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Abstract: Calcium/calmodulin-dependent protein kinase I (CaMKII) is critical for regulating cardiac
electrophysiological functions. Research has shown that Yangxin Dingji capsule (YXDJ) significantly
inhibits ventricular arrhythmia (VA). However, it is unclear whether YXDJ inhibits VA by regulating
CaMKII. The aim of the present study was to elucidate the effects of YXDJ on the expression of
CaMKII and sarco/endoplasmic reticulum Ca’* ATPase 2 (SERCA2) and clarify the molecular
mechanism by which YXDJ inhibits VA. Sixty healthy Sprague—Dawley rats were randomly divided into
control, model, Propranolol, and YXDJ low-, medium- and high-dose groups and administered the
corresponding treatment. The VA model was constructed by the isoproterenol hydrochloride (ISO)
“6+1" method. Changes in the electrocardiograms of the rats were recorded, and pathomorphological
changes were observed via hematoxylin—eosin staining. Enzyme-linked immunosorbent assays were
used to measure cardiac troponin I, tumor necrosis factor-a, interleukin-1p, interleukin-6, and
myocardial Ca*" levels and CaMKII activity. An automatic biochemical analyzer was used to measure
the malondialdehyde, nitric oxide, and reduced glutathione levels and superoxide dismutase activity.
Quantitative real-time polymerase chain reaction (PCR) was performed to detect SERCA2 and
CaMKII gene expression, whereas the expression of CaMKII, phosphorylated phospholamban (P-PLB)
and SERCA2 was evaluated via Western blotting. YXDJ was found to improve cardiac hypertrophy,
reduce the incidence of VA, and protect cardiac tissue by alleviating inflammation and reducing
oxidative stress levels in the body. The ISO-induced increases in CaMKII activity, CaMKII mRNA and
protein expression, P-PLB protein expression and Ca’" levels and decreases in SERCA2 mRNA and
protein expression were effectively counteracted by YXDJ. YXDJ alleviated VA by reducing CaMKII
expression and activating SERCA2, thereby reducing the Ca®" load.

Keywords: calcium/calmodulin-dependent protein kinase II; sarco/endoplasmic reticulum Ca**
ATPase 2; Yangxin Dingji capsule; ventricular arrhythmia; isoproterenol

1. Introduction

Ventricular arrhythmia (VA) is a common clinical condition that originates from the ventricle and
does not include any myocardial tissue above the His bundle. VA is associated with high morbidity and
mortality!!! and includes ventricular premature beat (VP), ventricular tachycardia (VT) and ventricular
fibrillation (VF). Epidemiological analysis has shown that 17 million people die of cardiovascular
diseases worldwide each year, including 8.5 million who die from sudden cardiac death (SCD);
additionally, 85% of SCD cases are caused by VA, particularly VT?31. Clinical VT treatments include
drug therapy, and although drug therapy has shown considerable effects, it also has limitations, such as
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cardiotoxicity and potentially arrhythmogenic effects, which greatly limit its clinical application.
Therefore, new and effective drugs urgently need to be developed.

Isoproterenol hydrochloride (ISO) is a nonselective sympathomimetic catecholamine B-adrenergic
receptor agonist that is often used to induce VA because it has positive inotropic, chronotropic, and
dromotropic effects on myocardial tissuel*. As a key molecule downstream of ISO,
calcium/calmodulin-dependent protein kinase II (CaMKII) is a multifunctional serine/threonine kinase
that is widely involved in physiological processes, such as cardiac excitation—contraction coupling,
excitation—transcription coupling and the mitochondrial function regulation, and is critical in regulating
cardiac electrophysiological functions!>®,

The main active components of Yangxin Dingji capsule (YXDJ) include cinnamaldehyde,
ginsenoside, Ophiopogon, and glycyrrhizic acid, which have beneficial effects on nourishing blood and
restoring the pulse to prevent palpitation; thus, YXDJ has become a commonly used antiarrhythmic
drug in clinical practice”®. Previous studies have shown that YXDJ significantly inhibits
arrhythmias!®!%l. Recent studies have shown the clear correlation between excessive CaMKII activation
and the occurrence of VTI®l. Additionally, oxidative stress induced by ISO can activate CaMKII via
oxidation of methionines 281/282 (Met281/282), resulting in VA, However, whether YXDJ
regulates CaMKII to inhibit VA and the mechanism by which YXDJ inhibits VT are unknown.

2. Materials and Methods
2.1 Animals

Specific pathogen-free (SPF) Sprague—Dawley rats weighing 100+150 g were purchased from
Liaoning Changsheng Biotechnology Co., Ltd. (animal production license number: SCXK (Liao) 2020-
0001; laboratory animal quality certificate: no. 210726200100262237). The experimental animals were
kept in the Animal Laboratory of Hebei College of Traditional Medicine for one week at a temperature
of 204+2°C with free access to food and water.

2.2 Drugs

YXDJ (06716120141) was purchased from Sinopharm Holding Group Hebei Yongfeng
Pharmaceutical Co., Ltd. Propranolol hydrochloride (E181234) was obtained from Jiangsu Yabang
Epson Pharmaceutical Co., Ltd. Physiological saline (2007032007) was obtained from Shijiazhuang
Siyao Co., Ltd. Sodium pentobarbital (Y0002194) was obtained from Sigma—Aldrich. ISO (I5627) and
sodium pentobarbital (Y00021947) were procured from Sigma—Aldrich.

2.3 Reagents

Malondialdehyde (MDA; A003-1), superoxide dismutase (SOD; A001-3), nitric oxide (NO; A012-
1) and glutathione (GSH; A006-2-1) detection kits were purchased from Nanjing Jiancheng Biological
Co., Ltd. Ca*" (C004-2-1), interleukin-6 (IL-6), interleukin-1B (IL-1pB) and tumor necrosis factor alpha
(TNF-a)) detection kits were purchased from Beijing Xinbosheng Biotechnology Co., Ltd. The CaMKII
kit (Cat# CY-1173) was obtained from CycLex (Japan). The phosphorylated phospholamban (P-PLB)
primary antibody (P26678) was obtained from Cell Signaling Technology. Sarco/endoplasmic
reticulum calcium-ATPase 2 (SERCA2; ab150435) and troponin (cTnl; ab256429) primary antibodies
were obtained from Abcam. The CaMKII (ab52476) primary antibody was obtained from Abcam. Goat
anti-rabbit IgG (IRDyeoR 800CW) secondary antibody was obtained from LI-COR (USA) RNA was
extracted (G3013) by Servicebio.

2.4 Instruments

A physiological function experimental system (BL-420F) was purchased from Chengdu Taimeng
Software Co., Ltd. Additionally, a refrigerated high-speed centrifuge (Fresco 21, Thermo Fisher
Scientific, China), a fluorescence quantitative polymerase chain reaction (PCR) instrument (CFX, Bio-
Rad), an UltraMicro spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific), a high-speed
refrigerated microcentrifuge (D3024R, DragonLab), a pathology graphic analysis system (DP72CCD,
BX53 microscope, Olympus, Japan), and an infrared laser scanner (9141-00, Gene Company Ltd.)
were used.
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2.5 Dosing regimen

The content of YXDJ in each capsule was 0.5 g. The daily dosage of YXDJ for adult humans is 6—8
g. Thus, considering a conversion factor of 0.018, the daily dosage for rats would be 0.54-0.72 g/kg. In
this study, low, medium and high doses (0.5 g/kg, 1.0 g/kg and 2.0 g/kg) of YXDJ were administered
to the rats. Additionally, the daily dosage of propranolol hydrochloride for adult humans is 30—120 mg,
which is equivalent to a dosage of 2.7-10.8 mg/kg for rats. In accordance with the literature, the dosage
of propranolol hydrochloride used in this study was 15 mg/kg!'>!31.

2.6 Experimental grouping and model preparation

Sixty rats (weighing 100-150 g) were randomly divided into the control group and the following
experimental groups: model, Propranolol, and YXDJ low-, medium- and high-dose groups, with 10 rats
in each group. The low-, medium- and high-dose groups were given YXDJ at dosages of 0.5 g/(kg-d),
1.0 g/(kg-d) and 2.0 g/(kg-d), respectively. The rats in the Propranolol group were given propranolol
hydrochloride at a dosage of 15 mg/(kg-d), and the control and model rats were given equal volumes of
normal saline. The experimental period lasted 7 days, during which all the groups were administered
the indicated treatments intragastrically. In addition, animal health and behavior were monitored daily
and changes in body weight (BW) were measured every other day, and the dosage was adjusted as
necessary.

In accordance with the study by Guo Z, a rat model of VA was constructed by injecting ISO in a
"6+1" manner'. Briefly, ISO was injected subcutaneously at a dosage of 5 mg/(kg-d) for 6
consecutive days, and on the 7th day, ISO (3 mg/kg) was injected intraperitoneally to induce VA. After
accurately measuring the body BWs of the rats, the rats were anesthetized via the intraperitoneal
injection of 2% sodium pentobarbital (40 mg/kg). Lead II ECG was subsequently performed, and the
results were recorded for 1 hi'*l. Moreover, ISO was administered to induce VA, and ISO was
administered 2 hours after intragastric administration!'®!. Finally, the dosage was adjusted according to
the change in BW.

VT was defined as a sequence of a minimum of 4 consecutive VPs!!”). Nonsustained ventricular
tachycardia (NSVT) was defined as at least six but fewer than 15 nondriven consecutive VPs (6 < VP <
15). Ventricular tachycardia with 15 or more VPs (VP > 15) was defined as sustained ventricular
tachycardia (SVT)!'®]. The arrhythmia score (severity) was assigned on the basis of the basic rating
system, as follows: 0, no arrhythmia; 1, single VP; 2, two VPs; 3, three VPs or NSVT; 4, SVT; and 5,
death['418],

While still under anesthesia and after ECG monitoring was completed, Blood was collected from
the SD rats via the femoral artery, the hearts were removed, and the rats were pronounced dead.

2.7 Calculation of the heart weight index (HWI)

Each heart was rinsed with 0.9% normal saline and weighed (HW). Then, the HWI was calculated
as the ratio of HW to BW.

2.8 Measurement of serum cTnl levels

The blood was at room temperature for 2 hours and then centrifuged at 3000 rpm for 15 minutes at
4°C to obtain the supernatant (serum), which was frozen at -80°C. Serum samples were analyzed in
strict accordance with the instructions of the cTnl detection kit provided by Abcam. The absorbance of
each serum sample was measured, and these values were converted to expression levels.

2.9 Detection of oxidative stress and inflammatory factors in the serum

The contents of SOD, MDA, NO and GSH in the separated serum were detected with an automatic
biochemical analyzer, and the absorbance of each serum microplate measured, and these values were
converted to expression levels. Serum samples were subjected to enzyme-linked immunosorbent assays
(ELISAs) using the double antibody sandwich method according to the instructions of the IL-6, IL-1B
and TNF-a detection kits provided by Beijing Xinbosheng Technology Co., Ltd. The absorbance of
each serum sample was measured, and these values were converted to expression levels.
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2.10 Pathological changes in myocardial tissue observed via hematoxylin—eosin (HE) staining

The obtained myocardial tissue sections were immediately cleaned with normal saline, fixed in 10%
neutral buffered formalin, embedded in paraffin, dehydrated with alcohol, sliced, and stained with HE.
The pathological changes and inflammatory cell infiltration in the myocardial tissue were observed
under a high-power microscope.

2.11 Measurement of Ca’* levels in myocardial tissue

First, 100 mg of ventricular tissue was accurately weighed, physiological saline was added at a
weight (g): volume (ml) ratio of 1:4, and the sample was mechanically homogenized in an ice—water
bath. The sample was subsequently centrifuged for 15 minutes at 12000 rpm, after which the 25% of
the supernatant was stored at -80°C. The Ca*" content in the tissue supernatant was determined by
measuring the absorbance of each tissue supernatant sample in a microplate.

2.12 Measurement of CaMKII activity in cardiomyocytes

An ELISA was used to examine the tissue supernatant samples according to the instructions of the
CaMKII detection kit (CycLex, Japan). The absorbance of each tissue supernatant sample was
measured and converted to CaMKII activity.

2.13 Detection of CaMKII, P-PLB, and SERCA?2 protein expression in cardiomyocytes by Western
blotting

Rat left ventricle tissue was added to an equal amount of a mixture containing protease inhibitors,
phosphatase inhibitors and RIPA lysis solution (strong) for 30 min of incubation before centrifugation
at 12,000 rpm for 20 min at 4°C. The supernatant was collected, and the proteins in the supernatant
were quantified with a BCA kit. Next, the proteins were subjected to a 5% concentrated gel and 10%
and 12% separation gels before being transferred to PVDF membranes for 25-35 min at a constant
voltage of 25 V. Then, 5% and 15% skim milk, prepared in TBST, were added to the membrane for
incubation at room temperature for 60 min. Subsequently, CaMKII, P-PLB (1:1000), SERCA2 (1:5000)
and GAPDH (1:3000) primary antibodies were added, and the membranes were incubated overnight at
4°C. The next day, the membrane was washed 3 times with TBST for 8 min each time, incubated with
IRDye-labeled secondary antibodies (1:10000) for 60 min at room temperature, and washed 3 times
with TBST for 8 min each time. Then, ImageJ software was used to analyze and measure the gray
values of the bands using GAPDH as the internal reference.

2.14 Detection of CaMKII) and SERCA?2 expression in myocardial tissue via real-time PCR

The extracted RNA was reverse transcribed into cDNA and amplified. Each PCR (20 uL) was
performed under the following conditions: predenaturation at 95°C for 2 min; two-step annealing
(95°C for 10 s, 60°C for 1 min) for 44 cycles; and extension at 95°C for 15 s, 60°C for 60 s, and 95°C
for 15 s. After amplification, the Cq values were obtained for the target gene and internal reference
gene GAPDH, and ACq was calculated by subtracting the Cq value of the internal reference gene
(GAPDH) from the Cq value of the target gene. Then, the formula Q=2-"C4 was used to calculate the Q
value of each target gene, and subsequently, the mean Q value. Finally, for each target gene, the ratio
of Q value/mean Q value was calculated to give the relative quantitative value (RQ value) of the target
gene, which was used for statistical analysis.

Gene Sequence (5'-3")
GAPDH Forward CTGGAGAAACCTGCCAAGTATG
Reverse GGTGGAAGAATGGGAGTTGCT
SERCA2 Forward AAGCATACTGACCCTGTCCCTG
Reverse CCACCACCACTCCCATAGCTT
CaMKII$ Forward CAAACTACTGTAATCCACAACCCTG
Reverse CGTGTAAGCCTCGAAGTCCC
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2.15 Statistical analysis

Parametric statistical tests were used for data analysis, and the results are presented as the means +
SDs. SPSS 21.0 statistical software was used for data analysis. One-way analysis of variance was used
to compare the differences among groups. Tukey’s test was used for comparisons between two groups,
while the Kruskal-Wallis H rank test was used for statistical analysis of the arrhythmia score (severity).
P<0.05 was considered to indicate a significant difference.

3. Results
3.1 General condition of the rat

Compared with those in the control group, the rats in the model group exhibited decreased food and
water intake, a slower rate of weight increase, and a weakened response. Compared with those in the
model group, the rats in the Propranolol group displayed increased food and water intake and quality
and enhanced responses. None of the rats in the control group or Propranolol group died, whereas three
rats in the model group died. None of the rats in any of the groups died within the first 6 days. However,
on the 7th day, when lead II ECG was performed, three rats died in the model group, two died in each
the YXDJ low- and medium-dose groups, and one died in the YXDJ high-dose group. All of these rats
died of VF.

3.2 HWIs in each group

Compared with that in the control group, the HWI in the model group was significantly greater
(P<0.01). Additionally, compared with that in the model group, the HWIs in the experimental groups
were significantly lower (P<0.01 or P<0.05) (see Table 1).

Table 1: Effects of YXDJ on the HWIs of rats in different groups (means =+ SDs)

Group BW HW HWI
Control 221.90+15.67 0.774+0.069 0.349+0.020
Model 222.86+14.84 1.130£0.104** 0.506+£0.015**
Propranolol 229.30+12.04 0.973+0.044% 0.425+0.014%
YXDJ low 233.00+9.20 1.109+0.042 0.475+0.013*
YXDJ medium 235.38+11.96 1.065+0.064 0.454+0.023%
YXDIJ high 229.89+10.30 0.993+0.067% 0.432+0.016%

The data are presented as the means + standard errors of the means. **P<0.01 comparing the control
group with the model group; #P<0.05, ##P<0.01 comparing the experimental groups with the model
group.

3.3 Arrhythmia scores (severity) in each group

The arrhythmia score (severity) in the model group was significantly greater than that in the control
group (P<0.01). Compared with that in the model group, the arrhythmia score (severity) in the
Propranolol group was significantly lower (P<0.05) but the arrhythmia scores (severity) in the YXDJ
low-, medium- and high-dose groups were not significantly lower (P>0.05) (see Table 2).
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Table 2: Comparison of the arrhythmia scores (severity) of each group

Group one | VPB double three VPBs or SVT death Total
VPBs NSVT score
Control 8 2 2
Model 1 6 3 42%*
Propranolol 2 1 1 2 4 25%
YXDJ low 2 6 2 40
YXDJ medium 1 1 2 4 2 29
YXDJ high 1 2 1 1 4 1 28

Notes: 0, no arrhythmia; 1, single VP; 2, two VPs; 3, three VPs or NSVT; 4, SVT; and 5, death.
**P<().01 control group vs. the model group; “P<0.05 experimental groups vs. the model group.

3.4 Incidence of VA in each group

Compared with those in the control group, the VT and VP incidence rates in the model group were
significantly greater (P<0.01). However, compared with those in the model group, the VT and VP
incidence rates in the Propranolol and YXDJ high-dose groups were significantly lower (P<0.05), but

the VT and VP incidence rates in the YXDJ low- and medium-dose groups were not significantly lower
(P>0.05) (see Figure 1).
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Figure 1: Incidence of VA in each group. The control rats had normal electrocardiograms. The
electrocardiograms of the rats in the model group revealed mainly VT. of the electrocardiograms of the
rats in the Western medicine and experimental groups revealed significant improvements in VT severity,

and some of the rats showed normal performance. The incidence rates of VT in the control, model,
Propranolol, and YXDJ low-, medium- and high-dose groups were 0%, 100%, 40%, 87.5%, 50% and
44.4%, respectively; and the incidence rates of VP in the control, model, Propranolol, YXDJ low-,
medium- and high-dose groups were 0%, 100%, 50%, 87.5%, 75% and 66.7%, respectively.

3.5 Myocardial injury in each group

Compared with that in the control group, the cTnl level in the model group was significantly greater
(P<0.01), whereas compared with that in the model group, the cTnl levels in the Propranolol and
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YXDJ medium- and high-dose groups were significantly lower (P<0.01 or P<0.05) (see Figure 2).
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Figure 2: Myocardial injury in each group. **P<0.01 control group vs. the model group; "P<0.05 and
#P<(.01 experimental groups vs. the model group.

3.6 Oxidative stress levels in each group

Compared with those in the control group, in the model group, the SOD and GSH levels were
significantly lower (P<0.01), and the MDA and NO levels were significantly greater (P<0.01).
Furthermore, compared with those in the model group, Propranolol and YXDJ high-dose groups, the
levels of SOD and GSH were significantly greater (P<0.01), and the levels of MDA and NO
significantly lower (P<0.05 or P<0.01). The levels of these four indexes also changed in the YXDJ
medium- and low-dose groups (see Figure 3).
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Figure 3: Levels of oxidative stress indicators in rat serum. **P<0.01 control group vs. the model
group; *P<0.05 and #P<0.01 experimental groups vs. the model group.

3.7 Expression of inflammatory factors in each group

Compared with those in the control group, the levels of TNF-a, IL-6 and IL-1p in the model group
were significantly greater (P<0.01). Additionally, compared with those in the model group, the levels
of these three indexes in the Propranolol group were significantly lower (P<0.01 or P<0.05), whereas
the levels of IL-6 and IL-1B in the YXDJ medium- and high-dose groups were significantly lower
(P<0.01 or P<0.05) (see Figure 4).
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Figure 4: Expression of inflammatory factors in rat serum. **P<0.01 control group vs. the model
group; *P<0.05 and "P<0.01 experimental groups vs. the model group.

3.8 Morphology of the myocardial tissue in each group

HE staining revealed no obvious abnormalities in the myocardial tissue of the rats in the control
group. Moreover, compared with those in the control group, the myocardial tissues of the rats in the
model group presented edema, necrosis, lysis and inflammatory cell infiltration. The myocardial tissues
of the rats in the Western medicine group displayed significant improvements. Notably, the YXDJ
groups also presented different degrees of improvement that were dose dependent, with the effects in
the YXDJ high-dose group being the most obvious (see Figure 5).

Figure 5: Morphology of the myocardial tissue in each group. A: Control group; B: model group; C:
Propranolol group; and D, E, F: YXDJ low-, medium-, and high- groups.

3.9 CaMKII activity in each group

Compared with that in the control group, the CaMKII activity in the model group was significantly
increased (P<0.01). Additionally, compared with that in the model group, the CaMKII activity in the
Propranolol, YXDJ medium- and high-dose groups was significantly lower (P<0.05) (see Figure 6).
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Figure 6: CaMKII activity in rat cardiomyocytes. ¥**P<0.01 control group vs. the model group;
#P<0.05 experimental groups vs. the model group.

3.10 CaMKIIo mRNA expression in each group

Compared with that in the control group, the mRNA expression of CaMKII$ in the model group
was significantly greater (P<0.01). Furthermore, compared with that in the model group, CaMKIId
mRNA expression in the Propranolol group (P<0.01) and YXDJ groups was lower (P<0.01 or P<0.05)
(see Figure 7).
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Figure 7: Expression of CaMKII6 mRNA in rat myocardial tissue measured via real-time PCR.
*%P<().01 control group vs. the model group; *P<0.05, #P<0.01 experimental groups vs. the model

group.
3.11 CaMKII protein expression in each group

Compared with that in the control group, CaMKII expression in the model group was significantly
greater (P<0.01). Additionally, compared with that in the model group, the CaMKII expression levels
in the Propranolol and YXDJ low-, medium- and high-dose groups were significantly lower (P<0.01 or
P<0.05) (see Figure 8).
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Figure 8: Western blot analysis of CaMKII expression in rat cardiomyocytes. **P<(0.01 control group
vs. the model group; *P<0.05, "P<0.01 experimental groups vs. the model group.

3.12 SERCA2 mRNA expression in each group

Compared with that in the control group, the SERCA2 mRNA expression level in the model group
was significantly lower (P<0.01). Moreover, compared with that in the model group, the SERCA2
mRNA expression levels in the Propranolol and YXDJ low-, medium- and high-dose groups were
significantly greater (P<0.01 or P<0.05) (see Figure 9).
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Figure 9: Real-time PCR analysis of SERCA2 mRNA expression in rat myocardial tissue. **P<0.01
control group vs. the model group, *P<0.05, #P<0.01 experimental groups vs. the model group.

3.13 SERCA? protein expression in each group

SERCAZ2 protein expression was significantly lower in the model group than in the control group
(P<0.01). Additionally, compared with that in the model group, SERCA2 protein expression in the
Propranolol and YXDJ medium- and high-dose groups was significantly greater (P<0.01 or P<0.05)
(see Figure 10).
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Figure 10: Western blot analysis of SERCA?2 expression in rat cardiomyocytes. **P<0.01 control
group vs. the model group, *P<0.05, "P<0.01 experimental groups vs. the model group.

3.14 P-PLB protein expression in each group
Compared with that in the control group, the P-PLB protein expression level in the model group
was significantly greater (P<0.01). Compared with that in the model group, the P-PLB protein

expression levels in the Propranolol and YXDJ low-, medium- and high-dose groups were significantly
lower (P<0.01 or P<0.05) (see Figure 11).
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Figure 11: Western blot analysis of P-PLB expression in rat cardiomyocytes. **P<0.01 control group
vs. the model group, *P<0.03, #P<0.01 experimental groups vs. the model group.

3.15 Ca?* levels in each group

Compared with that in the control group, the Ca?" level in the myocardial tissue in the model group
was significantly greater (P<0.01). Furthermore, compared with that in the model group, the Ca®*levels
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in the myocardial tissue in the Propranolol and YXDJ medium- and high-dose groups were
significantly lower (P<0.01) (see Figure 12).
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Figure 12: Comparison of Ca’* levels in rat myocardial tissue. **P<0.01 control group vs. the model
group; ##P<0.01 experimental groups vs. the model group.

4. Discussion

Recent research on the pathogenesis of VA. VA is a highly lethal arrhythmia that involves multiple
ion channels. More than 10% of patients with acute myocardial infarction develop VA, and particularly
VT and VF, before being admitted to the hospital and have very low survival rates!?!. Recent studies on
the mechanism of VA have focused mainly on reentry and triggering events, which are caused mainly
by early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). Ca?" plays an important
role in excitation—contraction coupling in cardiomyocytes. When Ca2+ enters the cytoplasm via the
sarcoplasmic reticulum (SR), the myocardium becomes contractile. During diastole, cytoplasmic Ca*"
is pumped back to the SR by SERCA2 or excreted from cells by the Na+-Ca?" exchanger (NCX). An
inward current (INCX) can be generated when Ca?" is excreted from cells through NCX['°, When the
INCX is high enough to depolarize the cardiac membrane, voltage-dependent sodium ion channels are
activated, and DADs are induced™. When the L-type Ca?* channel (LTCC)-mediated L-type calcium
current or INCX is greater than the outgoing K* current, the action potential duration is prolonged,
which can lead to EAD. When the abnormal depolarization reaches the membrane potential threshold,
a spontaneous action potential can be generated between two conventional action potentials,
constituting the occurrence of VA2 Our previous research revealed that a VA model can be
constructed by injecting ISO using the "6+1" method!'4.

Relationship between the B-adrenergic receptor and CaMKII activation. B-Adrenergic receptor
stimulation can stimulate myocardial tissue to produce many reactive oxygen species (ROS), such as
superoxide, hydrogen peroxide and hydroxyl free radicals??!l. High levels of ROS disrupt the
physiological balance of the antioxidant defense system, leading to oxidative stress?!l. CaMKII can be
oxidized at Met281/282 to produce OX-CaMKII, whose expression level reflects the activity of
CaMKII®?¥, An increasing number of studies have shown that B-adrenergic receptor stimulation leads
to the cAMP/PKA-mediated autophosphorylation of CaMKII at Thr287 and that NO, a signaling
molecule generated during P-adrenergic receptor stimulation, can trigger S-nitrosylation of
CaMKII>?4, Moreover, B-adrenergic receptor activation can induce Ca2+ release mediated by PLC-
IP3, after which Ca2+ combines with CaM (a ubiquitous intracellular Ca2+ binding protein) to form
the Ca?"/CaM complex, which directly leads to CaMKII activation[®. Propranolol, a B-adrenergic
blocker, can block the above effects. Studies conducted by Yang M et al. and Macala K et al. showed
that 15 mg/kg propranolol can stabilize membranes and plays an important role in Ca®*
homeostasis!!>!3l. These effects of propranolol are beneficial for protecting myocardial cells and
antagonizing arrhythmias (see Figure 13).
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Figure 13: Illlustration of the proposed role of f-AR signaling during VA in cardiac muscle. This
scheme shows the proposed role of f-AR signaling in the hearts of ISO-treated mice. p-AR signaling is
activated by ISO, leading to the CaMKII-mediated phosphorylation of PLN (Thr17) and a reduction in

SERCA? levels (left). Propranolol (right) protects the heart from VA.

YXDJ improves ISO-induced VA. YXDJ is an improved preparation based on Zhigancao decoction,
which is composed of licorice, Rehmannia glutinosa, ophiopogonin, red ginseng, donkey-hide gelatin,
black sesame, jujube, cinnamon stick and ginger. This formula has notable antiarrhythmic effects, as it
can regulate the cardiomyocyte electrophysiological conduction and the excitability of ectopic
pacemakers while reducing the heart rate and myocardial oxygen consumption™!”. Furthermore,
ophiopogonin can alleviate oxidative stress and the inflammatory response and maintain Ca2+
homeostasis!”-?. The main active components of cinnamon sticks and licorice are cinnamic acid and
glycyrrhizic acid, respectively, both of which have anti-inflammatory and antioxidant effects and can
effectively inhibit LTCCs!®. Ginsenoside, the main active substance in red ginseng, has
electrophysiological effects on the heart that are similar to those of amiodarone, which can regulate ion
channels?*?7), On the basis of the incidences of VP and VT observed in this study, high-dose YXDJ
significantly reduced the frequency of VA and the severity of arrhythmia.

YXDJ reduces ISO-induced myocardial hypertrophy and myocardial injury. ISO can regulate
myocardial blood volume by interacting with B receptors on cardiomyocytes. Therefore, ISO is widely
used to stimulate myocardial hypertrophy?®?]. Panda S et al. reported that ISO can increase the
HWIBY, In this study, the HWI was significantly reduced in the YXDJ groups, indicating that YXDJ
improved ISO-induced myocardial hypertrophy in rats. Moreover, oxidative stress induced by ISO can
cause irreversible damage to the myocardial cell membrane and mitochondrial dysfunction, leading to
myocardial injury?'3!1. Moreover, myocardial injury can modulate the sympathetic nervous system,
promote the release of catecholamines, and lead to myocardial scarring and fibrosis, which further
changes the generation and conduction of electrical signals in the myocardium and increases
susceptibility to VAB2-34, ¢Tnl is a heart-specific protein that is transiently elevated after ISO-induced
acute myocardial injury; thus, its expression reflects the degree of myocardial damagel®*l. This study
revealed that ISO intervention increases cTnl expression, which was also shown by Thangaiyan R et
al.’. Notably, the medium and high doses of YXDIJ significantly decreased cTnl expression,
indicating that YXDJ can effectively reduce the degree of myocardial cell injury. HE staining revealed
significant inflammatory cell infiltration, edema, deformation, and necrosis in the myocardial tissue of
ISO-induced SD rats, similar to the findings of PingP”l. In the YXDJ groups, these pathological
changes were significantly improved, indicating that YXDJ protects cardiomyocytes.

YXDJ reduces the degree of oxidative stress in myocardial tissue. As the primary targets of
oxidative stress, phospholipids and fatty acids on the cell membrane are converted into lipid peroxides
under the action of ROSE®31. As one of the end products of lipid peroxidation, MDA is usually
considered a marker of oxidative stress, and its expression is positively correlated with the degree of
oxidative stress?'*%31. SOD is an endogenous antioxidant enzyme that converts superoxide into
hydrogen peroxide, while GSH can react with different free radicals and disulfides, thereby protecting
the body from damage caused by ROSP!. Previous studies have shown that ISO intervention increases
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MDA levels and reduces SOD and GSH levels*¥4%, Furthermore, myocardial injury can promote the
production of inducible nitric oxide synthase (iNOS), an enzyme important for NO production. Large
amounts of NO can react with superoxide radicals to produce the more potent oxidant peroxynitrite.
Thus, ISO enhances oxidative stressi*'*?l. Previous studies have shown that ISO administration can
increase serum MDA and NO levels and reduce SOD and GSH levels®l. In this study, the levels of
MDA and NO in the serum decreased in the YXDJ groups, while the SOD and GSH levels increased,
suggesting that YXDJ may protect myocardial tissue through antioxidant mechanisms.

YXDJ alleviates myocardial tissue inflammation. Myocardial injury promotes macrophage
activation, which triggers the inflammatory response and the release of proinflammatory cytokines,
such as TNF-a, IL-1f and IL-6. Collectively, oxidative stress and proinflammatory cytokines
exacerbates myocardial injury?!-*#!, TNF-a is synthesized in large quantities in the early stage of
myocardial injury, and its main functions include immune cell regulation, cardiac function inhibition
and the induction of IL-1B release!*>*¥. IL-1p can increase endothelial cell permeability and stimulate
the release of chemokines, leading to the accumulation of neutrophils and macrophages in damaged
myocardial tissue and further triggering an inflammatory response!®. IL-6 is a pleiotropic cytokine
involved in pathological processes such as cardiac inflammation and dysfunction. In the present study,
serum levels of proinflammatory cytokines were significantly increased after ISO intervention, which
is consistent with the findings of Sherein F El-Sayed et al.l*®l In our study, the release of
proinflammatory cytokines in the rat myocardium was significantly reduced in the YXDJ groups,
indicating that YXDJ protects the myocardium by mitigating the inflammatory response.

YXDJ may regulate CaMKII activity and expression by relieving oxidative stress and the
inflammatory response. There are four subtypes of CaMKII, a, B, y and 8, among which CaMKIIS is
expressed mainly in cardiomyocytes!!'!). Once activated, CaMKII regulates LTCCs, sarcoplasmic Ca2+
release channels, SERCA2, and PLB and participates in the regulation of cardiomyocyte
electrophysiology?>#7), Previous studies have shown that oxidative stress induced by ISO increases
CaMKII3 mRNA expression, CaMKII expression and CAMKII activity™l. Our study revealed that
YXDI significantly reduced CAMKIIS mRNA expression, CaMKII expression and CaMKII activity by
modulating the antagonism of calcium ion regulatory proteins, thereby alleviating oxidative stress and
the inflammatory response and inhibiting VA.

The mechanism by which YXDJ antagonizes VA may be related to its upregulation of SERCA2
and ability to decrease the cytoplasmic Ca’?" concentration. During the cardiac cycle, cardiomyocyte
contraction and calcium homeostasis are regulated by Ca?" regulatory proteins such as SERCA?2 and its
regulator PLB). SERCA?2 transports 70% of cytoplasmic Ca*" back to the SR during diastole, which
is the main mechanism of Ca?" recycling. SERCA2 activity is positively correlated with cardiac
function and negatively correlated with the degree of CaMKII activation*>>%. Under normal
physiological conditions, SERCA?2 activity is inhibited by its binding to PLB. Moreover, the extent of
PLB phosphorylation at Thr17 reflects CaMKII activity!?>*!l. After phosphorylation, P-PLB dissociates
from SERCA2, thus removing its inhibitory effect on SERCA2P!, Numerous studies have shown that
ISO can significantly reduce SERCA?2 expression and increase PLB phosphorylation in rat myocardial
tissue®?. Although PLB phosphorylation can increase SERCA2 activity, this effect may be weaker
than those of CaMKII and oxidative stress on SERCA?2 protein expression, which results in an increase
in the Ca*" load in myocardial tissue; this conclusion is consistent with those of Zhebo Liu et al.l>,
The results of this study confirmed that YXDJ antagonizes VA by decreasing the expression and
activity of CaMKII, increasing SERCA2 protein expression, reducing the degree of PLB
phosphorylation, and thereby reducing the cytoplasmic Ca?" load.

5. Conclusion

In conclusion, CaMKII was upregulated and SERCA2 was downregulated in the myocardia of rats
with ISO-induced VA. YXDJ may reduce the expression of CaMKII, activate SERCA?2, and reduce the
Ca2+ load in myocardial tissue to antagonize VA. The occurrence and extent of YXDJ VA antagonism
may be related to the decrease in CaMKII expression, activation of SERCA2, and decrease in the Ca**
load in myocardial tissue. However, how oxidative stress leads to the downregulation of SERCA2 and
whether CaMKII directly inhibits SERCA2 expression still need further study.
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