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ORIGINAL RESEARCH

Panax notoginseng Saponin Protects 
Against Diabetic Cardiomyopathy Through 
Lipid Metabolism Modulation
Chenyang Zhang, PhD; Bin Zhang, PhD; Xuelian Zhang, PhD; Min Wang, PhD; Xiaobo Sun , PhD;  
Guibo Sun, PhD

BACKGROUND: People with diabetes are more likely to develop cardiovascular diseases. Lipotoxicity plays a key role in the 
development of diabetic cardiomyopathy. Panax notoginseng saponin (PNS) has been used to treat diabetes and obesity. 
However, the role of PNS in diabetic cardiomyopathy remains unclear.

METHODS AND RESULTS: Diabetic db/db mice received high- dose (200 mg/kg per day) or medium- dose (100 mg/kg per day) 
PNS by gavage for 12 weeks until week 36. Lipid accumulation and cardiac function in diabetic mice were detected and 
possible mechanisms involved were explored. PNS significantly improved body weight, body fat content, serum lipids, adi-
pocytokines, and antioxidative function in db/db mice. Lipid accumulation in adipose tissue, liver, and heart were also allevi-
ated by PNS treatment. Cardiac function and mitochondrial structure were also improved by PNS. H9c2 cells were treated 
with palmitate acid, and PNS pretreatment reduced lipid accumulation, mitochondrial reactive oxygen species, as well as 
improved mitochondrial membrane potential and mitochondrial oxygen consumption rate. Levels of proteins and expression 
of genes related to glucose and lipid metabolism, antioxidative function, and mitochondrial dynamics were also improved by 
PNS administration.

CONCLUSIONS: PNS attenuated heart dysfunction in diabetic mice by reducing lipotoxicity as well as modulating oxidative 
stress and improving mitochondrial function.
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Although the cause of type 2 diabetes is multi-
factorial, obesity has been proven to play a crit-
ical role in its progression.1 It has been shown 

that type 2 diabetes is accompanied by excessive 
fat accumulation in the liver, which worsens hepatic 
responsiveness to insulin, resulting in increased glu-
cose production.2 In addition, adipose tissue is also 
responsible for multiorgan insulin resistance through 
elevated levels of circulatory factors such as free 
fatty acids (FFAs) and leptin, which promote hyper-
glycemia.3 Diabetes has become an epidemic in re-
cent years, and cardiovascular complications are the 
major cause of death in people with diabetes.4 People 

with diabetes are more likely to develop cardiovascu-
lar complications and have a poorer prognosis than 
those without diabetes.4 Diabetic cardiomyopathy is a 
condition resulting from diabetes in which heart failure 
occurs without coronary artery disease, hypertension, 
or valvular heart disease.5 Many potential mechanisms 
have been recommended, such as mitochondrial dys-
function, increased lipid use, excessive reactive oxy-
gen species (ROS) production, and lipotoxicity, but the 
exact mechanism remains relatively underinvestigated 
and requires further study. Aminoguanidine breakers,6 
metformin,7 angiotensin- converting enzyme inhibitors,8 
beta blockers (timolol),9 and dipeptidyl peptidase- 4 
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inhibitors,10 as well as other putative therapies such 
as sodium- glucose transport protein 2 inhibitors and 
glucagon- like peptide 1 agonists, have exerted ben-
eficial effects on diabetic cardiomyopathy in preclini-
cal animal models. However, none of these therapies 
has been used clinically to treat patients with diabetic 
cardiomyopathy.11 Therefore, there is an urgent need 
to further elucidate the mechanisms of and find new 
therapies targeting diabetic cardiomyopathy.

Recently, traditional Chinese medicine has increased in 
popularity. Panax notoginseng has been used to manage 
bleeding in China for thousands of years. Panax notogin-
seng saponin (PNS) is the main active ingredient in Panax 
notoginseng and the main ingredient of Xuesaitong injec-
tion. Many experiments have demonstrated that PNS can 
protect against cardiovascular diseases, probably owing 
to antiplatelet, anticoagulant, antithrombotic, antiathero-
sclerotic, and lipid- lowering effects and so on.12 PNS has 
also been reported to treat diabetes and obesity in KK- Ay 

mice.13,14 Moreover, PNS can protect against endoplas-
mic reticulum stress and oxidative stress in cardiomyo-
cytes,15,16 improve myocardial energy metabolism, rescue 
myocardial damage, and inhibit ischemia- induced apop-
tosis of cardiomyocytes.17– 19 Additionally, PNS can protect 
against acute myocardial infarction and heart failure by in-
ducing autophagy.20 All these experiments demonstrated 
that PNS exerted beneficial effects on cardiac protection. 
However, none of these studies has focused on the role 
of PNS in diabetic cardiomyopathy.

This study demonstrated the basic mechanisms of 
the later stages of diabetic cardiomyopathy and the 
protective effects of PNS on diabetic cardiomyopathy. 
By week 36, the control diabetic mice showed elevated 
body weight and fat level, increased levels of serum 
lipids, and lipid accumulation in the liver and adipose 
tissue, and PNS administration reduced lipid accumu-
lation in diabetic mice of the test group. Furthermore, 
diabetic mice experienced severe heart failure with ob-
vious cardiac hypertrophy, fibrosis, and apoptosis in 
the diabetic heart. Excessive lipid accumulation in the 
diabetic heart, which is the primary feature of diabetic 
cardiomyopathy, was the main cause of ROS produc-
tion. Excess ROS accumulation in the mitochondria 
was also detected, which is one of the reasons for 
mitochondrial dysfunction. Destroyed mitochondrial 
function and morphology were observed, which may 
have led to reduced energy supply and finally caused 
heart failure. However, PNS treatment significantly re-
duced lipid accumulation, decreased ROS production, 
and repaired mitochondrial function, which improved 
cardiac structure and function in diabetic mice. These 
findings suggest that PNS protects against diabetic 
cardiomyopathy by reducing lipid accumulation as well 
as modulating antioxidant status and promoting mito-
chondrial energy supply to inhibit heart failure.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Materials
PNS came from Kunming Shenghuo Pharmaceutical 
Co., Ltd and metformin was obtained from Sino 
American Shanghai Squibb Pharmaceutical Co., Ltd. 
Study design of this research and quality control 
of PNS used in this research were listed in Figure 1. 
Antibodies used in this research were all obtained from 
Abclonal Technology (Wuhan, China).

Experimental Animals
All experiments were carried out according to the rec-
ommended guidelines and approved by the Laboratory 

CLINICAL PERSPECTIVE

What Is New?
• Panax notoginseng saponin (PNS) treatment 

significantly improved body weight, body fat 
content, serum lipids, adipocytokines, and an-
tioxidative function in diabetic mice. Lipid accu-
mulation in adipose tissue, liver, and heart was 
also alleviated by PNS treatment.

• PNS alleviated heart failure and mitochondrial 
dysfunction by modulating lipid metabolism, im-
proving antioxidative function and mitochondrial 
dynamics.

What Are the Clinical Implications?
• PNS can alleviate obesity and reduce lipid ac-

cumulation in diverse organs as well as improve 
function of adipose tissue, liver, and heart.

• PNS can attenuate heart failure caused by 
diabetes by reducing lipotoxicity as well as 
modulating oxidative stress and improving mi-
tochondrial function.

Nonstandard Abbreviations and Acronyms

FS fractional shortening
LVAW left ventricular anterior wall thickness
LVID left ventricular internal diameter
NRF nuclear respiratory factor
PNS Panax notoginseng saponin
SOD superoxide dismutase
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Animal Ethics Committee of the Institute of Medicinal 
Plant Development, Peking Union Medical College. Eight- 
week- old male db/m and db/db mice were purchased 
from Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). Female mice were not chosen because 
estrogen may have protective effect in diabetic cardio-
myopathy. All animals were kept in a thermostatic room 
with a 12- hour light- dark cycle and had free access to 

food and water until 24 weeks old. All animals were rand-
omized into 5 groups: (1) db/m group (Control), (2) db/db 
group (Model), (3) db/db+metformin 250 mg/kg per day 
group (metformin), (4) db/db+PNS 200  mg/kg per day 
group (H- PNS), and (5) db/db+PNS 100 mg/kg per day 
group (M- PNS). PNS or metformin was administered to 
the mice every day for 12 weeks. Mice in the control and 
model groups were administered pure water.

Figure 1. Study design and PNS quality control.
A, Study design of this research: diabetic db/db mice were gavaged with Panax notoginseng saponin, after 12- week treatment, body 
weight, body fat, blood glucose and serum lipids, adipokines, and biochemical indexes related to antioxidative stress and inflammation 
were detected. Cardiac function, pathological change, and mitochondrial structure were also investigated. H9c2 cells were treated 
with palmitate acid and after PNS pretreatment, lipid accumulation, mitochondrial reactive oxygen species, mitochondrial membrane 
potential, and mitochondrial oxygen consumption rate were detected. Levels of proteins and expression of genes related to glucose 
and lipid metabolism, antioxidative function, and mitochondrial dynamics were also investigated. B, HPLC analysis of PNS used in 
this research. PNS used for gavage met the quality control requirements of the Chinese Pharmacopoeia, which stated that the content 
of notoginsenoside R1, ginsenoside Rg1, ginsenoside Re, ginsenoside Rb1, and ginsenoside Rd in PNS were no <5%, 25%, 2.5%, 
30%, and 5%, respectively. In addition, total content of notoginsenoside R1, ginsenoside Rg1, ginsenoside Re, ginsenoside Rb1, and 
ginsenoside Rd in PNS was no <75%. Each retention time of peak in HPLC of PNS was in accordance with its standard control. HPLC 
indicates high- performance liquid chromatography; PA, palmitate acid; PNS, Panax notoginseng saponin; and ROS, reactive oxygen 
species.
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Blood Tests
Fasting blood glucose levels in overnight- fasted mice 
were measured after 12 weeks of treatment using the 
blood collected from the tail vein. Blood samples were 
collected from retro- orbital sinus of mice after anes-
thesia, kept at room temperature for 2 hours, centri-
fuged at 3000×g for 15 minutes, and then harvested 
for further analyses. Lipid content, including contents 
of total triglyceride (TG), total cholesterol, high- density 
lipoprotein, low- density lipoprotein, and FFAs, as well 
as levels of liver function markers including alanine 
aminotransferase and aspartate aminotransferase 
were measured using an automatic biochemical an-
alyzer (AU480, Beckman Coulter, USA). Serum cre-
atine kinase (CK), creatine kinase- MB (CK- MB), and 
lactate dehydrogenase (LDH) levels were measured 
using a fully automatic biochemical analyzer (AU480, 
Beckman Coulter). Catalase, malondialdehyde, super-
oxide dismutase (SOD), and glutathione (GSH) per-
oxidase assay kits (Nanjing Jianchen Bioengineering 
Institute, China) were used to detect serum lipid per-
oxidation according to the manufacturer’s instructions. 
Insulin, adiponectin, and leptin levels, as well as levels 
of proinflammatory cytokines such as interleukin- 6 (IL- 
6), interleukin 1α (IL- 1α), MCP- 1 (monocyte chemoat-
tractant protein- 1), tumor necrosis factor- α, and CRP 
(C- reactive protein), were quantified using kits accord-
ing to the manufacturer’s instructions (Beijing Huaying 
Institute of Biological Technology, China).

Echocardiography
After 12  weeks of treatment, echocardiography 
was performed using the Vevo 770 Imaging System 
(VisualSonics, Canada), and each parameter was 
measured twice. All the mice were anesthetized using 
isoflurane (RDW, China). Echocardiographic param-
eters were detected in the parasternal long- axis view. 
Left ventricular internal diameter (LVID), left ventricular 
anterior wall thickness (LVAW), and left ventricular pos-
terior wall thickness (LVPW) were measured. Left ven-
tricular volume (LV vol), left ventricular ejection fraction 
(EF), and fractional shortening (FS) were calculated.

Histology and Transmission Electron 
Microscopy
Whole mouse hearts were fixed in formalin and embed-
ded in paraffin for histological analysis. After being cut into 
5 μm sections and stained with hematoxylin and eosin 
(HE), Masson’s trichrome, Oil Red O, and TdT- mediated 
dUTP nick- end labeling (TUNEL), images from left ventri-
cle of each heart were acquired with a panoramic scan-
ning microscope (3DHISTECH, Hungary) and processed 
using Caseviewer version 2.4 (3DHISTECH). For trans-
mission electron microscopic analysis, left ventricle of 
each mouse heart was fixed with 2.5% glutaraldehyde 

(Sigma, USA). Mitochondrial ultrastructure in the heart 
sections was observed using a Tecnai G2 Spirit trans-
mission electron microscope (Thermo Fisher, USA). Liver 
and subcutaneous adipose tissues of mice were stained 
with HE, and livers were also stained with Oil Red O after 
fixation and embedding.

Cell Culture and Treatment
Rat embryonic cardiac myoblasts (H9c2) were pur-
chased from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). DMEM supplemented 
with 10% fetal bovine serum was used to grow cells at 
37 °C under 5% CO2 atmosphere. When cells reached 
about 80% confluency, they were pretreated with dif-
ferent concentrations of PNS or 5 μmol/L berberine for 
24 hours and then incubated in fetal bovine serum- free 
DMEM with or without palmitate acid (PA) for 24 hours. 
The 3T3- L1 mouse preadipocytes were purchased 
and maintained in the same atmosphere as that of 
H9c2. Two days after the cells were confluent, differ-
entiation was induced by exposure to 1 μmol/L dexa-
methasone, 0.5  mmol/L 3- isobutyl- 1- methylxanthine, 
and 10 μg/mL insulin in DMEM with 10% fetal bovine 
serum for 48 hours. Two days later, the medium was 
changed to differentiation medium (10 μg/mL insulin in 
DMEM with 10% fetal bovine serum). After 48 hours of 
treatment, the medium was replaced. The cells were 
then used in the experiments.

Cell Viability
Cell viability was assessed using 3- (4, 
5- dimethylthiazol- 2- yl)- 2, 5- diphenyltetrazolium bro-
mide (Solarbio, China). After seeding in 96- well plates 
and reaching 80% confluency, cells were treated with 
different concentrations of PNS or PA. They were then 
incubated with 1  mg/mL 5- diphenyltetrazolium bro-
mide for 4 hours at 37 °C without light. At the end of 
the incubation, the medium was aspirated, dimethyl 
sulfoxide was added, and the absorbance was meas-
ured using a microplate reader at OD 570 nm.

BODIPY Staining
BODIPY 493/503 was used to measure intracellular 
lipid accumulation in H9c2 and 3T3- L1 cells (Invitrogen, 
USA). After fixing with 4% paraformaldehyde, the cells 
were washed 3 times and incubated with the BODIPY 
working solution at room temperature in the dark for 
30 minutes. After incubation, the cells were washed 3 
times with PBS for subsequent fluorescence micros-
copy imaging (Olympus, Japan).

Superoxide Measurement
Mitochondrial ROS were measured using MitoSOX 
Red (Invitrogen). After washing 3 times with PBS, H9c2 
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cells were incubated with MitoSOX Red working solu-
tion at 37 °C without light for 20  minutes. The cells 
were then washed 3 times with PBS before mitochon-
drial ROS imaging using a fluorescence microscope 
(Olympus).

Measurement of GSH:Oxidized 
Glutathione
H9c2 cells were seeded in 6- well plates and after 
treated with 100 µg/mL PNS for 24 hours followed by 
300 μmol/L PA treatment, cells were washed with PBS 
and harvested for measurement of GSH:oxidized glu-
tathione according to the kit’s instructions (Beyotime, 
China).

Measurement of Mitochondrion 
Membrane Potential (ΔΨ m)
Changes in ΔΨ m were measured using JC- 1 staining 
(Thermo Fisher Scientific). H9c2 cells were seeded in 
6- well plates, and after the cells reached about 80% 
confluence, they were treated with 100 µg/mL PNS or 
50 µg/mL PNS for 24 hours, followed by the addition of 
300 μmol/L PA. After 24 hours, the medium was dis-
carded, and 2 μg/mL JC- 1 was added and incubated 
at 37 °C for 20 minutes, and the cells were washed 
with PBS and photographed using a fluorescence mi-
croscope (Olympus).

Mitochondrial Staining
Mitochondria were stained as follows: The cells were 
plated in 6- well plates. After PNS and PA treatment, 
the cells were washed with PBS 3 times and then 
stained for 30 minutes at 37 °C with MitoTracker Red 
and Hoechst 33342 (Invitrogen). The cells were then 
washed with PBS, and mitochondria were imaged 
using a fluorescence microscope (Olympus).

Measurement of Mitochondrial Oxygen 
Consumption Rate
To record the oxygen consumption rate of H9c2 cells, 
an XF24 extracellular flux analyzer was used accord-
ing to the manufacturer’s instructions (Agilent Seahorse 
Bioscience, USA). Cells were seeded in an Agilent 
Seahorse XF24 Cell Culture Microplate (Agilent Seahorse 
Bioscience). After PNS and PA treatment, oxygen con-
sumption rate was recorded following the experimental 
tips, and basal and maximal oxygen consumption rates 
were calculated and normalized with cell counts.

Quantitative Reverse- Transcription 
Polymerase Chain Reaction
Total mRNA was isolated from mouse hearts using 
TRIzol according to the manufacturer’s instructions 

(Invitrogen). The quality and quantity of isolated RNA 
were assessed using Nanodrop 2000 (Thermo Fisher 
Scientific). Samples with 260/280 and 260/230 ratios 
between 1.8 and 2.0 were reverse- transcribed into 
cDNA using the PrimeScript RT Reagent Kit (Takara, 
Japan). TB Green II (Takara) was used to quantify the 
polymerase chain reaction- amplified products. The 
expression levels were calculated using the ΔΔCt 
method. The primer pairs used are listed in Table S1.

Western Blot Analysis
Samples were fragmented and lysed in lysis buffer at 
4 °C for 30 minutes (CWBIO, China). After centrifuga-
tion at 12  000×g at 4 °C for 30  minutes, the super-
natants were collected, followed by quantification of 
sample protein concentrations using a BCA Protein 
Quantitative Assay Kit (CWBIO). Following mixing with 
loading buffer and boiling for denaturation, protein mix-
tures were loaded into each well and separated on an 
8% sodium dodecyl sulfate- polyacrylamide gel elec-
trophoresis gel. Proteins were then transferred onto ni-
trocellulose membranes and blocked for 2 hours. After 
incubation with rabbit polyclonal antibodies against 
proteins related to mitochondrial dynamics and lipid 
metabolism at 1:1000 dilution at 4 °C overnight, the 
membranes were washed with tris- buffered saline 
with Tween 3 times and incubated with the second-
ary antibody for 90 minutes, followed by washing with 
tris- buffered saline with Tween 3 times. Protein bands 
were detected with ECL Western blot detection kits 
(CWBIO), and their levels were quantified using ImageJ. 
All experiments were performed at least 3 times, and 
the averages were used for comparisons.

Statistical Analysis
All statistical analyses were performed using the SPSS 
version 17.0. Data are presented as the mean±SEM. 
One- way analysis of variance and least significant dif-
ference test were used to compare multiple groups. 
Statistical significance was set at P<0.05.

RESULTS
PNS Reduced Insulin Resistance and 
Serum Lipid Levels in db/db Mice
As shown in Figure 2A and 2B, at 36 weeks, db/db 
mice showed significantly increased body weight and 
blood glucose level compared with that of the controls 
(P<0.01), whereas metformin, a drug long used to con-
trol blood glucose level in diabetes, significantly de-
creased their body weight and glucose levels (P<0.05). 
Both H- PNS and M- PNS improved the body weight 
(P<0.05) rather than blood glucose of diabetic mice 
(P>0.05). Elevated body fat as well as serum insulin and 
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FFA levels were observed in db/db mice (Figures 2C 
through 2E, P<0.01), whereas metformin only de-
creased their body fat level (P<0.05), and both H- PNS 
and M- PNS treatments improved the 3 elevated lev-
els of diabetic mice (P<0.05). Only H- PNS significantly 
decreased serum total cholesterol, TG, high- density 
lipoprotein, and low- density lipoprotein levels in db/
db mice (Figure 2F through 2I, P<0.05), treatment with 
metformin decreased TG and low- density lipoprotein 
(P<0.05), and M- PNS treatment only decreased low- 
density lipoprotein (P<0.01). Together, these results 
indicate that PNS alleviated insulin resistance mainly 
by reducing lipid levels rather than decreasing blood 
glucose levels in diabetic mice.

PNS Reduced Lipid Accumulation in 
Adipocytes and Improved Inflammation
The extent of fat accumulation in the subcutaneous 
adipose tissue was evaluated using HE staining. As 
shown in Figure 3A and 3B, the mean area of adipo-
cytes in the same field of view markedly increased in 
db/db mice (P<0.001). Metformin and PNS supplemen-
tation markedly reduced the mean area of adipocytes 
(P<0.001), which indicated decreased lipid accumula-
tion in diabetic mice. The 3T3- L1 preadipocytes were 
also incubated with berberine and PNS to confirm 
this result. Berberine was used as a positive control 
according to reports that berberine has a significant 
effect on lipid reduction.21 The 5- diphenyltetrazolium 

bromide assay was performed to ensure that the PNS 
concentration used in the experiments was nontoxic 
(Figure  3C, P>0.05). Subsequently, 50  μg/mL PNS 
(M- PNS) and 100 μg/mL PNS (H- PNS) were used for 
further research. BODIPY staining on day 4 of differen-
tiation showed significantly decreased lipid accumula-
tion in berberine and PNS- treated mature adipocytes 
(Figure  3D and 3E, P<0.001), which confirmed that 
berberine and PNS improved lipid accumulation in adi-
pocytes. PNS treatment also decreased the elevated 
leptin level (Figure 3F, P<0.01) and increased adiponec-
tin levels in diabetic mice (Figure 3G, P<0.001), which 
indicated alleviated obesity and insulin resistance in 
treated mice, whereas metformin only improved adi-
ponectin levels in diabetic mice (P<0.001). Moreover, 
treatment with PNS significantly improved the inflam-
mation in db/db mice. Serum CRP, tumor necrosis 
factor- α, MCP1, IL- 1β, and IL- 6 levels were significantly 
improved by PNS treatment in db/db mice (Figures 3H 
through 3L, P<0.01). However, metformin treatment 
only improved MCP1 levels (P<0.01) and IL- 6 levels in 
diabetic mice (P<0.001). Thus, PNS treatment signifi-
cantly improved obesity, insulin resistance, and inflam-
mation in diabetic mice.

PNS Alleviated Fat Accumulation in the 
Liver and Improved Hepatic Function
HE staining was performed to determine the effects 
of PNS on morphological and histological changes in 

Figure 2. PNS reduced lipid accumulation in diabetic mice.
A, body weight; (B) blood glucose level, and (C) body fat level of 36- week- old mice after 12 weeks of treatment. Data are expressed 
as the mean±SEM (n=3– 6). *P<0.05 or **P<0.01 or ***P<0.001 vs model group; ##P<0.01 or ###P<0.001 vs the control. Serum (D) insulin; 
(E) FFA; (F) CHO; (G) TG; (H) HDL, and (I) LDL levels in indicated groups. Data are expressed as the mean±SEM (n=3– 6). *P<0.05 or 
**P<0.01 or ***P<0.001 vs model group; #P<0.05 or ##P<0.01 or ###P<0.001 vs the control. CHO indicates total cholesterol; FFA, free 
fatty acids; HDL, high- density lipoprotein; H- PNS, db/db+PNS 200 mg/kg per day group; LDL, low- density lipoprotein; M- PNS, db/
db+PNS 100 mg/kg per day group; PNS, Panax notoginseng saponin; and TG, total triglyceride.
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the liver. Diabetic mice showed enlarged and vacuolar 
liver cells, whereas metformin and PNS treatments ob-
viously improved the morphology of the liver cells in 

the model group (Figure 4A). Consistently, the livers of 
diabetic mice exhibited increased lipid accumulation 
compared with that of the control group (Figure  4B 

Figure 3. PNS reduced lipid accumulation and inflammation in adipose tissue.
A, Representative images of HE staining of adipose tissue and (B) quantification of adipocyte area. Scale bar, 50 μm. Data are 
expressed as the mean±SEM (n=6). ***P<0.001 vs model group; ###P<0.001 vs the control. C, MTT assay showing 3T3- L1 cell viability 
treated using different concentrations of PNS. Data are expressed as the mean±SEM (n=6). D, BODIPY staining images showing lipid 
accumulation in 3T3- L1 cells and (E) quantification of green fluorescence in different groups. Scale bar, 200 μm. Data are expressed 
as the mean±SEM (n=6) ###P<0.001 vs the control. (F) leptin; (G) adiponectin; (H) CRP1; (I) MCP1; (J) TNF- α; (K) IL- 1β, and (L) IL- 6 
levels in sera of different groups. Data are expressed as the mean±SEM (n=3– 6). *P<0.05 or **P<0.01 or ***P<0.001 vs model group; 
##P<0.01or ###P<0.001 vs the control. CRP indicates C- reactive protein; HE, hematoxylin and eosin; H- PNS, db/db+PNS 200 mg/kg 
per day group; IL- 1α, interleukin 1α; IL- 1β, interleukin- 1β; IL- 6, interleukin-  6; MCP- 1, monocyte chemoattractant protein- 1; M- PNS, 
db/db+PNS 100 mg/kg per day group; MTT, 5- diphenyltetrazolium bromide; PNS, Panax notoginseng saponin; and TNF- α, tumor 
necrosis factor- α.
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and 4C, P<0.001), whereas metformin and PNS treat-
ments notably reduced lipid droplets in the liver of db/
db mice (P<0.001). Moreover, levels of alanine ami-
notransferase and aspartate aminotransferase, which 
reflect liver dysfunction, also significantly decreased in 
metformin or PNS- treated db/db mice (Figure 4D and 
4E, P<0.05).

PNS Improved Cardiac Function in 
Diabetic Cardiomyopathy
Representative echocardiographic images of the 5 
groups are shown in Figure 5A. Representative param-
eters such as LVID, LVPW, and LVAW were measured; 
LV volume in diastolic end, EF, and FS were calculated. 
LVID in diastolic and systolic end significantly increased 

Figure 4. PNS reduced lipid accumulation in the liver and promoted liver function.
Representative images of (A) HE staining; (B) Oil red O staining, and (C) quantitative analysis of Oil red O stainings in 5 groups. Scale 
bar, 50 μm. Data are expressed as the mean±SEM (n=6). ***P<0.001 vs model group; ###P<0.001 vs the control. Serum (D) ALT and 
(E) AST levels in different groups. Data are expressed as the mean±SEM (n=3– 6). *P<0.05 or **P<0.01 or ***P<0.001 vs model group; 
##P<0.01 or ###P<0.001 vs the control. ALT indicates alanine aminotransferase; AST, aspartate aminotransferase; HE, hematoxylin and 
eosin; H- PNS, db/db+PNS 200 mg/kg per day group; M- PNS, db/db+PNS 100 mg/kg per day group; and PNS, Panax notoginseng 
saponin.
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in the model group compared with that of the control 
group (Figure  5B and 5C, P<0.05), which demon-
strated the occurrence of dilated cardiomyopathy by 
week 36. In the PNS- treated groups, these parame-
ters significantly decreased compared with that of the 
model group (P<0.05). LVAW, LVPW, and LV volume 
in diastolic end in diabetic mice were also improved 
by PNS treatment (Figure 5D through 5F, P<0.05). EF 
and FS were significantly lower in diabetic mice than in 
control mice (Figure 5G through 5H, P<0.05), indicat-
ing decreased diastolic dysfunction in diabetic mice. 
However, PNS administration significantly improved 
these parameters (P<0.05), indicating that PNS can 
alleviate heart failure in diabetic mice. Although met-
formin administration improved EF and FS (P<0.05), it 
did not significantly improve LVID in systolic end in the 
model group (P>0.05).

PNS Attenuated Cardiac Fibrosis and 
Hypertrophy in Diabetic Mice
Figure 6A through 6C show representative images of 
HE, Masson, and TUNEL staining. Increased cross- 
sectional areas and interstitial fibrosis of atrial cardio-
myocytes were observed in diabetic mice (Figure 6D 
and 6E, P<0.001), which were attenuated by PNS and 
metformin treatments (P<0.001). Increased inflamma-
tory cell infiltration and mineralization were observed 
in the diabetic heart, but PNS and metformin admin-
istration improved cardiac morphology. TUNEL stain-
ing showed significantly increased apoptosis in the 
model group (Figure 6F, P<0.001), whereas PNS and 
metformin treatment decreased the apoptotic rate in 
diabetic hearts. Serum CK, CK- MB, and LDH levels at 
the week 36 were higher in the model group than in the 
control or other treatment groups (Figure 6G through 
6I, P<0.05). PNS treatment significantly lowered serum 
CK and LDH levels in diabetic mice (P<0.01). Although 
H- PNS significantly improved CK- MB levels in mice 
with diabetes (P<0.01), the difference was not sta-
tistically significant between the M- PNS and model 
groups (P>0.05). Metformin improved only CK levels in 
diabetic mice (P<0.001); CK- MB and LDH levels were 
not decreased by metformin treatment (P>0.05). These 
data demonstrated that PNS administration alleviated 
cardiac dysfunction in diabetic mice by reducing hy-
pertrophy, fibrosis, and apoptosis.

PNS Promoted Lipid and Glucose 
Metabolism in Diabetic Heart
To explore the effects of PNS on lipid droplet formation, 
Oil Red O staining was used to quantify lipid accumu-
lation in cardiomyocytes (Figure 7A). A larger number of 
lipid droplets were observed in the hearts of db/db mice, 
and PNS and metformin administration improved lipid 

accumulation in diabetic hearts (Figure 7B, P<0.001). 
To confirm this result, H9c2 cells were cultured with PA 
to induce lipotoxicity. The 300 μmol/L PA- treated cells 
were used as the model group, and 100 μg/mL PNS 
(H- PNS) and 50 μg/mL PNS (M- PNS) were used for 
further experiments (Figure 7C through 7E, P<0.001). 
Berberine (5 μmol/L) was used as a positive control 
because of its great lipid- lowering effects. BODIPY 
staining in H9c2 cells showed few small lipid droplets, 
whereas incubation with PA increased the number of 
lipid droplets (P<0.001). However, the addition of PNS 
and berberine significantly decreased the number of 
lipid droplets compared with that of the model group, 
as evidenced by decreased green fluorescence in 
PNS-  and berberine- treated H9c2 cells (Figure 7F and 
7G, P<0.001). Overall, these data indicate that PNS 
administration reduced the accumulation of cytosolic 
lipid droplets. To further elucidate the lipid- lowering 
mechanisms of PNS, H- PNS was used for quantita-
tive reverse- transcription polymerase chain reaction 
and western blotting. Expression of genes related to 
lipid metabolism, such as peroxisome proliferator acti-
vated receptor α (PPARα), peroxisome proliferator ac-
tivated receptor γ coactivator 1α (PGC- 1α), acetyl- COA 
acyltransferase 2, acyl- CoA dehydrogenase, malonyl- 
CoA decarboxylase, CD36, diacylglycerol acyltrans-
ferase 1, and PNPLA (patatin- like phospholipase 
domain- containing protein 4), significantly decreased 
in the diabetic heart (Figure  8A, P<0.01). Expression 
of genes involved in glucose metabolism, such as glu-
cose transporter 4, pyruvate dehydrogenase kinase 
4, pyruvate dehydrogenase α, and hexokinase 2, also 
decreased in the model group (Figure  8B, P<0.01). 
H- PNS treatment significantly increased the expres-
sion of the genes except PNPLA and hexokinase 2 
(P<0.05). This suggests that PNS can improve glu-
cose and lipid metabolism in diabetic hearts. However, 
metformin administration only partially improved their 
expression. Accordingly, in H9c2 cells, the protein lev-
els of phosphorylated acetyl CoA carboxylase, acetyl 
CoA carboxylase, PGC- 1α, carnitine palmitoyltrans-
ferase 1a (Cpt1a), Cpt1b, Cpt2, CD36, PPARα, glucose 
transporter 4, pyruvate dehydrogenase kinase 4, and 
FABP4 (fatty acid binding protein 4) were significantly 
decreased in the model group compared with that of 
the control (Figure 8C through 8F, P<0.01). PNS treat-
ment significantly improved their levels (P<0.05), which 
reduced lipid accumulation in cardiomyocytes and 
provided sufficient energy for normal cardiac function. 
Berberine also increased the levels of proteins involved 
in lipid and glucose metabolism in PA- treated H9c2 
cells (P<0.05). These data indicated that PNS reduced 
lipid accumulation in the diabetic heart by promoting 
lipid metabolism, and glucose metabolism was also 
accelerated to alleviate insulin resistance.
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PNS Reduced ROS Accumulation in 
Mitochondria
Cells store free acids as triacylglycerols in lipid droplets, 
whereas lipid overload induces ROS generation in the 
mitochondria.22 Serum catalase, SOD, GSH peroxi-
dase, and malondialdehyde levels were quantified, and 
diabetic mice showed attenuated antioxidative function; 
however, their levels were increased by PNS treatment 
(Figure 9A through 9D, P<0.001), whereas metformin 
treatment did not significantly improve the antioxidative 
function of diabetic mice (P>0.05). Consistently, H9c2 
cells exposed to PA showed significantly increased 
mitochondrial superoxide levels, as evidenced by in-
creased fluorescence intensity in PA- treated H9c2 
cells. By contrast, pretreatment with berberine or PNS 
reduced mitochondrial superoxide levels (Figure  9E 
and 9F, P<0.05). In addition, ratio of reduced to oxi-
dized glutathione was detected and PNS significantly 
reversed the decreased levels in model group, which 
indicated improved antioxidant function in PNS- treated 
H9c2 cells (Figure 9G, P<0.05). Concomitantly, the gene 
expression of SOD, glutathione S- transferase, NAD(P)
H:quinoneoxidoreductase 1, glutamate cysteine ligase 

modifier subunit, KEAP1 (Kelch- 1ike ECH- associated 
protein l), nuclear respiratory factor 1 (NRF1), and 
NRF2 was significantly reduced in the model group 
(Figure  9H, P<0.01), compared with that of the con-
trols. However, the expression of SOD, glutathione 
S- transferase, NAD(P)H:quinoneoxidoreductase 1, 
glutamate cysteine ligase modifier subunit, NRF2, 
and NRF1 significantly increased in the H- PNS group 
(P<0.01), suggesting that PNS improved the antioxi-
dative function of cardiomyocytes, which was sup-
pressed by PA. By contrast, metformin administration 
improved only glutathione S- transferase, NAD(P)
H:quinoneoxidoreductase 1, glutamate cysteine ligase 
modifier subunit, and NRF2 levels (P<0.05). Generally, 
PNS exerted excellent effects in reducing ROS accu-
mulation and increasing antioxidant function.

PNS Improved Mitochondrial Function, 
Morphology, and Membrane Potential in 
Diabetic Cardiomyopathy
Mitochondria are major organelles that participate in 
ROS generation, and mitochondrial damage has been 

Figure 5. PNS ameliorated cardiac dysfunction in diabetic mice.
A, Representative images of echocardiography from mice after 12 weeks of treatment. Statistical analyses of (B) LVIDd; (C) LVIDs; 
(D) LVAWd; (E) LVPWd; (F) LVd; (G) EF%, and (H) FS% in indicated groups. Data are expressed as the mean±SEM (n=3– 6). *P<0.05 or 
**P<0.01 or ***P<0.001vs model group; #P<0.05 or ##P<0.01 or ###P<0.001 vs the control. C indicates control; EF, left ventricular ejection 
fraction; FS, fractional shortening; H- PNS, db/db+PNS 200 mg/kg per day group; LVAWd, left ventricular anterior wall thickness in 
diastolic end; LVd, left ventricular volume in diastolic end; LVIDd, left ventricular internal diameter in diastolic end; LVIDs, left ventricular 
internal diameter in systolic end; LVPWd, left ventricular posterior wall thickness in diastolic end; M, model; MET, metformin; M- PNS, 
db/db+PNS 100 mg/kg per day group; and PNS, Panax notoginseng saponin.
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Figure 6. PNS reduced myocardial hypertrophy, fibrosis, and apoptosis in diabetic mice.
Cardiomyocyte cross- sectional area and fibrotic ratio were evaluated using (A) HE staining and (B) Masson staining in indicated groups. 
The section from which images were photographed were labeled in upper left area of each figure. Scale bar, 50 μm. C, TUNEL staining 
images showing myocardial apoptosis in different groups. Scale bar, 50 μm. Statistical analyses of cardiomyocyte (D) cross- sectional 
areas; (E) fibrotic ratios, and (F) apoptotic index in 5 groups. Data are expressed as the mean±SEM (n=3). ***P<0.001 vs model group; 
###P<0.001 vs the control. (G) CK; (H) CK- MB, and (I) LDH levels in sera of different groups. Data are expressed as the mean±SEM (n=3– 6). 
*P<0.05 or **P<0.01 or ***P<0.001 vs model group; #P<0.05 or ###P<0.001 vs the control. CK indicates creatine kinase; CK- MB, creatine 
kinase- MB; HE, hematoxylin and eosin; H- PNS, db/db+PNS 200 mg/kg per day group; LDH, lactate dehydrogenase; M- PNS, db/db+PNS 
100 mg/kg per day group; PNS, Panax notoginseng saponin; and TUNEL, TdT- mediated dUTP nick- end labeling.



J Am Heart Assoc. 2022;11:e023540. DOI: 10.1161/JAHA.121.023540 12

Zhang et al PNS Protects Against Diabetic Cardiomyopathy

related to the occurrence of several cardiovascular 
diseases.23 Transmission electron microscopy images 
showed an obvious alteration in the morphological 
appearance of mitochondria in the hearts of diabetic 
mice, indicating mitochondrial damage (Figure 10A). To 
confirm whether PNS has protective effects on mito-
chondria in diabetic cardiomyopathy, the appearance 
of mitochondria, such as mitochondrial size, was ana-
lyzed (Figure 10B). The results demonstrated that PNS 
and metformin increased mitochondrial size in diabetic 
hearts (P<0.01), indicating alleviated mitochondrial fis-
sion. To confirm the protective effect of PNS on mi-
tochondria, H9c2 cells were stained with fluorescent 
dye after treated with PA, mitochondrial content and 
membrane potential were evaluated. In the PA- treated 
group, mitochondrial content decreased, as shown by 
attenuated red fluorescence, whereas PNS and ber-
berine treatments increased mitochondrial content in 
PA- treated cells (Figure 10C and 10D, P<0.05). The flu-
orescence of JC- 1 represented ΔΨm of mitochondria, 
red represented aggregates and high potential, and 

green represented monomers and low potential. The 
fluorescence intensities indicated that PA treatment 
significantly reduced ΔΨm, whereas berberine and PNS 
pretreatments successfully attenuated the ΔΨm reduc-
tion induced by PA (Figure 10E and 10F, P<0.05). As H- 
PNS showed greater effects than M- PNS in protecting 
against mitochondrial dysfunction, H- PNS was used 
for further evaluation of mitochondrial function. PA pre-
treatment significantly suppressed the mitochondrial 
respiratory capacity including basal respiration, maxi-
mal respiration, and spare respiration, of whom maxi-
mal respiration and spare respiration were significantly 
improved by pre- treating with PNS (Figure  11A and 
11B, P<0.05). Correspondingly, expression of genes 
involved in mitochondrial respiration and dynamics 
significantly decreased in the model group, succi-
nate dehydrogenase enzyme subunit A (Sdha), ATP5j, 
ATP5h, dynamin- related protein 1 (Drp1), Sirt1, mito-
fusin 2 (Mfn2), Mfn1, and Opa1, while metformin and 
PNS pretreatment significantly improved the expres-
sion of these genes except Sirt1 (Figure 11C; P<0.05). 

Figure 7. PNS ameliorated lipotoxicity in diabetic heart.
A, Representative images of Oil red O staining and (B) quantitative analysis of Oil red O staining in 5 groups. Scale bar, 50 μm. Data 
are expressed as the mean±SEM (n=3). ***P<0.001 vs model group; ###P<0.001 vs the control. Cell viability measured using MTT 
assay showing (C) PA toxicity, (D) PNS toxicity, and (E) PNS availability. Data are expressed as the mean±SEM (n=6). **P<0.01 or 
***P<0.001 vs model group; ###P<0.001 vs the control. F, Representative images of BODIPY staining (G) and quantitative analysis 
of green fluorescence in H9c2 cells. Scale bar, 100 μm. Data are expressed as the mean±SEM (n=3). ***P<0.001 vs model group; 
###P<0.001 vs the control. H- PNS indicates db/db+PNS 200 mg/kg per day group; M- PNS, db/db+PNS 100 mg/kg per day group; 
MTT, 5- diphenyltetrazolium bromide; PA, palmitate acid; and PNS, Panax notoginseng saponin.
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Consistently, the protein levels of Mfn2 and TFAM 
(transcription factor A mitochondrial) were significantly 
reduced in the model group (Figure 11D and 11E, 11G, 
P<0.001), in comparison to that of the control group. 
PNS and berberine treatment increased their levels, 
which indicated increased mitochondrial biogenesis 
and fusion in PNS- treated diabetic mice (P<0.01). The 
level of mitochondrial division protein was higher in the 
model group than in the controls, while PNS and ber-
berine treatments decreased its level, which demon-
strated decreased mitochondrial fission in berberine 
and PNS- treated groups (Figure 11D and 11F, P<0.01). 
These data demonstrate that PNS improves mito-
chondrial function by reducing mitochondrial fission, 

promoting mitochondrial fusion and genesis, and 
maintaining mitochondrial membrane potential.

DISCUSSION
Obesity is defined as excessive body fat accumula-
tion, which has been shown to be associated with 
type 2 diabetes.24 Excess adipose tissue or ectopic fat 
accumulation in the liver causes insulin resistance.25 
Adipose and liver dysfunction are related to disturbed 
lipid metabolism, which is the cause of numerous 
cardiovascular diseases.26 Diabetic cardiomyopathy 
is characterized by increased lipid use and oxidation, 
which leads to cardiac lipotoxicity.4 Excessive fatty 

Figure 8. PNS regulated lipid and glucose metabolism in diabetic heart.
Transcription levels of genes involved in (A) lipid metabolism and (B) glucose metabolism in indicated 4 groups. (C) Representative 
blot images of proteins related to lipid metabolism and quantitative analysis of protein levels including (D) fatty acid β- oxidation, (E) 
synthesis and transportation of fatty acids, and (F) glucose metabolism. Data are expressed as the mean±SEM (n=3). *P<0.05 or 
**P<0.01 or ***P<0.001 vs model group; #P<0.05 or ##P<0.01 or ###P<0.001 vs the control. ACAA2 indicates acetyl- COA acyltransferase 
2; ACADM, acyl- CoA dehydrogenase; Cpt1a, carnitine palmitoyltransferase 1a; DGAT1, diacylglycerol acyltransferase 1; Glut4, 
glucose transporter 4; MLYCD, malonyl- CoA decarboxylase; p- ACC, phosphorylated acetyl CoA carboxylase; PDHA, pyruvate 
dehydrogenase α; PDK4, pyruvate dehydrogenase kinase 4; PGC- 1α, peroxisome proliferator activated receptor γ coactivator 1α; 
PNS, Panax notoginseng saponin; and PPARα, peroxisome proliferator activated receptor α.
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acid oxidation in the mitochondria causes accumu-
lation of ROS that cannot be scavenged, which fur-
ther leads to mitochondrial dysfunction.27 Damaged 
mitochondria reduce the capacity for oxidation of 
substrates, which causes inadequate energy supply 
to cardiomyocytes, finally leading to heart failure.28 
Therefore, diverse approaches that promote free acid 
oxidation, ROS scavenging, or mitogenesis can allevi-
ate lipid- induced cardiac dysfunction.4 In this study, 

diabetic mice were treated with PNS, which amelio-
rated diabetic cardiomyopathy by modulating lipid 
metabolism, thereby reducing oxidative stress and 
promoting mitochondrial function, which alleviated 
heart failure.

In this study, PNS supplementation in diabetic mice 
showed significant inhibitory effect on weight gain 
and lipid accumulation in the liver and adipose tissue. 
Additionally, PNS administration significantly lowered 

Figure 9. PNS treatment reduced oxidative stress in diabetic heart.
A, CAT; (B) SOD; (C) GSH- px, and (D) MDA levels in sera of mice from 5 groups. Data are expressed as the mean±SEM (n=3– 6). 
***P<0.001 vs model group; ##P<0.01 or ###P<0.001 vs the control. E, Representative images of mitochondrial reactive oxygen species 
(ROS) in H9c2 cells visualized using MitoSOX and (F) quantitative analysis of mitochondrial ROS in 5 groups. Scale bar, 100 μm. 
Data are expressed as the mean±SEM (n=3). *P<0.05 vs model group; ##P<0.01 vs the control. G, Ratio of GSH ad GSSG in PNS and 
PA- treated H9c2 cells. Data are expressed as the mean±SEM (n=4). *P<0.05 or **P<0.01 vs model group; ###P<0.001 vs the control. 
H, Transcription levels of genes related to oxidative stress response and ROS metabolism in indicated groups. Data are expressed 
as the mean±SEM (n=3). *P<0.05 or **P<0.01 or ***P<0.001 vs model group; ##P<0.01or ###P<0.001 vs. the control. CAT indicates 
catalase; GCLM, glutamate cysteine ligase modifier subunit; GSH- px, glutathione peroxidase; GSSG, oxidized glutathione; GST, 
glutathione S- transferase; H- PNS indicates db/db+PNS 200  mg/kg per day group; KEAP1, Kelch- 1ike ECH- associated protein l; 
MDA, malondialdehyde; M- PNS, db/db+PNS 100 mg/kg per day group; NQO1, NAD(P)H:quinoneoxidoreductase 1; NRF1, nuclear 
respiratory factor 1; PA, palmitate acid; PNS, Panax notoginseng saponin; and SOD, superoxide dismutase.
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serum insulin and lipid levels and, therefore, improved 
adipose and liver function. There was a strong positive 
correlation between body fat and serum total choles-
terol and TG levels. Adipocyte hypertrophy and adipose 
tissue dysfunction in diabetic mice reduce TG storage 
and lead to hyperlipidemia but reduced high- density 
lipoprotein levels in the serum.29 Increased release of 
FFA from adipose tissues results in elevated hepatic 

uptake, and increased serum glucose and insulin lev-
els result in intracellular fatty acids that are not oxidized 
but esterified to TG and stored within lipid droplets. 
Furthermore, intermediates of fatty acid metabolism 
impair insulin signaling and promote insulin resistance, 
which further impairs liver and adipose function.30 
Adipose tissue dysfunction is accompanied by adipo-
cyte hypertrophy, reduced TG synthesis, resistance 

Figure 10. PNS treatment improved myocardial mitochondrial morphology and cell viability.
A, Representative transmission electron microscopy images. Scale bar, 0.5 μm. B, Quantitative analysis of mitochondrial size. Data 
are expressed as the mean±SEM (n=6). **P<0.01 or ***P<0.001 vs. model group; ###P<0.001 vs. the control. (C) Representative images 
of mitochondria stained using MitoTracker Red. Scale bar, 100 μm. (D) Quantitative analysis of mitochondrial number calculated using 
fluorescence intensity. Data are expressed as the mean±SEM (n=3). *P<0.05 or **P<0.01 vs. model group; ###P<0.001 vs. the control. 
(E) Representative images of mitochondrial membrane potential stained using JC- 1 in H9c2 cardiomyocytes. Scale bar, 100 μm. (F) 
Quantitative analysis of mitochondrial membrane potential shown by ratio of red and green fluorescence. Data are expressed as the 
mean±SEM (n=3). *P<0.05 or ***P<0.001 vs. model group; ###P<0.001 vs. the control. GFP indicates green fluorescent protein; H- PNS 
db/db+PNS 200 mg/kg per day group; M- PNS, db/db+PNS 100 mg/kg per day group; PNS, Panax notoginseng saponin; and RFP, 
red fluorescent protein.
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to the inhibitory effect of insulin on lipolysis, fat tissue 
fibrosis, immune cell infiltration, and inflammatory cyto-
kine secretion.31 High levels of tumor necrosis factor- α 
and IL- 6 suppress the production of adiponectin,32 
which results in hepatic insulin resistance and the ac-
cumulation of liver fat.33 Obesity is also accompanied 
by higher circulating levels of leptin,34 which regulates 
energy intake and expenditure, metabolism, and re-
productive function and prevents lipid accumulation in 

the liver. Elevated aspartate aminotransferase and ala-
nine aminotransferase levels were observed, indicating 
hepatic dysfunction.

Metabolic disorders associated with diabetes, 
such as hyperglycemia, elevated levels of circulating 
fatty acids, hyperinsulinemia, and increased levels of 
inflammatory cytokines, alter multiple molecular path-
ways within the cardiomyocytes, which impair cardiac 
contractility and promote myocyte dysfunction and 

Figure 11. PNS treatment improved myocardial mitochondrial respiration and dynamics.
A, OCR and (B) quantitative statistical analysis of OCR. Data are expressed as the mean±SEM (n=3). *P<0.05 vs. model group; #P<0.05 
or ##P<0.01 vs the control. C, Transcription levels of genes related to mitochondrial respiration and dynamics in 4 indicated groups. 
Data are expressed as the mean±SEM (n=3). *P<0.05 or **P<0.01 or ***P<0.001 vs model group; #P<0.05 or ##P<0.01or ###P<0.001 
vs the control. D, Levels of proteins related to mitochondrial biogenesis, division, and fusion estimated using western blotting. (E) 
Mfn2; (F) Drp1 and (G) TFAM protein levels in the 4 study groups. Data are expressed as the mean±SEM (n=3). **P<0.01 or ***P<0.001 
vs model group; ##P<0.01 or ###P<0.001 vs the control. Drp1 indicates dynamin- related protein 1; FCCP, carbonyl cyanide p- trifluoro 
methoxyphenylhydrazone; Mfn2, mitofusin 2; OCR, oxygen consumption rate; Opa1, optic atrophy type 1; PNS, high- dose Panax 
notoginseng saponin; Sdha, succinate dehydrogenase enzyme subunit A; and TFAM, transcription factor A mitochondrial.
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injury.35 A remarkable feature of diabetic cardiomyop-
athy is cardiac hypertrophy, which is accompanied by 
weakened systolic and diastolic functions.36,37 Diastolic 
dysfunction is an early functional remodeling in the di-
abetic myocardium. Systolic dysfunction may also de-
velop but occurs mostly at a later stage of diabetes. In 
this study, db/db mice showed weakened myocardial 
contractility, as evidenced by significantly decreased 
LVAWd and LVPWd, and increased LVIDd and LV, 
which indicated diastolic dysfunction. Increased LVIDs 
and decreased EF and FS were also observed, which 
demonstrated systolic dysfunction and heart failure in 
the later stage of diabetic cardiomyopathy. Moreover, 
hypertrophy, fibrosis, and apoptosis were observed 
in diabetic cardiomyocytes, which further impaired 
cardiac function. Serum LDH, CK, and CK- MB levels 
have been clinically used to assess heart injury,38 and 
elevated serum LDH, CK, and CK- MB levels were ob-
served in diabetic mice, which indicated serious car-
diac injury in diabetic mice. However, upon treatment 
with PNS, cardiac dysfunction was alleviated, hyper-
trophy, fibrosis, and apoptosis in diabetic hearts were 
improved, and elevated LDH, CK, and CK- MB levels 
were also decreased. These data indicate that PNS 
can protect against cardiomyopathy by improving car-
diac function.

Diabetic cardiomyopathy is characterized by in-
creased fatty acid use, which results in increased ROS 
production.39 Although the oxidation of fatty acids 
normally yields significantly more energy per carbon 
atom than that of glucose oxidation, oxidative phos-
phorylation capacity is impaired in the hearts of insulin- 
resistant db/db mice.40 If the delivery of fatty acids to 
the mitochondria exceeds their capacity for oxidative 
phosphorylation,41 ceramide and diacylglycerol accu-
mulation might lead to the development of lipotoxic 
cardiac dysfunction.42 In this study, more numbers of 
lipid droplets were found in diabetic hearts and PA- 
treated H9c2 cells than in the control, which indicated 
lipotoxicity, while PNS treatment significantly reduced 
lipid accumulation in cardiomyocytes. Excessive lipid 
accumulation in cardiomyocytes was found to be due 
to reduced expression of adipose triglyceride lipase 
(ATGL) in diabetic hearts.43 Concomitantly, uptake and 
oxidation of FFAs are reduced in diabetic hearts, most 
likely mediated by decreased PPARα and PGC1α (per-
oxisome proliferator- activated receptor- γ coactivator 
1α) expression.44 Therefore, in this study, decreased 
expression of genes related to lipid uptake, use, and 
oxidative phosphorylation was detected in diabetic 
hearts, while PNS significantly increased the levels of 
PNPLA, PGC1α, PPARα, CD36, diacylglycerol acyl-
transferase 1, acetyl- COA acyltransferase 2, malonyl- 
CoA decarboxylase, and acyl- CoA dehydrogenase. 
Characterized by decreased glucose use, HK2, py-
ruvate dehydrogenase α, pyruvate dehydrogenase 

kinase 4, and glucose transporter 4 expression sig-
nificantly decreased in diabetic mice, while PNS ad-
ministration improved glucose uptake and oxidation 
by increasing their expression, which provided more 
substrate for ATP production. Consistently, protein 
levels of phosphorylated acetyl CoA carboxylase, 
PGC1α, PPARα, Cpt1a, Cpt1b, Cpt2, CD36, glucose 
transporter 4, pyruvate dehydrogenase kinase 4, and 
FABP4 were significantly reduced in the model group. 
However, PNS treatment improved lipid accumulation 
in cardiomyocytes by promoting free acid oxidation, 
and increasing glucose and lipid uptake and use in 
cardiomyocytes, which promoted energy production 
in mitochondria.

Anderson et al. observed impaired mitochondrial 
respiratory capacity and increased mitochondrial ox-
idative stress in the atrial tissue of patients with type 
2 diabetes.45,46 ROS overproduction has been shown 
to be the major cause of diabetic and obese patho-
physiology under hyperglycemic and hyperlipidemic 
conditions.47 In db/db mice, decreased levels of SOD, 
catalase, and GSH- perodixdase were observed, which 
indicated impaired ROS scavenging. PA- treated H9c2 
cells showed increased mitochondrial ROS accumula-
tion and decreased ratio of GSH to oxidized glutathi-
one, and the expression of antioxidant genes KEAP, 
NRF2, NRF1, SOD, glutathione S- transferase, gluta-
mate cysteine ligase modifier subunit, and NAD(P)
H:quinoneoxidoreductase 1 also decreased. However, 
after treatment with PNS, H9c2 cells exhibited im-
proved antioxidative function. There were also elevated 
levels of SOD, GSH- peroxidase, and catalase as well 
as decreased malondialdehyde in PNS- treated dia-
betic mice. These results demonstrate that PNS can 
improve antioxidant function in diabetic cardiomyop-
athy. However, sole measurement of malondialdehyde 
as a readout of lipid peroxidation is a limitation of the 
current study, measurement of other indices of lipid 
peroxidation such as F2- isoprostanes is warranted in 
the future to confirm the current findings.

Mitochondrial dysfunction has been implicated in 
the pathogenesis of diabetes and its complications in 
all tissues affected by diabetes.48 Mitochondria are the 
main producers of ATP, and abnormal mitochondrial 
function leads to decreased energy production, which 
cannot maintain energy supply to cardiomyocytes and 
ultimately causes apoptosis of cardiac myocytes and 
heart failure.49 Diabetes has a direct effect on mito-
chondrial morphology.50 In diabetic mice, shrinking, 
swollen, and vacuolized mitochondria were observed, 
which indicated destruction of the energy supply, while 
PNS treatment reduced mitochondrial damage and re-
constructed energy production. To further confirm the 
protective role of PNS in mitochondria, H9c2 cells were 
cultured. The quantity and quality of mitochondria 
are essential for maintaining normal cardiac function, 
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and normal mitochondrial membrane potential is a 
prerequisite for maintaining mitochondrial oxidative 
phosphorylation and ATP production.51,52 Therefore, 
the content and membrane potential of mitochondria 
in cells treated with PA or PNS were detected using 
MitoTracker Red and JC- 1 staining, respectively. PA 
treatment significantly reduced mitochondrial num-
ber and membrane potential, which demonstrated 
damaged mitochondrial function, BS PNS protected 
H9c2 cells from decreased mitochondrial number 
and reduced mitochondrial membrane potential, as 
evidenced by elevated mitochondrial function. The re-
spiratory capacity of H9c2 cells with or without PNS 
treatment before PA incubation was also determined 
by oxygen consumption rate. PNS treatment signifi-
cantly reversed the damaged respiratory capacity of 
H9c2 cells after PA incubation, which retained the en-
ergy supply to the cardiomyocytes. Mitochondrial dy-
namic cycling balances fission and fusion, which are 
essential for maintaining various cellular functions.53 
A group of dynamin- related large GTPases regulates 
mitochondrial morphological changes, including Drp1 
and Mfn. Drp1 causes the shrinking of the mitochon-
drial membrane during fission, whereas Mfn sup-
ports the fusion of the outer and inner mitochondrial 
membranes.54 Hyperglycemia induces the formation 
of short and small mitochondria by promoting the ex-
pression of the fission protein Drp1 and suppressing 
the expression of the fusion protein Mfn2, supporting 
a profission phenotype of mitochondrial morphology.55 
In this study, diabetic mice exhibited smaller and de-
formed mitochondria in their hearts; concomitantly, the 
expression of Mfn2 decreased, whereas that of Drp1 
increased in the model group. Additionally, TFAM ex-
pression was significantly decreased in diabetic mice, 
indicating impaired mitogenesis. However, PNS re-
versed these changes, indicating that PNS may pro-
tect against mitochondrial dysfunction.

CONCLUSIONS
PNS treatment improved cardiac function in dia-
betic mice by modulating lipid metabolism, as well 
as preventing oxidative stress and protecting mi-
tochondrial function in cardiomyocytes. Therefore, 
PNS may be a promising drug for treating diabetic 
cardiomyopathy.
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Table S1.  Primer sequences used in this research. 

Gene Name Forward Primer Reverse Primer 

18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

Sdha GGAACACTCCAAAAACAGACCT CCACCACTGGGTATTGAGTAGAA 

ATP5j TATTGGCCCAGAGTATCAGCA GGGGTTTGTCGATGACTTCAAAT 

ATP5h GCTGGGCGTAAACTTGCTCTA CAGACAGACTAGCCAACCTGG 

Drp1 CAGGAATTGTTACGGTTCCCTAA CCTGAATTAACTTGTCCCGTGA 

Sirt1 GCTGACGACTTCGACGACG TCGGTCAACAGGAGGTTGTCT 

Mfn2 ACCCCGTTACCACAGAAGAAC AAAGCCACTTTCATGTGCCTC 

Mfn1 ATGGCAGAAACGGTATCTCCA CTCGGATGCTATTCGATCAAGTT 

SOD AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG 

GST ATGCCACCATACACCATTGTC GGGAGCTGCCCATACAGAC 

NQO1 AGGATGGGAGGTACTCGAATC AGGCGTCCTTCCTTATATGCTA 

KEAP1 TGCCCCTGTGGTCAAAGTG GGTTCGGTTACCGTCCTGC 

NRF2 TCTTGGAGTAAGTCGAGAAGTGT GTTGAAACTGAGCGAAAAAGGC 
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NRF1 TATGGCGGAAGTAATGAAAGACG CAACGTAAGCTCTGCCTTGTT 

PPARα AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA 

PGC1α AAGTGGTGTAGCGACCAATCG AATGAGGGCAATCCGTCTTCA 

PDK4 AGGGAGGTCGAGCTGTTCTC GGAGTGTTCACTAAGCGGTCA 

CD36 ATGCCGGTTGGAGACCTACTCA GCTATTCTTTGCCACTTCCTCTGG 

GLUT4 CTCATGGGCCTAGCCAATGC CCCTGATGTTAGCCCTGAGTA 

DGAT1 GTGCCATCGTCTGCAAGATTC GCATCACCACACACCAATTCAG 

PNPLA2 GGATGGCGGCATTTCAGACA CAAAGGGTTGGGTTGGTTCAG 

ACAA2 ATGTGCGCTTCGGAACCAAA CAAGGCGTATCTGTCACAGTC 

MLYCD GCACGTCCGGGAAATGAAC GCCTCACACTCGCTGATCTT 

ACADM GAGGCTACAAGGTCCTGAGAA GGGTATTCCCCGCTTTTATCG 

PDHA GAAATGTGACCTTCATCGGCT TGATCCGCCTTTAGCTCCATC 

HK2 CTAAGGGGTTCAAGTCCAGTGG AGACCAATCTCGCAGTTCTGA 

 


