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Clinical application of triptolide (TP), a main active ingredient of the traditional Chinese herb Tripterygium wilfordii 
Hook f. (TWHF), is limited by a series of severe toxicities, including cardiotoxicity. In previous studies, we found 
the activation of sirtuin 3 (SIRT3) attenuated TP-induced toxicity in cardiomyocytes. Resveratrol (RSV), a poly-
phenol from the skins of grapes and red wine, is an activator of SIRT3. The current study aimed to investigate the 
protective effect of RSV against TP-induced cardiotoxicity and the underlying mechanisms. Mice were treated 
with a single dose of TP (2.5 mg/kg) via the intragastric (i.g.) route. After 24 h, TP induced abnormal changes of 
serum biochemistry, activity decrease of antioxidant enzymes and damage of heart tissue such as myocardial 
fiber rupture, cell swelling and interstitial congestion. In contrast, administration with RSV (50 mg/kg i.g. 12 h 
before and 2 h after the administration of TP) attenuated the detrimental effects induced by TP in BALB/c mice. 
Moreover, the cardiomyocyte protective effects of RSV on TP-induced heart injury were associated with the 
activation of SIRT3 and its downstream targets. In vitro study also indicated that RSV counteracted TP-induced 
cardiotoxicity through SIRT3-FOXO3 signaling pathway in H9c2 cells. Collectively, these findings suggest the 
potential of RSV as a promising agent in protecting heart from TP-induced damage.

1. Introduction
Tripterygium wilfordii Hook f. (TWHF) has a long history of 
diverse uses in Traditional Chinese Medicines for its multiple 
bioactivities (Graziose et al. 2010). Triptolide (TP), the main 
ingredient of Tripterygium wilfordii is the major active compo-
nent extracted from TWHF (Jin et al. 2015). However, 633 
adverse reaction cases caused by Tripterygium wilfordii had 
been announced via CFDA (2004–2011.9), including 53 severe 
cases (Li et al. 2014b). It aroused concern to TP-induced severe 
toxicities that limited its clinical application (Kupchan et al. 1972). 
Among the adverse events, cardiotoxicity is non-negligible, even 
fatal (Guan et al. 2010; Fu 2004; Li et al. 2012). Studies revealed 
that TP-induced cardiac injury involved a mitochondria-dependent 
apoptosis pathway mediated by ROS. After TP treatment, the 
activities of antioxidant enzymes were reduced in dose-dependent 
and time-dependent manners. Accompanying with ROS augment, 
mitochondrial membrane potential (ΔΨm) was depolarized while 
cytochrome c (Cyt C) was released into the cytosol (Zhou et al. 
2014a). These results implied that mitochondrial permeability 
transition pore (mPTP) was involved in TP-induced heart injury. 
Furthermore, it was reported that TP decreased the oxidation of 
NADH into NAD+, as the result of inhibition of complexes I and IV 
activities and blockage of electron flow in mitochondrial respira-
tory chain (Fu et al. 2011).
Sirtuin 3 (SIRT3), a NAD+-dependent protein deacetylase with 
homology to the Saccharomyces cerevisiae gene silent information 
regulator 2 (Sir2), is the only member with direct link to extended 
lifespan of humans in sirtuins’ family that includes 7 analogues 
(SIRT1~7) (Haigis and Guarente 2006). The heart protection of 
SIRT3 has been confirmed, attributing to its suppressive effects on 
cardiac hypertrophy and oxidative stress-mediated cardiomyocyte 
death (Pillai et al. 2010). SIRT3 deficiency promoted the phos-
phorylation of forkhead box class O transcription factor FOXO3 
(Tseng et al. 2014), which resulted in the transcriptional down-

regulation of manganese superoxide dismutase (Mn-SOD) and 
catalase (CAT) and caused ROS accumulation. Several proteins of 
mitochondrial energy metabolic enzymes such as complex I ~ V 
(Ahn et al. 2008; Koentges et al. 2015) were found obviously 
hyperacetylated in SIRT3-deficient mice. The heart contractility 
requires more energy than other organs. Factually, more than 90% 
energy in cardiomyocytes comes from mitochondrial respiration 
(Pillai et al. 2010). SIRT3 assists mitochondria to resist ROS 
impairment, balance energy homeostasis and maintain appropriate 
ATP level. Moreover, SIRT3 was investigated to deacetylate 
cyclophilin D (Cyp D) at lysine 166, followed by mPTP closing 
up (Hafner et al. 2010), and deacetylate Ku70, which prevented 
the departure of Bax from Ku70-Bax complex to mitochondria 
(Sundaresan et al. 2008). The effects above of SIRT3 prevent cells 
from Cyt C release, caspase-3 activation and subsequent apoptosis. 
Therefore, SIRT3 is crucial for maintaining heart normal function 
and repairing cardiomyocyte damage. In previous studies, SIRT3 

Fig. 1: Chemical structure of resveratrol
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Fig. 2:  Effects of RSV on TP-induced cardiotoxicity in BALB/c mice. All groups of BALB/c mice were treated via the i.g. route with distilled water, TP, TP plus RSV or RSV as 
the schedule. 24 h after TP administration, the mice were sacrificed. The effects of TP (2.5 mg/kg) and RSV (25,50 mg/kg) on the levels of LDH, AST, CK in serum were 
measured (A). The histological changes in mice heart tissues were observed by H&E staining (200 × magnification). As there were various lesions, letters were used to 
indicate the local lesion. a: myocardial fiber breakage; b: myocardial cell swelling; c: interstitial congestion; d: lymphocytic infiltration (B). Data are presented as the mean 
± SD. *p < 0.05 vs. con., **p < 0.01 vs. con., ***p < 0.001 vs. con., #p < 0.05 vs. TP group, ns means no significance, n = 5.

in H9c2 cells was upregulated as a stress-responsive factor both in 
nucleus and mitochondria after TP treatment. The SIRT3-FOXO3 
signaling pathway was activated to eliminate ROS. The evidence 
of SIRT3 cardioprotection in vitro was supported by transient 
transfection with SIRT3 expression plasmid and SIRT3-siRNA.

Resveratrol (RSV, 3,5,4′-trihydroxystilbene), initially as a phyto-
alexin, is a member of the stilbene family from grapevines, pines 
and legumes (Fig. 1) (Burns et al. 2002). It was postulated to be the 
key constituent in red wine to exert cardioprotection in 1992. The 
positive roles of RSV in cardiovascular diseases have been reported 
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Fig. 3:  Effects of RSV on SIRT3 pathway involved in TP-induced cardiotoxicity in BALB/c mice. All groups of BALB/c mice were respectively treated via i.g. route with distilled  
water, TP (2.5mg/kg), TP plus RSV (50 mg/kg) as the schedule. 24 h after TP administration. The protein levels of SIRT3, FOXO3, pFOXO3 and cleaved caspase-3 were 
assessed by Western blot (A). The activity of Mn-SOD and CAT were determined (B). Data are presented as the mean ± SD. *p < 0.05 vs. con., **p < 0.01 vs. con., ***p 
< 0.001 vs. con., #p < 0.05 vs. TP group, n = 5.

such as inhibiting platelet aggregation, promoting vasorelaxation, 
relieving atherosclerosis, reducing lipid peroxidation, regulating 
serum triglyceride and cholesterol concentrations (Baur and Sinclair 
2006). RSV is absorbed well in human with nearly 70% absorptivity 
after oral consumption and it also undergoes rapid gastrointestinal 
absorption in mice. RSV was recently demonstrated as an activator 
of SIRT3 (Desquiret-Dumas et al. 2013; Zhou et al. 2014b) to 
alleviate cardiac fibrosis, prevent cardiac hypertrophy and improve 
cardiac function (Chen et al. 2015).
As a SIRT3 activator, the effect of RSV in TP-induced heart 
damage has not been evaluated before. Our present study targeted 
to depict the counteraction of RSV to TP-induced cardiotoxicity 
with BALB/c mice or H9c2 cells as a in vivo or a in vitro model, 
respectively. The protein levels of SIRT3, FOXO3, phosphorylated 
FOXO3 (pFOXO3) and activities of downstream antioxidant 
enzymes, Mn-SOD and CAT, were measured to explore the mecha-
nisms of RSV protection. These findings suggested the potential of 
RSV as a promising agent for protecting heart against TP-induced 
damage and provided a possible strategy in clinical practice of TP.

2. Investigations and results

2.1.  RSV reduced TP-induced cardiotoxicity in BALB/c 
mice

The effect of RSV on TP-induced cardiotoxicity was first evalu-
ated in vivo. As shown in Fig. 2A, the activities of lactate dehy-
drogenase (LDH), aspartate aminotransferase (AST) and creatine 
kinase (CK) in TP-treated group increased 14.0-, 4.2- and 1.7-fold, 
respectively. In contrast, these indicators of cardiac injury were 
repressed by RSV (25 or 50 mg/kg) administration. Remarkably, 
the values of LDH were not significantly different between the 
group with 25 mg/kg RSV and the one with 50 mg/kg RSV, but 
the protection of RSV in 50 mg/kg dose was better than 25 mg/kg 
in active state and serum AST level. Therefore, the mice with RSV 
(50 mg/kg) treatment were used for the next experiments.
Histopathological analysis of the hearts (Fig. 2B) showed that no 
obvious abnormalities were observed in control group and RSV 
group. Myocardial fiber breakage, cell swelling and interstitial 
congestion were found in most of the mice exposed to TP alone. 
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However, these TP-induced heart injuries were repressed signifi-
cantly by RSV treatment. These results indicated that RSV was 
able to protect against TP-induced cardiotoxicity in BALB/c mice.

2.2.  RSV activated the SIRT3-FOXO3 signaling pathway 
to protect cardiomyocytes in BALB/c mice

To investigate the potential mechanism of RSV cardioprotection in 
BALB/c mice after TP treatment, we determined the protein levels 
of SIRT3, FOXO3, pFOXO3, cleaved caspase-3 by Western blot 
and the activity of Mn-SOD, CAT by commercial kits. It showed 

that the accumulation of FOXO3 was slightly lower in the hearts of 
TP-treated mice than that of the control mice (Fig. 3A), while the 
values of pFOXO3 and cleaved caspase-3 in the group treated with 
TP was dramatically higher than those in control group. However, 
we suggested that SIRT3 was not suppressed by TP. RSV activated 
the SIRT3-FOXO3 signaling pathway, which was characterized 
by upregulation of SIRT3, FOXO3 protein levels and downregula-
tion of pFOXO3 protein level compared with control group. This 
function restored the protein expressions that were interfered by 
TP to the basal line as a result. Interestingly, RSV increased the 
SIRT3 expression after TP treatment to a higher level than control 
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group. Furthermore, upregulation of Mn-SOD and CAT enzymatic 
activity (Fig. 3B), two target genes of FOXO3, confirmed that the 
SIRT3-FOXO3 signaling pathway was activated by RSV as well. 
The results suggested that RSV increased activities of antioxidant 
enzymes to protect cardiomyocytes against ROS damage through 
SIRT3-FOXO3 signaling pathway in BALB/c mice.

2.3.  RSV reduced TP-induced cardiotoxicity in H9c2 
cells

The protective effects of RSV on cardiomyocytes in vitro were 
next determined. H9c2 cells were pretreated with RSV at various 
concentrations (20, 40, 80, 160 μM) for 6 h prior to TP treatment, 
and the toxicity of RSV was evaluated meanwhile with RSV treat-
ment alone at corresponding concentrations. As shown in Fig. 4A, 
RSV at 160 μM reduced H9c2 cell viability notably, while the 
protection was no better than the one at 80 μM when co-treated 
with TP. We chose RSV (80 μM) as the protective agent against 
TP-induced cardiotoxicity in H9c2 cells with this reason. The 
amelioration of RSV to TP-induced cell apoptosis, ROS increase 
and ΔΨm depolarization was measured using annexin V-FITC/PI 
double-staining assay, DHE fluorescent probe and JC-1 staining, 
respectively. As we expected, RSV (80 μM) inhibited cell apop-
tosis (Fig. 4B), removed ROS aggregation (Fig. 4C) and reduced 
the loss of mitochondrial membrane potential (Fig. 4D) after cells 
were exposed to TP. These results indicated that RSV was able to 
protect against TP-induced cardiotoxicity in H9c2 cells.

2.4.  RSV activated SIRT3-FOXO3 signaling pathway to 
protect cardiomyocytes in H9c2 cells

As it was suggested that RSV protected cardiomyocytes in BALB/c 
mice as a SIRT3 activator, the mechanisms of RSV protective effects 
related to SIRT3-FOXO3 signaling pathway on H9c2 cells were 
investigated subsequently. As shown in Fig. 5A, the SIRT3 level in 
total protein fraction (T-SIRT3) raised notably in cells treated with 
RSV and TP plus RSV. Compared with TP group, the level of total 
FOXO3 (T-FOXO3) increased in the group pretreated with RSV 
before TP treatment, though there was no statistical significance. 
However, TP plus RSV caused a significant reduction in FOXO3 
acetylation, compared with TP treatment alone. Interestingly, RSV 
offset both SIRT3 (N-SIRT3) and FOXO3 (N-FOXO3) abatement in 
nuclear protein induced by TP, and suppressed the level of pFOXO3 
in cytoplasm (P-pFOXO3) (Fig. 5B). There was no change of SIRT3 
level in cytosolic proteins (P-SIRT3) after separating mitochondria 
from cells treated with RSV alone. When co-treated with TP-RSV, 
not only SIRT3 was activated dramatically in both mitochondrial 
(M-SIRT3) and cytosolic protein fractions (P-SIRT3), even exceeding 
that in RSV group, but also Cyt C release was depressed (Fig. 5C). 
To verify the protective effect of RSV through activating SIRT3 
protein, the SIRT3 gene was knocked down by siRNA-SIRT3 trans-
fection before TP and RSV treatment. Fig. 6A shows that FOXO3 
protein level decreased in cells transfected with siRNA-SIRT3 
after TP treatment regardless of RSV existence. Furthermore, 
TP-induced changes in cellular morphology, such as bifurcating, 
shrinking and floating to the top of the media, were ameliorated by 

Fig. 4:  Effects of RSV on TP-induced cytotoxicity in H9c2 cells. Cell viability was determined using MTT (A). Distributions of apoptotic cells were determined by Annexin V-
FITC/PI double staining: Annexin V-positive/PI-negative, early apoptosis; Annexin V-positive/PI-positive, late apoptosis or necrosis (B). The ROS were detected using the 
fluorescent probe DHE (C). Representative pictures of JC-1 staining and quantitative analysis are shown (D). Carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) was 
used as a positive control. Three independent experiments were conducted. Data are presented as the mean ± SD. *p < 0.05 vs. con., **p < 0.01 vs. con., ***p < 0.001 vs. 
con., #p < 0.05 vs. cells treated with the same concentration of TP, ns means no significance, n = 3.
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Fig. 5:  Effects of RSV on the SIRT3 pathway involved in TP-induced cytotoxicity in H9c2 cells. H9c2 cells were pretreated with RSV (80 μM) for 6 h, then co-treated with TP 
(160 μM) and RSV (80 μM) for 24 h. The SIRT3 pathway related proteins were determined at total level (A), nuclear level (B) and mitochondrial level (C). Three indepen-
dent experiments were conducted. Data are presented as the mean ± SD. *p < 0.05 vs. con., **p < 0.01 vs. con., ***p < 0.001 vs. con., #p < 0.05 vs. cells treated with the 
same concentration of TP, ns means no significance, n = 3.
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Fig. 6:  Effects of RSV on TP-induced cytotoxicity in SIRT3 knockdown H9c2 cells. Pretreated with RSV for 6 h, then co-treated with TP and RSV for 24 h in siRNA-control or 
siRNA-SIRT3 transfected H9c2 cells, total levels of SIRT3, FOXO3 were assessed (A). Morphological changes in H9c2 cells after SIRT3 knockdown were observed under 
an inverted phase contrast microscope (100×, Olympus, Japan). The representative results from three independent experiments were shown (B). Data are presented as the 
mean ± SD. *p < 0.05 vs. con., **p < 0.01 vs. con., ***p < 0.001 vs. con., #p < 0.05 vs. cells treated with the same concentration of TP, ns means no significance, n = 3.
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RSV in cells transfected with siRNA-control. These data indicated 
that RSV had little protective effect on H9c2 cells when SIRT3 
gene was knocked down (Fig. 6B).
Taken together, we hypothesize that RSV, as an activator of 
SIRT3, mainly caused incremental SIRT3 protein translocation 
into nucleus during non-stress conditions. Redistribution of SIRT3 
in TP plus RSV group meant that much of SIRT3 translocated 
from nucleus into mitochondria, which resulted from TP-induced 
cell stress. SIRT3 increased the level of activated FOXO3, the 
non-acetylated form, but not the total FOXO3 content. In other 
words, the residual SIRT3 in cytosol and nucleus assisted FOXO3 
to reenter into nucleus from cytoplasm and remain there longer. 
These results indicated that RSV protected against TP-induced 
cardiotoxicity in H9c2 cells through both mitochondria- and 
nucleus-dependant SIRT3 signaling pathways.

3. Discussion
As one of the most powerful compounds with anti inflammatory/
immunomodulatory action in TWHF, TP has therapeutic effect 
on organ-graft refection, autoimmune and inflammatory diseases 
(Wen et al. 2013). However, TP can also lead to severe cardiotox-
icity and even death in therapeutic dose (Luo et al. 2009). In this 
study, we found that TP-induced an increase in cardiac enzyme 
activities (LDH, AST and CK), pathological lesions and the 
decrease of antioxidase activities were counteracted in vivo, while 
cell apoptosis, ROS augment, ΔΨm depolarization and morpho-
logical changes were resisted in vitro by RSV treatment. These 
results suggested that RSV could be used as a promising agent to 
protect the heart from TP-induced damage.
To explore the biological activities of RSV, doses from 0.1 mg/
kg·bw (body weight) to 1000 mg/kg·bw were ever attempted in 
rodent models (Carrizzo et al. 2013). RSV has been employed 
for mitochondrial damage in lots of studies as a typical activator 
of SIRT1 (Lagouge et al. 2006; Yang et al. 2013). As the vital 
roles of SIRT3 in mitochondrial metabolism, integrity, genome 
maintenance, transcription and translation (Hebert et al. 2013) 
have been confirmed in eliminating ROS (Chang and Guarente 
2014), the correlation between RSV and SIRT3 attracts much 
attention in maintaining cardiac health. Our study demonstrated 
that TP suppressed the activities of Mn-SOD and CAT, raised ROS 
accumulation and collapsed mitochondrial membrane potential 
via reducing the protein level of FOXO3 directly but not SIRT3. 
However, the TP-induced cardiotoxicity was alleviated after the 
activation of SIRT3 by RSV. We speculated SIRT3 participates in 
the protection against TP-induced myocardial damage but is not 
involved in the toxic mechanisms of TP. To prove if the increase 
of FOXO3 after RSV treatment was SIRT3-dependant, H9c2 cells 
were transfected with siRNA-SIRT3 to knock down the SIRT3 
expression. It was seen that FOXO3 levels could not be upregu-
lated and cell normal morphology could not be maintained by RSV 
without sufficient SIRT3 (Fig. 6). Interestingly, the expression 
of FOXO3 was not influenced by SIRT3 level under non-stress 
conditions, which implied that there was little interaction between 
SIRT3 and FOXO3 in normal physiological state. These results 
elucidated that RSV protected against TP-induced cardiotoxicity 
through the SIRT3 signaling pathway in vivo and in vitro.
Compared to the TP group, M-SIRT3, P-SIRT3 and N-FOXO3 
increased remarkably, while P-pFOXO3 decreased notably in the 
TP plus RSV group. This pointed out that SIRT3, upregulated by 
RSV, played a protective role against TP-induced damage through 
both mitochondria- and nucleus-dependent signaling pathways. In 
mitochondria, according to previous reports, Cyp D was deacet-
yled by SIRT3 (Imaizumi et al. 2015) and mPTP closing up as a 
result of SIRT3 regulation (Bochaton et al. 2015). However, the 
inhibitory effects of mitochondrial gathered SIRT3 on mPTP after 
TP treatment needed further investigation. Acetylated FOXO3 was 
more susceptible to be phosphorylated and then exported from 
nucleus (Tseng et al. 2014) or degraded by proteasome (Sanchez 
et al. 2014). SIRT3 not only restrained the phosphorylation of 
FOXO3, but also improved the level of FOXO3 in nucleus and 
its downstream antioxidant enzymes, such as Mn-SOD and CAT, 

which resulted in prevention from ROS assault (Pantazi et al. 2013). 
As shown in Fig. 5A and 5B, the phenomenon that RSV increased 
SIRT3 expression without upregulating FOXO3 in RSV group was 
speculated that the level of SIRT3 did not affect FOXO3 under 
non-stress condition.
TP served as an anti-inflammatory and immunosuppressive agent 
through suppressing the expression of inducible nitric oxide 
synthase (iNOS), cyclooxygenase-2 (COX-2), interleukin 6 (IL-6), 
tumor necrosis factor α (TNF-α), the production of NO and the 
activation of nuclear factor κB (NF-κB) (Zhou et al. 2015). Overex-
pression of SIRT3 was reported to downregulate the phosphoryla-
tion of NF-κB (Song et al. 2014) so that we supposed the upregula-
tion of SIRT3 by RSV would not weaken the anti-inflammation of 
TP. Additionally, the anti-inflammatory activity of RSV is usually 
associated to inhibition of TNF-α-mediated NF-κB inflammatory 
pathways, in which iNOS, IL-6, activator protein-1 (AP-1) and 
COX-2 act as inflammatory markers (Csiszar et al. 2006; Manna et 
al. 2000; de la Lastra and Villegas 2005; Neves et al. 2012). There-
fore, RSV is suggested to enhance the anti-inflammatory effects of 
TP while attenuating TP-induced cardiotoxicity.
In summary, the results obtained in this study revealed a protective 
role of RSV against TP-induced cardiotoxicity in vivo and in vitro. 
This protection was realized possibly via the activation of SIRT3-
FOXO3 signaling pathways. The findings imply the potential of 
RSV for preventing and treating TP-induced cardiotoxicity in the 
clinical application of TP.

4. Experimental

4.1. Materials and reagents
TP (>99% purity) was purchased from DND Pharm-Technology Co. (Shanghai, 
China). RSV (>99% purity) was purchased from Sigma–Aldrich (St. Louis, 
MO, USA). MTT were purchased from MP Biomedicals (Santa Ana, CA, USA). 
Anti-SIRT3 antibody, anti-FOXO3 antibody, anti-acetylated-lysine antibody, 
anti-caspase-3 antibody, anti-VDAC antibody and anti-histone H3 antibody were 
purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-pFOXO3 
antibody was purchased from ABclonal Technology (Cambridge, MA, USA). The 
reagents used for measuring the activities of Mn-SOD and CAT were purchased from 
Beyotime (Shanghai, China). Cell culture materials were purchased from NEST 
Biotech (Jiangsu, China). All chemicals were of analytical grade.

4.2. Animals and treatment
Both male and female BALB/c mice (6 weeks) were purchased from the Labora-
tory Animal Center of Sun Yat-sen University, Guangzhou, China. All mice were fed 
in a specific pathogen-free animal facility under a 12-h light–dark alternation at a 
temperature of 23±3 °C and humidity of 55±15 %. Food and water without pathogen 
were provided ad libitum. All of the animal experimental protocols in this study were 
performed in accordance with the guidelines approved by the Animal Ethical and 
Welfare Committee of Sun Yat-sen University (Approval No: IACUC-DD-15-0802).
To examine the role of RSV in TP-induced cardiotoxicity, all mice were randomized 
to the following 4 groups: (1) control group, (2) TP group: mice were treated with 
2.5 mg/kg TP i.g. for one administration, (3) TP plus RSV group: mice were treated 
intragastricly with RSV (50 mg/kg) at 12 h before and 2 h after TP (2.5mg/kg) admin-
istration, (4) RSV group: mice were treated with 50 mg/kg RSV i.g. administration. 
All mice in this study were anesthetized 24 h after TP treatment. Blood and heart 
samples were collected according to Zhou et al. (2015) for further analysis.

4.3. Serum biochemical assay
Levels of cardiac enzymes, LDH, AST and CK, in serum were measured to evaluate 
the physiological functions, using commercially available enzymatic assay kits 
(Leadman Group Co., Ltd., Beijing, China).

4.4. Histopathological examinations
Heart from each mouse was cut apart and immersed individually in a form-
aldehyde solution for 24 h. The formaldehyde solution comprised 10% of a
37–40% formaldehyde and 90% of a 0.01 mol/L PBS (pH 7.4). After embedded in 
paraffin, sections were cut at 3 μM and stained with hematoxylin-eosin for histo-
logical evaluation.

4.5. Determination of Mn-SOD and CAT
Activities of Mn-SOD and CAT in homogenized heart were measured using commer-
cial kits (Beyotime, Shanghai, China) according to the manufacturer’s instructions.
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4.6. Cell culture and drug dissolution
H9c2 cells, obtained from the American Type Culture Collection (ATCC, USA), were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, Logan, UT, USA) 
complemented with 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA) and 
1% antibiotics of penicillin/streptomycin. Cells were cultured in a humidified incu-
bator with 5% CO

2
 at 37 °C. TP and RSV were dissolved in DMSO to make stock 

solutions which were stored stably at -20°C.

4.7. MTT assay
A total of 4×103 H9c2 cells were seeded into a well of 96-well plates. After incubation 
at 37 °C for 24 h, cells were treated with TP and RSV. Cell viability was measured by 
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as Li 
reported (Li et al. 2014a).

4.8. Detection of apoptosis
A total of 4×104 H9c2 cells were seeded into a well of 6-well plates and treated with 
TP and RSV. Cell apoptosis was determined using flow cytometry (Becton Dick-
inson, San Jose, CA, USA) with Annexin V-FITC Apoptosis Detection kit (KeyGEN 
Biotech, Jiangsu, China) in accordance with the manufacturer’s instructions.

4.9. Determination of ROS production
Intracellular accumulation of ROS was determined by fluorescent probe DHE using 
the ROS Detection Kit (Beyotime, Shanghai, China). A total of 1×104 H9c2 cells 
were seeded into a well of 24-well plates and exposed to TP and RSV. Twenty-four 
hours later, fluorescence was photographed immediately in high contend screening 
(ArrayScanVTI, Thermo Fisher, USA).

4.10. Measurement of ΔΨm
A total of 1×104 H9c2 cells were seeded into a well of 24-well plates. After exposure 
to TP and RSV, mitochondrial ΔΨm was determined by JC-1 fluorescence intensity 
using JC-1 Detection Kit (Beyotime, Shanghai, China) in High Contend Screening 
(ArrayScanVTI, Thermo Fisher, USA) at a single excitation wavelength (488 nm) and 
dual emission wavelengths (shift from 530 nm to 590 nm). 

4.11. Immunoprecipitation of acetyl lysine-modifi ed FOXO3
H9c2 cells were treated with Cell Protein Extraction Reagent (Beyotime, Shanghai, 
China) and protease inhibitor cocktail (Merck, Darmstadt, Germany). Cell extracts 
were lysed on the ice for 30 min and centrifuged at 10000 g at 4 for 20 min. The 
protein concentration was determined using the BCA Protein Assay kit (Pierce Chem-
ical Co., Rockford, USA). 200 μg of total proteins was incubated with anti-FOXO3 
antibody overnight. Then, 40 μL of protein A/G-agarose (Beyotime, Shanghai, China) 
was added and incubated at 4°C for 4 h. Pellets were centrifuged for further analysis 
by SDS-PAGE.

4.12. Western blot analysis
Heart tissue were disintegrated by electric homogenizer and lysed on ice with T-PER 
Tissue reagent, while H9c2 cells were treated with Cell Protein Extraction Reagent 
(Pierce Chemical Co., Rockford, USA), to extract the total protein. Nuclear protein 
fraction was prepared using a Nuclear Extract kit (Active Motif, Carlsbad, CA, USA), 
as the mitochondrial protein fraction using a Mitochondria Isolation Kit (Beyotime, 
Shanghai, China), in accordance with the manufacturer’s instructions. Western blot 
analysis was completed as previously reported (Li et al. 2014a).

4.13. Statistical analysis
SPSS v16.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. 
The statistics were expressed as the mean ± S.D. Statistical comparisons were made 
via Student’s t-test and oneway analysis of variance (ANOVA), followed by Tukey’s 
test. The level of significance was set at p < 0.05, p < 0.01 or p < 0.001.
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