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Objective: To evaluate steroid receptor and aromatase gene expression in endometriotic lesions, and
determine the effects of endometriosis on uterine receptivity in a baboon model for endometriosis.

Design: Prospective study to determine the expression of steroid receptors, and aromatase in ectopic
endometriotic lesions and endometrial genes in the eutopic endometrium of baboons with induced endome-
triosis by reverse transcriptase-polymerase chain reaction (RT-PCR) and immunocytochemistry.

Setting: University research laboratory and primate research facility.

Animal(s): Normally cycling baboons inoculated intraperitoneally with menstrual endometrium to induce
endometriosis.

Intervention(s): Endometriotic lesions were resected during laparotomy, and endometrium was obtained by
endometrectomy or after hysterectomy.

Main Outcome Measure(s): Steroid receptor and aromatase expression by RT-PCR and immunocytochem-
istry in endometriotic lesions and glycodelin and�-smooth muscle actin expression and localization in
endometrium after chorionic gonadotropin (CG) stimulation.

Result(s): This study demonstrated that estrogen receptor-� (ER�) and progesterone receptor (PR) were
expressed in both ectopic and eutopic endometrium between 1 and 10 months after inoculation. In contrast,
ER� was only expressed in the ectopic endometriotic lesions. Aromatase expression was only evident in
lesions obtained 10 months after inoculation. Infusion of CG during the luteal phase failed to induce the
expression of glycodelin in the glandular epithelium or�-smooth muscle actin (�-SMA) in stromal cells in
animals with endometriosis as early as 1 and 4 months after inoculation.

Conclusion(s): The ER� expression is selectively up-regulated in the endometriotic lesions at all stages of the
disease, whereas aromatase expression is not evident until the disease progresses. However, expression of
uterine receptivity markers was down-regulated as early as 1 and 4 months after inoculation. (Fertil Steril�
2003;80(Suppl 2):820–7. ©2003 by American Society for Reproductive Medicine.)
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Endometriosis is a common gynecological
disease that is characterized by the presence of
endometrial-like tissues primarily in the peri-
toneal cavity (1). Based on the Sampson hy-
pothesis (2), endometriosis results from frag-
ments of menstrual endometrium that are
refluxed through the fallopian tubes, which
then attach and grow on the peritoneal surface.
Endometriosis is associated with dysmenor-
rhea, chronic pelvic pain, and infertility (3).
However, the fundamental mechanisms by
which menstrual endometrium attaches and
proliferates on the peritoneal surface and its
negative effects on uterine receptivity and im-
plantation are difficult to assess in vivo. There-
fore, we (4) and other investigators (5) have

used the baboon as a non-human primate
model to study the early events associated with
the development of endometriosis and evaluate
whether functional changes associated with
uterine receptivity are altered as a result of the
disease.

Pioneering reports from D’Hooghe and co-
workers showed that endometriosis develops
naturally in a subset of female baboons main-
tained in captivity and that experimental induc-
tion of endometriosis by inoculation of endo-
metrial currettings into the peritoneal cavity
produced both readily recognizable pelvic en-
dometriotic lesions and an increased rate of
infertility (5, 6). In parallel with these studies,
a number of investigators have demonstrated
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several critical molecular aberrations in human endometri-
otic tissues such as up-regulation of aromatase, estrogen
receptor-� (ER�), cytokines, and matrix metalloproteinase
(MMPS) (7–10) and down-regulation of P receptor isoform
B (PR-B) and tissue inhibitors of metalloproteinases
(TIMPS) (10, 11). Because these molecular abnormalities
have not been studied in the baboon to date, we performed
the following study to characterize molecular aberrations in
this valuable in vivo model of primate endometriosis.

MATERIALS AND METHODS

Induction of Endometriosis
Endometriosis was experimentally induced in 13 baboons

by intraperitoneal (IP) inoculation of menstrual endome-
trium on two consecutive menstrual cycles. Details of the
inoculation procedure have been previously published in
detail (4, 6). Briefly, as shown in Figure 1, menstrual endo-
metrium obtained using a Unimar Pipelle (Cooper Surgical
Inc., Shelton, CT) was deposited into the pouch of Douglas,
and the broad ligaments adjacent to the fallopian tubes by
laparoscopic guidance. Laparotomies were performed at 1, 4,
and 10 months after the second inoculation to evaluate and
harvest endometriotic lesions and endometrial tissues.

For assessment of uterine receptivity endometrial tissue
was obtained from two baboons at day 8 post ovulation (PO),
and from four animals after chorionic gonadotropin (CG)
infusion. Of the four animals treated with CG, two received
infusions into the uterine lumen through a polyvinyl cannula
inserted into the fallopian tube (12), whereas the other two
animals were given IM injections of CG (13). Using this
technique we are able to evaluate the direct effects of an
embryonic signal (CG in primates) on markers of uterine
receptivity independent of the presence of an embryo. Either
of these two treatments results in a similar response in
control animals as assessed by both glycodelin and �-smooth
muscle actin (�-SMA) expression (14, 15).

One and 4 months after inoculation, CG was either in-
fused into the uterine lumen for 4 days or injected IM for 6

days beginning day 6 PO (12, 13). Endometrial tissue and
endometriotic lesions were harvested from the baboons at
days 10 or 14 PO after hysterectomy. Control tissues were
obtained from baboons that had not been inoculated with
menstrual endometrium.

Collection and Processing of Tissue
Portions of the endometriotic lesions and endometrial

tissues harvested at the time of laparotomy or hysterectomy
were either snap-frozen in liquid nitrogen for RNA extrac-
tion or fixed in either 10% buffered formalin or Bouin’s
fixative for immunocytochemistry and histology. The frozen
tissues were processed for RNA isolation using the Trizol
reagent (Molecular Research Center, Cincinnati, OH) for
semiquantitative reverse transcriptase-polymerase chain re-
action (RT-PCR) analysis. The formalin and Bouin’s fixed
tissues were embedded in paraffin, and 5- to 7-�m sections
were used for histological analysis or immunocytochemistry.

RT-PCR and Southern Blot Analysis
One microgram of total RNA from endometriotic lesions

and endometrium were reverse transcribed and used for
semiquantitative RT-PCR (16). The reverse transcribed
product was divided into equal aliquots for amplification by
each set of primers. The primer sequences and conditions for
the RT-PCR analysis are shown in Table 1. For aromatase,
the RT-PCR products were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore Corp., Bedford, MA)
and subjected to Southern hybridization using an aromatase
cDNA probe as described previously (17). After CG stimu-
lation, endometrium from controls and animals with induced

F I G U R E 1

Diagrammatic illustration of endometriosis induction and tis-
sue collection in the baboon model.

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.

T A B L E 1

RT-PCR primer design

Gene Primer sequence Cycle # Amplicon

ER � 5�-CTG TTT GCT CCT AAC
TTG CTC-3�

30 360 bp

5�-ATG AGT AAC AAA GGC
ATG GAG-3�

ER � 5�-CTG TAA ACA GAG AGA
CAC TG-3�

35 512 bp

5�-GGC GGC TGA TCA GCA
CAT GG-3�

PR A & B 5�-CCA CAG GAG TTT GTC
AAG CT-3�

30 330 bp

5�-GAT GTC TGA AGT TAT
TGC TGC-3�

Aromatase 5�-ATA CCA GGT CCT GGC
TAC TG-3�

30 272 bp

5�-TTG TTG TTA AAT ATG
ATG CC-3�

H3.3 5�-GCA AGA GTG CGC CCT
CTA CTG-3�

24 213 bp

5�-GGC CTC ACT TGC CTC
CTG GAA-3�

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.
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disease were analyzed by RT-PCR for the expression of
glycodelin (12).

Immunocytochemistry
Menstrual endometrium (starting inoculation material),

endometriotic lesions, and eutopic endometrium were used
for the immunolocalization of ER�, ER�, PR, and aro-
matase. For immunolocalization of the steroid receptors,
formalin-fixed sections were subjected to antigen retrieval
using the Decloaking Chamber electric pressure cooker
(Biocare Medical, Walnut Creek, CA). Retrieval of antigens
required submerging the slides in an appropriate buffer for
each steroid hormone receptor. For ER� and PR, the slides
were treated with 0.01 M of sodium citrate buffer at pH 6.0,
for 10 minutes under 17–20 psi at 120°C. For ER�, the slides
were treated with 50 mL of glycine/HCl, 0.01% NaEDTA at
pH 3.5, for 5 minutes under 17–25 psi at 120°C. After
pressure release, the slides were cooled in buffer to 75°–
80°C for 10 minutes for ER� and PR, and 20 minutes for
ER�, after which all slides were rinsed under running water
for an additional 10 minutes.

Aromatase localization was performed in Bouin’s fixed
tissues and did not require antigen retrieval. After blocking
with 3% normal serum, the sections were incubated over-
night at 4°C with antibodies to ER�, 1:50 (ER1D5, Bio-
genex, San Ramon, CA), ER�, 1:500 (kindly provided by
Dr. Phillipa Saunders), PR, 1:30 (JZB39 kindly provided by
Dr. Geoffrey Greene), and aromatase, 1:75 (Serotec Inc.,
Raleigh, NC). Secondary antibodies and avidin biotin com-
plex reagents provided in the Vector ABC Elite Peroxidase
Vectastain kit (Vector Laboratories, Burlingame, CA) along
with diaminobenzidine (DAB) were used for detection (13).
For morphological analysis, tissue sections were stained with
Gomori’s trichrome (7). In the CG-treated animals, immu-
nolocalization of glycodelin and �-SMA were done as pre-
viously described (12, 14, 15).

RESULTS
Table 2 summarizes the gross morphological charac-

teristics of the endometriotic lesions that are evident in
baboons at 1, 4, and 10 months after inoculation. The early
lesions appear to be highly vascularized compared to the
more established lesions seen at 4 and 10 months after
inoculation. The cystic structures observed at 10 months
were similar to “chocolate cysts” observed in women with
endometriosis. The overall evaluation of these lesions and
their histological characteristics have been previously de-
scribed (4).

RT-PCR for Steroid Receptors and
Aromatase

Figure 2 summarizes the RT-PCR analysis of steroid
receptor and aromatase expression in eutopic endometrium
and endometriotic lesions obtained from the same animal at
each time point. The data shown are a representative com-

posite of tissues from animals from which both tissues were
obtained at the same time point. Data from tissues obtained
at 1 and 10 months after inoculation are shown in Figure 2.

T A B L E 2

Characterization of endometriosis lesions.

Month
Animal
number

Red
lesions

Blue
lesions Cysts

One 6539 2
6529 2
2760 4

Four 6539 2 1
6529 2 1
6627 3 1
2548 3 1
2028 3 2
2583 3
160 2

2019 2
Ten 2013 3

184 2

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.

F I G U R E 2

RT-PCR of steroid receptor and aromatase expression in
matched samples of eutopic and ectopic endometrium. The
reverse transcribed DNA was separated into five equal ali-
quots and amplified using the specific primers (Table 1). Lane
1 shows positive controls for each of the primers; ER� and
PR (baboon endometrium from proliferative stage of the cy-
cle), ER� (proliferative stage ovary), aromatase (baboon pla-
centa). Lane 2 represents a human endometriotic lesion, lane
3 is baboon menstrual endometrial tissue, lanes 4 and 6 are
eutopic endometrium from baboons with endometriosis for 1
and 10 months, and lanes 5 and 7 are endometriotic lesions
from the same animals. H3.3 is a histone gene used as an
internal loading control for each of the tissues.

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.
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Tissues at 1 month after inoculation were obtained at day 10
PO, whereas the tissues from the 10-month animal were
obtained during the proliferative phase of the menstrual
cycle. Menstrual endometrium (inoculating material; Fig. 2,
lane 3) showed limited expression of ER�, whereas PR was

readily evident. In contrast, ER� expression was not detect-
able in menstrual endometrium. However, when the endo-
metriotic lesions were analyzed for all three steroid recep-
tors, ER� was expressed primarily in the endometriotic
lesions (Fig. 2, lanes 5, 7). The ER� and PR were expressed

F I G U R E 3

Histology and steroid receptor immunocytochemistry. Gomori’s trichrome-stained sections of baboon menstrual endometrium
(A), an endometriotic lesion (B), and proliferative eutopic endometrium from a baboon with endometriosis (C). Additional
sections from the same tissues were stained for ER� (D, E, F), for ER� (G, H, I), and for PR (J, K, L). Magnification bar, 150
�m. gl � glands; st � stromal cells.

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.
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both in the eutopic endometrium and endometriotic lesions
(Fig. 2, lanes 4–7).

When the same set of samples subjected to RT-PCR for
steroid receptors were analyzed for aromatase expression,
only the eutopic endometrium and endometriotic lesion ob-
tained 10 months after inoculation showed evidence for
aromatase expression (Fig. 2, arom; lanes 6, 7). Southern

blot hybridization with a cDNA to aromatase further con-
firmed that aromatase was only expressed in these tissues
(data not shown).

Immunocytochemistry for Steroid Receptors
Figure 3 summarizes the histological appearance of the

menstrual endometrium (A), endometriotic lesions (B), and

F I G U R E 4

Immunocytochemical localization of aromatase in the stromal cells of an endometriotic lesion (B) and in granulosa cells of a
developing follicle (C, positive control). The histology of this lesion (A). st � stromal cells.

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.

F I G U R E 5

Immunolocalization of glycodelin and �-SMA in eutopic endometrial sections from control animals and baboons with
endometriosis. The endometrial tissues were obtained on day 10 PO after CG infusion. (A, C) Stained with a monoclonal
antibody to glycodelin. Note the absence of glycodelin protein (arrows) in endometrial tissues of baboons with endometriosis
(C). Also note the absence of �-SMA localization in the subepithelial stromal cells in the animals with endometriosis (D)
compared to the CG-treated controls (B). sa � spiral artery; myo � myometrium.

Fazleabas. Endometriosis in the baboon. Fertil Steril 2003.
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eutopic endometrium (C). The endometriotic lesions and
endometrium were obtained during the proliferative phase of
the menstrual cycle at 10 months after inoculation. All three
steroid receptors showed faint straining in the stromal cells
in the menstrual tissue used for inoculation. The ER� was
immunolocalized primarily to the glands and stroma of the
endometriotic lesions (Fig. 3E). Eutopic endometrium
showed very little staining for ER� (Fig. 3F). In contrast, the
eutopic endometrium from the proliferative stage showed
intense staining for ER� and PR (Fig. 3I and L). Although
ER� and PR were both detectable in the endometriotic
lesions by RT-PCR, the immunolocalization of these two
steroid receptors was not readily evident in the tissues (Fig.
3G, H, J, K). This is most probably due to the significant
differences in sensitivity between the two techniques.

Immunocytochemistry for Aromatase
Corresponding to the RT-PCR and Southern blot results,

aromatase was immunolocalized in the stromal cells of the
10-month lesion that was adhered to the ovary (Fig. 4B).
Morphological examination confirms the presence of stromal
cells in the lesion (Fig. 4A). The granulosa cells of an
ovarian follicle on the same section also demonstrates pos-
itive aromatase immunolocalization (Fig. 4C).

Markers of Uterine Receptivity
The endometrium of women with endometriosis is

thought to be dysfunctional and may contribute to lowered
fecundity (19). Baboons with induced disease also have
reduced fecundity (5). Results shown in Figure 5 demon-
strate that two major biomarkers of uterine receptivity in the
baboon (12) are markedly down-regulated in response to CG
as early as 1 and 4 months post inoculation (PO). Glycodelin
is a major secretory product of the glandular epithelium (14)
and �-SMA is induced in the subepithelial stromal cells and
is a prerequisite for decidualization (12, 20). In animals with
induced disease, glycodelin expression as assessed by RT-
PCR was not detectable on day 8 PO and was markedly
down-regulated, compared to controls, after CG infusion at
days 10 and 14 PO (data not shown). The decrease in mRNA
was also correlated with the decrease or absence of protein.
There is no detectable immunolocalization of glycodelin in
the glandular epithelium of baboons with endometriosis after
CG stimulation (Fig. 5C, arrow) compared to controls (Fig.
5A, arrow). In contrast, the morphological appearance of the
endometrium was normal in both the control animals and
baboons with endometriosis (data not shown).

The subepithelial stromal cells respond to CG by express-
ing �-SMA (12). Note that in CG-treated baboons with
endometriosis, �-SMA was not evident in the subepithelial
stroma (cf. Fig. 5B, arrow with Fig. 5D). However, the
smooth muscle cells around the spiral arteries and the myo-
metrium stained positively in both controls and baboons with
endometriosis (Fig. 5D).

DISCUSSION
Endometriosis affects a significant number of women of

reproductive age. Diagnosis of the disease and the conse-
quences to fertility are usually evident only when a woman
is symptomatic and has had the disease for a period of time.
However, much remains to be learned about the etiology and
pathophysiology that allows menstrual endometrial tissue to
adhere and proliferate in the peritoneal cavity. The experi-
mentally induced baboon endometriosis model is clinically
relevant as we are able to study the early events associated
with the establishment of the disease after inoculation. Ex-
tensive studies by D’Hooghe (5) demonstrated that IP inoc-
ulations with menstrual endometrium resulted in endometri-
osis as defined by the incidence of endometriotic lesions
based on histological criteria and cycle fecundity (5, 6).

We have expanded on these studies to evaluate both the
endometriotic lesions and the eutopic endometrium for cel-
lular and molecular changes. In a preliminary study we
described the histological characteristics of the lesions and
showed evidence for the differential expression of steroid
receptors, metalloproteinases (MMP-3 and 7) and vascular
endothelial growth factor (4). Based on these studies we
proposed that in our experimental model endometriosis de-
velops in two phases. The initial invasive phase, character-
ized by the presence of red or reddish-blue lesions, occurs
during the first 6 months and is dependent on ovarian ste-
roids. In the second phase, which begins between 8–10
months after inoculation, the endometriotic tissues express
aromatase and therefore are capable of endogenous E syn-
thesis. However, a common feature in both of these phases is
the specific expression of ER� in endometriotic lesions.

The ER� was first identified in the rat prostate (21), but
has now been shown to be expressed in many other tissues
(22, 23). Studies in knockout mice and its nonidentical tissue
distribution compared to ER� (24) would suggest that this
ER has a biological function distinct from that of ER�.
Endometriosis is an E-dependent disease that is also mani-
fested by the increase in inflammatory cytokines in the
peritoneal cavity (25). Numerous studies suggest that E2

acting by way of ER� antagonizes the effects of interleukins,
primarily IL-1 and IL-6 (26, 27). Therefore, we hypothesize
that the specific induction of ER� in endometriotic lesions
may play a critical role in the establishment and maintenance
of the disease and compensate for the potential antagonistic
effects of ER� on inflammatory cytokines. In addition, re-
cent studies also demonstrate a differential expression of
ER� and ER� in leiomyomas and it was hypothesized that
this may be important for the development or growth of
fibroids (28). The ER� has also been suggested to play a role
in cell proliferation (29). Because both the development of
leiomyomas and endometriosis require cell proliferation that
is distinct from that normally found in the uterus, it is
conceivable that E, acting through ER� may regulate cell
proliferation in these two gynecological diseases.
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The PR is composed of two different isoforms, PR-A and
PR-B, which are transcripts initiated by two different pro-
moters within a single gene (30, 31). It has been demon-
strated in several systems that PR-A is a negative regulator
of PR-B (32). Furthermore, it also appears that ligand-acti-
vated PR-A can inhibit the transcriptional activity of ER�
(32, 33). Thus, in the context of endometriosis, our obser-
vation that ER� is selectively up-regulated may be critical
for E action on the tissues. Previous studies have demon-
strated that PR-A expression is higher in endometriotic tis-
sues and that this difference in PR-A-to-PR-B ratio may play
a role in suppressing 17� hydroxysteroid dehydrogenase
(HSD) type II and prevent the inactivation of E2 (34). In the
current study, both the PCR primers and the antibody used
were directed to a common region and thus did not differ-
entiate between PR isoforms. We propose that ER� induc-
tion can compensate for PR-A-regulated ER� inhibition and
thereby continue to allow E2 to stimulate endometriotic
tissue growth and survival.

Previous studies from our laboratories have indicated that
aromatase expression is up-regulated in human endometri-
otic lesions (7, 8). The transcriptional regulation in human
endometriotic tissues is complicated and has been previously
reviewed (8). The increase in aromatase is thought to regu-
late endogenous E biosynthesis, which in turn can sustain
endometriotic lesions. In a case report, treatment with an
aromatase inhibitor was beneficial in reducing the size and
alleviating the pain in a postmenopausal woman with severe
disease (35). Interestingly, in our baboon model aromatase
expression was only evident in lesions obtained at 10 months
PO. No aromatase expression was detectable in the lesions
obtained at 1 and 4 months. Based on these observations we
propose that endometriosis occurs in two phases. The initial
attachment and proliferation is dependent on ovarian ste-
roids, primarily E2 acting through ER�. As the disease
progresses, aromatase expression is induced possibly as a
result of transcriptional changes within the endometriotic
lesion or its peritoneal environment. Studies to test these
hypotheses are currently under way in our laboratory.

In addition to aromatase expression being evident in
endometriotic lesions, our studies also indicate that aro-
matase expression increases in the eutopic endometrium of
baboons with endometriosis. Aromatase expression is also
evident in the eutopic endometrium of patients with disease
(7) and Kitawaki et al. (36) have suggested that aromatase
expression may be an endometrial marker for diagnosing
endometriosis. However, a more recent report (37) indicates
that it is not. Our evidence in the baboon, however, would
support the findings of Kitawaki et al. (36) as we observe an
increase in aromatase in both ectopic and eutopic endome-
trium as the disease progresses.

Patients with endometriosis-associated infertility have
significantly decreased pregnancy rates compared with pa-
tients undergoing IVF for other indications (38). Endome-

trial dysfunction as it relates to uterine receptivity has been
suggested to be one of the major reasons for the decreased
pregnancy rates (39, 40). Several studies have reported that
a subset of women with endometriosis have a dysfunctional
endometrium based on biomarker expression when com-
pared to women without disease (19, 27, 41). In women with
endometriosis the integrin �v�3 is reduced, whereas its
ligand osteopontin is not (41).

Because the establishment of pregnancy requires a syn-
chrony between the embryo and the endometrium, we tested
the possibility that in baboons with endometriosis, markers
of uterine receptivity that are regulated by CG are also
suppressed. Glycodelin is a major secretory protein of these
glandular epithelium in both women and baboons (14) and
stromal fibroblasts respond to CG by expressing �-SMA, a
prerequisite to conceptus-induced decidualization of the
cells (15, 20). It is evident from these preliminary studies in
baboons that as early as 1 and 4 months PO, CG-induced
biomarkers of uterine receptivity are suppressed. Because
glycodelin may play a regulatory role in the immune system
(42) and �-SMA induction is a requirement for stromal cell
differentiation (15), we suggest that the inability of the
endometrium of baboons with endometriosis to respond to
an embryonic signal results in an aberrant uterine environ-
ment that is not conducive to the establishment of pregnancy.

In summary, our baboon model has demonstrated that the
establishment and development of endometriosis occur in
two phases: [1] depends on exogenous steroids and [2] is
capable of endogenous steroid biosynthesis. In addition, we
have also demonstrated that endometrial receptivity is com-
promised early in the disease process. Many questions re-
main with regard to the mechanisms by which ER� and
aromatase are regulated and the mechanism by which the
presence of endometriosis in an ectopic environment alters
the receptive status of the eutopic endometrium. However,
the establishment of this non-human primate model will
enable us to systematically study the etiology and patho-
physiology of this enigmatic disease and its effects on the
establishment and maintenance of pregnancy.
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