
Heliyon 9 (2023) e19873

Available online 7 September 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Ultrasound-targeted semaglutide-loaded PEG-nanoliposomes 
microbubble destruction protects diabetic cardiomyopathy by 
activating PI3K/Akt/Nrf2 signaling pathway 

Jiawei Zhu a, Huiyang Wang b, Chunyang Yan a, Bin Li a, Bin Chen c,* 

a Department of Ultrasound, Ningbo Zhenhai People’s Hospital, Ningbo 315202, Zhejiang province, PR China 
b Department of Ultrasound Medicine, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou 310003, Zhejiang province, 
PR China 
c Department of Nephrology, Ningbo Zhenhai People’s Hospital, Ningbo 315202, Zhejiang province, PR China   

A R T I C L E  I N F O   

Keywords: 
Semaglutide 
PEG 
Nanoliposome 
UTMD 
Diabetic cardiomyopathy 
PI3K/Akt/Nrf2 signaling pathway 

A B S T R A C T   

Objective: To investigate the ameliorative effect of Semaglutide-loaded PEG-nanoliposomes (Sem- 
PEG-lips) combined with ultrasound-targeted microbubble destruction (UTMD) on streptozotocin 
(STZ)-induced diabetic cardiomyopathy (DCM) in rodents and its potential mechanisms. 
Methods: Sem-PEG-lips were prepared by the reverse phase evaporation method. Fifty STZ- 
induced diabetic rats were randomly divided into DCM model group, Sem or Sem-PEG-lips 
alone treatment group, UTMD + Sem group and UTMD + Sem-PEG-lips group (n = 10), 
respectively, and used the healthy rats as normal control. During the 12-week intervention, the 
weight and blood glucose levels of all rats were recorded. Myocardial injury and fibrosis were 
observed by using H&E and Masson staining. The activity of antioxidant enzymes and the 
expression levels of oxidative stress-related signaling pathway markers in myocardial tissues were 
measured by ELISA and western blotting method, respectively. 
Results: Compared with DCM rats, the body weight and blood glucose levels of those in the UTMD 
+ Sem-PEG-lips group were significantly increased and decreased, respectively (both p < 0.05). 
The results of H&E and Masson staining showed that myocardial fibrosis and apoptosis were both 
significantly improved in combination group (both p < 0.001). Further results of ELISA and 
Western blot analysis showed that the activity of antioxidant enzymes in ones received combi-
nation therapy were significantly higher than that in DCM model group (all p < 0.001), and the 
expression of PI3K/Akt/Nrf2 signaling pathway related proteins were significantly up-regulated 
(all p < 0.001), and all these changes were reversed by the treatment of PI3K inhibitor. results 
Conclusion: UTMD combined Sem-PEG-lips can reduce the oxidative stress of myocardial tissue in 
DCM rats by activating PI3K/Akt/Nrf2 signaling pathway, thereby improving diabetic myocardial 
injury.   

1. Introduction 

In recent years, the incidence of diabetes mellitus has risen rapidly, which has become a worldwide epidemic disease [1]. It is 
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reported that the number of diabetic patients in the world has exceeded 500 million, including 140 million in China [2]. There are 
many kinds of diabetic complications, of which the more fatal is diabetes related cardiovascular diseases [3]. Diabetic cardiomyopathy 
(DCM), as a serious complication of diabetes, can cause a series of abnormalities of myocardial structure and function, and eventually 
develop into heart failure, arrhythmia and cardiogenic shock [4]. In diabetic patients, it is easy to observe a variety of cardiac 
structural remodeling, such as ventricular dilation, significant interstitial fibrosis, cardiac diastolic and systolic dysfunction and left 
ventricular hypertrophy [3,5]. The pathogenesis of DCM is complex, and the specific mechanism has not been clearly studied [5]. As a 
basic clinical condition of diabetes, hyperglycemia can induce damage to multiple systems and organs, and also mediate oxidative 
stress, apoptosis and myocardial fibrosis, which are also important risk factors for DCM [6]. Diabetic patients are usually accompanied 
by hyperlipidemia, which can also increase the risk of cardiovascular disease [7]. According to the reported clinical statistics, about 
67% of diabetic patients may die of serious cardiovascular diseases [8]. Therefore, it is of great clinical significance to actively study 
the prevention and treatment of diabetic cardiomyopathy. 

Glucagon like peptide-1 (GLP-1) is an incretin that can be regulated by β-cell proliferation, regeneration and apoptosis to enhance 
insulin secretion and inhibit glucagon [9]. In addition, GLP-1 has been shown to ameliorate myocardial injury by reducing glycated 
hemoglobin and body weight and reducing inflammatory responses in patients [10]. Semaglutide (Sem), as a long-acting analog with 
high homology with GLP-1, has strong affinity with GLP-1 receptor (GLP-1R) in vitro [11]. Studies have shown that Sem shows good 
effectiveness and safety in glycemic control and long-term prognosis of cardiovascular disease in diabetic patients [12]. In addition, 
several clinical studies have shown that Sem can effectively increase the survival rate of patients after myocardial infarction and 
improve the cardiac functions of diabetic patients [13]. A meta-analysis showed that Sem could reduce the risk of cardiovascular death 
in patients with diabetes by 12%, the risk of nonfatal stroke by 16%, and the risk of heart failure by 9% [14]. Therefore, the application 
of SEM in the treatment of diabetic cardiomyopathy is supported by its clinical evidence. 

Nanoliposomes are an effective drug delivery carrier with particle size of 10–1000 nm, which can penetrate the complete capillary 
and endothelial space, and can be taken up by most cells [15]. In addition, nanoliposomes also have the advantages of high drug 
loading, slow drug release, high stability, and reduced drug dosage [15]. Previous studies have confirmed that compared with 
traditional nanoliposomes, pegylated long circulating nanoliposomes loaded with drugs can prevent the drug loaded nanocarriers from 
being phagocytosed and degraded by the body’s autoimmune system, such as phagocytes, and prolong their circulation time in the 
body, thus giving better play to the slow-release or controlled-release characteristics [16]. However, other strategies to increase 
selectivity for cardiac tissue are still needed and will improve the delivery of drugs to the heart without causing unnecessary harm to 
other tissues of the body. 

Ultrasound-targeted microbubble destruction (UTMD) is a useful tool to promote drug specific delivery to certain organs [17]. Data 
from several preclinical studies have shown that UTMD technology can be effective in improving the selective release of drugs from 
liposomes in animal organs [18]. After intravenous injection, microbubbles can reach the myocardial tissue and be destroyed by 
ultrasound beam, and the resulting cavitation effect can enhance the release of drugs from liposomes at the ultrasound site [18]. 
UTMD-mediated nanocarrier delivery systems have low toxicity and low immunogenicity compared to other gene or drug delivery 
modalities. In addition, the Nano delivery system is non-invasive and highly reproducible by intravascular injection into the body. 
Most importantly, UTMD technology can enhance the targeting of nanocarriers and increase the transfection rate, and drugs or genes 
can be selectively delivered to designated regions of interest, thereby reducing the toxicity of systemic administration and reducing 
systemic reactions. Therefore, UTMD technology is expected to be an effective strategy to achieve targeted delivery of SEMs to 
myocardial tissue. 

In this study, SEM was encapsulated in PEGylated nanoliposomes as a long circulating, and then combined with UTMD in DCM rat 
model to improve the myocardial injury induced by STZ in diabetes and its potential mechanism. 

2. Materials and methods 

2.1. Materials 

Streptozotocin (STZ), poloxamer 188, gelatin and LY294002 were purchased from Sigma Aldrich (St Louis, Mo, USA); Semaglutide 
(purity 99%) was purchased from Shanghai Kaishi Biotechnology Co., Ltd (Shanghai, China); H&E staining kit and Masson trichrome 
staining kit were purchased from Solarbio Biotechnology Co., Ltd (Beijing, China); Collagen I, Collagen III, TGF- β1 and the ELISA kits 
for Malondialdehyde (MDA), Superoxide Dismutase (SOD), Glutathione Peroxidase (GSH-Px) and Catalase (CAT) were purchased from 
Sigma Aldrich (St Louis, Mo, USA); Rabbit anti-mouse PI3K, Akt, p-Akt, Nrf2, SOD2, NQO1, and β-Actin primary antibody and Goat 
anti-rabbit IgG secondary antibody were purchased from Abcam (Cambridge, UK). One touch ultra blood glucose meter and blood 
glucose test paper were purchased from Johnson and Johnson, Ltd (New Jersey, USA). 

2.2. Preparation and characterization of Sem-PEG-lips 

The PEGylated nanoliposomes loaded with Sem were prepared by reverse phase evaporation method [19]. The Sem lyophilized 
powder was dissolved in 20% poloxamer 188. The Sem solution with a concentration of 10 mg/mL was prepared. Subsequently, it was 
mixed with 2% gelatin aqueous solution at a ratio of 1:2 and rapidly dispersed by ultrasound (100 W, 15 s). After freeze-drying, Sem 
lyophilized powder was obtained. The above Sem lyophilized powder was dispersed in 4 mL tert-butyl alcohol containing 
DSPE-PEG2000 (PEGylated phospholipid) and cholesterol, and ultrasonic dispersion was performed for 20 s (100 W) at room tem-
perature. After freeze-drying, drug loaded PEGylated nanoliposomes (Sem-PEG-lips) were obtained. SEM was isolated from the 
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Sem-PEG-lips suspension by ultracentrifugation. The concentration of Sem in the centrifugal supernatant was determined by HPLC. 
Encapsulation efficiency (%) = (total supernatant Sem)/total Sem × 100%. 

2.3. Animals 

SPF grade male Sprague Dawley (SD) rats (8–10 weeks old, weight 200–250 g) were purchased from Hangzhou Medical College 
(Hangzhou, Zhejiang). The feeding environment was strictly controlled with standard ventilation of constant temperature (25 ± 1 ◦C) 
and 50% constant humidity, and the light was alternated regularly for 12 h every day. After one week of adaptive feeding, rats were 
randomly selected to receive a single intraperitoneal injection of 1% Streptozotocin (STZ) at the dose of 70 mg/kg [20]. The blood 
glucose level was measured through the tail vein on the day 1, 3, 7 after injection by using glucose meter and blood glucose test paper. 
The type I diabetic rats with stable blood glucose level above 16.7 mmol/L and polydipsia, polydipsia and polyuria were selected. Then 
diabetic rats were randomly divided into DCM model group, Sem alone treatment group, Sem-PEG-lips alone treatment group, UTMD 
+ Sem group and UTMD + Sem-PEG-lips group, with 10 rats in each group. After completing the first round of experiments, diabetic 
rats were prepared according to the above modeling and divided into DCM model group, UTMD + Sem-PEG-lips group, and UTMD +
Sem-PEG-lips + LY294002 group for rescue experiments. In addition, normal rats were used as the normal control group, and equal 
doses of citric acid buffer were injected intraperitoneally, and they were raised under the same conditions. 

Rats in each group were anesthetized by intraperitoneal injection of 3% sodium pentobarbital, and rats in normal control group and 
DCM group were injected with 1 mL normal saline via tail vein. The Sem group was injected with 10 μg/kg of Sem solution; The Sem- 
PEG-lips group was injected with 10 μg/kg of Sem-PEG-lips solution; The UTMD + Sem group was injected with 10 μg/kg Sem solution; 
In the UTMD + Sem-PEG-lips group, 10 μg/kg Sem-PEG-lips solution. In the UTMD + Sem-PEG-lips + LY294002 group, 10 μg/kg Sem- 
PEG-lips solution and 10 μg/kg LY294002 solution dissolved in dimethyl sulfoxide. Rats were shaved in the precordial area and fixed in 
the supine position. The ultrasonic linear array probe was placed in the precordial region of rats, and the coupling agent was filled 
between the probe and the skin. The short axis view of the left ventricle at the level of papillary muscle was taken, and the focus depth 
was 3.5–4.0 cm. When the ultrasonic diagnostic instrument receives the signal of microbubbles entering the heart cavity, it uses the 
microbubble explosion function of the machine to repeatedly break the microbubbles (mechanical index = 1.9, ultrasonic duration 10 
s, repeat 3 times, interval 1 s, ultrasonic frequency 14 MHz), producing UTMD effect until the microbubbles completely disappear. Rats 
in each group received corresponding intervention for 12 weeks, three times a week. The body weight and blood glucose of all rats 
were measured before and after drug intervention. After 12 weeks of intervention, all rats received ultrasonic cardiac function 
detection, and the left ventricular end diastolic diameter (LVEDd), left ventricular end systolic diameter (LVESD), left ventricular end 
diastolic volume (LVEDV), left ventricular end systolic volume (LVESV), left ventricular ejection fraction (LVEF) and left ventricular 
short axis shortening (LVFS) were measured. 

2.4. ELISA and histopathology analysis 

After treatment, all rats were euthanized. The heart was removed, and the myocardial tissue was cut at the level of the papillary 
muscle of the left ventricle, and paraffin sections were prepared. The remaining myocardial tissue was frozen in liquid nitrogen for 
ELISA analysis and Western blot analysis. The paraffin sections of 5 μm thickness were stained according to the instructions of H&E 
staining kit and Masson staining kit. Pathological changes in myocardial tissue were evaluated according to the H&E staining score as 
previously described [21]. Myocardial collagen volume fraction was analyzed using Image-Pro Plus 6.0 software. Light microscope was 
used for observation. Take part of frozen myocardial tissue and analyze collagen I, collagen III and TGF-β1 in myocardial tissue ac-
cording to the instructions of commercial ELISA kits. In addition, MDA levels and the activities of SOD, GSH PX and CAT were also 
measured by commercial ELISA kits according the instructions. 

2.5. Western blot 

The expression of PI3K, Akt, p-Akt, Nrf2, SOD2 and NQO1 in myocardial tissue was detected by Western blotting analysis. Take a 
small amount of frozen myocardial tissue block, cut it into pieces, and add 180 μL Ripa lysate (containing 20 μL PMSF) was mixed and 
placed on ice for 30 min. After lysis, the tissue homogenate was centrifuged at 4 ◦C (12000g, 10min), and the supernatant was taken for 
Western blot analysis. Protein electrophoresis was performed by SDS-PAGE, and the proteins were subsequently transferred to PVDF 
membranes. Then the PVDF membranes were blocked with 5% skim milk for 2 h, and then added with primary antibodies of PI3K, Akt, 
p-Akt, Nrf2, SOD2, and NQO1 (1:1000), respectively, and incubated overnight at 4 ◦C. The next day, the membrane was washed 
thoroughly by tbst, and the secondary antibody (1:10000) was added and incubated at room temperature for 1 h. The β-Actin was used 
as an internal reference for gray scale analysis using Image-pro 6.0. All band density was first normalized to the β-actin, and then 
normalized to the normal control group. 

2.6. Statistical analysis 

SPSS 27.0 was used for statistical analysis in current work. Data are expressed as mean ± SD, and t-test was used for comparison 
between two groups. P value below 0.05 is considered as statistically significant. 
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3. Results 

3.1. Characterization of Sem-PEG-lips 

The appearance and cryo EM observation results of Sem-PEG-lips are shown in Fig. 1A and B, respectively. The Sem encapsulated 
liposomes were uniformly distributed and generally spherical in shape with a diameter of nearly 100 nm. The average particle size of 
Sem-PEG-lips was 108.9 ± 1.3 nm, PDI was 0.244, and zeta was − 12.82 mV, respectively, as determined by nano-laser particle size 
analyzer (Fig. 1C–D). Among them, the results of zeta potential suggest that the liposomes may be stable with minimal aggregation The 
encapsulation efficiency of Sem-PEG-lips was determined to be 89.1 ± 1.5%, indicating that semaglutide can be effectively encap-
sulated by liposomes. 

3.2. UTMD combined with Sem-PEG-lips improved diabetic symptoms and myocardial injury in DCM rats 

Random and fasting blood glucose levels of diabetic rats were measured after continuous 12 weeks treatment. Results as shown in 
Fig. 2A–B, compared with normal rats, diabetic rats had significantly higher random blood glucose and fasting blood glucose levels at 
week 0 and week 12 (both p < 0.001). After different modalities of Sem treatment, the random and fasting blood glucose levels of 
diabetic rats were all significantly reduced. It is worth noting that compared with Sem, Sem-PEG-lips can play a similar role in 
improving blood glucose, suggesting that the preparation of Sem into liposome drug form does not change its basic blood glucose 
control ability. In addition, the change trend of HbA1c was similar to that of blood glucose. The body weight changes of the rats in all 
group was measured before and after treatment, and that of the normal rats increased normally during the 12-week treatment. 
However, compared with normal rats, the weight of diabetic rats decreased significantly (p < 0.001). Both chronic treatment of Sem 
and Sem-PEG-lips both significantly reversed the abnormal body weight changes of diabetic rats. 

3.3. UTMD combined with Sem-PEG-lips improved diabetic myocardial injury in DCM rats 

The injury of myocardial tissues from the DCM rats was further evaluated by H&E staining after 12-week treatment. As shown in 
Fig. 3A–B the myocardial structure of normal rats is clear, the cardiomyocytes are closely arranged, and the myofibrils are not de-
natured and damaged. On the contrary, the myocardial tissues of diabetic rats showed vacuolization and necrosis around the nucleus, 
and myofibrillar degeneration was obvious. In addition, significant improvements in myocardial structural abnormalities were 
observed in the different forms of Sem treated groups. In particular, cardiomyocyte vacuolization and myofibril loss were not detected 
in the UTMD combined with Sem-PEG-lips group. 

Subsequently, the serum indicators related to diabetic myocardial injury were detected. As shown in Fig. 3C–E, compared with 

Fig. 1. Characterization of Sem-PEG-lips. (A) Visual observation, (B) scanning electron microscopy, (C) particle size distribution and (D) zeta 
potential of Sem-PEG-lips. 
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Fig. 2. Effects of UTMD combined Sem-PEG-lips on diabetic symptoms in DCM rats. (A) Random plasma glucose, (B) fasting plasma glucose, (C) 
HbA1c%, and (D) body weight of DCM rats after consecutive 12 weeks intervention. Data presented as Mean ± SD, n = 10. *p < 0.05, **p < 0.01, 
***p < 0.001 vs. DCM group. 

Fig. 3. Effects of UTMD combined Sem-PEG-lips on myocardial injury in DCM rats. (A) Representative images of H&E stain in myocardial tissue 
(Scale bars ( × 200): 100 μm), and serum levels of (B) CTnl, (C) LDH, and (D) CK-MB of DCM rats after consecutive 12 weeks intervention. Data 
presented as Mean ± SD, n = 10. *p < 0.05, **p < 0.01, ***p < 0.001 vs. DCM group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. UTMD + Sem-PEG- 
lips group. 
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normal rats, the level of CTnl in the serum of DCM rats was significantly increased (p < 0.001), and the activities of LDH and CK-MB 
were significantly increased (both p < 0.001). In addition, different forms of Sem treatment could reverse these indicators of 
myocardial injury (both p < 0.05). Consistent with the results of H&E staining, UTMD combined with Sem-PEG-lips could maximally 
reduce the level of CTnl and the activities of LDH and CK-MB (both p < 0.001). It is worth noting that the activities of LDH and CK-MB 
in serum of UTMD combined with Sem-PEG-lips rats were not significantly different from those of normal rats (p > 0.05). Above results 
showed that UTMD combined with Sem-PEG-lips could significantly improve myocardial injury in diabetic rats. 

3.4. UTMD combined with Sem-PEG-lips improved cardiac function in DCM rats 

After 12 weeks of continuous treatment, the cardiac function parameters of DM rats were observed by echocardiography. As shown 
in Fig. 4A–F, compared with normal rats, the LVEDd, LVESD, LVEDV and LVESV of DM rats were significantly increased (all p < 0.05). 
In addition, the LVEF and LVFS were significantly decreased compared with the normal control group (all p < 0.05), indicating that the 
DCM rat model was successfully established. After different forms of Sem intervention, the cardiac function parameters of DCM rats 
were significantly reversed (all p < 0.05). In particular, the UTMD combined with Sem-PEG-lips group had the most significant 
improvement in cardiac dysfunction (all p < 0.01). It is worth noting that the levels of LVEDd, LVESD, LVEDV, LVESD, LVEF and LVFS 
in the UTMD combined with Sem-PEG-lips group were not significantly different from those in the normal group (all p > 0.05), which 
suggested that ultrasound targeted destruction of Sem-PEG-lips can significantly improve the cardiac function of DCM rats. 

3.5. UTMD combined with Sem-PEG-lips improved myocardial fibrosis in DCM rats 

The effect of Sem-PEG-lips combined with UTMD on myocardial fibrosis in DCM rats were assessed by Masson staining. As shown in 
Fig. 5A–B, the collagen deposition was stained blue, while red represented normal myocardial tissue. Compared with the normal 
group, the collagen content in the interstitial zone of cardiomyocytes in DCM group was significantly increased. In addition, the 
myocardial tissue of rats in different forms of Sem treatment groups showed different degrees of collagen deposition reduction. 
Subsequently, the levels of fibrosis marker proteins in myocardial tissue were analyzed by ELISA. As shown in Fig. 5C–E, the collagen I, 
collagen III, and TGF-β1 in myocardial tissue of DCM rats were all significantly increased (all p < 0.05). While compared with the DM 
group, the protein levels of these fibrosis markers in myocardial tissue were significantly decreased in the different forms of Sem 
administration groups (all p < 0.05), which had a similar trend with the results of the Masson staining. Among them, collagen I, 
collagen III and TGF-β1 in the myocardium of rats in the Sem-PEG-lips combined with UTMD group level was the lowest, followed by 
the Sem-PEG-lips group. Interestingly, there was no significant difference between the levels of fibrosis marker proteins in the 
myocardium of rats in the Sem-PEG-lips combined UTMD group and those in the normal group (all p > 0.05), indicating that ultra-
sound targeted destruction of Sem-PEG-lips can significantly improve myocardial fibrosis in DCM rats. 

Fig. 4. Effects of UTMD combined Sem-PEG-lips on cardiac functions of the DCM rats. (A) LVEDD, (B) LVESD, (C) LVEDV, (D) LVESV, (E) LVEF and 
(F) LVFS in DCM rats after consecutive 12 weeks intervention. Data presented as Mean ± SD, n = 10. *p < 0.05, **p < 0.01, ***p < 0.001 vs. DCM 
group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. UTMD + Sem-PEG-lips group. 
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Fig. 5. Effects of UTMD combined Sem-PEG-lips on myocardial fibrosis in DCM rats. (A) Representative images of Masson stain (Scale bars ( × 200): 
100 μm) and the contents of (B) Collagen I, (C) Collagen III, and (D) TGF-β1 in myocardial tissue of DCM rats after consecutive 12 weeks inter-
vention. Data presented as Mean ± SD, n = 10. *p < 0.05, **p < 0.01, ***p < 0.001 vs. DCM group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 
UTMD + Sem-PEG-lips group. 

Fig. 6. Effects of UTMD combined Sem-PEG-lips on oxidative stress in DCM rats. Quantitative analysis of (A) MDA contents and the activities of (B) 
SOD, (C) GSH-Px, and (D) CAT in myocardial tissue of DCM rats after consecutive 12 weeks intervention. Data presented as Mean ± SD, n = 10. *p 
< 0.05, **p < 0.01, ***p < 0.001 vs. DCM group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. UTMD + Sem-PEG-lips group. 
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3.6. UTMD combined with Sem-PEG-lips decreased the oxidative stress of myocardial tissues from DCM rats 

To explore the effect of Sem-PEG-lips combined with UTMD on oxidative stress in the cardiac tissues of DCM rats, the MDA level 
and the activities of different antioxidant enzymes were analyzed by ELISA method. As shown in Fig. 6A–D, the level of MDA in 
myocardial tissue of DCM group was significantly higher than that of normal control group (p < 0.05), while the activities of anti-
oxidant enzymes including SOD, GSH PX and cat were significantly lower than that of normal control group, suggesting the occurrence 
of oxidative stress in DCM rats. 

In addition, compared with DCM rats, the serum MDA levels of rats in different Sem treatment groups were all significantly 
decreased (all p < 0.01), while antioxidant enzyme activities were significantly increased (all p < 0.05). Among all Sem treatment 
groups, Sem-PEG-lips combined with UTMD had the best effect on improving the antioxidant capacity in vivo, indicating that ultra-
sound targeted destruction of Sem-PEG-lips can significantly improve the oxidative stress in DCM rats. 

3.7. Effect of UTMD combined with Sem-PEG-lips on expression of PI3K/Akt/Nrf2 signaling pathway in myocardial tissue of DCM rats 

Oxidative stress is one of the important causes of pathophysiological changes in diabetes. In order to explore the potential 
mechanism of Sem-PEG-lips combined with UTMD in improving oxidative stress in cardiac tissue of DCM rats, the expression of PI3K/ 
Akt/Nrf2 signaling pathway was analyzed by Western blot. As shown in Fig. 7, compared with the normal control group, the expression 
level of PI3K and the phosphorylation level of Akt in the myocardial tissue of DCM group rats were significantly decreased (all p <
0.01). After treatment with different forms of Sem, the expression of PI3K and the phosphorylation level of Akt increased to varying 
degrees (all p < 0.05). In addition, the expression levels of PI3K and p-Akt in Sem-PEG-lips combined with UTMD group were 
significantly higher than those in other Sem treatment groups (all p < 0.05). In addition, the expression levels of Nrf2, SOD2 and NQO1 
in cardiac tissue of DCM rats were all significantly lower than those of normal rats (all p < 0.001). It was also found that compared with 
untreated DCM rats, the expression levels of Nrf2, SOD2 and NQO1 were up-regulated in different forms of Sem treatment groups (all p 
< 0.05). In particular, the protein expression levels of Nrf2, SOD2 and NQO1 were the highest in the Sem-PEG-lips combined with 
UTMD treatment group. The above results indicated that ultrasound targeted destruction of Sem-PEG-lips could improve oxidative 
stress in DCM rats by activating PI3K/Akt/Nrf2 signaling pathway. 

3.8. Inhibition of PI3K/Akt axis reversed the beneficial effect of UTMD combined with Sem-PEG-lips on diabetic myocardial injury in DCM 
rats 

In order to verify that UTMD combined with Sem-PEG-lips can improve diabetic myocardial injury by activating PI3K/Akt axis, the 
expression of PI3K was inhibited by LY294002, as a PI3K inhibitor. As shown in Fig. 8A–C, UTMD combined with Sem-PEG-lips 
significantly up-regulated the expression of PI3K and the phosphorylation level of Akt (all p < 0.001), but these changes were 
significantly reversed by LY294002 (all p < 0.001). In addition, compared with the UTMD + Sem-PEG-lips group, the H&E score of 
myocardial tissue and the degree of myocardial fibrosis in the UTMD + Sem-PEG-lips + LY294002 group were significantly increased 
(all p < 0.001, Fig. 8D–E). Moreover, the serum indexes related to myocardial injury, including CTnl, LDH and CK-MB, in LY294002 

Fig. 7. Effects of UTMD combined Sem-PEG-lips on expression of PI3K/Akt/Nrf2 signaling pathway in myocardial tissue of DCM rats. (A) 
Representative images and expression levels of (B) PI3K and (C) p-Akt/Akt in myocardial tissue of DCM rats after consecutive 12 weeks intervention; 
(D) Representative images and expression levels of (E) Nrf2, (F) SOD2, and (G) NQO1 in myocardial tissue of DCM rats after consecutive 12 weeks 
intervention. Data presented as Mean ± SD, n = 5. *p < 0.05, **p < 0.01, ***p < 0.001 vs. DCM group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. 
UTMD + Sem-PEG-lips group. 
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treatment group were significantly higher than those in UTMD combined with Sem-PEG-lips group (all p < 0.001, Fig. 8F–H). The 
above results showed that UTMD combined with Sem-PEG-lips could improve the myocardial injury of DCM rats through PI3K/Akt 
axis. 

4. Discussion 

At present, the global prevalence of diabetes mellitus is increasing year by year, and due to the poor effect of blood glucose control, 
it is often accompanied by different degrees of complications, which brings a huge burden to the quality of life of patients [22]. As the 
basic cause of diabetes, hyperglycemia can induce multiple system and organ damage, and also mediate oxidative stress and 
myocardial fibrosis [23]. Therefore, hyperglycemia is also an important risk factor for DCM [23]. GLP-1 is a new class of drugs for the 
treatment of type 2 diabetes, which can be improved by regulating the proliferation, regeneration and apoptosis of β-cell to enhance 
insulin secretion, simulate insulin action and inhibit glucagon, play a hypoglycemic effect and improve vascular endothelial 
dysfunction [8]. Semaglutide may have improved effects as an intestinal secreted GLP-1 analog [24]. Several clinical studies have 
shown that semaglutide can effectively increase the survival rate of patients after myocardial infarction and improve the cardiac 
function of diabetic patients [13]. Therefore, Semaglutide was used as a model drug in this study [25]. At the same time, in order to 
overcome the defects of poor stability, easy degradation and low bioavailability of biomacromolecule drugs in vivo, we applied a new 
water-in-water emulsification technology combined with secondary freeze-drying method, and used PEGylated phospholipids as 
membrane material to prepare a new type of PEGylated long circulating liposomes. Previous studies have confirmed that compared 
with traditional nanoliposomes, pegylated long circulating nanoliposomes loaded with drugs can prevent the drug loaded nanocarriers 
from being phagocytosed and degraded by the body’s autoimmune system, such as phagocytes, and prolong their circulation time in 
the body, thus giving better play to the slow-release or controlled-release characteristics [16]. Further, the targeted release of Sem-
aglutide at the target site was achieved by UTMD to achieve the targeted effect of the drug. Through the investigation of the properties 
of PEGylated circulating liposomes loaded with drugs, it was confirmed that the encapsulation efficiency of pegylated circulating 
liposomes prepared in this study for Semaglutide was as high as 89.1 ± 1.5%, suggesting a good encapsulation effect of pegylated 
circulating liposomes. 

In this study, the STZ was intraperitoneally injected into rats to establish the DM model. Compared with normal rats, the random 
and fasting blood glucose level of DM group rats were significantly increased, suggesting the successful construction of DM model. In 
addition, the body weight of DM rats was significantly lower than that of normal rats after 12 weeks. After chronic treatment, routine 

Fig. 8. Inhibition of PI3K/Akt axis on beneficial effect of UTMD combined Sem-PEG-lips in DCM rats. (A) Western blot representative images and 
expression levels of (B) PI3K and (C) p-Akt/Akt, (D) H&E scores, (E) fibrosis% of Masson stain in myocardial tissue, and the serum levels of (F) CTnl, 
(G) LDH and (H) CK-MB of DCM rats after consecutive 12 weeks intervention. Data presented as Mean ± SD, n = 10. *p < 0.05, **p < 0.01, ***p < 
0.001 vs. DCM group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. UTMD + Sem-PEG-lips group. 
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echocardiography showed that the LVEF and LVFS of the DM group were significantly lower than those of the normal control group, 
while the levels of LVEDd, LVESD, LVEF and LVFS were significantly higher than those of the normal control group, indicating that the 
DM rats had obvious abnormalities of the left ventricular systolic functions at week 12. The results of histopathological observation 
also indicated that the myocardium of DM rats showed obvious myocardial interstitial fibrosis and cardiomyocyte apoptosis compared 
with the control group. These results suggest that the impairment of cardiac contractile function in DM rats may be related to 
myocardial interstitial fibrosis and cardiomyocyte apoptosis. Therefore, it is of great significance to effectively inhibit myocardial 
interstitial fibrosis and reduce cardiomyocyte apoptosis for the early prevention and treatment of DCM. 

In this study, the PEG loaded nanoliposomes and SonoVue ultrasound contrast agent were mixed to make Sem-PEG-lips SonoVue 
microbubble suspension, which was injected into DCM rats via tail vein, and the microbubbles were exploded in the precordial region 
using UTMD. After 12 weeks of intervention, it was found that compared with the DCM model group, the weight of rats in the UTMD 
combined with Sem-PEG-lips treatment group was significantly increased, and the random blood glucose level and fasting blood 
glucose level were significantly decreased. The echocardiographic results showed that the LVEF and LVFS of each Sem intervention 
group were significantly increased, while the levels of LVEDd, LVESD, LVEF and LVFS were all significantly decreased. Compared with 
the other groups, the UTMD combined Sem-PEG-lips group had the most significant improvement in left ventricular systolic functions. 
At the same time, histopathological observation also confirmed that UTMD combined with Sem-PEG-lips had more obvious effects on 
inhibiting myocardial interstitial fiber degeneration and reducing cardiomyocyte apoptosis than other groups. It can be seen that 
ultrasound targeted destruction of Sem-PEG-lips can more significantly prevent the myocardial injuries caused by diabetes. 

Myocardial hypertrophy and fibrosis are important causes of reduced cardiac function, and are also one of the main characteristics 
of diabetic myocardial injury [26]. This was also confirmed by the observation of myocardial pathological tissue in DCM rats. Results 
of Masson staining showed that the myocardial tissues of DCM rats developed fibrosis. After 12 weeks of UTMD combined with 
Sem-PEG-lips intervention, myocardial fibrosis in DCM rats was significantly improved and better than any other treatment, indicating 
that ultrasound-mediated Sem-PEG-lips can significantly inhibit diabetes-induced myocardial fibrosis. The reason may be that when 
Sem-PEG-lips pass through the heart blood vessels, it produces cavitation effect under ultrasonic sound energy, which promotes the 
release of Sem. At the same time, under the action of mechanical force, the vascular endothelial cell gap widens and the cardiomyocyte 
membrane forms reversible pores, making more Sem enter the cardiomyocytes to play a biological effect. However, the other forms of 
Sem intervention group had a weak protective effect on the heart due to the lack of ultrasound effect or the protection of pegylated 
nanoliposomes, and the amount of protein released into the blood circulation to exert biological effects was less. Not only that, under 
the shear force formed by ultrasonic micro jet, the myocardial cell membrane opens many temporary holes, so that a larger dose of Sem 
can enter the myocardial cell, thus exerting its biological effect of inhibiting myocardial interstitial fibrosis and reducing car-
diomyocyte apoptosis, thereby improving cardiac function. Zamani et al. and won et al. found that bursting the microbubbles con-
taining stromal cell derived factor-1 (SDF-1) under ultrasonic irradiation can increase the concentration of SDF-1 drug around the 
myocardial tissue [27,28]. The local release of SDF-1 from the tissue can bind with CXCR4, the only ligand on the surface of 
mesenchymal stem cells (MSCs), recruit MSCs to target movement, promote the proliferation and differentiation, repair the damaged 
myocardial tissue, and protect the myocardial tissue more effectively. 

Oxidative stress is one of the important causes of pathophysiological changes in diabetes [29]. Long term exposure of organs to high 
glucose environment will lead to increased production of free radicals, exceeding the scavenging capacity of endogenous antioxidants, 
leading to MDA production and cell damage [30]. SOD, GSH PX and CAT are important antioxidant enzymes in vivo, and are also the 
main products of activated Nrf2 pathway, and play an important role in alleviating diseases related to oxidative stress [31]. Studies 
have found that in the fructose fed rat model of insulin resistance, allicin can activate myocardial Nrf2 through PI3K/Akt signaling 
pathway, and reduce oxidative stress by enhancing the antioxidant system to achieve myocardial protection [32]. Liu et al. found that 
syringic acid can improve myocardial ischemia-reperfusion injury by activating PI3K/Akt signaling pathway, and play a protective 
role on myocardium [33]. Nrf2 is an important transcription factor, which can regulate the antioxidant pathway in cells, so as to 
maintain cellular redox homeostasis from oxidative stress damage [34]. Activated Nrf2 can scavenge excessive reactive oxygen species 
[31]. Current study demonstrated that the MDA level in the cardiac tissues of DCM rats were significantly increased, while the ac-
tivities of antioxidant enzymes were significantly decreased, suggesting the occurrence of oxidative stress. Similar to previous findings 
[32,35], the occurrence of oxidative stress in cardiac tissues of the DCM rats were accompanied by a significant decrease in the 
expression of PI3K and the phosphorylation level of Akt in cardiac tissues, while the expression levels of Nrf2, SOD2 and NQO1 was 
significantly down-regulated. In addition, different forms of Sem intervention for 12 weeks significantly reduced the level of MDA and 
increased the activity of related antioxidant enzymes in the myocardial tissue of DCM rats, accompanied by the increased expression of 
PI3K and the phosphorylation level of Akt and the up regulation of the expression of Nrf2 signaling pathway related proteins. 
Interestingly, the oxidative stress injury of rats in UTMD combined with Sem-PEG-lips group was significantly improved compared 
with other treatment groups. The above results showed that UTMD combined with Sem-PEG-lips could improve myocardial injury in 
diabetic rats by activating PI3K/Akt/Nrf2 signaling pathway. 

In order to verify that UTMD combined with Sem-PEG-lips can improve diabetic myocardial injuries by activating PI3K/Akt axis, a 
rescue test were further conducted. After co-treatment of LY294002, as a PI3K inhibitor, to DCM rats, the expression level of PI3K was 
significantly reduced, accompanied by the reduction of Akt phosphorylation level. Interestingly, LY294002 treatment significantly 
aggravated the H&E score of myocardial tissue and the degree of myocardial fibrosis in DCM rats. In addition, UTMD combined with 
Sem-PEG-lips treatment significantly reduced the serum indicators related to myocardial injury in DCM rats. However, these changes 
were significantly reversed by LY294002, suggesting that inhibition of PI3K/Akt axis can significantly reduce the beneficial effect of 
UTMD combined with Sem-PEG-lips on diabetic myocardial injury. It is worth noting that compared with DCM rats, the phosphor-
ylation level of Akt in UTMD + Sem-PEG-lips + LY294002 treatment group was significantly increased, and the levels of CTnl and CK- 
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MB in serum were significantly decreased, indicating that LY294002 treatment only partially reversed the improvement effect of 
UTMD combined with Sem-PEG-lips treatment, and other signaling pathways may be involved. This is a limitation of this study and 
deserves further attention in our follow-up study. 

In conclusion, the results of current study show that ultrasound targeted destruction of Sem-PEG-lips can effectively release 
Semaglutide in myocardial tissue and plays role in improving STZ induced diabetic myocardial injury, protecting the left ventricular 
systolic function of rats. The UTMD combined with Sem-PEG-lips can effectively target and deliver the Semaglutide to myocardial 
tissues of DM rats, and play an anti-diabetic role in myocardial injury by activating the PI3K/Akt/Nrf2 signaling pathway, and the 
protective effects are better than other modalities of Semaglutide. At the same time, ultrasound targeting technology combined with 
long-acting PEGylated drug loaded liposomes provides a new targeted therapy for other short-term therapeutic drugs. 
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