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Dysfunction in macrophage-mediated phagocytosis
of aberrant cells that undergo retrograde transport to
the peritoneal cavity is considered an important fac-
tor in the development of endometriosis. However,
the mechanisms responsible for the loss of function
of macrophages remain largely unknown. Herein, we
report that prostaglandin (PG) E2, via the EP2 recep-
tor-dependent signaling pathway, inhibits the ex-
pression of CD36 in peritoneal macrophages, result-
ing in reduced phagocytic ability. PGE2-mediated
inhibition of macrophage phagocytic capability was
restored by ectopic expression of CD36. Treatment
with PGE2 inhibited CD36-dependent phagocytosis of
peritoneal macrophages and increased the number
and size of endometriotic lesions in mice. In con-
trast , blockade of PGE2 production by cyclooxygen-
ase inhibitors enhanced the phagocytic ability of
peritoneal macrophages and reduced endometri-
otic lesion formation. Taken together , our findings
reveal a potential mechanism of immune dysfunc-
tion during endometriosis development and may
contribute to the design of an effective prevention/
treatment regimen. (Am J Pathol 2010, 176:850–860;
DOI: 10.2353/ajpath.2010.090551)

Endometriosis is a highly prevalent gynecological dis-
ease with complex etiology. The cost of treating endome-
triosis patients has been estimated to be $22 billion an-
nually in United States.1 A growing body of evidence
suggests that retrograde menstruation is a major contrib-
uting factor in the development of endometriosis.2–4 Dur-
ing menstruation, shed endometrial tissues may move

retrogradely through the fallopian tube to the peritoneal
cavity. In most cases, the retrograded tissues will be
cleared by immune cells, especially macrophages, re-
cruited to the peritoneum.5,6 The recruited peritoneal
macrophages either activate other immune cells (such as
nature killer cells and lymphocytes) to launch anti-prolif-
eration responses or directly phagocytose any incongru-
ous cells.7 Ideally, immune system activation would im-
pair ectopic cell growth and even eliminate such cells.
Owing to mechanisms unknown, however, infiltrated
macrophages fail to mount an efficient phagocytic re-
sponse, thus allowing the implantation and propagation
of endometrial tissues ectopically.

Macrophage phagocytic function is mediated by scav-
enger receptors present on the macrophage plasma
membrane.8,9 Scavenger receptors are a family of struc-
turally diverse receptors having broad ligand specificity
that includes low-density lipoproteins, phosphatidylser-
ine, polyanions, and apoptotic cells.10–12 The known
scavenger receptors that participate in phagocytosis of
apoptotic cells include class A and B scavenger recep-
tors (SR-AI, SR-AII, SR-AIII, SR-BI, SR-BII, and SR-
BIII).11,13,14 Reduced expression of any one of these
scavenger receptors may result in loss of phagocytic
ability. We previously demonstrated that peritoneal mac-
rophages isolated from endometriosis patients had lower
SR-BIII (better known as CD36) expression and dis-
played reduced phagocytic ability.15 However, the un-
derlying mechanism responsible for the reduced expres-
sion of CD36 was unclear.

The CD36 cDNA predicts a polypeptide of 55 kDa with
10 potential N-linked glycosylation sites.16 Depending on
the cell type, CD36 displays different molecular masses
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(77, 88, or 94 to 120 kDa) corresponding to different
glycoforms.17,18 The expression of a mature plasma sur-
face CD36 during monocyte/macrophage differentiation
includes the synthesis of a 72- to 74-kDa intracellular
precursor as a resident protein of the endoplasmic retic-
ulum; subsequent cleavage and differential glycosylation
of this precursor yields a mature 88- to 120-kDa receptor.
Increased expression of CD36 in macrophages is associ-
ated with the development of atherosclerosis and Alzhei-
mer’s disease.8,19–21 In addition, CD36 has been shown to
transduce signals regulating apoptotic and inflammatory
responses in endothelial cells and macrophages.22–24

These data suggest that CD36 is a critical scavenger re-
ceptor controlling the phagocytic potential of macrophages
and is associated with important human diseases.

Prostaglandin E2 (PGE2), the product of cyclooxygen-
ase (COX), is a multifunctional eicosanoid that regulates
many important physiological and pathological proce-
sses.25 PGE2 function is mediated through its binding to
cognate receptors in the plasma membrane. There are
four PGE2 receptors in mammals, namely EP1, EP2, EP3,
and EP4. Because each EP receptor utilizes a different
signal transduction pathway, the downstream conse-
quence(s) of PGE2 action is distinctively different de-
pending on which receptor it binds to.25 A growing body
of evidence indicates that PGE2 contributes to the patho-
physiology of endometriosis.3,26 The concentrations of
PGE2 in peritoneal fluid are higher in women with endo-
metriosis compared with disease-free women,27 and this
PGE2 is considered to play multiple roles in the etiology of
endometriosis.3,28 Because CD36 expression is down-
regulated in peritoneal macrophages but not periph-
eral blood-derived mononuclear cells of women with
endometriosis,15 we hypothesized that reduced ex-
pression of CD36 may be mediated by local factors,
such as PGE2, present in the peritoneal fluid of endo-
metriosis patients. This study was designed to charac-
terize the mechanisms underlying the reduced expres-
sion of CD36, and thus the phagocytic ability of
macrophages, in patients with endometriosis.

Materials and Methods

Chemicals and Antibodies

The mouse monoclonal antibody against human CD36,
rabbit polyclonal anti-human CD36, PGE2, and AH6809
(EP2 antagonist) were purchased from Cayman Chemi-
cal (Ann Arbor, MI). Fluorescein isothiocyanate (FITC)-
conjugated monoclonal anti-human CD36 was from Ab-
cam (Cambridge, UK). FITC-conjugated anti-mouse IgA
was from Molecular Probes (Carlsbad, CA). Anti-�-actin
was from Oncogene Research Products (Cambridge,
MA). The Complete cocktail of protease inhibitors was
purchased from Roche (Mannheim, Germany). Indo-
methacin, ketorolac, NS-398, 12-O-tetradecanoylphorbol
13-acetate (TPA), H89, and U0126 were purchased from
Sigma-Aldrich (St. Louis, MO). ONO-D1-004 (EP1 ago-
nist), ONO-AE1-259-01 (EP2 agonist), ONO-AE-248 (EP3

agonist), and ONO-AE1-329 (EP4 agonist) were a kind
gift from Ono Pharmaceutical Co. Ltd. (Tokyo, Japan).

Patients

Endometriosis patients were diagnosed and classified
according to the revised classification of the American
Society of Reproductive Medicine.29 Criteria for recruiting
human subjects were as described.27 In the control
group, women undergoing laparoscopy for benign gyne-
cological conditions (uterine myoma and tubal factor)
were recruited. All patients were of reproductive age with
normal menstrual cycles. The patients were not receiving
any endocrine therapy, such as GnRH analog, danazol,
or pseudopregnancy therapy. The following cases were
excluded from the study: malignant neoplasms other than
cervical carcinoma in situ, ovarian neoplasms, pelvic in-
flammation, and pregnancy. Peritoneal macrophage spec-
imens were obtained from patients scheduled for laparot-
omy or laparoscopy at the Department of Obstetrics and
Gynecology, National Cheng Kung University Hospital.
The experimental procedure was approved by the Clini-
cal Research Ethics Committee at the National Cheng
Kung University Medical Center, and informed consent
was obtained from each patient.

Peritoneal Macrophage Isolation and Treatment

Macrophages were isolated as described27 from the
peritoneal fluid of each individual, which was collected in
a sterile manner at the time of laparoscopy. The purity of
peritoneal macrophages was greater than 95% as deter-
mined by flow cytometry.27 Purified peritoneal mononu-
clear cells were allowed to adhere to the surface of
30-mm Petri dishes for 30 minutes in the presence of 2 ml
of Dulbecco’s modified Eagle’s medium/F12 supple-
mented with 10% fetal bovine serum and cultured in a
humidified atmosphere with 5% CO2 at 37°C. Peritoneal
macrophages were treated with vehicle control, PGE2

(0.1, 1, or 10 �mol/L), EP1 agonist (ONO-D1-004, 10
�mol/L), EP2 agonist (ONO-AE1-259-01, 10 �mol/L), EP3
agonist (ONO-AE-248, 10 �mol/L), or EP4 agonist (ONO-
AE1-329, 10 �mol/L) for 12 or 24 hours. In a separate
experiment, macrophages were incubated with vehicle,
PGE2 (1 �mol/L), or combined PGE2 with H89 (10 �mol/
L), U0126 (1 �mol/L), or AH6809 (10 �mol/L) for various
times as indicated in the figure legends, and then the
cells were collected for CD36 mRNA and protein quanti-
fication or phagocytosis activity assay.

Macrophage Phagocytosis Assay

Macrophages (2 � 105 cells/ml) were mixed with 2 �l of
FITC-labeled beads (109 beads/ml; fluoresbrite carboxy-
late 0.75-�m-diameter microspheres; Polysciences, Inc.,
Warrington, PA) for 1 hour with shaking at 37°C. The
unbound beads were separated from cells using density
gradient centrifugation in 2% bovine serum albumin. The
binding of fluorescent beads to macrophages was deter-
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mined by flow cytometry or by scanning confocal laser
microscopy (Leica TCS SPII, Nussloch, Germany).

Detecting CD36 by Flow Cytometry and
Immunofluorescence Imaging

Human macrophages were incubated first with a
mouse monoclonal anti-human CD36 for 60 minutes on
ice and second with an FITC-conjugated anti-mouse
IgA for 60 minutes on ice in the dark. Mouse IgA was
used as isotype control. Flow cytometry was performed
in a FACScan machine (Becton Dickinson, Mountain
View, CA), and at least 10,000 cells were analyzed
using Cell Quest software (Becton Dickinson). For im-
munoimaging, macrophages were rinsed twice with
PBS, fixed with 3.7% buffered paraformaldehyde, per-
meabilized with 0.5% (w/v) Triton X-100 for 15 minutes,
and then stained with Hoechst 33258 and FITC-conju-
gated mouse monoclonal anti-CD36 for 15 minutes on
ice in the dark. The cells were then detected by scan-
ning confocal laser microscopy.

Real-Time Reverse Transcription-PCR

Procedures for RNA isolation, concentrations and quality
determination, and real-time reverse transcription (RT)-
PCR were as described.30–32 A negative control that
omitted reverse transcriptase was included in all experi-
ments during the reverse transcription step to ensure that
RNA samples were free of genomic DNA contamination.
All primers used in this study are listed in Table 1.

Forced Expression of CD36

Human CD36 cDNA was purchased from Becton Dickinson
and subcloned into pTagRFP-N vector. The pTagRFP-N/
CD36 fusion plasmid was then transiently transfected into
macrophages using MicroPorator MP-100 (Digital Bio

Technology, Seoul, Korea). Transfection efficiency was
evaluated by direct examination via epifluorescence
microscopy.

Animals

Mature (8 to 10 weeks old) female C57BL/6NCrj mice
were purchased from the Animal Center at the College of
Medicine, National Cheng Kung University. The mice
were maintained on standard chow and water, which
were available ad libitum, in animal facilities illuminated
between 0600 and 1800 hours. All procedures were per-
formed in accordance with the Guidelines of the National
Cheng Kung University Animal Center for the handling of
laboratory animals.

Surgical Induction of Endometriosis

Endometriosis was surgically induced in female mice
(C57BL/6NCrj) using a technique modified from a previ-
ous report.33 Briefly, to increase the amount of endome-
trium harvested, the donor mice were implanted subcu-
taneously with capsules containing 17�-estradiol (25
�g/ml dissolved in sesame oil) for 2 days. Mice were
anesthetized with sodium pentobarbital, and their uterine
horns were removed and endometrial fragments were
obtained by peeling off the serosa and myometrium
gently. After rinsing with sterile culture medium, endome-
tria were cut to 5 mm � 5 mm pieces using a razor blade.
Eight pieces of minced endometrial fragments sus-
pended in 0.5 ml PBS were injected into recipients with
an 18-gauge needle through the abdominal wall just be-
low the umbilicus into the peritoneal cavity. Mice were
randomly assigned to experimental groups of 10 animals
each and treated with PGE2 (3 mg or 15 mg per kg body
weight), ketorolac (10 mg/kg body weight), NS398 (10
mg/kg body weight), indomethacin (10 mg/kg body
weight), or vehicle subcutaneously in a double-blind set-

Table 1. Sequences of Primers Used in this Study

Gene Symbol NCBI ref # Sense Antisense
Amplicon

length (bp)

Human
CD36 NM_000072 5�-AGATGCAGCCTCATTTCCAC-3� 5�-CGTCGGATTCAAATACAGCA-3� 101
SCARB1 (SR-BI) NM_001082959 5�-AGATCCTGAAGGGCGAGAAG-3� 5�-CGGTGTCGTTGTTGTTGAAG-3� 102
SCARB2 (SR-BII) NM_005506 5�-CCAAATCAGGAAGACCATGAG-3� 5�-TCCCGTTTCAACAAAGTCATC-3� 126
MSR1 (SR-AI) NM_138715 5�-CTGGTCCAATATGGCTGAATG-3� 5�-CAGAATGTGAACAGGCTCTTG-3� 102
MARCO (SR-AII) NM_006770 5�-GAGTGGAAACACATTAAGACCA-3� 5�-ATGACTGTCCAGAGGTGAAG-3� 133
SCARA3 (SR-AIII) NM_182826 5�-TTTCCTGGAAGTCGAGGAC-3� 5�-GCCATATTGGACCAGTACTTA-3� 115
RN1BS1 (18S) NR_003286 5�-GTGTGCCTACCCTACG-3� 5�-TGACCCGCACTTACTC-3� 114
OAS1 NM_016816 5�-TGGTTGTCTTCCTCAGTCCTC-3� 5�-CTCTCTTTGACAGGCTTCACG-3� 104
PTGER1 (EP1)* NM_000955 5�-CTGCCCATCTTCTCCATGAC-3� 5�-CCGGGTACTGCAGCTCATAG-3� 442
PTGER2 (EP2)* NM_000956 5�-TGCTGCTTCTCATTGTCTCG-3� 5�-CGACAACAGAGGACTGAACG-3� 388
PTGER3 (EP3)* NM_000957 5�-ATGCTGCTCACTGGTTTCG-3� 5�-TCTTCATGTGGCTCGCATAC-3� 340
PTGER4 (EP4)* NM_000958 5�-TGTGAACCCCATCCTAGACC-3� 5�-CCAAGGCCATTTTCACTGAG-3� 273

Mouse
Cd36 NM_007643 5�-CTTGAAGAAGGAACCACTGC-3� 5�-GTTCTTTGCCACGTCATCTG-3� 108
Scarb1 (SR-BI) NM_016741 5�-TTTATGAACCGCACAGTTGG-3� 5�-TTTATGGGAAGCATGTCTGG-3� 83
Scarb2 (SR-BII) NM_007644 5�-TTATCGAAGCCATGCTGAAAG-3� 5�-AAATATGGACGAGGGACAAGA-3� 108
Msr1 (SR-AI) NM_031195 5�-GGAAGAAGAAGAGGGTCTGTCA-3� 5�-CTGGCTCAAGCTGTTGTCAT-3� 85
Gapdh NM_008084 5�-GGAGATTGTTGCCATCAACG-3� 5�-GAATTTGCCGTGAGTGGAGT-3� 85

All primers listed were used for both conventional and real time PCR except those labeled with asterisks.
*Primers for conventional PCR.
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ting. Treatment was initiated on postoperative day 1 and
continued to 1 day before sacrifice to determine and
compare the effects of PGE2 or COX inhibitors on disease
establishment and progression. All treatment periods
were 4 weeks in duration, and the mice were monitored
daily. No evidence of toxicity was noted at the doses ad-
ministered based on body weight, food consumption,
grooming behavior, or activity levels compared with con-
trols. All of the inhibitors were suspended in PBS in sterile
water by vigorous agitation for 15 minutes just before ad-
ministration. Control mice similarly received daily injection of
sterile PBS. All of the reagents used were labeled with only
a code to ensure that all personnel involved in the experi-
ment remained blind to the treatments.

Isolation of Peritoneal Macrophages from Mice

Mice were sacrificed by CO2 asphyxiation, and perito-
neal fluid was collected by lavaging the peritoneum twice
with 5 ml ice-cold growth media (glucose-free RPMI 1640
media supplemented with 10% fetal bovine serum, 100
IU/ml penicillin, 100 �g/ml streptomycin sulfate, and
0.625 �g/ml fungizone, 10 mmol/L HEPES pH 7.4), fol-
lowed immediately by analysis. Cells were counted with
the use of a hemocytometer. After 30 minutes, plates
were washed twice to remove nonadherent cells, result-
ing in approximately 95% pure monocytes as assessed
by CD14 staining.27

Measurement of PGE2 in the Peritoneal Fluid of
Mice

The PGE2 concentration in peritoneal fluid flushed from
each mouse was measured with the Monoclonal PGE2

EIA kit (Cayman, Ann Arbor, MI) as described.27 Be-
cause the peritoneal fluid collected was flushed with 10
ml low-glucose growth media, the absolute concentration
of PGE2 in peritoneal fluid could not be calculated. There-
fore, the PGE2 concentrations measured by enzyme im-
munoassay were normalized against PGE2 concentra-
tions of sham control (disease-free) mice.

Statistical Analysis

The data are expressed as the mean � SD and were
analyzed by one-way analysis of variance using GraphPad
Prism 4.02 (GraphPad Software, San Diego, CA). Tukey’s
procedures were used to test differences between individ-
ual treatment groups, whereas Dunnett’s test was applied to
compare treatment groups verses control groups once sig-
nificance was established by the F-test. The Student’s t-test
was used for two-sample comparisons.

Results

PGE2-Induced Suppression of Macrophage
CD36 Expression and Phagocytic Activity

Toward our goal of addressing mechanistic issues, we
first aimed to identify local-acting factors that could

contribute to the observed reduced expression of
CD36 in endometriotic peritoneal macrophages. We
screened several previously identified candidate fac-
tors (including PGE2) that are elevated in peritoneal
fluid of women with endometriosis34 for their potential
effects on the mRNA levels of scavenger receptors,
and we found that PGE2 potently down-regulated CD36
mRNA level in macrophages (Figure 1A). In contrast,
other class A and class B scavenger receptors (SR-AI,
SR-AII, SR-BI, and SR-BII) were not affected by PGE2

treatment. Transcripts of SR-AIII were not detected in
macrophages (Figure 1A).

Next, we used quantitative RT-PCR to test whether
PGE2 can inhibit CD36 mRNA expression in both normal
and endometriotic peritoneal macrophages. In normal
macrophages, the level of CD36 mRNA increased over
time in the absence of PGE2, indicating auto-activation of
macrophages when cultured on a solid surface (Figure
1B). Treatment with PGE2 acutely and profoundly inhib-
ited CD36 expression in macrophages derived from nor-
mal women, as well as endometriosis patients (Figure
1B). Notably, the basal level of CD36 mRNA in endometri-
otic macrophages was significantly lower than that in
normal macrophages, and the level in PGE2-treated nor-
mal macrophages was similar to that in endometriotic
macrophages without PGE2 treatment after 24 hours (Fig-
ure 1B). These results implied that reduced expression of
CD36 in endometriotic macrophages is likely due to ex-
posure to PGE2 in the peritoneal fluid of women with
endometriosis.

To test whether the pattern of CD36 expression we
observed is a unique feature of peritoneal macro-
phages, human U937 monocytic cells were induced by
TPA (10 nmol/L) to differentiate into macrophages, and
levels of CD36 were determined after PGE2 treatment.
Indeed, CD36 expression was observed in TPA-in-
duced U937 cells. Similar to what was observed in
human peritoneal macrophages, the levels of CD36
mRNA in TPA-induced U937 cells increased with time
in culture (Figure 1C), and treatment with PGE2 signif-
icantly decreased the levels of CD36 mRNA and pro-
tein (Figure 1, D and E). These data demonstrated that
regulation of CD36 by PGE2 is a common phenomenon
of the monocyte/macrophage lineage.

PGE2-Induced Suppression of CD36 Expression
Is Mediated by the EP2 Receptor

We next addressed the mechanism of PGE2-induced
suppression of CD36 expression. Results from RT-PCR
revealed that all four EP receptors were expressed by
macrophages, with no substantial difference between
normal and endometriotic cells (Supplemental Figure S1
at http://ajp.amjpathol.org). Treatment of macrophages
with PGE2 (1 or 10 �mol/L) and various EP receptor
agonists revealed that PGE2-induced inhibition of CD36
expression was mediated by the EP2 receptor (Figure
2A). These data were supported by the result that treat-
ment with the EP2 receptor antagonist (AH6809) or inhib-
itors of signaling kinases (protein kinase A and mitogen-
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activated protein kinase kinase) acting downstream of
the EP2 receptor significantly blocked PGE2-induced
CD36 down-regulation (Figure 2B). Concordant with the
mRNA data, the membrane form of CD36 was markedly
decreased in PGE2-treated macrophages, whereas ad-
ministration of the EP2 receptor antagonist abolished that
down-regulation (Figure 2C). These results were con-
firmed by confocal microscopy, which clearly showed a
reduction in CD36-specific fluorescence intensity in PGE2-
treated macrophages but not in macrophages pre-treated
with AH6809 (Figure 2D).

Down-Regulation of CD36 by PGE2 Inhibits
Phagocytosis

To directly test whether PGE2 treatment of macrophages
inhibited their phagocytic function, macrophages iso-
lated from normal women (those with high CD36 levels
and a high level of phagocytic ability) were treated with
PGE2; indeed, PGE2 significantly decreased both the
phagocytic capacity of each cell and the total number of
phagocytic cells (Figure 3, A and B). Both effects were
reversed by co-treatment with the EP2 receptor antago-
nist (Figure 3, A and B). These flow cytometry results
were confirmed by confocal laser microscopy, which
could distinguish phagocytosed beads from potentially
adhered beads. Figure 3C shows representative images
of macrophages with ingested beads, the mean values of
which were 15.0 � 1.5, 4.7 � 1.1, and 10.3 � 1.5 in the
control, PGE2-, and PGE2�AH6809-treated groups, re-
spectively (Figure 3D). These results demonstrated that

PGE2 suppresses macrophage phagocytosis via an EP2
receptor-dependent pathway.

Ectopic Expression of CD36 Rescues
PGE2-Inhibited Phagocytosis

We next used a CD36 overexpression approach to dem-
onstrate that CD36 is indispensable for PGE2-mediated
suppression of the phagocytic ability of peritoneal mac-
rophages. Human CD36 cDNA was ectopically ex-
pressed in peritoneal macrophages isolated from women
with endometriosis (those with low CD36 levels) to restore
phagocytic ability. After trying all currently available
methodologies, electroporation yielded the best result
with roughly 25% of macrophages being successfully
transfected with full-length human CD36 cDNA (data not
shown). Ectopic expression of CD36 in endometriotic
macrophages enhanced phagocytic ability (Figure 4, A
and B). More significantly, PGE2-inhibited phagocytic
ability was also restored by ectopic expression of CD36
(Figure 4, A and B). The mean number of beads ingested
by macrophages was higher in groups with ectopic ex-
pression of CD36, whereas the total number of macro-
phages with phagocytic ability was not significantly in-
creased owing to the small percentage of macrophages
that were successfully transfected. Nevertheless, these
data clearly demonstrated that ectopic expression of
CD36 is sufficient to rescue the loss of phagocytic ability
in low-CD36 endometriotic macrophages and in PGE2-
treated macrophages.

Figure 1. PGE2 inhibits CD36 expression in normal and
endometriotic macrophages. A: Macrophages from nor-
mal women were treated with 10 �M PGE2 or vehicle for
24 hr, and expression of scavenger receptors was deter-
mined by RT-PCR. This experiment was done four times
using different batches of macrophages, and the results
were similar. B: Normal (N) and endometriotic (E) mac-
rophages were cultured for different periods as indi-
cated in the absence (control) or presence of PGE2, and
levels of CD36 were quantified by real-time quantitative
RT-PCR. Data represent the mean and standard devia-
tion (SD) of four independent experiments using differ-
ent batches of cells and were analyzed by ANOVA with
repeated measurement. C: U937 monocytic cells were
treated with 10 nM TPA for various periods as indicated,
and CD36 mRNA expression was quantified by real-time
quantitative RT-PCR. Data represent the mean and SD of
three independent experiments. D, E: U937 cells were
incubated with TPA for 48 hr and then treated with PGE2

(10 �M) for 24 hr or 48 hr. Expression of CD36 mRNA
(D) and protein (E) was determined (�-actin served as a
loading control). The arrowhead indicates the glycosy-
lated membrane form of CD36. Molecular size markers
(kDa) are shown to the left. *P � 0.05, **P � 0.01.
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PGE2 Promotes the Formation of Endometriosis
in Vivo

The in vitro experiments demonstrated that PGE2 inhibits
the phagocytic capability of macrophages, primarily via
EP2 receptor-mediated down-regulation of CD36. Thus,
we next asked whether this indeed contributes to the

development of endometriosis in vivo. To address this
possibility, we established a mouse model of endometri-
osis. Induction of endometriosis in mice resulted in nu-
merous intestinal and mesenteric adhesions (Figure 5A).
The endometriotic lesions were large, cystic, and vascu-
larized, grossly resembling the human disease (Figure 5,
A and B). Four weeks after induction of endometriosis,

Figure 2. Inhibition of CD36 by PGE2 is mediated by the EP2 receptor signaling pathway. A: Macrophages isolated from normal women were treated with vehicle,
PGE2 (1 �M), or selective agonists for EP1 (ONO-D1-004, 10 �M), EP2 (ONO-AE1-259-01, 10 �M), EP3 (ONO-AE-248, 10 �M), or EP4 (ONO-AE1-329, 10 �M)
for 12 hr. CD36 mRNA expression was detected by real-time quantitative RT-PCR. B: Macrophages isolated from normal women were treated with PGE2 (1 or 10
�M) or PGE2 plus inhibitors as indicated for 12 hr, and CD36 mRNA expression was determined by real-time quantitative RT-PCR. C: Macrophages isolated from
normal women were treated with vehicle (Con), PGE2, or PGE2�AH6809 (10 �M) for 96 hr, and CD36 expression was assessed by staining with anti-CD36
antibody or isotype-matched FITC-IgA (isotype control) followed by quantification via flow cytometry. Representative flow cytometric data are shown in the left
panel. The right panel shows the mean and SD of four independent experiments using different batches of peritoneal macrophages. D: Representative confocal
images show CD36 staining in macrophages isolated from normal women treated with vehicle (Con), PGE2, or PGE2�AH6809 as described in (C). This experiment
was done four times using different batches of cells. *P � 0.05, **P � 0.01, ***P � 0.001.

Figure 3. PGE2 inhibits phagocytosis via the EP2
receptor–dependent signaling pathway. A: Mac-
rophages isolated from normal women were
treated with vehicle (Con), anti-CD36, PGE2 (1
�M), or PGE2 plus EP2 antagonist (AH6809, 10
�M) for 24 hr, and fluorescence intensity was
determined by flow cytometry. M0: no bead was
ingested; M1: with at least one bead ingested.
B: Mean and SD of M1 obtained from four ex-
periments using different batches of cells. C: Rep-
resentative confocal microscopic images of
phagocytic macrophages isolated from normal
patients. Macrophages were treated with vehi-
cle (Con), PGE2, or PGE2�AH6809 and then
incubated with FITC-conjugated beads for 1 h.
D: Mean and SD of the number of beads
phagocytosed by macrophages isolated from
normal women after treatment with vehicle
(Con), PGE2, or PGE2�AH6809. Four indepen-
dent experiments using different batches of
macrophages were conducted, and at least 20
cells per experiment were counted. *P � 0.05,
**P � 0.01, ***P � 0.001.
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the PGE2-treated groups displayed significant gross vas-
cularity and hyperemia within the lesions, as compared
with controls (Figure 5C). Microscopic examination re-
vealed that the cystic tissues contained endometrial
stroma and epithelium, again resembling human endo-
metriotic lesions (Figure 5B).

We then analyzed levels of CD36 mRNA in macro-
phages isolated from peritoneal fluid of mice treated with

vehicle or a low dose (3 mg/kg body weight) or high dose
(15 mg/kg body weight) of PGE2. Quantitative RT-PCR
revealed a significant dose-dependent decrease in CD36
mRNA levels in peritoneal macrophages of PGE2-treated
mice (Figure 6A), which was consistent with results for
human macrophage experiments (Figure 2A). The mRNA
level of other scavenger receptors such as SR-AI, SR-BI,
and SR-BII in mouse peritoneal macrophages did not

Figure 4. Ectopic expression of CD36 rescues
PGE2-inhibited phagocytosis. A: Macrophages
isolated from women with endometriosis were
transfected with vector (as a control) or vector
containing human CD36 cDNA (hCD36) for 24
hr. Cells were then treated without or with PGE2,
and phagocytic ability was determined by flow
cytometry. M0: no bead was ingested; M1: with
at least one bead ingested. B: Mean and SD of
phagocytic ability (upper panel) and percent of
phagocytic cells (lower panel) from four inde-
pendent experiments using different batches of
macrophages. *P � 0.05.

Figure 5. Macroscopic and microscopic images of endometriotic-like lesions in female C57BL/6NCrj recipients after syngeneic uterine tissue transfer. A: Four
weeks after injection, a recipient displayed significant gross vascularity and hyperemia within the lesion and marked vascular recruitment along the periphery of
the peritoneal attachment site (arrows). Ut: uterus; B: bladder. The inset shows the endometrial tissue peeled from a donor mouse. Eight pieces of such
endometrial fragments were injected into the peritoneal cavity of each recipient. B: Representative images showing H&E–stained adhesive endometriotic tissues
in a surgery-induced endometriotic mouse. The right panel is a high-magnification image from the square indicated in the left panel. S: stroma, Epi: epithelium.
C: Macroscopic images of endometriotic-like lesions in mice treated with vehicle (Con), PGE2 (3 mg/kg-body weight), PGE2 (15 mg/kg-body weight), COX-1
inhibitor (ketorolac, 10 mg/kg body weight), COX-2 inhibitor (NS398, 10 mg/kg body weight), or nonselective COX-1/COX-2 inhibitor (indomethacin, 10 mg/kg
body weight).
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differ between vehicle and PGE2-treated groups (Supple-
mental Figure S2A at http://ajp.amjpathol.org). Interestingly,
CD36 levels on macrophages correlated inversely with the
number of adherent lesions in mice (Figure 6B). The total
wet-weight of endometriotic-like tissues was greater in mice
treated with 3 mg/kg body weight PGE2 compared with
vehicle-treated mice (Figure 6C). Mice treated with 15
mg/kg body weight PGE2 developed diarrhea, and thus the
cystic lesion weight was not statistically different (P �
0.084) from vehicle-treated mice (Figure 6C).

To characterize whether the observed increase in endo-
metriotic adhesive lesions in PGE2-treated mice was due to
decreased phagocytic ability of macrophages, a phagocy-
tosis assay was performed using peritoneal macrophages
freshly isolated from vehicle or PGE2-treated mice. As ex-
pected, peritoneal macrophages derived from PGE2-
treated mice (those with lower levels of CD36) had signifi-
cantly lower phagocytic ability (Figure 6D). The mean
percentage values (n � 10/group) of phagocytic peritoneal
macrophages were 17.6 � 2.0%, 12.3 � 1.9%, and 10.6 �
1.8% for the vehicle, low-dose, and high-dose PGE2-treated
groups, respectively (Figure 6E), and the corresponding
phagocytosis index values were 156.6 � 6.3, 112.9 � 3.5,
and 115.1 � 4.8 (Figure 6E). These data demonstrate that
PGE2 significantly increases the number of endometriotic
lesions probably by inhibiting the phagocytic activity of
peritoneal macrophages.

Inhibition of Peritoneal PGE2 Production
Suppresses Endometriosis

Because PGE2 can suppress the phagocytic activity of
macrophages and consequently increase the number of

endometriotic lesions, we next evaluated the potential of
preventive/therapeutic intervention by abolishing local
PGE2 production. Induction of endometriosis in mice
caused an increase in the peritoneal PGE2 level, but that
elevated level was significantly reduced on treatment
with a selective COX-1 inhibitor (ketorolac)35 or a selec-
tive COX-2 inhibitor (NS398) (Figure 7A); a COX-1/2 in-
hibitor (indomethacin) only partially reduced the elevated
level peritoneal PGE2 concentration (Figure 7A). Concor-
dantly, a significant decrease in the number of estab-
lished lesions was observed in the ketorolac and NS398
groups (Figure 7B); treatment with indomethacin appar-
ently reduced the number of lesions by 32%, but this
change was not statistically significant owing to large
interindividual variations (Figure 7B). Nevertheless, the
endometriotic lesions were smaller (Figure 5C), and the
total wet-weight of established lesions was reduced in all
treatment groups (Figure 7C).

When peritoneal macrophages were isolated and an-
alyzed, treatment with the various COX inhibitors led to an
increase in CD36 mRNA expression (5.3-fold for ketoro-
lac, 2.95-fold for NS398, and 5.23-fold for indomethacin,
compared with control) (Figure 7D) without affecting the
mRNA levels of other scavenger receptors (Supplemen-
tal Figure S2B at http://ajp.amjpathol.org). Most impor-
tantly, when peritoneal macrophages isolated from COX
inhibitor-treated groups were used in the phagocytosis
assay, both the percentage of phagocytic macrophages
and the phagocytosis index increased markedly over
control values (Figure 7, E and F). Taken together, these
data clearly demonstrate that inhibition of PGE2 produc-
tion is an effective method to reduce the formation of
endometriosis.

Figure 6. PGE2 inhibits the phagocytic ability of peritoneal macrophages and enhances endometriosis formation in vivo (n � 10 animals per group). A: Mean
and SD of levels of CD36 mRNA on peritoneal macrophages freshly isolated from mice treated with vehicle (Con), 3 mg/kg body weight PGE2 (Low), or 15 mg/kg
body weight PGE2 (High). B: Mean and SD of the number of endometriotic-like lesions in mice treated without or with PGE2 for 4 weeks. C: Mean and SD of
total wet-weight of endometriotic-like lesions in mice treated without or with PGE2 for 4 weeks. D: Representative flow cytometric results of the phagocytic ability
of peritoneal macrophages freshly isolated from mice subjected to surgery-induced endometriosis. M0: no bead was ingested; M1: with at least one bead ingested.
E: Percent of phagocytic macrophages and mean phagocytosis index of peritoneal macrophages freshly isolated from mice subjected to surgery-induced
endometriosis. *P � 0.05, **P � 0.01, ***P � 0.001, as compared with control.
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Discussion

Immune dysfunction has been proposed to play important
roles in endometriosis development,36–38 but the mecha-
nism by which the phagocytic capability of macrophages is
suppressed is poorly understood, largely owing to the dif-
ficulty of collecting peritoneal macrophages from patients.
In this study, we provide in vitro and in vivo evidence to
demonstrate that PGE2, one of the pro-inflammatory factors
produced by endometriotic tissue and peritoneal macro-
phages,27,39–41 inhibits the expression of CD36 by macro-
phages, thereby suppressing their phagocytic ability. This
suppression contributed to the development of endometri-
osis, and blockade of PGE2 production by nonsteroidal
anti-inflammatory drugs significantly enhanced the phago-
cytic capability of macrophages and effectively reduced
the number and size of endometriotic lesions. These data
provide both a molecular basis for macrophage loss of
function during the development of endometriosis and a
functional link between COX-2 overexpression and endo-
metriosis progression.27,39–41

CD36, in addition to its well-established function of
uptake of oxidized low-density lipoprotein,8 was one of
the first macrophage receptors to be implicated in the
recognition of aged or apoptotic cells.42,43 Owing to its
broad ligand-binding specificity, CD36 has been re-
ported to contribute to several pathological processes
such as atherosclerosis and Alzheimer’s disease.8,19–21

Recently, we reported that decreased CD36 expression
in macrophages is associated with the pathogenesis of
endometriosis.15 CD36 levels are markedly reduced in
peritoneal macrophages derived from endometriosis pa-
tients, and those macrophages are deficient in phago-
cytic ability.15 In our present study, we demonstrated that
PGE2 is a potent locally acting factor that inhibits the

expression of CD36 in peritoneal macrophages. Admin-
istration of PGE2-inhibited CD36 expression in both pri-
mary-culture peritoneal macrophages and TPA-induced
monocytic U937cells, indicating that this effect is likely to
be a common phenomenon. More importantly, we dem-
onstrated that ectopic expression of CD36 in peritoneal
macrophages derived from women with endometriosis
not only increased basal phagocytic activity but also
restored PGE2-inhibited phagocytic ability. Taken to-
gether, our data and previous findings clearly indicate
that CD36 plays an indispensible role in controlling the
phagocytic ability of macrophages and the development
and severity of endometriosis.

The signaling that occurs downstream of PGE2 is very
complex, as actions of PGE2 can be mediated by one or
more of the four EP receptors. In this study, we demon-
strated that inhibition of CD36 expression by PGE2 was
mediated by the EP2 receptor. PGE2, via binding to the
EP2 receptor, can activate protein kinase A and the mi-
togen-activated protein kinase pathway.44 Indeed, ad-
ministration of the protein kinase A inhibitor, H89, or
mitogen-activated protein kinase kinase inhibitor, U0126,
significantly reversed PGE2-induced CD36 down-regula-
tion. In contrast, treatment of macrophages with an EP2
receptor agonist was sufficient to inhibit CD36 expres-
sion. Suppression of CD36 by PGE2 probably occurs at
the transcriptional level because our preliminary data
revealed that PGE2 can inhibit CD36 promoter activity
(Chuang, unpublished data). We are currently trying to
elucidate the molecular mechanism responsible for inhi-
bition of CD36 gene expression by PGE2. Nevertheless,
our current study shows for the first time that EP2 recep-
tor-dependent PGE2 signaling is an important factor for
impairing macrophage function in endometriosis.

Figure 7. Inhibition of PGE2 production in-
creases the phagocytic ability of macrophages
and reduces endometriosis formation in vivo
(n�10 animals per group). A: Concentrations of
PGE2 in the peritoneal fluid of mice without
(disease-free) or with surgery-induced endome-
triosis. Mice with endometriosis were further di-
vided into four groups and treated with vehicle
(Veh), COX-1 inhibitor (ketorolac, Ke, 10 mg/kg
body weight), COX-2 inhibitor (NS398, 10 mg/kg
body weight), or COX-1/-2 inhibitor (indometh-
acin, Indo, 10 mg/kg body weight) for 4 weeks.
B: Mean and SD of the number of endometriotic-
like lesions in mice treated with COX inhibitors.
C: Mean and SD of total wet-weight of endo-
metriotic lesions in mice treated as described
above. D: CD36 expression in mouse peritoneal
macrophages after surgery-induced endometrio-
sis and drug treatment. E: Representative flow
cytometric results of phagocytic ability of freshly
isolated peritoneal macrophages after surgery-
induced endometriosis and drug treatment. F: Mean
and SD of the percent of phagocytic macro-
phages (lower panel) and mean phagocytosis
index (upper panel) in peritoneal macrophages
freshly isolated from surgery-induced endo-
metriotic mice. M0: no bead was ingested; M1:
with at least one bead ingested *P � 0.05, **P �
0.01, ***P � 0.001, as compared with control.
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Overexpression of COX-2 in endometriotic tissue and
peritoneal macrophages of women with endometriosis
has been documented.27,39–41 The concentration of
PGE2 in peritoneal fluid collected from endometriosis pa-
tients is markedly higher compared with that collected
from healthy women.27 In this study, we also demon-
strated that the PGE2 level in peritoneal fluid of surgery-
induced endometriotic mice was greater than that in
sham control animals. We previously showed that the
level of peritoneal PGE2 in endometriosis patients was
sufficient to activate the EP2 receptor-dependent signal-
ing pathway in macrophages to suppress the expression
and enzymatic activity of matrix metalloproteinase-9.34

Taken together, these results strongly suggest that peri-
toneal PGE2 is the endogenous factor that suppresses
the expression of CD36 in macrophages. Indeed, perito-
neal macrophages from mice subjected to surgery-in-
duced endometriosis (with greater PGE2 concentration)
expressed less CD36 and had reduced phagocytic abil-
ity. In contrast, inhibition of peritoneal PGE2 production
by COX inhibitors significantly enhanced CD36 expres-
sion and the phagocytic ability of peritoneal macro-
phages. These data provide direct evidence that over-
production of PGE2 in peritoneal fluid can inhibit the
expression of CD36 by macrophages and thus reduce
their phagocytic ability.

The multiple functions of PGE2 in controlling the devel-
opment of endometriosis suggest it as a promising ther-
apeutic target. Clinically, nonsteroidal anti-inflammatory
drugs have been used as pain relievers for endometriosis
patients. In this study, we demonstrated that daily injec-
tion of nonsteroidal anti-inflammatory drugs could effec-
tively suppress the number and size of endometriotic
lesions in mice. The important clinical challenge is how to
effectively inhibit the aberrant production of PGE2 in en-
dometriosis patients. The short in vivo half-lives of cur-
rently available COX inhibitors hampers the treatment
efficiency because the continuous expression of COX-1
and COX-2 by peritoneal macrophages27 and ectopic
lesions41 often overwhelms the inhibitory effect of the
drugs. In addition, the potentially severe adverse effects
of nonsteroidal anti-inflammatory drugs make them unfa-
vorable for long-term use. Therefore, in light of our current
results, restoring or enhancing the phagocytic capability
of macrophages by targeting the EP2 signaling pathway
may represent a new direction in the development of
strategies to treat endometriosis.
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