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Abstract
Fenvalerate (Fen), widely used for its high insecticidal potency and low mammalian toxicity, is
classified as an endocrine-disrupting chemical. Recently, Fen has received great attention for its
adverse effects on human reproductive health. In this study, we found that Fen (10 µM) had a
stimulatory effect on the growth of both cell lines at 24 h compared with controls by MTS (p<0.01)
and BrdU (p<0.01) assays by MTS colorimetric and bromodeoxyuridine (BrdU) uptake assays in
hormonally responsive uterine leiomyoma (UtLM) cells and normal uterine smooth muscle cells
(UtSMC). Flow cytometry reuslts showed that Fen enhanced the escape of cells from the G0-G1
checkpoint and promoted progression of both cell types into the S phase. An Annexin V assay showed
that Fen had an anti-apoptotic effect on both cell types. By Real-time PCR, we found that collagen
I mRNA expression increased (p<0.05) in Fen-treated cells compared to controls, although it was
greater in UtLM tumor cells. Accordingly, Fen increased (p<0.05) collagen I protein level in both
cell lysate and supernatant when compared to controls. To further test the mechanism of Fen’s effects,
transactivation and competitive binding assays were done. The results showed Fen did not
significantly stimulate the luciferase activity at concentrations of 0.1, 1.0 or 10.0 µM in either of the
cell types. Competitive binding assays revealed that the affinity of Fen binding to estrogen receptors
(ERs) is non-detectable compared to E2. Our data show that Fen can stimulate the growth of both
UtLM cells and UtSMC, which involves a combination of enhanced cell-cycle progression and
inhibition of apoptosis. Also this compound can increase collagen I expression, at both mRNA and
protein levels. Interestingly, ER is less likely involved in either the hyperplasia or extracellular matrix
(ECM) overproduction induced by Fen. Our results indicate that Fen exposure could be considered
a novel risk factor for uterine fibroids through molecular mechanisms that do not directly involve
the ERs.
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1. Introduction
Uterine leiomyomas (fibroids; myomas) are one of the most common tumors clinically
affecting reproductive-age women (Stewart, 2001; Walker and Stewart, 2005). Symptoms that
are caused by fibroids include dysmenorrhea, recurrent miscarriage, pelvic pain and pressure,
and other obstetric complications (Walker and Stewart, 2005). Nearly 50% to 80% of women
will develop fibroids during their lives, and fibroids are responsible for more than 200,000
hysterectomies annually (Stewart, 2001). To date, identification and reduction of exposures to
potential risk factors for fibroids is still a first line strategy in the prevention of this disease.

Many risk factors for the development of uterine leiomyomas have been examined (Flake et
al., 2003; Walker and Stewart, 2005). Most of these risk factors have not been linked
definitively, but causally to fibroid development and growth, and many reflect the importance
of the hormonal milieu in the pathogenesis of these tumors (Flake et al., 2003; Schwartz et al.,
2000). Furthermore, many studies have detailed the effects of steroid hormones on leiomyoma
and myometrial growth, and the induction of hormone responsive genes (Swartz et al., 2005;
Walker and Stewart, 2005). It has become widely accepted that estrogen is one of the main
regulators of leiomyoma growth and certainly a major risk factor for development of this benign
tumor.

As reported, leiomyomas consist of smooth muscle tumor cells and often have an abundant
extracellular matrix (ECM) component, which can be up to 50% or greater than the
corresponding smooth muscle component (Arslan et al., 2005; Ding et al., 2004; Sozen and
Arici, 2002). Aberrant ECM metabolism has been thought to contribute to the pathogenesis of
uterine leiomyomas (Ohara, 2009). Acting to up-regulate collagen synthesis, estrogen
modulates collagen metabolism and induces the ECM-remodeling enzymes and collagen
synthesis in uterine leiomyoma tissue and cells (Zbucka et al., 2007). The ECM of fibroids
consists mainly of collagen types I and III, fibronectin, and proteoglycans. The excessive and
dysregulated ECM probably plays an important role in the pathogenesis of uterine leiomyomas
because it can not only enlarge tumors, but also influence the fate of resident tumor cells and
serve as a reservoir for many cytokines and growth factors. Meanwhile, smooth muscle tumor
cell proliferation has been validated in fibroids by many different groups including ours (Ding
et al., 2004; Dixon et al., 2002; Houston et al., 2001; Moore et al., 2007; Wolanska et al.,
1998).

Nearly a decade ago, hormone replacement therapy (HRT), usually in the form of estrogen,
was commonly prescribed for women experiencing perimenopausal or menopausal symptoms
(Ellerington et al., 1992). This kind of exogenous estrogen was considered and known to be
an important risk for the development of fibroids (Sener et al., 1996; Whitcroft and Stevenson,
1992). As a result of the efforts of the FDA to strictly regulate “Hormone Therapy Drugs” due
to their side effects, the high-risk of exposure of women to exogenous hormones has been
reduced to a large extent. However, the incidence of fibroids still remains high, as a
consequence, the search for possible hidden risks or sources of environmental exposures
becomes more and more important.

Fenvalerate (Fen), one of the most common pesticides, currently widely used in agriculture
and indoor. It has been considered as one of the endocrine-disrupting chemicals (EDCs) and
estrogen “analogue” by the WHO (1991). Fen has been documented to have adverse effects
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on the nervous system, reproduction, and other human health endpoints (Chen et al., 2005;
Moniz et al., 1999; Xia et al., 2004; Xiao et al., 2006). The questions asked are whether Fen
plays a role in the pathogenesis or progression of uterine fibroids similar to estrogen, and if so,
whether the effects are mediated by the estrogen receptor alpha (ERα) and or beta (ERβ).

2. Materials and Methods
2.1 Tissue Culture

Human UtLM cells (GM10964; Coriell Institute for Medical Research, Camden, NJ, USA)
and UtSMCs (Clonetics Corporation, San Diego, CA, USA) were kept in a standard tissue
culture incubator at 37°C with 5% carbon dioxide as previously reported (Swartz et al.,
2005). The UtLM cells were routinely cultured in GM medium: Eagle’s minimum essential
medium (Invitrogen (Gibco), Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) (Sigma
St Louis, MO, USA) and supplemented with vitamins (Invitrogen (Gibco)), essential and non-
essential amino acids (Invitrogen (Gibco)) and L-glutamine (Invitrogen (Gibco)). The UtSMCs
were cultured in Smooth Muscle Cell Growth Media System (SmGM®-2 BulletKit; Clonetics).
Cells were allowed to grow to 70% confluency before being exposed to concentrations of Fen
(CAS# 51630-58-1; α-Cyano-3-phenoxybenzyl α-(4-chlorophenyl)-iso-valerate; #45495,
Sigma-Aldrich (Fluka), St Louis, MO, USA) ranging from 0.01 to 100 µM. 24 h prior to
treatment, the media were changed to Dulbecco’s Modified Eagle’s Medium Nutrient Mixture
F-12 Ham (DMEM/F-12) (Hyclone Laboratories, Logan, UT, USA) phenol red free with
charcoal dextran treated (stripped) FBS (Hyclone) for both cell types.

2.2 MTS Cell proliferation assay
UtLM cells and UtSMCs were seeded at 5 × 103 cells/well and 4 × 103 cells/well, respectively,
in 96-well culturing plates (Corning, NY, USA). After the media were changed to DMEM/
F-12 phenol red free with stripped FBS for 24 h, the cells were treated with Fen or β-Estradiol
(E2; E2257, Sigma, St. Louis, MO, USA; positive control). Fen was reconstituted using 0.1%
DMSO (Sigma) before it was diluted in the media. The cells were exposed to 0 µM (DMSO;
control), 0.01, 0.1, 1, 10, 100µM Fen or 0.1 µM E2 for 24 h. The number of viable cells was
observed using an MTS-based CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), according to the manufacturer’s instructions. In brief, the
CellTiter 96® AQueous One Solution was added to the plate and allowed to incubate for 2 h
at 37°C, with 5% CO2, prior to reading the absorbance values at 490 nm using a plate reader
(Molecular Devices Corporation, Sunnyvale, CA, USA). The samples were analyzed using
SOFTmax Pro software (Molecular Devices Corporation, Downingtown, PA, USA). Dye
intensity was proportional to the number of viable cells.

2.3 BrdU Incorporation Assay
The UtLM cells and UtSMC were plated in DMEM with 10% FBS in 96-well culture plates
at 5 × 103 cells/well and 4 × 103 cells/well, respectively. 24 h after seeding, the media were
changed to DMEM/F-12 supplemented with 10% stripped FBS. To analyze the effects of Fen
on replication, the cells were cultured in the presence of Fen (0, 0.01, 0.1, 1, 10, 100 µM) or
E2 (0.1 µM) for 24 h. Next, the BrdU incorporation into DNA was detected by immunoassay
using a Bromodeoxyuridine (BrdU) Cell Proliferation Assay according to the manufacturer’s
instructions (Cat. # QIA58, Calbiochem, Gibbstown, NJ, USA). In brief, the cells were
incubated with BrdU label (1:2000) for 12 h. After removal of the culture medium, the cells
were fixed with fixative/denaturing solution and incubated with Anti-BrdU antibody (1:100)
for 1 h. Then the cells were incubated with Peroxidase Goat Anti-Mouse IgG Horse Radish
Peroxidase (HRP) conjugate in conjugate diluent for 30 min. The cells were then incubated
with a tetramethyl-benzidine substrate until color development was sufficient for photometric
detection. The reaction product was quantified by measuring the absorbance with an ELISA
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reader (Molecular Devices Corporation, Sunnyvale, CA, USA) at 450 nm. The samples were
analyzed with SOFTmax Pro software (Molecular Devices Corporation).

2.4 Cell Cycle Analysis by Flow Cytometry
Flow cytometry was used to assess cell growth and to determine the percentage of cells in
various phases of the cell cycle. UtLM cells and UtSMCs were treated with 0 µM (DMSO;
control), 10 µM Fen or 0.1 µM E2, and then incubated in culture for 24 h. Both cell types were
resuspended in 1 ml of Propidium Iodide (PI) staining solution (20 ug/ml PI/ 10 Units/ml Rnase
One-Promega in 1X PBS) at a density of 10,000 cells/ml for 20 min in the dark at room
temperature. Then the samples were examined using a Becton Dickson Fluorescence-Activated
Cell Sorting (FACS) Flow Cytometer (Franklin Lakes, NY, USA) with CellQuest software by
initially gating on an area versus width PI dot plot. A minimum of 10,000 cells were collected
in list mode files. PI histograms were used to analyze the cell cycle.

2.5 Annexin V-FITC Assay of Apoptosis
Induction of apoptosis and cell death was assessed using Annexin V-FITC Kit (Trevigen,
Gaithersburg, MD) together with PI according to the manufacturer’s instructions. The assay
was performed in UtLM and UtSMC cultures 24 h after treatment with control, 10 µM Fen or
0.1 µM E2. Each sample was added with 100 µl of Annexin V incubation reagent and incubated
in the dark for 15 minutes at room temperature. Then 400 µl 1X binding buffer was added to
each sample before examination. The analysis was performed on 10,000 cells using a Becton
Dickinson FACS flow cytometer (Franklin Lakes, NY, USA), equipped with CellQuest
software.

2.6 Western Blot
Protein was isolated using radioimmunoprecipitation assay (RIPA) buffer as previously
described (Yu et al., 2008). Aliquots of the protein extracted from cultured cells treated with
Fen for 24 h underwent electrophoreses on a sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions, and were electro-transferred onto
PVDF membranes (Invitrogen, Carlsbad, CA). For the detection of protein, blots were
incubated with a mouse monoclonal antibody against collagen I (CP17L; dilution 1:200,
Calbiochem, USA). An HRP-conjugated secondary antibody (NA931V, ECL ™; GE
Healthcare UK Limited) was used for detection. As an internal standard between the samples,
HRP-labeled anti-human HPRT (sc-20975; Santa Cruz Biotechnology) was used. Films were
exposed to Hyperfilm ECL for 5 min, and band intensities were quantitated using a
densitometer (AlphaView, FluorChem SP, Alpha Innotech Corporation, San Leandro, CA,
USA).

2.7 Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Analyses
Total RNA was extracted from cells with TRIZOL® Reagent (Invitrogen, Carlsbad, CA) and
an RNeasy® Mini Kit (QIAGEN, Valencia, CA). RT was carried out using 2 µg RNA, and
cDNA was generated using the SuperScript™ First-Strand Synthesis System for RT-PCR
according to the manufacturer’s instructions (Invitrogen). RT-PCR was performed using the
ABI Prism 7700 HT Sequence Detection System with SYBR® Green PCR Master Mix reagents
(Applied Biosystems, Foster City, CA) according to the manufacturer’s protocol. GAPDH was
used to normalize target gene expression. The sequences for each primer set were as follows:
Collagen I, 5’-GTGCTAAAGGTGCCAATGGT-3’ (forward) and 5’-
ACCAGGTTCACCGCTGTTAC-3’ (reverse), and GAPDH, 5’-
GAGTCAACGGATTTGGTCGT-3’ (forward) and 5’-
TTGATTTTGGAGGGATATCG-3’ (reverse). Data were obtained as Ct values (cycle number
at which PCR plots cross a calculated threshold line) and used to determine ΔCt values (Ct of
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target gene - Ct of housekeeping gene, GAPDH). These values were then used to generate
mean ΔCt values ± SD for each treatment, which were employed in statistical comparisons.
Visual representation of data was carried out by converting ΔCt values to fold change data
relative to ΔCt values for untreated cells using the equation 2-ΔΔCt.

2.8 Transient transfection and luciferase assay in UtLM cells and UtSMCs
UtLM cells and UtSMCs were plated in 12-well plates at a density of 1 ×105 cells/well in
DMEM containing 10% FBS and incubated overnight. Cells were transfected for 6 h with 3×-
Vit-ERE-TATA-Luc, pRL-CMV (constitutively active Renilla reporter plasmid; Promega),
pcDNA3-hERα or pRST7-ERβ by using FuGENE®6 transfection reagent (Roche Applied
Science, Indianapolis, IN, USA). Afterward, we treated cells for 24 h with 10 nM E2 or various
concentrations of Fen in the presence or absence of 1 µM ICI 182,780 (Sigma). We then assayed
cells for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega) and
an LMAXII luminometer (Molecular Devices, Sunnyvale, CA, USA).

2.9 Estrogen receptor α and β competitive binding assay
Binding affinity of E2 and Fen to ERα and ERβ was evaluated by fluorescence polarization,
following the instructions provided by Estrogen Receptor Competitor Assay Red Kit (P3029
and P3032, Invitrogen). This assay, which contains insect cell-expressed, full-length, untagged,
human ERα and ERβ, and a novel, tight-binding fluorescent estrogen ligand (Fluormone™ EL
Red), provides a sensitive and efficient method for a high-throughput screening of potential
ERα and ERβ ligands in a homogenous mix-and-read assay format. According to the protocol,
in a black 96-well plate, E2 or Fen at increasing concentrations were added to the equal volume
of 2× ER/Fluormone™ EL Red Complex containing a final concentration of 30 nM ERα or
60 nM ERβ, and 2 nM Fluormone™ EL Red in ER Red Assay Buffer. The plates were gently
shaken to mix well and covered to protect the reagents from light, and incubate at room
temperature for 4 hours. Finally, fluorescence polarization was measured for each well using
a Wallac VICTOR3 V instrument (Perkin-Elmer, USA).

2.10 Statistical Analysis
MTS assay, cell cycle analysis, apoptosis assay, real-time PCR, western blot analysis, transient
transfection, and receptor competitor assay were repeated at least three independent
experiments with comparable results. BrdU assay were done in duplicate using 8 replicates per
plate, while luciferase assay and competitive binding assays were done in triplicate using 3
replicates per plate. Cell cycle analysis data were statistically analyzed by a two-way ANOVA
with Bonferroni post-tests after arcsine transformation. The data were expressed as mean ±
SEM. The two-tailed Student's t-test was used to compare two different groups. The statistical
significance was defined as p < 0.05. The data were analyzed by using Prism 5 (GraphPad
Software, Inc).

3. Results
3.1 Cell morphology in UtLM cells and UtSMCs after treatment with Fen for 24 h

Control UtLM cells and UtSMCs appeared robust and were spindle shaped with intact oval to
elongated nuclei (Figure 1 A, B). After treatment with 10 µM Fen for 24 h, both cells types
had a similar histomorphology to the controls, but showed cellular crowding, suggestive of
proliferation (Figure 1 C, D) and similar to UtLM cells and UtSMC treated with 0.1 µM E2
(Figure 1 E, F).
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3.2 Cell proliferation of Fen in UtLM cells and UtSMCs with MTS assay
To assess the influence of Fen exposure on human UtLM cells and UtSMCs, we conducted
proliferation studies with Fen at concentrations of 0.01 µM to 100 µM. At 24 h, both UtLM
and UtSMC cells showed significantly (p < 0.01) increased proliferation with Fen treatment,
as measured by an MTS-based assay (Fig. 2). Compared to vehicle controls, UtLM cell
proliferation was increased at Fen concentrations of 10 to 100 µM range (Fig. 2A), while
UtSMC cell proliferation was increased in the 0.1 to 100 µM range (Fig. 2B). E2 at a
concentration of 0.1 µM served as a positive control.

3.3 Cell proliferation of Fen in UtLM cells and UtSMCs with BrdU assay
To further examine the effects of Fen on UtLM and UtSMC cell growth, DNA synthesis and
BrdU uptake were determined by BrdU labeling. We found significantly increased BrdU
labeling in Fen-treated UtLM cells and UtSMC compared to untreated controls (Fig. 3). UtLM
BrdU labeling was increased at 0.1 to 100µM concentrations of Fen at 24 h (Fig. 3A), whereas
labeling of UtSMC cells was increased at 1 to 100 µM concentrations (Fig. 3B). In vitro study
showed Fen at 10 µM archived maximal estrogenicity activity (Garey and Wolff, 1998). Based
on these and acceptable daily intake (ADI) of 0–0.02 mg/Kg b.w. established for Fen by JMPR
(Joint FAO/WHO Meeting on Pesticide Residues) in 1986, we chose 10 µM Fen as the
concentration to conduct our further experiments.

3.4 Cell cycle analysis in UtLM cells and UtSMCs after Fen treatment
We next investigated the mechanism by which Fen increased proliferation in UtLM and
UtSMC cells. Using propidium iodide staining and flow cytometry analysis, we assessed the
effects of Fen on cell cycle distribution in both cell lines. UtLM and UtSMC were treated with
Fen at 10 µM for 24 h; E2 at concentration of 0.1 µM was used as a positive control. As depicted
in Fig. 4, treatment of UtLM cells and UtSMCs with Fen significantly increased the percentage
of cells in S phase, but decreased the percentage of cells in G0-G1 phase, while the percentage
of cells in G2-M phase did not change significantly. However, treatment of both cell lines with
E2 significantly increased the percentage of cells in S phase, but decreased the percentage of
cells in both G0-G1 phase and G2-M phase. These results suggest that Fen induces UtLM and
UtSMC cell cycle progression into the S phase as E2 does; however, the effects are different
in that Fen decreases the percentage of cells in the G0-G1 phase, but E2 decreases cell
percentages in both G0-G1 phase and G2-M phases.

3.5 Fen inhibited cell apoptosis in UtLM cells and UtSMCs
To examine whether growth could also be attributed to an anti-apoptotic mechanism, Annexin
V assays were done. UtLM cells and UtSMCs treated with 10 µM of Fen or 0.1 µM E2 for 24
h showed significantly decreased percentages of apoptotic cells (Fig. 5), and indicated that the
effects of Fen on cell growth in UtLM cells and UtSMCs may be due, in part, to inhibition of
apoptosis. Similar results were found in E2 treatment.

3.6 Fen induced mRNA expression of collagen type I in UtLM cells and UtSMCs
Leiomyomas are characterized by excessive ECM production. Collagen I is an ECM
component that is highly expressed in leiomyomas compared with myometrium. To further
characterize the effects of Fen on UtLM and UtSMC cells, we evaluated the impact of Fen on
collagen type I expression in both cell types using real-time RT-PCR assays. As shown in Fig.
6, we found that the levels of collagen type I mRNA was significantly upregulated by treatment
with Fen (10 µM) in a time-dependent manner in the UtLM cells. Treatment with Fen at 10
µM for 24 h induced more than an 8-fold increase in collagen type I mRNA in UtLM cells and
UtSMCs.
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3.7 Fen upregulates collagen type I protein levels in UtLM cells and UtSMCs
To confirm the effects of Fen on collagen type I mRNA levels, western blot analyses were
done to examine protein expression. As expected, Fen showed a dose-dependent increase in
collagen type I protein levels in cell lysates in both UtLM cells and UtSMCs with
concentrations of 0.01, 0.10, 1.0 and 10.0 µM for 24 hours. On the other hand, Fen increased
collegen I in supernatant of UtLM from 0.01 to 10 µM for 24 hours, while in UtSMC from 0.1
to 10 µM. E2, as positive control, also increased the expression of collagen type I in both cell
lines.

3.8 Fen may not require the region of ER for transactivation function
In order to learn whether ERs are involved in the Fen’s effects, we examined the molecular
mechanism of ER-dependent gene regulation by Fen. UtLM cells and UtSMCs were transiently
transfected with plasmids containing either hERα or hERβ and an estrogen-responsive element
(ERE)-fused luciferase reporter plasmid (3×-Vit-ERE-TATA-Luc). Figure 8 showed that in
the presence of hERα or hERβ, E2 stimulated ERE-mediated luciferase activity in 10 nM.
Coincubation with 1.0 µM ICI 182,780 inhibited the transactivation of 3×-Vit-ERE-TATA-
luc plasmid by Fen and E2. However, Fen did not significantly stimulate the luciferase activity
in 0.1, 1.0 or 10.0 µM neither in UtLM cells nor UtSMCs. This suggested that Fen’s estrogenic
actions may not be mediated through ERα or ERβ activation.

3.9 Fen does not bind to ERα or ERβ
As the estrogenic effects of E2 require the binding to a functional ER (Bolger et al., 1998), we
evaluated the ability of Fen to bind to ERα and ERβ to further confirm whether the effects of
Fen were mediated by the ER. The results shown in Fig. 9 A and B indicate that the affinity of
Fen to ERα or ERβ was non-detectable at the concentrations ranging from 1nM to 262.144
µM; while E2 binds to ERα and ERβ with high affinity (calculated IC50 of about 5.9 nM and
20.8 nM, respectively).

4. Discussion
Fen, a type II pyrethroid pesticide and EDC, is a class of neurotoxic pesticides registered for
agriculture and residential use in United States. Consumption of pyrethroid pesticides including
Fen, has continuously increased during the last two decades (Wolansky and Harrill, 2008). The
current study shows that Fen, at a specific dose range can promote cell proliferation and
stimulate expression of collagen I in both human uterine leiomyoma cells and myometrial cells.
This part of our findings is similar to the effects of organochlorine pesticides reported by
Hodges et al (Hodges et al., 2000). However, our data also show that Fen can contribute matrix
expansion via over-expression of collagen I, one major type component of matrix in fibroids.
To the best of our knowledge, this is the first report on effect of pesticides on the matrix turnover
in leiomyoma. Fen at concentration of 10 µM achieved maximal estrogenicity activities
comparable to that of 10 nM 17alpha-ethynylestradiol in Ishikawa Var-I cells (Garey and
Wolff, 1998). Since the estimated maximal acceptable daily intake (ADI) for Fen is 0.02 mg/
kg body weight (1991; 1996), the accumulation of this compound in human plasma could reach
levels comparable to those used in this study. These data suggest that Fen should be considered
as an environmental risk factor for fibroids. Based on these facts and our findings, it is prudent
to be cognizant of the possible health effects of Fen exposures on women’s health and
hormonally regulated diseases.

Studies in both mice and rats have shown that exposure to EDCs can increase the incidence of
uterine fibroids (Howe et al., 1995; Hunter et al., 2000; Romagnolo et al., 1996). However, the
potential mechanisms of EDCs in the pathogenesis of fibroids are still not fully understood.
Pyrethroid insecticides are EDCs that have been considered environmental analogues of
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estrogen. Fen, a widely used pyrethroid insecticide, has been documented to imitate many of
the actions of estrogen, such as proliferation and cancer development. Fen has been shown to
mimic estrogenic activity in MCF-7 human breast carcinoma cells by inducing pS2 expression
(Kasat et al., 2002). Go and coworkers (Go et al., 1999) illustrated that nanomolar
concentrations of Fen were sufficient to induce cell proliferation of MCF-7 cells and induce
pS2 expression levels. Garey et al found that Fen at concentration of 10 µM achieved maximal
estrogenicity activity in Ishikawa Var-I cells (Garey and Wolff, 1998). In contrast, a few
researchers also pointed out that Fen showed no significant estrogenic activity by using
different assays. Saito et al. reported that Fen, as well as two other pyrethroids, has no
significant estrogenic or antiestrogenic effects and showed their impact on the ERα mediated
pathway was negligible (Saito et al., 2000). Two years later, Kunimatsu et al from the same
group, confirmed their findings by using specific male and female Crj:CD(SD)IGS rats
(Kunimatsu et al., 2002).

Estrogen has traditionally been identified as a major influence on the pathogenesis of fibroids,
and it is known that these tumors are hyper-responsive to estrogen and exhibit elevated levels
of estrogen receptors. However, the mechanisms whereby estrogen exerts its effects on fibroids
are still not fully understood (Al-Hendy et al., 2004; Brahma et al., 2006; Hermon et al.,
2008; Walker and Stewart, 2005). With the realization of the presence of many ubiquitous
xenoestrogens in our environment and the high incidence of uterine leiomyomas in women,
the potential influence of EDCs in the pathogenesis of these tumors has been called into
question (Walker, 2002). Since Fen is considered to be an estrogen analogue, in this study we
investigated whether Fen had effects similar to E2 on uterine leiomyoma cells and whether
these effects are mediated by classical ERα and, or even possibly ERβ. ICI 182,780, a high
affinity estrogen receptor antagonist that can bind to both ER subtypes (Oliveira et al., 2003;
Tremblay et al., 1998; Wakeling, 2000), was used. Our data consistently showed that Fen did
not bind either ERα or ERβ, as well as no significant transcriptional activity was detected after
exposure to Fen in the presence or absence of ICI 182,780. These negative, but important
findings suggest that the effects of Fen on UtLM cells and UtSMCs most likely occur in an
ER-independent manner. Interestingly, Go et al reported that Fen exerts a proliferative effect
on breast cancer cells similar to estrogen but via an estrogen receptor independent manner
(Go et al., 1999). Together with our findings, it is important to further understand the
differences in the molecular mechanisms of action of Fen and E2 despite their similar
phenotypic impacts.

In this study, we first found increased proliferation of both UtLM cells and UtSMCs following
Fen treatment by measuring two different parameters: cell proliferation and synthesis of DNA.
Since cell proliferation is the endpoint of many converging biological pathways, it is important
for us to clarify a specific mechanism. As a basic concept, cell proliferation is a net result of
mitosis and cell death. To this end, an increase of cells in S phase is crucial to cell mitosis and
can result in proliferation. On the other hand, a decrease in cell apoptosis leading to reduction
in cell death is also important in cell proliferation. Our results showed that Fen could induce
progression of both cell types into the S phase of the cell cycle and decrease apoptotic cells.

The understanding of these changes induced by Fen is complex and is probably multi-factorial.
As human uterine muscle and leiomyoma cells differ in their rapid 17β-estradiol signaling
(Nierth-Simpson et al., 2009), Fen may also activate different signal transduction pathways in
these two cell types. IGF-1 could be a potential mediator of the increased progression of UtLM
cells into the S-phase of the cell cycle. In previous studies, we and others have found that E2
can up-regulate the expression of IGF-1 in leiomyoma cells, and that IGF-1 could exert its
mitogenic action by accelerating the progression of cells from G1 to S phase, and by inhibiting
apoptosis (Leiser et al., 2006; Swartz et al., 2005). Progression through the mammalian cell
cycle is regulated by cyclins, cyclin-dependent kinases (CDKs), and cyclin-dependent kinase
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inhibitors (CKIs). The function of these proteins in the irreversible growth arrest associated
with terminally differentiated cells is largely unknown. A CKI, p27Kip1(p27), whose specific
late G1 destruction allows progression of the cell across the G1/S boundary, is well known to
be down-regulated in human fibroid tumors (Lee et al., 2004; Leiser et al., 2006). Recently, it
has been reported that exogenously up-regulated cyclin-dependent kinase inhibitor, P27Kip1,
could result in a reduction in S-phase in uterine leiomyoma cells (Ramachandran et al.,
2008). Combining these data with our current findings, we could suggest an axis of Fen induced
cell proliferation, involving Fen-IGF1-P27kip1-Cell cycle for UtLM cells. In the future, this
axis could be a potential intervention target strategy against Fen or other EDCs which might
be associated with fibroid pathogenesis.

Besides increased cell proliferation in uterine fibroids, excessive deposition of ECM is another
important feature of these tumors. ECM is a fibrillar protein meshwork that provides a structure
scaffold for tissue support and serves as a reservoir for growth factors (Arslan et al., 2005;
Ding et al., 2004; Wolanska et al., 1998). Type I collagen is a major ECM component in the
normal uterus, and is increased in human uterine fibroids. Again, our data indicates that Fen
can increase both the expression of mRNA and protein levels of collagen type I similar to
E2. The net deposition of ECM is a result of balance of synthesis and degradation. A limitation
of the current study is a lack of data on the degradation of ECM. However, the collagen level
in the supernatant could be considered as the final production of collagen after dynamic
metabolism and this was found increased for both cell types in our study.

In summary, we believe that the data presented here will shed some light on a possible
mechanism of action of EDCs in fibroids, and suggest that Fen should be considered as a
possible risk factor for fibroids in women. In conclusion, we report for the first time Fen-
induced cell proliferation and increased collagen type I production in UtLM cells and UtSMCs.
Our studies contribute to the understanding of the effects of EDCs on women’s health and point
out possible risk factors for the development and growth of uterine fibroids.
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Figure 1. Cell morphology
Morphology of UtLM cells and UtSMCs after treatment with 0, 10 µM Fen and 0.1 µM E2 at
24 h. (A) UtLM cells and (B) UtSMCs at 0 µM; (C) UtLM cells and (D) UtSMCs at 10 µM of
Fen; (E) UtLM cells and (F) UtSMCs at 0.1 µM of E2. Original Magnification ×200.
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Figure 2. Cell proliferation assay with MTS
UtLM cells (A) and UtSMCs (B) were exposed to Fen for 24 h at concentrations ranging from
0.01 µM to 100 µM. E2 at a concentration of 0.1 µM was used as a positive control. Compared
with proliferation in vehicle controls, UtLM cell proliferation was increased at 10 µM to 100
µM Fen; while UtSMC cell proliferation was increased at 0.1 to 100 µM Fen. Error bars
represent means ± SEM. *p<0.01, Student’s t test with vehicle control.
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Figure 3. Cell proliferation assay with BrdU
UtLM cells (A) and UtSMCs (B) exposed to Fen for 24 h at concentrations ranging from 0.01
µM to 100 µM. E2 at concentration of 0.1 µM was used as a positive control. Compared with
proliferation in untreated controls, BrdU labeling in UtLM cells was increased at Fen
concentrations in the 0.1 µM to 100 µM range. BrdU labeling in UtSMC cells was increased
in the 1 µM to 100 µM range. Representative data were shown from two separate experiments.
*p<0.01 compared with vehicle control cells.
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Figure 4. Cell cycle analysis
UtLM cells (A) and UtSMCs (B) were treated with Fen at 10 µM for 24 h. E2 at a concentration
of 0.1 µM was used as a positive control. The values represent the number of cells in different
phases of the cell cycle as a percentage (%) of the total cells observed. The data shown represent
the average of three independent experiments. Representative data were shown from three
separate experiments. Data were statistically analyzed by a two-way ANOVA with Bonferroni
post-tests after arcsine transformation.

Gao et al. Page 15

Toxicol Lett. Author manuscript; available in PMC 2011 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Analysis of apoptosis
UtLM cells (A) and UtSMCs (B) treated with Fen at 10 µM for 24 h. E2 at a concentration of
0.1 µM was used as a positive control. After treatment, UtLM cells and UtSMCs were
harvested, and stained with the apoptotic indicator Annexin V dye and were assayed by FACS
flow cytometer. The values represent the percentage of apoptotic cells induced by Fen and
E2 to total gated cells. Error bars represent means ± SEM. *p<0.05, Student’s t test (n = 3).

Gao et al. Page 16

Toxicol Lett. Author manuscript; available in PMC 2011 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Real-time PCR analysis of Collagen I in UtLM (A) and UtSMC (B) cells
After treatment with Fen (10 µM) for 0, 4, 8, 12 and 24 h, total RNA was isolated from treated
and vehicle control cells and subjected to real-time RT-PCR. Bar graphs show the mean ± SEM
of three independent cell cultures. *p<0.05 compared with vehicle controls.
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Figure 7. Effects of Fen on Collagen Type I protein levels in UtLM cells and UtSMCs
Fen upregulates collagen type I protein levels in UtLM cells and UtSMCs. UtLM cells (A) and
UtSMCs (B) were treated with Fen (0.01–10 µM) for 24 h. After treatment, cell lysate and
supernatant samples were collected and analyzed by western blotting. E2 (0.10 µM) was used
as a positive control. Representative immunoblots and a graph showing protein levels of
collagen I relative to HPRT are shown. Data represent mean ± SEM of three independent
experiments.
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Figure 8. Transient transfection and luciferase assay in UtLM cells and UtSMCs
Relative luciferase activity in UtLM cells and UtSMCs transfected with hERα (A, C), hERβ
(B, D), and 3×-Vit-ERE-TATA-Luc plasmids that were treated with DMSO (vehicle control,
VC), 10 nM E2, or 0.1, 1.0, 10 µM Fen in the presence or absence of 1.0 µM ICI 182,780. Each
value was obtained from three independent experiments performed in triplicate. *p< 0.05,
**p<0.01, and ***p< 0.001, compared with VC.
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Figure 9. Estrogen receptor α and β competitive binding assays
Competitive binding curve between ER/Fluormone ™ and increasing concentrations of E2 and
Fen to ERα (A) and ERβ (B), after 4 h incubation period. A 100% polarization value
corresponds to no competition, due to the absence of the competitor. Results represent the
means ± SEM. of three separate experiments. ND, non-detectable.
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