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Abstract

Background and Aim Sodium valproate (SV), a novel class of histone deacetylases (HDACs) inhibitors commonly used as an
antiepileptic drug. HDAC inhibitors are known to possess anticancer potentials. In this study, we investigated the cytotoxic
potential of SV in human hepatocellular carcinoma (HepG2 cells) cell line.

Methods MTT assay was used to analyze cytotoxicity. Intracellular ROS and cytochrome ¢ expression were analyzed by
fluorescence microscopy. Morphology-related apoptosis was analyzed by dual staining with acridine orange/ethidium bromide.
Caspase 3 protein expression was investigated by Western blotting analysis.

Results Sodium valproate treatments in HepG2 cells caused significant and dose-dependent cytotoxicity. Intracellular ROS was
remarkably increased in the cells which are treated with SV and caused early and late apoptosis as evidenced by dual staining. SV-
treated cells expressed cytochrome ¢ and caspase 3 protein expression.

Conclusion These results suggest the cytotoxic potentials of SV in HepG2 cells. This study may give an important clue for the

inclusion of SV as an adjuvant along with standard anticancer agents after necessary in vivo and clinical studies.
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Introduction

Hepatocellular carcinoma (HCC) prevalence is swiftly in-
creasing globally with a high mortality rate [1].
Approximately 700,000 people die of HCC each year, making
it the third leading cause of cancer-related deaths worldwide
[2, 3]. Hepatitis B and C virus infections, aflatoxin-
contaminated food, non-alcoholic fatty liver diseases, non-
alcoholic steatohepatitis, and metabolic disorders like diabe-
tes, obesity, and hemochromatosis are the major risk factors
associated with the development of HCC [4]. Currently, the
Food and Drug Administration (FDA) has approved tyrosine
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kinase inhibitors like sorafenib, regorafenib, nivolumab,
lenvatinib, cabozatinib, and pembrolizumab for HCC patients
to improve quality of life and survival [1]. The common side
effects of these drugs are fatigue, diarrhea, hand-foot skin
reaction, nausea, vomiting, decreased appetite, hypertension,
and weight loss, etc. [5, 6]. On the other hand, chemo/
radiotherapy is responsible for off-target effects like nausea,
vomiting, and metallic taste [7-9]. Despite significant clinical
management involving targeted therapies, chemo/radiother-
apies, and surgical procedures, HCC remains one of the fre-
quently responsible for cancer-related death worldwide and it
is cause for concern. Therefore, the need of the hour is to
identify a therapeutic compound for use in HCC patients with
fewer or no side effects.

Sodium valproate (SV) is an FDA-approved anticonvul-
sant drug commonly used in the long-term therapy of epilepsy
[10]. Sodium valproate is reported as a novel class of histone
deacetylase (HDAC) inhibitors [11]. HDACs play crucial
roles in transcriptional regulation and pathogenesis of cancer.
In posttranslational histone modification, histone acetylation
is controlled by the opposing activities of histone acetyltrans-
ferases and HDACs. By removing acetyl groups, HDACs
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reverse chromatin acetylation and alter transcription of onco-
genes and tumor suppressor genes. Besides, HDACs
deacetylate numerous non-histone cellular substrates that gov-
ern a wide array of biological processes including cancer ini-
tiation and progression [12]. HDACs are often overexpressed
in a variety of cancer including HCC, gastric, colorectal, blad-
der, breast, and esophageal squamous cell carcinomas
[13—18], and therefore, HDACsS inhibitors seem to be prom-
ising anti-cancer drugs particularly as an adjuvant in com-
bination with other anti-cancer drugs and/or radiotherapy
[19-21]. In previous studies, HDACs inhibitors have been
shown to have anticancer effects via inhibition of cancer
cell proliferation and induction of cell cycle arrest and
apoptosis [22-24]. Therefore, it is reasonable to assume
that as an HDACs inhibitor, SV may have the cytotoxic
potential in cancer cells. Further, SV has not been studied
previously for its cytotoxic potential against hepatocellular
cancer cells. Therefore, in the present study, we investigated
the cytotoxic potential of SV in human hepatocellular
carcinoma (HepG2) cells.

Methods
Chemicals

Dulbecco’s minimum essential low glucose medium
(DMEM), penicillin, streptomycin, dimethylsulfoxide
(DMSO), tryspin-cthylenediaminetetraacetic acid (EDTA),
and fetal bovine serum (FBS) were obtained from GIBCO
BRL (Gaithersburg, MD). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from
Sigma Chemicals (Chennai, India). Sodium valproate EP
(Batch No. BSW 026) was obtained as gratis from Anjan
Drug Private Limited (Chennai, India). All other chemicals
were of analytical grade.

Cell Culture and Maintenance

The HepG2 cell line was procured from National Centre for
Cell Science (Pune, Maharashtra, India). The cells were cul-
tured in 25 cm? flask using DMEM with low glucose contain-
ing 10% FBS with penicillin and streptomycin with 5% CO,
at 37 °C. Cells were cultured for a couple of passages for
acclimatization and then used for experiments. Cells were
collected after reaching enough confluence using trypsin-
EDTA solution (0.25%) and were seeded for experiments.
SV was dissolved in 0.1% DMSO.

MTT Assay

Cytotoxicity was evaluated in HepG2 cells by MTT assay
[25]. Cells were seeded at 1 x 10* cells/well and were left for

cell attachment for 24 h. The existing medium was then
changed with medium containing SV at 0.5, 1, 1.5, 2, and
2.5 mM/mL and incubated for 24 h. After 24 h, the media
was aspirated and cells were washed once with PBS and then
cells were incubated with 50 uL of MTT (0.5 mg/mL) for 4 h
inside the CO, incubator. MTT was discarded and DMSO was
added to dissolve the colored formazan crystals produced by
the viable cells. The purple-blue formazan formed was mea-
sured using Perkin Elmer Multimode Reader (USA) at
570 nm. The optical density of each sample was compared
with control optical density and graphs were plotted.

Dichloro-dihydro-fluorescein Diacetate (DCFH-DA)
Staining

The ROS expression analysis was investigated by DCFH-DA
staining in SV-treated HepG2 cells [7]. At the end of treat-
ments, 8 x 10° cells/mL from control and SV treatments were
taken and were made up to 2 mL using PBS (pH 7.4). Then,
100 uL of DCFH-DA (10 uM) was added to 1 mL of the cell
suspension and incubated for 30 min at 37 °C and images
were captured using Nikon Eclipse Ti fluorescence micro-
scope (Nikon Instruments Inc., NY, USA).

Acridine Orange/Ethidium Bromide (AO/EB) Staining
and Fluorescent Microscopy

Apoptosis-related morphological damage was investigated
by AO/EB staining [26]. Cells were plated at a density of
1x10* in 48-well plates. At the end of the treatment
period, the culture medium was aspirated and cells were
washed once with PBS at room temperature. Then,
100 uL of dye mixture (1:1) was mixed with equal vol-
ume of cells from control and experimental groups and
viewed immediately under Nikon inverted fluorescence
microscope (Nikon Instruments Inc., NY, USA). A mini-
mum of 200 cells was counted in each sample at 5 dif-
ferent fields. The percentage of apoptotic cells was deter-
mined by [% of apoptotic cells = (total number of apo-
ptotic cells/total number of cells counted) % 100].

Cytochrome ¢ Immunofluorescence

HepG2 cells (5 x 10*) were seeded in 12-well plates, and treat-
ments were done using different concentrations of SV for
24 h. After 24 h, cells were washed with PBS and fixed in
4% formaldehyde for 10-15 min. Cells fixed on slides were
rehydrated, blocked with 5% normal goat serum, and perme-
abilized with 0.5% Tween 20 and then incubated with mono-
clonal cytochrome C primary antibody (ab13575), followed
by probing with goat anti-mouse IgG (ab150115) secondary
antibody for 2 h, and then images were captured using Nikon
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Eclipse Ti inverted fluorescence microscope (Nikon
Instruments Inc., NY, USA).

Western Blot Analysis of Caspase 3

Control and SV-treated cells were lysed with RIPA buffer and
phosphatase inhibitor cocktails. Protein was estimated using
bovine serum albumin (BSA) as standard. Total protein ex-
tracts were subjected to electrophoresis and electroblotted on-
to polyvinylidene difluoride membrane. Then, the membrane
was blocked with 5% BSA and incubated overnight with anti-
cleaved (activated) caspase-3 antibody (monoclonal, IgGl1,
1:100, Cell signaling technology, #9669) at 4 °C and 2 h with
corresponding secondary antibodies at room temperature. The
enhanced chemiluminescence with protein A-horseradish per-
oxidase was used to detect the immunoreactive bands.

Statistical Analysis

Data were expressed as mean = S.E.M and analyzed by one-
way ANOVA followed by Dunnett’s multiple comparison test
to determine the significant differences between groups.
p<0.05 was considered significant (Graph Pad prism 7.0.
CA, USA).

SV 0.5mM

Control

.' . s 2 ol

Results

Sodium Valproate Treatments Induced Cytotoxicity
in HepG2 Cells

In this study, we investigated the cytotoxic potential of SV in
HepG2 cells. The morphology of SV-treated HepG2 cells is
presented in Fig. la. The HepG2 cells were treated with SV
for 24 h, and cytotoxicity was investigated by MTT assay.
Different concentrations of SV (0.5, 1, 1.5, 2, and 2.5 mM/
mL) treatments caused a significant (p <0.001) and a dose-
dependent cytotoxicity in HepG2 cells (Fig. 1b). The ICs, of
SV in HepG2 cells is reported to be found at 2 mm/mL.
Therefore, further studies were carried out with 2 and 4 mM/
mL of SV.

Sodium Valproate Treatments Caused ROS
Accumulation in HepG2 Cells

In order to delineate the reason behind the cytotoxicity, we
investigated ROS inducing potentials of SV in HepG2 cells.
SV treatments at two different concentrations, i.e., 2 and
4 mM/mL for 24 h in HepG2 cells, caused remarkable intra-
cellular accumulation of ROS as compared with control cells.
The ROS inducing potential of SV has seemed to be as a dose-
dependent (Fig. 2).
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Fig.1 Sodium valproate (SV) induced changes in the proliferation of HepG2 cells. a Morphology of control and SV-treated HepG2 cells. b Cytotoxicity

analysis by MTT assay. n =3 ***p <0.001 vs control
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Control

SV (2mM)

SV (4 mM)

Fig. 2 Reactive oxygen species inducing potentials of sodium valproate (SV) by 2',7"-dichlorodihydrofluorescein diacetate immunofluorescence
staining

Sodium Valproate Treatments Caused Apoptosis
in HepG2 Cells

Increased intracellular accumulation of ROS is often caused
apoptosis-related morphological damage in cancer cells.
Therefore, to investigate whether the accumulation of ROS is
responsible for apoptosis, we investigated morphological
changes induced by SV in HepG2 cells by AO/EB staining.
Control cells did not show any fluorescent signal. SV in low-
concentration caused early and late apoptosis as evidenced by
the presence of bright green—colored and red-colored nuclei
respectively. At the same time, high concentration of SV treated

Control

SV (2mM)

cells caused predominantly late apoptosis as evidenced by the
presence of red-colored nuclei (Fig. 3a). The number of apo-
ptotic cell presence was counted after SV treatments show sig-
nificant (p < 0.001) and a dose-dependent increase as compared
with control (Fig. 3b).

Sodium Valproate Treatments Induced Cytochrome ¢
Expression

Cytosolic release of cytochrome ¢ from mitochondria into the
cytosol is an important and earlier molecular event associated

with an intrinsic mitochondrial pathway of apoptosis.
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Fig. 3 a Morphological analysis of apoptosis by acridine orange/ethidium bromide dual staining. b Quantification of early and late apoptotic cells. n = 3.

*#%p <0.001 vs control
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Fig. 4 Cytochrome c dislocation analysis by immunofluorescence staining in control and sodium valproate (SV)—treated HepG2 cells

Therefore, to find out the role of mitochondria in SV
induced apoptosis, we investigated the cytochrome ¢ expres-
sion. The SV-treated HepG2 cells were expressed cytochrome
¢ in their cytoplasm as compared with control cells (Fig. 4).

Sodium Valproate Treatments Induced Caspase 3
Expression

Caspase 3 is an important downstream molecular target of
cytochrome ¢, and its activation plays a pivotal role in the
execution of intrinsic apoptosis. Therefore, we investigated
the caspase protein expression by Western blotting. SV espe-
cially at the high dose used in this study induced caspase 3
expressions as compared with control. The maximum expres-
sion was observed with the dose of 4 mM/mL of SV (Fig. 5a).
The densitometry analysis also confirmed the significant
(p<0.001) increase in caspase 3 expressions upon with the

high dose of SV in HepG2 cells (Fig. 5b). {3 actin was used as
an internal control for normalization.

Discussion

Histone deacetylases plays an imperative role in regulating the
transcription of many genes involved in the progression of
HCC, and therefore, HDACs inhibitors are emerging as a prom-
ising therapeutic drug candidate for HCC [27, 28]. The present
study showed the cytotoxic potential of SV, a HDACs inhibitor
in HepG2 cells. The inhibition of proliferation could be attrib-
uted to the HDAC inhibiting ability of SV. In previous studies,
SV has been shown to have cytotoxic potential against cervical
[29], breast [30, 31], colon [32], pancreas [33], cancer cell lines,
and our current results are in agreement with these reports.
Ample evidence suggests that accumulation of intracellular
ROS affects cancer cell homeostasis, and it plays a critical role

Fig. 5 a Western blot expression a Control SV (2 mM) SV (4 mM)
of caspase 3 and its cleaved 32kD ——
fraction. b Quantification of 2 .
caspase protein expression by 17kDa - ‘ - Cleaved caspase-3
densitometry analysis. n = 3.
i sksk - - - i
*#%p <0.001 vs control 42kDa | — B-actin
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in cancer cell death via induction of cytotoxicity [7, 34, 35].
Studies are showing that HDAC inhibitors can induce cancer
cell death via intracellular ROS accumulation [22, 36].
Further, in a previous study, HDACs knockdown induced
the accumulation of intracellular ROS in gastric cancer cells
[37]. SV also has the potential to accumulate intracellular
ROS-mediated cytotoxicity in cancer cells [29, 38, 39]. In
light of the above studies, it is reasonable to assume that the
cytotoxicity induced by SV could be due to the intracellular
ROS accumulation and inhibition of HDACs.

An excessive accumulation of intracellular ROS can cause
damage to biological macromolecules, cell membrane, and
cell organelle like mitochondria [9, 40]. Cancer cells are high-
ly vulnerable to ROS-induced cytotoxicity, and an increased
ROS level induces apoptosis-related morphological damage
in various cancer cells [7, 8, 41, 42]. In this study, we observed
remarkable early and late apoptosis in lower and higher doses
of SV treatments respectively. Excessive intracellular ROS
could be related to cell membrane damage and apoptosis-
related morphological changes in HepG2 cells.

Histone deacetylase inhibitors are shown to promote apo-
ptosis in human liver cancer cells [43]. Apoptosis is pro-
grammed cell death, which is regulated by the complex pro-
cess that can be triggered by external or internal stimuli, which
activate the extrinsic or the intrinsic apoptotic pathway [44].
Mitochondrion is a highly sensitive intracellular organ for pro-
apoptotic agents that induce ROS [45, 46]. ROS accumulation
can cause mitochondrial membrane toxicity, which can lead to
the loss of mitochondrial membrane potential (MMP) and the
release of cytochrome c into the cytosol [47]. Therefore, cy-
tochrome c is considered a key molecule for apoptosis-
mediated cell death, and its release from mitochondria upon
MMP loss is used to interpret the mitochondrial toxicity due to
ROS-mediated oxidative stress and intrinsic mitochondrial
pathway of apoptosis [47]. In cytosol, cytochrome ¢ involves
in the apoptosome formation and apoptosis induction via activa-
tion of executioner caspase 3 [48]. In this study, our immunoflu-
orescence analysis confirmed the expression of cytochrome ¢ in
the cytosol and caspase 3 protein expression upon SV treatments
in HepG2 cells indicating the possibility of MMP loss and apo-
ptosis induction mainly through the intrinsic apoptotic pathway.

Interestingly, in experimetnal studies SV enhances the an-
ticancer potentials of standard chemotherapeutic drugs [21,
49, 50]. To conclude, the present study also suggests that SV
can be included as an adjuvant in the anticancer chemothera-
peutic regimen along with standard cancer chemotherapeutic
drugs for HCC patients. However, further detailed experimen-
tal studies in vivo and clinical studies are warranted on the
safety and mechanism of action of SV.
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