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ARTICLEINFO ABSTRACT

Article history: Reactive oxygen species (ROS), driven by excessive levels of glucose and free fatty acids,
Received 10 November 2010 appears to induce cell apoptosis. However, the underlying molecular mechanism of this
Accepted 15 September 2011 process remains unclear in cardiac myocytes. We investigated the glucolipotoxicity effects of

high glucose and palmitic acid (C16:0) on the rat cardiomyoblast cell line (H9c2) focusing on
tumor suppressor p53. Cultured H9c2 rat cardiomyoblasts were exposed to palmitate and /or to
an elevated glucose concentration for 18 hours. Only the glucolipotoxic condition of 30 mM
glucose in combination with 250uM palmitate resulted in significant generation of ROS and
upregulation of p53 which caused to an increased cleavage of caspase-3. On the other hand, the
expression of NF-E2-related factor 2 (Nrf2) showed increased tendency while the expression of
NAD(P)H: quinone oxidoreductase-1 (NQO1) was decreased. N-acetyl L cysteins and pifithrin-a,
an inhibitor of p53 abrogated glucolipotoxicity-induced ROS generation and p53 expression.
Chromatin immunoprecipitation analysis revealed that p53 interacted antioxidant responsive
elements (ARE)-containing promoter of NQO1. Upregulated p53 counteracted the Nrf2-induced
transcription of ARE-containing promoter of NQO1 gene and leaded to decrease in NQO1
expression. We demonstrated that the elevated p53 mediated glucolipotoxicity-induced
apoptosis of rat cardiomyoblast cell through dual pathways: stimulating pro-apoptosis
signaling as well as suppressing anti-apoptosis pathway of Nrf2-NQO1 signaling.

© 2012 Elsevier Inc. All rights reserved.

condition of excessive levels of glucose and free fatty acids

1. Introduction [1-3]. The glucolipotoxicity-induced oxidative stress is

reported to play key roles in apoptosis. However, the
Several tissue specific cellular damages, induced by reactive underlying molecular mechanism of apoptosis remains
oxygen species (ROS), have been implicated under the unclear especially in cardiac myocytes.
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Not only DNA damage but also accumulation of intracel-
lular ROS can increase p53 expression [4], which regulates the
expression of many genes to arrest cell cycle for allowing time
for DNA repairing and finally induces cell apoptosis [5]. In
addition, p53 is known to bind to the antioxidant response
element (ARE) of many ROS scavenging and detoxification
enzymes such as NAD(P)H: quinone oxidoreductase-1(NQO1)
and glutathione S-transferases [6], leading to decrease in
expressions of antioxidant enzymes. Therefore, p53 can
inhibit NF-E2-related factor 2 (Nrf2)-induced transcription of
antioxidant enzymes by competitive binding to ARE under
ROS stress [6]. In these regards, we hypothesized that p53-
Nrf2/ARE pathway might be another mechanism of glucoli-
potoxicity-induced apoptosis in H9c2 cells. To demonstrate
this hypothesis, we investigated whether p53 might play dual
roles in glucolipotoxicity-induced cell apoptosis in a rat
cardiomyoblast cell line.

2. Methods
2.1.  Study design

To demonstrate our hypothesis, cultured H9c2 rat cardiomyo-
blasts were exposed to palmitate and /or to an elevated
glucose concentration. After 18 hours, cell survival and
apoptosis were determined by MTT assay and Annexin V-PI
staining, respectively. ROS generation was studied to verify
oxidative stress. To investigate the role of p53 in glucolipo-
toxicity-induced cell apoptosis, cultured cells was treated
with pifithrin-«, a p53 inhibitor, and p53 siRNA. Western
blotting was used to study p53, NQO1, Nrf2, cleaved caspase-3,
and p-actin. Chromatin immunoprecipitation assay was used
to assess p53-ARE interaction.

2.2. HOc2 cells culture and treatment with glucose and
palmitic acid

H9c2 rat cardiomyoblasts were maintained at 37°C, 5%
CO, in DMEM/F-12 (WelGENE, Daegue, South Korea) supple-
mented with 10% bovine calf serum (WelGENE, Daegue,
South Korea), penicillin (100U/ml), and streptomycin (100ng/
ml). H9¢c2 cells were incubated in DMEM/F12 media (normal
glucose: 5 mM, high glucose: 30 mM) with 0.25% (wt/vol)
BSA alone (control) or 0.25 mmol/l palmitate complexed
to 0.25% (wt/vol) BSA for 18 h. Preparation of the 0.25
mmol/l palmitic acid media was carried out as previously
described [7].

2.3. Cell survival assays

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide] assay was used to determine cell viability follow-
ing the manufacturer’s protocols. H9¢c2 cells were dispensed
in 24-well plates at a density of 5 x 10* cells/well. The cells
were treated with MTT (0.5 mg/ml) for 4 h at 37°C and then
dissolved in 250u1 DMSO. After 30 min at room temperature,
absorbance was measured at 540 nm using a microplate
reader (Molecular Devices, Palo Alto, CA).

2.4.  Annexin V-PI staining

For detection of phosphatidylserine externalization by flow
cytometry, Annexin V-FITC (AV, BD Biosciences, San Diego,
CA)/PI assay was used. Briefly, after treatment with reagents,
5x10° cells were harvested and washed with ice-cold PBS and
then incubated in 100 ml of buffer containing AV and PI for
15 min at room temperature. The cells were immediately
analyzed by flow cytometry on a FACScan (Becton Dickinson
Heidelberg, Germany). Cells were considered early apoptotic
when they were AV-positive but PI-negative and late apopto-
tic when they were both AV- and PI-positive.

2.5. Knockdown and inhibition p53

For inhibition and knockdown of p53 expression in response
to glucolipotoxicity, cultured cells was treated with PFTq, a
p53 inhibitor, or trasnfected H9c2 cells with siRNA molecules
against rat p53 (sc-45917, Santa Cruz Biotechnology, Santa
Cruz, CA) in the presence or absence of 0.25 mmol/l palmitate
and 30 mM high glucose. The sense and antisense sequences
of rat p53 were as follows: 5'-TATGTCTAAGGGACCTGCGGTT
GGCATTGATCTTG-3’ and 5'-GTGCCAAGATCAATGCCAACCG
CAGGTCCCGGAGACA-3'. The p53 0.01 mmol/l siRNA were
transiently transfected into differentiated H9c2 cells with
Lipofectamine 2000 according to the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA) for 18 h. For enzymatic inhi-
bition of p53 expression, p53 competitive inhibitor, PFTa was
dissolved in DMSO to the final concentration of 0.1 mmol/l.

2.6. Detection of ROS

Intracellular ROS generation was assessed by flow cytometry
following staining with 10 mmol/l 6-carboxy-2’,7’-dichlorodi-
hydrofluorescein diacetate (H,DCFDA) (Invitrogen, Oregon,
USA). Cells (2X10° cells/60 mm dish) were treated with 5uM
H,DCFDA. After 30-min incubation at 37°C, cells were examined
under a fluorescence microscope set at 488 nm for excitation
and 530 nm for emission, and sorted by flow cytometry.

2.7. Preparation of nuclear and cytoplasmic extracts

HOc2 cells were washed and incubated for 10 min with ice-cold
PBS, scraped into PBS with 1 mM phenymethylsulphonyfluoride
(PMSF), and pelleted by centrifugation (500 g) at 4°C for 10 min.
Cell pellets were resuspended in buffer A (20 mM HEPES, pH 7.9,
10 mM KCl, 0.1 mM ethylenediamine tetraacetic acid (EDTA), 1
mM ethyleneglycol tetraacetic acid (EGTA), 1 mM sodium
orthovanadate, 50 mM NaF, 1 mM PMSF, 20 mg/ml aprotinin,
20 mg/ml antipain, 20 mg/ml leupeptin and 10 mg/ml pepstatin
A) and incubated on ice for 10 min. Nonidet P-40 was added to a
final concentration of 0.2% and the cell suspension was passed
through a 26-gauge needle to break open the cells. After
centrifugation (12 000 g, in a microcentrifuge) at 4°C for 1 min,
supernatants were collected as cytoplasmic extracts, and the
pellets (crude nuclei) were resuspended in buffer B (20 mM
HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiothreitol (DTT), 1 mM sodium orthovanadate, 50 mM NaF
and the same protease inhibitors as in buffer A). After
incubating for 60 min on ice, insoluble materials were pelleted
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by centrifugation (15 000 g) at 4°C for 10 min and supernatants
were collected as nuclear extracts.

2.8. Western blot analysis

Whole lysated and nuclear proteins extracts were separated by
12 % SDS-PAGE, blotted onto polyvinylidene difluoride mem-
branes, and detected using the following primary antibodies: p53,
NQO1, Nrf2 (Santa-Cruz biotechnology, CA, USA), cleaved
caspase-3 (Cell signaling, MA, USA) and p-actin (Sigma-aldrich)
antibodies were used as primary antibodies, diluted 1:1000.
Horseradish peroxidase-conjugated goat anti-mouse IgG, anti-
rabbit IgG and anti-goat IgG (Santa-Cruz biotechnology) were
used as secondary antibodies (at dilution of 1:5000). Development
of the western blot was performed using an enhanced chemio-
luminisence western blotting analysis system (Amersham).

2.9. Chromatin immunoprecipitation assay

The H9c2 cells were fixed using 1% formaldehyde in medium
for 10 min at room temperature. The cells were treated with
0.125M glycine for 5 min to stop fixation and washed twice
with ice-cold PBS. The cells were scraped in PBS, collected by
centrifugation, and lysed in lysis buffer. After centrifugation,
nuclear pellet was resuspended in nuclear lysis buffer and
sonicated for four cycles (30-s pulse and 30-s rest on ice).
Sheared chromatins were immunocleared with protein A/G-
agarose slurry (Santa-Cruz biotechnology, CA, USA) for 1 h at
4 °C. The immunoprecipitates were washed sequentially with
low salt buffer; with high salt buffer; with LiCl buffer; and TE
buffer for 5 min each. Protein-DNA complexes were resus-
pended in TE buffer for reversal of cross-links by heating at
65 °C overnight. Then, DNA was purified using proteinase
K treatment at 50 °C for 3 h followed by phenol extraction and
ethanol precipitation. PCR was performed using 1:100-diluted
input DNA and 3pl of immunoprecipitated DNA from a 30pl
sample. The association of p53 with endogenous NQO1
promoter ARE region in H9c2 cells was measured by PCR on
immunoprecipitated chromatin using the following primers
spanning the NQO1 promoter containing AREs: F;5-GCAGTTT
CTAAGAGCAGAATC-3'R; 5'-TTAGTCCTTGGTCAGATGTGG-3'.
The PCR products were run on 2% agarose gels and visualized
by ethidium bromide staining.

2.10. Statistical analysis

Statistical analysis was performed using the PRISM (GraphPad
Software Inc, San Diego, CA). Results are expressed as a
mean + SD. The one-way analysis of variance (ANOVA) was
used for comparisons involving more than two groups.
Statistical significance was defined as the conventional p-
value of < 0.05.

3. Results

3.1. Effect of high glucose and palmitate-induced ROS
generation and toxicity in H9c2 cells

Viability of H9c2 cells decreased in the condition of 30 mM
high glucose (HG) and 250uM plamitate in MTT assay (Fig. 1A).

In particular, the viability was significantly lowest in cells
treated with both 30 mM glucose and palmitate (vs. 5 mM
normal glucose control (NG), 30 mM high glucose, ** P < .001,
111 P < .001, respectively). Compared to 5 mM normal glucose,
intracellular ROS generation of H9c2 cells increased in high
glucose without significance (3.2 + 0.5 fold), 250uM plamitate
(4.0 + 0.7 fold, *P < .01) and combination of high glucose and
palmiate-treated condition (6.5 + 0.4 fold, *™P < .001) with
significance (Fig. 1B). The percentage of early and late
apoptotic (AV- positive) cells in glucolipotoxic condition of
palmitate in combination with high glucose (45.3 + 22.1) was
significantly increased than in 5 mM (2.1 + 2.2, *P < .05) and
30 mM glucose (3.0 + 3.3, + P < .05). (Fig. 1C, D).

3.2. Glucolipotoxicity-induced expressions of p53, Nrf2,
NQO1 and cleaved caspase-3

For protein expression assessed by western blotting, whole
lysates were used for p53, NQO1 and cleaved caspase-3, and
nuclear extract for Nrf2. As shown in Fig. 2, when cells were
incubated in the presence of palmitate and high glucose, p53
level was increased about 4-5 folds (us. NG, HG, NG+palmitate,
** P <.001, 111 P < .001, £$f P < .001, respectively ) and cleaved
caspase-3 level about 2.6 — 4.5 fold (vs. NG, HG, NG+palmitate,
**P<.001, 11 P <.001, +1F P < .001, respectively). Compared to
other conditions, Nrf2 expression showed increased tendency
without significance, but NQO1 expression was decreased with
significance in the presence of high glucose and palmitate (us.
HG 1 P <.05). To investigate the time course of gene expression
and caspase-3 cleavage, we examined the protein expression
of Nrf2, NQO1, p53, and cleaved caspase-3 at 3, 6, and 18 h. As
shown in Fig. 3, glucolipotoxicity elicited Nrf2 expression,
followed by expression of p 53. And then NQO1 expression was
suppressed by activation of apoptotic p53 expression.

3.3. Effects of pifithrin-a (PFTe), a p53 inhibitor, on
glucolipotoxicity-induced intracellullar ROS generation and
toxicity in H9c2 cells

To explore the involvement of p53 in this apoptosis pathway,
we examined the p53 protein expression using PFT-a, a p53
inhibitor. Apoptosis and viability was analyzed by western
blot of cleaved caspase-3 and MTT assay, respectively. H9c2
cells exposed to combination of 30 mM glucose and 250pM
palmiate showed increased p53 and cleaved caspase-3
expression (Fig. 4A), and showed significantly decreased
cell viability (Fig. 4B) (vs. NG, HG, NG+palmitate, ™ P <
.001, t11 P < .001, £ P < .05, respectively) which was similar to
Figs. 2A and 1A. Pre-treatment with 100pM PFT-a abrogated
the expression of p53 and cleaved caspase-3 (Fig. 4A). PFT-«
did not affect cell viability in the presence of normal or high
glucose condition alone (NG vs NG+PFT-«, HG vs HG+PFT-q,
both p> 0.05). PFT-a significantly decreased non-viable
cells induced by high glucose and palmitate either alone or
combination, but did not completely restore (vs. * for NG,
1 for HG, F for NG+palmitate, § for HG+palmitate) (Fig. 4B, C).
Similar findings were shown when H9c2 cells were knock-
down by p53 siRNA (Supplementary Fig. 1). Interestingly,
PFT-a did markedly restore NQO1 expression which was
decreased by high glucose and palmiate (Fig. 4A), suggesting
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Fig. 1 - 30 mM high glucose and palmitate induced ROS generation and H9c2 cell toxicity. Cell viability assessed by MTT (A),
intracellular ROS by flow cytometry following staining with H,DCFDA (B), and cell apoptosis by FACS were measured (C, D). Bars
indicate means + SEM of three independent experiments. * P < .05, ** P < .01, ** P <.001 vs. NG (5 mM normal glucose)/ 1 P < .05,
11 P < .01, 111 P < .001 vs. HG (30 mM high glucose)/ # P < .05 vs. NG with 250pM plamitate.

a high sensitivity of endogenous expression of NQO1 to p53.
In this regard, these results suggest that p53 is a key
molecule in the glucolipotoxicity induced apoptosis through
an inhibition of NQO1. In addition, 30 mM glucose and
250uM palmiate-treated H9c2 cells showed significant in-
creased intracellular ROS generation (vs. NG, HG, NG
+palmitate, ** P < .001, 1 P < .001, +#t+ P < .001,
respectively) which were similar to those shown in Fig.1B.
Pretreatment with PFT-a (us. HG+palmitate, all §§§ P < .001)
significantly reduced intracellar ROS levels (Fig. 4D).

3.4. p53 interacts with ARE-containing promoter of the
NQO1 gene

We demonstrated the possible binding of p53 with the NQO1
gene. A portion of the precleared chromatin was stored and
labeled as input DNA (Fig. 4E number 1). The remaining
chromatin was immunoprecipitated with IgG (Fig. 4E number
2), and p53 antibody (Fig. 4E number 3). As shown in Fig. 4E, the

NQO1 promoter chromatin prepared from combination of
high glucose and palmiate-treated H9c2 cells was immuno-
precipitated with anti-p53 antibodies, thus indicating that this
region interacts with p53.

3.5. Effect of N-acetyl L-cysteines (NAC) on ROS
generation and p53 expression

To investigate the relationship between p53 expression and
ROS, we repeated previous experiments shown in Fig. 4 with
ROS scavenger N-acetyl-L-cysteins (NAC). Results of western
blot of p53 and cleaved caspase-3, MTT, and intracellular ROS
generation showed similar to Fig. 5. Pre-treatment with 1 mM
NAC abrogated the expression of p53 and cleaved caspase-3
(Fig. 5A). NAC significantly decreased non-viable cells induced
by high glucose and palmitate either alone or combination,
but did not completely restore (Fig. 5B). Pretreatment with
NAC (vs. HG+palmitate, all §§§ P < .001) significantly reduced
intracellar ROS levels (Fig. 5C).
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4, Discussion

Oxidative stress increase in uncontrolled diabetic conditions
and is likely involved in progression of cardiomyocytes and
pancreatic p-cell dysfunction found in diabetes [8-10]. If
metabolic glucolipotoxicity provokes intracellular environ-
ment toward oxidative stress, cells respond to activate the
transcription of various antioxidant genes as well as apoptotic
p53 activation, which induces cell cycle arrest [6]. In the
present study, our attention was focused on the glucolipo-
toxicity-induced apoptosis of the cardiomyocyte and its
apoptotic cell pathways. We hypothesized that glucolipotoxi-
city-induced apoptosis of H9c2 cells would be mediated
through pro-apoptotic cross-talk of increased intracellular
generation of ROS and expression of p53 as well as counter-
acting anti-apoptotic pathway through binding of p53 to its
ARE promoters. To address this hypothesis, we demonstrated
that high glucose in combination of palmitic acid consistently
caused cardiomyobalst apoptosis (Fig. 1-5) which is consistent
with the previous studies. Because concentrations of glucose
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Fig. 3 - Time course of p53, N1f2, NQO1, and cleaved caspase-3
expression. Levels of p53, Nrf2, NQO1 and caspase-3
expression were measured by western blotting at 3, 6,

and 18 h.

above 10 mM are similar to a diabetic condition in vitro, 30 mM
high glucose in our study is sufficient to develop diabetic
condition. In contrast to palmitate-induced apoptosis in
cardiomyobalst [1,11-15], there have been some disputes on
the cell apoptosis induced by glucotoxicity alone, especially in
cardiomyocyte [1,9,11]. Among those studies, glucotoxicity
and lipotoxicity were synergistic in inducing apoposis in one
study [11], but not in the other [1]. Taken together with our
observations that 30 mM high glucose in the presence of
250pM palmitic acid induced apoptotic cell death and
increased intracellular ROS levels in H9c2 cells (Fig. 1, 4, and
5), we suggest that glucolipotoxicity-induced cardiomyocyte
apoptosis, referring to the synergistic, was triggered by
intracellular ROS generation. One thing to note here is that
palmitate alone did not significantly increase the inctracel-
lular ROS levels (Fig. 4D and 5C). This result is consistent with
previous report with neonatal rat cardiomyocytes [15]. It
suggests that oxidative stress may not play an important role
in palmitate-induced cell toxicity. Another consideration is
possible off-target effects of PFTa. In Fig. 4 (A, B), although
palmitate in condition of normal glucose did not induce p53,
PFTa, a p53 inhibitor, significantly ameliorated cell viability of
palmitate-treated cells.

Second, in concordance with previous reports, we found
that glucolipotoxicities activated intracellular ROS, resulting
in, at least in part, increases of p53 and cleaved caspase-3
expression in H9c2 cells. The tumor suppresser protein p53is a
transcription factor that is well known to either growth arrest
or apoptosis [16,17]. It have been well demonstrated that
accumulation of high levels of ROS can induce p53 expression
by inducing of DNA damage in many studies [12,13]. DNA
damage-dependent activation of p53 also induces a significant
accumulation of ROS that is crucial for the p53-dependent
apoptosis [18]. Interestingly, in this study, p53 expression was
not affected by glucotoxicity or lipotoxicity alone but markedly
increased by synergistic glucolipotoxicity (Fig. 2-5). It suggests
that p53 expression might be responsive only to a high level of
ROS in cross-talk manner. In our study, treatment of NAC
concomitantly abrogated both p53 expression and intracellu-
lar ROS levels, and addition of PFT-a, an inhibitor of p53,
markedly lowered intracellular level of ROS (Fig. 4D). Based on
previous studies and our results, it is likely that a positive
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feedback loop might be run in the cycle, in which glucolipo-
toxicity-induced intracellular ROS generation stimulates p53
expression which, in return, induces an accumulation of ROS.
Based on the effects of NAC and PFT-a on ROS levels, p53 and
caspase-3 expression in this study (Fig. 4 and 5), p53-
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dependent or mediated glucotoxicity might plays an impor-
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Third, we additionally investigated the p53 mediated
glucolipotoxicity-induced apoptosis of rat cardiomyoblast cell
through inhibiting anti-apoptosis pathway of Nrf2-NQO1
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signaling. In previous reports [6,19], low levels of p53 expression
seem to activate the several antioxidant genes resulting in
consequent decrease of intracellular ROS. However, high levels
of p53 expression suppress the Nrf2-induced transcription of
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ARE-containing promoters. Nrf2 dissociation from Keap1 acti-
vated antioxidant genes such as NQO1, glutathione s-transfer-
ase, and r-glutamylcysteine synthase, which are transactivated
by binding to ARE regions of their promoters [6]. In this study, as
shown in Fig. 2-5, Nrf2-dependent activation of antioxidant
genes, such as NQO1 is down-modulated by p53 overexpres-
sion. This was also well demonstrated in the results of time
couse experiments (Fig. 3). As shown in Fig. 4E, p53 binds to ARE
regions of NQO1 promoter assessed by chromatin immunopre-
cipitation. In these regards, despite of increased expression of
Nrf2 under the condition of cell stress, p53 apparently represses
the Nrf2 transcriptional activity by displacing Nrf2 bound to the
NQO1 promoter which results in further p53-dependent
apoptosis. However, this glucolipotoxicity-induced p53-depen-
dent apoptotic pathway could not fully contribute to the
development of cardiomyocyte cell death because NAC and
PFT-a could partially hinder the induction of cardiomyoblast
apoptosis. In addition, there are many antioxidant enzymes
against increased ROS, which are regulated by Nrf2. In this
study, we only investigated the expression of NQO1. Other
antioxidant enzymes, such as heme oxygenase-1 and glutathi-
one S-transferase, might play a role in this apoptotic pathway.
Although these findings, we still have some limitations in our
study. We used H9c2 cells as cardiomyocytes. In this immor-
talized cell line, it is possible that the function of p53 might be
impaired or deranged. The primary cardiomyocytes will be
helpful to confirm this mechanism.

In summary, 30 mM high glucose in the presence of 250pM
palmitic acid induced apoptotic cell death. The p53-depen-
dent or mediated glucotoxicity might play an important role
in development of cardiomyocyte apoptosis through dual
pathways: stimulating pro-apoptosis signaling as well as
suppressing anti-apoptosis pathway of Nrf2-NQO1 signaling.

Supplementary materials related to this article can be
found online at doi:10.1016/j.metabol.2011.09.005.
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Fig. 5 - NAC abrogated the ROS production and increased
HO9c2 cell viability. Levels of p53, NQO1 and caspase-3
expression evaluated by western blotting (A), cell viability by
MTT (B), and intracellular reactive oxygen species (ROS) by
flow cytometry following staining with H,DCFDA (C) were
measured. *** P <.001 vs. NG (5 mM normal glucose)/ 11 P <
.01, +11 P < .001 vs. HG (30 mM high glucose)/ $++ P < .001 vs.
NG with 250pM plamitate/ §§§ P < .001 vs. HG with 250pM
plamitate.
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