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Abstract

Purpose To compare effects of lipid-soluble statins (simvastatin, lovastatin, atorvastatin) and water-soluble statin (pravastatin) on
growth and invasiveness of human endometrial stromal (HES) cells.

Methods Endometrial biopsies were collected during the proliferative phase from five volunteers. HES cells were isolated and
cultured in the absence or in the presence of simvastatin, lovastatin, atorvastatin, and pravastatin. Effects of statins on DNA
synthesis, cell viability, activity of caspases 3/7 and invasiveness were evaluated.

Results The proliferation of HES cells was significantly decreased by simvastatin (by 47-89%), lovastatin (by 46-78%), and
atorvastatin (by 21-48%) in a concentration-dependent manner. Activity of executioner caspases 3/7 was significantly increased
by simvastatin (by 10-25%), lovastatin (by 19%) and atorvastatin (by 7-10%) in a concentration-dependent manner. The greatest
effects were observed in response to simvastatin. Accounting for the effects of statins on cell number, the invasiveness of HES
cells was significantly decreased in cells treated with simvastatin (by 49%), lovastatin (by 54%), and atorvastatin (by 53%).
Pravastatin had little or no effects on any of the tested endpoints.

Conclusions Present findings demonstrate that only lipid-soluble among tested statins were effective in inhibition of growth and
invasiveness of HES cells. These findings may have clinical relevance in treatment of endometriosis.
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Introduction

><1 Antoni J. Duleba

aduleba@ucsd.edu Endometriosis is a common and often devastating gynecolog-

ic disorder affecting millions of women and associated with
dysmenorrhea, dyspareunia, intermenstrual pain and infertili-
ty. Its prevalence has been estimated to be approximately 10%
among women of reproductive age and the associated
healthcare costs of endometriosis, including the costs of pro-
ductivity loss, may exceed $22 billion/year [1]. Endometrial
and endometriotic tissues of women with endometriosis ex-
hibit altered phenotype characterized by increased invasive-
ness and proliferation facilitating ectopic attachment and
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while GREBI participates in estrogen-regulating pathway in-
volving estrogen-stimulated cell proliferation [3].
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Currently available medical treatments such as GnRH an-
alogs, oral contraceptive pills and progestins are often ineffec-
tive or associated with significant side-effects. Surgical treat-
ments of endometriosis may be effective in short-term by re-
ducing pain and possibly improving fertility; however, sur-
gery for endometriosis is technically challenging and is asso-
ciated with significant intra-operative and long-term risks and
complications. Furthermore, surgery often provides only tem-
porary relief followed by return of symptoms and the need for
repeat operations; even after a second surgery, 14-20% of
patients require a third procedure [4]. In view of these consid-
erations, there is a great need to develop new and effective
therapeutic approaches that would either supersede or com-
plement currently available treatments.

Use of statins may offer a potential novel approach for the
treatment of endometriosis. In a nude mouse model of exper-
imental endometriosis, we found that simvastatin induced a
dose-dependent reduction in the number of implants by up to
85% and a total volume of implants by up to 98% [5]. Statins
were also effective in reducing endometriotic lesions in other
murine models [6—8] and baboon model [9]. Statins are com-
petitive and reversible inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, a key enzyme in the
mevalonate pathway. Statins exhibit anti-inflammatory, anti-
oxidant and immunomodulatory properties, decreasing medi-
ators and markers of inflammation (i.e., C-reactive protein,
TNF-«, interleukins, and MCP-1) [10—12]. Statins also inhibit
matrix metalloproteinases (MMPs) and increase tissue inhib-
itor of metalloproteinases (TIMPs), an enzyme system which
regulates normal extracellular matrix remodeling, but is dys-
regulated in endometriosis [13, 14]. We [15-19] and others [7,
20, 21] have shown that statins inhibit growth and invasive-
ness of human endometrial stromal (HES) cells in vitro. In this
study, we compared effects of several statins with different
lipophilic/hydrophilic profiles on proliferation, apoptosis and
invasiveness of HES cells.

Materials and methods
Acquisition of human tissues

Endometrial biopsy specimens were collected from five par-
ticipants (aged 21-34 years) during the proliferative phase of
their menstrual cycle. Participants had regular menstrual cy-
cles, had no known history of endometriosis, and were free of
any hormonal treatment or supplements for at least 3 months
prior to their biopsies. Informed consent was obtained from all
individual participants included in the study. The University
of California, Davis Institutional Review Board approved the
collection protocol and the use of human tissues (protocol no.
200715461-3). The tissues were minced and enzymatically
digested to purify the endometrial stromal cells. Following
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the digestion, the cells were passed through a cell strainer
and cultured at 37 °C in humidified air with 5% carbon diox-
ide in DMEM supplemented with 1% antibiotic, 10%
charcoal-dextran fetal bovine serum (FBS), and 1 nM estradi-
ol. For individual experiments, the cells were seeded onto 96-
well plates (15,000 cells/well) or 24-well tissue culture inserts
(50,000 cells/well) as described below. Before the treatment,
media were changed for phenol red-free and serum-free
DMEM. Each experiment was repeated three times.

Preparation of chemicals

Lipid-soluble statins (simvastatin, lovastatin and atorva-
statin) were dissolved in ethanol (EtOH) or dimethyl sulf-
oxide (DMSO), while water-soluble pravastatin was dis-
solved directly in cell culture medium. Simvastatin and
lovastatin were dissolved in 15% ethanol (v/v) and 0.25%
NaOH (w/v), hydrolyzed for 2 h at 50 °C to break the lac-
tone ring, pH-adjusted to 7.4 with 0.1 N HCI, and then
filter-sterilized with a 0.2-p filter. Atorvastatin, generally
considered the most potent statin out of the four tested, was
dissolved in 100% DMSO [17]. Atorvastatin concentra-
tions in culture differed due to the solubility in the solvent,
DMSO, and the solvent’s toxic effects on HES cells.
Parallel concentrations of DMSO compared to atorvastatin
treatments above 10 uM were found to have negative ef-
fects on the control cells. All stock solutions of statins were
further diluted in media prior to adding treatments to the
cells. Parallel-treated controls of EtOH/NaOH and DMSO
were added to all control wells such that final concentra-
tions were identical in all cultures. Chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Cell proliferation assay and cell viability assay (MTS
assay)

Cell proliferation was measured by quantification of DNA
synthesis determined using a thymidine incorporation assay.
The HES cells were incubated for 24 h in 96-well culture
plates with fresh media (phenol red-free and serum-free
DMEM), and then cultured without (control) or with simva-
statin (3, 10, 30 uM), lovastatin (3, 10, 30 uM), atorvastatin
(1, 3, 10 uM), or pravastatin (3, 10, 30 uM) for 48 h.
Radiolabeled [*H] thymidine (1 uCi/well) was added to the
cells during the last 24 h of culture. At the end of the culture
period, the cells were harvested using a multi-well cell har-
vester (PHD Harvester, Model 290; Cambridge Technology,
Inc., Watertown, MA). Radioactivity was measured using a
liquid scintillation counter, Wallac 1409 (PerkinElmer,
Shelton, CT).

The total number of viable cells was estimated using a
CellTiter-Blue Cell Viability Assay (Promega, Madison, WI)
2 h before the end of the culture period. This assay involves
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the reduction of resazurin to resorufin by metabolically active
cells, resulting in the generation of a fluorescent product at the
excitation wavelength of 579 nm and the emission wavelength
of 584 nm that is proportional to the number of living cells.
Fluorescence was determined with the use of a microplate
reader (Fluostar Omega, BMG, Durham, NC). Each treatment
was carried out in at least eight replicates.

Caspase-3/7 activity assay

Apoptosis of HES cells was evaluated by detection of activity
of executioner caspases 3 and 7 using the Apo-ONE
Homogeneous Caspase-3/7 Assay kit (Promega, Madison,
WI). The HES cells were incubated for 24 h in 96-well culture
plates with fresh media (phenol red-free and serum-free
DMEM), and then cultured without (control) or with simva-
statin (3, 10, 30 uM), lovastatin (3, 10, 30 M), atorvastatin
(1,3, 10 uM), or pravastatin (3, 10, 30 uM) for 48 h. The Apo-
ONE Caspase-3/7 Reagent contains a substrate that fluoresces
after interaction with caspase-3/7. Fluorescence was measured
(485g,/520g,,,) following a standard 2-h incubation with the
reagent in a microplate reader (Fluostar Omega, BMG,
Durham, NC). Caspase-3/7 activity was expressed per the
number of total viable cells estimated by the cell viability
assay. Each treatment was carried out in at least eight
replicates.

Invasiveness assay

An invasiveness assay was performed to measure the invasive
potential of the cells through an extracellular matrix layer
(Matrigel, ECM gel, growth factor reduced, without phenol
red from Engelberth-Holm-Swarm mouse sarcoma; Sigma-
Aldrich). The protocol for this assay has been described in
detail previously [17]. Briefly, the HES cells were seeded in
24-well inserts above a polycarbonate membrane (Transwell
Permeable Supports; Corning) coated with Matrigel. Culture
media supplemented with 10% serum were added to the lower
chamber as a chemical attractant. The HES cells were cultured
without (control) or with simvastatin, lovastatin, atorvastatin,
or pravastatin at 10 uM for 24 h. Following this treatment, the
non-invasive cells were removed from the insert and invading
cells were fixed, stained with crystal violet and counted using
microscopy. Each treatment was carried out in four replicates.

Statistical analysis

Each assay was repeated a minimum of three times using cells
from different participants. Each 96-well plate contained at
least 8 replicates per treatment, while each 24-well plate
contained 4 replicates. Means were compared by analysis of
variance, followed by post hoc comparisons using Dunnett’s
test. When appropriate, values were logarithmically

transformed before further analysis was performed. The JMP
program version 11 (SAS Institute, Cary, NC, USA) was used
to carry out all statistical analysis. Results are presented as
means + standard error of the mean (SEM) and expressed as
a percentage of control. A value of P <0.05 was considered
statistically significant.

Results
Proliferation assay

Figure 1 summarizes effects of each statin on proliferation of
HES cells. After 48 h, all lipid-soluble statins (simvastatin,
lovastatin, and atorvastatin) significantly decreased the num-
ber of proliferating cells in a concentration-dependent manner.
Simvastatin exerted the greatest effect and decreased prolifer-
ation at 3, 10 and 30 puM by 47% (P <0.0001), 73%
(P<0.0001) and 89% (P <0.0001), respectively. Lovastatin
significantly decreased proliferation at 10 and 30 uM by 46%
(P<0.0001) and 78% (P < 0.0001), respectively. Atorvastatin
decreased proliferation at 1, 3 and 10 uM by 21% (P =0.03),
29% (P=0.001) and 48% (P <0.0001), respectively.
Pravastatin significantly decreased the number of proliferating
cells at 3 uM by 24% (P=0.01).

Caspase-3/7 activity assay

Comparison of effects of individual statins on apoptosis, as
measured by the combined activity of executioner caspases 3
and 7 is presented in Fig. 2. At 48 h, cells exposed to simva-
statin, lovastatin, and atorvastatin showed a significant in-
crease in caspase-3/7 activity. The greatest and
concentration-dependent increases in caspase-3/7 activity
were observed in cultures exposed to simvastatin.
Simvastatin at 3, 10 and 30 uM increased apoptosis by 10%
(P=0.005), 18% (P <0.0001) and 25% (P < 0.0001), respec-
tively. Lovastatin had significant effect only at 30 uM increas-
ing caspase-3/7 activity by 19% (P <0.0001). Atorvastatin at
1 and 3 pM increased activity by 10% (P <0.0001) and 7%
(P=0.005), respectively. Pravastatin had no significant effect
at any of the tested concentrations.

Cell viability assay (MTS assay)

The net effects of changes in the proliferation and apoptosis of
cells result in a change of the number of viable cells, as deter-
mined by the MTS assay (Fig. 3). After 48 h, all lipid-soluble
statins (simvastatin, lovastatin, and atorvastatin) significantly de-
creased the number of viable cells. Specifically, the number of
viable cells was decreased by simvastatin at 10 uM by 15% (P =

0.04), lovastatin at 30 uM by 16% (P = 0.02) and atorvastatin at
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1 and 10 uM by 15% (P =0.03) and 18% (P = 0.005), respec-
tively. Pravastatin had no statistically significant effect.

Invasiveness assay

The effects of statins on invasiveness are presented in Fig. 4.
The concentration of 10 M was chosen for the invasiveness
assay because it was the lowest concentration that produced a
significant effect at 48 h, as seen in the other assays, making it
the most applicable concentration. Furthermore, this concen-
tration did not induce significant changes in the number of
viable cells at 24 h. Invasiveness decreased significantly for
cells treated with simvastatin, lovastatin and atorvastatin at
10 uM by 49% (P <0.0001), 54% (P <0.0001) and 53%
(P<0.0001), respectively. In contrast, pravastatin had no sig-
nificant effect.

Discussion

We have previously demonstrated that simvastatin affects
HES cells proliferation, apoptosis, invasiveness, gene expres-
sion in vitro [16-18] and endometriotic lesions in vivo [5].
This novel study demonstrates for the first time that only li-
pophilic statins, among tested statins, affect endometrial stro-
mal cell growth and invasiveness in vitro. Specifically, we
found that simvastatin is the most potent among tested statins
in all studied endpoints.

Endometriosis involves the attachment and subsequent
growth of endometrial implants outside the uterine cavity.
Growth of ectopic endometrial lesions is a net effect of exces-
sive proliferation, decreased apoptosis and increased invasive-
ness of endometriotic cells. Statins, inhibitors of the rate-
limiting enzyme of mevalonate pathway (HMG-CoA

Fig. 2 Effects of statins on 140
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Fig. 3 Effects of statins on the
number of viable HES cells
cultured for 48 h in the absence
(control) or in the presence of
simvastatin, lovastatin,
pravastatin (3, 10, 30 uM), or
atorvastatin (1, 3, 10 uM) as
determined by MTS assay. Each
bar represents the mean + SEM;
means with no letters in common
are significantly different
(P<0.05)

Number of Viable Cells (% Control)
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reductase), are the most effective and widely prescribed class
of drugs to reduce serum cholesterol level and prevent cardio-
vascular disease. Recent scientific research demonstrated nu-
merous non-cholesterol-lowering properties of statins; these
actions are referred to as pleiotropic effects. The pleiotropic
effects of statins, broadly studied in various biological sys-
tems, including antioxidant [22, 23], anti-inflammatory [24],
anti-invasive [25, 26], antiproliferative and pro-apoptotic [27]
activities, make them an attractive option as a potential phar-
macologic agent to treat endometriosis.

The likely key mechanism responsible for pleiotropic
actions of statins is related to inhibition of synthesis of
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Fig. 4 Effects of statins on invasiveness of HES cells cultured for 24 h in
the absence (control) or in the presence of simvastatin, lovastatin,
pravastatin, or atorvastatin (10 pM). Each bar represents the mean +
SEM; means with no letters in common are significantly different
(P<0.05)

isoprenylation substrates, leading to changes in many im-
portant biological pathways. Individual statins, however,
have different pharmacokinetic and pharmacodynamic
properties as well as different therapeutic dose ranges.
These differences are due to their chemical structure, ring
attached to the pharmacophore, polar or non-polar substit-
uents, and lipo- or hydrophilicity. Cerivastatin, simvastat-
in, fluvastatin, lovastatin, atorvastatin and pitavastatin are
classified as lipophilic, while pravastatin and rosuvastatin
as hydrophilic [28, 29]. Hydrophilic statins tend to be
more, but not exclusively [30], hepatoselective, secondary
to their tissue-specific active transport system involving
organic anion-transporting polypeptide (OATP) [31]. In
contrast, lipophilic statins enter cells by passive diffusion
through the cell membrane and hence achieve higher con-
centration in the extrahepatic tissue. These considerations
raise the question, which statins are the most effective and
appropriate to achieve a given biological effect in specific
tissue, in this case for controlling the growth of endome-
trial implants.

Carrier-mediated uptake makes pravastatin mainly a
hepato-specific drug, able to affect cholesterol biosynthesis
and other aspects of the mevalonate pathway almost exclu-
sively within the liver [32]. In a study of human smooth mus-
cle cells, both water-soluble and lipid-soluble statins (at 1 pM)
affected proliferation, migration and invasion, though prava-
statin had the least profound effect [33]. In another study of
smooth muscle cells, all statins inhibited proliferation, but the
effective doses of lipophilic statins were around 1 uM, while
pravastatin was effective at concentrations above 30 uM [34].
In our study, pravastatin had little effect on HES cell prolifer-
ation and no effect on apoptotic activity, viable cell number
and invasiveness. These limited effects of pravastatin on HES
cells were due to the decreased absorption by endometrial
stromal cells.
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Efficacy of statins depends not only on the presence of
tissue-specific active transport system and the ability to dif-
fuse through the cell membrane [30], but also on the dynamics
of crossing the cell membrane, metabolism and excretion.
While lipophilicity is likely the major factor determining the
ability of statins to act on non-hepatic cells, other factors such
as absolute hardness, rate of metabolism by specific cyto-
chrome P450 isoenzyme or other pathway(s), ionization ener-
gy and buried surface area after binding to the HMG-Co re-
ductase, may explain why not all lipid-soluble statins are
equally potent [29]. Indeed, as demonstrated by Turner and
co-workers, lipid-soluble statins, in a concentration-dependent
manner, inhibited invasion and reduced proliferation in human
venous smooth muscle cells in the following order of potency:
atorvastatin > simvastatin > lovastatin [35]. Our study has
demonstrated that all tested lipid-soluble statins inhibit prolif-
eration, increase apoptosis, decrease the number of viable
cells and inhibit invasiveness of HES cells, with simvastatin
being the most effective in all studied endpoints. However, it
should be emphasized that antiproliferative properties of
statins are not universal and are tissue dependent. For exam-
ple, simvastatin stimulates growth of human osteoblasts and
alveolar epithelium [36, 37].

Limitations of our study should be noted. First, this is an
in vitro study conducted on a limited number of samples and
indicating only a potential superiority of lipophilic statins.
Moreover, the study does not address potential differences
between healthy women and women with endometriosis with
regard to their possibly different responses to statins. To date,
there are no published in vivo comparisons of efficacy of
various statins in animal models of endometriosis. In vivo
studies would also facilitate evaluation of other potential ef-
fects of statins on endometriosis, which cannot be reliably
tested in endometrial stromal cell cultures, such as inflamma-
tion, oxidate stress and especially immune system activation.
Another limitation of this study is the use of only one hydro-
philic statin. Based on that, the conclusion about class effect of
all hydrophilic statins cannot be made with confidence.
Consideration should be given to evaluate rosuvastatin, a
new-generation hydrophilic statin with high potency, better
side-effect profile and different pharmacokinetic profile. It
should be emphasized that while lipophilicity of the statins
is at least partially responsible for their pleiotropic effects,
due to ease of tissue penetration, it also contributes to higher
risk of side-effects like myositis and myopathy as well as
rhabdomyolysis, impaired insulin secretion and insulin resis-
tance. In addition, different statins also undergo metabolism
by different cytochrome P450 isoenzymes, and hence affect-
ing the risk of clinically relevant drug interactions [29].

To date, little is known about effects of the statins on en-
dometriosis in women with this disease. To our knowledge,
only one study evaluated effects of a statin on women with
endometriosis. In that study, postoperative pain was evaluated
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in patients who have undergone laparoscopic surgery for en-
dometriosis followed by a 16-week course of simvastatin or
GnRH analog. In both groups, there was a significant and
comparable reduction of pain at 6 months after surgery.
Noted weakness of this study was an absence of a control
group evaluating the effect of surgery alone or with placebo
treatment [38].

In summary, the present findings demonstrate that only
lipid-soluble statins among statins evaluated in our study
are effective in inhibiting growth and invasiveness of HES
cells in vitro. These findings may be clinically relevant in
treatment of endometriosis and suggest that lipid-soluble
statins should be preferentially considered for future clini-
cal trials.
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