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Purpose: In this study, we investigated the protective effects and mechanism of action of 
echinacoside (ECH) from cistanche tubulosa extract in cardiomyocytes of db/db diabetic 
mice.
Methods: Twenty healthy male db/db mice aged 8 weeks were randomly divided into db/db 
+ECH (n=10, ECH, 300 mg/(kg/d)), db/db (n=10, saline), and db/m control groups (n=9). Mice 
were monitored weekly for diet and activity. Mice were injected with 2% of pentobarbital 
sodium in week 10 and executed. Weight and free blood glucose (FBG) were measured 
weekly. Echocardiographs were used to detect cardiac function. HE staining, Sudan II staining, 
Masson’s trichrome staining and Tunel assays were used to evaluate myocardial tissue 
pathological changes, collagen fiber deposition, lipid accumulation and apoptosis rates in 
cardiomyocytes, respectively. Western blot and RT-PCR analysis were used to detect the 
expression of components of the PPAR-α/M-CPT-1 and p53/p38MAPK signaling axis.
Results: Compared to db/db mice, ECH groups showed lower blood glucose and lipid 
levels. Deterioration in cardiac function was also delayed following ECH treatment. 
Histopathological analysis showed that ECH significantly improved myocardial tissue in 
db/db mice, including reduced intercellular spaces, regular arrangements, improved extra-
cellular matrix deposition, and reduced lipid accumulation. ECH also significantly reduced 
oxidative stress levels in myocardial tissue in db/db mice. Moreover, ECH inhibited PPAR-α/ 
M-CPT-1 signaling, downregulated CD36, and upregulated glucose transporter type 4 
(GLUT-4) expression in db/db mouse models of DCM. ECH also inhibited p53/p38MAPK 
signaling, downregulated caspase-3 and caspase-8, and upregulated Bcl-2/Bax in db/db 
mouse models of DCM.
Conclusion: ECH displays protective effects in DCM, including the inhibition of cardiac 
apoptosis and oxidative stress, and improved lipid metabolism in cardiomyocytes. ECH also 
inhibits cardiac apoptosis through its regulation of p53/p38MAPK signaling, and prevents 
lipid accumulation through suppression of the PPAR-α/M-CPT-1 signaling axis.
Keywords: diabetic cardiomyopathy, echinacoside, lipid metabolism disorders, PPAR-α, 
p53/p38MAPK signaling

Introduction
Diabetic cardiomyopathy (DCM) is a major complication of diabetes, with high 
morbidity and a high risk of cardiovascular disease and mortality in diabetic 
patients.1 The incidence of DCM in patients with a history of diabetes ≥ 5 years 
is over 44.4%, which increases to 56% after 8 years.2,3

DCM is a kind of primary cardiomyopathy, which is manifested as cardiac 
structural and functional abnormalities caused by myocardial fibrosis cell apoptosis 
and microvascular lesions in diabetic patients without ischemic or hypertensive 
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heart disease, and can induce cardiac arrhythmia with 
cardiac origin shock and sudden death in heart failure.4 

Due to the complex pathogenesis of DCM and its diag-
nosis at advanced stages, no effective treatments exist.5 

Hyperglycemia is the initiating factor during DCM patho-
genesis. Long-term hyperglycemia results in disturbed 
glucose and lipid metabolism in the cardiomyocytes of 
diabetic patients, leading to injury to vascular endothelial 
cells and other tissues, promoting pathological changes 
including hypertrophy, necrosis, apoptosis and myocardial 
interstitial fibrosis.6,7 Glucose and lipid metabolism disor-
ders are key to the pathological mechanisms of DCM. The 
effective control of energy metabolism in cardiomyocytes 
therefore represents an important therapeutic strategy 
for DCM.

Myocardial lipid accumulation in DCM exacerbates the 
progression of heart failure. PPAR-α is a key regulator of 
various related genes in the fatty acid oxidation system of 
cell peroxidases, mitochondria and microsomes, and plays 
a key role during lipid metabolism and the regulation of 
inflammation and immunity.8 PPAR-α improves lipid 
metabolism through mitochondrial and peroxidase fatty 
acid beta oxidation, mediated through carnitine palmitoyl 
transferase-I (CPT-I).9 The oxidation of long and branched 
fatty acids10 reduces the synthesis and assembly of lipo-
proteins and VLDL.11 The indirect regulation of bile acid 
synthesis promotes cholesterol excretion12 and inhibits the 
expression of inflammatory-associated genes. PPAR-α 
expression in the liver is significantly lower in patients 
with non-alcoholic fatty liver disease or in animal models 
of long-term high-fat consumption.13,14 Everett et al 
showed that the levels of liver associated free fatty acids 
significantly increased in PPAR-α knockout mouse models 
due to attenuated lipid metabolism, promoting liver 
steatosis.15 These findings suggest that PPAR-α plays an 
important role in the pathogenesis of lipid metabolism.

Echinoside (ECH) is a natural compound isolated from 
the stems of cistanche tubulosa. The active chemical of 
ECH is phenylethanoside, which displays antioxidant, 
anti-fatigue, anti-tumor and anti-inflammatory effects, 
and can improve memory, nerve and liver protection, and 
enhance immune regulation.16,17 In the study on db/db 
diabetic mice, it was found that ECH could improve insu-
lin resistance, increase HDL level, and reduce TG, TC and 
LDL levels, indicating that ECH could effectively improve 
diabetic lipid metabolism.18 In addition, Shimoda et al 
proved that echinoside could affect lipid metabolism by 
regulating mRNA related to hepatobiliary sterol transport 

and metabolism.19 Previous studies have shown that ECH 
regulates the expression of TGF-β and its downstream 
genes to improve renal fibrosis in db/db mice.20 In this 
study, to further understand the protective effects of ECH 
on myocardial cell injury in DCM and to explore its 
potential molecular mechanisms, we used db/db mice as 
a DCM disease model, and explored the regulatory 
mechanism(s) of ECH on proteins that control glucose 
and lipid metabolism disorders, oxidative stress, and apop-
tosis in cardiomyocytes. Our aim was to provide 
a theoretical basis for the effective treatment of DCM.

Materials and Methods
Chemicals and Reagents
ECH powder (94% purity detected by HPLC, Batch 
No.190906) (Supplement Figure 1) was obtained from 
Shanghai Medical Science Company, Ltd. (Shanghai, 
China). ECH was dissolved in water to 2 mg/mL and 
stored at 4°C in the dark. ECH was administered at 
a dose of 100–500 mg/kg·d and significantly lowered 
blood glucose and improved blood lipid levels.18 ECH 
displayed dose-dependent hypoglycemic and anti- 
hyperlipidemic effects.

Experimental Animals and Treatment
Animal experiments were performed in accordance with 
the National Institutes of Health guidelines (NIH Pub. No 
85-23, revised 1996). Protocols were approved by the 
experimental animal ethics committee and Animal 
Feeding Center of Renmin Hospital of Wuhan University 
(Wuhan, China, No. 20190517). Adult male C57BLKS/J 
db/db mice and db/m mice (SPF grade) were purchased 
from Nanjing University–Nanjing Biomedical Research 
Institute (Nanjing, People’s Republic of China, number: 
SCXK (Sue) 2018-0001). Animals were caged in the 
Animal Center of Renmin Hospital (Wuhan, People’s 
Republic of China) at room temperature (20°C), relative 
humidity of 50%-60%, and subject to a 12-h light/dark 
cycle. Adaptive feeding was performed for 1 h and no 
hypoglycemic drugs were administered.

Following quarantine, db/db mice were randomly 
assigned to the diabetes model group (db/db group, n= 
10), ECH treatment group (db/db+ECH group, n=11) or 
db/m control group (db/m, n=9). At 8 weeks, mice in the 
db/db and db/m groups were administered oral 0.05 mL/ 
10g body weight saline for 10 weeks, whilst mice in the 
db/db+ECH group were administered 300 mg/(kg/d) oral 
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ECH according to body weight for 10 weeks. The body 
weights of the three groups of mice were monitored 
weekly, and feeding, drinking and activity were assessed. 
Once mice had fasted for 8 h, blood samples (~50ul) 
were taken from the end of the tail every 2 weeks with 
a blood glucose meter and test paper (Johnson & 
Johnson, New Brunswick, NJ, USA) to determine 
blood glucose levels. After 10 weeks of intervention, 
mice were anesthetized by intraperitoneal injection with 
2% pentobarbital sodium (Shanghai Harvest company, 
Shanghai, People’s Republic of China) (100mg/kg). 
Blood was collected following capillary needle insertion 
and serum was rapidly separated and stored at −80°C for 
analysis. Following cardiac perfusion with cold- PBS to 
remove the blood, free PBS was removed with filter 
paper. Cardiac tissue was separated and weighed, and 
the dry weight of the heart was measured. The abdomen 
of mice was shaved, the abdomen was opened after 
alcohol (70%) disinfection, and the subcutaneous adi-
pose tissue of the abdomen was quickly removed and 
the weighed wet. The tibia of the mice were isolated and 
measured. Cardiac hypertrophy was assessed through the 
ratio of heart weight to tibial length (HW/TL) (mg/mm). 
Cardiac tissues were fixed with 4% paraformaldehyde 
(Google biotechnology, Wuhan, People’s Republic of 
China) and biopsies were performed to monitor the mor-
phology of myocardial tissue. The remaining cardiac 
tissue was placed in liquid nitrogen for 1 h and stored 
at −80°C prior to RT-PCR and Western blot analysis.

Echocardiography
Ultrasound (VisualSonics, Toronto, ON, Canada) was per-
formed for echocardiographic measurements at the end of the 
experiment. Mice were anesthetized by intraperitoneal injec-
tion of 4% chloral hydrate at 30mg/kg for half an hour,21 

shaved to expose the chest area, and fixed onto a flat plate. 
The left ventricular systolic diameter (LVDs), LV diastolic 
diameter (LVDd), LV ejection fraction (EF), and LV frac-
tional shortening (FS) were determined.

Metabolic and Biochemical Parameters
At 18 weeks of age, blood samples were centrifuged at 4°C 
for 20 min for serum collection. A total automated biochem-
ical analyzer (ADVID2400, Tokyo, Japan) was used to 
detect total cholesterol (TC), triglycerides (TG), free fatty 
acids (FFAs), high-density lipoprotein-cholesterol (HDL- 
c), and low-density lipoprotein-cholesterol (LDL-c) in the 
serum.

Oxidation Index and Antioxidant Levels
Fresh left ventricular myocardial tissues (50 mg) of each 
group were obtained. The levels of SOD, GSH-px and 
MDA in the myocardial cells were determined using com-
mercial kits (Nanjing Jiangcheng Bioengineering Institute, 
China).

Cardiac Histology, HE, Masson’s 
Trichrome, Tunel and Sudan II Staining
The left ventricular region of the myocardial tissue of each 
group of mice were fixed in 4% paraformaldehyde for 24h, 
paraffin embedded, sectioned and HE stained. Pathological 
and morphological changes of the myocardial fibers of each 
group of mice were observed under light microscopy 
(JEOL, Tokyo, Japan). Cardiac myocyte apoptosis was 
detected by Tunel assays (number11684817910, Roche, 
USA). Heart tissue was pre-treated with paraformaldehyde, 
embedded and sliced. Sections were washed with xylene 
I (Shanghai, People’s Republic of China) (20 min) -xylene II 
(20 min) -anhydrous ethanol I (10 min) -anhydrous ethanol 
II (10 min) −95% alcohol (5 min)-90% alcohol (5 min)-80% 
alcohol (5 min) −70% alcohol (5 min) and distilled water. 
Sections were dried through shaking and histochemical 
brush rings were used to prevent liquid loss. Protease 
K was added to the rings to cover the tissue. Following 
incubation at 37°C for 15 min, slides were placed in PBS 
(pH 7.4) and washed in a decolorizing shaker (three times 
for 5 min). Reagents 1 (TdT) and 2 (dUTP) were mixed at 
a ratio of 1:9 and added to the inner covering of the tissue. 
Mixtures were incubated in a water bath at 37°C for 60 min. 
A small volume of water was added to maintain humidity. 
Slides were rinsed in PBS and DAPI stained (Aspen biolo-
gical, Wuhan, People’s Republic of China) in the dark for 5 
min. Slides were rinsed in PBS and mounted using anti- 
fluorescence quenching agent. Sections were visualized by 
fluorescent microscopy and imaged. Sudan II staining was 
used to observe lipid accumulation in the cardiac myocytes. 
Left ventricular tissues were fixed in 10% paraformaldehyde 
for 30 min, stained with Sudan red II (Gefan, Shanghai, 
People’s Republic of China) at room temperature for 10 
min, decolorized with 75% alcohol, and re-stained in PBS 
for 15 min. The ratio of the myocardial fibrosis to total area 
in Masson’s stained trichrome sections was determined 
using Image-Pro Plus quantitative software. Slides were 
mounted using glycerine gelatin and imaged via 
microscopy.
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Western Blot Analysis
Heart tissues (~50 mg) were sectioned using tissue scissors 
and lysed. Phenylmethylsulfonyl fluoride (PMSF) was 
added to prevent protein degradation (1 mmol/L). Samples 
were centrifuged at 1200 rpm for 10 min. Protein concentra-
tions were determined by BCA assay. Proteins were dena-
tured in an equal volume of SDS-PAGE loading buffer (2X) 
and boiled for 10 min. Samples (~50 ug) were resolved by 
SDS-PAGE electrophoresis, and wet transferred to PVDF 
membranes. Membranes were blocked in 5% non-fat milk 
(Erie Inc., Hubei, Peoples Republic of China) for 1 h and 
probed overnight at 4°C with primary antibodies against 
PPAR-α (1:1000 dilution; CST, Danvers, MA, USA), 
M-CPT-1 (1:1000 dilution; CST), CD36 (1:1000 dilution; 
CST), GLUT-4 (1:1000 dilution; CST), p53 (1:1000 dilu-
tion; Abcam), p38-MAPK (1:1000 dilution; Abcam), cas-
pase-3 (1:1000 dilution; Abcam, Cambridge, MA, USA) and 
caspase-8 (1:1000 dilution; Abcam). Membranes were 
labeled with the indicated secondary antibodies at room 
temperature for 1 h and developed. Gray values of each 
protein band were analyzed.

RT-PCR Analysis
Total RNA was extracted from the heart tissues of mice in 
each group (100 mg) using Trizol (Thermo Fisher Scientific, 
Waltham, MA, USA). RNA purity and concentrations were 
detected by UV spectrophotometry. RNA integrity was con-
firmed by electrophoresis. Reverse transcription was per-
formed using commercial RT kits (Takara, Tokyo, Japan). 
Samples were denatured at 95°C for 30s, followed by 40 
cycles of: 95°C for 5s; 60°C for 40s; 95 °C for 15 s; 60 s at 
60 °C, 95 °C for 15 s. MRNA levels were assessed using the 
SYBR Green RT quantitative reverse transcription-PCR 
(ABI 7500; Thermo Fisher Scientific) using the 2-ΔΔCt 

method. GAPDH mRNA levels were assessed as an internal 
control. Primer sequences are shown in Table 1.

Statistical Analyses
SPSS22.0 (IBM Corporation, Armonk, NY, USA) software 
was used for statistical analysis. Measurement data were 
expressed as the mean ± standard deviation (x±s). A one- 
way ANOVA was performed for group comparisons. 
Univariate analysis was used to evaluate differences amongst 
the groups. Groups were compared using the minimum sig-
nificant difference method (LSD) to obtain uniform data. 
Non-normal distribution data were analyzed using Dunnett’s 
tests. P-values≤0.05 indicated significant differences.

Results
Effects of ECH on Db/Db Mice
Mice in the db/db groups showed obvious polyphagia and 
polyuria. Body sizes were also significantly larger than 
those of the db/m mice. Body weights in the db/db group 
significantly increased relative to the db/m group 
(Figure 1A; **p<0.01). Body weights of the db/db + 
ECH group were significantly lower than those of the db/ 
db group after 10 weeks of ECH treatment (Figure 1A; 
#p<0.05). At week 15, the difference in body weight of 
each group gradually appeared after ECH intervention. 
Abdominal fat thickness of mice in the db/db group was 
higher than those of the db/m group (Figure 2B; *p<0.01). 
ECH, therefore, improves obesity in db/db mice, the spe-
cific mechanisms of which require further assessment.

Fasting blood glucose levels were assessed on a weekly 
basis. As shown in Figure 1B, compared to db/m mice, 
fasting blood glucose levels of the db/db mice significantly 
increased with age and showed obvious hyperglycemia 
(Figure 1B; *p<0.01). Over a 10 week period, fasting 

Table 1 RT Fluorescence Quantitative PCR Primers

Genes Forward Primer 5′-3′ Reverse Primer 5′-3′ Fragment Length (bp)

GAPDH CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT 133

PPAR-α CTCGGAGGGCTCTGTCATCA TGCGTGGACTCCATAGTGGT 319
M-CPT-1 CCCATGTGCTGCCTACCAGAT CCTTGAAGAAGCGACCTTTG 218

GLUT-4 GCTTCTGTTGCCCTTCTGTC TGGACGCTCTCTTTCCAACT 166

CD36 TCTTCCAGCCAACGCCTTT CCTTCTTTGCACTTGCCATGTCC 126
P53 TATGGCTTCCACCTGGGCTT TCTTCCAGATACTCGGGATACAA 306

P38MAPK TGCCCGAACGTACCAGAAC CCTTTTGGCGTGAATGATGGA 142

Caspase-3 GTCTGACTGGAAAGCCGAAAC GACTGGATGAACCACGACCC 205
Bcl-2 GCTACCGTCGTGACTTCCCA CATCCCAGCCTCCGTTATCC 270

Bcl-x CGTGGAAAGCGTAGACAAGGA TGCTGCATTGTTCCCGTAGAG 148
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blood glucose levels in the db/db and db/db + ECH group 
increased, whilst glucose levels in the db/m group 
remained stable. Fasting blood glucose levels in the db/ 
db + ECH group were slower than those of the db/db 
group (Figure 1B; ##p<0.01), suggesting that ECH mark-
edly improved hyperglycemia in db/db diabetic mice. We 
speculated that ECH could promote the synthesis of liver 
glycogen and inhibited activity of α-glucosidase to sup-
pressed glucose transport in the small intestine, signifi-
cantly contributing to hypoglycemia.22,23

Effects of ECH on the Biochemical 
Parameters of Db/Db Mice
Three mice from each group were assessed via HW/TL 
analysis. HW/TL in the db/db group significantly 
increased relative to the db/m group [Figure 2A; (8.05 
±0.92) vs (6.48±0.67).*p<0.05]. The HW/TL of the db/ 
db + ECH group was significantly lower than the db/db 
group [Figure 2A; (6.98±0.05) vs (8.05±0.92). #p<0.05] 
after 10 weeks of treatment. These results suggested that 
cardiac hypertrophy occurred in db/db mice, which sig-
nificantly improved after 10 weeks of ECH intervention.

At the end of the 18 week period, blood serum TC, TG, 
FFA and LDL-c significantly declined in the db/db + ECH 
group relative to the db/db group. HDL-c levels signifi-
cantly increased (Table 2; ##P<0.01). These results suggest 
that ECH has protective effects on cardiac function and 
lipid metabolism in db/db mice, which could partly 
explain the weight loss observed in db/db mice.

ECH Alleviates Cardiac Dysfunction in 
Db/Db Mice
Echocardiographic data showed that the ejection fraction 
(EF%) and fractional shortening (EF%) were 

Figure 1 Effects of ECH on body weight (A) and fasting blood glucose levels (B) of 
db/db mice. 
Notes: Data are expressed as mean±SD. db/m group n=9, n=10 for all other 
groups; **p < 0.01 vs db/m group, #p < 0.05 or ##p<0.01 vs db/db group. 
Abbreviation: ECH, echinacoside.

Figure 2 Effects of ECH on HW/TL of db/db mice (A) and abdominal fat thickness 
of mice (B) of db/db mice. 
Notes: Data are expressed as mean±SD. db/m group n=9, all other groups n=10; 
*p < 0.05 vs db/m group, #p < 0.05 vs db/db group. 
Abbreviations: ECH, echinacoside; HW, heart weight; TL, tibial length.
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significantly lower in db/db mice (36.14%±3.40% and 
37.21%±3.42%) compared to non-diabetic mice (db/m) 
(72.26%±3.29% and 46.69%±2.69%). Similarly, the left 
ventricular eject fraction (LVEF%) was markedly smal-
ler in db/db mice (61.52%±0.55%) compared to db/m 
(70.36%±3.61%) mice. Left ventricular end-systolic 
dimensions (LVDs) and left ventricular end-diastolic 
dimensions (LVDd) were significantly higher in db/db 
mice (2.82mm±0.18mm and 4.19mm±0.37mm) com-
pared to non-diabetic controls (db/m), (2.51mm 
±0.23mm and 3.98mm ±0.33mm), suggesting that car-
diac function was impaired by diabetes. Notably, in db/ 
db mice administered ECH EF%, FS% and LVEF% 
were effectively restored to 63.24%±3.36%, 2.18% 
±3.38% and 64.98%±2.11%, respectively (Figure 3A, 
B, E and F). In addition, after 10 weeks of ECH inter-
vention, LVDs and LVDd were significantly reduced to 

2.68 mm±0.26mm and 4.02mm ±0.27 mm, respectively 
(Figure 3C and D).

Effects of ECH on Cardiac Morphology in 
Db/Db Mice
Heart tissues were collected for HE staining, Masson’s tri-
chrome staining and Sudan II staining. Structural changes 
were assessed by microscopy (Figures 4 and 5). HE staining 
showed that the hearts of the db/m group were normal, with 
clear and compact arrangements of cardiac cells, and clear 
structures. However, obvious hypertrophy and necrosis were 
evident in the myocardial cells of the db/db group. Compared 
to the db/db group, the morphology of myocardial cells in db/ 
db+ECH group recovered, intercellular spaces were reduced, 
and the arrangements were regular. Masson staining revealed 
collagen fiber deposition in the heart tissues of db/db mice 
(Figure 5). After the 10-weeks of ECH treatment, fibrosis and 

Table 2 Effect of ECH on Serum Lipid Metabolism Levels in Db/Db Mice

Groups TC(mmol/L) TG(mmol/L) FFA(mmol/L) HDL-c(mmol/L) LDL-c(mmol/L)

db/m (n=9) 2.08±0.36 0.97±0.15 0.28±0.12 1.11±0.21 0.15±0.37
db/db (n=10) 3.57±1.07** 1.93±0.71** 3.66±0.07** 1.00±0.13** 1.40±0.15**

db/db+ECH (n=10) 3.13±0.66## 1.53±0.66## 1.41±0.04## 1.40±0.31## 0.21±0.13##

Notes: Data are presented as mean ± SD. **P<0.01 compared with the db/m group;##P<0.01 compared with the db/db group. 
Abbreviations: TC, total cholesterol; TG, triglyceride; FFA, free fatty acid; HDL-c, high-density lipoprotein-cholesterol; LDL-c, low-density lipoprotein-cholesterol; ECH, 
echinacoside.

Figure 3 Effects of echinacoside (ECH) on impaired cardiac function of db/db mice. (A) Echocardiography (ECG) of db/db mice. (B) ECH increases the DM-induced 
reduction of LVEF. (C) ECH rescues the DM-induced increase of LVDs. (D) ECH rescues the DM-induced increased of LVDd. (E) ECH increases the DM-induced reduction 
of EF. (F) ECH increases the DM-induced reduction of FS. 
Notes: Data are expressed as mean±SD. db/m group n=9, the other groups n=10; *p < 0.05 vs db/m group, #p < 0.05 vs db/db group. 
Abbreviations: ECH, echinacoside; DM, diabetes mellitus; LVEF, left ventricular eject fraction; LVDs, left ventricular end-systolic dimension; LVDd, left ventricular end- 
diastolic dimension.
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collagen development in db/db mice were significantly inhib-
ited. According to statistical assessments of fibrosis levels 
(Figure 5), the area of interstitial fibrosis in db/db mice was 
significantly larger than db/m mice, although ECH treatment 
significantly reduced the fibrosis area (p<0.05). Sudan II 
staining showed that myocardial cells in db/m group had 

few lipid droplets and low levels of lipid degeneration. 
Severe lipid degeneration was observed in the myocardial 
cells of the db/db group, and lipid vacuoles of different sizes 
were observed. Lipid deposition in the myocardial cells of 
mice significantly declined after ECH treatment, confirming 
its therapeutic effects.

Figure 4 Effects of ECH on morphologic changes in the hearts of db/db mice (200×).

Figure 5 Effects of ECH on interstitial fibrosis in the heart of db/db mice (400x). 
Notes: Data are expressed as mean±SD. db/m group n=9, all other groups n=10; *p < 0.01 vs db/m group, #p < 0.01 vs db/db group. 
Abbreviation: ECH, echinacoside.
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Effects of ECH on Cardiomyocyte Injury 
in Db/Db Mice
Myocardial injury in DCM occurs as a result of oxidative 
stress-induced apoptosis. Tunel staining was used to detect 
apoptosis rates in each group. Compared to the db/m group, 
the total apoptosis rates of cardiomyocytes in the db/db group 
significantly increased [Figure 6; (31.66 ± 2.89%) vs (1.86 ± 
0.49%). **p < 0.01]. Compared to the db/db group, the 
apoptosis rates of mice in the db/db+ECH group significantly 
decreased [Figure 6; (8.35 ± 1.13%) vs (31.66 ± 2.89%). 
##p < 0.01], indicating that ECH significantly alleviated 
apoptosis rates in the db/db cardiomyocytes. To explore 
whether the cardiomyocytes in each group were under oxida-
tive stress, relevant oxidative and antioxidant indexes includ-
ing superoxide dismutase (SOD), glutathione peroxidase 
(GSH-px) and malondialdehyde (MDA) were measured. As 
shown in Figure 7, compared to the db/m group, the expres-
sion of SOD and GSH-px in the db/db group significantly 
decreased, whilst the expression of MDA significantly 
increased (Figure 7; **p<0.01). However, after 10 weeks of 
ECH intervention, the above indexes of db/db mice were 

significantly improved (Figure 7; ##p<0.01). ECH reduced 
apoptosis in the cardiomyocytes of db/db mice through its 
ability to reduce oxidative stress. After 10 weeks, ECH 
reduced inflammation and intracellular calcium concentra-
tions, protecting cells from myocardial injury. These effects 
now require further investigation in future studies.

We further examined the expression of apoptosis asso-
ciated signaling pathways in cardiomyocytes, including p53, 
p38MAPK, caspase-3, caspase-8 and Bcl-2/Bax. The 
expression of p53, p38MAPK and caspase-3 in the heart 
tissues of db/db mice was significantly higher than those of 
the db/m group (Figure 8, Supplement Table 1). Compared 
to the db/db group, p53, p38MAPK and caspase-3 levels 
decreased in the db/db+ECH group, and Bcl-2/Bax mRNA 
levels were significantly lower. These results suggest that the 
activation of p53/p38MAPK axis in diabetic mice increased 
caspase-3 and caspase-8 expression, and initiates apoptosis. 
The expression of the anti-apoptotic gene Bcl-2 was sup-
pressed whilst the expression of the pro-apoptotic gene Bax 
was up-regulated, eventually leading to cardiac apoptosis 
(Figure 8B, Supplement Table 2). Following ECH gavage, 

Figure 6 Tunel staining of cardiac myocytes (A) and apoptosis rates of cardiac myocytes (B). Original magnification x 400. 
Notes: db/m group n=9, the other groups n=10; *p < 0.01 vs db/m group, #p < 0.01 vs db/db group. 
Abbreviation: ECH, echinacoside.
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Figure 7 Effects of ECH on oxidative damage in the cardiac myocytes of db/db mice. 
Notes: Data are expressed as mean±SD. db/m group n=9, all other groups n=10; **p < 0.01 vs db/m group, ##p < 0.01 vs db/db group. 
Abbreviations: ECH, echinacoside; SOD, superoxide dismutase; GSH-px, glutathione peroxidase; MDA, malondialdehyde.echinacoside.

Figure 8 Western blot analysis of p53, p38MAPK, caspase-3, caspase-8 (A) and RT-PCR analysis of p53, p38MAPK, caspase-3, bcl-2/bax (B). 
Notes: Data are expressed as mean±SD. db/m group n=9, the other groups n=10; **p < 0.01 vs db/m group, ##p < 0.01 vs db/db group. 
Abbreviations: ECH, echinacoside; p38MAPK, p38-mitogen-activated protein kinases; caspase, cysteinyl aspartate specific proteinase.
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db/db mice showed lower levels of p53/p38MAPK activity 
and cardiac muscle cell apoptosis. These effects were con-
sistent with the cardiac histological changes observed fol-
lowing HE staining and Tunel assays, confirming the 
protective effects of ECH (Figures 4 and 6).

ECH Activates Cardiac PPAR-α/M-CPT-1 
Signaling in Db/Db Mice
Suppression of the M-CPT-1 (muscle-carnitine palmitoyl 
transferase-1) pathway and its subsequent nuclear translo-
cation leads to PPAR-α- mediated lipid metabolism asso-
ciated abnormities in DCM.24 PPAR-α, M-CPT-1 and 
CD36 expression were assessed by Western blot and RT- 
PCR analysis (Figure 9, Supplement Tables 3 and 4). The 
results showed that PPAR-α, M-CPT-1 and GLUT-4 
mRNA levels in the db/db groups were lower than those 

of the db/m group (**p<0.01). CD36 expression was also 
higher in the db/m group (**p<0.01), suggesting that 
PPAR-α/M-CPT-1 signaling was inhibited in the db/db 
group. PPAR-α and M-CPT-1 expression increased after 
10 weeks of ECH treatment, whilst CD36 levels decreased 
(##p<0.01), indicating that ECH activated cardiac PPAR-α/ 
M-CPT-1 signaling in db/db mice.

Discussion
In 1972, Ruble identified small vessels in the 
myocardium25 that occurred as a result of stenosis, thick-
ening of the tube wall and diffuse fibrosis of the intersti-
tium. The first concept of DCM was proposed when 
dissecting the hearts of diabetic patients. This excluded 
coronary artery sclerosis, and was later confirmed by 
Kannu and colleagues.

Figure 9 Western blot analysis of PPAR-α, M-CPT-1, CD36, GLUT-4 (A) and RT-PCR analysis of PPAR-α, M-CPT-1, CD36, GLUT-4 (B). 
Notes: Data are expressed as mean±SD. db/m group n=9, all other groups n=10; *p < 0.05 or **p < 0.01 vs db/m group, #p < 0.05 or ##p < 0.01 vs db/db group. 
Abbreviations: ECH, echinacoside; PPAR-α, peroxisome proliferators-activated receptor-α; M-CPT-1, muscle-carnitine palmitoyl transferase-1; GLUT-4, glucose transpor-
ter-4.
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Diabetic cardiomyopathy is generally divided into four 
stages. In the first stage, left ventricular mass increased, 
diastolic dysfunction and ejection fraction (EF) normal. 
Even clinically asymptomatic, myocardial fibrosis 
increased, early diastolic filling decreased, and left ventri-
cular end-diastolic pressure increased.22 The second stage 
is characterized by increased left ventricular mass, thick-
ened ventricular walls, systolic and diastolic dysfunction 
(EF<50%), mild cardiac dilatation. In the third stage, 
diastolic dysfunction and arterial hypertension contribute 
to systolic dysfunction and microangiopathy. Stage IV, 
moderate-severe systolic dysfunction, cardiac dilatation, 
fibrosis, and microvascular and macrovascular lesions 
cause severe and irreversible changes in heart tissue 
ultimately.26 Myocardial cell apoptosis, necrosis, hypertro-
phy, and fibrosis increase leading to disorders of diastolic 
and systolic functioning.6,27 This eventually develops into 
ischemic heart disease and heart failure.28 In this study, 
blood glucose and serum lipid levels of db/db mice sig-
nificantly increased in the db/db group. Symptoms of 
obesity were also observed, including body weight 
changes and increases in the rate of HW/TL compared to 
the db/m group. HE staining and Masson’s trichrome 
staining of the heart showed obvious pathological changes 
in the cardiac myocytes of the db/db group, including 
hypertrophy and necrosis, disordered cardiac myocytes, 
and high levels of extracellular matrix deposition. These 
data indicate that db/db mice exhibit early DCM under 
long-term hyperglycemia.

ATP is the basic energy source for the heart. Cardiac 
energy is provided by the oxidation and decomposition of 
FA, that accounts for ~70% of the cardiac energy supply.29 

The remainder is provided by carbohydrates such as glu-
cose and lactic acid.30 Diabetic hearts are subject to 
increased energy consumption and imbalances in myocar-
dial capacity, representing the principal cause of myocar-
dial metabolic disorders, including decreased glucose 
metabolism and increased FA metabolism. This leads to 
increased FA uptake and oxidation leading to adipose 
accumulation and the formation of toxic fat substances, 
directly leading to DCM lesions.31

PPAR-α is a member of the nuclear receptor super-
family and is distributed in the liver, kidney, skeletal 
muscle and heart tissues of animals.12,15,32 PPAR-α reg-
ulates fat and glucose metabolism, inflammatory 
responses, cell cycle progression, and immune responses 
through gene transcription. Recent studies show that 
PPAR-α is closely related to cardiac metabolism and 

disease progression during DCM.33,34 As a downstream 
gene regulated by PPAR-α, M-CPT-1 regulates the meta-
bolism of long-chain fatty acids in cardiomyocytes to 
inhibit lipid toxicity.9,11 In this study, we found that 
CD36 is overexpressed in the cardiomyocytes of db/db 
diabetic mice leading to increased FA uptake in cardio-
myocytes. PPAR-α/M-CPT-1 levels were significantly 
lower than those of db/db mice, leading to the repressed 
clearance of lipid metabolites in cardiomyocytes, further 
aggravating lipid toxicity. Conversely, during DCM, 
PPAR-α inhibits glucose uptake through the down- 
regulation of GLUT-4. In the stage of disease compensa-
tion, in order to maintain the normal functionality of 
cardiomyocytes, the expression level of CD36 is compen-
satory overexpression and uptake of FA by cardiomyo-
cytes was increased. Due to excessive FA uptake and 
oxidation, myocardial cells are in a continual state of 
oxidative stress, evidenced through the levels of antiox-
idant indicators including SOD, GSH-px and MDA. This 
was also reflected in Tunel assays and through assess-
ments of the oxidation index and antioxidant levels.

The body weight of db/db+ECH mice was significantly 
lower than that of db/db mice. Although blood glucose 
levels were not reduced to levels comparable to the db/m 
group, ECH caused significant improvements in blood 
glucose levels compared to the db/db group. HE staining, 
Masson´s trichrome staining and Sudan II staining showed 
that, compared to the db/db group, cardiomyocyte mor-
phology was alleviated following ECH intervention in db/ 
db mice, with reduced intercellular spaces, improved 
extracellular matrix deposition, and lower levels of lipid 
accumulation.

ECH also improved lipid metabolism in db/db DCM. 
Accumulating biochemical evidence suggests that ECH 
improves serum lipid levels in DCM (Table 2). Through 
Western blot and RT-PCR analysis, ECH improved lipid 
accumulation in cardiomyocytes through the upregulation 
of PPAR-α expression, subsequently leading to the activa-
tion of M-CPT-1 and a loss of CD36 expression. This 
ultimately inhibited FA uptake in cardiomyocytes. 
GLUT-4 promotes glucose utilization in cardiomyocytes 
and stabilizes the balance between glucose and lipid meta-
bolism. ECH up-regulates antioxidant genes and down- 
regulates pro-oxidation genes, improving oxidative stress 
injury in myocardial cells. We found that ECH also upre-
gulates the PPAR-α/M-CPT-1 axis and down-regulates 
PPAR-α/GLUT-4 pathways to control lipid toxicity 
in DCM.
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Conclusions
In db/db mice with diabetic myocardium, glucose and lipid 
metabolism are dysregulated, leading to increased levels of 
oxidative stress and apoptosis. This study confirmed that 
ECH can significantly reduce long-term hyperglycemia in 
db/db mice through PPAR/M-CPT-1/GLUT-4 signaling. 
Meanwhile, ECH improved oxidative stress and inhibited 
myocardial apoptosis in db/db DCM mice, which may be 
related to improved energy metabolism. Whilst the under-
lying mechanisms governing these effects were not dis-
covered, these findings provide a new direction for the 
treatment of DCM and the protective role of ECH in 
improving myocardial injury.
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