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Abstract

Background: Local pro-inflammatory environment and enhanced cell survival contribute to the endometriosis development. A
serine/threonine kinase p38 mitogen-activated protein kinase (MAPK) mediates intracellular signaling of cytokine production, cell
proliferation, and apoptosis in different cell types. The current study compares p38 MAPK activity in normal endometrium and
endometriosis, and assesses role(s) of p38 MAPK on cytokine production and cell survival in endometriosis. Methods: Immu-
nohistochemical levels of total and phosphorylated (active) p38 MAPK as well as its correlation with interleukin 8 (IL-8) expression,
and cell proliferation and apoptosis were compared in normal human endometrium and endometriosis. The action of p38 MAPK on
pro-inflammatory cytokine-induced IL-8 and monocyte chemotactic protein (MCP)-1 expression in endometriotic cells were
assessed by enzyme-linked immunosorbent assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell survival, 5-
bromo-2'-deoxyuridine incorporation, and Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end
labeling assays were used to determine the function of p38 MAPK in cultured human endometriotic stromal cell proliferation and
apoptosis. Results: p38 MAPK activity was significantly higher in both eutopic and ectopic endometria compared to normal
endometria during late proliferative and early secretory phases (P < .05). Increased p38 MAPK activity in endometriotic cells
correlated with IL-8 expression (Pearson correlation coefficient r = 0.83, P < .0l), but not with apoptosis in vivo. The pro-
inflammatory cytokines IL- I 3 and tumor necrosis factor (TNF)-o induced activation of p38 MAPK. Inhibition of p38 MAPK activity
blocked IL- 1B and TNF-o-induced IL-8 and MCP-| secretion in cultured endometriotic stromal cells (P < .05), but did not impact
on endometriotic cell survival. Conclusions: These results suggest that rather than modulating cell survival, increased p38 MAPK
activity in endometriotic cells contributes to the pathogenesis of endometriosis by promoting the local inflammatory milieu.
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Introduction

Endometriosis is a common gynecological disease defined by
the presence of viable endometrial tissue outside the uterine
cavity. Increased local estradiol (E;) production, progesterone
resistance, an impaired immune response, and increased levels
of cytokines that induce tissue growth, inflammation, and/or
angiogenesis as well as stem cell trafficking/differentiation are
documented key factors for the pathogenesis of endometrio-
sis.!® The peritoneal environment of women with endometrio-
sis displays increased macrophage number/activity, enhanced
T17 cells numbers, dysfunctional natural killer cells, resulting
in inflammation around the ectopic endometrium.*® Moreover,
a number of cytokines (interleukin [IL]-6, IL-8, glycodelin-A
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and eotaxin) secreted by ectopic endometrial cells also promote
survival and growth of endometriotic implants.”*"'° In women
with endometriosis, the peritoneal fluid has high concentrations
of pro-inflammatory cytokines and growth factors, including IL-
1B,'"*'? tumor necrosis factor (TNF)-a,'>' TL-8,'*!> monocyte
chemotactic protein (MCP)-1,'° epidermal growth factor,” and
vascular endothelial growth factor-A.'” These cytokines induce
endometrial cell attachment to the peritoneal surface,'®'® their
invasion into the mesothelium,?* and growth of ectopic endome-
trium by stimulating proliferation®' and angiogenesis.' ">

Enhanced cell survival (ie, imbalance between proliferation
and apoptosis) in human endometrium is one of the theories
proposed to explain the development of endometriosis.>****
Compared to disease-free women, the eutopic endometrium in
women with endometriosis displays a lower apoptosis index,
which is further decreased in ectopic endometrium.***°2° How-
ever, the proliferation index of ectopic endometrium was found
to be lower compared to eutopic endometrium,?® indicating
increased survival of endometrial cells at ectopic locations.?’

The p38 mitogen-activated protein kinase (MAPK) is a ser-
ine/threonine kinase, which transduces signals from the cell
membrane to the nucleus in response to various stimuli includ-
ing cellular and environmental factors, such as ischemia,
inflammatory cytokines, shear stress, UV irradiation, or oxida-
tive stress.”® Upon activation (phosphorylation), p38 MAPK
induces phosphorylation of its substrates at serine and/or threo-
nine residues”” to activate downstream molecules such as trans-
lation/transcription factors, cell cycle molecules, kinases, or
scaffold proteins, resulting in a variety of cellular outputs,
including cytokine production, proliferation, cycle arrest,
migration, differentiation, and apoptosis.®**

Previously, we showed that E, induces p38 MAPK phos-
phorylation (activation) in endometrial stromal cells (ESCs)
within minutes,>* suggesting that local E, production in endo-
metriosis may cause constant p38 MAPK activation. Moreover,
enhanced secretion of pro-inflammatory cytokines by immune
cells in an ectopic site may further increase p38 MAPK activa-
tion in endometriosis implants in a paracrine manner. Accord-
ingly, we hypothesize that increased activation of p38 MAPK
in ectopic endometrial implants contributes to enhanced
expression of chemokines and promotion of cell survival.
Therefore, this study evaluated the expression and localization
of phosphorylated (active) and total p38 MAPK in endometrial
and endometriotic cells. Subsequently, correlation of the p38
MAPK activity with chemotactic cytokine (IL-8) levels and
cell survival in endometriosis in vivo and the impact of p38
MAPK signaling in mediating pro-inflammatory cytokine-
induced IL-8 and MCP-1 production in ESC cultures were
investigated.

Materials and Methods

Tissue Collection

For immunohistochemical and apoptosis detection studies,
eutopic and ectopic endometrial samples were obtained from

27 women (mean age, 36.1 years; range, 2543 years) with
endometriosis undergoing laparoscopy for infertility or pelvic
pain. As a control group, endometrial tissues were obtained
from 30 fertile women (mean age, 35.7 years; range, 2844
years) with normal menstrual cycles undergoing laparoscopy
or hysterectomy for benign gynecological conditions other than
endometrial disease. Indications for surgery for the control
group were as follows: leiomyoma (n = 18), elective steriliza-
tion (n = 10), and benign adnexal mass (n = 2). These women
had no visible pelvic inflammation or endometriosis at laparo-
scopy or laparotomy. The day of the menstrual cycle was estab-
lished from the women’s menstrual history and confirmed by
endometrial histology using the criteria of Noyes et al.>> The
presence of ectopic endometrial implants was confirmed by
histopathological examination of the biopsies. All endometrial
samples were grouped according to the menstrual cycle phase:
early proliferative (days 1-7 of the cycle), late proliferative
(days 8-14), early secretory (days 14-21), and late secretory
(days 22-28). Among eutopic endometrium of women with
endometriosis, 6 were in early proliferative, 7 were in late
proliferative, 8 in early secretory, and 6 were in late secretory
phases. Whereas in the control group, 7 were in early prolif-
erative, 8 were in late proliferative, 8 in early secretory, and 7
were in late secretory phases.

For ESC cultures, eutopic and ectopic endometrial samples
(n = 14; 7 from proliferative and 7 from secretory phase of the
cycle) were obtained from women with endometriosis (mean
age, 33.1 years; range, 24—41 years) undergoing laparoscopy
for infertility or pelvic pain. The endometrial samples were
placed in Hank’s balanced salt solution and transported to the
laboratory for ESC isolation and long-term culture. Written
informed consent was obtained from each patient using consent
forms and protocols approved by the human investigation com-
mittee of Yale University.

Immunohistochemistry

Formalin-fixed paraffin-embedded samples were cut into 5-pum
sections. After deparaffinization, slides were boiled in 10 mM
citrate buffer (pH 6.0) for 15 minutes for antigen retrieval.
Then, sections were immersed in 3% hydrogen peroxide (in
50% methanol/50% distilled water) for 15 minutes to block
endogenous peroxidase activity. After washing with Tris-
buffered saline (TBS) 3 times for 5 minutes, slides were incu-
bated in a humidified chamber with 5% blocking horse or goat
serum (LabVision, Fremont, California) in TBS for 30minutes
at room temperature (RT). Afterward, excess serum was
drained, and serial sections were incubated with primary anti-
bodies (rabbit polyclonal antihuman p38 MAPK antibody,
1:200 dilution in TBS: Cell Signaling Technology, Beverly,
Massachusetts; rabbit monoclonal antihuman phospho-
specific p38 MAPK [pTpY180/182] antibody, 1:200 dilution
in TBS: Cell Signaling Technology; and mouse monoclonal
antihuman IL-8 antibody [10 pg/mL] in 1% blocking horse
serum in TBS: R&D Systems, Minneapolis, Minnesota) over-
night at 4°C in a humidified chamber. For negative controls,
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normal rabbit immunoglobin G (IgG) and normal rabbit or
mouse IgG isotypes were used at the same primary antibody
concentrations. The sections were washed 3 times for 5 minutes
with TBS and then biotinylated goat antirabbit or horse
antimouse antibody (Vector Laboratories, Burlingame,
California) was added at 1:400 dilution for 30 minutes at RT.
The antigen—antibody complex was detected by using a
strepavidin-biotin-peroxidase kit (Vector Lab) for 30 minutes
at RT. 3,3-Diaminobenzidine tetrahydrochloride dihydrate
(Vector Lab) was used as the chromogen to visualize immunor-
eactivity, and sections were counterstained with hematoxylin.

The intensity for IL-8, total and phosphorylated p38 MAPK
immunoreactivity was semiquantitatively evaluated using the
following intensity categories: 0, no staining; 1+, weak but
detectable staining; 2+, moderate or distinct staining; 34,
intense staining. For each tissue, a histological score
(HSCORE) value was derived by summing the percentages
of cells that stained at each intensity category and multiplying
that value by the weighted intensity of the staining, using the
formula HSCORE = Z Pi (i + 1), where i represents the inten-
sity scores, and Pi is the corresponding percentage of the cells
as described.*® In each slide, 5 randomly selected areas were
evaluated under a light microscope (x40 magnification), and
the percentage of the cells for each intensity within these areas
was determined at different times by 2 investigators blinded to
the type and source of the tissues. The intra-individual and
inter-individual coefficients of variation were 10% and 12%,
respectively, for HSCORE evaluation. The average score of 2
investigators was used.

Isolation and Culture of ESCs

Endometrial tissues were minced with a sterile surgical blade
and digested in Hank’s-balanced salt solution (Sigma-Aldrich,
St. Louis, Missouri) containing collagenase B (1 mg/mL, 15 U/
mg; Roche, Indianapolis, Indiana), deoxyribonuclease I (0.1
mg/mL, 1500 U/mg; Roche), penicillin (200 U/mL), and strep-
tomycin (200 mg/mL) for 60 minutes at 37°C with agitation.
The dispersed endometrial cells were separated by filtration
through a wire sieve (73-pm-diameter pore; Sigma-Aldrich)
and were cultured in DMEM Ham’s F-12 (1:1 vol/vol;
Sigma-Aldrich) containing fetal bovine serum (10% vol/vol;
Invitrogen, Carlsbad, California). The cultures were main-
tained in a standard 95% air/5% CO, incubator at 37°C>*.

Experimental Setup

After 1 passage, ESCs were grown to pre- or full confluence.
Following the first passage, ESCs were evaluated immunocy-
tochemically using specific cell-surface markers. Previously,
after the first passage, ESCs were found to contain 0% to 7%
epithelial cells, no detectable endothelial cells, and 0.2%
macrophages.>”*® The resulting ESCs were treated with
serum-free, phenol red-free media (Sigma-Aldrich) for 24
hours before experimental treatments. Each experiment was

repeated at least 3 times using ESCs prepared from endometrial
specimens obtained from different patients.

Western Blot Analysis

Confluent ESC cultures were treated with vehicle (control), IL-
1B (1 ng/mL; R&D Systems, Inc), or TNF-a (1 ng/mL; R&D
Systems) for 10 minutes. Previous studies reported that IL-13
and TNF-o levels can attain 26 and 9.6 ng/mL, respectively, in
peritoneal fluid and 7 and 4.3 ng/mL, respectively, in peritoneal
macrophage secretions in women with endometriosis.***?
Thus, 1 ng/mL was chosen for both proinflammatory cytokines
as representative of the in situ level present in peritoneal fluid
and/or in peritoneal macrophage secretions in women with
endometriosis. To evaluate the effect of a p38 MAPK inhibitor,
the cultures were preincubated with SB203580 (10 pM; EMD
Biosciences, San Diego, California) for 30 minutes before
treatment with IL-13 or TNF-a. After experimental treatments,
total protein from treated ESCs was extracted with cell extrac-
tion buffer (BioSource International, Camarillo, California)
containing 3 mM phenylmethylsulfonyl fluoride and protease
inhibitor cocktail (Sigma-Aldrich). The protein concentration
was determined by a detergent-compatible protein assay (Bio-
Rad, Hercules, California). Samples (40 pg) were loaded on
10% Tris—HCI Ready Gels (Bio-Rad), electrophoretically sepa-
rated, and electroblotted onto nitrocellulose membrane (Bio-
Rad). The membrane was blocked with 5% nonfat dry milk in
TBS-containing 0.1% Tween 20 (TBS-T) for 1 hour to reduce
nonspecific binding. Subsequently, the membrane was incu-
bated for 2 hours with primary antibodies against total- and
phospho-p38 MAPK (polyclonal rabbit antihuman p38 MAPK
and monoclonal rabbit antihuman phospho-specific p38 MAPK
(pTpY180/182), both at 1:1000 dilution, in 5% nonfat dry milk
in TBS-T (Cell Signaling Technology)]. The membrane was
washed with TBS-T for 1 hour and incubated with horseradish
peroxidase-conjugated antirabbit secondary antibody (Vector
Laboratories) diluted at 1:10 000 in TBS-T. The protein was
visualized by light emission on film (Amersham Biosciences,
Buckinghamshire, UK) with enhanced chemiluminescence
substrate (Amersham Biosciences). Immunoblot bands for total
and phospho-p38 MAPK were quantified using a laser
densitometer.

Enzyme-Linked Immunosorbent Assay

Confluent ESC cultures were treated with vehicle (control), or
IL-1B (1 ng/mL; R&D Systems, Inc), or TNF-o (I ng/mL;
R&D Systems) for 24 hours. To evaluate the effect of a p38
MAPK inhibitor, the cultures were preincubated with
SB203580 (10 pM) for 30 minutes before the treatment with
IL-1B or TNF-a. Concentrations of immunoreactive IL-8 and
MCP-1 in conditioned media were measured using an enzyme-
linked immunosorbent assay (ELISA) according to instructions
provided by the manufacturer (R&D Systems). The sensitivity
of IL-8 ELISA was 1.5 pg/mL. The intra- and interassay coef-
ficients of variation of IL-8 ELISA were 4.6% and 6.8%,
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respectively. The sensitivity of MCP-1 ELISA was 5 pg/mL.
The intra- and interassay coefficients of variation of MCP-1
ELISA were 4.2% and 5.9%, respectively. According to the
manufacturer, there is no significant cross-reactivity or inter-
ference with other known cytokines in these assays.

Levels of IL-8 and MCP-1 were normalized to the total cell
culture protein content as determined by Bradford assay (Bio-
Rad). Briefly, after collecting culture supernatants and washing
the monolayers with Hanks’ balanced salt solution, the cells
were harvested using a cell scraper in cold PBS. After centri-
fugation, the cell extraction buffer (20 mM Tris—HCI buffer
with 150 mM NaCl, 1% Triton X-100, 1 mM phenylmethyl-
sulfonylfluoride, and complete protease inhibitor cocktail
[Roche, Indianapolis, Indiana]) was added to the cell pellets
and sonicated for 5 seconds. After the final centrifugation, the
supernatant was collected, and protein content was measured at
650 nm using a multiwell plate reader.

Terminal Deoxynucleotidyl Transferase-Mediated
Deoxyuridine Triphosphate Nick End Labeling

Apoptosis in vivo and at ESCs plated on tissue chamber slides
was detected by labeling of DNA strand breaks using terminal
deoxynucleotidyl transferase-mediated deoxyuridine tripho-
sphate nick end labeling (TUNEL) assay. The TUNEL assay
was performed using a cell death detection kit (Roche, Man-
nheim, Germany) according to the manufacturer’s instructions.
Formalin-fixed paraffin-embedded endometrial samples from
normal, eutopic and ectopic endometrium were deparaffinized
and washed 3 times in PBS. Moreover, preconfluent eutopic
and ectopic ESCs in chamber slides were treated with vehicle
(dimethyl sulfoxide [DMSO)] or a specific MAPK inhibitor,
SB203580 (1 and 10uM; EMD Biosciences) for 24 and 72
hours. Chamber slides were fixed in 4% paraformaldehyde for
20 minutes at 4°C, washed 3 times in PBS. All slides were then
treated with permeablization solution (0.1% Triton X-100 in
0.1% sodium citrate) for 5 minutes on ice. Afterward, the label-
ing reaction was performed for 1 hour at 37°C using TUNEL
reagent for each sample, except the negative control, in which
reagent without enzyme was added. After PBS washing, slides
were incubated with converter reagent for 30minutes at 37°C.
After an additional wash, color development for localization of
cells containing labeled DNA strand breaks was performed by
incubating the chambers with Fast Red substrate solution for 10
minutes. Quantitation of apoptotic cells was accomplished by
counting the number of cells stained by TUNEL assay per a
total of 100 cells, and labeling index was calculated (labeled
cells per 100 cells).

5-Bromo-2'-deoxyuridine (BrdU) incorporation and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell proliferation assays: Cell proliferation was assessed by
colorimetric assays using BrdU and MTT. Preconfluent eutopic
and ectopic ESCs in 96-well plates were treated with vehicle
(DMSO) or a specific MAPK inhibitor, SB203580 (1 and 10
uM; EMD Biosciences) for 24 and 72 hours. Each experiment
involved replicates of 8 wells per treatment.

This MTT assay detects the formation of dark blue formazan
product from MTT in active mitochondria was performed as
described previously.*> Four hours before the end of each
experiment, 10 pL of MTT solution was added onto each well
of 96-well plates. The optical absorbance at 570 nm was read
within 30 minutes. The last column of each 96-well plate did
not contain cells and was used as a blank. Data are expressed in
optic density units.

A BrdU cell proliferation assay kit (Chemicon International,
Temecula, California) assessed BrdU incorporation levels into
newly synthesized DNA. Briefly, BrdU solution was added to
each well 12 hours before termination of each experiment and
then cells were washed in PBS and fixed. Cells were then
incubated with anti-BrdU antibody for 1 hour, washed and
incubated with peroxidase-conjugated secondary antibody for
30 minutes. After washing, cells were exposed to tetramethyl
benzidine peroxidase substrate. Plates were read with a multi-
well plate reader. Data are expressed in optical density units,
with higher values indicating greater BrdU incorporation.

Statistical Analysis

Because the data from immunohistochemistry, TUNEL assay,
MTT, and BrdU cell proliferation assays, and Western blot
analysis were normally distributed (as determined by
Kolmogorov-Smirnov test), comparisons of samples were ana-
lyzed with Student ¢ test or 1-way analysis of variance
(ANOVA) followed by post hoc Holm-Sidak test. In contrast,
the data from ELISA were not normally distributed and there-
fore analyzed with nonparametric ANOVA on ranks (Kruskal-
Wallis test) followed by post hoc Student-Newman-Keuls test.
Statistical calculations were performed using SigmaStat for
Windows (Jandel Scientific Corp, San Rafael, California). Sta-
tistical significance was defined as P < .05.

Results

Increased p38 MAPK Activity in Endometriosis

Total p38 MAPK immunoreactivity was localized in both cyto-
plasm and nucleus and its expression did not change throughout
the menstrual cycle in both endometrial and endometriotic
cells. However, phosho-p38 MAPK staining was mostly
nuclear (Figure 1). Expression of phospho-p38 MAPK did not
change throughout the menstrual cycle in normal endometrial
cells. On the other hand, both stromal and epithelial cells of late
proliferative and early secretory samples displayed signifi-
cantly higher phospho-p38 MAPK levels compared to those
of late secretory and early proliferative samples in eutopic and
ectopic endometrial tissues of women with endometriosis (P <
.01; Figure 1). Both stromal and epithelial cells of eutopic and
superficial ectopic endometrium exhibited significantly higher
phosho-p38 MAPK staining compared to normal endometrium
during late proliferative and early secretory phases (P < .05;
Figure 1). Moreover, phosho-p38 MAPK levels in epithelial
cells of ectopic endometrium of endometriosis patients were
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Figure |. Phospho-p38 MAPK immunoreactivity in normal, eutopic, and ectopic endometrium. Representative micrographs of immunohisto-
chemical staining for phospho-p38 MAPK in normal (A and D), eutopic (B and E) and ectopic (C and F) endometrium from late proliferative (A, B
and C) and early secretory phases (D, E, and F). HSCORE analysis of phospho-p38 MAPK immunostaining in endometrial epithelial (G) and
stromal (H) cells from normal, eutopic, and ectopic endometrium. Both stromal and epithelial cells of eutopic and superficial ectopic endome-
trium showed significantly higher phosho-p38 MAPK staining compared to those of normal endometrium during late proliferative and early
secretory phases. Moreover, phosho-p38 MAPK levels in epithelial cells of ectopic endometrium of endometriosis patients were significantly
higher than those of the same patient’s eutopic endometrium. *P < .05 versus normal endometrium of the same menstrual phase. **P < .05
versus eutopic endometrium of the same menstrual phase. P < .01 versus eutopic and ectopic endometrium from early proliferative and late
secretory phases. HSCORE indicates histological score; MAPK, mitogen-activated protein kinase.

Increased p38 MAPK Activity Correlates With IL-8
Expression, but not With Apoptosis

significantly higher than those of eutopic endometrium of the
same patient (P < .05; Figure 1). Superficial ectopic endome-

trial epithelial and stromal cells revealed the highest phosho-
p38 MAPK immunoreactivity (Figure 1). Interestingly,
phospho-p38 MAPK expression was significantly higher in
both epithelial and stromal cells of the superficial ectopic endo-
metrial implants compared to those of deeper implants of the
same sample (P < .05; Figure 2).

To evaluate the correlation between p38 MAPK activity, IL-8
expression and apoptosis; serial ectopic endometrial sections
were immunostained with phospho-p38 MAPK and IL-8 anti-
bodies, and TUNEL assay was performed. The IL-8 was highly
expressed in endometriosis implants, and its expression was
higher in ectopic endometriotic cells with high immunoreactive



Reproductive Sciences XX(X)

L S Sl Y N A -
it —— . | . o ¥
» - ‘
12 ’J"- e T, gt L -
- » - - y g
_t'—’«, ok VR B R e 4 '
By o < iy ¢
. L - - 4
s Y "-’ At ‘(.
m‘. - -

E F

Figure 2. Correlation of p38 MAPK immunoreactivity with IL-8
expression and apoptosis in ectopic endometriosis implants. Repre-
sentative micrographs of immunohistochemical staining for phospho-
p38 MAPK (A and B) and IL-8 (C and D), and TUNEL (E and F) in
superficial (A, C, and E) and deep (B, D, and F) ectopic endometrium in
serial sections. The IL-8 expression was higher in ectopic endome-
triotic cells with high phospho-p38 MAPK immunoreactivity and
lower in those with low p38 MAPK activity. However, there was no
correlation between phospho-p38 MAPK levels and percentage of
TUNEL-positive cells. Arrow demonstrates a TUNEL (+) cell in endo-
metriosis implant. Inset picture shows TUNEL (+) cells in the eutopic
endometrium of the same patient. MAPK indicates mitogen-activated
protein kinase; IL-8, interleukin 8; TUNEL, Terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling.

phospho-p38 and lower in those with low immunoreactive p38
MAPK (Figure 2). Similar to phospho-p38 MAPK immunos-
taining, IL-8 expression was higher in both epithelial and stro-
mal cells of the superficial ectopic endometrial implants
compared to those of deeper implants of the same sample.
Moreover, IL-8 expression correlated positively with
phospho-p38 MAPK levels (Pearson correlation coefficient
= 0.83, P < .01). On the other hand, there were only few
TUNEL-positive cells (1.5% of total cell number) in endome-
triosis implants with no correlation between phospho-p38
MAPK levels and percentage of TUNEL-positive cells
(Figure 2).

Pro-inflammatory Cytokines Induce p38 MAPK
Phosphorylation in Endometriotic Stromal Cells

To investigate the effects of pro-inflammatory cytokines on
p38 MAPK activation, after pretreatment with either vehicle
or SB203580 (10 uM, specific p38 MAPK inhibitor) for 30
minutes, cultured endometriotic stromal cells were incubated
with vehicle (control), or IL-1f (1 ng/mL) or TNF-a (1 ng/mL)
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Figure 3. Western blot analysis demonstrating the effect of inflam-
matory cytokines and p38 MAPK inhibitor (SB203580) on total and
phospho-p38 MAPK levels in ESCs. Confluent ESC cultures were
treated with vehicle (control), IL-1f (I ng/mL), or TNF-o (I ng/mL)
for 10 minutes. To evaluate the effect of a p38 MAPK inhibitor, the
cultures were preincubated with SB203580 (10 pM) for 30 minutes
before the treatment with IL-13 or TNF-o. *P < .05 versus control.
1P < .05 between individual treatments with and without SB203580 in
pairwise comparison. Data are representative of 3 independent
experiments. MAPK indicates mitogen-activated protein kinase; ESCs,
endometrial stromal cells; IL- 1 3, interleukin | 3; TNF-o, tumor necro-
sis factor o

for 10 minutes. The IL-1p and TNF-a significantly induced
p38 MAPK phosphorylation in endometriotic cells (P < .05;
Figure 3), and this effect was blocked by SB203580. However,
total p38 MAPK levels did not change with any of the
treatments.

Pro-inflammatory Cytokine Induced IL-8 and MCP-|
Expression in Endometriotic Stromal Cells is Regulated by
p38 MAPK

To investigate the role of p38 MAPK in the regulation of pro-
inflammatory cytokine-induced IL-8 and MCP-1 expression
after pretreatment with either vehicle or SB203580 (10 uM)
for 30 minutes, cultured endometriotic stromal cells were incu-
bated with vehicle (control), IL-1B (1 ng/mL) or TNF-a (1 ng/
mL) for 24 hours. The IL-1B and TNF-a. treatments increased
IL-8 levels by 120 + 11 (mean + standard error of the mean
[SEM]) and 37 + 7-fold, and MCP-1 levels by 93 + 12 and 68
+ 9-fold in endometriotic stromal cells, respectively (P < .01;
Figure 4). However, SB203580 significantly suppressed the
effects of IL-1B and TNF-o on IL-8 levels by 53% + 6% and
75% 4+ 9%, and MCP-1 levels by 33% 4+ 3% and 39% + 5%,
respectively (P < .05; Figure 4). Moreover, SB203580 also
significantly decreased the basal secretion of IL-8 and MCP-
1 by 46% + 3% and 38% =+ 4% in endometriotic stromal cells,
respectively (P < .05; Figure 4).
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Figure 4. Effects of IL-1P, TNF-o, and p38 MAPK inhibitor
(SB203580) on IL-8 (A) and MCP-| (B) secretions in cultured ESC.
Confluent ESC cultures were treated with vehicle (control), IL-1§
(I ng/mL), or TNF-a (I ng/mL) for 24 hours. To evaluate the effect
of a p38 MAPK inhibitor, the cultures were preincubated with
SB203580 (10 puM) for 30 minutes before the treatment with IL-1
or TNF-a. IL-8 and MCP-1 levels were quantified by ELISA in culture
media and normalized to total cell protein (mean + standard error of
mean [SEM]; n = 3). *P < .0l versus Control. {P < .05 between
individual treatments with and without SB203580 in pairwise compar-
ison. IL-1P indicates interleukin 1B; TNF-o, tumor necrosis factor
o; MAPK, mitogen-activated protein kinase; MCP-I, monocyte che-
motactic protein |; ESC, endometrial stromal cell; ELISA, enzyme-
linked immunosorbent assay.

p38 MAPK Does not Directly Regulate Cell Survival in
Endometriotic Stromal Cells In Vitro

In order to determine the impact of p38 MAPK on the apoptotic
index of cultured endometriotic stromal cells, TUNEL assay
was used to assess DNA breaks indicative of early-stage apop-
tosis under basal and SB203580 (1 and 10 pM)-treated condi-
tions. The TUNEL assay showed that treatment of
endometriotic stromal cells with either SB203580 concentra-
tion did not change the percentage of TUNEL-positive endo-
metriotic stromal cells following 24- and 72-hour treatments
(Figure 5A). Moreover, to determine whether p38 MAPK has a
role in the proliferation of endometriotic cells, BrdU and MTT

colorimetric assays were performed following 24- and 72-hour
treatments with p38 MAPK inhibitor. Neither 1 uM nor 10 uM
SB203580 treatment altered the endometriotic cell prolifera-
tion index compared to controls (Figure 5B and C). On the
other hand, the MTT assay revealed that compared to the con-
trol group, SB203580 at 10 pM concentration significantly
reduced survival rate of normal ESCs (control vs SB203580:
mean + standard error of mean: 0.99 + 0.11 vs 0.69 + 0.04
arbitrary units, respectively; P <.05, n = 3), indicating that p38
inhibition contributes to suppression of normal stromal cell
survival/proliferation, whereas endometriotic stromal cells are
resistant to this inhibition of p38 MAPK signaling.

Discussion

High concentrations of chemokines, growth factors, and
inflammatory cytokines in the peritoneal fluid of women with
endometriosis are derived from the lesions and secretory prod-
ucts of macrophages and other immune cells.'*'*4*%> These
factors induce attachment and further exacerbate the inflam-
matory response as well as promote growth and survival of
endometriotic implants by activating different signaling
pathways.***’

This study demonstrated that although total p38 MAPK
expression levels are similar in normal endometrium and endo-
metriotic tissues, activated (phosphorylated) levels of p38
MAPK are significantly higher in ectopic implants compared
to normal endometrium in late proliferative and early secretory
phases. Ovarian endometrioma, superficial peritoneal endome-
triosis as well as deep infiltrating endometriosis are the most
frequently occurring phenotypes. Studies indicate that these
phenotypes may have different pathogenetic mechanism.*®
Deep infiltrating endometriosis suggested as the most severe
form due to their similarity in expression profiles/levels of
molecules (myostatin, myostatin receptors, matrix metallopro-
teinases, and activins, etc) to endometrial cancer cells.*®*’
Interestingly, superficial ectopic endometriosis implants dis-
played higher p38 MAPK activity compared to those of deeper
implants from the same patient in our study. We previously
reported significantly higher levels of phospho-p38 MAPK
immunostaining in stromal and epithelial cells in the functional
layer compared to the basal layer of normal endometrium.**
Similarly, higher p38 MAPK phosphorylation levels in super-
ficial versus deep ectopic endometriotic cells may mimic the
phospho-p38 MAPK expression pattern seen between the
layers of normal endometrium. Alternatively, this discrepancy
in phospho-p38 MAPK expression can result from direct expo-
sure of superficial implants to the inflammatory peritoneal
environment dominated by peritoneal fluid and/or macro-
phages. Moreover, a correlation between IL-8 expression and
p38 MAPK activity in ectopic endometrial implants suggests
that increased IL-8 levels is at least partially regulated by the
p38 MAPK pathway. Our in vitro findings showing induction
of p38 MAPK phosphorylation and, in turn, stimulation of
MCP-1 and IL-8 expression in cultured endometriotic stromal
cells by IL-1B or TNF-a complement this suggestion. Also,
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Figure 5. Evaluation of the role of p38 MAPK in apoptosis and cell proliferation in endometrial stromal cells (ESC) in vitro. TUNEL assay (A)
was used to detect ESCs with DNA strand breaks indicative of apoptosis. TUNEL assay showed that SB203580 (10 M) did not change the
percentage of TUNEL-positive endometriotic stromal cell after 24 hours. BrdU incorporation (B) and MTT proliferation assays (C) were
performed following treatments with SB203580 (| and 10 uM) for 24 hours. Inhibition of p38 MAPK did not result in change in the proliferation
of endometriotic cells compared to controls at any concentration used. MAPK indicates mitogen-activated protein kinase; ESC, endometrial
stromal cell; TUNEL, Deoxyuridine Triphosphate Nick End Labeling; BrdU, 5-bromo-2'-deoxyuridine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide.

previous studies that described high MCP-1 and IL-8 concen-
trations in peritoneal fluid of patients with endometriosis
strongly support this premise.'*'®%" In endometriotic cells, a
specific p38 MAPK inhibitor completely blocked IL-1B- or
TNF-a-induced p38 MAPK activation, whereas this inhibitory
effect only partially occurred on IL-1B- and TNF-a-induced
MCP-1 and IL-8 expression, indicating involvement of other
signaling pathways in IL-1 or TNF-a-mediated production of
these cytokines.>”

Another interesting finding is the temporal regulation of the
p38 MAPK activity in endometriotic cells but not in normal
endometrial cells throughout the menstrual cycle. In eutopic
and ectopic endometriosis tissues, higher p38 MAPK activity
in late proliferative and early secretory samples compared to
the remainder of the cycle may be associated with high estro-
genic dominance of the environment of endometriotic tissues.
In this regard, we previously demonstrated that E, induces the

phosphorylation of p38 MAPK in normal endometrium.**

Alternatively, increased E, production may exaggerate
cytokine-induced activation of p38 MAPK in endometriotic
cells since the peak of serum E, levels coincides with higher
p38 MAPK activity in endometriosis. Moreover, estrogen
receptor (ER) switching (increased ER/ERa) in ectopic versus
normal endometrium may be associated with changes in acti-
vation of p38 MAPK observed in endometriosis since augmen-
tation of ERP expression in ESCs inhibits E,-induced p38
MAPK phosphorylation.*'

Resistance to apoptosis in ectopic endometriosis implants
likely contributes to enhanced survival of endometriotic
cells.’>> Abundant evidence exists for the involvement of
p38 MAPK signaling in apoptosis/cell survival based on
concomitant activation of p38 MAPK and apoptosis by a
variety of influences such as neuronal growth factor with-
drawal and Fas ligation.”*° Cysteine proteases (caspases)
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are central to the apoptotic pathway, and p38 MAPK may
function as both upstream and downstream modulators of
caspases in apoptosis.’’®® However, the role of p38 MAPK
in apoptosis is cell type and stimulus-dependent. Although
p38 MAPK signaling has been shown to promote cell death
in some cell lines, it can also enhance survival, cell growth,
and differentiation in different cell lines.®""** Our in situ
observations revealing low rate of apoptosis in ectopic
endometrial implants is consistent with other studies.?*-*®
Moreover, the absence of any in situ correlation between
apoptosis rate and p38 MAPK activity in endometriosis
implants, and lack of effect of a p38 MAPK inhibitor on
cultured endometriotic cell proliferation/apoptosis observed
in the current study suggest that increased p38 MAPK sig-
naling is not involved in endometriotic cell proliferation or
apoptosis. Worth noting is that previous studies suggested
the role of activation of extracellular signal regulated
kinases 1 and 2 and protein kinase B signaling cascades
in endometriotic cell proliferation and resistance to apo-
ptotic cell death.®®®> However, further studies are required
to investigate the role of p38 MAPK in other endometriosis-
related cellular mechanisms, such as reactive oxygen spe-
cies—induced impaired immune response' and/or epithelial—
mesenchymal transition that induce fibrotic tissue forma-
tion, which Zheng et al have recently demonstrated to be
a hallmark of deep infiltrating endometriotic lesions.®®¢’

Due to restrictions in isolation and growing pure culture of
endometrial epithelial cells as well as their limitation in passa-
ging in culture, especially from ectopic sites, has prevented us
in performing in vitro comparisons of the role p38 MPAK
signaling in regulating proliferation, apoptosis, and cytokine
secretion in normal versus endometriotic epithelial cells.
Another limitation of the study was that the information about
stage and severity of endometriosis was not available in some
cases and, therefore, stage and severity of endometriosis were
not reported in this study.

In summary, we have demonstrated that p38 MAPK activity
is higher in both eutopic and ectopic epithelial and stromal cells
of patients with endometriosis compared to normal endome-
trium during late proliferative and early secretory phases.
Moreover, increased MAPK activity in endometriotic cells was
correlated with inflammatory cytokine production but not with
cell survival. Therefore, IL-13 and TNF-a induction of the p38
MAPK signaling pathway may contribute to the inflammatory
peritoneal milieu in women with endometriosis. Although the
p38 MAPK pathway is not directly involved in the survival of
ectopic endometriosis implants, p38 MAPK-mediated expres-
sion of pro-inflammatory cytokines such as IL-8 and MCP-1
may enhance cell survival thereby contributing to endometrio-
sis pathogenesis. Thus, the blockage of this pathway by using
specific p38 MAPK inhibitors that have been proven to lack
side effects may alleviate the inflammatory endometriotic envi-
ronment and, in turn, impede the establishment and progression
of endometriosis as previously shown in a murine endometrio-
sis model.®® Finally, in a BALB/c mouse with surgically
induced endometriosis, increased p38 activation is reported

in sensory nerve cells of the rostral-ventromedulla,”" support-
ing a potential role for this pathway in inflammation-mediated
endometriotic pain.®” Thus, the inhibition of the p38 MAPK
pathway may also provide a treatment option for
endometriosis-related pain or infertility in the future since
inflammatory environment may also cause decreased oocyte
quality and implantation.”® The molecular mechanism respon-
sible for endometriotic resistance to p38 MAPK inhibitor-
mediated inhibition of cell survival is an important subject for
future investigation.
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