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Palmitate (PA), one of the most prevalent saturated fatty acids, causes myocardial dysfunction. However,
the mechanisms by which PA induces cell apoptosis and autophagy remain to be elucidated. We showed
that autophagy was induced in an mTORC1-dependent way and played a protective role against PA-
induced apoptosis, which was verified by pretreatment with 3-methyladenine (3MA) and rapamycin.

Keny’rd55 However, p62 began to accumulate after 18 h treatment with PA, suggesting prolonged exposure to PA
ialg“tt;;i lead to an impairment of autophagic flux. PA enhanced ROS production as well as activated p38-mitogen-
AEtopphagy activated protein kinase (p38 MAPK) and c-jun NH; terminal kinases (JNKs). The antioxidant N-Acety-L-
ROS Cysteine (NAC) was found to attenuate the JNK and p38 MAPK activation with a concomitant reduction of
JNK PA-induced autophagy and apoptosis. Furthermore, both JNK and p38 MAPK inhibitors were shown to
p38 MAPK directly abrogate caspase 7 cleavage as well as the conversion of LC3BI to LC3BII. Thus, we demonstrate

that PA stimulates autophagy and apoptosis via ROS-dependent JNK and p38 MAPK pathways.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Excessive accumulation of lipid in cardiomyocytes has been
suggested to play a direct and essential role in the progress of
diabetes and other obesity associated cardiomyopathy. Non-
esterified fatty acids (NEFAs), especially saturated fatty acids
(SFAs), have been shown experimentally to induce myocardial
dysfunction, among which PA is the most prevalent.

Reactive oxygen species (ROS) are mainly produced in mito-
chondria by normal cellular metabolism of oxygen and function as
important molecules mediating normal physiological signaling [1].
However, overproduction of ROS inside cardiac cells triggered by
environmental stress, such as ischemia or hypoxia, may cause
serious damage to the cells. Finally, apoptosis will be initiated by
ROS through both extrinsic and intrinsic pathways [2], which lead
to cardiac remodeling and fibrosis. In addition, elevated ROS pro-
duction followed by oxidative stress has been reported to induce
autophagy in many disease states [3]. Several studies have
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proposed that PA promotes ROS production in different cardiac cell
types [4—8]. Although Wei et al. reported that U0126, an inhibitor
of extracellular signal-regulated kinase (ERK), reduces PA-induced
apoptosis through partial suppression of intracellular ROS genera-
tion, there is no direct evidence to prove the involvement of ROS
[4]. A recent study demonstrated that autophagy is induced by PA
as an adaptive response to ER stress since it is sensitive to ER stress
inhibition in H9c2 cells [9]. However, whether ROS plays a role in
PA-induced autophagy and apoptosis remains unknown.

The mitogen-activated protein kinases (MAPKs) are activated in
response to diverse stimuli and play a vital role in eukaryotic cells
by regulating fundamental cellular processes, such as gene
expression, cell proliferation, differentiation, migration, and
apoptosis. ERK, JNK, and p38 constitute conventional MAPKs [10].
JNK, also described as the stress-activated protein kinases (SAPKs),
is intensively activated by various stresses and functions via
phosphorylating the NH2-terminus of the transcription factor c-
Jun. In most cases, ]NK has been reported to promote apoptosis,
however, JNK activated by hypoxia-reoxygenation is suggested to
play an anti-apoptotic role in neonatal cardiac myocytes [11]. P38
MAPK signaling has been shown to either promote apoptosis or
enhance cell survival depending on the cell type and stimulus
[12,13]. PA activates JNK and p38 MAPK in many cell types,
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including cardiomyocytes. However, the roles of JNK and p38 MAPK
in PA-induced autophagy and apoptosis in H9c2 cells still remains
unknown.

In the present study, we determined the relationship between
ROS, JNK and p38 MAPK, focusing on their roles in the regulation of
PA-induced autophagy and apoptosis in H9c2 cells.

2. Materials and methods
2.1. Reagents

Antibodies for caspase 3, caspase 7, Bcl2 and B-actin were pur-
chased from Santa Cruz Biotechnology, Inc. Antibodies for LC3BII,
phospho-]NK, phospho-p38 MAPK, JNK, p38 MAPK, phospho-
p70S6K, p70S6K were obtained from Cell Signaling Technology.
The antibody for p62 was obtained from Medical & Biological
Laboratories Co., Ltd. The antibody for Bax was obtained from BBI
Life Sciences Corporation. PA, SP600125, SB203580, rapamycin,
Bafilomycin A1, chloroquine, 3-methyladenine, N-acetyl cysteine
were purchased from Sigma—Aldrich. Fatty acid-free bovine serum
albumin (BSA) was obtained from Sangon Bitotech.

2.2. PA—albumin complexes preparation

PA was conjugated with bovine serum albumin (BSA) before
added to cell culture media according to a modified method
described by Svedberg et al. [ 14]. Firstly, palmitic acid was dissolved
in ethanol at 200 mmol/l and then diluted in 10% BSA to make final
concentrations of 1-8 mmol/l. Fatty acid-free BSA containing low
endotoxin was used. The pH of the stock solutions were adjusted to
7.4 before aseptic filteration. For individual experiments, H9c2 cells
were treated with PA at final concentrations of 0.1-0.8 mmol/l by
diluting stock solution (1:10) in 10% FBS—DMEM.

2.3. Cell culture

The embryonic rat heart tissue derived H9c2 cell line was ob-
tained from the Chinese Academy of Sciences Cell Bank, Shanghai,
China. H9¢2 cells were cultured in Dulbecco's modified Eagle's
medium (Gibco) supplemented with 10% (v/v) fetal bovine serum
(Hyclone), 1% penicillin/streptomycin (v/v). The cells were cultured
in a humidified atmosphere containing 5% CO, at 37 °C, and were
subcultured when grown up to 90% confluency.

2.4. Apoptosis quantified by flow cytometry

Cell apoptosis was quantified using an AnnexinV-FITC/PI
apoptosis kit (BioLegend) according to the manufacturer's in-
structions. After treatment, cells were collected and rinsed twice
with cold PBS and then resuspended in 60 ul Annexin-binding
buffer. The suspension was incubated with 100 ng/ml Annexin V-
FITC for 30 min and then 2 pg/ml propidium iodide (PI) for 5 min in
the dark at room temperature (RT). FITC or PI positive cells were
determined using a flow cytometer (ImageStream™ Markll, Amnis,
USA). The fluorescence of FITC and PI were measured in the FL2
channel (488 nm) and FL4 channel (488 nm), respectively. The re-
sults were analyzed using IDEAS software (Amnis, USA).

2.5. Western blotting

Cells were harvested and washed twice with PBS and then lysed
in RIPA buffer with protease and phosphatase inhibitors on ice for
10 min. The lysates were centrifugated at 12,000 rpm at 4 °C for
10 min. Equal amount of protein was loaded in each lane and
separated by 12% (or 15%) SDS-polyacrylamide gel electrophoresis

(PAGE). The separated proteins were transferred to PVDF mem-
branes (Millipore, Bedford, MA), and then blocked in 5% non-fat
milk for 1 h at RT. Membranes were probed with the appropriate
primary antibodies overnight at 4 °C. After washing with TBST, the
membrane were incubated with peroxidase-conjugated secondary
antibody for 1 h at RT. Enhanced chemiluminescence reagent
(Millipore, U.S.A) was used to detect the proteins, and the intensity
of the bands was quantified by Image ] software.

2.6. Intracellular ROS detection

Following PA treatment, intracellular ROS was detected by
fluorescence microscope using dichlorofluorescein diacetate
(DCFH-DA) staining. Briefly, the H9c2 cells were incubated with
5 uM DCFH-DA (Sigma—Aldrich) for 30 min at 37 °C in the dark, and
were washed with serum-free medium for three times. The fluo-
rescence was excitated at the wavelength of 485 nm and the cor-
responding emission wavelength was 520 nm.

2.7. Statistical analysis

All data were presented as mean + SEM. Student ¢ test or one-
way ANOVA analysis was performed using GraphPad Prism 5. P
value <0.05 was considered to indicate a statistically significant
difference.

3. Results
3.1. PA induces apoptosis in H9c2 cells

To examine the lipotoxic effects of PA on H9¢2 cardiac cells, we
treated H9c2 cells with PA at concentrations ranging from 0.1 to
0.8 mmol/l. Annexin V and propidium iodide (PI) staining followed
by flow cytometry assay was used to test whether PA induces
apoptosis. Results showed that PA effectively increased the Annexin
V' and Annexin V*/PI" cell population in a dose-dependent
manner (Fig. 1A, B), suggesting that apoptosis was induced. When
cells undergo apoptosis, executioner caspases (e.g., caspase3,
caspse7) can be finally activated and in turn cleave other protein
substrates within the cell. Poly (ADP-ribose) polymerase 1 (PARP-1)
is one of the main targets of caspase 3. Both concluded in Bcl-2
family, Bcl-2 is anti-apoptotic, whereas Bax is pro-apoptotic.
Therefore, we next examined the effects of PA on apoptosis
related protein levels by Western blotting. As shown in Fig. 1C, PA
triggered the cleavage of caspase 3, caspase 7 and PARP-1 in a dose-
dependent manner. As the concentration of PA increased, Bcl-2
protein levels was gradually reduced and Bax elevated. These re-
sults indicate that PA induces caspase-dependent apoptotic cell
death.

3.2. PA promotes mTORC1-dependent autophagy at an early stage,
but blocks autophagic flux for prolonged treatment in H9c2 cells

To determine whether PA induced autophagy, we treated H9¢c2
cells with PA at various time-points. The conjugation of the soluble
form of LC3 (LC3-1) with phosphatidylethanolamine and conversion
to a nonsoluble form (LC3-II) has been generally recognized as a
useful sign of autophagy; thus we examined the expression of
LC3B-II. After treatment with PA (0.4 mmol/l) at various times,
LC3B-II levels increased in a time-dependent manner (Fig. 2A).
However, we couldn't ascertain whether the increase of LC3B-II
levels was due to activation of autophagy or blockade of
autophagy-lysosomes fusion. Thus we next measured protein levels
of p62, a selective substrate of autophagy, for activation of the
autophagic flux leads to p62 degradation. As Fig. 2A shows, a
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Fig. 1. PA induces apoptosis in H9c2 cells. (A) After treatment with increased doses of PA (0.1, 0.2, 0.4, 0.8 mM) for 12 h, induction of apoptosis in H9c2 cells was measured by
Annexin-V/PI double-staining assay followed by flow cytometry analysis. BSA was added as a control. (B) The apoptotic proportion of H9c2 cells treated with PA was calculated
according to the flow cytometry results. (C) Western blot analysis of apoptosis-related proteins expression after exposing to PA of different concentrations for 12 h. f-actin was
probed as the loading control. Image ] software was used to make quantitative analysis of Bcl-2 and Bax protein expressions by Western blot assay. The results are presented as
mean + SEM for at least three independent experiments. **p < 0.01 vs. the control group (H9c2 cells treated with BSA).

marked decrease in p62 was detected as early as 3 h, then to a
minimum at 6 h and 12 h. However, p62 was significantly elevated
at 18 h and 24 h, indicating an impairment of autophagic flux. To
further monitor autophagic fux induced by plmitate at the early
stage, we co-treated H9c2 cells with both PA (0.4 mmol/l) and
different autophagy inhibitors for 12 h. Fig. 2B demonstrated that
LC3B-II protein levels was markedly attenuated in the presence of
3-methyladenine (3-MA), which could block the initiation of
autophagy. Both Baflomycin A1 (Baf A1) and chloroquine (CQ) could
disrupt the formation of autophagolysosomes via destroying the
internal acidic environment of lysosome, and thereby leading to
LC3Il accumulation. Indeed, as shown in Fig. 2B, Baf Aland CQ
markedly enhanced LC3BII protein levels in H9c2 cells treated with
PA. Collectively, these data suggested that PA enhanced autophagic
flux at the early stage (3 h—12 h), however, longer time exposue to
PA leaded to impaired autophagic flux in H9c2 cells.

Consistent with the changes of autophagy marker proteins, the
phosphorylation of p70S6K, a direct downstream target of mTORC],
was reduced from 6 h to 18 h, and then promoted to a higher level
after PA treatment for 24 h (Fig. 2A), implying that the activity of
mTORC1 was first suppressed when PA promoted autophagic flux
for short-time treatment. However, mTORC1 was reactivated when
the autophagic flux was blocked by prolonged PA treatment.

3.3. Autophagy protects H9c2 cells against PA-induced apoptosis

Since autophagy has dual roles in regulating cell survival and
cell death, we next investigated the effect of PA-induced autophagy
on apoptosis in H9¢2 cells. We found that pretreatment with 3MA

for 1 h followed by PA treatment for 12 h, greatly increased PA
induced cleavage of caspase 3 (Fig. 2C). In contrast, rapamycin, a
well-known autophagy inducer through targeting mTORCI,
inhibited PA induced apoptosis (Fig. 2C). Taken together, autophagy
may act as an adaptive way to protect H9c2 cells from PA-induced
apoptosis. Prolonged treatment of PA impaired autophagic flux, and
thereby turned cells to apoptotic pathways.

3.4. ROS mediate PA-induced autophagy and apoptosis of H9c2 cells

To investigate whether reactive oxygen species (ROS) play a role
in the induction of apoptosis by PA, DCFH-DA, a fluorescent probe,
was used to examine cellular ROS levels. As expected, H9c2 cells
treated with PA showed a remarkable enhancement in fluorescence
intensity compared to control group treated with BSA. H,0, treated
group was set as a positive control (Fig. 3A). N-acetyl-L-cysteine
(NAC) is a usual anti-oxidant. Pre-incubation with NAC (0.5 mmol/l)
markedly inhibited PA-induced ROS generation (Fig. 3A). We then
tested the effect of NAC on apoptosis and autophagy. As shown in
Fig. 3B, NAC inhibited PA induced apoptosis, and meanwhile, LC3BII
protein levels was down-regulated. Taken together, PA induced
overproduction of ROS, which contributed to autophagy and
apoptosis of H9c2 cells.

3.5. PA induces autophagy and apoptosis in H9c2 cells through
ROS-dependent JNK and p38 MAPK activation

Western blot analysis showed that both JNK and p38 MAPK
were activated by PA in a dose-dependent manner (Fig. 4A).
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Fig. 2. PA induces protective autophagy against apoptosis in H9c2 cells. (A) Western blot analysis of autophagic markers after incubating H9c2 cells with 0.4 mM PA for indicated
time points (3 h, 6 h, 12 h, 18 h, 24 h). Quantitative analysis of LC3BII, p62, p-p70S6K protein levels were made with Image ] software. (B) LC3B II and p62 protein levels are
determined by Western blot after pretreatment with autophagy inhibitors 3MA (10 mM), Bafilomycin A1 (60 nM) or chlorinated quinine (10 uM) respectively for 1 h followed by
0.4 mM PA for 12 h. (C) H9c2 cells were pretreated with 3MA or rapamycin to detect the effects of autophagy on apoptosis. -actin is probed as loading control. Data represent the
mean + SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. BSA alone-treated group. ##p < 0.01, PA plus specific inhibitor-treated group versus PA alone-

treated group.

Pretreated with either specific JNK inhibitor SP600125 or p38
MAPK inhibitor SB203580 directly inhibited PA-induced autophagy
and apoptosis significantly (Fig. 4B). Since ROS have been reported
to activate pro-apoptotic signaling pathways such as JNK, p38
MAPK via stimulation of upstream kinases, such as ASK1 [15], we
use the antioxidant NAC to see whether PA-induced ROS lead to the
activation of JNK and p38 MAPK. Expectedly, NAC obviously sup-
pressed the phosphorylation of JNK and p38 MAPK (Fig. 4C). To sum
up, ROS/JNK/p38 MAPK axis is involved in PA associated autophagy
and apoptosis.

4. Discussion

Obesity and its associated conditions such as insulin resistance,
dyslipidemia and hypertension, may contribute to multiple adverse
effects on the heart, including cardiac hypertrophy, atherosclerosis,
heart failure, and ischemic heart disease [ 16]. Cardiac lipotoxicity is
closely associated with the progression of the above-mentioned
diseases. However, the mechanisms by which overloaded fatty
acids induce cardiac lipotoxicity are not completely known.
Moreover, further studies are still necessary to investigate what
mechanisms cardiomyocytes have developed to adapt to such
lipotoxicity.

In our study, we report that PA (16:0), a long-chain saturated
fatty acid, induces a remarkable cytotoxic effect on H9c2 cardiac
cells. Both apoptosis and autophagy are induced by PA as previously
reported. Although the pro-autophagic property of PA on H9c2 cells
had been reported before, they limited to a short-time treatment.
Here, we expanded the treatment for longer time and found that
autophagic flux was damaged after 12 h. Short-time PA treatment

promoted mTORC1-dependent autophagic flux and played a pro-
tective role against apoptosis. Further studies showed that ROS
mediated PA-induced autophagy and apoptosis of H9c2 cells via
activating JNK and p38 MAPK pathways.

Cardiac cell death, especially apoptosis, is a severe characteristic
or consequence of obesity and its related pathologic heart condi-
tions. Consistent with previous findings, data in Fig. 1A and B
showed that PA treatment could obviously increase the apoptotic
H9c2 cells. This was affirmed by increased cleavage of apoptosis-
executive caspase 3 and caspase 7 and their main target, PARP-1.
Moreover, PA treatment contributed to significantly increased
Bax/Bcl-2 ratio (Fig. 1C) and obvious elevation of ROS shown in
Fig. 3A, suggesting that mitochondrion-dependent intrinsic
apoptosis pathways participate in PA associated lipotoxicity.

Whether autophagy is involved in cardiac metabolic stress or
not depends on the state of metabolic syndrome. Cardiac auto-
phagy was claimed to be suppressed, unaffected or disrupted in
distinct obesity models in vivo [17—20]. In this study, Western blot
analysis showed that from 3 h to 12 h, PA promoted the trans-
formation from LC3BI to LC3BII and enhanced the degradation of
p62, a specific autophagic substrate, implying the activation of
autophagy. Co-treatment with 3MA for 12 h, suppressed PA-
induced initiation of autophagy. Both BafA1l and CQ further
enhanced the accumulation of LC3BIl and p62. These data
demonstrated a promotion of autophagic flux by PA. However, p62
began to accumulate while LC3BII levels remained high since 18 h,
suggesting that continuous stimulation by PA for a relatively long
time may lead to damage of autophagic flux and an aggravation of
apoptosis. The mammalian target of rapamycin complex 1
(mTORC1) signal pathway is one classical mechanism in regulating
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autophagy. Activation of mTORC1 inhibits the initiation of auto-
phagy through directly phosphorylating the ULK1-Atg13-FIP200
complex, which is essential for the formation of autophagosome
[21,22]. Our data showed that the changes of phosphor-p70S6K, a
direct downstream target of mTORC1, was in accordance with p62
levels. When autophagy was activated during 3 h—12 h, phosphor-
p70S6K was inhibited, indicating that the activity of mTORC1 was
suppressed. Consequently, these results supported that PA induced
mTORC1-dependent autophagy for short-time treatment, however,
autophagic flux may be blocked over time.

In normal physiological status, intracellular ROS are reduced by
various antioxidant enzymes and are limited to very low levels.
Environmental stress including lipotoxicity gives rise to ROS gen-
eration in different cell types, such as hepatocytes, pancreatic -
cells, adipocytes, HUVECs and myocardial cells we focused on right
now [4,23—26]. Elevated ROS level is detrimental, which even ends
up with cell death. Indeed, in agreement with the above descrip-
tion, our study showed that ROS levels were obviously enhanced in
PA-treated H9c2 cells. Elimination of ROS with the anti-oxidant
NAC significantly reduced ROS generation. A recent study demon-
strated that deletion of macrophages JNK obviously inhibited
obesity associated insulin resistance and inflammation, showing an
important role of JNK in obesity [27]. Indeed, PA treatment in H9c2
cells activated JNK and p38 MAPK in a dose-dependent manner in
our study. We next investigated whether ROS was involved in PA-
induced apoptosis and autophagy. As expected, pretreatment
with NAC notably abolished PA-induced apoptosis, evidenced by
decreased caspase 3 cleavage. Meanwhile, NAC obviously reduced
expression of the autophagic marker LC3BII as well as suppressed
the activation of JNK and p38 MAPK triggered by PA. These data
suggested that ROS play a vital role in PA induced apoptosis and
autophagy. We should note that our results are in contrast with
what had been previously observed in neonatal rat ventricular
myocytes [8,28]. In neonatal rat ventricular myocytes, NAC and
MAPK inhibitors failed to rescue PA-induced apoptosis. However,
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effects of ROS on JNK/p38 MAPK signaling. B-actin is probed as loading control. Data represent the mean + SEM of three independent experiments. **

alone-treated group. ##p < 0.01, #p < 0.05, compared with PA alone-treated group.

p < 0.01, compared with BSA



J. Liu et al. / Biochemical and Biophysical Research Communications 463 (2015) 262—267 267

another study using H9c2 cells as the research object supports our
conclusion, which showed that ERK inhibitor reduced PA-induced
apoptosis through partial suppression of intracellular ROS genera-
tion, suggesting important roles of MAPKs and ROS in H9c2 cells
[4]. Thus, we speculate that the effects of PA may be cell type
specific and the exact roles of ROS and MAPKs need to be verified
in vivo.

Overall, this study demonstrates that PA stimulates autophagy
and apoptosis via ROS-dependent JNK and p38 MAPK pathways in
H9c2 cells. Also, we observed that PA promotes mTORCI-
dependent autophagy at an early stage, but blocks autophagic
flux for prolonged treatment in H9c2 cells. Although H9c2 cell line
may not be an ideal model for primary cardiomyocytes in vitro, our
findings provide valuable clues to understand the mechanisms of
how cardiac cells adapt to PA-induced lipotoxicity.
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