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Several lines of evidence indicate that the Th2 im-
mune response is associated with endometriosis. Al-
though an increased concentration of interleukin
(IL)-4, a typical Th2 cytokine, has been reported in
endometriotic tissues, the implication of this for en-
dometriosis has not been determined. To investigate a
possible role of IL-4 in the development of endome-
triosis, we examined the presence of IL-4-producing
cells in endometriotic tissues and the effect of IL-4 on
proliferation of endometriotic stromal cells. Endo-
metriotic stromal cells were isolated from endometri-
otic tissues obtained from women undergoing sur-
gery for endometrioma. Immunohistochemistry of
endometriotic tissues revealed that IL-4-positive cells
were abundant in the stroma. The effect of IL-4 on
proliferation of endometriotic stromal cells was stud-
ied using cell counting and BrdU incorporation as-
says. IL-4 (0.1 to 10 ng/ml) significantly increased cell
number and BrdU incorporation in a dose-dependent
manner, and the proliferative effect of IL-4 was inhib-
ited by anti-IL-4 receptor antibody. IL-4-induced acti-
vation of mitogen-activated protein kinases in endo-
metriotic stromal cells was examined by Western
blotting. IL-4 induced phosphorylation of p38 mito-
gen-activated protein kinase, stress-activated protein
kinase/c-Jun kinase, and p42/44 mitogen-activated
protein kinase and inhibitors of these kinases sup-
pressed IL-4-induced proliferation of endometriotic
stromal cells. These findings suggest that prolifera-
tion of endometriotic stromal cells induced by locally
produced IL-4 is involved in the development of en-
dometriosis. (Am J Pathol 2008, 173:463–469; DOI:

10.2353/ajpath.2008.071044)

Endometriosis is an enigmatic disease that deteriorates
the health of women of reproductive age.1,2 A widely
believed etiology is that endometrial debris in retrograde
menstruation implants, survives and grows in the perito-
neal cavity.3 However, it remains unknown why endome-
trial implants develop to substantial endometriotic le-
sions. Numerous lines of evidence suggest that aberrant
immune responses and inflammatory reactions are in-
volved in the pathogenesis of endometriosis.4–6

Women with endometriosis have characteristics of au-
toimmune disease, such as increased polyclonal B-cell
activity, abnormalities in T- and B-cell function, and fa-
milial inheritance.5–7 High prevalence of autoimmune
disease in endometriotic women supports an autoim-
mune aspect of endometriosis.8 Allergies and asthma
are also reported at high rates in endometriotic women.
In addition, a recent genome-wide transcriptional pro-
filing study revealed that endometriosis exhibits a gene
expression signature reminiscent of other autoimmune
disorders.9

It is well known interleukin (IL)-4 is a distinguished
molecule in autoimmunity and allergy.10,11 In view of the
autoimmune and allergic background of endometriotic
women, IL-4 is speculated to play a role in the pathogen-
esis of endometriosis. The notion is underpinned by the
evidence that the levels of IL-4 mRNA and protein in
peripheral blood monocytes and peritoneal fluid cells are
elevated in women with endometriosis.12,13 However, lo-
calization of IL-4 and effects of IL-4 in endometriotic cells
have been unknown.

IL-4 exerts its effect on immune cells.11 In addition,
actions of IL-4 on several nonimmune cells have been
reported.10 Interestingly, IL-4 stimulates or inhibits cell
proliferation in different cells and settings.14 –19 The
biological function of IL-4 is mediated by a specific IL-4
receptor that is linked to several different intracellular
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signal cascades.11 To address the possible implication
of IL-4 in endometriosis, we studied localization of IL-4
in endometriotic tissues and effects of IL-4 on the
proliferation of endometriotic stromal cells (ESCs).

Materials and Methods

Reagents and Materials

Type I collagenase and antibiotics (mixture of penicillin,
streptomycin, amphotericin B) were purchased from
Sigma (St. Louis, MO). Dulbecco’s modified Eagle’s me-
dium/Ham’s F12 medium (DMEM/F12) and 0.25% tryp-
sin-ethylenediaminetetraacetic acid were from Life Tech-
nologies (Rockville, MD). Mitogen-activated protein
kinase (MAPK) inhibitors SB202190, SP600125, and
PD98059 [inhibitors for p38 MAPK, stress-activated pro-
tein kinase/c-Jun kinase (SAPK/JNK), and p42/44 MAPK,
respectively], a PKA inhibitor H89, and a nuclear factor
(NF)-�B inhibitor SN50 were from Calbiochem (La Jolla,
CA). Rabbit antibodies of total p38 MAPK, phosphory-
lated (phospho-) p38 MAPK, total SAPK/JNK, phospho-
SAPK/JNK, total p42/44 MAPK, and phospho-p42/44
MAPK were from New England BioLabs (Beverly, MA).
Mouse anti-human IL-4 antibody (MAB304), mouse an-
ti-human IL-4 receptor antibody (MAB230), and recom-
binant human IL-4 were from R&D Systems (Minneap-
olis, MN). Isotype mouse IgGs (IgG1 and IgG2a) were
from Dako Cytomation (Glostrup, Denmark). Charcoal/
dextran-treated fetal bovine serum was from Hyclone
(Logan, UT). Deoxyribonuclease I was from Takara
(Tokyo, Japan).

Collection of Tissues

Endometriotic tissues were obtained from patients (n � 32)
with ovarian endometriomas undergoing laparoscopy or
laparotomy after obtaining written informed consent un-
der a study protocol approved by the institutional review
board of the University of Tokyo. The mean age of the
patients was 35.2 years (SD, 5.7). These patients had not
received hormones or GnRH agonist for at least 3 months
before surgery. The stages of endometriosis were III (n �
14) and IV (n � 18), and the mean rASRM score was 56.6
(SD, 34.9). Endometriotic tissues were obtained from the
cyst wall of ovarian endometrioma. Samples were col-
lected under sterile conditions and transported to the
laboratory on ice in DMEM/F12.

Immunohistochemistry

Endometriotic tissue samples were washed in phos-
phate-buffered saline (PBS), embedded in OCT com-
pound (Sakura, Tokyo, Japan), and snap-frozen in liq-
uid nitrogen. Cryosections were cut at an 8-�m
thickness and mounted on poly-L-lysine-treated slides.
Sections were fixed in acetone for 30 minutes on ice
and washed in PBS for 5 minutes twice. Sections were
treated with 3% H2O2 for 15 minutes to eliminate en-
dogenous peroxidase. After blocking with nonspecific

staining blocking reagent, the sections were incubated
with 100 �g/ml of anti-human IL-4 antibody or 100
�g/ml of mouse IgG1 isotype control for 60 minutes at
room temperature and incubated with peroxidase-con-
jugated goat anti-mouse secondary antibody (labeled
polymer-horseradish peroxidase anti-mouse, Dako Cy-
tomation) for 30 minutes. Staining was detected with
the vector novaRED substrate kit (Funakoshi, Tokyo).
All sections were counterstained with hematoxylin and
evaluated under a light microscope. As a positive con-
trol, we stained amniochorionic membranes.20

Isolation, Purification, and Culture of ESCs

The procedure was performed as described previous-
ly.21–24 Briefly, endometriotic tissue was minced into
small pieces, incubated in DMEM/F12 with type I col-
lagenase (2.5 mg/ml) and deoxyribonuclease I (15
U/ml) for 1 to 2 hours at 37°C, and filtered through
nylon cell strainers with apertures of 100 �m, and then
70 �m. Stromal cells remaining in the filtrate were
centrifuged at 200 � g for 5 minutes, washed with PBS,
resuspended in DMEM/F12, and plated onto 100-mm
dishes and allowed to adhere at 37°C for 30 minutes,
after which nonadhering epithelial cells and blood cells
were removed with PBS rinses. ESCs were cultured in
DMEM/F12 containing 5% fetal bovine serum, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, and 0.25 �g/ml am-
photericin B. When the cells became confluent in 2 or
3 days, they were dissociated with 0.25% trypsin-eth-
ylenediaminetetraacetic acid, harvested by centrifuga-
tion at 200 � g for 5 minutes, replated in six-well plates
at 2 � 105 cells/well for reverse transcription and poly-
merase chain reaction (RT-PCR) and Western blotting,
or 96-well plates at 0.5 � 104 cells/well for cell prolif-
eration assay, and incubated at 37°C in a humidified
5% CO2/95% air environment for 24 hours. The com-
plete media were then removed and replaced with
fresh serum-free media containing antibiotics, and the
cells were cultured for an additional 24 hours. Purifica-
tion of the stromal cell population was determined by
immunocytochemical staining before confluency for
the following antibodies: vimentin (stromal cells), cyto-
keratin (epithelial cells), CD45 and CD68 (monocytes
and other leukocytes), and von Willebrand factor (en-
dothelial cells). The purity of the stromal cell was more
than 98%, as judged by positive cellular staining for
vimentin and negative cellular staining for cytokeratin,
CD45, CD68, and von Willebrand factor.

Treatment of ESCs

To evaluate dose effects of IL-4 on cell proliferation of
ESCs, the wells were replenished with serum-free media
with different concentrations of IL-4. To evaluate the ef-
fect of anti-IL-4 receptor neutralizing antibody on IL-4-
induced proliferation of ESCs, the cells were preincu-
bated with the antibody or isotype IgG2a for 30 minutes
before IL-4 treatment (1 ng/ml). To evaluate effects of
inhibitors of MAPK, PKA, and NF-�B on IL-4-induced
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proliferation of ESCs, the cells were preincubated with
SB202190 (10 �mol/L), SP600125 (10 �mol/L), PD98059
(25 �mol/L), mixture of all of the MAPK inhibitors, H89 (5
�mol/L), or SN50 (50 �mol/L) for 1 hour before IL-4
treatment. To evaluate proliferative effect of tumor necro-
sis factor (TNF)-� and IL-4 on ESCs, the cells were
treated with 1 ng/ml of IL-4 and/or 0.1 ng/ml of TNF-�. The
conditions of the treatment were determined with refer-
ence to our previous studies.21,25–27

Cell Proliferation Assay

To measure the proliferative activity of ESCs, we mea-
sured the cell number of ESCs and BrdU incorporation.
The number of ESCs was measured using cell counting
kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to
the manufacturer’s instructions. Briefly, ESCs were
treated with IL-4 for 72 hours, and 10-ml CCK-8 solu-
tions with tetrazolium salt WST-8 were added and in-
cubated at 37°C for an additional 2 hours. WST-8 is
bioreduced by cellular dehydrogenases to an orange
formazan product in culture medium. The amount of
formazan, which is directly proportional to the number
of living cells, was evaluated by measurement of the
optical density at 450 nm in the DigiScan microplate
reader (ASYS Hitech GmbH, Eugendorf, Austria). The
BrdU proliferation assay was performed as reported
previously23,24,28 using the Biotrak cell proliferation en-
zyme-linked immunosorbent assay system (Amersham
Biosciences, Little Chalfont, UK) according to the man-
ufacturer’s instructions. Briefly, ESCs were treated with
serum-free medium with different concentrations of
IL-4 (0.1 to 10 ng/ml) for 48 hours, and 100-�l BrdU
solutions were added and incubated at 37°C for an
additional 2 hours. After removing the culture medium,
the cells were fixed and the DNA denatured by the
addition of 200 �l/well fixative. The peroxidase-labeled
anti-BrdU bound to the BrdU incorporated in the newly
synthesized, cellular DNA. The immune complexes
were detected by the subsequent substrate reaction,
and the resultant color was read at 450 nm in the
DigiScan microplate reader.

RT-PCR

Total RNA was extracted from ESCs randomly selected
out of the study population, using the RNAeasy mini kit
(Qiagen, Hilden, Germany). RT was performed using
Rever Tra Ace-a (Toyobo, Tokyo, Japan). One �g of total
RNA was reverse-transcribed in a 20-�l total volume and
cDNA was amplified using oligonucleotide primers. IL-4
receptor primers (sense, 5�-CAAGCTCTTGCCCT-
GTTTTC-3�; antisense, 5�-TGCACAGAAGCTCCCTTTTT-
3�) were chosen to amplify a 238-bp fragment. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) primers
(Toyobo) were used to ensure RNA amounts. The PCR
condition of IL-4 receptor was 30 cycles at 98°C for 10
seconds, 60°C for 4 seconds, 74°C for 15 seconds. Each
PCR product was purified with a Qiaex II gel extraction kit
(Qiagen) and their identities were confirmed using an ABI

Prism 310 genetic analyzer (Applied Biosystems, Foster
City, CA).

Western Blotting

Western blotting was performed as reported previous-
ly.21,29 Cultured cells were homogenized in a lysis buffer
containing 50 mmol/L Tris/HCl (pH 6.8), 2% sodium do-
decyl sulfate, 10% glycerol, 50 mmol/L dithiothreitol, and
0.1% bromophenol blue, and diluted to 1 mg of total
protein/ml. Concentrations of total protein in the homog-
enized cells were measured by a protein assay kit (Bio-
Rad Laboratories, Hercules, CA). Samples were resolved
by 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. Proteins were blotted onto a nitrocellulose
membrane and incubated with rabbit antibodies to total
p38 MAPK (1:1000), to phospho-p38 MAPK (1:1000), to
total SAPK/JNK (1:1000), to phospho-SAPK/JNK (1:1000),
to total p42/44 MAPK (1:1000), or to phospho-p42/44
MAPK (1:1000), as primary antibodies, and anti-rabbit
horseradish peroxidase antibody (1:1000, Amersham
Biosciences) as a secondary antibody. Immune com-
plexes were visualized by the ECL Western blotting sys-
tem (Amersham Biosciences).

Statistical Analysis

Data were evaluated using analysis of variance with post
hoc analysis (Fisher’s protected least significance). A P
value less than 0.05 was accepted as significant.

Results

Immunoreactive Cells for IL-4 Were Present in
the Stroma of Endometriotic Tissue

Figure 1 shows the cells stained for IL-4 in the stroma of
endometriotic tissue. The number of IL-4-positive cells
was 14% of total cells. No staining was seen when mouse
IgG1 was used as a primary antibody.

Expression of IL-4 Receptor mRNA and
Proliferative Effect of IL-4 on ESCs

We first examined gene expression of the IL-4 receptor
in ESCs. As shown in Figure 2, RT-PCR analysis dem-
onstrated that IL-4 receptor mRNA was expressed in
ESCs. Next, we studied the proliferative effect of IL-4
on ESCs. As depicted in Figure 3A, IL-4 (0.1 to 10
ng/ml) increased the cell number of ESCs in a dose-
dependent manner. The increase at a dose of 10 ng/ml
was 1.4-fold of the control. IL-4 (0.1 to 10 ng/ml) also
increased BrdU incorporation in ESCs in a dose-de-
pendent manner (Figure 3B). To determine whether the
proliferative effect is mediated by IL-4 receptor on
ESCs, we used anti-IL-4 receptor neutralizing antibody
in addition to IL-4. In consequence, anti-IL-4 receptor
neutralizing antibody significantly inhibited IL-4-in-
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duced proliferation of ESCs approximately to the con-
trol level (Figure 3C).

IL-4-Induced Phosphorylation of p38 MAPK,
SAPK/JNK, and p42/44 MAPK in ESCs, and
Effect of MAP Kinase Inhibitors on IL-4-Induced
Proliferation of ESCs

With the aim to study intracellular signaling involved in
IL-4-induced proliferation of ESCs, we first examined
phosphorylation of p38 MAPK, SAPK/JNK, and p42/44
MAPK. As shown in Figure 4, IL-4 stimulated the phos-
phorylation of p38 MAPK, SAPK/JNK, and p42/44 MAPK.
We then tested inhibitors of these kinases for the inhibi-
tory effect on IL-4-induced proliferation of ESCs. As
shown in Figure 5, inhibitors of p38 MAPK (SB202190),
SAPK/JNK (SP600125), and p42/44 MAPK (PD98059)
significantly suppressed the IL-4-induced proliferation of

ESCs. A mixture of these inhibitors suppressed the IL-4-
induced proliferation more markedly. In contrast, inhibi-
tors of PKA and NF-�B did not affect the proliferative
effect of IL-4.

Effect of IL-4 on TNF-�-Induced Proliferation of
ESCs

It has been previously reported that TNF-� has prolifera-
tive effect on ESCs.30 We examined whether IL-4 has an
additional effect on TNF-�-induced proliferation of ESCs.
As shown in Figure 6, addition of IL-4 to TNF-� showed a
synergistic effect on ESC proliferation.

Discussion

In the present study, we demonstrated the presence of
IL-4-immunoreactive cells in the endometriotic tissue. Ex-
pression of IL-4 receptor was detected by RT-PCR in
ESCs. We then showed that IL-4 stimulated the prolifer-
ation of ESCs, which was inhibited by the addition of
anti-IL-4 receptor antibody. IL-4 stimulated the phosphor-
ylation of p38MAPK, SAPK/JNK, and p42/44 MAPK in
ESCs, and inhibitors of these MAPKs suppressed the
IL-4-induced proliferation of ESCs. IL-4 also exerted a
synergistic effect on TNF-�-induced proliferation of ESCs.
These findings suggest important roles of IL-4 in the
pathophysiology of endometriosis.

It has been shown that multiple immune cells, eg,
macrophages, T lymphocyte, NK cells, mast cells, eosin-

Figure 1. Immunohistochemistry of IL-4 in the human endometriotic tissue. Sections were immunostained with anti-human IL-4 antibody (IL-4), mouse IgG1
(control), and H&E. The result is representative of four separate experiments using samples from four different patients. Original magnifications: �100 (top); �400
(bottom).

Figure 2. Gene expression of IL-4 receptor in ESCs. The samples were
randomly selected out of the study population. Total RNA isolated from ESCs
of four women with endometriosis was reverse-transcribed and amplified by
PCR using primers for IL-4 receptor. Amplification of GAPDH was used to
ensure RNA amounts. Lane 5 is negative control with water.
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ophils, reside in endometriotic tissues.14,31,32 The im-
mune cells in endometriotic tissues are suggested to be
involved in the development of endometriosis by inducing
various events such as inflammation, proliferation, inva-
sion, angiogenesis, and fibrosis.4 In these events, cyto-
kines from the immune cells play important roles, acting
directly on ESCs or modulating other immune cell func-

tions. In the present study, we detected many IL-4-immu-
noreactive cells in the endometriotic tissue. This finding is
consistent with the report showing the increased expres-
sion of IL-4 mRNA and protein in lymphocytes in endo-
metriotic tissues.12 In addition, IL-4 stimulated the prolif-
eration of ESCs, suggesting that IL-4 plays as a local
mediator to grow endometriotic lesion. These findings
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women. *P � 0.01; **P � 0.0001 (each versus control). B: Effect of IL-4 on BrdU
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versus control). C: Effect of anti-IL-4 receptor neutralizing antibody on IL-4-
induced proliferation of ESCs. After the preincubation with either anti-IL-4
receptor neutralizing antibody or isotype IgG2a for 30 minutes, the cells were
treated with or without IL-4 for 72 hours. Proliferation of ESCs was evaluated by
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suggest that IL-4 is one of the cytokines in the immune
network in endometriosis that promote the progress of the
disease.

The present finding also has an implication in immu-
nology of endometriosis. Multiple lines of evidence have
shown that development of endometriosis is accompa-
nied by the activation of a Th2 immune response.12,13,33

Because IL-4 is a typical Th2 cytokine, our findings ex-
tend the notion that a Th2 immune response may directly
develop the disease through local IL-4 production. Inter-
estingly, our recent study suggested that IL-17 stimulates
the progress of endometriosis.25 IL-17 is a typical cyto-
kine of Th17 cells, a novel member of helper T lympho-
cytes that has been believed to be only Th1 and Th2 for
a long time. Therefore, both Th2 and Th17 immune re-
sponse could contribute to the pathogenesis of the dis-
ease. Further study is warranted to elucidate the precise
mechanism.

Anti-IL-4 receptor antibody abandoned the prolifera-
tion of ESCs induced by IL-4 in the present study. This
finding clearly demonstrates that the proliferative effect of
IL-4 on ESCs is exerted through its ligation to IL-4 recep-
tor. It also implies that blocking IL-4 action on ESCs
would be a possible treatment of endometriosis. Asthma
is a disease in which IL-4 contributes to inflammation and
airway obstruction. Aiming to develop a new drug for
asthma therapy, drugs that prevent IL-4 binding to its
receptor has been explored.34 A promising IL-4 receptor
antagonist is under clinical trials, and the drug also might
be useful in the treatment of endometriosis.

Downstream signal transduction of IL-4 receptor has
been known to be diverse. In this study, we have shown
that IL-4 activated p38 MAPK, SAPK/JNK, and p42/44
MAPK in ESCs. Moreover, inhibitors of p38 MAPK, SAPK/
JNK, and p42/44 MAPK suppressed IL-4-induced prolif-
eration of ESCs. We have observed similar findings in the
previous study that activation of p38 MAPK, SAPK/JNK,
and p42/44 MAPK were involved in the proliferation of
ESCs by PAR2 activation.21 We have also reported that
activation of p38 MAPK is higher in endometriotic tissues
as compared to eutopic endometrium, and p38 MAPK

inhibitor reduces endometriotic tissue in the experimental
mouse model of endometriosis.35,36 Taken together, it is
plausible that MAPKs are mediators used in common with
various pro-endometriotic molecules and play a pivotal
role in the development of endometriosis.

It is generally conceptualized that pelvic inflammation
is a promoting factor for endometriosis. Increased acti-
vated macrophages in the peritoneal cavity of endometri-
otic women are suggested to produce proinflammatory
cytokines and sustain self-perpetuating inflammation.
TNF-� is a typical proinflammatory cytokine that plays
multiple roles in the progression of endometriosis,30,37,38

and TNF-�-targeted suppression by specific drugs has
been shown to inhibit the development of endometriosis
in baboons.39,40 The present study demonstrated the
synergistic effect of IL-4 and TNF-� to stimulate the pro-
liferation of ESCs. The finding is interesting in that Th2
immune response may accelerate the progress of the
disease in synergy with another inflammatory mediator.

In the present study, we used the tissues from ovarian
endometrioma. It is suggested that endometriosis of
ovarian, peritoneal, or deep pelvic lesions has different
characteristics. In particular, a high steroid environment
may affect ovarian lesions. It is well known that ovarian
steroids have influence on various immune cells includ-
ing T cells.41 Circulating IL-4 levels are demonstrated to
be increased by estrogen.42,43 Therefore, a degree of
contribution of IL-4 to the development of endometriosis
might somehow be different in endometriotic lesions out-
side the ovary. Lastly, we would like to remark that the
present study demonstrated the IL-4 effects on the pro-
liferation and intracellular signaling in ESCs by the in vitro
experiments. Further studies using in vivo animal models
would be warranted to elucidate a definitive role of IL-4 in
endometriosis.

In summary, the present study demonstrated that IL-
4-immunoreactive cells are present in endometriotic tis-
sues and that IL-4 stimulates the proliferation of ESCs.
These findings suggest that locally produced IL-4 may be
involved in the development of endometriosis.
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