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Abstract

Myocardial hypertrophy may lead to heart failure and sudden death. As traditional Chinese medicine, Guanxinning tablets (GXN) have
significant pharmacological effects in the prevention and treatment of cardiovascular diseases. However, the anti-cardiac hypertrophy
efficacy of GXN and its mechanism of action are still unclear. Therefore, we established a heart failure rat model and isolated primary
cardiomyocytes of neonatal rat to observe the protective effect of GXN on heart failure rat model and the intervention effect on
myocardial cell hypertrophy, and to explore the possible mechanism of GXN preventing and treating myocardial hypertrophy. The results
of in vivo experiments showed that GXN could significantly reduce the degree of cardiac hypertrophy, reduce the size of cardiomyocytes,
inhibit the degree of myocardial remodeling and fibrosis, and improve cardiac function in rats with early heart failure. The results of in
vitro experiments showed that GXN was safe for primary cardiomyocytes and could improve cardiomyocyte hypertrophy and reduce the
apoptosis of cardiomyocytes in pathological state, which may be related to the inhibition of the over-activation of MEK-ERK1/2 signaling
pathway. In conclusion, GXN may inhibit cardiac hypertrophy and improve early heart failure by inhibiting the over-activation of

MEK-ERK1/2 signaling pathway.
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Highlights:

+ 8-week GXN treatment significantly reduced cardiac hypertrophy in rats with early heart failure.
+ GXN was safe, improved cardiomyocyte hypertrophy and reduced apoptosis of cardiomyocytes.

+ GXN inhibits the overactivation of MEK-ERK1/2 signaling pathway.

Introduction

Myocardial hypertrophy is a compensatory response to main-
tain cardiac output under various physiological and patholog-
ical stimuli. However, long-term cardiac hypertrophy often
leads to cardiac decompensation, leading to heart failure and
sudden death, which is a major cause of cardiac morbidity and
mortality worldwide (Nakamura and Sadoshima, 2018). Main-
stream drugs for the treatment of cardiac hypertrophy are all
western medicines, and mainly include beta-receptor blockers
and renin-angiotensin-aldosterone system inhibitors. They
have defects and shortcomings, such as unsuitable control of
optimal dose, and large individual differences in efficacy (Mc-
Donagh et al., 2022). Traditional Chinese medicine is charac-
terised by diverse active components, a mild curative effect,

few side effects, and its treatment of both symptoms and root
causes (Huang et al., 2020). Guanxinning tablet (GXN) is ex-
tracted from Salvia miltiorrhiza and Ligusticum chuanxiong in
1 : 1 ratio using special technology. It has the effect of pro-
moting blood circulation and removing blood stasis, clearing
arteries and nourishing the heart (Chen et al., 2006). Previous
studies have shown that GXN has significant pharmacologi-
cal effects in the prevention and treatment of cardiovascular
diseases. For instance, (1) GXN effectively inhibits sympathet-
ic nerve activity to improve myocardial action potential and
excitability during myocardial ischemia reperfusion injury in
rats, thereby correcting autonomic regulatory dysfunction
and enhancing left ventricular function (Hu et al,, 2017).
(2) GXN can improve the abnormality of hemorheology, in-
crease the plasma NO concentration in rats with blood stasis
and Qi deficiency/stagnation, and treat myocardial ischemia in
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dogs (Chen et al., 2005a, b; Hu et al., 2017). (3) Additionally,
GXN exhibits a cardioprotective effect by reducing myocardial
oxygen consumption and maintaining normal oxygen metab-
olism and energy supply-demand balance during myocardial
ischemia (hypoxia) (Pan et al., 2007). At present, the research
and development of anti-myocardial hypertrophy traditional
Chinese medicine is mainly in the experimental research stage
(Xu et al., 2022; Wang et al., 2017), such as in Astragalus mem-
branaceus (Zang et al., 2020), Digitoxinb — monomer extracted
from Digitalis lanata Ehrh (Bavendiek et al., 2019), QSYQ -
a patented Chinese prescription (Shang et al., 2013), while
GXN has obtained clinical application (Sun et al., 2019). There-
fore, this paper aims to study the anti-myocardial hypertrophy
efficacy of GXN and its mechanism of action. GXN is expected
to expand its clinical application in the treatment of cardiac
hypertrophy, significantly reducing the development time and
achieving cost savings in the treatment of this disease with
traditional Chinese medicine.

Studies (Li et al., 2020) have shown that the development
of pressure-overload induced cardiac hypertrophy is accompa-
nied by apoptosis of cardiomyocytes, resulting in progressive
loss of effective systolic functional units, enhanced compen-
satory function of viable cardiomyocytes, and adaptive hyper-
trophy of cardiomyocytes. With the progress of myocardial
hypertrophy, the increase of myocardial cell apoptosis further
reduces the number of myocardial cells; the overall contractil-
ity of the myocardium decreases, and the increase of fibrosis
reduces the compliance of the left ventricle; the myocardial
contractility cannot exert its proper ejection effect, thus form-
ing a vicious circle, resulting in decompensation of myocardial
function and heart failure. Apoptosis plays an important role
in the process that transforms myocardial hypertrophy into
heart failure (Persoon Rothert et al., 2002; Xing et al., 2000;
Zhang et al., 2000). Raf/MEK/ERK1/2 has been confirmed to
be closely related to cardiac hypertrophy (Lorenz et al., 2009).
ERK and its pathway are well-studied members of the MAPK
family. Raf/MEK/ERK1/2 is involved in various cellular func-
tions and is closely related to cardiomyocyte apoptosis, pro-
viding a potential link between ERK activity and cell survival
(Bueno and Molkentin, 2002).

Based on the above-mentioned research on GXN and the
important role of ERK signaling pathway in the occurrence
and development of myocardial hypertrophy, it can be sug-
gested that GXN may have an anti-cardiac hypertrophy effect
by inhibiting ERK signaling pathway. Animal models are im-
portant means of studying diseases. Identifying appropriate
animal models that align with diverse etiologies of chronic
heart failure holds significant implications for elucidating the
pathophysiological mechanisms underlying this condition and
exploring the potential application of traditional Chinese med-
icine in its prevention and treatment. The heart failure model
induced by long-term myocardial hypertrophy leading to in-
creased load is often induced by transverse aortic constriction
(TAC), isoproterenol (ISO), and Ang II induction methods.
TAC (Litwin et al., 1995) causes ventricular wall hypertrophy
by elevating pressure load (cardiac afterload), resulting in cen-
tripetal hypertrophy and ultimately heart failure. This model
offers advantages such as low mortality, precise anatomical
ligation points, and high experimental repeatability. It is cur-
rently widely used for establishing myocardial hypertrophic
chornic heart failure models. Therefore, we utilized the TAC
method to establish a rat model of heart failure and observed
the protective effect of GXN on these rats, as well as its inter-
vention effect on cardiomyocyte hypertrophy - to provide a
theoretical basis for the clinical application of GXN.

Materials and methods

Drug preparation

GXN tablets were provided by Chiatai Qinchunbao Pharma-
ceutical Co., LTD. (Hangzhou, China). Their preparation has
been reported in our previous study (Wang et al., 2020). The
tablets were dissolved in sterile water to different concentra-
tions. Captopril tablets (abbreviated as CAP) were purchased
from Sino-American Shanghai Squibb Pharmaceuticals, Ltd.
No. KTE1452, Shanghai, China, and were also dissolved in
sterile water.

Rats

80 SPF male Sprague-Dawley (SD) rats purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd (Certification No. SCXK
[Hu] 2017-0005; Shanghai, China), seven- to eight-weeks-old,
and weighing 220 g to 250 g, were adaptively fed for one week
in the Laboratory Animal Research Center of Zhejiang Chinese
Medical University (Certification No. SYXK [Zhe] 2018-0012;
Hangzhou, China). The housing conditions comprised 12 h
light/dark cycle, free access to food and water, and constant
temperature and humidity. All animal experiment procedures
were approved by the Ethical Committee of Zhejiang Chinese
Medical University (Approval No. IACUC-201812023-07).

Establishment of TAC induced heart failure rat model
Transverse aortic constriction (TAC) in the rats was per-
formed as follows: rats were anesthetized with 5% iso-
flurane, their chest coat was shaved, and they were po-
sitioned to a 45° oblique fixed table for endotracheal
intubation and further secured to the heat preservation
table. The small animal anesthesia ventilator was used to as-
sist breathing, with a respiratory ratio of 2 : 1, tidal volume
of 30 ml/kg, and respiratory rate of 60 to 65 times/min.
3% isoflurane was inhaled to maintain anesthesia. The thoracic
operation area was disinfected with iodophor, the second rib
on the left side of the rat was cut, and the chest opened layer
by layer. The incision was opened with a stretcher, the thymus
was fully exposed. The thymus and aortic arch were separat-
ed, the posterior wall of the aortic arch was bypassed with a
3-0 suture package and protruded between the head arm trunk
and the left common carotid artery. The self-made “L” needle
with an outer diameter of 0.9 mm was placed parallel above the
aortic arch. After ligation, the “L” needle was slowly removed,
and the thoracic cavity was closed layer by layer to disinfect
the incision. The other 6 rats received sham surgery, with the
puncture of the aortic arch but no constriction, and the rest of
the operation remained unchanged. After the operation, the
animals were put into an incubator for warm care until they
woke up. 100,000 IU of penicillin was injected intramuscularly
for 3 days after the operation. The rats were then routinely fed
to 4th week after penicillin injection for 3 days.

Grouping and administration

Four weeks after the operation, echocardiography was per-
formed to record ventricular wall thickness and ejection frac-
tion (EF). Blood was taken to separate the serum, and the
serum NT-proBNP was detected. Based on the results of echo-
cardiography and serum NT-proBNP detection, 41 selected
rats with heart failure after TAC were divided into 4 groups
according to the left ventricular mass (LVMass) measured
by ultrasound system as the main index, combined with
ejection fraction (EF) and body weight. Namely the model
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control group (Model, n = 14), low-dose GXN group
(GXN-L, 600 mg/kg, n = 9), high-dose GXN group (GXN-H,
1200 mg/kg, n = 9), and positive control group (Captopril, cap-
topril at 12.5 mg/kg, n = 9). The six rats that underwent sham
surgery became the sham surgery group (Sham). Each group
was given corresponding drugs intragastrically once a day for
8 weeks. Six rats in each group were randomly selected for ob-
servation, detection, and analysis of the following indexes.

Echocardiography

Every 4 weeks after the start of administration of GXN and
Captopril, 3% isoflurane gas was used to induce and maintain
anesthesia, and echocardiography was performed. The specif-
ic methods were as follows: the rats were anesthetized with
isoflurane inhalation, and the left ventricular interventricu-
lar septum thickness at end-diastole (IVSd), left ventricular
interventricular septum thickness at end-systole (IVSs), left
ventricular diameter at end-diastole (LVIDd), left ventricular
diameter at end-systole (LVIDs), left ventricular posterior wall
thickness at end-diastole (LVPWd), and left ventricular pos-
terior wall thickness at end-systole (LVPWSs) were measured
using a high-resolution ultrasound imaging system for small
animals. The indexes were measured and averaged in 2-3 car-
diac cycles.

Histopathological observation

After eight weeks of administration with GXN and Capto-
pril, the rats were anesthetized by intraperitoneal injection
of 3% pentobarbital sodium solution at a dose of 45 mg/kg,
and abdominal aorta blood was taken by laparotomy. After
euthanasia, the heart was separated, weighed and recorded.
Heart coefficient was calculated as heart weight (g)/rat body
weight (kg). The same part of myocardial tissue from each rat
was dehydrated, hyalinize, waxed and embedded. After this,
it was fixed in 10% neutral formaldehyde solution for 48 h,
cut into sections with a thickness of 5 pm, stained with hema-
toxylin-eosin (HE) and sealed. In addition, the sections were
stained with Masson to observe the deposition of collagen fib-
ers in myocardial tissue.

Cell

Isolation of primary myocardial cells from neonatal rats. The
neonatal rat thoracic cavity was opened under sterile condi-
tions, then the ventricles were cut into pieces and digested in
0.08% trypsin and 0.04% collagenase II at 37 °C for 10 min.
The digestion was terminated with DMEM containing 20%
FBS. The supernatant was centrifuged to collect the isolated
single cells, resuspended with DMEM containing 20% FBS,
and incubated at 37 °C with 5% CO,. After incubation for 2 h,
inadherent non-cardiomyocytes were removed, and the re-
maining cell particles were suspended in DMEM/20% FBS for
24 h. 0.1 mm 5-bromodeoxyuridine was added to inhibit the
fibroblasts proliferation for 72 h.

Cell grouping

The cells were seeded in 12-well plates and divided into a
blank control group, model control group (isoproterenol ISO,
10 pmol/l), GXN low-dose group (GXN 200 pg/ml), and GXN
high-dose group (GXN 400 pg/ml), with 3 parallel wells in each
group. ISO was added after GXN intervention for 12 h, the
culture medium was discarded after 48 h of incubation, and
rinsed twice with PBS quickly.

Cell viability assay
The isolated and cultured neonatal rat primary cardiomyocytes
were counted and adjusted to a concentration of 5 x 10°/ml,

and 100 pl/well was inoculated into a 96-well plate. After be-
ing starved in a serum-free medium for 24 h, the cells were
divided into groups and administered GXN according to differ-
ent concentration gradients. 48 h after addition, MTT solution
(5 mg/ml) was added at the rate of 20 pl/well for further
culture for 4 h. Then the supernatant was discarded, 150 pl
DMSO were added to each well, and shaken for 15 min to fully
dissolve the crystals. The optical density (OD) at 540 nm was
detected by a microplate tester.

Determination of myocardial cell area

According to the methods provided in the literature (Zhang
et al., 2015), after phalloidin staining, the cells treated with
different concentrations of GXN and ISO were observed and
photographed under a confocal microscope, the cytoskeleton
were shown in red, and the nucleus in blue. Each group was
photographed in 5 fields with 10-15 cells in each field, and the
area of every single cell (um?) was measured with Image-Pro
Plus 6.0 image analysis system.

Flow cytometry assays

Cells treated with different concentrations of GXN and ISO
were processed and collected into centrifuge tubes and subject-
ed to flow cytometry using the Annexin V/Propidium Iodide
(PI) Apoptosis Kit (BD Bioscience, USA). Cells were washed
3 times with PBS, then resuspended in 1x binding buffer. After
that, cells were incubated with 5 pl Annexin V-FITC and 10 pl
propidium iodide, each for 15 min in the dark (Wang et al,,
2009). 300 pl of 1x Binding buffer was added and mixed, then
the cell suspension was transferred into a 5 ml flow cytometer
under dark conditions. Samples were detected by FACSCalibur
flow cytometer (BD Bioscience, San Jose, CA, USA) within an
hour. Data were processed using FlowJo 10 (FlowJo, LLC, Ash-
land, OR, USA).

Quantitative PCR

Total RNA was extracted from both rat myocardial tissue
and primary cardiomyocytes using total RNA extraction kit
(Shanghai Bao Biological Company, China) according to the
manufacturer’s recommendations, and reverse transcribed
into cDNA using PrimeScriptTM RT reagent Kit (Takara, Ja-
pan). The reverse transcription condition was 37 °C for 15 min
(reverse transcription reaction) followed by 85 °C for 5 s (re-
verse transcriptase inactivation reaction), and finally cooled to
4 °C. The mRNA primers are listed in Table 1. The cDNA was
amplified with StepOne Plus Real-Time PCR System (Applied
Biosystems, USA). The amplification reaction system was pre-
pared as follows: 10 pl of SYBR® Premix Ex TaqTM (2x), 1 pl
each of forward and reverse primers (20 pmol/l), 0.4 pl of Rox,
1 pl of cDNA, and 6.6 pl of ddH,O. The amplification reaction
conditions are as follows: pre denaturation: 95 °C for 3 min;
48 cycles (95 °C 10 s, 60 °C 30 s); dissolution curve: starting
from 55 °C, increase by 0.5 °C every 30 s until 95 °C. Periodic
threshold method was used as a relative quantitative method
for data analysis (Livak and Schmittgen, 2001), and GAPDH
was normalized as housekeeping gene.

Determination of myocardial cell protein content

The rat primary cardiomyocytes were inoculated into 12-well
plates with 3 parallel wells in each group. Culture medium was
discarded after 48 h of treating with different concentrations
of GXN and ISO, and the cells were quickly rinsed with PBS
solution for three times. 1 ml 0.5 mol/l NaOH was added, and
the cells were lysed at 37 °C for 1 h, followed by centrifugation
for 15 min (12000 rpm, 4 °C). The extracted supernatant was
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Table 1. Primer list

Gene Primer sequence Gene ID Product size (bp)
GAPDH 5 TGGTOAMGACGCCAGTAGACTC 5 24363 =
- mcosereemncomorcy
B S GCATCOTGGATTGTTCTGEA S 25105 o1
ReaN1 S TGTCATATGTTCTGAAGAGGOATCS 266766 i
R T
BAX 5-CGAATTGGCGATGAACTGGA-3’ 54887 109

5-CAAACATGTCAGCTGCCACAC-3’

stored in an ultra-low temperature refrigerator at —80 °C. Pro-
tein concentration in myocardial cells was measured by BCA
method (Olson, 2016; Walker, 1994).

Western blot

50 mg of protein was extracted from both rat myocardial tis-
sue and primary cardiomyocytes using total protein extraction
kit. Denatured agent was added and boiled, SDS-PAGE gel was
separated, and the membrane was transferred to NC mem-
brane at 120 V for 2 h by constant pressure wet transfer meth-
od. After sealing at 37 °C for 2 h in 3% bovine serum albumin
solution, the proteins in the NC membrane were incubated
with primary antibody (purchased from Santa Cruz Biotech-
nology, p-mek: sc-271914, mek: sc-6250, p-erk: sc-6250, erk:
sc-271269, BCL-2: sc-7382, BAX: sc-7480) at 4 °C overnight.
After rinsing 3 times, the membrane was incubated with fluo-
rescence IRDye™B800 conjugated secondary antibody at room
temperature for 1.5 h and scanned by Odyssey Infrared Imag-
ing System (LI-COR Inc., Lincoln, NE, United States) to cal-
culate the relative expression levels of MEK-ERK1/2 related
signaling pathway proteins. The expression levels of BAX and
BCL2 were standardized with GAPDH as the internal refer-
ence. P-ERK and p-MEK are calculated by comparing the total
protein content of ERK and MEK to calculate the phosphoryl-
ation level of the target protein.

Statistical analysis

SPSS 22.0 software was used for statistical analysis. All data
were expressed as mean * standard deviation (y + SD). ANOVA
analysis of variance was used to evaluate the test results for
measurement data, and LSD test was used for pair compari-
son. Value of P < 0.05 was considered statistically significant.
Value of P < 0.01 was considered extremely statistically signif-
icant. The statistical result is rounded to two decimal places
for precision.

Results

Effect on ventricular wall thickness in ultrasonic
imaging

Fig. 1 showed that IVSd, IVSs, LVPWd, and LVPWs in the mod-
el control group were significantly thicker than those in the
sham surgery group at the 4th and 8th weeks after the daily
administration of GXL and Captopril (P < 0.01) began, sug-

gesting that the model control group had hypertrophy of car-
diomyocytes and abnormal cardiac structure. Compared with
the model control group, the thickness of the ventricular wall
in the treatment group decreased to varying degrees. In the
low-dose GXN group, IVSs and LVPWd were significantly thin-
ner at 4 weeks after administration (P < 0.05), and IVSd and
LVPWs were significantly thinner at 8 weeks after administra-
tion (P < 0.05). In the high-dose GXN group, IVSs, LVPWd, and
LVPWs were significantly thinner at 4 weeks after administra-
tion (P < 0.05, P < 0.01), and IVSd and LVPWs were significant-
ly thinner at 8 weeks after administration (P < 0.05, P < 0.01).
In the positive control group, IVSs was significantly thinner at
4 weeks after administration (P < 0.05), and IVSs, LVPWd, and
LVPWs were significantly thinner at 8 weeks after administra-
tion (P < 0.05, P < 0.01).

Effect on heart weight and coefficient

Fig. 2 showed that the heart weight and coefficient of rats
in the model control group were significantly higher than in
the sham surgery group (P < 0.01). Compared with the model
control group, the heart weight and coefficient of rats in each
treatment group decreased to varying degrees after drug inter-
vention, with a significant decrease of heart coefficient in the
high-dose GXN group (P < 0.05) and a significant decrease of
heart weight in the positive control group (P < 0.05).

Effect on myocardial histopathology

The results of routine pathological HE staining of myocardi-
al tissue showed that the cardiomyocytes of rats in the mod-
el control group were significantly enlarged, accompanied by
inflammatory infiltration and interstitial edema, which was
significantly different from that in the sham operation group.
However, after the intervention of different drugs, the inflam-
matory infiltration of myocardial tissue decreased, the size of
myocardial cells improved to varying degrees, and the edema
was not obvious (Fig. 3). After Masson staining of myocardial
tissue, collagen fibers were observed to exhibit a blue hue. As
shown in Fig. 3A, the myocardial tissue of rats in the sham
surgery group was neatly arranged, and there was almost no
blue collagen fiber. In the model control group, fibrous tissue
hyperplasia was evident, and the cardiomyocytes exhibited
loose arrangement with collagen fibers interposed in a retic-
ular pattern. After intervention with different drugs, fibrosis
improved to varying degrees.
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Fig. 1. The effect of GXN on echocardiographic ventricular wall thickness (mm) in rat models with early heart failure. A-E: M-ultrasonography.
(A) Sham: sham-operated group; (B) Model: model group; (C) GXN-L: GXN low-dose group; (D) GXN-H: GXN high-dose group; (E) Captopril:

positive control group. (F) The thickness of ventricular wall after administration for 4 and 8 weeks. Data are shown as mean + SEM (n = 6,
#P < 0.05, # P < 0.01 vs sham group; * P < 0.05, ** P < 0.01 vs model group).

Semi-quantitative analysis of the myocardial area showed
that, compared with the sham surgery group, the myocardial
cell area of rats in the model control group increased signifi-
cantly (P < 0.01). Compared with the model control group, the
myocardial cell area decreased significantly after intervention
with different drugs (P < 0.01).

Effect on gene expression of cardiac hypertrophy
related genes

Compared with the sham group, the mRNA expressions of
ANP, BNP, and RCAN1 in the heart tissue of model control
group were significantly increased (P < 0.01). The mRNA ex-
pressions of these three genes related to left ventricular hy-
pertrophy in the high-dose GXNT group and positive control
group were significantly decreased (P < 0.05, P < 0.01) com-
pared with the model group (Fig. 4).

Effect of GXN on the proliferation of cardiomyocytes

In normal cultured rat primary cardiomyocytes, GXN had no
significant inhibitory effect on cell proliferation in the con-
centration range of 50 pg/ml~1200 pg/ml (P > 0.05). This
indicated that when the concentration of GXN was less than
1200 pg/ml, there was no significant effect on the prolifera-
tion of rat primary myocardial cells (Fig. 5A).

After adding 10 pg/ml of ISO, the proliferation of rat
primary cardiomyocytes was not significantly inhibited
(P > 0.05) and GXN had no significant effect on the prolifera-
tion of rat primary cardiomyocytes in the range of 50 pg/ml to
1200 pg/ml (P > 0.05), indicating that GXN is relatively safe
for cardiomyocytes (Fig. 5B).
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Fig. 2. The effect of GXN on heart weight and coefficient in rat models with early heart failure. (A) The appearance of the whole hearts from
each group. (B) The heart weight of each group. (C) The heart coefficient of each group. Sham: sham-operated group; Model: model group;
GXN-L: GXN low-dose group; GXN-H: GXN high-dose group; Captopril: positive control group. Data are shown as mean + SEM (n = 6,

## P < 0.01 vs sham group; * P < 0.05 vs model group).
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Fig. 3. The effect of GXN on cardiac pathology and cardiomyocyte size in rat models with early heart failure. (A) HE staining and Masson
staining of the heart. (B) The score of myocardial fibrosis. (C) Cardiomyocyte size. Sham: sham-operated group; Model: model group;
GXN-L: GXN low-dose group; GXN-H: GXN high-dose group; Captopril: positive control group. Data are shown as mean + SEM (n = 6,

## P < 0.01 vs sham group; * P < 0.05 vs model group).
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Fig. 5. Effect of GXN on the proliferation of primary cardiomyocytes. (A) Effect of GXN on the proliferation of primary cardiomyocytes.
(B) Effect of GXN on the proliferation of primary cardiomyocyte after stimulation. Data are shown as mean + SEM.

Effect of GXN on myocardial cell size

Compared with the blank control group, the cross section of
cardiomyocytes was significantly increased after ISO stimu-
lation at 10 pg/ml. Compared with the model control group,
there was no significant difference in the cross-sectional size
of cardiomyocytes treated with 200 pg/ml GXN, while the
cross-sectional size of cardiomyocytes treated with 400 pg/ml
GXN was significantly decreased (P < 0.01) - Fig. 6A, B.

Effect of GXN on cardiomyocyte apoptosis

The early and late apoptosis rates of cardiomyocytes in the
blank control group were 0.73% and 0.66% respectively. In
the model control group, the early apoptosis rate was 1.07%,
and the late apoptosis rate was 5.15%. After treatment with
different concentrations of GXN, the apoptosis rate of cardi-
omyocytes decreased to varying degrees. Among them, after
200 pg/ml GXN pre-protection, the early apoptosis rate of
cardiomyocytes after ISO stimulation was 2.38%, and the late
apoptosis rate was 4.64%; 400 pg/ml GXN pre-protection had
an early apoptosis rate of 1.86% and a late apoptosis rate of
2.10% (Fig. 7).

Effect of GXN on mRNA of apoptosis-related genes in
cardiomyocytes

Compared with the blank control group, the mRNA expres-
sion of BCL2 gene in the model control group was significantly

decreased (P < 0.01), and the mRNA expression of BAX gene
was significantly increased (P < 0.01). After 200 pg/ml GXN
pre-protection, the mRNA expression of BCL2 gene was in-
creased with no significant statistical difference (P > 0.05);
BAX mRNA expression was significantly decreased (P < 0.05).
After 400 pg/ml GXN preprotection, BCL2 mRNA expression
was significantly increased (P < 0.01), and BAX mRNA expres-
sion was significantly decreased (P < 0.01) - Fig. 8.

Effects of GXN on the expression of proteins

associated with MEK/ERK1/2 signaling pathway in
cardiomyocytes

Compared with the normal control group, the phosphorylated
expressions of MEK and ERK1/2 in the model control group
were significantly increased (P < 0.01), and the phosphorylated
expressions of these two proteins were significantly decreased
after high dose GXN pre-protection compared with the model
control group (P < 0.05). After high dose GXN preliminary pro-
tection, the expression of BCL2 protein was significantly in-
creased (P < 0.05), while that of BAX protein was significantly
decreased (P < 0.05). The results (Fig. 9) were consistent with
RT-PCR results (Fig. 8).
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Fig. 6. The effect of GXN on cross-sectional size of cardiomyocytes in rat models with early heart failure. (A) Cardiomyocytes labeled with
phalloidin. (B) Cross-sectional size of cardiomyocytes. Data are shown as mean + SEM (n = 6, ## P < 0.01 vs sham group; ** P < 0.01 vs model
group).
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Fig. 8. The effect of GXN on the mRNA expression of apoptosis-related genes in cardiomyocytes. (A) BCL2 mRNA expression. (B) BAX mRNA
expression. Data are shown as mean + SEM (n = 6, ## P < 0.01 vs sham group; * P < 0.05 vs model group, ** P < 0.01 vs model group).
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Fig. 9. The effect of GXN on expression of MEK-ERK1/2 signaling pathway proteins. (A) The effect of GXN on expression of MEK-ERK1/2
signaling pathway proteins evaluated by western blot. (B) Quantitative analysis chart of p-MEK ratio to total MEK. (C) Quantitative analysis
chart of p-ERK1/2 ratio to total ERK1/2. (D) Quantitative analysis chart of BCL2 ratio to GAPDH. (E) Quantitative analysis chart of BAX ratio
to GAPDH. Data are shown as mean + SEM (n = 6, ## P < 0.01 vs sham group; * P < 0.05 vs model group, ** P < 0.01 vs model group).
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Discussion

Cardiac hypertrophy is an important pathological feature in
the early stages of heart failure, and apoptosis plays an impor-
tant role in transforming cardiac hypertrophy into heart fail-
ure. In this study, left ventricular posterior pressure overload
was induced by aortic arch stenosis in rats to establish a rat
model of early congestive heart failure. It was found that GXN
could significantly reduce the degree of cardiac hypertrophy,
reduce the size of cardiomyocytes, inhibit myocardial remod-
eling and fibrosis, and improve cardiac function in rats with
early heart failure. Meanwhile, primary cardiomyocytes of
neonatal rats were isolated, and GXN showed no cytotoxicity,
and could improve the hypertrophy of cardiomyocytes and re-
duce the apoptosis of cardiomyocytes under pathological con-
ditions. The mechanism of the above effects may be related to
the inhibition of MEK-ERK1/2 signaling pathway activation.
Compared with other traditional Chinese medicine that is still
in research and development stages, GXN has great advantag-
es and is of great significance in promoting the modernization
of traditional Chinese medicine research.

Currently, the main western drugs used clinically for an-
ti-myocardial hypertrophy preparations include angiotensin II
receptor antagonists (Panico et al., 2019) valsartan, telmisar-
tan, angiotensin-converting enzyme (ACE) inhibitors (Messer-
li et al., 2018) benazepril and enalapril, p adrenergic receptor
blockers (Watanabe et al., 2016) metoprool, Bisoprool, Ca*2
ion channel antagonists (Xu et al., 2020) Norvasc, diltiazem,
etc. The primary pharmacological effects of these drugs include
positive inotropic action, diuresis, vasodilation, and antiar-
rhythmic activity. In the initial stage of treatment, these drugs
often have an alleviating and controlling effect on the disease
(Savage et al., 2022), but long-term use of these drugs can
cause serious damage to liver and kidney function and the gas-
trointestinal tract, and some of them lose their efficacy com-
pletely due to drug resistance (Zhang et al., 2018). Moreover,
they usually contribute to the hardening of blood vessels and
destroy the blood balance mechanism after use. As these drugs
have their own toxic side effects, using them in combination
is more limited for many patients with chronic heart failure
(McDonagh et al., 2022; Messerli et al., 2018). Among the tra-
ditional Chinese medicines (TCM) used in clinical practice, the
most studied is Shengmaiyin (SMY) (Kan et al., 2022), which
is a common prescription for clinical multi-system diseases.
It is composed of three kinds of TCM, Codonopsis pilosula, ra-
dix ophiopogonis, and Schisandra chinensis, and has the effect
of invigorating qi and nourishing Yin. It is widely used in the
treatment of cardiovascular, central nervous system and endo-
crine system diseases. Modern pharmacological studies have
shown that SMY has a protective effect on myocardial muscle
and improves cardiac function (You et al., 2020). It also has
a protective effect in rat models of ISO-induced myocardial
hypertrophy (Ming et al., 2022). Yiqifumai Injection (YQFM)
potentially alleviates myocardial hypertrophy and apoptosis in
patients with chronic heart failure (Zhao et al., 2018). Shen-
songyangxin (SSYX) attenuates angiotensin II-induced cardi-
omyocyte hypertrophy and reduces cardiac hypertrophy and
fibrosis in stress-overloaded mice, and its mechanism is relat-
ed to the inhibition of Akt and TGFB/Smad signaling pathways
(Shen et al., 2016).

Incorporating traditional Chinese medicine treatment in
conjunction with conventional western medicine not only aids
in ameliorating clinical symptoms of patients with chronic
heart failure, enhance activity tolerance, improve the quality

of life, but also improves the long-term prognosis of some pa-
tients, providing a new way and choice for the treatment of
patients with chronic heart failure.

Myocardial remodeling is the basic mechanism for the de-
velopment of heart failure, and its occurrence is mainly due to
changes in myocardial structure and function (Ponikowska et
al., 2022). IVSd, IVSs, LVPWd, LVPWs are important indica-
tors to measure cardiac function and reflect changes in cardiac
structure. The results of this experiment showed that GXN can
correct cardiac structural abnormalities in time, and thereby
improve cardiac function. Cardiac coefficient is a direct index
to evaluate the degree of myocardial hypertrophy, which is the
ratio of heart weight/body weight (Zhang et al., 2021); it is
also a comprehensive reflection of cardiac remodeling in the
process of heart failure. The results are in line with each oth-
er, suggesting that the occurrence of myocardial compensato-
ry effect in the heart failure model rats and evident degree of
myocardial hypertrophy; while GXN can effectively reduce the
degree of myocardial hypertrophy in model rats, and its effect
has a certain correlation with the dose.

HE staining was used to evaluate the morphology of car-
diomyocytes, and Masson staining can effectively evaluate
the degree of myocardial fibrosis. Myocardial fibrosis is an
essential feature of myocardial remodeling and an influential
factor in the development and progression of heart failure
(Iyer et al., 2022). Pathological images showed that GXN can
alleviate myocardial cell injury, improve cardiac function, and
reduce myocardial fibrosis degree in rats with heart failure to
a certain extent, and the degree of improvement increases the
higher the dose.

Drug toxicity is an essential factor restricting drug re-
search and development. It is also the source of toxic and
side effects caused by drug clinical application. The MTT
results showed that GXN had no obvious cytotoxic effect on
primary rat cardiomyocytes in the concentration range of
50 pg/ml~1200 pg/ml, which provided the most basic safety
preconditions for the subsequent research and development of
GXN. Phalloidin can selectively bind to actin microfilaments,
thereby showing the distribution and local orientation chang-
es of cytoskeletal filamentous actin. The results show that af-
ter 48 hours of ISO induction, the surface area of rat cardiomy-
ocytes increased significantly and the number of myofibrillar
sarcomere increased — indicating that the model of cardiomyo-
cyte hypertrophy was successfully established.

Due to the long-term effect of pre- and post-cardiac over-
load, hypertrophic cardiomyocytes are more sensitive to oxi-
dative damage caused by ischemia, hypoxia and ROS, and are
superimposed on inflammatory factors, high levels of Ca?*,
NO and other stimulatory factors, resulting in an increase in
cytoplasmic density and cell membrane permeability, nuclear
pyknosis and fragmentation, and DNA degradation, leading to
the occurrence of cardiomyocyte apoptosis (Hu et al., 2022).
In this paper, the apoptosis of cardiomyocytes was observed
by flow cytometry, and it was found that GXN had a certain
inhibitory effect on the apoptosis process in hypertrophic car-
diomyocytes. Bcl2 and Bax belong to the Bcl2 gene family. Bcl2
is an apoptosis inhibitory gene. Bax not only antagonizes the
apoptosis inhibition of Bcl2, but also has the function of pro-
moting apoptosis (Wang et al., 2022). The results of this paper
showed that GXN can reverse the changes in mRNA and pro-
tein levels of Bax and Bcl2 induced by ISO treatment, which
further confirmed the role of GXN in antagonizing cardiomyo-
cyte apoptosis.

MEK-ERK1/2 signaling pathway is involved in cardiomy-
ocyte apoptosis, and the activity of MAPK is involved in car-
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diomyocyte hypertrophy. ERK is a well-studied member of
the MAPK family, and its pathway MEK-ERK1/2 is involved
in various cellular functions. Many studies have shown that
the activity of MEK-ERK1/2 signaling pathway promotes car-
diomyocyte hypertrophy and compensatory cell proliferation,
and prolonged overwork leads to massive apoptosis of cardio-
myocytes (Gu et al., 2016; Ko et al.,, 2013). In neonatal rat
ventricular myocytes, the phosphorylation levels of MEK and
ERK1/2 induced by oxidants are significantly increased, and
the phosphorylation levels of these two proteins are signifi-
cantly decreased after pre-protection by GXN, suggesting that
the ERK pathway is involved in the anti-apoptotic signaling
pathway of neonatal cardiomyocytes. The anti-apoptotic effect
of the regulatory protein Bcl-2 relies on the phosphorylation
of serine residues between its BH3 and BH4 domains, and the
MEK/ERK1/2 signaling pathway is involved in the phospho-
rylation of Bcl-2, providing a potential link between ERK activ-
ity and cell survival (Shi et al., 2010). It can be concluded that
inhibiting the excessive activation of MEK/ERK1/2 signaling
pathway can improve the hypertrophic state of cardiomyo-
cytes, thereby slowing down the further development of car-
diomyocytes into apoptosis and the progression from cardiac
hypertrophy to heart failure.

So far, over 61 chemical constituents have been reported
from GXN (Chen et al,, 2011; Ruan et al., 2012), respectively
extracted from Salvia miltiorrhiza and Ligusticum chuanxiong.
The chemical components from Salvia miltiorrhiza can be di-
vided into two types: water-soluble and fat-soluble. Salvianolic
acid B accounted for the largest proportion of water-soluble
components, including Danshensu, salvianolic acid A, ros-
marinic acid, protocatechualdehyde and purple oxalic acid.
Fat-soluble components included tanshinone I, tanshinone
IIA, cryptotanshinone, etc. Chemical components derived
from Ligusticum chuanxiong include phenolic acid, phthalide,
and alkaloids. Ferulic acid is the recognized active ingredient
in Ligusticum chuanxiong, the content of which is higher than
0.1%. The active ingredient of phthalide includes butylphthal-
ide, senkyunolide I and ligustilide, etc. The alkaloids are rep-
resented by ligusticazine. However, in recent years, studies
have confirmed that the content of ligustrazine in Ligusticum
chuanxiong is less than 0.0001%, and it is no longer considered
as the main active ingredient in Ligusticum chuanxiong (Zhang,
2017). Among these components, salvianolic acid B (Liu et al.,
2014), Danshusu (Tang et al., 2011), tanshinone ITA (Zhang et
al., 2022), and ferulic acid (Luo et al., 2022) have been wide-
ly studied and confirmed to be related to the anti-myocardial
hypertrophy effect of GXN, suggesting that the mechanism of
anti-myocardial hypertrophy effect of GXN may be the result
of their combined action.

In conclusion, GXN may inhibit cardiac hypertrophy and
improve early heart failure by inhibiting the over-activation
of MEK-ERK1/2 signaling pathway. This study provides a new
mechanism for understanding the protective effects of GXN
on cardiovascular disease and provides experimental evidence
for wider clinical application of GXN.

Conclusion

GXN can effectively reduce the degree of cardiac hypertrophy
and the size of cardiomyocytes, inhibit the degree of myocar-
dial remodeling and fibrosis, and improve cardiac function in
rats with early heart failure. GXN can also improve the hyper-
trophy of primary rat cardiomyocytes and reduce the apopto-
sis of cardiomyocytes in pathological state. These therapeutic

effects of GXN may be related to the inhibition of overactiva-
tion of MEK/ERK1/2 signaling pathway.
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