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Abstract

Background: Abnormally high expression of the mammalian de novo lipogenesis (DNL) pathway in various cancer
cells promotes cell over-proliferation and resistance to apoptosis. Inhibition of key enzymes in the DNL pathway,
namely, ATP citrate lyase, acetyl-CoA carboxylase, and fatty acid synthase (FASN) can increase apoptosis without cyto-
toxicity to non-cancerous cells, leading to the search for and presentation of novel selective and powerful targets for
cancer therapy. Previous studies reported that epistructured catechins, epigallocatechin gallate (EGCG) and epicat-
echin (EC) exhibit different mechanisms regarding a strong inducer of apoptosis in various cancer cell lines. Thus, the
current study investigated the growth inhibitory effect of EGCG and EC, on the enzyme expression and activity of the
DNL pathway, which leads to the prominent activity of carnitine palmitoyl transferase-1 (CPT-1) mediating apoptosis
in HepG2 cells.

Methods: The cytotoxicity on HepG2 cells of EGCG and EC was determined by MTT assay. Cell death caused by
apoptosis, the dissipation of mitochondrial membrane potential (MMP), and cell cycle arrest were then detected by
flow cytometry. We further investigated the decrease of fatty acid levels associated with DNL retardation, followed by
evaluation of DNL protein expression. Then, the negative inhibitory effect of depleted fatty acid synthesis on malonyl-
CoA synthesis followed by regulating of CPT-1 activity was investigated. Thereafter, we inspected the enhanced reac-
tive oxygen species (ROS) generation, which is recognized as one of the causes of apoptosis in HepG2 cells.

Results: We found that EGCG and EC decreased cancer cell viability by increasing apoptosis as well as causing cell
cycle arrest in HepG2 cells. Apoptosis was associated with MMP dissipation. Herein, EGCG and EC inhibited the expres-
sion of FASN enzymes contributing to decreasing fatty acid levels. Notably, this decrease consequently showed a sup-
pressing effect on the CPT-1 activity. We suggest that epistructured catechin-induced apoptosis targets CPT-1 activity
suppression mediated through diminishing the DNL pathway in HepG2 cells. In addition, increased ROS production
was found after treatment with EGCG and EC, indicating oxidative stress mechanism-induced apoptosis. The strong
apoptotic effect of EGCG and EC was specifically absent in primary human hepatocytes.

Conclusion: Our supportive evidence confirms potential alternative cancer treatments by EGCG and EC that selec-
tively target the DNL pathway.
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Background

Hepatocellular carcinoma (HCC), a primary malignancy
of hepatocytes, is one of the fifth most common cancers
and the third most common fatal cancer worldwide [1].
During the early stages of disease, liver resection is the
most appropriate treatment for HCC patients. The other
two common treatments for HCC include orthotopic liver
transplantation (OLT) and chemotherapies, which still
achieve low success rates with high resistance occurrence,
depending on the stage of the disease. In addition, most
of the chemotherapeutic agents for HCC patients, e.g.,
doxorubicin and gemcitabine have reported a high risk of
serious side effects on normal non-cancerous tissue [2, 3].
Therefore, targeted treatments overcoming undesirable
side effects with successful clinical outcomes are under
consideration as alternative liver cancer therapies.

Nowadays, metabolic reprogramming is recognized as
one of the special features of cancer cells. This reprogram-
ming promotes sustained cell over-proliferation with sup-
pression of cell apoptosis. In general, normal healthy cells
express a low rate of glycolysis and generate energy primar-
ily from oxidative phosphorylation (OXPHOS) in mito-
chondria. A reprogrammed metabolic pathway switches
cancer cells to rely on a high rate of glycolysis, leading to
elevation of pyruvate levels in the cytosol. This modified
distinctive source of energy from normal cells is known as
the “Warburg effect” [4, 5]. Besides enhanced glycolysis,
OXPHOS is concomitantly under-operated in most can-
cer cells [6]. In addition, during the complexities of cancer
development, the sustaining energy requirement under
deprivation of nutrient supply stimulates an up-regulation
of the de novo lipogenesis (DNL) pathway without depend-
ing on the extracellular fatty acid load [7]. The DNL path-
way generates energy for cancer cells through B-oxidation
and simultaneously provides precursors for cell membrane
biosynthesis. ATP citrate lyase (ACLY), acetyl-CoA car-
boxylase (ACC), and fatty acid synthase (FASN) are key
enzymes that regulate the conversion of a starting material
citrate into newly synthesized fatty acids [8].

FASN produces saturated long chain fatty acids (LCFAs),
primarily palmitic acid, from cytoplasmic substrates,
including acetyl-CoA condensed with malonyl CoA in the
presence of reductive NADPH activity. LCFAs are then
converted into fatty acyl-CoA via acyl-CoA synthase (ACS)
and translocated into the mitochondria crossing both
the outer and inner membranes [7]. Carnitine palmitoyl
transferase 1 (CPT-1) residing in the outer mitochondrial
membrane esterifies fatty acyl CoA to acylcarnitine for
subsequent translocation into the mitochondrial matrix by
carnitine acylcarnitine translocase (CAT) for the ongoing
[-oxidation pathway [9, 10]. Newly synthesized fatty acids
from the DNL pathway play essential roles in cancer cell
proliferation, metastasis, and resistance to cytotoxic states.
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Inhibition of the DNL pathway plays a regulatory role in
apoptosis induction in various cancer cells. Targeting the
DNL pathway by enzymatic inhibition can be considered
an alternative therapeutic to cancers. Inhibition of ACLY
can decrease cell proliferation in lung cancer cell lines [11].
Blocking the expression of ACC also enhances apoptosis
in human glioblastoma cells [12]. Likewise, suppression of
FASN expression and activity by cerulenin, C75, orlistat,
or triclosan demonstrates apoptosis induction in many
cancer cell lines [13—15]. Additionally, apoptosis promoted
by inhibition of the DNL pathway has been suggested to
be generated through a consequent suppression of CPT-1
activity. Increased accumulation of cytosolic fatty acyl-
CoA levels is considered a mediator of DNL depletion that
controls CPT-1 activity in apoptosis induction of cancer
cells [16]. Not only synthetic inhibitors, but also many
natural plant compounds have been described as having
the ability to stimulate apoptosis by targeting the expres-
sion and activity of enzymes in the DNL pathway with an
unclear understanding of the detailed underlying mecha-
nisms [17, 18]. Interestingly, unlike cancer cells, inhibi-
tion of the DNL pathway lacks apoptosis effects on normal
cells, suggesting a selective cytotoxic effect of targeting the
DNL pathway in cancer cells [19].

Epigallocatechin gallate (EGCG) and epicatechin (EC)
are both polyphenol compounds of the catechin group
found in green tea (Camellia sinensis) with EGCG being
more abundant than EC. Both compounds commonly
possess high antioxidant activities [20]. Previous studies
reported that EGCG exhibits alleviation effects in a variety
of diseases, such as Alzheimer’s disease [21], Parkinson’s
disease [22] and obesity [23]. EGCG has been found to be
a strong inducer of apoptosis in various cancer cell lines,
e.g., HCT116, HeLa, A549, and HepG2 cells [24-26]. Dif-
ferent mechanisms of EGCG regarding apoptosis induc-
tion in cancer cells have been reported. EGCG increases
the expression of tumor suppresser genes, e.g., p53 [27],
and suppresses receptors or signaling proteins involved in
the proliferation pathways in various cancer cells, includ-
ing the epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor-2 (HER2), insulin like
growth factor receptor (IGF), and mitogen-activated
protein kinase (MAPK) [28, 29]. Up-regulated expres-
sion of tumor suppressor genes, such as PTEN by EGCG
leads to promoting apoptosis in human pancreatic cancer
cells [30]. Moreover, a recent study suggests that EGCG
suppresses the activity of phosphofructokinase, causing
increased Bad expression and decreased Bcl-2 expression,
which leads to increased apoptosis in hepatocellular car-
cinoma cells [26]. Indeed, the cytotoxic effects of EGCG’s
targeting inhibition of FASN activity has been reported in
breast cancer cells. However, the underlying mechanisms
need to be explored in greater detail [31].
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Unlike EGCG, EC has been less studied due to the
smaller amount of EC presented in green tea. However,
the effect of EC on apoptosis induction has been reported
in the colon cancer cell line through increased expression
of p53, leading to reduced Bcl-2 protein expression and
increased Bax protein expression [32]. In addition, EC
potentiates the effect of curcumin on the promotion of
apoptosis in lung cancer cells [33]. Altogether, the under-
lying mechanisms of how EC activates cancer cell death
are not clearly demonstrated. Targeting the DNL pathway
by EC may clarify a potential anticancer effect of green
tea leaves generated partly not only by the highest EGCG,
but also by the lowest EC constituents.

The present study aimed to evaluate the apoptotic
effects of EGCG and EC resulting from the inhibition of
the DNL pathway in HepG2 cells. Depletion of fatty acid
levels caused the suppression of CPT-1 activity, which
was competitively inhibited by the increased malonyl
CoA level. A low level of fatty acid production from the
DNL pathway is known to show negative inhibition on
ACC activity, producing a high malonyl CoA level. We
suggest that inhibition of CPT-1 activities by EGCG and
EC serves as the potential cause of apoptosis in HepG2
cells.

Methods

Cell culture

Hepatocellular carcinoma cells lines (HepG2) were
obtained from American Type Culture Collection,
(ATCC, Manassas, VA, USA). The culture of HepG2 cells
was performed in Eagle’s minimum essential medium
(EMEM) (Corning, USA) containing 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin (100 units/
ml of penicillin and 10 mg/ml of streptomycin) and
incubated in a 5% CO, incubator at 37 °C with humid-
ity. Primary human hepatocytes were kindly provided by
Prof. Dr. Lysiane Richert, KaLy-Cell, 20A rue du Géné-
ral Leclerc, 67115 Plobsheim, France. Cells were cultured
in human hepatocyte maintenance medium (Primacyt,
Schwerin, Germany) containing 0.1 M dexamethasone
(DEX), 50 mg/l gentamycin, 5% fetal calf serum and
4 mg/1 of insulin. Cells were incubated in a 5% CO, incu-
bator maintained at 37 °C with humidity.

Detection of cytotoxic effect by MTT assay

The anti-proliferative effects of EGCG and EC were
investigated using a 3,-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) assay (AMRESCO,
Solon, OH, USA). In brief, cells were plated in a 96-well
plate (SPL Life Sciences, Korea) at a density of 1 x 10*
cells/well. After treatment, MTT solution (1 mg/ml in
PBS) was added and incubated in a CO, incubator at
37 °C for 4 h. The mitochondrial reductase enzyme of
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healthy cells caused purple formazan crystal formation.
Then, DMSO was added to dissolve this crystal. Absorb-
ance was detected with a microplate reader (BioTek
Instruments, Winooski, VT, USA) (BioTek) at 595 nm
wavelength. Percentages of cell viability were calculated
and compared with the control by Graph pad prism ver-
sion 5.

Apoptosis assessment by annexin V/PI staining

Stages of cell death through apoptosis were determined
by double staining with annexin-V, and PI. Annexin-V
staining was used to assess an apoptotic early stage of
phosphatidylserine (PS) translocation to the extracel-
lular cell membrane compartment while both annexin-
V and PI staining detected an apoptotic late stage [34].
HepG2 cells were cultured in a 24-well plate at a den-
sity of 1x10° cells/well overnight. Then, both adher-
ent and floating cells were harvested and stained with
Alexar Flour 488 annexin-V and PI by Alexar Flour 488
annexin-V/Dead Cell Apoptosis Kit (Life Technologies,
Invitrogen, Grand Island, NY, USA). Apoptotic rates
were analyzed by FACScalibur flow cytometry using Cell-
QuestPro software (Becton—Dickinson, Franklin Lakes,
New Jersey, USA).

A mitochondrial damage dependent apoptosis assessment
by JC-1 staining

The level of AYm in HepG2 cells was examined by
FACScalibur flow cytometry using 5,6-dichloro-2-[3-
(5,6-dichloro-1,3-diethyl-1,3-dihydro-2H-benzimida-
zol-2-ylidene)-1-propenyl]-1,3-diethyl-, iodide (JC-1),
and a cationic mitochondrial membrane potential fluo-
rescence probe (Invitrogen, USA). A high polarization
state of A¥m makes the positive charges of JC-1 accu-
mulated in the electronegative interior of the mitochon-
drial matrix and exhibits red fluorescence emission at
590 nm while the disruption of A¥m shows decreasing
red dye accumulation in the mitochondrial matrix and
increasing green monomeric form from the cytoplasm
and emits green fluorescence at 530 nm. The red/green
fluorescence intensity ratio represents a dissipation of
AW¥m [18]. HepG2 cells were cultured in a 24-well plate
at a density of 1x 10° cells/well and allowed to attach
overnight. CCCP was used as a positive control to verify
the depolarization status of A¥m. After treatment, both
adherent and floating cells were incubated with JC-1 in a
CO, incubator and detected by FACScalibur flow cytom-
etry using excitation at 488 nm and emission 585/42 fil-
ter. Data were analyzed using CellQuestPro software.

Investigation the cell cycle by Pl staining
Induction of cell cycle arrest during apoptosis was exam-
ined by flow cytometry using propidium iodine (PI)
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binding with DNA. HepG2 cells were seeded at a den-
sity of 1x 10° cells/35-mm culture dish and incubated
overnight for adherence. Following the treatment, cells
were harvests and fixed by 70% ethanol at 4 °C overnight.
RNase A (AMRESCO, Solon, OH, USA) was then added.
Finally, cells were stained with PI and cellular DNA con-
tents were measured by FACScalibur flow cytometry, and
data were analyzed using CellQuestPro software.

Bcl2 activity assay

Induction of mitochondrial disruption in apoptosis is
controlled by expression and activity of the anti-apop-
totic Bcl2 protein, which is assessed by MUSE Bcl2 Acti-
vation Dual Detection Kit (Millipore, USA) [35]. HepG2
cells were cultured at a density of approximately 1 x 10°
cells in a 35-mm culture dish and incubated 24 h for
adherence. During the following treatment, cells were
collected, a fixative was added, and then the cells were
incubated on ice. Cell pellets were subsequently re-sus-
pended, and an antibody cocktail was added containing
anti-phospho-Bcl2 (Ser70), Alexar Flour 555, anti-Bcl-2,
and PECy5. Flow cytometry was performed by the bench
top MUSE Cell Analyzer (Millipore, USA), and the per-
centage of the Bcl-2 activity compared with controls
(100%) was calculated by Graph pad prism version 5.

Determining the intracellular ROS generation by DCFH-DA
assay

Induction of oxidative stress by reactive oxygen spe-
cies (ROS) product was detected by FACScalibur flow
cytometry using a 5-(and-6)-chloromethyl-29, 79-dichlo-
rodihydrofluorescein diacetate fluorescence dye (CM-
H2DCFDA) (Molecular Probes, USA). HepG2 cells were
cultured in a 24-well plate at a density of 1 x 10° cells/
well for 24 h. In the following treatment, cells were har-
vested and re-suspended in 10 pM of CM-H2DCFDA.
Then, stained cells were detected by FACScalibur flow
cytometry using excitation and emission filter at 485
and 525 nm, respectively. Data were analyzed using Cell-
QuestPro software.

Western blotting

HepG2 cells were seeded in a 35-mm culture dish with
a density of approximately 1 x 10° cells/dish and allowed
24 h to attach. Cells were harvested and lyzed by M-PER
Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific, USA) containing the proteinase inhibitor
cocktail (Thermo Fisher Scientific, USA). Protein from
cell lysate was collected and concentration quantified
by BCA Assay Reagent (Thermo Fisher Scientific, USA).
Equal amounts of proteins per lane were separated by
8-12% (SDS) polyacrylamide gel electrophoresis and
transferred to PVDF membranes. Then, the membranes
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were incubated with RAPIDBLOCK solution (Thermo
Fisher Scientific, USA). Membranes were then incubated
with anti-FASN (Abcam, USA), anti-ACC (Merck Mil-
lipore, USA), and anti-ACLY (Cell Signaling Technology,
USA) and then exposed to horseradish peroxidase-conju-
gated goat anti-rabbit secondary antibody (Life Technol-
ogies, Invitrogen). f-actin was used as an internal control
(Cell Signaling Technology, USA). Finally, protein bands
were visualized by LuminataTM Forte Western HRP
Substrate (Merck Millipore, USA) and detected by CCD
camera (Chemiluminescence Image Quant LAS 4000; GE
Healthcare Life Sciences, Pittsburgh, PA, USA). Percent-
ages of relative expression levels of protein/actin were
calculated by Image ] software version 1.46.

Quantification of free fatty acid product from DNL activity

Long chain free fatty acid products of the DNL pathway
were evaluated using the Free Fatty Acid Quantification
Kit (US, Biological, MA, USA). HepG2 cells were stored
at a density of 1 x 10° cells/35 mm in a culture dish and
incubated overnight. After treatment, cells were collected
with chloroform-Triton-X 100 (1% Triton X 100 in pure
chloroform), centrifuged, and finally air dried to remove
chloroform from the samples. The dried lipid was dis-
solved by fatty acid assay buffer, and Acyl-CoA synthase
was then added to each sample. The fluorescence probe
and the enhancer were added to the reaction. Fluores-
cence signal was detected at Ex/Em 535/590 nm. Percent-
ages of long chain free fatty acid level were calculated and
compared with the control by Graph pad prism version 5.

CPT-1 activity assay

Spectrophotometry was used to determine CPT-1 activ-
ity as had been reported previously [17]. In brief, cells
were seeded at a density of 2 x 10° cells in a 60 mm
culture dish and incubated overnight. Then, they were
exposed to green tea polyphenols, and the cells were har-
vested. After being lyzed, collected mitochondrial pro-
tein extraction was added with 0.01 mM palmitoyl CoA
and r-carnitine. CPT-1 activity was measured by micro-
plate reader at 412 nm wavelength. Percentages of mito-
chondrial CPT-1 activity were calculated and compared
with the control by Graph pad prism version 5.

Statistical analysis

The data of the three independent experiments are shown
as mean=+ SEM and paired one-way analysis of variance
(ANOVA) or Student’s t test with Turkey’s post hoc anal-
ysis was used to determine all experiments. The mean of
the control was compared to consider statistically sig-
nificant differences at p <0.05. All data used Graph Prism
Software version 5 for analysis.
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Results

EGCG and EC decreased cell viability in HepG2 cell lines
Anti-cancer characteristics are presented in green tea
polyphenols. We first measured the cell viability by
MTT assay in HepG2 cells. After treatment with EGCG
and EC, we found decreasing cell viability with dose and
time, as shown in Fig. 1a, b. The lowest IC50 of EGCG
and EC exposure were 0.5 and 3.0 mM at 72 h expo-
sure, respectively. This suggests more potent anticancer
activity of EGCG than EC in HepG2 cells. To determine
selective cytotoxic effects of EGCG and EC, primary
normal human hepatocytes were used. At IC50 doses of
EGCG and EC for 72 h incubation period, no cytotoxic
effect was found in primary hepatocyte cells as shown in
Fig. 1c.
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EGCG and EC induced cell death
with mitochondrial-mediated apoptosis in HepG2 cells
Cytotoxic effects of EGCG and EC inducing apoptosis
pathway were investigated by a flow cytometer. HepG2
cells were treated for 72 h at indicated IC50 concentra-
tions obtained from the MTT assay. One of the hall-
mark characteristics of apoptotic cell death in the early
stage was assessed by positive staining with annexin V
to phosphatidylserine (PS) translocated to the extracel-
lular membrane and negative staining with PI while the
late stage was positively stained with both annexin-V and
PI as shown in Fig. 2a, b. EGCG and EC statistically sig-
nificant increased the total apoptosis rate approximately
from 6 to 67% and 21% (at p value 0.05), respectively, sug-
gesting cytotoxic apoptotic effects of EGCG and EC on
HepG2 cells.

Further evaluation of the apoptosis feature was by
mitochondrial disruption. As Fig. 2c shows, mitochon-
drial aggregated JC-1 dye represents a high A¥Ym, while
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Fig. 1 The cytotoxic effects of EGCG and EC on HepG2 cells and primary hepatocytes. Cells were treated with EGCG and EC at indicated dose and
times. Cells incubated with 0.1% DMSO without EGCG or EC were identified as the control. Cell viability was assessed by MTT assay. a, b Cell viability
of HepG2 cells and € HepG2 cells and primary hepatocytes were treated with EGCG or EC at IC50 concentration for 72 h. Data from at least three
independent triplicated experiments are presented as mean =+ SD, n=9, *p <0.05, denoting significant differences compared with the control
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compared with the viable and apoptotic control groups, respectively

cytoplasmic monomeric form represents a decreased
A¥m. Figure 2d shows the histogram of percentage of
A¥m expressed as 100% in the control. After treatment
with EGCG and EC, we found a statistically significant
loss of A¥m in HepG2 cells (at p value of 0.05). Thus,
these results provide additional indication that mito-
chondrial disruption accounts for apoptosis cell death
induced by EGCG and EC in HepG2 cells.

EGCG and EC induced cell cycle arrest in HepG2 cells

Cell cycle arrest correlated with apoptosis progression
after treatment with EGCG and EC was evaluated. Fig-
ure 3a, b show that HepG2 cells treated with EGCG and
EC have a significantly elevated population of cells in
G2/M and S phases arrested compared with the control.

EGCGC and EC decreased Bcl2 activity in HepG2 cells

Apoptosis is known to result from inhibition of Bcl2 and
increase of Bax protein activities that facilitate mito-
chondrial damage [36]. Figure 3c shows that HepG2
treated with EGCG and EC exhibited statistically signifi-
cant decreased activity of Bcl2 from 100 to 53.32% and

45.23%, respectively, confirming EGCG and EC target
Bcl2 activity in HepG2 cells.

EGCG and EC increased ROS production in HepG2 cells

At the same time, enhanced ROS generation is sug-
gested to stimulate apoptosis in cancer cells [37]. HepG2
cells treated with EGCG and EC resulted in statistically
elevation of intracellular ROS production form 100% of
control to 170.13 and 178.93%, respectively, as shown in
Fig. 3d. These results suggest a correlation of ROS gen-
eration and apoptosis in HepG2 cells.

EGCG and EC suppressed DNL protein expression and fatty
acid production in HepG2 cells

In the present study, we investigated effects of EGCG and
EC on expression of proteins in the DNL pathway, includ-
ing FASN, ACLY, and ACC. The immunoblotting assay in
Fig. 4a shows the expression of the proteins FASN, ACC,
and ACLY. FASN and ACC were decreased following
EGCG and EC treatment but not for ACLY. Similarly,
no change of ACLY expression level was detected while
the expression levels of ACC and FASN proteins were
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significantly decreased approximately to 42 and 51% fol-
lowing EGCG and to 53 and 57% following EC treatment,
respectively, as shown in Fig. 4b. However, this decrease
of protein expression was consistent with the reduction
of the free fatty acid level, as shown in Fig. 4c. These
results provide additional evidence that the targeted DNL
pathway is considered to be the mechanism underlying
apoptosis induction by EGCG and EC in HepG2 cells.

Accumulation of malonyl-CoA as a consequence

of suppression of the DNL pathway by EGCG and EC
inhibited CPT-1 activity which leads to activate apoptosis
in HepG2 cells

In a previous study, it has been reported that the inhibi-
tion of FASN and the reduction of free fatty acid produc-
tion reduces the inhibition on ACC activity, leading to
induced malonyl CoA accumulation. This accumulation
is considered to be one of the major causes of apoptosis
induction in cancer cells [18]. Figure 5a—c show that the
competitive inhibitor of ACC, 5-(tetradecyloxy)-2-fu-
roic acid (TOFA) restored cell viability and ameliorated

apoptosis from EGCG treatment, which suggests that the
accumulation of malonyl CoA from EGCG-suppressed
fatty acid appears to be the predominant cause of apop-
tosis. In contrast, the inhibition of ACC did not rescue
apoptotic cells from EC treatment, demonstrating that
suppression of the DNL pathway by EC results in apop-
tosis through an independence of malonyl CoA accumu-
lation. Additional results shown in Fig. 5d support our
postulation that the suppression of the DNL pathway by
EGCG causes HepG2 apoptosis, and that suppression
inhibits the CPT-1 activity via an accumulation of malo-
nyl CoA. Contrary to this, EC inhibited the DNL pathway
directly, causing suppression of the CPT-1 activity and
leading to apoptosis in HepG2 cells.

Discussion

The roles of EGCG and EC, which are two important
active polyphenol compounds in green tea leaves, have
been most commonly studied focusing on anti-cancer
effects. Administration of EGCG and EC inhibits cell
proliferation and induces apoptosis in various cancer
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cells [26, 32]. This study demonstrated that EGCG and
EC selectively decreased cell viability and increased cell
death through the apoptosis pathway in HepG2 cells by
targeting the DNL pathway. Decreased expression of
enzymes in the DNL pathway, ACC and FASN, contrib-
utes to the reduction of fatty acid synthesis and promotes
apoptosis in HepG2 cells. Moreover, apoptotic activity
resulted from inhibition of Bcl2 activity, consequently
generating damaged mitochondrial membrane potential.
In addition, we suggest that the reduced DNL pathway
causing suppression of CPT-1 activity may contribute to
decreased Bcl2 activity, which in turn causes mitochon-
drial dependent apoptosis in HepG2 cells. Indeed, dis-
sipated mitochondrial membrane potential can increase
ROS production, which also implicates the induction of
apoptosis in HepG2 cells.

In contrast to normal cells, one of the hallmark features
of various cancers cells is the continuous requirement
of upregulated biological synthesis of cell membranes
and cellular proteins to support a high rate of cell prolif-
eration while the apoptosis rate is suppressed [38]. Up-
regulation of enzyme activities in the glycolysis pathway
provides more of the needed ATP than OXPHOS. This

change is due to reduction in pyruvate entering the TCA
cycle, resulting in decreased energy generation from the
OXPHOS pathway [36]. In the meantime, up-regulation
of the enzyme lactate dehydrogenase (LDH) can convert
pyruvate to lactate, thereby leading to further decreased
OXPHOS activity in cancer cells [26]. To accommodate
the reduction of energy production from glucose metab-
olism, the DNL pathway is known to be upregulated to
provide alternative energy and starting materials for cel-
lular biosynthesis. In contrast, the expression of FASN,
a key enzyme in the DNL pathway, in normal cells is
underdetectable except in lipogenic tissues, including
liver, breast, colon, and prostate where excessive carbo-
hydrates are stored in lipid or triglyceride forms to be
used in starvation situations [39]. However, cancer cells
still have higher levels of FASN than those of lipogeneic
tissues [17]. Overexpression of FASN in cancerous cells is
regulated through multiple signaling pathways, including
growth factor/growth factor receptors, such as the epi-
dermal growth factor receptor (EGFR), human epidermal
growth factor-2 (HER2), and hypoxia conditions [40].
FASN expression in cancer cells is also activated by acti-
vation of tumor suppressor gene downstream pathways,
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for example, phosphoinositide-3 kinase (PI3K)/v-akt
murine thymoma viral oncogene homolog (AKT)/
rapamycin complex 1 (mTORC1) and mitogen-acti-
vated protein kinase (MAPK) signaling pathways, lead-
ing to enhanced tumorigenesis [39, 41]. AKT-activated
mTORCI1 expression causes an activation of sterol regu-
latory element-binding protein 1 (SREBP1) that leads to
stimulation of the lipogenic enzyme expression, includ-
ing FASN and ACC [42]. Moreover, one of the main
causes of the reprogramming pathway in tumors arises
from hypoxia conditions. The hypoxic environment can
promote stabilization of HIF1a which leads to increased
expression of SREBP1 and FASN in the cancer cell line
[40].

The present study found an inhibitory effect of EGCG
on the expression of DNL enzymes. However, the under-
lying mechanisms were not further examined. EGCG has
been previously reported to inhibit activation of IGF/
IGFR activity in liver and colon cancer cells [28, 43].
Inhibitory effects of EGCG have focused on the expres-
sion of EGFR, HER-2, and androgen receptors, leading
to decreased expression of PI3K/AKT/mTOR signaling
in colon and prostate cancer cells [44, 45]. In addition,
EGCG generates the AMPK expression that results in
the inhibition of mMTORC1/SREBP1 axis expression, lead-
ing to decreased FASN expression in human hepatoma
cells [46]. Moreover, green tea extraction and EGCG can
reduce HIFla expression in Hela and HepG2 cell lines
[47]. Inhibition of HIFla expression by Oroxylin A can
decrease SREBP1 and FASN expression in the colon can-
cer cell line [40]. Subsequently, reduction of free fatty
acid through inhibited FASN expression by cerulenin and
C75 can induce a cytotoxic effect in the breast cancer cell
line.

An increase in the malonyl CoA level can suppress
[-oxidation from the fatty acid pathway by inhibiting the
activity of CPT-1 at the outer membrane of mitochondria
[48]. Moreover, previous study has also demonstrated
that the inhibiting activity and expression of CPT-1 by
etomoxir, a CPT-1 inhibitor, can promote apoptosis in
leukemia cells [49]. This evidence suggests that the sup-
pression of FASN facilitates apoptosis by causing an inhi-
bition of the CPT-1 activity. The present study found a
consistent result regarding EGCG and EC influence on
apoptosis induction in HepG2 cells, where suppressed
expression of FASN leads to the inactivation of the CPT-1
activity. Reports on breast cancer cells also support our
suggestion that the inhibitory effect of EGCG on the
FASN activity contributes to an inhibition of the CPT-1
activity. This effect promotes apoptosis and induces inhi-
bition of HER-2, AKT, and ERK1/2 signaling expression
[31]. We further used an inhibitor of ACC to ascertain
that suppression of the DNL pathway by EGCG produces
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an inhibition of the CPT-1 activity through malonyl CoA
accumulation in HepG2 cells. The combination of FASN
and malonyl CoA inhibition reduced apoptosis cell death
instead of FASN inhibition alone. Our evidence was sup-
ported by a previous study that found that inhibition of
ACC by TOFA (ACC inhibitor) can reduce fatty acid lev-
els but does not promote cytotoxicity in cancer cell lines
[50]. Thus, accumulation of malonyl CoA level may rep-
resent a major cause of apoptosis cell death rather than
a reduction of free fatty acid level per se. Although the
suppression of the DNL pathway by EC produces an inhi-
bition on CPT-1 activity, the accumulation of malonyl
CoA was not the dominant inhibitor of the CPT-1 activ-
ity, which implies direct inhibitory activity of suppressed
fatty acid on CPT-1 activity.

So far, we have analyzed the effect of the suppressed
CPT-1 activity on mitochondrial apoptosis induction. We
found a correlation of Bcl2 deficiency and CPT-1 activity
suppression by EGCG and EC treatment, so the CPT-1
suppression activity could inhibit Bcl2 activity. A previ-
ous study demonstrated that the inhibition of the CPT-1
activity through knocking down the expression of FASN
in breast cancer cells results in promoting an increase of
ceramide levels [51]. Inhibition of the CPT-1 activity by
etomoxir confirms the result of suppressing the conver-
sion of fatty acyl CoA to fatty acylcarnitine, an accumu-
lated fatty acyl CoA, which influences increased ceramide
levels [52]. Accumulated cytosolic fatty acyl CoA can
condense with serine to generate 3-ketosphinganine,
which is then metabolized by ceramide synthase to pro-
duce ceramide [53]. As a result, an increased ceramide
level can activate apoptosis by enhancing the expression
of the pro-apoptotic protein Bcl2 which interacts with
protein 3 (BNIP3), as reported in breast cancer cells.
However, abolishing the apoptosis by decreased ceramide
level and an increased BNIP3 protein under inhibition
of ceramide synthase confirms apoptosis induction by
ceramide [51]. Thus, inhibition of Bcl2 protein expression
comes from the inhibited CPT-1 activity that results in
increased ceramide synthesis. An overexpressed BNIP3 is
a mediator of ceramide and Bcl2 [54, 55]. Similar studies
reported that the inhibition of Bcl2 expression activates a
translocation of Bax from cytoplasm to mitochondria to
bind with endophilin B1 and then triggers mitochondrial
damage-mediated apoptosis [56, 57]. An important study
reported that EGCG promotes apoptosis by decreasing
the combination of Bcl2 to Bax protein, resulting in acti-
vation of the translocation of Bax to cause mitochondrial
damage [26].

Reactive oxygen species (ROS) is known to specify
reactive chemical species containing oxygen that are clas-
sified into two groups: free radical and non-free radicals
[58]. ROS in cancer cells is generated from mitochondrial
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and EC decrease the expression of enzymes in DNL pathway including ACC and FASN, which is then results in reducing free fatty acid levels. The
possible mechanisms of the anti-DNL pathway of EGCG and EC may be resulted from inhibition of EGCG on the tyrosine kinase receptor mediating
PI3K/Akt/mTORC1/SREBP1 axis [28, 39, 42]. Subsequently, reduction of free fatty acid exhibits inhibition of mitochondrial CPT-1 activity, thereby con-
tributing to disruption of lipid 3-oxidation [18]. This inhibition results in promoting an increase of ceramide levels. As a result, ceramide can promote
mitochondrial dependent apoptosis by activating the interaction of Bcl2 and BNIP3 [16, 54]. In addition, accumulation of ROS due to mitochondrial
dysfunction and NADPH accumulation contributes to apoptosis in HepG2 [60]

respiration processes and plasma membrane NADPH
oxidase complexes [59]. Mitochondrial dysfunction by
EGCQG has been identified as a source of ROS generation
that promotes apoptosis in hepatoma cells [60]. In addi-
tion, inhibition of FASN activity and expression has been
reported to exert apoptosis through enhanced intracel-
lular ROS level [61, 62]. The present study showed that
EGCG and EC promoted ROS production in HepG2
cells, suggesting ROS contributes to apoptosis. Several
reports state that ROS promotes apoptosis in cancer
cells. It has been reported that the apoptotic effect of
EGCQG is regulated by elevation of oxidative stress level
in colon cancer cells. Inhibition of ROS by N-acetyl-L-
cysteine (NAC), a precursor of glutathione, can abolish
the effect of EGCG-induced apoptosis in the HT-29 cell
line [63]. ROS can inhibit Ca®*-ATPase, leading to deple-
tion of Ca?" stored in the endoplasmic reticulum (ER).
This depletion of calcium promotes ER stress and triggers
apoptosis [64]. Moreover, increased ROS production also

induces the release of cytochrome ¢ from mitochondria
into the cytoplasm, resulting in activation of an apoptosis
cascade in prostate cancer cells [65]. The principal mech-
anism of EGCG and EC in the DNL pathway-mediated
apoptosis in HepG2 cells is schematically diagrammed in
Fig. 6.

Conclusions

The current study demonstrates that suppression of the
DNL pathway in HepG2 cancer cells by EGCG and EC
decreases activity of CPT-1. An accumulation of cera-
mide as a consequence promotes apoptosis through
decreasing Bcl2 protein activity. This research proposes
anticancer agents of natural products that trigger apop-
tosis through targeting inhibition of key enzymes in the
DNL pathway. A selective cytotoxic effect in cancer of
epistructured catechins will offer a beneficial therapeutic
approach to future studies of alternatives to anticancer
treatments.



Khiewkamrop et al. Cancer Cell Int (2018) 18:46

Abbreviations

EGCG: epigallocatechin gallate; EC: epicatechin; CPT-1: carnitine palmitoy!
transferase-1; DNL: de novo lipogenesis; HCC: hepatocellular carcinoma;
OXPHOS: oxidative phosphorylation; LCFAs: long chain fatty acids; ACLY:
ATP-citrate lyase; ACC: acetyl-CoA carboxylase; FASN: fatty acid synthase;
MUFAs: monounsaturated fatty acids; ROS: reactive oxygen species; TOFA:
5-(tetradecyloxy)-2-furoic acid.

Authors’ contributions

Conceived and designed the experiments: PK and PS. Supervised the project:
PS. Performed the experiments: PK and PP. Analyzed the data: PK.and PS.
Contributed reagents/materials/analysis tools: PK, DP, and PS. Wrote the manu-
script: PK, DP, LR, and PS. All authors read and approved the final manuscript.

Author details

! Department of Physiology, Faculty of Medical Science, Naresuan University,
Phitsanulok 65000, Thailand. % Clinical Research Unit Floor 5 His Majesty’s

7th Cycle Birthday Anniversary 2, Faculty of Medicine, Naresuan Univer-

sity, Phitsanulok 65000, Thailand. ® KalLy-Cell, 20A rue du Général Leclerc,
67115 Plobsheim, France. 4 Laboratoire de Toxicologie Cellulaire, Université

de Bourgogne Franche-Comté, EA 4267, Besancon, France. > Department

of Pharmacy Practice, Faculty of Pharmaceutical Sciences, Naresuan University,
Phitsanulok 65000, Thailand.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
PS has received support from Naresuan University Grant 2016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 7 November 2017 Accepted: 13 March 2018
Published online: 21 March 2018

References

1. Tejeda-Maldonado J, Garcia-Juarez |, Aguirre-Valadez J, Gonzalez-Aguirre
A, Vilatoba-Chapa M, Armengol-Alonso A, Escobar-Penagos F, Torre A,
Sanchez-Avila JF, Carrillo-Perez DL. Diagnosis and treatment of hepatocel-
lular carcinoma: an update. World J Hepatol. 2015;7:362-76.

2. Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard T, McLeod H, Klein
TE, Altman RB. Doxorubicin pathways: pharmacodynamics and adverse
effects. Pharmacogenet Genom. 2011;21:440-6.

3. TurcoC, Jary M, Kim S, Moltenis M, Degano B, Manzoni P, Nguyen T, Genet
B, Rabier MBV, Heyd B, Borg C. gemcitabine-induced pulmonary toxicity:
a case report of pulmonary veno-occlusive disease. Clin Med Insights
Oncol. 2015;9:75-9.

4. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science.
2009;324:1029-33.

5. Weinberg SE, Chandel NS. Targeting mitochondria metabolism for cancer
therapy. Nat Chem Biol. 2015;11:9-15.

20.

22.

23.

24.

25.

26.

Page 12 of 13

Cazzaniga M, Bonanni B. Breast cancer metabolism and mitochondrial
activity: the possibility of chemoprevention with metformin. Biomed Res
Int. 2015;2015:972193.

Biswas S, Lunec J, Bartlett K. Non-glucose metabolism in cancer cells—is
it all in the fat? Cancer Metastasis Rev. 2012,31:689-98.

Monaco ME. Fatty acid metabolism in breast cancer subtypes. Onco-
target. 2017;8:29487-500.

Qu Q, Zeng F, Liu X, Wang QJ, Deng F. Fatty acid oxidation and carnitine
palmitoyltransferase I: emerging therapeutic targets in cancer. Cell Death
Dis. 2016;7:2226.

Singh KB, Singh SV. Fatty acid synthesis intermediates represent novel
noninvasive biomarkers of prostate cancer chemoprevention by phene-
thyl isothiocyanate. Cancer Prev Res. 2017;10:279-89.

. Xin' M, Qiao ZG, Li J, Liu JJ, Song SL, Zhao XP, Miao P, Tang TT, Wang L, Liu

WG, et al. miR-22 inhibits tumor growth and metastasis by targeting ATP
citrate lyase: evidence in osteosarcoma, prostate cancer, cervical cancer
and lung cancer. Oncotarget. 2016,7:44252-65.

Jones JEC, Esler WP, Patel R, Lanba A, Vera NB, Pfefferkorn JA, Vernochet
C. Inhibition of acetyl-CoA carboxylase 1 (ACC1) and 2 (ACC2) reduces
proliferation and de novo lipogenesis of EGFRvIIl human glioblastoma
cells. PLoS ONE. 2017;12:e0169566.

Relat J, Blancafort A, Oliveras G, Cufi S, Haro D, Marrero PF, Puig T. Different
fatty acid metabolism effects of (—)-epigallocatechin-3-gallate and C75
in adenocarcinoma lung cancer. BMC Cancer. 2012;12:280.

Sadowski MC, Pouwer RH, Gunter JH, Lubik AA, Quinn RJ, Nelson CC. The
fatty acid synthase inhibitor triclosan: repurposing an antimicrobial agent
for targeting prostate cancer. Oncotarget. 2014;5:9362-81.

Rossato FA, Zecchin KG, La Guardia PG, Ortega RM, Alberici LC, Costa RAP,
Catharino RR, Graner E, Castilho RF, Vercesi AE. Fatty acid synthase inhibi-
tors induce apoptosis in non-tumorigenic melan-A cells associated with
inhibition of mitochondrial respiration. PLoS ONE. 2014;9:2101060.
Bandyopadhyay S, Zhan R, Wang Y, Pai SK, Hirota S, Hosobe S, Takano Y,
Saito K, Furuta E, lizumi M, et al. Mechanism of apoptosis induced by
the inhibition of fatty acid synthase in breast cancer cells. Cancer Res.
2006;66:5934-40.

Impheng H, Richert L, Pekthong D, Scholfield CN, Pongcharoen S, Pung-
petchara |, Srisawang P. [6]-Gingerol inhibits de novo fatty acid synthesis
and carnitine palmitoyltransferase-1 activity which triggers apoptosis in
HepG2. Am J Cancer Res. 2015;5:1319-36.

Impheng H, Pongcharoen S, Richert L, Pekthong D, Srisawang P. The
selective target of capsaicin on FASN expression and de novo fatty acid
synthesis mediated through ROS generation triggers apoptosis in HepG2
cells. PLoS ONE. 2014;9:e107842.

Veigel D, Wagner R, Stubiger G, Wuczkowski M, Filipits M, Horvat R, Ben-
hamu B, Lopez-Rodriguez ML, Leisser A, Valent P, et al. Fatty acid synthase
is a metabolic marker of cell proliferation rather than malignancy in ovar-
ian cancer and its precursor cells. Int J Cancer. 2015;136:2078-90.

Singh BN, Shankar S, Srivastava RK. Green tea catechin, epigallocatechin-
3-gallate (EGCG): mechanisms, perspectives and clinical applications.
Biochem Pharmacol. 2011;82:1807-21.

. Dragicevic N, Smith A, Lin XY, Yuan F, Copes N, Delic V, Tan J, Cao CH,

Shytle RD, Bradshaw PC. Green tea epigallocatechin-3-gallate (EGCG)
and other flavonoids reduce Alzheimer’s amyloid-induced mitochondrial
dysfunction. J Alzheimers Dis. 2011;26:507-21.

Xu'Y, Zhang YY, Quan ZZ, Wong WN, Guo JP, Zhang RK, Yang QH, Dai RJ,
McGeer PL, Qing H. Epigallocatechin gallate (EGCG) inhibits alpha-synu-
clein aggregation: a potential agent for Parkinson’s disease. Neurochem
Res. 2016;41:2788-96.

Chen N, Bezzina R, Hinch E, Lewandowski PA, Cameron-Smith D, Mathai
ML, Jois M, Sinclair AJ, Begg DP, Wark JD, et al. Green tea, black tea, and
epigallocatechin modify body composition, improve glucose tolerance,
and differentially alter metabolic gene expression in rats fed a high-fat
diet. Nutr Res. 2009;29:784-93.

Cromie MM, Gao W. Epigallocatechin-3-gallate enhances the therapeutic
effects of leptomycin B on human lung cancer a549 cells. Oxid Med Cell
Longev. 2015;2015:217304.

Zou C, Liu H, Feugang JM, Hao Z, Chow HH, Garcia F. Green tea com-
pound in chemoprevention of cervical cancer. Int J Gynecol Cancer.
2010,20:617-24.

LiS,Wul, FengJ, LiJ LiuT, Zhang R, Xu S, Cheng K, Zhou Y, Zhou S, et al.
In vitro and in vivo study of epigallocatechin-3-gallate-induced apoptosis



Khiewkamrop et al. Cancer Cell Int (2018) 18:46

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

in aerobic glycolytic hepatocellular carcinoma cells involving inhibition of
phosphofructokinase activity. Sci Rep. 2016;6:28479.

Thakur VS, Gupta K, Gupta S. Green tea polyphenols increase p53
transcriptional activity and acetylation by suppressing class I histone
deacetylases. Int J Oncol. 2012;41:353-61.

Shimizu M, ShirakamiY, Sakai H, Tatebe H, Nakagawa T, Hara Y, Weinstein
IB, Moriwaki H. EGCG inhibits activation of the insulin-like growth factor
(IGF)/IGF-1 receptor axis in human hepatocellular carcinoma cells. Cancer
Lett. 2008;262:10-8.

Shih LJ, Lin YR, Lin CK, Liu HS, Kao YH. Green tea (—)-epigallocatechin
gallate induced growth inhibition of human placental choriocarcinoma
cells. Placenta. 2016;41:1-9.

Liu'S, Xu ZL, Sun L, Liu Y, Li CC, Li HM, Zhang W, Li CJ, Qin W. (—)-Epigal-
locatechin-3-gallate induces apoptosis in human pancreatic cancer cells
via PTEN. Mol Med Rep. 2016;14:599-605.

Puig T, Vazquez-Martin A, Relat J, Petriz J, Menendez JA, Porta R, Casals G,
Marrero PF, Haro D, Brunet J, Colomer R. Fatty acid metabolism in breast
cancer cells: differential inhibitory effects of epigallocatechin gallate
(EGCG) and C75. Breast Cancer Res Treat. 2008;109:471-9.

Kim D, Mollah ML, Kim K. Induction of apoptosis of SW480 human colon
cancer cells by (—)-epicatechin isolated from Bulnesia sarmienti. Antican-
cer Res. 2012;32:5353-61.

Saha A, Kuzuhara T, Echigo N, Suganuma M, Fujiki H. New role of (—)-epi-
catechin in enhancing the induction of growth inhibition and apoptosis
in human lung cancer cells by curcumin. Cancer Prev Res. 2010;3:953-62.
Rieger AM, Nelson KL, Konowalchuk JD, Barreda DR. Modified annexin V//
propidium iodide apoptosis assay for accurate assessment of cell death. J
Vis Exp. 2011,e2597.

Martinou JC, Youle RJ. Mitochondria in apoptosis: Bcl-2 family members
and mitochondrial dynamics. Dev Cell. 2011;21:92-101.

Tao L, Wei L, LiuY, Ding Y, Liu X, Zhang X, Wang X, Yao Y, Lu J, Wang Q, Hu
R.Gen-27, a newly synthesized flavonoid, inhibits glycolysis and induces
cell apoptosis via suppression of hexokinase Il in human breast cancer
cells. Biochem Pharmacol. 2017;125:12-25.

Li MY, Song LH, Yue GGL, Lee JKM, Zhao LM, Li L, Zhou XN, Tsui SKW, Ng
SSM, Fung KP, et al. Bigelovin triggered apoptosis in colorectal cancer

in vitro and in vivo via upregulating death receptor 5 and reactive oxida-
tive species. Sci Rep. 2017;7:42176.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

Mashima T, Seimiya H, Tsuruo T. De novo fatty-acid synthesis and

related pathways as molecular targets for cancer therapy. Br J Cancer.
2009;100:1369-72.

Ni T, He ZH, Dai YY, Yao JY, Guo QL, Wei LB. Oroxylin A suppresses

the development and growth of colorectal cancer through repro-

gram of HIF1 alpha-modulated fatty acid metabolism. Cell Death Dis.
2017;8:22865.

Hu JJ, Che L, Li L, Pilo MG, Cigliano A, Ribback S, Li XL, Latte G, Mela M,
Evert M, et al. Co-activation of AKT and c-Met triggers rapid hepatocel-
lular carcinoma development via the mTORC1/FASN pathway in mice. Sci
Rep. 2016;6:20484.

Guo DL, Bell EH, Mischel P, Chakravarti A. Targeting SREBP-1-driven lipid
metabolism to treat cancer. Curr Pharm Des. 2014;20:2619-26.

Shimizu M, Deguchi A, Hara Y, Moriwaki H, Weinstein IB. EGCG inhibits
activation of the insulin-like growth factor-1 receptor in human colon
cancer cells. Biochem Biophys Res Commun. 2005;334:947-53.

Shimizu M, Deguchi A, Lim JTE, Moriwaki H, Kopelovich L, Weinstein

IB. (—)-Epigallocatechin gallate and polyphenon E inhibit growth and
activation of the epidermal growth factor receptor and human epidermal
growth factor receptor-2 signaling pathways in human colon cancer
cells. Clin Cancer Res. 2005;11:2735-46.

Siddiqui IA, Asim M, Hafeez BB, Adhami VM, Tarapore RS, Mukhtar H.
Green tea polyphenol EGCG blunts androgen receptor function in pros-
tate cancer. FASEB J. 2011;25:1198-207.

Huang CH, Tsai SJ, Wang YJ, Pan MH, Kao JY, Way TD. EGCG inhibits protein
synthesis, lipogenesis, and cell cycle progression through activation of

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

Page 13 of 13

AMPK in p53 positive and negative human hepatoma cells. Mol Nutr
Food Res. 2009;53:1156-65.

Zhang QZ, Tang XD, Lu QY, Zhang ZF, Rao JY, Le AD. Green tea extract
and (—)-epigallocatechin-3-gallate inhibit hypoxia- and serum-induced
HIF-1 alpha protein accumulation and VEGF expression in human cervical
carcinoma and hepatoma cells. Mol Cancer Ther. 2006;5:1227-38.
Vandhana S, Coral K, Jayanthi U, Deepa PR, Krishnakumar S. Biochemical
changes accompanying apoptotic cell death in retinoblastoma cancer
cells treated with lipogenic enzyme inhibitors. Biochim Biophys Acta Mol
Cell Biol Lipids. 2013;1831:1458-66.

Samudio |, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin B,
Kaluarachchi K, Bornmann W, Duvvuri S, Taegtmeyer H, Andreeff M. Phar-
macologic inhibition of fatty acid oxidation sensitizes human leukemia
cells to apoptosis induction. J Clin Investig. 2010;120:142-56.

Pizer ES, Thupari J, Han WF, Pinn ML, Chrest FJ, Frehywot GL, Townsend
CA, Kuhajda FP. Malonyl-coenzyme-A is a potential mediator of cytotoxic-
ity induced by fatty-acid synthase inhibition in human breast cancer cells
and xenografts. Cancer Res. 2000;60:213-8.

. Bandyopadhyay S, Zhan R, Wang Y, Pai SK, Hirota S, Hosobe S, Takano

Y, Saito K, Furuta E, liizumi M, et al. Mechanism of apoptosis induced

by the inhibition of fatty acid synthase in breast cancer cells. Can Res.
2006;66:5934-40.

Alam N, Saggerson ED. Malonyl-CoA and the regulation of fatty acid
oxidation in soleus muscle. Biochem J. 1998;334(Pt 1):233-41.

Kolesnick R. The therapeutic potential of modulating the ceramide/
sphingomyelin pathway. J Clin Investig. 2002;110:3-8.

Li SA, Xia YJ, Chen K, Li JJ, Liu T, Wang F, Lu J, Zhou YQ, Guo CY. Epigal-
locatechin-3-gallate attenuates apoptosis and autophagy in conca-
navalin A-induced hepatitis by inhibiting BNIP3. Drug Des Dev Ther.
2016;10:631-47.

LiY, Zhang X, Yang J, Zhang Y, Zhu DM, Zhang LF, Zhu YB, Li DC, Zhou J.
Methylation of BNIP3 in pancreatic cancer inhibits the induction of mito-
chondrial-mediated tumor cell apoptosis. Oncotarget. 2017,8:63208-22.
Kubl DA, Ycaza JE, Gustafsson AB. Bnip3 mediates mitochondrial dysfunc-
tion and cell death through Bax and Bak. Biochem J. 2007;405:407-15.
Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G. Mecha-
nisms of cytochrome c release from mitochondria. Cell Death Differ.
2006;13:1423-33.

Liou GY, Storz P. Reactive oxygen species in cancer. Free Radic Res.
2010;44:479-96.

Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nat Rev Drug
Discov. 2009;8:579-91.

LiW, Nie S, Yu Q, Xie M. (—)-Epigallocatechin-3-gallate induces apoptosis
of human hepatoma cells by mitochondrial pathways related to reactive
oxygen species. J Agric Food Chem. 2009;57:6685-91.

. Zecchin KG, Rossato FA, Raposo HF, Melo DR, Alberici LC, Oliveira HCF,

Castilho RF, Coletta RD, Vercesi AE, Graner E. Inhibition of fatty acid syn-
thase in melanoma cells activates the intrinsic pathway of apoptosis. Lab
Investig. 2011;91:232-40.

Kant S, Kumar A, Singh SM. Tumor growth retardation and chemosensitiz-
ing action of fatty acid synthase inhibitor orlistat on T cell lymphoma:
implication of reconstituted tumor microenvironment and multidrug
resistance phenotype. Biochim Biophys Acta. 2014;1840:294-302.

Chen C, Shen GX, Hebbar V, Hu R, Owuor ED, Kong ANT. Epigallocatechin-
3-gallate-induced stress signals in HT-29 human colon adenocarcinoma
cells. Carcinogenesis. 2003,24:1369-78.

Yokouchi M, Hiramatsu N, Hayakawa K, Okamura M, Du S, Kasai A, Takano
Y, Shitamura A, Shimada T, Yao J, Kitamura M. Involvement of selective
reactive oxygen species upstream of proapoptotic branches of unfolded
protein response. J Biol Chem. 2008;283:4252-60.

. Smith B, Randle D, Mezencev R, Thomas L, Hinton C, Odero-Marah V.

Camalexin-induced apoptosis in prostate cancer cells involves alterations
of expression and activity of lysosomal protease cathepsin D. Molecules.
2014;19:3988-4005.



	Epistructured catechins, EGCG and EC facilitate apoptosis induction through targeting de novo lipogenesis pathway in HepG2 cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture
	Detection of cytotoxic effect by MTT assay
	Apoptosis assessment by annexin VPI staining
	A mitochondrial damage dependent apoptosis assessment by JC-1 staining
	Investigation the cell cycle by PI staining
	Bcl2 activity assay
	Determining the intracellular ROS generation by DCFH-DA assay
	Western blotting
	Quantification of free fatty acid product from DNL activity
	CPT-1 activity assay
	Statistical analysis

	Results
	EGCG and EC decreased cell viability in HepG2 cell lines
	EGCG and EC induced cell death with mitochondrial-mediated apoptosis in HepG2 cells
	EGCG and EC induced cell cycle arrest in HepG2 cells
	EGCGC and EC decreased Bcl2 activity in HepG2 cells
	EGCG and EC increased ROS production in HepG2 cells
	EGCG and EC suppressed DNL protein expression and fatty acid production in HepG2 cells
	Accumulation of malonyl-CoA as a consequence of suppression of the DNL pathway by EGCG and EC inhibited CPT-1 activity which leads to activate apoptosis in HepG2 cells

	Discussion
	Conclusions
	Authors’ contributions
	References




