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ORIGINAL RESEARCH

Protective Effects of Low-Intensity Pulsed 
Ultrasound on Cardiac Electrophysiological 
Function in a Rat Model of Ischemic 
Cardiomyopathy
Zhong-Hao Lin , MD; Qiu-Lu Yu , MD; Bing-Hua Yi , MD; Wen-Cai Xu , MD; Hua-Ling He , MD; 
Kai-Yu Huang , MD; Cheng Zheng , MD, PhD; Shu-Jie Wu , MD, PhD; Jia-Feng Lin , MD

BACKGROUND: Ischemic cardiomyopathy (ICM) is the end stage of ischemic heart disease, in which ventricular remodeling con-
tributes to a fatal ventricular arrhythmia, worsens heart function and unfavorable outcomes, and is related to persistent chronic 
inflammation. Low-intensity pulsed ultrasound (LIPUS) is an effective treatment modality for osteoarthropathy and has been 
illustrated to regulate the overactive inflammatory response in various diseases. Here, we aim to investigate whether LIPUS 
can perform cardiac protective effects in ICM and explore its possible mechanism.

METHODS: The left anterior descending artery of adult male Sprague–Dawley rats was ligated for 4 weeks to develop ICM 
and then treated with LIPUS. Vagotomy was applied to suppress the cholinergic anti-inflammatory pathway. Cardiac-specific 
Cav-1 (caveolin-1) overexpression in ICM on arrhythmias, excitation-contraction coupling, and cardiac remodeling was inves-
tigated using the intramyocardial injection of an adeno-associated virus serotype 9 system.

RESULTS: The results showed that LIPUS alleviated ventricular remodeling, improved cardiac electrophysiological function, and 
reduced the cardiac expression of collagens and inflammatory cytokines. Vagotomy suppressed the improvement of LIPUS. 
The overexpression of Cav-1 reset the influence of vagotomy.

CONCLUSIONS: We found that LIPUS had a direct effect on regional anti-inflammation and antifibrosis, improved cardiac au-
tonomic function and heart failure, protected the Cx43 (connexin-43) protein, and reduced the risk of malignant arrhythmia 
during ICM. The cholinergic anti-inflammatory pathway was one of the potential critical mechanisms involved, and Cav-1 might 
play an important role downstream. Our study provided a new, promising, and noninvasive strategy for treating ICM.

Key Words: caveolin-1 ■ cholinergic anti-inflammatory pathway ■ ischemic cardiomyopathy ■ low-intensity pulsed ultrasound 
■ ventricular arrhythmia

Percutaneous artery intervention and other thera-
pies have significantly reduced the mortality and 
the years of life lost caused by cardiovascular 

diseases, especially acute myocardial infarction (MI). 
However, cardiovascular diseases remain a significant 
cause of disease-related death globally.1 Ischemic heart 

disease is the first cause of cardiovascular disease-
related death.2 Patients who survived ischemic heart 
diseases such as MI may ultimately develop ischemic 
cardiomyopathy (ICM), with a 5-year survival rate of 
only 40% to 50%. Ventricular remodeling during ICM 
contributes to fatal ventricular arrhythmia, worsened 
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heart function, and unfavorable outcomes, which are 
related to persistent chronic inflammation.3

Researchers first noticed the biological application 
of focused ultrasonic waves,4 then tried exploring the 
influence of frequency and intensity. Now, scientists 
have done much research about the application of ul-
trasound in medicine and found low-intensity pulsed 
ultrasound (LIPUS) to be a potential treatment, espe-
cially in fracture healing and old fracture of bone non-
union.5 Abundant fundamental research and clinical 

trials show that LIPUS moderates inflammation and 
immunoreaction in many, including periodontitis,3 os-
teoarthrosis,6 aplastic anemia,7 and even neurologi-
cal disorders.8,9 Some researchers have noticed that 
LIPUS may be a potential treatment for cardiovascu-
lar diseases. Beneficial effects discovered by Shindo 
et al proved that LIPUS can improve the ventricular re-
modeling after acute MI, for which mechanotransduc-
tion and its downstream pathways may be involved.10 
Recently, it has been demonstrated that LIPUS therapy 
attenuated the inflammatory response and improved 
the survival rate of viral myocarditis.11 Nevertheless, the 
mechanism behind it remains controversial.

In this study, we aimed to investigate whether the 
inflammatory modulating effect of LIPUS could act on 
the harmful, persistent chronic inflammation in ICM 
and, if so, cast light on the potential mechanisms in-
volved in the beneficial effect.

METHODS
We use the Animal Research: Reporting of In  Vivo 
Experiments reporting guidelines. All animal experiments 
met the criterion ratified by the Animal Ethics Committee 
of Wenzhou Medical University (Number wydw2021-
0301) and coincided with the Guide for the Care and Use 
of Laboratory Animals issued by the National Institutes of 
Health. The Cav-1 (caveolin-1) coding sequence is shown 
in Table S1. The timeline and flow chart of the complete 
set of experiments are shown in Figure  S1. Figure  S2 
shows the intramyocardial injection and tail vein injection 
of the adeno-associated virus serotype 9 (AAV9)-cardiac 
troponin T system. Data S1 describes detailed reagent 
information, animal preparation and treatment, and ex-
perimental methods. The data are expressed as the 
means±SD. The data, analytical techniques, and study 
materials are available from the corresponding author 
and first author upon reasonable request.

Statistical Analysis
SPSS software (Unicom, Mosson Hills, CA, USA) was 
used for statistical analyses. For data with variance ho-
mogeneity, all outcomes among groups were compared 
using a 1-way ANOVA, followed by the Dunnett multiple-
comparison test. Kruskal-Wallis H test was used on the 
ranked data of inducibility of ventricular arrhythmias in-
duced by programmed electrical sitmulation.

RESULTS
Effect of LIPUS on Cardiac Ejection 
Function
In Figure  1, echocardiography was used to measure 
the cardiac function of all the rats before and after the 

CLINICAL PERSPECTIVE

What Is New?
•	 We found that regional anti-inflammatory and 

antifibrotic properties, along with improving 
cardiac autonomic function, are responsible for 
the antiarrhythmogenic effects of low-intensity 
pulsed ultrasound in ischemic cardiomyopa-
thy. The cholinergic anti-inflammatory pathway 
plays a key role and is related to caveolin-1.

What Are the Clinical Implications?
•	 Based on our results, mitigating the progression 

of regional inflammation and fibrosis, along with 
reducing the sympathetic-to-parasympathetic 
ratio, may protect against heart failure and fatal 
ventricular arrhythmias in patients with ischemic 
cardiomyopathy.

•	 Low-intensity pulsed ultrasound may be a new, 
promising, noninvasive treatment strategy for 
ischemic cardiomyopathy.

Nonstandard Abbreviations and Acronyms

AAV	 adeno-associated virus serotype 9
Cav-1	 caveolin-1
HF	 high-frequency power
ICM	 ischemic cardiomyopathy
LF	 low-frequency power
LIPUS	 low-intensity pulsed ultrasound
LVEDd	 left ventricular end-diastolic dimension
LVEDP	 left ventricular end-diastolic pressure
LVESd	 left ventricular end-systolic dimension
LVSP	 left ventricular systolic pressure
RT	 return time
SDNN	 SD of the averages of normal-to-

normal intervals
SDV	 sarcomere departure velocity
SRV	 sarcomere return velocity
SS	 sarcomere shortening
TTP	 time to peak
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experiments. The ICM group had higher left ventricu-
lar end-diastolic dimension (LVEDd; 6.27±0.75 versus 
8.98±0.70, P=0.001), left ventricular end-systolic dimen-
sion (LVESd; 2.85±0.32 versus 7.73±0.67, P<0.001), and 
lower left ventricular ejection fractions (area-length method 
LVEF; 74.11±3.67 versus 26.52±2.82, P<0.001) than the 

Sham group. The 4-week LIPUS improved these indica-
tors (ICM+LIPUS versus ICM, LVEDd 7.48±0.60 versus 
8.98±0.70, P=0.032; LVESd 6.05±0.39 versus 7.73±0.67, 
P=0.008; area-length method LVEF 33.96±2.16 versus 
26.52±2.82, P=0.007). The LVEDd, LVESd, and LVEF 
of the ICM+LIPUS+vagotomy group were significantly 

Figure 1.  Effect of LIPUS on the cardiac ejection function.
A, The M-mode and B-mode echocardiogram views of Sham-operated rats (Sham, n=6), vagotomy rats (Sham+V, n=6), 8 weeks after 
left anterior descending coronary artery ligation rats (ICM, n=6), ICM rats received vagotomy (ICM+V, n=6), 4-week LIPUS treatment 
after 4-week left anterior descending coronary artery ligation rats (ICM+L, n=6), ICM rats with vagotomy and 4-week LIPUS treatment 
(ICM+L+V, n=6). B through D, The difference of LVEDd, LVESd, and area-length method LVEF among Sham group, Sham+V group, 
ICM group, ICM+V group, ICM+L group and ICM+L+V group. The AW of ICM rats performed distinct akinesis and the PW showed 
a certain degree of hypomotility, and the left ventricular cavity expanded significantly. Compared with ICM group, LIPUS treatment 
reduced the LVEDd, LVESd, improved LVEF. LVEDd, LVESd, and LVEF were similar between the ICM group and ICM+L+V group. 
All the data are expressed as the means±SD, *P<0.05 compared with Sham group, †P<0.05 compared with ICM group, ‡P<0.05 
compared with ICM+L group, +P>0.05 compared with Sham group, #P>0.05 compared with ICM group. The actual P values can 
be found in the Results. AFCV indicates apical 4-chamber view; AW, anterior wall; ICM, ischemic cardiomyopathy; L, LIPUS group; 
LIPUS, low-intensity pulsed ultrasound; LVEDd, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; LVESd 
left ventricular end-systolic dimension; PW, posterior wall; and V, vagotomy group.
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weaker when compared with the ICM+LIPUS group 
(ICM+LIPUS+vagotomy versus ICM+LIPUS, LVEDd 
8.65±0.73 versus 7.48±0.60, P=0.009; LVESd 7.35±0.71 
versus 6.05±0.39, P=0.049; area-length method LVEF 
26.28±3.56 versus 33.96±2.16, P=0.021). Vagotomy did 
not show a significant difference in the Sham+vagotomy 
group (Sham versus Sham+vagotomy, LVEDd P=0.849, 
LVESd P=0.847, area-length method LVEF P=1.000) and 
the ICM+vagotomy group (ICM versus ICM+vagotomy, 
all P=1.000).

Effect of LIPUS on Fibrosis and 
Inflammatory Cytokine Production of the 
Infarct Border Zone
In Figure 2, Masson’s trichrome staining was applied 
to show the area of fibrosis in the infarct border zone. 
The Western blotting displayed collagen synthesis/
release and proinflammatory cytokine production. 
Compared with the Sham group, the fibrosis area of 

the ICM group was significantly increased (fibrosis area 
%, Sham versus ICM, 0.04±0.01 versus 0.50±0.02, 
P<0.001), as was the synthesis/release of collagen 
and proinflammatory cytokine production (Sham ver-
sus ICM, collagen I 0.05±0.01 versus 0.95±0.13, 
P<0.001; collagen III 0.08±0.01 versus 1.33±0.28, 
P=0.001; p-NF-κB (phospho-nuclear factor kappa B) 
p65/NF-κB p65 0.02±0.00 versus 1.21±0.15, P<0.001; 
TNFα (tumor necrosis factor alpha) 0.06±0.00 versus 
1.64±0.23, P<0.001; IL-6 (interleukin-6) 0.06±0.01 
versus 1.27±0.29, P=0.002; IFN-γ (interferon gamma) 
0.03±0.01 versus 1.42±0.29, P=0.002). LIPUS improved 
collagen synthesis/release, decreased proinflamma-
tory cytokine production, and lessened the dilation 
of the fibrosis area (ICM+LIPUS group; fibrosis area 
% 0.43±0.03 P=0.018, collagen I 0.37±0.08 P<0.001, 
collagen III 0.43±0.14 P=0.003, p-NF-κB p65/NF-κB 
p65 0.40±0.05 P<0.001, TNFα 0.57±0.07 P<0.001, 
IL-6 0.55±0.11 P=0.011, IFN-γ 0.64±0.09 P=0.018; all 
compared with the ICM group). Vagotomy inhibited 

Figure 2.  Effect of LIPUS on fibrosis and inflammatory cytokines production of infarct border zone.
A, Fibrosis area of border zone (%) among 6 groups (Sham group, n=6; Sham+V group, n=6; ICM group, n=6; ICM+V group, n=6; 
ICM+L group, n=6; ICM+L+V group, n=6; upper magnification ×50; lower magnification ×100). B, the Western blotting results, 
n=6 for each group. C through I, analysis results of (A) and (B). Compared with Sham group, fibrosis in the infarct border zone, 
collagen synthesis/release and inflammatory response were significantly increased in ICM group. LIPUS treatment showed an 
evident improvement of these targets. The vagotomy attenuated these effects of LIPUS treatment. All data are expressed as 
the means±SD. *P<0.05 compared with Sham group, †P<0.05 compared with ICM group, ‡P<0.05 compared with ICM+L group, 
+P>0.05 compared with Sham group, #P>0.05 compared with ICM group. The actual P values can be found in the Results. ICM 
indicates ischemic cardiomyopathy; IFN-γ, interferon gamma; IL-6, interleukin 6; L, LIPUS group; LIPUS, low-intensity pulsed 
ultrasound; NF-κB, nuclear factor kappa B; p-NF-κB, phospho-nuclear factor kappa B; TNFα, tumor necrosis factor alpha; and 
V, vagotomy group.
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the modified effects of LIPUS (ICM+LIPUS+vagotomy 
group; fibrosis area % 0.51±0.04 P=0.046, collagen 
I 0.62±0.12 P=0.027, collagen III 0.70±0.08 P=0.002, 
p-NF-κB p65/NF-κB p65 0.69±0.09 P=0.001, TNFα 
1.03±0.15 P=0.003, IL-6 0.82±0.11 P=0.022, IFN-γ 
1.51±0.36 P=0.014; all compared with the ICM+LIPUS 
group). Alternatively, vagotomy intervention in the Sham 
and ICM rats did not show meaningful results (Sham 
versus Sham+vagotomy, fibrosis area % P=0.958, col-
lagen I P=0.516, collagen III P=1.000, p-NF-κB p65/NF-
κB p65 P=1.000, TNFα P=1.000, IL-6 P=0.744, IFN-γ 
P=0.991; ICM versus ICM+vagotomy, fibrosis area 
% P=1.000, collagen I Pv0.997, collagen III P=1.000, 

p-NF-κB p65/NF-κB p65 P=1.000, TNFα P=0.999, IL-6 
P=1.000, IFN-γ P=0.981).

Effect of LIPUS on Cardiac Autonomic 
Nerve Function and Programmed 
Electric Stimulation-Induced Malignant 
Arrhythmia
Cardiac autonomic function was evaluated by the time 
domain and frequency domain of heart rate variability, 
indicated with SD of the averages of normal-to-normal 
intervals (SDNN) and low-frequency power/high-
frequency power (LF/HF) ratio (Figure  3). The Sham 

Figure 3.  Effect of LIPUS on cardiac autonomic nerve function and on PES-induced malignant arrhythmia.
A through F, LF/HF ratio of HRV obtained from 6 groups; G through L, Time domain parameter of HRV obtained from 6 groups, 
SDNN (A and G: Sham group; B and H: Sham+V group; C and I: ICM group; D and J: ICM+V group; E and K: ICM+L group; F and 
L: ICM+L+V group; all n=8). M, the schematic diagram of ventricular PES: S0, burst, 20 pace beats at 100 milliseconds; S1, 8 paced 
beats at a basic cycle length of 100 milliseconds; S2, S3, and S4 represent extra stimuli. N and O, Compared with Sham group, ICM 
group showed a significant decrease in SDNN and a significant increase in LF/HF ratio. LIPUS treatment increased the SDNN and 
decreased the LF/HF ratio of ICM rats. Vagotomy operation attenuated the effect of LIPUS treatment. P, PES induction scores, 
inducibility quotient of ventricular arrhythmias. All data are expressed as the means±SD. Kruskal–Wallis H test was used to test the 
ranked data of inducibility of ventricular arrhythmias induced by PES. *P<0.05 compared with Sham group, †P<0.05 compared with 
ICM group, ‡P<0.05 compared with ICM+L group, +P>0.05 compared with Sham group, #P>0.05 compared with ICM group. The 
actual P-values can be found in the Results. HRV indicates heart rate variability; ICM, ischemic cardiomyopathy; L, LIPUS group; 
LF/HF low-frequency power/high-frequency power; LIPUS, low-intensity pulsed ultrasound; PES, programmed electric stimulation; 
SDNN, SD of the averages of normal-to-normal intervals; and V, vagotomy group.
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group and Sham+vagotomy group, the ICM group, 
and the ICM+vagotomy group had similar SDNN 
and LF/HF ratios (Sham versus Sham+vagotomy, 
SDNN 13.05±2.77 versus 13.84±3.09 P=1.000, LF/
HF 0.30±0.07 versus 0.31±0.07 P=1.000; ICM versus 
ICM+vagotomy, SDNN 5.63±0.94 versus 5.91±1.55 
P=1.000, LF/HF 2.11±0.64 versus 2.11±0.70 P=1.000). 
Compared with the Sham group, the ICM group 
showed a significant decrease in SDNN (P=0.001) and 
an increase in the LF/HF ratio (P=0.001). LIPUS in-
creased SDNN and decreased LF/HF ratios in the ICM 
rats (ICM+LIPUS group, SDNN 11.75±2.62 P=0.002, 
LF/HF 0.65±0.15 P=0.003, versus ICM group), and 
vagotomy in the ICM+LIPUS group negatively affected 
SDNN and LF/HF ratios (ICM+LIPUS+vagotomy group; 
SDNN 7.09±2.39 P=0.03, LF/HF 1.15±0.26 P=0.007, 
versus ICM+LIPUS group). On the other hand, pro-
grammed electric stimulation-induced malignant ar-
rhythmia showed ICM rats had higher ventricular 
arrhythmia quotients (ICM versus Sham, P<0.001), 
and LIPUS-treated rats showed lower quotients 
(ICM+LIPUS versus ICM, 2.13±0.64 versus 6.75±0.46, 
P<0.001). Vagotomy induced the positive effects of 
LIPUS (ICM+LIPUS+vagotomy versus ICM+LIPUS, 
5.88±0.99 versus 2.13±0.64, P<0.001), but in the 
Sham group and ICM group, vagotomy did not show 
significant differences (Sham versus Sham+vagotomy, 

P=1.000; ICM versus ICM+vagotomy, 6.75±0.46 ver-
sus 6.88±0.64, P=1.000).

Effect of LIPUS on ECG Data and Left 
Ventricular Pressure
Tables 1 and 2 provide further proof of the positive ef-
fects of LIPUS. The ICM group displayed prolonged 
QTc (ICM versus Sham, P<0.001). The LIPUS improved 
QTc (ICM+LIPUS versus ICM, P<0.001), and vagotomy 
reduced this positive effect (ICM+LIPUS+vagotomy 
versus ICM+LIPUS, P<0.001). The RR interval, PR in-
terval, P-wave duration, and duration of QRS in each 
group were similar (P>0.05). The QTc did not show sig-
nificant differences in the Sham or ICM groups after 
vagotomy (Sham versus Sham+vagotomy P=1.000, 
ICM versus ICM+vagotomy P=0.875). Higher systolic 
blood pressure (SBP), diastolic blood pressure, and 
left ventricular systolic pressure (LVSP) and lower left 
ventricular end-diastolic pressure (LVEDP) indicated 
enhanced cardiac function. The ICM group displayed 
lower SBP, diastolic blood pressure, and LVSP and 
higher LVEDP than the Sham group (ICM versus 
Sham, all P<0.001). Compared with the ICM group, 
LIPUS improved SBP, LVSP, and LVEDP (ICM+LIPUS 
versus ICM, all P<0.001). The ICM+LIPUS+vagotomy 
group showed lower SBP, diastolic blood pressure, 

Table 1.  Effect of LIPUS on ECG Data

Group RR (msec) PR (msec) P (msec) QRS (msec) QTc (msec)

Sham 196.90±20.49 50.61±0.94 17.59±1.31 25.59±2.34 133.82±3.23

Sham+vagotomy 192.33±18.75 50.71±1.06 17.95±1.57 25.87±3.17 134.41±4.50

ICM 193.77±20.22 50.24±1.59 18.07±1.35 25.91±1.83 171.56±6.71*

ICM+vagotomy 196.78±19.02 50.55±3.20 17.81±1.61 25.65±2.84 173.87±9.30

ICM+LIPUS 194.92±17.98 50.82±2.23 18.21±1.26 25.24±1.88 153.45±8.26†

ICM+LIPUS+vagotomy 197.97±24.12 50.80±3.15 18.04±2.12 25.82±3.63 164.33±9.47‡

n=8 of each group. ICM indicates ischemic cardiomyopathy; LIPUS, low-intensity pulsed ultrasound; P, P-wave duration; PR, P-R interval; QRS, QRS-wave 
interval; QTc, heart rate-corrected QT interval; and RR, R-R interval. Data are presented as means±SD.

*P<0.05 compared with Sham group.
†P<0.05 compared with ICM group.
‡P<0.05 compared with ICM+LIPUS group. The actual P values can be found in the Results.

Table 2.  Effect of LIPUS on Left Ventricular Pressure

Group HR (bpm) SBP (mm Hg) DBP (mm Hg) LVSP (mm Hg) LVEDP (mm Hg)

Sham 359±11 100.83±2.80 73.72±3.12 136.89±2.29 2.64±0.54

Sham+vagotomy 359±13 100.56±2.97 74.28±2.78 136.50±2.12 2.69±0.52

ICM 351±19 87.42±3.56* 63.50±3.27* 92.64±2.66* 7.64±1.07*

ICM+vagotomy 352±19 86.83±3.36 63.42±3.48 92.50±2.51 7.61±0.93

ICM+LIPUS 358±21 93.06±3.81† 68.11±2.88† 109.97±3.87† 4.75±0.97†

ICM+LIPUS+vagotomy 355±20 88.53±3.86‡ 65.03±2.61‡ 100.11±3.97‡ 6.22±1.02‡

n=6 of each group. DBP indicates diastolic blood pressure; HR, heart rate; ICM, ischemic cardiomyopathy; LIPUS, low-intensity pulsed ultrasound; LVSP, 
left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; and SBP, systolic blood pressure. All the data are present as means±SD. The 
actual P values can be found in the Results.

*P<0.05 compared with Sham group.
†P<0.05 compared with ICM group.
‡P<0.05 compared with ICM+LIPUS group.



J Am Heart Assoc. 2025;14:e037402. DOI: 10.1161/JAHA.124.037402� 7

Lin et al� LIPUS in Ischemic Cardiomyopathy Arrhythmia

and LVSP and higher LVEDP (ICM+LIPUS+vagotomy 
versus ICM+LIPUS, all P<0.001).

Effect of LIPUS on Sarcomere Contraction 
Measurement
Single-myocyte sarcomere fractional shortening was 
evaluated by sarcomere length during resting state and 
at 1 Hz, 1 milliseconds, 15 V stimulation under steady 
state (Figure 4). Figure 4A shows the single-myocyte 

sarcomere contraction original traces of each group 
representatively. No significant differences were 
found in sarcomere diastolic length among the 6 
groups. The ICM group rats had significantly lower 
sarcomere shortening (SS), lower sarcomere depar-
ture velocity (SDV), lower sarcomere return velocity 
(SRV) and longer time to peak (TTP) and longer re-
turn time (RT) than the Sham group (Sham group ver-
sus the ICM group; SS 11.31±0.46 versus 5.90±0.74 
P<0.001, SDV −3.13±0.26 versus −1.08±0.14 

Figure 4.  Effect of LIPUS on sarcomere contraction measurement.
A, Typical single-myocyte sarcomere-contraction original trace of each group. B through G, Data of sarcomere contraction of each 
group. No significant differences were found in sarcomere diastolic length among 6 groups. The ICM group had lower SS, lower 
SDV, lower SRV, longer TTP and longer RT than the Sham group. Higher SS, SDV, and SRV and shorter TTP and RT were found in 
the ICM+L group when compared with ICM group. Vagotomy decreased SS, SDV and SRV in the ICM+L+V group. There were no 
differences between the Sham group and the Sham+V group. All the data are expressed as the means±SD. *P<0.05 compared with 
Sham group, †P<0.05 compared with ICM group, ‡P<0.05 compared with ICM+L group, +P>0.05 compared with Sham group, #P>0.05 
compared with ICM group, &P>0.05 compared with ICM+L group. The actual P-values can be found in the Results. ICM indicates 
ischemic cardiomyopathy; L, LIPUS group; LIPUS, low-intensity pulsed ultrasound; RT, return time; SDV, sarcomere departure 
velocity; SRV, sarcomere return velocity; SS, sarcomere shortening; TTP, time to peak; and V, vagotomy group.
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P<0.001, SRV 2.79±0.23 versus 0.82±0.22 P<0.001, 
TTP 168.33±15.67 versus 208.83±16.87 P=0.019, 
RT 285.33±37.89 versus 471.67±28.55 P<0.001). 
Compared with the ICM group, the ICM+LIPUS group 
had higher SS, SDV, and SRV and shorter TTP and 
RT (ICM versus ICM+LIPUS; SS 5.90±0.74 versus 
8.52±0.61 P=0.001, SDV −1.08±0.14 versus −1.70±0.19 
P=0.002, SRV 0.82±0.22 versus 1.51±0.16 P=0.002, 
TTP 208.83±16.87 versus 175.00±10.20 P=0.032, 
RT 471.67±28.55 versus 351.00±37.00 P=0.001). 
Vagotomy decreased SS, SDV, and SRV (ICM+LIPUS 
versus ICM+LIPUS+vagotomy; SS 8.52±0.61 ver-
sus 6.53±0.66 P=0.004, SDV −1.70±0.19 versus 
−1.04±0.18 P=0.001, SRV 1.51±0.16 versus 0.99±0.13 
P=0.001), but there were no significant differences 
between the Sham group and Sham+vagotomy 
group (Sham+vagotomy, SS 9.89±0.97 P=0.135, SDV 
−3.18±0.39 P=1.000, SRV 2.85±0.29 P=1.000, TTP 
166.72±8.73 P=1.000, RT 263.68±49.57 P=0.997, 
all compared with Sham group), ICM group and 
ICM+vagotomy group (ICM+vagotomy, SS 5.86±1.50 
P=1.000, SDV −1.12±0.10 P=1.000, SRV 0.76±0.18 
P=1.000, TTP 219.76±31.96 P=0.999, all compared 
with ICM group).

Effect of LIPUS on Alpha-7 Nicotinic 
Receptor, Cav-1, and Connexin 43 
Distribution
In Figure  5, the Western blotting and immunofluores-
cence assay showed that the expression of protein 
Cx43 (connexin-43) was significantly decreased in the 
ICM rats when compared with the Sham rats, and com-
pared with the Sham group (ICM versus Sham, Cx43/
GADPH 0.12±0.04 versus 0.98±0.32, P<0.001), F-actin 
was increased and nonuniform in the ICM group. The 
intervention of LIPUS improved the expression of Cx43 
(ICM versus ICM+LIPUS, Cx43/GADPH 0.12±0.04 ver-
sus 0.49±0.13, P=0.002). Vagotomy downregulated the 
effect of LIPUS intervention (ICM+LIPUS+vagotomy ver-
sus ICM+LIPUS, 0.24±0.05 versus 0.49±0.13, P=0.014). 
The Western blotting results showed that alpha-7 nico-
tinic receptor (α7-nAChR) was lower in the ICM group 
(compared with Sham group) and ICM+LIPUS+vagotomy 
group (compared with ICM+LIPUS group) and higher 
in the ICM+LIPUS group (compared with ICM group). 
The Western blotting results of protein Cav-1 also was 
lower in the ICM group (compared with Sham group) 
and ICM+LIPUS+vagotomy group (compared with 
ICM+LIPUS group), and higher in the ICM+LIPUS group 
(compared with ICM group). (ICM versus Sham, α7-
nAChR/GAPDH 0.49±0.10 versus 0.95±0.10, P<0.001; 
Cav-1/GAPDH 0.26±0.05 versus 0.40±0.03, P<0.001; 
ICM versus ICM+LIPUS, α7-nAChR/GAPDH 0.49±0.10 
versus 0.68±0.07, P=0.04; Cav-1/GAPDH 0.26±0.05 
versus 0.35±0.04, P=0.04; ICM+LIPUS+vagotomy 

versus ICM+LIPUS, α7-nAChR/GAPDH 0.42±0.07 ver-
sus 0.68±0.07, P=0.001; Cav-1/GAPDH 0.24±0.05 ver-
sus 0.35±0.04, P=0.001).

Cav-1 Overexpression Reversed the 
Negative Influences of Vagotomy on 
LIPUS
In Figure 6A, the coimmunoprecipitation experiments 
were performed to determine the underlying mecha-
nism of the favorable properties of LIPUS in ICM rats. 
Immunoprecipitation with α7-nAChR, Cav-1, cSRC, 
and normal rabbit immunoglobulin G; Cav-1, cSRC, 
Cx43, and normal rabbit immunoglobulin G showed 
interactions among α7-nAChR, Cav-1, cSRC, and 
Cx43 in rat cardiomyocytes. Immunoprecipitation 
with RyR2 (ryanodine receptor 2), SERCA2 9 sarco-
plasmic/endoplasmic reticulum (Ca2+-ATPase), NCX1 
(sodium-calcium exchange), cSRC, and normal rabbit 
immunoglobulin G exhibited interactions among RyR2, 
SERCA2, NCX1, and cSRC in rat cardiomyocytes. 
Normal rabbit immunoglobulin G was a negative con-
trol in these experiments.

The frozen sections of the rat heart were observed 
under a fluorescence microscope, and the eGFP (en-
hanced green fluorescent protein) tag exhibited green 
fluorescence, which means that the injection with 
AAVCav-1 or AAVCtrl was successful; the Western 
blotting showed that the infusion of AAVCav-1 increased 
the expression of Cav-1 and AAVCtrl did not (Figure 6B). 
Compared with the Sham group, the ICM group had 
fewer interactions between Cav-1 and α7-nAChR and 
cSRC; cSRC and Cav-1 and Cx43 (Figure  6C; ICM 
versus Sham, α7-nAChR/Cav-1 0.30±0.09 versus 
1.39±0.10 P<0.001, cSRC/Cav-1 0.48±0.07 versus 
0.76±0.06 P<0.001, Cx43/Cav-1 0.31±0.05 versus 
0.77±0.06 P<0.001); the LIPUS improved these interac-
tions (Figure 6C; ICM+LIPUS versus ICM, α7-nAChR/
Cav-1 1.06±0.13 versus 0.30±0.09 P<0.001, cSRC/
Cav-1 0.72±0.06 versus 0.48±0.07 P<0.001, Cx43/
Cav-1 0.62±0.07 versus 0.31±0.05 P<0.001). Vagotomy 
suppressed the influence of LIPUS (Figure  6C; 
ICM+LIPUS+vagotomy versus ICM+LIPUS, α7-nAChR/
Cav-1 0.37±0.07 versus 1.06±0.13 P<0.001, cSRC/
Cav-1 0.44±0.06 versus 0.72±0.06 P<0.001, Cx43/
Cav-1 0.33±0.05 versus 0.62±0.07 P<0.001). Cav-1 
overexpression normalized those interactions partially 
(Figure  6C; ICM+LIPUS+vagotomy+AAVCav-1 versus 
ICM+LIPUS+vagotomy, α7-nAChR/Cav-1 1.22±0.13 
versus 0.37±0.07 P<0.001, cSRC/Cav-1 0.71±0.08 
versus 0.44±0.06 P=0.001, Cx43/Cav-1 0.68±0.08 
versus 0.33±0.05 P<0.001). The Western blotting re-
sults in Figure 6D showed that vagotomy suppressed 
the positive influence of LIPUS among fibrosis, inflam-
mation, and ion channel proteins, and Cav-1 overex-
pression reset the negative influences of vagotomy 
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partially (ICM+LIPUS+vagotomy+AAVCav-1 versus 
ICM+LIPUS+vagotomy, RyR2/GAPDH 0.97±0.23 ver-
sus 0.45±0.14 P=0.012, SERCA2/GAPDH 0.99±0.18 
versus 0.45±0.11 P=0.002, NCX1/GAPDH 1.36±0.21 
versus 0.55±0.10 P=0.001, collagen I/GAPDH 1.11±0.23 

versus 2.07±0.32 P=0.002, collagen III/GAPDH 
1.53±0.33 versus 2.47±0.53 P=0.046, IL-6/GAPDH 
1.15±0.29 versus 2.01±0.48 P=0.043, TNF-α/GAPDH 
1.08±0.24 versus 1.96±0.35 P=0.006, p-NF-κB p65/
NF-κB p65 1.00±0.17 versus 2.02±0.31 P=0.001).

Figure 5.  Effect of LIPUS on α7-nAChR, caveolin-1, and connexin-43 distribution.
A, Immunofluorescence images of protein Cx43 and F-actin from left ventricles of rats, n=6 of each group (magnification×200). The 
positive immuno-active signals of Cx43 (green) were accumulated in intercellular positions. The increased and nonuniform of F-Actin 
(red) represent cardiomyocyte hypertrophy and damage. The expression of protein Cx43 was significantly decreased in the ICM 
rats when compared with the Sham rats, and compared with the Sham group, F-actin was evidently increased and nonuniform in 
the ICM group. The intervention of LIPUS improved the expression of Cx43. Compared with ICM+L group, vagotomy downregulated 
the effect of LIPUS intervention. B through D, Results of Western blotting of Cx43, n=6 of each group. All data are expressed as 
the means±SD. *P<0.05 compared with Sham group, †P<0.05 compared with ICM group, ‡P<0.05 compared with ICM+L group, 
+P>0.05 compared with Sham group, #P>0.05 compared with ICM group. The actual P values can be found in the Results. α7-nAChR 
indicates alpha-7 nicotinic receptor; Cav-1, caveolin-1; Cx43, connexin-43; ICM, ischemic cardiomyopathy; L, LIPUS group; LIPUS, 
low-intensity pulsed ultrasound; and V, vagotomy group.
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DISCUSSION
We found that LIPUS improves the cardiac function 
of ICM and shows positive cardiac electrophysiologi-
cal changes in the ICM rats. Based on our explora-
tions, we found that activation of the cholinergic 
anti-inflammatory pathway may be the key mechanism 
involved in the beneficial effects of LIPUS, and Cav-1 
may play an essential role in its downstream.

Compared with the Sham group, the ICM group 
showed significantly lower cardiac ejection function and 
enlarged LVEDd and LVESd. The infarct border zone of 
the ICM rats performed higher fibrosis and remained 
chronically inflamed. Prolonged QTc and faulty cardiac 
autonomic function of ICM rats led to a higher risk of 
programmed electric stimulation-induced malignant 
arrhythmia. The myocardial sarcomeres contraction 
function of the ICM group and the expression of protein 
Cx43 in ICM rats were significantly decreased. LIPUS 
improved these harmful effects. Higher SS, SDV, SRV, 
SBP, diastolic blood pressure, LVSP, lower LVEDP, and 
shorter TTP RT indicated enhanced cardiac function. 
Vagotomy blunted the beneficial effects of LIPUS. We 
set the Sham+vagotomy and ICM+vagotomy groups 
to rule out the tachycardia effect by vagotomy. The 
results were not significantly different (Sham versus 
Sham+vagotomy, ICM versus ICM+vagotomy). To ex-
plain our results, the possible hypothesis is that the 
immune system becomes persistently active after the 
left anterior descending coronary artery infarction and 
causes the accumulation of cytokines in the injured site 
regionally, which influences angiogenesis, facilitates fi-
brosis, promotes autophagy, and causes myocardial 
edema and chronic inflammation.12,13

ICM is the end stage of ischemic heart disease; pa-
tients who survive MI will eventually progress to ICM, 
which will reduce the quality of life and life expectancy. 
These patients will suffer refractory heart failure and 
malignant arrhythmia.14,15 The unique environment of 
the infarct border zone leads to a distinct pathologi-
cal condition. The semi-ischemic environment results 
in semihypoxia and a lack of nutrients, which in turn 

causes aseptic chronic inflammation, chronic fibro-
sis, and ventricular remodeling. Numerous studies 
have shown that the pathological characteristics of 
postinfarct cardiomyocyte remodeling are associated 
with myocardial fibrosis, angiogenesis, autophagy, 
oxidative stress, and apoptosis. In these processes, 
persistent low-level inflammation plays a key role.16,17 
Modulation of the inflammation could postpone, and to 
some extent even reverse the process of the remodel-
ing.18 After infarction, most ventricular cardiomyocytes 
at the infarct and infarct border zone died. Surviving 
Purkinje fibers and newborn fibrous tissues perform 
prolonged action potentials and enhanced automa-
ticity.19 Ventricular remodeling led to cardiac electro-
physiological changes, causing persistent abnormal 
electrical activity and impulse propagation, increasing 
the risk of malignant arrhythmia and sudden cardiac 
death, which had long been proven to be related to 
changes in the gap junction, especially the Cx43.20,21 
The functional preservation of Cx43 protein and the 
modulation of inflammation played an irreplaceable 
role in protection during ICM.22 In our study, the protec-
tion effect of LIPUS in preserving Cx43 protein showed 
that LIPUS could improve cardiac autonomic function 
and reduce the risk of malignant arrhythmia. Vagotomy 
suppressed the effects of LIPUS.

Although medical technology has made significant 
progress, we still have limited options to improve the 
development and progression of heart failure and fatal 
ventricular arrhythmia induced by cardiac ischemia, 
which makes the clinical treatment of ICM a challeng-
ing problem. Currently, LIPUS is produced by a special 
ultrasound therapeutic apparatus. It is a noninvasive, 
gentle, and safe stimulation. This kind of stimulation 
is mechanically biased, which has been reported to 
activate the mechanotransduction system of various 
cells.23 A series of research studies had proved that 
LIPUS could ameliorate inflammatory activity, such as 
in rheumatoid arthritis,24 acute muscle tissue injury,25 
heart failure,26 and viral myocarditis.11

We found that the ICM group exhibited  high fi-
brosis, inflammation, and arrhythmia scores, with 

Figure 6.  Cav-1 overexpression reversed the negative influences of vagotomy on LIPUS.
A, Coimmunoprecipitation experiments of α7-nAChR, Cav-1, and cSRC; Cav-1, cSRC, and Cx43; and RyR2, SERCA2, NCX1, and cSRC 
in rat cardiomyocytes. All used normal rabbit immunoglobulin G as negative control. B, The eGFP tag was observed under fluorescence 
microscope and the Western blotting results of eGFP tag and Cav-1 (the groups were numbered sequentially as Sham, Sham+AAVCrtl, 
Sham+AAVCav-1, ICM, ICM+ AAVCrtl, ICM+ AAVCav-1). C, Compared with Sham rats, ICM rats had reduced associations of α7-nAChR/Cav-
1, cSRC/Cav-1 and Cx43/Cav-1 (ICM vs Sham, P<0.05). LIPUS improved these interactions (ICM+L versus ICM, P<0.05), whereas the 
vagotomy suppressed them (ICM+L+V vs ICM+L, P<0.05), and Cav-1 overexpression normalized them (ICM+L+V+AAVCav-1 vs ICM+L+V, 
P<0.05). D, The Western blotting and their analysis results (the groups were numbered sequentially as Sham, ICM, ICM+L, ICM+L+V, 
ICM+L+V+AAVCav-1). All n=6 of each group. All data are expressed as the means±SD. *P<0.05 compared with Sham group, #P<0.05 
compared with ICM group, †P<0.05 compared with ICM+L group, ‡P<0.05 compared with ICM+L+V group. The actual P values can 
be found in the Results. α7-nAChR indicates alpha-7 nicotinic receptor; AAV, adeno-associated virus serotype 9; Cav-1, caveolin-1; 
Cx43, connexin-43; eGFP, enhanced green fluorescent protein; ICM, ischemic cardiomyopathy; IP, immunoprecipitation; L, LIPUS 
group; LIPUS, low-intensity pulsed ultrasound; NCX1, sodium-calcium exchange; RyR2, ryanodine receptor 2; SERCA2, sarcoplasmic/
endoplasmic reticulum Ca2+-ATPase; and V, vagotomy group.
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programmed electric stimulation-induced malignant 
arrhythmia.  LIPUS could significantly improve these 
harmful changes. The Western blotting results showed 
that LIPUS inhibited the activation of classic inflamma-
tory signaling NF-κB after MI and reduced the release 
of proinflammatory cytokines such as TNF-α, IL-6, 
and IFN-γ (Figure 2B). In addition, the cholinergic anti-
inflammatory pathway regulates the innate immune 
response to injury, pathogens, and tissue ischemia. It 
is the efferent, or motor arm of the inflammatory re-
flex, the neural circuit that responds to and regulates 
the inflammatory response.27 Vagotomy suppressed 
these effects, which suggested that the cholinergic 
anti-inflammatory pathway was one of the underlying 
mechanisms of LIPUS.

On the other hand, heart failure of ICM decreases 
cardiac performance and rapidly affects multiple 
organ systems such as the neurohormonal systems, 
circulatory, and renal systems. Heart failure causes 
“energy starvation,”28 which leads to chronic activa-
tion of the sympathetic nervous system and results in 
a maladaptive attempt to improve cardiac function.29 
The sarcomere contraction measurement experiment 
showed that the ICM rats had significantly lower SS, 
SDV, SRV, and longer TTP and RT than the Sham rats. 
It matched the cardiac ejection function measured by 
echocardiography, and LIPUS improved these indica-
tors (Figure 4).

Furthermore, vaveolae play a role in mechano-
sensation in response to different mechanical stimuli 
such as stretching. Caveolae can sense, transduce, 
and buffer changing biomechanical perturbations.30,31 
Researchers found that Cav-1 was vital in cardioprotec-
tion under myocardial ischemia. Gap junctions, espe-
cially Cx43, were essential clusters of transmembrane 
channels whose downregulation and uncoupling were 
associated with a high risk of myocardial infarction-
induced fatal ventricular arrhythmias.32,33 Caveolar 
microdomains are abundant in cardiovascular system 
cells, including endothelial cells, cardiac fibroblasts, 
and cardiomyocytes. Interestingly, although Cav-1 is 
primarily expressed in endothelial cells of the heart, it 
has also been reported to be located on the myocar-
dial cell membrane and perform physiological func-
tions.34 Evidence suggested that TGFβ (transforming 
growth factor beta) and TGFβ-related pathways were 
molecular mediators of cardiac fibrosis.35 Cav-1 could 
regulate TGF-β1/Smad2 activity during cardiac injury 
and repair.36 Other studies have indicated that Cav-1 
is involved in the regulation of ion channels, which 
results in alterations to cardiac electrical function.37 
Alterations in Ca2+ homeostasis were responsible for 
excitation-contraction coupling defects and malignant 
arrhythmias.38 Aberrant RyR opening in diastole and 
blunted SERCA2 (related to RyR2 complex) activity re-
sulted in the abnormal occurrence of Ca2+ sparks.39,40 

The coimmunoprecipitation results suggested that 
there was interaction between Cav-1 and α7-nAChR 
and Cx43 and Ca2+-handling protein (SERCA2, RyR2, 
and NCX1), and cSRC may play a vital role between 
these interactions (Figure 6). Overexpression of Cav-1 
normalized Ca2+-handling protein levels by modulat-
ing phosphorylation-activation of cSRC to improve 
Ca2+ cycling.41 Yang et  al reported that the interac-
tion between cSRC and Cav-1 modulated Cx43 gap 
junction homeostasis, affecting cardiac electrical ac-
tivity under the renin-angiotensin-system-activated 
condition.42 We discovered that α7-nAChR and Cav-1 
expression was reduced in the infarct border zone of 
the ICM model, and LIPUS upregulated their expres-
sion, whereas vagotomy mitigated the effects of LIPUS 
(Figure 5). Then, we directly intervened with Cav-1 by 
heart-specific overexpression of Cav-1 and found that 
overexpression of Cav-1 partially reversed the effects 
of vagotomy (Figure 6).

CONCLUSIONS
We found that LIPUS directly affected regional anti-
inflammation and antifibrosis, improved cardiac auto-
nomic function and heart failure, protected the Cx43 
protein, and reduced the risk of malignant arrhythmia 
at ICM. The cholinergic anti-inflammatory pathway was 
the essential mechanism involved, and Cav-1 may play 
an important role downstream. Our study provided a 
new, promising, noninvasive ICM treatment strategy.
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