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ORIGINAL RESEARCH

Pericardial Adipose Tissue– Derived Leptin 
Promotes Myocardial Apoptosis in High- Fat 
Diet– Induced Obese Rats Through Janus 
Kinase 2/Reactive Oxygen Species/Na+/
K+- ATPase Signaling Pathway
Ping Wang, PhD*; Chaodi Luo, PhD*; Danjun Zhu , MD, PhD; Yan Song , MD; Lifei Cao, MD; Hui Luan, MD; 
Lan Gao, MD; Shuping Zheng, PhD; Hao Li, MD, PhD; Gang Tian , MD, PhD

BACKGROUND: Pathophysiologic mechanisms underlying cardiac structural and functional changes in obesity are complex 
and linked to adipocytokines released from pericardial adipose tissue (PAT) and cardiomyocyte apoptosis. Although leptin is 
involved in various pathological conditions, its role in paracrine action of pericardial adipose tissue on myocardial apoptosis 
remains unknown. This study was designed to investigate the role of PAT- derived leptin on myocardial apoptosis in high- fat 
diet– induced obese rats.

METHODS AND RESULTS: Hearts were isolated from lean or high- fat diet– induced obese Wistar rats for myocardial remodeling 
studies. Obese rats had abnormal myocardial structure, diastolic dysfunction, greatly elevated cardiac apoptosis, enhanced 
cardiac fibrosis, and increased oxidative stress level. ELISA detected significantly higher than circulating leptin level in PAT of 
obese, but not lean, rats. Western blot and immunohistochemical analyses demonstrated increased leptin receptor density in 
obese hearts. H9c2 cardiomyoblasts, after being exposed to PAT- conditioned medium of obese rats, exhibited pronounced 
reactive oxygen species– mediated apoptosis, which was partially reversed by leptin antagonist. Moreover, leptin derived from 
PAT of obese rats inhibited Na+/K+- ATPase activity of H9c2 cells through stimulating reactive oxygen species, thereby activat-
ing calcium- dependent apoptosis. Pretreatment with specific inhibitors revealed that Janus kinase 2/signal transducer and 
activator of transcription 3 and phosphoinositide 3- kinase/protein kinase B signaling pathways were involved in leptin- induced 
myocardial apoptosis.

CONCLUSIONS: PAT- derived leptin induces myocardial apoptosis in high- fat diet– induced obese rats via activating Janus kinase 
2/signal transducer and activator of transcription 3/reactive oxygen species signaling pathway and inhibiting its downstream 
Na+/K+- ATPase activity.
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Obesity, defined by an excess accumulation of ad-
ipose tissue, is the major risk factor for cardio-
vascular diseases (CVDs).1 It can defunctionalize 

adipose tissue by altering adipokines, including leptin, 
tumor necrosis factor- α, interleukin- 6, resistin, and 
adiponectin, thus resulting in inflammation and 
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cardiometabolic dysregulation.2 Although adipokines 
have been proposed to be molecular links between 
obesity and CVD, the exact pathogenic mechanism 
by which adipokines influence many physiological and 
pathophysiologic conditions remains unclear.

Studies have implicated that pericardial adipose tis-
sue (PAT), defined as paracardial fat plus all adipose 
tissue located internal to the parietal pericardium, is a 
local source of adipocytokines that contribute to the 
initiation of cardiac remodeling and CVD.3– 5 For exam-
ple, PAT can secrete some cytokines, such as tumor 
necrosis factor and interleukin- 6, and free fatty acids, 

causing electromechanical changes in heart tissues.6 
This contention is supported by data indicating that 
PAT products are able to induce cardiac mitochondrial 
dysfunction and cardiomyocyte apoptosis in obese 
minipigs. Furthermore, high- fat diet (HFD) causes a 
different fatty acid profile in PAT, all of which lead to 
cardiac fibrosis and eventually result in impaired heart 
functions.7 Although these findings established a 
mechanistic link between local PAT and cardiac injury, 
little evidence has directly proven the molecular mech-
anism that PAT actually leads to harmful cardiac struc-
tural and functional changes in the context of obesity.

A recent study has shown that leptin enhances 
reactive oxygen species (ROS)– mediated, sig-
nal transducer and activator of transcription (STAT) 
3– dependent apoptosis in H9c2 cardiomyoblasts.8 In 
addition, we have previously demonstrated that leptin 
released by PAT of obese animals significantly pro-
motes myocardial fibroblast proliferation and cardiac 
remodeling. Therefore, in this study, we hypothesized 
that augmented PAT- derived leptin exacerbates myo-
cardial apoptosis in obesity via oxidative stress action 
and tested the hypothesis by directly exposing myo-
cardial cells to PAT- conditioned medium (PAT- CM) 
from obese rats. Our findings might offer novel insights 
into the potential role of PAT- derived leptin in obesity- 
related CVD.

METHODS
Animal Modeling and Grouping
A total of 20 specific pathogen- free Wistar rats 
(8  weeks old; weighing 200±50  g) were obtained 
from the Zoological Research Center of Peking Union 
Hospital, Chinese Academy of Medical Sciences 
(Animal Certification Number: SCXK, Beijing 2019- 
0005). These rats were individually housed at 25±0.5 
°C in a constant air- conditioned environment with a 12- 
hour day- night cycle and relative humidity of 55% to 
60%. All animals were allowed free access to food and 
water. Rats were randomly divided into 2 groups and 
habituated to research assistants for 1  week before 
experiments. Rats in the control group (n=10) were fed 
on a normal diet containing 50% carbohydrate, 20% 
protein, 8% fat, and 0% cholesterol. Rats in the obese 
group (n=10) were fed on an HFD containing 30% car-
bohydrate, 4.8% protein, 12% fat, 20% sucrose, 10% 
lard, 2.5% cholesterol, and 1.4% sodium cholate. The 
duration of the diet period was 20  weeks for both 
control and obese rats. All laboratory chows were 
purchased from Xi’an Jiaotong University Laboratory 
Animal Center (Shaanxi, China). Experiments were 
approved by the Ethical Committee for Animal 
Experimentation of the First Affiliated Hospital of Xi’an 
Jiaotong University. The study conforms to the Guide 

CLINICAL PERSPECTIVE

What Is New?
• In obesity, pericardial adipose tissue can di-

rectly affect the adjacent myocardium via par-
acrine mechanism.

• In vitro, leptin induces cardiomyocyte apoptosis 
with a time/concentration- dependent manner.

• We demonstrate, for the first time, that peri-
cardial adipose tissue– derived leptin induces 
cardiomyocyte apoptosis and myocardial re-
modeling via activation of reactive oxygen spe-
cies and then inhibition of Na+/K+- ATPase.

What Are the Clinical Implications?
• Our research offered a novel insight into monitor 

and interference with obesity individuals, which 
is to focus on the amount and function of vis-
ceral adipose tissue around the heart, and try to 
minimize myocardial damage induced by peri-
cardial adipose tissue– derived adipocytokines.

• In the future, pericardial adipose tissue– derived 
leptin may become a novel biomarker and a 
new therapeutic target of cardiovascular dis-
eases, based on our results.

Nonstandard Abbreviations and Acronyms

Akt protein kinase B
CM conditioned medium
HFD high- fat diet
JAK2 Janus kinase 2
NAC n- acetyl- amino acid
NKA Na+/K+- ATPase
PAT pericardial adipose tissue
PI3K phosphoinositide 3- kinase
ROS reactive oxygen species
STAT signal transducer and activator of 

transcription
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for the Care and Use of Laboratory Animals, published 
by the US National Institutes of Health (publication No. 
85- 23, revised 1996). All supporting data are available 
within the article and its online supplementary files.

Metabolic Parameters
Blood samples were collected from each rat. After 
centrifugation, plasma was obtained and then snap 
frozen at −20  °C. Plasma glucose, total cholesterol, 
high- density lipoprotein cholesterol, low- density li-
poprotein cholesterol, triglyceride, and insulin levels 
were determined using a Hitachi 7600- 010 Automatic 
Biochemical Analyzer (Hitachi High Technologies 
Corp, Japan). The Homeostasis Model Assessment 
index was used to assess insulin resistance.

Echocardiographic Studies and 
Hemodynamic Assessments
Blinded echocardiography was performed on chloral 
hydrate– anesthetized rats using a Vivid7 imaging sys-
tem (Shenzhen MeruiBio- medical Electronics Co, LTD, 
China) equipped with a 14- MHz sectorial probe, de-
scribed previously.9 Two- dimensional images were re-
corded in parasternal long-  and short- axis projections 
with guided M- mode recordings at the midventricular 
level in both views. Parameters measured included 
end- diastolic left ventricular posterior wall thickness, 
end- diastolic interventricular septal thickness, left ven-
tricular end- diastolic diameter, left ventricular ejection 
fraction, and heart rate. A catheter filled with heparin-
ized saline was connected to the BL- 420F biological 
and functional experimental system and inserted into 
the left ventricle via the right carotid artery. Data re-
corded included left ventricular systolic pressure, the 
maximum rising rate of left ventricular systolic pressure, 
the maximum descent rate of left ventricular systolic 
pressure, and left ventricular end- diastolic pressure.

Histological Analysis
At the end of the experiment, rats were anesthetized 
by intraperitoneal injection of 20% urethane, and the 
chest cavity was cut open to remove the heart and its 
surrounding adipose tissue. Ultrastructural studies of 
cardiac tissue by electron microscopy were done as 
reported previously.10 Briefly, cardiac tissues were fixed 
in cold 2.5% glutaraldehyde/1% paraformaldehyde, 
post fixed in 2% osmium tetroxide, embedded in resin, 
and sectioned. Hematoxylin- eosin, Masson, and TdT- 
mediated DUTP nick end labeling stainings of heart 
cryosections were done according to the standard 
procedures. The collagen volume fraction was quanti-
fied using the ImageJ software.11 The expressions of 
cardiac collagen fiber 1, matrix metalloproteinase- 1, 
tissue inhibitor of metalloproteinase- 1, and α- smooth 

muscle actin protein were detected by Western blot. 
Immunohistochemistry was performed as described 
by the manufacturer (Vectors Laboratories) using the 
primary rat monoclonal anti- leptin antibody (Abcam) 
and anti– α 1 Na+/K+ ATPase (NKA) antibody (Abcam).

Preparation of PAT- CM and Cell 
Treatment
PAT- CM was prepared and concentrated, as described 
previously.12 Briefly, PAT from control and obese rats was 
separated, and each 200 mg was cultured at 37 °C for 
24 hours in 1 mL of serum- free DMEM (Thermo Scientific) 
containing 0.2% BSA (Sigma Chemical). The PAT- CM was 
then centrifuged, frozen, and stored at −80°C until use.

H9c2 rat cardiomyoblasts were obtained from the 
Experimental Animal Center of Xi’an Jiaotong University. 
The cells were cultured in a modified culture medium 
containing 10% fetal bovine serum at 37 ℃ with 5% CO2 
and 95% air. Before each experiment, cells were serum 
starved for 6  hours in DMEM containing 5.5 mmol/L 
glucose and antibiotics (streptomycin, 100 mg/mL; and 
penicillin, 100 U/mL). H9c2 cells were treated with ex-
ogenous recombinant rat leptin (Peprotech), leptin plus 
leptin antagonist (leptin+leptin- tA), or leptin- tA in DMEM 
for 48 hours. H9c2 cells in PAT- CM group were incu-
bated with PAT- conditioned medium from nonobese 
(nonobese CM) or obese rats (obese CM) for 48 hours. 
To determine whether PAT- derived leptin promotes 
cardiac apoptosis, cells were pretreated with 50  ng/
mL recombinant triple leptin mutant (leptin- tA) (Protein 
Laboratories, Israel) that has been reported to function 
as a competitive leptin inhibitor13 for 24 hours before in-
cubation with nonobese CM (nonobese CM+leptin- tA) 
or obese CM (obese CM+leptin- tA). The medium was 
changed every 8 hours to prevent adipokine depletion. 
Besides, to elucidate whether leptin promotes H9c2 cell 
apoptosis via activation of Janus kinase 2 (JAK2)/STAT3 
and phosphoinositide 3- kinase (PI3K)/protein kinase B 
(Akt) signaling pathways, leptin was added for another 
48 hours after 1 hour of pretreatment with JAK2 inhibitor 
AG490 (20 µmol/L; Sigma- Aldrich), STAT3 inhibitor S3I- 
201 (10 µm/L; Sigma- Aldrich), PI3K inhibitor LY294002 
(20 µmol/L; Cell Signaling Technology, Inc), Akt inhibitor 
GSK690693 (1 µmol/L; Sigma- Aldrich), ROS inducer 2- 
(di- 2- pyridinylmethylene)- N,N- dimethyl- hydrazinecarbo
thioamide (30 nmol/L; Beyotime, China), and scavenger 
n- acetyl- amino acid (NAC) (1 mmol/L; Beyotime, China).

Cell Proliferation and Apoptosis Assays
Cell viability was measured with methyl thiazolyl tetra-
zolium method. Briefly, H9c2 cells were seeded in 96- 
well plates at 1×104 cells/well and cultured overnight. 
After treatment as designed, the culture medium was 
aspirated and 200  µL of fresh medium containing 
0.5  mg/mL methyl thiazolyl tetrazolium was added 
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into each well. After incubation at 37 ℃ for 4 hours, 
the culture medium containing methyl thiazolyl tetra-
zolium was removed. Dimethyl sulfoxide (150 µL) was 
then added into each well, and the absorbance at 
570 nm was measured using a Safire2 spectropho-
tometric plate reader (Tecan Group Ltd, Switzerland). 
To visualize nuclear morphology, cells were fixed 
with 4% paraformaldehyde and stained with Hoechst 
33342. Uniformly stained nuclei were scored as 
healthy viable cells. Condensed or fragmented nu-
clei were scored as apoptotic. To obtain unbiased 
counting, Petri dishes were coded, and cells were 
scored blindly without knowledge of their treatment. 
Transmission electron microscopy (Hitachi, HT7800) 
was used to observe the ultrastructure of cells under 
different treatments.

ROS Measurement
ROS generation was measured using fluorescent probe 
2,7- dichlorodihydrofluorescein diacetate (DCFH- DA) 
with ROS Assay Kit (Beyotime, China). After treated 
as mentioned above, H9c2 cells were washed with 
DMEM for 3 times, incubated for 20 minutes at 37 ℃ in 
serum- free DMEM containing 10 µmol/L DCFH- DA to 
label intracellular ROS, and then washed again. ROS 
generation was detected by flow cytometry.

Determination of Malondialdehyde and 
Superoxide Dismutase Contents
After treatment, cells were collected, and cellular 
malondialdehyde and superoxide dismutase contents 
were determined using malondialdehyde as well as su-
peroxide dismutase assay kits (Cayman Chemical Co), 
respectively, according to the manufacturer’s instruc-
tion. Loss of mitochondrial membrane potential was 
assessed by 5,5’,6,6’- tetrachloro- 1,1’,3,3’- tetraethylben
zimidazolylcarbocyanine iodide (JC- 1) (Beyotime) fluo-
rescence probe.14 In brief, after treatment, cells were 
washed with PBS and stained with JC- 1 for 20 min-
utes at 37 ℃. Cells were then rinsed twice with warm 
DMEM, incubated in 1 ml of culture medium, and visu-
alized under a fluorescence microscope (Olympus). 
Fluorescence intensity was quantified using ImageJ 
software (National Institutes of Health).

Mitochondrial Permeability Assay
To analyze the opening of mitochondrial permeability 
transition pore, H9c2 cells were loaded with 1.0 mmol/L 
of calcein AM (Molecular Probes) and 1.0 mmol/L CoCl2 
in Hanks’ balanced salt solution (Gibco) for 20 minutes 
at 37 ℃ and then observed and photographed under a 
fluorescence microscope. The mean fluorescence in-
tensity of calcein AM from 5 random fields, which was 
considered as an index of mitochondrial permeability 

transition pore opening level, was analyzed using the 
ImageJ 1.47i software.

NKA Activity Assay
NKA activity in H9c2 cells was indirectly determined 
by measuring the phosphorous liberated after incuba-
tion of cell homogenate in a reaction mixture contain-
ing substrate ATP with cosubstrate elements at 37 ℃ 
for 10 minutes using NKA assay kit (Nanjing Jiancheng 
Bioengineering Institute), according to the manufac-
turer’s instruction. ATPase activity was expressed as 
µmol Pi/h per mg protein. Immunofluorescence analy-
sis of α1 subunit of NKA was performed as described 
previously.15

Cytosolic Ca2+ Measurement
Cytosolic Ca2+ concentration was determined using 
Fluo- 3 AM (Sigma) fluorescence probe, as described 
previously.16 Briefly, an equal number of cells were 
seeded in black 96- well plates or 35- mm dishes and 
cultured overnight. At the end of treatment, cells were 
incubated with 0.5 µmol/L Fluo- 3 AM reagent at 37 ℃ 
for 30 minutes in the dark, washed with warm Hank’s 
balanced salt solution, and subjected to fluorescence 
measurement under a fluorescent microscope at an 
excitation wavelength of 506  nm and an emission 
wavelength of 526 nm.

Western Blot Analysis
Expression levels of leptin, caspase 3, Bax, Bcl- 2, 
NKA, calpain, sodium- calcium exchanger 1, and β- 
actin proteins were determined by Western blot, as 
described previously.17 The bands of target proteins 
and internal reference β- actin were scanned and ana-
lyzed by Quantity One software (Media Cybernetics 
Inc). The results are shown as the ratio of integrated 
optical density of the target proteins/the internal con-
trol and statistically analyzed. The primary antibodies 
used were anti– β- actin antibody (JC- PA002; 1:1000; 
Jingcai Biology, China), anti– caspase 3 antibody 
(ab4051; 1:500; Abcam), anti- Bax antibody (1:1000; 
Abcam), anti- leptin antibody (ab3583; 1:1000; Abcam), 
anti– Bcl- 2 antibody (ab59348; 1:1000; Abcam), anti– 
cytochrome C antibody (ab133504; 1:1000; Abcam), 
anti– calpain 1 antibody (ab108400; 1:5000; Abcam), 
and anti- α1 NKA antibody (ab7671; 1:1000; Abcam).

Statistical Analysis
Statistical analysis was performed with SPSS version 
22.0 (SPSS Inc). Data are presented as mean±SEM. 
Data with normal distribution were analyzed using 
independent t test, using ANOVA followed by the 
Scheffe multiple comparisons to identify significant dif-
ferences among multiple groups. Data with nonnormal 
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distribution were analyzed using Mann- Whitney U test 
to identify significant differences between 2 groups 
and Kruskal- Wallis test followed by Dunn multiple 
comparison post hoc tests to identify significant differ-
ences among multiple groups. P<0.05 was considered 
statistically significant.

RESULTS
Obese Rat Model
To construct an animal model of obesity, rats were 
administrated by 20 weeks of HFD. Several metabolic 
parameters were examined in normal diet and HFD 
rats. At baseline levels (week 0), there was no statis-
tically significant difference of phenotypic character-
istics between the control and HFD rats (Table  S1). 
However, at the end of the experiment (week 20), HFD 
rats showed a 27% increase in body weight, a 63% 
increase in total cholesterol, a 111% increase in triglyc-
eride levels, a 116% increase in low- density lipoprotein 
cholesterol levels, and a 70% increase in fasting blood 
glucose (P<0.05 or P<0.01; Table S2). More important, 

HFD rats also exhibited lower levels of high- density li-
poprotein cholesterol, compared with their normal diet 
counterparts (P<0.05; Table S2). Besides, as shown in 
Figure  1A, HFD rats were obese, and the fur lacked 
luster and appeared dull compared with control rats. 
Therefore, HFD rats were obese, hyperlipidemic, and 
hyperglycemic. We hence successfully constructed an 
animal model of obesity.

Myocardial Remodeling and Dysfunction 
of Obese Rats
Compared with their lean counterparts, obese rats had 
markedly higher heart/body mass (P<0.01; Table). In 
addition, they also had elevated left ventricular sys-
tolic pressure and left ventricular end- diastolic pres-
sure as well as greater ventricular septum diastolic 
thickness, ventricular septum systolic thickness, and 
left ventricular posterior wall end- systolic thickness. 
Moreover, these rats began to exhibit diastolic dys-
function, as evidenced by significant decreases in the 
maximum rate of pressure development in the left ven-
tricle (– maximum rising rate of left ventricular systolic 

Figure 1. Comparison of control and obese rats at the end of the experiment.
A, Rats were fed with normal diet (left) and high- fat diet (right) for 20 weeks. B, After 20 weeks of feeding, 
rats were euthanized and their hearts and pericardial adipose tissue (PAT) were separated. PAT was 
used to make the conditioned medium. C, Echocardiography examination of control and obese rats. 
EDV indicates end- diastolic velocity; EF, ejection fraction; ESV, end- systolic velocity; FS, shortening 
fraction; IVSd, ventricular septum diastolic thickness; IVSs, ventricular septum systolic thickness; LVIDd, 
left ventricular internal diameter at end diastole; LVIDs, left ventricular internal diameter at end systole; 
and SV, stroke volume.
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pressure, 3862.174±62.589 versus 3368.731±216.928; 
P<0.05) and in the ratio of early/late transmitral peak 
flow velocities (1.46±0.29 versus 1.08±0.14; P<0.05; 
Table). More important, ejection fraction values were 
comparable between the 2 groups (Figure  1C and 
Table). Electron microscopy and hematoxylin- eosin 
staining demonstrated a normal myocardial physiologi-
cal structure and clear layer boundaries in control rats, 
but disordered myocardial structure and loss layer ar-
rangement in obese rats (Figure 2A and 2B). These re-
sults indicate the occurrence of myocardial remodeling 
and defunctionalizing in obese rats.

Increased Cardiac Apoptosis and PAT 
Accumulation in Obese Rats
Rats in both control and obese groups were euthanized, 
and their hearts were carefully isolated and subjected 
to subultrastructural analysis. Obese rats had signifi-
cantly enlarged hearts surrounded by a large amount 
of PAT (Figure 1B). Electron microscopy showed abun-
dant infiltrated adipose tissues among the myocardium 
of obese rats (Figure 2A). Hematoxylin- eosin staining 
of PAT found remarkably enlarged, fused, and disor-
ganized adipocytes in obese rats, but not in lean rats 
(Figure 2B and 2C). Masson staining in the left ventricle 

exhibited prominent cardiac fibrosis in obese rats, as 
evaluated by collagen volume fraction (Figure 2D and 
2E). Meanwhile, collagen fiber 1, tissue inhibitor of met-
alloproteinase- 1, and α- smooth muscle actin protein 
expressions were greatly increased, whereas the ma-
trix metalloproteinase- 1 expression decreased, in the 
hearts of obese rats, compared with the control hearts 
(Figure 2F through 2J). Moreover, TdT- mediated dUTP 
nick- end labeling staining found 18% to 20% positive 
cells in the heart tissue of obese rats and only 3% to 
5% positive cells in the control rats (Figure 2K and 2L). 
Herein, cardiac apoptosis as well as fibrosis are clearly 
correlated with abnormal myocardial structure and di-
astolic dysfunction in obese rats.

Upregulation of PAT- Derived Leptin in 
Obese Rats Is Accompanied by Elevated 
Oxidative Stress Level and Inhibition of 
NKA Activity in the Hearts
To further investigate the underlying mechanisms, PAT 
of both control and obese rats was dissected, minced, 
and incubated with serum- free DMEM for 24  hours, 
and the conditioned medium (PAT- CM) was collected. 
The contents of leptin in serum and PAT- CM, meas-
ured by ELISA, were remarkably elevated in obese rats 
compared with the control rats (Figure 3A). Moreover, 
leptin protein expression in PAT of obese rats was 
significantly higher than that of control- PAT (Figure 
S1). Both immunohistochemistry and Western blot 
demonstrated similar cardiac leptin expression in the 
control and obese rats (Figure  3B, 3C, 3H, and 3J). 
However, the protein expression of leptin receptor 
(OB- Rb) was greatly increased in the hearts of obese 
rats in comparison with the control rats (Figure  3H 
and 3K). Furthermore, obese rats demonstrated el-
evated cardiac oxidative stress levels, as evaluated 
by lipid peroxidation end product malondialdehyde as 
well as antioxidant superoxide dismutase (Figure  3D 
and 3E). Immunohistochemistry assay indicated that 
obese rats had lower cardiac NKA activity than con-
trol rats (Figure 3F and 3G). Western blot analysis also 
showed less protein expression of α1 subunit of NKA 
(Figure 3H and 3I).

Leptin Stimulates Apoptosis of H9c2 
Cardiomyoblasts Only After Long- Term 
Administration
Given that obese rats had pronounced cardiac ap-
optosis, H9c2 cells were used in vitro to elucidate the 
apoptotic effect of leptin. The survival rate of H9c2 
cells was determined by methyl thiazolyl tetrazolium 
after incubation with leptin at different concentrations 
(0, 20, 40, 80, 100, and 120  ng/mL) for 0, 15, and 
30 minutes and 1, 8, 12, 24, 48, and 72 hours. The 

Table 1. Comparison of Hemodynamic Properties Among 
Control and Obese Rats

Variable
Control rats 
(n=8) Obese rats (n=6)

Heart weight, g 1.54±0.27 1.88±0.37

Heart weight/body 
weight

0.0028±0.0003 0.0036±0.0003*

Heart rate, bpm 400.00±44.43 396.17±53.17

LVSP, mm Hg 117.40±15.65 139.70±10.19*

LVEDP, mm Hg 5.45±3.26 12.06±2.24†

+dp/dtmax, mm Hg/s 4810.263±62.323 4932.598±228.904

– dp/dtmin, mm Hg/s 3862.174±62.589 3368.731±216.928†

IVSd, cm 0.20±0.01 0.24±0.02*

IVSs, cm 0.31±0.03 0.39±0.04*

LVPWd, cm 0.19±0.03 0.21±0.02

LVPWs, cm 0.30±0.04 0.36±0.03†

SV, mL 0.56±0.09 0.62±0.11

EF, % 82.70±5.08 86.52±3.03

E/A 1.46±0.29 1.08±0.14*

The t- test was used for all data; data are presented as mean±SD. +dp/
dtmax indicates maximum rate of pressure increase in the left chamber; – dp/
dtmin, maximum rate of pressure decrease in the left chamber; A, late peak 
transmitral flow velocity; bpm, beats per minute; E, early peak transmitral 
flow velocity; EF, ejection fraction; IVSd, ventricular septum diastolic 
thickness; IVSs, ventricular septum systolic thickness; LVEDP, left ventricular 
end- diastolic pressure; LVPWd, left ventricular posterior wall end- diastolic 
thickness; LVPWs, left ventricular posterior wall end- systolic thickness; 
LVSP, left ventricular systolic pressure; and SV, stroke volume.

*P<0.01 vs control group.
†P<0.05 vs control group.
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results showed that short- term administration of lep-
tin (15 and 30 minutes) promoted proliferation of H9c2 
cells, whereas this effect gradually weakened, even re-
versed with prolonged incubation (Figure S2A through 
S2K), in particular with 40 ng/mL leptin treatment. In 
addition, leptin treatment at 24  hours after interven-
tion significantly enhanced expression of caspase 3, 
a crucial downstream activator of apoptotic progress, 
as determined by Western blot, and this proapoptotic 
effect reached its peak at 48 hours (Figure S2L and 
S2M). Overall, leptin induction of H9c2 cell apoptosis 
requires a relatively long- term administration.

Leptin Derived From Obese Rat PAT 
Induces Apoptosis of H9c2 Cells
We incubated H9c2 cells in DMEM with exogenous 
leptin (40 ng/mL), leptin- tA, and leptin combined with 
leptin- tA for 48  hours to illustrate the effect of leptin-
 tA. Meanwhile, cells were grown in nonobese or obese 
PAT- CM for 48 hours, as mentioned previously, to mimic 
in vivo conditions. As shown in Figure 4D and 4E, leptin 
promoted OB- Rb expression in H9c2 cells and leptin- tA 

greatly blunted it, suggesting that leptin- tA antagonizes 
the activation effect of leptin to OB- Rb. As such, leptin-
 tA per se had no statistically significant effect on cas-
pase 3 protein expression as well as apoptosis of H9c2 
cells compared with the control group, but it significantly 
inhibited leptin- induced apoptosis (Figure 4A, 4B, 4D, 
and 4F). These results demonstrated that leptin antago-
nist is endowed with the antiapoptotic ability only in the 
presence of leptin. Moreover, in contrast to the control, 
leptin promoted cell shrinkage and nuclear condensa-
tion (Figure 4A and 4C), whereas incubation with obese 
PAT- CM for 48 hours further aggravated that, as evi-
denced by the formation of apoptotic bodies, one of 
the typical characteristics of apoptosis (Figure 4C). After 
pretreatment with leptin antagonist, the proapoptotic 
effect of obese CM was attenuated. Nevertheless, non-
obese CM barely promoted cell apoptosis relative to the 
control (Figure 4A through 4C). The above results were 
further illustrated by Western blot analysis of caspase 
3, Bax, cytochrome C, and antiapoptotic protein Bcl- 2 
(Figure  4D and 4F through 4I). These results indicate 
that leptin derived from PAT of obese but not nonobese 
rats exerts proapoptotic effects on H9c2 cells.

Figure 2. The myocardial structure was disordered and cardiac apoptosis was increased in obese rats.
A, Representative images of electron microscope of myocardium of control (Con) and obese rats. Images were enlarged by 4000 
and 10,000 times. B, Hematoxylin- eosin staining of heart cryosections and pericardial adipose tissue (PAT) of rats; bar=100 µm. 
C, Average adipocyte size of PAT from control and obese rats. D, Masson staining of myocardium from control and obese rats. E, 
Collagen volume fraction (CVF) of myocardium from 2 experimental groups. F through J, Western blot analysis of cardiac collagen 
1, matrix metalloproteinase- 1 (MMP- 1), tissue inhibitor of metalloproteinase- 1 (TIMP- 1), and α- smooth muscle actin (α- SMA) protein 
expressions of control and obese rats. K, Representative images of heart sections following TdT- mediated dUTP nick end labeling 
(TUNEL) staining. Blue indicates the nucleus by 4′,6- diamidino- 2- phenylindole (DAPI) staining. Bar=50 µm. L, Statistical analysis of 
TUNEL- positive cardiomyocytes in 2 groups of rats. Mann- Whitney U test was used for C, E, and L; t- test was used for G- J. Data 
are presented as mean±SEM. For C, E, and L, n=5/group; for G through J, n=3/group. *P<0.05 vs control, **P<0.01 vs control, and 
***P<0.001 vs control.
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Leptin Derived From Obese Rat 
PAT Induces Oxidative Stress and 
Mitochondrial Dysfunction of H9c2 Cells
Incubation with exogenous leptin (40 ng/mL) for 48 hours 
enhanced oxidative stress of H9c2 cells, as demon-
strated by increased cellular ROS and malondialdehyde 
levels and decreased superoxide dismutase content. 
Obese PAT- CM treatment significantly strengthened oxi-
dative stress of H9c2 cells, and this strengthened stress 
was partly prevented by leptin antagonist (Figure  5A 
through 5D). Mitochondrial membrane potential is a 
critical factor for maintaining mitochondria integrity and 
subsequent apoptosis regulation. Compound JC- 1 
has been used as an indicator for apoptotic status of 
mitochondria, because it exists as aggregates in nor-
mal hyperpolarized mitochondria, emitting red fluo-
rescence, whereas it exists as monomers in apoptotic 
cells, emitting green fluorescence. In the control group, 
cells exhibit numerous brightly stained mitochondria 
that emit red fluorescence. However, cells exposed to 
exogenous leptin had fewer red JC- 1 aggregates and 
more green JC- 1 monomers, which were aggravated 

by obese PAT- CM, indicating the severe dissipation of 
mitochondrial membrane potential (Figure 5E and 5F) in 
these cells. Likewise, these cells exhibited higher degree 
of mitochondrial permeability transition pore opening, 
another indicator of mitochondrial function (Figure  5G 
and 5H). More important, administration of a recombi-
nant leptin antagonist attenuated all changes initiated 
by obese PAT- CM (Figure 5E through 5H). These results 
suggest that oxidative stress and mitochondria play a 
role in the process of apoptosis of H9c2 cells induced 
by leptin derived from obese rat PAT.

Obese Rat PAT- Derived Leptin Promoted 
Ca2+/Calpain- Dependent Apoptosis via 
Inhibiting NKA Activity in H9c2 Cells
As stated above, cardiac NKA activity was decreased 
in obese rats accompanied by an increase in oxidative 
stress level, which can also be induced by obese PAT- 
derived leptin. Because inhibition of NKA could lead 
to apoptosis in cardiomyocytes,18 whether the role of 
leptin in apoptosis was related to NKA impairment was 
investigated in the present study. Leptin (40  ng/mL) 

Figure 3. Obese rats exhibited an increase in pericardial adipose tissue (PAT)– derived leptin and enhanced cardiac 
oxidative stress accompanied by a decrease in Na+/K+- ATPase (NKA) activity.
A, ELISA analysis of leptin levels in both serum and PAT conditioned medium (PAT- CM) of control and obese rats. B and C, 
Immunohistochemical (IHC) analysis of cardiac leptin expression of control and obese rats. D, Detection of cardiac malonaldehyde 
(MDA) assay of control and obese rats. E, Detection of cardiac superoxide dismutase (SOD) assay of rats in 2 groups. F and G, IHC 
analysis of cardiac NKA α1 subunit expression of control and obese rats. H through K, Western blot analysis of cardiac α1 subunit of 
NKA, leptin, and leptin receptor (OB- Rb) of control and obese rats. Two- way ANOVA was used for A; t- test was used for D, E, and I 
through K; and Mann- Whitney U test was used for C and G. Data are presented as mean±SEM. For D, E, and I through K, n=3/group; 
for A, C, and G, n=5/group. Ns indicates insignificant. *P<0.05 vs control, **P<0.01 vs control, and ***P<0.001 vs control.
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intervention for 48 hours inhibited NKA activity, and this 
inhibition was greatly abrogated by NAC, a selective in-
hibitor of ROS (Figure 6A and 6B), indicating that leptin 
inhibits NKA activity mostly through elevated oxida-
tive stress in H9c2 cells. NKA affects intracellular Ca2+ 
concentration through Na+ and K+ exchange inside and 
outside the cells. Obese PAT- CM administration mark-
edly increased intracellular Ca2+ gathering, and this in-
crease was attenuated by leptin antagonist (Figure 5I, 
and 5J). Moreover, calpain, which acts as an apoptosis 
regulator downstream of Ca2+, exhibited same trend as 
Ca2+ (Figure 5K and 5L). Thus, ROS/NKA/calpain sign-
aling pathway is also involved in obese rat PAT- derived 
leptin- induced myocardial apoptosis.

Leptin Induces H9c2 Cell Apoptosis via 
Activating JAK2/STAT3 and Blocking 
PI3K/Akt Signaling Pathways
We next examined signaling mechanisms involved in the 
obese rat PAT- derived leptin- induced H9c2 cell apop-
tosis. To avoid interference from other adipocytokines, 

exogenous leptin was used in this part of the ex-
periment. Pretreatment with JAK2 inhibitor AG490 
(20 µmol/L), STAT3 inhibitor S3I- 201 (10 µmol/L), and 
ROS scavenger NAC (1 mmol/L) partly blocked leptin- 
induced H9c2 cell apoptosis. In contrast, preadmin-
istration of PI3K inhibitor LY294002 (20  µmol/L), Akt 
inhibitor GSK690693 (1  µmol/L), as well as ROS in-
ducer 2- (di- 2- pyridinylmethylene)- N,N- dimethyl- hydra
zinecarbothioamide (30 nmol/L) enhanced the proa-
poptotic effect of leptin (Figure 6C through 6F). ROS 
level was also increased by AG490, S3I- 201, and 
NAC and decreased by LY294002, GSK690693, and  
2- (di- 2- pyridinylmethylene)- N,N- dimethyl- hydrazinecar
bothioamide (Figure 6G and 6H). Besides, leptin ad-
ministration significantly inhibited expression of NKA 
and sodium- calcium exchanger 1 proteins, whereas 
AG490 and S3I- 201 reversed these effects (Figure 6I 
through 6K). More important, inhibition of PI3K/Akt 
signaling pathway by LY294002 and GSK690693 had 
little effect on the expression of both NKA and sodium- 
calcium exchanger 1 (Figure 6I through 6K). Moreover, 
calpain protein expression, measured by Western blot, 

Figure 4. Obese rat pericardial adipose tissue– derived leptin induces H9c2 cell apoptosis.
A, Representative images of cell apoptosis by Hoechst 33342 staining; bar=50 µm. B, Statistical analysis of relative fluorescence 
intensity of apoptosis. C, Transmission electron microscope was used to observe ultrastructure of cells under different treatments at 
4000 times of magnification. Apoptotic cells shrink in size, cytoplasm condenses, chromatin aggregates (black triangle), and some 
form apoptotic bodies (black arrow). D through I, Western blot analysis of leptin receptor (OB- Rb), caspase 3, Bax, cytochrome c 
(Cyt- c), and Bcl- 2 protein expressions in experimental groups. Kruskal- Wallis test was used for B; and 1- way ANOVA with Bonferroni 
correction was used for E through I. Data are presented as mean±SEM. For B, n=5/group; for E through I, n=3/group. CM indicates 
conditioned medium. *P<0.05 vs control, **P<0.01 vs control, ***P<0.001 vs control, &P<0.05 vs leptin, &&P<0.01 vs leptin, &&&P<0.001 vs 
leptin, $$$P<0.001 vs nonobese CM, and ###P<0.001 vs obese CM.
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was opposite to that of NKA (Figure 6I and 6L). These 
results suggest that both JAK2/STAT3 and PI3K/Akt 
signaling pathways partly participate in the leptin- 
induced apoptosis of H9c2 cells.

In summary, our findings demonstrated that PAT- 
derived leptin enhances cardiac oxidative stress 
mostly via JAK2/STAT3 signaling pathway and results 
in mitochondria-  as well as NKA- dependent apopto-
sis, eventually leading to myocardial remodeling of rats 
with obesity. Figure 7 summarizes the model diagram 
of this study.

DISCUSSION
PAT has been found in clinical studies to be significantly 
associated with key characteristics of obesity, and it 
has been proposed as a new indicator of CVDs.19– 21 

Indeed, because of the close proximity to the coro-
nary artery and the underlying myocardium, PAT may 
exert a local toxic effect on the nearby organs rather 
than a systemic effect as a cardiometabolic risk factor. 
However, the above conclusion is barely supported 
by direct evidence. Accordingly, this investigation was 
designed to examine the effects of obese PAT on car-
diac remodeling, elucidate the role of PAT- derived adi-
pokine leptin and the signaling pathway involved, and 
revealed the following findings. First, HFD- induced 
obese rats exhibit decreased diastolic functions 
and increased heart and PAT mass. Second, leptin 
secretion from PAT of obese rats is enhanced, and 
expression of leptin receptor OB- Rb is upregulated 
while leptin expression remains unchanged in obese 
hearts. Third, obese rats exhibit higher cardiac oxi-
dative stress level, myocardial apoptosis, and fibrosis 
but lower NKA activity in the hearts. Fourth, leptin 

Figure 5. Pericardial adipose tissue– derived leptin of obese rats promotes oxidative stress and mitochondrial dysfunction 
of H9c2 cells.
A and B, Representative scatter diagram and analysis of reactive oxygen species (ROS) production by flow cytometry. Cells were 
incubated for 20 minutes with free fetal bovine serum containing 10 µmol/L DCFH- DA to label intracellular ROS, as stated before. 
C, Effects of PAT- derived leptin on superoxide dismutase (SOD) generation of H9c2 cells. D, Effects of PAT- derived leptin on 
malondialdehyde (MDA) generation of H9c2 cells. E and F, Representative images of JC- 1 staining on mitochondrial membrane 
potential. The red dye represents normal potential, whereas the green is considered as decreased mitochondrial membrane potential; 
bar=50 µm. G and H, Degrees of mitochondrial permeability transition pore opening by calcein- AM staining; bar=50 µm. I and J, 
Fluo3- AM staining of Ca2+ concentration of experimental groups; bar=50 µm. K and L, Western blot analysis on calpain protein 
expression in 8 experimental groups. Kruskal- Wallis test was used for B, F, H, and J; and 1- way ANOVA with Bonferroni correction 
was used for C, D, and L. Data are presented as mean±SEM. For B, F, H, and J, n=5/group; for C, D, and L, n=3/group. CM indicates 
conditioned medium; FSC, forward scatter; and MFI, mean fluorescence intensity. *P<0.05 vs control, **P<0.01 vs control, ***P<0.001 
vs control, &P<0.05 vs leptin, &&P<0.01 vs leptin, &&&P<0.001 vs leptin, $$P<0.01 vs nonobese CM, $$$P<0.001 vs nonobese CM, #P<0.05 
vs obese CM, ##P<0.01 vs obese CM, and ###P<0.001 vs obese CM.
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from obese rat PAT induces mitochondrial dysfunc-
tion and caspase 3– dependent apoptosis via JAK2/
STAT3 signaling pathway in cardiomyocytes. Fifth, 
PAT- derived leptin promotes Ca2+/calpain- dependent 
apoptosis through inhibiting NKA activity via activating 
ROS in cardiomyocytes.

The effects of obesity on heart structure and func-
tion have been extensively studied.22– 25 The present 
study found that obese rats exhibit cardiac diastolic 
dysfunction, increased heart/body weight, abnormal 
changes of myocardial structure, prominent cardiac 
apoptosis, and fibrosis. These data support that these 
obese rats have undergone myocardial remodeling, in 
concordance with previous findings.22,26 Obese rats in-
duced by an HFD in our study also display significantly 
increased PAT volume. Under normal conditions, PAT 
protects the heart by paracrine cytokines, such as 
adiponectin and adrenomedullin.27 However, if PAT 
is abnormally deposited, production and secretion of 

protective adipocytokines are downregulated, whereas 
destructive adipocytokines, such as leptin, tumor ne-
crosis factor, and interleukin, are upregulated.6,27,28 As 
one of the most important destructive adipocytokines, 
the effect of leptin on cardiac remodeling has been well 
documented. For example, leptin has been shown to 
induce neonatal cardiomyocyte hypertrophy via PI3K/
mechanistic target of rapamycin signaling pathways.29 
Huby et al30 demonstrated that leptin is a direct reg-
ulator of aldosterone release, by which it promotes 
cardiac fibrosis in obese animals. Martinez- Abundis et 
al8 reported that exposure of neonatal rat ventricular 
myocytes to 3.1 nmol/L (50 ng/mL) leptin for 24 hours 
promotes high glucose– induced mitochondrial dam-
ages, cardiomyocyte injuries, apoptosis, cytotoxicity, 
and ROS generation. However, until now, supporting 
evidence is rare as to whether leptin secreted by PAT 
directly affects cardiac apoptosis and participates in 
myocardial remodeling in obese individuals.

Figure 6. Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3) and phosphoinositide 3- kinase 
(PI3K)/protein kinase B (Akt) signaling pathways are involved in the leptin- mediated H9c2 cell apoptosis.
Leptin was added for another 48 hours after 60 minutes of pretreatment of cells with reactive oxygen species (ROS) scavenger n- 
acetyl- amino acid (NAC); moreover, JAK2 inhibitor AG490, STAT3 inhibitor S3I- 201, PI3K inhibitor LY294002, Akt inhibitor GSK690693, 
and ROS inducer 2- (di- 2- pyridinylmethylene)- N,N- dimethyl- hydrazinecarbothioamide (Dp44mT) were preincubated as well. A and 
B, Na+/K+- ATPase (NKA) expression assay in cells by immunofluorescence staining. The nuclei were stained by 4′,6- diamidino- 2- 
phenylindole (DAPI) (blue); bar=50 µm. C and D, Hoechst 33342 fluorescence staining in each group. Intensity was calculated using 
the Image J program; bar=50 µm. E and F, Western blot analysis of caspase 3 protein expression in 8 groups. G and H, Detection 
of ROS production in 8 groups. I through L, Western blot analysis of NKA, sodium- calcium exchanger 1 (NCX1), and calpain protein 
expressions in 8 groups. Kruskal- Wallis test was used for B, D, and H; and 1- way ANOVA with Bonferroni correction was used for 
F and J through L. Data are presented as mean±SEM. For B, D, and H, n=5/group; for F and J through L, n=3/group. CM indicates 
conditioned medium; Con, control; and PAT, pericardial adipose tissue. *P<0.05 vs control, **P<0.01 vs control, ***P<0.001 vs control, 
&P<0.05 vs leptin, &&P<0.01 vs leptin, and &&&P<0.001 vs leptin.
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The present study found significant apoptosis of 
H9c2 cardiomyocytes after incubation with PAT- CM 
from obese rats. Although leptin antagonist only par-
tially inhibits the proapoptotic effect of obese CM, 
it explains the paracrine role of leptin as a signaling 
molecule derived from obese rat PAT. This investiga-
tion is of great significance compared with those using 
exogenous leptin alone.8,31– 33 In addition, our results 
showed that the concentration of exogenous leptin 
needed for promoting apoptosis is much higher than 
that detected in vivo, in either PAT locally or the circu-
lation of obese rats, suggesting that exogenous leptin 
plays a role at superphysiological concentrations. It is 
worth noting that H9c2 cells incubated with nonobese 
rat PAT- CM were not comparable to those incubated 
with obese CM, even leptin, in terms of the degree of 
cell apoptosis and proapoptotic protein expressions 
after 48 hours of intervention. Although previous liter-
ature suggested a protective role of PAT under normal 
conditions,27 the exact proof remains to be explored.

In agreement with a previous finding that there is 
a large amount of local leptin accumulation at PAT in 
the context of obesity,6 the present study also demon-
strated that obese PAT secretes vast quantities of 
leptin. In contrast to PAT, leptin expression in myo-
cardium is not significantly different between control 
and obese rats. Although the increased production 
of leptin by failing human hearts has previously been 

reported,34 mechanical unloading of the failing hearts 
downregulates leptin expression, suggesting a poten-
tial compensatory role for leptin in cardiomyocytes in 
response to cardiac overloading, which is limited in the 
setting of obesity. Also, it has been pointed out that 
there is no positive correlation between leptin level and 
body mass index in patients with heart failure (HF), and 
leptin expression in patients with HF with normal body 
mass index is also greatly upregulated.35 Thus, leptin 
regulation may be perturbed secondary to the hor-
monal and inflammatory aspects of patients with HF 
rather than obesity.36 Research that used dogs with 
HF, by Fonfara et al,37 has found that myocardial leptin 
expression varies with different HF stages, and its pro-
duction in the late HF stage is higher than that in the 
early stage. Hence, as an initial form of HF, elevation 
of cardiac leptin in obesity may not be significant. It is 
known that leptin exerts its biological effects primarily 
through its long- form receptor OB- Rb. OB- Rb mainly 
presents in the hypothalamus, heart, and pancreas, 
where it mediates signaling pathways. Hence, it is 
also referred to as the “signaling isoform.”38 This study 
demonstrated that OB- Rb expression in obese hearts 
is distinctly elevated. Nascimento et al39 showed that 
long- term HFD (15 or 45 weeks) decreases leptin re-
ceptors in the hearts of obese rats. However, they 
measured total leptin receptors rather than OB- Rb. 
Thus, this discrepancy could be explained by the 

Figure 7. Schematic drawing representing the proposed role of pericardial adipose tissue– derived leptin in myocardial 
apoptosis of obese rats.
Akt indicates protein kinase B; JAK2, Janus kinase 2; PI3K, phosphoinositide 3- kinase; ROS, reactive oxygen species; and STAT3, 
signal transducer and activator of transcription 3.
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attenuated expression of other leptin receptor isoforms 
in obese hearts.38 In summary, our data suggest that 
leptin derived from PAT of obese rats activates OB- 
Rb in the heart through paracrine action and mediates 
myocardial apoptosis.

In this study, we did not conduct electrocardio-
graphic examinations, so we could not determine 
whether there was atrial arrhythmia in obese rats. 
Nonetheless, previous data have shown that abnormal 
PAT accumulation can increase the incidence of atrial 
arrhythmia, especially atrial fibrillation (AF).5,40,41 A re-
cent clinical study demonstrated that plasma leptin is 
a risk factor for AF in patients with CVDs. For every 
1- unit increase in leptin, the risk of AF increased by 
2%.42 Wang et al43 have found that leptin level of PAT in 
patients with AF is upregulated relative to people with 
sinus rhythm, although they did not prove a direct re-
lationship between leptin secreted by PAT and the oc-
currence of AF. Another study using ob/ob and Zucker 
mice confirmed that leptin signaling is an essential link 
in the development of atrial fibrosis and AF.44 In the 
present study, leptin derived from obese rat PAT pro-
motes myocardial fibrosis as well as cardiac remodel-
ing, which is the main pathophysiological mechanism 
of AF. Therefore, although the incidence of AF was not 
recorded, this study, to some extent, emphasizes the 
potential association between PAT paracrine leptin and 
AF in clinically obese individuals.

Chronically elevated oxidative stress has been 
demonstrated in humans and animals to play a central 
role not only in the development of cellular necrosis but 
also in programmed cellular death or apoptosis.45,46 
We found that the level of oxidative stress in the hearts 
of obese rats is elevated, which was further verified by 
in vitro experiments to be related to leptin secretion 
by PAT. The apoptosis of H9c2 cells increases signifi-
cantly after incubation with obese CM, a variation that 
is partially attenuated by leptin antagonist. These re-
sults suggest that leptin derived from obese rat PAT 
promotes cardiac apoptosis, partly by enhancing myo-
cardial oxidative stress. Of note, obese CM treatment 
also leads to mitochondrial dysfunction, mitochondrial 
permeability transition pore opening, and decreased 
mitochondrial membrane potential in H9c2 cells, and 
these effects are reversed only partially by leptin antag-
onist. We suspect that there may be positive interac-
tions among multiple detrimental adipocytokines that 
can induce oxidative stress as well as mitochondrial 
dysfunction in addition to leptin, which, obviously, war-
rants further investigations.

Since discovered by Skou in 1957,47 energy- 
transducing NKA has been extensively studied for its 
ion- pumping function. More important, documents 
have demonstrated that NKA also acts as a signaling 
molecule participating in various signaling pathways. 
For example, energy- sensitive regulation of NKA by 

JAK2 has been found in Jurkat cells.48 In hepatoma 
HepG2 cell line, targeting NKA α1 subunit induces 
apoptosis and cell cycle arrest.49 In recent years, many 
studies have pointed out an amplification loop between 
ROS and NKA.50– 53 As such, researchers have demon-
strated oxidative regulation of NKA in the cardiovascu-
lar system.54 A previous study showed that DRm217, 
a proven specific NKA antibody, attenuates myocar-
dial ischemia- reperfusion injury via stabilizing plasma 
membrane NKA, inhibiting NKA/ROS pathway and 
activating PI3K/Akt and extracellular signal- regulated 
kinase 1/2.15 Research by White et al55 suggested that 
a slight increase of ROS inhibits NKA activity in cardio-
myocytes. In our study, leptin induces ROS genera-
tion in cultured H9c2 cells; it is, therefore, possible that 
leptin may inhibit NKA. We observed downregulation in 
obese rats of both NKA activity and protein expression 
of NKA α1 subunit, which contains ligand binding sites, 
such as ATP and digitalis, and is considered to be a 
catalytic subunit.56 In addition, leptin inhibition of NKA 
activity in H9c2 cells is reversed after pretreatment with 
ROS scavenger NAC. These results revealed that ROS 
is an upstream signal in NKA inhibition in response to 
elevated PAT- derived leptin in obese hearts.

In the classic situation, partial inhibition of NKA 
ion- exchange activity raises intracellular sodium con-
centration ([Na+]i), which, in turn, increases intracel-
lular calcium concentration ([Ca2+]i) by coupling with 
sodium- calcium exchanger to execute the inotropic 
effect.57 However, evidence has been proposed that 
Ca2+ overload induced by increased intracellular Na+, 
the so- called reverse mode, will further activate cal-
pains and induce apoptosis in the end.58 Calpains 
belong to a family of calcium- dependent thiol prote-
ases. Activation of calpain is implicated in ischemia/
reperfusion- induced apoptosis in the heart and plays 
a role in tumor necrosis factor- α– mediated apoptosis 
in cardiomyocytes.59 Thus, we assessed Ca2+ con-
centration and calpain expression in PAT- CM– cultured 
cells. Leptin derived from obese PAT increases Ca2+ 
gathering and calpain protein expression concomitant 
with the impairment of NKA activity in H9c2 cells. On 
the basis of these data, it is reasonable to assume that 
NKA/Ca2+/calpain, as a downstream signaling path-
way of ROS, is involved in PAT- derived leptin- mediated 
apoptosis of cardiomyocytes. However, recent data 
have shown that calpain inhibits NKA activity in the 
heart, which may induce apoptosis via Ca2+ overload.60 
Li et al61 also found that calpain- 1 activation induces 
apoptosis through downregulating NKA activity in high 
glucose– stimulated cardiomyocytes. Thus, the patho-
physiological cross talk between NKA and calpain re-
mains to be further explored.

JAK2/STAT3 signal pathway has proven to be a 
classic downstream channel of leptin.62 Our previous 
research showed that leptin promotes myocardial 
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fibrosis and eventually leads to cardiac remodeling 
by activating JAK2/STAT3 signaling pathway.63 We 
found in this study that leptin activates ROS via 
JAK2/STAT3 and triggers 2 independent apoptosis 
pathways. PI3K/Akt is one of the downstream sig-
naling pathways of leptin.64 Evidence shows that one 
of the primary functions of PI3K/Akt is to promote 
growth factor– mediated cell survival and prevent 
programmed cell death or apoptosis.65,66 However, 
whether the strong antiapoptotic activity of PI3K/Akt 
still exists in the presence of local accumulation of 
leptin is unclear. In this experiment, PI3K/Akt signal-
ing pathway is suppressed in the process of leptin- 
induced apoptosis. However, it is worth noting that 
PI3K/Akt plays a minor role in the calpain- dependent 
apoptosis because pretreatment with its inhibitors 
barely changed the effects of leptin on protein ex-
pression of NKA or calpain.

Several limitations of the present study should be 
acknowledged. First, adipose tissue secretes many 
types of adipocytokines, among which leptin produc-
tion increases significantly in obese individuals. The 
cross talk between leptin and other adipokines in the 
process of apoptosis is not illustrated in our study. 
Second, NKA- related ion activity was not detected in 
this experiment, and the specific mechanism of ion 
channels was not studied deeply enough. Third, the 
obese rat model was established via high calorie up-
take to explain paracrine effect. Whether the results 
also standstill in other obese models, such as ob/
ob or db/db animal models, is unclear. Interestingly, 
Barouch et al67 acknowledged that the signaling path-
ways of leptin were unchanged, even eliminated, in the 
genetically modified obese mice, which is apparently 
distinct from our results. We hypothesized that these 
genetically engineered mice might have different car-
diac remodeling mechanisms from diet- induced obese 
ones. In short, further research is needed to confirm 
this hypothesis.

The present study highlighted the promoting effect 
of leptin secreted locally from pericardial adipose tis-
sue on myocardial apoptosis and cardiac remodeling 
under the condition of obesity and demonstrated the 
link between NKA and ROS in leptin- induced cardiac 
apoptosis. Future studies should focus on exploring 
the pathophysiological relationship between leptin and 
other adipokines secreted by PAT in cardiac injury. 
Besides, we plan to inject small interfering RNA into 
PAT in the future to silence the expression of leptin in 
local adipose tissue to further verify our results. Finally, 
the mechanism of NKA- associated ion channels in 
leptin- mediated cardiac injury needs to be further 
clarified.

In summary, this study indicates that leptin derived 
from obese rat PAT promotes myocardial apoptosis via 
both JAK2/ROS/NKA and JAK2/ROS/mitochondria 

pathways. These data offer novel insights into potential 
mechanisms of PAT in heart diseases in diet- related 
obese individuals.
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SUPPLEMENTAL MATERIAL



Table S1. Baseline metabolic parameters of the two experimental groups of rats.

There was no difference in baseline data between the two groups (t-test for all; data presented as 
mean±SD). FBG, fasting blood glucose; FINS, fasting insulin; HOMA-IR, homeostasis model 
assessment of insulin resistance; TC, total cholesterol; TG, triglyceride; HDL-C, high-density 
lipoprotein; LDL-C, low-density lipoprotein. 

Baseline (0 week)
Metabolic parameters

ND (n=10) HFD (n=10)
Body mass (g) 250.34±10.26 254.70±9.13
FBG (mmol/L) 4.66±0.26 5.01±0.23
FINS (ng/mL) 0.48±0.09 0.53±0.06
HOMA-IR 2.63±0.26 2.33±0.63
TC (mmol/L) 1.83±0.18 2.03±0.41
TG (mmol/L) 0.93±0.25 1.02±0.11
HDL-C (mmol/L) 1.45±0.17 1.63±0.22
LDL-C (mmol/L) 0.72±0.12 0.83±0.18



Table S2. Metabolic parameters of two experimental groups after diet treatment for 20 weeks.

After 20-week of high fat diet feeding, HFD rats were obese, hyperglycemic, hyperlipidemic, and 
insulin resistant (* = p < 0.05 vs. Control group, **= p <0.01 vs. Control group; t-test for all; data 
presented as mean±SD). FBG, fasting blood glucose; FINS, fasting insulin; HOMA-IR, homeostasis 
model assessment of insulin resistance; TC, total cholesterol; TG, triglyceride; HDL-C, high-density 
lipoprotein; LDL-C, low-density lipoprotein. 

Figure. S1 Western blot analysis of leptin expression of PAT from control and obese 
rats. (***p<0.001 vs. con-PAT; t-test, n=3/group).

20 weeks
Metabolic parameters

Control (n=8) Obese (n=7)
Food intake (g/week) 71.09±17.09 68.57±17.67
Body mass (g) 501.33±65.26* 641.38±132.58*

SBP (mm/Hg) 99.00±10.64 109.70±33.78
DBP (mm/Hg) 66.83±15.36 65.00±11.27
FBG (mmol/L) 4.39±0.52 7.45±0.81*

FINS (ng/mL) 0.49±0.04 1.33±0.15*

HOMA-IR 2.89±1.21 8.02±1.36**

TC (mmol/L) 1.79±0.32 2.91±0.43**

TG (mmol/L) 0.96±0.06 2.03±0.58*

HDL-C (mmol/L) 1.56±0.13 1.02±0.09*

LDL-C (mmol/L) 0.68±0.15 1.47±0.21**



Figure S2. Long-term leptin administration induces H9c2 cell apoptosis. H9c2 cells were incubated by 
different concentrations of leptin at various time periods. Cell viability was measured by methyl thiazolyl 
tetrazolium (MTT) method. a-k Effects of time and concentration gradient of leptin on H9c2 cell proliferation. l-
m Western blot analysis of caspase 3 protein expression after 24 or 48h of leptin intervention. (*p<0.05 vs. 0ng/
ml; **p<0.01 vs. 0ng/ml; ***p<0.001 vs. 0ng/ml; &p<0.001 vs. 24h (0ng/ml); #p<0.05 vs. 48h (0ng/ml); 1-way 
ANOVA with Bonferroni correction for A-K, two-way ANOVA analysis of variance for M; data presented as 
mean±SEM). For A-K, n=6/group; for M, n=3/group.
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