
Effects of Estrogen, Raloxifene, and Levormeloxifene on the
Expression of Rho-Kinase Signaling Molecules in Urethral
Smooth Muscle Cells

Hongxiu Ning, Guiting Lin, Tom F. Lue, and Ching-Shwun Lin*

Knuppe Molecular Urology Laboratory, Department of Urology, School of Medicine, University of
California, San Francisco, CA 94143-0738, USA

Abstract
OBJECTIVES—To investigate the effects of estrogen, raloxifene, and levormeloxifene on the
expression of Rho-kinase signaling molecules in urethral smooth muscle cells (USMCs).

METHODS—USMCs were isolated from female rats. Expression of calponin and estrogen
receptors α (ERα was detected by immunofluorescence staining. Cells were treated with estrogen,
raloxifene, or levormeloxifene at 0, 1, 10, and 100 nM for 48 h and then processed for western
blotting with antibodies against RhoA, Rho kinase I and II (Rock-I and Rock-II), myosin light
chain (MLC), phosphorylated MLC (p-MLC), and β-actin. Protein expression was quantitated by
densitometry, followed by statistical analysis with β-actin as control.

RESULTS—USMCs expressed calponin and ERα. Treatment of USMCs with estrogen,
raloxifene or levormeloxifene resulted in decreased expression of RhoA, Rock-I, Rock-II, and p-
MLC in a dosage-dependent manner.

CONCLUSIONS—Estrogen, raloxifene, and levormeloxifene may affect urinary continence by
inhibiting the expression of Rho-kinase signaling molecules.
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INTRODUCTION
Urinary incontinence (UI) is a prevailing problem for middle-aged and older women 1. Urge
UI (UUI), which accounts for approximately 45% of all UI cases, is defined as the
involuntary loss of urine associated with a strong sensation to void. Stress UI (SUI),
accounting for another 45% of all UI cases, is the involuntary loss of urine in the absence of
a detrusor contraction. UUI is related to overactive detrusor function (motor urgency) and
hypersensitivity (sensory urgency). SUI is thought to occur as a result of weakened muscles
of the pelvic floor and the urethra, causing urine loss whenever there is an increased intra-
abdominal pressure (e.g., coughing, sneezing, or laughing).
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Hormonal changes due to aging and menopause are known to contribute to the development
of UI. Earlier studies in which small-scale clinical trials were conducted support the
commonly held notion that supplementation with exogenous estrogen may improve urinary
function and decrease incontinence rate 2-4. However, more recently published long-term
studies involving thousands of women indicated that estrogen supplementation (with or
without progestin) actually increased the frequency of UI 5-7. Presently, the prescription of
oral estrogen for UI treatment is not recommended, but the mechanism through which
estrogen affects continence remains poorly understood.

In addition to UI, osteoporosis is another important health problem for postmenopausal
women. Clinical trials have shown that estrogen supplementation reduced hip fracture risk
by 39%; however, this beneficial effect was offset by adverse side effects such as breast
cancer 8. Thus, synthetic compounds termed “selective estrogen receptor modulators” or
“SERMs” were developed. Ideally, SERMs should have the beneficial effects of estrogen
but with no or reduced risks. In 1997 and 1999, the Food and Drug Administration (FDA)
approved raloxifene, a SERM, for the prevention and treatment of postmenopausal
osteoporosis, respectively 9. Another SERM, levormeloxifene, was also developed for the
prevention and treatment of osteoporosis. However, its phase III clinical trial was aborted
due to the high incidence of adverse events, including an increased rate of UI 10.

In various types of smooth muscle cells, the Rho-kinase signaling pathway plays key roles in
regulating contractility 11. Binding of agonist, such as epinephrine, to its receptor triggers
the conversion of RhoA-GDP to RhoA-GTP. RhoA-GTP migrates to the cytoplasmic
membrane, where it binds to and activates Rho-kinase (Rock-I and Rock-II). Rock
phosphorylates and inactivates myosin light chain phosphatase (MLCP), allowing MLC to
stay phosphorylated and consequently actin contracted. This Rho-kinase signaling pathway
apparently also operates in the urethra because inhibition of Rock abolishes urethra smooth
muscle tone 12.

Although numerous studies have examined the effect of estrogen and SERMs on blood
vessels, vagina and uterus, there are few studies on the urinary bladder and none on the
urethra. In addition, there appears to be a lack of information regarding the effect of SERMs
on Rho-kinase signaling. Therefore the present study was designed to investigate the effect
of estrogen and SERMs (raloxifene and levormeloxifene) on the expression of Rho-kinase
signaling molecules in cultured rat urethra smooth muscle cells (USMCs).

MATERIALS AND METHODS
Rat urethral smooth muscle cells (USMCs) were isolated and cultured as previously
described 13. Briefly, urethras were excised from 2-month-old female Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA), de-epithelialized, washed 3 times in sterile
phosphate-buffered saline (PBS), and cut into 2-3 mm3 segments. The segments were placed
evenly onto a 100-mm cell culture dish (Falcon-Becton Dickinson Labware, Franklin Lakes,
NJ). Ten minutes later, 10 ml of Dulbecco’s Modified Eagle Medium (DMEM) containing
penicillin (100 units/ml), streptomycin (100 μg/ml), and 10% fetal bovine serum (FBS) was
added to the dish, which was then kept undisturbed in a humidified 37°C incubator with 5%
CO2. Five days later, tissue segments that had detached from the dish were removed, and the
culture medium was replaced. This process was repeated after another five days of culture.
When small islands of cells were noticeable, the cells were treated with trypsin and
transferred to a fresh dish. Expansion of each cell strain was continued with change of
medium every 3 days and passages approximately every 10 days. All cells used in the
following experiments were from passages 3 or 4.
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The smooth muscle identity of USMCs and ERα expression were verified by
immunofluorescence staining as previously described 13. Briefly, USMCs (8×104 cells/well)
were cultured on coverslips placed in 6-well plates with 3 ml/well of DMEM and 10% FBS.
After 24 h, the cells were fixed in cold methanol for 5 min at 4 °C, permeabilized with
0.05% Triton X-100 for 5 min, and blocked with 5% normal horse serum in PBS for 1 h at
room temperature. The cells were then incubated with anti-calponin or anti-ERα antibody
(Abcam Inc., Cambridge, MA) for 1 h at room temperature. After washing with PBS three
times, the cells were incubated with Texas red-conjugated anti-IgG antibody for another h at
room temperature. After three washes with PBS, the cells were further stained with 4’,6-
diamidino-2-phenylindole (DAPI, for nuclear staining) for 5 min and viewed under a
fluorescence microscope (Zeiss, Thornwood, NY). Negative controls were prepared as
above but without the primary antibodies.

For drug effect analysis, USMCs (6.5×105 cells) were seeded in 10-cm dishes with DMEM
and 10% FBS. When the cells reached 80% confluence, the medium was changed to DMEM
with 10% charcoal/dextran-treated FBS (Hyclone Inc., Logan, UT). After another 12 h of
incubation, the cells were treated with estrogen, raloxifene (Sigma-Aldrich, St. Louis, MO),
or levormeloxifene (Novo Nordisk, Bagsvaerd, Denmark) at the indicated concentrations for
additional 24 h. The cells were then subjected to Western blot analysis as previously
described 13. Briefly, the cells were homogenized in lysis buffer containing 1% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, aprotinin (10 μg/ml), leupeptin (10 μg/ml),
and phosphate-buffered saline. Cell lysates containing 20 μg of protein were
electrophoresed in SDS–PAGE and then transferred to PVDF membrane (Millipore Corp.,
Bedford, MA). The membrane was incubated with a primary antibody overnight at 4°C, and
then incubated with HRP-conjugated secondary antibody (Pierce Chemical Company,
Rockford, IL) for 1 h at room temperature. Detection of reactive antigens was performed
with ECL kit (Amersham Life Sciences Inc., Arlington Heights, IL), followed by exposure
of the membrane to X-ray film. The resulting images were analyzed with ChemiImager
4000 (Alpha Innotech Corporation, San Leandro, CA) to determine the integrated density
value (IDV) of each protein band normalized to the IDV of β-Actin. Re-probing of the
cellular proteins with different antibodies was done by stripping the membrane in 62.5 mM
Tris-HCl, pH 6.7, 2% SDS, and 10 mM 2-mercaptoethanol at 55 °C for 30 min. The stripped
membrane was then incubated with the primary antibody and further processed as described
above. Primary antibodies were anti-RhoA, anti-Rock-I, anti-Rock-II (BD Biosciences, CA),
anti-MLC (Santa Cruz Biotechnology, Santa Cruz, CA), anti-p-MLC (phosphorylated Ser19,
Cell Signaling Technology, Danvers, MA), and anti-β-actin (Sigma-Aldrich). All
experiments were done in triplicates with cells isolated from 6 rats. All data are presented as
the average of three independent experiments. Statistical analysis was performed with the
Prism 4 program (GraphPad Software, Inc., San Diego, CA). The continuous data was
compared using one-way analysis of variance. The Tukey-Kramer test was used for post-hoc
comparisons. Statistical significance was set at P<0.05.

RESULTS
Smooth Muscle Identity and Estrogen Receptor Expression

The smooth muscle identity of rat USMCs was verified by immunofluorescence staining
with anti-calponin antibody. The results showed that greater than 95% of cells stained
positive for calponin (Fig. 1). Because estrogen receptor expression is required for cell
response to estrogen and SERMs, ERα expression was in rat USMCs was also examined,
and the results showed greater than 95% positivity (Fig. 1).

Ning et al. Page 3

Urology. Author manuscript; available in PMC 2013 January 04.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Effects of Estrogen
Estrogen at 1 nM had significantly (P<0.05) negative effects on the expression of RhoA and
Rock-II when compared to control (0 nM) treatment (Fig. 2A & 2B). These effects were
accompanied with a significantly (P<0.05) downregulated p-MLC expression when
compared to control treatment (Fig. 2C). At 10 nM, the negative effects of estrogen on the
expression of RhoA, Rock-I, and Rock-II were more pronounced (Fig. 2A & 2B), and these
effects were accompanied by a further reduction of MLC phosphorylation (Fig. 2A & 2C).
At 100 nM, the negative regulatory effects of estrogen were generally even stronger (Fig. 2).

Effects of Raloxifene
Raloxifene at 1 nM had insignificant effects on the expression of RhoA, Rock-I and Rock-II
(Fig. 3A & 3B). These negligible effects were accompanied with little change in the level of
MLC phosphorylation (Fig. 3A & 3C). At 10 nM, raloxifene had significantly negative
effects on RhoA, Rock-I and Rock-II expression (Fig. 3A & 3B), and these were
accompanied by a reduction of MLC phosphorylation (Fig. 3A & 3C). Similar effects were
observed with 100 nM of raloxifene (Fig. 3).

Effects of Levormeloxifene
All three Rho-kinase signaling molecules, RhoA, Rock-I, and Rock-II, were expressed at
lower levels in USMCs treated with 1, 10 and 100 nM of levormeloxifene when compared
to control (0 nM) treatment (Fig. 4A & 4B). Downregulation of these Rho-kinase signaling
molecules was accompanied by a decrease of phosphorylation of their target protein MLC
(Fig. 4A & 4C).

DISCUSSION
Hormonal changes due to aging and menopause are known to contribute to the development
of UI. While it is generally agreed that physiologically produced estrogen is important for
maintaining continence, it has been controversial whether exogenously applied estrogen is
beneficial. From recent studies that involved larger numbers of patients and better controls
than earlier studies, it is now generally agreed that estrogen supplements increase UI rate 5-7.
In addition, certain SERMs, particularly levormeloxifene, have also been found to increase
UI rate 5,14.

By using a postpartum ovariectomized rat model we have previously shown that estrogen
and SERMs negatively impact urinary continence 15,16. However, how estrogen and SERMs
influence the continence mechanism remains poorly understood. In the present study, we
hypothesized that they might affect the expression of Rho-kinase signaling molecules in
USMCs. In addition, because smooth muscle contraction is mainly regulated by the level of
MLC phosphorylation 11, we also investigated the effect of each drug on the expression of
p-MLC (as a ratio between p-MLC and MLC expression). In these experiments we chose
concentrations of 1, 10, and 100 nM for each drug because this dosage range is most
pharmacologically relevant and most frequently used in published studies. We also chose 24
h as the most optimal time point for drug treatment based on past studies 13,17. Cell lysates
were then analyzed by western blotting to determine the expression and phosphorylation
levels of above-mentioned Rho-kinase signaling molecules. It should be noted that RhoA is
membrane bound when activated 11; thus, ideally RhoA expression should be separately
examined with a cytosolic and membrane preparation. However, due to the need to probe all
of the above-mentioned signaling molecules simultaneously, we chose to prepare cell lysates
that contained both the cytosolic and membrane fractions.
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The results show that different concentrations of each drug had different effects on the
expression of Rho-kinase signaling molecules and p-MLC. In general, the effects were
increasingly more negative as USMCs were treated with higher concentrations of each drug.
These data are generally consistent with previously published studies. In the case with
estrogen, it has been shown that estrogen concentration-dependently inhibits Rho-kinase
mRNA expression in coronary VSMC 17. More recently estrogen has also been found to
attenuate vascular smooth muscle contraction by inhibiting Rho-kinase pathway in a
concentration-dependent manner 18. In addition, this study also showed that p-MLC
expression was concentration-dependently inhibited by estrogen while MLC expression was
unaffected. Thus, these two studies with vascular smooth muscle cells are in agreement with
our study with USMCs. Furthermore, in another study Lin et al 19 showed that Rock-II was
significantly increased in the bladder of ovariectomized rabbits and such increased
expression was downregulated by estrogen supplementation. Thus, these findings in the
bladder are consistent with our study in regard to the effect of estrogen on Rock-II
expression.

We also found that higher concentrations (10 and 100 nM) of raloxifene had negative effects
on the expression of Rho-signaling molecules and p-MLC in USMCs. This seems to
contradict clinical findings as raloxifene has not been found to increase UI rate. However, it
should be noted that short-term treatment (20 weeks) with raloxifene increased pelvic organ
prolapse 20 and change of treatment from estrogen to raloxifene resulted in an increase of
vaginal atrophy 21. In addition, short-term (3 weeks) treatment with raloxifene has been
shown to increase voiding dysfunction rate in a SUI rat model16. Thus, species difference is
a probable explanation for the disagreement between clinical and basic science data
(obtained with animal models, tissues, or cells).

In regard to levormeloxifene, our data are in line with expectations. That is, its negative
effects on the expression of Rho-kinase signaling molecules and p-MLC are consistent with
its negative effects on urinary continence. Thus, our overall data show that estrogen and
SERMs may affect urinary continence by downregulating Rho-kinase signaling molecules
and p-MLC. At present it is not known how estrogen and SERMs downregulate Rho-kinase
expression. Based on the study of Hiroki et al that showed estrogen-induced downregulation
of Rho kinase mRNA expression 17, it appears that estrogen and SERMs may target Rho-
kinase gene promoter via estrogen receptor binding sites.

While the present study provides data suggesting that estrogen and SERMs may affect
urinary continence by downregulating the Rho-kinase signaling pathway, it lacks direct
evidence linking such downregulation with urethral smooth muscle contractility. It should
also be pointed out that estrogen and SERMs can affect urinary continence by
downregulating other signaling pathways in urethral smooth muscle, for example,
adrenergic signaling 13. Thus, the present study is only one of many steps that could lead us
to a better understanding of how estrogen and SERMs affect urinary continence.

CONCLUSIONS
Estrogen, raloxifene, and levormeloxifene may attenuate urinary continence by inhibiting
the expression of RhoA, Rock-I, Rock-II, and p-MLC.
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FIG. 1.
Localization of estrogen receptor and calponin in rat urethra smooth muscle cells (USMCs).
UMSC at passage 4 were processed for immunofluorescence staining as described in
Materials and Methods. Red fluorescence indicates expression of calponin or ERα. Blue
fluorescence indicates cell nuclei (DAPI).
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FIG. 2.
Effects of estrogen on the expression of RhoA, Rock-I, Rock-II, MLC, and p-MLC. USMCs
were treated with estrogen at 0, 1, 10, and 100 nM and analyzed by western blotting for
RhoA, Rock-I, Rock-II, MLC, and p-MLC. Three independent experiments were conducted
for each drug. One representative graph of the three experiments is shown in panel A for
each drug. The expression levels of RhoA, Rock-I, and Rock-II are displayed as relative
expression against β-Actin expression (panel B). MLC phosphorylation level is the ratio (in
percentage) between p-MLC and MLC expression levels (panel C). Asterisks denote
significant difference in comparison with control (0 nM). *, P<0.05; **, P<0.01.
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FIG. 3.
Effects of raloxifene on the expression of RhoA, Rock-I, Rock-II, MLC, and p-MLC.
USMCs were treated with raloxifene at 0, 1, 10, and 100 nM and analyzed by western
blotting for RhoA, Rock-I, Rock-II, MLC, and p-MLC. Three independent experiments
were conducted for each drug. One representative graph of the three experiments is shown in
panel A for each drug. The expression levels of RhoA, Rock-I, and Rock-II are displayed as
relative expression against β-Actin expression (panel B). MLC phosphorylation level is the
ratio (in percentage) between p-MLC and MLC expression levels (panel C). Asterisks
denote significant difference in comparison with control (0 nM). *, P<0.05; **, P<0.01.
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FIG. 4.
Effects of levormeloxifene on the expression of RhoA, Rock-I, Rock-II, MLC, and p-MLC.
USMCs were treated with levormeloxifene at 0, 1, 10, and 100 nM and analyzed by western
blotting for RhoA, Rock-I, Rock-II, MLC, and p-MLC. Three independent experiments
were conducted for each drug. One representative graph of the three experiments is shown in
panel A for each drug. The expression levels of RhoA, Rock-I, and Rock-II are displayed as
relative expression against β-Actin expression (panel B). MLC phosphorylation level is the
ratio (in percentage) between p-MLC and MLC expression levels (panel C). Asterisks
denote significant difference in comparison with control (0 nM). *, P<0.05; **, P<0.01.
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