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Abstract: Ovarian cancer is one of the leading causes of cancer related deaths among women worldwide, with an 
overall 5-year survival of only 30-40%. Carbonic anhydrases are up-regulated in many types of cancer and play an 
important role in tumor progression and metastasis. Carbonic anhydrase 9 has been implicated as a potential anti-
tumorigenic target. Topiramate (TPM) is a potent inhibitor of carbonic anhydrase isozymes, including carbonic anhy-
drase 9, and has been shown to have anti-tumorigenic activity in several cancer types. Our goal was to evaluate the 
effect of TPM on cell proliferation and to identify possible mechanisms by which TPM inhibits cell growth in ovarian 
cancer. TPM significantly inhibited ovarian cancer cell proliferation and induced cell cycle G1 arrest, cellular stress 
and apoptosis through the AKT/mTOR and MAPK pathways. TPM also exerted anti-metastatic effects by decreasing 
the adhesion and invasion of ovarian cancer cells and affecting the expression of critical regulators of the epithelial-
mesenchymal transition (EMT). Our findings demonstrate that TPM has anti-tumorigenic effects in ovarian cancer 
and is worthy of further exploration in clinical trials. 
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Introduction

Ovarian cancer is the most lethal gynecological 
cancer, with an estimated 22,440 new cases 
and 14,080 deaths in the U.S. in 2017 [1]. Due 
to the lack of effective screening methods, 
ovarian cancer is often diagnosed at a late 
stage, as reflected by the poor five-year overall 
survival (35%) [2]. Although most patients ini-
tially respond to standard treatment with surgi-
cal debulking and systemic platinum/taxane 
chemotherapy, the majority will suffer from a 
recurrence of disease and ultimately chemo-
therapy resistance [3, 4]. Thus, developing new 
treatment options for ovarian cancer is urgently 
required [4]. 

The carbonic anhydrases (CAs) are a superfam-
ily of metalloenzymes that efficiently catalyze 
the interconversion between CO2 and bicarbon-

ate using a metal hydroxide nucleophilic mech-
anism. Sixteen different CAs have been identi-
fied, all of which have distinct tissue-specific 
expression, kinetic properties, and sensitivity 
to inhibitors [5]. CAs have varied activitiy based 
on the efficiency of proton transfer, differences 
in active site residues, quaternary structure 
and potential site localization [5-7]. Inhibition of 
CAs may have therapeutic implications for the 
treatment of edema, glaucoma, seizures, obe-
sity, infectious diseases, arthritis, intracranial 
hypertension and cancer [5]. 

CA9 and CA12 belong to the cancer-associated 
transmembrane CA enzyme family, and are con-
sidered important enzymes related to the tumor 
microenvironment and oncogenic processes [8, 
9]. It has been confirmed that many types of 
cancer show strong expression of CA9 or co-
expression of CA9 and CA12 in the peri-necrotic 
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areas of tumors, supporting a concept that 
both isozymes are regulated by hypoxia and via 
hypoxia-induced factor 1α (HIF-1α) [10, 11]. 
Expression of CA9 is absent in most normal tis-
sues. Overexpression, in response to tumor 
hypoxia, is seen in a wide variety of solid tumors 
and contributes to hypoxia-related tumor acido-
sis and metastatic processes [12]. Overex- 
pression of CA9 correlates with poor prognosis 
in ovarian cancer and has been associated with 
shortened disease specific survival [13]. 
Combined high expression of CA9 and VEGF 
has been linked to increased chemotherapy 
resistance and poor overall survival in high-
grade serous ovarian carcinoma [14]. Phar- 
macologic interference of CA9 catalytic activity 
by monoclonal antibodies and small molecule 
inhibitors has been shown to disrupt pH regula-
tion by cancer cells, reduce primary tumor 
growth, and inhibit cell migration and metasta-
sis in preclinical models [13, 15]. Overall, CA9 
is being pursued as a marker for development 
of targeted systemic therapies and a prognos-
tic indicator in cancer. 

Topiramate (TPM) is a sulfamate-substituted 
monosaccharide with a complex pharmacolog-
ic mechanism of action that is effectively used 
to treat epilepsy and migraine headaches. TPM 
has been investigated for other indications 
including alcohol dependence, cocaine addic-
tion, bipolar disorder, neuroprotection, binge 
eating disorder, post-traumatic stress disorder 
and obesity [16-22]. TPM has nearly ideal phar-
macokinetics. This attribute combined with its 
complex pharmacodynamics translates into a 
drug with wide therapeutic utility [22]. While the 
molecular mechanisms of action for TPM are 
not fully understood, it has been confirmed that 
TPM has moderate potency in inhibiting car-
bonic anhydrase isozymes including CA9 [22, 
23]. Studies in mice with lung cancer have 
shown that TPM, like other CA9 inhibitors, has 
an inhibitory role in tumor progression, angio-
genesis and metastases [24, 25]. However, lit-
tle is understood about the anti-tumorigenic 
effects of TPM in ovarian cancer. Thus, the aim 
of this study was to better understand the anti-
tumorigenic potential of TPM in ovarian cancer 
by assessing the in vitro effect of TPM on prolif-
eration, cell cycle progression, apoptosis, cel-
lular stress and invasion in ovarian cancer 
cells.

Material and methods 

Cell culture and reagents

The ovarian cancer cell lines, Hey, IGROV-1, 
OVCAR433, OVCAR5 and SKOV3, were used. 
The OVCAR433, OVCAR5 and SKOV3 were 
maintained in DMEM/F12 supplemented with 
10% FBS, 300 mM L-glutamine, 5 μg/ml bovine 
insulin, 10,000 U/ml penicillin and 10,000 μg/
ml streptomycin under 5% CO2. The Hey and 
IGROV-1 cells were cultured in RPMI 1640 with 
5% FBS, 10,000 U/ml penicillin and 10,000 
μg/ml streptomycin under 5% CO2. Topiramate, 
RNase and RIPA buffer were purchased from 
Sigma (St. Louis, MO). Antibodies to pho- 
sphorylated-S6 (Ser 235/236), phosphory- 
lated-p42/44, phosphorylated-AKT, carbonic 
anhydrase IX (CA9), β-actin, pan-AKT, pan-
p42/44 and pan-S6 were obtained from Cell 
Signaling Technology (Beverly, MA). The Annexin 
V FITC kit was purchased from BioVision 
(Mountain View, CA). Enhanced chemilumines-
cence western immunoblotting detection rea- 
gents were purchased from Amersham (Ar- 
lington Heights, IL). All other chemicals were 
purchased from Sigma. 

Cell proliferation assay

The OVCAR5 and SKOV3 cells were plated and 
grown in 96-well plates at a concentration of 
5000 cells/well for 24 hours. These cells were 
then treated with various concentrations of 
TPM for a period of 72 hours. After the addition 
of MTT dye (5 mg/mL), the 96-well plates were 
incubated for 1-2 hours at 37°C. 100 uL of 
DMSO was added to the plates in order to ter-
minate the MTT reaction, and the plates were 
read by measuring absorption at 595 nm. The 
effect of TPM was calculated as a percentage 
of control cell growth obtained from PBS (1%) 
treated cells grown in the same 96-well plates. 
Each experiment was repeated three times to 
assess for consistency of results.

Colony formation assay

The OVCAR5 and SKOV3 cells growing in log 
phase were seeded (400 cells/well in a 6-well 
plate) in their standard growth medium. Cells 
were allowed to adhere for 24 hours, and then 
were treated with TPM for 24 hours. The cells 
were cultured at 37°C for 14 days with medium 
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changes every third or fourth day. Cells were 
stained with 0.5% crystal violet, and colonies 
were counted under the microscope. Each 
experiment was repeated three times for con-
sistency of results.

Cell cycle analysis 

The effect of TPM on the cell cycle was mea-
sured using Cellometer (Nexcelom, Lawrence, 
MA, USA). Briefly, both cell lines were plated at 
2.5 × 105 cells/well in 6-well plates and incu-
bated overnight. Cells were then treated with 
TPM (from 1 to 1500 uM) for 24 hours. The 
cells were harvested and washed with PBS and 
centrifuged. The pellet was re-suspended and 
fixed in 90% pre-chilled methanol and stored at 
-20°C overnight. The cells were then washed 
with PBS and centrifuged, resuspended in 50 
μl RNase A solution (250 μg/ml, 10 mM EDTA) 
followed by incubation for 30 minutes at 37°C. 
The cells were then stained with 50 μl of stain-
ing solution [containing 2 mg/ml Propidium 
iodide (Hayward, MA, USA), 0.1 mg/ml Azide 
(Sigma) and 0.05% Triton X-100 (Sigma)]. The 
final mixture was incubated for 15 minutes in 
the dark before being analyzed by Cellometer. 
The results were analyzed using FCS4 express 
software (Molecular Devices, Sunnyvale, CA). 
All experiments were performed in triplicate to 
assess for consistency of results.

Annexin V assay

The effect of TPM on apoptosis was assessed 
with the Annexin V FITC kit (Biolegend, San 
Diego, CA) and via Cellometer. Briefly, 2 × 105 
cells/well were seeded into 6-well plates, incu-
bated overnight and then treated with TPM with 
varying concentrations for 24 hours. The cells 
were then collected, washed with PBS and re-
suspended in 100 ul of Annexin V and PI dual-
stain solution (0.1 ug of Annexin V FITC and 1 
μg of PI) for 15 min in the dark. Cells were then 
analyzed by Cellometer. The results were ana-
lyzed by FCS4 express software. All experi-
ments were performed in triplicate to assess 
for consistency of response.

Reactive oxygen species (ROS) assay 

The Fluorimetric Intracellular Total ROS Activity 
Assay Kit (AAT Bioquest) was used to detect 
alterations in the production of reactive oxygen 
species caused by TPM. Briefly, the OVCAR5 

and SKOV3 cells (1.0 × 104 cells/well) were 
seeded into black 96-well plates. After 24 
hours, the cells were treated with TPM and 
allowed to incubate overnight to induce ROS 
generation. DCFH-DA (20 μM) was then applied 
and allowed to incubate for 30 minutes. The 
fluorescence intensity was measured at an 
excitation wavelength of 485 nm and an emis-
sion wavelength of 530 nm using a plate reader 
(Tecan). All experiments were performed in 
duplicate to assess for consistency of response.

Adhesion assay 

Each well in a 96-well plate was coated with 
100 ul laminin-1 (10 ug/ml) and incubated at 
37°C for 1 hour. This fluid was then aspirated 
and 200 ul of blocking buffer was added to 
each well for 45-60 min at 37°C. The wells 
were then washed with PBS and the plate was 
allowed to chill on ice. To each well, 2.5 × 104 
cells were added. PBS and varying concentra-
tions of TPM were then added directly. The 
plate was then allowed to incubate at 37°C for 
2 hours. After this period, the medium was 
aspirated and cells were fixed by directly adding 
100 ul of 5% glutaraldehyde and incubating for 
30 min at room temperature. Adherent cells 
were then washed with PBS and stained with 
100 ul of 0.1% crystal violet for 30 minutes. 
The cells were then washed repeatedly with 
water, and 100 ul of 10% acetic acid was added 
to each well to solubilize the dye. After 5 min-
utes of shaking, the absorbance was measured 
at 570 nm using a micro-plate reader from 
Tecan. Each experiment was repeated three 
times for consistency of results.

Invasion assay

Cell invasion assays were performed using 
96-well HTS transwells (Corning Life Sciences, 
Tewksbury, MA) coated with 0.5-1X BME 
(Trevigen Inc., Gaithersburg, MD). The OVCAR5 
and SKOV3 cells (50,000/well) were starved  
for 12 hours and then seeded in the upper 
chambers of the wells in 50 μl FBS-free medi-
um. The lower chambers were filled with 150 μl 
standard medium with TPM. The plate was 
incubated for 24 hours at 37°C to allow inva-
sion into the lower chamber. After washing the 
upper and lower chambers with PBS once, 100 
ul Calcein AM solution was added into lower 
chamber and incubated at 37°C for 30-60 min-
utes. The lower chamber plate was measured 
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Figure 1. Effect of TPM on cell proliferation in ovarian cancer cells. The five ovarian cell lines were cultured in the 
presence of varying concentrations of TPM for 72 hours. Cell proliferation was determined by MTT assay (A). TPM 
inhibited cell proliferation in the five ovarian cancer cell lines. TPM significantly reduced colony formation in the 
OVCAR5 and SKOV3 cells after 14 days of treatment (B). Western blotting results showed that TPM decreased CA9 
protein expression in a dose-dependent manner after 24 hours of treatment in the OVCAR5 and SKOV3 cells (C). 
Protein lysates (30 ug) were resolved by 12 % SDS-PAGE. β-actin was used as the loading control. Each experiment 
was performed three times. The results are shown as the mean ± SE of triplicate samples and are representative 
of three independent experiments. 

using a Tecan plate reader for reading fluores-
cence at EX/EM 485/520 nm. Each experi-
ment was repeated three times for consistency 
of results.

Western blot analysis

Following treatment of cells with varying con-
centrations of TPM for 24 hours, total protein 
was extracted from the IGROV-1 and SKOV3 
cells using RIPA buffer (Boston Bioproducts, 
Ashland, MA). Equal amounts (30 μg) of total 
protein were loaded and separated by 10-12% 
SDS-PAGE, then transferred to a PVDF mem-
brane, blocked in 5% non-fat milk and incubat-
ed with a 1:1000 dilution of primary antibody at 
4°C overnight. The membranes were then 
washed and incubated with the appropriate 

secondary antibodies for 1 hour at room tem-
perature before development. The bands were 
developed and quantified using an Alpha 
Innotech Imaging System (San Leandro, CA, 
USA). After developing, the membranes were 
stripped or washed and re-probed using anti-
bodies against total p42/44, AKT or pan-S6 
and α-tubulin (for all proteins), respectively. 
Each experiment was repeated at least twice 
for consistency of results. α-Tubulin was used 
as the endogenous control.

Statistical analysis 

Results were compared by Student’s t test, and 
data were expressed as mean ± S.E. Statistical 
significance was defined to be P < 0.05.
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Figure 2. Effect TPM on cell cycle progression in ovarian cancer cells. The OVCAR5 and SKOV3 cells were treated 
with TPM at different doses for 24 hours. The effect of TPM on the distribution of cells in different phases of the 
cell cycle was analyzed by Cellometer. TPM induced cell cycle arrest in G1 phase in both cells (A). The OVCAR5 and 
SKOV3 cells were grown for 24 hours and then treated with TPM at the indicated concentrations for an additional 
24 hours. Western blot analysis of the expression of the cell cycle related protein CDK4, CDK6 and cyclin D in both 
cells after being incubated with TPM. The results showed that TPM reduced the expression of CDK4, CDK6 and 
cyclin D in both cell lines (B). The results are shown as the mean ± SD and are representative of three independent 
experiments. (*P < 0.05).

Results

TPM inhibits ovarian cancer cell proliferation 

In order to determine the sensitivity of ovarian 
cancer cells to TPM, five ovarian cancer cell 
lines were treated with 0.01 to 3000 uM of 
TPM for 72 hours. Cell proliferation was deter-
mined by MTT assay and IC50 values were cal-
culated from the dose response curves. TPM 
significantly inhibited cell proliferation in a 
dose-dependent fashion in all ovarian cancer 
cell lines. The IC50 values were in the range of 
1.4 to 2.2 uM for the five cell lines (Figure 1A). 

Given that the colony formation assay is an 
excellent indicator of long term tumor cell sur-
vival, a colony formation assay was performed 
to investigate the long-term effect of TPM on 
cell growth in the OVCAR5 and SKOV3 cells. As 
shown in Figure 1B, the colony-forming ability 

of OVCAR5 and SKOV3 cells was reduced by 
83.2% and 85.8%, respectively, after exposure 
to 1500 uM of TPM for 14 days. To test the 
effect of TPM on carbonic anhydrase isozymes, 
we assessed the effect of TPM on carbonic 
anhydrase 9 in the OVCAR5 and SKOV3 cells. 
Figure 1C demonstrates that TPM reduced the 
expression of CA9 in a dose- dependent man-
ner in both cells as determined by Western 
blotting after 24 hours of treatment. These 
results suggest that TPM has inhibitory effects 
on the proliferation of ovarian cancer cells.

TPM induces cell cycle arrest in ovarian cancer 
cells

In order to evaluate the changes in cell cycle 
progression induced by TPM, an analysis of the 
different phases of the cell cycle after treat-
ment with TPM was performed in the ovarian 
cancer cell lines. After 24 hours of exposure to 
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Figure 3. Effect TPM on apoptosis in ovarian cancer cells. The OVCAR5 and SKOV3 cells were treated with TPM for 
24 hours. Quantification of apoptotic cells was detected using the Annexin-V FITC assay. TPM significantly increased 
Annexin V expression in both cell lines (A). Western blotting indicated treatment with TPM for 24 hours decreased 
the expression of the anti-apoptotic proteins, BCL-2 and MCL-1 (B). Protein lysates (30 ug) were resolved in 12% 
SDS-PAGE gels. β-actin was used as the loading control. Data are shown as mean + SEM of two experiments (*P < 
0.05, **P < 0.01).

TPM (1.5 mM), significant cell cycle G1 phase 
arrest was demonstrated in the ovarian cancer 
cells compared to controls (Figure 2A). G1 
arrest increased from 48% in control cells to 
57% in the TPM-treated OVCAR5 cells and 41 to 
53% in the SKOV3 cells. In addition to an 
increased proportion of cells in G1 phase, we 
noted a concomitant decreased proportion of 
cells in G2 phase. Western blotting found that 
TPM treatment caused reduced protein expres-
sion of CDK4, CDK6 and cyclin D1 (Figure 2B). 
Although little is known regarding the effect of 
TPM on cell cycle progression, our data sug-
gests that TPM induces changes in cell cycle 
progression through its effects on critical 
checkpoints in ovarian cancer cells.

TPM induces apoptosis in ovarian cancer cells

In order to determine whether the reduction of 
cell viability was due to increased apoptosis, 

we detected apoptotic cells by performing an 
Annexin-V and PI double staining assay. As 
shown in Figure 3A, the percentage of OVCAR5 
and SKOV3 cells undergoing apoptosis signifi-
cantly increased in a dose-dependent manner 
after 24 hours of TPM treatment when com-
pared to controls. We next treated both cell 
lines with TPM for 18 hours, and found that 
TPM decreased the expression of BCL-1 and 
MCL-1 in a dose-dependent manner (Figure 
3B). These results suggest that induction of 
apoptosis by TPM is one mechanism through 
which TPM inhibits cell proliferation.  

TPM induces cell stress in ovarian cancer cells

To investigate the involvement of oxidative 
stress in the anti-proliferative effect of TPM, 
intracellular ROS levels were examined by us- 
ing the ROS fluorescence indicator DCF-DA. 
Treatment with TPM for 18 hours significantly 
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Figure 4. TPM induced cellular stress in ovarian cancer cells. The production of reactive oxygen species (ROS) in 
ovarian cancer cells was determined after incubating TPM-treated PC cells with 20,70-Dichlorofluorescein diacetate 
(DCFH-DA). TPM induced ROS production in a dose-dependent manner after 24 hours of treatment in OVCAR5 and 
SKOV3 cells (A). The expression of PERK and Bip after treatment of TPM for 24 hours was determined by western 
blotting. TPM induced PERK and Bip expression in a dose dependent manner (B). Data are shown as mean + SEM 
of two experiments. (*P < 0.05, **P < 0.01).

increased ROS production in a dose-dependent 
manner in both the OVCAR5 and SKOV3 cells 
as seen in Figure 4A. The difference in ROS 
level between the TPM dose of 100 and 1500 
μM and control was statistically different in 
both cell lines. Specifically, ROS production was 
increased by 12% in the OVCAR5 cells at a dose 
of 100 uM and by 19 % in the SKOV3 cells at a 
dose of 1500 uM. 

We next examined expression of cellular stress 
proteins following treatment with TPM using 
Western immunoblotting. As expected from our 
ROS findings, TPM increased the expression of 
the PERK and BIP proteins in a dose-dependent 
fashion after 24 hours of treatment (Figure 4B). 

These results suggest that the inhibition of cell 
proliferation by TPM in ovarian cancer cell lines 
also involves induction of cellular stress.

TPM inhibits adhesion and invasion in ovarian 
cancer cells

The effect of TPM on the migration of ovarian 
cancer cells was analyzed by adhesion and 
invasion assays. The OVCAR5 and SKOV3 cells 
treated with TPM had a reduced ability to 
adhere to laminin-1, as compared to control 
cells (Figure 5A). Similarly, the migratory capac-
ity of the ovarian cancer cell lines was also 
reduced after treatment with TPM for 2 hours, 
as evaluated by a transwell assay (Figure 5B). 
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Cell adhesion and invasion are mediated by a 
variety of membrane proteins as well as modu-
lation of cytoskeletal assembly. To further ana-
lyze the effect of TPM on motility and migration 
of ovarian cancer cells, the expression levels of 
E-cadherin, a cell-cell adhesion glycoprotein 
that acts as an invasion suppressor, and Slug 
and Snail, proteins involved in epithelial-mes-
enchymal transitions and the regulation of 
E-cadherin, as well as Vimentin and B-catenin, 
were analyzed by Western blot analysis (Figure 
5C). After 24 hours of treatment, TPM reduced 
Slug and Snail expression and increased 
E-cadherin expression in both cell liens. 
However, TPM decreased B-catenin and vimen-
tin expression in the OVCAR5 cells and in- 
creased the expression of B-catenin and vimen-
tin in the SKOV3 cells, suggesting that TPM 
inhibited cell invasion through different mecha-
nisms in each cell line. 

We next investigated the effect of TPM on VEGF, 
a pro-angiogenic factor responsible for the 
migration and invasion of ovarian cancer cells. 
Western blotting results showed that TPM 
reduced the expression of VEGF in a dose-
dependent manner after 24 hours of treatment 
(Figure 5D). The production of VEGF secretion 
in serum-free culture media was determined by 
ELISA assay. TPM notably decreased VEGF 
secretion in the media compared with controls 
in the OVCAR5 and SKOV3 cells (Figure 5E). 
Together, these results further support the role 
of TPM in the inhibition of angiogenesis and 
invasion in ovarian cancer cells. 

Effect of TPM on the AKT/mTOR and MAPK 
pathways

The MAPK and mTOR pathways are involved in 
cellular growth regulation and survival and con-

Figure 5. TPM inhibited adhesion and invasion in ovarian cancer cells. The OVCAR5 and SKOV3 cells were treated 
with varying concentrations of TPM and plated in laminin-coated 96-well plates for 2 hours. The effect of TPM on 
adhesion was assessed by a laminin-1 adhesion assay (A). Invasion was assessed using transwell invasion kits after 
24 hours of treatment with TPM (B). TPM inhibited adhesion and invasion in the both cell lines. Western blotting 
results showed that TPM modulated expression of proteins related to migration/motility after 24 hours of treatment 
(C). In addition, VEGF expression in both cell lines was also assessed by western blot analysis (D). TPM reduced the 
production of VEGF in the media of OVCAR5 and SKOV3 cells after 24 hours of treatment (E). The results are shown 
as the mean ± SD and are representative of three independent experiments. (*P < 0.05, **P < 0.01).
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In addition, TPM may have 
anti-tumorigenic effects 
via inhibition of CA9. 
However, to date few stud-
ies have explored the 
potential anti-tumorigenic 
activity of this drug [21]. 
In this study, we used 
ovarian cancer cell lines 
to explore the role of inhi-
bition of CA9 by TPM in 
cancer cell growth. We 
found that TPM inhibited 
ovarian cancer cell prolif-
eration, caused cell cycle 
G1 arrest and induced 
apoptosis in a dose-de- 
pendent manner. These 
findings were seen in par-
allel with decreased ex- 
pression of CA9 in the 
ovarian cancer cells. In- 
hibition of CA9 by TPM 
resulted in increased cel-
lular stress and inhibition 
of the MAPK and AKT/
mTOR pathways. More- 
over, TPM significantly de- 
creased the ability of ad- 
hesion and invasion and 

tribute to therapy induced tumor-growth sup-
pression in ovarian cancer. To investigate the 
mechanisms underlying the inhibition of cell 
growth by TPM, we treated the cells with TPM at 
varying concentrations for 24 hours and evalu-
ated the effect of different concentrations of 
TPM on the mTOR and MAPK pathways. TPM 
decreased phosphorylation of ribosomal pro-
tein S6 and AKT in a dose-dependent manner 
(Figure 6). Meanwhile, we also observed that 
TPM was able to reduce the level of phosphory-
lation of p42/44 in both ovarian cancer cell 
lines after 24 hours of treatment. These data 
suggest that TPM exerts its anti-tumorigenic 
activity via inhibition of the AKT/mTOR and 
MAPK signaling pathways in ovarian cancer 
cells.

Discussion

TPM is an anti-epileptic drug with a broad spec-
trum of other clinical applications including the 
treatment of obesity, analgesia management, 
mood stabilization and cocaine addiction.  

reduced the production of VEGF in the ovarian 
cancer cells. Hence, these results suggest that 
TPM is an effective anti-tumorigenic and anti-
metastatic agent, and that targeting and inhib-
iting CA activity may serve as a promising thera-
peutic strategy for the treatment of ovarian 
cancer. 

CAs are important for the interconversion 
between carbon dioxide and bicarbonate. They 
are involved in crucial physiological processes 
related to the maintenance of pH and bicarbon-
ate homeostasis. CAs also play a role in electro-
lyte secretion, biosynthetic reactions, bone me- 
tabolism, respiration, calcification and tumo- 
rigenesis [26]. Among the many isoforms of CA, 
CA9 and CA12 appear to be unique with respect 
to their association with different types of can-
cer. A recent meta-analysis showed that high 
expression of CA9 is an adverse prognostic 
marker and is associated with a higher risk of 
developing metastases in most solid tumors 
[27]. In ovarian cancer, mucinous and endome-

Figure 6. Effect of TPM on the AKT/mTOR/S6 and MAPK pathways in ovarian 
cancer cells. The OVCAR5 and SKOV3 cells were treated with TPM for 24 hours. 
Phosphorylated-AKT, pan-AKT, phosphorylated-S6, pan-S6, phosphorylated-
p42/44 and pan-p42/44 were detected by Western immunoblotting. TPM de-
creased phosphorylation of AKT, S6 and p42/44 in both cell lines. The results are 
one of three independent experiments.
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trioid carcinomas exhibited higher CA9 expres-
sion levels more frequently than serous and 
clear cell carcinomas [28]. Overexpression of 
CA9 was significantly associated with nuclear 
grade, tumor necrosis and poor prognosis [8, 
28, 29]. Knockdown of CA9 expression by 
siRNA has shown to delay cell growth and to 
reduce primary tumor growth and proliferation 
in breast cancer models [30-32]. Reduction of 
CA9 activity by small molecule inhibitors signifi-
cantly induced apoptosis and led to a signifi-
cant increase in cell cycle G1 phase with a cor-
responding reduction in S phase in colon 
cancer and osteosarcoma cells [32-34]. TPM, 
as a potent inhibitor of CA2 and CA9, signifi-
cantly inhibited primary tumor growth in 
C57BL/6 mice with Lewis lung carcinoma and 
reduced CA9 and CA2 mRNA expression in pri-
mary tumor tissues [25]. A recent study also 
found that TPM arrested the cell cycle in G1 
phase and induced apoptosis in glioblastoma 
cells accompanied by significant downregula-
tion in the expression of HSP70 and NFκB [35]. 
Our data found that the downregulation of CA9 
induced by TPM in ovarian cancer cells resulted 
in inhibition of cell proliferation. Both cell cycle 
G1 phase arrest and an increased number of 
apoptotic cells were found in TPM-treated cells 
as compared to controls. This data suggests an 
inhibitory role for TPM in ovarian cancer cell 
growth and provides support for CA9 as an 
attractive target for anti-cancer therapies [8, 
27, 31].

It has been established that TPM is capable  
of modulating the oxidant-antioxidant system 
[36]. There are some reports of the interactions 
between oxidative stress and TPM in tumor 
cells. Most of the available research of the anti-
oxidant role of TPM is in brain and neurological 
cells [36]. Cardile et al reported that therapeu-
tic range of TPM increases oxidative stress in 
astrocytes [37]. These studies suggest that 
there are both positive and negative regulatory 
effects of TPM on the antioxidant system [37, 
38]. In the current study, we found that TPM 
increased cellular ROS levels and induced the 
expression of the cellular stress proteins BIP 
and PERK after 24 hours of treatment, signify-
ing that cellular stress contributed to a de- 
crease in proliferation of ovarian cancer cells in 
addition to apoptosis and cell cycle G1 arrest. 

The progression and invasion of ovarian cancer 
is thought to be the consequence of a series of 

unique biological events within the tumor 
microenvironment, in part due to aberrant 
metabolism of glucose and significantly higher 
amounts of lactic acid which induce extracellu-
lar acidification and leads to the breakdown of 
the extracellular matrix [39]. CA9 contributes  
to extracellular acidification by elevating the 
extracellular levels of carbon dioxide and pro-
tons as well as via a physical function to disrupt 
intercellular connections through competition 
with E-cadherin in binding with β-catenin [40, 
41]. The overexpression of exogenous human 
CA9 induces weakening of cell adhesions and 
augments cell motility by aberrant Rho-GTPase 
signal transduction in cervical cancer cells 
[40]. CA9 activity has also been linked to angio-
genic pathways, and CA9 knockdown has been 
shown to enhance anti-VEGF therapy in vivo 
[28, 33, 42]. Furthermore, multivariate analysis 
revealed that mRNA expression of CA9 was 
strongly associated with the development of 
distant metastases in patients with cervical 
cancer [43]. Interestingly, extracellular acidifi-
cation induced by CA9 is mandatory to elicit 
activation of stromal fibroblast delivered metal-
loprotease 2 and 9. Targeting CA9 is sufficient 
to impede epithelial-mesenchymal transition 
(EMT) and invasion in prostate cancer cells 
[44], which suggests the role of CA9 as a novel 
mechanism by which cancer-associated fibro-
blasts promote metastasis [45, 46]. The combi-
nation of high expression of CA9 and VEGF was 
significantly associated with increased resis-
tance to chemotherapy and poor overall sur-
vival in ovarian high-grade serous carcinoma, 
indicating that targeting of both CA9 and VEGF 
may be more effective than inhibiting either 
CA9 or VEGF alone [14]. TPM has been shown 
to inhibit angiogenesis by downregulation of 
VEGF, osteopontin, CA2 and CA9 in mice with 
Lewis lung carcinoma [24, 25]. Treating ovarian 
cancer cells with TPM for 24 hours in our study 
resulted in decreased adhesion and invasion 
capabilities and was accompanied by de- 
creased expression of Slug and Snail and 
increased expression of E-cadherin. In addi-
tion, we observed a significant decrease in 
VEGF levels in the cell culture media and cul-
tured cells after treatment of TPM, as shown by 
ELISA assay and western blotting. The decrease 
in tumor-associated production of VEGF by TPM 
could be one of the major mechanisms by 
which it reduces angiogenesis in ovarian can-
cer cells. 
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Activation of the PI3K/AKT/mTOR and MAPK 
signaling pathways occurs frequently in ovarian 
cancer tumors and plays an integral role in 
mediating cell-cycle progression, cell survival, 
cell motility and angiogenesis [47, 48]. The 
MAPK and AKT pathways are able to regulate 
CA9 activity induced by high cell density and 
hypoxia [28]. Furthermore, the MAPK pathway 
contributes to regulation of CA9 expression by 
modulating the activity of the transcription fac-
tor SP1 and p300, the transcriptional co-acti-
vator of HIF-1. Inhibition of MAPK by U0126 
resulted in downregulation of HRE and PR1, 
two critical regulatory elements in the CA9 pro-
moter [49]. The AKT pathway likely contributes 
to the activity of CA9 at the transcriptional level 
through reduced HIF-1 activity, which makes 
the effects cell-type specific [50]. Targeting 
mTOR activity by rapamycin significantly re- 
duced the miRNA expression of CA9 in tumor 
cells in vitro [51]. Our results show that the 
MAPK and AKT/mTOR pathways were inhibited 
by TPM in a dose-dependent manner in both 
cell lines but to various extents. The effect of 
TPM on these signaling pathways suggest that 
the activity of CA9, with its role as a cross-talk-
mediator with the AKT/mTOR and MAPK path-
ways, has a crucial role in ovarian cancer cell 
survival. Thus, TPM inhibits cell proliferation via 
multiple signaling pathways in ovarian cancer 
cells. 

Currently, targeting CA9 with small molecule 
inhibitors or monoclonal antibodies is being 
studied clinically for use in the treatment of 
cancer and as adjuvant therapy in combination 
with cytotoxic agents [13, 34, 52, 53]. The com-
bination of CA9 inhibitors with conventional 
chemotherapy may yield even better efficacy 
than inhibition of CA9 alone [54]. Inhibition of 
CA9 with TPM is efficacious in decreasing 
tumor growth and inhibiting metastasis in pre-
clinical tumor models without significant toxici-
ty [25]. Given that there is wild-type expression 
of CA9 in ovarian cancer tissues and minimal 
expression of CA9 in normal tissues, and that 
CA9 is located on the external interface of 
tumor cells; CA9 may be an ideal clinical target 
for this disease [29]. Although fatigue, ataxia, 
dizziness, impairment of memory and atten-
tion, paraesthesias and somnolence have been 
associated with TPM use in epilepsy, the side 
effects of TPM are generally well tolerated, 
especially when compared with side effects of 

standard of cytotoxic treatments for ovarian 
cancer. Furthermore, the combination of TPM 
and phentermine has recently being approved 
by the FDA for the treatment of obesity, sug-
gesting TPM is a safe medication for a long-
term use [16, 21]. Given that CA9 has been 
linked to chemotherapy and radiation resis-
tance for several cancers, inhibition of CA9 may 
increase sensitivity to chemotherapy and radia-
tion, particularly when used in combination 
with other agents [12, 31, 55, 56]. Overall, the 
promising pre-clinical and clinical data make 
TPM a novel agent with promising potential in 
ovarian cancer treatment and certainly worthy 
of further investigation in clinical trials for ovar-
ian cancer. 
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