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Eicosapentaenoic acid (EPA), a well-known dietary n—3 PUFAS, has been considered to inhibit prolifera-
tion of tumor cells. However, the molecular mechanism related to EPA-induced liver cancer cells
apoptosis has not been reported. In this study, we investigated the effect of EPA on HepG2 cells
proliferation and apoptosis mechanism through mitochondrial pathways. EPA inhibited proliferation of

K?J’WOTdS-' o HepG2 cells in a dose-dependent manner and had no significant effect on the cell viability of humor
Eicosapentaenoic acid normal liver L-02 cells. It was found that EPA initially evoked ROS formation, leading to [Ca®*]. accumu-
Qggptosns lation and the mitochondrial permeability transition pore (MPTP) opening; EPA-induced HepG2 cells

ca>t apoptosis was inhibited by N-acetylcysteine (NAC, an inhibitor of ROS), 1,2-bis (2-aminophenoxy)
ethane-N,N,N’,N’-tetraacetic acid (BAPTA-AM, a chelator of calcium) and CsA (inhibitor of MPTP). The
relationship between ROS production, the increase of cytoplasmic Ca and MPTP opening was detected.
It seems that ROS may act as an upstream regulator of EPA-induced [Ca®*]. generation, moreover, gener-
ation of ROS, overload of mitochondrial [Ca®*]., and JNK activated cause the opening of MPTP. Western
blotting results showed that EPA elevated the phosphorylation status of JNK, processes associated with
the ROS generation. Simultaneously, the apoptosis induced by EPA was related to release of cytochrome
C from mitochondria to cytoplasm through the MPTP and activation of caspase-9 and caspase-3. These
results suggest that EPA induces apoptosis through ROS-Ca?*-JNK mitochondrial pathways.

© 2014 Elsevier Inc. All rights reserved.

Mitochondrial

1. Introduction

Hepatocellular carcinoma (HCC) is the third most common
cause of death from cancer [1,2]; surgery is the treatment of choice
for only the small fraction of patients. In such a high death rate and
low cure rate, it is very imperative to find effective agents for
treatment of cancer.

Polyunsaturated fatty acids (PUFAs) are considered as
important bioactive sources; they have been suggested as natural
products that may play significant roles in modulating cancer
development [3].

Eicosapentaenoic acid (EPA) is a typical dietary n—3 PUFAs, a
group of fatty acids characterized by a double bond that sits three
carbons down from the n terminal of the molecule [4-6]; it retards
the growth and development of breast, colon, and liver cancer and
leukemia in vitro and in vivo [7]. EPA could inhibit the MCF-7 cell
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growth by 30% [8]; Chiu et al. identified that reduction of bcl-2
expression may be an important step during the EPA-induced only
in HL-60 but not K-562 cells apoptosis. However, the mechanisms
related to HepG2 cells apoptosis induced by EPA have not been
elucidated.

Induction of apoptosis and inhibition of cell proliferation are
recognized as a valuable tool for preventing and treating cancers
[9]. Mitochondria undergo an initial priming phase associated with
hyperpolarisation which leads to an effector phase during
apoptosis; meanwhile, mitochondria swell and release cytochrome
C. The mitochondrial pathway of apoptosis is associated with the
generation of reactive oxygen species, the release of cytochrome
C, cytoplasmic calcium concentration and the opening of the
permeability transition (PT) pore. However, few studies have
focused on the relationship between the generation of reactive oxy-
gen species, cytoplasmic calcium concentration and the opening of
the permeability transition (PT) pore. Bcl-2 exerts effects on the
mitochondria and can promote the release of cytochrome C into
the cytosol from the mitochondria [10,11]. Activation of down-
stream caspase-3 is regulated by cytochrome C and caspase-9.
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In this paper, in order to investigate the influence of EPA
induced apoptosis in HepG2 cells. The apoptosis mechanism was
investigated. The cytoplasmic calcium concentration, the reactive
oxygen species in mitochondria, release of cytochrome C, and
increases in activation of cleaved caspase-9 and caspase-3 proteins
induced by EPA were also tested. The expressions of phospho-JNK
after EPA treatment were measured. Furthermore, bcl-2 in the pro-
cess of apoptosis was also tested. Our results showed that EPA
induced mitochondrial-dependent apoptosis referred to cytoplas-
mic calcium concentration, the reactive oxygen species and phos-
pho-JNK MAPK pathway. EPA induced the increase expression of
caspase-3 protein that mediated apoptosis.

2. Materials and methods
2.1. Materials

Eicosapentaenoic acid (EPA) and 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyl tetrazolium bromide (MTT) were purchased from
Sigma (St. Louis, MO, USA). Penicillin- streptomycin solution, tryp-
sin, phosphate buffered saline (PBS) and dimethyl sulfoside side
(DMSO) were purchased by Thermo (Beijing, China). NAC (inhibitor
of ROS), BAPTA-AM (1, 2-bis (2-aminophenoxy) ethane-N,N,N’,N’-
tetraacetic acid, the intracellular Ca?* chelator), CsA (inhibitor of
MPTP) and the molecular probe of DCFH-DA, Flou-3/AM and calce-
in-AM were also purchased from Sigma (St. Louis, MO, USA).
The phospho-]JNK, JNK, bcl-2, cytochrome C, caspase-3, caspase-9,
B-actin and horseradish peroxidase-conjugated secondary antibod-
ies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). JNK inhibitor (SP200125) was obtained from Cal Biochem
(San Diego, CA, USA). All other chemicals were of the highest com-
mercial grade available.

2.2. Cell culture

Human hepatoma (HepG2) cell lines were obtained from the
Institute of Biochemistry and cell Biology (Shanghai, China). The
cells were maintained in Minimum Essential Medium Alpha Med-
ium (DMEM, high glucose) (Solarbio, Beijing, China) supplemented
with 10% fetal bovine serum (Gibco BRL, Grand Island, NY, USA),
100 units/ml penicillin and 0.1 mg/ml streptomycin at 37 °C in a
humidified chamber of 95% air and 5% CO, atmosphere.

2.3. MTT assay for cell viability

Before harvesting, the cells were incubated with 20 ul 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
in medium for 4 h at 37 °C. The viable cells convert the MTT to for-
mazan, which generates a blue-purple color after dissolving in
150 pl dimethyl sulphoxide (DMSO). The absorbance at 570 nm
was the measured with a microplate reader (Model 680, Bio-Rad,
Hercules, CA, USA). All experiments were carried out in triplicate.
Cell viability (%)= [(absorbance of cells treated with EPA)/absor-
bance of control cells] x 100%.

2.4. Fluorescent staining of HepG2 cell nuclei (AO/EB)

Acridine orange and ethidium bromide (AO/EB) staining (Solar-
bio, Beijing, China) was carried out as previously described [12].
Briefly, HepG2 cells in the exponential growth phase were seeded
in 24-well culture plates at a final concentration of 1 x 10° cells/
well. Cells were treated with 75 uM EPA for various times and then
stained with the staining solution containing 100 pg/ml acridine
orange and 100 pg/ml ethidium bromide for 20 min at room

temperature in the dark. Cells were observed under an inverted
fluorescence microscope (AMG, USA) after the staining.

2.5. Measurement of ROS production

The intracellular ROS generation was measured as previously
described [12]. HepG2 cells were incubated with 75 uM EPA and
treated with 10 tM DCFH-DA for 30 min at 37 °C in the dark. Then
the cells were washed three times with PBS (pH 7.2). The fluores-
cence intensity was measured by laser scanning confocal micro-
scope (LSCM) (Nikon, D-Eclipse C1, Tokyo, Japan) using an
excitation of 488 nm and an emission of 525 nm (at a detection
spectrum of 488 nm).

2.6. Measurement of cytoplasmic calcium concentration ([Ca®'].)

With Fluo-3 acetoxymethyl ester (Fluo-3/AM) as a fluorescent
Ca?* indicator, cytoplasmic [Ca®*]. change was measured by LSCM
according to a previously described method [13]. HepG2 cells were
treated with 75 uM EPA, and then incubated with Fluo-3/AM for
1h at 37°C in the dark, washed with PBS (pH 7.2) thrice. The
change of fluorescence intensity was measured by LSCM using an
excitation of 488 nm and an emission of 525 nm.

2.7. Measurement of mitochondrial permeability transition pore
(MPTP) activity

Considering the positive correlation between the EPA applied
and the ROS generation, Ca%* accumulation, MPTP opening, the
activity of MPTP was mediated in succession. In brief, cells were
cultured and treated with 75 pM EPA for various times, then incu-
bated with calcein-AM and CoCl, for 1 h at 37 °C in the dark. Cells
were washed with PBS (pH 7.2) twice and the fluorescence was
measured with excitation at 488 nm and emission at 525 nm.

2.8. Western blot analysis

To investigate the potential apoptotic induction mechanism, the
expression of characteristic apoptosis protein was measured by
Western blot. The protocol was described previously [14] and
probed with the primary antibodies (Santa Cruz, CA, USA). The
membranes were washed extensively and incubated with the
appropriate secondary antibodies conjugated to horseradish per-
oxidase (Amersham Pharmacia Biotech). The immunoreactive
bands were detected with a DAB kit (Zhong-shan Goldenbridge,
Beijing, China). Densitometry of the western blot bands was
scanned (Chemidoc, Bio-Rad, Hercules, CA, USA). Each test was per-
formed in triplicate experiments [14].

2.9. Statistical analysis

The data are presented as the means * S.E., and each experiment
was repeated at least three times. Statistical analysis was per-
formed using the SPSS software (version 18.0) to determine the
significant differences. All values were analysed by one-way anal-
ysis of variance (ANOVA) followed by a post hoc Tukey’s test for
multiple comparisons. Values of P < 0.05 were considered statisti-
cally significant.

3. Result

3.1. EPA-induced cell viability and morphological changes of HepG2
cells

As shown in Fig. 1A, EPA had an outstanding suppression HepG2
cells proliferation in a does-dependent and time-dependent
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Fig. 1. EPA-induced cell viability and morphological changes of HepG2 cells. The viability of cells was determined by MTT assay. Morphological changes in HepG2 cells were
measured by AO/EB staining. Effect of various concentrations of EPA (0, 25, 50, 75, 100 and 125 M) on cell viability in HepG2 cells (A) or L-02 cells (B) for 24 h and 48 h
(*P<0.05, **P < 0.01 vs. the control group). The control group was the untreated cells which were incubated with 0 pM EPA. Each bar is representative of three independent
experiments, and data were analysed by ANOVA and Duncan’s multiple range tests. (C) Cell morphology change was recorded by a fluorescence microscope (400x ).

manner. At the concentration of 75 uM, the inhibition rate at 24 h
was about 51.6%; at the concentration of 100 uM, the inhibition
rate at 48 h reached about 70%. In contrast (Fig. 1B), EPA had no
obvious effect on L-02 cells from 24 h to 48 h after treatment.
These results indicated that EPA specially inhibited the HepG2 cells
proliferation, whereas it had no significant effect on the somatic
cells, such as L-02 cells.

In the absence of EPA, HepG2 cells were normal in size and
structure and the staining pattern of cells was uniformly green in
both nuclei and plasma (Fig. 1C). By contrast, cells treated with
EPA for 24 h revealed marked nuclear condensation, and nuclear
shrinkage, all of which were characteristics of programmed cell
death (as arrow illustrated). Meanwhile, at the longer time 48 h,
cells revealed obviously apoptosis shape and necrosis was also
observed (red). These results indicated that EPA can induce apop-
tosis in HepG2 cells.

3.2. Measurement of intracellular ROS production, cytoplasmic
calcium concentration ([Ca®*].) and MPTP activation

To determine whether EPA has an effect on the intracellular ROS
generation, HepG2 cells were treated with 75 uM EPA for O h, 12 h,
24 h and 48 h, respectively. As shown in Fig. 2A and B, the DCFH-
DA fluorescence gradually increased in a time-dependent manner.
The change of fluorescence increased significantly at 24 h, and
reached the peak value at 48 h. In addition, the apoptotic rate
was measured by FCM as shown in Fig. 2C. NAC (an inhibitor of
ROS pretreatment could reverse EPA-induced apoptosis from
17.21% to 8.29%, and it confirmed that ROS indeed was involved
in EPA induced apoptosis.

The measurement of [Ca®*]. of the cells was determined by
LSCM with fluorescent probe Fluo-3/AM. As shown in Fig. 2D and
E, HepG2 cells revealed significant strong [Ca®*]. fluorescence
intensity at 12 h, and reached the peak value at 48 h, simulta-
neously, these increases of [Ca?*]. were in a time- dependent man-
ner. After that, 20 uM BAPTA-AM (the chelator of calcium) was
used to incubated cells prior to adding EPA; it could significantly
inhibit the EPA-induced apoptosis, and the apoptosis rate
decreased from 17.21% to 7.31% (Fig. 2F). The above results support
our hypothesis that EPA treatment leads to an increase in Ca®* pro-
duction, which may represent a critical step in EPA-induced apop-
tosis in HepG2 cells.

The prior results indicated that EPA could induce cell apoptosis
in HepG2 cells. We hypothesized that EPA-induced apoptosis of
HepG2 cells through a mitochondrial-dependent pathway. As
shown in Supplementary Fig. 1A, the fluorescence of calcein-AM
in cytoplasm was gradually decline in a time-dependent manner.
The change of fluorescence decreased significantly at 24 h, and
reached the peak value at 48 h (Supplementary Fig. 1B). The effect
of CsA (MPTP inhibitor) on cell apoptosis was tested. HepG2 cells
were treated with 75 M EPA for 24 h in the presence and absence
of CsA (50 uM). As shown in Supplementary Fig. 1C, CsA could inhi-
bit the cell apoptosis which induced by EPA.

3.3. Measurement of MAPKs

ROS may lead to the activation of MAPKs [15,16]. To determine
whether MAPK are involved in EPA-induced apoptosis, the expres-
sion of the phosphorylated forms of JNK was analyzed by Western
blot analysis. HepG2 cells were pretreated with 2 mM NAC and
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Fig. 2. Intracellular ROS production, cytoplasmic calcium concentration ([Ca%*].) and the activity of MPTP in EPA (75 uM) treatment HepG2 cells. Visualization of the DCFH-
DA (A) and [Ca®*]. (D) fluorescence in EPA treatment HepG2 cells was recorded by using a LSCM, bar = 50 pm (200x ). Changes of the DCFH-DA (B) and [Ca?*]. (E) fluorescence
intensity in HepG2 cells (**P < 0.01 vs. the control group). Effect of the NAC (C) and BAPTA-AM (F) on EPA-induced cell apoptosis. The apoptotic rate of cells was measured by
FCM in the presence or absence of 2 uM NAC and 20 uM BAPTA-AM. (**P < 0.01 compared with the control group; **P<0.01 compared with EPA alone.) Each bar is
representative of three independent experiments, and data were analysed by ANOVA and Duncan’s multiple range tests.
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Fig. 3. Measurement of MAPK subfamily in EPA (75 uM) treatment HepG2 cells. (A) Effect of EPA on phosphorylation of JNK in HepG2 cells. (B) Effect of EPA and the
antioxidant NAC on activation of MAPK subfamily proteins JNK in HepG2 cells. Cells were treated with 75 pM EPA for 0 h and 24 h in the presence or absence of 2 mM NAC.
The expression of protein was analyzed by western bolt. B-Actin was used as an equal loading control. (C) Effect of JNK inhibitor SP600125 on EPA-induced cell apoptosis.
Cells were treated with 75 uM EPA for 24 h in the presence or absence of 5 uM SP600125. The apoptotic rate of cells was estimated by FCM. (**P < 0.01 compared with the
control group; #*#P < 0.01 compared with EPA alone.) Each bar is representative of three independent experiments, and data were analysed by ANOVA and Duncan’s multiple
range tests.
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then incubated with 75 uM EPA for 24 h. As shown in Fig. 3(A) and
(B), the levels of phosphorylated JNK increased in a time-depen-
dent manner, and NAC pretreatment could block EPA-induced
phosphorylated JNK. These result showed that JNK may be targets
of ROS and the ROS-JNK pathway is involved in EPA-induced apop-
tosis. To further explore the functional involvement of JNK activa-
tion in EPA-induced apoptosis, the JNK inhibitor SP600125 (SP)
was used for treating HepG2 cells with EPA. The result suggested
that SP600125 (SP) reversed the cytotoxic effect of EPA
(Fig. 3(Q)). Overall, the results indicated that the activation of
JNK was associated with EPA-induced apoptosis in HepG2 cells.

3.4. Relationship between [Ca®*]., ROS and MPTP

Above results indicated that cytoplasmic calcium concentration
([Ca®*].) increase, ROS generation, MPTP opening and activation of
JNK were involved in EPA-induced apoptosis. In order to further
investigate the relationship between them, cells were respectively
preincubated with NAC (2 mM), BAPTA-AM (20 uM) and SP600125
(5 uM) prior to adding EPA (75 puM), and then measured the
fluorescent intensity of Fluo-3/AM, DCFH-DA and calcein-AM.
The increase of [Ca®*]. was effectively blocked by NAC (Fig. 4A).
However, BAPTA-AM had no obvious effect on ROS increase
(Fig. 4B). These results seems that [Ca?*]. generation was depen-
dent on the ROS increase, and it also could lead us to hypothesize
that ROS may act as an upstream regulator of EPA-induced [Ca®*].
generation. In addition, the fluorescence intensity of calcein in
HepG2 cells which were pretreated with these inhibitors was
respectively increased (Fig. 4C). It indicated that these inhibitors

(A)

EPA

(B)

EPA

EPA+BAPTA-AM EPA+NAC

could inhibit MPTP open position and reverse apoptosis rate in
HepG2 cells that incubated with 75 pM EPA.

3.5. Effect of EPA on cytochrome C and caspases

It was well known that bcl-2 is an inhibiting apoptosis gene; the
release of cytochrome C from the intermembrane spaces of the
mitochondria into the cytosol is very vital to the cell apoptosis
via a mitochondrial-dependent pathway [17,18]. The expression
of Bcl-2 was decreased in a time-dependent manner; cytochrome
C expression decreased in mitochondria and simultaneously accu-
mulated in the cytoplasm in a time-dependent manner (Supple-
mentary Fig. 2A). The changes of the cytochrome C proteins were
prevented by CsA (Supplementary Fig. 2B). Above results indicated
that the opening of MPTP was induced by EPA, then cytochrome C
releasing from mitochondria to cytoplasm is a time-dependent
manner.

The caspase-cascade was initiated by activated upstream
caspase, eventually led to cell apoptosis[19,20]. As shown in
Supplementary Fig. 2C, the expression levels of pro-caspase-9
and pro-caspase-3 were all decreased in a time-dependent
manner, indicating that EPA induced the degradation of the
pro-caspase-9 and pro-caspase-3 in HepG2 cell.

4. Discussion

Polyunsaturated fatty acids (PUFAs) have been suggested due to
their modulatory activities on cancer cell growth [21,22]. PUFAs,
particularly those found in fish oils, have been found to inhibit

EPA+NAC

EPA + BAPTA-AM

EPA+ SP600125

Fig. 4. The relationship between intracellular cytoplasmic calcium concentration ([Ca®*].) increase, ROS production and MPTP opening. HepG2 cells were treated with 75 pM
EPA in the presence and absence of 2 mM NAC, 20 uM DAPTA-AM and 5 pM SP600125. Visualization of the DCFH-DA (A), Fluo-3/AM (B) calcein-AM (C) fluorescence was

recorded by using a LSCM, bar = 50 um (200x ).
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proliferation in vitro. EPA was selected as a representative n—3
PUFAs from fish oil; it has been shown previously as effective anti-
cancer PUFAs [23,24]. As the mechanisms of PUFAs inhibiting
tumor cells were different and the inhibitory mechanisms were
very complex, the present study determines to investigate the
underlying anti-tumor activities and mechanisms of EPA in HepG2
cells. Our results indicated that cell viability had a dose dependent
relationship with EPA concentration respectively. EPA could inhibit
cell growth and induce apoptosis in HepG2 cells. But the mecha-
nisms responsible for apoptosis induced by EPA appear to be not
investigated.

It is known that cell apoptosis leads to characteristic changes in
cell morphology, including cell shrinkage, chromatin condensation
and nuclear fragmentation [25]. Most of the studies declared that
cell apoptotic was related to the production of reactive oxygen spe-
cies which was generated in mitochondrial respiratory chain. The
intracellular free Ca?* seems to be essentially involved in the
mechanism of apoptosis [26-28]. In the present study, both the
[Ca%*]. and the ROS production in HepG2 cells induced by EPA
increased gradually in a time dependent manner. Moreover, the
results indicated that [Ca?']. elevation was depended on the ROS
generation.

Furthermore, prolonged MPTP opening due to mitochondrial
Ca®* overload can result in apoptosis [29]. It could lead to mito-
chondria depolarization and oxidative phosphorylation uncoupling
[30]. Our data show that MPTP opening was induced by EPA, which
associated with increasing of [Ca?*]., ROS generation and activation
of JNK, finally leading to apoptosis in HepG2 cells.

Activated MAPK can transmit extracellular signals to regulate
cell growth, proliferation, differentiation, migration, apoptosis
and so on [31]. The mitogen activated protein kinase (MAPK) sig-
naling plays a key role in the outcome and the sensitivity to anti-
cancer therapies. To further elucidate the molecular events
associated with EPA induced apoptotic signals, we examined the
proteins relevant to apoptosis. It showed that EPA-induced the
phosphorylation of JNK in HepG2 cells, whereas pretreatment with
NAC clearly antagonized this effect.

Bcl-2, which acts as a typical inhibiting apoptosis gene, has
been shown to govern mitochondrial apoptosis pathway by pre-
venting the efflux of cytochrome C and other pro-apoptotic factors
[32]. Cytochrome C releasing from mitochondrial into cytoplasm
dues to the MPTP opening and the disruption of mitochondrial
while apoptotic process executed by intrinsic pathway. There are
some characteristic proteins involves in these two apoptosis path-
ways: the intrinsic pathway activates caspase-9, the extrinsic path-
way activates caspase-8 [33]. Furthermore, active caspase-9
triggers a caspase cascade, such as caspase-3, to induce cell
apoptosis [34]. In our present study, the mechanism of intrinsic
pathway was mainly concerned. The results showed that
EPA- induced ROS causes apoptosis in HepG2 cells through ROS
and JNK activation regulated mitochondrial-dysfunction triggered
cytochrome C and caspase-9, caspase-3 activation.

In summary, these results above showed that EPA could directly
induce cell apoptosis, which was mediated by ROS production,
[Ca%*]. increase, activation of JNK and MPTP opening regulated
cytochrome C release from mitochondria, caspase-9 and caspase-
3 in HepG2 cell. Overload of mitochondrial [Ca®']., generation of
ROS and JNK activated caused the opening of MPTP, cytochrome
C and Ca?* efflux to cytoplasm, eventually lead to apoptosis. Taken
together, our data suggest that accumulation of ROS induced by
EPA evokes cytoplasmic [Ca®*]. and the MPTP opening. A specu-
lated schematic diagram of EPA-induced cell apoptosis is depicted
in Supplementary Fig. 3. There is important new insights into the
possible molecular mechanisms of EPA, in addition to its potential
value as a novel candidate as an anti-tumor agent. However, these
results are not sufficient to characterize the essential behavior of

EPA. Further studies could focus on the novel pathway of cell
apoptosis.
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