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ABSTRACT The effect of clomiphene a first-line therapy for WHO group II (eu-estrogenic) infertility on
cytosolic free Ca21 concentrations ([Ca21]i) and viability has not been explored in rabbit corneal epithelial
cells (SIRC). This study examined whether clomiphene altered [Ca21]i levels and caused cell death in SIRC
cells. [Ca21]i and cell viability were measured using the fluorescent dyes fura-2 and WST-1, respectively.
Clomiphene at concentrations Z5 mM increased [Ca21]i in a concentration-dependent manner. The Ca21

signal was reduced partly by removing extracellular Ca21. The clomiphene-induced Ca21 influx was
insensitive to blockade of L-type Ca21 channel blockers. In Ca21-free medium, after pretreatment with
1 mM thapsigargin (an endoplasmic reticulum Ca21 pump inhibitor), clomiphene failed to increase [Ca21]i.
Inhibition of phospholipase C with 2 mM U73122 did not change clomiphene-induced [Ca21]i rises. At
concentrations of 0.5–20 mM, clomiphene killed cells in a concentration-dependent manner. The cytotoxic
effect of 15 mM clomiphene was not reversed by prechelating cytosolic Ca21 with BAPTA/AM.
Collectively, in SIRC cells, clomiphene-induced [Ca21]i rises by causing Ca21 release from the
endoplasmic reticulum and Ca21 influx from non-L-type Ca21 channels. Clomiphene-caused cytotoxicity
was not mediated by a preceding [Ca21]i rise. Drug Dev Res 69:272–278, 2008 r2008 Wiley-Liss, Inc.
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INTRODUCTION

Clomiphene has been used for the last 40 years as
the first-line therapy for WHO group II (eu-estrogenic)
infertility, the majority of which is associated with
polycystic ovary syndrome [Palomba et al., 2006;
Neveu et al., 2007]. Clomiphene was originally thought
to act via evoking ovulation [Homburg, 2005], but the
in vitro mechanisms are not completely clear. At the
cellular level, clomiphene increased cytosolic free Ca21
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levels ([Ca21]i) in human prostate cancer cells [Jiann
et al., 2002], human osteoblasts [Chen et al., 2001], and
bladder cancer cells [Jan et al., 2000] and to inhibit
angiogenesis [Manolopoulos et al., 2000]. Electrophy-
siologically, clomiphene was thought to modulate the
activity of outward K1 currents in rat ventricular
myocytes [Borg et al., 2004], and to inhibit volume-
regulated anion channels in endothelial cells [Maertens
et al., 2001]. Cytotoxic effects have also been reported
for clomiphene in different cell types, including
lymphoma cells [Low and Hwang, 1995], ovarian
follicular cells [Chaube et al., 2005], and leukemic
cells [Hayon et al., 1999].

A regulated rise in [Ca21]i is an important
signaling message in all cell types, and can evoke
various pathophysiological processes [Berridge, 1993,
1997; Bootman, 2002], but abnormal fluctuations in
[Ca21]i may be cytotoxic [Annunziato et al., 2003].
Thus it is pivotal to investigate the effect of a reagent
on cellular Ca21 handling in order to understand its in
vitro action. Although clomiphene evokes increases in
[Ca21]i in prostate cancer cells [Jiann et al., 2002],
osteoblasts [Chen et al., 2001], and bladder cancer cells
[Jan et al., 2000], its effect on corneal epithelial cells is
unexplored. Intracellular Ca21 movement is important
in corneal epithelium. There is intercellular commu-
nication accompanied by [Ca21]i changes in wing cell
layers. The difference in [Ca21]i changes among the
layers of the corneal epithelium suggests that the
response of each cell layer plays a distinct role in
proliferation and differentiation during recovery of the
corneal epithelium [Kubo-Watanabe et al., 2002]. Sun
et al. [2000] showed that a Ca21-linked protein is
associated with early corneal epithelial differentiation.

The aim of the present study was to explore the
effect of clomiphene on [Ca21]i in rabbit corneal
epithelial cells (SIRC). Furthermore, the effect of
clomiphene on cytotoxicity and the relationship between
Ca21 and the cytotoxicity was investigated. SIRC rabbit
corneal epithelial cells have been used for in vitro study of
corneal cells [Talluri et al., 2006]. Using fura-2 as a
fluorescent Ca21 indicator, this study showed that
clomiphene induced [Ca21]i rises in a concentration-
dependent manner in SIRC cells. The time course and
the concentration-response relationship, the Ca21 sources
of the Ca21 signal, and the role of phospholipase C in the
signal were explored. The effect of clomiphene on cell
viability and its Ca21 dependence was also examined.

MATERIALS AND METHODS

Cell Culture

SIRC cells obtained from American Type Culture
Collection were cultured in Dulbecco’s modified Eagle

medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, and 100mg/
ml streptomycin.

Solutions

Ca21-containing medium contained (pH 7.4)
140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2,
10 mM Hepes, 5 mM glucose. In Ca21-free medium,
Ca21 was substituted with 0.3 mM EGTA. Clomiphene
was dissolved in absolute ethanol as a 1 M stock
solution. The other agents were dissolved in water,
ethanol, or dimethyl sulfoxide (DMSO). The concen-
tration of organic solvents in the solution used in
experiments did not exceed 0.1%, and did not alter
basal [Ca21]i or cell viability.

[Ca21]i Measurements

Trypsinized cells (106/ml) were loaded with 2 mM
fura-2/AM for 30 min at 251C in culture medium. Fura-
2 fluorescence measurements were performed in a
water-jacketed cuvette (251C) with continuous stirring;
the cuvette contained 1 ml of medium and 0.5 million
cells. Fluorescence was monitored with a Shimadzu
RF-5301PC spectrofluorophotometer by recording
excitation signals at 340 nm and 380 nm and emission
signal at 510 nm at 1-s intervals. Maximum and
minimum fluorescence values were obtained by adding
0.1% Triton X-100 (plus 5 mM CaCl2) and 10 mM
EGTA sequentially at the end of each experiment.
[Ca21]i was calculated as previously described
[Grynkiewicz et al., 1985]. Mn21 quench of fura-2
fluorescence was performed in Ca21-containing med-
ium containing 50mM MnCl2, by recording the
excitation signal at 360 nm (Ca21-insensitive) and
emission signal at 510 nm at 1-s intervals as described
previously [Merritt et al., 1989].

Cell Viability Assays

The measurement of cell viability was based on
the ability of cells to cleave tetrazolium salts by
dehydrogenase. Augmentation in the amount of devel-
oped color directly correlated with the number of live
cells. Assays were performed according to manufac-
turer’s instructions (Roche Molecular Biochemical,
Indianapolis, IN). Cells were seeded in 96-well plates
at 10,000 cells/well in culture medium for 24 h in the
presence of zero or different concentrations of
clomiphene. The cell viability detecting reagent 4-[3-
[4-lodophenyl]-2-4(4-nitrophenyl)-2H-5-tetrazolio-1,3-
benzene disulfonate (WST-1; 10ml pure solution) was
added to samples after clomiphene treatment, and cells
were incubated for 30 min in a humidified atmosphere.
In experiments using BAPTA/AM to chelate intracel-
lular Ca21, 5 mM BAPTA/AM was added to cells for 1 h
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followed by a washout with Ca21-containing medium.
Then cells were incubated in a 371C incubator for 23 h
in the presence of zero or 15mM clomiphene. Cells
were further loaded with 2mM fura-2/AM for 30 min at
room temperature. Cells were washed again followed
by incubation with WST-1 for 30 min at 371C. The
absorbance of samples (A450) was determined using
enzyme-linked immunosorbent assay (ELISA) reader.
Absolute optical density was normalized to the
absorbance of unstimulated cells in each plate and
expressed as a percentage of the control value.

Chemicals

The reagents for cell culture were from Gibco
(Gaithersburg, MD). Fura-2/AM and BAPTA/AM were
from Molecular Probes (Eugene, OR). Clomiphene
and other reagents were from Sigma-Aldrich (St. Louis,
MO).

Statistical Analysis

Data were reported as means 7SEM of five
experiments, and were analyzed by two-way analysis of
variances (ANOVA) using the Statistical Analysis
System (SASs, SAS Institute, Cary, NC). Multiple
comparisons between group means were performed by
post hoc analysis using the Tukey’s HSD (honestly
significant difference) procedure. A P-value of o0.05
was considered significant.

RESULTS

Effect of Clomiphene on [Ca21]i

Clomiphene at concentrationsZ5 mM increased
[Ca21]i in a concentration-dependent manner in Ca21-
containing medium. Clomiphene (1mM) had no effect
on [Ca21]i ( 5 baseline). Typical responses induced
by 5–30mM clomiphene are shown in Figure 1A. The
[Ca21]i rise induced by 30mM clomiphene reached
29072 nM over baseline (5072 nM) at the time point
of 75 s followed by a gradual decay. At 10mM,
clomiphene induced a gradual increase in [Ca21]i that
reached 5272 nM over baseline at 130 s. Further
experiments were performed to determine the relative

contribution of extracellular Ca21 influx and intracel-
lular Ca21 release in clomiphene-induced [Ca21]i rises.
The data in Figure 1B show that 10–30 mM clomiphene
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Fig. 1. A: Effect of clomiphene on [Ca21]i in fura-2-loaded SIRC
cells. Clomiphene was added at 25s. The concentration of clomiphene
was indicated. The experiments were performed in Ca21-containing
medium. B: Effect of extracellular Ca21 removal on clomiphene-
induced [Ca21]i rises. The experiments were performed in Ca21-free
medium. Clomiphene was added at 25 s. C: Concentration-response
plots of clomiphene-induced Ca21 signals in the presence (solid
circles) and absence (open circles) of extracellular Ca21. y-axis is the
percentage of control which is the net area under the curve (baseline
subtracted) of maximum [Ca21]i response induced by 30mM
clomiphene in Ca21-containing medium. Data are mean7SEM of
five experiments. �Po0.05 compared with open circles.
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also induced [Ca21]i rises in Ca21-free medium.
Removal of extracellular Ca21 did not alter the
baseline, suggesting that the amount of leaked fura-2
from the cells was insignificant. Clomiphene increased
[Ca21]i by 13072 nM over baseline at the concentra-
tion of 30mM. The concentration-response curves of
clomiphene-induced [Ca21]i rises in Ca21-containing
and Ca21-free medium are shown in Figure 1C.

Effect of Clomiphene on Mn21 Influx

Experiments were performed to exclude the
possibility that the smaller clomiphene-induced re-
sponse in Ca21-free medium was caused by 0.3 mM

EGTA-induced acute depletion of intracellular Ca21.
Mn21 enters cells through similar pathways as Ca21

but quenches fura-2 fluorescence at all excitation
wavelengths. Thus, the quench of fura-2 fluorescence
excited at the Ca21-insensitive excitation wavelength of
360 nm by Mn21 indicates Ca21 influx. Figure 2 shows
that 30mM clomiphene induced an immediate
decrease in the 360-nm excitation signal (compared
with control). This suggests that clomiphene-induced
[Ca21]i rise involved Ca21 influx from extracellular
space. The decreases reached a maximum of 8172 U
at 120 s.

Lack of Effect of L-type Ca21 Channel Blockers on
Clomiphene-Induced [Ca21]i Rises

In Ca21-containing medium, pretreatment
with 1mM nifedipine, nicardipine, nimodipine,
diltiazem, or verapamil for 1 min failed to inhibit
the 30mM clomiphene-induced [Ca21]i rises (data not
shown).

Ca21 Stores for Clomiphene-Induced [Ca21]i Rises

Previous reports have shown that the endoplas-
mic reticulum was a major Ca21 store in most cell types
[Berridge, 1997; Jiann et al., 2002]. Figure 3A shows
that, in Ca21-free medium, after clomiphene-induced
Ca21 responses had decayed, addition of 1 mM
thapsigargin, an inhibitor of endoplasmic reticulum
Ca21 pumps [Thastrup et al., 1990], failed to induce a
[Ca21]i rise. Conversely, Figure 3B shows that, in Ca21

-free medium, the addition of 1 mM thapsigargin
induced a [Ca21]i rise that reached 8172 nM over
baseline followed by a slow decay. After depletion of
Ca21 stores in the endoplasmic reticulum for 7 min,
addition of 30mM clomiphene did not induce a
significant [Ca21]i rise.
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clomiphene was present. Trace b: 30mM clomiphene was added as
indicated. Data are mean 7SEM of five experiments.
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and clomiphene (30 mM) were added at time points indicated. Data are mean 7SEM of five experiments.
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Lack of Involvement of Phospholipase C in
Clomiphene-Induced [Ca21]i Rises

Because clomiphene induced Ca21 release from
the endoplasmic reticulum, the role of phospholipase C
in this response was examined. U73122, a phospholi-
pase C inhibitor [Thompson et al., 1991], was used to
assess whether this enzyme was required for clomi-
phene-induced Ca21 release. Figure 4A shows that
ATP (10 mM) induced a [Ca21]i rise of 6472 nM. ATP
is a phospholipase C-dependent agonist in most cell
types [Florenzano et al., 2006]. Figure 4B shows that
incubation with 2mM U73122 did not alter basal [Ca21

]i but abolished ATP-induced [Ca21]i rises. U73343, a
biologically inactive analogue of U73122 [Thompson
et al., 1991], did not affect ATP-induced [Ca21]i rises
(not shown). This suggests that U73122 effectively
suppressed phospholipase C activity. Figure 4B also
shows that addition of clomiphene (30mM) after
U73122 and ATP treatments caused a [Ca21]i response
indistinguishable from the control response shown in
Figure 1B.

Effect of Clomiphene on Cell Viability

Given that acute incubation with clomiphene
induced a substantial and lasting [Ca21]i response, and
that unregulated [Ca21]i rises were often linked to
cytotoxicity [Annunziato et al., 2003], experiments were
performed to examine the effect of overnight incuba-
tion with clomiphene on the viability of SIRC cells.
Cells were treated with 0–20 mM clomiphene over-
night, and the tetrazolium assay was performed. In the
presence of 0.5–20mM clomiphene, cell viability
decreased in a concentration- dependent manner
(Fig. 5A).

Relationship Between Clomiphene-Induced [Ca21]i

Rises and Cell Death

The next issue was whether the clomiphene-
induced cytotoxicity was caused by a preceding [Ca21]i

rise. The intracellular Ca21 chelator BAPTA/AM
[Tsien, 1980] was used to prevent a [Ca21]i rise during
clomiphene pretreatment. Figure 5B shows that
BAPTA/AM loading did not significantly alter control
cell viability. In the presence of 15mM clomiphene,
BAPTA/AM loading did not reverse clomiphene-
induced cell death.

DISCUSSION

The present study is the first to demonstrate that
clomiphene induces [Ca21]i rises and cell death in
SIRC human corneal epithelial cells. The data suggest
that clomiphene increased [Ca21]i by depleting in-
tracellular Ca21 stores and causing Ca21 influx from
the extracellular milieu because removing extracellular
Ca21 reduced a part of clomiphene-induced [Ca21]i

rises, and that Mn21 influx also suggested Ca21 entry.
Removal of extracellular Ca21 reduced the clomiphene
response, suggesting that Ca21 influx occurred during
the whole stimulation period. The clomiphene-induced
Ca21 influx seems to be mediated by non-L-type Ca21

channel blockers. Consistently, no L-type Ca21 chan-
nels have been reported in rabbit corneal epithelial
cells. In epithelial cells, a possible Ca21 influx pathway
was the store-operated Ca21 entry [Putney, 1986]. The
status of store-operated Ca21 entry in SIRC cells is
unknown.

Regarding the Ca21 stores involved in clomi-
phene-induced Ca21 release, clomiphene and thapsi-
gargin appeared to share a similar endoplasmic
reticulum Ca21 store. Furthermore, it appears that
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phospholipase C-dependent pathways did not play a
role in clomiphene-induced Ca21 release, since the
response remained the same when phospholipase
C activity was suppressed. How clomiphene released
Ca21 from the thapsigargin-sensitive endoplasmic
reticulum store was unclear. One possibility was that
clomiphene might act similarly to thapsigargin by
inhibiting endoplasmic reticulum Ca21 pumps as these
two compounds shared similar Ca21 stores. Dodds
et al. [2001] reported that clomiphene inhibits Ca21

uptake by cardiac sarcoplasmic reticulum. Custódio
et al. [1996] found that clomiphene induced inhibition

of both Ca21 uptake and Ca21 stimulated ATP
hydrolyzing activity in sarcoplasmic reticulum vesicles
isolated from rabbit white skeletal muscle. This
indicates that clomiphene may also directly block the
SERCA pump. However, inhibition of Ca21 uptake was
not associated with inhibition of ATPase activity in
sarcoplasmic reticulum vesicles isolated from canine
cardiac ventricular tissue [Dodds et al., 2001]. Thus
inhibition of Ca21 uptake in these experiments seems
to be independent of SERCA ATPase activity.

Clomiphene is cytotoxic to three cell lines [Low
and Hwang, 1995; Chaube et al., 2005; Hayon et al.,
1999]; but its effect on corneal cells has not been
explored. We are the first to demonstrate that in the
presence of 0.5–20 mM clomiphene, the viability of
SIRC cells decreased in a concentration-dependent
manner. Cell viability was measured by incubating cells
with WST-1 whose fluorescence was changed upon
cleavage by intracellular dehydrogenases in live cells.
Ca21 overloading is known to initiate processes leading
to cell death [Annunziato et al., 2003]. Whether
clomiphene is cytotoxic to SIRC cells in a Ca21-
dependent manner is an important issue. Our data
show that the clomiphene-induced cell death was not
reversed by preventing clomiphene-induced [Ca21]i

rises, implying that clomiphene induced cytotoxicity via
Ca21-independent pathways. In many cell types, cell
death is induced in a Ca21-dependent or -independent
manner, depending on the stimulating agent and cell
type [Andersson et al., 2000; Das et al., 1999].

Clomiphene therapy may cause optic neuropathy
and other ocular adverse effects [Lawton, 1994;
Silverman, 1972]. Thus the effects of altering [Ca21]i

and cytotoxicity of clomiphene in corneal epithelial
cells may have clinical relevance. Collectively, our
results show that clomiphene-induced Ca21 release
and Ca21 influx and evoked non-Ca21-triggered cell
death in SIRC cells. Because a rise in [Ca21]i interferes
with many cellular processes, caution should be
exercised in using low concentrations of clomiphene
for other in vitro research, and it should be noted that
clomiphene at concentrations Z0.5mM may be cyto-
toxic to cultured cells.
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Custódio JBA, Almeida LM, Madeira VMC. 1996. The effect of the
anticancer drugs tamoxifen and hydroxytamoxifen on the calcium
pump of isolated sarcoplasmic reticulum vesicles. Toxicol In Vitro
10:523–531.

Das S, Bhattacharyya S, Ghosh S, Majumdar S. 1999. TNF-alpha
induced altered signaling mechanism in human neutrophil. Mol
Cell Biochem 197:97–108.

Dodds ML, Kargacin ME, Kargacin GJ. 2001. Effects of anti-
oestrogens and beta-estradiol on calcium uptake by cardiac
sarcoplasmic reticulum. Br J Pharmacol 132:1374–1382.

Florenzano F, Viscomi MT, Cavaliere F, Volonte C, Molinari M.
2006. The role of ionotropic purinergic receptors (P2X) in
mediating plasticity responses in the central nervous system.
Adv Exp Med Biol 557:77–100.

Grynkiewicz G, Poenie M, Tsien RY. 1985. A new generation of Ca2

1 indicators with greatly improved fluorescence properties. J Biol
Chem 260:3440–3450.

Hayon T, Dvilansky A, Oriev L, Nathan I. 1999. Non-steroidal
antiestrogens induce apoptosis in HL60 and MOLT3 leukemic
cells; involvement of reactive oxygen radicals and protein kinase
C. Anticancer Res 19:2089–2093.

Homburg R. 2005. Clomiphene citrate—end of an era? A mini-
review. Hum Reprod 20:2043–2051.

Jan CR, Yu CC, Huang JK. 2000. Clomiphene, an ovulation-
inducing agent, mobilizes intracellular Ca21 and causes extra-
cellular Ca21 influx in bladder female transitional carcinoma cells.
Horm Res 54:143–148.

Jiann, BP, Lu YC, Chang HT, Huang JK, Jan CR. 2002. Effect of
clomiphene on Ca21 movement in human prostate cancer cells.
Life Sci 70:3167–3178.

Kubo-Watanabe S, Satoh Y, Saino T. 2002. Adenosine-50-tripho-
sphate-induced intracellular calcium changes through gap-junc-
tional communication in the corneal epithelium. Jpn J
Ophthalmol 46:479–487.

Lawton AW. 1994. Optic neuropathy associated with clomiphene
citrate therapy. Fertil Steril 61:390–391.

Low YL, Hwang PL. 1995. Lymphoma cells selected for
resistance against the cytotoxic effect of oxygenated sterols are
also resistant to nonsteroidal antiestrogens. Biochim Biophys Acta
1269:32–40.

Maertens C, Droogmans G, Chakraborty P, Nilius B. 2001.
Inhibition of volume-regulated anion channels in cultured
endothelial cells by the anti-oestrogens clomiphene and nafox-
idine. Br J Pharmacol 132:135–142.

Manolopoulos VG, Liekens S, Koolwijk P, Voets T, Peters E,
Droogmans G, Lelkes PI, De Clercq E, Nilius B. 2000. Inhibition
of angiogenesis by blockers of volume-regulated anion channels.
Gen Pharmacol 34:107–116.

Merritt JE, Jacob R, Hallam TJ. 1989. Use of manganese to
discriminate between calcium influx and mobilization from
internal stores in stimulated human neutrophils. J Biol Chem
264:1522–1527.

Neveu N, Granger L, St-Michel P, Lavoie HB. 2007. Comparison of
clomiphene citrate, metformin, or the combination of both for
first-line ovulation induction and achievement of pregnancy in
154 women with polycystic ovary syndrome. Fertil Steril
87:113–120.

Palomba S, Orio Jr F, Falbo A, Russo T, Tolino A, Zullo F. 2006.
Effects of metformin and clomiphene citrate on ovarian
vascularity in patients with polycystic ovary syndrome. Fertil
Steril 86:1694–1701.

Putney Jr JW. 1986. A model for receptor-regulated calcium entry.
Cell Calcium 7:1–12.

Silverman HI. 1972. The adverse effects of commonly used systemic
drugs on the human eye. II. Am J Optom Arch Am Acad Optom
49:335–362.

Sun L, Sun TT, Lavker RM. 2000. CLED: a calcium-linked protein
associated with early epithelial differentiation. Exp Cell Res
259:96–106.

Talluri RS, Katragadda S, Pal D, Mitra AK. 2006. Mechanism of L-
ascorbic acid uptake by rabbit corneal epithelial cells: evidence
for the involvement of sodium-dependent vitamin C transporter 2.
Curr Eye Res 31:481–489.

Thastrup O, Cullen PJ, Drobak BK, Hanley MR, Dawson AP. 1990.
Thapsigargin, a tumor promoter, discharges intracellular
Ca21 stores by specific inhibition of the endoplasmic reticulum
Ca21-ATPase. Proc Natl Acad Sci USA 87:2466–2470.

Thompson AK, Mostafapour SP, Denlinger LC, Bleasdale JE,
Fisher SK. 1991. The aminosteroid U-73122 inhibits muscarinic
receptor sequestration and phosphoinositide hydrolysis in
SK-N-SH neuroblastoma cells. A role for Gp in receptor
compartmentation. J Biol Chem 266:23856–23862.

Tsien RY. 1980. New calcium indicators and buffers with
high selectivity against magnesium and protons: design, synthesis,
and properties of prototype structures. Biochemistry
19:2396–2404.

278 HUANG ET AL.

Drug Dev. Res.


