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Abstract

Purpose Superficial peritoneal endometriotic (pEM) lesions are composed of endometrial glands and stroma, in addition to a
third component—myofibroblasts and smooth muscles (SM)-like cells. The latter develops secondary to a metaplasia. In this
study, we characterised the third component cells in pEM according to differentiation markers in different micro-compart-
ments. Furthermore, a possible effect of TGFf1 on myofibroblastic metaplasia in endometriotic epithelial cells was studied.
Methods Seventy-six premenopausal patients were included. Peritoneal biopsies were excised from EM patients (n=23),
unaffected peritoneum (peritoneum from EM patients but without EM components, n =5/23) and non-EM patients (n=10).
All peritoneal biopsies were immunolabeled for ASMA, calponin, collagen I, desmin, TGFB receptor 1 (R1), R2 and R3 in
addition to ultrastructure examination by transmission electron microscopy (TEM) (n=1). TGFB1 level was measured in
peritoneal fluid (PF) (EM, n=19 and non-EM, n=13) collected during laparoscopy. Furthermore, TGF81 effect on myofi-
broblastic metaplasia was studied in vitro.

Results At the centre of pEM lesions, calponin immunolabeling outweighs the collagen I while in the periphery the reverse
occurs. SM-like cells expressing desmin predominate at the periphery, while ASMA immunolabeling was detectable in all
micro-compartments. Both indicate an abundance of myofibroblasts at the centre of pEM lesions and SM-like cells in the
periphery. Although activated TGFB1 in PF did not differ between EM and non-EM, it inhibited the cell proliferation of the
endometriotic epithelial cells and induced an upregulation in ASMA and collagen IA2 expression as well.

Conclusion The abundance of the myofibroblasts and SM-like cells points to a myofibroblastic metaplasia in pEM. Both cells
are differentially arranged in the different micro-compartments of pEM lesions, with increasing cell maturity towards the
periphery of the lesion. Furthermore, TGF1 may play a role in the myofibroblastic metaplasia of the endometriotic epithelial
cells. These findings provide a better insight in the micro-milieu in EM lesions, where most of the disease dynamics occur.
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Introduction

Endometriosis (EM) is an enigmatic disease affecting
10-15% of women of reproductive age [1, 2]. The ectopic
presence of endometrial glands and/or stroma marks the his-
tological diagnosis of the disease [3]. Nevertheless, a third
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component, smooth muscle-like cells, is frequently seen in
all different forms of EM lesions [4—10]. Although their ori-
gin is still unknown, it is presumed that they develop from
endometriotic stromal cells by the process of metaplasia.
This is supported by the expression of uterine markers;
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«Fig. 1 A representative microscopic photo of ASMA and desmin
immunolabeling (brown) in peritoneal endometriosis in a serial sec-
tion. a Stromal cells and mesenchymal cells in IS (arrowheads, b—d),
SS and PS compartments express ASMA, x200. Small blood vessels
express ASMA (black arrows, b—d). Magnification (X 400) of the dif-
ferent sites of the lesions is shown (b-d). e Furthermore, only stromal
and mesenchymal cells in PS compartment (asterisk) express desmin.
Both IS and SS compartment show almost no desmin expression,
X% 200. Magnification (x400) of the different sites of the lesions is
shown (f-h). EG endometrial gland, IS intra-stroma compartment, SS
surrounding stroma compartment, PS peripheral stroma compartment

namely oxytocin and vasopressin receptors as well as oes-
trogen and progesterone receptors [11]. Another theory
postulates that peritoneal mesothelial cells undergo epi-
thelial-mesenchymal transition (EMT), and develop into
myofibroblasts and smooth muscle cells; the same is seen
in peritoneal dialysis. This can be secondary to a tissue reac-
tion to the retrograde shed endometrium [12, 13].

The arrangement of these smooth muscle-like cells exhib-
its a unique pattern in EM lesions. They are arranged into
three micro-compartments (Fig. 1): intra-stromal (IS), sur-
rounding stroma (SS) and peripheral stroma (PS) compart-
ments [11]. Here the smooth muscle cells are in different
stages of differentiation. In the IS compartment, the cells
express only alpha smooth muscle actin (ASMA) (immature
cells), while in the PS compartment they express desmin and
caldesmon in addition to ASMA (the earlier are of mature
smooth muscle cells) [11]. Also oxytocin and vasopressin
receptor expression is higher in the periphery than when it
is closer to the lesion. This has led to the assumption that
EM lesions are actually mini-uteri, composed of endometrial
glands and stroma (mimicking the endometrium) surrounded
by smooth muscle-like cells (mimicking the myometrium)
[5, 11].

Metaplasia seems to be one main pathway for the devel-
opment of EM, as the lesions show a characteristic profile
of decreased epithelial markers (E-cadherin and cytokera-
tin) and increased mesenchymal markers (N-cadherin and
vimentin) [14, 15]. Transforming growth factor beta 1
(TGFpB1) mediates metaplasia through its three different
TGFB receptors 1, 2 and 3 [7]. TGFB1 is usually secreted by
endometrial epithelial and stromal cells, as well as immune
cells (infiltrating into endometrium) especially macrophages
[16]. Decidualised stromal cells [17] and peritoneal meso-
thelial cells [16] can also secrete TGF1. TGFRB1 is one of
many growth factors that can be detected in the peritoneal
fluid (PF) of women with and without EM [18]. Tissue dam-
age is a known stimulus for TGFB1 secretion and the latter
helps tissue repair, the regulation of cell proliferation, dif-
ferentiation, extracellular matrix (ECM) synthesis, fibrosis
and angiogenesis [17].

Myofibroblast formation is the result of metaplasia.
These cells play a pivotal role during tissue injury and are

usually recruited to the site of tissue injury by TGF1 [19].
They retain their fibroblastic ability to produce collagen I
to replace the lost ECM. Moreover, they acquire contractile
properties, as ASMA is integrated in the contractile appara-
tus, to ensure their mobility in the tissue.

In our study, we attempted to further characterise the
ASMA-expressing cells (especially at the centre of EM
lesions) by studying their immunohistochemical expression
of calponin, desmin, and intracellular collagen I. Calponin,
a calcium-binding protein in smooth muscle cells, is a com-
ponent of the contractile apparatus of both myofibroblasts
and smooth muscle cells [20-23]. Desmin is a recognised
marker for differentiated smooth muscle cells [11], whereas
collagen I is usually expressed by fibroblasts. Furthermore,
the Van Gieson stain was used to study the extracellular col-
lagen I (Table 1). Myofibroblasts in peritoneal EM lesions
were characterised ultrastructurally by transmission electron
microscopy as well. Additionally, TGF81 level in the PF
of EM and non-EM patients was measured and a possible
in vitro effect on cell proliferation and myofibroblastic meta-
plasia was studied.

Materials and methods
Specimen collection

All patients included in this study were operated on via lapa-
roscopy at Charité University of Medicine and gave writ-
ten informed consent. The study was approved by the local
research and ethics committee at the Charité University of
Medicine, Berlin-Germany (EA4/071/07).

Premenopausal patients with EM (rn=23) were biop-
sied at the pelvic peritoneum. Biopsies were taken from
macroscopically affected peritoneum (n=23/23) as well
as from macroscopically unaffected areas (away from the
endometriotic lesions and looking normal intra-operatively,
n=>5/23). All peritoneal biopsies were excised from the lat-
eral pelvic wall and lesions of deep infiltrating endometriosis
were excluded. The average age of the patients was 35 years
(range 24-43 years old). All peritoneal lesions were later
histopathologically proven to have the two basic components
of EM: endometriotic glands and stroma. There were two
patients in the menstrual phase, eight in the proliferative
phase, and nine in the secretory phase and in four patients
the cycle phase was unknown. They were staged according
to rASRM as follows: stage 1 (n=7), stage 2 (n=3), stage 3
(n=4), stage 4 (n=28) and unknown in a single patient. All
patients did not take pre-operative hormonal treatment in
the last 3 months.

Patients in the non-EM group (n=10) were operated on
for benign gynaecological indications other than EM and
were included as a control group. Healthy-looking (no white,
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Table 1 Expression of different markers in myofibroblasts, smooth
muscle-like cells, fibroblasts and stromal cells

Cell type ASMA Calponin Desmin Collagen I
Myofibroblasts + + - +
Smooth muscle-like cells + + + -
Fibroblasts - - - +
Stromal cells - - — +

(+) expressing, (—) not expressing, ASMA alpha smooth muscle actin
[4,5,11, 19]

red or black lesions and appears glistening) peritoneum was
excised and collected in the non-EM group; therefore endo-
metriosis was excluded by laparoscopy and histopathol-
ogy. These patients were not on hormonal contraceptives
except in two, who were on intrauterine devices, and in three
patients the status was unknown. All peritoneal samples
were rapidly fixed in paraformaldehyde 4% and embedded
after 24 h in paraffin.

PF (n=42) was collected undiluted during laparoscopy
(32 for the ELISA experiment and 10 for the in vitro stud-
ies). It yielded variable volumes (range 2—10 ml, blood-
stained samples were excluded) (supplementary Fig. 1).

All samples used in this study were collected according
to the standardised EPHect guidelines for tissue and fluid
biospecimen collection [24, 25].

Immunolabeling of ASMA, calponin, collagen 1,
Desmin, TGFBR-1,-2 and -3

The paraffin blocks were cut to 4-um slices, deparaffinised
in xylene and finally rehydrated in a series of decreasing
ethanol concentrations as previously described [5]. The anti-
gens of interest were retrieved by being cooked in a steamer
(Multi Gourmet, type 3216, Braun, Germany) in the appro-
priate buffer solution for 20 min, then cooled down in a
Tris buffer for another 20 min. Blocking with 10% foetal
calf serum (FCS) for 30 min, then by avidin—biotin blocking
agents (Avidin/Biotin blocking kit, SP-2001, Vector Labora-
tories, Canada) for 10 min. The slides were incubated with
the primary antibody (supplementary Table 1) for 60 min
followed by the appropriate secondary antibody (rabbit
anti-mouse IgG (H+L) and mouse anti-rabbit IgG (H+L)
Biotin-SP-conjugated AffiniPure, 1:400, Jackson Immu-
noResearch) for 40 min at room temperature (RT). Streptavi-
din-AP was incubated for 40 min at RT, followed by 20 min
incubation with 2-solution DAB kit (Invitrogen) or Fast Red
(Fast Red chromogen system, Covance, USA) to develop the
final colour. Finally, counterstaining with Mayer's hemalum
solution (Merck KG a.A., Germany) for 35 s followed, and
the slides were covered with Eukitt quick-hardening mount-
ing medium (Sigma-Aldrich) and cover slips.
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Immunoreactive scores

A light microscope (Carl Zeiss Axiophot Microscope, Got-
tingen, Germany) with a X400 power of magnification was
used for evaluation by two independent observers without
bias. The intensity of the staining was classified as follows:
0 for no staining, 1 for mild, 2 for moderate and 3 for strong
(intense) staining, with regard to a positive control. The
percentage of stained cells among the total cells was then
multiplied by the intensity and the immunoreactive score
(IRS) was then calculated with the highest value at 300 as
previously described [5, 26]. In the manuscript the terms
immunolabeling and IRS are interrelated. The images were
edited using the Adobe Photoshop Program (Adobe Sys-
tems, Unterschleissheim, Germany). No nonlinear adjust-
ments were performed.

Specimen preparation for electron microscopy
examination

The peritoneal endometriotic lesion (from the lateral pelvic
wall) from a single patient was fixed in Karnovsky solution
(7.5% glutaraldehyde and 3% paraformaldehyde in phos-
phate buffered saline), washed in 0.1 M cacodylate buffer
(cacodylic acid sodium salt trihydrate; Roth, Karlsruhe,
Germany), incubated in 1% osmium tetroxide (Chempur,
Karlsruhe, Germany) for 120 min, dehydrated in a descend-
ing series of ethanol and washed in the intermedium propyl-
ene oxide (1,2 Epoxypropan; VWR, Germany). Specimen
was subsequently embedded in a mixture of agar 100 (epoxy
resin), DDSA (softener), MNA (hardener) and DMP 30 (cat-
alyst) (all: Agar Scientific; Stansted, UK). Polymerisation
was done at 45 °C and 55 °C each for 24 h.

Semi- and ultrathin sections were cut using an ultrami-
crotome Reichert Ultracut S (Leica, Wetzlar, Germany).
Semi-thin sections (0.5 um) were stained with modified
Richardson solution [27]. Embedding was done in epoxy
resins for ultrathin sectioning in electron microscopy for 45 s
on an electric hot plate adjusted to 80 °C. Sections were
checked under a light microscope Olympus CX 21 (Olym-
pus, Stuttgart, Germany) to ensure the presence of endome-
triotic glands and stroma. Ultrathin (80 nm) sections were
mounted on nickel grids (Agar Scientific, Stansted, UK) and
examined with a transmission electron microscope (Zeiss
EM 900, Oberkochen, Germany). Photos were taken and
edited by an Adobe Photoshop Program (Adobe Systems;
Unterschleissheim, Germany).

Van Gieson's stain
This stain was used to evaluate the extracellular collagen

(as a main component of ECM) in the peritoneum of non-
EM patients as well as around the peritoneal endometriotic
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glands in EM patients. Collagen fibres stain red, while the
cytoplasm of all cells stains brown. Paraffin-embedded slides
were deparaffinised and rehydrated as previously described
[26] and then transferred to an autostainer (Leica XL). Slides
were stained with resorcinol for 12 min and then immersed
in Weigert’s hematoxylin (Sigma-Aldrich) for 13 min, rinsed
with distilled water, and finally stained with van Gieson’s
solution for 8 min.

ELISA for the TGFB1 level in the peritoneal fluid

PF (n=42) was collected during laparoscopy (32 for the
ELISA experiment and 10 for the in vitro studies). PF was
aspirated from the pouch of Douglas, from EM (n=19/32)
and non-EM (n=13/32) patients. The PF was centrifuged
(within 15 min after its collection) at 300g at 4 °C for 5 min.
The supernatant was then collected and stored at — 80 °C
for further use, while the sediment was discarded. No hor-
monal contraception was recorded for the 7 patients in the
EM group and the 10 in the non-EM group. The thawing of
the PF at room temperature was followed by the activation
of the latent TGFB1 in the PF according to the manufac-
ture’s manual (Human TGF-81 ELISA KIT, catalog num-
ber OKAA00026_96W, Aviva systems biology, USA). The
samples were added to the primary antibody-coated wells
for 90 min at 37 °C, then washed and lastly incubated with
biotin-conjugated secondary antibody for another 60 min
at 37 °C. After washing, streptavidin-HRP was added for
30 min at 37 °C. For the production of the final colour, the
substrate was incubated for 20 min away from light at 37 °C.
Reading at 450 nm within 30 min was done with the spec-
trophotometer (Multiskan FC, type 357, Thermo scientific,
China) and the accompanying software (Skanit software 3.0,
Thermo scientific, China) showed the curves.

In vitro effect of 10% PF and TGFB81 on the cell
proliferation

We used two different cell lines in our in vitro studies
because EM is a disease characterised by extensive fibrosis;
the mouse fibroblast cell line L-929, a representative of the
collagen-producing cells, and the immortalised endometri-
otic epithelial cell line 127 [28], a representative of endo-
metriotic epithelial cells. The culture medium for 127 cell
line was composed of: Dulbecco’s modified Eagle’s medium
(DMEM—Ilow glucose and without phenol red/L-glutamine,
BioConcept, Switzerland), 10% foetal calf serum (FCS)
(Biochrom AG, Germany), 1% glutamine, 1% ampicillin
(Roche, Germany), 1% streptomycin and 1% amphotericin
B. The culture medium for the L-929 cell line was composed
of: Roswell Park Memorial Institute medium (RPMI 1640—
without phenol red/L-glutamine, PAA laboratories, Aus-
tria), 10% FCS (Biochrom AG, Germany), 1% glutamine,

1% ampicillin (Roche, Germany), 1% streptomycin and 1%
amphotericin B.

The primary outcome was to compare the cell prolif-
eration of two cell lines; L-929 and 127 cell lines incu-
bated with either 10% PF (peritoneal fluid diluted 1:10)
from women with (n=15) and without (n=5) EM, or
TGFB1 (hBA-1, a biologically active GST-TGF1 fusion
protein, sc-4561, Santa Cruz) in a concentration series
(0.1-0.5-1.0-5.0 and 10 ng/ml) up to 72 h. An automated
cell counter (Countess, Invitrogen, Korea) was used to count
the total and living cells after staining with trypan blue.

In vitro effect of TGFB1 on myofibroblastic
metaplasia

To study if myofibroblastic metaplasia in peritoneal endo-
metriotic lesions is TGF1-mediated, an in vitro study was
carried out as follows: group I, the 12Z cell line was incu-
bated with TGFB1 (conc. 5 ng/ml) for 72 h. Group II, the
TGFB1-post-receptor signalling pathway was blocked by
adding TGFp1 activin receptor-like kinase inhibitor (ALK-
D) (conc. 10 uM, SB 431542, Sigma-Aldrich) together with
addition of TGFB1 (conc. 5 ng/ml) in the 12Z cell line for
72 h. Group III (control), the 12Z cell line was cultured
untreated for 72 h. ASMA and collagen [ A2 expression was
studied before and after treatment in all groups. All experi-
ments were done in triplicate.

Quantitative real-time PCR
RNA isolation and reverse transcription

Isolation of RNA was performed using the innuPREP RNA
Mini Kit (Biometra) according to the manufacturer’s instruc-
tions. Quality of RNA was controlled photometrically at
260 nm/280 nm. Reverse transcription of mRNA was per-
formed using the First Strand cDNA Synthesis Kit (Fermen-
tas), using random hexamer primers and M-MuLV reverse
transcriptase.

Polymerase chain reaction

Polymerase chain reaction (PCR) analysis complementary
DNA corresponding to 0.5 ng of total RNA was used as a
template in the PCR analysis. The reaction mix consisted
of SYBR Select Master Mix (Applied Biosystems) and the
following primer sequences, normalising ASMA and Col I
A2 expression to the housekeeping gene GAPDH:

ASMA (length: 111 bp; [29])

Forward: 5'-ACTGAGCGTGGCTATTCCTTCGTT-3'

(bp 756-779 of ASMA, Gen Bank accession number
NM_001613.3)

Reverse: 5'-GCAGTGGCCATCTCATTTTCA-3'
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«Fig. 2 A representative microscopic photo of collagen I and calponin
immunolabeling and extracellular collagen (red) in peritoneal endo-
metriosis in a serial section. Stromal cells and mesenchymal cells in
PS compartment preferentially express collagen I (asterisk) than in IS
compartment (arrows) (a, b), while the pattern of calponin immuno-
labeling (c, d) shows the reverse (a, ¢: X 100, b, d: x400). Further-
more, while the stromal and mesenchymal cells in PS express lower
calponin (e) and higher intracellular collagen I (F) than in IS com-
partment, the extracellular collagen (stained red by van Gieson stain,
G) is tightly packed in PS compartment, X400. Calponin (h) and
collagen I (i) immunolabeling in the different microcompartments
of endometriotic lesion shows an interesting pattern. While calponin
immunolabeling significantly outweighs the collagen I immuno-
labeling in IS compartment (j), the reverse tends to occur in PS (1),
though statistically insignificant. In SS compartment the immunola-
beling of both is almost equal (k). IS intra-stroma compartment, SS
surrounding stroma compartment, PS peripheral stroma compartment

(bp 845-865 of ASMA, Gen Bank accession number
NM_001613.3)

Collagen I alpha 2 (length:
VHPS-2104)

Forward: 5'-AACCAAGGATGCACTATGAG-3’

(bp 4018-4037 of Coll1A2, Gen Bank accession num-
ber NM_000089.3)

Reverse: 5'-GCTGCCAGCATTGATAGTTT-3’

(bp 4179-4160 of Col1A2, Gen Bank accession num-
ber NM_000089.3)

GAPDH (Ilength: 74 bp)

Forward: 5'-GCACCGTCAAGGCTGAGAAC-3'

(bp 249-268 of GAPDH, Gen Bank accession number
NM_002046.6)

Reverse: 5'-AGGGATCTCGCTCCTGGAA-3’

(bp 323-305 of GAPDH, Gen Bank accession number
NM_002046.6)”

Quantitative PCR (qPCR) was performed in a 96-well
plate format using the ABI PRISM 7300 Sequence Detec-
tion System using the default thermal cycling conditions
[denaturation at 95 °C for 10 min, followed by 40 cycles
of denaturation (95 °C, 15 s) and combined annealing and
extension (60 °C, 60 s)]. The comparative cycle threshold
method was used for relative quantification.

161 bp, BioMol

Statistical analysis

All statistical analyses were performed using Graph Pad
prism 4, a Student’s ¢ test and ANOVA—when applica-
ble—was used. All statistical tests were two-sided and
with a 95% confidence interval width (p <0.05).

Results

Differential expression of myofibroblastic
and SM-like cells markers in the different pEM
micro-compartments

The immunolabeling of ASMA, desmin (Fig. 1), calponin,
collagen I, extracellular collagen (Fig. 2), TGFBR-1, -2 and -3
(supplementary Fig. 2) was studied in the previously described
compartments of the endometriotic lesions [11]; intra-stroma
compartment (IS), surrounding stroma compartment (SS) and
peripheral stroma compartment (PS).

In the IS compartment, calponin immunolabeling is sig-
nificantly higher than collagen I (» <0.0001), and its immu-
nolabeling tends to decrease towards the PS compartment,
though insignificant (p =0.2456). No desmin immunolabe-
ling is observed. TGFBR-1 and -R3 immunolabeling is sig-
nificantly higher than in SS and PS compartments (p =0.0081
and 0.0166, respectively). Extracellular collagen fibres are
loosely packed as shown by van Gieson stain. Myofibroblasts
are ultrastructurally seen with TEM. Their cytoplasm is rich
in organelles (ribosomes and mitochondria). Dense bodies
are localised at the cytoplasmic membrane where the cellular
cytoskeleton (stress fibres) attach (supplementary Fig. 2).

In the PS compartment, collagen immunolabeling tends
to be higher than calponin, though insignificant (p =0.1532),
however its immunolabeling significantly decreases towards
the IS compartment (p <0.0001). Desmin immunolabeling is
massively detected. Extracellular collagen fibres are tightly
packed by van Gieson stain.

In all compartments, ASMA immunolabeling is detected.
TGFBR-2 immunolabeling is consistent and higher than
TGFBR-1 and -3 immunolabeling in IS and PS compartments,
though insignificant in the former (p=0.0593 and p=0.001,
respectively).

Unaffected peritoneum from EM patients
and healthy peritoneum from non-EM patients are
both phenotypically similar

Both groups show a similar immunolabeling pattern of cal-
ponin, collagen I, TGFBR-1, -2 and -3. Of note, calponin and
collagen I immunolabeling is lower than that in EM patients
(p=0.0002 and p=0.0341, respectively), while the immunola-
beling of TGFAR-1, -2 and -3 is higher (p <0.0001, p=0.0014
and p=0.0536, respectively) (supplementary Fig. 3).

TGFB1 level in PF

There was no significant difference in TGFRB1 level
between endometriosis peritoneal fluid (EMPF) and
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non-endometriosis peritoneal fluid (non-EMPF)
(p=0.4130). The measured level varies between 2 and 5 ng/
ml (supplementary Fig. 2).

TGFRB1 inhibits cell proliferation and induces
a myofibroblastic metaplasia in the 12Z cell line

TGFB1 (0.5, 1.0, 5.0 and 10 ng/ml, but not 0.1 ng/ml) inhib-
its the cell proliferation significantly (p <0.05, p<0.01,
p<0.05, p<0.01 and p>0.05, respectively). Interestingly,
EMPF shows a reverse effect, stimulating the cell prolif-
eration of the fibroblast cell line (p <0.05) but not that
of 12Z (p > 0.05) (supplementary Fig. 4). Furthermore,
TGFB1 induces a significant upregulation in both ASMA,
(»=0.005), and collagen IA2 expression (p =0.01) in 127
cell line after 72 h incubation. Blocking the TGFB1 post-
receptor signalling pathway downregulates both ASMA
(p=0.005), as well as collagen IA2 expression (p =0.007)
(supplementary Fig. 5).

Discussion

Arrangement of myofibroblastic and smooth
muscle-like cells in peritoneal endometriosis

Endometrial glands and stroma cells are two well-known
basic components of EM lesions. However, many authors
describe a third component: namely smooth muscle-like
cells in different EM lesions [4—11].

In our study, all three micro-compartments exhibited an
abundance of ASMA-expressing stromal and mesenchymal
cells, while the desmin-expressing one was only seen in the
PS compartment. This points to a special arrangement of the
smooth muscle-like (SM) cells in the endometriotic lesions,
being immature at the centre and getting matured towards
the periphery. Nevertheless, those ASMA*/Desmin’ cells
are unique myofibroblasts, and are mostly localised in the
IS- and SS-compartments. The myofibroblasts combine the
acquisition of ASMA-expression in addition to the intra-
cellular expression of collagen I. Ultrastructurally and as
a representative method of the myofibroblasts, the latter
exhibited a cytoplasm rich in both cellular organelles and
well-developed contractile apparatus. They were seen sur-
rounding the endometriotic glands.

These myofibroblasts play a pivotal role during tissue
injury and usually exhibit two phenotypes, a contractile and
a secretory one [20, 22]. The overexpression of calponin
in IS compartment may highlight the predominance of the
contractile phenotype, whereas the overexpression of col-
lagen I in PS compartment may hallmark the secretory phe-
notype. However, a further functional in vitro experiment is
recommended to prove this theory. Extracellular collagen

@ Springer

was also seen tightly packed in the PS compartment, but less
packed in the IS compartment. This special arrangement of
the myofibroblasts/SM-like cells together with peripheral
deposition of collagen I can favour the implantation of the
retrograde shed endometrium, favouring the building of new
lesions [30]. As no correlation exists between the menstrual
phase and the immunolabeling of the different myofibro-
blastic/smooth muscle metaplasia markers in endometriotic
lesions [4, 5, 11], no corresponding correlation was inves-
tigated in our study.

The myofibroblastic metaplasia in PS compartment may
point to a remote effect exerted by the endometrial glands
and stroma on the cells, as they do not have a direct link to
EM glands and stroma [31, 32]. Nevertheless, this effect
seems to be a restricted one, as both the unaffected perito-
neum of EM patients as well as the healthy peritoneum from
non-EM patients did not show any significant changes in the
myofibroblastic markers. This observation might be related
to excess collagen I seen at the periphery of the EM lesions
[33, 34], restricting this remote effect to only few millimetres
away from EM glands.

Tissue microtrauma is a well-known stimulus for the
myofibroblastic metaplasia, and induces TGFB1 secretion,
which in turn mediates this myofibroblastic transformation
[20]. Moreover, tissue microtrauma is evident ultramicro-
scopically in endometriotic lesions, and the myofibroblasts
share in exerting mechanical tension on the ECM, causing
tissue micro-disruption [35]. The latter favours further endo-
metriotic tissue implantation through the exposure of the
underlying ECM [36, 37]. The same is seen in adenomyosis
uteri [19].

TGFB1-mediated myofibroblastic metaplasia
in endometriotic epithelial cells

In our study, TGFB1 induced an upregulation of both ASMA
and collagen I A2 expression in the endometriotic epithelial
cells. This assumes that the endometriotic epithelial cells
seem to acquire mesenchymal characters upon exposure to
TGFSB1, while slowing down its proliferation rate. Further-
more, the process is probably TGF1-dependent, as block-
age of the post-receptor signalling of TGF1 down-regulated
the expression of both markers. This may highlight a possi-
ble involvement of TGFB1 in the myofibroblastic metaplasia
in EM lesions.

Although the total TGFB1 (both active and latent forms)
level was significantly higher in EMPF than in non-EMPF
in other studies [16, 38], in our study the measured activated
TGFB1 did not differ between both groups. Its level ranged
between 2 and 5 ng/ml.

We propose the following explanations for our find-
ing: (i) TGFB1 increases COX-2 production [39] with
a subsequently higher level of PGF,a, which in turn
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down-regulates TGFB1 in the decidual cells [32, 40]. (ii)
The extensive fibrosis, which is usually associated with
EM, might prevent the free release of TGFf1 into the PF.
The same is seen in the chocolate fluid of endometriomas
with higher TGFB1 than that of the PF of the same patients
[41]. (iii) Metaplasia might be mediated by growth factors
other than TGFRB1, namely the nerve growth factor (NGF).
(iv) The desquamated endometrium may behave differently
than the eutopic endometrium with reduced TGFR1 in its
cytoplasm together with an increased expression of oxida-
tive stress markers [42].

Although our study included a relatively low number
of patients for an immunohistochemical/electron micros-
copy study, the inclusion criteria were strict to superficial
peritoneal endometriosis as a single independent entity.
Nevertheless, in ELISA of TGFB1 level in PF the number
of included patients is higher than that in previous studies
[16, 38].

Conclusion

The abundance of the myofibroblasts and SM-like cells
points to a myofibroblastic and smooth muscle metaplasia
in pEM. Both cells are differentially arranged in the different
micro-compartments of pEM lesions, with increasing cell
maturity towards the periphery of the lesions. Furthermore,
TGFRB1 may play—independently—a role in the myofi-
broblastic metaplasia of the endometriotic epithelial cells.
These findings provide a better insight in the micro-milieu
in EM lesions, where most of the disease dynamics occur.
This argues further basic and clinical research of the endo-
metriotic micro-milieu being a potential therapeutic target
of the disease.

Acknowledgements We would like to thank the Ernst Schering Foun-
dation, Germany, and the Humboldt University in Berlin, Germany, for
the doctoral scholarships and the FAZIT foundation, Germany, for the
travel grant awarded to the first author. We would like to thank Profes-
sor Anna Starzinski-Powitz for supplying the cell line.

Author contribution MG Ibrahim participated in the study design, exe-
cution (collected the samples, carrying out the experiments), analysis,
manuscript drafting and critical discussion. VC helped in sample col-
lection. ETT, MS, AS and JS did manuscript editing and critical discus-
sion. ETT was the expert of the histopathological staining. JP was the
expert for TEM, manuscript editing and critical discussion. MG carried
out the real-time PCR and manuscript editing. SM helped with the
study design, supervision, manuscript editing and critical discussion.

Compliance with ethical standards

Conflict of interest The first author was granted scholarships from the
Ernst Schering Foundation, the Humboldt University in Berlin and
FAZIT foundation in the course of his doctoral work.

Informed consent All patients included in this study were operated
on via laparoscopy at Charité University of Medicine and gave writ-
ten informed consent. The study was approved by the local research
and ethics committee at the Charité University of Medicine, Berlin-
Germany (EA4/071/07).

References

1. Dunselman GA, Vermeulen N, Becker C, Calhaz-Jorge C,
D’Hooghe T, De Bie B, Heikinheimo O, Horne AW, Kiesel L,
Nap A, Prentice A, Saridogan E, Soriano D, Nelen W (2014)
ESHRE guideline: management of women with endometriosis.
Hum Reprod 29(3):400-412. https://doi.org/10.1093/humrep/
detd57

2. Mehasseb MK, Bell SC, Pringle JH, Habiba MA (2010) Uterine
adenomyosis is associated with ultrastructural features of altered
contractility in the inner myometrium. Fertil Steril 93(7):2130—
2136. https://doi.org/10.1016/j.fertnstert.2009.01.097

3. Kennedy S, Bergqvist A, Chapron C, D’Hooghe T, Dunselman G,
Greb R, Hummelshoj L, Prentice A, Saridogan E (2005) ESHRE
guideline for the diagnosis and treatment of endometriosis. Hum
Reprod 20(10):2698-2704

4. Anaf V, Simon P, Fayt I, Noel J (2000) Smooth muscles are
frequent components of endometriotic lesions. Hum Reprod
15(4):767-771

5. Mechsner S, Bartley J, Loddenkemper C, Salomon DS, Starzin-
ski-Powitz A, Ebert AD (2005) Oxytocin receptor expression in
smooth muscle cells of peritoneal endometriotic lesions and ovar-
ian endometriotic cysts. Fertil Steril 83(Suppl 1):1220-1231

6. Itoga T, Matsumoto T, Takeuchi H, Yamasaki S, Sasahara N,
Hoshi T, Kinoshita K (2003) Fibrosis and smooth muscle meta-
plasia in rectovaginal endometriosis. Pathol Int 53(6):371-375

7. van Kaam KJ, Schouten JP, Nap AW, Dunselman GA, Groothuis
PG (2008) Fibromuscular differentiation in deeply infiltrating
endometriosis is a reaction of resident fibroblasts to the presence
of ectopic endometrium. Hum Reprod 23(12):2692-2700

8. Sopha SC, Rosado FG, Smith JJ, Merchant NB, Shi C (2015)
Hepatic uterus-like mass misdiagnosed as hepatic abscess. Int J
Surg Pathol 23(2):134-139. https://doi.org/10.1177/1066896914
534465

9. Flieder DB, Moran CA, Travis WD, Koss MN, Mark EJ (1998)
Pleuro-pulmonary endometriosis and pulmonary ectopic decidu-
osis: a clinicopathologic and immunohistochemical study of
10 cases with emphasis on diagnostic pitfalls. Hum Pathol
29(12):1495-1503

10. Ibrahim MG, Delarue E, Abesadze E, Haas M, Sehouli J, Chi-
antera V, Mechsner S (2016) Abdominal wall endometriosis:
myofibroblasts as a possible evidence of metaplasia: a case report.
Gynecol Obstet Investig. https://doi.org/10.1159/000452101

11. Barcena de Arellano ML, Gericke J, Reichelt U, Okuducu AF,
Ebert AD, Chiantera V, Schneider A, Mechsner S (2011) Immu-
nohistochemical characterization of endometriosis-associated
smooth muscle cells in human peritoneal endometriotic lesions.
Hum Reprod 26(10):2721-2730. https://doi.org/10.1093/humrep/
der253

12. LiuY, Dong Z, Liu H, Zhu J, Liu F, Chen G (2015) Transition of
mesothelial cell to fibroblast in peritoneal dialysis: EMT, stem cell
or bystander? Perit Dial Int 35(1):14-25. https://doi.org/10.3747/
pdi.2014.00188

13. De Vriese AS, Tilton RG, Mortier S, Lameire NH (2006) Myofi-
broblast transdifferentiation of mesothelial cells is mediated by
RAGE and contributes to peritoneal fibrosis in uraemia. Nephrol

@ Springer


https://doi.org/10.1093/humrep/det457
https://doi.org/10.1093/humrep/det457
https://doi.org/10.1016/j.fertnstert.2009.01.097
https://doi.org/10.1177/1066896914534465
https://doi.org/10.1177/1066896914534465
https://doi.org/10.1159/000452101
https://doi.org/10.1093/humrep/der253
https://doi.org/10.1093/humrep/der253
https://doi.org/10.3747/pdi.2014.00188
https://doi.org/10.3747/pdi.2014.00188

498

Archives of Gynecology and Obstetrics (2019) 299:489-499

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dial Transplant 21(9):2549-2555. https://doi.org/10.1093/ndt/
efl271

Bartley J, Julicher A, Hotz B, Mechsner S, Hotz H (2014) Epithe-
lial to mesenchymal transition (EMT) seems to be regulated differ-
ently in endometriosis and the endometrium. Arch Gynecol Obstet
289(4):871-881. https://doi.org/10.1007/s00404-013-3040-4
Matsuzaki S, Darcha C (2012) Epithelial to mesenchymal transi-
tion-like and mesenchymal to epithelial transition-like processes
might be involved in the pathogenesis of pelvic endometriosis.
Hum Reprod 27(3):712-721. https://doi.org/10.1093/humrep/
der442

Young VJ, Brown JK, Saunders PT, Duncan WC, Horne AW
(2014) The peritoneum is both a source and target of TGF-beta
in women with endometriosis. PLoS ONE 9(9):e106773. https://
doi.org/10.1371/journal.pone.0106773

Wynn TA (2008) Cellular and molecular mechanisms of fibrosis.
J Pathol 214(2):199-210

Gazvani R, Templeton A (2002) Peritoneal environment,
cytokines and angiogenesis in the pathophysiology of endome-
triosis. Reproduction 123(2):217-226

Ibrahim MG, Sillem M, Plendl J, Chiantera V, Sehouli J, Mech-
sner S (2017) Myofibroblasts are evidence of chronic tissue micro-
trauma at the endometrial-myometrial junctional zone in uteri
with adenomyosis. Reprod Sci. https://doi.org/10.1177/19337
19116687855

Daimon E, Shibukawa Y, Wada Y (2013) Calponin 3 regulates
stress fiber formation in dermal fibroblasts during wound heal-
ing. Arch Dermatol Res 305(7):571-584. https://doi.org/10.1007/
s00403-013-1343-8

Small JV, Gimona M (1998) The cytoskeleton of the vertebrate
smooth muscle cell. Acta Physiol Scand 164(4):341-348. https://
doi.org/10.1046/j.1365-201X.1998.00441.x

Miano JM, Olson EN (1996) Expression of the smooth muscle
cell calponin gene marks the early cardiac and smooth mus-
cle cell lineages during mouse embryogenesis. J Biol Chem
271(12):7095-7103

Daimon E, Shibukawa Y, Wada Y (2013) Calponin 3 regulates
stress fiber formation in dermal fibroblasts during wound healing.
Arch Dermatol Res 305(7):571-584

Rahmioglu N, Fassbender A, Vitonis AF, Tworoger SS, Hum-
melshoj L, D’Hooghe TM, Adamson GD, Giudice LC, Becker
CM, Zondervan KT, Missmer SA (2014) World Endometriosis
Research Foundation Endometriosis Phenome and Biobank-
ing Harmonization Project: III. Fluid biospecimen collec-
tion, processing, and storage in endometriosis research. Fertil
Steril 102(5):1233-1243. https://doi.org/10.1016/j.fertnstert
.2014.07.1208

Fassbender A, Rahmioglu N, Vitonis AF, Vigano P, Giudice LC,
D’Hooghe TM, Hummelshoj L, Adamson GD, Becker CM, Miss-
mer SA, Zondervan KT (2014) World Endometriosis Research
Foundation Endometriosis Phenome and Biobanking Harmoni-
sation Project: IV. Tissue collection, processing, and storage in
endometriosis research. Fertil Steril 102(5):1244—1253. https://
doi.org/10.1016/j.fertnstert.2014.07.1209

Mechsner S, Grum B, Gericke C, Loddenkemper C, Dudenhausen
JW, Ebert AD (2010) Possible roles of oxytocin receptor and vas-
opressin-lalpha receptor in the pathomechanism of dysperistalsis
and dysmenorrhea in patients with adenomyosis uteri. Fertil Steril
94(7):2541-2546. https://doi.org/10.1016/j.fertnstert.2010.03.015
Richardson KC, Jarett L, Finke EH (1960) Embedding in epoxy
resins for ultrathin sectioning in electron microscopy. Stain Tech-
nol 35:313-323

Zeitvogel A, Baumann R, Starzinski-Powitz A (2001) Identifi-
cation of an invasive, N-cadherin-expressing epithelial cell type

@ Springer

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

in endometriosis using a new cell culture model. Am J Pathol
159(5):1839-1852. https://doi.org/10.1016/S0002-9440(10)63030
-1

Veres-Szekely A, Pap D, Sziksz E, Javorszky E, Rokonay R, Lip-
pai R, Tory K, Fekete A, Tulassay T, Szabo AJ, Vannay A (2017)
Selective measurement of alpha smooth muscle actin: why beta-
actin cannot be used as a housekeeping gene when tissue fibrosis
occurs. BMC Mol Biol 18(1):12. https://doi.org/10.1186/s1286
7-017-0089-9

Koks CA, Groothuis PG, Dunselman GA, de Goeij AF, Evers
JL (2000) Adhesion of menstrual endometrium to extracellular
matrix: the possible role of integrin alpha(6)beta(1) and laminin
interaction. Mol Hum Reprod 6(2):170-177

Merrill JA (1966) Endometrial induction of endometriosis across
millipore filters. Am J Obstet Gynecol 94(6):780-790
Nakayama K, Masuzawa H, Li SF, Yoshikawa F, Toki T, Nikaido
T, Silverberg SG, Fujii S (1994) Immunohistochemical analysis of
the peritoneum adjacent to endometriotic lesions using antibodies
for Ber-EP4 antigen, estrogen receptors, and progesterone recep-
tors: implication of peritoneal metaplasia in the pathogenesis of
endometriosis. Int J] Gynecol Pathol 13(4):348-358

Mai KT, Yazdi HM, Perkins DG, Parks W (1997) Pathogenetic
role of the stromal cells in endometriosis and adenomyosis. His-
topathology 30(5):430-442

Clement PB, Scully RE (1992) Endometrial stromal sarcomas of
the uterus with extensive endometrioid glandular differentiation:
a report of three cases that caused problems in differential diag-
nosis. Int J Gynecol Pathol 11(3):163-173

Lessey BA, Higdon HL, Miller SE, Price TA (2012) Intraoperative
detection of subtle endometriosis: a novel paradigm for detection
and treatment of pelvic pain associated with the loss of peritoneal
integrity. J Visual Exp. https://doi.org/10.3791/4313

Witz CA, Dechaud H, Montoya-Rodriguez IA, Thomas MR, Nair
AS, Centonze VE, Schenken RS (2002) An in vitro model to study
the pathogenesis of the early endometriosis lesion. Ann NY Acad
Sci 955:296-307 (discussion 340-292, 396-406)

Witz CA, Thomas MR, Montoya-Rodriguez IA, Nair AS, Cen-
tonze VE, Schenken RS (2001) Short-term culture of peritoneum
explants confirms attachment of endometrium to intact peritoneal
mesothelium. Fertil Steril 75(2):385-390

Oosterlynck DJ, Meuleman C, Waer M, Koninckx PR (1994)
Transforming growth factor-beta activity is increased in peri-
toneal fluid from women with endometriosis. Obstet Gynecol
83(2):287-292

Liu Y, Hu J, Shen W, Wang J, Chen C, Han J, Zai D, Cai Z,
Yu C (2011) Peritoneal fluid of patients with endometriosis
promotes proliferation of endometrial stromal cells and induces
COX-2 expression. Fertil Steril 95(5):1836-1838. https://doi.
org/10.1016/j.fertnstert.2010.11.039

Callegari EA, Ferguson-Gottschall S, Gibori G (2005) PGF2alpha
induced differential expression of genes involved in turnover of
extracellular matrix in rat decidual cells. Reprod Biol Endocrinol
3:3. https://doi.org/10.1186/1477-7827-3-3

Komiyama S, Aoki D, Komiyama M, Nozawa S (2007) Local
activation of TGF-betal at endometriosis sites. J] Reprod Med
52(4):306-312

Slater M, Quagliotto G, Cooper M, Murphy CR (2005) Endome-
triotic cells exhibit metaplastic change and oxidative DNA dam-
age as well as decreased function, compared to normal endome-
trium. J Mol Histol 36(4):257-263. https://doi.org/10.1007/s1073
5-005-3802-9


https://doi.org/10.1093/ndt/gfl271
https://doi.org/10.1093/ndt/gfl271
https://doi.org/10.1007/s00404-013-3040-4
https://doi.org/10.1093/humrep/der442
https://doi.org/10.1093/humrep/der442
https://doi.org/10.1371/journal.pone.0106773
https://doi.org/10.1371/journal.pone.0106773
https://doi.org/10.1177/1933719116687855
https://doi.org/10.1177/1933719116687855
https://doi.org/10.1007/s00403-013-1343-8
https://doi.org/10.1007/s00403-013-1343-8
https://doi.org/10.1046/j.1365-201X.1998.00441.x
https://doi.org/10.1046/j.1365-201X.1998.00441.x
https://doi.org/10.1016/j.fertnstert.2014.07.1208
https://doi.org/10.1016/j.fertnstert.2014.07.1208
https://doi.org/10.1016/j.fertnstert.2014.07.1209
https://doi.org/10.1016/j.fertnstert.2014.07.1209
https://doi.org/10.1016/j.fertnstert.2010.03.015
https://doi.org/10.1016/S0002-9440(10)63030-1
https://doi.org/10.1016/S0002-9440(10)63030-1
https://doi.org/10.1186/s12867-017-0089-9
https://doi.org/10.1186/s12867-017-0089-9
https://doi.org/10.3791/4313
https://doi.org/10.1016/j.fertnstert.2010.11.039
https://doi.org/10.1016/j.fertnstert.2010.11.039
https://doi.org/10.1186/1477-7827-3-3
https://doi.org/10.1007/s10735-005-3802-9
https://doi.org/10.1007/s10735-005-3802-9

Archives of Gynecology and Obstetrics (2019) 299:489-499

499

Affiliations

Mohamed Gamal Ibrahim'>® - Martin Sillem?
Martin Gotte® - Vito Chiantera’ - Jalid Sehouli’

Mohamed Gamal Ibrahim
mgs_medicine @hotmail.com

Martin Sillem
msillem @praxisklinik-am-rosengarten.de

Johanna Plendl
plendl.johanna@vetmed.fu-berlin.de

Eliane T. Taube
Eliane.Taube @charite.de

Andreas Schiiring
Andreas.schuering @ukmuenster.de

Martin Gotte
Martin.Goette @ukmuenster.de

Vito Chiantera
vito.chiantera@ gmail.com

- Johanna Plendl® - Eliane T. Taube® - Andreas Schiiring® -
- Sylvia Mechsner’

Jalid Sehouli
jalid.sehouli@charite.de

Clinic for Gynaecology, Charité University of Medicine,
Hindenburgdamm 30, 12203 Berlin, Germany

Universitits-Frauenklinik Homburg/Saar und Praxisklinik
am Rosengarten, Augustaanlage 7-11, 68165 Mannheim,
Germany

Department of Veterinary Medicine, Institute of Veterinary
Anatomy, Free University of Berlin, Berlin, Germany

Institute for Pathology, Charité University of Medicine,
Charitéplatz 1, 10117 Berlin, Germany

Department of Gynecology and Obstetrics, UKM Fertility
Center, University Hospital of Muenster, Domagkstr. 11,
48149 Miinster, Germany

@ Springer


http://orcid.org/0000-0001-6648-9281

	Arrangement of myofibroblastic and smooth muscle-like cells in superficial peritoneal endometriosis and a possible role of transforming growth factor beta 1 (TGFβ1) in myofibroblastic metaplasia
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Specimen collection
	Immunolabeling of ASMA, calponin, collagen 1, Desmin, TGFßR-1, -2 and -3
	Immunoreactive scores
	Specimen preparation for electron microscopy examination
	Van Gieson’s stain
	ELISA for the TGFß1 level in the peritoneal fluid
	In vitro effect of 10% PF and TGFß1 on the cell proliferation
	In vitro effect of TGFß1 on myofibroblastic metaplasia
	Quantitative real-time PCR
	RNA isolation and reverse transcription
	Polymerase chain reaction

	Statistical analysis

	Results
	Differential expression of myofibroblastic and SM-like cells markers in the different pEM micro-compartments
	Unaffected peritoneum from EM patients and healthy peritoneum from non-EM patients are both phenotypically similar
	TGFß1 level in PF
	TGFß1 inhibits cell proliferation and induces a myofibroblastic metaplasia in the 12Z cell line

	Discussion
	Arrangement of myofibroblastic and smooth muscle-like cells in peritoneal endometriosis
	TGFß1-mediated myofibroblastic metaplasia in endometriotic epithelial cells

	Conclusion
	Acknowledgements 
	References




