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Abstract

Objective: Fenretinide is a synthetic retinoid analogue that promotes apoptosis but has decreased toxicity when compared to
other retinoids. We have previously shown that retinoic acid (RA) production in endometriotic tissue is decreased, resulting in
reduced estrogen metabolism and apoptotic resistance. We hypothesize fenretinide may induce apoptosis in endometriotic cells
and tissues, thereby reducing disease burden. Materials and Methods: Primary endometriotic stromal cells were collected,
isolated, cultured, and treated with fenretinide in doses from 0 to 20 pmol/L. Cell count, viability, and immunoblots were per-
formed to examine apoptosis. Quantitative reverse transcription-polymerase chain reaction from endometriotic cells treated
with fenretinide was used to examine expression of genes involved in RA signaling including stimulated by RA 6 (STRA®), cellular
RA binding protein 2 (CRABP2), and fatty acid binding protein 5 (FABP5). Endometriotic tissue was xenografted subcutaneously
into the flanks of mice which were treated with fenretinide for 2 weeks, after which the mice were killed and lesion volumes
calculated. Statistical analysis was performed using t test and analysis of variance. Results: Treatment with fenretinide significantly
decreased total cell count (doses 5-20 L) and viability (doses 10-20 pmol/L). Fenretinide increased protein levels of the apoptotic
marker poly (ADP ribose) polymerase (starting at 10 umol/L) and decreased proliferation marker proliferating cell nuclear antigen
(10 pmol/L, starting at 8-day treatment). Examination of genes involved in retinoid uptake and action showed that treatment
induced STRA6 expression while expression of CRABP2 and FABP5 remained unchanged. Fenretinide also significantly decreased
the endometriotic lesion xenograft volume. Conclusions: Fenretinide increases STRA6 expression thereby potentially reversing
the pathological loss of retinoid availability. Treatment with this compound induces apoptosis. In vivo treatments decrease lesion
volume. Targeting the RA signaling pathway may be a promising novel treatment for women with endometriosis.
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believe that this decreased expression in genes regulating reti-
noid uptake and action affects differentiation in endometriotic
cells. We hypothesize that targeting this pathway may lead to
novel treatments for this disorder.

Retinoic acid (RA) has been established as a potent modu-
lator of gene transcription by directing control over cell growth,
differentiation, and apoptosis.’ Because endometriosis is char-
acterized by a resistance to apoptosis, we believe that perturba-
tions in the RA signaling pathway are crucial to the
establishment and progression of the disease.”'*!'!" Our previ-
ous work indicated that RA production in endometriotic tissue

Introduction

Endometriosis is an estrogen-dependent disease characterized
by the growth of endometrial stroma and glands outside of the
uterus." Women afflicted with this condition often present with
chronic pelvic pain, dysmenorrhea, dyspareunia, and inferti-
lity."* Retrograde menstruation is often cited as the cause of
this disease; however retrograde menstruation occurs in nearly
all women yet not all women are afflicted with this condition.
Therefore, it has been suggested that women with endometrio-
sis are likely to have underlying molecular abnormalities
allowing for the continued growth of the endometrial tissues
outside the uterus.’

Since endometriosis is a heterogeneous disorder, therapies
may be beneficial to some patients but not others. Therefore,
there is a continued need to study novel pathways involved in
disease initiation, maintenance, and progression in order to
develop better therapies.'*® We have recently shown that reti-
noid uptake, metabolism, and action are deficient in endome-
triotic cells compared to normal endometrial cells.”* We
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is reduced relative to healthy endometrium, resulting in blunted
estrogen metabolism.”® We recently characterized the expres-
sion of the genes responsible for retinoid uptake, synthesis, and
degradation in both normal and endometriotic tissues and
found a decreased expression of the genes involved in RA
synthesis and trafficking, indicating that this signaling pathway
plays a central role in the pathogenesis of endometriosis.

Fenretinide is a synthetic retinoid analogue with decreased
toxicity compared with other retinoids. It is a differentiation-
inducing agent and promotes apoptosis in a variety of tissues
and cell types.'? The mechanism by which fenretinide inhibits
growth and induces apoptosis is not well understood and may
be independent of binding to nuclear retinoid receptors.'? Very
preliminary studies done in leiomyoma cells have shown that it
may block growth and induces apoptosis.'” Fenretinide has also
been shown to reduce aromatase activity in vitro.'*'> Because of
its ability to reduce aromatase, as well as induce apoptosis, we
believe it will be efficacious in the treatment of endometriosis.
We therefore hypothesize that treatment with fenretinide will
inhibit the growth of human endometriotic tissues.

Material and Methods

Ethics Statement and Tissue Acquisition

Human tissue acquisition was approved by the Northwestern
Institutional Review Board for human research. All the animal
experiments were approved by Northwestern University Ani-
mal Care and Use Committee. Written consent was obtained
from women undergoing surgery for endometriosis. Endome-
triosis (OSIS) tissue was obtained from cyst walls of ovarian
endometriomas (n = 10). Because we are only able to obtain
excess pathological tissues, all of our experiments are con-
ducted using endometriomas.”*'® All the patients were preme-
nopausal and were not on any hormonal therapy before the
surgery. The average age of the patients was 38 + 6 years.

Isolation and Culture of Primary Stromal Cells

Stromal cells were isolated from these endometriomas by using
a protocol described by Ryan et al with a few modifica-
tions.'”'® Briefly, the tissues were minced and digested with
pronase, deoxyribonuclease, and collagenase (Sigma) at 37°C
for 40 minutes. A second round of digestion with hyaluronidase
(Sigma, St. Louis, USA) was performed for another 20 min-
utes. Filtration through 70- and 20-pm sieves was used to sep-
arate stromal cells from epithelial cells. The cells were then
resuspended in Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12 1:1; GIBCO, Grand Island, NY,
USA) containing 10% fetal bovine serum (FBS) with 100 pg/
mL streptomycin and 100 IU/mL penicillin.'"® A humidified
atmosphere at 5% CO, and 37°C was used to grow the cells.
All the cells were passaged once before being used for experi-
ments. Media were changed every 48 hours. For all in vitro
experiments, light exposure was minimized during treatment
with fenretinide.

Cell Count Assay

At 60% to 80% confluency, OSIS cells were trypsinized and
counted. Equal numbers of live cells were seeded in plastic cell
culture plates. The cells were cultured overnight at 37°C and
5% CO; in full media. The day after trypsinization, these cells
were serum starved overnight to regulate cell cycle. After 14 to
16 hours of serum starvation, OSIS cells were placed in full
media and treated with different concentrations of fenretinide
(from 5 to 20 mol/L) while minimizing exposure to light. After
6 days of treatment with fenretinide, the cells were counted
using a Bio-Rad TC20 Automated Cell Counter (Bio Rad, Cat
#1450102).%° Treatment length of 6 days was chosen based on
preliminary time course experiments (data not shown). Results
represent the mean + standard error of the mean (SEM) for
6 independent experiments using tissues from different subjects.

Cell Viability Assay

At 60% to 80% confluency, OSIS cells were trypsinized and
equal number of live cells were seeded in 96-well plates. The
cells were initially cultured overnight in full medium then serum
starved. After 14 to 16 hours of serum starvation, OSIS cells
were placed in full media and treated with different concentra-
tions of fenretinide (from 5 to 20 pumol/L) for 6 days while
minimizing exposure to light. CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay (Promega) cell viability
reagent was used to estimate cell viability and cytotoxicity
according to manufacturer’s direction. The cytotoxicity of
the cells was measured by adding MTS [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] reagent to the cells, according to the
manufacturer’s instructions. Absorbance was measured at 490
nm using the KC4 3.4 software. Background readings were
done using wells containing media but no cells. Results repre-
sent the mean + SEM for tissues from 6 different subjects.

RNA Extraction and Quantitative Real-Time Reverse
Transcription-Polymerase Chain Reaction

Cells were treated with 2 to 10 pumol/L of fenretinide for 6 days.
Total RNA was isolated using TRIzol reagent (Sigma) follow-
ing the manufacturer’s protocol. One microgram of RNA was
used to generate complementary DNA (cDNA) using g-script
cDNA SuperMix (Quanta Biosciences, Gaithersburg, Mary-
land). Real-time quantitative polymerase chain reaction (PCR)
was performed using ABI 7900 Sequence Detection and the
ABI Power SYBR Green gene expression systems (Applied
Biosystems, Foster City, California) to quantify messenger
RNA (mRNA) levels for stimulated by RA 6 (STRA®6), cellular
retinol binding protein 1 (CRBP1), cellular retinoic acid bind-
ing protein 2 (CRABP2), fatty acid binding protein 5 (FABPS),
and 18S. 18S was used for normalization and is the housekeep-
ing gene we have used in multiple studies.”* All PCR were run
for 40 cycles (95°C for 15 seconds, 60°C for 1 minute) after 10
minutes of incubation at 95°C. The fold change in expression
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of each gene was calculated using the change in cycle threshold
value method (AA Ct). Commercially available primers were
used for all genes quantified (QIAGEN, Valencia, California).
Results represent the mean + sewm for tissues from 6 different
subjects.

Western Blot

When the cells were at 60% to 80% confluency, OSIS cells
were trypsinized and seeded in Techno Plastic Products (TTP)
tissue culture dishes (sterilized 22.1 cm, DNA/RNA, DNase/
RNase, and pyrogen free). As soon as the desired incubation
time with fenretinide was over, the cells were processed with
radioimmunoprecipitation assay (RIPA) buffer with protease
inhibitors (Sigma) to extract proteins. Cells were washed with
phosphate-buffered saline, collected, and homogenized in 120
uL RIPA buffer (1% Nonidet P-40 [NP-40], 0.5% sodium
deoxycholate, 50 nmol/L Tris pH 7.6, 0.1% sodium dodecyl
sulfate, and 150 nmol/L NaCl). The lysates were centrifuged
and equal amounts of protein were resolved on NuPAGE
Novex 4-12% bis-Tris Gels (Life Technologies). Transfer and
membrane blocking were performed as described.?! Incubation
with primary antibodies was performed at 4°C in 2.5% nonfat
milk overnight, after which the membranes were washed and
incubated with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies. For proliferating cell nuclear
antigen (PCNA), experiments were done using fenretinide 10
pmol/L. Westerns with poly (ADP-ribose) polymerases
(PARP) and cleaved PARP were done at a 6-day time point.
Data are representative of experimental replicates from 4 differ-
ent patients, and results were quantified using Image J software.

Xenograft Mouse Model

A xenograft mouse model was adapted from the model previ-
ously described by Bruner-Tran et al.>*** A total of 30 aged 8-
to 9-week-old female CD1 athymic nude mice were purchased
from Charles River Laboratories. The mice were maintained
under pathogen free conditions in accordance with Northwes-
tern University’s Institutional Animal Care and Use Commit-
tee. The mice were given standard food pellets and water and
were allowed to acclimatize to their new environment for up
tol10 days. The mice were then ovariectomized to be able to
better regulate estrogen and progesterone levels. An estradiol
pellet (1.7 mg/pellet, 60-day release; Innovative Research of
America) was implanted subcutaneously. The mice were then
put in recovery cages for 10 days. Fresh OSIS tissue was
acquired, weighed, cut into 1 mm X 1 mm fragments,
reweighed, and divided into equal number of parts. The tissue
fragments were cultured overnight at 37°C and 5% CO, in
1000 pL phenol-red-free DMEM/F12 + 2% fetal bovine serum
(sFBS) + 1% penicillin/streptomycin (P/S) with 10 nmol/L
estradiol. The tissue fragments were then injected subcuta-
neously in each flank. A progesterone pellet (0.001 mg/pellet,
45-day release time) was also implanted at this time. Mice were
weighed before, after, and periodically throughout the
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Figure 1. Fenretinide decreases (A) cell count and (B) cell viability:
Endometriotic cells were treated with vehicle (dimethyl sulfoxide
[DMSOQO]) and increasing concentration of fenretinide (5, 10, I5,
20 pmol/L) for 6 days. Cell count was done using Bio-rad cell counter,
and the viability was measured using 3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide (MTT) assay. Data are presented as (A)
total average cell countand (B) fold change in viability compared to control
samples. Results represent the mean + standard error of the mean (sem)
from 6 independent experiments using tissues from different subjects.

treatment. The size of the implanted tissue was measured with
calipers throughout the course of treatment. Tissue volume was
calculated after the mice were killed using the following for-
mula: volume = 0.5 x length x width?.** Fenretinide was
freshly prepared every 3 days, kept at 4°C and protected from
light.>>*® We injected mice (n = 16) with 120 mg/kg of fenre-
tinide with intraperitoneal injections 5 times per week for 2 weeks.
This dose was chosen based on other publications using this com-
pound, and in line with what has been used clinically.?’* Control
mice (n = 14) were simultaneously treated with 5% ethanol in
0.9% NaCl solution containing 1.65 mg/mL bovine serum albu-
min.> At the end of the experiment, the mice were euthanized and
the endometriotic tissue lesions were resected. This tissue was
embedded in paraffin blocks.

Immunohistochemistry Staining

Endometriotic tissue lesions were fixed in formalin, paraffin
embedded, and 5 pm tissue sections were cut. After deparaffi-
nization, heat-induced antigen retrieval was performed in a
10 mmol/L sodium citrate buffer (pH 6.0) with 0.05% Tween
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Figure 2. Fenretinide decreases proliferating cell nuclear antigen (PCNA) and increases cleaved poly (ADP-ribose) polymerases (PARP) protein
levels: A, OSIS cells were treated with vehicle (dimethyl sulfoxide [DMSO]) and fenretinide for |12 days. B, OSIS cells were treated and increasing
concentration of fenretinide (vehicle, 5, 10, 15, 20 pmol/L). Western blot was performed to check PCNA, PARP (total and cleaved), and actin
protein levels. (L = ladder, UT = DMSO control, CTL= tumor necrosis factor o [TNF-a], apoptosis control). Data are representative of

experimental replicates from 4 patients (*p < 0.05).

(Sigma) for 20 minutes in a pressure cooker. The slides were
allowed to cool for 30 minutes at room temperature and were
then washed in Tris-Buffered Saline - Tween 20 (TBS-T) for 5
minutes. The Dako EnVision HRP THC kit was used (Dako
North America, Inc, Carpinteria, California). Endogenous per-
oxidase activity was blocked with 3% hydrogen peroxide and
then washed. For Ki67 immunolabelling, nonspecific binding
sites were blocked with protein block, and the tissue sections
were then incubated with Ki67 primary antibody (Dako) over-
night at 4°C in a humidified chamber. Antimouse secondary
antibody was then applied to the tissue sections for 1 hour at
room temperature and then washed. For cleaved caspase 3, non-
specific proteins were blocked using 5% normal donkey serum,
incubated with cleaved caspase 3 (Cell Signaling Technology,
Danvers, MA, USA) overnight, then the protocol provided by
ABC kit (Vector Laboratories Inc, Burlingame, California) was
followed. 3,3’-Diaminobenzidin (DAB) solution was used to
develop color, and Mayer’s hematoxylin was used to counter-
stain the sections. The 28% ammonium hydroxide was used as a
bluing reagent. The sections were dehydrated with 95% ethanol,
100% ethanol, and xylene, and then mounted onto cover slips
using Cytoseal XYL mounting media (Richard-Allan Scientific).

The slides were visualized using Zeiss upright AXIO Tissue
FAXS version 3.5.5120.120 scope (TissueGnostics GmbH,
Vienna, Austria). Data are representative of experimental repli-
cates from at least 4 patients.

Statistical Analysis

Western Blot analysis and statistical analyses were performed
with SPSS version 19 (IBM Corporation). A normal distribution
of data was noted, so parametric testing was done. The average
cell count and viability results were statistically analyzed using a
one-way analysis of variance. For the volume experiments, sta-
tistical analysis was performed using a ¢ test. A P value <.05 was
considered significant for all the tests. All the values are plotted
as the mean, with error bars indicating standard error of the mean.

Results

Fenretinide Decreases Cells Count and Cell Viability

To test the effect of fenretinide on OSIS cell counts and viability,
these cells were treated with fenretinide in a dose-dependent man-
ner. As seen in Figure 1, fenretinide caused a significant decrease in
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Figure 3. Fenretinide treatment increases STRA6 expression: stimulated by retinoic acid 6 (STRA6) messenger RNA (mMRNA) fold expressions
increase significantly when the cells were treated with fenretinide for 6 days. CRBP| was also induced, nearing significance (P = .05). There was
no change in cellular retinoic acid binding protein 2 (CRABP2) or fatty acid binding protein 5 (FABP5) expression. Results represent the mean +
standard error of the mean (seM) from 6 independent experiments using tissues from different subjects. NS indicates not significant.

the total cell count as well as the viability at 10 pumol/L concen-
trations over a 6-day treatment. Treatment for 6 days was chosen
based on preliminary time course experiments (data not shown).

Fenretinide Decreases PCNA While Increasing
the Cleaved PARP Protein Levels

We also tested the effects of fenretinide on PCNA and PARP
over a course of up tol2 days. As shown in Figure 2, we found
that PCNA decreased in the OSIS cells treated with fenretinide
suggesting a decrease in proliferation with treatment. We
observed that treatment with fenretinide increased the cleaved
PARP protein levels in a dose-dependent manner, while decreas-
ing the total PARP levels, suggesting cell damage and death.

Fenretinide Treatment Causes an Increase
in STRA6 Expression

To evaluate the mechanism of action of fenretinide, genes
involved in retinoid uptake and action were assessed. Cells were
treated with increasing doses of fenretinide, and RNA was iso-
lated after 6 days. As shown in Figure 3, we found that the genes
involved in retinoid transport into the nucleus, CRABP2, and
FABPS5 were unchanged with treatment. We found that STRA6
mRNA, the main retinol-binding protein receptor in cells, was

significantly higher in cells treated with fenretinide when com-
pared to the control cells (Figure 3).® In addition, cellular retinol
binding protein 1 (CRBP1) expression increased, although this
was not statistically significant (Supplemental Figure 2).

Fenretinide Treatment Causes a Decrease
in Tissue Volume

To test the effects of fenretinide on human endometriotic tissues in
an in vivo model, tissue fragments from ovarian endometriomas
were injected subcutaneously into nude ovariectomized mice, as
described by Bruner-Tran et al.**** As seen in Figure 5, fenretinide
caused a significant decrease in the lesion volumes after 2 weeks of
treatment compared to control. There was also a decrease in lesion
weights after treatment with fenretinide as seen in supplemental
Figure 1. In addition, the weight of the mice was stable throughout,
suggesting that fenretinide was overall well tolerated (Supplemen-
tal Figure 1). Two-week treatment time period was chosen based
on our previous work using this compound.®!

Fenretinide Treatment Causes a Decrease in Ki67
but an Increase in Cleaved Caspase 3 Staining

After the xenografts were harvested from the mice, the tissue
was obtained and subjected to processing and embedding.
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Figure 4. Inmunohistochemistry results: hematoxylin and eosin (H&E), Ki67, cleaved caspase 3 immunohistochemistry staining of the control
and fenretinide treatment xenografts at the time of harvest. The H&E sections show the presence of endometrial stroma and glands, indicating
that xenografting did not alter this tissue. Treatment with fenretinide showed a decrease in Ki67 staining and an increase in cleaved caspase 3
staining when compared to controls, indicating a decrease in proliferation and an increase in apoptosis. Note: cells with large amounts of
cytoplasm are adipose (xenografts were placed subcutaneously). Data are representative of experimental replicates from 4 different patient

xenografts in each treatment group.

Sections were cut and slides were stained for classic prolifera-
tion and apoptosis markers. As shown in Figure 4, fenretinide
caused a decrease in the proliferation marker Ki67 and
increased the apoptosis marker cleaved caspase 3, suggesting
that treatment with this compound decreased disease burden.

Discussion

In this article, we have shown using both in vitro and in vivo
studies that fenretinide may act to inhibit the growth of human
endometriotic tissues. In addition, we have shown that fenreti-
nide increases the expression of STRA6, and we believe that
this increase in retinol uptake may contribute to the apoptotic
actions of this compound. We have also shown that treatment
with fenretinide increases apoptosis and decreases cell
proliferation.

It is well known that retinoids and their derivatives, both
natural and synthetic, have a role in the regulation of cell
growth, differentiation, and apoptosis.®> Our laboratory has
previously shown that STRAG6 is the principal regulator of

retinol uptake in the endometrium and that the decreased
expression of this gene is found in endometriosis. We have
also previously shown that this decrease in STRA6 expression
in endometriosis, and subsequent decrease in retinol uptake,
leads to decreased 17-beta-hydroxylase mRNA expression.®
Ultimately, this causes an increase in local estradiol, the main
mitogen in the maintenance and progression of endometrio-
sis.>* Our laboratory has also demonstrated that endometrial
and endometriotic cell fate can be influenced by the CRABP2:-
FABPS5 ratio.® We had initially hypothesized that the increase
in apoptosis and decrease in cellular proliferation that was
noted would be secondary to a change in the expression of
CRABP2 or FABP5. However, as shown in Figure 3, treatment
with this compound increased STRA6 expression but did not
alter expression of either CRABP2 or FABP5. We now believe
that this compound may increase retinol uptake into endome-
triotic cells. We believe that this increase in retinol uptake may
ultimately lead to an increase in apoptotic activity in these
pathogenic tissues. It has been shown that STRA6 may func-
tion as a cytokine receptor which activates JAK/STAT
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Figure 5. Fenretinide treatment decrease xenograft lesion volume. Compared to control (A), treatment with fenretinide (B) decreased the
xenograft lesion. C, Xenograft lesion volume decreased significantly after the mice were subjected to fenretinide treatment when compared to

the control group.

signaling in cells, and we believe that this may ultimately lead
to increase in apoptosis.>> We hope to study this further in the
future. Another group has also found that simvastatin induces
expression of STRA6 and may contribute the apoptosis in
endometriosis, although their study used human endometrial
xenografts and not endometrotic tissue.*®

We found that treatment with fenretinide decreased the size
of endometriotic lesions in the mouse model. Other studies
have also demonstrated the clinical efficacy of fenretinide. In
a phase I1I trial done in 3000 premenopausal women with early
stage cancer, administration of this drug resulted in a 35%
reduction in contralateral breast cancer and ipsilateral reap-
pearance.’”*® It was also shown to reduce specific serum mar-
kers associated with breast cancer recurrence.’”*° In another
study, a complex of fenretinide and human serum albumin
showed a high level of antitumor activity through the reduction

of tumor mass using a lung cancer xenograft model.*' In addi-
tion, fenretinide is being investigated as a treatment for neuro-
blastoma as an agent for oral cancer chemoprevention as well
as a treatment for age-related macular degeneration.?®>74%43
A major drawback with the use of retinoids clinically has
been their poor side effect profile.** However, pilot studies
with fenretinide have shown that it is well tolerated.** The most
common adverse effects with use of this compound were
diminished dark adaptation (19%) and dermatologic issues
(18.6%). Both of these events were noted to decrease with time.
Symptoms were found to resolve spontaneously and did not
require early discontinuation of treatment or a reduction of
dose. Other side effects included gastrointestinal symptoms
(13%) which tended to decrease with time and disorders of the
ocular surface (10.9%). The rate of ocular surface issues was
noted to be stable over time. Ocular surface issues and
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gastrointestinal issues prompted treatment discontinuation in a
small number of patients (48 out of 1432).* In our study, all
the mice seemed to tolerate treatment with minimal side effects
(Supplemental Figure 1).

Another issue with the use of retinoids in women of repro-
ductive age is their teratogenicity, which may result in fetal
malformations.*® In the in vivo portion of this study, mice were
treated with fenretinide in the presence of both estrogen and
progesterone. We feel that any studies done in reproductive
aged women using this compound would need to be performed
while women were on oral contraceptive pills or another reli-
able form of birth control. As our findings indicate, even in
presence of estrogen and progesterone, tissue volume in the
mice treated with fenretinide did decrease (Figure 5).

In summary, we have found that fenretinide decreases pro-
liferation and increases apoptosis in human endometriotic
lesions. Studies using this compound in women have found
that it is overall well tolerated. Since current treatments for
endometriosis are less than ideal, our study suggests that fur-
ther research on the potential use of fenretinide in women with
this disease is warranted.
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