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Perillaldehyde reduces myocardial ischemia-reperfusion
injury in rats by inhibiting MAPK1

Wei Chen’T, Juan Huang!', Qinke Li!, Qi Wul-*, Chengwei Zhang!, Rui Yin!

Abstract

Myocardial ischemia-reperfusion (MI/RI) injury is a type of cardiac damage that
occurs during the reperfusion of myocardial tissue following a period of ischemia.
While perillaldehyde (PAE) has been suggested to have anti-inflammatory properties,
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*C°f;fs"°"de“c22 its effects on MI/RI remain unclear. This study aimed to evaluate the impact of
(V(VQL:O\'/:IUJ;HW@ com PAE on MI/RI injury. To simulate MI/RI in vivo, an ischemia-reperfusion (I/R)

rat model was established. The levels of lactate dehydrogenase (LDH), creatine
kinase (CK) and oxidative stress-related factors were measured using commercial assay
kits. The myocardial infarct size was assessed through triphenyl tetrazolium chloride
(TTC) staining. The expression levels of miR-133a-3p and inflammatory factors were
determined using quantitative reverse transcription polymerase chain reaction (qRT-
PCR) and enzyme-linked immunosorbent assay (ELISA). Myocardial cell apoptosis
was evaluated by terminal-deoxynucleoitidyl transferase mediated nick end labeling
(TUNEL) staining, and the protein levels of BCL2 associated X (Bax), BCL2 apoptosis
regulator (Bcl-2) and mitogen-activated protein kinase 1 (MAPK1) were analyzed by
Western blot. PAE could effectively alleviate MI/RI-induced myocardial injury by
reducing the levels of LDH and CK, as well as decreasing infarct size. It also mitigated
the myocardial inflammatory response by lowering the levels of proinflammatory
factors. Additionally, PAE reduced oxidative stress and apoptosis in myocardial cells.
Further experiments showed that these protective effects of PAE were associated with the
up-regulation of miR-133a-3p, which in turn decreased MAPK1 levels. In conclusion,
PAE attenuated MI/RI-induced myocardial injury, inflammatory response, oxidative
stress and apoptosis in rats by inhibiting MAPK1, indicating that PAE may effectively
reduce myocardial damage caused by I/R injury.

t These authors contributed equally.

Keywords

Perillaldehyde; Myocardial ischemia-reperfusion injury; Inflammation; Oxidative
stress; Apoptosis; MAPK1

1. Introduction ment during the acute phase to quickly clear arterial lesions and
restore blood flow [3]. However, subsequent reperfusion of
the ischemic myocardium can exacerbate cardiomyocyte dam-
age, a phenomenon known as myocardial ischemia-reperfusion
(MI/RI) injury [4]. MI/RI involves various physiological pro-
cesses, including oxidative stress, mitochondrial dysfunction,
inflammatory responses, intracellular calcium overload and
apoptosis [5]. Current pharmacological treatments for MI/RI
have shown limited effectiveness, highlighting the urgent need
for new therapeutic strategies and a deeper understanding of its
underlying mechanisms.

Acute myocardial infarction (AMI) is a critical condition char-
acterized by myocardial necrosis resulting from inadequate
blood supply [1]. This condition is commonly caused by
the obstruction of a coronary artery due to a blood clot or
atherosclerotic plaque [1]. Myocardial ischemia and hypoxia
frequently result from the narrowing or occlusion of coronary
arteries [2], and without prompt intervention, AMI can lead
to extensive myocardial necrosis, which may progress to heart
failure, cardiogenic shock or sudden death. The common com-

plications of AMI include arrhythmias (i.e., ventricular fibril-
lation and atrial fibrillation), heart failure, cardiogenic shock,
cardiac rupture, valvular dysfunction and thrombosis. Patients
who survive AMI may face long-term cardiac impairments,
chronic heart failure, and recurrent myocardial infarctions [2].
Thus, emergency interventional surgery is the primary treat-

Perillaldehyde (PAE) is a monoterpenoid compound derived
from Perilla [6]. It has a long history of traditional use as a
flavoring ingredient in food and as an essential oil in healthcare
[6] and has been shown to exhibit various pharmacological ac-
tivities, including antioxidant, antifungal, anti-tumor and anti-
depressant effects [7—9]. Early research indicates that PAE has
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protective effects in cardiovascular diseases, such as vasodi-
lation, reduction of blood lipids, improvement of endothelial
dysfunction, and anti-atherosclerosis [10, 11]. Additionally,
PAE has been found to ameliorate adriamycin-induced car-
diotoxicity by modulating Na[+]/H[+] hydrogen exchanger
1 (NHE1) and the phosphatidylinositol 3-kinase/Akt kinase
(PI3K/AKT) pathway [12]. MicroRNAs (miRNAs) are non-
coding RNA molecules that play a crucial role in regulating
protein translation [13]. The MAPK pathway is essential for
regulating key biological functions and cellular responses to
external stress, including cell growth, apoptosis and immune
responses [14—17]. Our previous studies have demonstrated
that the knockdown of miR-133a-3p increases MAPK1 levels,
which promotes MI/RI injury [18]. Therefore, we hypothesize
that PAE may mitigate MI/RI-induced myocardial damage by
modulating the miR-133a-3p/MAPKI1 axis.

In this study, we established an in vivo rat model to simulate
ischemia-reperfusion (I/R) injury, investigated the effects of
PAE on MI/RI and explored its underlying molecular mecha-
nisms to provide insights into potentially novel strategies for
enhancing the management of MI/RI and our understanding of
its molecular pathways.

2. Materials and methods

2.1 I/R rat model establishment

A total of 24 adult male Sprague Dawley (SD) rats, weighing
between 260-280 g, were purchased from Shanghai Labo-
ratory Animal Company (Shanghai, China) and housed in a
pathogen-free environment with a 12-hour light/dark cycle
at a temperature of 23 £ 2 °C, and humidity of 40%—60%.
The rats had unrestricted access to standard food and water.
The rats were randomly assigned to four groups (n = 6 per
group): sham, I/R, I/R + PAE (60 mg/kg), and I/R + PAE (120
mg/kg). For the I/R, I/R + PAE (60 mg/kg), and I/R + PAE
(120 mg/kg). To induce anesthesia, mice were exposed to 5%
isoflurane for 3 minutes in an induction chamber, followed by
maintenance with 1-2% isoflurane during the procedure. A
midline chest incision was made, and after thoracotomy, the
rats were intubated with a vein puncture needle and connected
to a specialized small-animal ventilator. The left anterior
descending coronary artery was occluded for 30 minutes, fol-
lowed by 120 minutes of reperfusion. In the sham group, rats
underwent thoracotomy without coronary artery ligation. PAE,
purchased from Sigma-Aldrich (W355704; purity >99.9%),
was administered intragastrically for 7 consecutive days before
the I/R procedure in the I/R + PAE (60 mg/kg) and I/R + PAE
(120 mg/kg) groups [19]. After euthanasia, their heart tissues
and serum samples were collected for subsequent analysis.

2.2 Detection of lactate dehydrogenase
(LDH) and creatine kinase (CK) contents

The serum samples were collected from rats following the dif-
ferent treatments, and the levels of LDH and CK in the serum
were measured using the LDH activity assay kit (MAKO066;
Sigma, St. Louis, MO, USA) and CK activity assay kit
(MAKI116-1KT; Sigma, St. Louis, MO, USA), according to
the manufacturer’s instructions.
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2.3 Triphenyltetrazolium Chloride (TTC)
staining

For this experiment, the rats’ myocardial tissues were har-
vested and sectioned into 2 mm slices, incubated in TTC
solution (T8877; 1%; Sigma, St. Louis, MO, USA) at 37 °C
for 20 minutes, followed by fixation in formaldehyde (252549;
10%; Sigma, St. Louis, MO, USA) for 6 hours. The slices were
then evaluated, and the myocardial infarct size was quantified
by measuring the necrotic tissue as a percentage of the total
myocardial area.

2.4 Quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

RNA was extracted from the myocardial tissues using TRI-
zol solution (9109; TaKaRa, Dalian, Liaoning, China) and
reverse transcribed with either the PrimeScript RT Master Mix
(RR036A; TaKaRa, Dalian, Liaoning, China) or the miScript II
RT Kit (218160; TaKaRa, Dalian, Liaoning, China). qRT-PCR
was performed using the SYBR® Premix Ex Taq™ quantita-
tive kit (RR420A; TaKaRa, Dalian, Liaoning, China) or the
TagMan MicroRNA Assay Kit (4427975; Sigma, St. Louis,
MO, USA) on an ABI7500 system. Reduced glyceraldehyde-
phosphate dehydrogenase (GAPDH) and U6 were used as the
internal controls. The relative expressions of mRNA and
miRNA were calculated using the 2=22¢* method. The
primers used are listed in Table 1.

TABLE 1. Primers for qRT-PCR.

Name Primers for PCR (5'-3")
TNF-a
Forward GGCTTTCGGAACTCACTGGA
Reverse GGCTTTCGGAACTCACTGGA
IL-16
Forward AGCTTCAGGAAGGCAGTGTC
Reverse TCAGACAGCACGAGGCATTT
IL-6
Forward AGAGACTTCCAGCCAGTTGC
Reverse AGTCTCCTCTCCGGACTTGT
miR-133a-3p
Forward GCCGAGTTTGGTCCCCTTCAA
Reverse TGGTGTCGTGGAGTCGT
U6
Forward AGAAGACTGAAACAGCACAGAGA
Reverse GAACGCCTCATGATTTGCAGG
GAPDH
Forward GCATCTTCTTGTGCAGTGCC
Reverse GATGGTGATGGGTTTCCCGT
TNF-a: tumor necrosis factor-alpha; IL-13: interleukin-1

beta; IL-6. interleukin-6; GAPDH.: reduced glyceraldehyde-
phosphate dehydrogenase.
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2.5 Enzyme-linked immunosorbent assay
(ELISA)

Serum samples were collected following different treatments.
The levels of inflammatory factors in these samples were
measured using ELISA. tumor necrosis factor-alpha (TNF-«),
interleukin-1 beta (IL-1/3) and interleukin-6 (IL-6) levels were
quantified using the TNF-a ELISA kit (ab236712; Abcam,
Cambridge, MA, USA), IL-13 ELISA kit (ab255730; Abcam,
Cambridge, MA, USA), and IL-6 ELISA kit (ab234570; Ab-
cam, Cambridge, MA, USA), respectively, according to the
manufacturer’s instructions.

2.6 Detection of oxidative stress

The myocardial tissues were collected, and the levels of lipid
peroxidation (MDA), superoxide dismutase (SOD), catalase
(CAT), and glutathione (GSH) were assessed using the MDA
assay kit (ab118970; Abcam, Cambridge, MA, USA), SOD
activity assay kit (ab65354; Abcam, Cambridge, MA, USA),
CAT activity assay kit (ab118184; Abcam, Cambridge, MA,
USA), and GSH assay kit (ab65322; Abcam, Cambridge, MA,
USA), respectively, following the provided protocols.

2.7 TUNEL staining

The myocardial tissues were collected and sectioned into 10
pum slices, fixed in 4% paraformaldehyde (P6148; Sigma, St.
Louis, MO, USA) for 30 minutes, and permeabilized with
0.1% TritonX-100 (9036-19-5, Sigma, St. Louis, MO, USA)
for 15 minutes. TUNEL staining was performed using a
TUNEL kit (T7167; Sigma, St. Louis, MO, USA). Briefly, the
slices were incubated with the TdT mixture (T7167; Sigma,
St. Louis, MO, USA) for 2 hours, followed by staining with
diamidinyl phenylindole (DAPI) (T7167; Sigma, St. Louis,
MO, USA) for 10 minutes. The slices were then examined un-
der a fluorescent microscope (LWD300-38LFT, Nikon, Tokyo,
Japan).

2.8 Western blot

The myocardial tissues were lysed using the radioimmunopre-
cipitation assay (RIPA) lysis buffer (R0278; Sigma, St. Louis,
MO, USA), and the protein concentrations were determined us-
ing a bicinchoninic acid (BCA) kit (B9643; Sigma, St. Louis,
MO, USA). Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using a Gel
Electrophoresis System (Thermo Fisher Scientific, Rockville,
MD, USA) and transferred to polyvinylidene fluoride (PVDF)
membranes (Sigma) using a Blotting Transfer System (Thermo
Fisher Scientific). After blocking, the membranes were in-
cubated at 4 °C overnight with primary antibodies: anti-Bax
(ab32503; 1:1000; Abcam), anti-Bcl-2 (ab194583; 1:1000;
Abcam), anti-MAPK1 (ab32081; 1:1000; Abcam) and anti-
GAPDH (ab8245; 1:1000; Abcam), following which the mem-
branes were probed with a secondary antibody (ab205718;
1:2500; Abcam) for 1 hour. The protein bands were visual-
ized using an efficient chemiluminescence (ECL) kit (ECLI;
Sigma, St. Louis, MO, USA).
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2.9 Statistical assay

Statistical analyses were conducted using GraphPad Prism 7
(GraphPad Inc., La Jolla, CA, USA). Data are presented as
mean + standard deviation, with each experiment performed
at least three times. Student’s ¢-test or analysis of variance
(ANOVA) was used for pairwise or multiple comparisons,
respectively. A p-value of less than 0.05 was considered
statistically significant.

3. Results

3.1 PAE alleviated myocardial damage in I/R
rats

The effects of PAE on myocardial injury induced by I/R were
investigated using our established I/R rat model. The re-
sults showed that serum levels of LDH and CK were sig-
nificantly increased in the I/R group compared to the sham
group, with LDH rising 1.9-fold and CK increasing 2.4-fold.
PAE treatment reduced these levels in a dose-dependent man-
ner (Fig. 1A). Additionally, the infarct size was significantly
greater in the I/R group (increased 19.5-fold) compared to the
sham group, but was reduced in a dose-dependent manner
following PAE treatment (Fig. |B). These findings indicate
that PAE effectively mitigates myocardial damage in I/R rats.

3.2 PAE alleviated myocardial inflammation
in I/R rats

Next, we investigated the effects of PAE on myocardial inflam-
mation induced by I/R by determining the levels of proinflam-
matory factors in myocardial tissues using qRT-PCR. Our anal-
ysis revealed that TNF-a, IL-13 and IL-6 were significantly
upregulated in the I/R group, with increases of 4.2-fold, 3.1-
fold and 3.2-fold, respectively, compared to the sham group.
PAE treatment reduced the levels of these proinflammatory
factors in a dose-dependent manner (Fig. 2A). Additionally,
serum levels of TNF-a, IL-13 and IL-6, as assessed by ELISA,
were significantly elevated in the I/R group, with increases
of 2.5-fold, 2.1-fold and 1.3-fold, respectively. PAE treat-
ment attenuated these elevations in a dose-dependent manner
(Fig. 2B). These results demonstrate that PAE effectively mit-
igates myocardial inflammation in I/R rats.

3.3 PAE alleviated myocardial oxidative
stress in I/R rats

We also assessed the impact of PAE on oxidative stress in-
duced by I/R based on the levels of oxidative stress-related
factors in myocardial tissues. The results showed that I/R
induction significantly increased the abundance of MDA (2.5-
fold) and decreased the levels of SOD (47%), CAT (37%)
and GSH (32%) compared to the sham group, and that PAE
treatment could mitigate these effects in a dose-dependent
manner (Fig. 3). These findings suggest that PAE reduces
oxidative stress in myocardial tissues affected by I/R.
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FIGURE 1. PAE alleviates myocardial damage in I/R rats. (A) Serum levels of LDH and CK were quantified using
commercial assay kits. (B) Infarct size was measured using TTC staining. **p < 0.01, ***p < 0.001. Black asterisks denote
comparisons with the sham group; red asterisks denote comparisons with the I/R group. LDH: levels of lactate dehydrogenase;

I/R: ischemia-reperfusion; PAE: perillaldehyde; CK: creatine kinase.
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FIGURE 3. PAE mitigates myocardial oxidative stress in I/R rats. The levels of oxidative stress-related factors (MDA,
SOD, CAT and GSH) in myocardial tissues were assessed using commercial kits. **p < 0.01, ***p < 0.001. The black asterisks
denote comparisons with the sham group, and the red asterisks denote comparisons with the I/R group. MDA: levels of lipid
peroxidation; SOD: superoxide dismutase; CAT: catalase; GSH: glutathione; I/R: ischemia-reperfusion; PAE: perillaldehyde.

3.4 PAE inhibited myocardial cell apoptosis
in I/R rats

Moreover, we determined the influence of PAE on myocardial
cell apoptosis induced by I/R and observed that the number of
TUNEL-positive myocardial cells was significantly increased
in the I/R group compared to the sham group (Fig. 4A) and
that PAE treatment reduced the number of TUNEL-positive
cells in a dose-dependent manner (Fig. 4A). Additionally, I/R
induction led to a significant increase in Bax levels (8.3-fold)
and a decrease in Bcl-2 levels (81%) in myocardial tissues,
while PAE treatment counteracted these changes in a dose-
dependent manner (Fig. 4B). These results indicate that PAE
may effectively reduce myocardial cell apoptosis in I/R rats.

3.5 PAE regulated miR-133a-3p/MAPK1 in I/R
rats

Lastly, to explore the molecular mechanisms underlying the
effects of PAE, we examined the levels of miR-133a-3p and
MAPKI1. gRT-PCR and Western blot analyses revealed that
I/R induction significantly decreased the abundance of miR-
133a-3p (75%) and increased MAPKI1 levels (8.5-fold) in
myocardial tissues. PAE treatment attenuated these changes
in a dose-dependent manner (Fig. 5). These findings suggest
that MAPK is a downstream target of miR-133a-3p, and PAE
may exert its protective effects by upregulating miR-133a-3p
and subsequently decreasing MAPKI1 levels.

4. Discussion

In this study, we demonstrated that PAE could mitigate my-
ocardial injury in I/R rats by reducing the levels of LDH and
CK and decreasing infarct size. Additionally, PAE was found
to alleviate myocardial inflammation in I/R rats by decreasing
the levels of proinflammatory cytokines TNF-c, IL-1 and IL-

6. PAE also alleviated oxidative stress in myocardial tissue and
inhibited apoptosis of myocardial cells. Furthermore, our find-
ings suggest that PAE may reduce the abundance of MAPK1
through the upregulation of miR-133a-3p. Collectively, PAE
demonstrated promising ability to attenuate MI/RI, myocardial
inflammation, oxidative stress, and apoptosis in I/R rats by
inhibiting MAPKI.

AMI is often a result of coronary artery disease, charac-
terized by the narrowing and formation of plaques within the
coronary arteries [20]. These obstructions can lead to reduced
or interrupted blood flow to the myocardium, resulting in my-
ocardial ischemia and necrosis [20, 21]. Common symptoms
of AMI include severe, prolonged chest pain, shortness of
breath, nausea, vomiting, cold sweats and anxiety and may
also be accompanied by irregular heartbeats or palpitations
[22]. It can be diagnosed by electrocardiography (ECG), which
can detect changes in cardiac electrical activity, as well as
blood tests (measure cardiac biomarkers such as troponin)
and echocardiography (assess heart structure and function)
[23]. Immediate medical intervention is critical for AMI
and may involve the use of medications such as analgesics,
anticoagulants and antiplatelet drugs to relieve pain and pre-
vent thrombus formation. Procedures such as percutaneous
coronary intervention can be performed to restore coronary
artery patency and reperfuse the myocardium [24, 25]. In
addition, continuous monitoring and a comprehensive reha-
bilitation plan are essential to prevent future cardiac events.
Moreover, preventive measures such as maintaining a healthy
lifestyle, managing cardiac risk factors and undergoing regular
cardiac health check-ups are essential for improving patient
outcomes and survival [26].

MI/RI is a form of cardiac impairment that occurs during
the reperfusion of myocardial tissue following a period of
ischemia [27]. This condition commonly arises in the context
of treatments for cardiac patients, such as coronary artery
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FIGURE 4. PAE inhibits myocardial cell apoptosis in I/R rats. (A) Apoptosis of myocardial cells was evaluated by TUNEL
staining. (B) The protein levels of Bax and Bcl-2 in myocardial tissues were analyzed by western blot. Statistical significance is
indicated as follows: ***p < 0.001. The black asterisks denote comparisons with the sham group, and the red asterisks denote

comparisons with the I/R group. I/R: ischemia-reperfusion; PA

E: perillaldehyde; TUNEL: terminal-deoxynucleoitidyl transferase

mediated nick end labeling; DAPI: diamidinyl phenylindole; MERGE: merger; Bax: BCL2 associated X; Bcl-2: BCL2 apoptosis
regulator; GAPDH: reduced glyceraldehyde-phosphate dehydrogenase.

bypass surgery or thrombolytic therapy for coronary artery
disease [28]. MI/RI represents a complex pathological process
that can lead to substantial damage to cardiac tissues [29].
The mechanisms underlying MI/RI are multifaceted, involving
inflammation, the generation of reactive oxygen species, apop-
tosis and necrosis. These processes contribute to the damage
and death of cardiac muscle cells [30]. Reperfusion triggers
the activation of immune cells and the release of inflamma-
tory mediators, which further exacerbate myocardial damage
[4]. Additionally, reperfusion is associated with an increased

production of reactive oxygen species that can inflict damage
on cell membranes, proteins, and DNA, thereby intensifying
cellular injury [31]. Moreover, MI/RI can lead to myocardial
infarction and, in severe cases, may result in sudden cardiac
death [32]. Taken together, MI/RI is a critical cardiac condition
with significant health implications. Therefore, a thorough
understanding of its underlying mechanisms and the imple-
mentation of preventive strategies are essential for mitigating
injury and improving the prognosis for cardiac patients.

When myocardial cells are damaged or undergo cell death,
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LDH and CK are released from the affected cells into the
bloodstream, leading to elevated plasma levels of these en-
zymes. Thus, plasma levels of LDH and CK can be utilized to
diagnose myocardial injury, including myocardial infarction.
Elevated levels of LDH are indicative of cardiac muscle cell
damage or death [33]. In this study, we demonstrated that PAE
alleviated myocardial injury in I/R rats by reducing LDH and
CK levels and decreasing infarct size, which confirms that PAE
mitigates myocardial damage induced by I/R, consistent with
the findings of previous studies. For instance, Zheng et al.
[34] reported that PAE could alleviate spinal cord I/R damage
by mitigating inflammatory responses and oxidative stress.
Similarly, Xu ef al. [35] showed that PAE attenuated cerebral
I/R damage by reducing levels of IL-173, IL-6 and TNF-q,
and by inhibiting apoptotic cell death. Consistent with these
studies, our results indicate that PAE alleviates myocardial
inflammatory response in I/R rats by reducing TNF-a, IL-173
and IL-6 levels. Furthermore, PAE also reduced myocardial
oxidative stress and cell apoptosis in I/R rats, which also align
with the findings of Zheng et al. [34] and Xu et al. [35].

Numerous studies have suggested that miRNAs hold poten-
tial as clinical biomarkers for the detection and screening of
human diseases [13, 36, 37]. Specifically, the upregulation of
miR-133a has been shown to prevent apoptosis in cardiomy-
ocytes subjected to I/R by modulating death associated protein
kinase 2 (DAPK?2) [38]. Our previous investigation identified
MAPKI1 as a target of miR-133a-3p [18]. Additionally, Yu
et al. [19] demonstrated that PAE regulates glycogen syn-
thase kinase 3 beta (GSK-35) through the upregulation of
miR-133a-3p, thereby improving outcomes in diabetic car-
diomyopathy. In this study, we have further elucidated the
role of PAE in myocardial protection by showing that PAE
reduces MAPK1 levels through the upregulation of miR-133a-
3p. These findings are consistent with our prior investigation
[18] and align with the results reported by Yu et al. [19].
In addition, our present study provides novel evidence that
PAE can alleviate myocardial damage induced by I/R through
modulation of the miR-133a-3p/MAPKI1 axis and expand the
current understanding of PAE’s regulatory mechanisms by
providing a theoretical basis for the potential development
of future therapeutic interventions. However, this study had
some limitations that should be clarified. The effects of PAE
were evaluated only in animal models and validation of our
presented findings in clinical settings is still required to fully
assess the translational potential of PAE for human therapeutic
applications.

5. Conclusions

In conclusion, our findings indicate that PAE attenuates MI/RI
by mitigating myocardial inflammatory response, oxidative
stress, and apoptosis in I/R rats, primarily through the inhibi-
tion of MAPK . In addition, PAE effectively reduces MI/RI in
vivo, demonstrating promising potential as a therapeutic agent
for the management of MI/RI and for future drug development.
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