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ABSTRACT
The aim of this study was to investigate the cardioprotective effects and probable mechanism of 
ultrasound-targeted microbubble destruction (UTMD) combined with astragalus polysaccharide 
(APS) on diabetic cardiomyopathy (DCM) model rats. The DCM rats with diabetes and cardiomyo-
pathy were induced via chronic treatment of doxorubicin and then randomly divided into the (1) 
DCM model group; (2) APS microbubble group; (3) UTMDgroup; and (4) APS microbubbles 
combined with UTMD group. After 4-week intervention, the fasting blood glucose levels, body 
weight, %HbA1c level and glucose tolerance of DCM rats received combination therapy were 
significantly improved as compared with those of UTMD or saline-treated ones. Moreover, the 
heart/body weight ratio, and myocardial contractility were all improved after receiving combina-
tion therapy groups compared with others. In addition, significantly upregulated activities of 
superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) as well as significantly down-
regulated malondialdehyde (MDA) levels were all observed in the ones received combined 
treatment compared to others. Furthermore, the lipid accumulation and the expression levels of 
inflammatory factors were all significantly down-regulated in those ones received combination 
therapy compared with others (all P < 0.05). Further pathological analysis demonstrated that 
combination therapy effectively ameliorated fibrosis and myocardial morphological changes of 
DCM rats via activating the upregulation of AMPK and PPAR-γ signaling pathway, and inhibiting 
NF-κB activity in myocardial tissues of DCM rats. In conclusion, APS microbubbles combined with 
UTMD effectively protect the myocardial injury of DCM rats via activating AMPK signaling pathway 
to alleviate inflammation response, fibrosis and oxidative stress in myocardial tissues.
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1. Introduction

It is estimated that diabetes is the third major 
category of disease in the world, and the clinical 
manifestations are mainly elevated blood glucose 
caused by absolute or relative deficiency of insulin 
[1,2]. Long-term diabetes can induce many com-
plications, of which diabetes-related cardiovascular 
disease is the main cause of death [3]. Long-term 
insulin resistance (IR) and hyperglycemia can lead 
to a series of compensatory and decompensated 
reactions, and complex pathophysiological 
changes eventually lead to diabetic cardiomyopa-
thy (DCM) cardiac structural changes, acting 
together on cardiac remodeling, and ultimately 
leading to damage to cardiac function [3–5]. 
Microvascular and macrovascular complications, 
as well as atherosclerosis-related diseases, are 
accompanied by other mechanisms such as hyper-
lipidemia and excessive inflammation [6]. This 
type of diabetic complication is formed by 
a disease process that directly affects the myocar-
dium and is therefore defined as ‘diabetic cardio-
myopathy’, independent of diastolic and systolic 
dysfunction other than coronary heart disease 
and other cardiac diseases [7]. In brief, diabetic 
cardiomyopathy is a serious complication of dia-
betes mellitus, which is defined as diastolic and 
systolic dysfunctions independent of coronary 
heart disease, hypertension and other heart dis-
eases [3]. The pathogenesis of DCM is considered 
to be a non-myocardial cell remodeling caused by 
multiple factors of hyperglycemia and inflamma-
tory response, leading to cardiac insufficiency, 
heart failure, shock and other symptoms [7]. It 
has been documented that the increase of oxida-
tive stress is one of the main factors in the patho-
genesis of DCM, which in turn is an important 
cause of myocardial fibrosis [8]. Although some 
treatments have been applied in clinical practice, 
the medical needs of DCM patients are still diffi-
cult to obtain a better satisfaction [9]. Therefore, 
how to effectively prevent and treat DCM has 
become a hot spot in clinical research, and active 
research and development of new drugs and meth-
ods that can effectively prevent and treat DCM has 
important clinical significance.

It is reported that the Astragalus polysaccharide 
(APS) has numerous pharmacological effects, 

including antihyperglycemic, antihypertensive, 
anti-viral, antioxidative and immune-enhancing 
activities [8,9]. Moreover, previous researches 
found that APS can suppress the NF-κB pathway, 
thereby inhibiting myocardial apoptosis produced 
after cardiac hemorrhage, suggesting that APS 
holds the potential to be a candidate molecule for 
improving myocardial injury [10,11]. Microbubble 
contrast agent, as a novel transport carrier, can 
carry drugs, cytokines, genes and other substances, 
burst microbubbles under certain energy ultra-
sound irradiation, and accurately release transport 
substances in target tissues, so as to achieve the 
purpose of targeted therapy [12,13]. At present, 
how to relieve diabetic myocardial injury is 
a medical problem that needs to be rapidly solved 
[7]. Studies at home and abroad have confirmed 
that some naturally occurring compounds, such as 
astaxanthin, have antioxidant activity and can 
improve the body’s immunity and prevent the 
occurrence and development of cardiovascular dis-
eases, including myocardial injury and other dis-
eases [14,15].

Given the benefit of APS for myocardial injury, 
we hypothesized APS-containing microbubbles 
that burst under ultrasound irradiation could 
increase drug concentration around myocardial 
tissue and protect myocardial tissue more effec-
tively. Therefore, the aim of this study was to 
investigate the protective effect of ultrasound com-
bined with microbubbles on myocardial injury in 
rats with diabetic cardiomyopathy and to explore 
the mechanism of regulating cardiac function and 
injury by detecting the levels of myocardial injury 
markers, oxidative stress and inflammation-related 
factors in serum and tissues, and histological sec-
tion observation, providing new ideas and theore-
tical basis for the clinical treatment of DCM in the 
medical field.

2. Materials and methods

2.1 Materials

APS (purity >90%) was obtained from 
Tibobiochemistry Company (Beijing, China). The 
cellular apoptosis and ROS measurement kits were 
brought from Shanghai YoungChan Company 
(Shanghai, China). Trizol RNA extraction reagent, 
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Real-timeScript™ reverse transcription kit, and 
SYBR oride were purchased from Sigma-Aldrich 
(USA). The SonoVue injection kit was purchased 
from BRACCO INTERNATIONAL BV (Spain). 
The antibodies targeting PPAR-γ, NF-κB, 
p-AMPK, t-AMPK, Beclin1 and Parkin were all 
brought from Abcam company (Cambridge, UK). 
Anti-mouse HRP secondary antibodies were also 
obtained from Abcam company (Cambridge, UK).

2.2 Preparation of APS microbubbles

According to the instruction of kit, 10 mL of 0.9% 
NaCl (injection grade) containing 1 mg APS were 
added to SonoVue vials, then vigorously shaken for 
30 seconds until the completely dispersed lyophi-
lized powders were observed, and incubated at 25°C 
for 120 min, during which several gentle oscillations 
were performed to obtain ultrasound microbubbles 
co-loaded with APS (SonaVue-APS).

2.3 Animal experiment

The GK rats in the model group received i.p. 
injection of adriamycin (2.5 mg/kg) once a week 
for 6 weeks. Once the modeling is done, APS 
(n = 6) and APS microbubbles + UTMD groups 
(n = 6) were administered via oral and tail i.v. 
injection at the dose of 0.5 mg/kg, while the 
UTMD alone group (n = 6) using the healthy SD 
rats as normal control received the same volume of 
saline solution. After the experiment, the precor-
diums of animals were shaved after being anesthe-
tized by i.p injection of 10% chloral hydrate. The 
probe was placed in the rat precordium, and 
a short-axis view was taken at the level of the 
papillary muscle with a focal depth of 3.5– 
4.0 cm. When a large number of microbubbles 
were seen in the myocardium of rats, the micro-
bubbles were repeatedly burst with the MBD func-
tion of the machine (mechanical index MI = 1.9) 
until they completely disappeared. Oral glucose 
tolerance tests were performed at a fixed time 
every week, as previously reported [16]. Fasting 
blood glucose and body weight of rats were also 
measured and recorded. The contents of TC and 
TG in serum were measured by an automatic 
blood biochemical analyzer. All the animal experi-
ments were designed and performed according to 

the guidelines of the Ethics Committee on 
Laboratory Animals.

2.4 Evaluation of myocardial biochemistry and 
cardiac functions

Serum samples were obtained from rats before and 
every 2 weeks after intervention. Serum and myo-
cardial total endothelin (ET) and calcitonin gene- 
related peptide (CGRP) levels were measured by 
radioimmunoassay. Serum levels of the CTnI, CK, 
LDH, SOD, MDA, ET and CGRP were detected by 
using ELISA kits in strict accordance with the 
instructions (Nanjing Jian Cheng Bioengineering 
Company). At the end of the intervention, the 
body weights were recorded and the rats were 
subsequently anesthetized by intraperitoneal injec-
tion of 2% sodium pentobarbital at 1 mL/kg. 
Subsequently, LVIDd, LVEDP and LVEF para-
meters of rats were immediately measured by 
M-mode ultrasound.

At the end of experimental period, the DCM 
rats in each group were sacrificed, followed by 
opening the thoracic cavity, clamping the ascend-
ing aorta and rapidly removing the heart, remov-
ing the great vessels of the rat heart, flushing with 
normal saline to remove the residual blood in the 
cardiac chamber, and sucking up the water with 
filter paper. All the hearts of the DCM rats were 
weighed on a microbalance to calculate the heart/ 
body weight ratio (HW/BW). The right ventricles 
were further cut off, the left ventricle was pre-
served and part of the myocardium was cut per-
pendicular to the symmetrical midpoint of the 
long axis of the left ventricle of the heart and 
fixed in paraformaldehyde, embedded in paraffin 
24 hours later, and serially sectioned for 5 mm. 
H&E staining and Masson staining were per-
formed according to previously reported methods 
[17] and placed under a high-resolution light 
microscope to observe the morphological changes 
of myocardial tissue and the degree of myocardial 
fibrosis, and the CVF value was calculated using 
ImageProPlus 6.0 software. Histology scoring was 
performed by a blinded independent observer. 
The myocardial fibrotic area was calculated by 
the ratio of the positively stained fibrotic area to 
the whole area of the myocardium.
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2.5 Western blot

After freezing and grinding of myocardial tissues, 
half of samples were added with protein lysates to 
extract protein and quantify protein via BCA 
method, followed by the western blotting method 
to detect protein expression of PPARγ and NFκB 
in myocardial tissue. Subsequently, the cardiac 
tissue protein samples were separated by 15% SDS- 
PAGE. The separated proteins were electro- 
transferred to PVDF membrane. Subsequently, 
the samples were further blocked by using the 
5% BSA for 2 hours at 25°C, followed by incubat-
ing the primary antibody against different indica-
tors overnight at 4°C. In addition, the PVDF 
membranes were developed using enhanced che-
miluminescence after being incubated with HRP- 
labeled secondary antibody at the dilution of 
1:4000. Furthermore, the PVDF membrane was 
further scanned and calculated via the Typhoon 
and Image J, respectively.

2.6 RT-qPCR

Myocardial tissues isolated from the rat heart 
were frozen and ground, half of which were 
added with protein lysate to extract protein and 
quantify protein, and the protein expression of 
PPARγ and NFκB in myocardial tissue was 
detected by western blot. In addition, the myo-
cardial MDA content and SOD activity were 
measured by the xanthine oxidase method and 
the TBA method, respectively. The other half of 
the tissue was added with 1 mL of TRIozl 
reagent, repeatedly blown, aspirated and trans-
ferred into an EP tube, total RNA was extracted 
from the tissue according to the instructions of 
the kit, RNA quality and concentration were 
detected using a spectrophotometer, followed 
by reverse transcription and real-time PCR 
according to the instructions of TaKaRa reagent, 
in which the primers for β-actin and NF-κB 
were referred to the sequences used in pre-
viously published articles.

2.7 Statistical methods

Current result statistics were performed via using 
SPSS 13.0 software and showed as mean ± SD. The 

two independent samples t test was used for com-
parison. A value of P < 0.05 was considered statis-
tically significant.

3. Results

(1) Given the benefit of APS for myocardial 
injury, we hypothesized APS-containing 
microbubbles that burst under ultrasound 
irradiation could increase drug concentra-
tion around myocardial tissue and protect 
myocardial tissue more effectively. 
Therefore, the aim of this study was to 
investigate the protective effect of ultra-
sound combined with microbubbles on 
myocardial injury in rats with diabetic 
cardiomyopathy and to explore the 
mechanism of regulating cardiac function 
and injury by detecting the levels of myo-
cardial injury markers, oxidative stress 
and inflammation-related factors in 
serum and tissues, and histological section 
observation, providing new ideas and the-
oretical basis for the clinical treatment of 
DCM in the medical field.

3.1 Chronic effects of combined APS 
microbubbles with UTMD on diabetic rats with 
DCM

In this study, the protective effects of combined 
APS microbubbles with UTMD on diabetic indexes 
of GK rats were explored. As shown in Figure 1, the 
fasting blood glucose of the model rats received the 
saline or UTMD alone treatment continued to 
increase during the entire experimental period. In 
contrast, the blood glucose level was effectively 
controlled in the group that received the combina-
tion therapy, but the advantage over that of APS 
alone was not significant. Moreover, the body 
weight of GK rats in the model control group 
continued to decrease at 6 weeks of intervention, 
while there was no significant difference between 
the three intervention groups. The improvement in 
%HbA1c, glucose tolerance and blood lipid profiles 
in GK rats were all similar to the fasting BGLs, and 
the ones-received the combination treatment were 
significantly improved as compared with the 
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control group, but not compared with APS alone 
group.

3.2 Chronic effects of combined APS 
microbubbles with UTMD on cardiac functions of 
diabetic rats with DCM

As the results shown in Table 1, conventional ultra-
sound results exhibited that the LvIDd and LVIDs in 
diabetic DCM rats were statistically significantly 
higher than those of the normal ones, while the 
LVFS and LVEF were significantly lower (both 
P < 0.05). After 6-week intervention, the downregu-
lated or upregulated trend of LVEF/LVFS and LvIDd/ 
LVIDs were obviously reversed in the group that 

received the combination therapy, while those in the 
UTMD or APS alone treated groups exhibited no 
significant difference compared with saline-treated 
diabetic rats with DCM, indicating the combined 
effects on the cardiac functions of diabetic rats 
with DCM.

3.3 Chronic effects of combined APS 
microbubbles with UTMD on cardiac indicators of 
the DCM rats

Myocardial injury-related biomarkers in the rat serum 
were further detected. As showed in Figure 2, all three 
indicators, including cTnl, CK and LDH, of the saline- 
treated GK rats with DCM were significantly 

Figure 1. Chronic effects of combined APS microbubbles with UTMD on diabetic indexes of the GK rats with DCM. The (a) fasting 
blood glucose levels, (b) body weight changes, (c) %HbA1c level, (d) OGTT AUC, (e) TG and (f) TC levels of the GK rats with DCM. All 
results showed as Mean ± SD (n = 6). * P < 0.05 vs. Saline group; † P < 0.05 vs. UTMD alone group.

Table 1. Chronic effects of combined APS microbubbles with UTMD on routine ultrasound cardiac functions 
of diabetic rats with DCM. All results are shown as mean ± SD (n = 8). * P < 0.05 vs. Saline group; † P < 0.05 
vs. UTMD alone group; # P < 0.05 vs. APS alone group.

Groups LVIDs (mm) LVIDd (mm) LVEF (%) LVFS (%)

Normal 3.96 ± 0.29 7.18 ± 0.34 82.77 ± 5.16 47.22 ± 3.58
Saline 5.23 ± 0.24 7.84 ± 0.21 58.52 ± 3.72 27.60 ± 3.09
UTMD 5.48 ± 0.36 7.63 ± 0.69 57.42 ± 4.87 27.81 ± 2.68
APS 4.75 ± 0.21 * 7.58 ± 0.42 69.06 ± 3.50 * 32.08 ± 3.16 *
UTMD+ APS 4.05 ± 0.19 *,†, # 7.07 ± 0.31 * 80.68 ± 5.36 *,†, # 42.58 ± 3.24 *,†, #
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increased as compared with the normal group, while 
the combination group significantly reversed these 
increases of above indicators, and the improvement 
effect was very significant as compared with the two 
monotherapies, suggesting that the protective effects 
of combination therapy on the myocardial injury of 
DCM rats. Furthermore, as the results shown in 
Table 2, significantly increased ET and decreased 
CGRP levels in both serum and myocardium of the 
DCM rats treated with saline were observed (both 
P < 0.05). Significantly, these significant changes 
were all reversed in the group that received treatment 
of combined APS microbubbles (all P < 0.05).

Compared with normal healthy rats, the body 
weights of DCM rats in all groups were significantly 

decreased (all P < 0.05, Table 3). Significantly, the 
obviously reduced body weight of DCM rats was 
reversed via the chronic treatment of combined 
APS microbubbles with UTMD compared with 
that of the saline-treated DCM model group. 
Moreover, the heart weights of rats in the combina-
tion group were significantly reduced (P < 0.05) 
compared with the control group, while those of 
the other two monotherapies did not exhibit statis-
tically significant difference (all P > 0.05). 
Furthermore, the Hw/Bw of the rats received treat-
ment of combined APS microbubbles with UTMD 
group were significantly lower than that of all three 
other DCM rat groups (all P < 0.05), especially for 
the saline-treated model ones (P < 0.05).

Figure 2. Chronic effects of combined APS microbubbles with UTMD on the cardiac indexes of diabetic rats with DCM. The serum (a) 
CK, (b) LDH, and (c) cTnl levels of the model rats. All results showed as Mean ± SD (n = 6). * P < 0.05 vs. Saline group; † P < 0.05 vs. 
UTMD alone group; # P < 0.05 vs. APS alone group.

Table 2. The contents of ET and CGRP in the rat serum and myocardium of the DCM rats. All results are shown as mean 
± SD (n = 6). * P < 0.05 vs. Saline group; † P < 0.05 vs. UTMD alone group; # P < 0.05 vs. APS alone group.

Groups

ET CGRP

Serum (pg/mL) Tissue (pg/g) Serum (pg/mL) Tissue (pg/g)

Normal rats saline 179.2 ± 23.4 17.3 ± 2.5 97.3 ± 12.8 247.3 ± 52.1
DCM rats Saline 286.3 ± 17.2 38.4 ± 8.5 21.4 ± 1.8 120.2 ± 15.2

UTMD 251.7 ± 27.6 * 25.2 ± 6.9 * 45.2 ± 10.1 * 161.2 ± 21.8 *
APS 219.8 ± 56.8 * 24.4 ± 5.3 * 54.6 ± 14.2 * 164.1 ± 13.4 *
UTMD+ APS 197.2 ± 19.5 *,†, # 21.7 ± 7.5 *,†, # 72.5 ± 17.2 *,†, # 212.1 ± 31.4 *,†, #

Table 3. Chronic effects of combined APS microbubbles with UTMD on the body/heart weight ratio changes of 
diabetic rats with DCM. All results are shown as mean ± SD (n = 8). * P < 0.05 vs. Saline group; † P < 0.05 vs. 
UTMD alone group; # P < 0.05 vs. APS alone group.

Groups BW (g) HW (mg) HW/BW (mg/g)

Normal rats Saline 468.56 ± 15.95 1042.33 ± 59.09 2.22 ± 0.15
DCM rats Saline 339.29 ± 43.45 1205.32 ± 174.26 3.55 ± 0.35

UTMD 345.86 ± 29.35 1221.26 ± 124.93 3.53 ± 0.26
APS 419.08 ± 22.95 * 1191.99 ± 106.24 2.84 ± 0.27
UTMD+ APS 428.46 ± 20.72 *,† 971.71 ± 94.08 *,† 2.27 ± 0.23 *,†
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3.4 Chronic effects of combined APS 
microbubbles with UTMD on the 
cardiomymorphology of the DCM rats

As the results of H&E staining analysis shown in 
Figure 3, the fibers of left ventricular myocardial 
tissues from the healthy rats were complete with 
clear boundary, and cardiac cells arranged regu-
larly without significant lesion and infiltration of 
inflammatory cells. In contrast, the myocardial 
tissues of saline-treated DCM model rats were 
clearly damaged, showing as dissolved myofibrils, 
broken fibers and widened cell space. Significantly, 
the intercellular space was widened and a few 
myocardial fibers were broken and the fibers 
were relatively neatly arranged in the DCM 
group treated with combination therapy, indicat-
ing the potent cardioprotective efficacies of com-
bined therapy on myocardial injury.

The results of Masson staining analysis are 
shown in Figure 4, which demonstrated that neatly 
arranged myocardial cells, the nucleus and col-
lagen fibers were shown to be dark and bright 
green, respectively. Only a small amount of distri-
bution was observed in the myocardial intersti-
tium and around the blood vessels of the healthy 
rats. In the DCM model group, the myocardial 
cells were hypertrophic, necrotic, and disorga-
nized. Moreover, the bright green collagen fibers 
in the myocardial interstitium were significantly 
increased, and significant myocardial fibrosis 

were also observed. The disarrangement of myo-
cardial cells in the combination treatment group 
was significantly improved, the bright green col-
lagen fibers in myocardial interstitium were also 
significantly reduced as compared with saline- 
treated DCM ones, and the therapeutic effect was 
better than both two monotherapies.

3.5 Chronic treatment of combined APS 
microbubbles with UTMD improves inflammation 
and oxidative stress in DCM rats

The inflammation-related indicators, including 
IL-1β, TNF-α, and NF-κB, as well as oxidative 
stress-related factors, including SOD, MDA, and 
GSH-PX, in cardiac tissues were detected. As 
shown in Figure 4a-c, chronic treatment of com-
bined APS microbubbles with UTMD signifi-
cantly reduced the expression levels of all of the 
above indicators compared with the saline-treated 
DCM rats, indicating the current ameliorative 
inflammatory response in myocardium. In con-
trast, UTMD or APS alone treatment exhibited no 
significant change as compared with the model 
control ones. Moreover, as shown in Figure 4d-e, 
both the levels of SOD and GSH-PX in myocar-
dial tissues from saline-treated DCM rats were 
both significantly decreased as compared to the 
normal rats, while the MDA level was signifi-
cantly increased, suggesting the presence of 

Figure 3. Chronic effects of combined APS microbubbles with UTMD on the cardiomymorphology of the DCM rats. (a) Histological 
score and (b) fibrotic area of heart tissues from the rats in different groups. All results showed as Mean ± SD (n = 6). * P < 0.05 vs. 
Saline group; † P < 0.05 vs. UTMD alone group; # P < 0.05 vs. APS alone group.
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oxidative stress. Chronic treatment of combined 
therapy reversed the decreased levels of MDA, 
SOD and GSH-PX and close to those of healthy 
rats, suggesting that the treatment of APS micro-
bubbles combined with UTMD effectively 
improved the oxidative stress response accompa-
nied by myocardial injury. The above results col-
lectively revealed that the combined therapy 
could alleviate the inflammatory as well as oxida-
tive stress response, thus protecting the damaged 
cardiac tissues of DCM rats.

3.6 Chronic treatment of combined APS 
microbubbles with UTMD activated the AMPK 
signaling pathway in DCM rats

As shown in the Figures 5–6, the expression levels 
of p-AMPK and t-AMPK, as well as PPAR-γ and 
NF-κB in myocardial tissues of DCM or healthy 
rats were measured. Compared to DCM model 
rats, the expression levels of p-AMPK and 
t-AMPK in the group received combination ther-
apy were significantly up-regulated (P < 0.05). 
Moreover, the protein expression level of PPAR-γ 

Figure 5. Effects of combined APS microbubbles with UTMD on the protein expression of PPAR-γ and NF-κB. The protein expression 
of (a) PPAR-γ and (b) NF-κB. All results showed as Mean ± SD (n = 3). * P < 0.05 vs. Saline group; † P < 0.05 vs. UTMD alone group; # 

P < 0.05 vs. APS alone group.

Figure 4. Chronic treatment of combined APS microbubbles with UTMD improves inflammation and oxidative stress in DCM rats. 
The levels (a) IL-1β, (b) TNF-α, (c) NF-κB, (d) MDA, (e) GSH-Px and (f) SOD. All results showed as Mean ± SD (n = 6). * P < 0.05 vs. 
Saline group; † P < 0.05 vs. UTMD alone group; # P < 0.05 vs. APS alone group.
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and NF-κB in myocardial tissues of DCM-received 
combination therapy were significantly increased 
and decreased, respectively, as compared with 
those of the saline-treated DCM ones, of which 
the enhanced improvement effects were also 
observed in both two monotherapy treated groups. 
In addition, combination therapy significantly 
increased the expression levels of Beclin1 and 
Parkin and reduced the ROS% level compared to 
those of saline-treated group and both two mono-
therapies. The above results collectively demon-
strated that the combined APS microbubbles with 
UTMD could effectively reduce hyperglycemia- 
induced myocardial damages via by activating the 
up-regulation of AMPK and PPAR-γ signaling 
pathway, inhibiting the activity of NF-κB in myo-
cardial tissues of DCM rats, thereby improving the 
damage.

4. Discussion

Previous studies have found that APS can signifi-
cantly reduce blood glucose, free fatty acids and 
subsequently reduce the myocardial injury in dia-
betic rats [18–21]. In a rat model of type 2 diabetes 
constructed by diet combined with streptozotocin, 
the decrease in blood glucose was small after 
4 weeks of APS intervention, but after 8 weeks of 

intervention, the effect of hypoglycemic effect was 
very significant, while lipid metabolism disorders 
that were significantly improved could be observed 
[22]. APS can prevent the development of lipo-
toxic cardiomyopathy by mainly relying on cardiac 
PPARα mechanisms [23–26]. Studies have shown 
that APS improves glucose and lipid metabolism 
and improves insulin resistance through the 
SIRT1-PGC-1α/PPARα-FGF21 signaling pathway 
[27]. Relevant studies have found that MMP-2 
expression is reduced in cardiomyocytes of dia-
betic mice and promotes myocardial fibrosis [28]. 
It has also been shown that APS can reduce TGF- 
β1 and TNF-α expression, increase SOD activity, 
reduce MDA content, reduce myocardial oxidative 
stress and fibrosis, and reduce diabetes-induced 
myocardial injury in DCM rats [29].

Ultrasound targeted microbubble can selectively 
identify and accumulate in the target tissue, so as 
to achieve the purpose of targeted imaging and 
targeted therapy [13]. The technology has been 
rapidly developed in recent years [13]. At present, 
it is generally accepted that the acoustic pore effect 
is the main mechanism by which ultrasonic radia-
tion destroys targeted microbubbles to achieve 
targeted drug release and gene transfection [30]. 
Acoustic pore effect refers to that the energy 
release generated when the microbubbles are 

Figure 6. Chronic efficacies of combined APS microbubbles with UTMD on AMPK-dependent autophagic signaling in model rats. The 
protein relative expression of (a) p-AMPK, (b) t-AMPK, (c) Beclin1, (d) Parkin and (e) ROS content. All results showed as Mean ± SD 
(n = 3).* P < 0.05 vs. Saline group; † P < 0.05 vs. UTMD alone group; # P < 0.05 vs. APS alone group.
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cavitated can form shock waves, which act on the 
endothelial cell membrane to form shear stress so 
that temporary open holes appear on the mem-
brane [27]. If this small hole belongs to a non- 
lethal acoustic hole, extracellular drugs and genes 
can be delivered into the cell at the moment of its 
opening to realize the transmission of targeted 
genes or drugs, and then achieve the purpose of 
targeted treatment of diseases [28]. Microbubble 
contrast agent, as a new type of transport carrier, 
can carry a variety of therapeutic active substances, 
can burst under a certain energy of ultrasound 
irradiation and accurately release active substances 
in the lesion, so as to achieve the purpose of 
targeted therapy [31,32].

It is worth mentioning that the rational con-
struction of diabetic cardiomyopathy models is 
important to evaluate the therapeutic potential of 
candidate therapies. Adriamydine (ADR) is an 
anthraquinone anticancer antibiotic with a wide 
antitumor spectrum and strong anti-tumor activ-
ity, which is one of the most effective drugs for 
clinical treatment of solid tumors. Because the 
affinity of ADR to myocardial tissue is significantly 
higher than that of other tissues, it has severe 
cardiotoxicity. The acute toxic effects of ADR on 
the heart are mainly manifested as myocarditis and 
arrhythmia, while long-term use easily leads to 
dilated cardiomyopathy and congestive heart fail-
ure. Because the changes of myocardial structure 
and function induced by ADR in rats are most 
similar to the characteristics of human ADR car-
diomyopathy, and the rat model is simple, eco-
nomical and reproducible; therefore, the ADR- 
induced DCM rats were used in this study.

Combined with the results of many previous 
studies, we believe that APS holds the potential to 
be an option for the effective treatment of DCM. 
However, considering the conventional adminis-
tration mode of APS makes it difficult to specifi-
cally enrich to heart. Therefore, we propose to 
combine ultrasound microbubble site-directed 
release technology to achieve effective targeted 
therapy, but it still needs to be systematically 
evaluated by rigorous animal in vivo experiments. 
In this study, we wished to investigate the poten-
tial preventive and therapeutic effects of APS 
combined with UTMD on diabetic cardiomyopa-
thy in rats.

In this study, we prepared SonoVue microbub-
bles loaded with APS by non-covalent physical 
binding method and then used ultrasound energy 
to target and rupture the microbubbles in the 
damaged myocardial tissue of rats and release the 
therapeutic molecules to achieve the enrichment of 
APS in the myocardial tissue in a rat diabetic car-
diomyopathy model, so as to investigate its 
improvement and therapeutic effect on DCM in 
an animal model. First, we observed and recorded 
the general diabetic parameters of DCM model rats 
during the experiment, including fasting blood glu-
cose, glycosylated hemoglobin, and so on, and the 
above parameters of DCM model rats were signifi-
cantly higher than those of healthy ones. After 
6 weeks of continuous intervention with APS and 
APS combined with UTMD, these symptoms of 
DCM model rats were significantly improved as 
compared with the model control group, and 
there were no significant differences between the 
two APS treatment groups. After 6 weeks of con-
tinuous interventionr, the LVEF and LVFS indexes 
of rats in the APS and UTMD combination group 
were significantly higher than those in the DCM 
model group (all P < 0.05), while LVIDs and LVIDd 
were significantly smaller (P < 0.05). LVEF and 
LVFS were significantly higher in APS group than 
in UTMD group (all P < 0.05). Furthermore, the 
staining results of H&E and Masson staining sug-
gested that the myocardial tissue injury was severe 
in the DCM model group 6 weeks later, and 
increased and disorganized myocardial interstitial 
collagen fibers and significantly enlarged cardio-
myocytes with spaces could be observed, and 
vacuoles could be observed. Moreover, we mea-
sured the heart weight and the specific gravity of 
body weight in DCM model rats, and the above 
parameters of DCM model rats were significantly 
higher than those of healthy ones (P < 0.05), sug-
gesting more severe myocardial hypertrophy. 
Combined with literature reports, long-term high 
glucose state can cause significant fibrosis in rat 
myocardium, which leads to more rigid ventricular 
wall and enlarged ventricular chamber, resulting in 
significantly worse cardiac function, including 
LVEF, LVFS, Sr, SRr values, in rats. In our study, 
we saw that the combination significantly improved 
the above symptoms and improved more signifi-
cantly relative to APS alone.
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As a vasodilator, CGRP can significantly relax 
the coronary vessels, and reduce blood viscosity 
and coronary vascular resistance, which can play 
a major role in regulating regional cardiac blood 
flow by increasing cardiac blood flow and oxygen 
delivery [33]. Endothelin, on the other hand, has 
a completely opposite regulatory effect on blood 
pressure and blood circulation than CGRP [33]. In 
the healthy state, the concentrations of CGRP and 
endothelin are in a balanced state, the secretion of 
the two substances is in a dynamic balance, the 
excessive release of endothelin will inhibit the 
secretion of calcitonin gene-related peptide, and 
the imbalance of its secretion will lead to the 
occurrence of diseases [33]. As the ‘gold standard’ 
for diagnosing myocardial injury, cTnI is highly 
specific [34]. Under long-term hyperglycemia, ET 
levels in myocardial tissue will continue to 
increase, while CGRP that antagonizes ET will be 
continuously consumed, which in turn causes car-
diovascular contraction to decrease cardiac supply, 
further strengthens myocardial ischemia and 
hypoxia injury and in turn inhibits myocardial 
tissue to continue to secrete CGRP and enter irre-
versible myocardial damage [35].

It is very easy to understand that inflammatory 
factor release can promote the occurrence of 
inflammation and ultimately contributing to 
a continuous increase in ROS levels [22]. 
Previous reports have shown that NF-κB, as 
a key factor in regulating signaling pathway closely 
related to systemic inflammatory reactions inflam-
matory, participated in the transcription and mod-
ulation of many inflammatory mediators [36]. 
Reports have shown that the release of IL-1β and 
TNF-α, which could be promoted by activated NF- 
κB activation, stimulated the production of inflam-
matory factors then resulted in excessive hypertro-
phy of cardiomyocytes, and finally irreversible 
damage to myocardial tissue fibrosis [37]. In this 
study, we further found that long-term treatment 
of APS can significantly reduce the expression of 
all tested pro-inflammatory markers that lead to 
a notable reduction of inflammatory response in 
myocardial tissue, thereby significantly reducing 
the occurrence of inflammatory response, and 
has a significant advantage over APS alone.

SOD is an antioxidant metalloenzyme existing in 
organisms, which can catalyze the disproportionation 

of superoxide anion radicals to generate oxygen 
and hydrogen peroxide [38]; GSH-Px is an 
important peroxidolytic enzyme, which can pro-
tect the structure and function of cell mem-
branes from peroxide interference and damage, 
and the balance of oxidation and anti-oxidation 
in vivo plays a crucial role [39]. MDA content is 
an important parameter reflecting the potential 
antioxidant capacity of the body, which can 
reflect the rate and intensity of peroxidation, 
and can also indirectly reflect the degree of 
tissue peroxidation damage [40]. The activities 
of SOD and GSH-PX in myocardial tissue of 
DCM model rats were significantly lower than 
those of healthy rats (P < 0.05), while the con-
tent of MDA was significantly higher (P < 0.05). 
After 6 weeks of continuous treatment interven-
tion with APS combined with UTMD, the activ-
ities of SOD and GSH-PX in myocardial tissue 
increased, while the MDA content decreased sig-
nificantly, with significant statistical differences 
relative to the model control group (all 
P < 0.05). In addition, the combination of APS 
and UTMD has a significant therapeutic advan-
tage over APS alone, suggesting that the use of 
ultrasound energy loaded APS SonoVue micro-
bubbles at the targeted rupture site of myocar-
dial tissue can effectively enrich APS in 
myocardial tissue, thus playing a role in the 
treatment of myocardial tissue injury caused by 
high glucose.

As an energy sensor, AMPK plays a key role in 
the regulation of cellular energy balance, and is also 
gradually considered by the industry as a key mod-
ulator of cardiac energy metabolism [41]. 
Phosphorylated AMPK can participate in cardiac 
energy metabolism in vivo and can effectively 
reduce myocardial cell injury [41]. In the present 
study, the results of our in vivo experiments further 
demonstrated the significantly increased expression 
levels of the p-AMPK, Beclin1, and Parkin in the 
heart tissues of DCM model rats after 6 weeks of 
continuous intervention with APS combined with 
UTMD compared with saline-treated model con-
trol group, and the improvement was more signifi-
cant relative to APS alone. The above data 
suggested that long-term administration of APS 
combined with UTMD can ultimately reduce car-
diac injury in diabetic rats by significantly 
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activating the AMPK signaling pathway, which in 
turn improves cardiomyocyte apoptosis.

5. Conclusion

This study demonstrated that the combination of 
ultrasound microbubbles loaded with APS and 
UTMD can effectively treat diabetic myocardial 
injury and protect the cardiac functions of DCM 
rats, and the mechanism may be related to the 
improvement of myocardial antioxidant capacity 
and slow the formation of myocardial fibrosis by 
the APS enriched in the heart. Current combina-
tion therapy is expected to be a new method for 
clinical treatment of DCM.
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Peroxisome proliferator-activated receptor, PPAR; Oral glu-
cose tolerance test, OGTT; glycosylated hemoglobin, HbA1c;

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This study was supported by Zhejiang Provincial Hospital 
Health Science and Technology Project (approval number: 
2022KY972).

Authors’ contributions

Conceptualization: Yanjie Liu, Hao Wu, Hebin Zhang; Data 
curation: Yanjie Liu; Methodology: Yanjie Liu; Resources: 
Hao Wu, Hebin Zhang; Software: Li Chen; Supervision: Hao 
Wu, Hebin Zhang; Validation: Li Chen; Writing-original 
draft: Yanjie Liu; Writing – review & editing: Li Chen, 
Hao Wu, Hebin Zhang.

References

[1] Saini V. Molecular mechanisms of insulin resistance in 
type 2 diabetes mellitus. World J Diabetes. 
2010;107:111.

[2] Edelman S, Pettus J. Challenges associated with insulin 
therapy in type 2 diabetes mellitus. Am J Med. 
2014;127(10):S11–S16.

[3] Bugger H, Abel ED. Molecular mechanisms of diabetic 
cardiomyopathy. Diabetologia. 2014;57(4):660–671.

[4] Evangelista I, Nuti R, Picchioni T, et al. Molecular 
dysfunction and phenotypic derangement in diabetic 
cardiomyopathy. Int J Mol Sci. 2019;20(13):3264.

[5] Jia G, Whaley-Connell A, Sowers JR. Diabetic cardio-
myopathy: a hyperglycaemia- and insulin-resistance- 
induced heart disease. Diabetologia. 2018;61(1):21–28.

[6] Goyal BR, Mehta AA. Diabetic cardiomyopathy: patho-
physiological mechanisms and cardiac dysfuntion. 
Hum Exp Toxicol. 2013;32(6):571–590.

[7] Dillmann WH. Diabetic Cardiomyopathy. Circ Res. 
2019;124(8):1160–1162.

[8] Fu J, Wang Z, Huang L, et al. Review of the botanical 
characteristics, phytochemistry, and pharmacology of 
astragalus membranaceus (Huangqi). Phytother Res. 
2014;28(9):1275–1283.

[9] Zhang Z, Zhang L, Xu H. Effect of Astragalus poly-
saccharide in treatment of diabetes mellitus: a narrative 
review. J Tradit Chin Med. 2019;39(1):133–138.

[10] Zhou Q, Meng G, Teng F, et al. Retracted: effects of 
astragalus polysaccharide on apoptosis of myocardial 
microvascular endothelial cells in rats undergoing 
hypoxia/reoxygenation by mediation of the PI3K/Akt/ 
eNOS signaling pathway. J Cell Biochem. 2018;119 
(1):806–816.

[11] Liu D, Chen L, Zhao J, et al. Cardioprotection activ-
ity and mechanism of Astragalus polysaccharide 
in vivo and in vitro. Int J Biol Macromol. 
2018;111:947–952.

[12] Frinking P, Segers T, Luan Y, et al. Three decades of 
ultrasound contrast agents: a review of the past, present 
and future improvements. Ultrasound Med Biol. 
2020;46(4):892–908.

[13] Kang ST, Yeh CK. Ultrasound microbubble contrast 
agents for diagnostic and therapeutic applications: cur-
rent status and future design. Chang Gung Med J. 
2012;35(2):125–139.

[14] !!! INVALID CITATION !!! {}.
[15] Qu X, Zhang Z, Hu W, et al. Attenuation of the Na/ 

K-ATPase/Src/ROS amplification signaling pathway by 
astaxanthin ameliorates myocardial cell oxidative stress 
injury. Mol Med Rep. 2020;22(6):5125–5134.

[16] Ueno H, Ito R, Abe SI, et al. SCO-267, a GPR40 full 
agonist, improves glycemic and body weight control in 
rat models of diabetes and obesity. J Pharmacol Exp 
Ther. 2019;370(2):172–181.

[17] Zhang Y, Zhang L, Fan X, et al. Captopril attenuates 
TAC-induced heart failure via inhibiting Wnt3a/β- 

8430 Y. LIU ET AL.



catenin and Jak2/Stat3 pathways. Biomed 
Pharmacother. 2019;113:108780.

[18] Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: 
an update of mechanisms contributing to this clinical 
entity. Circ Res. 2018;122(4):624–638.

[19] Luo J, Yan D, Li S, et al. Allopurinol reduces oxidative 
stress and activates Nrf2/p62 to attenuate diabetic cardio-
myopathy in rats. J Cell Mol Med. 2020;24(2):1760–1773.

[20] Jia G, DeMarco VG, Sowers JR. Insulin resistance and 
hyperinsulinaemia in diabetic cardiomyopathy. Nat 
Rev Endocrinol. 2016;12(3):144–153.

[21] Hu J, Lu X, Zhang X, et al. Exogenous spermine 
attenuates myocardial fibrosis in diabetic cardiomyo-
pathy by inhibiting endoplasmic reticulum stress and 
the canonical Wnt signaling pathway. Cell Biol Int. 
2020;44(8):1660–1670.

[22] Li K, Zhai M, Jiang L, et al. Tetrahydrocurcumin ame-
liorates diabetic cardiomyopathy by attenuating high 
glucose-induced oxidative stress and fibrosis via acti-
vating the SIRT1 pathway. Oxid Med Cell Longev. 
2019;2019:6746907.

[23] Chang X, Lu K, Wang L, et al. Astraglaus polysaccharide 
protects diabetic cardiomyopathy by activating NRG1/ 
ErbB pathway. Biosci Trends. 2018;12(2):149–156.

[24] Ju J, Chen W, Lai Y, et al. Astragalus polysaccharides 
improve cardiomyopathy in STZ-induced diabetic 
mice and heterozygous (SOD2±) knockout mice. Braz 
J Med Biol Res. 2017;50(8):e6204.

[25] Mao X-Q, Yu F, Wang N, et al. Hypoglycemic effect of 
polysaccharide enriched extract of Astragalus membra-
naceus in diet induced insulin resistant C57BL/6J mice 
and its potential mechanism. Phytomedicine. 2009;16 
(5):416–425.

[26] Chen W, Chen W, Xia Y, et al. Therapy with Astragalus 
polysaccharides rescues lipotoxic cardiomyopathy in 
MHC-PPARα mice. Mol Biol Rep. 2013;40(3):2449–2459.

[27] Gu C, Zeng Y, Tang Z, et al. Astragalus polysaccharides 
affect insulin resistance by regulating the hepatic 
SIRT1-PGC-1α/PPARα-FGF21 signaling pathway in 
male Sprague Dawley rats undergoing catch-up 
growth. Mol Med Rep. 2015;12(5):6451–6460.

[28] Chen SL, Hu ZY, Zuo GF, et al. I(f) current channel 
inhibitor (ivabradine) deserves cardioprotective effect 
via down-regulating the expression of matrix metallopro-
teinase (MMP)-2 and attenuating apoptosis in diabetic 
mice. BMC Cardiovasc Disord. 2014;14(1):150.

[29] Sun S, Yang S, An N, et al. Astragalus polysaccharides 
inhibits cardiomyocyte apoptosis during diabetic car-
diomyopathy via the endoplasmic reticulum stress 
pathway. J Ethnopharmacol. 2019;238:111857.

[30] Liu Y, Miyoshi H, Nakamura M. Encapsulated ultra-
sound microbubbles: therapeutic application in drug/ 
gene delivery. J Control Release. 2006;114(1):89–99.

[31] Liang HD, Tang J, Halliwell M. Sonoporation, drug 
delivery, and gene therapy. Proc Inst Mech Eng H. 
2010;224(2):343–361.

[32] Ton N, Goncin U, Panahifar A, et al. Developing a 
microbubble-based contrast agent for synchrotron 
in-line phase contrast imaging. IEEE Trans Biomed 
Eng. 2021;68(5):1527–1535.

[33] Meens MJ, Mattheij NJ, Nelissen J, et al. Calcitonin 
gene-related peptide terminates long-lasting vasopres-
sor responses to endothelin 1 in vivo. Hypertension. 
2011;58(1):99–106.

[34] Clerico A, Zaninotto M, Passino C, et al. High- 
sensitivity methods for cardiac troponins: the mission 
is not over yet. Adv Clin Chem. 2021;103:215–252.

[35] Halloran J, Lalande A, Zang M, et al. Monoclonal 
therapy against calcitonin gene-related peptide low-
ers hyperglycemia and adiposity in type 2 diabetes 
mouse models. Meta bolism open. 2020;8:100060.

[36] Sehnert B, Burkhardt H, Dübel S, et al. Cell-type tar-
geted NF-kappaB inhibition for the treatment of 
inflammatory diseases. Cells. 2020;9(7):1627.

[37] Lai XX, Zhang N, Chen LY, et al. Latifolin protects 
against myocardial infarction by alleviating myocardial 
inflammatory via the HIF-1α/NF-κB/IL-6 pathway. 
Pharm Biol. 2020;58(1):1156–1166.

[38] Kaur N, Sharma AK, Shakeel A, et al. Therapeutic 
implications of superoxide dismutase and its impor-
tance in kinase drug discovery. Curr Top Med Chem. 
2017;17(22):2495–2508.

[39] Margis R, Dunand C, Teixeira FK, et al. Glutathione 
peroxidase family - an evolutionary overview. FEBS J. 
2008;275(15):3959–3970.

[40] Del Rio D, Stewart AJ, Pellegrini N. A review of recent 
studies on malondialdehyde as toxic molecule and bio-
logical marker of oxidative stress. Nutr Metab 
Cardiovasc Dis. 2005;15(4):316–328.

[41] Koyani CN, Plastira I, Sourij H, et al. Empagliflozin 
protects heart from inflammation and energy depletion 
via AMPK activation. Pharmacol Res. 2020;158:104870.

BIOENGINEERED 8431


	Abstract
	1.  Introduction
	2.  Materials and methods
	2.1  Materials
	2.2  Preparation of APS microbubbles
	2.3  Animal experiment
	2.4  Evaluation of myocardial biochemistry and cardiac functions
	2.5  Western blot
	2.6  RT-qPCR
	2.7  Statistical methods

	3.  Results
	3.1  Chronic effects of combined APS microbubbles with UTMD on diabetic rats with DCM
	3.2  Chronic effects of combined APS microbubbles with UTMD on cardiac functions of diabetic rats with DCM
	3.3  Chronic effects of combined APS microbubbles with UTMD on cardiac indicators of the DCM rats
	3.4  Chronic effects of combined APS microbubbles with UTMD on the cardiomymorphology of the DCM rats
	3.5  Chronic treatment of combined APS microbubbles with UTMD improves inflammation and oxidative stress in DCM rats
	3.6  Chronic treatment of combined APS microbubbles with UTMD activated the AMPK signaling pathway in DCM rats

	4.  Discussion
	5.  Conclusion
	Abbreviation
	Disclosure statement
	Funding
	Authors’ contributions
	References

