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Abstract

Background: Puerarin is a major isoflavonoid compound extracted from Radix puerariae. It has a weak estrogenic action by
binding to estrogen receptors (ERs). In our early clinical practice to treat endometriosis, a better therapeutic effect was
achieved if the formula of traditional Chinese medicine included Radix puerariae. The genomic and non-genomic effects of
puerarin were studied in our Lab. This study aims to investigate the ability of puerarin to bind competitively to ERs in
human endometriotic stromal cells (ESCs), determine whether and how puerarin may influence phosphorylation of the non-
genomic signaling pathway induced by 17ß-estradiol conjugated to BSA (E2-BSA).

Methodology: ESCs were successfully established. Binding of puerarin to ERs was assessed by a radioactive competitive
binding assay in ESCs. Activation of the signaling pathway was screened by human phospho-kinase array, and was further
confirmed by western blot. Cell proliferation was analyzed according to the protocol of CCK-8. The mRNA and protein levels
of cyclin D1, Cox-2 and Cyp19 were determined by real-time PCR and western blotting. Inhibitor of MEK1/2 or ER antagonist
was used to confirm the involved signal pathway.

Principal Findings: Our data demonstrated that the total binding ability of puerarin to ERs on viable cells is around 1/3 that
of 17ß-estradiol (E2). E2-BSA was able to trigger a rapid, non-genomic, membrane-mediated activation of ERK1/2 in ESCs and
this phenomenon was associated with an increased proliferation of ESCs. Treating ESCs with puerarin abrogated the
phosphorylation of ERK and significantly decreased cell proliferation, as well as related gene expression levels enhanced by
E2-BSA.

Conclusions/Significance: Puerarin suppresses proliferation of ESCs induced by E2-BSA partly via impeding a rapid, non-
genomic, membrane-initiated ERK pathway, and down-regulation of Cyclin D1, Cox-2 and Cyp19 are involved in the process.
Our data further show that puerarin may be a new candidate to treat endometriosis.
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Introduction

Endometriosis (EM) is an estrogen-dependent benign disease

characterized by extra-uterine implantation and ectopic growth of

endometrium. It affects 10–20% of women in their reproductive

years, causing chronic pelvic pain and infertility [1]. Current

treatments, based on hormonal therapy or surgery, are often

insufficient [2–4]. Therefore, exploring novel therapeutic strategies

is necessary for improving the clinical management of patients

with endometriosis.

17ß-estradiol (E2), which can be locally and distantly secreted by

endometriotic cells and ovary, plays a critical role in the

development and progression of endometriosis, in which it acts

as an important regulator of cell proliferation, survival and

differentiation. Clinical and experimental data have clearly

established that E2 is the key factor leading to adhesion, aggression

and angiogenesis in the pathological process of endometriosis [5].

The predominant physiological effects of E2 traditionally have

been considered to be based on interaction of E2 with estrogen

receptors (ERa and ERß). The effects are brought about via the

regulation of transcriptional processes, involving nuclear trans-

location, binding to specific estrogen response elements (EREs)

and ultimately regulation of gene expression [6]. However,

a number of studies have shown that steroid hormones,

particularly E2, are able to elicit cellular responses that are too

rapid to be mediated by the activation of transcription and
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transduction mechanisms. Many rapid effects of estrogen, with an

onset in seconds, have been documented in numerous tissues, and

the time courses of these events, which are similar to those elicited

by growth factors and peptide hormones, suggest that they do not

require precedent gene transcription or protein synthesis [7].

Rather, these rapid non-genomic effects of estrogen may be due to

activation of membrane-associated signaling pathways, including

protein kinase A, phosphotidylinositol-3 kinase and mitogen-

activated protein kinase (MAPK) signaling pathways [8–10].

Puerarin is a major isoflavonoid compound extracted from the

Chinese medicinal herb, Radix puerariae. This compound has been

suggested to be useful in the management of various disorders,

such as coronary artery disease, liver fibrosis, neurotoxicity and

bone injury [11–14].

Puerarin, a phytoestrogen with a weak estrogenic action, binds

to estrogen receptors, thereby competing with E2 and producing

an anti-estrogenic effect. In our early clinical practice to treat

endometriosis, a better therapeutic effect was achieved if the

formula of traditional Chinese medicine included Radix puerariae.

Subsequently, the effects of puerarin to treat rat models of

endometriosis, and to suppress invasion and vascularization of

endometriotic tissue stimulated by E2 were elucidated in our

laboratory [5,15]. However, the underlying molecular mechan-

isms mediating such actions of puerarin are still to be further

characterized, including the ability of puerarin to bind to ERs and

non-genomic effects of puerarin. Therefore, the main aims of the

present study were to determine the ability of puerarin to bind to

ERs, and to investigate the non-genomic effects of puerarin and its

downstream signaling pathway.

Results

Estrogen Receptor Competitive Binding Assay
To test the ability of puerarin and E2 to bind competitively to

ERs, ESCs were isolated and cultured, so that the purity of ESCs

amongst the isolated cells was around 95% [5]. The radioactivity

count was measured in the absence (for the total binding assay)

(Fig. 1A) or in the presence (for the non-specific binding assay) of

a 100-fold molar excess of unlabeled E2 (Fig. 1B). The Kd value

determined from the above two assays was 96 nmol/L (Fig. 1C).

In the subsequent experiments, specific binding of [3H]-E2 to ERs

was competed by increasing concentrations of unlabeled E2, and

the radioactivity value decreased in a concentration-dependent

manner. The IC50 value for E2 was found to be 0.28 mmol/L,

which was calculated by using Graphpad Prism 5.0 software. Over

the same range of concentrations as unlabeled E2, puerarin also

competed against the specific binding of [3H]-E2 to ERs, and the

IC50 of puerarin was determined to be 0.87 mmol/L (Fig. 1D).

The RBA calculated from the assays was 32.2%, suggesting that

a direct interaction exists between ERs and puerarin, and that the

binding ability of puerarin is one third that of E2.

ERK1/2 was Highly Activated by E2-BSA, which was
Reversed by Puerarin
To discover whether a non-genomic pathway could be activated

by E2-BSA and whether it could be reversed by puerarin, ESCs

were treated with DMSO vehicle or E2-BSA or E2-BSA plus

puerarin or puerarin alone, and human phospho-kinase array

assays were performed. As shown in Fig. 2A, ERK1/2, AKT and

Chk2 were activated in the E2-BSA treatment group, as compared

with the DMSO treatment group, and high levels of phosphor-

ylation of all three were further confirmed by western blot (Fig. 2B).

Interestingly, the phosphorylations were sharply reduced by

treatment with E2-BSA combining puerarin (Fig. 2A), as

compared with the E2-BSA treatment group. Since the activation

of ERK1/2 was a novel finding and had a significant change in

this setting, we focused on ERK1/2 in the following experiments.

The ESCs were treated with either vehicle or a range of

concentrations of E2-BSA (10210 to 1026 mol/L) for 15 min to

determine the most effective concentration to cause ERK

phosphorylation. Western blotting showed that E2-BSA increased

the levels of p-ERK1/2 at all concentrations tested. However, the

most effective concentration of E2-BSA was 1028 mol/L, which

induced the highest increase in p-ERK1/2 levels, to a level that

was about fivefold greater than that seen in control cells (Fig. 3A).

To determine the time course of this E2-BSA action, ESCs were

treated with E2-BSA (1028 mol/L) for 0, 15, 30, 45 and 60 min.

E2-BSA was able to increase ERK1/2 phosphorylation, reaching

a peak at 15 min before declining sharply to baseline levels within

1 h (Fig. 3B).

To assess the effect of puerarin on the induction of ERK1/2

phosphorylation by E2-BSA, ESCs were treated with puerarin

(1029 mol/L), with or without E2-BSA, for 15 min. Fig. 3C shows

that puerarin decreased the activating effect of E2-BSA on ERK1/

2 phosphorylation.

To further identify any potential non-classical ER involvement

in the induction of ERK1/2 phosphorylation by E2-BSA, the

above experiments were repeated in ESCs that had been

pretreated with the ER antagonist, ICI182,780. The results

showed that pretreatment with ICI182,780 inhibited the effect of

E2-BSA on ERK1/2 phosphorylation (Fig. 3C), suggesting that

this phosphorylation effect is mediated by the plasma membrane

ERs (mER).

To investigate the effect of a MAPK/ERK kinases (MEK)

inhibitor on the induction of ERK1/2 phosphorylation by E2-

BSA, cells were pretreated with U0126 (20 mmol/L) for 30 min,

and then E2-BSA alone, E2-BSA plus puerarin, or puerarin alone,

were added to the cultures for 15 min. Pretreatment with U0126

abolished ERK phosphorylation elicited by E2-BSA (Fig. 3C),

suggesting that ERK phosphorylation in the presence of E2-BSA is

MEK-dependent.

E2-BSA Induces the Proliferation of ESCs, which was
Reversed by Puerarin
To find out whether E2-BSA could induce proliferation of

ESCs, and whether this induction could be reversed by puerarin,

we carried out cell proliferation experiments. As shown in Fig. 4A,

when compared with vehicle control, ESCs treated with the

indicated concentrations of E2-BSA for 4 d demonstrated a signif-

icant increase in cell proliferation, with the maximal effect seen at

a concentration of 1028 mol/L E2-BSA (P,0.01).

We then investigated the potential effect of puerarin on cell

proliferation promoted by 1028 mol/L E2-BSA. Compared with

the E2-BSA group, cell proliferation decreased when E2-BSA

treatment was combined with puerarin. In addition, puerarin

alone was found to suppress cell growth slightly but not statistically

significant (P.0.05), as compared with the DMSO group (Fig. 4B).

This effect of E2-BSA to stimulate cell proliferation was

significantly reduced by pretreatment with U0126 for 60 min,

suggesting that the ERK pathway is involved in this process

(Fig. 4C).

Puerarin Suppresses Related Gene Expression Induced by
E2-BSA in ESCs
Cyclin D1 serves as a key sensor and integrator of extracellular

signals in cells in the early-to-mid G1 phase of cell proliferation

and differentiation [16]. Cyclooxygenase-2 (COX-2) is a key
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enzyme in the biosynthesis of prostaglandin E2 (PGE2), which is

believed to be implicated in the development of endometriosis and

its symptoms [17]. The aromatase P450 (P450arom), which is

encoded by the cyp19 gene, is a key enzyme for biosynthesis of

estrogen, and is stimulated by PGE2. This results in local

production of estrogen, which induces PGE2 formation and

establishes a positive feedback cycle, becoming one of the

important factors in the pathogenesis of endometriosis [18]. To

assess the effects of E2-BSA on expression of these genes, the levels

of the mRNA and protein products of the above genes were

detected in ESCs subjected to the treatments indicated in Fig. 5.

Our results showed that E2-BSA could induce cyclin D1 mRNA

expression, and that this effect was suppressed by puerarin.

Furthermore, when ESCs were pretreated with U0126, the effect

of E2-BSA on cyclin D1 mRNA levels was considerably reduced

(Fig. 5A) and puerarin couldn’t suppress the mRNA level any

more. In addition, cyclin D1 protein levels, detected by western

blotting, were found to correlate with mRNA levels (Fig. 5D).

Similar results were obtained with cyp19 (Fig. 5B) and cox-2

(Fig. 5C), showing that the effects of E2-BSA and puerarin on

cyclin D1, cyp19 and cox-2 mRNA expression and protein levels

are ERK dependent.

Discussion

The current standard medical treatments for endometriosis

include GnRH agonists, contraceptive steroids, progestogens, and

androgens [4,19–20], all of which aim to lower circulating E2

concentrations. Of these agents, GnRH agonists appear to be the

most effective, but they are expensive, and long-term treatment is

not possible because of the loss of bone mineral density. However,

puerarin is cheap, and it can be used for long periods without

Figure 1. Estrogen receptor competitive binding assay. ESCs were incubated in the presence of E2 or puerarin solutions for 1 h. After removal
of the medium, [3H]-E2 binding capacity was measured. (A) Total binding of [3H]-E2 to ERs in ESCs; the concentrations of [3H]-E2 used were 0, 0.1950,
0.3906, 0.7813, 1.5625, 3.125, 6.25, 12.5, 25, 50, 100, 200 and 400 nmol/L. (B) Non-specific binding of [3H]-E2. (C) Specific binding of [3H]-E2, calculated
by subtracting the non-specific binding values from the total binding values. (D) Measurement of [3H]-E2 binding to ERs in the presence of varying
concentrations of E2 (0, 0.0061, 0.0183, 0.0549, 0.1646, 0.4938, 1.4815, 4.4444, 13.3333 and 40 mmol/L) or puerarin (0, 0.0061, 0.0183, 0.0549, 0.1646,
0.4938, 1.4815, 4.4444, 13.3333 and 40 mmol/L). The figures represent data from three experiments; each experiment was performed in triplicate, and
data are represented as the mean 6 SD.
doi:10.1371/journal.pone.0045529.g001
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severe side effects; therefore, medical treatment with this agent is

a good option for avoiding disease relapse after the initial surgical

and/or medical therapy.

To further elucidate the general mechanism of puerarin action

against estrogen, the experiments were carried out on ESCs which

were from kinds of patients with no specificity. First, we focused on

the ability of puerarin to bind to ERs on viable cells, so the whole

cell ER competitive binding assay was performed. This assay has

the advantage of providing the means to rapidly and reproducibly

quantitate puerarin and E2 specific binding in small samples of

whole cells in culture [21] and it also imitates the local

circumstance in vivo. The results showed that puerarin has the

ability to compete with estrogen at the ERs on whole ESCs.

In estrogen-dependent disease, the classical pathway by which

estrogen induces cell proliferation is through binding to a ligand-

dependent ER, thus inducing its conformational change and

subsequently interacting with EREs, together with multiprotein

complexes of transcription factors and co-activators, to activate

transcription [22].

In addition to this classic genomic effect of estrogen, several

non-genomic actions have also been reported that initiate at the

cell surface through binding of estrogen to membrane receptors

[23], including calcium mobilization [24–25], cAMP stimulation

[26], phospholipase C activation and inositol phosphate genera-

tion [27], and MAPK activation [28]. Since puerarin has the

ability to compete with estrogen for the ERs, it was of interest to us

to ascertain whether puerarin could antagonize the effect of

estrogen to cause proliferation through rapid non-genomic

pathways.

To distinguish non-transcriptional signaling pathways, E2-BSA,

a macromolecular complex considered to be membrane-imperme-

able, was used, since this is prevented from reaching the classical

ERs in the nucleus [29–31]. Human phospho-kinase array

experiments showed that E2-BSA induced significant phosphory-

lation of several kinases, including AKT, Chk2 and ERK1/2,

whereas puerarin weakened its effect. By western blotting, we

confirmed that E2-BSA-induced activation of ERK1/2 in ESCs

was transient, reaching a peak at 15 min before returning to basal

levels within an hour. This observation allows us to propose that

this stimulating phenomenon initiates at the plasma membrane,

and does not involve ER-mediated gene transcription.

ERK, one of three well-characterized subfamilies of MAPK,

phosphorylates specific tyrosine and threonine residues of target

protein substrates, and regulates cellular activities that include

gene expression, mitosis, movement, metabolism, survival, and

programmed cell death [32–33]. Our data that puerarin reduced

ERK1/2 phosphorylation in ESCs treated with E2-BSA support

our proposition that puerarin could exhibit anti-estrogenic activity

partly through inhibiting of the ERKs signaling pathway. Further

evidence that membrane receptors are involved in the non-

genomic effects of E2-BSA is provided by the observation that

when ESCs were treated with the ER antagonist, ICI182,780,

phosphorylation of ERK1/2 was inhibited. Meantime, puerarin

can’t reverse the phosphorylation of ERK1/2 on this occasion.

These phenomenons indicated that puerarin inhibited activation

of ERK through competing with estrogen to bind to membrane

receptors initiated MAPK signaling (Fig. 3C).

We found that all the doses of E2-BSA we tested could promote

proliferation of ESCs as shown in figure 4A and various

concentraions (from 10210 mol/L to 1024 mol/L) of puerarin

could reverse this effect by CCK-8 assay and that 1029 mol/L

achieved the most useful effect (data not shown). When U0126,

a ‘‘small molecule’’ inhibitor of MEK1/2, the upstream activating

kinases of ERK1/2, was added, ESCs proliferation couldn’t be

promoted by E2-BSA anymore, and even the proliferation was

much slower than the DMSO treatment group (Fig. 4C). These

results demonstrated that E2-BSA promoted ESCs proliferation

Figure 2. Phospho-proteomic profiling of E2-BSA and puerarin
effects on ERK1/2 phosphorylation in ESCs and confirmed by
western blot analysis. Cells were treated as indicated. A. AKT, Chk2
and ERK1/2 were activated by E2-BSA and suppressed by puerarin. B.
Western blot analysis of E2-BSA on phosphorylation in ESCs. Cells were
treated with vehicle (DMSO) or E2-BSA (1028 mol/L) for 15 min. AKT,
Chk2 and ERK1/2 were activated by E2-BSA. Expression was normalized
to total ERK1/2.
doi:10.1371/journal.pone.0045529.g002

Figure 3. Western blot analysis of E2-BSA and puerarin effects
on ERK1/2 phosphorylation in ESCs. Cells were treated as
indicated. A. Concentration-dependent effects of E2-BSA on ERK1/2
phosphorylation in ESCs. Cells were treated with vehicle (DMSO) or E2-
BSA (10210 to 1026 mol/L) for 15 min. B. Time-dependent effects of E2-
BSA on ERK1/2 phosphorylation in ESCs. Cells were treated with
1028 mol/L of E2-BSA for 0, 15, 30, 45 or 60 min. C. ESCs were treated
with 1028 mol/L of E2-BSA, 10

29 mol/L puerarin or both, as indicated; in
some groups, cells were pretreated with 20 mmol/L of U0126 or 1 mmol/
L of ICI182,780 for 30 min prior to the stimulation. Expression was
normalized to total ERK1/2.
doi:10.1371/journal.pone.0045529.g003
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partly through activating ERK1/2 signaling pathway. Unexpect-

edly, puerarin was shown to be able to partially rescue inhibiting

effects of the kinase inhibitor. This result suggested that when

ESCs was pretreated with U0126, non-genomic ERK pathway of

E2-BSA and puerarin was blocked, however, genomic effects of

puerarin were still remained and played a weak estrogenic role

(Fig. 3C).

Some literatures documented that expression of endometriosis-

related genes; cyclin D1, cyp19 and cox-2 depend on non-genomic

ERK pathway [16,34–35]. In addition, we found that expression

of these genes, as well as phosphorylation of ERK1/2 was

completely inhibited by U0126 in ESCs. This supports the

conclusion that the ERK1/2 signaling pathway plays an important

Figure 4. Effect of E2-BSA and puerarin on cell proliferation in
ESCs. (A) ESCs were treated with various concentrations (10210 to
1026 mol/L) of E2-BSA for 4 d. (B) Growth curves of ESCs incubated with
E2-BSA (1028 mol/L) and/or puerarin (1029 mol/L) for 0, 1, 2, 4 d. (C)
Cells were treated for 4 d with E2-BSA (1028 mol/L) in the absence or
presence of puerarin (1029 mol/L) and/or pretreated with U0126
(20 mmol/L) for 60 min. The figures represent data obtained from three
experiments; each experiment was performed in triplicate, and data are
represented as the mean 6 SD. DMSO treatment was used as the
vehicle control. Vs. control,**, P,0.01, *, P,0.05; vs. E2-BSA, m, P,0.05.
doi:10.1371/journal.pone.0045529.g004

Figure 5. Analysis of expression of cyclin D1, cyp19 and cox-2
genes in ESCs subjected to various treatments. ESCs were treated
with E2-BSA, puerarin or both for 24 h, in the absence and presence of
pretreatment with U0126 for 60 min. Total RNA was isolated, RT
quantitative real-time PCR was performed and relative expression of
cyclin D1 (A), cyp19 (B) and cox-2 (C) were obtained. GAPDH served as
an internal control. Individual bars show relative mRNA levels expressed
as the mean 6 S.E.M., determined from three separate assays. Protein
levels were detected by western blotting (D). Group vs. control, **,
P,0.01 and *, P,0.05; Group vs. E2-BSA, mm, P,0.01 and m, P,0.05.
doi:10.1371/journal.pone.0045529.g005
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role in the expression of these genes which are related to cell

proliferation and puerarin could suppress these key genes

expression by inhibiting ERK1/2 activation.

In conclusion, the total binding ability of puerarin to ERs on

viable ESCs is around 1/3 that of E2, puerarin suppresses

proliferation of ESCs induced by E2-BSA, partly via impeding

a rapid, non-genomic, membrane-initiated ERK pathway, and

down-regulation of cyclin D1, cox-2 and cyp19 are involved in this

process. Puerarin may represent a potentially new approach in the

medical treatment of endometriosis.

Materials and Methods

Sample Collection and Cell Isolation
Tissues were obtained from patients, with ovarian endome-

triotic cysts, undergoing laparoscopy. For all patients included in

this study, pathology analysis was carried out on one part of the

biopsy to confirm the presence of endometriotic tissue. The mean

age of the subjects was 37.665.8 years (range 27–49); all subjects

had regular menstrual cycles and had been independent of

hormonal treatment for at least 3 months before surgery. The

study was approved by the Committee on Human Research of

Changhai Hospital, and written informed consent was obtained

from all subjects.

Specimens were collected, and ESCs were purified, cultured

and identified as previously described [36].

Competitive Estrogen Receptor Whole ESCs Binding
Assay
ESCs were seeded at a density of 26104 cells/well in 96-well

plates with phenol red-free DMEM (Dulbecco’s modified Eagle’s

medium; PAA, Linz, Austria) supplemented with 10% charcoal-

stripped fetal bovine serum (CSFBS) (Biological Industries, Israel).

After cultivation at 37uC in a 5% CO2 atmosphere for 4 d,

competitive binding assays were performed on whole cells using

a previously described method [37]. The dissociation constant (Kd)

of the ER and [2,4,6,723H]-Estradiol ([3H]-E2; PerkinElmer,

Massachusetts, USA) complex was measured with nonlinear

regression techniques. We then used the Kd value of labeled E2

to determine the IC50 values for E2 (Sigma Chemical Co., St

Louis, Mo, USA) and puerarin (Sigma Chemical Co., St Louis,

Mo, USA), i.e. the concentrations of E2 and puerarin at which half

of the specific binding of [3H]-E2 had been inhibited. The relative

binding affinity (RBA) was calculated as: ((IC50) E2/(IC50)

puerarin) 6100%. RBA data was determined from the mean of

three independent experiments, and each was performed in

triplicate.

Phospho-kinase Proteome Profiling
ESCs were plated in 100 mm tissue culture dishes, and cultured

in DMEM supplemented with 10% FBS until they reached 70%

confluence. After serum starvation for 24 h, cells were then

cultured in phenol red-free DMEM supplemented with 10%

CSFBS with or without 1028 mol/L of E2-BSA and/or puerarin

(1029 mol/L) (Sigma Chemical Co., St Louis, Mo, USA) for

20 min. Cells were then processed, following the human phospho-

kinase array kit (Proteome ProfilerTM; R&D Systems, Minneapo-

lis, USA) instructions. Phospho-kinase array data were developed

on X-ray films following exposure to chemiluminescent reagents.

Western Blot Analysis
ESCs were seeded in 40 mm dishes at a density of 36106 cells

per dish. After serum starvation for 24 h, cells were treated with

various doses of E2-BSA (Sigma Chemical Co., St Louis, Mo, USA

) (10210 to 1026 mol/L) or dimethyl sulfoxide (DMSO) for

15 min, or by E2-BSA (1028 mol/L) for various times as indicated.

In addition, cells were exposed to 1029 mol/L of puerarin with or

without E2-BSA (1028 mol/L). When inhibitors were applied, cells

were pre-incubated with the ER antagonist, ICI182,780 (Sigma

Chemical Co., St Louis, Mo, USA) (1 mmol/L) for 30 min, or with

U0126 (Cell Signaling Technology, Beverly, Massachusetts, USA)

(20 mmol/L) for 1 h. Cells were lysed, and western blotted as

previously described [38]. Data S1 lists the antibodies used in this

research.

Cell Proliferation
For cell proliferation studies, ESCs were seeded in 96-well plates

(16104 cells/well) and maintained in conditions as described

above. After serum starvation, the cells were further treated with

the indicated compounds. The proliferative potential of cells was

analyzed according to the protocol of CCK-8 (Dojindo, Japan).

Reverse Transcription Reaction and Quantitative Real-
time RT-PCR
The ESCs (16106 cells per well) were cultured in 40 mm dishes

and treated as described previously. After 24 h culture with

1029 mol/L of puerarin with or without E2-BSA (1028 mol/L),

and in the presence or absence of U0126 (20 mmol/L) for 1 h, the

total cell RNA in each culture was extracted and quantitative real-

time RT-PCR was performed as described previously [38]. Primer

sequences are shown in data S1. All samples were examined in

triplicate and included no-template controls.

Statistical Analysis
Data were first assessed by tests of normality and homogeneity

of variances, and then were represented as means 6 SD,

calculated from three independent experiments. Statistical com-

parisons between groups were performed using one-way ANOVA

followed by post-hoc multiple comparisons where appropriate. A P

value ,0.05 was considered to indicate statistical significance.

Supporting Information

Data S1 Antibodies and Primers used in this research.

(DOCX)

Author Contributions

Conceived and designed the experiments: CY ZC. Performed the

experiments: WC LC DZ. Analyzed the data: SY JH. Contributed

reagents/materials/analysis tools: DZ JH. Wrote the paper: ZC JN CY.

References

1. Bulun SE (2009) Endometriosis. N Engl J Med 360: 268–279.

2. Jacobson TZ, Duffy JM, Barlow D, Koninckx PR, Garry R (2009) Laparoscopic

surgery for pelvic pain associated with endometriosis. Cochrane Database Syst

Rev: CD001300.

3. Attar E, Bulun SE (2006) Aromatase inhibitors: the next generation of

therapeutics for endometriosis? Fertil Steril 85: 1307–1318.

4. Lessey BA (2000) Medical management of endometriosis and infertility. Fertil

Steril 73: 1089–1096.

5. Wang D, Liu Y, Han J, Zai D, Ji M, et al. (2011) Puerarin suppresses invasion

and vascularization of endometriosis tissue stimulated by 17beta-estradiol. PLoS

One 6: e25011.

Puerarin Suppresses Proliferation of ESCs

PLOS ONE | www.plosone.org 6 September 2012 | Volume 7 | Issue 9 | e45529



6. Coiret G, Matifat F, Hague F, Ouadid-Ahidouch H (2005) 17-beta-estradiol

activates maxi-K channels through a non-genomic pathway in human breast
cancer cells. FEBS Lett 579: 2995–3000.

7. Simoncini T, Genazzani AR (2003) Non-genomic actions of sex steroid

hormones. Eur J Endocrinol 148: 281–292.
8. Yamakawa K, Arita J (2004) Cross-talk between the estrogen receptor-, protein

kinase A-, and mitogen-activated protein kinase-mediated signaling pathways in
the regulation of lactotroph proliferation in primary culture. J Steroid Biochem

Mol Biol 88: 123–130.

9. Marquez DC, Pietras RJ (2001) Membrane-associated binding sites for estrogen
contribute to growth regulation of human breast cancer cells. Oncogene 20:

5420–5430.
10. Yu X, Filardo EJ, Shaikh ZA (2010) The membrane estrogen receptor GPR30

mediates cadmium-induced proliferation of breast cancer cells. Toxicol Appl
Pharmacol 245: 83–90.

11. Yeung DK, Leung SW, Xu YC, Vanhoutte PM, Man RY (2006) Puerarin, an

isoflavonoid derived from Radix puerariae, potentiates endothelium-indepen-
dent relaxation via the cyclic AMP pathway in porcine coronary artery.

Eur J Pharmacol 552: 105–111.
12. Zhang S, Ji G, Liu J (2006) Reversal of chemical-induced liver fibrosis in Wistar

rats by puerarin. J Nutr Biochem 17: 485–491.

13. Bo J, Ming BY, Gang LZ, Lei C, Jia AL (2005) Protection by puerarin against
MPP+-induced neurotoxicity in PC12 cells mediated by inhibiting mitochon-

drial dysfunction and caspase-3-like activation. Neurosci Res 53: 183–188.
14. Wong R, Rabie B (2007) Effect of puerarin on bone formation. Osteoarthritis

Cartilage 15: 894–899.
15. Chen Y, Chen C, Shi S, Han J, Wang J, et al. (2011) Endometriotic implants

regress in rat models treated with puerarin by decreasing estradiol level. Reprod

Sci 18: 886–891.
16. Fu XD, Cui YH, Lin GP, Wang TH (2007) Non-genomic effects of 17beta-

estradiol in activation of the ERK1/ERK2 pathway induces cell proliferation
through upregulation of cyclin D1 expression in bovine artery endothelial cells.

Gynecol Endocrinol 23: 131–137.

17. Sales KJ, Jabbour HN (2003) Cyclooxygenase enzymes and prostaglandins in
pathology of the endometrium. Reproduction 126: 559–567.

18. Bulun SE, Zeitoun KM, Takayama K, Sasano H (2000) Estrogen biosynthesis in
endometriosis: molecular basis and clinical relevance. J Mol Endocrinol 25: 35–

42.
19. Rice VM (2002) Conventional medical therapies for endometriosis.

Ann N Y Acad Sci 955: 343–352; discussion 389–393, 396–406.

20. Valle RF, Sciarra JJ (2003) Endometriosis: treatment strategies. Ann N Y Acad
Sci 997: 229–239.

21. Dold KM, Greenlee WF (1990) Filtration assay for quantitation of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) specific binding to whole cells in culture.

Anal Biochem 184: 67–73.

22. Klinge CM (2001) Estrogen receptor interaction with estrogen response
elements. Nucleic Acids Res 29: 2905–2919.

23. Thomas P, Pang Y, Filardo EJ, Dong J (2005) Identity of an estrogen membrane

receptor coupled to a G protein in human breast cancer cells. Endocrinology

146: 624–632.

24. Improta-Brears T, Whorton AR, Codazzi F, York JD, Meyer T, et al. (1999)

Estrogen-induced activation of mitogen-activated protein kinase requires

mobilization of intracellular calcium. Proc Natl Acad Sci U S A 96: 4686–4691.

25. Chaban VV, Lakhter AJ, Micevych P (2004) A membrane estrogen receptor

mediates intracellular calcium release in astrocytes. Endocrinology 145: 3788–

3795.

26. Aronica SM, Kraus WL, Katzenellenbogen BS (1994) Estrogen action via the

cAMP signaling pathway: stimulation of adenylate cyclase and cAMP-regulated

gene transcription. Proc Natl Acad Sci U S A 91: 8517–8521.

27. Le Mellay V, Grosse B, Lieberherr M (1997) Phospholipase C beta and

membrane action of calcitriol and estradiol. J Biol Chem 272: 11902–11907.

28. Migliaccio A, Di Domenico M, Castoria G, de Falco A, Bontempo P, et al.

(1996) Tyrosine kinase/p21ras/MAP-kinase pathway activation by estradiol-

receptor complex in MCF-7 cells. EMBO J 15: 1292–1300.

29. Suzuki T, Yu HP, Hsieh YC, Choudhry MA, Bland KI, et al. (2008) Mitogen

activated protein kinase (MAPK) mediates non-genomic pathway of estrogen on

T cell cytokine production following trauma-hemorrhage. Cytokine 42: 32–38.

30. Zhang L, Li X, Zhao L, Zhang G, Wang J, et al. (2009) Nongenomic effect of

estrogen on the MAPK signaling pathway and calcium influx in endometrial

carcinoma cells. J Cell Biochem 106: 553–562.

31. Kow LM, Pfaff DW (2004) The membrane actions of estrogens can potentiate

their lordosis behavior-facilitating genomic actions. Proc Natl Acad Sci U S A

101: 12354–12357.

32. Chang L, Karin M (2001) Mammalian MAP kinase signalling cascades. Nature

410: 37–40.

33. Johnson GL, Lapadat R (2002) Mitogen-activated protein kinase pathways

mediated by ERK, JNK, and p38 protein kinases. Science 298: 1911–1912.

34. Zhai B, Yang H, Mancini A, He Q, Antoniou J, et al. (2010) Leukotriene B(4)

BLT receptor signaling regulates the level and stability of cyclooxygenase-2

(COX-2) mRNA through restricted activation of Ras/Raf/ERK/p42 AUF1

pathway. J Biol Chem 285: 23568–23580.

35. Kwintkiewicz J, Cai Z, Stocco C (2007) Follicle-stimulating hormone-induced

activation of Gata4 contributes in the up-regulation of Cyp19 expression in rat

granulosa cells. Mol Endocrinol 21: 933–947.

36. Bergqvist A (2000) A comparative study of the acceptability and effect of

goserelin and nafarelin on endometriosis. Gynecol Endocrinol 14: 425–432.

37. Thin TH, Wang L, Kim E, Collins LL, Basavappa R, et al. (2003) Isolation and

characterization of androgen receptor mutant, AR(M749L), with hypersensitiv-

ity to 17-beta estradiol treatment. J Biol Chem 278: 7699–7708.

38. Chen S, Zheng J, Hao Q, Yang S, Wang J, et al. (2010) p53-insensitive PUMA

down-regulation is essential in the early phase of liver regeneration after partial

hepatectomy in mice. J Hepatol 52: 864–871.

Puerarin Suppresses Proliferation of ESCs

PLOS ONE | www.plosone.org 7 September 2012 | Volume 7 | Issue 9 | e45529


