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In vitro effects of atorvastatin on
lipopolysaccharide-induced gene expression in
endometriotic stromal cells
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Objective: To investigate the in vitro effects of atorvastatin on lipopolysaccharide (LPS)-induced gene expression
in endometrial-endometriotic stromal cells.
Design: In vitro experimental study using flow cytometry, ELISA, semiquantitative reverse transcriptase polymer-
ase chain reaction, and Western blot.
Setting: Postgraduate Institute of Medical Education and Research.
Patient(s): Twenty-five women undergoing laparoscopy (n ¼ 10) and laparotomy (n ¼ 15).
Intervention(s): Endometriotic cyst wall (group I) and endometrial biopsy (group II) collection.
Main Outcome Measure(s): The endometrial-endometriotic stromal cells were isolated from ectopic (group I) and
eutopic (group II) endometrium by established methods, cultured, and stimulated with LPS (1 mg/mL), followed by
atorvastatin treatment in a time- and dose-dependent manner to investigate the effects of LPS on proliferation
(Ki-67) and expression of cyclooxygenase-2 (COX-2), vascular endothelial growth factor (VEGF), receptor for
advanced glycation end products (RAGE), extracellular newly identified RAGE binding protein (EN-RAGE),
peroxisome proliferator activated receptor-g (PPAR-g), and liver X receptor-a (LXR-a) genes in endometrial-
endometriotic stromal cells and on levels of insulin-like growth factor binding protein-1 (IGFBP-1) and 17b-E2

in endometrial-endometriotic stromal cell culture supernatant.
Result(s): Significant inhibition of Ki-67 and LPS-induced expression of inflammatory and angiogenic genes
(COX-2, VEGF, RAGE, and EN-RAGE) was observed in atorvastatin-treated endometrial-endometriotic stromal
cells. In contrast, a significant dose- and time-dependent increase in expression of anti-inflammatory genes
(PPAR-g and LXR-a) and levels of IGFBP-1 was observed after atorvastatin treatment in both the groups.
However, atorvastatin treatment had no effect on 17b-E2 levels in endometrial/endometriotic stromal cell culture
supernatant.
Conclusion(s): The data of the present study provide new insights for the implication of atorvastatin treatment for
endometriosis in humans. (Fertil Steril� 2010;94:1639–46. �2010 by American Society for Reproductive Medicine.)

Key Words: Endometriosis, inflammation, ESCs, atorvastatin, in vitro
Endometriosis is defined as the presence of tissue resembling endo-
metrium in extrauterine sites, most commonly the ovaries and the
peritoneum. Inflammation and growth are the two pathologic pro-
cesses that remain associated via a positive feedback cycle and
have been shown to be responsible for chronic pelvic pain and infer-
tility in patients with endometriosis (1).

Cyclooxygenase-2 (COX-2) is the rate-limiting enzyme in pros-
tanoid biosynthesis; is involved in inflammation, angiogenesis,
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cell growth, and differentiation; and is likely to be influential in sev-
eral of the processes that lead to ectopic endometrial development
(2, 3). Central to the survival and growth of endometriotic implants
is the establishment of an effective blood supply, a process termed
angiogenesis, which is provided and maintained by the proinflam-
matory milieu of the peritoneal cavity and associated immune cells
(4–6).

Tanaka et al. (7) demonstrated that advanced glycation end prod-
ucts, tumor necrosis factor-a, and E2 activate expression of receptor
for advanced glycation end products (RAGE) through nuclear fac-
tor-kB and Sp-1, causing advanced glycation end products–RAGE
interactions. Because high estrogen levels have been postulated to
promote endometriosis (8), there is a high probability that in this mi-
lieu RAGE also may be expressed at high levels, which possibly
could be a reason for augmented inflammatory response in endome-
triosis. Among various ligands for this receptor, S100A12,
also termed extracellular newly identified RAGE binding protein
(EN-RAGE), has a distinct role in inflammation (9, 10). Further, per-
oxisome proliferator activated receptor-g (PPAR-g) and liver X
receptor-a (LXR-a) have a crucial role in lipid metabolism, cellular
differentiation, glucose homeostasis, eicosanoid signaling, and in-
flammation (11–13). Peroxisome proliferator activated receptor-g
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agonists, both natural and synthetic, are known to inhibit tumor
growth and metastasis by inhibiting COX-2 and vascular endothelial
growth factor (VEGF) (14, 15). Although PPAR-g expression is
reported in peritoneal macrophages and endometriotic stromal cells
(16, 17), there are no reports regarding the role of LXR-a in
endometriosis.

All this evidence conjectures toward an inflammatory etiology of
endometriosis. Many in vitro and in vivo studies have demonstrated
that statins, a class of drugs, exhibit anti-inflammatory activities and
pleiotropic effects that are independent of their cholesterol-lowering
properties. Recently, statins also have been shown to inhibit the pro-
liferation and angiogenesis of human endometrial stromal cells in
vitro (18, 19). Atorvastatin and other statins also have been shown
to activate PPAR-g and LXR-a in primary human monocytes in cul-
ture and inhibit the production of inflammatory cytokines (20–23).

We hypothesized that atorvastatin might influence endometriosis
by enhancing the expression of anti-inflammatory genes such as
PPAR-g and LXR-a, which may further elicit their downstream
anti-inflammatory, antioxidative, and antiangiogenic effects and
obliterate any aberrant behavior of the above-mentioned key mole-
cules in endometriosis. Therefore, in the present study, we investi-
gated the impact of atorvastatin on proliferation, differentiation,
17b-E2 production, and gene expression in endometriotic stromal
cells after lipopolysaccharide (LPS) stimulation.
MATERIALS AND METHODS
Fifteen women with laparoscopically proved endometriosis and 10 women

without endometriosis were included in group 1 and 2 respectively by using

the criteria as described previously (24). At the time of laparoscopy (n¼ 2) or

laparotomy (n ¼ 13), endometriotic cyst wall tissue was obtained by biopsy

from endometrioma for group 1. For control subjects (group 2), endometrial

tissue was obtained in the secretory phase of their menstrual cycle by endo-

metrial biopsy curette performed as a routine protocol in the Infertility Clinic

(n¼ 8) and during hysterectomy (n¼ 2). Endometriosis was diagnosed with

use of the revised classification of the American Fertility Society (25). All the

female patients included in this study were of reproductive age (18–40 years),

menstruating normally, and normotensive with normal body mass index.

None of the subjects was receiving any drug treatment except for one woman

in group 1 who had received danazol previously. A fully informed written

consent was taken from all the study subjects before their participation in

the study. The study was approved by the Institutional Ethics Committee.

The tissue sample was taken in the media immediately and was processed

for isolation of endometriotic stromal cells and establishment of their

primary cell culture.
Primary Cell Culture
The tissue sample was washed properly with red blood cell lysis buffer,

minced, and incubated in fresh media (Dulbecco’s minimum essential medium

and Ham’s F-12; 1:1; vol/vol), collagenase, and deoxyribonuclease (catalog no.

RM2075 and catalog no. RM2090; HiMedia Laboratories Pvt. Ltd., Mumbai,

India) for 2 hours at 37�C with constant agitation. The dispersed endometriotic

stromal cells were separated by serial filtration through nylon net filters of pore

size 80 mm and 40 mm (catalog no. NY80 025 00 and catalog no. NY40 025 00;

Millipore Corporation, Milford, MA) and plated at a density of approximately

106 cells per milliliter of media. Morphologically, the isolated endometriotic

stromal cells were elongated and fibroblast-like in appearance (Fig. 1A). The

endometriotic stromal cells were maintained at 37�C in a humidified atmo-

sphere with 5% CO2 and were allowed to confluence for approximately 72

hours. Thereafter, endometriotic stromal cells were passaged at least three

times by trypsinization and plated in 24-well plates at a density of approxi-

mately 2 � 105 cells per milliliter of media with charcoal-treated fetal bovine

serum before the start of in vitro treatment (LPS-atorvastatin). The presence of

endometriotic stromal cells was confirmed by fluorescence-activated cell sorter

with use of fluorescein isothiocyanate conjugate–labeled antivimentin (catalog
1640 Sharma et al. In vitro effects of atorvastatin in endom
no. sc-32322; Santa Cruz Biotechnology, Santa Cruz, CA) and phycoerythrin-

labeled anti-CD10 (catalog no. 555375; BD Biosciences, San Jose, CA)

antibodies. The cultured endometriotic stromal cells were found to be >95%

positive for both antibodies (Fig. 1B). These cells also were found to be positive

for expression of estrogen receptor (ER)-a at the protein level by Western blot

analysis (Fig. 1F).

In Vitro Treatment of Endometriotic Stromal Cells
The cultured endometriotic stromal cells were stimulated with LPS (1 mg/

mL) and then incubated with different doses of atorvastatin (0–40 mmol/L/

2 � 105 cells per milliliter of media) for different time periods (0, 6, 9, 12,

and 24 hours). Atorvastatin was purchased commercially from Cipla Pvt.

Ltd, Mumbai, India. After incubation, the cells were harvested and centri-

fuged for 10 minutes at 2000 rpm. The supernatants were saved and stored

at �20�C for further analysis. The cell pellet was processed to determine

the expression of test genes (COX-2, VEGF, RAGE, EN-RAGE, PPAR-g,

LXR-a) at both the messenger RNA (mRNA) and protein level.

Cell Viability and Cell Proliferation
Cell viability was assessed by trypan blue exclusion assay (26), and cell pro-

liferation was assessed by fluorescence-activated cell sorter using fluorescein

isothiocyanate conjugate–labeled anti-Ki-67 antibody (catalog No. 556026;

BD Biosciences).

Cell Differentiation
Insulin-like growth factor binding protein-1 (IGFBP-1), a marker for endo-

metrial stromal cell differentiation, was analyzed in the culture supernatants

with use of a commercially available ELISA kit (catalog no. ELH-IGFBP1-

001; RayBiotech, Norcross, GA). The minimum detectable concentration of

IGFBP-1 was 2.74 pg/mL; therefore, values observed below this concentra-

tion were considered as undetectable.

Determination of 17b-E2 levels
Levels of 17b-E2 were determined in the culture supernatants with use of

a commercially available enzyme immunoassay kit (catalog no. DKO 003;

Diametra, Foligno, Italy). The minimum detectable concentration of the as-

say was 20 pg/mL; thus, the values observed below this concentration were

considered as undetectable.

Reverse Transcriptase–Polymerase Chain Reaction
Studies
Semiquantitative reverse transcriptase–polymerase chain reaction was per-

formed to determine the mRNA expression of the test genes in atorvasta-

tin-treated endometriotic stromal cells (10, 27) with use of human-specific

primer pairs (Supplementary Table 1).

Western Blot Analysis
Protein expression of all the test genes was determined by Western blot anal-

ysis with use of mouse anti-b-actin (catalog no. AU1978; Sigma Chemical

Co., St. Louis, MO), mouse anti-ER-a (catalog no. sc-8002; Santa Cruz Bio-

technology), mouse anti-COX-2 (catalog no. 236004; CalBiochem, Darm-

stadt, Germany), rabbit anti-VEGF (catalog no. V6627; Sigma Chemical

Co.), goat anti-RAGE (catalog no. AF1145; R&D Systems, Minneapolis,

MN), goat anti-EN-RAGE (catalog no. AF1052; R&D Systems), goat anti-

PPAR-g (catalog no. sc-6285; Santa Cruz Biotechnology), and goat anti-

LXR-a (catalog no. sc-1201; Santa Cruz Biotechnology) antibodies

separately. The secondary antibodies used were anti-mouse (catalog no.

A9044; Sigma Chemical Co., St. Louis, MO), anti-goat (catalog no. A

5420; Sigma Chemical Co.), and anti-rabbit horseradish peroxidase–conju-

gated (catalog no. A 0545; Sigma Chemical Co.).

Statistical Analysis
The analyses were performed with use of the statistical software, SPSS 10.0

(SPSS Inc., Chicago, IL). All results are represented as mean � SEM.
etriosis Vol. 94, No. 5, October 2010



FIGURE 1

(A) Morphology of endometriotic-endometrial stromal cells in vitro. The isolated endometriotic-endometrial stromal cells were elongated and

fibroblast-like in appearance. (B) Dot plot for fluorescence-activated cell sorter analysis of endometriotic stromal cells. i, iii ¼ Unlabeled;
ii ¼ labeled with fluorescein isothiocyanate conjugate–antivimentin antibody; iv ¼ labeled with Phycoerythrin–anti-CD10 antibody. (C)

Fluorescence-activated cell sorter analysis for Ki-67 as an index of cell proliferation in endometriotic stromal cells of group 1 (i) and 2 (ii)

subjects. (D) Effect of atorvastatin on cell proliferation of LPS-induced endometriotic stromal cells in vitro. L¼ LPS (1 mg/mL); LþA-10¼ LPS (1

mg/mL) þ atorvastatin (10 mmol/L); LþA-20 ¼ LPS (1 mg/mL) þ atorvastatin (20 mmol/L); 12 h ¼ 12 hours; 24 h ¼ 24 hours; a ¼ comparison
versus basal; b¼ versus L. *P< .05; #P< .001. (E) Representative agarose gel photographs depicting mRNA expression of test genes (COX-2,

VEGF, RAGE, EN-RAGE, PPAR-g, LXR-a, and b-actin) in group 1 (lanes 1–3) and 2 (lanes 4–6) study subjects. (F) Representative photographs

depicting protein expression of test genes (COX-2, VEGF, RAGE, EN-RAGE, PPAR-g, LXR-a, and b-actin) in group 1 and 2 study subjects.

Sharma. In vitro effects of atorvastatin in endometriosis. Fertil Steril 2010.
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Comparison of variables between the two study groups was carried out with

use of unpaired Student’s t-test and ANOVA as and when appropriate with

a significance threshold P value of .05.

RESULTS
Effect of Atorvastatin on Cell Viability and Proliferation
Atorvastatin in a dose of 20 mmol/L had no effect on the viability of
endometriotic stromal cells up to 24 hours. However, higher doses
led to decreased viability at 48 hours and 72 hours (<95%; data
not shown). No morphologic abnormalities were found in endo-
metriotic stromal cell cultures with a similar dose. On the basis of
these observations and keeping in mind the pharmacokinetics of
atorvastatin, for further experiments we used atorvastatin in a maxi-
mum dose of 20 mmol/L, and the experiments were carried out up to
24 hours only.

Our data demonstrated that atorvastatin was able to inhibit
LPS-induced cell proliferation of endometriotic stromal cells as
evidenced by a significant decrease in Ki-67 labeling index (Fig.
1C). However, there was no significant difference between the doses
and time period studied as far as inhibition of cell proliferation is
concerned (P>.05; Fig. 1D).

Effects of Atorvastatin on Cell Differentiation
Similar to the observations for cell proliferation, atorvastatin dem-
onstrated its efficacy in inducing cell differentiation of endometri-
otic stromal cells. Atorvastatin treatment in a dose of 10 and 20
mM caused a significant increase in IGFBP-1 levels (picograms
per milliliter) at 9 hours in endometriotic cell culture supernatant
of group 1 subjects (P<.05; Table 1). Beyond 9 hours there were
no significant differences in IGFBP-1 levels with any dose of the
atorvastatin tested till 24 hours (P>.05). However, in group 2 endo-
metriotic stromal cells, the IGFBP-1 levels remained undetectable,
and, therefore, the effect of atorvastatin could not be assessed.

Effects of Atorvastatin on Levels of 17b-E2

Levels of 17b-E2 were determined in the cell culture supernatant of
atorvastatin-treated endometriotic stromal cells of group 1 and 2
subjects till 48 hours. As the levels of 17b-E2 remained undetectable
in the cell culture supernatant at all time intervals, the effect of ator-
vastatin could not be assessed (Table 1).

In Vitro Effects of Atorvastatin on LPS-induced Gene
Expression
Next, we examined the time- and dose-dependent effects of atorvas-
tatin treatment on LPS-induced in vitro expression of COX-2,
VEGF, RAGE, EN-RAGE, PPAR-g, and LXR-a genes in endo-
metriotic stromal cells at both mRNA and protein levels (Fig. 1E
and F). As depicted in Figs. 2 and 3, atorvastatin treatment signifi-
cantly attenuated the expression of both inflammatory and angio-
genic genes in both a time- and dose-dependent manner (P<.05).
On the contrary, atorvastatin treatment caused a significant increase
in the mRNA and protein expression of anti-inflammatory genes
PPAR-g and LXR-a, and the effect of the drug was both dose-
and time-dependent (P<.05; Figs. 2 and 3).

A maximum and statistically significant decrease in the expres-
sion of inflammatory genes in LPS-induced endometriotic stromal
cells of patients was observed with a dose of 20 mmol/L of atorvas-
tatin at 24 hours at both mRNA and protein levels (P<.05; Figs. 2
and 3). However, no significant difference was observed between
10 mmol/L and 20 mmol/L doses of atorvastatin at 12 and 24 hours.
As far as group 2 is concerned, even a minimum dose (5 mmol/L) of
1642 Sharma et al. In vitro effects of atorvastatin in endom
the drug was able to significantly attenuate the LPS-induced mRNA
and protein expression of COX-2, VEGF, and EN-RAGE genes,
whereas a 10 mmol/L dose was sufficient in the case of RAGE
gene (P<.05). A maximum increase in mRNA and protein expres-
sion of PPAR-g and LXR-a genes was observed at 9 hours with
a 20 mmol/L dose of atorvastatin (P<.001; Figs. 2 and 3). Also,
the increase in PPAR-g and LXR-a expression after atorvastatin
treatment was more pronounced in endometriotic stromal cells
from group 2 subjects at both mRNA and protein levels.

Atorvastatin was dissolved in 0.05% dimethyl sulfoxide, and no
significant effect of dimethyl sulfoxide was observed on the expres-
sion of target genes in vitro at any time interval, when used as
a control (data not shown).
DISCUSSION
Endometriosis is an ambiguous disease and entails inflammation in
its pathophysiology. To date, there is no known cure, and most cur-
rent medical treatments deal with the limit of preventing spontane-
ous ovulation and of recurrence after discontinuation and are not
suitable for the long term because of their side effects (28). There-
fore, development of nonhormonal medical treatments to prevent
or treat endometriosis and associated symptoms is a priority (29).
In this context, our study highlights the therapeutic role of atorvas-
tatin as an anti-inflammatory and antiangiogenic drug in conditions
such as endometriosis.

Although endometriotic lesions are benign, they share certain
characteristics with malignancies. Cells of the endometriotic im-
plants have an inherent higher capacity to proliferate, as evidenced
by increased Ki-67 index of group 1 endometriotic stromal cells in
our study. Further, atorvastatin at a dose of 10 mmol/L for 12 hours
significantly inhibited Ki-67 expression in LPS-induced endometri-
otic stromal cells of group 1. Our findings are supported by the re-
port of Piotrowski et al. (18), who demonstrated that mevastatin
and simvastatin caused a concentration-dependent inhibition of
DNA synthesis in human endometriotic stromal cells possibly via
inhibition of MAPK3/1 phosphorylation. Statins are known to in-
hibit Ras isoprenylation via their non–lipid-mediated effects (30,
31). Likely, a similar mechanism may exist in our study as atorvas-
tatin reduced the proliferation of endometriotic stromal cells.

Insulin-like growth factor binding protein-1 levels were low in the
culture supernatant of group 1 endometriotic stromal cells as com-
pared with the control group. Insulin-like growth factor binding pro-
tein-1 frequently is used as a marker for cell differentiation and plays
important roles in ovarian, endometrial, trophoblast, and fetoplacen-
tal physiology and pathology (32–34). Thus, finding lower IGFBP-1
levels in the patient group suggests reduced capacity of endometri-
otic stromal cells for differentiation at ectopic sites and an increased
capacity to proliferate, which is also evidenced by a higher Ki-67 in-
dex of the same cells. Our observations are in agreement with the
findings of Klemmt et al. (35), who demonstrated lower levels of
IGFBP-1 in endometriotic stromal cells from subjects with endome-
triosis, and Kim et al. (36), who observed higher insulin-like growth
factor-1 levels in similar subjects.

Atorvastatin treatment significantly induced differentiation of en-
dometriotic stromal cells in vitro as observed by finding increased
levels of IGFBP-1 in the cell culture supernatant. This could be
speculated as favorable in endometriotic disease, as increased cell
differentiation would interfere with growth and replenishment of
endometriotic stromal cells at ectopic sites. However, to date, there
is no report available in the literature that demonstrates the effect of
atorvastatin on IGFBP-1 levels.
etriosis Vol. 94, No. 5, October 2010



TABLE 1
Levelsof IGFBP-1and 17b-E2 in the cellculturesupernatant of LPS-induced endometriotic stromalcells after atorvastatin treatment.

Atorvastatin treatment
IGFBP-1 (pg/mL) 17b-E2 (pg/mL)

Group 1 Group 2 Group 1 Group 2

Basal 5 11 — —
6 h

L UD UD — —

LþA-10 UD UD — —

LþA-20 UD UD — —
9 h

L 5.2 UD — —

LþA-10 5 UD — —

LþA-20 9.9a UD — —
12 h

L 6 UD UD UD

LþA-10 9.5a UD UD UD
LþA-20 9.8a UD UD UD

24 h

L 8 UD UD UD

LþA-10 9.6a UD UD UD
LþA-20 9.9a UD UD UD

48 h

L — — UD UD

LþA-10 — — 22 UD
LþA-20 — — UD UD

Note: Data presented are mean of three similar experiments. L¼ LPS (1 mg/mL); LþA-10 ¼ LPSþ atorvastatin (10 mmol/L); LþA-20¼ LPSþ atorvastatin (20

mmol/L); UD ¼ undetectable.
a P< .05, compared with group 2.

Sharma. In vitro effects of atorvastatin in endometriosis. Fertil Steril 2010.
As hypothesized, atorvastatin treatment of endometriotic stromal
cells proved to be of potential benefit because it significantly in-
hibited the expression of genes with known inflammatory potential.
A maximum and significant decrease in LPS-induced gene expres-
sion at both mRNA and protein levels was observed at 24 hours
with a higher dose of atorvastatin in endometriotic stromal cells
from the patient group, whereas, for a similar effect, a comparatively
lesser dose of the drug was required in group 2 subjects. These ob-
servations suggested that inflammation was prevalent in the patient
group. Our findings are in accordance with a few reports in other
pathologic disorders where authors reported down-regulation of
COX-2 (37–39), VEGF (40, 41), RAGE (27, 42), and EN-RAGE
(27) genes with atorvastatin and other statins in both in vitro and
in vivo conditions. Also, ours is the first report that highlights
the fact that atorvastatin significantly attenuates expression of
inflammatory genes in endometriosis and reemphasizes important
anti-inflammatory, antiangiogenic, and antioxidative properties of
atorvastatin.

In contrast, a marked increase in mRNA and protein expression of
anti-inflammatory genes PPAR-g and LXR-a was observed with
similar doses of atorvastatin. Statins have been shown to increase
the LXR-a expression in vitro in monocytes, hepatocytes, and leu-
kocytes (21, 23). Grip et al. (20) and Ye et al. (22) reported that ator-
vastatin activates PPAR-g gene expression and inhibits the
production of cytokines, chemokines, and matrix metalloproteinases
both in vitro and in vivo. These findings suggest that, besides inflam-
mation, atorvastatin also inhibits other oxidative stress–related mo-
lecular species at the sites of inflammation. It is well documented
that the endometriotic implants are characterized by an environment
Fertility and Sterility�
rich in pro-oxidant, proinflammatory, and inflammatory mediators
(3, 6, 24). Thus, our data strongly suggest that atorvastatin therapy
may prove to be of benefit in the treatment of endometriosis.

Recently, Oktem et al. (41) observed that a high dose of atorvas-
tatin for 21 days significantly reduced the size of experimentally
induced endometriotic implants and VEGF levels in the peritoneal
fluid in rats. On the basis of these findings, we can extrapolate
that, in humans, atorvastatin treatment in a higher dose (80 mg/d)
may be sufficient to induce the angiostatic effects of atorvastatin.
Physiologic levels of atorvastatin in humans range between 0.002
and 0.2 mmol/L (43). Atorvastatin is usually prescribed in humans
in doses of 10 to 80 mg/d to lower the serum lipids as deemed appro-
priate; however, atorvastatin at 80 mg/d could be viewed as an upper
limit for those subjects with endometriosis who do not have hyper-
lipidemia, as there were in our study (data not shown).

Atorvastatin significantly inhibited proliferation and differentiation
of endometriotic stromal cells in subjects with endometriosis, down-
regulated inflammatory gene expression, and up-regulated anti-
inflammatory genes, which in our view could be visualized of
therapeutic importance in the course of endometriosis disease. Though
no effect of the drug could be observed for 17b-E2 levels in our study,
Honjo et al. (44) and B€ohm et al. (45) reported that pravastatin treat-
ment did not alter steroid levels or gonadotropins in doses that signif-
icantly reduced total and low-density–lipoprotein cholesterol. This
effect also can be viewed as favorable in subjects with endometriosis
because most of the therapies currently used to treat endometriosis
act by altering the hormonal state of the individual (29) and
produce chronic anovulation, endometrial decidualization, or atrophy
(46, 47).
1643



FIGURE 2

Time- and dose-dependent effects of atorvastatin on LPS-induced mRNA expression of test genes in endometriotic stromal cells of group 1

(n¼ 15) and 2 (n¼ 10) subjects. ——, Group 1, – – –, group 2. a ¼ Atorvastatin-treated versus LPS-induced mRNA expression; b¼ 5 mmol/L
versus 10 mmol/L; c ¼ 10 mmol/L versus 20 mmol/L; d ¼ 5 mmol/L versus 20 mmol/L; e ¼ 6 hours versus 9 hours; f ¼ 9 hours versus 12 hours;

g ¼ 12 hours versus 24 hours. *P< .05; $P< .01; #P< .001.

Sharma. In vitro effects of atorvastatin in endometriosis. Fertil Steril 2010.
Because the clinical profile of endometriosis is typical of inflam-
matory disease, therapy with anti-inflammatory drugs is conceivable.
Our data clearly demonstrate that atorvastatin has an inherent ability
to restore anti-inflammatory status and to counteract the neoangio-
genic process in vitro. Also, atorvastatin was able to regulate the
1644 Sharma et al. In vitro effects of atorvastatin in endom
proliferation of endometriotic stromal cells, which is of critical im-
portance particularly in conditions with recurrence of endome-
trioma. Hence, the results of our in vitro study provide new
insights for the therapeutic implications of atorvastatin in conditions
such as endometriosis. Our findings also strengthen and justify the use
etriosis Vol. 94, No. 5, October 2010



FIGURE 3

Time- and dose-dependent effects of atorvastatin on LPS-induced protein expression of test genes in endometriotic stromal cells of group 1

(n ¼ 15) and 2 (n ¼ 10) subjects. ——, Group 1;– – –, group 2; a ¼ atorvastatin-treated versus LPS-induced protein expression; b ¼ 5 mmol/L
versus 10 mmol/L; c ¼ 10 mmol/L versus 20 mmol/L; d ¼ 5 mmol/L versus 20 mmol/L; e ¼ 6 hours versus 9 hours; f ¼ 9 hours versus 12 hours;

g ¼ 12 hours versus 24 hours. *P< .05; $P< .01; #P< .001.

Sharma. In vitro effects of atorvastatin in endometriosis. Fertil Steril 2010.
of atorvastatin in clinical trials in humans in the near future as a new
anti-inflammatory and antiangiogenic approach or as an adjunct ther-
apy to prevent the progression and development of this disease.
Fertility and Sterility�
Acknowledgment: The authors thank the Gynecology staff of

PGIMER, Chandigarh, for their cooperation and help in the sample

collection.
1645



REFERENCES
1. Bulun SE, Lin Z, Imir G, Amin S, Demura M,

Yilmaz B, et al. Regulation of aromatase expression

in estrogen responsive breast and uterine disease:

from bench to treatment. Pharmacol Rev 2005;57:

359–83.

2. Dannenberg AJ, Altorki NK, Boyle JO, Dang C,

Howe LR, Weksler BB, et al. Cyclooxygenase 2:

a pharmacological target for the prevention of cancer.

Lancet Oncol 2001;2:544–51.

3. Esfandiari N, Ai J, Nazemian Z, Javed MH,

Gotlieb L, Casper RF. Expression of glycodelin and

cyclooxygenase-2 in human endometrial tissue fol-

lowing three dimensional culture. Am J Reprod Im-

munol 2007;57:49–54.

4. McLaren J. Vascular endothelial growth factor and

endometriotic angiogenesis. Hum Reprod Update

2000;6:45–55.

5. Halis G, Arici A. Endometriosis and inflammation in

infertility. Ann NY Acad Sci 2004;1034:300–15.

6. Weiss G, Goldsmith LT, Taylor RN, Bellet D,

Taylor HS. Inflammation in reproductive disorders.

Reprod Sci 2009;16:216–29.

7. Tanaka N, Yonekura H, Yamagishi S, Fujimori H,

Yamamoto Y, Yamamoto H. The receptor for

advanced glycation end products is inhibited by the

glycation products themselves and tumor necrosis

factor-a through nuclear factor-kB and by 17b-estra-

diol through Sp-1 in human vascular endothelial cells.

J Biol Chem 2000;275:25781–90.

8. Bulun SE. Mechanisms of disease: endometriosis.

N Engl J Med 2009;360:268–79.

9. Pietzsch J, Hoppmann S. Human S100A12: a novel

key player in inflammation? Amino Acids 2009;36:

381–9.

10. Mahajan N, Malik N, Bahl A, Dhawan V. Receptor

for advanced glycation end products (RAGE) and

its inflammatory ligand EN-RAGE in non-diabetic

subjects with premature coronary artery disease.

Atherosclerosis. Published online June 11, 2009.

11. Chandran M, Phillips SA, Ciaraldi T, Henry RR. Adi-

ponectin: more than just another fat cell hormone?

Diabetes Care 2003;26:2442–50.

12. Panunti B, Fonseca V. Effects of PPAR-gamma ago-

nists on cardiovascular function in obese, non-dia-

betic patients. Vascul Pharmacol 2006;45:29–35.

13. W�ojcicka G. Jamroz-Wi�sniewska A, Horoszewicz K,

Be1towski J. Liver X receptors (LXRs). Part I: struc-

ture, function, regulation of activity, and role in lipid

metabolism. Postepy Hig Med Dosw 2007;61:

736–59.

14. Panigrahy D, Singer S, Shen LQ, Butterfield CE,

Freedman DA, Chen EJ, et al. PPAR-g ligands inhibit

primary tumor growth and metastasis by inhibiting

angiogenesis. J Clin Invest 2002;110:923–32.

15. Peeters LLH, Vigne JL, Tee MK, Zhao D, Waite LL,

Taylor RN. PPAR-gamma represses VEGF expres-

sion in human endometrial cells: implications for

uterine angiogenesis. Angiogenesis 2006;8:373–9.

16. Hornung D, Waite LL, Ricke EA, Bentzien F,

Wallwiener D, Taylor RN. Nuclear peroxisome pro-

liferator-activated receptors alpha and gamma have

opposing effects on monocyte chemotaxis in endome-

triosis. J Clin Endocrinol Metab 2001;86:3108–14.

17. Wanichkul T, Han S, Huang RP, Sidell N. Cytokine

regulation by peroxisome proliferator-activated
1646 Sharma et al. In vitro effects
receptor gamma in human endometrial cells. Fertil

Steril 2003;79(Suppl 1):763–9.

18. Piotrowski PC, Kwintkiewicz J, Rzepczynska IJ,

Seval Y, Cakmak H, Arici A, et al. Statins inhibit

growth of human endometrial stromal cells indepen-

dently of cholesterol availability. Biol Reprod

2006;75:107–11.

19. Esfandiari N, Khazaei M, Ai J, Bielecki R, Gotlieb L,

Ryan E, et al. Effect of a statin on an in vitro model of

endometriosis. Fertil Steril 2007;87:257–62.

20. Grip O, Janciauskiene S, Lindgren S. Atorvastatin ac-

tivates PPAR-g and attenuates the inflammatory re-

sponse in human monocytes. Inflamm Res 2002;51:

58–62.

21. Argmann CA, Edwards JY, Sawyez CG, O’Neil CH,

Hegele RA, Pickering JG, et al. Regulation of macro-

phage cholesterol efflux through hydroxymethylglu-

taryl–CoA reductase inhibition: a role for RhoA in

ABCA1-mediated cholesterol efflux. J Biol Chem

2005;280:22212–21.

22. Ye P, Sheng L, Zhang C, Liu Y. Atorvastatin attenuat-

ing downregulation of peroxisome proliferator acti-

vated receptor gamma in preventing cardiac

hypertrophy of rats in vitro and in vivo. J Pharm Phar-

maceut Sci 2006;9:365–75.

23. Guan JZ, Tamasawa N, Murakami H, Matsui J,

Tanabe J, Matsuki K, et al. HMG-CoA reductase in-

hibitor, simvastatin improves reverse cholesterol

transport in type 2 diabetic patients with hyperlipid-

emia. J Atheroscler Thromb 2008;15:20–5.

24. Sharma I, Dhaliwal LK, Saha SC, Sangwan S,

Dhawan V. Role of 8-isoPGF2a and 25-hydroxy-

cholesterol in the pathophysiology of endometri-

osis. Fertil Steril. Published online March 24,

2009.

25. American Society for Reproductive Medicine. Re-

vised American Society for Reproductive Medicine

classification of endometriosis: 1996. Fertil Steril

1997;67:817–21.

26. Freshney RI. Culture of animal cells: a manual of basic

technique. 4th ed. Hoboken, NJ: Wiley-Liss, 2000. 321.

27. Mahajan N, Bahl A, Dhawan V. C-reactive protein

(CRP) up-regulates expression of receptor for

advanced glycation end products (RAGE) and its

inflammatory ligand EN-RAGE in THP-1 cells: in-

hibitory effects of atorvastatin. Int J Cardiol. Pub-

lished online June 11, 2009.

28. Rogers PA, Donoghue JF, Walter LM, Girling JE. En-

dometrial angiogenesis, vascular maturation, and

lymphangiogenesis. Reprod Sci 2009;16:147–51.

29. Kyama CM, Mihalyi A, Simsa P, Mwenda JM,

Tomassetti C, Meuleman C, et al. Non-steroidal tar-

gets in the diagnosis and treatment of endometriosis.

Curr Med Chem 2008;15:1006–17.

30. Arnaud C, Mach F. Pleiotropic effects of statins in

atherosclerosis: role on endothelial function, inflam-

mation and immunomodulation. Arch Mal Coeur

Vaiss 2005;98:661–6.

31. Kinlay S. Potential vascular benefits of statins.

Am J Med 2005;118:62S–7S.

32. Bell SC, Jackson JA, Ashore J, Zhu HH, Tseng L. Reg-

ulation of insulin-like growth factor-binding protein-1

synthesis and secretion by progestin and relaxin in

long term cultures of human endometrial stromal

cells. J Clin Endocrinol Metab 1991;72:1014–9.
of atorvastatin in endometriosis
33. Chan K, Spencer EM. General aspects of insulin-like

growth factor binding proteins. Endocrine 1997;7:

95–7.

34. Fowler DJ, Nicolaides KH, Miell JP. Insulin like

growth factor binding protein-1 (IGFBP-1): a multi-

functional role in the human female reproductive

tract. Hum Reprod 2000;6:495–504.

35. Klemmt PAB, Carver JG, Kennedy SH, Koninckx PR,

Mardon HJ. Stromal cells from endometriotic lesions

and endometrium from women with endometriosis

have reduced decidualization capacity. Fertil Steril

2006;85:564–72.

36. Kim JG, Suh CS, Kim SH, Choi YM, Moon SY,

Lee JY. Insulin-like growth factors (IGFs), IGF-bind-

ing proteins (IGFBPs) and IGFBP-3 protease activity

in the peritoneal fluid of patients with and without

endometriosis. Fertil Steril 2000;73:996–1000.

37. Hern�andez-Presa MA, Mart�ın-Ventura JL, Ortego M,

G�omez-Hern�andez A, Tu~n�on J, Hern�andez-Vargas P,

et al. Atorvastatin reduces the expression of cycloox-

ygenase-2 in a rabbit model of atherosclerosis and in

cultured vascular smooth muscle cells. Atherosclero-

sis 2002;160:49–58.

38. Wu S, Duan S, Zhao S, Cai Y, Chen P, Fang X.

Atorvastatin reduces lipopolysaccharide induced

expression of cyclooxygenase-2 in human pulmonary

epithelial cells. Respir Res 2005;6:27–33.

39. Deng P, Zhao S, Dai H, Guan X, Huan H. Atorvastatin

reduces the expression of COX-2 mRNA in periph-

eral blood monocytes from patients with acute

myocardial infarction and modulates the early inflam-

matory response. Clin Chem 2006;52:300–3.

40. Loboda A, Jazwaa A, Jozkowicza A, Molema G,

Dulak J. Angiogenic transcriptome of human micro-

vascular endothelial cells: effect of hypoxia, modula-

tion by atorvastatin. Vascul Pharmacol 2006;44:

206–14.

41. Oktem M, Esinler I, Eroglu D, Haberal N,

Bayraktar N, Zeyneloglu HB, et al. High-dose ator-

vastatin causes regression of endometriotic implants:

a rat model. Hum Reprod 2007;22:1474–80.

42. Cuccurullo C, Iezzi A, Fazia ML, De Cesare D, Di

Francesco A, Muraro R, et al. Suppression of

RAGE as a basis of simvastatin-dependent plaque sta-

bilization in type 2 diabetes. Arterioscler Thromb

Vasc Biol 2006;26:2716–23.

43. Cilla DD Jr, Whitfield LR, Gibson DM, Sedman AJ,

Posvar EL. Multiple-dose pharmacokinetics, pharma-

codynamics and safety of atorvastatin, an inhibitor of

HMG-CoA reductase, in healthy subjects. Clin Phar-

macol Ther 1996;60:687–95.

44. Honjo H, Tanaka K, Urabe M, Naitoh K, Ogino Y,

Yamamoto T, et al. Menopause and hyperlipid-

emia: pravastatin lowers lipid levels without

decreasing endogenous estrogens. Clin Ther

1992;14:699–707.

45. B€ohm M, Herrmann W, Wassmann S, Laufs U,

Nickenig G. Does statin therapy influence steroid hor-

mone synthesis? Z Kardiol 2004;93:43–8.

46. Mounsey AL, Wilgus A, Slawson DC. Diagnosis and

management of endometriosis. Am Fam Physician

2006;74:594–600.

47. Cahill DJ. What is the optimal management of infer-

tility and minor endometriosis? Analysis and future

prospects. Hum Reprod 2002;17:1135–40.
Vol. 94, No. 5, October 2010



SUPPLEMENTARY TABLE 1
Primer characteristics and program for reverse transcriptase–polymerase chain reaction.

S. no. Gene Primer pair and polymerase chain reaction program Cycles

1 b-Actin (257 bp) Forward: 50-CATGTACGTTGCTATCCAGGC-30

Reverse: 50-CTCCTTAATGTCACGCACGAT-30
30

i. 94�C 5 min (initial denaturation)

ii. 94�C 45 s

58�C 30 s
72�C 45 s

iii. 72�C 10 min (final extension)

2 COX-2 (305 bp) Forward: 50-ATGACAAAACTTGAAGAG-30

Reverse: 50-CTACTCTTTGTGGGTGTG-30
35

i. 94�C 5 min (initial denaturation)

ii. 94�C 30 s

60�C 30 s

72�C 1 min
iii. 72�C 10 min (final extension)

3 VEGF (263 bp) Forward: 50-ATGACAAAACTTGAAGAG-30

Reverse: 50-CTACTCTTTGTGGGTGTG-30

i. 94�C 5 min (initial denaturation)

ii. 94�C 30 s

60�C 30 s

72�C 1 min
iii. 72�C 10 min (final extension)

35

4 RAGE (201 bp) Forward: 50-CAGGAATGGAAAGGAGACCA-30

Reverse: 50-CCCTTCTCATTAGGCACCAG-30
40

i. 94�C 4 min (initial denaturation)
ii. 94�C 40 s

56�C 50 s

72�C 50 s
iii. 72�C 7 min (final extension)

5 EN-RAGE (280 bp) Forward: 50-ATGACAAAACTTGAAGAG-30

Reverse: 50-CTACTCTTTGTGGGTGTG-30
40

i. 94�C 5 min (initial denaturation)
ii. 94�C 30 s

60�C 30 s

72�C 1 min

iii. 72�C 10 min (final extension)
6 PPAR-g (297 bp) Forward: 50-TCTCTCCGTAATGGAAGACC-30

Reverse: 50-GCATTATGAGACATCCCCAC-30
35

i. 94�C 5 min (initial denaturation)

ii. 94�C 30 s
62�C 30 s

72�C 1 min

iii. 72�C 10 min (final extension)
7 LXR-a (564 bp) Forward: 50-ATGGACACCTACATGCGTC-30

Reverse: 50-ATGGTGGATGGAGACGTAG-30
40

i. 94�C 4 min (initial denaturation)

ii. 94�C 45 s
62�C 45 s

72�C 45 s

iii. 72�C 5 min (final extension)

Note: bp ¼ base pairs.
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