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Juglanin alleviates myocardial injury in rats with acute myocardial infarction through modulating

MAPK signaling pathway
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Abstract

The aim of this study was to investigate the protective role of Juglanin in rats suffering from acute myocardial
infarction (AMI). Male Sprague—Dawley (SD) mice were used to construct the AMI model. Hematoxylin and
Eosin staining was used to observe the morphological changes of cardiomyocytes. Changes in lactate dehydro-
genase (LDH), caspase-3 and caspase-9 were measured using commercial kits. Enzyme-linked immunosorbent
assay was used to measure the serum level of creatine kinase myocardial band (CK-MB), Interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF-a), IL-10 and IL-1p. Protein expression and phosphorylation were determined
by Western blotting test. The morphology of cardiomyocytes suffered great changes because of AMI, which
included focal myocardial necrosis, severe inflammatory cell infiltration, and myocardial fiber dissolution, dis-
order, and partial rupture. The morphological changes in cardiomyocytes were significantly ameliorated through
treatment with Juglanin (10 mg/kg and 30 mg/kg). Increment of serum CK-MB, LDH, IL-6, TNF-a, IL-10 and
IL-1P was reduced in AMI rats treated with 10-mg/kg and 30-mg/kg Juglanin. Cell apoptosis was also inhibited by
Juglanin treatment. AMI-induced phosphorylation of p38, extracellular signal-regulated kinase (p-ERK) and c-Jun
N-terminal kinase (p-JNK) was suppressed through treatment with Juglanin. This study demonstrated that Jugl-
anin alleviated myocardial injury in rats because of AMI through inactivation of mitogen-activated protein kinase
signaling pathway, thus indicating a protective role in rat AMI model.
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Introduction and revascularization, mainly percutaneous coronary

intervention (PCI) and coronary artery bypass grafting

Acute myocardial infarction (AMI)-induced fatalities
account for more than 50% of cardiovascular deaths
(Pollard, 2000). AMI happens if blood supply to the heart
is suspended due to thrombus or atherosclerotic plaque
in the coronary artery (Boateng and Sanborn, 2013).
Many risk factors, such as age, family history, smoking
and alcohol intake, have been found to increase incidence
of AMI (Boateng and Sanborn, 2013). Current treat-
ment strategies for AMI include immediate reperfusion

(CABG) (Reed et al., 2017). Antithrombotic therapies,
such as antiplatelet agents, anticoagulant agents and lip-
id-lower agents, are used for preventing the recurrence of
AMI (Reed et al., 2017).

As the direct target organ of AMI, the heart is injured by
ischemia even if the blood supply is recovered by PCI or
CABG (Reed et al., 2017). Many signaling pathways are
activated due to AMI and contribute to injury (Sanada
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et al., 2011). Activation of p38 mitogen-activated pro-
tein kinase (MAPK) is one of the crucial signaling path-
ways leading to inflammation of the myocardium after
AMI (Meldrum et al., 2005). In response to AMI, proin-
flammatory cytokines, such as tumor necrosis factor
alpha (TNF-a), interleukin-6 (IL-6) and IL-1f, increase
to induce myocardial injury (Meldrum et al., 2005). In
contrast, anti-inflammatory cytokines, such as IL-10,
decrease and the protective effects of AMI are reduced
(Tto and Ikeda, 2003). Therefore, reduction of proinflam-
matory cytokines and growth of anti-inflammatory cyto-
kines are the therapeutic goals to prevent cardiac damage
because of AML

Juglanin (kaempferol-3-O-a-L-arabinofuranoside) is a
natural flavonoid extracted from Polygonum aviculare
(Chen et al., 2019). Juglanin has demonstrated anti-in-
flammatory effect by reducing IL-1f in human chondro-
cytes (Chen et al., 2019). In fructose-induced hepatitis
rat model, Juglanin was reported to inhibit the activation
of TLR4/MAPK/NF-«B axis to reduce the production of
TNEF-a, IL-6 and IL-1B, thus demonstrating an anti-in-
flammatory and protective role in hepatitis (Zhou et al.,
2016). Furthermore, Juglanin was also able to reduce the
size of infarct and suppress hyperpermeablity of blood—
brain barrier induced by brain ischemia through inhibi-
tion of vascular endothelial growth factor (VEGF) and its
receptor, VEGF receptor 2 (VEGFR2) signaling pathway
(Liu et al., 2020). However, no study has reported the
role of Juglanin in cardiac ischemia. Therefore, this study
explored the role of Juglanin in AMI and its underlying
mechanism.

Methods

Animal model

Male Sprague—Dawley (SD) mice (weight: 250-300 g)
were purchased from Shanghai Jake Biotechnology Co.
Ltd. (Jake Bio, China). The rats were fed with standard
animal food and drinking water and kept under standard
conditions: 12-h dark/light cycle at 23 + 1°C with 50 +
5% humidity. All experimental procedures were carried
out in compliance with the protocol approved by the
Institutional Animal Care and Use Committee of Xinhua
Hospital Chongming Branch, Shanghai (Approval No.
201804-032), and were executed conforming to the Care
and Use of Laboratory Animals, 8th edition (National
Institutes of Health, 2011).

AMI rat model was constructed by ligation of the left
anterior descending artery following the prior publica-
tion (Wang et al., 2020). SD mice were anesthetized with
intraperitoneal injection of 10% chloral hydrate (300 mg/
kg; Sigma-Aldrich, St. Louis USA). The rat chest was
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opened at the 3rd and 4th intercostal spaces and the
heart was exposed for surgical intervention. A slipknot
with 6-0 silk suture was placed at the distal 1/3 of the left
anterior descending artery until the cardiac apex became
white. The rat chest was closed and penicillin was used to
prevent infection. Juglanin (Nakeli, Chengdu, China) was
dissolved into the drinking water of rats and treated by
intragastric administration.

After the AMI model was successfully constructed, rats
were randomly divided into the following four groups
(n = 8 rats/group)—sham group: rat chest were opened
and closed without any further operation or treatment;
AMI group: AMI model was constructed and the rats
were treated with drinking water by intragastric admin-
istration for 14 days; AMI + Jug (10 mg/kg) group: AMI
model was constructed and the rats were treated with
10-mg/kg Juglanin by intragastric administration for
14 days; AMI + Jug (30 mg/kg) group: AMI model was
constructed and the rats were treated with 30-mg/kg
Juglanin by intragastric administration for 14 days. After
treatment, all rats were sacrificed with an overdose of
10% chloral hydrate (500 mg/kg) administered intraperi-
toneally. The serum and hearts were collected and stored
at —80°C for further experiments.

Hematoxylin and eosin (H&E) staining

Hematoxylin and Eosin staining was used to examine the
histological injury of myocardial tissues (Feldman and
Wolfe, 2014). Half of the stored hearts were fixed with 4%
paraformaldehyde (Leagene, Beijing, China) at 4°C over-
night. The fixed hearts were embedded in paraffin wax
and cut into 5-pm sections. The sections were then depar-
affinized in xylene and dehydrated in graded ethanol. The
sections were stained with hematoxylin solution (Abcam,
Cambridge, UK) for 15 min and washed with running
water. The sections were further stained with Eosin Y
solution (Abcam) for 3 min. The sections were imaged
using an inverted microscope (Wumo, Shanghai, China).

TUNEL assay

The TUNEL assay was used to determine cardiomyocyte
apoptosis (Kyrylkova et al., 2012). The TUNEL assay kit
was purchased from Beyotime Biotechnology Co. Ltd.
(Beyotime, Shanghai, China). The heart sections were
obtained as mentioned above, which were then incubated
with 0.1% Triton X-100 (Aladdin, Shanghai, China) and
stained with TUNEL staining solution in dark following
the manufacturer’s instructions. Then the sections were
stained with nucleus dye DAPI (Beyotime) and pho-
tographed under a fluorescence microscope (Wumo,
Shanghai, China).
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Enzyme-linked immunosorbent assay (ELISA)

Creatine kinase myocardial band (CK-MB), IL-6, TNF-a,
IL-10 and IL-1p were measured using commercial
ELISA kits (R&D Systems, Minneapolis, USA) accord-
ing to manufacturer’s protocols (Lequin, 2005). Optical
density (OD) was recorded at 450 nm by Varioskan
LUX multimode microplate reader (Thermo Fisher,
Waltham, USA).

Measurement of lactate dehydrogenase (LDH),
Caspase-3 and Caspase-9 activity

Activity of LDH, Caspase-3 and Caspase-9 was measured
using LDH commercial kits (AmyJet, Wuhan, China),
and Caspase-3 and Caspase-9 fluorometric assay kits
according to manufacturer’s protocols. Optical density
was recorded at 505 nm by Varioskan LUX multimode
microplate reader (Thermo Fisher).

Western blotting test

Proteins from the hearts of rats were extracted using
T-PER™ Tissue Protein Extraction Reagent (Thermo
Fisher); 10 pg of total proteins was loaded into 10% sodium
dodecyl sulfate—polyacrylamide gel (SDS-PAGE) and sep-
arated by electrophoresis. Proteins were transferred from
SDS-PAGE to polyvinylidene fluoride (PVDF) membranes
(Merck KGaA, Germany). After blockade with 5% fat-free
milk for 2 h at room temperature, the PVDF membranes

(A)

AMI + Jug (10 mg/kg)

AMI + Jug (30 mg/kg)

Figure 1.

were incubated with proper primary antibodies over-
night at 4°C followed by probing with secondary antibod-
ies for 2 h at room temperature. The protein band was
visualized using ultrahigh sensitivity ECL Substrate Kit
(Abcam). Following are the primary antibodies (Abcam)
used in the study: p-p38 (ab178867, 1:500 dilution), p38
(ab31828, 1:1,000 dilution), phosphorylated extracellular
signal-related kinases (p-ERK; ab201015, 1:1,000 dilution),
ERK (ab32537, 1:1,000 dilution), phosphorylated c-Jun
N-terminal kinase (p-JNK; ab76572, 1:1,000 dilution), JNK
(ab208035, 1:500 dilution) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; ab8245, 1:5,000 dilution).

Statistical analysis

Data were analyzed using the statistical software SPSS
17.0 (IBM, USA). All data were presented as mean +
SD. Statistical differences were analyzed using Schefte’s
method of paired comparisons. Statistical significance
was defined as P < 0.05.

Results
Juglanin alleviated AMI-induced myocardial injury in rats

No morphological changes were observed in the sham
group. The myocardial cells did not demonstrate any
obvious degradation and their arrangement was regular
and clear. Both myofilament and intercellular space were
intact (Figure 1A).
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Juglanin alleviated AMI-induced myocardial injury in rats. (A) Morphological changes induced by AMI improved in

AMI rats treated with 10-mg/kg and 30-mg/kg Juglanin; (B) increment of LDH induced by AMI was inhibited in AMI rats treated
with 10-mg/kg and 30-mg/kg Juglanin; (C) increment of CK-MB induced by AMI was inhibited in AMI rats treated with 10-mg/kg
and 30-mg/kg Juglanin. “P < 0.01 versus the Sham or AMI group; P < 0.005 versus the Sham or AMI group. AMI: acute myocar-
dial infarction; Jug: Juglanin; LDH: lactate dehydrogenase; CK-MB: creatine kinase myocardial band.
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In the AMI model group, focal myocardial necrosis was
observed in infarct tissues. Myocardial fiber depicted
obvious dissolution, disorder and partial rupture.
Karyotype fusion and nuclear hemorrhage were observed
in some myocardial cells, and dilation of blood vessels
was determined in myocardial capillaries. Furthermore,
severe inflammatory cell infiltration and myocardial
necrosis were observed under the epicardium (Figure 1A).

In the AMI rats treated with 10-mg/kg and 30-mg/kg
Juglanin groups, loose, edematous and necrotic cardio-
myocytes were fewer than those in the AMI model group.
The arrangement of myocardial cells was relatively reg-
ular in the Juglanin-treated groups. The inflammatory
cell infiltration was improved by Juglanin treatment and
the morphology of myocardial cells in Juglanin-treated
groups was clearer compared with that in the AMI group
(Figure 1A).

Lactate dehydrogenase and CK-MB levels were increased
in the AMI group compared to the Sham group, and the
treatment with Juglaninde inhibited AMI-induced ele-
vation of LDH in a dose-dependent manner (Figures 1B
and 1C). These results indicated that the morpholog-
ical changes in myocardial tissue induced by AMI were
improved in the AMI model rats treated with 10-mg/kg
and 30-mg/kg Juglanin.

Juglanin prevented inflammatory response in AMI rats

The IL-6 level in serum was significantly increased post-
AMI, which was reduced by Juglanin (10 mg/kg and
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30 mg/kg) treatment (Figure 2A). The TNF-« level in
serum of the AMI group was elevated compared to the
Sham group (Figure 2B). However, a significant reduction
in serum TNF-a was observed in the AMI rats treated
with 10-mg/kg and 30-mg/kg Juglanin (Figure 2B). The
IL-10 level in serum was significantly decreased after
AMI, which was reversed by Juglanin (10 mg/kg and 30
mg/kg) treatment (Figure 2C). In the AMI group, serum
IL-1p was elevated compared to that in the Sham group
(Figure 2D). A significant reduction of serum IL-1f3
was observed in AMI rats treated with 10-mg/kg and
30-mg/kg Juglanin compared to that in the AMI group
(Figure 2D); this demonstrates that Juglanin inhibited
inflammatory response and enhanced anti-inflammatory
response in AMI rats.

Juglanin inhibited myocardial cell apoptosis
in AMI rats

The number of TUNEL-positive cells increased after
AMI; however, treatment of AMI rats with Juglanin
(10 mg/kg and 30 mg/kg) reduced the number of
TUNEL-positive cells in myocardial infarcted tissues
(Figure 3). Caspase-3 activity significantly increased in
rat tissues after AMI, but decreased by Juglanin (10 mg/
kg and 30 mg/kg) treatment (Figure 4A). In the AMI
group, Caspase-9 activity increased compared with that
in the Sham group (Figure 4B). However, a significant
reduction of Caspase-9 activity was observed in AMI rats
treated with 10-mg/kg and 30-mg/kg Juglanin (Figure
4B), thus demonstrating that Juglanin prevented cell
apoptosis after AMI in rats.
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Figure 2. Juglanin inhibited inflammatory response in AMI rats. (A) Increment of serum IL-6 was inhibited by 10-mg/kg and
30-mg/kg Juglanin in AMI rats; (B) increment of serum TNF-oc was inhibited by 10-mg/kg and 30-mg/kg Juglanin in AMI rats;
(C) reduction of serum IL-10 was inhibited by 10-mg/kg and 30-mg/kg Juglanin in AMI rats; (D) increment of serum IL-1f was
inhibited by 10-mg/kg and 30-mg/kg Juglanin in AMI rats. “P < 0.005 versus the Sham or AMI group. IL: interleukin; TNF-c:

tumor necrosis factor alpha.
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Juglanin regulated MAPK signaling pathways

The phosphorylation of p38 MAPK was induced in AMI
rats, which was prevented by 10-mg/kg and 30-mg/kg
Juglanin (Figure 5). AMI enhanced the phosphorylation
of ERK (p-ERK) in rats, but treatment with 10-mg/kg and
30-mg/kg Juglanin suppressed the upregulation of p-ERK
(Figure 5). The phosphorylated JNK (p-JNK) was upreg-
ulated in AMI rats, but treatment with Juglanin (10 mg/
kg and 30 mg/kg) inhibited the phosphorylation of JNK
in AMI rats (Figure 5), suggesting that Juglanin inhibited
the activation of MAPK signaling pathway.

Discussion

With the introduction of PCI and CABG, the mortal-
ity because of AMI has greatly reduced and the clin-
ical use of antithrombotic agents has significantly
prolonged the survival of AMI patients (Reed et al.
2017), although burden of the disease is still very high
(Edupuganti and Ganga, 2019). Thus, effective sup-
plemental treatment must be identified on the basis

(A) Sham

100 pm

100,um

of standard care to improve patient prognosis. In the
present study, Juglanin altered changes in cardiomyo-
cytes after AMI and reduced the increase of CK-MB
and LDH induced by AMI. Juglanin inhibited inflam-
matory response and repressed AMI-induced car-
diomyocyte apoptosis by inhibiting the activation
of MAPK signaling pathway, thus demonstrating its
anti-inflammatory and protective role in AMI-induced
myocardial injury.

CK-MB and LDH were specific markers of AMI
(Mechanic et al., 2021). Data of the present study mani-
fested that Juglanin inhibited the elevation of CK-MB and
LDH induced by AMI, thus demonstrating its protective
role in AMI. Myocardial necrosis and cardiomyocyte
apoptosis are key features of AMI (Mechanic et al., 2021).
Therefore, prevention of cardiomyocyte apoptosis could
prevent cardiac dysfunction after AMI. In this study,
TUNEL-positive cells and Caspase-3 activity decreased
in AMI rats treated with Juglanin, thereby proving that
Juglanin suppressed the AMI-induced cardiac damage.
Altogether, treatment with Juglanin alleviated cardiac
dysfunction in AMI rats.
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Figure 3. Juglanin inhibited myocardial apoptosis in AMI rats. Juglanin (10 mg/kg and 30 mg/kg) reduced the number of
TUNEL-positive cells in AMI rats. ***P < 0.005 versus the Sham or AMI group.
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Figure 4. Juglanin reduced the activity of Caspase-3 and Caspase-9. (A) Juglanin (10 mg/kg and 30 mg/kg) reduced Caspase-3
activity in AMI rats; (B) Juglanin (10 mg/kg and 30 mg/kg) reduced Caspase-9 activity in AMI rats. ***P < 0.005 versus the Sham

or AMI group.
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Figure 5. Juglanin regulated MAPK signaling pathways. The phosphorylation of p38, EKR and JNK induced by AMI was
down-regulated in AMI rats treated with 10-mg/kg and 30-mg/kg Juglanin. “P < 0.01 versus the Sham or AMI group; P < 0.005

versus the Sham or AMI group.

The onset of AMI initiates pro-inflammatory response,
resulting in the production of proinflammatory cyto-
kines, leading to cardiomyocyte apoptosis (Ong et al.,
2018). In this study, production of proinflammatory cyto-
kines, such as IL-6, TNF-a and IL-1f, was significantly
increased after AMI, but was inhibited by Juglanin treat-
ment. In response to proinflammatory response, anti-in-
flammatory process was activated to repair the cardiac
damage induced by AMI. Production of anti-inflamma-
tory cytokines, such as IL-10, decreased after AMI, but
was reversed by Juglanin by increasing serum IL-10 level
in a dose-dependent manner, thus enhancing anti-inflam-
matory response in AMI rats. Therefore, Juglanin played
an anti-inflammatory role in AMI rats, which was con-
sistent with the reports of previous studies (Zhou et al.,
2016).

MAPK signaling pathway is a key regulator of ischemia
(Sun and Nan, 2016). Once activated, the downstream
proteins, including p38, JNK and EKR, were phosphor-
ylated and participated in regulating cell proliferation,
apoptosis and survival (Sun and Nan, 2016). In this study,
the phosphorylation of p38, IJNK and EKR was upreg-
ulated in AMI rats, implying the activation of MAPK
signaling pathway because of AMI. Treatment with
Juglanin repressed the phosphorylation of p38, JNK and
EKR, suggesting that it inhibited the activation of MAPK
signaling pathway. Moreover, it is revealed that MAPK
signaling pathway is associated with the initiation of

inflammation process (Ni, 2020; Yeung, 2018). Overall,
Juglanin inhibited the inflammatory response induced
by AMI in rats through inactivation of MAPK signaling
pathway.

Conclusion

This study established that Juglanin inhibited myocar-
dial injury and cardiomyocyte apoptosis, and repressed
the inflammatory response after AMI through inactivat-
ing MAPK signaling pathway. To our knowledge, this is
the first study to discuss the protective role of Juglanin
in an AMI rat model. Thus, these findings provided a
new insight to prevent cardiac dysfunction after AMI.
Juglanin could be a nutrient supplement to repair cardiac
damage induced by AML
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