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Abstract:

Concentration- and time-dependent effects of two antiepileptic drugs (AEDs), levetiracetam (LEV) and valproic acid (VPA), on pro-

liferation, cytotoxicity and expression of cell cycle regulatory genes were investigated in a human ovarian cancer cell line,

OVCAR-3. Cells were cultured with VPA or LEV, at concentrations between 100 µM and 10 mM. Cell proliferation was determined

by alamarBlue and BrdU incorporation assays; cytotoxic effects by tetrazolium hydroxide (XTT), acid phosphatase (AP) and lactate

dehydrogenase (LDH) assays. Expression of cell cycle regulatory genes was determined by real-time PCR. Exposure to VPA caused

a concentration- and time-dependent decrease in cell proliferation (alamarBlue and BrdU incorporation assays), cytotoxic effects

above 2.5 mM (XTT and AP assays) and modulated expression of genes primarily responsible for cell cycle arrest in G1 phase. Cell

proliferation was unaffected by exposure to LEV for 24 h and 120 h (alamarBlue assay), but increased when exposed to LEV for 72 h

and 168 h, at concentrations from 250 µM to 1 mM. The BrdU incorporation assay showed no effect of LEV on cell proliferation.

LEV was cytotoxic at higher concentrations (AP assay), but modulation in expression of cell cycle regulatory genes was not ob-

served. Changes in LDH release were not observed with either AED. In summary, VPA apparently decreased cell proliferation by

down-regulating genes responsible for transition from G1 to S phase and up-regulating genes responsible for G1 phase arrest, which

suggest its potential as an anticancer drug. LEV does not exhibit such action.
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Introduction

Epithelial ovarian cancer is the most lethal of gyneco-

logic malignancies and current therapeutic regimens

for ovarian cancer are largely ineffective in terms of

long-term treatment [15]. Thus, development of im-

proved, alternative therapy strategies against ovarian

cancer is an important health priority.

It has recently become evident that several antiepi-

leptic drugs (AEDs) are associated with anticancer ac-

tivity and have influence on cell growth in several

cancer cell types in vitro [2]. Valproic acid (VPA) is

one of the most frequently prescribed antiepileptic

drugs in the world, while levetiracetam (LEV) is

a relatively new AED that has been extensively used

in recent years [8]. Accumulating evidence indicates
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that VPA is associated with anticancer activity, by in-

ducing differentiation, growth arrest and/or apoptosis

in many tumor cells [for review see ref. 3]. Recently,

antitumor activity of VPA was also suggested in ovar-

ian cancer cells. Takai et al. [31] showed that VPA

causes growth inhibition, cell cycle arrest, apoptosis

induction and alterations in the expression of genes in

nine ovarian cancer cell lines. Furthermore, VPA has

been shown to interact with standard anticancer

drugs, resulting in increased inhibition of ovarian can-

cer development both in vivo [5] and in vitro [19]. To

our knowledge, there is one report suggesting antitu-

mor effects of LEV in glioblastoma cells [4]. These

authors showed that LEV inhibited cell proliferation

and decreased expression of genes and proteins re-

sponsible for tumor cell resistance.

Considering these reports, we decided in current

study to compare the concentration-dependent and

time-dependent effects of VPA and LEV on prolifera-

tion, viability and expression of genes important in

cell cycle regulation, using a human ovarian cancer

cell line, OVCAR-3, as a model system.

Materials and Methods

Reagents

RPMI1640 medium without phenol red, fetal bovine

serum (FBS, heat inactivated), penicillin/streptomy-

cin solution (penicillin 10,000 units/ml, streptomycin

10 mg/ml), phosphate-buffered saline (PBS) and tryp-

sin + EDTA were obtained from Cytogen GmbH (Bie-

nenweg, Germany). VPA was obtained from Sigma

Chemical Co. (St. Louis, MO, USA) and dissolved in

sterile water. LEV was purchased from UCB Pharma,

Belgium (Keppra 100 mg/ml®, for intravenous infu-

sion). The solutions were then further diluted in cul-

ture medium.

Cell culture

The human ovarian epithelial carcinoma cell line,

OVCAR-3, was obtained from American Type Culture

Collection (Manassas, VA, USA). Cells were routinely

cultured in RPMI1640 medium without phenol red,

supplemented with 20% heat-inactivated FBS, 50 IU/ml

of penicillin and 50 µg/ml of streptomycin. The me-

dium was changed every two days. Cells were grown

in 75 cm2 culture flasks in a 37°C incubator with a hu-

midified mixture of 5% CO2 and 95% air. For individ-

ual experiments, cells were cultured in RPMI 1640

without phenol red supplemented with 5% heat inacti-

vated FBS.

AlamarBlue assay

Long-term cell proliferation was determined using

an alamarBlue assay (Invitrogen, Carlsbad, CA, USA).

This assay is designed to quantify the proliferation of

various human cell lines and is based on detection of

the cells’ metabolic activity (reduction of resazurin).

AlamarBlue has minimal cell toxicity and therefore is

appropriate for continuous monitoring of proliferation

in the same cell culture at various time points.

Cells were seeded into 96-well culture plates at

a density of 1.5 × 104 cells/well and allowed to attach

overnight. The next day, the medium was changed

and cells were treated with VPA or LEV at concentra-

tions ranging from 100 µM to 10 mM for 24, 72, 120

and 168 h. Culture medium was used as a control.

Medium was changed daily, with new medium and

new test compounds added. The alamarBlue stock so-

lution was aseptically added to the wells after 24, 72,

120 and 168 h of culture, in amounts equal to 10% of

incubation volume. Resazurin reduction was deter-

mined after 4 h incubation by measuring the absor-

bance at 570 nm using a fluorescence microplate

reader FLx800 (BioTek, Winooski, VT, USA). Six

replicates of each sample were run in the same assay.

BrdU incorporation assay

DNA synthesis in proliferating cells was determined

by measuring bromodeoxyuridine (BrdU) incorpora-

tion using the commercial Cell Proliferation ELISA

System (Roche Molecular Biochemicals, Mannheim,

Germany). In this assay, BrdU is incorporated into

DNA during S phase.

Cells were seeded into 96-well culture plates at

a density of 1.5 × 104 cells/well and allowed to attach

overnight. The next day, the medium was changed

and cells were treated with VPA or LEV at concentra-

tions ranging from 100 µM to 10 mM for 72 h. Cul-

ture medium was used as a control. Medium was

changed daily, with new medium and new test com-

pounds added. After 72 h incubation, the medium was

removed and the cells incubated for 3 h with a BrdU

labelling solution (provided with the kit), containing
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10 µM BrdU. The BrdU incorporation assay was per-

formed according to the manufacturer’s instructions.

Absorbance values were measured at 450 nm using

an absorbance microplate reader ELx808 (BioTek,

Winooski, VT, USA). Culture medium alone was

used as a control for nonspecific binding. Six repli-

cates of each sample were run in the same assay.

Cytotoxicity assays

We performed three independent cytotoxicity assays

to investigate alterations in metabolic pathways or

structural integrity induced by exposure to VPA or

LEV.

Cells were seeded into 96-well culture plates at

a density of 1 × 104 cells/well and allowed to attach

overnight. After 24 h, the medium was changed and

cells were treated with VPA or LEV at concentrations

ranging from 100 µM to 10 mM for 72 h. Culture me-

dium was used as a control. Medium was changed

daily, with new medium and new test compounds

added.

XTT cell viability assay

The XTT sodium salt [2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt]

assay was used to measure the viability of cells. Tetra-

zolium salts are reduced to formazan by mitochon-

drial succinate dehydrogenase, an enzyme that is only

active in cells with an intact metabolism and respira-

tory chain. The formazan can be quantified photomet-

rically and correlates with the metabolic activity and

number of viable cells.

The XTT assay (Xenometrix, Allschwil, Switzer-

land) was performed according to the manufacturer’s

instructions, after 72 h incubation with LEV or VPA.

The XTT reduction in the cultures was determined after

2 h incubation by measuring the absorbance at 450 nm

using an absorbance microplate reader ELx808 (Bio-

Tek, Winooski, VT, USA). All samples were run in

triplicate in the same assay.

Acid phosphatase (AP) assay

AP is a functional marker of lysosomal metabolism.

Enzyme activity is determined by measuring the con-

version of p-nitrophenylphosphate (pNPP) to p-nitr-

ophenolate (pNP) and correlates with viable cell

number.

The AP assay (Xenometrix, Allschwil, Switzer-

land) was performed according to the manufacturer’s

instructions, after 72 h incubation with LEV or VPA.

The activity of AP in the cultures was determined after

2 h incubation by measuring the absorbance at 405 nm

using an absorbance microplate reader ELx808 (Bio-

Tek, Winooski, VT, USA). All samples were run in

triplicate in the same assay.

Lactate dehydrogenase (LDH) assay

The LDH assay was used to check membrane integ-

rity in cells exposed to LEV or VPA. LDH is rapidly

released from damaged cells into cell culture super-

natant, where it oxidizes NADH to NAD+. NADH

consumption in the supernatant correlates with the

amount of LDH released. Cell viability is inversely

proportional to the amount of LDH released.

The LDH assay (Xenometrix, Allschwil, Switzer-

land) was performed according to the manufacturer’s

instructions, after 72 h incubation with LEV or VPA.

NADH oxidation was determined by measuring the

decrease in absorbance at 340 nm using an absor-

bance microplate reader ELx808 (BioTek, Winooski,

VT, USA). All samples were run in triplicate in the

same assay.

Real-time PCR analysis

Cells were seeded into 96-well culture plates at a den-

sity of 2 × 104 cells/well. The next day, the medium

was changed and cells were treated with 5 mM VPA

or 10 mM LEV (concentrations selected on the basis

of alamarBlue, BrdU and cytotoxicity assays) for 24 h.

Total RNA isolation and cDNA synthesis was per-

formed using the TaqMan Gene Expression Cell-

to-CT Kit (Applied Biosystems, Carlsbad, CA, USA)

according to the manufacturer’s protocol. The purity

and quantity of the RNA and cDNA were determined

by spectrophotometry at optical densities 260 nm and

280 nm. Amplifications were performed in duplicate

using the StepOnePlus system (Applied Biosystems,

Carlsbad, CA, USA) and the TaqMan Array Human

Cyclins and Cell Cycle Regulation, Fast 96-Well Plate

(Cat. No. 4418768), in combination with TaqMan

Gene Expression Master Mix (Applied Biosystems,

Carlsbad, CA, USA), according to the manufacturer’s

instructions. PCR was performed in a final volume of

10 µl, including 50 ng/reaction cDNA. The PCR con-

ditions were as follows: pre-incubation for 2 min at
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50°C and 10 min at 95°C, amplification for 40 cycles

(15 s at 95°C and 1 min at 60°C). The relative expres-

sion of genes was normalized against the endogenous

reference gene, GAPDH.

Statistical analysis

Each experiment was repeated three times (n = 3). All

results were expressed as the means ± standard error

of the mean (SEM). Statistical analyses were per-

formed using GraphPad Prism 5 (GraphPad Software

Inc., CA, USA). Data were analyzed by one-way

analysis of variance, followed by Tukey’s Honestly

Significant Difference multiple range test. Groups

that are significantly different from control are indi-

cated in the figures as: * p < 0.05, ** p < 0.01, *** p <

0.001.

Results

Determination of long-term cell proliferation

using the alamarBlue assay

In an initial approach to analyze the effects of VPA

and LEV, we performed a long-term alamarBlue as-

say, to determine the concentration-dependent and

time-dependent action of LEV and VPA on ovarian

cancer cells OVCAR-3. In the control culture, prolif-

eration increased from 14,000 ± 850 relative fluores-

cence units at 24 h to 22,000 ± 1,300 relative fluores-

cence units at 168 h of culture.

Cell proliferation at 24 h of culture was the same for

cells exposed to VPA as for control, while a decrease in

cell proliferation was noted in cells exposed to VPA con-
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Fig. 1. The effects of valproic acid
(VPA) (a) and levetiracetam (LEV)
(b) on cell proliferation using the ala-
marBlue assay. Each point represents
the mean ± SEM of results from three
independent experiments, each of
which consisted of six replicates per
treatment group. All means marked
with * (p < 0.05), ** (p < 0.01), *** (p <
0.001) are significantly different from
control values



centrations from 2.5 mM at 72 h, from 1 mM at 120 h

and from 750 µM at 168 h of incubation (Fig. 1a).

In LEV-exposed cells, no differences in prolifera-

tion from control cells were noted at 24 h and 120 h of

incubation. However, after 72 h and 168 h in culture,

cells exposed to LEV concentrations ranging from

250 µM to 1 mM demonstrated an increase in prolif-

eration (Fig. 1b).

Determination of cell proliferation using the

BrdU incorporation assay

A significant inhibitory effect of VPA on cell prolif-

eration was noted at concentrations from 2.5 mM to

10 mM (Fig. 2a). Exposure to LEV at all concentra-

tions used did not have any effect compared with the

control (Fig. 2b).

Determination of cytotoxic effects

According to the XTT and AP assays results, expo-

sure to VPA at concentrations from 2.5 mM resulted

in significant cytotoxic effects (Fig. 3a, 3b), but no

significant changes in LDH release into the culture

medium (Fig. 3c).

Although exposure to LEV at concentrations from

250 µM to 7.5 mM caused an increase reduction of

XTT (Fig. 4a), according to the AP assay, cytotoxic

effects occurred following exposure to LEV at con-
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Fig. 2. The effects of valproic acid (VPA) (a) and levetiracetam (LEV)
(b) on cell proliferation using the BrdU incorporation assay. Each
point represents the mean ± SEM of results from three independent
experiments, each of which consisted of six replicates per treatment
group. All means marked with * (p < 0.05), *** (p < 0.001) are signifi-
cantly different from control values

a

b

Fig. 3. The cytotoxic effects of valproic acid (VPA) as determined by
the XTT assay (a), the AP assay (b) and the LDH assay (c). Each
point represents the mean ± SEM of results from three independent
experiments, each of which consisted of three replicates per treat-
ment group. All means marked with *** (p < 0.001) are significantly
different from control values
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centrations from 7.5 mM (Fig. 4b). As with VPA,

LDH levels were not observed to be affected by LEV

exposure at all concentrations used (Fig. 4c).

Measurement of expression of cell cycle

regulatory genes by real-time PCR analysis

The relative expression of selected genes involved in

cell cycle regulation are described in Table 1. Expo-

sure of cells to VPA resulted in down-regulation of the

following genes: CCNA1, CCND3, CCNE1, CCNE2,

CCNH (cyclin genes), CDK2, CDK7 (cyclin-depen-

dent kinase genes), CDC25A (CDC25A phosphatase

gene), E2F4 (transcription factor E2F4 gene). Parallel

up-regulation was observed for: TP53 (tumor protein

p53 gene), CDKN1A and CDKN2A (cyclin-dependent

kinase inhibitors genes). All these genes are involved

in arrest of the cell cycle in G1 phase. Exposure to

LEV apparently had no effect on the expression of

any of these genes involved in cell cycle regulation.

Discussion

The results from the present study show that exposure

to VPA decreases cell proliferation in a concentration-

and time-dependent manner, as demonstrated by both

alamarBlue and BrdU incorporation assays. These

data concur with results published by Takai et al. [31],

who also demonstrated growth inhibition of OVCAR-3

cells under the influence of VPA. Additionally, VPA

has been shown to interact with standard anticancer

drugs, resulting in increased inhibition of ovarian can-

cer development both in vivo [5] and in vitro [19].

The results from the viability assays in this study

demonstrated a significant cytotoxic effect of VPA

above 2.5 mM, as shown by the XTT and AP assays

and no effect on LDH release from cells. The AP as-

say is used to quantify the lysosomal metabolism of

cells in response to pharmaceutical, chemical and en-

vironmental compounds, like XTT assay, which is

used to measure the mitochondrial metabolism of

cells. The results from the XTT and AP assays in

combination clearly suggest that VPA causes cyto-

toxic effects in OVCAR-3 cells.

Following the demonstration that VPA decreased

OVCAR-3 cells proliferation and acts as cytotoxic

drug, it was pertinent to examine the underlying

mechanisms that cause this anti-proliferative effect.

The investigation of expression of genes involved in

cell cycle regulation showed that VPA had most affect

on the expression of CDKN1A and CDKN2A genes,

which encode the cyclin-dependent kinase inhibitor

p21 and cyclin-dependent kinase inhibitor p16, re-

spectively, and are primarily linked to G1-phase regu-

lation. It is noteworthy that regulators of cell cycle

machinery are frequently altered in human cancers

and can be more sensitive to cyclin-dependent ki-

nases’ inhibition [28]. Moreover, altered expression of

multiple genes and proteins involved in cell cycle

regulation (especially p21 and p16), has previously
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Fig. 4. The cytotoxic effects of levetiracetam (LEV) as determined by
the XTT assay (a), the AP assay (b) and the LDH assay (c). Each
point represents the mean ± SEM of results from three independent
experiments, each of which consisted of three replicates per treat-
ment group. All means marked with * (p < 0.05), ** (p < 0.01), *** (p <
0.001) are significantly different from control values
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been reported in cancer cells exposed to VPA treat-

ment [6, 7, 9, 10, 16, 17, 22, 30–32, 34]. In addition,

we showed that VPA stimulated TP53 transcription.

Tumor protein p53 is known to be induced as a result

of DNA fragmentation; activation of p53 results in G1
arrest by inducing p21, followed by an inhibition of

cyclin/Cdk complex [18]. Marked inhibition in ex-

pression of other genes involved in cell cycle regula-

tion, which encode both cyclins (cyclin A, cyclin E,

cyclin D, cyclin H) and cycline-dependent kinases

(Cdk2 and Cdk7), was also observed. These proteins

form cyclin/Cdk complexes and regulate progression

of the cell cycle through specific checkpoints [20].

Cyclin E/Cdk2 is required for S phase entry, cyclin

A/Cdk2 for S phase progression and D cyclins, asso-

ciated with Cdk4 and Cdk6, are required for progres-

sion of cells through G1 into S phase. Furthermore,

cyclin H/Cdk7 complex and phosphatase Cdc25A are

Pharmacological Reports, 2012, 64, 157�165 163
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Tab. 1. Relative alterations in expression of selected genes involved in cell cycle regulation in OVCAR-3 cells exposed to 5 mM VPA or 10 mM
LEV for 24 h. All values marked with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) are significantly different from control

Assay ID Description Gene symbol
(Alias)

Fold change

VPA LEV

Cell cycle progression activators

Hs00171105_m1 Cyclin-A1 CCNA1 0.77* 1.08

Hs00153138_m1 Cyclin-A2 CCNA2 1.05 1.05

Hs99999188_m1 Cyclin-B1 CCNB1 1.05 1.14

Hs00270424_m1 Cyclin-B2 CCNB2 1.02 1.05

Hs00765553_m1 Cyclin-D1 CCND1 1.01 1.01

Hs00236949_m1 Cyclin-D3 CCND3 0.70** 1.04

Hs01026536_m1 Cyclin-E1 CCNE1 0.77* 1.05

Hs00372959_m1 Cyclin-E2 CCNE2 0.85* 0.93

Hs00236923_m1 Cyclin-H CCNH 0.75* 1.00

Hs00364293_m1 Cyclin-dependent kinase 1 CDK1 (CDC2) 0.86 1.01

Hs01548894_m1 Cyclin-dependent kinase 2 CDK2 0.72* 0.90

Hs00175935_m1 Cyclin-dependent kinase 4 CDK4 1.04 1.07

Hs01026372_m1 Cyclin-dependent kinase 6 CDK6 1.00 1.00

Hs00361486_m1 Cyclin-dependent kinase 7 CDK7 0.85* 1.00

Hs00947994_m1 Cell division cycle 25 homolog A CDC25A 0.70** 0.91

Hs01078066_m1 Retinoblastoma-associated protein (pRb) RB1 (pRb) 0.90 1.03

Hs00153451_m1 Transcription factor E2F1 E2F1 0.95 1.03

Hs00231667_m1 Transcription factor E2F2 E2F2 0.95 1.05

Hs00605457_m1 Transcription factor E2F3 E2F3 0.99 1.09

Hs00608098_m1 Transcription factor E2F4 E2F4 0.77* 1.03

Cell cycle progression inhibitors

Hs01034249_m1 Tumor protein p53 TP53 1.33** 1.02

Hs01112307_m1 Ataxia telangiectasia mutated ATM 0.87 0.95

Hs00354807_m1 Ataxia telangiectasia and Rad3 related ATR 0.86 0.86

Hs00355782_m1 Cyclin-dependent kinase inhibitor 1A (p21) CDKN1A 1.63*** 0.92

Hs00153277_m1 Cyclin-dependent kinase inhibitor 1B (p27) CDKN1B 0.88 0.86

Hs00923894_m1 Cyclin-dependent kinase inhibitor 2A (p16) CDKN2A 2.13*** 1.10

Hs00176227_m1 Cyclin-dependent kinase inhibitor 2C (p18) CDKN2C 0.91 1.01

Hs00176481_m1 Cyclin-dependent kinase inhibitor 2D (p19) CDKN2D 0.86 0.94



responsible for activation of cyclin-dependent ki-

nases, which is why suppressed transcription of these

genes results in additional deactivation of cyclin/Cdk

complexes. All these findings suggest that cells ex-

posed to VPA may have their cycle arrested in G1
phase. Our results from the BrdU incorporation assay,

demonstrating a dramatic decrease in DNA synthesis

under the influence of higher concentrationss of VPA,

support this theory. Previously published data on the

effect of VPA on the OVCAR-3 cell line, showing an

accumulation in the G0/G1 phase of the cell cycle and

a concomitant decrease in the proportion of cells in S

phase [31], provide further support.

Part of the experiments concerning action of LEV

on cell proliferation and viability, demonstrated that

LEV did not affect cell proliferation as determined by

the BrdU incorporation assay. This observation is in

accordance with data of Paulson et al. [26] demon-

strated that LEV did not affect the number of BrdU-

positive cells in rat hippocampus. Surprisingly, expo-

sure to LEV increased cell proliferation measured by

alamarBlue assay and activity of mitochondrial en-

zymes, as measured with the XTT assay. It could be

explained by the fact that both assays determine total

cell number by detection of cellular (mitochondrial)

metabolic activity. Additionally, a cytotoxic effect of

LEV (AP assay) was noted only at higher concentra-

tions and no change in LDH level was observed. AP is

a functional marker of the lysosomal compartment

[14] and the lysosomal enzymes are known to initiate

cell death [12], but it is also suggested that activation

of lysosomal enzymes is specific for tumor regres-

sion, but do not affect proliferation [1]. Although the

effects of VPA on cancer growth are widely known,

only limited data on the effect of LEV on cellular pro-

liferation are available. Whilst data indicating that

LEV has a very positive effect on brain tumor-

associated seizures have been published, whether the

development of cancer per se is affected by LEV is

unknown [21, 23–25, 29, 35]. Indeed, it has been

demonstrated that LEV does not interact with chemo-

therapies used in the treatment of brain tumors [27].

In contrast to VPA, the expression of cell cycle

genes appeared to be unaffected by exposure to LEV.

Data published by Hassel et al. [13] reported region-

specific gene expression as a result of LEV treatment,

but as LEV-induced regional changes in gene expres-

sion were not closely associated with the distribution

of known LEV binding sites (such as synaptic vesicle

protein SV2A), no plausible explanation could be

provided. Additionally, other research has shown that

LEV does not modify gene expression in non-

epileptic rat brain [11], nor in brains of non-epileptic

newborn mice [33].

Taken together, these results suggest that LEV dis-

rupts cells metabolism, but this has no effect on cell pro-

liferation and cell cycle regulating genes expression.

In conclusion, the results of this preliminary study,

suggest that VPA, but not LEV, may have potential as

an anticancer drug for human ovarian cancer treat-

ment due to its cytotoxic and cytostatic activities.

However, further studies, based on apoptotic mecha-

nisms, are essential to confirm this suggestion.
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