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Abstract

Objective—To determine the effect of inhibiting aromatase activity on endometrial lesion
growth and aromatase expression in a baboon model of induced endometriosis.

Design—Prospective Study
Setting—Institute of Primate Research, Nairobi, Kenya
Animals: 16 olive baboons

Intervention—16 olive baboons with induced endometriosis were examined with laparoscopy 10
months after disease inoculation. Animals in Group 1 (n=10) were treated with 1.25 mg/d of the
aromatase inhibitor (Al) letrozole and animals in Group 2 (n=6) were given a placebo for a total of
6 months

Main Outcome Measure—Total number of endometriotic lesions, morphology and volume of
leisions as well as semi-quantitative RT-PCR and quantitative PCR for levels of aromatase
cytochrome mRNA were measured. Ovarian volumes were evaluated prior to treatment initiation
and every 2 months during the study.

Results—Treatment of Group 1 animals with an Al significantly decreased lesion volume from
baseline measurements whereas the placebo-treated animals showed an increase in lesion volume.
Aromatase mRNA levels in lesions in the Al-treated animals were significantly lower compared
with the placebo-treated animals. Ovarian volumes were significantly increased at six months of
Al treatment compared to pre-treatment volumes.

Conclusions—These findings suggest that suppression of aromatase cytochrome P450 may
inhibit the /n vivo growth of endometriotic lesions in baboons.
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INTRODUCTION

Endometriosis is a chronic, heterogeneous condition characterized by the growth of
endometrial implants outside of the uterus, and affects 5-10% of reproductive-age women
(1-3). Symptoms include dysmenorrhea, dyspareunia, pelvic pain, and infertility. We and
others have demonstrated that estradiol (E2), the biologically active form of estrogen, is a
potent mitogen that supports growth and inflammation processes in endometriotic lesions
(1-7).

The local estrogen content of endometriosis lesions is highly correlated with the levels of
steroidogenic enzyme aromatase cytochrome P450 (1, 8, 9). High levels of aromatase
mRNA have been found in extraovarian endometriotic lesions and endometriomas when
compared to normal endometrium (10). Androstenedione of adrenal and ovarian origin
serves as the primary substrate for aromatase activity in endometriotic tissue, catalyzing the
reaction to give rise to estrone, which is further converted to the more active estradiol (8,
11-16). Moreover, peritoneal and ovarian endometriotic tissues express the complete set of
genes necessary for converting cholesterol to estradiol.

Estrogen production plays a key role in endometriosis, and is a key target for treatment. Its
inhibition by GnRH analogues, oral contraceptives, progestins, and aromatase inhibitors
(Als) reduces pelvic disease and pain.(1, 17-19) GnRH analogues act by suppressing
ovarian steroidogenesis, resulting in a hypo-estrogenic state; however, GnRH agonists do
not block extra-ovarian sources of estrogen including the local production of estrogen by
endometriotic lesions and peripheral tissue sites (such as adipose tissue and skin) (1, 11, 18-
25). These tissue sources may give rise to significant circulating levels of estrogen despite
the inhibitory action of GnRH agonists on ovarian estrogen production.

Aromatase is regulated at the levels of transcriptional expression, protein expression, and
enzyme activity in endometriosis. (7, 26, 27). It is involved in a positive feedback loop that
favors expression of key steroidogenic genes (1). Estrogen stimulates expression of the
COX-2 enzyme, resulting in elevated levels of prostaglandin E2 (PGE2), which is a potent
stimulator of aromatase activity in endometriosis (1). This leads to continuous local
production of E2 and PGE2 in endometriotic tissue (1). In endometriosis, estrogens promote
the growth and invasion of endometriotic tissue, while prostaglandins mediate pain,
inflammation and infertility. Because of the integral role of aromatase and estrogens in
endometriosis, Als have been investigated as a potential treatment option for women with
this disease (16, 18-20, 28).

A number of human studies have demonstrated that treatment with an Al reduces
endometriosis-associated pain; however, only one study has demonstrated that Al treatment
reduces laparoscopically visible pelvic endometriosis (17). Moreover, all previous studies in
premenopausal women employed a combination of an Al and a second agent due to
concerns that the Al would indirectly cause ovarian follicular development.(17, 18, 28-35)
Thus, it remains unclear whether Al single-agent therapy can directly reduce pelvic
endometriotic implant numbers or lesion size. We therefore conducted the current study in a
non-human primate model to help answer this question.

For this study, we used baboons with experimentally induced endometriosis. The use of non-
human primates is advantageous for the study of endometriosis because they represent a
phylogenetically similar animal model to the human that allows for the evaluation of disease
pathogenesis as well as the identification of therapeutic targets (36—42). We previously
demonstrated significantly elevated aromatase mMRNA in endometriotic lesions from
baboons 10 months after experimentally induced endometriosis (13). Here, we used the
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identical animal model to determine whether the inhibition of aromatase enzyme activity can
reduce pelvic endometriosis and decrease aromatase mMRNA levels in endometriotic tissues.

MATERIALS AND METHODS

Animals

Sixteen female olive baboons (Papio anubis) of reproductive age and average weight of 10 +
3 kg were housed in single cages at the Institute of Primate Research, Nairobi, Kenya. The
animals were captured from the wild and underwent a mandatory three month quarantine
period prior to inclusion in the study. All baboons had normal menstrual cycles, proven
fertility, and a normal pelvis with no evidence of spontaneous endometriosis as
demonstrated by laparoscopy before the beginning of the study. These animals were only
used for this study. Baboon weights, menstrual cycles start date and duration were recorded.
The baboons also had daily health checks to monitor for any signs, including distress, that
would require veterinary intervention. The study protocol was approved by the Institutional
Scientific Review and Animal Use and Care committees of the Institute of Primate
Research, Nairobi, Kenya. All animals were humanely euthanized at the end of the study
period with intravenous administration of an overdose of sodium pentobarbitone.

Induction of endometriosis

Endometriosis was experimentally induced using intra-peritoneal inoculation of eutopic
endometrium as previously described (13, 40, 49). Menstrual tissue was obtained using the
Pipel™ biopsy catheter (Cooper Surgical, Trumbull, CT) and the tissue was deposited into
the pouch of Douglas, ovarian fossae, and the broad ligaments adjacent to the fallopian tubes
by laparoscopic guidance.

Pre-treatment laparoscopic evaluation

Al treatment

Endometriotic lesion development was documented laparoscopically 10 months after disease
induction (Figure 1). Endometriotic lesions were characterized as having typical or
suspicious appearance, similar to those seen in human females. Typical lesions were those
noted to be black and blue cysts, white plagues with pigmentation, active red hemorrhagic
vesicles, or nodules. Suspicious lesions were non-raised areas with orange-brown
discoloration or irregular blood vessel patterns. Endometriosis was staged using the revised
American Society for Reproductive Medicine classification system and adapted for use in
baboons as previously described (44, 50-52).

All typical lesions were counted in each animal and categorized according to lesion volume
using the formula V/esion = @ X b X ¢ where a, b, and ¢ represent lesion width, length, and
height, respectively. The gross appearance and lesion volumes were also documented on
pelvic maps, photographed, and recorded using video-laparoscopy equipment (Sony
Corporation, Tokyo, Japan).

Treatment was started 10 months after disease induction immediately following the pre-
treatment laparoscopy. The baboons were divided into 2 groups: Group 1 (n=10) was treated
with the Al letrozole (Novartis, Basel, Switzerland), a potent inhibitor of aromatase P450
enzyme activity; Group 2 (n=6) was given a placebo and served as the control group. Both
groups were administered a single 1.25-mg tablet (either a letrozole or a placebo tablet
buried in a banana) at the same time daily for 6 months. During the treatment period,
diagnostic laparoscopy was repeated every two months to visualize and measure the ovary
size (since follicular cyst formation is a known side effect of Al use). At each laparoscopy,
the pelvis and ovaries were examined systematically and the lesions were grossly visualized
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and counted. Exact measurements of lesions were only done at the pre-randomization and
post-treatment laparoscopies.

Post-treatment endometriosis screening

Within a week following the sixth month of treatment, a post-treatment video-laparoscopy
was carried out in all animals (n=16) to document changes in individual lesions by
calculating the mean number and lesion volume per group. Additionally, we documented
lesion regression as well as the gross presence of fibrosis on individual lesions, which
indicated healing. The lesion number means were calculated by dividing the total number or
volumes of lesions in each group by the number of animals in the group. During the final
laparoscopy, excisional biopsies of endometriotic lesions in all 16 animals were taken. Fresh
tissue samples were divided into two, with one sample frozen immediately in liquid nitrogen
and transferred to —80°C for total RNA extraction at a later time, and a second sample fixed
in 10% formalin for histologic analysis. Schematic representation of the treatment strategy is
provided in Supplemental Figure 1.

Ovarian Volume assessment

To determine the effect of orally administered aromatase inhibitor on ovarian volume in
baboons, we performed a video-laparoscopy one month before treatment, every two months
during treatment and one month after treatment in both Al and placebo treated animals.
Briefly the right and left ovary in every animal was measured on day 2 of their monthly
estrus cycles with a graduated cannula. The length of each ovary was measured in an
oblique sagittal section and the width and the height of the ovaries were measured in the
frontal section after a 90° rotation of the measuring cannnular. The ovarian volume was
calculated by using the formula for a prolate ellipsoid: (V = 4/3 x 3.14 x (d1 /2 x d /2 x
d3/2) where dy is length, d, width and d3 the height of every ovary. An average of the
volume of left and right ovary was calculated for every animal. Group means were then
compared based on the averaged ovary volume from every individual baboon. All
measurements were carried out by one observer to reduce inter-observer differences.

Histologic study

Formalin-fixed endometriotic lesions from letrozole or placebo-treated animals were
embedded in paraffin and 4-pwm sections were prepared and stained with gomori trichrome
for morphologic evaluation. Lesions were observed under light microscopy for cellular
effects of letrozole and placebo treatments. Endometriosis was diagnosed by the presence of
both endometrial stromal cells and glands. Lesions containing only stroma were excluded
from the study.

Semi-quantitative and quantitative RT-PCR

Total RNA from endometriotic tissue was isolated as previously described (53). Equal
amounts of total RNA from both Al-treated (Group 1) and placebo-treated (Group 2)
animals were analyzed for levels of aromatase mMRNA using both semi-quantitative RT-PCR
and real-time quantitative PCR. Briefly, cDNA was synthesized from 1 g of total RNA
using Superscript 11 RT (Invitrogen, Carlsbad, CA).

PCR was carried out using 2l of cDNA, 2pl of 50 mM MgClI, 1 pl 10m M dNTP, 10 pM
sense and antisense primers, and radiolabelled 32P-dCTP (Amersham Biosciences,
Piscataway, NJ). Semi-quantitative RT-PCR was carried out using specific primers for the
aromatase gene coding region. Expression of GAPDH was used as an internal control to
normalize the amount of RNA used for each sample. The specific aromatase primers used to
amplify cDNA fragments are shown in Supplemental Table 1. The amplification procedure
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consisted of initial incubation at 94°C for 2 min to inactivate the RT followed by incubation
at 93°C for 1 min, 45°C for 1 min, and 72°C for 1 min for 38 cycles. An aliquot of the PCR
product was fractionated on a 2% agarose gel. The gel with the separated cDNA fragments
was dried, exposed to Xomat film, and developed. A scanning densitometer was used to
determine the ratio of intensity of each DNA band relative to GAPDH. Densitometric
analysis of the gel bands was performed using a Phosphor-Imager analyzer (Bio-Rad,
Hercules, CA).

Real-time quantitative PCR analysis was performed using the same RNA samples and the
Tagman analysis employing the ABI PRISM 7000 Detection system (ABI Biosystems,
Carlsbad, CA).. cDNA was produced from 0.5 pg total RNA. Each sample was run in
triplicate. The quantification relative to the housekeeping gene GAPDH was used to
determine the level of the target gene as previously described (10).

Statistical analysis

RESULTS

Statistical analysis was performed using the analysis of variance (ANOVA) and paired and
unpaired Student’s t test. Paired analyses were used when comparing pre-and post-treatment
results in the Al treated group. Unpaired analyses were used when comparing Al treatment
to controls. The data for ovarian volumes was log transformed prior to analysis. Significance
was defined as A<0.05.

Successful experimental induction of endometriosis in baboons

To assess whether endometriosis was successfully induced in these animals, video-
laparoscopy with a minimum of 5 biopsies in each animal was performed in each group 10
months after disease induction. Histologic analysis demonstrated that 80% of the lesions
biopsied in each animal were consistent with endometriosis (Figure 1). The location and
number of the lesions were not significantly different at this time between the treatment and
control groups (Table 1, Supplemental Figure 2A;).

Letrozole decreases endometriotic lesion volume

In order to assess the in vivo role of aromatase suppression on the progression of
endometriosis lesions, the volume of individual lesions were laparoscopically recorded
before and after six months treatment in both groups. A total of 80% of the lesions were
histologically proven endometriosis. The gross appearance of individual endometriotic
lesions in the letrozole treated animals regressed in size, while an increase in size and
morphology was noted in the placebo treated animals (Figure 1, Table 1, Supplemental
Figure 2A;). A significant decrease from baseline in mean peritoneal endometriotic lesion
volume as well as the total number of lesions was noted in the letrozole-treated group.
Specifically, 49% of the lesions noted at the pre-treatment laparoscopy disappeared after 6
months of letrozole treatment. With regards to the lesions that did not disappear, Al
treatment caused a 54% decrease in lesion size, with fibrotic scar appearing at the site of the
lesion. Similar findings were seen when comparing the letrozole- and placebo-treated groups
(Supplemental Figure 2A, Table 1, Supplemental Figure 2A). A significant 40% increase
from baseline in total lesion number and the volume of the lesions was noted in the placebo-
treated group (Table 1; Supplemental Figure 2A).

Aromatase cytochrome mRNA expression levels are decreased in endometriotic tissue
from animals treated with letrozole

Semi-quantitative RT-PCR (Figure 2A) was used to detect and compare aromatase mMRNA
levels in endometriotic lesions obtained from baboons after 6 months of letrozole or placebo
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treatment. A significantly lower aromatase mRNA level was observed in the endometriotic
tissue of letrozole-treated animals compared with placebo-treated animals (/£<0.05). The
results of quantitative PCR are shown in Figure 2B. The observed aromatase cDNA levels
were significantly higher in the control animals as compared to the Al-treated animals
(P<0.05), consistent with the results of the semiquantitative RT-PCR analysis.

Changes in weight, menstrual cyclicity and ovarian volumes

The changes in group mean baboon weight and their monthly menstrual cycle duration were
compared within groups during pre-treatment, treatment and after treatment periods of the
study. These parameters did not differ (Table 2, p >.05).

The mean ovarian volume significantly increased with Al treatment (Supplemental Figure
2B, p <.05). A similar increase in ovarian size was not noted in placebo-treated animals.

DISCUSSION

There are many uncontrollable and unknown factors involved with the induction and
progression of endometriosis, making it a particularly difficult disorder to study. In addition,
the time from onset of disease to diagnosis can range between 8-11 years in women (54).
Therefore, an animal model with experimentally induced disease allows investigators to
characterize factors involved with the initial onset of disease and throughout disease
progression. This type of model is also conducive to investigating the efficacy of various
treatments. Baboons remain one of the best animal models in which to study endometriosis
(36, 48). The female reproductive anatomy and physiology are similar in baboons and
humans. Retrograde menses has been reported as a frequent natural phenomenon in baboons
(44). In addition, spontaneous endometriosis can be seen in these animals (45). The body
size of the baboon also allows for multiple surgical procedures and repeated collection of
samples including blood, tissue, and peritoneal fluid. Therefore, the baboon has emerged a
particularly useful model to study the pathophysiology and progression of endometriosis
(36, 48).

The present study describes important experimental evidence suggesting that aromatase
cytochrome P450 may play an important role in the growth of peritoneal endometriotic
lesions, and demonstrates the therapeutic potential of using an Al for slowing the
progression of endometriosis. This study supports clinical data showing that women with
endometriosis respond to therapies directed at inhibiting aromatase action, and provides
visual, histologic, and molecular evidence of the Al mechanism of action in endometriosis
(17-21, 28, 29). In addition, similar experiments in a mouse model have shown a resolution
of ectopic endometriotic lesions when aromatase is suppressed with inhibitors (12).

We also found that treatment with an Al caused a regression of endometriotic lesions
(Figure 1, Table 1, Supplemental Figure 2). This observation underscores the importance of
aromatase cytochrome P450 for maintenance of local estrogen concentrations needed for the
perpetuation and progression of endometriotic disease (1, 16, 19). In placebo-treated
animals, endometriosis disease progression was consistent with what has been previously
described (45, 49). Our results are also consistent with the study by Ailawadi et al., which
showed lesion regression in women treated with a combination of Al and a progestin (17).
Our study, however, used an Al as a single agent, something that has not been done in
humans because of the potential effects on the pre-menopausal ovary.

Als are known to inhibit estrogen production in different body sites, including the brain,
ovary, and peripheral tissues (including adipose tissue and skin) (16, 20). In humans, local
estrogen production by the brain is, in part, responsible for the suppression of follicle-
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stimulating hormone (FSH) and luteinizing hormone (LH) secretion. The amount of
aromatase in the brain or periphery is small compared with the overwhelming levels of
aromatase in granulosa cells of the human antral follicles. Thus, it is likely that while Als
completely inhibit aromatase activity in the brain and periphery, only a fraction of the
aromatase activity in the ovary is blocked. In women, there is a compensatory response to
E2 depletion, in which the hypothalamus stimulates higher serum FSH secretion and ovarian
stimulation. Therefore, when given to women of reproductive age, Als increase follicular
recruitment and may lead to ovarian stimulation and cyst formation (55). Because of this,
when Als are given in premenopausal women, additional drugs are used to effectively
down-regulate gonadal estrogen biosynthesis and prevent ovarian cyst formation. In this
study, Al treatment did give rise to an increase in ovarian volume in the baboon
(Supplemental Figure 2B). However, baboon menstrual cycles were not altered because of
this treatment, indicating that this increase in ovarian volume did not affect menstrual
regularity (Table 2).

Studies by our laboratory and others have demonstrated an intracrine effect of estrogen in
endometriosis (12, 13, 16, 19, 21-25, 27, 56-59). Estrogen produced by aromatase activity
in the cytoplasm of endometriotic stromal cells can exert its effects by binding to its own
nuclear receptor. Our findings are consistent with those of many human studies reporting
high aromatase expression in endometriosis (Figures 2A, 2B). Endometrium obtained from
women without endometriosis, however, has been found to lack aromatase expression (22,
57-59).

There are several limitations to our study. We did not measure systemic hormonal levels or
collect peritoneal fluid for assessment of inflammatory cytokines. Many of the animals did
not have any peritoneal fluid at the time of surgery. Systemic hormone measurements were
not done because of cost. Bone density measurements were also not done because of cost.

In conclusion, this study suggests that aromatase cytochrome P450 plays an important role
in the pathophysiology of endometriosis in baboons, and that altering the activity of
aromatase with Als may decrease disease burden.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Representative laparoscopic photographs with endometriotic lesions (arrows) and histologic

samples are shown. (A, B) Placebo group before (A) and after (B) treatment, showing
progression of lesion size and change of morphology from subtle to typical blue-black lesion
over time. (C,D) Letrozole group before (C) and after (D) treatment, showing lesion
diminishing in size post-treatment. (E,F) Histology sections of a lesion treated with placebo
(E). Active glandular epithelium [g] and stroma [s] are seen. The letrozole-treated lesion (F)
shows inactive glands, absence of stroma, sloughing epithelia, and loose connective tissue
[C] invasion.
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Figure2.

Aromatase expression in endometriotic tissue. (A) Representative semi-quantitative RT-
PCR for aromatase cytochrome P450 expression in endometriotic tissue from 6 letrozole-
treated and 6 placebo-treated treated animals. Adipose tissue was used as positive control.
Post-treatment expression of aromatase was significantly lower with letrozole compared
with placebo (A<0.05). (B) Quantitative PCR shows a significantly lower level of lesion
aromatase expression with letrozole treatment vs. placebo treatment (£<0.05) (units of
measure= fluorescence units).
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Comparison of Endometriotic Lesion Number and VVolume Between Aromatase Inhibitor (Al) and Placebo

(PLA) Treated baboons Pre and Post Treatment

Table 1

Al (n=10) PLA (n=6) p-value
#of total lesions (mean, median, range) Pre | 83(10+3,11,6-13) | 39(8#2,7,7-10) | Ns
# of total lesions (mean, median, range) Post | 42#”(5+1,6,3-7) | 65% (134, 13, 9-19) | P<0.05"#
#Fibrotic post- treatment lesions (mean, median, range) | Post 21(3+1,3,1-4) 0 P<0.05 ™
Total Volumes (mm?) (Mean, median, range) Pre | g1#(424, 2, 1-16) 78 (31, 3, 1-8) NS
Total Volumes (mm?) (Mean, median, range) Post | 22%7%(1+1,1,1-13) | 52%(625,5,1-20) | P<0.05 *#

*
Significantly different from pre-treatment as calculated by an unpaired Student t-test between

Significantly different from pre-treatment Al group as calculated by a paired Student t-test
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Table 2

Weight and Menstrual Cycle Length Endometriosis-Induced Baboons Treated with Aromatase Inhibitor (Al)
or Placebo (PLA)

WEIGHT (kg) MENSTRUAL CYCLE LENGTH (DAYS)
Al PLA Al PLA
Pre-Treatment (mean, SD) 11.9+21 | 134+26 | 34+3 34+3
Treatment (mean, SD) 127+21 | 135+25 | 34+3 34+2
Post- Treatment (mean, SD) | 12.7+15 | 13.7+09 | 32+3 33+3

Values are means + Standard deviation (SD). There were no statistically significant differences in weight or menstrual cycle length noted pre-
treatment, during treatment of after treatment in either group.

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Fertil Steril. Author manuscript; available in PMC 2013 August 19.



