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Abstract: Background: Cardiomyocyte apoptosis plays a critical role in ventricular remodeling andfheart®failure
following acute myocardial infarction (AMI). The Rho kinase signaling pathway is known to beainvolved in this
pathological process. Butylphthalein, a compound with neuroprotective effects, may exert cardioptotective effects by
regulating this pathway. Objective: This study aims to investigate the effects of butylphthaleif®en hemodynamic
parameters and cardiomyocyte apoptosis in a rat model of AMI and to explore whether tiese”effegis”are mediated
through the Rho kinase signaling pathway. Methods: Fifty SD rats were randomly divided intorAfive groups: Sham, AMI
model, butylphthalein, fasudil (a Rho kinase inhibitor) and combination therapy. AMI waS¥indueedgdy ligation of the left
anterior descending coronary artery. Two weeks post-surgery, hemodynamic paramieters—including left ventricular
systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP) andsmaximal rate,of rise and fall of ventricular
pressure (xdp/dtmax)—were measured. Cardiomyocyte apoptosis was assessed using TUNEL staining. The expression
levels of Bcl-2, Bax, RhoA, ROCK1 and the p-MYPT1/MYPT1 ratio WeredeteCted by Western blot. Results: Rats in
the AMI model group exhibited significant hemodynamic impairment and increased cardiomyocyte apoptosis. Compared
with the model group, butylphthalein treatment significantly improved LVSP and +dp/dtmax, reduced LVEDP,
decreased the number of TUNEL-positive cells, upregulated Bcl-2 expression, downregulated Bax expression and
suppressed the expression of RhoA/ROCK1 and the p-MYPTL/MY¥PTL1 ratio (all P<0.05). The combination of
butylphthalein and fasudil resulted in enhanced therapgutic effects, suggesting a synergistic inhibition of Rho kinase
activity. Conclusion: Butylphthalein attenuates cardiomyocyte apoptesis’and improves cardiac function in rats with AMI,
likely through inhibition of the Rho kinase signaling pathway.sI hese'findings support its potential as a therapeutic agent
for AMLAII experiments were performed on male Sprague-Dawley rats (n=50).
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INTRODUCTION

Acute myocardial infarction (AMyis aflife-threatening
condition typically triggered/byieoronary atherosclerosis,
which can be exacerbated by factefs such as physical
overexertion, emotiopal “Stressy excessive food intake,
extreme temperatugeexposurefand long-term smoking or
alcohol consumptiond, These factors contribute to the
rupture oof atheroscleretic” plaques, leading to coronary
artery acclusions,, myocardial ischemia, hypoxia and
eventual necresis (Krittanawong et al., 2023). The clinical
presentation of AMI is often nonspecific, with symptoms
including \diaphoresis, agitation, nausea, shock and
precordial pain (Raat et al., 2025).

Apoptosis, a form of programmed cell death
characterized by cell shrinkage, chromatin condensation
and formation of apoptotic bodies, is genetically regulated
and plays a pivotal role in various physiological and
pathological processes (Gregory, 2023). Emerging
evidence indicates that apoptosis is a major mode of
cardiomyocyte death following AMI. The extensive loss
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of cardiomyocytes reduces the number of functionally
viable cells, subsequently triggering ventricular
remodeling and contributing to the progression of heart
failure (Yan et al., 2024). Therefore, a key research
priority in cardiovascular medicine is the development of
strategies to protect residual cardiomyocytes after AMI,
thereby mitigating left ventricular remodeling and
preventing heart failure. Studies have demonstrated that
multiple cytokines and signal transduction pathways are
involved in the processes of myocardial ischemia,
hypoxia and necrosis.

Butylphthalidle (3-n-butylphthalide, NBP) is a novel
chemical agent independently developed in China for the
treatment of cardio-cerebrovascular diseases. It exhibits
pharmacological properties distinct from those of
conventional cardiovascular drugs (Hu et al., 2023). As
the primary active component of butylphthalein, racemic
3-n-butylphthalide has been shown to exert anti-ischemic
effects in both cerebral and myocardial ischemia. Its
mechanisms of action include regulation of energy
metabolism, mitochondrial protection, inhibition of
apoptosis and suppression of free radical generation (An
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et al., 2026). Additionally, butylphthalein increases the
levels of nitric oxide (NO) and prostacyclin (PGl,) in
vascular endothelial cells, reduces intracellular calcium
concentrations, inhibits glutamate production, enhances
antioxidant enzyme activity and alleviates tissue edema
(Ma et al., 2024).

Rho is a RAS-related monomer GTPase involved in the
regulation of diverse cellular activities. Studies have
shown that Rho kinase activity is upregulated following
AMI, affecting the structure and function of smooth
muscle cells and contributing to myocardial remodeling
and heart failure (Chen et al., 2023). Although the role of
Rho kinase pathway in AMI has been extensively
documented,  whether  3-n-butylphthalide inhibits
cardiomyocyte apoptosis through modulation of this
pathway remains unexplored. Therefore, this study aims
to investigate, for the first time, whether NBP attenuates
myocardial injury after AMI by regulating the Rho
kinase-mediated apoptotic pathway. The findings may
provide a novel theoretical basis for the clinical
application of NBP in AMI treatment.

MATERIALS AND METHODS

Experimental animals

Fifty clean-grade male Sprague-Dawley (SD) rats, aged
14-16 weeks and weighing 320-360 g, were provided by
Shanghai SLAC Laboratory Animal Co., Ltd. (License
No.: SCXK (Shanghai) 2020-0007). Male rats were
selected to eliminate potential confounding effects of
hormonal fluctuations associated with the estrous gycle gn
cardiovascular parameters. The age andhyweightyranges
were chosen to represent young adult rats, Which are most
commonly used in AMI models andgprovide ‘a”’balance
between surgical feasibility and trafslational relevance to
adult human populations.

All rats were adaptivelyjfed for 5idays under conditions of
room temperature (22 £%22C), relative humidity (55 =+
5%) and a 12-hour (light/12=h6ur dark cycle, with free
access to standard/laboratory chow and water. Rats were
group-housed (5 per<eage) in standard polypropylene
cages (47XW84,X 20/cm) with corncob bedding, which
was changeds/twice” weekly. Environmental enrichment
included nesting material (paper towels) and PVC tunnels
for shelter\\Animals were acclimatized to handling for 5
days prior 0 surgery, with each rat being gently handled
for 2-3 minutes daily to minimize stress during
experimental procedures. This experimental protocol was
approved by the Animal Ethics Committee of Liyuan
Hospital (Approval No.: TJ-IRB202509063) and all
procedures were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals (8th edition,
National Research Council, 2011). All animal
experiments are reported following the ARRIVE 2.0
guidelines.

Protocol registration

The study protocol, including the research question,
experimental design, sample size calculation, and
statistical analysis plan, was prepared prior to the
commencement of animal experiments. This study was
not registered in a public registry as it is a preclinical
mechanistic study rather than a clinical trial. However, the
complete protocol is available from the corresponding
author upon reasonable request.

Reagents and instruments

Butylphthalein (Wuhan Lanabai Pharmageutical’ Chemical
Co.,, LTD.); Pentahydrate (Sigmé, "No.0%8k0754);
isoproterenol (Shanghai Harvest Phafmaceutical Co.,
Ltd.); triphenyl tetrazolium ghl@ride (A C, Sigma);
animal ventilator (Chengdu TaiUnion Technology co.,
Ltd; HX-300); biologicalgfungtion tester (Chengdu Tai
Union Technology cogllLtd; BLE-420E+); Rho kinase
inhibitor Fasudil®hydrochleride (Shenzhen Haisian, Cat.
No.: 30002844); TUNEL apeptosis detection kit (Sangon
Biotech (Shanghai), Cat. No.: E607172); Rabbit anti-rat
primary antibodiesyagainst Bcl-2, Bax, RhoA, ROCK1, p-
MYPT1, MYPT1%and GAPDH (Abcam, USA); HRP-
labeled goat anti“rabbit secondary antibody (Sangon
Biotech(Shanghai), Lot No.: D110058).

Grouping

After the rats were anesthetized by intraperitoneal
injeetion of 10% chloral hydrate (100 mL/L), they were
fixed in the supine position, subjected to tracheal
intubation and connected to an animal ventilator. In 40
rats, a left thoracotomy was performed obliquely at 5 mm
to the left of the sternum to expose the heart. The left
anterior descending (LAD) coronary artery was ligated
with a 6-0 suture at 2-3 mm distal to its origin, to a depth
of 1-1.5 mm and a width of 2-3 mm. Successful model
establishment was indicated by myocardial pallor distal to
the ligation, weakened cardiac pulsation and ST-segment
elevation on the electrocardiogram (Al Ali et al., 2024).
The remaining 10 rats underwent thoracotomy with a
suture passed under the coronary artery but without
ligation, serving as the Sham group.

This study adopted a randomized controlled design. Fifty
rats were randomly divided into the following five groups
(n =10 per group) using a random number table generated
by SPSS software (version 17.0). Group assignments
were concealed in sequentially numbered opaque sealed
envelopes. Randomization was performed by an
independent investigator not involved in the experiments.:
Sham group: Rats underwent thoracotomy with a suture
passed under the coronary artery but without ligation and
received an equal volume of normal saline via
intraperitoneal injection twice daily starting 24 hours after
surgery; Model group: Rats underwent LAD ligation to
establish the AMI model and received an equal volume of
normal saline via intraperitoneal injection twice daily
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starting 24 hours after surgery; Intervention group: AMI
model rats received 3-n-butylphthalide (2.25 mg/kg) via
intraperitoneal injection twice daily starting 24 hours after
surgery; FSI group: AMI model rats received Fasudil (10
mg/kg) via intraperitoneal injection twice daily starting 24
hours after surgery; Intervention+FS group: AMI model
rats received both 3-n-butylphthalide (2.25 mg/kg) and
Fasudil (10 mg/kg) via intraperitoneal injection twice
daily starting 24 hours after surgery. All interventions
were administered for 2 weeks post-surgery. All data
collection and index measurements were performed by
experimenters who were blinded to the group assignments
(single-blind design).

Sample size justification

Sample size calculation was performed using G*Power
software (version 3.1.9.7) based on our preliminary data
on LVSP (effect size f = 0.45, a = 0.05, power = 0.85),
which yielded a minimum of 8 rats per group. We
included 10 rats per group to account for potential
surgical mortality and exclusions.

Inclusion and exclusion criteria

Inclusion  criteria: (1) successful  AMI  model

establishment confirmed by ECG (ST-segment elevation >
0.2 mV in at least two leads) and visible myocardial

pallor; (2) stable vital signs at 30 minutes post-surgery; (3)
recovery of spontaneous breathing within 10 minutes after

extubation. Exclusion criteria: (1) failure of model

establishment; (2) surgical complications including

excessive hemorrhage (>2 mL), severe aprhythmia

requiring intervention, or pneumothorax; (3) death”within

24 hours post-surgery; (4) signs of “infectionpatefthe

surgical site.

Animal welfare and humane endpgints

Animals were monitored twice daily, (8:00' AM and 6:00
PM) by trained personnel threughotut“the study period.
Humane endpoints and Criterianfor euthanasia were
established prior to the“study and included: (1) severe
respiratory distress (respiratorygrate > 120/min or labored
breathing for > 30%minutes); (2) inability to eat or drink
for > 24 hours; (3) sewere weight loss (> 20% of pre-
surgery \hody.weight);” (4) persistent arrhythmias not
responding tosobservation; (5) uncontrolled infection or
severe waund dehiscence; (6) persistent signs of severe
pain not relieved by analgesics. Rats meeting any of these
criteria wer€ euthanized by sodium pentobarbital (150
mg/kg, intraperitoneal) prior to the scheduled endpoint
and excluded from analysis.

Postoperative analgesia was provided with buprenorphine
(0.01 - 0.05 mg/kg, subcutaneous injection) administered
immediately after surgery and every 8 - 12 hours for the
first 48 hours, and thereafter as needed based on pain
assessment using the Rat Grimace Scale.
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Adverse events

Adverse events were recorded throughout the study. In
the AMI model groups, transient arrhythmias (ventricular
premature beats or tachycardia) occurred in 12 of 40 rats
(30%) within the first 10 minutes after LAD ligation, all
of which resolved spontaneously within 2 - 5 minutes
without intervention. Surgical mortality within 24 hours
post-surgery was 7.5% (3 of 40 rats), attributed to
intractable ventricular fibrillation (n=2) or severe
hemorrhage (n=1); these animals were exeluded and
replaced according to the pre-established fprotecel. No
unexpected adverse events were observed,in any group.

Hemodynamics test

The right common carotid apt€ry”waseg@iSsociated for
about 1.5-2.0 cm to ligate distal” end| (Sorteberg et al.,
1998). The proximal end mvas ‘Clipped by an arterial clip.
The cannula filled with®% heparin was connected with
the pressure tramSducer andBL-420E+ biological function
recorder. NexXt, the PE-50 heart catheter was inserted and
the arterial clipiwas released to observe arterial waveform.
The following “hemodynamic indexes were recorded,
including left ventricular systolic pressure (LVSP), left
ventricular end-diastolic pressure (LVEDP), maximal
incréasing, rate of left ventricular pressure (+dp/dtmax),
maximal “decreasing rate of left ventricular pressure (-
dp/dtmaxs).

Myecardial tissue collection and processing

Immediately following the hemodynamic measurements,
the hearts were rapidly excised through a thoracotomy.
Hearts from six randomly selected rats in each group were
rinsed with pre-cooled normal saline. The atria and right
ventricle were then removed and myocardial tissue from
the border zone (area at risk) of the infarct was collected.
A portion of this tissue was fixed in 4%
paraformaldehyde for histological analysis, while the
remaining portion was snap-frozen in liquid nitrogen and
subsequently stored at -80°C for protein analysis. The
hearts from the other six rats in each group were reserved
for other subsequent experiments.

TUNEL assay

Paraffin embedded sections were washed, treated by
Proteinase K and added with 50 pL TUNEL to count
apoptotic cell number. The samples were further added
with 50 pL converter-POD and 50-100 pL. DAB substrate.
Next, samples were re-stained by hematoxylin or methyl
green. The nuclei with brown particles was treated as a
positive marker. Apoptotic Index (Al) = (Number of
TUNEL-positive nuclei / Total number of nuclei) x 100%
(Chen et al., 2013).

Western blot

Myocardial tissue stored at -80°C was collected and total
protein was extracted using RIPA lysis buffer (Nie et al.,
2017). Protein concentration was determined by the BCA
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method. Equal amounts of protein (30 pg) were separated
by SDS-PAGE and transferred onto PVDF membranes.
The membranes were blocked with 5% non-fat milk at
room temperature for 2 hours. They were then incubated
overnight at 4°C with primary antibodies: rabbit anti-rat
Bcl-2 (1:1000), Bax (1:1000), RhoA (1:500), ROCK1
(1:1000), p-MYPT1 (1:1000), MYPT1 (1:1000) and
GAPDH (1:5000). After washing with TBST, the
membranes were incubated with HRP-labeled goat anti-
rabbit secondary antibody (1:5000) for 2 hours at room
temperature. Protein bands were visualized using an ECL
chemiluminescence method and the gray values were
analyzed with Image J software. GAPDH was used as an
internal control and the relative expression level of the
target protein was calculated as the gray value of the
target protein divided by the gray value of GAPDH. The
activity of p-MYPT1 was expressed as the ratio of p-
MYPT1 to total MYPT1.

Statistical analysis

All data analysis was performed on SPSS17.0 software
and compared by chi-square test. P<0.05 refers to a
significance.

SPSS 17.0 software was used for data analysis. All
measurement data were subjected to normality testing
(Shapiro-Wilk test) and homogeneity of variance testing
(Levene's test). Data that followed a normal distribution
and met the homogeneity of variance assumption were
expressed as mean + standard deviation (xis).
Comparisons among multiple groups were perfeasmed
using one-way analysis of variance, (ANQVAJ and
pairwise comparisons between groupS_were ‘¢onducted
using Tukey's post-hoc test. Data that didynot Tollow a
normal distribution or exhibited heterogeneity.of variance
were expressed as median (intefquartile range) and
comparisons among multiple groups were performed
using the Kruskal-Wallis H rank sumptest. A P-value <
0.05 was considered statisticallyasignificant. No outliers
were excluded from the analysis.

RESULTS

General observations‘@firats following AMI induction
Followingimede! establishment, the general condition of
rats in each groupwas monitored daily, including mental
status, locomotor “activity, food and water intake and
respiratoryi pattern. One week post-surgery, rats in the
Experiment’group exhibited hair loss, gradually reduced
food and water intake, sensitivity to cold, decreased
activity and increased heart rate. Some rats presented with
nasal and oral hemorrhagic discharge. By two weeks post-
surgery, these symptoms had worsened, with some
animals showing complete anorexia, immobility, dyspnea
and audible wheezing.

The microscopic findings of the rats
In the Sham group, the myocardial fibers were arranged

neatly and compactly, with a clear structure. Cross-
striations were visible in the cytoplasm, the nuclei were
oval-shaped and no significant pathological changes were
observed. Compared with the Sham group, the
Experiment group showed a thinning of the left
ventricular wall, a distinct infarct area and destruction of
the myocardial structure in the infarct zone. Myocardial
cells exhibited vacuolar degeneration, accompanied by
cell rupture, loss of nuclei and diffuse infiltration of
inflammatory cells.

Compared with the Experiment group, the®myocardial
pathological changes were significanily attenuated in the
Intervention, FS and Intervention ®ES™graups. In the
Intervention and FS groups, th@Bthickness of the left
ventricular wall was improvedj thé sizg of the infarct area
was reduced, the outlinegof\the myocardial cells was
relatively intact and thelsurrounding inflammatory cell
infiltration was#décréased,, The myocardial structure
improvement{was most propounced in the Intervention
+FS group, “Where the left ventricular wall thickness
approached that<of,the Sham group, the infarct area was
markedly reducedand only a few scattered inflammatory
cells were observed (Fig. 1).

Comparisap-0f hemodynamics in rats

Compared” with the Sham group, the Experiment group
exhibited significantly decreased LVSP, +dp/dtmax and -
dp/dtmax, along with a significantly increased LVEDP
(P<0.05). This indicates that myocardial infarction
severely impaired both the systolic and diastolic pump
function of the rat hearts. Compared with the Experiment
group, the Intervention, FS and Intervention +FS groups
all showed significantly increased LVSP, +dp/dtmax and -
dp/dtmax and significantly decreased LVEDP (P<0.05).
Among these, the improvement in various hemodynamic
parameters was most pronounced in the Intervention +FS
group. Specifically, LVSP, +dp/dtmax and -dp/dtmax in
the Intervention +FS group were significantly higher and
LVEDP was significantly lower, than those in the
Intervention group (P<0.05). These results suggest that 3-
n-butylphthalide can effectively improve cardiac function
in rats with AMI (Table 1).

Cardiomyocyte apoptosis in rats

TUNEL staining results showed that the apoptotic rate of
cardiomyocytes in the Sham group was extremely low.
Compared with the Sham group, the apoptotic rate of
cardiomyocytes in the Experiment group was significantly
increased (P<0.05). Compared with the Experiment group,
the apoptotic rates of cardiomyocytes in the Intervention,
FS and Intervention+FS groups were all significantly
reduced (P<0.05). Furthermore, the apoptotic rate of
cardiomyocytes in the Intervention+FS group was
significantly lower than that in the Intervention group
(P<0.05) (Fig. 2 and Fig. 3).
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Fig. 1: Pathological changes in rat myocardial tissue across groups (HE Staining).

Table 1: Comparison of hemodynamic parameters among rat groups. (X+s)

Group (n=10) LVSP (mmHg)

LVEDP (mmHg)

+dp/dtmax (mmHg/s) -dp/dt

Intervention 106.03+£10.96*#
Experiment 05.35+6.11*
Sham 124.96+16.29
FS 103.771+8.25*#
Intervention+FS 115.81+11.07#&

8.23+1.77*#
14.56+1.08*

6.39+1.38

0.54+1.37*#
7.21+1.37#&

4101.1+291.1%# 3232,
4001.2+345.7*

4473.6+294.3 1+£284.9
4230.5+300.7*# 42.8%#
4443.8+310.6#& .2+263.7#&

* P<0.05, compared with Sham group; # P<0.05, compared with experi

Intervention group.

20

Apoptpsis (%)
T g

W
l

P<0.05, compared with

Fig. 2: Cardiomyocyte Apoptosis Index. * P < 0.05, compared with Sham group; # P < 0.05, compared with

experimental group.

Pak. J. Pharm. Sci., Vol.----, N0.0, ----------

20----, pp.000-00



Rho kinase affects AMI

Sham Experiment

Tunel

50pum 50pum
DAPI

50um S0pm
Merge

50um 50pm

FS
-
-
-

Intervention

-
-

Fig. 3: Representative images of cardiomyocyte apoptosis in each group (TUNEL staining, x400).
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Table 2: Comparison of Bcl-2, Bax, Rho, ROCK1 protein expression and p*MYRT1/MYRP1L ratio in myocardial tissue

among rat groups. (X+s)

Protein Sham Intervention Experiment FS Intervention+FS
Bcl-2 1.00+0.13 0.43+0.07* 0.74+0.06*# 0/72+0.03*# 0.85+0.10#&
Bax 1.00+0.17 4.35+0.28* 1.97+0428*# 2.07+0.25*# 1.25+0.11#&
Rho 1.00+0.04 4.35+0.43* 2.5740.47%¢ 2.69+0.36*# 1.9440.27#&
ROCK1 1.00£0.05 2.57+0.27* 1.68£0,18*# 1.75+0.27*# 1.22+0.12#&
p-MYPTL/MYPT1  0.12+0.02 0.75+0.08* 0,53+0:08*# 0.59+0.06*# 0.41+0.05#&

* P<0.05, compared with Sham group; # P<0.05, compared, with experimental group; & P<0.05, compared with

Intervention group.

These findings indicate that both 3-n-butylphthalide and
the ROCK inhibitor can inhibit cardiomyocyte apoptosis
following myocardial infarction and“their ‘Combined
application produces a synergistic effect.
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Fig. 4: Western blot bands of Bcl-2, Bax, Rho, ROCK1
and p-MYPT1/MYPTL protein expression in myocardial
tissue among rat groups.

The expression levels of Bcl-2, Bax, Rho kinase and its
downstream proteins in myocardial cells

Western Blot results demonstrated that compared with the
Sham group, the expression level of the pro-apoptotic
protein Bax was significantly increased, while the
expression level of the anti-apoptotic protein Bcl-2 was
significantly decreased in the myocardial tissue of the
Experiment group (P<0.05). Compared with the
Experiment group, the expression levels of Bcl-2 protein
were significantly increased, the expression levels of Bax
protein were significantly decreased and the Bcl-2/Bax
ratio was consequently increased in the myocardial tissue
of the Intervention, FS and Intervention+FS groups
(P<0.05). The upregulation of Bcl-2 and the
downregulation of Bax were significantly more
pronounced in the Intervention+FS group than in the
Intervention group (P<0.05) (Table 2, Fig. 4).

Compared with the Sham group, the expression levels of
Rho and ROCK1 proteins, as well as the phosphorylation
level of their downstream substrate MYPT1 (p-
MYPT1/MYPTL1 ratio), were significantly increased in
the myocardial tissue of the Experiment group (P<0.05),
indicating that the ROCK pathway was activated
following myocardial infarction. Compared with the
Experiment group, the expression levels of Rho and
ROCKZ1 proteins and the p-MYPT1/total MYPTL ratio
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were significantly decreased in the myocardial tissue of
the Intervention group and the inhibitor (FS) group
(P<0.05). The inhibitory effect on ROCK1 expression in
the Intervention+FS group was comparable to that in the
Intervention group (P<0.05). However, the reduction in
the p-MYPT1/total MYPT1 ratio was significantly greater
in the Intervention+FS group than in the Intervention
group (P<0.05), suggesting that the intervention drug
(NBP) and Fasudil synergistically inhibit ROCK kinase
activity (Table 2, Fig. 4).

DISCUSSION

During the pathogenesis of acute myocardial infarction
(AMI), coronary artery occlusion disrupts blood flow,
leading to insufficient myocardial blood supply, ischemia
and subsequent cardiomyocyte injury and apoptosis
(Buonpane et al., 2025). Current therapeutic strategies for
AMI focus on enhancing the anti-apoptotic capacity of
cardiomyocytes. The primary approach to salvage viable
myocardium is the restoration of myocardial reperfusion
in the shortest possible time. However, due to the
nonspecific clinical manifestations of AMI and its rapid
progression, patients often present beyond the optimal
window for reperfusion therapy, limiting the potential for
myocardial salvage. In this context, effectively inhibiting
apoptosis of residual cardiomyocytes and delaying
ventricular remodeling have emerged as critical strategies
for improving clinical outcomes in patients with AMI.

Butylphthalein (3-n-butylphthalide, NBP) is a ch&mical
compound originally extracted from celery segds/It has
been shown to significantly inhibit Ahe, exprgssiongdof
adhesion molecule-1 and protease-activatedireceptor-1 in
vascular endothelial cells following ischemiaskeperfusion
injury, thereby reducing vasculaf inflammation and
thrombosis (Tian et al., 2024). Additionally, NBP
promotes neutrophil and inflammatory factor infiltration
into ischemic lesions, reduces myocardial infarct size and
enhances cellular function and metabolism (Hou and
Brenner, 2024). Emegfging evidence suggests that Rho
kinase activity is ugregulated during AMI and participates
in the regulation of ‘key signaling pathways involved in
myocar@ialremodeling jand heart failure (Miyahara et al.,
2022). Thereforgmthe present study established a rat
model ofy AMI ta investigate the effects of NBP on
cardiac function, cardiomyocyte apoptosis and the Rho
kinase signaling pathway.

In this study, AMI was induced by coronary artery
ligation. Rats in the Model group exhibited typical
manifestations of heart failure, including lethargy,
reduced locomotor activity and respiratory distress.
Histopathological examination revealed thinning of the
left ventricular wall, disruption of myocardial architecture
in the infarct zone and inflammatory cell infiltration,
confirming successful model establishment.
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Hemodynamic assessment further demonstrated that,
compared with the Sham group, the Model group
exhibited significantly decreased LVSP and xdp/dtmax,
along with significantly increased LVEDP, indicating
severe impairment of both systolic and diastolic cardiac
function. These findings are consistent with previous
reports that AMI induces massive cardiomyocyte necrosis,
reduced myocardial contractility, decreased ventricular
ejection fraction and elevated LVEDP (Xu et al., 2024,
Carberry et al., 2025). Following NBP intervention, the
general condition of AMI rats improved{ myeeardial
tissue damage was alleviated and infarct,size'was reduced.
Notably, NBP significantly incrgased LWSP and
+dp/dtmax while decreasing LVEDRgfdemonstrating a
protective effect on cardiac pupapiand diastolic function.
These results align with studjeS reporting that NBP
improves neurological gdefi€its _dollowing cerebral
ischemia (Liu et al., 2024), suggesting that NBP may
exert multi-organ protective effects through common
mechanisms such as anti-apoptosis, anti-inflammation and
mitochondrial protection.

Our study further »demonstrated that cardiomyocyte
apoptosis was significantly reduced in the NBP-treated
groups: khese findings indicate that while AMI induces
substantialyecardiomyocyte apoptosis, NBP effectively
inhibits this process, suggesting that its anti-apoptotic
effect)is a key mechanism underlying its cardioprotective
preperties. Previous studies have shown that both necrosis
and apoptosis contribute to cardiomyocyte loss during
ischemia, hypoxia and ischemia-reperfusion injury (Bo et
al., 2022). A previous study (Pan et al., 2025) reported
that cardiomyocyte necrosis leads to extensive cell loss
after AMI, a process closely associated with apoptosis.
Cardiomyocyte apoptosis has been identified as an
independent factor contributing to the progressive
expansion of infarct size following AMI (Chen et al.,
2025).

Apoptosis is an active, gene-controlled process of cell
death. Multiple factors and signaling pathways regulate
the expression of apoptosis-related genes and influence
apoptotic progression. Studies have demonstrated that
cardiomyocyte apoptosis involves various cytokines and
signaling molecules, including Rho kinase, Bax and Bcl-2
(Yang et al., 2025). To elucidate the mechanisms
underlying myocardial apoptosis in AMI rats, we
examined the expression of Bcl-2 and Bax proteins. The
results showed that NBP significantly upregulated the
anti-apoptotic protein Bcl-2 and downregulated the pro-
apoptotic protein Bax, thereby increasing the Bcl-2/Bax
ratio. Low Bcl-2 expression is closely associated with
cardiomyocyte apoptosis (Li et al., 2021). Bax, which is
distributed in the cytoplasm, translocates to the
mitochondrial membrane upon activation, where it binds
to Bcl-2, alters mitochondrial membrane permeability,
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induces mitochondrial damage and triggers apoptosis
(Mao et al., 2021).

The Rho kinase (RhoA/ROCK) signaling pathway plays a
crucial role in myocardial remodeling and the progression
of heart failure following AMI (Lu et al., 2023). The
present study confirmed that protein expression of RhoA
and ROCK1, as well as the p-MYPT1/MYPT1 ratio—a
marker of downstream substrate phosphorylation—were
significantly increased in myocardial tissue of the Model
group, indicating abnormal activation of the Rho kinase
pathway. To investigate whether NBP exerts its protective
effects through modulation of this pathway, we
introduced the specific Rho kinase inhibitor fasudil as a
positive control and established a combination therapy
group. The results demonstrated that NBP monotherapy
significantly reduced RhoA/ROCK1 expression and p-
MYPT1 levels, with effects comparable to those of
fasudil. These findings provide direct evidence that NBP
inhibits Rho kinase pathway activity in the AMI model.

Furthermore, combined administration of NBP and
fasudil produced superior outcomes in improving
hemodynamic parameters, inhibiting cardiomyocyte

apoptosis and increasing the Bcl-2/Bax ratio, along with a
synergistic inhibitory effect on ROCK activity. Rho
kinase is known to interfere with cell survival and its
inhibition may protect cytoskeletal integrity and promote
cell survival. Additionally, Rho kinase can reduce Bcl-2
activity, thereby promoting apoptosis and contributing to
cardiovascular disease progression.

This study is the first to systematically evaluategthe
regulatory effect of NBP on the Rho kinaselpathway and
its downstream apoptosis-related proteins (Bcl=2yBax) in
an AMI model. The results demonstrate /that NBP
significantly reduces Rho Kkinase exXpression and
upregulates the Bcl-2/Bax/katio, ““thereby inhibiting
cardiomyocyte apoptosis.” Thesey findings expand the
current understanding of'the cardigprotective mechanisms
of NBP, suggesting™ thatity may exert myocardial
protective effects through regulation of the Rho kinase-
mediated apoptotic “patbway. This provides a new
experimentakbasis and theoretical support for the clinical
applicatign of NBPRJi'the treatment of AMI.

However, this study has several limitations. First, reverse
validation techniques such as Rho kinase overexpression
or gene silencing were not employed; therefore, the
necessity of Rho kinase in the mechanism of action of
NBP could not be definitively established. Second, in
addition to regulating the Bcl-2/Bax pathway, Rho kinase
is involved in multiple downstream effector branches,
including inflammation and fibrosis. Whether NBP exerts
its effects through integration of multiple targets requires
further investigation. Furthermore, the use of only male
rats, while controlling for hormonal variability, limits the

generalizability of our findings to female populations, in
whom AMI pathophysiology and outcomes may differ.
Future studies incorporating both sexes are warranted.
Future studies should combine genetic intervention
approaches with more detailed temporal dynamic
observations to further elucidate the upstream and
downstream networks regulated by NBP in the Rho
kinase pathway, thereby providing a more robust
theoretical foundation for its clinical translation.

The findings of this study, obtained in a well-established
rat model of AMI, provide mechanistic insights that may
be translationally relevant to human AMI. The Rh© kinase
pathway is conserved across mammals~and has been
implicated in human heart Jailure <and” myocardial
remodeling. The doses of NBP uSed jin this study (2.25
mg/kg, twice daily) are wathif, thedrange shown to be
clinically safe and effggtive in“ftiman ischemic stroke
trials (phase IM§ 200 mg, twice daily), suggesting a
reasonable tré@nslational window. However, the rat AMI
model involvesiacute ligation of a healthy coronary artery
in young animalshwhich differs from human AMI that
typically occurs intaged individuals with atherosclerotic
disease. Therefore, further validation in large animal
modelsand in the presence of comorbidities (e.g.,
diabetes, “hyperlipidemia) is needed prior to clinical
translation.

CONCLUSION

In conclusion, 3-n-butylphthalide inhibits the Rho kinase
pathway by reducing the protein expression of RhoA and
ROCK1, as well as the level of their downstream
substrate p-MYPTL1/MYPT1. Concurrently, it upregulates
the anti-apoptotic protein Bcl-2 and downregulates the
pro-apoptotic protein Bax. Through these mechanisms, it
inhibits cardiomyocyte apoptosis, thereby significantly
ameliorating myocardial pathological damage and cardiac
dysfunction in AMI rats. These findings provide a new
experimental basis for its clinical application.

Acknowledgments

We gratefully acknowledge Liyuan Hospital, Tongji
Medical College, Huazhong University of Science and
Technology for providing the necessary equipment for
this study.

Author’s contributions

Xi Feng: Research conception and design, experimental
operation, data collection and organization, statistical
analysis, drafting of the manuscript.

Xiurong Wang: Participation in animal model
establishment, hemodynamic  measurements, data
acquisition and analysis.

Yonghua Zhang: Participation in molecular biology
experiments (Western blot, TUNEL staining), data
organization and figure preparation.

8

Pak. J. Pharm. Sci., Vol.----, N0.0, ---------- 20----, pp.000-00



Huaming Zhang: Overall study supervision, review of
experimental design, manuscript revision and final
approval, funding support.

Funding
The authors received no external funding.

Data availability statement

The datasets generated and/or analyzed during the current
study are available from the corresponding author upon
reasonable request.

Ethical approval

This study was approved by the Animal Ethics Committee
of Liyuan Hospital (Approval No.: TJ-IRB202509063).
This study was performed in adherence with the ARRIVE
guidelines. See supplementary file for the ARRIVE
checklist.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

REFERENCES

Al Ali MH, Al Yacopy AA, Alhatemi AQM and Hashim
HT (2024). Successful revascularization of inferior ST-
segment elevation myocardial infarction with positive
"Dead Man Sign": A case report. SAGE Open Med.
Case Rep., 12: 2050313X241258738.

An'Y, Wang B, Zhao J, Zhou H and Zhgu Q (2026). DI-3-
n-butylphthalide protects against ischemic ‘Strekefby
enhancing mitochondrial function ‘via, MT-CO1
upregulation. J. Stroke Cerebrevasc Disy” 35(2):
108529.

Buonpane A, De Caterina AR, Trimarchi G, Di Muro FM,
Galante D, Zella S, PizzinglF;, Ciardetti M, Paradossi U,
Concistre G, Berti SjhLeone AM, Crea F, Trani C and
Burzotta F (2025). Unweiling the causes of acute and
non-acute myocardial ischemic syndromes: The role of
optical coherepeg\tomography. Medicina (Kaunas).,
61(7): 1218.

Bo Z, HuangyS, Li L, Chen L, Chen P, Luo X, Shi F, Zhu
B and Shen“L7(2022). EGR2 is a hub-gene in
myocargiél infafction and aggravates inflammation and
apoptosis in hypoxia-induced cardiomyocytes. BMC
Cardiovasc Disord., 22(1): 373.

Carberry J, Petrie MC, Lee MMY, Stanley B, Brooksbank
KJM, Campbell RT, Good R, Jhund PS, Kellman P,
Lang NN, Lindsay MM, Mangion K, Gardner RS,
Mark PB, Meyer B, O'Donnell J, Orchard V, Shaukat
A, Watkins S, McConnachie A and Docherty KF
(2025). Empagliflozin to prevent worsening of left
ventricular volumes and systolic function after
myocardial infarction (EMPRESS-MI). Eur. J. Heart
Fail., 27(3): 566-576.

Xi Feng et al.

Chen S, Huang Y, Liu R, Lin Z, Huang B, Ai W, He J,
Gao Y and Xie P (2023). Exosomal
miR-152-5p/ARHGAP6/ROCK axis regulates
apoptosis and fibrosis in cardiomyocytes. Exp Ther
Med, 25(4): 165.

Chen YF, Zhang YZ, Zhang WL, Luan GN, Liu ZH, Gao
Y, Wan ZY, Sun Z, Zhu S, Samartzis D, Wang CM,
Wang HQ and Luo ZJ (2013). Insights into the
Hallmarks of Human Nucleus Pulposus Cells with
Particular Reference to Cell Viability, .Rhagocytic
Potential and Long Process Formation./ International
Journal of Medical Sciences, 10(13): 1805-1816.

Chen Y, Shan S, Xue Q, Ren Y, Wu/Q, ChenJp¥ang K
and Cao J (2025). Sirtuinl mitigatesfhypoxia-induced
cardiomyocyte apoptosis in my@cardialinfarction via
PHD3/HIF-1a. Mol Med., 34(1)" 100.

Gregory C D (2023). Hijaeking, homeostasis: Regulation
of the tumor microenuironment by apoptosis. Immunol
Rev., 319(1).400=127.

Hu B, Hu Fahd Qiao Y (2023). Clinical efficacy analysis
of  butylphthalide  combined  with  urinary
kallidinogenasegyin treating chronic cerebral circulatory
insufficiency. Braif Behav., 13(4): €2920.

Hou Z and Brenner JS (2024). Developing targeted
antioxidant nanomedicines for ischemic penumbra:
Novel strategies in treating brain ischemia-reperfusion
injury. Redox Biol., 73: 103185.

Han R"and Duan B (2024). 3-N-Butylphthalide confers
antiarrhythmic features in ischemia/reperfusion injury
of diabetic heart by targeting mitochondria-
endoplasmic reticulum network and inhibiting
oxidative stress and inflammation. Physiol. Res., 73(4):
529-541.

Krittanawong C, Khawaja M, Tamis-Holland JE, Girotra
S and Rao SV (2023). Acute myocardial infarction:
Etiologies and mimickers in young patients. J. Am.
Heart Assoc., 12(18): e029971.

Liu A, Liu X, Zhang J and Yu Y (2024). Efficacy of
butylphthalein injection combined with alteplase
thrombolysis in patients with acute cerebral infarction
and its impact on Lp-PLA2 and CXCL16 levels. Am. J.
Transl. Res., 16(12): 8054-8062.

Li K, Ya X, Duan X, Li Y and Lin X (2021). miRNA-
19b-3p stimulates cardiomyocyte apoptosis induced by
myocardial ischemia reperfusion via downregulating
PTEN. Dis. Markers., 2021: 9956666.

Ma B, Li Q, Li M, Wang J, Fan N, Yang S, Shi W, Wang
R and Yin D (2024). Effect of butylphthalide on
prevention and treatment of high altitude cerebral
edema in rats. Heliyon., 10(6): e27833.

Miyahara S, Jenke A, Yazdanyar M, Kistner J, Immohr
MB, Sugimura Y, Aubin H, Kamiya H, Okita Y,
Lichtenberg A and Akhyari P (2022). The combination
approach with Rhokinase inhibition and mechanical
circulatory support in myocardial ischemia-reperfusion
injury: Rho-kinase inhibition and ventricular unloading.
Asian Cardiovasc Thorac Ann., 30(8): 894-905.

Pak. J. Pharm. Sci., Vol.----, N0.0, ---------- 20----, pp.000-00



Rho kinase affects AMI

Mao L, Liu H, Zhang R, Deng Y, Hao Y, Liao W, Yuan
M and Sun S (2021). PINKZ1/Parkin-mediated
mitophagy inhibits warangalone-induced mitochondrial
apoptosis in breast cancer cells. Aging (Albany NY).,
13(9): 12955-12972.

Nie X, Li C, Hu S, Xue F, Kang YJ and Zhang W (2017).
An appropriate loading control for western blot
analysis in animal models of myocardial ischemic
infarction. Biochem Biophys Rep, 12: 108-113.

Pan M, Xu Y, Wang Y, Jiang Y, Xie Y, Tai C, Wang W
and Wang B (2025). The therapeutic efficacy
comparison of MSCs derived different tissues
unveilings  anti-apoptosis more  crucial  than
angiogenesis in treating acute myocardial infarction.
Stem Cell Res Ther., 16(1): 236.

Raat W, Nees L and Vaes B (2025). Diagnostic accuracy
of signs and symptoms in acute coronary syndrome and
acute myocardial infarction. Scand J Prim Health
Care., 43(1): 111-119.

Sorteberg A, Sorteberg W, Bakke SJ, Lindegaard KF,
Boysen M and Nornes H (1998). Varying impact of
common carotid artery digital compression and internal
carotid artery balloon test occlusion on cerebral
hemodynamics. Head Neck, 20(8): 687-694.

Tian J, Yang P, Yang J, Wang R, Zhou B, Zhang K, Zhao
Y, Wang B, Liu L, Chen R, Wu H, Miao R, Guo L and

Liu X (2024). Efficacy and safety of DL-3-N-
butylphthalide in the treatment of ischemic poststroke
aphasia: A randomized clinical trial. Ann Clin Transl
Neurol., 11(12): 3300-3309.

Xu Q, Xiao Z, Yang Q, Yu T, Deng X, Chen N, Huang Y,
Wang L, Guo J and Wang J (2024). Hydrogel-based
cardiac repair and regeneration function in the
treatment of myocardial infarction. Mater Today Bio.,
25:100978.

Yan M, Gao J, Lan M, Wang Q, Cao Y, Zhepp.Y, Yang
Y, Li W, Yu X, Huang X, Dou L, Liu BfLiuJdm€heng
H, Ouyang K, Xu K, Sun S, Liu J, Tang W, Zhang X,
Man Y, Sun L, Cai J, He Q, TangsF, Li_J ang”Shen T
(2024). DEAD-box helicase 17%(DDPX17) protects
cardiac  function by premoting,,mitochondrial
homeostasis in heart failurg. Signal Transduct Target
Ther., 9(1): 127.

Yang J, Liu J, Liu X3! Xu D™and zZhang J (2025).
Downregulation Jef * OIP5-AS1 inhibits apoptosis in
myocardial ischemia/repérfusion injury via modulating
the MiR-145-50/ROCK1 axis. PLoS One., 20(5):
€0324909.

Lu W and Wen J (2023). H2S-RhoA/ROCK pathway and
glial cells in axanal remyelination after ischemic stroke.
Mol Neurobiol., 60(9): 5493-5504.

10

Pak. J. Pharm. Sci., Vol.----, N0.0, ---------- 20----, pp.000-00



