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Purpose: The aim of our study was to investigate the mechanism by which the Chinese compound Shensong Yangxin Capsule 
(SSYX) reduces susceptibility to arrhythmia in db/db mice.
Methods: The db/db mice without drug treatment served as the model group. Other-treated db/db mice were administered SSYX for 8 
weeks. Electrocardiogram (ECG), electrical mapping, pathological changes, immunofluorescence staining, real-time quantitative PCR, 
and Western blot analyses were then conducted.
Results: SSYX decreased arrhythmia susceptibility and shortened the abnormal ECG parameters of db/db mice. Meanwhile, SSYX 
restored irregular conduction direction and shortened the conduction time of the isolated heart. HE and Masson staining showed that 
SSYX alleviated inflammatory infiltration and collagen fiber deposition. Western blot showed that SSYX decreased the protein 
expression of ICAM-1, VCAM-1, and MCP-1 and increased the protein expression of occludin, ZO-1, eNOS, and Cx43. SSYX also 
increased the content of NO, decreased ET-1, TNF-α, IL-1β, IL-6, MCP-1, and CCR-2 mRNA expression, and increased Kv 4.2, Kv 
4.3, Cav 1.2, and Nav 1.5 mRNA expression. Furthermore, SSYX decreased the fluorescence intensity of F4/80 and iNOS, increased 
the fluorescence intensity of CD31 and eNOS, and improved the Cx43 and α-actinin connection structure in cardiac tissues. The above 
therapeutic effects of SSYX were inhibited by L-NAME.
Conclusion: SSYX reduced the susceptibility of db/db mice to arrhythmia by inhibiting the inflammatory response and macrophage 
polarization, and this effect of SSYX occurred through protection of endothelial cell function.
Keywords: arrhythmia, endothelial cell function, inflammation, macrophage

Introduction
Cardiovascular events are often characterized by arrhythmia, and arrhythmia is also a complication of organic heart 
diseases, including coronary heart disease,1 myocardial infarction,2 and heart failure.3 According to previous studies, 
electrical and structural remodeling of the heart and reentrant circuit formation are the basic mechanisms of arrhythmia 
triggering and maintenance.4–6 Recently, myocardial microcirculation dysfunction in arrhythmia has gained attention due 
to its direct effect on endothelial cells. Experiments and clinical studies have demonstrated that endothelial dysfunction is 
associated with arrhythmia and increased vascular inflammation.7,8

Previous studies have shown that inflammation plays a role in arrhythmias.9 Cardiomyocyte health and extracellular 
matrix composition can be affected by macrophages in the heart.10 Additionally, cardiomyocytes and macrophages 
interact through connexin 43, which assists in electrical coupling.11 The coculture of macrophages and cardiomyocytes 
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demonstrated that macrophage phenotype and gap junction status may influence cardiomyocyte action potential duration 
(APD), possibly contributing to arrhythmia.12 Thus, methods of reducing inflammation can be used to treat arrhythmia.

According to clinical studies, diabetes has been identified as an independent risk factor for atrial fibrillation and 
sudden cardiac death.13,14 However, there is no specific conclusion on the mechanism that predisposes diabetes patients 
to arrhythmia or a treatment plan to reduce this susceptibility. Diabetes mellitus is characterized by low-grade chronic 
inflammation.15 By releasing proinflammatory cytokines, macrophages contribute to the progression of diabetes.16 

Diabetes mellitus also causes endothelial dysfunction, which contributes to diabetic vascular complications.17 

Therefore, we suppose that the increased arrhythmia susceptibility in diabetic patients may be a result of the inflamma-
tory response mediated by endothelial dysfunction.

Shensong Yangxin (SSYX) capsules are an antiarrhythmic Chinese patent medicine that can improve microcircula-
tion, protect endothelial cells, and reverse myocardial structural remodeling, electrical remodeling, and neural remodeling 
after myocardial infarction.18–23 SSYX has been widely used to treat various arrhythmias by regulating multiple ion and 
non-ion channels.24–26 However, whether SSYX can reduce arrhythmia susceptibility in patients with diabetes has not 
been studied. Therefore, we selected leptin receptor-deficient mice, a typical animal model of type 2 diabetes, to 
determine whether SSYX reduces the arrhythmia susceptibility and its corresponding mechanism.

Materials and Methods
Animal Models and Drugs
Experiments were performed using male leptin receptor-deficient db/db mice (C57BL/KS-leprdb/leprdb), and db/m 
mice aged 4–5 weeks served as controls. Animals were purchased from the Changzhou Kawensi laboratory and 
housed in the animal barrier environment of the New Drug Evaluation Center of Shijiazhuang Yiling 
Pharmaceutical Academician Workstation Research Institute. The environmental temperature and humidity were 
suitable, the daily light/dark cycle was 12/12 hours, and all mice had free access to water and food for 1 week. 
Then, db/db mice were randomly assigned to four groups consisting of 10 mice each, including the model group, 
SSYX low-dose group (SSYX-L), SSYX high-dose group (SSYX-H), and SSYX high-dose add N G-Nitro-L- 
arginine Methyl Ester, Hydrochloride (L-NAME) group (L-SSYX-H). The SSYX-L group and SSYX-H group were 
given 0.4 g/kg/d and 1.6 g/kg/d SSYX respectively. The L-SSYX-H group freely ingested animal drinking water 
containing L-NAME while given high-dose SSYX. The control group and model group were given the correspond-
ing amount of CMC-Na according to their weights. Each group was perfused once a day for 8 weeks. All animal 
experiments were approved by the new drug evaluation center of Hebei Yiling Pharmaceutical Research Institute 
Co., Ltd (No. 2021060) and were in accordance with the National Institutes guidelines for the Care and Use of 
Laboratory Animals.

Blood Glucose and Body Weight Measurement
Blood glucose was measured by cutting the tail approximately 1 mm to make the vein blood flow out naturally and then 
discarding the first drop of blood. Blood glucose levels were assessed using a OneTouch Ultra Easy glucose monitoring 
system and test strips. Blood glucose and body weight were measured once a week.

Arrhythmia Induced by Intraperitoneal Injection of Isoproterenol
After the last intragastric administration, six mice in each group were fasted with free access to water for 12 hours and 
intraperitoneally injected with pentobarbital sodium anesthesia. When mice were unresponsive to physical stimuli, 
they were fixed in the supine position. The surface electrocardiogram (ECG) was recorded (LabChart 8, 
ADInstruments, Australia) using subcutaneous needle electrodes attached to mouse limbs. A Powerlab physiological 
recorder was used to collect and analyze the ECG parameters of the mice. After the ECG waveform was running 
stably, isoproterenol was intraperitoneally injected, and then the arrhythmia induction rate and parameter changes in 
each group were calculated.
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Langendorff Heart Preparation and Electrophysiological Studies
Three mice in each group were intraperitoneally injected with heparin sodium (3125 U/kg) and anesthetized by 
intraperitoneal injection of 2% pentobarbital sodium (50 mg/kg) 15 minutes later. The mice were fixed on the experi-
mental platform, and the chest skin was cut open to expose the xiphoid process. Then, the chest was cut open along the 
middle of the left and right costal arches on both sides of the xiphoid process to expose the heart. The heart was lifted 
with tweezers, quickly cut off along the rear of the lung, and then placed in precooled oxygen-containing (95% O2 + 5% 
CO2) Krebs–Henseleit (KH) perfusion solution (KH perfusion fluid composition (mM): 119 NaCl, 25 NaHCO3, 4 KCl, 
1.2 KH2PO4, 1 MgCl2, 1.8 CaCl2 2H2O, and 10 D-glucose). The ventricle was gently pressed with tweezers to discharge 
blood from the aorta to determine the broken end of the aortic root, and then the surrounding excess tissue was cut off. 
The Langendorff perfusion system was started in advance, and the temperature of the perfusion fluid was set to 37 °C. 
Then, the perfusion speed was adjusted to 2 mL/min, and the whole perfusion system was filled with KH perfusion fluid. 
After preparing for perfusion, the perfusion needle was connected to the system, tweezers were used to support the 
broken end of the aorta, quickly connected to the perfusion needle, and fixed for retrograde perfusion, pumping residual 
blood out of the heart and maintaining beating. Two sets of silver bipolar electrodes coated with Teflon were placed on 
the appendages of the right atrium and the left ventricle. Then, the MappingLab matrix multichannel electrophysiological 
mapping system (Electrical Mappinglab 64, England) was used to record signals.

HE and Masson Trichrome Staining
Histopathological examination of myocardial tissues was performed with HE and Masson trichrome staining. The heart 
samples were fixed in 4% paraformaldehyde solution for 24 h, embedded in paraffin and cut into slices of 4 μm. After 
deparaffinization, tissue sections were stained with HE and Masson’s trichrome. The slices were observed under a light 
microscope (Leica Microsystems, Wetzlar, Germany).

Immunofluorescence Double Staining
Heart tissues were sliced into 4 μm sections, which were then paraffin embedded. After conventional dewaxing to water, 
the sections underwent microwave heat repair with EDTA sodium citrate antigen repair solution. After incubation with 
3% hydrogen peroxide solution at 37 °C in the dark for 10 minutes, the sections were washed with PBS and incubated 
with 5% BSA at room temperature for 30 minutes. The tissues were incubated with antibodies against CD31 (Abcam, 
ab281583, 1:500 dilution, UK) and endothelial nitric oxide synthase (eNOS) (Servicebio, GB12086, 1:500 dilution, 
China) overnight at 4 °C. After being washed with PBS, the tissues were incubated with Alexa Fluor 488 (Servicebio, 
GB25303, 1:500 dilution, China) and coralite594 (Proteintech, SA00013-3-100, 1:300 dilution, China) for 1 h at room 
temperature. Images were captured with an inverted laser confocal microscope (ZEISS, LSM710, Germany).

Tyramide Signal Amplification (TSA)
We selected a TSA-compatible double-color immunostaining protocol using primary antibodies from the same host 
species. Microwave heat repair and incubation with 3% hydrogen peroxide solution were the same as before. Sections 
were blocked with 3% BSA for 30 minutes and then incubated with F4/80 (Servicebio, GB113373, 1:400 dilution, China) 
and inducible nitric oxide synthase (iNOS) (Servicebio, GB11119, 1:500 dilution, China) to evaluate macrophage 
polarization. Other sections were incubated with connexin 43 (Cx43) (Proteintech, 26980-1-AP, 1:300 dilution, China) 
and α-actinin (Servicebio, GB111556, 1:500 dilution, China) to assess cardiomyocyte gap junctions. The tissues were 
incubated with TSA-FITC and TSA-CY3 separately and labeled green and red, respectively. Images were captured with 
an inverted laser confocal microscope (ZEISS, LSM710, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA)
The myocardial tissue level of nitric oxide (NO) was examined with an ELISA kit. After thoroughly grinding the tissue, 
the homogenate was extracted by centrifugation at 3000×g at 4 °C for 15 min. The level of NO was detected according to 
the kit instructions.
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Real-Time Quantitative PCR
Total RNA from the hearts was extracted using TRIzol (Solarbio, R1100, China). Conversion to cDNA was performed 
using SweScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (Servicebio, G3337-100, China), and 
2×Universal Blue SYBR Green qPCR Master Mix (Servicebio, G3326-05, China) was used to accomplish DNA template 
amplification. Transcript analysis of genes encoding tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), endothelin- 
1 (ET-1), Kv 4.2, Kv 4.3, Cav 1.2, Nav 1.5, interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), chemokine 
receptor 2 (CCR-2), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was carried out using quantitative real- 
time PCR on an Applied Biosystems 7900HT Fast Real-Time PCR System. The primers were from Servicebio, and their 
sequences are provided in Table 1. Transcript data were normalized to the arithmetic mean of GAPDH and analyzed 
using the threshold cycle (CT) relative quantification method. The mRNA expression levels were quantified using the 
2−ΔΔCT method for comparison. The PCR conditions consisted of an initial denaturing step at 95 °C for 30s, followed by 
40 cycles of 95 °C for 15s and an annealing step at 60 °C for 30s.

Western Blot Analysis
Protein extraction from cardiac tissue was performed using RIPA lysis buffer (Seven Biotech, SW104-01, China). The 
protein concentration was determined by BCA assay (Seven Biotech, SW101-02, China). Sample proteins were then 
separated by Easy PAGE GeL Bis-Tris, 4~20% (Seven Biotech, SW160-12, China) before transferring to a 0.45 μm 
polyvinylidene fluoride (PVDF) membrane (Millipore, America). Immunoblots were blocked with Rapid Blocking 

Table 1 Primers for Real-Time PCR

Gene Primer Sequence (5’ to 3’) bp

GAPDH Forward: CCTCGTCCCGTAGACAAAATG 133
Reverse: TGAGGTCAATGAAGGGGTCGT

TNF-α Forward: CCCTCACACTCACAAACCACC 93
Reverse: CTTTGAGATCCATGCCGTTG

IL-1β Forward: GCATCCAGCTTCAAATCTCGC 256
Reverse: TGTTCATCTCGGAGCCTGTAGTG

ET-1 Forward: GCCACAGACCAGGCAGTTAGAT 206
Reverse: TCCAACCTTCGTAGTTTCCTTCC

Kv 4.2 Forward: AAGTTGCCACCGTCAATCG 206
Reverse: TCGGCTGTTGGATAGTGGAGTT

Kv 4.3 Forward: CAGTCGCTCCAGCCTTAATTTG 187
Reverse: GACGACATTGCTGGTTATGGAAG

Nav 1.5 Forward: ATCGTGCTGAATAAGGGCAAAAC 166
Reverse: CCATGAACACACAGTTGGTTAGGAT

Cav 1.2 Forward: TGTCTGACCCTGAAGAACCCTATC 269
Reverse: CAACCATTGCGGAGGTAAGC

IL-6 Forward: CTGCAAGAGACTTCCATCCAG 131
Reverse: AGTGGTATAGACAGGTCTGTTGG

MCP-1 Forward: TAAAAACCTGGATCGGAACCAAA 120
Reverse: GCATTAGCTTCAGATTTACGGGT

CCR-2 Forward: ATCCACGGCATACTATCAACATC 89

Reverse: TCGTAGTCATACGGTGTGGTG

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNF-α, tumor 
necrosis factor-α; IL-1β, Interleukin-1β; ET-1, endothelin-1; IL-6, Interleukin-6; MCP-1, 
monocyte chemotactic protein-1; CCR-2, chemokine receptor 2.
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Buffer (Seven Biotech, SW162-02, China). Then, the blots were incubated overnight at 4 °C with primary antibodies 
against Zonula occludens-1 (ZO-1) (Proteintech, 21773-1-AP, 1:3000 dilution, China), occludin (Proteintech, 66378-1-lg, 
1:2000 dilution, China), intercellular cell adhesion molecule-1 (ICAM-1) (Abcam, ab282575, 1:1000 dilution, UK), 
vascular cell adhesion molecule-1 (VCAM-1) (Abcam, ab134047, 1:1000 dilution, UK), Cx43 (Proteintech, 26980-1-AP, 
1:2000 dilution, China), eNOS (Servicebio, GB11086, 1:500 dilution, China), MCP-1 (Proteintech, 66272-1-lg, 1:2000 
dilution, China), and GAPDH (Servicebio, GB15004, 1:1000 dilution, China). After washing with TBST, specific 
secondary antibodies were applied for 1 h at room temperature. The blots were again washed sequentially in TBST 
before imaging on the Odyssey CLX Imager Dual-color infrared imaging (LI-COR) system. The amount of protein on 
the immunoblots was quantified using ImageJ software, and the expression level of each protein was normalized to that 
of GAPDH.

Statistical Analysis
All statistical analyses were performed using SPSS version 26.0 software. Arrhythmia inducibility was analyzed using 
Fisher’s exact test. Comparisons between groups were performed with ANOVA, and the least significant difference 
method was used for post hoc multiple comparisons. Data are expressed as the mean ± SD. A P value<0.05 was 
considered statistically significant.

Results
Changes in Weight and Blood Glucose
As shown in Figure 1, body weight and blood glucose were higher in db/db mice, and they did not change significantly 
after treatment with SSYX (P < 0.05).

SSYX Reduced Arrhythmia Susceptibility in db/db Mice
Intraperitoneal injection of isoproterenol was used to assess arrhythmia susceptibility in each group. As shown in Figure 2, 
the model group was highly susceptible to induced arrhythmia in comparison to the control group and showed typical 
arrhythmic electrocardiogram expressions. SSYX reduced the arrhythmia susceptibility of db/db mice. However, the effect 
of SSYX was antagonized by L-NAME.

ECG Parameters at Baseline and After Intraperitoneal Injection of Isoproterenol
As shown in Figure 3, the PR interval, RR interval, P-wave duration, QT interval, and QTc duration were prolonged in 
the model group in comparison to the control group (P<0.05 or P<0.01). Compared with the model group, the above 
parameters were shortened in the SSYX-L and SSYX-H groups (P < 0.05 or P < 0.01).

Figure 1 Body weight and blood glucose in each group. (A) Db/db mice put on body weight. (B) Db/db mice have elevated blood glucose. Values measured are presented as 
the mean ± SD (n = 10). *P < 0.05 vs control group.
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As shown in Figure 4, the heart rate in each group increased after the intraperitoneal injection of isoproterenol. 
Compared with the control group, the PR interval, RR interval, P-wave duration, QT interval, and QTc interval were 
prolonged in the model group (P < 0.05 or P < 0.01). Compared with the model group, the above parameters were 
shortened in the SSYX-H group (P < 0.05 or P < 0.01).

Electrophysiological Changes in Isolated Hearts
Figure 5 illustrates the conduction direction and time in the atrium and ventricle. The model group and the L-SSYX-H group 
showed irregular conduction direction and prolonged conduction time (P < 0.01). The SSYX-H group showed a regular 
conduction direction and shortened conduction time compared to the model group and the L-SSYX-H group (P < 0.01).

Figure 2 Typical electrocardiogram expressions before and after intraperitoneal isoprenaline and arrhythmia susceptibility in each group. (A) Typical electrocardiogram 
expressions before and after intraperitoneal isoprenaline in each group. (B) Arrhythmia induction rate in each group (n = 6).
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SSYX Administration Affects the Ion Channel mRNA Expression
As shown in Figure 6, Kv 4.2, Kv 4.3, Cav 1.2, and Nav 1.5 mRNA expression levels were reduced in the model group 
and the L-SSYX-H group compared with those in the control group (P < 0.05 or P < 0.01). Compared with the model 
group, Kv 4.2, Kv 4.3, Cav 1.2, and Nav 1.5 mRNA expression levels were upregulated in the SSYX-H group (P < 0.05 
or P < 0.01).

SSYX Improved the Gap Junction of Myocardial Cells and Upregulated the Protein 
Expression of Cx43
As shown in Figure 7A, the Cx43 and α-actinin connection structure was chaotic in the model group and L-SSYX-H 
group, while in the SSYX-L group and the SSXY-H group, it was clear, and Cx43 was located around α-actinin. As 
shown in Figure 7B, the protein expression of Cx43 was reduced in the model group and the L-SSYX-H group compared 
with the control group (P < 0.05 or P < 0.01). Compared with that in the model group, the protein expression of Cx43 
was upregulated in the SSYX-L group and the SSYX-H group (P < 0.01). Compared with that in the SSYX-H group, the 
protein expression of Cx43 was reduced in the L-SSYX-H group (P < 0.01).

SSYX Improved the Cardiac Tissue Inflammatory Response and Collagen Fiber 
Deposition
As shown in Figure 8A, the results of HE staining showed a typical myofibrillar structure in the control group, while the 
model group and the L-SSYX-H group showed infiltration of inflammatory cells and some cardiomyocytes with swelling 

Figure 3 ECG parameters at baseline in each group. (A) The heart rate, (B) PR interval, (C) RR interval, (D) P duration, (E) QT interval, and (F) QTc interval in each 
group. Values measured are presented as the mean ± SD (n = 6). **P < 0.01 vs control group. *P < 0.05 vs control group. ##P < 0.01 vs model group. #P < 0.05 vs model 
group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Abbreviations: n.s, no statistical significance.
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and disorganized myofibrillar arrangement. Compared with the model group, inflammatory cell infiltration and cardio-
myocyte swelling were lower in the SSYX-L group and SSYX-H group.

In Figure 8B, Masson staining shows that collagen fibers were deposited in the model group and the L-SSYX-H 
group. The SSYX-L group and the SSYX-H group showed reduced collagen deposition compared with the model group.

SSYX Improved Endothelium Dysfunction in db/db Mice
As shown in Figure 9A–C, Western blot results indicated that the protein expression levels of ZO-1, eNOS, and occludin 
were reduced in the model group and the L-SSYX-H group compared with the control group (P < 0.05 or P < 0.01). 
Compared with the model group, the protein expression levels of ZO-1, eNOS and occludin were upregulated in the 
SSYX-L group and the SSYX-H group (P < 0.05 or P < 0.01). As shown in Figure 9D, ET-1 mRNA expression was 
upregulated in the model group and the L-SSYX-H group compared with the control group (P < 0.01). Compared with 
the model group, ET-1 mRNA expression was reduced in the SSYX-L group and the SSYX-H group (P < 0.01). As 
shown in Figure 9E, the NO content was reduced in the model group and the L-SSYX-H group compared with the 
control group (P < 0.05). Compared with the model group, the NO content was upregulated in the SSYX-H group (P < 
0.01). Next, we observed, as shown in Figure 9F, that the fluorescence densities of eNOS and CD31 in the model group 
and L-SSYX-H group were decreased when compared with those in the control group, while in the SSYX-L group and 
SSYX-H group, they were increased when compared with those in the model group.

Figure 4 ECG parameters after intraperitoneal injection of isoproterenol in each group. (A) The heart rate, (B) PR interval, (C) RR interval, (D) P duration, (E) QT 
interval, and (F) QTc interval in each group. Values measured are presented as the mean ± SD (n = 6). **P < 0.01 vs control group. *P < 0.05 vs control group. ##P < 0.01 vs 
model group. #P < 0.05 vs model group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Abbreviations: n.s, no statistical significance.
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SSYX Reduced Inflammatory Cytokine Secretion and Macrophage Polarization
As shown in Figure 10A–C, the protein expression levels of ICAM-1, VCAM-1, and MCP-1 were higher in the model 
group and the L-SSYX-H group compared with those in the control group (P < 0.01). Compared with the model group, 
the protein expression levels of ICAM-1, VCAM-1, and MCP-1 were decreased in the SSYX-L group and the SSYX-H 
group (P < 0.05 or P < 0.01). As shown in Figure 10D–H, MCP-1, IL-1β, TNF-α, CCR-2, and IL-6 mRNA expression 
levels were upregulated in the model group and the L-SSYX-H group compared with those in the control group (P < 0.05 
or P < 0.01). Compared with the model group, MCP-1, IL-1β, TNF-α, CCR-2, and IL-6 mRNA expression levels were 
reduced in the SSYX-H group (P < 0.05 or P < 0.01). Next, we observed, as shown in Figure 10I, that the fluorescence 
densities of F4/80 and iNOS in the model group and the L-SSYX-H group were increased when compared with those in 

Figure 5 Conduction direction and time of isolated heart measured by electrical mapping. (A) Conduction direction of atrium and ventricle in each group. (B) Atrial 
conduction time and (C) ventricular conduction time in each group. Values measured are presented as the mean ± SD (n = 3). **P < 0.01 vs control group. ##P < 0.01 vs 
model group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Abbreviations: n.s, no statistical significance.
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the control group, while in the SSYX-L group and SSYX-H group, they were decreased when compared with those in the 
model group.

Discussion
The present study investigated the effect of SSYX on the arrhythmia susceptibility of db/db mice. In this study, we found 
that SSYX reduced arrhythmia susceptibility and improved abnormal ECG parameters in db/db mice. Electrical mapping 
showed that SSYX restored irregular cardiac conduction direction and shortened conduction time in db/db mice. We also 
observed that SSYX improved the gap junction structure of cardiomyocytes and decreased the deposition of collagen 
fibers in cardiac tissues of db/db mice. Furthermore, we found that SSYX decreased inflammatory cell infiltration in 
cardiac tissues and inhibited the secretion of inflammatory cytokines and macrophage polarization. We further confirmed 
the endothelial protective effect of SSYX on db/db mice, which contributed to its effects of inhibiting the inflammatory 
response and decreasing arrhythmia susceptibility.

The db/db mouse is a common model of diabetes because it has leptin receptor deficiency. This study showed that 
after stimulation with isoproterenol, db/db mice developed sinus node dysfunction, which triggered arrhythmia.27 

Another study demonstrated that db/db mice exhibited increased susceptibility to atrial fibrillation, which is associated 
with electrical and structural remodeling of the atria.28 Our study showed that db/db mice were more likely to develop 
arrhythmia after intraperitoneal injection of isoproterenol. SSYX significantly reduced the arrhythmia susceptibility and 
shortened the PR interval, RR interval, P duration, QT interval, and QTc interval in db/db mice. Electrical mapping 
showed that SSYX restored the atrial and ventricular irregular conduction direction and shortened the conduction time in 
db/db mice. We also observed that SSYX increased the mRNA expressions of Kv 4.2, Kv 4.3, Cav 1.2, and Nav 1.5. 

Figure 6 Effects of SSYX on the mRNA expression of Kv 4.2, Kv 4.3, Cav 1.2, and Nav 1.5. (A) Kv 4.2, (B) Kv 4.3, (C) Cav 1.2, and (D) Nav 1.5 mRNA expression levels 
were normalized to the arithmetic mean of GAPDH and analyzed using the threshold cycle (CT) relative quantification method. The mRNA expression levels were quantified 
using the 2−ΔΔCT method for comparison. Values measured are presented as the mean ± SD (n = 3). **P < 0.01 vs control group. *P < 0.05 vs control group. ##P < 0.01 vs 
model group. #P < 0.05 vs model group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Abbreviations: n.s, no statistical significance.
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Figure 7 Effects of SSYX on the gap junction of myocardial cells and the protein expression of Cx43. (A) Representative images of immunofluorescence double staining for 
each group, α-actinin, Cx43, and DAPI were marked in red, green, and blue respectively (200 ×). (B) The protein expression of Cx43. Values measured are presented as the 
mean ± SD (n = 3). **P < 0.01 vs control group. *P < 0.05 vs control group. ##P < 0.01 vs model group. $$P < 0.01 vs SSYX-H group. 
Note: 1: control, 2: model, 3: SSYX-L, 4: SSYX-H, 5: L-SSYX-H.
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Figure 8 Effects of SSYX on histopathological changes of the heart observed by HE and Masson staining (200 ×). (A) Representative images of HE staining for each 
group. (B) Representative images of Masson staining for each group. (C) The myocardial collagen volume fraction of Masson staining. Values measured are presented as the 
mean ± SD (n = 3). **P < 0.01 vs control group. ##P < 0.01 vs model group. #P < 0.05 vs model group. $$P < 0.01 vs SSYX-H group.
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Further pathological detection revealed that SSYX reduced cardiac collagen fiber deposition in db/db mice, which may 
be one of the mechanisms through which SSYX improves cardiac conduction and reduces arrhythmia susceptibility.

Previous research reported myocardial microcirculation dysfunction in organic heart diseases, and arrhythmia was 
often one of the concomitant clinical features.29 Microcirculation dysfunction can affect endothelial cell function and 
further promote inflammation. The experiment reported that SSYX could ameliorate myocardial microcirculation 
dysfunction in rabbits with chronic myocardial infarction and protect endothelial cell function.18 To verify whether 
SSYX reduced arrhythmia susceptibility in db/db mice by protecting endothelial cell function, we selected L-NAME as 
an endothelial cell protection inhibitor. L-NAME is a competitive inhibitor of nitric oxide synthase; thus, it blocks NO 
production. NO is an endothelial relaxing factor and plays an important role in protecting endothelial cells. Our results 
showed that the therapeutic effect of SSYX was blocked by L-NAME, which indicated that SSYX reduced arrhythmia 
susceptibility in db/db mice by protecting endothelial cell function.

To further assess the extent of endothelial injury in db/db mice, we detected related indices of endothelial cell 
function in cardiac tissues. Tight junctions are an important component of endothelial barriers. Occludin is one of the 
essential ingredients of tight junctions. ZO-1 is one of the binding partners of occludin, and previous findings clarified 
that ZO-1 establishes a link between occludin and the actin cytoskeleton.30 It has been reported that inflammatory 
diseases, such as diabetes, are associated with tight junction disruption and alterations in the regulation of occludin.31 Our 
study results showed that SSYX promoted the protein expression of ZO-1 and occludin in db/db mice, which supported 
the above findings and reflected impaired endothelial barrier function in db/db mice. ENOS can oxidize the terminal 
guanidine nitrogen atom of L-arginine to NO, and NO is an endothelial-derived relaxation factor.32 ET-1 is known as a 

Figure 9 Continued.
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potent vasoconstrictor that can stimulate leukocyte adhesion and recruitment. Our study found that SSYX improved the 
protein expression of eNOS and the NO level in cardiac tissue and decreased ET-1 mRNA expression in db/db mice. This 
finding demonstrated that SSYX restored the balance between endothelial-derived vasodilators and vasoconstrictors in 
db/db mice to protect endothelial cell function.

Figure 9 Effects of SSYX on the protein expression of ZO-1, eNOS, occludin, the mRNA expression of ET-1, NO content, and the expression of CD31 and eNOS 
observed by immunofluorescence double staining in the heart tissue. The protein expression of (A) ZO-1, (B) eNOS, and (C) occludin in each group. (D) The ET-1 mRNA 
expression in each group. (E) The NO content in each group. (F) Representative images of immunofluorescence double staining for each group. ENOS, CD31, and DAPI 
were marked in red, green, and blue respectively. The overlap parts of CD31 and eNOS were marked in yellow (200×). Values measured are presented as the mean ± SD (n 
= 3). **P < 0.01 vs control group. *P < 0.05 vs control group. ##P < 0.01 vs model group. #P < 0.05 vs model group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Note: 1: control, 2: model, 3: SSYX-L, 4: SSYX-H, 5: L-SSYX-H.
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Endothelium dysfunction is a critical event in vascular inflammation. It is partially characterized by increased surface 
expression of adhesion molecules.33 In our study, the protein expression of ICAM-1 and VCAM-1 increased in db/db 
cardiac tissue, and SSYX reduced their expression. Through pathological examination of the heart, we found inflam-
matory cell infiltration in the hearts of db/db mice. Activation of macrophages plays an important role in inflammation.34 

M1 macrophages produce proinflammatory cytokines, such as iNOS, TNF-α, MCP-1, and IL-1β.35 Our study results 
showed that SSYX decreased the protein expression of MCP-1 and the mRNA expression of TNF-α, IL-1β, IL-6, 
MCP-1, and CCR-2. Immunofluorescence showed that SSYX reduced the fluorescence density of F4/80 and iNOS in the 
cardiac tissue of db/db mice. Resident macrophages can promote cardiac electrical conduction by forming gap junctions 
with cardiomyocytes.11 Previous studies have shown that macrophage polarization can affect the gap junction structure of 
cardiomyocytes, resulting in arrhythmia.12 Cx43 is a major component of the gap junction of cardiomyocytes. It can 
facilitate low resistance communication and rapid action potential transmission between adjacent cardiac cells.36 

α-Actinin is the structural protein of sarcomeres, which can stabilize electrical signals between cardiomyocytes and 
promote the synchronous contraction of cardiomyocytes.37 The expression of α-actinin and Cx43 in cardiac tissue can 
reflect changes in the structural characteristics of cardiomyocytes. In our study, SSYX increased the protein expression of 
Cx43 and restored the structural position between Cx43 and α-actinin in db/db mice, which might be one of the reasons 
for its antiarrhythmic effect.

Conclusion
This study found that SSYX reduced arrhythmia susceptibility and improved electrophysiological abnormalities in db/db 
mice. Meanwhile, SSYX improved the cardiac tissue inflammatory response and collagen fiber deposition. Further 
analysis revealed that SSYX inhibited inflammatory factor release and macrophage polarization, and SSYX also 
improved endothelial cell function. Simultaneously, SSYX restored the structure between cardiomyocytes and gap 
junctions. These effects of SSYX were offset by L-NAME. Collectively, these results indicate that the effect of SSYX 
is exerted by protecting the function of endothelial cells.

Figure 10 Continued.
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Figure 10 Effects of SSYX on the protein expression of ICAM-1, VCAM-1, MCP-1, the mRNA expression of MCP-1, IL-1β, TNF-α, CCR-2, IL-6, and the expression of 
iNOS and F4/80 observed by immunofluorescence double staining in the heart tissue. The protein expression of (A) ICAM-1, (B) VCAM-1, and (C) MCP-1 in each group. 
The mRNA expression of (D) MCP-1, (E) IL-1β, (F) TNF-α, (G) CCR-2, (H) IL-6 in each group. (I) Representative images of immunofluorescence double staining for each 
group. INOS, F4/80, and DAPI were marked in red, green, and blue respectively (200 ×). Values measured are presented as the mean ± SD (n = 3). **P < 0.01 vs control 
group. *P < 0.05 vs control group. ##P < 0.01 vs model group. #P < 0.05 vs model group. $$P < 0.01 vs SSYX-H group. $P < 0.05 vs SSYX-H group. 
Note: 1: control, 2: model, 3: SSYX-L, 4: SSYX-H, 5: L-SSYX-H.
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