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Abstract. Compound Kushen injection (CKI) is a type of 
traditional Chinese medicine that has previously been studied 
for the treatment of various types of cancer. Previous studies 
have reported that CKI regulates cell apoptosis by down‑
regulating the PI3K/Akt pathway. The present study aimed 
to determine whether CKI alleviates heart failure (HF) by 
attenuating cardiomyocyte apoptosis via the inhibition of the 
PI3K/Akt pathway. Angiotensin II (Ang II) was used to elicit 
HF, and osmotic minipumps with either Ang II (2 µg/kg/day) or 
phosphate‑buffered saline (PBS; 200 µl) were subcutaneously 
implanted into 6‑week‑old male C57BL/6 mice for 3 weeks. 
In addition, PBS or CKI (25 mg/kg/day) were subcutaneously 

infused once a day for 3 weeks. Echocardiography was used to 
examine hemodynamics. The myocardial injury biomarkers, 
cardiac troponin I and N‑terminal (NT)‑pro hormone B‑type 
natriuretic peptide, were assessed using enzyme‑linked 
immunosorbent assay. Transmission electron microscopy 
was used to determine the morphology of the myocardium. 
The rate of apoptosis was detected using TUNEL staining 
and flow cytometry (FCM), and the expression levels of 
apoptosis‑related proteins were measured using western 
blot (WB) analysis. Moreover, H9C2 cells were treated with 
CKI (2 mg/ml) or LY294002 (an inhibitor of the PI3K/Akt 
pathway; 25 µmol/l) in combination with Ang II (1 µmol/l) for 
48 h. Cell Counting Kit‑8 assay, FCM and WB analysis were 
performed in the H9C2 cells to examine cell viability, cell 
cycle distribution and representative signaling proteins. It was 
found that CKI promoted healthy cardiac function, reduced 
myocardial structural damage and reduced the rate of cardio‑
myocyte apoptosis. CKI markedly attenuated the expression 
of apoptosis‑related proteins in the PI3K/Akt pathway. The 
results of the in vitro experiments indicated that CKI promoted 
cardiomyocyte proliferation and inhibited apoptosis, similar 
to LY294002. On the whole, the present study demonstrates 
that CKI reduces cardiomyocyte apoptosis, promotes healthy 
cardiac function and attenuates Ang II‑mediated HF. These 
ameliorative effects may be associated with the inhibition of 
the PI3K/Akt pathway.

Introduction

Heart failure (HF) is a complex clinical syndrome that is 
induced by the functional impairment of ventricular systolic 
or diastolic functions (1). Worldwide, >1 million patients are 
hospitalized annually due to HF (2), and ~40% of these patients 
are re‑hospitalized or succumb to the condition within ~1 year 
following diagnosis (3). The pathophysiological mechanisms 
of HF involve a variety of factors, including cardiomyocyte 
apoptosis, oxidative stress, calcium overload, inflammation and 
mitochondrial dysfunction. Notably, cardiomyocyte apoptosis 
remains the main cause of HF (4). Increased cardiomyocyte 
apoptosis is observed in both patients with end‑stage HF and 
in experimental rats with HF (5). As HF exerts a negative 
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effect on morbidity and mortality, successful treatment options 
are required to improve patient survival rates and quality of 
life (6).

Previous research has indicated that elevation of angio‑
tensin II (Ang II) levels is present in patients with HF, which 
highlights that Ang II stimulation is associated with HF (7). 
The results of a previous study demonstrated that rats treated 
with Ang II exhibited decreased cardiac systolic and diastolic 
function, accompanied by notable cardiomyocyte apoptosis 
in myocardial tissue (8). Therefore, Ang II is often used for 
the establishment of models of HF  (9). Cardiac apoptosis 
is involved in the decline of cardiac function induced by 
Ang II (10). An increase in the levels of Ang II may trigger 
the activation of the PI3K/Akt signaling pathway to induce 
apoptosis (11). Thus, in the present study, Ang II was used to 
mimic cardiomyocyte apoptosis in a model of HF.

Compound Kushen injection (CKI) is a type of traditional 
Chinese medicine (TCM) that is extracted from Kushen (Radix 
Sophorae Flavescentis) and Tufuling (Rhizoma Smilacis 
Chinae)  (12,13). The active compounds of CKI consist of 
matrine, oxymatrine, sophocarpine, sophoridine and kurari‑
none. The results of a previous study demonstrated numerous 
pharmacological properties of CKI, including antitumor, 
analgesic, immunity‑enhancing and anti‑inflammatory activi‑
ties (14). CKI is extensively used in the treatment of numerous 
malignancies, including breast, lung and liver cancer  (15). 
CKI is often used alone, or in combination with chemotherapy 
or radiotherapy (16). Notably, the results of a previous study 
demonstrated that CKI regulated cell proliferation via tge 
downregulation of the PI3K/Akt/mTOR pathway (17). The 
PI3K family is involved in a number of signaling pathways, 
and it regulates cell proliferation, differentiation, survival and 
apoptosis (18). The PI3K/Akt pathway is the main signaling 
pathway involved in cardiomyocyte apoptosis  (19). An 
increased expression of PI3K leads to cardiomyocyte apop‑
tosis and ultimately results in impaired ventricular systolic 
and diastolic function. The inhibition of the PI3K/Akt pathway 
may exert protective effects against HF (20). Thus, it was 
hypothesized that CKI may attenuate cardiomyocyte apoptosis 
and exert protective effects on heart function via the inhibition 
of the PI3K/Akt pathway.

Matrine and oxymatrine are the major active compo‑
nents of CKI. The cardioprotective effects of matrine and 
oxymatrine have been previously reported (21,22). Matrine 
can decrease myocardial stiffness and ameliorate myocar‑
dial compliance, and contributes to improving cardiac 
function (23). Cardiovascular injury is attenuated by matrine 
through the regulation of the PI3K/Akt pathway (24). Matrine 
ameliorates apoptosis in Ang II‑mediated HF via the regula‑
tion of Bcl‑2/Bax expression and caspase‑3 activation (25). 
Additionally, previous research has reported that oxymatrine 
pre‑treatment protects cardiomyocytes from cell damage, cell 
apoptosis and oxidative stress induced by hypoxia/reoxygen‑
ation by modulating the PI3K/Akt pathway (26).

As CKI is a combination of matrine, oxymatrine, sopho‑
carpine, sophoridine and kurarinone, it remains unclear 
as to whether CKI protects against HF by attenuating 
PI3K/Akt‑induced apoptosis. The present study thus aimed to 
evaluate these mechanisms through the establishment of an 
Ang II‑mediated HF model in vivo and in vitro.

Materials and methods

Materials, reagents and antibodies. Human Ang II (24738) 
and phosphate‑buffered saline (PBS; 600221) was obtained 
from Cayman Chemical Company. CKI with a total alka‑
loid concentration of 26.5 mg/ml in a 5‑ml ampoule was 
obtained from Shanxi Zhendong Pharmaceutical Co. Ltd. 
Commercial enzyme‑linked immunosorbent assay (ELISA) 
kits for cardiac troponin I (cTn I; E08421m) and N‑terminal 
(NT)‑pro hormone B‑type natriuretic peptide (NT‑proBNP; 
E05153m) were purchased from Cusabio Technology, LLC. 
The Epon812 resin (02334), dodecenylsuccinic anhydride 
(00563), dimethylaminomethyl phenol (17806), methyl 
nadic anhydride (00886), uranyl acetate (21447) and lead 
citrate (25350) were purchased from Polysciences, Inc. The 
TUNEL In  Situ Cell Death Detection kit was purchased 
from the Beyotime Institute of Biotechnology. The 
4',6'‑diamidino‑2‑phenylindole (DAPI) was purchased from 
AAT Bioquest, Inc. The 1X binding buffer, Annexin V‑PE, 
7‑AAD and propidium iodide (PI) were purchased from BD 
Biosciences. Trypsin‑EDTA solution, DMEM, penicillin 
and streptomycin were obtained from Gibco; Thermo Fisher 
Scientific, Inc. Fetal bovine serum (FBS) was purchased 
from Shanghai ExCell Biology, Inc. The Cell Counting Kit‑8 
(CCK‑8) was purchased from Dojindo Laboratories, Inc. The 
BCA protein quantification kit was purchased from Vazyme 
Biotech Co., Ltd. The BioTrace NT nitrocellulose membrane 
(66487) was purchased from Pall Life Sciences. Skim milk 
(abs9175) was obtained from Absin Bioscience Inc. The 
chemiluminescence detection kit (BL520A) was obtained 
from Biosharp Life Sciences. Primary antibodies against 
total Akt (t‑Akt) (cat. no. GB111114), Bax (cat. no. GB11690) 
and Bcl‑2 (cat. no. GB112382) were purchased from Wuhan 
Servicebio Technology Co., Ltd. Phosphorylated Akt (p‑Akt) 
(cat. no. 66444‑1‑lg) and GAPDH (cat. no. BC004109) anti‑
bodies were purchased from Proteintech Group, Inc. Primary 
antibodies against cleaved caspase‑3 (cat. no. 9661) and cleaved 
caspase‑9 (cat. no. 9507) were purchased from Cell Signaling 
Technology, Inc. Primary antibodies against cytochrome c 
(cyto c) (cat. no.  Ab‑AF0146), p27 (cat. no.  Ab‑AF6324) 
and cyclin D1 (cat. no. Ab‑AF0931) were purchased from 
Affinity Biosciences. Goat anti‑rabbit IgG (cat. no. A23920) 
and goat anti‑mouse IgG (cat. no. A23710) were obtained 
from Abbkine Scientific Co., Ltd. Primary antibodies against 
PI3K (cat. no. ab191606), goat anti‑mouse IgG H&L (Alexa 
Fluor®647, cat. no. ab150115) and goat anti‑rabbit IgG H&L 
(Alexa Fluor®647, cat. no.  ab150077) were provided by 
Abcam. LY294002 (cat. no. 440202) and RIPA buffer (cat. 
no. 42029053) was acquired from MilliporeSigma.

Osmotic minipumps were purchased from Durect 
Corporation (Alzet Model 2004). The M‑mode echocar‑
diograph imaging system was purchased from FUJIFILM 
VisualSonics (Vevo 2100 system). A transmission electron 
microscope was purchased from Hitachi, Ltd. TUNEL analysis 
software was obtained from Image Pro‑Plus software (Media 
Cybernetics, Inc.). An Olympus Fluoview FV1000 microscope 
was purchased from Olympus Corporation. A microplate 
reader was obtained from PerkinElmer, Inc. A FC‑500 type 
flow cytometer and EXPO 32 ADC software (version no. 1.2) 
were obtained from Beckman Coulter, Inc. Multicycle AV 
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software was purchased from Phoenix Pharmaceuticals, Inc. 
(version no. 275).

Animals. All animal procedures were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (27), and all 
animal experiments were approved by the Institutional Animal 
Care and Use Committee of The First Hospital of Hebei 
Medical University, Shijiazhuang, China (ethics approval 
no. 20220634; date of approval: June 10, 2022).

Male C57BL/6 mice (age, 6 weeks; weight, 20‑22 g) were 
purchased from Skbex Biotechnology, housed in cages with a 
12/12‑h light/dark cycle and provided with free access to water 
and food at 24˚C and a relative humidity of 50‑70%. The mice 
were randomly divided into the following four groups: i) The 
control group (CON group, n=10); ii) the CKI group (n=10); 
iii) the Ang II group (Ang II group, n=10); and iv) the Ang II 
plus CKI group (AC group, n=10).

All mice were anesthetized with an intraperitoneal injec‑
tion of pentobarbital sodium (40  mg/kg) prior to surgery. 
Subsequently, the mice in the Ang II and AC groups were treated 
with Ang II (2 µg/kg/min) through osmotic minipumps for 
3 weeks, as previously described (28). The minipump was subcu‑
taneously implanted into the back of each mouse for 21 days. In 
addition, mice in the CON and CKI groups were subcutaneously 
implanted with osmotic minipumps containing 200 µl PBS.

Zhao et al (29) reported that CKI treatment was maximally 
effective at concentrations of ≥25 mg/kg/day. Thus, in the 
present study, CKI was administered at 25 mg/kg/day. The 
mice were intraperitoneally injected with CKI once a day for 
3 weeks in the CKI and AC groups, and mice in the CON and 
Ang II groups were injected with an equal volume of PBS at 
the same time intervals. In the present study, each experiment 
was carried out three times.

Hemodynamics and echocardiography. The mice were 
anesthetized with an intraperitoneal injection of pentobar‑
bital sodium (40  mg/kg) following 3  weeks of treatment. 
Subsequently, M‑mode echocardiography was carried out 
using a 30‑MHz probe. Changes in left ventricular end‑systolic 
diameter (LVDS), left ventricular end‑diastolic diameter 
(LVDD), left ventricular ejection fraction (LVEF) and left 
ventricular fraction shortening (LVFS) were determined.

ELISA. Following M‑mode echocardiography, when the mice 
were still anesthetized with pentobarbital sodium, a glass 
capillary was used to collect blood from the inner canthus of 
the mice. The blood samples were centrifuged at 1,100 x g for 
5 min at room temperature, the separated sera were used to 
determine the serum concentrations of cTn I and NT‑proBNP. 
The concentrations were measured using commercial ELISA 
kits, as aforementioned. The absorbance was recorded at 
450 nm using a Multiskan® 96‑well plate reader.

Morphometric analysis. At the end of the monitoring period, 
40 mice were sacrificed via spinal cord dislocation. The heart 
tissues were removed, and five samples from each group were 
used for morphometric analyses, flow cytometry (FCM) and 
western blot (WB) analysis. The left ventricle of the heart was 
removed for transmission electron microscopy (TEM). For 

TEM, the tissues were prefixed with 2.5% glutaraldehyde in 
0.1 M PBS pH 7.2 for 24 h at 4˚C. The samples were then 
washed twice with 0.1 M PBS and post‑fixed for 1 h with 1% 
osmium tetroxide in 0.1 M PBS at 4˚C. The samples were 
respectively dehydrated according to the gradient of 50, 70, 
90 and 100% dehydrated acetone and the dehydration was 
performed for 10 min with each concentration of dehydrated 
acetone three times. The dehydrated samples were then treated 
at 37˚C for 24 h in a mixture of epoxy resin and pure acetone 
(1:1), followed by 24 h of embedding at 60˚C in a mixture of 
Epon812 resin, dodecenylsuccinic anhydride, dimethylami‑
nomethyl phenol and methyl nadic anhydride (26:6:1:19). The 
tissues were then cut into ultrathin slices (70 nm), followed by 
double staining with uranyl acetate (30 min) and lead citrate 
(10 min) at room temperature. The observation of ultrastruc‑
tural alterations in the myocardial sections was performed 
using a transmission electron microscope.

FCM assay. Left ventricular tissue was removed as described 
above. The tissues were washed with ice‑cold PBS and cut 
into sections of 1‑mm3. Subsequently, an enzyme solution 
(0.1% trypsin and 0.02% EDTA) was added, and the samples 
were maintained in a 37˚C water bath or thermostat shaker for 
digestion for 20‑60 min. Digestion was terminated following 
the addition of serum‑containing medium. Cell suspensions 
were collected in batches and filtered through a 100‑mesh 
filter, followed by centrifugation at 2,000 x g for 5 min at 4˚C. 
Subsequently, the supernatant was discarded. The cells were 
washed with ice‑cold PBS and centrifuged at 2,000 x g for 
5 min at 4˚C, and l‑ml single‑cell suspension was collected 
from each group. The cells were washed with ice‑cold PBS 
and suspended in 100 µl 1X binding buffer. Subsequently, 5 µl 
Annexin V‑PE were added, and the mixture was placed on ice 
for 15 min in the dark. A total of 400 µl 1X binding buffer and 
5 µl 7‑AAD were subsequently added. Following incubation on 
ice for 15 min in the dark at room temperature, the cells were 
washed once with ice‑cold PBS, resuspended in 1 ml PBS and 
analyzed using an FC‑500 flow cytometer. The apoptotic rate 
was measured using EXPO 32 ADC software (version no. 1.2).

TUNEL assay. The remaining five heart tissues from each 
group were fixed in 4% paraformaldehyde (in PBS, pH 7.4) 
for 30 min at room temperature, embedded in paraffin and 
cut into 5‑mm‑thick serial sections for TUNEL staining to 
evaluate cardiomyocyte apoptosis. TUNEL detection solution 
was added and sections were incubated the dark at 37˚C for 
2 h. Nuclear staining was conducted using 1 µg/ml DAPI in 
PBS for 15 min at room temperature. The stained samples 
were analyzed using an Olympus Fluoview FV1000 micro‑
scope, and cells from 10 visual fields were randomly selected 
to determine the apoptotic index. The In Situ Cell Death 
Detection kit was used to analyze cardiomyocyte apoptosis. 
The digitally captured images of immunofluorescence in five 
randomly selected fields from each sample were analyzed 
using analysis software. The percentage of apoptotic cells was 
measured and recorded as the apoptotic index (AI%).

Cell culture and cell viability assay. The H9C2 cell line (cat. 
no. 1101RAT‑PUMC000219) was purchased from the China 
Infrastructure of Cell Line Resources (Institute of Basic 
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Medical Sciences, Chinese Academy of Medical Sciences). 
The cells were cultured in DMEM supplemented with 10% 
FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml) in a 
37˚C humidified atmosphere containing 5% CO2 and 95% O2. 
Ang II (1 µmol/l) was used to mimic HF in vitro, as previously 
described (10). For all the in vitro experiments performed in 
the present study, CKI was used at a dilution of a final concen‑
tration of 2 mg/ml total alkaloids (30). LY294002 (25 µmol/l) 
was used as a PI3K/Akt pathway inhibitor, as previously 
reported (31). The H9C2 cells (3x104 cells/ml) were seeded in 
a 96‑well plate and subsequently divided into four groups for 
incubation for 48 h at 37˚C as follows: The CON group was 
treated with medium (50 µl), the Ang II group was treated with 
Ang II (50 µl), the AC group was treated with Ang II (50 µl) + 
CKI (50 µl), and the AL group was treated with Ang II (50 µl) 
and the PI3K/Akt pathway inhibitor, LY294002 (50 µl).

CCK‑8 assay was used to detect cell viability. A total of 
10 µl of the CCK‑8 solution was added to each well and incu‑
bated for 2 h at 37˚C, and the optical density was measured at 
450 nm using a microplate reader.

Cell cycle distribution analysis. The effect of CKI on cell 
cycle distribution was analyzed using FCM with PI staining. 
Briefly, a total of l ml of single‑cell suspension was collected 
from each group following the aforementioned treatments. 
The H9C2 cells were washed with ice‑cold PBS and fixed with 
70% alcohol at 4˚C for 24 h. Following washing twice with 
ice‑cold PBS, the cells were suspended in 100 µl PBS, and 
1 ml PI was added to the suspension for staining at 4˚C for 
30 min, prior to cell cycle detection using an FC‑500 type flow 
cytometer. Data were analyzed using Multicycle AV software.

WB analysis. Protein was extracted from left ventricular tissue 
or H9C2 cells for WB analysis. The tissues or cells were lysed 
using RIPA buffer (50 mM Tris‑HCl; pH 7.4; 150 mM NaCl; 
1% Triton X‑100; 1% sodium deoxycholate). Protein concen‑
trations was determined by BCA assay. Equal amounts of 
protein (20 µg) were separated with 6‑15% SDS‑PAGE gel and 
transferred onto a BioTrace NT nitrocellulose membrane and 
incubated with 5% skimmed milk for 1 h at room temperature. 
Subsequently, the membrane was incubated with the primary 
antibodies overnight at 4˚C. The reaction was then performed 
using a secondary antibody matching the primary antibody for 
1 h at room temperature. The primary antibodies employed 
for WB were against PI3K (1:1,000), p‑Akt (1:5,000), t‑Akt 
(1:1,000), Bax (1:1,000), Bcl‑2 (1:1,000), cyto c (1:500), 
cleaved caspase‑9 (1:1,000), cleaved caspase‑3 (1:1,000), p27 
(1:500), cyclin D1 (1:500) and GAPDH (1:20,000). Secondary 
antibodies were all diluted at 1:2,000. The target proteins in 
the membranes were visualized using an enhanced chemilu‑
minescence detection kit with an Odyssey Imaging System 
(Odyssey; version no. 3.0). Protein bands were quantified using 
ImageJ (National Institutes of Health) software (version 1.8.0) 
for densitometric analysis and normalized to GAPDH.

Statistical analysis. All data are presented as the mean ± stan‑
dard error of the mean (M ± SEM). The results were analyzed 
using GraphPad Prism (version 8.0; GraphPad Software, Inc.). 
Depending on the design of the experiment, the data were 
analyzed using one‑way ANOVA followed by Tukey's post hoc 

test. P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Results

CKI improves cardiac compliance. Heart functions were 
evaluated using Doppler M‑mode ultrasonography, as illus‑
trated in Fig. 1A. The results demonstrated that the LVEF 
values were notably higher in the AC group than in the Ang II 
group (P<0.001; n=5; Fig. 1B). Similar trends for LVFS were 
demonstrated among all different groups (Fig. 1C). A higher 
LVFS was detected in the AC group (P<0.001) than in the 
Ang II group. Co‑treatment with CKI decreased the LVDS 
values, compared with those of the Ang II group (P<0.01; 
Fig.  1D). However, there was no significant difference in 
LVDD between the two groups (Fig. 1E). These results indi‑
cated that the Ang II‑treated mice exhibited a lower ejection 
force; however, co‑treatment with CKI significantly improved 
the systolic function of the ventricle. Thus, CKI attenuated 
Ang II‑mediated HF in mice.

CKI preserves myocardial injury biomarkers. The results 
presented in Fig. 2A and B confirmed that CKI significantly 
decreased the levels of myocardial injury biomarkers. 
The levels of cTn I were markedly increased in the Ang II 
group, compared with the control group (P<0.001; Fig. 2A). 
Co‑treatment with CKI significantly reduced the levels of 
cTn I, compared with those of the Ang II group (P<0.01). The 
results also revealed that the mice exhibited lower NT‑proBNP 
plasma levels in the AC group than in the Ang II group 
(P<0.01; Fig. 2B). The NT‑proBNP levels were significantly 
reduced in the AC group, compared with those of the Ang II 
group (P<0.01). These results indicated that CKI reversed 
Ang II‑induced myocardial damage.

CKI regulates myocardial structural damage. The ultrastruc‑
ture of the myocardium in the left ventricle was observed using 
TEM (Fig. 2C). TEM images of the healthy control mice and 
CKI‑treated mice demonstrated evenly scattered mitochondria 
throughout the myocardium, and these displayed a regular shape, 
with compact cristae, an intact membrane and orderly arrayed 
myocardial filaments with vivid Z lines. The Ang II‑treated 
group exhibited cardiomyocyte edema, as well as multiple 
forms of damage to the cardiomyocyte membrane. The results 
of the present study also demonstrated irregularly arranged and 
severely ruptured myocardial filaments in the Ang II‑treated 
group. In addition, the mitochondria exhibited diffuse swelling 
and differing sizes, with numerous vacuoles. Moreover, the 
cristae were ruptured, lysed and vacuolized. The mice co‑treated 
with CKI exhibited heart mitochondria with no swelling, slightly 
damaged cristae, healthy myofibrils and orderly arranged 
myocardial filaments with vivid Z lines. The cardiomyocyte 
hypertrophy, edema and mitochondrial damage rates were mark‑
edly higher in the Ang II group than in the AC group.

CKI reduces apoptosis in heart tissue in vivo. The results of 
TUNEL assay demonstrated that continuous Ang II treatment 
significantly increased the number of TUNEL‑positive cells 
(Fig. 3). Co‑treatment with CKI decreased the number of 
TUNEL‑positive cells in the AC group, and Ang II increased 
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the apoptotic rate, compared with that in the AC group 
(P<0.001; Fig. 3). No notable trend was observed for the inci‑
dence of apoptosis in the CON or CKI groups, compared with 

the Ang II group (P<0.001; Fig. 3). Thus results of TUNEL 
assay thus revealed that CKI markedly reduced the apoptosis 
in the heart tissue.

Figure 1. Doppler M‑mode ultrasonography and markers of myocardial injury in serum. (A) Representative Doppler M‑mode ultrasonography. (B) LVEF 
values in each group. (C) Similar trends were observed for LVFS among the different groups. (D) LVDS values, and (E) LVDD values. Data are presented as 
the mean ± SEM. One‑way ANOVA and post‑hoc Tukey's multiple comparisons test were used to determine statistically significant differences (n=10 mice 
per group). **P<0.01 and ***P<0.001. LVEF, left ventricular ejection fraction; LVDS, left ventricular end‑systolic diameter; LVDD, left ventricular end‑diastolic 
diameter; LVFS, left ventricular fraction shortening; CON, control; CKI, compound Kushen injection; Ang II, angiotensin II. 
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FCM assay with Annexin V‑PE/7‑AAD double staining 
indicated that CKI inhibited cardiomyocyte apoptosis in the 
left ventricle (Fig. 4A). In the Ang II group, the population at 
the upper‑right quadrant (Annexin V‑PE+/7‑AAD+), indicative 
of late apoptotic cells, was notably increased (4.284±1.071%), 
compared with that in the CON group (0.4±0.045%; P<0.001; 
Fig. 4B). In addition, the population at the lower‑right quadrant 
(Annexin V‑PE+/7‑AAD‑), indicative of early apoptotic cells, 
was significantly increased in the Ang II group (1.682±0.122%), 
compared with that in the CON group (0.61±0.082%; P<0.01, 
Fig. 4B). However, following co‑treatment with CKI and Ang II, 

the population at the upper‑right quadrant (0.64±0.122%) and 
lower‑right quadrant (0.672±0.092%) was markedly decreased 
in the AC group, compared with the Ang II group. The total 
apoptotic rate, including early and late apoptosis, also decreased 
in the AC group (1.312±0.1%), compared with that of the Ang II 
group (5.966±1.038%; P<0.001; Fig. 4A). These findings revealed 
that CKI inhibited Ang II‑mediated cardiomyocyte apoptosis.

The results of WB analysis (Fig. 5) demonstrated that 
Ang II notably increased the expression levels of PI3K, Bax, 
cyto c, cleaved caspase‑9, cleaved caspase‑9/total caspase‑9, 
cleaved caspase‑3 and cleaved caspase‑3/total caspase 3 in the 

Figure 2. Myocardial injury biomarkers and morphometric analyses. The (A) cTn I level and (B) NT‑proBNP level were detected in the different groups. 
(C) Transmission electron microscopy images of heart mitochondria and myocytes are shown. The arrows indicate vacuoles in the mitochondria. The images 
in the middle panel are the enlarged images of the area represented by the yellow boxes in the upper panel. The images on the bottom panel are the enlarged 
images of the areas represented by the red boxes in the middle panel. Scale bars: Upper panel, 50 µm; middle panel, 20 µm; bottom panel, 10 µm. Data are 
presented as the mean ± SEM. One‑way ANOVA and post‑hoc Tukey's multiple comparisons test were used to determine statistically significant differences 
(n=10 mice per group). **P<0.01 and ***P<0.001. cTn I, cardiac troponin I; NT‑proBNP, N‑terminal‑pro hormone B‑type natriuretic peptide; CON, control; CKI, 
compound Kushen injection; Ang II, angiotensin II.
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left ventricular tissue (Fig. 5B, G, H, I, K, L and N). In addi‑
tion, Ang II notably decreased the expression levels of p‑Akt, 
p‑Akt/t‑Akt and Bcl‑2 (Fig. 5C, E and F). By contrast, CKI 
markedly increased the expression levels of p‑Akt, p‑Akt/t‑Akt 
and Bcl‑2 (Fig.  5C, E  and  F), and decreased the expres‑
sion levels of PI3K, Bax, cyto c, cleaved caspase‑9, cleaved 
caspase‑9/total caspase‑9, cleaved caspase‑3 and cleaved 
caspase‑3/total caspase‑3 in the AC group (Fig. 5B, G, H, I, 
K, L and N). No significant differences were observed in the 
expression levels of t‑Akt, total caspase‑9 and total caspase‑3 
among the four groups (Fig. 5D, J and M).

CKI reduces the apoptosis of myocardial cells in vitro. The 
effects of CKI on the viability of the H9C2 cells were inves‑
tigated using a CCK‑8 assay. The results demonstrated that 

Ang II treatment significantly decreased H9C2 cell viability 
(P<0.001; Fig. 6A), and this decrease was reversed following 
treatment with CKI (P<0.05) and the PI3K/Akt pathway 
inhibitor, LY294002 (P<0.001) (Fig. 6A).

To examine whether CKI affects the cell cycle in myocardial 
cells, cell cycle distribution was investigated following treatment 
with CKI and LY294002, for 48 h. As shown in Fig. 6B and C, 
Ang II increased cell cycle arrest at the G1 phase (P<0.01 vs. 
CON group) and decreased cell cycle arrest at the S phase in the 
H9C2 cells (P<0.01 vs. CON group). Following CKI treatment, 
the percentage of cells in the G1 phase decreased (P<0.01 vs. 
Ang II group), and cell cycle arrest at the G1 phase decreased. 
In addition, the percentage of cells at the S phase increased 
(P<0.01 vs. Ang II group). Similar trends were observed among 
the different phases in the AL group.

The results of WB analysis (Fig. 7) demonstrated that CKI 
significantly decreased the expression levels of PI3K, Bax and 
p27 in H9C2 cells (Fig. 7G, H and I). Moreover, the expression 
levels of p‑Akt, Bcl‑2 and cyclin D1, were significantly higher 
in the AC and AL groups, compared with the Ang II group 

Figure 3. TUNEL assay and TUNEL‑positive cell rate. (A) Representative 
TUNEL assay images of the different groups. The arrows indicate 
TUNEL‑positive nuclei of cardiomyocytes. Scale bar, 50  µm. (B)  The 
TUNEL‑positive nuclei rate in the Ang II group. Data are presented as the 
mean ± SEM. One‑way ANOVA and post‑hoc Tukey's multiple comparisons 
test were used to determine statistically significant differences (n=5 mice per 
group). ***P<0.001. CON, control; CKI, compound Kushen injection; Ang II, 
angiotensin II. 

Figure 4. Flow cytometric assay with Annexin V‑PE/7‑AAD double staining 
and the apoptotic rate. (A) The early apoptotic rate, late apoptotic rate and 
total apoptotic rate are shown. (B) Flow cytometric assay with Annexin 
V‑PE/7‑AAD double staining in the different groups and the percentages in 
each quadrant. The quadrantes are as follows: B1, Annexin V‑PE‑/7‑AAD+; 
B2, Annexin V‑PE+/7‑AAD+; B3, Annexin V‑PE‑/7‑AAD‑; B4, Annexin 
V‑PE+/7‑AAD‑. Data are presented as the mean ± SEM. One‑way ANOVA 
and post‑hoc Tukey's multiple comparisons test were used to determine statis‑
tically significant differences (n=5 mice per group). **P<0.01 and ***P<0.001 
vs. CON group; #P<0.05 and ###P<0.001 vs. Ang II group. CON, control; CKI, 
compound Kushen injection; Ang II, angiotensin II.

https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
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Figure 5. Expression of apoptosis‑related proteins. (A) The results of western blot analysis for each protein. (B‑N) The expression of representative proteins. 
(B) PI3K expression, (C) p‑Akt expression, (D) t‑Akt expression, (E) p‑Akt/t‑Akt ratio, (F) Bcl‑2 expression, (G) Bax expression, (H) cyto c expression, 
(I) cleaved caspase‑9 expression, (J) total caspase‑9 expression, (K) cleaved caspase‑9/total caspase‑9, (L) cleaved caspase‑3 expression, (M) total caspase‑3 
expression and (N) cleaved caspase‑3/total caspase‑3 in the different groups. Data are presented as the mean ± SEM. One‑way ANOVA and post‑hoc Tukey's 
multiple comparisons test were used to determine statistically significant differences (n=3 mice per group). *P<0.05, **P<0.01 and ***P<0.001. ns, not significant; 
CON, control; CKI, compound Kushen injection; Ang II, angiotensin II; cyto c, cytochrome c. 
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(Fig. 7B, E and F). A high p‑Akt/t‑Akt ratio was detected in 
the AC and AL groups (Fig. 7D). On the whole, these results 
demonstrated that CKI significantly reduced the expression of 

pro‑apoptotic proteins in the H9C2 cells, and a similar trend 
was observed following treatment with the PI3K/Akt pathway 
inhibitor, LY294002.

Figure 6. Cell proliferation in vitro. (A) CCK‑8 assay for cell viability. (B) The cell cycle distribution rate. (C) Flow cytometry with PI staining represents 
the cell cycle distribution. Data are presented as the mean ± SEM. One‑way ANOVA and post‑hoc Tukey's multiple comparisons test were used to determine 
statistically significant differences (n=3 per group). *P<0.05, **P<0.01 and ***P<0.001. CON, control; CKI, compound Kushen injection; Ang II, angiotensin II; 
LY, LY294002 (an inhibitor of the PI3K/Akt pathway).

https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
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Discussion

HF is the final stage of numerous cardiac diseases. Inhibiting 
myocardial apoptosis may prevent cardiac remodeling and 

protect cardiac functions. To the best of our knowledge, the 
present study is the first to explore the association between the 
cardioprotective effects of CKI and the PI3K/Akt apoptotic 
pathway. CKI may promote healthy cardiac function, inhibit 

Figure 7. Expression of apoptosis‑related proteins in vitro. (A) The results of western blot analysis for each protein. (B‑I) The expression of representative 
proteins. (B) p‑Akt expression, (C) t‑Akt expression, (D) p‑Akt/t‑Akt ratio, (E) Bcl‑2 expression, (F) cyclin D1 expression, (G) PI3K expression, (H) Bax 
expression, and (I) p27 expression in the different groups. Data are presented as the mean ± SEM. One‑way ANOVA and post‑hoc Tukey's multiple compari‑
sons test were used to determine statistically significant differences (n=3 per group). *P<0.05, **P<0.01 and ***P<0.001. CON, control; CKI, compound Kushen 
injection; Ang II, angiotensin II; LY, LY294002 (an inhibitor of the PI3K/Akt pathway).
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heart structure remodeling and decrease cardiomyocyte apop‑
tosis in vivo and in vitro. These effects were closely associated 
with the inactivation of pro‑apoptotic proteins, such as PI3K, 
Bax, cyto c, cleaved caspase‑9 and cleaved caspase‑3, and the 
activation of apoptosis inhibitors, such as p‑Akt and Bcl‑2 in 
the PI3K/Akt pathway (Fig. 8). The results of the present study 
indicated that CKI may exert protective effects against HF.

Left ventricular enlargement and cardiac function decline 
may be early signs of HF. Notably, these factors may be associ‑
ated with myocardial cell apoptosis, ventricular hypertrophy 
and cardiac structural remodeling. In the present study, the 
results of the M‑mode ultrasonography demonstrated that the 
ventricular systolic and diastolic function were protected by 
CKI. cTnI is the gold standard biomarker for the detection of 
cardiac injury and myocardial cell necrosis (32). In addition, 
NT‑proBNP is also used as a key biomarker to detect HF (33). 
In the present study, CKI significantly decreased cTnI and 
NT‑proBNP. These results demonstrated that CKI protected 
the myocardium from damage.

The main pathological feature of HF is a decrease in 
cardiomyocytes caused by apoptosis, necrosis or myocardial 
fibrosis (34). The mitochondria are not only the main site of 
intracellular reactive oxygen species, but also the first target of 
myocardial function injury (35). Ang II promotes cardiomyo‑
cyte apoptosis, which is a main mechanism leading to HF (7). 
TEM images obtained in the present study demonstrated 
that Ang II elicited diffuse mitochondrial swelling, ruptured 
cristae and ruptured myocardial filaments. In addition, CKI 
treatment reduced mitochondrial apoptosis and promoted a 
regular structure. As the main site of myocardial cell death 
and survival, the mitochondria are of particular importance 
in the occurrence of HF. CKI may promote healthy cardiac 
function through reducing mitochondrial and cardiomyocyte 
apoptosis.

Apoptosis, as a type of programmed cell death, exerts 
a major effect on cell injury (36). In the present study, the 
apoptotic rates were analyzed using TUNEL and FCM assays. 
The results of TUNEL assay indicated that the Ang II group 
exhibited a markedly increased apoptotic rate. Following 
treatment with CKI, the number of apoptotic cardiomyocytes 
significantly decreased. In addition, the results of FCM assay 
demonstrated that CKI decreased the population of early 
and late apoptotic cells. The results of the TUNEL and FCM 
assays both confirmed that CKI reduced the apoptotic rate of 
cardiomyocytes.

To further determine whether the effects of CKI on HF 
are due to the inhibition of the PI3K/Akt pathway, the expres‑
sion levels of representative signal proteins were determined 
using WB analysis. The PI3K/Akt apoptotic pathway is a 
key signaling pathway in HF (37). It plays a pro‑apoptotic 
role by regulating the concentration of calcium, mitochon‑
drial membrane stability and apoptotic gene expression (38). 
During myocardial injury, the PI3K/Akt signaling pathway is 
activated. Herein, CKI decreased the transcriptional activities 
of PI3K and Bax, and increased the expression of p‑Akt and 
Bcl‑2. As an apoptosis suppressor gene, Bcl‑2 alleviates mito‑
chondrial damage (39). An increased Bcl‑2 expression inhibits 
apoptosis, which increases the stability of the mitochondrial 
membrane. The inhibition of the pro‑apoptotic protein, Bax, 
may reduce mitochondrial damage (40). Cyto c is the main 

molecule released by mitochondria to promote cell apoptosis, 
which forms apoptosomes with Apoptotic protease activating 
factor‑1 (APAF‑1), ATP and caspase‑9 precursor molecules 
in the cytoplasm (41). Apoptosomes trigger the activation of 
caspase‑9 and increase cleaved caspase‑9 expression, which 
activates caspase‑3. Caspase‑3 is a critical apoptosis‑executing 
enzyme in the caspase family that plays a key role in various 
cell apoptotic pathways (42). When caspase‑3 is activated, apop‑
tosis occurs. The results of the present study demonstrated that 
Ang II activated the PI3K/Akt pathway and increased cleaved 
caspase‑3 expression in myocardial cells. On the other hand, 
CKI inhibited the PI3K/Akt pathway and decreased cleaved 
caspase‑3 expression. The persistence of cardiomyocyte 
apoptosis leads to a progressive cell loss in the myocardium, 
ventricle dilation and gradual cardiac remodeling, eventually 
leading to HF. In the present study, CKI alleviated myocyte 
injury and reduced cardiomyocyte apoptosis, thereby inhib‑
iting HF. Collectively, these results indicate that the effects of 
CKI may be associated with the inactivation of pro‑apoptotic 
mediators, such as PI3K, Bax, cyto c, cleaved caspase‑9 and 
cleaved caspase‑3, and the activation of apoptosis inhibitors, 
such as p‑Akt and Bcl‑2, in heart tissues.

To further determine the effects and potential underlying 
mechanisms, H9C2 cells were used to simulate an in vitro 
model of HF. In addition, the cells were treated with the 

Figure 8. The mechanism through which CKI attenuates Ang II‑mediated 
heart failure by inhibiting the PI3K/Akt pathway. C57BL/6 male mice were 
subcutaneously implanted with osmotic minipumps with Ang II. CKI was 
subcutaneously infused. CKI attenuated Ang II‑mediated heart failure by 
inhibiting the PI3K/Akt apoptotic pathway. CKI, compound Kushen injec‑
tion; Ang II, angiotensin II; cyto c, cytochrome c. 

https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
https://www.spandidos-publications.com/10.3892/ijmm.2023.5226
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PI3K/Akt pathway inhibitor, LY294002. The results of CCK‑8 
assay demonstrated that CKI and LY294002 increased H9C2 
cell viability, compared with the Ang II group. The cell cycle 
is a repeating series of events that occur in a cell, leading to 
cell division and DNA replication to produce two daughter 
cells (43). The cell cycle is divided into the interphase phase 
and metaphase phase (M). The cell interphase can be further 
divided into three phases, namely, the G1 phase (period of time 
before mitosis and DNA replication), the S phase (period of 
DNA synthesis) and the G2 phase (period between the S and 
M phase). Cells undergoing a temporary pause in cell division 
are in the G0 phase. The disruption of the cell cycle inhibits 
cell growth and activates the process of apoptosis (44). The 
regulation of the cell cycle is usually dependent on G1 phase 
arrest. The proliferation index (PI) is calculated using the 
following formula (45): PI=(S + G2/M)/(G0/G1 + S + G2/M) 
x100%. As shown in Fig. 6C, the cells were accumulated in 
the G1 phase in the Ang II group, while the percentage of cells 
in the S phase decreased. By contrast, the opposite results 
were observed following treatment with CKI and LY294002. 
Thus, the PI of the CKI and LY294002 group was higher than 
that in the Ang II group. These results indicate that CKI may 
promote myocardial cell proliferation and inhibit myocardial 
cell apoptosis.

The PI3K/Akt pathway plays a crucial role in regulating 
the cell cycle and cell apoptosis (18). Cell cycle progression 
is controlled by the cyclin‑CDK complex and CDK inhibitor 
proteins. In the G1/S checkpoint, cyclin D1 forms a complex 
with CDK4 and therefore inhibits pRb via phosphoryla‑
tion, resulting in the release of E2F to promote progression 
through the G1 phase (46). On the other hand, the activity of 
the CDK4‑cyclin D1 complex is negatively controlled by CDK 
inhibitor proteins, such as p27. In the present study, the results 
of WB analysis indicated that Ang II‑induced G1 arrest may 
be attributed to the decreased expression of cyclin D1 and the 
increased expression of p27. Treatment with CKI increased the 
expression of cyclin D1 and decreased that of p27, similar to 
the effects of LY294002. Notably, the results of the in vitro 
analysis suggested that CKI inhibited the apoptosis of H9C2 
cells, similar to the effects of the PI3K/Akt pathway inhibitor, 
LY294002.

CKI is a type of TCM formulation. The active compounds 
of CKI consist of matrine, oxymatrine, sophocarpine, sophori‑
dine, sophorine and kurarinone. The cardioprotective function 
of CKI may be associated with the multiple components. As 
aforementioned, matrine has been shown to exhibit a number 
of therapeutic effects on the cardiovascular system. Matrine 
has been shown to improve the function of HF in mice by 
resisting the inflammatory response and oxidative stress, and 
decreasing cardiomyocyte apoptosis (47). Matrine suppresses 
cardiac fibrosis by inhibiting the TGF‑β/Smad pathway in 
experimental diabetic cardiomyopathy  (48). Furthermore, 
oxymatrine pre‑treatment has been shown to protect cardio‑
myocytes from hypoxia/reoxygenation injury by modulating 
the PI3K/Akt pathway (26). Oxymatrine can attenuate HF by 
improving cardiac function and this amelioration is associated 
with the upregulation of sarcoplasmic/endoplasmic reticulum 
Ca2+ ATPase 2a and 6,7‑dihydropteridine reductase (49). A 
series of previous studies demonstrated that sophocarpine 
exerted a number of protective effects on the heart, vessels 

and other tissues. Sophocarpine has been shown to reduce the 
myocardial infarct size and improve cardiac function follwing 
ischemia‑reperfusion in rats via NF‑κB inactivation  (50). 
Sophocarpine potentially exerts antifibrotic effects on the 
heart by modulating the balance between pro‑inflammatory 
cytokine expression and the collagen content level, as well as 
MMP expression via the NF‑κB signaling pathway (51). In 
summary, different components protect cardiac functions via 
different pathways. In the present study, it was demonstrated 
that CKI, as a compound preparation, exerted cardioprotective 
effects by inhibiting the PI3K/Akt pathway.

The present study has certain limitations which should be 
mentioned. It remains unknown as to whether the cardiovas‑
cular protective effects of CKI are dependent on matrine or 
other compounds, and which compound or compounds are 
responsible for the cardioprotective effects. In addition, the 
present study only briefly referred to certain some previous 
studies (21‑26,47‑51) on matrine, oxymatrine and sophocarpine. 
There may be other components with beneficial cardioprotec‑
tive effects. On the other hand, in the present study, it was 
indicated that CKI inhibited the PI3K/Akt pathway. This 
pathway may contribute to the effects of CKI, but may not be 
the primary target. To further demonstrate that the suppres‑
sion of this pathway is the main mechanism of action of CKI, 
additional studies are warranted using transgenic animals 
or using the combination treatment of CKI and a PI3K/Akt 
pathway agonist. Due to the limited sample size, the authors 
were unable to adequately assess the most effective compound 
or pathway. Further research is thus required to verify which 
compound or pathway is primarily responsible for the cardio‑
protective effects. Moreover, although the results of the present 
study verified that CKI inhibited apoptosis, the percentage of 
TUNEL‑positive cells observed following TUNEL staining 
was inconsistent with the apoptotic rate of cardiomyocytes 
determined by FCM. These results may differ due to different 
experimental techniques. Additional external validations and 
evaluations are required to verify the apoptotic rate.

In conclusion, to the best of our knowledge, the present study 
is the first to demonstrate that CKI attenuates Ang II‑mediated 
HF in vivo and in vitro, and this amelioration is associated 
with the inhibition of the PI3K/Akt pathway. CKI markedly 
decreased the expression of pro‑apoptotic proteins, including 
PI3K, Bax, cyto c, cleaved caspase‑9 and cleaved caspase‑3, 
while it significantly increased the expression of p‑Akt and 
Bcl‑2. In addition, CKI reduced cardiomyocyte apoptosis, 
decreased myocardial damage, prevented heart structure 
remodeling and promoted healthy cardiac function. Therefore, 
CKI may exhibit potential as a novel treatment option for 
promoting healthy cardiac function.
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