a mouse model,

reduced implant volumes and histologic and fibrosis scores

of the disease [67]. Medication with sunitinib (an oral

broad-spectrum receptor−tyrosine kinase inhibitor, able to

inhibit VEGF actions) reduced volume and extent of

implants, disease severity, and total score of adhesions

[37]. On the basis of potential involvement of the

ADAM17/Notch signaling pathway in fibrosis in DIE,

Notch inhibitors have been used to treat endometrial and

endometriotic stromal cells with a consequent reduction of

fibrosis markers [21]. On the basis of potential involvement

of the enhancer of Zeste homolog 2 molecule, an enhancer

of Zeste homolog 2 inhibitor was used in a mouse model

resulting in reduction of lesion growth, EMT, and fibrosis

[22]. Several other potential therapeutics have been pro-

posed with promising results in reduction of lesion size and

degree of fibrosis [68−70].
This review has strengths and limitations. Because the

mechanisms underlying fibrosis development in endome-

triosis have been only recently investigated in-depth, a

thorough literature search is challenging. Many older stud-

ies have considered fibrosis secondary to endometriosis

development, and the study of fibrosis has been minimal.

After a thorough literature search on the basis of specific

medical subject search terms, several additional papers

were identified only from the references. This challenge

makes this review up-to-date and timely to generate a thor-

ough overview and understanding from past evidence that

can result in potential cellular and molecular targets for

therapy.

The inclusion of experimental studies in animals, consid-

eration of the different cellular components of fibrosis in the

various forms of the disease, and the collection of all find-

ings are considered strengths of this review that allowed for

a general overview and understanding of fibrosis.
Conclusions

Cell types known to be critical to the pathophysiology of

endometriosis also contribute to fibrogenesis, thus support-

ing the theory that fibrosis is an inherent part of endometri-

osis. The elucidation of this phenomenon is only the

beginning, but considering the number of therapeutics

already tested in mouse models, it promises to open novel

treatments for endometriosis.
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