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Abstract
Background/Aims: Shengmai San (SMS), prepared from Panax ginseng, Ophiopogon japonicus, 
and Schisandra chinensisin, has been widely used to treat ischemic disease. In this study, we 
investigated whether SMS may exert a beneficial effect in diabetic cardiomyopathy through 
improvement of mitochondrial lipid metabolism. Methods: A leptin receptor-deficient db/db 
mouse model was utilized, and lean age-matched C57BLKS mice served as non-diabetic controls. 
Glucose and lipid profiles, myocardial structure, dimension, and function, and heart weight to 
tibial length ratio were determined. Myocardial ultrastructural morphology was observed with 
transmission electron microscopy. Protein expression and activity of oxidative phosphorylation 
(OXPHOS) complex were assessed using western blotting and microplate assay kits. We also 
observed cellular viability, mitochondrial membrane potential, OXPHOS complex activity, and 
cellular ATP level in palmitic acid-stimulated H9C2 cardiomyocytes. Changes in the sirtuin 
1 (SIRT1)/AMP-activated protein kinase (AMPK)/peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC-1α) pathway and mitochondrial uncoupling signaling were 
assessed using western blotting and quantitative real-time PCR. Results: Leptin receptor-
deficient db/db mice exhibit obesity, hyperglycemia, and hyperlipidemia, accompanied by 
distinct myocardial hypertrophy and diastolic dysfunction. SMS at a dose of 3 g/kg body 
weight contributed to a recovery of diabetes-induced myocardial hypertrophy and diastolic 
dysfunction. SMS administration led to an effective restoration of mitochondrial structure and 
function both in vivo and in vitro. Furthermore, SMS markedly enhanced SIRT1 and p-AMPKα 
protein levels and decreased the expression of acetylated-PGC-1α and uncoupling protein 
2 protein. SMS also restored the depletion of NRF1 and TFAM levels in diabetic hearts and 
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H9C2 cardiomyocytes. Conclusion: The results indicate that SMS may alleviate diabetes-
induced myocardial hypertrophy and diastolic dysfunction by improving mitochondrial lipid 
metabolism.

Introduction

Type 2 diabetes mellitus (T2DM) is associated with an increased risk of cardiovascular 
disease [1]. Diabetic cardiomyopathy (DCM), a leading cause of morbidity and mortality, is a 
diabetes-related complication characterized by left ventricular (LV) hypertrophy, myocardial 
fibrosis, and compromised myocardial function [2, 3]. Though DCM has been strongly linked 
to metabolic disorders such as increased lipid oxidation and reduced glucose utilization, 
the exact pathophysiologic mechanism has not been fully elucidated. Cumulative evidence 
demonstrates that mitochondrial dysfunction is tightly associated with DCM. Mitochondria 
isolated from atrial tissue of diabetic patients exhibit reduced respiratory function compared 
with mitochondria from non-diabetic subjects [4]. Hearts from rodent models of T2DM show 
reduced mitochondrial capacity and contractile dysfunction [5, 6]. Thus improvement of 
mitochondrial function has emerged as a promising therapeutic strategy for DCM.

Shengmai San (SMS) is a compound medication including Panax ginseng, Ophiopogon 
japonicus, and Schisandra chinensisin. In Asia, SMS is typically used in ischemic diseases mainly 
to treat oxidative stress and inflammation [7-9]. Growing evidence suggests that some of the 
components of SMS, ginseng and ginsenosides, inhibit adipogenesis and maintain glucose 
homeostasis in obese and diabetic individuals [10, 11]. A polysaccharide from Ophiopogon 
japonicus was found to alleviate hyperlipidemia in diet-induced obese mice based on the 
metabolic profile of bile acids [12]. However, the exact effect and potential mechanisms of 
SMS on DCM remain unclear.

In our previous study, we demonstrated that SMS alleviated myocardial fibrosis in aged 
T2DM via reducing pro-fibrotic proteins [13], and the finding was supported by the results 
of another study using a rat T2DM model induced by a high-fat diet and streptozotocin 
injection [14]. Recently, a proteomic study revealed that SMS derived injection modulated a 
series of energy metabolic proteins associated with glucose oxidation, the tricarboxylic acid 
cycle, and ATP synthesis in rat hearts subjected to ischemia–reperfusion [15]. Based on the 
strong correlation between DCM and aberrant mitochondria, we speculated that SMS may 
exert a beneficial role in DCM by improving mitochondrial lipid metabolism. In the present 
study, we used a leptin receptor-deficient db/db mouse model and a palmitic acid-stimulated 
H9C2 cardiomyocyte model to investigate the effects of SMS on diabetic cardiomyopathy.

Materials and Methods

Drugs and reagents
SMS was composed of Panax ginseng, Ophiopogon japonicus, and Schisandra chinensis in a dry weight 

ratio of 1:3:1.5. The mixture was boiled, concentrated using a rotary evaporator, and lyophilized using an 
ALPHR 1-2 LD plus freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany), 
and the extracted powder was dissolved in distilled water before use. ATP, ADP, AMP, free fatty acid (FFA) 
quantitation kit, palmitic acid, and carbonyl cyanide 3-chlorophenylhydrazone were purchased from Sigma-
Aldrich (St. Louis, MO). Mitochondrial isolation and oxidative phosphorylation complex activity kits were 
purchased from Abcam (Cambridge, UK). Dulbecco’s modified Eagle’s medium, fetal bovine serum, penicillin, 
and streptomycin were obtained from GIBCO (Carlsbad, CA). A Cell Counting Kit-8 (CCK-8) and Enhanced 
ATP Assay Kit were purchased from Beyotime Biotechnology (Nanjing, China). JC-1 was purchased from 
Invitrogen (Carlsbad, CA).
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Animals and treatment
Male 8-week-old leptin receptor-deficient db/db mice (BKS.Cg+/+Leprdb NJU) and non-diabetic mice 

(C57BLKS) were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). 
All experimental protocols were approved by the Animal Care and Use Committee of Shanghai University 
of Traditional Chinese Medicine (Shanghai, China). Prior to the experiments, all mice were given a period 
of about 10 days for acclimatization, then db/db mice were randomly divided into three groups: db/db (no 
SMS), db/db plus SMS 3 g/kg body weight, and db/db plus SMS 4.5 g/kg body weight. Lean age-matched 
C57BLKS mice served as non-diabetic controls. Mice in the non-diabetic control and db/db alone groups 
were treated with double-distilled water, once a day by oral gavage for 2 months.

Fasting blood glucose and intraperitoneal glucose tolerance test (IP-GTT) assay
Blood samples were collected from the tail vein of mice fasted overnight and measured using a digital 

blood glucose meter (Optium Xceed, Abbott Laboratories, Chicago, IL). The IP-GTT assay was performed 
with intraperitoneal injection of 1 g/kg glucose to assess glucose tolerance. Blood glucose concentration 
was determined during a 2-h post-injection period (30, 60, 90, and 120 min) and presented as the area 
under the curve.

Plasma lipid metabolic profile
At the end of the experiment, blood was collected from the abdominal aortic vein of mice fasted 

overnight. Collected blood was centrifuged at 3000 × g (4 °C) for 10 min, and plasma triglyceride, total 
cholesterol, and low-density lipoprotein-cholesterol levels were measured using an automatic biochemical 
analysis system (Hitachi, Tokyo, Japan). Plasma FFA content was measured with a fatty acid quantitation kit 
(Sigma-Aldrich) using a colorimetric assay at 570 nm.

Evaluation of cardiac dimensions and function in vivo
To evaluate cardiac dimensions and function, mice were anesthetized with isoflurane (3% induction 

and 1% maintenance) and underwent echocardiographic examinations using a high-resolution Vevo 2100 
micro-imaging system (Visual Sonics, Toronto, Canada). Cardiac dimensions and function were evaluated by 
M-mode, pulse-wave and tissue Doppler in mice at baseline and after various treatments.

Determination of heart weight (HW) to tibia length (TL) ratio
Body weight, TL, and HW were measured in mice at the end of the experiments. Hearts were harvested, 

rinsed briefly in phosphate-buffered saline (PBS), blotted dry, and weighed. HW was normalized to TL to 
assess changes in hypertrophy.

Histologic analysis using hematoxylin and eosin (H&E) staining
Tissue samples were fixed in 4% paraformaldehyde overnight, embedded in paraffin, and serially 

sectioned at a thickness of 5 µm for histologic analysis. H&E staining was carried out following standard 
procedures, then the sections were investigated using an optical microscope (Stemi DV4 or Axio Scope A1, 
Carl Zeiss, Oberkochen, Germany).

Observation of mitochondrial structure
The heart tissues were sliced and fixed with 2.5% glutaraldehyde in PBS at 4 °C overnight, and then 

fixed with 1% osmium tetroxide in PBS for 2 h. The sliced hearts were stained with uranyl acetate and lead 
citrate and observed with transmission electron microscopy (Philips Electronic Instruments, Amsterdam, 
the Netherlands).

Evaluation of mitochondrial function in vivo
Total oxidative phosphorylation (OXPHOS) complex protein expression
Heart tissues were lysed using standard procedures, and the protein content was determined 

by bicinchoninic acid (BCA) assay. Total OXPHOS protein expression (complexes I, II, III, IV, and V) was 
determined by western blotting.

http://dx.doi.org/10.1159%2F000494791
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Isolation of cardiac mitochondria: Cardiac mitochondria were isolated using a mitochondrial isolation 
kit. Protein was quantified by BCA assay.

OXPHOS complex activity assay: Respiratory complex activities (complexes I and IV) from isolated 
mitochondria were assessed using microplate assay kits (ab109721, ab109911; Abcam).

Cardiac energy charge (EC): To investigate the energy status, fresh myocardium was rapidly 
homogenized in 200 µl 4.2% KClO4 and centrifuged at 3000 rpm for 15 min at 4 °C. The supernatant was 
added to 80 µl 1 M NaOH and centrifuged at 8000 rpm for 10 min at 4 °C. ATP, ADP, and AMP content were 
determined by high-performance liquid chromatography (HPLC; Agilent Technologies, Santa Clara, CA); a 
diamonsil plus C-18 250 × 4.6 mm column was used. ATP, ADP, and AMP content were determined using 
standard curves. EC was calculated according to the following equation: EC = (ATP + ADP/2)/(ATP + ADP 
+ AMP).

Western blot analysis
Heart tissues or cells were lysed using standard procedures, and the protein content was determined 

by BCA assay. Protein bands were detected using a Fluor Chem E imaging system (ProteinSimple, San 
Francisco, CA). Quantitation was performed using Image J software (National Institutes of Health, Bethesda, 
MD). β-actin was used as the loading control for total protein expression. The following primary antibodies 
were used: anti-acetyl lysine, Total OXPHOS Rodent WB Antibody, anti-peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α; all Abcam), anti-sirtuin 1 (Sirt1), anti-phospho-AMP-activated 
protein kinase (AMPK) α (Thr172), anti-AMPKα, anti-NRF1, anti-TFAM (all Cell Signaling Technology, 
Danvers, MA), and anti-β-actin (Santa Cruz Biotechnology, Santa Cruz, CA).

RNA extraction and quantitative real-time PCR
Total RNA was isolated from frozen LV tissue using Trizol reagent (Invitrogen), and reverse transcribed 

to cDNA using the PrimeScript RT reagent kit with gDNA Eraser (Takara Bio, Kusatsu, Japan), then real-time 
PCR was performed using SYBR green (Takara Bio). Amplification was monitored using the Light Cycler 96 
Real-Time PCR system (Roche, Basel, Switzerland). The following primer sequences in Table 1 were used.

Cell culture and treatment
To further explore the protective effects of SMS against diabetic cardiomyopathy, we treated H9C2 

cardiomyocytes with bovine serum albumin (BSA)-conjugated palmitic acid (C16:0) to mimic lipid overload. 
H9C2 cardiomyocytes was purchased from Shanghai Institute of Cell Biology (Shanghai, China). Palmitic 
acid was prepared as a 20 mM solution with 1 ml dissolved in 0.1 M NaOH at 65–70 °C, and then mixed 
with 9 ml 2.2% fatty acid-free BSA dissolved in 0.9% NaCl (Wako Pure Chemical Industries, Ltd., Osaka, 
Japan; cat. 013-15143). The conjugated solution was sonicated briefly, incubated for 15 min at 55 °C, and 
then cooled to 37 °C. This gave a final molar ratio of FFA/BSA of approximately 6:1 in the stock solution as 
previously described [16-18]. Cells were exposed to 200 µM palmitic acid with or without SMS for 24 h, and 
the same concentration of BSA as control.

Cell viability assay
H9C2 cell viability was determined using the CCK-8. After treatment, 10 µl CCK-8 solution was added 

and incubated at 37 °C for 90 min, and the absorbance of each well at 450 nm was measured using a Synergy2 
Multi-Mode Microplate Reader (BioTek Instruments, Inc., Winooski, VT).

Mitochondrial membrane potential
After treatment, H9C2 cells were washed twice with PBS and incubated with 2.5 μM JC-1 for 20 min 

at 37 °C. The 96-well plate was then loaded immediately on the Synergy2 Multi-Mode Microplate Reader. 
The fluorescence intensity was 
measured with an excitation 
wavelength of 485 nm, and dual 
emission filters of 528 nm (green) 
and 590 nm (red). A decrease in 
red/green ratio is an indication of 
reduced mitochondrial membrane 

Table 1. Primers used for qRT PCR
 

 Forward primer sequence  Reverse primer sequence 
18s  GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
nrf1 GCACCTTTGGAGAATGTGGT GGGTCATTTTGTCCACAGAGA 
tfam CCTTCGATTTTCCACAGAACA GCTCACAGCTTCTTTGTATGCTT 
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potential. We also observed changes in mitochondrial membrane potential in cells using a Zeiss LSM880 
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY).

Mitochondrial complex activities in vitro and intracellular ATP content
ATP content was measured with a luciferase assay kit (Beyotime Biotechnology). In addition, 

mitochondrial OXPHOS complex activities in vitro were photometrically determined using mitochondrial 
isolation and enzyme activity assay kits.

Statistical analysis
Data were presented as the mean ± standard error of the mean (SEM). Unpaired t-test was used for 

comparison between two groups. For groups of three or more, the data were subjected to one-way analysis 
of variance followed by Tukey’s post hoc analysis. P < 0.05 was considered statistically significant.

Results

T2DM mice exhibited myocardial hypertrophy and diastolic dysfunction
Leptin receptor-deficient db/db mice at 10 weeks of age exhibited typical characteristics 

of T2DM, with an overtly obese phenotype and hyperglycemia (approximately 2- to 3-fold 
increase in body weight and fasting blood glucose; Fig. 1A and 1B). Of note, there was no 
significant difference in LV ejection fraction (LVEF) and fractional shortening (LVFS) between 
non-diabetic and db/db mice, suggesting preserved systolic function in the early stage of 

Fig. 1. Type 2 diabetic mice at 10 weeks of age exhibited myocardial diastolic dysfunction with preserved 
systolic function. (A) Body weight. (B) FBG. (C) Left ventricular dimension measured by echocardiography 
in anesthetized mice. (D) Left ventricular systolic function assessed by M-mode echocardiography. (E) 
Left ventricular diastolic function evaluated by pulse-wave and tissue Doppler echocardiography. (F) 
Representative images of M-mode and Doppler echocardiography. Data are presented as the mean ± SEM. 
n = 5–7/group. *P<0.05, **P<0.01 vs. non-DM group. Abbreviations: FBG, fasting blood glucose. LVPW; s, 
posterior wall of the left ventricle at systole. LVPW; d, posterior wall of the left ventricle at diastole. LVID; s, 
left ventricular internal dimension at systole. LVID; d, left ventricular internal dimension at diastole. EF%, 
percentage ejection fraction. FS%, percentage fraction shortening. MV E/A, ratio of early diastolic and atrial 
trans-mitral inflow velocities. A’/E’, ratio of atrial trans-mitral to early diastolic mitral annular velocity. MV 
E/E’, ratio of mitral peak velocity of early filling to early diastolic mitral annular velocity. Non-DM, non-
diabetes group.

Figure 1. 
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T2DM (Fig. 1C). Echocardiographic results revealed ventricular dilation and cardiac diastolic 
dysfunction, manifested by enlarged LV inner diameter (LVID) and significantly elevated 
A’/E’ and mitral valve (MV) E/E’ ratios. There was a trend toward a decrease in posterior 
wall thickness and MV E/A (Fig. 1D and 1E). Representative images of M-mode, pulse-wave, 
and tissue Doppler images are shown in Fig. 1F.

SMS ameliorated diabetes-induced myocardial hypertrophy and diastolic dysfunction
Over the 8-week treatment period, db/db mice receiving vehicle alone developed obvious 

obesity (Fig. 2B) and considerable myocardial hypertrophy, as evidenced by enlarged whole 
heart, wider LVID during systole and diastole, and elevated HW/TL ratio compared with non-
diabetic mice (Fig. 2A–D). H&E staining showed disordered cardiac fibers, inflammatory cell 
infiltration, and increased cross-sectional area in cardiomyocytes from db/db mice (Fig. 2A). 
SMS at 3 g/kg attenuated the enlargement of the whole heart and increase in HW/TL ratio 
in db/db mice, which was associated with a smaller cross-sectional area in cardiomyocytes 
than that in db/db mice shown in histological images (Fig. 2A and 2C).

Fig. 2. SMS ameliorated myocardial diastolic dysfunction and hypertrophy in diabetic mice. (A) 
Representative illustration of whole heart and H&E staining (magnification: ×8 and ×400, respectively). 
(B) Changes in body weight during the experimental period. (C) Heart weight/tibial length ratio. (D–F) Left 
ventricular structural and functional parameters assessed by M-mode and Doppler echocardiography in 
anesthetized mice. Values are the mean ± SEM. *P<0.05, **P<0.01 vs. non-DM group; #P<0.05, ## P< 0.01 
vs. db/db group. Abbreviations: SMS, Shengmai San. SL, SMS (3 g/kg body weight). SH, SMS (4.5 g/kg body 
weight).
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M-mode, pulse-wave, and tissue Doppler echocardiography were performed in mice 
after treatment for 8 weeks. No significant difference in LVEF and LVFS were found among 
the experimental groups, which further supports our finding that systolic function in T2DM 
could be preserved for a long period. Compared to non-diabetic mice, the A’/E’ and MV 
E/E’ ratios were clearly elevated in db/db mice (Fig. 2E and 2F). SMS at 3 g/kg reversed the 
changes in A’/E’ and MV E/E’ ratios in db/db mice, indicating that SMS contributes to the 
recovery of myocardial hypertrophy and diastolic dysfunction.

SMS alleviated metabolic disorder in diabetic mice
SMS had no obvious hypoglycemic effect in diabetic db/db mice, although glucose 

tolerance was enhanced after a high dose of SMS (4.5 g/kg) given for 8 weeks (Fig. 3A and 
3B). SMS at 3 g/kg markedly inhibited the lipid metabolic disorder induced by diabetes (Fig. 
3C–F). Triglyceride and FFA levels in db/db + SMS (3 g/kg body weight) mice were similar to 
those in non-diabetic mice. The cardiac lipid accumulation phenotype was further confirmed 
by transmission electron microscopy, where apparent reduction in lipid droplets was found 
in non-diabetic and db/db + SMS (3 g/kg body weight) hearts (Fig. 4A).

SMS prevented mitochondrial structural damage and dysfunction in diabetic heart
Myocardial ultrastructural data showed conspicuous mitochondrial injury in diabetic 

heart, confirmed by larger mitochondria that were more ovoid in shape, with obvious 
swelling, an extensive loss of cristae, and an excessive distribution of lipid droplets. By 
contrast, a regular mitochondrial shape and reduced swelling was presented in SMS-treated 
hearts (Fig. 4A). The protein levels of complexes I, III, and V were significantly decreased in 
diabetic myocardium, but complex II and IV protein levels were unchanged compared with 
those in non-diabetic mice (Fig. 4B–D). In addition, inhibition of complex I and IV activity 

Fig. 3. Effects of Shengmai San (SMS) on metabolic profiles in diabetic db/db mice. (A) Fasting blood 
glucose (FBG). (B) Intraperitoneal glucose tolerance (IPGTT assay). Briefly, fasted mice were injected with 
glucose (1 g/kg; ip), blood glucose levels were monitored at regular intervals, and data were presented as 
area under the curve (AUC). (C–F) To assess lipid metabolic profiles, plasma total cholesterol (TC), LDL-
cholesterol (LDL-c), triglyceride (TG), and free fatty acid (FFA) levels were determined. Values are the mean 
± SEM. n = 6–8/group. *P<0.05, **P<0.01 vs. non-DM group; #P<0.05, ##P<0.01 vs. db/db group.
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and a decline in EC were also observed in db/db hearts (Fig. 4E). SMS had a protective effect 
against mitochondrial dysfunction in diabetic mice, demonstrated by increased protein 
levels of complexes I, III, and V (Fig. 4B and 4C) and restoration of the activity of complexes I 
and IV (Fig. 4D). SMS may protect against DCM through mitochondrial regulation.

Upregulation of SIRT1/AMPK/PGC1 signaling probably contributes to the protective effect 
of SMS
Based on the findings described above, we sought to explore the mechanism of 

mitochondrial restoration conferred by SMS. Western blotting data revealed that SIRT1 
and p-AMPK (Thr172) protein levels were reduced in diabetic hearts, accompanied by 
an increase in acetylated PGC-1α level (acetylated-lysine site at 110 KDa), although the 
expression of PGC-1α was not altered (Fig. 5A and 5B). Consequently, decreased mRNA and 
protein expressions of PGC-1α downstream signals such as NRF1 and TFAM were observed 

Fig. 4. Myocardial ultrastructural injury and mitochondrial dysfunction in diabetic mice were improved 
after Shengmai San (SMS) administration. (A) Myocardial ultrastructural changes were observed by 
transmission electron microscopy. Blue arrows indicate mitochondria; yellow arrows indicate lipid droplets. 
Scale bar: 10 μm (left longitudinal sections) and 2 μm (right longitudinal sections). (B, C) Protein expression 
of mitochondrial OXPHOS complexes I–V determined by western blotting. Myocardial tissues were collected 
from each group (n = 3). (D) Activities of mitochondrial complexes I and IV photometrical measured using 
microplate assay kits. (E) Values of energy charge (EC) in myocardium calculated as: EC = (ATP + ADP/2)/
(ATP + ADP + AMP). Contents of ATP, ADP, and AMP assayed by high-performance liquid chromatography 
(HPLC). Values are the mean ± SEM. *P<0.05, **P<0.01 vs. non-DM group; #P<0.05, ##P<0.01 vs. db/db 
group.
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in diabetic hearts (Fig. 5C and 5D). SMS markedly enhanced protein levels of SIRT1 and 
p-AMPKα, and decreased the expression of acetylated PGC-1α (Fig. 5A and 5B). SMS also 
restored the depletion of NRF1 and TFAM levels in diabetic heart (Fig. 5C and 5D).

Increased uncoupling protein 2 (UCP2) has been correlated with reduced cardiac 
efficiency in cardiac hypertrophy in hyperthyroidism and in db/db hearts as a result 
of mitochondrial uncoupling. A similar phenomenon was also present in this study. 
Furthermore, SMS protected against elevated UCP2 levels in the diabetic heart, suggesting a 
potential restoration of cardiac efficiency (Fig. 5C).

SMS protected against mitochondrial dysfunction in palmitic acid-induced H9C2 
cardiomyocytes
Because SMS improved lipid metabolic disorder rather than decreased blood sugar in 

diabetic db/db mice, we treated H9C2 cardiomyocytes with BSA-conjugated palmitic acid 
(C16:0) to mimic lipid overload. CCK-8 assay demonstrated a significantly reduced survival 
in H9C2 cardiomyocytes after palmitic acid stimulation (Fig. 6A). Additionally, palmitic 
acid contributed to a marked loss of mitochondrial membrane potential, verified by a 
dramatic decrease in J-aggregate-associated fluorescence (red) and a progressive diffusion 

Fig. 5. SIRT1/AMPK/PGC-1α signal pathway may have a role in the protective effects of SMS. (A–C) Protein 
expression detected by western blotting. Myocardial tissues were collected from each group (n = 3); bands 
were normalized relative to β-actin. (D) Relative mRNA expression of PGC-1α target gene measured using 
real-time PCR. Each value was normalized relative to 18s mRNA expression. Values are the mean ± SEM. 
*P<0.05, **P<0.01 vs. non-DM group; #P<0.05, ##P<0.01 vs. db/db group.
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of monomer-associated fluorescence (green). Similar changes occurred in cytoplasm 
stimulated with carbonylcyanide-3-chlorophenylhydrazone, which acts as a mitochondrial 
uncoupler (Fig. 6B and 6C). SMS treatment (2.84 or 5.68 mg/ml) maintained both cellular 
viability and mitochondrial membrane potential (Fig. 6A–C).

We found that palmitic acid exposure depleted the ATP content and blunted the 
activity of mitochondrial complexes I and IV in H9c2 cells, whereas SMS treatment largely 
abrogated these changes, consistent with our findings in vivo (Fig. 6D and 6E). We also 
determined the expression of the PGC-1α-associated pathway, and found that PGC-1α and 
related downstream signals such as NRF1 and TFAM were markedly downregulated in the 
palmitic acid group, and this was reversed by SMS administration (Fig. 6F and 6G). Our data 
suggest that SMS can protect against palmitate acid-induced cellular lipotoxicity probably by 
alleviating mitochondrial dysfunction and regulating the PGC-1α-associated pathway.

Discussion

In this study, we used the leptin receptor-deficient db/db mouse model, a well-accepted 
model of T2DM. We found that db/db mice exhibited obesity, hyperglycemia, hyperlipidemia, 
and myocardial hypertrophy. Treatment with SMS contributed to a recovery of diabetes-
induced myocardial hypertrophy and diastolic dysfunction. SMS markedly inhibited the lipid 

Fig. 6. SMS protected against mitochondrial dysfunction in palmitic acid-induced H9C2 cardiomyocytes. 
(A) Cell viability. H9C2 cells were exposed to palmitic acid (200 µmol/l) for 24 h with or without SMS. 
(B) Changes in mitochondrial membrane potential quantified by the JC-1 shift ratio using a photometric 
measure. (C) Representative images of mitochondrial membrane potential using confocal laser scanning 
microscopy. Red fluorescence represents JC-1 aggregation and green fluorescence indicates the presence 
of JC-1 monomer, which enters into the cytosol following mitochondrial membrane depolarization. (D) The 
activities of mitochondrial complexes I and IV were photometrical measured using microplate assay kits. 
(E) Cellular ATP content. (F, G) Protein expression from whole cell lysis determined by western blotting. 
*P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. palmitic acid group.

Figure 6.  
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metabolic disorder induced by diabetes. Plasma triglyceride and FFA levels decreased in SMS-
treated mice. Additionally, using transmission electron microscopy, we observed that cardiac 
lipid droplet accumulation and mitochondrial morphology damage were alleviated by SMS. 
If lipid accumulation, especially toxic lipid intermediates such as ceramides or diacylglycerol, 
persists over time, it may eventually lead to insulin resistance and compromised myocardial 
function [19-21]. To further assess the status of mitochondria in vivo, we also measured 
protein expression and activity of OXPHOS complex, as well as myocardial EC. The protein 
levels of complexes I, III, and V significantly decreased in diabetic hearts. Additionally, 
inhibited OXPHOS complex I and IV activities and reduced EC were observed in db/db hearts, 
and these changes were reversed by SMS. These data indicate that SMS exerts a protective 
effect against DCM through mitochondrial regulation.

The pathophysiologic processes in the diabetic heart are complicated and involve 
diverse mechanisms, including oxidative stress and inflammation mediated by chronic 
hyperglycemia, mitochondrial uncoupling, reactive oxygen species/reactive nitrogen 
species overproduction and endoplasmic reticulum stress triggered by derangement of lipid 
metabolism, and calcium mishandling and cardiomyocyte apoptosis [22]. To investigate 
the targets and potential pathways of active components derived from SMS (ginsenoside 
Rg1, ginsenoside Rb1, schisandrin, etc.), Li et al. used a target–pathway interaction network 
approach and found that the three main signaling pathways were the nuclear factor (NF)-
κB, oxidative stress, and cytokine network pathways [23]. PGC-1α is a central regulator 
of mitochondrial biogenesis and metabolic regulation [24, 25]. PGC-1α can be activated 
via various post-translational modifications [26]. AMPK and SIRT1 have been regarded as 
important upstream mediators of PGC-1α. Both SIRT1-induced deacetylation and direct 
phosphorylation of PGC-1α by AMPK lead to marked increases in PGC-1α activity [27-29]. In 
the present study, we found that expression of SIRT1 and p-AMPK were reduced in diabetic 
hearts, accompanied by an increase in acetylated PGC-1α level. SMS markedly enhanced 
SIRT1 and p-AMPKα protein levels, and decreased the expression of acetylated PGC-1α 
protein. SMS also restored the depletion of NRF1 and TFAM levels in diabetic hearts, which 
suggests a stabilization and repair of mitochondrial DNA and OXPHOS proteins. These results 
indicate that SMS mat act through the Sirt1/AMPK/PGC-1α signaling pathway. Furthermore, 
SIRT1 can deacetylate pro-inflammatory factor NF-κB and histone 3 in diabetic rat heart, and 
attenuate cardiac hypertrophy and oxidative stress [30]. Thus, inhibition of inflammation via 
SIRT1 and NF-κB, as an early response associated with oxidation, may also have an important 
role.

Mitra et al. suggested that elevated PGC-1α in the heart during the early stages of diabetes 
is probably a response to fatty acid utilization. However, the expression and activity of PGC-
1α in diabetes may be reduced as a result of hyperglycemia and lipotoxicity, which gradually 
induce mitochondrial and myocardial dysfunction [31]. More recently, Diop et al. identified 
that high-fat diet-induced lipid accumulation and cardiac dysfunction were mimicked by 
reduced PGC-1/srl function and reversed by PGC-1/srl overexpression [32]. In our study, 
marked mitochondrial complex defects were observed in diabetic hearts, especially complex 
I which is a “gatekeeper” of the respiratory chain and catalyzes NADH oxidation to NAD+. 
We speculate that complex defects may lead to an unbalanced NAD+/NADH ratio and a 
subsequent decline in NAD+-dependent SIRT1 deacetylation capability. Consistent with this 
hypothesis, Vazquez et al. reported that mitochondrial complex I defect enhanced protein 
lysine acetylation in the diabetic heart [33]. Karamanlidis et al. found that protein acetylation 
resulting from mitochondrial complex I deficiency accelerated heart failure [34].

In vivo, we also detected the expression of mitochondrial UCP2, which has been 
suggested to be positively associated with reduced cardiac efficiency in db/db hearts [35, 
36]. We found that the UCP2 level was higher than in non-diabetic hearts. SMS prevented 
the elevation of UCP2 in diabetic hearts, which suggests the potential to restore cardiac 
efficiency. We treated H9C2 cardiomyocytes with palmitic acid to mimic lipid overload in 
vitro. SMS administration effectively attenuated palmitic acid-induced mitochondrial injury 
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in H9C2 cells, resulting in better preservation of cellular viability, mitochondrial membrane 
potential, OXPHOS complex activity, and cellular ATP levels.

Impaired glucose metabolism elicited by insulin resistance is widely accepted as a 
main pathologic trigger in T2DM. Ginsenosides and ophiopogonin from SMS could improve 
obesity-related insulin resistance and glucose intolerance [37-39]. In the present study, 
supplementation with a high dose of SMS (4.5 g/kg) for 8 weeks enhanced glucose tolerance 
in diabetic mice, indicating improved insulin sensitivity. However, no obvious lipid-lowering 
effects were observed in the 4.5 g/kg SMS group, and the recovery of cardiac function was 
not statistically significant. We speculate that SMS at the high dose might promote glucose 
uptake and utilization, resulting in relatively decreased FFA utilization and unaltered plasma 
lipid levels.

Conclusion

In this study, we observed that SMS could alleviate diabetes-induced myocardial 
hypertrophy and diastolic dysfunction through effective restoration of mitochondrial lipid 
metabolic disturbance rather than decreasing blood glucose in db/db mice. This finding may 
lead to a better understanding of the role of SMS in DCM and identification of the active 
components.
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