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A B S T R A C T   

Diabetes disrupts mitochondrial function and often results in diabetic cardiomyopathy (DCM). Paeonol is a 
bioactive compound that has been reported to have pharmacological potential for cardiac and mitochondrial 
protection. This study aims to explore the effects of paeonol on mitochondrial disorderes in DCM and the un-
derlying mechanisms. We showed that paeonol promoted Opa1-mediated mitochondrial fusion, inhibited 
mitochondrial oxidative stress, and preserved mitochondrial respiratory capacity and cardiac performance in 
DCM in vivo and in vitro. Knockdown of Opa1 blunted the above protective effects of paeonol in both diabetic 
hearts and high glucose-treated cardiomyocytes. Mechanistically, inhibitor screening, siRNA knockdown and 
chromatin immunoprecipitation experiments showed that paeonol-promoted Opa1-mediated mitochondrial 
fusion required the activation of Stat3, which directly bound to the promoter of Opa1 to upregulate its tran-
scriptional expression. Moreover, pharmmapper screening and molecular docking studies revealed that CK2α 
served as a direct target of paeonol that interacted with Jak2 and induced the phosphorylation and activation of 
Jak2-Stat3. Knockdown of CK2α blunted the promoting effect of paeonol on Jak2-Stat3 phosphorylation and 
Opa1-mediated mitochondrial fusion. Collectively, we have demonstrated for the first time that paeonol is a 
novel mitochondrial fusion promoter in protecting against hyperglycemia-induced mitochondrial oxidative 
injury and DCM at least partially via an Opa1-mediated mechanism, a process in which paeonol interacts with 
CK2α and restores its kinase activity that subsequently increasing Jak2-Stat3 phosphorylation and enhancing the 
transcriptional level of Opa1. These findings suggest that paeonol or the promotion of mitochondrial fusion 
might be a promising strategy for the treatment of DCM.   

1. Introduction 

The incidence of diabetes has been rapidly increasing throughout the 
world. Cardiovascular complications are major causes of morbidity and 
mortality in diabetic patients [1]. Among these complications, diabetic 
cardiomyopathy (DCM) is a diabetes-associated heart disease that is 
independent of coronary artery disease and hypertension [2]. DCM is 

characterized by abnormalities in cardiac structure and function 
including myocardial hypertrophy, interstitial fibrosis, cardiomyocyte 
apoptosis, and diastolic and systolic dysfunction [3]. These character-
istics of DCM lead to heart failure, contributing to increased morbidity 
and mortality of in patients with diabetes [4]. Currently, the availability 
of effective therapeutic interventions against DCM is limited. 

The heart is an organ with high energy demand, largely dependent 
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on the function of mitochondria, which provide approximately 90% 
energy and are a major source of reactive oxygen species (ROS) [5]. 
Increased mitochondrial ROS production and resultant mitochondrial 
dysfunction are generally recognized to play a pivotal role in the 
development of DCM [6,7]. Recently, it has been highlighted that 
imbalanced mitochondrial fusion/fission dynamics is an early compo-
nent that increases mitochondrial ROS production and induces mito-
chondrial dysfunction [8,9]. Diabetic hearts display excessive 
mitochondrial fission and inhibited mitochondrial fusion. Our previous 
studies have found that correcting mitochondrial dynamics by moder-
ately inhibiting mitochondrial fission or enhancing mitochondrial fusion 
inhibits mitochondria-derived ROS generation and mitigates mito-
chondrial dysfunction in diabetic hearts or high glucose-treated car-
diomyocytes [10,11]. Of note, the study by Qin et al. has shown that 
promoting mitochondrial fusion by fusion protein Mfn2 overexpression 
does not impair cardiac mitochondrial function, whereas completely 
inhibiting Drp1-mediated mitochondrial fission impairs mitochondrial 
quality at baseline [12]. This suggests that mitochondrial fusion pro-
motion is a more safe strategy than mitochondrial fission inhibition to 
maintain cardiac mitochondrial function. Hence, the discovery of safe 
and effective pharmacotherapy targeting mitochondrial fusion promo-
tion is meaningful for the treatment of DCM. 

Paeonol (Pae) is a bioactive compound extracted from the root of 
Paeonia albiflora and has a long history of clinical use. Currently, the 
dosage forms of Pae approved by the Food and Drug Administration of 
China for human use include tablets, injections and ointments. Oral and 
injection administrations of Pae are effective in relieving inflammation/ 
pain-related diseases, such as rheumatoid arthritis, headache, and 
muscle pain [13]. Moreover, Pae has been reported to have great 
pharmacological potential for cardiac and mitochondrial protection. 
Indeed, it has been shown that Pae reduces ischemia-induced myocar-
dial apoptosis by inhibiting oxidative stress [14,15] and attenuates 
glutamate-induced mitochondrial injury by restoring mitochondrial 
membrane potential and inhibiting cytochrome c release [16], sug-
gesting Pae has a protective effect on the mitochondria. Given that the 
promotion of mitochondrial fusion is crucial in maintaining mitochon-
drial homeostasis and normal cardiac function, investigating whether 
Pae is an efficient mitochondrial fusion promoter in a DCM model is 
worthwhile. In the present study, we explored the effects of Pae on 
cardiac pathology and mitochondrial fusion/fission dynamics in dia-
betic hearts in vivo and in hyperglycemia-treated primary car-
diomyocytes in vitro, with a specific focus on the molecular mechanisms 
of how Pae promotes mitochondrial fusion. Our results have revealed 
that Pae is a novel mitochondrial fusion promoter in protecting against 
DCM through the CK2α-Stat3-Opa1 signaling pathway. 

2. Materials and methods 

An extended “Materials and Methods” is provided in the Supple-
mentary Materials and Methods. 

2.1. Cardiomyocyte culture and treatment 

Primary neonatal cardiomyocytes were isolated from 1-2-day-old 
neonatal Sprague-Dawley rats. The cardiomyocytes were subjected to 
normal glucose (5.5 mmol/L, NG) or high glucose (33 mmol/L, HG) 
challenge for 48 h with the vehicle or various concentrations of Pae 
supplement. Pae (catalog number: MB1762-S, purity > 98%) was ob-
tained from Dalian Meilun Biology Technology (Dalian, China). 

2.2. Assessment of mitochondrial morphology, ROS and ATP in 
cardiomyocytes 

The mitochondria in the primary cardiomyocytes were labeled with 
MitoTracker Red CMXRos probe (100 mmol/L, Invitrogen, Carlsbad, 
USA) and imaged using a confocal laser-scanning microscope (Nikon 

A1R MP + Confocal Microscope). The number and volume of the 
mitochondria observed were analyzed and quantified as previously 
described [17]. After MitoTracker Red staining, flow cytometry was 
performed to analyze mitochondrial mass. MitoSOX staining (Invi-
trogen, Carlsbad, USA) was performed to evaluate mitochondrial ROS 
levels in cardiomyocytes. Intracellular ATP content was detected using 
an ATP bioluminescent assay kit (Biovision, California, USA) according 
to the manufacturer’s protocol. 

2.3. Animal experimental design and treatment 

All animal experimental procedures were conducted in accordance 
with the National Institutes of Health Guidelines for the Care and Use of 
Laboratory Animals (8th Edition, 2011) and the study was approved by 
the Fourth Military Medical University Ethics Committee. Sixty-five 
male 6–8-week-old Sprague-Dawley rats were obtained and main-
tained under controlled conditions of temperature (22 ± 2 ◦C) and a 12- 
h light/dark cycle. Diabetes was induced by a single intraperitoneal 
injection of streptozotocin (STZ, Sigma-Aldrich, 65 mg/kg) dissolved in 
0.1 mol/l citrate buffer (pH 4.5) [18]. Control animals received an 
intraperitoneal injection of vehicle (citrate buffer) only. One week after 
STZ injection, the rats with fasting glycemia levels ≧ 11.1 mM were 
considered diabetic. After confirmation of diabetes, the rats were 
administered with the vehicle or Pae (catalog number: MB1762, purity 
> 98%, Dalian Meilun Biology Technology, China) respectively for an 
additional 12 weeks. Pae was mixed with the vehicle (0.5% sodium 
carboxymethyl cellulose) and then administered to the animals by oral 
gastric gavage at 75, 150 or 300 mg/kg/day based on previous studies 
[19,20]. 

2.4. Prediction of potential targets of Pae and molecular docking 

The SDF (Structure Data File) file of Pae was downloaded from 
PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/11092, 
accessed by October 15, 2020) and the effective targets were predicted 
using the PharmMapper Server (http://www.lilab-ecust.cn/pharmma 
pper/) by employing “All Targets” model [21,22]. The submission ID 
was recorded during the operation. Autodock Vina 1.1.2 was employed 
to investigate the binding affinity and binding sites between Pae and 
CK2α. Briefly, the SDF file of Pae was converted into PDBQT format by 
using AutoDock Tools. The 3D crystal structure of the CK2α kinase 
complex was obtained from the Protein Data Bank (PDB) (http://www. 
rcsb.org, PDB ID: 1M2P). The search grid of CK2 was identified as 
center_x: 23.331, center_y: 6.252 and center_z: 18.182 with dimensions 
size_x: 15, size_y: 15, and size_z: 15. The docking protocol was generated 
as described previously [23,24]. The Promega CK2α Kinase Assay kit 
was utilized to explore the effects of Pae on the activity of CK2α ac-
cording to the manufacturer’s instructions. 

2.5. Western blot analysis 

Total protein from rat hearts and the cardiomyocytes was extracted 
by using RIPA buffer containing protease inhibitor cocktail. The stan-
dard Western blotting method was used as previously described [25]. 
Detailed information for Western blotting is available in the Supple-
mentary Materials and Methods section. The antibodies used were 
shown in Supplementary Table 1 in the Supplementary Materials and 
Methods. 

2.6. Statistical analysis 

All values were presented as the mean ± standard error of the mean 
(SEM). Data were analyzed by one-way ANOVA followed by Tukey’s 
post-hoc test using GraphPad Prism software (version 8.0). Differences 
with P values less than 0.05 were considered to be statistically 
significant. 
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3. Results 

3.1. Pae promoted mitochondrial fusion and improved mitochondrial 
function in high glucose-treated cardiomyocytes 

The cardiomyocytes were treated with Pae at 25, 50, 100 and 200 
μmol/L for 48 h. As shown in Supplementary Fig. S1, the CCK8 assay 
showed that only 200 μmol/L Pae slightly inhibited cell viability, while 
the other concentrations of Pae had no significant effect on cell viability 
in the cardiomyocytes. Therefore, 100 μmol/L of Pae was considered to 
be the safest concentration. In light of the results from previous studies 
[26,27], this concentration was used to explore the effects of Pae on 
mitochondrial homeostasis including mitochondrial dynamics and 
biogenesis in primary cardiomyocytes. As shown in Fig. 1a, the mito-
chondria of the NG-cultured cardiomyocytes appeared as elongated tu-
bules with highly interconnected networks. When subjected to HG 
medium, the mitochondria became spherical and shorter. Compared to 
NG-cultured cardiomyocytes, decreased mitochondrial volume and 

increased number of mitochondria were observed in the HG-cultured 
cardiomyocytes (Fig. 1a–c). Treatment with Pae resulted in a signifi-
cant increase in the mitochondrial volume and a significant decrease in 
the number of mitochondria in the HG-cultured cardiomyocytes 
(Fig. 1a–c), indicating that Pae promoted mitochondrial fusion in 
hyperglycemia-treated primary cardiomyocytes. Mitochondrial biogen-
esis was determined by measuring the relative mtDNA content and the 
MitoTracker Red stained mitochondrial mass using quantitative 
real-time PCR and flow cytometry respectively. HG or Pae induced no 
changes in the mtDNA content and the mitochondrial mass in car-
diomyocytes (Fig. 1d and e), suggesting that Pae did not enhance 
mitochondrial biogenesis. Moreover, compared to the NG-cultured 
cardiomyocytes, the HG-cultured cardiomyocytes exhibited elevated 
mitochondria-derived superoxide production (as detected by MitoSOX 
staining in Fig. 1g), reduced ATP production (Fig. 1f), and suppressed 
mitochondrial respiratory capacities including maximal respiration and 
spare respiratory capacity (Fig. 1h and i). Treatment with Pae signifi-
cantly reduced mitochondria-derived superoxide production, increased 

Fig. 1. Pae promoted Opa1-related mitochondrial fusion and enhanced mitochondrial respiratory capacity in high glucose (HG)-treated cardiomyocytes. 
(a) Representative confocal microscope images of mitochondrial morphology stained by MitoTracker Red. Original magnification × 600. (b) Quantification of mean 
mitochondrial volume. (c) Quantification of mitochondrial number per cell. (d) mtDNA content normalized to nuclear DNA content. (e) Quantification of mito-
chondrial mass. (f) Quantification of normalized ATP levels. (g) Representative images and quantitative analysis of MitoSOX-stained mitochondria-derived super-
oxide production. (h–i) Oxygen consumption rate (OCR) measured by Seahorse and quantitative statistical analysis of OCR. (j-k) Representative blots and 
quantitative analysis of the mitochondrial fission/fusion-related proteins including Opa1, Mfn1, Mfn2, Drp1 and Fis1. (l) Quantitative analysis of Opa1 mRNA 
expression determined by real-time PCR. Values are the means ± SEM. NG, normal glucose (5.5 mmol/L); HG, high glucose (33 mmol/L); Pae, paeonol (100 μmol/L). 
n = 6 in each group. All data are shown as means ± SEM. *P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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ATP production, and recovered the mitochondrial respiratory capacity 
in the HG-treated cardiomyocytes (Fig. 1f–i). 

Next, the expression patterns of mitochondrial fission/fusion pro-
teins and PGC-1α (a central regulator of mitochondrial biogenesis) were 
analyzed. Of the mitochondrial fission and fusion proteins (fission pro-
teins: Drp1 and Fis1; fusion proteins: Mfn1, Mfn2 and Opa1), only the 
expression of Opa1 was significantly lower in the HG-treated car-
diomyocytes than in the NG-cultured cardiomyocytes (Fig. 1j and k). Pae 
significantly reversed the decrease in Opa1 protein expression in the HG- 
cultured cardiomyocytes (Fig. 1j and k). No significant differences in 
PGC-1α levels were observed among the experimental groups (Fig. 1j 
and k). Meanwhile, Pae mitigated the HG-induced reduction in Opa1 
mRNA expression (Figure 1l), suggesting that the expression of Opa1 

may be regulated at the transcriptional level (mRNA level). Taken 
together, these results indicate that Pae had no significant effect on PGC- 
1α-related mitochondrial biogenesis in cardiomyocytes. Rather, Pae 
treatment enhanced the transcription of Opa1 and promoted mito-
chondrial fusion as well as mitochondrial function under hyperglycemic 
conditions in cardiomyocytes. 

3.2. Pae-induced Opa1 upregulation was responsible for promoting 
mitochondrial fusion and function in HG-treated cardiomyocytes 

We subsequently explored whether the upregulation of Opa1 
expression was responsible for the mitochondrial protective effects of 
Pae. As shown in Fig. 2, knockdown of Opa1 with small interfering (si) 

Fig. 2. Knockdown of Opa1 with siRNA blunted the inhibitory effects of Pae on mitochondrial oxidative stress and abrogated the promoting effects of Pae 
on mitochondrial fusion as well as mitochondrial respiratory capacity in high glucose (HG)-treated cardiomyocytes. (a) Representative blots and quanti-
tative analysis of Opa1 expression. (b) Representative images and quantitative analysis of MitoSOX-stained mitochondria-derived superoxide production. (c) 
Representative confocal microscope images of mitochondrial morphology stained by MitoTracker Red. Original magnification × 600. (d) Quantification of mean 
mitochondrial volume. (e) Quantification of mitochondrial number per cell. (f–g) Oxygen consumption rate (OCR) measured by Seahorse and quantitative statistical 
analysis of OCR. HG, high glucose (33 mmol/L); Pae, paeonol (100 μmol/L). n = 6 in each group. All data are shown as means ± SEM. **P < 0.01. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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RNA blunted the inhibitory effects of Pae on mitochondrial oxidative 
stress (Fig. 2a–b) and largely abrogated the promoting effects of Pae on 
mitochondrial fusion (Fig. 2c–e) as well as mitochondrial respiratory 
capacity in HG-treated cardiomyocytes (Fig. 2f–g). On the other hand, 
upregulation of Opa1 by transfecting with the adenovirus encoding 
Opa1 (Ad-Opa1) alone efficiently inhibited mitochondrial oxidative 
stress and promoted mitochondrial fusion as well as mitochondrial 
respiratory capacity in HG-treated cardiomyocytes (Supplementary 
Fig. S2). These data indicated that the mitochondrial protective effects 
of Pae were largely dependent on the upregulation of Opa1. 

3.3. Pae alleviated diabetic cardiomyopathy in the rats 

Since the data suggest that Pae was an efficient mitochondrial fusion 
promoter against hyperglycemia-induced mitochondrial oxidative 
injury in vitro, the effects of Pae on diabetic hearts were then explored in 
vivo. As shown in Table 1, compared with the control rats, the diabetic 
rats had decreased body weight as well as increased blood glucose and 
serum total cholesterol (TC) and triacylglycerol (TG) levels. All doses of 
Pae had no significant effects on body weight or blood glucose in the 
diabetic rats. Pae significantly reduced serum TC levels of diabetic rats 
at doses of 150 or 300 mg/kg/d. The diabetic rats showed decreased left 
ventricular ejection fraction (LVEF) and left ventricular fraction short-
ening (LVFS) and increased left ventricular end-systolic diameter 
(LVESD) (Fig. 3a–d). The diabetic rats that received Pae supplementa-
tion at doses of 150 or 300 mg/kg/d but not 75 mg/kg/d showed 
increased LVEF and LVFS and decreased LVESD (Fig. 3a–d). There were 
no significant differences in the left ventricular end-diastolic diameter 
(LVEDD) among all the groups (Fig. 3a and e). Moreover, the diabetic 
rats that received Pae treatment at a dose of 300 mg/kg/day showed 
improved diastolic function as evidenced by increased E/A ratio (Fig. 3f 
and g). A previous study has shown that Pae was detected at concen-
trations around 1 μg/ml (6 μmol/L) in plasma after oral administration 
of moutan cortex decoction (Moutan cortex is the root bark of Paeonia 
suffruticosa. Moutan cortex decoction is the water extraction of moutan 
cortex.) containing 20 mg/kg paeonol [28]. It is estimated that blood 
concentrations of 45 or 90 μmol/L Pae may be approximately reached 
after oral administration of 150 mg/kg or 300 mg/kg paeonol respec-
tively. Since 100 μmol/L Pae was validated in our experiments on car-
diomyocytes, 300 mg/kg/day Pae was considered to be the optimal dose 
for the animal experiments to yield similar action and was denoted as 
Con + Pae or DM + Pae group for subsequent experiments. Hemody-
namic measurements indicated that the LVSP (left ventricular systolic 
pressure) and ±LV dP/dtmax (maximal and minimal first derivative of 
left ventricular pressure) were decreased, while the LVEDP (left ven-
tricular end-diastolic pressure) was increased in the diabetic rats 
compared with the control rats (Fig. 3h–k). The diabetic rats that 
received Pae treatment at a dose of 300 mg/kg/day (DM + Pae) showed 
increased LVSP and ±LV dp/dtmax and decreased LVEDP (Fig. 3h–k). 

Cardiac hypertrophy and interstitial fibrosis are important charac-
teristic changes in DCM. Compared with the control rats, the diabetic 
rats showed significant cardiac hypertrophy and interstitial fibrosis, as 
evidenced by increased cardiomyocyte cross-sectional area and collagen 

volume fraction (Fig. 4a–c). Treatment with Pae significantly inhibited 
cardiac hypertrophy and interstitial fibrosis in the diabetic rats, as evi-
denced by decreased cardiomyocyte cross-sectional area and reduced 
collagen volume fraction (Fig. 4a–c). Oxidative stress and car-
diomyocyte apoptosis have been implicated in the pathogenesis of DCM. 
As expected, there were increased cardiomyocyte apoptosis (indicated 
by apoptosis index and the expression of apoptosis-related proteins 
including cleaved caspase 3, Bax and anti-apoptosis protein Bcl2 in 
Fig. 4d–g) and oxidative stress (indicated by DHE staining, MnSOD 
expression and the GPx and MDA content in Fig. 4h-l) in the diabetic 
hearts compared with the control hearts. Pae treatment significantly 
reduced cardiomyocyte apoptosis and inhibited myocardial oxidative 
stress in the diabetic hearts (Fig. 4d-l). These results indicated that Pae 
mitigated diabetes-induced oxidative stress and apoptosis and improved 
cardiac structure and function in diabetic animals. 

3.4. Pae promoted mitochondrial fusion and the restoration of 
mitochondrial function in diabetic hearts 

The effects of Pae on mitochondrial dynamics were further validated 
in vivo. Mitochondrial size and number were determined to evaluate the 
fusion of mitochondria. In the diabetic hearts, the percentage of mito-
chondria with sizes <0.6 μm2 was markedly higher, while the percent-
age of mitochondria with sizes of 0.6–1 μm2 or >1 μm2 was significantly 
lower than that in the control hearts (Fig. 5a and b). Moreover, the mean 
mitochondrial size was smaller in the diabetic hearts than in the control 
hearts (Fig. 5a and c). Pae treatment promoted mitochondrial fusion in 
the diabetic hearts, as reflected by the reduced percentage of mito-
chondria with sizes <0.6 μm2, an elevated percentage of mitochondria 
with sizes of 0.6–1 μm2 or >1 μm2, and increased mean mitochondrial 
size (Fig. 5a, b, and 5c). No significant differences in the number of 
mitochondria per μm2 were observed among the experimental groups 
(Fig. 5d). Pae treatment reversed the decrease in ATP levels in the dia-
betic hearts (Fig. 5e). Moreover, cristae density was significantly 
reduced in the diabetic hearts compared with that in the control hearts. 
Pae treatment increased the cristae density in the diabetic hearts 
(Fig. 5f–g). 

Next, the expression patterns of mitochondrial fission/fusion pro-
teins, PGC-1α and mitochondrial respiratory chain complex I–V were 
analyzed. Of the mitochondrial fission and fusion proteins, only the 
expression of fusion-related protein Opa1 was also significantly lower in 
the diabetic hearts than in the control hearts (Fig. 5h and i). Pae 
administration attenuated the decrease in Opa1 expression (Fig. 5h and 
i). No significant differences in PGC-1α and mitochondrial complexes II, 
III, IV (CII, CIII, CIV) were observed among the experimental groups 
(Fig. 5j and k). The expressions of mitochondrial complexes I and V were 
significantly reduced in the diabetic hearts, both of which were partially 
restored by Pae treatment (Fig. 5j and k). Pae also reversed the decrease 
in the mRNA expression of Opa1, complex I and V in the diabetic hearts 
(Figure 5l). Together, these data indicated that Pae promoted Opa1- 
related mitochondrial fusion and mitochondrial function in diabetic 
hearts. 

Table 1 
Basic characteristics of animals.  

Groups Con Con + Pae (300 mg/kg) DM DM + Pae (75 mg/kg) DM + Pae (150 mg/kg) DM + Pae (300 mg/kg) 

Body weight (g) 553.4 ± 17.6 543.3 ± 13.9 299.5 ± 12.6** 319.0 ± 11.5 317.8 ± 19.0 323.3 ± 19.5 
Blood glucose (mmol/L) 5.01 ± 0.06 5.21 ± 0.14 21.3 ± 1.17** 22.0 ± 0.46 22.3 ± 0.41 22.5 ± 0.44 
Serum TC (mmol/L) 1.15 ± 0.06 1.31 ± 0.03 1.82 ± 0.08** 1.77 ± 0.05 1.36 ± 0.09## 1.16 ± 0.07## 

Serum TG (mmol/L) 0.40 ± 0.07 0.49 ± 0.07 1.56 ± 0.40** 1.56 ± 0.12 1.37 ± 0.14 0.91 ± 0.13 

Values presented are mean ± SEM. Con, control; DM, diabetes mellitus; TC, total cholesterol; TG, triacylglycerol. n = 8. **P < 0.01 vs. Con; ##P < 0.01 vs.DM. 
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3.5. Knockdown of Opa1 with AAV-Opa1 shRNA blunted the protective 
effects of Pae in diabetic hearts 

To explore whether Opa1 is essential for the cardiac protective ef-
fects of Pae in vivo, adeno-associated virus 9-harboring Opa1 miRNA 
backbone-based shRNA (AAV-Opa1 shRNA) construct was used to 
knockdown Opa1 in the diabetic hearts. Since virus transfection effi-
ciency is relatively low in rat hearts, mouse hearts were then used for 

Opa1 gene silencing experiments. As shown in Fig. 6a, AAV-Opa1 
shRNA significantly reduced Opa1 protein expression by ~70% in the 
diabetic hearts. Pae improved diastolic function as evidenced by the 
increased E/A ratio in the diabetic hearts receiving control shRNA 
(Fig. 6b and c). Moreover, Pae increased LVEF, decreased LVESD, 
inhibited myocardial oxidative stress and suppressed apoptosis in the 
diabetic hearts receiving Control shRNA (Fig. 6d–i), whereas all the 
effects were blunted in Opa1 knockdown hearts (Fig. 6b–i). Pae 

Fig. 3. Pae attenuated diabetes-induced cardiac functional abnormalities in rats. Control non-diabetic or diabetic rats were treated with Pae for 12 weeks and 
their cardiac function was analyzed. (a) Representative echocardiography images. (b-e) Quantitative analysis of echocardiography data including left ventricular 
ejection fraction (LVEF), left ventricular fractional shortening (LVFS), left ventricular end-systolic diameter (LVESD) and Left ventricular end-diastolic diameter 
(LVEDD). (f-g) Representative pulse-wave Doppler images and quantitative analysis of the E/A ratio. DM, diabetes mellitus; Pae (75, 150, 300), paeonol at a dosage 
of 75, 150 or 300 mg/kg/day respectively; n = 8 in each group. (h-k) Quantitative analysis of hemodynamic data including LV systolic pressure (LVSP), LV end- 
diastolic pressure (LVEDP) and the maximal and minimal first derivative of LV pressure (±LV dP/dtmax). Pae, paeonol at a dosage of 300 mg/kg/day; n = 6 in 
each group. All data are shown as means ± SEM. *P < 0.05, **P < 0.01. 
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promoted mitochondrial fusion and increased cristae density in the 
diabetic hearts receiving control shRNA, as reflected by the reduced 
percentage of mitochondria with sizes <0.6 μm2, elevated percentage of 
mitochondria with sizes of 0.6–1 μm2 or >1 μm2, larger mean mito-
chondrial size and increased amount of cristae per mitochondrial area 
(Fig. 6j-o). Knockdown of Opa1 in the diabetic hearts largely abrogated 
the promoting effects of Pae on mitochondrial fusion and cristae density 
(Fig. 6j-o). These results indicated that Pae exerted its cardiac protective 
effects mainly via an Opa1-dependent way in the diabetic hearts. 

3.6. Pae upregulated the expression of Opa1 via Stat3-mediated 
transcription 

Li et al. has shown that Pae activates the PI3K signaling pathway in 
diabetic hearts [29]. To identify the signaling pathway that mediates the 
Pae-induced upregulation of Opa1, several specific inhibitors including 
wortmannin (Wort, a PI3K inhibitor) were used to screen for potential 
signaling pathways. As shown in Fig. 7a, the cardiomyocytes in the HG 
+ Pae group were pretreated with the following agents: pyrrolidine 
dithiocarbamate (PDTC, an NF-κB inhibitor, 100 μmol/L, MedChem 
Express) [30], wortmannin (Wort, 0.1 μmol/L, MedChem Express) [31, 

Fig. 4. Pae alleviated cardiac structural abnormalities and inhibited cardiomyocyte apoptosis and oxidative stress in diabetic hearts. (a) Representative 
images of cardiomyocyte size and interstitial fibrosis obtained using wheat germ agglutinin (WGA) staining and Masson trichrome staining respectively. Original 
magnification × 400. (b) Quantification of average cross-sectional area of cardiomyocytes. (c) Interstitial fibrosis was quantified as collagen volume fraction. (d) 
Representative images of TUNEL and DAPI staining of heart tissues. Original magnification × 800. (e) Percentage of apoptotic cells quantified as apoptotic index. (f, 
g) Representative blots and quantitative analysis of cleaved caspase 3, Bcl2, Bax and β-tubulin. (h-i) Representative images and quantitative analysis of DHE-stained 
heart tissues. Original magnification × 800. (j) Glutathione peroxidase (GPx) activity. (k) Malondialdehyde (MDA) content. (l) Representative blots and quantitative 
analysis of Mitochondrial manganese superoxide dismutase (MnSOD). DM, diabetes mellitus; Pae, paeonol at a dosage of 300 mg/kg/day. n = 8 for animal ex-
periments (Figure a–e, h-k) and n = 6 for Western blot experiments (Figure f–g, l). All data are shown as means ± SEM. *P < 0.05, **P < 0.01. 
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32], Stattic (a Stat3 inhibitor, 10 μmol/L, MedChem Express) [33,34], 
PD98059 (a MEK inhibitor, 20 μmol/L, MedChem Express) [35], and 
bisindolylmaleimide I (Bis, a PKC inhibitor, 10 μmol/L, MedChem Ex-
press) [36,37]. None of these inhibitors affected the expression of Opa1 
in the HG-cultured cardiomyocytes in the absence of Pae (Supplemen-
tary Fig. S3). Pae-induced upregulation of Opa1 in the HG-cultured 
cardiomyocytes was largely blunted by Stattic pretreatment, whereas 
it was unaffected by the other inhibitors, indicating that the activation of 
Stat3 may be involved in the upregulation of Opa1 expression induced 
by Pae. 

SiRNA was used to further explore whether Stat3 was responsible for 
regulating Opa1-mediated mitochondrial fusion in response to Pae 
treatment. As shown in Fig. 7b–f, knockdown of Stat3 by siRNA blocked 
the upregulating effects of Pae on phosphorylated Stat3 (p-Stat3 Tyr705, 
an active form of Stat3), total Stat3, Opa1 protein and mRNA, implying 
that Stat3 modulates the expression of Opa1 at the level of transcription. 

Moreover, Stat3 siRNA blunted the promoting effects of Pae on mito-
chondrial fusion (Fig. 7g–i) and largely abrogated the inhibitory effects 
of Pae on mitochondrial oxidative stress (Fig. 7j). ChIP-PCR analysis 
revealed that Stat3 directly bound to the promoter of Opa1, while the 
binding was significantly decreased under HG conditions. Pae treatment 
significantly restored the binding of Stat3 to the Opa1 promoter in HG- 
treated cardiomyocytes (Fig. 7k). These data suggest that Pae promoted 
Opa1-mediated mitochondrial fusion and inhibited mitochondrial 
oxidative stress mainly in a Stat3-dependent transcriptional manner. 

3.7. Pae increased Stat3 phosphorylation and promoted Opa1-mediated 
mitochondrial fusion via the CK2α-Jak2 signaling pathway 

Pae is a highly liposoluble compound with a low molecular weight, 
which facilitates its easy transportation to the brain [38]. It is speculated 
that Pae can traverse the cell membrane and exert direct action on some 

Fig. 5. Pae promoted Opa1-related mitochondrial fusion and restored mitochondrial function in diabetic hearts. (a) Representative images of mitochondrial 
morphology obtained by transmission electron microscope. Mitochondria are shown in green. Scale bars = 1 μm. Original magnification × 15,000. (b) Mitochondria 
were classified into three categories based on size (<0.6 μm2, 0.6–1 μm2, >1 μm2). (c) Quantification of mean mitochondrial size. (d) Quantification of mitochondrial 
number per μm2. (e) Quantification of normalized ATP levels. (f) Representative images of mitochondrial cristae obtained by transmission electron microscope. 
Mitochondria are shown in green. Scale bars = 0.5 μm. Original magnification × 40,000. (g) Quantification of cristae amount per mitochondrial area. (h-i) 
Representative blots and quantitative analysis of mitochondrial fission/fusion-related proteins including Opa1, Mfn1, Mfn2, Drp1 and Fis1. (j-k) Representative blots 
and quantitative analysis of PGC-1α and mitochondrial respiratory chain complex I–V (CI–V). (l) Quantitative analysis of Opa1 and CI–V mRNA expression deter-
mined by real-time PCR. DM, diabetes mellitus; Pae, paeonol at a dosage of 300 mg/kg/day. n = 8 for animal experiments (Figure a–g) and n = 6 for molecular 
biology experiments (Figure h–l). All data are shown as means ± SEM. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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adaptor molecules. To reveal the direct target of Pae, the SDF structure 
of Pae was submitted to the Pharmmapper selecting “All Targets” Model, 
and the top 300 potential targets ranked by the normalized fit score in 
descending order were listed (job ID: 201215135510). The detailed re-
sults were uploaded as a separate file (Table 2). Since Stat3 phosphor-
ylation is usually regulated by kinases, the function annotations 
containing “Involved in kinase activity” were selected and five candi-
dates were identified, as seen in Fig. 8a, which were “Cell division 
protein kinase 2” (Rank 10), “Casein kinase II subunit alpha” (Rank 55), 
“Mitogen-activated protein kinase 14” (Rank 62), “Arginine kinase” 
(Rank 91) and “cAMP-dependent protein kinase catalytic subunit alpha” 
(Rank 233). According to the information provided by Universal Protein 
Resource (UniProt), cell division protein kinase 2 is involved in the 
control of the cell cycle; Mitogen-activated protein kinase 14 is one of 
the four p38 MAPKs which have been implicated in apoptosis induction; 
Arginine kinase catalyzes the reversible phosphorylation between 

phosphoarginine and ADP. It seemed that the biological functions of 
these three kinases did not match the mitochondrial protective effects of 
Pae. Hence, CK2α (casein kinase II subunit alpha) and PKA Cα 
(cAMP-dependent protein kinase catalytic subunit alpha) were consid-
ered to be the most likely target candidates. A selective PKA inhibitor 
(PKA Inhibitor IV, 5 μmol/L, Santa Cruz) [39] and CK2α inhibitor (TBB, 
10 μmol/L, MedChem Express) [40] were then used to identify whether 
CK2α or PKA Cα was involved in the upregulation of Stat3 phosphory-
lation and Opa1 expression. As shown in Fig. 8b–e, the Pae-induced 
increase in Stat3 phosphorylation and Opa1 expression was blunted by 
TBB but not PKA inhibitor (PKAi), suggesting that CK2α seemed to be 
the most likely target candidate of Pae in the activation of Stat3-Opa1 
signaling. 

The interaction between Pae and CK2α was further explored using 
computation docking. The 2D and 3D structure of Pae were exhibited in 
Fig. 8f. The AutoDock Vina binding test indicated that Pae might 

Fig. 6. Knockdown of Opa1 with AAV-Opa1 shRNA blunted the cardioprotective effects of Pae in diabetic hearts. (a) Representative blots and quantitative 
analysis of Opa1 expression. (b-c) Representative pulse-wave Doppler images and quantitative analysis of the E/A ratio. (d) Upper: Representative echocardiography 
images. Bottom: Representative images of DHE-stained heart tissues. Original magnification × 800. (e-f) Quantitative analysis of echocardiography data including 
left ventricular ejection fraction (LVEF) and left ventricular end-systolic diameter (LVESD). (g) Quantitative analysis of DHE staining. (h) Representative images of 
TUNEL and DAPI staining of the heart tissues. Original magnification × 800. (i) Percentage of apoptotic cells quantified as apoptotic index. (j) Representative images 
of mitochondrial morphology obtained by transmission electron microscope. Mitochondria are shown in green. Scale bars = 1 μm. Original magnification × 15,000. 
(k) Mitochondria were classified into three categories based on their size (<0.6 μm2, 0.6–1 μm2, >1 μm2). (l) Quantification of mean mitochondrial size. (m) 
Quantification of mitochondrial number per μm2. (n) Representative images of mitochondrial cristae obtained by transmission electron microscope. Mitochondria are 
shown in green. Scale bars = 0.5 μm. Original magnification × 40,000. (o) Quantification of cristae amount per mitochondrial area. DM, diabetes mellitus; Pae, 
paeonol at a dosage of 300 mg/kg/day. n = 6 for Western blot and DHE experiments (Figure a, g) and n = 8 for animal experiments (Figure b–o). All data are shown 
as means ± SEM. *P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 7. Pae promoted Opa1-mediated mitochondrial fusion and inhibited mitochondrial oxidative stress in a Stat3-dependent way. (a) Several specific 
pharmacological inhibitors, including pyrrolidine dithiocarbamate (PDTC, an NF-κB inhibitor), wortmannin (Wort, a PI3K inhibitor), Stattic (a Stat3 inhibitor), 
PD98059 (a MEK inhibitor) and bisindolylmaleimide I (Bis, a PKC inhibitor), were pre-administered to the cardiomyocytes in the HG + Pae group and then the 
expression of Opa1 was quantified. (b-f) Stat3 was knocked down by siRNA, after which the cells were subjected to high glucose (HG) with or without paeonol (Pae). 
The protein expression of phosphorylated Stat3 (p-Stat3), total Stat3 and Opa1 were quantified in (b-e). The mRNA expression of Opa1 was quantified in (f). (g) 
Representative confocal microscope images of mitochondrial morphology stained by MitoTracker Red. Original magnification × 600. (h) Quantification of mito-
chondrial number per cell. (i) Quantification of mean mitochondrial volume. (j) Representative images and quantitative analysis of MitoSOX-stained mitochondria- 
derived superoxide production. (k) Chromatin immunoprecipitation (ChIP) and real-time PCR analysis for the binding of Stat3 to Opa1 promoter. n = 6 in each 
group. HG, high glucose (33 mmol/L); Pae, paeonol (100 μmol/L). All data are shown as means ± SEM. **P < 0.01. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Table 2 
Top 300 potential targets of Pae predicted by PharmMapper. 
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Fig. 8. Pae interacted with CK2α and restored the activity of CK2α in high glucose (HG)-treated cardiomyocytes. (a) Listing of potential candidates involved 
in kinase activity. (b-e) PKA inhibitor (PKAi) or CK2α inhibitor (TBB) was pre-administered to the cardiomyocytes in the HG + Pae group and then the expression of 
phosphorylated Stat3 (p-Stat3), total Stat3 and Opa1 were quantified. (f) The 2D and 3D structure of Pae. (g) Binding mode between Pae and CK2α. CK2α is rep-
resented with the cartoon, and the representative binding residues are indicated by lines. (h) Relative CK2α activity. (i) Representative blots and quantitative analysis 
of CK2α expression. (j) Interaction between CK2α and Jak2 or Stat3 determined by co-immunoprecipitation. NG, normal glucose (5.5 mmol/L); HG, high glucose (33 
mmol/L); Pae, paeonol (100 μmol/L). n = 6 in each group. All data are shown as means ± SEM. *P < 0.05, **P < 0.01. 
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favorably bind to CK2α (maximum binding affinity − 6.4 kcal/mol, 
Fig. 8g). The cellular experimental study showed that Pae reversed HG- 
induced inhibition of CK2α activity, although Pae did not affect the 
expression of CK2α in HG-treated cardiomyocytes (Fig. 8h and i). Pre-
treatment with the antioxidants NAC (N-acetyl-L-cysteine, 0.5 mmol/L) 

or Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl, 10 μmol/L) 
increased the activity of CK2a in HG-cultured cardiomyocytes. Pae 
further elevated CK2α activity following pretreatment with the antiox-
idants (Supplementary Fig. S4). Furthermore, co-immunoprecipitation 
experiments indicated that Jak2, an upstream activator of Stat3, co- 

Fig. 9. Knockdown of CK2α with siRNA blunted the promoting effect of Pae on Jak2 and Stat3 phosphorylation and Opa1-mediated mitochondrial fusion 
in high glucose (HG)-treated cardiomyocytes. (a-g) Representative blots and quantitative analysis of CK2α, phosphorylated Jak2 (p-Jak2), Jak2, phosphorylated 
Stat3 (p-Stat3), Stat3 and Opa1. (h) Representative confocal microscope images of mitochondrial morphology stained by MitoTracker Red. Original magnification ×
600. (i) Quantification of mitochondrial number per cell. (j) Quantification of mean mitochondrial volume. (k) Representative images and quantitative analysis of 
MitoSOX-stained mitochondria-derived superoxide production. HG, high glucose (33 mmol/L); Pae, paeonol (100 μmol/L). n = 6 in each group. All data are shown as 
means ± SEM. **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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precipitated with endogenous CK2α, whereas Stat3 did not (Fig. 8j). This 
suggested that CK2α may directly interact with Jak2 and subsequently 
induce the activation of Jak2-Stat3 signaling. 

Finally, we investigated whether CK2α was responsible for enhanced 
Jak2-Stat3 signaling and Opa1-mediated mitochondrial fusion in 
response to Pae treatment. As shown in Fig. 9, knockdown of CK2α with 
siRNA further inhibited the phosphorylation of Jak2 and Stat3 
(Fig. 9a–f), suppressed Opa1-mediated mitochondrial fusion (Fig. 9g–j) 
and increased mitochondrial oxidative stress (Fig. 9k) in HG-treated 
cardiomyocytes. Moreover, CK2α siRNA blunted the upregulating ef-
fects of Pae on Jak2 and Stat3 phosphorylation and Opa1-mediated 
mitochondrial fusion (Fig. 9a–j) as well as largely blocked the inhibi-
tory effects of Pae on mitochondrial oxidative stress (Fig. 9k) in car-
diomyocytes. The animal experimental study validated that Pae restored 
the activity of CK2α and increased Jak2 and Stat3 phosphorylation in the 
diabetic hearts (Supplementary Fig. S5). These results above indicated 
that CK2α served as a direct target of Pae that activated the Jak2–Stat3 
signaling pathway and promoted Opa1-mediated mitochondrial fusion. 

4. Discussion 

In this study, we demonstrated for the first time that Pae adminis-
tration inhibits mitochondria-derived oxidative stress and preserves 
mitochondrial function as well as cardiac performance by promoting 
Opa1-mediated mitochondrial fusion in DCM in vivo and in vitro. 
Mechanistically, using in vitro (inhibitor screening and siRNA-based 
target confirmation) and in silico (pharmmapper screening and molec-
ular docking) studies, it is verified that Pae binds to and activates CK2α 
that subsequently interacts with Jak2 and induces the phosphorylation 
and activation of the Jak2-Stat3 signaling, which then binds to the Opa1 
promoter to promote Opa1-mediated mitochondrial fusion (Fig. 10). 
Thus, our study uncovers the detailed molecular mechanism on how Pae 
promotes mitochondrial fusion and inhibits mitochondrial oxidative 
stress under diabetic conditions. 

Mitochondrial dysfunction associated with excessive ROS production 
has been recognized to significantly contribute to the development of 
DCM [41]. Recent studies from our lab and others have demonstrated 
that mitochondrial fusion is correlated with enhanced mitochondrial 
function and decreased mitochondrial ROS production [11,42,43]. 
Therefore, agents with the ability to promote mitochondrial fusion have 
great potential for inhibiting mitochondrial oxidative stress and pro-
tecting against the development of DCM. Previous reports have shown 

that Pae has potential as a protective agent in several cardiovascular 
diseases including atherosclerosis [44], hypertension [45] and 
myocardial ischemic injury [15], acting mainly via anti-inflammatory 
mechanisms. Few studies have focused on the role of mitochondria in 
the protective effects of Pae. Stimulating PGC1α-regulated mitochon-
drial biogenesis could increase mitochondrial content and also inhibit 
mitochondrial ROS production [46,47], which is similar with the pro-
tective effects of mitochondrial fusion promotion. Thus, when regarding 
the protective action of Pae on mitochondria, both mitochondrial 
biogenesis and mitochondrial fusion has been considered. Our data 
suggest that Pae inhibits mitochondrial ROS and improves mitochon-
drial function by promoting Opa1-mediated mitochondrial fusion rather 
than by stimulating PGC1α-regulated mitochondrial biogenesis. More-
over, Pae was shown to be effective in protecting against diabetic car-
diac complications without significantly affecting blood glucose in the 
diabetic rats. A previous study by Liu et al. has shown that Pae has a 
weak glucose-lowering effect [48]. This discrepancy may be due to 
different animal model. In our study, the diabetic model was induced by 
relatively high dose of STZ (65 mg/kg). In the study by Liu et al. [48], 
the diabetic model was induced by high fat/high sucrose feed and 
relatively low dose of STZ (40 mg/kg). In general, Pae has not been 
considered as a potent glucose-lowering drug during long time of clin-
ical practice. 

In our previous article, M1 has been used as an agonist tool com-
pound to promote mitochondrial fusion [11], whereas its chemical, 
physical and toxicological properties are so far largely unclear, which 
limits its application in practice. In contrast, Pae has the advantage that 
it is already approved and considered safe to use. One novelty of our 
study is that we have identified an approved drug Pae as a new mito-
chondrial fusion promoter to protect against diabetic cardiomyopathy. 
The promotion of mitochondrial fusion may represent a crucial mech-
anism by which Pae exerts its cardioprotective effects. Moreover, in our 
previous article [11], the complex mechanisms underlying inhibited 
Opa1-mediated mitochondrial fusion in diabetic hearts remain unclear. 
Another novelty of this study is that we have uncovered the detailed 
molecular mechanism on how Opa1-mediated mitochondrial fusion was 
inhibited by diabetes and restored by Pae after several times of screening 
and validation. Our results suggest that inactivated CK2α-Jak2-Stat3 
signaling pathway is account for the reduced transcriptional level of 
Opa1 and inhibited mitochondrial fusion in diabetic hearts. 

During the process of mitochondrial fusion, fusion of the outer 
mitochondrial membrane is followed by inner membrane fusion. Mfn1 

Fig. 10. Schematic figure illustrating that Pae 
alleviates diabetic cardiomyopathy by pro-
moting Opa1-mediated mitochondrial fusion 
via activating the CK2α-Jak2-Stat3 pathway. 
Pae binds to diabetes-inactivated CK2α and re-
stores its activity that subsequently interacts with 
Jak2 and induces the phosphorylation and activa-
tion of the Jak2-Stat3 signaling. Activated Stat3 
binds to the Opa1 promoter to promote Opa1- 
mediated mitochondrial fusion. Afterward, Pae- 
induced upregulation of Opa1 promotes mito-
chondrial fusion, inhibits mitochondria-derived 
oxidative stress, preserves mitochondrial function 
and protects against diabetic cardiomyopathy. Pae, 
paeonol; Mito, mitochondrial; ROS, reactive oxy-
gen species; DCM, diabetic cardiomyopathy.   
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and Mfn2 are required for the fusion of the outer mitochondrial mem-
brane. Opa1 is localized to the mitochondrial inner membrane and is a 
key protein responsible for inner membrane fusion [49]. In the present 
study, we found that only the expression of Opa1 was markedly lower in 
the diabetic hearts and in the high glucose-treated cardiomyocytes, 
whereas the expression of other mitochondrial fusion proteins including 
Mfn1 and Mfn2 showed no significant change. This may be partly due to 
insulin deficiency in the STZ-induced diabetic model, since it has been 
demonstrated that insulin increases the expression of Opa-1 in car-
diomyocytes without affecting the expression of Mfn1 and Mfn2 [50]. 
The level of Opa1 protein is regulated by transcriptional regulation and 
post-translational modifications. Long form and short form of Opa1 
could be generated by proteolytic cleavage. The relative contributions of 
the two different isoforms of Opa1 are diverse. Long form of Opa1 
(L-Opa1) is known as the functional variant for fusion between mito-
chondria, while short form of Opa1 (S-Opa1) is considered as an inactive 
variant [51,52]. Recently, Yoon and colleagues have interesting work 
showing that S-Opa1 protects against oxidant-induced cell death [53]. 
Our study suggests that Opa1 may not be proteolytically cleaved by 
hyperglycemia or Pae treatment, since long and short forms of Opa1 
were not selectively affected by high glucose or Pae. In addition to 
promoting mitochondrial fusion, Opa1 has been demonstrated to 
participate in the regulation of mitochondrial cristae morphology, and 
that this facilitates electron transport and enhances mitochondrial 
oxidative phosphorylation in the respiratory chain [54,55]. Our study 
found that cristae density was significantly reduced in the diabetic 
hearts with decreased Opa1 expression. Knockdown of Opa1 in diabetic 
hearts blunted the upregulating effects of Pae on cristae density. These 
results suggest that the protective effects of Opa1 are mediated not only 
by the fusion of mitochondria but also by the remodeling of mitochon-
drial cristae. 

Despite the known cardioprotective effects of Pae from previous 
studies [15,44,45], the mechanism of Pae’s direct interaction with 
molecular targets is still largely unknown. An important observation is 
that we have shown for the first time that Pae binds to CK2α and then 
activates the Jak2–Stat3 pathway. As one catalytic subunit of the protein 
kinase CK2, CK2α bears most of the sequence and structural features 
common to holoenzymes [56]. CK2 does not require phosphorylation for 
its activation [57]. The expression and activity of CK2 are disturbed 
under many pathophysiological conditions. It has been reported that 
CK2 activity is decreased in hypertrophic hearts or cardiomyocytes, and 
oxidative modification results in a dramatic reduction in CK2 activity 
[58]. In our study, diabetes or high glucose inhibited the activity of 
CK2α rather than affecting its expression. Pretreatment with the anti-
oxidants elevated the activity of CK2a in HG-cultured cardiomyocytes. 
Pae could further increase CK2α activity following pretreatment with 
the antioxidants. The results suggest that the impact of Paeonol on CK2a 
activity is not solely due to its antioxidant properties. The interaction 
between Pae and CK2α may help to increase its activity. 

CK2 exerts anti-apoptotic and anti-hypertrophic effects in car-
diomyocytes by phosphorylating the caspase-inhibiting protein ARC 
[58,59]. A recent study has shown that CK2 protects against oxidative 
stress by positively regulating NF-κB/RelA transcription activity in 
cardiomyoblasts [60]. Our study suggests that CK2α may promote 
mitochondrial fusion and exert myocardial protective effects by acti-
vating the Jak2-Stat3-Opa1 signaling pathway in the diabetic hearts. 
Nevertheless, it should be noted that there have been some contradic-
tory results regarding the role of CK2α in the hearts. Zhou et al. have 
found that CK2α promotes the phosphorylation of Mff to facilitate 
mitochondrial fission and serves as a negative regulator of mitochon-
drial activity in cardiac ischemia-reperfusion injury [61,62]. This 
discrepancy may be due to distinct substrates phosphorylated and 
regulated by CK2 under different pathophysiological situations, since 
CK2 is a pleiotropic protein kinase acting on more than 300 substrates 
[56]. 

It is to be noted that our study has some limitations. First, Pae has 

been shown to be an efficient mitochondrial fusion promoter against 
mitochondrial oxidative injury and resultant DCM exclusively in an STZ- 
induced animal model of type 1 diabetes and high glucose-treated car-
diomyocytes, which may not entirely represent the complex conditions 
caused by diabetes. Further investigation is needed to determine 
whether the mitochondrial fusion-promoting and cardioprotective ef-
fects of Pae could be applied to other diabetic models. Second, the role of 
CK2α-Stat3 signaling in the promoting effects of Pae on mitochondrial 
fusion was mainly explored in vitro using CK2α or Stat3 siRNA. Knock-
down of CK2α or Stat3 in the heart in vivo will be helpful to verify the 
promoting action of Pae on Opa1-mediated mitochondrial fusion via a 
CK2α-Stat3-dependent way. Third, although Opa1 is required for the 
mitochondrial fusion-promoting effect of Pae in our study, it should be 
noted that Opa1 may not be the only key molecule involved in Pae- 
induced cardioprotection. A complex array of signaling pathways 
indeed participates in the therapeutic effects of Pae and future work will 
be needed to clarify this issue. Despite these limitations, we believe that 
our findings provide important novel insights for understanding the 
mitochondrial protective effects of Pae and the underlying mechanisms. 

In summary, our study provides novel evidence indicating that Pae 
promotes mitochondrial fusion and protects against diabetic cardio-
myopathy at least partially by upregulating Opa1 expression, a process 
in which Pae interacts with CK2α and restores its kinase activity that 
subsequently increasing Jak2-Stat3 phosphorylation and enhancing the 
transcriptional level of Opa1. These findings suggest that Pae or pro-
motion of mitochondrial fusion might be a new potential option for the 
treatment of patients with DCM. 
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