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Purpose: Obesity and diabetes are often accompanied by chronic inflammation and insulin
resistance, which lead to complications such as diabetic cardiomyopathy. Ginsenoside Rbl
has been used to treat diabetes and obesity and reduce inflammation as well as risk of heart
diseases. However, the role of ginsenoside Rbl in treating diabetic cardiomyopathy remains
unclear.

Methods: Diabetic mice were administered ginsenoside Rb1 for 12 weeks, and their body
weight, body fat, and blood glucose levels as well as and serum insulin, lipids, and
adipocytokine levels were assessed. Lipid accumulation, pathological morphology of the
adipose tissue, liver, and heart were examined. Western blot and qRT-PCR were performed to
investigate the molecular changes in response to ginsenoside Rb1 treatment.

Results: Ginsenoside Rbl treatment significantly reduced body weight and body fat,
attenuated hyperglycemia and hyperlipidemia, and ameliorated insulin resistance and abnor-
mal levels of adipocytokines in diabetic mice. In addition, lipid accumulation and inflamma-
tion reduced while the functions of heart improved in the ginsenoside Rbl-treated group.
Furthermore, antioxidant function improved in the ginsenoside Rb1-treated diabetic hearts.
PCR and Western blotting analyses revealed that the lipid-lowering effect of ginsenoside Rb1
and the resulting improvement of cardiac function could be attributed to the adipocytokine
pathway, which promoted energy homeostasis and alleviated cardiac dysfunction.
Conclusion: Ginsenoside Rb1 lowered lipid levels in a adipocytokine-mediated manner and
attenuated hyperglycemia/hyperlipidemia-induced oxidative stress, hypertrophy, inflamma-
tion, fibrosis, and apoptosis in cardiomyocytes.

Keywords: diabetic cardiomyopathy, ginsenoside Rbl, adipocytokines, lipid metabolism,

oxidative stress, inflammation

Introduction

Type 2 diabetes mellitus is associated with obesity and insulin resistance,’ with
insulin and leptin resistance being central pathophysiological features of obesity.?
An excess of adipose tissue, as seen in obesity, leads to abnormal blood levels of
free fatty acids and adipocytokines that affect normal tissue function.>* Adipose
tissue plays a crucial role in regulating systemic lipid metabolism and may influ-
ence cardiovascular health.’ Diabetic cardiomyopathy is a complication of diabetes
and can lead to heart failure, a cause of high mortality and poor prognosis in
patients with diabetes.® Diabetes cardiomyopathy is characterized by high lipid
intake and accumulation, as well as low in glucose utilization by cardiomyocytes
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that induces myocardial reactive oxygen species (ROS)
accumulation, inflammation, and fibrosis, and leads to
myocardial apoptosis and heart failure.”* Although several
studies have focused on diabetic cardiomyopathy, few
have addressed the role of adipose tissue in this disease,
and none of the drugs tested in animals has so far been
used clinically.

Adipocytokines are secreted from adipose tissue, and
play critical roles in energy homeostasis.” In diabetes and
obesity, abnormal release of adipocytokines into the circu-
lating blood affects metabolism in various tissues and
organs, may influence insulin sensitivity, and induce sys-
temic complications.’ Obesity-associated abnormal secre-
tion of adipocytokines is an important biomarker of poor
cardiovascular outcomes, suggesting that adipocytokines
play a crucial role in obesity-associated cardiovascular
disorders.'® However, the comprehensive evaluation of
role played by adipocytokines in diabetic cardiomyopathy
is pending. Therefore, it is important to map the down-
stream signaling pathways of adipocytokines involved in
metabolic disorders to identify new therapeutic targets and
drugs for metabolic diseases and their associated
complications.''

The majority of drugs evaluated for the treatment of
diabetes have focused on specific targets; however, ginse-
noside Rb1, a major saponin from Panax notoginseng, has
been used to treat diabetes and obesity with multi-target
effects.'? Ginsenoside Rb1 promotes browning of 3T3-L1
preadipocytes and thermogenesis in diabetic mice."? In
high-fat diet (HFD)-fed obese mice, ginsenoside Rb1 alle-
viated insulin resistance and reduced lipid accumulation in
liver.'"* Moreover, ginsenoside Rbl alleviated ischemia/
reperfusion injury and heart failure.'> Although ginseno-
side Rbl reportedly improves symptoms of cardiomyopa-
thy by regulating calcium signaling,'® the precise
mechanism by which ginsenoside Rbl exerts protective
effects in diabetes, obesity, and complications such as
diabetic cardiomyopathy remain unknown.

The goal of this study was to investigate the effect and
mechanism of ginsenoside Rbl in diabetic cardiomyopa-
thy and confirm the roles of adipocytokines in diabetes and
diabetic cardiomyopathy. We observed that ginsenoside
Rb1 treatment reduced body weight and serum lipid levels;
improved lipid accumulation, inflammation, and function
in the heart. Moreover, ginsenoside Rbl regulated the
secretion of adipocytokines and expression of genes and
proteins related to glucose and lipid metabolism. These
findings suggest that ginsenoside Rbl may protect against

heart failure in diabetes via modulating the adipocytokine
pathway, which might be a potential therapy in treating
diabetic cardiomyopathy.

Materials and Methods

Animal Experiments

All animal experiments were conducted in accordance
with the guidelines of National Institutes of Health Guide
for the Care and Use of Laboratory Animals and approved
by the Laboratory 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). All animals
were housed in a room with a temperature at 22 °C and a
12 h light-dark cycle. The animals had free access to food
and water until 36 weeks of age. Animals were randomly
sorted into six groups of 10 mice each: (1) db/m (Control),
(2) db/db (Model), (3) db/db + metformin 250 mg/kg/day
(metformin), (4) db/db + ginsenoside Rbl 100 mg/kg/day
(H-Rb1), (5) db/db + ginsenoside Rbl 50 mg/kg/day (M-
Rb1), and (6) db/db + ginsenoside Rb1 25 mg/kg/day (L-
Rb1). Ginsenoside Rb1 or metformin was administered by
gavage from week 24 every day for 12 weeks. Ginsenoside
Rbl was purchased from Chengdu Must Bio-technology
Co., Ltd. (Chengdu, China), and metformin was obtained
from Sino American Shanghai Squibb Pharmaceutical Co.,
Ltd. (Shanghai, China). Mice in the control and model
groups were administered pure water.

Blood Tests

After 12 weeks of treatment, mice were fasted overnight,
and fasting blood glucose levels were measured using a
blood glucose meter. Blood samples were extracted from
the retro-orbital area and centrifuged at 3000 x g for 15
min to obtain serum samples. Lipid contents, liver function
markers, and serum proteins were analyzed using a fully
(AU480, Beckman
Coulter, Pasadena, CA, USA). Lipid content measure-

automatic biochemical analyzer
ments included total triglyceride (TG), total cholesterol
(CHO), high-density lipoprotein (HDL), and low-density
lipoprotein (LDL). Measured liver function markers
included alanine aminotransferase (ALT) and aspartate
aminotransferase (AST). Serum measurements included
creatine kinase (CK), creatine kinase-MB (CK-MB), and
lactate dehydrogenase (LDH). Assay kits for catalase
(CAT), malondialdehyde (MDA), superoxide dismutase
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(SOD), and glutathione peroxidase (GSH-px) (Nanjing
Jiancheng Bioengineering Institute, China) were used to
detect serum lipid peroxidation, according to manufacturer
instructions. Levels of insulin, free fatty acid (FFA), adi-
ponectin, and leptin, as well proinflammatory cytokines
such as interleukin- 6 (IL-6), interleukin la (IL-1a),
(MCP-1),
necrosis factor-a (TNF-a), and C-reactive protein (CRP)

monocyte chemoattractant protein-1 tumor
were quantified using respective kits according to manu-

facturer instructions (Beijing Huaying Institute of

Biological Technology, China).

Echocardiography

After 12 weeks of treatment, echocardiography was per-
formed using the Vevo 770 Imaging System (VisualSonics,
Canada), and each parameter was measured twice. All
mice were anesthetized with isoflurane (RDW, China).
Echocardiographic parameters were evaluated in the para-
sternal long-axis view. The left ventricular internal dia-
meter (LVID), left ventricular anterior wall thickness
(LVAW), and left ventricular posterior wall thickness
(LVPW) were measured. Left ventricular ejection fraction
(EF) and fractional shortening (FS) were calculated.

Histology

Mouse hearts were fixed in formalin and embedded in
paraffin for histological analysis. Samples were cut into 5
pm thick sections and subjected to hematoxylin and eosin
(HE), Masson’s trichrome, and Oil Red O stainings and
TdT-mediated dUTP nick-end labeling (TUNEL). Images
were acquired using a panoramic scanning microscope
(3DHISTECH, Hungary) and processed with Caseviewer
version 2.4 (3DHISTECH). The livers of mice were also
stained with HE and Oil Red O after fixation and embed-
ding and evaluated.

Cell Culture and Treatment

Rat embryonic cardiac myoblasts (H9¢2) were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) was used to culture cells at 37°C under a 5% CO,
atmosphere. When the cells reached approximately 80%
confluence, they were pre-treated with different concentra-
tions of ginsenoside Rbl or 5 uM berberine for 24 h, and
then incubated in FBS-free DMEM with or without palmi-
tate acid (PA) for 24h. Mouse preadipocytes, 3T3-L1
cells, were purchased and maintained in the same

conditions as those of the H9c2 cells. Two days after the
cells reached confluence, differentiation was induced by
culturing them for 48 h in presence of 1 pM dexametha-
sone, 0.5 mM 3-isobutyl-1-methylxanthine, and 10 pg/mL
insulin added to DMEM with 10% FBS. Two days later,
the medium was replaced with a differentiation medium
(10 pg/mL insulin in DMEM with 10% FBS). After 48 h
of treatment, the medium was discarded, and the cells
were used in subsequent experiments.

Cell Viability

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Solarbio,
China). After seeding in 96-well plates and reaching
approximately 80% confluence, the cells were treated
with different concentrations of ginsenoside Rbl or PA,
and then incubated with 1 mg/mL MTT for 4 h at 37°C in
the dark. Subsequently, the medium was aspirated, and
dimethyl sulfoxide was added to dissolve the formazan
crystals. The absorbance was measured using a microplate
reader at 570 nm.

BODIPY Staining

BODIPY™ 493/503 was used to measure intracellular
lipid accumulation in H9¢2 and 3T3-L1 cells (Invitrogen,
USA). After fixing with 4% paraformaldehyde, the cells
were washed three times and incubated with BODIPY
working solution at room temperature in the dark for 30
min. After incubation, the cells were washed three times
with phosphate-buffered saline (PBS) for subsequent fluor-
escence microscopy imaging (Olympus, Japan).

Superoxide Measurement

Mitochondrial ROS levels were measured using
MitoSOX™ Red (Invitrogen). After washing three times
with PBS, H9c2 cells were incubated in dark with
MitoSOX™ Red working solution at 37°C for 20 min.
The cells were then washed three times with PBS before
imaging using a fluorescence microscope (Olympus).

Quantitative Reverse-Transcription PCR
(qRT-PCR)

The quality and quantity of total mRNA isolated from
mouse hearts using TRIzol were assessed using the
Nanodrop 2000 (Thermo Fisher Scientific, USA).
Samples with 260/280 and 260/230 ratios between 1.8
and 2.0 were reverse-transcribed into cDNA and used for
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subsequent experiment. TB Green II (Takara, Japan) was
used to quantify the PCR-amplified products, and expres-
sion levels were calculated using the AACt method.

Western Blot Analysis

Samples were incubated with lysis buffer and centrifuged
at 4°C for 30 min (CWBIO, China). The supernatants were
collected and mixed with loading buffer, and boiled to
denature proteins. Protein samples from each group were
then loaded into different wells and resolved on an 8%
sodium dodecyl sulfate-polyacrylamide gel via electro-
phoresis. Proteins were transferred onto nitrocellulose
membranes and blocked for 2 h, then incubated with
primary antibodies against PGC-la, PPARa, CPTIA,
CPT1B, CPT2, and ACTIN at 4°C overnight (Abclonal,
China). Membranes were washed three times with TBST
and incubated with secondary antibody for 90 min. Next,
the protein bands were detected with ECL Western blot
detection kits (CWBIO) according to manufacturer
instructions, and quantified using ImageJ. All experiments
were performed at least in triplicate, and the average
values were used for comparisons.

Statistical Analysis

All statistical analyses were performed using SPSS ver-
sion 17.0 (SPSS Inc., Chicago, USA). Data are pre-
sented as the mean + SEM. One-way analysis of
variance and least significant difference (LSD) analyses
were used to compare multiple groups. Statistical sig-
nificance was set at p <0.05.

Blood Glucose (mmol/L)

Results
Ginsenoside Rbl Reduced Insulin

Resistance and Serum Lipid Levels in db/

db Mice

As shown in Figure 1A and B, at 36 weeks, db/db mice
showed a significant increase in body weight and blood
glucose levels compared to the control (p < 0.01).
Treatment with metformin, a classical drug used to control
blood glucose levels in diabetes, resulted in a significant
decrease in body weight and blood glucose levels (p <
0.01). H-Rb1 treatment also reduced body weight and
blood glucose of diabetic mice (p < 0.05), while M-Rbl
and L-Rbl treatments only reduced body weight (p <
0.05). Body fat, serum insulin, and free fatty acid levels
were also elevated (Figure 1C-E, p < 0.001), but reduced
in the H-Rb1 group (p < 0.05). M-Rb1 treatment reduced
body fat and serum insulin levels (p < 0.05), whereas
L-Rbl only decreased serum insulin levels (p < 0.05).
Elevated serum lipid levels were observed in the model
group compared to the control (p < 0.01), and treatment
with metformin reduced both CHO and HDL levels (p <
0.05). Furthermore, H-Rb1 treatment improved CHO and
LDL levels in the diabetic mice (Figure 1F-I, p < 0.05).
Similarly, M-Rb1 and L-Rbl groups exhibited decreased
CHO and LDL levels compared to the model group; how-
ever, the difference was not significant (p > 0.05).
Additionally, metformin supplementation decreased
serum TG and LDL levels of diabetic mice (p > 0.05).
Together, these results show that ginsenoside Rbl

Insulin (ulU/ml)

Figure | Ginsenoside Rbl 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. (D) serum insulin; (E) FFA; (F) CHO; (G) TG; (H) HDL and (I) LDL in indicated groups. Data are expressed as the mean + SEM (n = 3-6). *p<0.05 or

#p<0.01 vs model group; *p<0.01 or *#p<0.001 vs the control.
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alleviated obesity, hyperglycemia, and hyperlipidemia in
diabetic mice.

Ginsenoside Rbl Improved Secretion of
Adipocytokines and Lipid Accumulation
in Adipocytes

Treatment with ginsenoside Rbl significantly reduced
inflammation, as evidenced by decreased serum CRP,
MCPI1, TNF-a, IL-1B, and IL-6 levels in treated db/db
mice (Figure 2A-E, p < 0.01). No reduction in the
MCP1 levels was observed (p > 0.05) in the L-RBI
group, whereas treatment with metformin reduced MCP1
levels (p < 0.01). Adiponectin levels in the model mice
were significantly decreased compared to the control, and
H-Rb1 and M-Rb1 treatments improved adiponectin levels
significantly (Figure 2F, p<0.05). In contrast to the met-
formin treatment, ginsenoside Rb1 treatment decreased the
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elevated leptin levels in diabetic mice (Figure 2G, p <
0.05), indicating reduced leptin resistance. Additionally,
the 3T3-L1 preadipocytes were incubated with berberine
and ginsenoside Rbl to detect lipid accumulation.
Berberine was used as a positive control as it significantly
improves lipid metabolism and reduces lipid levels.'” The
MTT assay was performed to ensure that the ginsenoside
RbI1 concentration used in the experiments was non-toxic
(Figure 2H). Subsequently, 20 uM, 40 pM, and 80 uM
ginsenoside Rbl were used for further experiments.
BODIPY staining on day 4 of differentiation showed a
significant decrease in lipid accumulation in berberine-
and ginsenoside Rbl-treated mature adipocytes
(Figure 21 and J, p < 0.001). This finding confirmed that
both berberine and ginsenoside Rb1 improved lipid accu-
mulation. Thus, ginsenoside Rbl treatment significantly
improved inflammation, leptin resistance, and lipid accu-

mulation in diabetic mice.
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Figure 2 Ginsenoside Rb| improved secretion of adipocytokines and lipid accumulation in adipocytes. (A) CRPI; (B) MCPI; (C) TNFo; (D) IL-1p; (E) IL-6; (F) adiponectin
levels and (G) leptin in sera of different groups. (H) MTT assay showing 3T3-L1 cell viability treated using different concentrations of ginsenoside Rbl. (I) BODIPY staining
images showing lipid accumulation in 3T3-L1 cells and (J) quantification of green fluorescence in different groups. H-Rbl, 20uM ginsenoside Rbl, M-Rb1, 40uM ginsenoside
Rbl, L-Rbl, 80pM ginsenoside Rbl. Scale bar, 200 um. 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

###5<0.001 vs the control.
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Ginsenoside Rb| Alleviated Fat

Accumulation in the Liver

The livers of the model mice exhibited increased lipid
accumulation compared to those of the control group
(Figure S1A and B, p < 0.001), while treatment with
metformin and ginsenoside Rbl notably reduced lipid

droplet levels in the livers (p < 0.001). HE staining results
revealed enlarged and vacuolar liver cells and inflamma-
tion of inflammatory cells in the model mice. However,
treatment with both metformin and ginsenoside Rbl sig-
nificantly improved the cellular morphology and alleviated
inflammation (Figure S1C). Moreover, the levels of ALT
and AST, which reflect liver dysfunction, were signifi-
cantly decreased in the H-Rbl treated db/db mice
(Figure S1D and E, p < 0.05), while M-Rb1 treated mice

exhibited an improvement only in ALT levels. Conversely,

-
[3,]

neither L-Rbl nor metformin treatment significantly
improved ALT and AST levels (p > 0.05).

Ginsenoside Rbl Improved Cardiac

Function in Diabetic Mice

Representative echocardiographic images of the six groups
are shown in Figure 3A. Both LVAWd and LVPWd sig-
nificantly decreased in the model mice but were improved
by H-Rbl treatment (Figure 3B and C, p < 0.05). LVIDd
was significantly increased in the model group compared
to its levels in the control group (Figure 3D, p < 0.001). In
contrast, LVIDd significantly decreased in the H-RbI
group compared with the model group (p < 0.05). These
data indicated amelioration of dilated cardiomyopathy in
ginsenoside Rbl-treated diabetic mice. EF and FS were
significantly lower in the model mice than in the control

Figure 3 Ginsenoside Rbl ameliorated cardiac dysfunction in diabetic mice. (A) Representative images of echocardiography from mice after 12 weeks of treatment.
Statistical analyses of (B) LVAWd; (C) LVPW(d; (D) LVIDd; (E) EF and (F) FS in indicated groups. Serum (G) CK; (H) CK-MB and (I) LDH in indicated groups. Data are
expressed as the mean * SEM (n = 3-6). *p<0.05 or *p<0.01 vs model group; "p<0.05 or *p<0.01 or *#p<0.001 vs the control.
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group (Figure 3E and F, p < 0.05), indicating decreased
systolic dysfunction and heart failure in the diabetic mice.
However, H-Rbl administration significantly improved
these parameters (p < 0.05), demonstrating that H-Rbl
can improve cardiac function in diabetic cardiomyopathy.
Metformin administration significantly improved LVPWd,
LVIDd, EF, and FS (p < 0.05) but not LVAWd in the
model group (p > 0.05). Elevated serum CK, CK-MB,
and LDH levels reflected cardiac dysfunction in the
model group; however, their levels were lower in the
H-Rbl group (Figure 3G-I, p < 0.05), indicating that
H-Rb1 treatment improved cardiac function in diabetic
mice. Metformin, however, improved only CK levels,
and both M-Rbl and L-Rbl treatments failed to improve
CK, CK-MB, and LDH levels.

Ginsenoside Rb| Attenuated
Hypertrophy, Inflammation, Fibrosis, and

Apoptosis in Diabetic Hearts

HE and Masson’s staining showed increased cross-sec-
tional area and interstitial fibrosis of atrial cardiomyocytes
in the model mice compared to the control mice

ConfroF &

9
" - - - - - -

(Figure 4A-D, p < 0.001); these increases were attenuated
by ginsenoside Rb1 and metformin treatments (p < 0.05).
However, despite a decrease in cross-sectional area, there
were no significant differences observed in the L-Rbl
group (p > 0.05). Increased inflammatory cell infiltration
and mineralization were observed in the diabetic hearts;
however, both ginsenoside Rbl and metformin adminis-
tration improved cardiac morphology. TUNEL assay
results showed significant increase in apoptosis in the
model group (Figure 4E and F, p < 0.001), while ginseno-
side Rbl and metformin treatment decreased the apoptotic
rate in diabetic hearts (p < 0.001). These data demon-
strated that the administration of ginsenoside Rbl alle-
viated cardiac dysfunction in diabetic mice by reducing
hypertrophy, fibrosis, and apoptosis.

Ginsenoside Rb| Promoted
Adipocytokine Signaling, as Well as Lipid
and Glucose Metabolism, in Diabetic

Hearts
To explore the effects of ginsenoside Rbl on lipid droplet
formation, Oil Red O staining was performed to quantify

Cardiomyocyte cross-sectional area (%)

= N W B
o ©o © o

Fibrosis Area (%)

o
%, b
7 1

O

N

Apoptotic Index (%) m
»

0

Figure 4 Ginsenoside Rbl reduced myocardial inflammation, hypertrophy, fibrosis, and apoptosis in diabetic mice. (A) Representative images of hematoxylin—eosin (HE)
staining and (B) cross-sectional areas in indicated groups. (C) Representative images of Masson staining and (D) statistical analyses of fibrotic ratios in different groups. (E)
Representative TUNEL staining images and (F) statistical analyses of cardiomyocyte apoptotic index in six groups. Scale bar, 50 um. Data are expressed as the mean * SEM (n

= 3-6). *¥4p<0.001 or *p<0.05 vs model group; “#p<0.001 vs the control.
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lipid accumulation in the cardiomyocytes (Figure 5A). A
large number of lipid droplets were observed in the hearts
of db/db mice. The administration of ginsenoside Rb1 and
metformin decreased lipid accumulation the heart
(Figure 5B, p < 0.001). H9¢2 cells were treated with PA
to induce lipotoxicity, and the MTT assay was used to
establish the suitable concentrations of PA and ginsenoside
Rb1. Cell viability reduced to 60% after incubation with
200 uM PA, and significantly increased after treatment
with ginsenoside Rbl (Figure S2A-C, p < 0.01).
Therefore, 200 uM PA-treated cells were used as the
model group, and the H9c2 cells were pre-incubated with
ginsenoside Rbl before adding PA. BODIPY staining in
HO9c¢2 cells showed few small lipid droplets, whereas incu-
bation with PA increased the number of droplets
(Figure S2D and E, p < 0.001). However, the additions
of ginsenoside Rb1 and berberine significantly decreased

the number of lipid droplets compared with that of the
model group, as evidenced by a decrease in green fluores-
cence in the ginsenoside Rb1- and berberine-treated H9¢2
cells. Overall, these data indicate that ginsenoside Rbl

A Control- - =~~~ Models
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Gene Expression
(Relative to the control)

- -
o 2

Gene Expression O
I
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-
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Ampk1 Ampk2 Adipor1 Adipor2
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administration reduced the accumulation of cytosolic
lipid droplets.

To further elucidate the mechanisms underlying lipid-
lowering effects of ginsenoside Rbl, H-Rbl hearts were
analyzed by qRT-PCR, and 80 uM ginsenoside Rb1-trea-
ted HO9c2 cells were subjected to Western blotting.
Expression of genes involved in the adipocytokine signal-
ing pathway was detected. Treatment with ginsenoside
Rbl and metformin significantly improved the levels of
insulin receptor substrate 1 (Irs/), adenosine 5'-monopho-
sphate (AMP)-activated protein kinase 1 (dmpkl), Ampk2,
adiponectin receptor 1 (Adiporl), and Adipor2, suggesting
improved adipocytokine signaling (Figure 5C, p < 0.01).
Additionally, there was a significant decrease in the
expression of genes involved in lipid metabolism, includ-
ing peroxisome proliferative activated receptor o (Ppar a),
Ppar y coactivator la (Pgcla), malonyl-CoA decarboxy-
lase (Mlycd), acyl-CoA dehydrogenase (Acadm), acyl-
coenzyme A oxidase 1 (4Acox1), acetyl-COA acyltransfer-
ase 2 (Acaa?), acetyl CoA carboxylase B (Acach), acetyl
coenzyme A 2 (Acss2),

synthetase stearoyl-CoA

a7y

Metformin.
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Figure 5 Ginsenoside Rb| reduced lipid accumulation and promoted adipocytokine-mediated glucose and lipid metabolism in diabetic heart. (A) Representative images of
Qil red O staining and (B) quantitative analysis of Oil red O staining in six groups. Scale bar, 50 um. Transcription levels of genes involved in (C) adipocytokine pathway, (D)
lipid and (E) glucose metabolism in indicated four groups. Data are expressed as the mean * SEM (n = 3-6). *p<0.05 or **p<0.01 or **p<0.00| vs. model group; **p<0.001

or ™p<0.01 or #p<0.05 vs the control.
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desaturase 1 (Scdl), and diacylglycerol acyltransferase 1
(Dgatl), in the diabetic hearts after 36 weeks (Figure 5D,
p < 0.05). Furthermore, the expression of Cd36, which
plays a critical role in lipid transport, was decreased in the
model group (p < 0.05). Treatment with H-Rb1 signifi-
cantly increased their expression (p < 0.05), indicating that
H-Rb1 treatment improved lipid metabolism in diabetic
hearts. Treatment with metformin, however, only partially
improved the expression of these proteins. Accordingly, in
HO9c2 cells, the protein levels of PGCla, PPARa, CD36,
carnitine palmitoyltransferase la (CPT1A), CPT1B, and
CPT2 were significantly decreased in the model group
compared with those in the control group (Figure S2F
and G, p <0.05). Ginsenoside Rb1 and berberine treatment
significantly improved their levels (p < 0.05), which
reduced lipid accumulation in cardiomyocytes and pro-
vided sufficient energy for normal cardiac function. The
expression of genes related to glucose metabolism, such as
glucose transporter 4 (Glut4), pyruvate dehydrogenase
kinase 4 (Pdk4), phosphofructokinase (Pfkm), hexokinase
2 (Hk2), pyruvate dehydrogenase a (Pdha), and citric acid
synthase (Cs), was significantly decreased in the diabetic
hearts (Figure SE, p < 0.05). Treatment with ginsenoside
Rbl1 significantly improved the expression of Pfkm, Hk2,
Pdha, and Cs (p < 0.05). Although treatment with ginseno-
side Rb1 increased the protein levels of GLUT4 and PDK4
in H9¢2 cells (p < 0.05), the respective gene expression
level did not improve in the diabetic hearts. These data
indicated that ginsenoside Rbl reduced lipid accumulation
in diabetic hearts by promoting lipid metabolism, and
accelerating glucose metabolism to alleviate insulin
resistance.

Ginsenoside Rb|l Reduced ROS

Accumulation in Mitochondria

Serum levels of MDA, SOD, GSH-Px, and CAT proteins
were quantified, and the diabetic mice showed reduced
antioxidative function. The levels of these antioxidant
enzymes increased after treatment with ginsenoside Rbl
(Figure S3A-D, p <0.01), whereas treatment with metfor-
min did not significantly improve the antioxidative func-
tion of diabetic mice (p > 0.05). H9¢2 cells exposed to PA
showed significant increase in mitochondrial superoxide
levels, as evidenced by increased fluorescence intensity. In
contrast, pretreatment with berberine or ginsenoside Rbl
reduced mitochondrial superoxide levels (Figure S3E and
F, p < 0.05). Concomitantly, the gene expression of NAD

(P)H:quinone oxidoreductase 1 (Ngol), nuclear respiratory
factor 2 (Nrf2), glutathione S-transferase (Gst), Sodl,
Kelch-like ECH-associated protein 1 (Keapl), glutamate
cysteine ligase catalytic subunit (Gclc), and glutamate
cysteine ligase modifier subunit (Gclm) was significantly
reduced in the model group compared to that in the control
(Figure S3G, p < 0.05). Treatment with ginsenoside Rbl
or berberine significantly increased the expression of these
genes (p < 0.05), suggesting that ginsenoside Rbl
improved the PA-suppressed antioxidative function of the
cardiomyocytes. Collectively, our results provide evidence
that ginsenoside Rbl treatment reduced ROS accumulation
and increased antioxidant function.

Discussion

The principal approach to control diabetes is lowering
body weight and blood glucose levels. In this study, treat-
ment with ginsenoside Rbl prevented weight gain and
reduced blood glucose and lipid levels in diabetic mice,
as reported previously.'® Importantly, our study clarifies
the mechanism of ginsenoside Rbl in influencing adipo-
cytokine pathways and protecting against diabetic cardio-
myopathy. Treatment with ginsenoside Rbl improved
levels of serum IL-1B, TNF-a, MCP-1, IL-6, and CRP, as
well as decreased leptin and adiponectin levels. Lipid
accumulation and inflammation in the adipocytes, liver,
and heart were also alleviated; as a result, improved car-
diac function, as well as reduced oxidative stress, hyper-
trophy, fibrosis, and apoptosis were observed in the heart.
This study has demonstrated that ginsenoside Rbl regu-
lates the adipocytokine pathway, which mediates glucose
and lipid metabolism, thereby activating anti-oxidative
pathways and protecting against diabetic cardiomyopathy
(Figure 6).

Treatment with ginsenoside Rb1 significantly improved
serum lipid levels in diabetic mice; this result may be
attributed to the improvement in adipose function.
Adipose tissue is regarded as a sink for excess energy
storage in the form of triglycerides, and a reservoir from
which FFAs are released.'” Obesity-related inflammation
is characterized by increased levels of serum cytokines,
including CRP, MCP-1, IL-1B, IL-6, and TNF-a. Adipose
dysfunction can lead to an increased release of TGs and
FFAs from adipose tissues, elevating serum TG and FFA
levels.?® In response to elevated serum lipid levels, the
levels of HDL and LDL, which serve as carriers in lipid
transport, also increase, leading to elevated serum CHO
levels. When treated with ginsenoside Rbl, 3T3-L1
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Figure 6 Schematic figure illustrating the mechanism of ginsenoside Rbl in treating diabetic cardiomyopathy. Under obese or diabetic conditions, adipose function is
impaired, and excess lipids and abnormal adipocytokines are released into the serum, thereby influencing systemic organs, including the heart. In diabetic heart, more fatty
acids are utilized to generate energy, producing excessive ROS that accumulate in cardiomyocytes and induce oxidative stress. Oxidative stress and pro-inflammatory
cytokines from the adipose tissue can cause cardiac inflammation, fibrosis, and apoptosis, subsequently leading to cardiac dysfunction and heart failure. The present study
showed that ginsenoside Rbl improved adipocytokine pathway, improved the body weight as well as body fat and serum lipids of diabetic mice; these changes influenced
cardiac glucose and lipid metabolism and exerted a preventive effect on diabetic cardiomyopathy.

preadipocytes in the diabetic mice displayed reduced num-
ber of lipid droplets. Excessive accumulation of hepatic
lipids was observed due to increased release of FFAs from
the adipose tissues. Increased lipid accumulation in liver
plays an important role in the induction of hepatic insulin
resistance and impaired hepatic function.® Furthermore,
elevated levels of ALT and AST, which indicate hepatic
dysfunction, were observed in the diabetic mice. However,
ginsenoside Rbl administration improved adipose tissue
function, serum lipid levels, and hepatic lipid
accumulation.

Previous studies have indicated that diabetes can lead
to thinning of ventricular wall, dysfunction of myocardial
contraction, and enlarged left ventricular volume.?'
Consistently, we demonstrated significant changes in the
histopathology and function of the diabetic heart compared
with control specimens.”? HE staining revealed disorga-
nized fibers, nuclear loss, and infiltration of inflammatory
cells in the hearts of diabetic mice. In addition, fibrosis and
apoptosis of cardiomyocytes were observed; however,
these factors were alleviated following treatment with
ginsenoside Rbl. Diabetic mice also exhibited high levels
of serum CK, CK-MB, and LDH, which indicated signifi-
cant myocardial damage.”> However, treatment with gin-

senoside Rb1 for 12 weeks significantly alleviated signs of

this damage. As expected, cardiac function parameters
such as LVAWd, LVPWd, EF, and FS decreased in the
model group, indicating the thinning of the ventricular
wall and myocardial contractile dysfunction. Cardiac dys-
function was also indicated following an enlarged left
ventricular volume due to the significant increase of
LVIDd in diabetic mice. However, treatment with ginseno-
side Rbl for 12 weeks significantly increased LVAWA,
LVPWd, EF, and FS, and decreased LVIDd. These data
suggest that ginsenoside Rbl can significantly improve
cardiac dysfunction and myocardial injury induced by
diabetes.

Early-stage diabetic cardiomyopathy is characterized
by intracellular lipid accumulation, hypertrophy, inflam-
mation, fibrosis, and diastolic dysfunction, which even-

tually develops
24

into systolic dysfunction and heart
failure.”® Abnormal myocardial lipid metabolism may
lead to excessive ROS generation, which is an important
cause of inflammation, hypertrophy, and fibrosis of cardi-
omyocytes in diabetic mice.”>*® In this study, diabetic
mice showed a significant increase in circulating lipids
and pro-inflammatory cytokine levels compared to control
mice, as well as decreased levels of antioxidative markers
that reportedly play crucial roles in the development of

myocardial hypertrophy and dysfunction.”” However,
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diabetic mice treated with ginsenoside Rb1 showed a sig-
nificant reduction in serum lipids and inflammatory cyto-
kine levels, along with improved antioxidative function.
Furthermore, ginsenoside Rb1 improved myocardial fibro-
sis, as evidenced by a decreased collagen area following
Masson’s staining. ROS accumulation and myocardial
inflammation also induced myocardial apoptosis, which
was markedly reduced following treatment with ginseno-
side Rbl (Figure 4).

Mechanistic investigation revealed that the cardio-pro-
tective effect of ginsenoside Rbl was mediated by the
adipocytokine-pathway. Adipose tissue exerts direct effects
on systemic homeostasis by secreting a wide range of
bioactive adipocytokines, including CRP, MCP-1, IL-1§,
IL-6, TNF-0, adiponectin, and leptin.”® Ginsenoside Rbl
treatment reduced the secretion of pro-inflammatory cyto-
kines such as IL-6 and TNF-o, which induce insulin resis-
tance by inhibiting GLUT4 expression, thereby reducing the

phosphorylation of TRS1.%

Obesity is often accompanied
by chronic inflammation, and inflammation of organs such
as the liver, adipose tissue, or heart impacts energy home-
ostasis, influencing organic function.’® IL-6 may influence
expression of Glut4, Irsi, and Ampk, which regulate lipid
and glucose metabolism.>’ TNF-a can also downregulate
the expression of PGClo, PDK4, and CPT1, which play
critical roles in regulating energy metabolism.** Elevated
levels of circulating pro-inflammatory cytokines also indi-
cate poor prognosis in patients with heart failure because
activation of immune response in the heart leads to adverse
cardiac remodeling and left ventricular dysfunction.® In
this study, ginsenoside Rbl1 reduced the levels of circulating
CRP, MCP-1, IL-1B, IL-6 and TNF-q, indicating alleviation
of global inflammation and improved energy homeostasis.

Increased serum adiponectin activates the AMPK-
PPARa pathway in cardiomyocytes, and enhances glucose
and lipid metabolism to promote energy homeostasis.
Activated fatty acid B-oxidation also reduces lipid accu-
mulation in the myocardium.>® Further analyses showed
that the increased adiponectin directly bound to ADIPOR1
and ADIPOR2, activated the PPARa pathway, and pro-
moted glucose and lipid metabolism by increasing
GLUT4, PDK4, and CD36 expression to achieve energy
homeostasis. Fatty acid oxidation was also promoted, as
evidenced by elevated levels of CPT1A, CPTIB, and
CPT2, which reduced lipid accumulation in cardiomyo-
cytes and alleviated inflammation and oxidative stress
caused by excessive lipid droplets. Hyperlipidemia and
insulin resistance in diabetes result in lower glucose

utilization and conversion of excessive fatty acids into
TGs for storage in the cardiomyocytes.>> Our study
demonstrated that the number of lipid droplets decreased
in the ginsenoside Rbl-treated diabetic hearts due to its
lipid-lowering effect, which was confirmed in the PA-
treated H9¢2 cardiomyocytes.

Activation of PGCla-Nrf2, the downstream pathway
of leptin promoted antioxidative function in cardiomyo-
cytes. The expression and secretion of leptin are closely
associated with body fat and insulin levels.*® Leptin can
affect the contractility of cardiomyocytes and contribute to
altered myocardial function.’” Therefore, leptin concentra-
tion may influence various cardiovascular diseases, includ-
ing acute myocardial infarction, stroke, coronary heart
and left
hypertrophy.*® In db/db mice, leptin signaling was inhib-

disease, chronic heart failure, cardiac
ited owing to a lack of leptin receptors; thus, the protective
effects of leptin on the heart were impaired. However,
excessive serum leptin levels were reduced by ginsenoside
RbI, and the activated PGC1-a pathway neutralized some
of the effects exerted by the loss of leptin receptors.
Through the PGCla-Nrf2 pathway, treatment with ginse-
noside Rbl improved expression of Keapl, Gcle, Gelm,
and Sod, which exerted antioxidative effects on the dia-
betic heart. Accordingly, decreased ROS accumulation
was observed in the ginsenoside Rbl-treated cardiomyo-
cytes, indicating alleviation of oxidative stress. Therefore,
both glucose and lipid metabolism, through antioxidative
pathways regulated by adipocytokines, mediate the pre-
effect Rbl on diabetic

cardiomyopathy.

ventive of ginsenoside

Despite these conclusions, this study has some limita-
tions. First, we did not determine whether ginsenoside Rbl
improved diabetic cardiomyopathy by directly targeting
cardiomyocytes, or through an indirect lipid lowering
effect. Second, how ginsenoside Rbl mediated regulation
of the adipocytokine pathway and its specific target
remained to be completely elucidated. Finally, we only
focused on lipotoxicity for initiation and development of
diabetic cardiomyopathy, and the effect of ginsenoside
Rb1 on hyperglycemia and insulin resistance related path-
ways remains to be further investigated.

Conclusion

Ginsenoside Rbl improved the body weight, body fat, and
adipocytokine levels in diabetic mice, thus regulating adi-
pose function in these animals. Through an adipocytokine-
mediated pathway, ginsenoside Rbl modulated glucose
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and lipid metabolism and attenuated hyperglycemia/hyper-
lipidemia-induced oxidative stress in the myocardium of
diabetic mice. Additionally, ginsenoside Rbl exerted
strong inhibitory effects against cardiac hypertrophy,
inflammation, fibrosis, and apoptosis caused by excess
lipids and ROS. Therefore, ginsenoside Rbl may be a
useful drug for preventing diabetic cardiomyopathy that
acts via modulating the adipocytokine pathway, improving
lipid and glucose metabolism, reducing inflammation, and
promoting antioxidative function.

Abbreviations

H-Rbl, ginsenoside Rb1 100 mg/kg/day; M-Rbl, ginse-
noside Rbl 50 mg/kg/day; L-Rbl, ginsenoside Rbl 25
mg/kg/day; PA, palmitate acid; TG, total triglyceride;
CHO, total cholesterol; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; FFA, free fatty acid;
ALT, alanine aminotransferase; AST, aspartate amino-
transferase; CK, creatine kinase; LDH, lactate dehydro-
genase; CAT, catalase; MDA, malondialdehyde; SOD,
superoxide dismutase; GSH-px, glutathione peroxidase;
IL-6, interleukin- 6; MCP-1, monocyte chemoattractant
TNF-a, CRP,
C-reactive protein; LVID, left ventricular internal dia-

protein-1; tumor necrosis factor-o;
meter; EF, left ventricular ejection fraction; FS, fractional
shortening; LVAW, left ventricular anterior wall thick-
ness; PGCla, PPARYy coactivator 1a; IRS1, insulin recep-
tor substrate 1; AMPK, adenosine 5'-monophosphate
(AMP)-activated protein kinase; ADIPOR, adiponectin
receptor; MLYCD, malonyl-CoA  decarboxylase;
ACADM, acyl-CoA dehydrogenase; ACOX1, acyl-coen-
zyme A oxidase 1; ACAA2, acetyl-COA acyltransferase
2; ACACB, acetyl CoA carboxylase B; ACSS2, acetyl
coenzyme A synthetase 2; SCD1, stearoyl-CoA desatur-
ase 1; DGATI, diacylglycerol acyltransferase 1; CPT1A,
carnitine palmitoyltransferase 1a; GLUT4, glucose trans-
porter 4; PDK4, pyruvate dehydrogenase kinase 4;
PFKM, HK2,
PDHA, pyruvate dehydrogenase o; CS, citric acid
synthase; NQO1, NAD(P)H:quinone oxidoreductase 1;
NRF2, nuclear respiratory factor 2; GST, glutathione
S-transferase; KEAP1, Kelch-like ECH-associated pro-

tein 1; GCLC, glutamate cysteine ligase catalytic subunit;

phosphofructokinase; hexokinase 2;

GCLM, glutamate cysteine ligase modifier subunit.
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