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Context: Angiogenesis is required for ectopic endometrial tissue growth. Our previous studies
showed that prostaglandin F2� (PGF2�) biosynthetic enzymes and receptor were markedly elevated
in endometriotic lesions and that PGF2� is a potent angiogenic factor in endothelial cells.

Objective: We sought to determine whether or not the F-prostanoid receptor modulates angio-
genesis in ectopic stromal cells.

Design: Release of angiogenic factors by ectopic endometrial stromal cell primary cultures stim-
ulated with PGF2�and exposed to agents that target PGF2� signaling was assessed.

Setting: The study was conducted in an immunology laboratory at the Centre Hospitalier Univer-
sitaire (Québec City) medical research center.

Patients: Women found to have peritoneal endometriosis during laparoscopy were included in this
study.

Main Outcome Measure(s): Prostaglandin E2, PGF2�, vascular endothelial cell growth factor, and
CXC chemokine ligand 8 mRNA and protein; FP prostanoid receptor expression.

Results: PGF2� markedly up-regulated prostaglandin E2, CXC chemokine ligand 8 and vascular
endothelial cell growth factor secretion in endometriotic cells. This effect was suppressed in the
presence of a specific F-prostanoid antagonist (AL8810) and its signaling pathway was dependent
on F-prostanoid receptor variant. PGF2� can exert its proliferative and angiogenic activities either
directly by stimulating endothelial cell proliferation, migration and angiogenesis through F-pro-
stanoid receptor, or indirectly, by stimulating endometriotic stromal cells to produce potent an-
giogenic factors through either receptor variant.

Conclusion: These results show for the first time that PGF2� exerts an angiogenic effect on ectopic
stromal cells, inducing the secretion of major angiogenic factors via different F-prostanoid sig-
naling pathways. This study suggests a new interpretation of the mechanism underlying endo-
metriosis development involving PGF2� in endometriosis-associated angio-inflammatory changes.
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Endometriosis is a common and sometimes debilitating
condition that afflicts women of reproductive age (1,

2). It is defined as a chronic inflammatory reaction to the
presence of endometrial-like tissue outside the uterus. Al-
though its cause remains poorly understood, there is much
evidence of involvement of cyclooxygenase, prostaglan-
dins terminal synthases, and prostaglandins. We and oth-
ers have demonstrated elevated expression of cyclooxy-
genase-2 and aldoketo-reductase 1C3 (3) in endometriotic
lesions, increased concentrations of prostaglandins in
peritoneal fluids (4), and elevated expression of nuclear
(4–6) and membrane-bound G protein-coupled receptors
such as the F-prostanoid receptor (7) in endometriotic
tissues.

Prostaglandin E2 (PGE2) has been implicated repeat-
edly in the pathophysiology of endometriosis, particularly
in ensuring the survival and growth of endometriotic le-
sions (8, 9). More recently, we observed significant dereg-
ulation of prostaglandin F2� (PGF2�) biosynthesis and ac-
tion in patients with different levels of endometriosis (3),
whereas the PGF2�/F-prostanoid system has been shown
to induce cell proliferation and angiogenesis and to be
involved in various endometrial pathologies including
menstrual disorders and endometrial cancers (10, 11), in
the latter case via the synthesis and release of fibroblast
growth factor and other potent growth response modifiers
(12, 13). Deregulation of angiogenic factor expression is
known to contribute to pathogenesis by promoting un-
controlled cell proliferation, migration, invasion, and an-
giogenesis. Vascular endothelial growth factor (VEGF) is
thus involved in the growth and development of colon

carcinomas via PGE2 signaling, whereas CXC chemokine
ligand 8 (CXCL-8) appears to promote endometrial tumor
development by enhancing melanoma cell proliferation
via the PGF2�/F-prostanoid receptor system (14).

Because prostaglandins appear to play major roles in
the regulation of cell growth, angiogenesis, inflammation,
and immune functions in endometriosis, we decided to
examine more closely the role of the PGF2�/F-prostanoid
receptor system in ectopic stromal cells and its impact on
the proliferation and migration of endothelial cells. We
observed that ectopic stromal cells respond to PGF2� with
elevated expression of VEGF and CXCL-8. VEGF and
CXCL-8 responses in endothelial cells vary depending on
the receptor variant. Moreover, PGF2� potentiates endo-
thelial cells proliferation and migration.

Materials and Methods

Collection of tissue and peritoneal fluid
All participants signed an informed consent form. The study

received approved from the Centre Hospitalier Universitaire de
Québec human research ethics committee (permit no. 101631).
Endometriotic biopsies (Table 1) were obtained from patients
who were undergoing laparoscopy for tubal ligation and did not
have endometriosis (control group, n � 7) or were found to have
endometriosis (n � 11) during a diagnostic laparoscopy for in-
fertility, with or without pelvic pain. They had no endometrial
hyperplasia or neoplasia and had not received any anti-inflam-
matory or hormonal medication for at least 3 months before the
biopsy surgery. Biopsy tissue was placed immediately at 4 C in
sterile Hanks’ balanced salt solution containing 100 U/ml of
penicillin, 100 �g/ml of streptomycin, and 0.25 �g/ml of am-

Table 1. Patient Clinical Characteristics, Endometriotic Tissue Biopsy Material Origin, and Analytical Procedures
Performed

No. Stage Age
Cycle
Phase Infertility Dysmenorrhea Dyspareunia Analytical Procedure

1 II 35 S Yes NK NK qRT-PCR; ELISA, IHC, ICF
2 II 27 S Yes NK NK qRT-PCR; ELISA, IHC, ICF
3 II 33 S Yes Yes No qRT-PCR; ELISA, ICF
4 Normal 35 S No No No qRT-PCR; ELISA, IHC, ICF, WB
5 II 26 P Yes Yes Yes qRT-PCR; ELISA, IHC, ICF
6 Normal 41 S No No No qRT-PCR; ELISA, IHC, ICF
7 Normal 39 S No No No qRT-PCR; ELISA, IHC, ICF
8 II 31 P Yes Yes No qRT-PCR; ELISA, WB
9 I 29 P Yes Yes No qRT-PCR; ELISA, WB
10 III 31 P Yes Yes No qRT-PCR; ELISA, WB
11 Normal 33 P No Yes No qRT-PCR; ELISA, WB
12 Normal 37 P No Yes No qRT-PCR; ELISA, WB
13 III 35 P No UK UK qRT-PCR; ELISA, WB
15 Normal 36 P No No No qRT-PCR; ELISA, WB
16 Normal 35 S No No No qRT-PCR; ELISA, WB
17 II 30 P Yes No No qRT-PCR; ELISA
18 IV 30 S Yes Yes Yes qRT-PCR; ELISA, WB
19 I 43 P No No Yes qRT-PCR; ELISA

Abbreviations: ICF, immunocytofluorescence; IHC, immunohistochemistry; NK, not known; P, proliferative; qRT, quantitative real-time; S, secretory;
WB, Western blot.
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photericin and used directly for cell culture. A subsample from
each biopsy was embedded in paraffin and stored at room tem-
perature for histological analyses. All endometriotic biopsy sam-
ples were thus confirmed to have endometrial-like glands. The
stated dates of the most recent menstrual period were used to
classify the tissues as proliferative or secretory, and the Noyes
histological criteria were used to ascertain the menstrual cycle
phase (15).

Peritoneal fluid was collected by aspiration using a laparo-
scopic cannula before any surgery to minimize blood contami-
nation. The fluid sample was excluded from PGF2� and PGE2

measurement if bleeding into the pelvic cavity occurred during
puncture. We thus included 74 endometriosis patients and 20
patients without endometriosis (Supplemental Table 1).

Primary cells, cell lines, and treatments
Human embryonic kidney cells (HEK, a kind gift from the

laboratory of Dr. Francois Marceau at the Centre Hospitalier
Universitaire de Québec), human microvascular epithelial cells
(HMECs) and endometrial and endometriotic stromal primary
cells were isolated, characterized, and cultured according to our
procedure (16). Primary stromal cells were vimentin-positive
and cytokeratin-negative and expressed CD10 (an immunohis-
tochemical marker of endometrial stroma (17)), as illustrated in
Supplemental Figure 1. After 2–3 passages at 1:3 dilution, cells
were seeded at 20 000/cm2 in 24-well plates for ELISA, colori-
metric enzyme immunoassay (EIA), quantitative real-time qRT)
PCR and transfection assays, and in 6-well plates for Western
blot. Confluent cells were starved for 16 hours in serum-free
DMEM-F12 without phenol red and stimulated with PGF2�; the
PGF2� analog fluprostenol, PGE2; or the PGE2 analog, 9-keto-
fluprostenol (Cayman; all at 0–10 000 nmol/liter). Culturing in
serum-free media obviates interference by traces of steroid hor-
mones present in charcoal-stripped sera. In some cultures, cells
were preincubated with 10–100 �m AL8810, a specific antag-
onist of the PGF2� receptor (18). For signaling experiments, cells
were preincubated for 1 hour with or without the specific COX-2
inhibitor NS398 (19), the specific inhibitor of phospholipid-C-
dependent processes U73122 (20), the protein kinase C cell-per-
meable inhibitor bisindolylmaleimide IX mesylate (21), or the
cell-permeable Ca2� chelator Bapta-AM (22), all at 10 to 50
�mol/liter (all from Cayman, except for Bapta-AM, which was
from Sigma). PGF2� or fluprostenol was then added to the me-
dium for an additional 24 hours (Supplemental Table 2).

ELISA and EIA
VEGF and CXCL-8 concentrations in the culture medium

were measured using an ELISA as reported previously (23, 24).
PGE2 and PGF2� concentrations in peritoneal fluids and in the
culture media were measured using a PGE2 and PGF2� EIA kit
(Cayman) according to the manufacturer’s instructions.

Western blotting
Protein extraction, electrophoresis, and electrotransfer onto

nitrocellulose membranes were carried out as reported previ-
ously (25). Membranes were incubated overnight at 4�C with
rabbit polyclonal anti-F-prostanoid-receptor (Cayman) diluted
1:2,000 in blocking buffer, or with mouse monoclonal anti-D tag
diluted 1:1000 in PBS containing 0.1% Tween 20. Membranes
were then incubated with horseradish peroxidase-conjugated
goat antirabbit (Jackson ImmunoResearch) diluted 1:20,000 in

blocking buffer, or with rabbit antimouse (Jackson ImmunoRe-
search) for 45 minutes, followed by washes in PBS-Tween 20 and
chemiluminescent detection (GE Healthcare). Membranes were
stripped and reblotted (as an internal control) with mouse mono-
clonal anti-�-tubulin (Sigma) diluted 1:50,000 in PBS containing
0.1% Tween 20. Membranes were exposed to SuperRX 100NIF
film (FujiFilm).

Plasmid preparation and cell transfection
Human embryonic kidney cells grown in DMEM supple-

mented with 10% fetal bovine serum, 1% l-glutamine, and 1%
penicillin-streptomycin (in 100X stock solutions) were used in all
transfection experiments. The cells received pcDNA3.1�-DYK
vectors (Genescript) that direct the secretion of mature human
F-prostanoid receptor extended at the C-terminus with the
epitope DDK. These vectors contained sequences 1074 or 888
base pairs in length corresponding, respectively, to gene variants
A (NM_000959.3) and B (NM_001039585.1).

At 70% confluence, transient transfections were performed
in triplicate for 24 hours in 24-well plates using Plus Reagent and
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. Stimulation conditions were created in serum-
free DMEM-F12 without red phenol medium.

Matrigel angiogenesis network and scratch assays
To evaluate angiogenesis, HMECs were grown overnight on

Matrigel (BD Biosciences) from a seeding density of 5 � 103 cells
per well in 96-well culture plates with endothelial cell basal me-
dium MCDB 131 (Life Technologies Inc) supplemented with
10% fetal bovine serum, 10 �g/ml epithelial cell growth factor,
1 �g/ml hydrocortisone, 10 mmol/liter glutamine, 100 U/ml pen-
icillin, 100 �g/ml streptomycin, and 0.25 �g/ml amphotericin B
(complete MCDB-131 medium).

Analysis of cell migration and proliferation using the scratch
assay was carried out as reported previously (26). Briefly, a
scratch approximately 1 mm wide was made (using a 200 �l a
pipette tip) in a preconfluent layer of cells grown in 24-well plates
in complete MCDB-131 medium and kept overnight in MCDB-
131 medium containing 10% charcoal-treated fetal bovine se-
rum. The cell layer was then washed with Hanks’ balanced salt
solution and incubated for 6, 12, and/or 24 hours with trans-
fected HEK cell culture supernatant then fixed with 10% for-
malin for 20 minutes and stained with DAPI. The 24-hour in-
cubation period was established on the basis of preliminary
assays in which longer incubation periods with the indicated
stimuli led to spontaneous closure of the wound.

For the angiogenesis network assay, the formation of capil-
lary-like structures and the change in gap area were measured
after 6 hours using fluorescence microscopy (Zeiss, Axio Ob-
server Z.1, Microvision) without formalin fixing. Images were
acquired using a digital camera (Baumer TXD14). The tubular
structure, the tubes, the branching points, loops, and the wound
healing were quantified with ImageJ analysis software. The re-
sults were the mean (as percent of control) � SD of three exper-
iments performed in triplicate.

Statistical analysis
Data are expressed as mean � SEM. Statistical analysis was

performed using one-way ANOVA followed by the Bonferroni
(Dunn) multiple comparison test when appropriate (Prism 5.0;
GraphPad Software). Differences were considered statistically
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significant for selected pairs of groups when the adjusted P value
was � .05.

Supplementary materials and methods

RNA extraction and qRT-PCR
RNA was extracted with Trizol (Invitrogen) and qRT-PCR

was performed using an ABI 7000 Thermal Cycler (Applied Bio-
systems). Each PCR reaction contained 2 �l of reverse transcrip-
tase solution, 0.5 �l of primer solution (final concentration, 0.1
mmol/liter), 12.5 �l of SYBRGreen PCR Master Mix (Invitro-
gen) containing TaqDNA polymerase buffer, deoxynucleotide
triphosphate mix, SYBR green I, MgCl2, and TaqDNA poly-
merase. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
F-prostanoid receptor, COX-2, CXCL-8, and VEGF primers
were designed with Primer Premier 5 software to cross intron-
exon boundaries, and specificity to human tissue was verified
using the Basic Local Alignment Search Tool (Supplemental Ta-
ble 3). Experimental samples, negative controls without RNA or
reverse transcriptase, RNA from mouse tissue (negative control),
and RNA from endometrial tissue (positive control) were all
tested in duplicate. Responses were normalized relative to
GAPDH mRNA. After each run, melting curve analysis (55–95
C) was performed to verify the specificity of the PCR.

Immunocytochemistry and
immunocytofluorescence

Unless otherwise specified, antibodies were diluted in PBS
containing 0.2% BSA and 0.01% Tween 20. Cells were cultured
in chamber slides and starved for 16 hours before stimulation
with PGF2� (100 nmol/liter) for 24 hours. All immunostaining
steps were carried out at room temperature. Cells were washed
in PBS, fixed for 20 minutes in 10% formaldehyde, and perme-
abilized with Triton-X-100 (1% in PBS) for 20 minutes. Nega-
tive immunostaining of cytokeratin-7 using mouse monoclonal
anticytokeratin-7 (Genetex) at 10 g/ml, and positive immuno-
staining of vimentin using mouse monoclonal antivimentin
(Genetex) at 0.1 g/ml, were carried out as described previously
(27). Cells were also immunostained using a mouse monoclonal
anti-CD10 (Leica Microsystems) at 4 g/ml. In some cases, cells
were incubated for 1 hour with rabbit polyclonal anti-VEGF
(Santa Cruz Biotechnologies, Inc) diluted 1:200, or with rabbit
polyclonal anti-CXCL-8 (BioSource International) diluted
1:100. For VEGF and CXCL-8, cells were incubated for 1 hour
with biotin-conjugated goat antirabbit (Jackson ImmunoRe-
search Laboratories, Inc) diluted 1:500 and then with Alexa
Fluor 488-conjugated streptavidin (Invitrogen Corp) diluted
1:100. For the other proteins, cells were incubated for 1 hour
with Alexa Fluor 568-conjugated goat antimouse (Invitrogen)
diluted 1:1,000, rinsed with PBS containing 0.1% Tween 20,
counterstained with DAPI (Sigma) diluted 1:2,000 in PBS con-
taining 0.1% Tween 20, and mounted with p-phenylenediamine
mowiol (Calbiochem). Cells incubated with equivalent concen-
trations of mouse IgG were included as negative controls.

Results

Concentrations of prostaglandins E2 and F2� are
elevated in peritoneal fluid of endometriosis
patients

Levels of both prostaglandins were similar and signif-
icantly higher in endometriosis patients than in control

women (Figure 1, A and C), as observed by Badawy et al.
((4)). However, our analyses (EIA) revealed that the in-
creases were particularly large in the later stages (III–IV) of
the disease. There were also significant differences be-
tween the phases of the menstrual cycle in peritoneal fluid
of endometriosis patients. PGE2 and PGF2� were signifi-
cantly up-regulated in the proliferative phase (Figure 1, B
and D), which is when ovarian hormones such as estradiol
are peaking.

The F2�/F-prostanoid receptor axis is involved in
the increased E2 observed in endometriosis

To gain insight into the cellular functions of PGF2�, we
measured the impact of this prostaglandin on the expres-
sion of COX-2 (a key enzyme in prostaglandin synthesis)
in ectopic stromal cells. Identified using our previously
reported procedure (28), these cells were vimentin-posi-
tive (Supplemental Figure 1, A and B) and cytokeratin-
negative (Supplemental Figure 1, C and D) and expressed
CD10 (Supplemental Figure 1, E and F), an immunohis-
tochemical marker used to confirm diagnoses of ectopic
endometriosis (29). Based on real-time PCR and Western
blot, COX-2 mRNA and protein were both up-regulated
(Figure 1, E and F, respectively) in ectopic endometrial
cells treated with PGF2� at 100 nmol/liter. Either PGF2� or
its analog fluprostenol increased significantly the release
of PGE2 from endometriotic cells. Specific antagonism of
either the F-prostanoid receptor or COX-2 significantly
reversed this release.

The possible involvement of VEGF and CXCL-8
secretion by ectopic stromal cells

We analyzed the effect of PGF2� on two factors fre-
quently associated with angiogenesis and proliferation in
endometriosis, namely VEGF (30–32) and CXCL-8 (33,
34). In ectopic stromal cells cultured without stimulation
(“minimal medium” [Mm]), mRNA was found above the
levels in normal patients for both factors (Figure 2, A and
B). Stimulation with 100 nmol/liter PGF2� did not increase
it further. Immunocytofluorescence imaging of ectopic
stromal cells revealed higher expression of both cell-asso-
ciated VEGF and CXCL-8 proteins in cells treated with
PGF2� (Figure 2, Cii and Cv), suggesting a positive effect
of PGF2a on the translation of these angiogenic factors. No
immunostaining was detected in the absence of the pri-
mary anti-VEGF or anti-CXCL-8 (Figure 2, Ciii and Cvi).

PGF2� or fluprostenol at concentrations of at least 100
nmol/L both significantly increased the secretion of
VEGF and CXCL-8 by ectopic stromal cells from pa-
tients with endometriosis, in a time-dependent manner
(Figure 2, D–H). In contrast, in eutopic stromal cells
from control subjects or endometriosis patients, the re-
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lease of VEGF and CXCL8 had a tendency to decrease
(Figure 2, F and I).

The stimulatory effect of PGF2� or fluprostenol on
VEGF release was suppressed significantly in the presence

of the PGF2� receptor antagonist AL8810 at concentra-
tions of 10 to 100 �mol/liter (see Figure 5A). This sup-
pression was stronger in the case of CXCL-8 (see Figure
5B). The release of VEGF or CXCL-8 by ectopic stromal

Figure 1. PGE2 and PGF2� in peritoneal fluid of endometriosis patients and COX-2 expression by ectopic stromal cells in culture. (A, C) PGE2 and
PGF2� (pg/ml) measured by EIA in the peritoneal fluid of the control group (n � 20), early stage (I-II) group (n � 40), and late stage (III-IV) group
(n � 34) of endometriosis patients. (B, D) PGE2 and PGF2� as a function of the proliferative (Pro.) and secretory (Sec.) phases of the menstrual
cycle. (E) Ratio of COX-2 and GAPDH mRNA (quantified by qRT- PCR) in ectopic stromal cells exposed to PGF2� (100 nmol/liter) for 24 hours. (F)
Ratio of COX-2 relative to �-tubulin (based on densitometric analysis of Western blot band intensity) in cells stimulated as in (E). (G) PGE2 in the
culture supernatant of stimulated primary stromal cells from 10 endometriosis patients, relative to control patients. Values are mean � SEM. *,
**Significantly different (P � .05 and .01) from the control group or the response to Mm (dotted line); �, ��, Idem, from PGF2� (or fluprostenol);
ns, no statistical significance.
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Figure 2. Expression of VEGF and CXCL-8 in stimulated ectopic and eutopic stromal cells from endometriosis patients (dose- and time-dependent
effect of PGF2�). (A, B) Cells in culture were exposed to PGF2� (100 nmol/liter) for 24 hours. Increase in mRNA synthesis (relative to GAPDH) was
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cells was not dependent on menstrual cycle phase or dis-
ease stage (data not shown).

F-prostanoid receptor protein is more abundant in
ectopic endometriotic tissue

In comparison with eutopic samples, steady-state levels
of receptor mRNA expression were increased significantly
in both ectopic stromal cells and ectopic endometrial tis-
sue (Figure 3A), as reported previously (7).Western blot
analysis further showed that the receptor at steady state
was expressed more strongly in ectopic stromal cells than
in eutopic stromal cells of control women (Figure 3B).

Engagement of the prostaglandin F2�/F-prostanoid
receptor axis translates into enhanced
proliferative, migratory and angiogenic effects

Although two different C-terminal forms of the human
F-prostanoid receptor, variant A (FPA; 359 amino acid
residues; FPB, 318 amino acid residues) have been de-
scribed, no clear functional distinction, between them, in
humans is known. We measured secretion of VEGF and
CXCL-8 by HEK cells transfected with FPA or FPB. No
secretion of VEGF or CXCL-8 by nontransfected cells
treated with PGF2� was observed, nor did these cells ex-
press an F-prostanoid receptor, based on qRT-PCR and
Western blot (data not shown). However, in the case of
transfected cells, Western blot did reveal 40-kDa bands
corresponding to the known molecular mass of the recep-
tor. Stimulating transfected HEK cells with PGF2� (10,
100, or 10 000 nmol/L for 24 hours) produced significant
increases in VEGF secretion in the case of FPB but not FPA

(Figure 4B). This secretion was suppressed in the presence
of 100 �mol/liter AL8810. Stimulation with 100 or
10 000 nmol/liter resulted, conversely, in CXCL-8 secre-
tion by cells transfected with FPA but not those transfected
with FPB (Figure 4C). A significant down-regulatory effect
was observed in the presence of AL8810 at all concentra-
tions. No secretion of VEGF or CXCL-8 by cells mock-
transfected with the vector pcDNA3 was observed.

To appreciate the impact of PGF2� on proliferation,
migration, and angiogenesis in microvascular cells, we
monitored scratches made in confluent layers of HMEC
subjected to a mock treatment (Mm) or treated with re-
combinant VEGF (8000 ng/ml), recombinant CXCL-8
(800 ng/ml) or cell-free supernatant from cultures of FPA-

HEK or FPB-HEK cells stimulated with 100 nmol/liter
PGF2�. A significant increase in healing of the scratch was
observed in association with FPA-HEK-cell-conditioned
supernatant and CXCL-8, but not FPB-HEK-cell-condi-
tioned supernatant or VEGF (Figure 4D). There was a
similar significant increase in the number of angiogenesis
loops in response to FPA-HEK-cell-conditioned superna-
tant and CXCL-8 but not to FPB-HEK-cell-conditioned
supernatant or to VEGF (Figure 4E). Although we at-
tempted to perform these experiments also in primary and
immortalized stromal cells, we were not successful due to
low survival rates and low transfection efficiencies (data
not shown).

Differential regulation of VEGF and CXCL-8
secretion by PGF2�

To identify the signaling pathways solicited by F-pro-
stanoid receptor engagement in ectopic stromal cells, we
measured VEGF and CXCL-8 secretion by cells treated for
24 hours with PGF2� (100 nmol/liter) plus a COX-2 in-
hibitor (NS398), phospholipase C� inhibitor (U73122),
protein kinase C inhibitor (Bisind), calcium chelator
(Bapta-AM), or a negative control. Inhibition of COX-2
or phospholipase did not diminish the stimulatory effect of
PGF2� on VEGF secretion (Figure 5C), whereas protein
kinase C inhibition did. We also observed a significant
down-regulation in the presence of the calcium chelator.
In contrast, the COX-2 inhibitor (at 10 �mol/liter) de-
creased CXCL-8 secretion significantly, as did the phos-
pholipase inhibitor (at 10 and 50 �mol/liter), the protein
kinase C inhibitor (at 10 and 50 �mol/liter) and the cal-
cium chelator (10 and 50 �mol/liter) (Figure 5D). The
proposed mechanism is schematized in Figure 5E.

Discussion

The development of endometrial lesions is a complex pro-
cess that involves cell proliferation and angiogenesis. In
the present study, we provide evidence that PGF2�, a mul-
tifunctional, growth-promoting, and proinflammatory
factor (35, 36), exerts an indirect angiogenic effect by stim-
ulating ectopic stromal cells to produce major angiogenic
factors. Our results indicate that within the range of con-
centrations observed in the peritoneal fluid of endometri-

Figure 2. (Continuted). quantified by qRT-PCR (mean � SEM; control: n � 5; endometriosis: n � 10; *, **Significantly different from the
control group, P � .05 and .01, respectively). (C) Representative immunocytofluorescence imaging of endogenous protein expression in ectopic
stromal cells after 24 hours in Mm (i, iv), in the presence of PGF2� (ii, v), and stained with an equivalent concentration of mouse IgG instead of the
fluorescent antibody (iii, vi). The counterstain was blue DAPI (4�,6-diamidino-2-phenylindole). See Table 1, patients 1, 2, and 3 for additional
details. Scale bar, 50 �m. (D–I) Increase in protein secretion by ectopic and eutopic stromal cells treated with PGF2� or fluprostenol, relative to the
untreated condition (dotted line). See Table 1, patients 2, 3, 8, 9, and 18 for additional details. Cells from 7 control subjects and 12 endometriosis
patients were cultured. Note the absence of effect of either stimulant on CXCL-8 in eutopic stromal cells from endometriosis patients (I). Values
are mean � SEM. *, **Significantly different from the Mm, P � .05 and .01, respectively.
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osis patients (37–39), PGF2� markedly stimulates VEGF
and CXCL-8 secretion in ectopic stromal cells, and we
provide the first description of the dependence of this ef-
fect on different variants of the F-prostanoid receptor. The
effect was diminished in the presence of a specific antag-
onist of the receptor. In addition, we demonstrate CXCL-
8-dependent potentiation of endothelial proliferation mi-
gration and angiogenesis by PGF2�.

The endothelial proliferative and angiogenic roles of
PGF2� have been studied in many tumor-associated vas-
cularization processes (36, 40–43). A close correlation
between PGF2� and VEGF expression in human carci-
noma and human endometrial repair has been described

(12, 44–47). PGF2� expression levels have also been
found correlated with the CXCL-8 expression and tumor
microvessel density (48), and exogenous PGF2� has been
shown to promote VEGF and CXCL-8 secretion in human
breast cancer cells (49–51), whereas experiments in mice
have shown that PGF2� stimulates VEGF expression in the
endometrium and promotes the development of new
blood vessels (52). However, to our knowledge, the pres-
ent study is the first to report the synthesis and secretion
of potent factors of growth and angiogenesis in endometri-
otic cells stimulated by PGF2�. This corroborates previous
findings that stimulated endometriotic stromal cells are
able to produce large amounts of PGF2� and PGE2 (3, 53),
and given that these mediators of inflammation have long
been considered as factors exerting angiogenic effects (36),
provides evidence for stimulation of angiogenesis by
PGF2� via indirect mechanisms.

This finding is relevant to endometriosis pathophysi-
ology. Folkman (54) has demonstrated that tumor im-
plants are not capable of growing beyond a volume of 3
mm3 unless they acquire a blood supply, and endometri-
osis appears not to develop without an active process of
angiogenesis. Several antiangiogenic agents have been
shown in experimental studies to cause the regression of
endometriotic lesions by reducing their blood supply (55).
Such results need to be reproduced with endometriosis
implants. We believe that ectopic implants would grow by
activating host proliferative and angiogenic responses via
an intricate network of interactions with local pelvic im-
mune cells and host tissue.

Known as potent angiogenic factors, VEGF and
CXCL-8 have been detected at elevated concentrations in
the peritoneal fluid of endometriosis patients, but also in
ectopic endometrial implants (23, 56, 57). Found to be
produced by peritoneal fluid and tissue-infiltrating im-
mune cells such as macrophages (32), these factors were
revealed to be expressed by ectopic endometrial stromal
and epithelial cells as well (23, 31, 58), and the available
literature points to increased expression of VEGF in the
eutopic intrauterine endometrial tissue of endometriosis
patients (31, 58, 59).

VEGF, a well-established angiogenesis factor, appears
to have potent proinflammatory properties, including the
ability to mediate leukocyte trafficking into sites of cell-
mediated immunity (60, 61). CXCL-8 has angiogenic
properties in addition to its other known biological activ-
ities. It bears the primary responsibility for the recruitment
of monocytes and neutrophils. This is quite relevant, con-
sidering the accumulation of activated macrophages in the
peritoneal fluid of endometriosis patients and in endome-
triosis implants (57). The recruitment of leukocytes and
activation of macrophages within the peritoneal cavity

Figure 3. Detection of F-prostanoid receptor mRNA and protein in
ectopic stromal cells from endometriosis patients. (A) Expression of FP
mRNA (quantified by qRT-PCR, relative to GAPDH) in stromal cells from
control subjects (n � 8) and endometriosis patients (n � 8 eutopic
samples, n � 8 ectopic samples) and in tissue explants from control
subjects (n � 5) and endometriosis patients (n � 4 eutopic samples,
n � 5 ectopic samples), in the absence of any stimulus. **Significantly
different from the respective control group (P � .01). (B) FP protein
expression in stromal cells from control subjects and from
endometriosis patients (analyzed at steady state, n � 5). Mean blot
intensity � SEM (based on densitometry) relative to �-tubulin mean.
*Significantly different from the control group (P � .05).
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and endometriosis implants per se might contribute to the
inflammation and neovascularization associated with
these lesions.

Our findings thus strongly suggest that PGF2� overpro-
duced in the peritoneal fluid of endometriosis patients (37)
may activate ectopic endometrial cells and elicit a proan-
giogenic and proinflammatory phenotype, thereby im-
parting to these cells the ability to stimulate the host an-
giogenic response, exacerbating the angio-inflammatory

reactions occurring at implantation site and contributing
to their own ectopic growth. In contrast, the release of
VEGF and CXCL8 by eutopic stromal cells had a ten-
dency to decrease in response to PGF2. Although the
exact reason for this remains unclear, we have previ-
ously documented the possible existence of counter-
regulatory mechanisms around the biosynthesis of
PGE2 in normal tissues, which were lacking in ectopic
endometrial cells (3). Such a defective negative feedback

Figure 4. Stimulation of secretory, proliferative, migratory, and angiogenic functions by PGF2�. (A) (i) Basic Local Alignment Search Tool identity
(92%) between both transcripts; (ii) Transfection confirmed by Western blot showing FPA and FPB, bands corresponding to the known molecular
mass (40 kDa) of FP. HEK cells transfected transiently with the pcDNA3.1�-DYK vector alone (the mock transfection; ie, control condition) or
including FPA or FPB were incubated with varying concentrations of PGF2� and AL8810 for 24 hours. The resulting culture supernatant
(conditioned medium, FPA, or FPB) was used for cell proliferation/migration and angiogenesis assays. (B, C) Secretion of VEGF and CXCL-8, as
measured by ELISA; dotted line represents the “no stimulant” (Mm) condition. (D) Cell proliferation and migration in terms of remnant closure in
the cell layer for 24 hours in FPA- or FPB-conditioned medium with PGF2� 100 nM (Mm � negative control). (E) Angiogenesis in the cell layer in
terms of loop formation after 6 hours when plated on basement matrix in FPA- or FPB-conditioned medium with PGF2� 100 nM.
Proliferation/migration and angiogenesis were quantified visually at 4� magnification. Values are based on 3 experiments in triplicate. Values
presented are mean � SEM. *, **, ***Significantly different from the control; P � .05, .01; .001; �, ��Significantly different from the PGF2�-
stimulated in absence of AL8810, P � .05, .01.
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loop in ectopic tissues might contribute to exacerbate
inflammation and proliferation.

We further investigated the intracellular mechanisms
by which PGF2� up-regulates the expression of these two
proliferative and angiogenic factors in ectopic endome-
trial stromal cells. Transduction of the signal mediated by
PGF2� was shown to follow binding of the prostaglandin
to its putative receptor (F-prostanoid). Our previous stud-
ies showed that receptor mRNA and protein are expressed
in endometriotic tissues (7), and our present data further
demonstrated that ectopic stromal cells also express the
receptor strongly. It thus appears that PGF2� can modu-
late endometrial cell functions via intriguing selective bi-
directional regulatory mechanisms, which may amplify
stromal, epithelial, and endothelial cell responsiveness to
PGF2� and promote proliferation, migration, and angio-
genesis. In fact, blocking the F-prostanoid receptor using
a specific antagonist led to significant inhibition of PGF2�-
induced VEGF and CXCL-8 protein secretion. Our results
further suggest a mechanism involved in signaling path-
ways leading to either VEGF or CXCL-8 production. In-
deed, inhibition of the COX-2 and phospholipid C path-
ways suppresses PGF2�-induced CXCL-8 secretion,
whereas only protein kinase C and Ca2� are involved in
the case of VEGF secretion. This suggests that PGF2� acts
via its receptor to activate ectopic endometrial cells. In the
present study, we show for the first time a differential
regulation of VEGF and CXCL-8 secretion. Indeed, FPA

(the longest isoform (61)) appeared to be essential for
PGF2�-induced CXCL-8 secretion, whereas FPB might be
required for PGF2�-induced VEGF secretion by these same
cells. In fact, we showed specifically that PGF2� up-regu-
lated HMEC proliferation, migration and vessel network
formation in conjunction with culture supernatant of FPA-
transfected HEK cells or CXCL-8 but not VEGF.

In conclusion, the present study is the first to demon-
strate that PGF2� elicits a proliferative and ultimately an-
giogenic phenotype in ectopic endometrial stromal cells
taken from endometriosis patients and that this appears to
occur by triggering the synthesis and secretion of major
proangiogenic and proinflammatory factors. Such an ef-
fect was mediated by either of the two variants of the
F-prostanoid receptors and appeared to involve differen-
tial signaling pathways. Beside its wide spectrum of pro-
inflammatory effects, PGF2� can therefore exert its pro-
liferative and angiogenic activities either directly by
stimulating endothelial cell proliferation, migration and
angiogenesis through FPA, or indirectly, by stimulating
endometriotic stromal cells to produce potent angiogenic
factors through either receptor variant. Our study pro-
vides evidence for new pathways by which PGF2� may

Figure 5. Involvement of the phospholipase C and COX-2 pathways
in the specific increase in VEGF and CXCL-8 expression in PGF2�-
stimulated ectopic stromal cells from endometriosis patients. Cells
were incubated for 24 hours with PGF2�, fluprostenol, PGE2, or 9-keto
fluprostenol, in conjunction with preincubation (1 hour) with other
agents, and VEGF/CXCL-8 secretion into the culture medium was
measured (ELISA). (A) VEGF down-regulation by AL8810 (100 �mol/
liter) in conjunction with fluprostenol. (B) CXCL-8 down-regulation by
AL8810 (all 3 concentrations) in conjunction with PGF2�. (C) VEGF
down-regulation by the protein kinase C inhibitor Bisind (10–50 �mol/
liter) and the calcium chelator Bapta (50 �mol/liter) in conjunction with
PGF2�. (D) Down regulation of CXCL-8 additionally by phospholipase
C� inhibitor U73122 (10–50 �M) and possibly by NS398. See Table 1,
patients 2, 5, 8, 18, and 19 for additional details. Values are mean �
SEM, **Significantly different (P � .01) from the unstimulated
condition (dotted line), �, ���Significantly different (P � .05, P �
.001) from the PGF2�-stimulated condition, x, xxSignificantly different
(P � .05, .01) from the fluprostenol-stimulated condition. (E) Model
describing the regulation of VEGF and CXCL-8 protein secretion by
F-prostanoid receptors and its relationship with the signaling pathways
investigated in this study. Note that Phospholipase C pathway
inhibition suppresses the ability of PGF2� to induce CXCL-8 secretion,
whereas only protein kinase C and calcium are involved in VEGF
secretion.
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contribute to the development of endometriosis, the asso-
ciated inflammatory reaction and angiogenesis.
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