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Abstract: The de novo fatty acid synthesis catalyzed by key lipogenic enzymes, including fatty acid synthase (FASN)
has emerged as one of the novel targets of anti-cancer approaches. The present study explored the possible in-
hibitory efficacy of [6]-gingerol on de novo fatty acid synthesis associated with mitochondrial-dependent apoptotic
induction in HepG2 cells. We observed a dissipation of mitochondrial membrane potential accompanied by a re-
duction of fatty acid levels. [6]-gingerol administration manifested inhibition of FASN expression, indicating FASN is
a major target of [6]-gingerol inducing apoptosis in HepG2 cells. Indeed, we found that increased ROS generation
could likely be a mediator of the anti-cancer effect of [6]-gingerol. A reduction of fatty acid levels and induction
of apoptosis were restored by inhibition of acetyl-CoA carboxylase (ACC) activity, suggesting an accumulation of
malonyl-CoA level could be the major cause of apoptotic induction of [6]-gingerol in HepG2 cells. The present study
also showed that depletion of fatty acid following [6]-gingerol treatment caused an inhibitory effect on carnitine
palmitoyltransferase-1 activity (CPT-1), whereas C75 augmented CPT-1 activity, indicating that [6]-gingerol exhibits
the therapeutic benefit on suppression of fatty acid B-oxidation.

Keywords: Carnitine palmitoyltransferase-1 (CPT-1)/de novo fatty acid synthesis/fatty acid synthase (FASN)/
[6]-gingerol/malonyl-CoA

Introduction

Diets rich in vegetables and fruits supplement-
ed with spices offer protection against malig-
nancies [1, 2]. Polyphenols extracted from such
sources inhibit tumor cell proliferation [3-7]
although their mechanisms of action are less
well delineated.

Obesity is associated with metabolic syndrome
and deregulation of de novo synthesis of lipids
leading to numerous consequences, including
tumorigenesis and tumor progression [8]. Many
research studies have proposed the beneficial
actions of polyphenols extracted for reductions
of hepatic fat accumulation, excess weight, and
obesity levels by inhibiting the de novo lipid syn-

thesis that leads to reducing the risk of carcino-
genesis without disturbing food appetite [9-11],
suggesting the therapeutic action of these com-
pounds targeting the de novo synthesis of lipid
pathway. However, this pathway is usually over-
expressed in cancers to provide precursors for
their metabolism and membrane synthesis to
support their proliferative phenotype [8].
Inhibiting the endogenous fatty acid biosynthe-
sis pathway in cancer cells promotes cancer
cell death via induction of the apoptosis path-
way [12-17]. However, the mechanisms of the
action of polyphenols targeting the endogenous
fatty acid biosynthesis pathway in cancers are
less well characterized. Thus, the inhibition of
lipogenesis will provide therapeutic efficiency
for prevention of obesity-induced carcinogene-
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sis and an alternative strategy for anti-cancer
therapy.

There is reprogramming of energy pathways in
cancers favoring glycolytic ATP production (60-
90% of ATP needs: aerobic glycolysis or Warburg
effect) to ensure a high tumor progression rate
with the remainder coming from oxidative phos-
phorylation even though oxygen supply may be
adequate [18, 19] and elevated mitochondria
competency [20]. This metabolic alteration
results from aerobic and glycemic conditions
through the induction of the oncogenes (c-m yc,
H-Ras, v-src) and transcription factors, hypoxia-
inducible factor (HIF-1a) [21, 22]. To confer
rapid proliferation and survival, cancer also
redirects acetyl-CoA from the oxidative phos-
phorylation (OXPHOS) to develop over-expres-
sion of the de novo fatty acid synthesis path-
way. Besides the production of ATP, enhanced
glycolysis in cancer cells is necessary for pro-
viding substrates, including acetyl-CoA and
malonyl-CoA for this lipogenesis pathway [22].
The enzymes participating in de novo fatty acid
synthesis are up-regulated or constitutively
expressed in most types of cancer cells [23-
25]. De novo fatty acid synthesis uses cytosolic
citrate exported from mitochondria into the
cytoplasm, which is then converted to acetyl-
CoA by ATP-citrate lyase (ACLY) followed by car-
boxylation to form malonyl-CoA by acetyl-CoA
carboxylase (ACC). Fatty acid synthase (FASN)
uses acetyl-CoA, malonyl-CoA, and NADPH to
elaborate long chain saturated fatty acids
(LCFAs), especially 16-C palmitate, which is
desaturated to monounsaturated fatty acids
(MUFAs) by stearoyl-CoA desaturase (SCD-1).
MUFAs are the most important constituent of
membrane phospholipids [26]. De novo LCFAs
play important roles in serving as precursors
for macromolecule synthesis for highly prolifer-
ative mammalian cancer cells, more than in
most normal cells for which their lipids come
from the abundant levels in the circulation [27].
Enrichment of the cell membrane with these
fatty acid forms makes the plasma membrane,
creating more resistance to peroxidation and to
chemo-therapy [28]. Thus, the over-expression
of de novo fatty acid synthesis becomes an
important requirement and is essential for car-
cinogenesis and the progression of cancer.
Anticancer therapy targeting the de novo LCFA
synthesis enzymes has been extensively stud-
ied to become one of the most efficient cancer
therapies [13, 29] by promoting cancer cell
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apoptosis without affecting non-transformed
cells [30, 31].

Synthetic FASN inhibitors, such as orlistat,
cerulenin and its analogue C75 are potential
cancer treatments [29]. However, C75 stimu-
lates carnitine palmitoyltransferase-1 (CPT-1)
activity which contra-indicates its clinical appli-
cation [31]. This effect leads to activation of
B-oxidation of fatty acid, consequently enhanc-
ing anorexia and loss of body weight. Naturally
extracted substances inhibiting CPT-1 activity
[6] will open a new research perspective in the
attempt to study their mechanisms targeting
fatty acid synthesis to be alternative and effec-
tive anticancer drugs. [6]-gingerol (1-[4’-hydroxy-
3’-methoxyphenyl]-5-hydroxy-3-decanone) is a
major phenolic in ginger rhizomes (Zingiber offi-
cinale Roscoe, Zingiberaceae) acting against
several cancer types [32-34]. Thus, [6]-gingerol
implicating inhibition of lipid synthesis will
result in cancer cytotoxicity and lead to its
being challenged as an optional therapy for
cancers or as an adjunct treatment to modu-
late the potential antitumor therapy of other
chemotherapeutic drugs.

The present study examined the antiprolifera-
tive effect of [6]-gingerol on de novo fatty acid
synthesisin HepG2 cells. [6]-gingerol decreased
the de novo fatty acid synthesis correlating with
an enhanced mitochondrial-dependent apop-
totic pathway. An accumulation of malonyl-CoA
following depletion of fatty acid levels by [6]-gin-
gerol was found to inhibit CPT-1 activity, leading
to suppression of B-oxidation in HepG2 cells.
The first discovery of [6]-gingerol as a new FASN
inhibitor will provide one of the potential per-
spective anticancer treatments and lipogene-
sis inhibitors to protect obesity-induced car-
cinogenesis.

Materials and methods
Equipment used

All flow cytometry used a FACScalibur flow
cytometry (Becton Dickinson (BD), Franklin
Lakes, New Jersey, USA) and the data was ana-
lyzed using CellQuestPro software (BD). Con-
focal microscopy used a Fluoview FV10i-DOC
confocal laser scanning microscopy system
(Olympus), using universal plan apochomat 60x
phase contrast oil-immersion objective and
equipped with Fluoview software version 3.0.
For Western blots, the fluorescence intensity of
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the protein band was determined using an
ImageQuant LAS 4000 CCD camera (GE
Healthcare Life Sciences, Pittsburgh, PA, USA).

Cell culture and [6]-gingerol treatment

Human hepatocellular carcinoma, HepG2 cell
line (HB-8065) was obtained from the American
Type Culture Collection (ATCC; Manassas, VA,
USA). HepG2 cells were cultured in Eagle’'s
Minimum Essential Medium (EMEM) (ATCC
(Manassas, VA, USA and Corning, Tewksbury
MA, USA) supplemented with 10% fetal bovine
serum and 1% of penicillin/streptomycin solu-
tion (100 IU/mL of penicillin and 100 yg/ml of
streptomycin) (Gibco BRL, Grand Island, NY,
USA) under a humidified 5% CO, at 37°C. For
each experiment, HepG2 cells were treated
with different concentrations of [6]-gingerol
(Sigma Chemical Co., St. Louise, MO, USA),
which was diluted from the stock solution dis-
solved in DMSO to the culture medium at the
maximum final concentration of DMSO at 0.1%.

MTT analysis of cell viability

The cytotoxic effect of [6]-gingerol on the
growth and proliferation of HepG2 cells was
determined by MTT assay. Briefly, at the end of
the treatment period of HepG2 cells with
[6]-gingerol, cells were incubated with MTT
solution (5 mg/mL) for 2 h at 37°C. The forma-
zan dyes were dissolved in DMSO and mea-
sured the absorbance at 595 nm under the
microplate reader.

Flow cytometric measurement of apoptosis

After treatment of HepG2 cells cultured in 60
mm?3 petri dishes with different concentrations
of [6]-gingerol for 24 and 48 h, both the adher-
ent and floating cells were harvested, centri-
fuged and then double stained with Alexa
Fluor488 annexin V and PI (Life Technologies,
Invitrogen, Grand Island, NY, USA). The stained
cells were analyzed by flow cytometry.

Flow cytometric analysis of cell cycle distribu-
tion

After treatment of HepG2 cells cultured in 60
mm? petri dishes with different concentrations
of [6]-gingerol for 24 and 48 h, both the adher-
ent and floating cells were harvested, fixed and
incubated with ice-cold 70% ethanol at 4°C for
24 h. The fixed cells were centrifuged at 200xg
for 5 min. Cell pellets were incubated with a
solution containing 100 yg/mL of RNase A in
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PBS incubated at 37°C for 30 min. Then, cells
were stained with 20 pg/mL of PI, then incu-
bated for 2.5 h in the dark at room tempera-
ture. The stained cells were subsequently ana-
lyzed by flow cytometry.

Western blotting and immunocytochemistry

After treatment of HepG2 cells cultured in 60
mm? petri dishes with different concentrations
of [6]-gingerol for 24 and 48 h, both the adher-
ent and floating cells were harvested followed
by lysed and quantified protein concentration
by the BCA (bicinchoninic acid) protein assay
reagent (Thermo Scientific, Rockford, IL, USA).
FASN (Abcam, Biomed Diagnostics Co., Ltd,
Thailand), ACC (Merck Millipore, Darmstadt,
Germany) and ACLY (Cell Signaling Technology
Inc., Boston, MA, USA) expressions were deter-
mined by SDS-PAGE system and immunoblot-
ting assay. Extracted proteins were subjected
to 8% SDS-polyacrylamide gel. Following elec-
trophoresis, protein blots were transferred to
polyvinyldienedifluoride membranes, (PVDF)
membrane. To block non-specific binding, the
membrane was subsequently incubated with
“Rapidblock” solution (AMRESCO, Solon, OH,
USA) for 30 minutes at room temperature, fol-
lowed by an overnight incubation at 4°C with
primary antibodies against FASN, ACC and ACLY
(Dilution 1:1000). Membranes were then incu-
bated with horseradish peroxidase-conjugated
goat anti-Rabbit IgG secondary antibody (Life
Technologies) diluted 1:5000 in PBS solution
containing 5% non-fat dry milk for 1 h at room
temperature. The blots were developed using
the Novex ECL Chemiluminescent Substrate
Reagent Kit (Life Technologies). The fluores-
cence intensity of each band was measured
using a ImageQuant CCD camera.

For FASN protein immunofluorescence analy-
sis, both the adherent and floating cells were
incubated with anti-FASN antibody at 4°C over-
night followed by Alexa Fluor 488 Goat Anti-
Rabbit IgG (H+L) Antibody (Molecular Probe) at
room temperature for 1 h in the dark. Cells
were imaged by a confocal laser scanning
microscope using 405 and 473 nm laser lines
and emission bandpass filters of 461 nm (for
DAPI) and 520 nm (for Alexa Fluor488).

Mitochondrial membrane potential (DYm) anal-
ysis by flow cytometry and confocal microscopy

After treatment of HepG2 cells cultured in 60
mm? petri dishes with different concentrations
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Figure 1. [6]-gingerol reduced HepG2 cell viability.
HepG2 cells were treated with different concentra-
tions of [6]-Gingerol for 24 h and 48 h and then MTT
assay was performed. Data are expressed as per-
centage of cell viability compared with 100% of the
control. Cells treated with a medium or 0.1% DMSO
vehicle without [6]-gingerol were considered as the
control. Three independent experiments of triplicate
samples were performed for statistical analysis and
expressed as mean + SD. *denotes statistically sig-
nificant difference from the control at P<0.05.

of [6]-gingerol for 24 and 48 h, both the adher-
ent and floating cells were harvested and incu-
bated with “JC-1 Dye Mitochondrial Membrane
Potential Probe” (5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanineiodide)
(Life Technologies) at 37°C and 5% CO, for 30
minutes. The JC-1 dye exhibits an aggregated
form which accumulates in the mitochondria in
a response to AWm. A healthy AWm exhibits a
high aggregated JC-1 form accumulated in
mitochondria and emits a strong red fluores-
cence intensity (~590 nm) while a low mono-
meric JC-1 form existing in cytoplasm emits a
low green fluorescence intensity (~529 nm).
The red/green fluorescence intensity ratio indi-
cates the potential of the mitochondrial mem-
brane. The disruption of AWm shifts a fluores-
cence emission from red to green. The level of
AWm in HepG2 cells was measured by flow
cytometry and a confocal laser scanning mi-
croscope.

Measurement of free fatty acid level

This depends on estimating free fatty acid pro-
duced by de novo fatty acid synthesis using a
free fatty acid quantification kit (Abcam
AB65341) for which the manufacturer’s proto-
col was followed. Briefly, after HepG2 cells were
incubated with different concentrations of
[6]-gingerol, both the adherent and floating
cells were harvested, homogenized with chloro-
form-Triton-X 100 solution (1% Triton-X 100 in
pure chloroform) and then centrifuged at the
top speed to collect the organic phase. The
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supernatant was vacuum dried to remove the
chloroform and then residues dissolved in fatty
acid assay buffer. The acyl-CoA synthase rea-
gent and the palmitic acid (as standard) were
added to the samples. This converted the long
chain fatty acids to CoA derivatives which were
then oxidized. To this reaction mix in assay buf-
fer, the kit “enzyme mix”, the “enhancer”, and
the fluorescence probe were added. FFAs were
measured fluorometrically at Ex/Em 535/590
nm using a microplate reader. Results were
expressed in percentage of intracellular long
chain fatty acid.

Estimation of intracellular reactive oxygen spe-
cies (ROS)

Assay of intracellular ROS relied on the mem-
brane-permeable fluorescent dye 5-(and-6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA, Molecular Probes).
[6]-gingerol treated cells were collected, incu-
bated in PBS containing CM-H,DCFDA (10 pM)
for 30 min at 37°C and then ROS was estimat-
ed by the fluorescence emission (excitation
485 nm, emission 525 nm) by flow cytometry
and confocal laser microscopy.

Carnitine palmitoyl transferase-1 (CPT-1) activ-
ity assay

CPT-1 activity was determined by a spectropho-
tometric method as previously described [35].
Briefly, [6]-gingerol treated cells were harvest-
ed and lyzed in Tris-Hcl buffer (pH 7.4) contain-
ing 1 mM EDTA and 0.25 M sucrose. The lysate
was subsequently centrifuged at (500 g, 4°C,
10 min). To collect mitochondria, the superna-
tant was re-centrifuged at 14,000 g (4°C, 15
min). The mitochondria were then resuspended
in lysis buffer. Equal mitochondrial protein was
mixed with Tris buffer (100 mM, pH 8.0, 0.1%
Triton X-100, 1 mM EDTA) and 0.5 mM DTNB
and 0.01 mM palmitoyl CoA were added.
L-Carnitine at 1.25 mM was then added and
measured 0.D. at 412 nm.

Statistical analysis

The data were expressed as mean + SD of at
least three independent experiments. One way
analysis of variance (ANOVA) with Turkey’s post-
hoc analysis was used to determine the statisti-
cally significant differences for all treated and
vehicle control samples using Graph Prism
Software, version 5. P<0.05 was considered
significant.
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Figure 2. [6]-gingerol promoted apoptosis and cell cycle arrest in HepG2 cells. Cells were treated with 0.1 and 0.5
mM [6]-gingerol for 24 h and 48 h. Cell cycle and apoptosis analysis were determined by flow cytometry. The control
was defined as cells treated with a medium or 0.1% DMSO vehicle without [6]-gingerol. Al. Cell death and apoptosis
following [6]-gingerol treatment for 24 h identified as the events that were single stained for Alexa Fluor488-Annexin
V (lower right quadrant or early apoptisis) or double stained for both Alexa Fluor® 488-Annexin V and PI (upper right
quadrant or late apoptosis). Il. The distribution of viable, early, and late apoptotic cells were evaluated relative to
the whole cell populations (set as 100%). Bl. Cell death and apoptosis following [6]-gingerol treatment for 48 h. II.
The distribution of viable, early, and late apoptotic cells were evaluated relative to the whole cell populations (set as
100%). C. PI staining was used to determine the percentages of cells in each phase of the cell cycle relative to the
whole cell populations (set as 100%) and expressed in histogram profile of cell cycle distribution in Go/G1, S, and
G2/M phases after 24 h | and 48 h Il of [6]-gingerol treatment. Three independent experiments were performed
for statistical analysis and expressed as mean = SD. *denotes statistically significant difference from the control

at P<0.05.

Results
[6]-8ingerol reduced HepG2 cell viability

HepG2 cells cultured with vehicle alone rem-
ained viable throughout the incubation period
(24 and 48 h), but in the presence of 0.1 to 0.5
mM [6]-gingerol dose- and time-dependently
reduced cell viability (Figure 1) (IC,, 0.56 mM
and 0.42 mM after 24 h and 48 h exposure,
respectively).

[6]-gingerol promoted apoptosis and cell cycle
arrest in HepG2 cells

Investigations were performed to determine
the mechanisms of [6]-gingerol to suppress cell
viability which occurred by apoptosis induction.
Apoptosis was determined by Alexa Fluor488
Annexin V binding to externalized plasma mem-
brane phosphatidylserine (PS), an early apop-
totic event, while both Annexin V and PI staining
which identified cells late apoptosis. HepG2
cells treated with 0.1 and 0.5 mM [6]-gingerol
for 24 h contained apoptotic cells (Figure 2Al,
2AlI). Increasing the exposure period of [6]-gin-
gerol to 48 h, apoptosis was more pronounced
(increased to 33 and 54%) (Figure 2Bl, 2BIl). In
contrast, very few vehicle treated cells were
stained (5%) cells. It was noticed that increased
concentration and incubation period of [6]-gin-
gerol showed an increase of the apoptosis and
a reduction of the cell viability population.

Flow cytometry of Pl stained permeabilized
cells was used to determine cell cycle progres-
sion. [6]-gingerol dose and time dependently
increased the proportion of cells in the GO/G1
(quiescent) phase, suggesting that cell division
was slowed (Figure 2C) by 55% and 74%,
respectively as compared with the control
group which showed approximately 52% of cells
in the GO/G1 phase. Notably, [6]-gingerol
caused a decrease in the percentage of cells in
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S and G2/M phases observed at 24 h of treat-
ment. Increase in cell cycle arrest in the GO/G1
phase and decrease in cells in S and G2/M
phases were monitored as incubation time
increased to 48 h of [6]-gingerol treatment.

[6]-8ingerol reduced FASN protein expression
and fatty acid synthesis

We then explored whether the apoptosis could
result from [6]-gingerol interfering with DNF by
down-regulating FASN protein. HepG2 cells
incubated in [6]-gingerol for 24 (Figure 3Al) and
48 h (Figure 3All) showed that the expression
level of FASN was slightly decreased after treat-
ment with [6]-gingerol at 0.1, 0.25 for 24 h. The
expression was significantly decreased after
24 and 48 h of treatment at 0.5 mM [6]-gin-
gerol as compared with the vehicle only. In con-
trast, other lipogenic enzymes (ACC and ACLY)
remained unchanged following 24 and 48 h of
[6]-gingerol treatment. Immunofluorescence in
Figure 3Bl showed a similar FASN time depen-
dent decrease with 0.5 mM [6]-gingerol. The
expression level of protein in Figure 3Bl was
calculated and expressed as the relative
expression level of FASN compared with 3-actin
in Figure 3BIl. [6]-Gingerol at 0.5 mM for 24
and 48 h incubation showed reduction of FASN
protein expression by 60% and 80%,
respectively.

Free fatty acid level was also depressed with
0.5 mM [6]-gingerol by 69 % at 24 h (Figure
3Cl) and 81% after 48 h (Figure 3Cll) as com-
pared with vehicle alone. This data accords
with the loss of FASN protein expression and
shows reduced de novo fatty acid synthesis.

[6]-gingerol induces mitochondrial-dependent
apoptosis and ROS production

Dissipation of AWm is a prelude to the mito-
chondrial dependent apoptosis [15]. This was
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Figure 3. [6]-gingerol decreased FASN protein expression and de-novo fatty synthesis in HepG2 cells. Cells were
treated with [6]-gingerol for 24 h and 48 h or 0.1% DMSO vehicle. A. Western blots of [6]-gingerol treatment for 24 |
or 48 h Il for FASN, ACC, ACLY antibodies and B-actin. Bl. Confocal images of HepG2 cell cultures treated with vehicle
or with 0.5 mM [6]-gingerol for 24 or 48 h. Cells were fixed and labelled with either anti-FASN or anti-B-actin anti-
bodies and Alexa Fluor 488 Goat Anti-Rabbit IgG (H+L) antibody (green) and DAPI (blue). Bll Quantitation of FASN
fluorescence relative to B-actin. C. Long chain fatty acid contents of HepG2 cells after treatment with [6]-gingerol
(0.25 or 0.5 mM) for 24 | or 48 h Il expressed relative to that in cells treated with vehicle only. Each data point is the
mean = SD of 3 independent experiments. *P<0.05 comparing vehicle only.
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Figure 4. [6]-Gingerol disrupted the mitochondrial membrane potential (AWm) and promoted ROS production in
HepG2 cells. A. Confocal imaging of AWm of HepG2 cells treated with vehicle (0.1% DMSO), 0.5 mM [6]-gingerol
for 24 h and 48 h and then labeled with JC-1 fluorochrome and examined by confocal microscopy. Cells incubated
for 10 min with carbonyl cyanide m-chlorophenylhydrazone (CCCP) is a proton ionophore that dissipates the mito-
chondrial membrane potential (predominantly green) was used as a positive control. B. Flow cytometery of AWm
in HepG2 cells treated with vehicle, 0.1, 0.25, or 0.5 mM [6]-gingerol for 24 or 48 h and then labeled with JC-1. C.
Confocal imaging of ROS production after treatment with vehicle or 0.5 mM [6]-gingerol for 24 and 48 h. and then
visualised using the ROS sensitive dye CM-H,DCFDA (green) and counterstained with DAPI (blue). DI. Flow cytom-
etery showing ROS generation after treatment with vehicle or 0.5 mM [6]-gingerol for 48 h. Il. Quantitation of ROS
generation from flow cytometry of CM-H,DCFDA stained cells relative to vehicle alone (100%). Each data point is the

mean * SD of 3 independent experiments. *P <0.05 comparing vehicle only.
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Figure 5. C75 induced apoptosis and inhibited fatty
acid synthesis in HepG2 cells. The effect was not me-
diated by FASN downregulation. Cells were treated
with 0.1 mM C75 for 6 h. AWm was detected by flow
cytometry and quantified by calculating the relative
level of the red to green fluorescence emission of
JC-1 fluorochrome. The disruption of AWm decreased
the red/green fluorescence intensity ratio of JC-1
fluorochrome. FASN protein expression was quanti-
fied as a ratio of the individual band protein intensity
relative to the B-actin band intensity in the same blot
(e.g. FASN/B-actin). Intracellular long chain fatty acid
was determined by using the free fatty acid quanti-
fication kits. Three independent experiments were
performed for statistical analysis and expressed as
mean *+ SD. *denotes statistically significant differ-
ence from the control at P<0.05.

tested using JC-1 dye whose distribution across
the mitochondrial membrane depends on AWm,
and then was detected the depolarization of
AWm by immunofluorescence staining with
laser confocal microscopy and also quantified
by the emission wavelength shift using flow
cytometry [36]. CCCP was used as a positive
control to increase green fluorescence intensi-
ty, indicating a depolarized AWm [37]. The
immunofluorescence results in Figure 4A
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showed that cells with a normal AWm contain-
ing healthy mitochondria exhibited many JC-1
aggregated in their mitochondria and gave high
red fluorescence. After 24 and 48 h treatment
with 0.5 mM of [6]-gingerol, JC-1 dye formed a
monomer JC-1, exhibiting an increase of green
fluorescence in the cytoplasm and a decrease
of red JC-1 fluorescence in the mitochondria,
indicating a disruption of AWm. Flow cytometry
in Figure 4B showed that the healthy mitochon-
dria had red/green fluorescence ratio of
~90/10 or 10% of disruption. HepG2 cells
exposed to [6]-gingerol at 0.1, 0.25, and 0.5
mM for 24 h disrupted AWm by 16%, 18%, and
52%, respectively. Increasing the treatment
time period to 48 h showed an augmentation of
the disruption of AWm. Thus, apoptosis induc-
tion by [6]-gingerol in HepG2 cells was shown to
be dependent on disruption of AWm.

We further verified our understanding about
the mechanism involved in mitochondrial-de-
pendent [6]-gingerol-induced apoptosis in He-
pG2 cells; we investigated ROS production by
staining cells with CM-H,DCFDA fluorescence
and analyzed them by confocal laser microsco-
py and flow cytometry. Confocal laser micros-
copy analysis (Figure 4C) showed an increase
of intracellular ROS generation as observed
with an increase of green fluorescence of
CM-H,DCFDA after exposure to 0.5 mM [6]-gin-
gerol for 24 and 48 h in HepG2 cells. Figure 4D
(I) showed the histogram of an overlay appear-
ance of an increase of CM-H,DCFDA fluores-
cence intensity after HepG2 cells were treated
with 0.5 mM of [6]-gingerol for 48 h, indicating
an increase of intracellular ROS generation.
Likewise, Figure 4DIl additionally confirmed an
increase of intracellular ROS after exposure to
0.5 mM [6]-gingerol for 48 h up to 684% com-
pared with 100% of the control group.

The present study showed consistent results
with that obtained from C75 (4-methylene-2-oc-
tyl-5-oxotetrahydrofuran-3-carboxylic acid) (Sig-
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ma Chemical Co., St. Louis, MO, USA), which is
identified as the FASN inhibitor [6, 38, 39]. C75
induced a reduction of red/green fluorescence
intensity ratio by 40%, indicating the damage of
AWm compared with the control group, without
any alteration in the level of FASN protein
expression (Figure 5). C75 caused approxi-
mately 70% decrease of fatty acid synthesis.
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[6]-gingerol promoting mitochondrial-depen-
dent apoptosis is mediated by ROS production
in HepG2 cells

To obtain a better understanding of a possible
mediator participating in [6]-gingerol-induced
apoptosis in HepG2 cells, the present study
investigated if increased ROS generation
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resulted in the onset of mitochondrial disrup-
tion and FASN inhibition. Cells treated with 0.5
mM [6]-gingerol for 3 h showed an increase of
the percentage of intracellular ROS generation
from 100% of the control to approximately
128% without any alteration of AWm (Figure
6A, 6B). A 0.5 mM [6]-gingerol treatment for 3
h did not alter intracellular fatty acid synthesis
(Figure 6C), whereas an increase of AWm dis-
ruption and a decrease of fatty acid synthesis
were initially detected at 6 h of [6]-gingerol
treatment (Figure 6B, 6C). A disruption of AWm
was measured by an increase of JC-1 green
fluorescence intensity which was initially ch-
anged from 10% of the control up to 37% after
6 h of [B6]-gingerol treatment (Figure 6B). Like-
wise, a long chain fatty acid level began to be
decreased by 30% (Figure 6C) after 6 h of [6]-
gingerol treatment. [6]-gingerol did not alter the
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expression of FASN protein within 6 h of incuba-
tion (Figure 6D). The percentage of ROS gener-
ation, AWm disruption, and intracellular fatty
acid depletion were observed in HepG2 cells
treated with 0.1 mM C75 for 6 h (Figure 6A-C).

Taken together, these findings suggest that
[6]-gingerol enhances ROS generation, which in
turn triggers the inhibition of the de novo fatty
acid synthesis pathway, which is accompanied
by an induction of mitochondrial-dependent
apoptosis in HepG2 cells.

An accumulation of malonyl-CoA leading to a
decrease of CPT-1 activity causes apoptosis in
HepG2 cells following de novo fatty acid inhibi-
tion by [6]-gingerol treatment

To evaluate whether an accumulation of malo-
nyl-CoA, as a result of FASN inhibition, is one of
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the major causes of apoptosis, in addition to a
depletion of end product fatty acids [40, 41]
after [6]-gingerol treatment. Treated cells with
a competitive inhibitor of ACC, 5-(tetradecyloxy)-
2-furoic acid (TOFA) at 10 yg/ml for 6 h caused
an inhibitory effect on intracellular fatty acid
synthesis without an induction of damage of
AWm, as shown in Figure 7A and 7B. TOFA
treatment decreased the intracellular fatty acid
level more than 60% as compared with the con-
trol. The degree of the decrease of intracellular
fatty acid after cells treated with [6]-gingerol
was found to be augmented by TOFA. We sug-
gest that a reduction of fatty acid per se
seemed not to be the major cause of apoptosis
following inhibition of the fatty acid synthesis
pathway. To evaluate the possibility that an
accumulation of malonyl-CoA resulted in dis-
ruption of AWm after inhibition of fatty acid syn-
thesis, this study exposed cells to TOFA for 1 h
prior to 0.5 mM [6]-gingerol and 0.1 mM C75
treatment for 6 h. TOFA reduced the cytotoxic
effect of [6]-gingerol on damaging of AWm from
approximately 40% to 10% (Figure 7B). This
result demonstrates that inhibiting an accumu-
lation of malonyl-CoA by TOFA inhibits fatty acid
synthesis and rescues the damage of AWm
from FASN inhibition by [6]-gingerol. An accu-
mulation of malonyl-CoA following FASN inhibi-
tion appears to play a prominent role instead of
a depletion of end product fatty acids on induc-
tion of damage of AWm and apoptosis in HepG2
cells. We observed a similar cytotoxic effect of
an accumulation of malonyl-CoA following treat-
ment with 0.1 mM C75 for 6 h. This pharmaco-
logical FASN inhibitor reduced the intracellular
fatty acid level to approximately 20% from the
control (Figure 7A) and caused damage of AWm
to approximately 40% compared with 10% of
the control (Figure 7B). Exposure of HepG2
cells with TOFA before C75 treatment complete-
ly rescued cells from C75-induced damage of
AWm (Figure 7B).

To investigate if an accumulation of malonyl-
CoA following [6]-gingerol-induced fatty acid
deprivation caused apoptosis via modulation of
CPT-1 activity, we determined the CPT-1 activity
after treatment of HepG2 cells with 0.5 mM of
[6]-gingerol for 24 h. As shown in Figure 7C,
[6]-gingerol decreased CPT-1 activity by approx-
imately 20% as compared with the control. In
contrast, 24 h of 0.1 mM C75 increased CPT-1
activity by 20%, which is consistent with the
previous report demonstrating that C75 stimu-
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lates CPT and fatty acid B-oxidation activity in
many cancer cells, such as lung cancer [6, 42].
TOFA treatment showed no alteration of CPT-1
activity. Thus, our result indicates that
increased malonyl-CoA as a result of inhibition
of fatty acid synthesis inhibits CPT-1 activity.

Discussion

[6]-gingerol has been known to possess a
potential anti-cancer agent via induction of
apoptosis in various types of cancer cells [43-
45]. However, the contribution of de novo fatty
acid synthesis to this apoptosis is unclear. The
present study has demonstrated that [6]-gin-
gerol reduces de novo fatty acid synthesis by
downregulating FASN resulting in mitochondrial
dysfunction and culminating in HepG2 cell
death. An early consequence of this is the
raised ROS generation whose effects were
manifest as [6]-gingerol-induced cytotoxicity.
This accords with the notion that many other
polyphenols also induce tumor cell apoptosis
through excessive ROS generation [46-51].
This study proposed that [6]-gingerol provides a
promising anticancer agent, whose apoptotic
action results from CPT-1 inhibition by accumu-
lation of pathologically high malonyl-CoA con-
centrations. Down regulation of FASN also pro-
motes ceramide formation [29] mediation
lipotoxicity.

The mechanism by which [6]-gingerol enhances
ROS production has not yet been studied. The
associations with reduced AWm, fatty acid syn-
thesis, and malonyl-CoA accumulation coupled
to CPT-1 inhibition support a mitochondrial
mediated production of ROS. Mitochondrial
dependent apoptotic induction was found fol-
lowing ROS generation, which implied that
mitochondria is defined as target of ROS-
triggered apoptosis in HepG2 cells. ROS is pri-
marily created as superoxide and then dis-
mutated by mitochondrial SOD (Mn) to the less
reactive H,0,, However, there is the increasing
realization that H,0, is a ubiquitous signaling
molecule regulating many redox and tissue
functions including mitochondrial function [52].
Thus, the high and sustained H,0, also disrupts
mitochondrial energy and redox homeostasis.
However, fluorometric detection of ROS in the
present study did not distinguish various reac-
tive species thus limiting the interpretation
about these processes. Mitochondria is also
defined as a potential vulnerable target of ROS-
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induced oxidative stress to trigger apoptosis
via up-regulation of Bcl-2/Bax ratio-mediated
pore forming in the mitochondrial membrane,
which consequently promotes mitochondrial-
dependent apoptosis in carcinoma cells [44].
Our present study suggests that ROS level sig-
nificantly reaches severe oxidative damage to
many cellular biomolecule functions that work
in concerted action to participate in growth
arrest and cell death [53, 54], leading to apop-
totic induction following [6]-gingerol exposure.
The disturbance of redox homeostasis by an
imbalance between an elevation of ROS forma-
tion and a decrease of ROS scavenging ability
makes cancer cells more vulnerable to damage
by further increase of ROS generation than in
normal cells [55]. Additionally, ROS-induced
oxidative stress results in the releasing of
cathepsin D from the reduced lysosomal mem-
brane stability into the cytosol to trigger apop-
tosis by increasing permeabilization and the
releasing of cytochrome c after treatment with
[6]-gingerol [47]. The generation of ROS can
also trigger apoptosis via promoting cells
exposed to pro-apoptotic activity of mitogen-
activated protein kinases (MAPK)/extracellular
signal-regulated kinases (ERK) and c-Jun
N-terminal kinases (JNK) pathway [56, 57].

Besides the dissipation of AWm, the present
study also showed that [6]-gingerol treatment
caused excessive ROS production that resulted
in a decrease of protein expression, negatively
regulating the fatty acid synthesis pathway.
ROS caused a decrease of FASN protein expres-
sion is still not fully understood and needed to
be further evaluated. An increase of ROS pro-
duction is proposed to modulate intracellular
signaling pathways that regulate transcriptional
and translational processes of FASN expres-
sion, since FASN is highly regulated by the inter-
play of intracellular multiple signaling pathways
[58-62].

FASN expression is remarkably overexpressed
in most cancer cells to support a high require-
ment of fatty acid product for membrane phos-
pholipid and signaling molecule biosynthesis in
regulating cancer cell metabolism and prolifer-
ation [15, 171]. Its expression is generally unde-
tectable in normal tissues with the notable
exception of the lipogenic liver [63, 64].
Inhibition of FASN expression and activity
results in apoptosis in several cancer cells with-
out generating a cytotoxic effect on normal
cells [15, 64, 65], supporting the notion that
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FASN is therefore an effective target for anti-
cancer therapeutic drugs. Our findings showed
that [6]-gingerol had no effect on the ACC and
ACLY protein expression levels, suggesting that
ACC and ACLY might not be the promising anti-
cancer therapeutic targets of [6]-gingerol in
HepG2 cells. The present study showed a cor-
relation between mitochondrial-dependent
apoptosis induction and depletion of cellular
protein levels of FASN and fatty acid synthesis
in HepG2 cells caused by [6]-gingerol treat-
ment. There might be multiple possible mecha-
nisms to explain the apoptosis induction by a
decrease of fatty acid synthesis. It has been
reported that during FASN inhibition, a deple-
tion of saturated and monounsaturated fatty
acid levels promotes cancer cells to oxidative
stress-induced lipid peroxidation, leading to
increased apoptotic cell death [29]. In addition,
depletion of fatty acid level by itself abolishes
cancer cells to synthesize new cell membranes,
membrane-anchored lipid rafts that facilitate
growth factor signal transmission, and down-
stream signaling molecules for undergoing pro-
liferative pathways, such as the PI3K signaling
pathway [29, 40]. Inhibition of FASN by C75
inhibits the PI3K/AKT/mTOR pathway, which
subsequently activates the eukaryotic transla-
tion initiation complex 4F (elF4F) and p70S6K-
phosphorylated ribosomal protein S6. These
events finally inhibit transcription of oncogenic
genes that regulate cell growth and apoptosis
in ovarian carcinoma cells [39].

Additionally, the cytotoxic ability of fatty acid
depletion may be secondary to an accumula-
tion of toxic intermediates of this pathway [29,
40]. We demonstrate that an inhibition of FASN
and fatty acid synthesis results in decreasing
malonyl-CoA utilization, indicating an upstream
accumulation of substrate for FASN enzyme
activity. The present study found that TOFA
counteracted the apoptotic induction effect of
C75 and [6]-gingerol treatment in HepG2 cells.
However, an inhibition of fatty acid synthesis by
TOFA failed to induce apoptosis. Thus, a deple-
tion of fatty acid product per se following FASN
inhibition may not fulfill a major cause of apop-
tosis. An excessive malonyl-CoA accumulation
as a result of FASN inhibition is an additional
mechanism to potentially play an important
role as mediator in apoptosis in [6]-gingerol-
treated HepG2 cells. An overproduction of mal-
onyl-CoA is characterized to function as a pro-
apoptotic factor to promote cancer cell death
following FASN inhibition [65, 66].
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Malonyl-CoA consequently participates in
apoptosis induction by competitively inhibiting
CPT-1 activity, which serves as the outer mito-
chondrial membrane enzyme for stimulating
mitochondria fatty acid B-oxidation [40, 64].
We found that inhibition of FASN by [6]-gingerol
inhibited CPT-1 activity following increase of
malonyl-CoA level. An induction of apoptosis by
an inhibition of CPT-1 activity following an
excess malonyl-CoA level is at least in part
mediated by an accumulation of a sphingolipid
ceramide level [40]. This cytotoxicity induced by
overproduction of ceramide following FASN
inhibition has been reported to be the result of
up-regulated expression of pro-apoptotic fac-
tors, including BCL2/adenovirus E1B 19 kDa
interacting protein 3 (BNIP3), tumor necrosis
factor-related apoptosis-inducing ligand (TR-
AIL), and death-associated protein kinase 2
(DAPK?2) for the initiation of an apoptotic path-
way in cancer cells [13, 29]. Our result showed
that an inhibition of malonyl-CoA synthesis by
TOFA suppressed fatty acid synthesis but did
not disrupt AWm and an inhibition on CPT-1
activity in HepG2 cells. Thus, taken together,
we suggest an inhibitory role of malonyl-CoA
accumulation on CPT-1 activity-induced apop-
tosis by [6]-gingerol treatment. Our results
demonstrate that inhibition of fatty acid synthe-
sis together with accumulation of malonyl-CoA
by [6]-gingerol has a promising apoptotic effect
on inhibition of CPT-1 activity in HepG2 cells. In
contrast, C75 caused stimulation of CPT-1
activity with inhibition of fatty acid synthesis
and increased malonyl-CoA level. This direct
stimulation on CPT-1 is related to consequent
side effects on induction of severe weight loss
and decrease of food intake of C75 as a result
of acceleration of B-oxidation and inhibition of
the hypothalamic neuropeptide-Y production,
respectively [6, 42]. Experimental studies sug-
gest that the direct CPT-1 stimulation by C75
abolishes cytotoxicity of accumulated malonyl-
CoA on inhibition of CPT-1 activity [67].
Apoptosis is mediated by inhibition of FASN-
mediated downregulation of the PISK/AKT/
mTOR cascade [39] and inhibition of the human
epidermal growth factor receptor 2 (HER2)-
meditated FASN synthesis via the PI3K path-
way [68].

In conclusion, the present study suggests that
a reduction of de novo synthesis of fatty acid
following [6]-gingerol treatment promotes
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apoptosis of HepG2 cancer cells. These studies
show an excess level of malonyl-CoA, an impor-
tant proapoptotic stimulant to activate apopto-
sis, instead of a depletion of LCFAs level after
exposure to the inhibitory ability of [6]-gingerol
on FASN activity. An inhibition on CPT-1 activity
triggered by an accumulation of toxic malonyl-
CoA level reinforces [6]-gingerol as the new
potential anti-cancer therapy to overcome the
drawback effects on CPT-1 and weight loss acti-
vation. Such side effects hinder the further
clinical application of some compounds includ-
ing C75. [6]-Gingerol will be a promising anti-
cancer molecule for further studies either alone
or in combination with other anti-cancer drugs.
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