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Abstract. Diabetic cardiomyopathy (DCM) is a world-
wide public health concern that continues to display rapid 
growth trends. This study investigated the function of 
sirtuin 3 (SIRT3), a primary mitochondrial deacetylase with 
important roles in antioxidant defense and oxidative metabo-
lism, during high glucose‑induced cardiomyocyte (AC16 cell) 
injury. Peroxisome proliferator‑activated receptor‑α (PPAR‑α) 
is directly related to the occurrence of DCM. Hence, we 
further examined the relationship between SIRT3 and 
PPAR‑α. AC16 cells were treated with various concentra-
tions of glucose. Relative mRNA expression and protein 
levels were detected by RT‑qPCR and western blot analysis, 
respectively. Cell proliferation and apoptosis were assessed 
using CCK8 and Annexin V‑FITC apoptosis detection kits, 
respectively. DCFH‑DA assay was used to measure reactive 
oxygen species (ROS) accumulation. The results indicated 
that high glucose treatment reduced the expression of mRNA 
and protein of SIRT3 and PPAR‑α in AC16 cells. Moreover, 
high glucose inhibited cell proliferation, as well as induced 
apoptosis, intracellular hydrogen peroxide production, and 
JNK1/2 phosphorylation. These effects were antagonized by 
SIRT3 overexpression or treatment with the PPAR‑α agonist, 
Wy14643. Conversely, inhibition of SIRT3 via 3‑TYP led to 
similar phenomena as those induced by high glucose treat-
ment in AC16 cells, which were blocked by Wy14643. Lastly, 
chromatin immunoprecipitation (ChIP) and luciferase assays 
demonstrated SIRT3 as a direct target of PPAR‑α. Taken 
together, the results provide evidence for an important role 

of SIRT3 in high glucose‑induced cardiomyocyte injury and 
regulation of JNK1/2 signaling. Further, SIRT3 is a direct 
downstream target of PPAR‑α.

Introduction

Diabetes mellitus is a life‑threatening and complex metabolic 
disorder affecting multiple systems in the body. The morbidity 
rate of diabetes in China is 9.7% and continues to grow (1). 
Diabetes is considered a major risk factor for coronary heart 
disease, with the mortality rate of cardiovascular disease in 
diabetic patients estimated at 65% (2). Diabetic cardiomyop-
athy (DCM) is a type of diabetic heart disease first discovered 
in 1972 (3) and appears as myocardial dysfunction in diabetic 
patients without valvular heart disease, hypertension, or 
coronary artery disease (CAD) (3,4). Epidemiologic studies 
indicated that DCM was closely associated with progres-
sive increase of relative wall thickness, left atrium and left 
ventricular mass and impaired glucose tolerance (4). Research 
on the etiopathogenesis of DCM revealed that hyperglycemia 
played a decisive role in the development of DCM (5).

Diabetes mellitus is characterized by several important 
changes in micro-vascular architecture, including subendo-
thelial matrix deposition, abnormal capillary permeability, 
fibrosis surrounding arterioles and micro-aneurysm forma-
tion (6). Hyperglycemia can activate protein kinase C and 
stimulate vascular endothelial cells to enhance the production 
of vasoconstrictor prostanoids, which can promote endo-
thelial dysfunction, as well as ventricular and myocardial 
hypertrophy (7,8). On the other hand, hyperglycemia also can 
aggravate intracellular oxidative stress, which then induces 
myocardial injury  (9). Moreover, oxidative stress is exac-
erbated by reactive oxygen species (ROS) production in the 
mitochondria of diabetic cardiac tissues (10). Aberrant ROS 
production also increases pro‑inflammatory response and 
myocardial apoptosis (11).

Peroxisome proliferator‑activated receptors (PPARs) are 
important nuclear hormone receptors (12) consisting of 3 types 
(PPAR‑α, PPAR‑γ and PPAR‑δ), each of which is encoded by 
separate genes and distinguished by specific ligands, func-
tions, and distributions (12). A previous study described that 
transgenic mice with PPAR‑α overexpression develop cardio-
myopathy similar to the diabetes mellitus condition (13).
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Acetylation is a critical mechanism for regulating the 
activity of widespread enzymes associated with mitochondrial 
metabolism, such as the fatty acid oxidation, citric acid cycle, 
antioxidant defense and the electron transport system (14‑16). 
Sirtuin 3 (SIRT3) is the primary deacetylase in the mitochon-
dria (17). Intriguingly, SIRT3 activity and expression were 
found to be decreased in an obesity animal model, possibly 
leading to obesity‑related reduction of antioxidant defense and 
oxidative metabolism (18). However, very little is known about 
the function and mechanism of SIRT3 in DCM. In this study, 
the AC16 cell line was used as a cardiomyocyte model coupled 
with SIRT3 overexpression or inhibition (by 3‑TYP), as well 
as treatment with PPAR‑α agonist (Wy14643) or antago-
nist (GW6471) under high glucose/euglycemia conditions. The 
interaction between SIRT3 and PPAR‑α was investigated.

Materials and methods

Chemicals and reagents. Glucose was from Sigma‑Aldrich 
(Shanghai, China). Annexin V‑FITC apoptosis detection kit, 
CCK8 assay kit and cellular reactive oxygen species detec-
tion kit were obtained from Beyotime Biotechnology. 3‑TYP 
and Wy14643 were from Selleck Chemicals, and GW6471 from 
R&D Systems China. TRIzol reagent and reverse transcription 
kits were obtained from Thermo Fisher Scientific, Inc. PPAR‑α 
antibody was from Abcam. SIRT3, cleaved caspase‑3, Bax, 
Bcl2, JNK1/2, phosphorylated JNK1/2 (p‑JNK1/2) and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) antibodies 
were from Cell Signaling Technology.

The study was approved by the Ethics Committee of 
Central Hospital of Minhang District (Shanghai, China).

AC16 cells. AC16 human cardiomyocyte cell line was 
obtained from the Chinese Academy of Sciences Cell Bank 
(http://www.cellbank.org.cn/, Shanghai, China). Cells were 
incubated with DMEM media (HyClone) supplemented with 
100 U/ml penicillin and 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C (5% CO2). AC16 cells at 
logarithmic phase were used for follow‑up experiments.

Experimental groups
Effects of glucose treatment on SIRT3 and PPAR‑α expres‑
sion in AC16 cells. AC16 cells were treated with different 
concentrations of glucose (5.5, 10, 30 and 50 mM, added into 
glucose‑free DMEM media) for 48 h. Relative mRNA expres-
sion and protein levels of SIRT3 and PPAR‑α were detected at 
24 and 48 h after treatment.

Effects of SIRT3 overexpression and PPAR‑α activa‑
tion/inhibition on AC16 cells under high glucose condition. 
AC16 cells were divided into 5  groups: Control group 
(5.5  mM glucose); G  30  mM + EPC group (30  mM 
glucose + empty plasmid control); G 30 mM + SIRT3 OE 
group (30 mM glucose + SIRT3 overexpression); G 30 mM 
+ SIRT3 OE + GW6471 group (30 mM glucose + SIRT3 
overexpression  +  PPAR‑α antagonist, GW6471); and 
G  30  mM  +  Wy14643 group (30  mM glucose  +  PPAR‑α 
agonist, Wy14643). First, glucose (5.5 or 30 mM) was added 
into glucose‑free DMEM media in respective groups for 24 h. 
Then, SIRT3 OE or EPC lentivirus (JRDun Biotech) (Table I), 
Wy14643 (100 µM, dissolved in DMSO) and GW6471 (10 µM, 

dissolved in DMSO) were added into AC16 cells, respectively 
for 72 h. Proliferation of AC16 cells was examined at 0, 24, 
48 and 72 h after lentivirus treatment. Cell apoptosis and 
reactive oxygen species levels were measured at the end of the 
experiment, along with SIRT3 mRNA expression and SIRT3, 
cleaved caspase‑3, Bax, Bcl2, JNK1/2 and p‑JNK1/2 protein 
levels.

Effects of SIRT3 inhibitor (3‑TYP) and PPAR‑α agonist 
(Wy14643) on AC16 cells under euglycemia condition. AC16 
cells were divided into 3 groups, and received the following 
treatments: 5.5  mM glucose (control group); 5.5  mM 
glucose  +  30  mM 3‑TYP (G (5.5  mM) + 3‑TYP group); 
and 5.5 mM glucose + 30 mM 3‑TYP + 100 µM Wy14643 
[G (5.5 mM) + 3‑TYP + Wy14643 group]. AC16 cells in each 
group were treated with glucose (added into glucose‑free 
DMEM media) for 24 h. Subsequently, the indicated chemicals 
were added and cells were cultured for 72 h. Proliferation of 
AC16 cells was assessed at 0, 24, 48 and 72 h after treatment. 
Cell apoptosis, reactive oxygen species levels, and JNK1/2 
and p‑JNK1/2 protein levels were examined at the end of the 
experiment.

Interaction between PPAR‑α protein and SIRT3 promoter. 
Cells were treated with Wy14643 (100 µM), GW6471 (10 µM) 
or DMSO for 48 h. Chromatin immunoprecipitation (ChIP) 
and Dual‑Lucy Assay kit (Promega, Beijing, China) were 
employed to test the interaction between PPAR‑α and SIRT3.

Experimental methods
Cell proliferation and apoptosis assay. Cultured AC16 cells 
were harvested at relative time-points. Proliferation of AC16 
cells was examined using CCK8 assay kit following the manu-
facturer's instructions. Cell absorbance was measured at 450 nm 
using a microplate reader (Thermo Fisher Scientific, Inc.).

Cultured AC16 cells were harvested and incubated with 
FITC‑labelled Annexin V and PI at 25˚C for 20 min following 
the manufacturer's instructions. Subsequently, the intensity 
of Annexin V or PI fluorescence was analyzed by FACScan 
(Becton‑Dickinson). For each sample, 10,000 cells were tested.

Dichlorodihydrofluorescein diacetate (DCFH‑DA) flow 
cytometry. ROS production was assessed using DCFH‑DA 
assay according to a previous study  (19). Briefly, AC16 
cells (106/ml) were cultured with 5  µM of 2'‑7'‑dichloro‑
dihydrofluorescein diacetate (DCFH‑DA) for 20  min at 
37˚C (forward‑reverse mixing once per 3 min). DCFH‑DA 
(non‑fluorescent) entered cells and hydrolyzed into cell‑imper-
meable and non‑fluorescent DCFH. DCFH was oxidized into 
highly fluorescent dichloroflurescein (DCF) by intracellular 
ROS. The green fluorescence intensity was proportional to 
ROS level. DCF fluorescence was assayed at 525 nm after 
excitation of cells at 480 nm using flow cytometry analysis 
(Becton‑Dickinson). Results were expressed as the ratio of 
fluorescence intensity of AC16 cells in the other groups to that 
in control group.

ChIP and luciferase assay. ChIP is a powerful tool to 
investigate interactions between intracellular DNA and specific 
proteins, and detect their genomic localization (20). In the 
present study, interaction between PPAR‑α protein and SIRT3 
promoter was tested by ChIP assay according to a previous 
study (21). Briefly, cell samples were subjected to standard 
cross‑linking, chromatin shearing, immunoprecipitation, 
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reverse cross‑linking, DNA precipitation and PCR analysis. 
The PCR products were determined using semi‑quantitative 
RT‑PCR (primers are shown in Table I).

Cells were co‑transfected with a dual‑luciferase reporter 
plasmid containing SIRT3 promoter‑reporter plasmid 
(JRDun Biotech), in combination with Wy14643 or GW6471 
treatment for 48 h in 24‑well plates. Luciferase activity was 
measured using the Dual‑Lucy Assay Kit (Promega) following 
the manufacturer's protocol (primers are shown in Table I).

RT‑qPCR. Relative mRNA expression was determined by 
RT‑qPCR. Total mRNA was isolated using TRIzol, and 2 µg 
of total RNA from each sample was reverse transcribed into 
cDNA using First Strand cDNA Synthesis kit (Thermo Fisher 
Scientific, Inc.) on RT‑qPCR machine (ABI‑7300; Applied 
Biosystems).

Primers used for the RT‑qPCR are shown in Table  II. 
Relative mRNA expression was evaluated by 2‑ΔΔCt relative 
quantitative analysis against GAPDH.

Western blot analysis. Total protein from each sample 
was extracted, and protein concentration was measured 
using BCA protein assay kit. Protein (30 µg) was separated 
by 10% SDS‑PAGE and transferred onto PVDF membranes, 
which were then blocked in 5% skimmed milk at 25˚C for 
1 h, followed by incubation with primary antibodies over-
night at 4˚C. After washing, membranes were incubated with 
secondary antibodies for 1 h. Finally, protein bands were visu-
alized using ECL‑detection kit (Beyotime Biotechnology). The 
following primary antibodies were used: PPAR‑α (1:1,000), 
SIRT3 (1:1,000), cleaved caspase‑3 (1:1,000), Bax (1:1,000), 
Bcl2 (1:1,000), JNK1/2 (1:1,000), p‑JNK1/2 (1:1,000) and 
GAPDH (1:1,000; CST). GAPDH served as a loading control.

Statistical analysis. Data were expressed as mean ± SD (n=3). 
Difference was evaluated using ANOVA. Ducan multiple range 
test was determined using SPSS 20.0 software (IBM Corp). 
P<0.05 was considered as statistically significant.

Results

Glucose treatment downregulates expression of SIRT3 and 
PPAR‑α in AC16 cells. In the current study, both mRNA 

expression and protein levels of SIRT3 and PPAR‑α in AC16 
cells showed no change with time under euglycemia condition 
(5.5 mM of glucose). However, with increasing dose (≥30 mM), 
SIRT3 and PPAR‑α mRNA expression (Fig. 1A and B) and 
protein levels (Fig. 1C-E) were reduced, and further dimin-
ished over time (Fig. 1).

Effects of SIRT3 OE and PPAR‑α activation/inhibition on 
AC16 cells under high glucose (30 mM) condition. The regula-
tory function of SIRT and whether it was regulated by PPAR‑α 
under high glucose (30 mM) condition were investigated. The 
present results indicated that the proliferation of AC16 cells 
was inhibited by high glucose (30 mM) treatment at 48 h 
(34.67±3.21%) and 72 h (47.13±5.42%), but was antagonized 
by SIRT3 OE, SIRT3 OE + GW6471 and Wy14643 treat-
ment  (Fig. 2A). Moreover, intracellular hydrogen peroxide 
production and apoptosis were induced by glucose (30 mM) 
treatment for 72  h, but reduced by SIRT3 OE, SIRT3 
OE + GW6471 and Wy14643 treatment (Fig. 2B-D). In addition, 
SIRT3 mRNA expression and protein level were diminished 
by high glucose (30 mM) but increased by SIRT3 OE, SIRT3 
OE + GW6471 and Wy14643 treatment (Fig. 3A-C). Moreover, 
the protein levels of cleaved caspase‑3, Bax and p‑JNK1/2 
displayed trends consistent with apoptosis, whereas Bcl2 
protein level showed a trend opposite to Bax. These results 
suggested that SIRT3 might be positively regulated by PPAR‑α 
in AC16 cells (Fig. 3B and C).

Effects of 3‑TYP and Wy14643 treatments on AC16 cells under 
euglycemia condition. Based on the above findings, it was 
hypothesized that the downregulation of SIRT3 might play 
an important role during the process of high glucose‑induced 
myocardial injury. Therefore, the effects of 3‑TYP and 
Wy14643 treatments on AC16 cells under euglycemia condi-
tion were analyzed. In the present study, the inhibition of 
SIRT3 (by treatment with 3‑TYP) in AC16 cells led to similar 
results under euglycemia condition as high glucose treatment, 
including inhibition of cell proliferation (Fig. 4A), stimulation 
of intracellular hydrogen peroxide production and induction 
of apoptosis (Fig. 4B-D), and increased phosphorylation of 
JNK1/2. Furthermore, these phenomena could be relieved by 
activation of PPAR‑α (Fig. 5A and B).

Table I. SIRT3 (NM_001017524)/SIRT3 promoter sequence 
and primers.

Gene
name	 Primer sequence (5'-3')

SIRT3	 F:	CGGAATTCATGGCGTTCTGGGGTTG
CDS	 R:	CGGGATCCCTATTTGTCTGGTCCATCAAGC
Semi-	 F:	CCCCTCCGTCTCCCTCTATC
qRT-PCR	 R:	CAACCCCAGAACGCCATG
(ChIP)
SIRT3	 F:	CCCTCGAGACGGCGGAAGTGGTTG
promoter	 R:	CCAAGCTTTCCCTGCCGCCAAG

F, forward; R, reverse; SIRT3, sirtuin  3; ChIP, chromatin immunopre-
cipitation.

Table II. Primers used in real-time fluorogenic PCR assays.

Gene
name	 Primer sequence (5'-3')

SIRT3	 F:	 CCTTGGCTTGGCATCCTC
SIRT3	 R:	 GCACAAGGTCCCGCATCTC
PPAR-α	 F:	 TCACGGACACGCTTTCACC
PPAR-α	 R:	 CCCCGCAGATTCTACATTCG
GAPDH	 F:	 AATCCCATCACCATCTTC
GAPDH	 R:	 AGGCTGTTGTCATACTTC

F, forward; R, reverse; SIRT3, sirtuin  3; PPAR-α, peroxisome pro-
liferator‑activated receptor‑α; GAPDH,  glyceraldehyde 3-phosphate 
dehydrogenase.
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SIRT3 is a direct, positively regulated target of PPAR‑α. The 
intracellular interaction between SIRT3 promoter and PPAR‑α 
was tested using ChIP and luciferase assay. The present 
results suggested that intracellular PCR production of SIRT3 
promoter was increased by PPAR‑α agonist and decreased 
by PPAR‑α antagonist  (Fig. 6A and B). Furthermore, the 
ratio of Firefly and Renilla luciferase signals showed similar 
trends (Fig. 6C).

Discussion

DCM has become a worldwide public health concern, yet the 
mechanisms and occurrence of DCM remain unknown (2,5). 
Herein, it was found that abnormally low expression of SIRT3 
may play an important role in DCM. SIRT3 expression 
was weakened under high glucose condition in AC16 cells. 
Whereas, high glucose inhibited proliferation of AC16 cells 
and enhanced apoptosis and intracellular hydrogen peroxide 
production. These phenomena could be improved by SIRT3 
overexpression. SIRT3 inhibition led to similar phenomena in 

AC16 cells under euglycemia condition as under high glucose 
treatment.

The production of ROS is considered to be a contributing 
factor in the occurrence and progression of diabetic cardio-
myopathy (22). The strategy of enhancing mitochondrial ROS 
scavenge system has been clinically proven to be effective in 
reducing cardiac dysfunction caused by diabetes (22). SIRT3 
plays a key role in improving mitochondrial dysfunction and 
oxidative stress via the MAPK pathway (23,24). SIRT3 is able 
to maintain ROS homeostasis by regulating diverse mitochon-
drial enzymes, including superoxide dismutase 2  (SOD2), 
which can transform harmful superoxide free radicals into 
non‑toxic hydrogen peroxide or oxygen (25). In the present 
study, ROS production was negatively correlated with SIRT3 
expression, which may be related to the downregulation of 
JNK1/2 phosphorylation.

PPAR‑α is a member of PPAR nuclear transcription factor 
family that is enriched in myocardium (26). PPAR‑α maintains 
antioxidant defense and oxidant equilibrium, and exhibits 
anti‑inflammatory action (26). PPAR‑α also plays a crucial role 

Figure 1. (A and B) Expression of mRNA and (C-E) protein levels of SIRT3 and PPAR‑α were decreased by high glucose treatment (n=3).*P<0.05 and **P<0.01 
compared with euglycemia condition (5.5 mM of glucose treatment) (n=3). #P<0.05 and ##P<0.01 compared with control group at different time points. 
PPAR‑α, peroxisome proliferator‑activated receptor‑α; SIRT3, sirtuin 3.
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Figure 3. Effects of different treatments on SIRT3 mRNA and protein expression. (A) Effects of different treatments on SIRT3 mRNA expression. 
(B and C) Effects of different treatments on protein expression as assessed by western blotting. a, glucose (5.5 mM) group treatment group (control group); 
b, glucose (30 mM) + EPC group; c, glucose (30 mM) + SIRT3 OE group; d, glucose (30 mM) + SIRT3 OE + GW6741 group; e, glucose (30 mM) + Wy14643 
group. **P<0.01 compared with glucose (30 mM) + EPC group; SIRT3, sirtuin 3.

Figure 2. Effects of SIRT3 overexpression and PPAR‑α activation/inhibition in AC16 cells under high glucose (30 mM) condition (n=3). (A) Effects of different 
treatments on the proliferation of AC16 cells. (B) Effects of different treatments on intracellular hydrogen peroxide production. Results are expressed as the 
ratio of fluorescence intensity of other groups to that of glucose (5.5 mM) group. (C) Effects of different treatments on cell apoptosis. (D) Flow cytometry image 
of apoptotic cells. **P<0.01 compared with glucose (30 mM) + EPC group. a, control group; b, G (30 mM) + EPC; c, G (30 mM) + SIRT3 OE; d, G (30 mM) + 
SIRT3 OE + GW6471; e, G (30 mM) + Wy14643. PPAR‑α, peroxisome proliferator‑activated receptor‑α; SIRT3, sirtuin 3.
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Figure 6. SIRT3 is a direct, positively regulated target of PPAR‑α. (A) Electrophoretic bands of PCR‑amplified products in ChIP assay. (B) Statistical analysis 
of ChIP assay. (C) Results of double fluorescent reporter gene system. **P<0.01 compared with vehicle group (n=3). PPAR‑α, peroxisome proliferator‑activated 
receptor‑α; SIRT3, sirtuin 3; ChIP, chromatin immunoprecipitation.

Figure 4. Effects of 3‑TYP and Wy14643 treatments on AC16 cells under euglycemia condition (n=3). (A) Effects of 3‑TYP and Wy14643 on proliferation 
of AC16 cells under euglycemia condition. (B) Effects of 3‑TYP and Wy14643 on intracellular hydrogen peroxide production under euglycemia condition. 
(C) Effects of 3‑TYP and Wy14643 on cell apoptosis under euglycemia condition. (D) Flow cytometry image of apoptotic cells. **P<0.01 compared with 
glucose (5.5 mM) + 3‑TYP treatment group.

Figure 5. Effects of 3‑TYP and Wy14643 on protein levels of JNK1/2 and p‑JNK1/2 under euglycemia condition. (A) Protein bands of western blotting and 
(B) quantification. **P<0.01 compared with glucose (5.5 mM) + 3‑TYP treatment group.
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in the regulation of lipoprotein transport and assembly, as well 
as mitochondrial fatty acid oxidation (27). Decrease in PPAR‑α 
expression has been suggested to be a self‑adaptation process 
that transforms the metabolic substrate of cardiac energy from 
fatty acid to glucose (28). It was found in this study that PPAR‑α 
expression was downregulated in AC16 cells under high glucose 
condition. Furthermore, PPAR‑α agonists improved myocardial 
cell injury induced by high glucose. Results from ChIP and 
luciferase assay attested that SIRT3 was a direct, positively 
regulated target of PPAR‑α.

In conclusion, the present results indicated that diminished 
expression of SIRT3 played an important role during high 
glucose‑induced injury in AC16 cells. The function of SIRT3 
and its interaction with PPAR‑α were further evaluated in 
AC16 cells, and the results demonstrated that SIRT3 was a 
downstream target of PPAR‑α.
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