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RESEARCH ARTICLE

Protective Effect of Morin Hydrate in Ischemia/Reperfusion
Injury of Rat Skeletal Muscle

The basic cause of ischemia/reperfusion (I/R) injury is well recognized to be a cell damage
resulting from the presence of reactive oxygen species. The objective of this research was to
examine the impact of morin hydrate on skeletal muscle-I/R damage. To generate the I/R model, a
tourniquet was applied to the hindlimbs of Sprague-Dawley rats. Subsequently, the animals were
randomly allocated into four distinct groups. In comparison to the sham group, an elevation in
malondialdehyde (MDA) levels was observed in the context of I/R injury. Conversely, the
administration of morin exhibited a dose-dependent reduction in MDA levels. The activities of
superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), as well as the levels
of reduced glutathione (GSH), were seen to rise in the context of I/R damage. However, with
administration of morin, these parameter values exhibited a tendency to approach those of the
control group. In the context of I/R damage, it was shown that the expression of Nrf-2 and HO-1
genes was down regulated. However, the injection of morin resulted in the upregulation of these
genes. While MPO expression levels increased in the I/R group, they decreased in the morin-
treated groups. The gene expressions of NF-kB, IL-1B3, TNF-q, INOS, COX-2, STAT3, and MAPK
14 were seen to be elevated in ischemia/reperfusion (I/R) injury group. Conversely, in the I/R +
Morin 100 group, these gene expressions were notably reduced (P<0.001). The study revealed that
morin had an upregulatory effect on the expression of Bcl-2 protein, while concurrently
downregulating the expression of caspase-3 and Bax proteins. The study revealed a reduction in
ICAM1 level and beclin-1 activity in the I/R group, particularly in the I/R + Morin 100 group. The
findings of our study indicate that morin has a protective effect against skeletal muscle I/R damage
via its ability to modulate the antioxidant defense system and inhibit apoptosis, autophagy, and
inflammation.
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Rat iskelet Kasi iskemi/Reperfiizyon Hasarinda Morin Hidratin Koruyucu Etkisi

Reaktif oksijen tirlerinin neden oldugu hiicre hasari iskemi/reperfiizyon (I/R) hasarinda temel
etiyolojik faktor olarak kabul edilmektedir. Bu nedenle sunulan galismada morin’in iskelet kasi I/R
hasarindaki etkilerinin incelenmesi amaglandi. I/R modeli olusturmak igin Srague-Dawley ratlarin
arka bacaklarina turnike aplikasyonu yapildi ve hayvanlar rastgele dort gruba ayrildi. Sham grubu
ile karsilastirildiginda malondialdehit (MDA) diizeylerinin I/R hasarinda arttigi, morin uygulamasi ile
doza bagh olarak azaldigi tespit edildi. Stperoksit dismutaz (SOD), glutatyon peroksidaz (GPx) ve
katalaz (KAT) aktivitelerinin ve glutatyon (GSH) diizeylerinin I/R hasarinda artmasina karsin morin
uygulamasi sonucu bu parametrelerin degerleri kontrol grubuna yaklasti. Nrf-2 ve HO-1 gen
ekspersyonlari I/R hasari durumunda baskilanmasina karsin morin uygulamasi bu genlerin
upregille edilmesini sagladi. MPO ekspresyon dlzeyleri I/R grubunda artarken morin uygulanan
gruplarda azaldi. NF-kB, TNF-q, IL-1B3, iNOS, COX-2, STAT3 ve MAPK 14 gen ekspresyonlari I/R
hasari durumunda artarken 6zellikle I/R+Morin 100 grubunda anlamli sekilde azaldig: tespit edildi
(P<0.001). Morin’in caspase-3 ve Bax proteinlerinin ekspresyonlarini azaltirken Bcl-2 proteinin
ekspresyonunu upreglle ettigi bulundu. I/R grubunda artan ICAM1 diizeyi ve beclin-1 aktivitesinin
Ozellikle I/R+Morin 100 grubunda azaldi§i tespit edildi. Sonuglarimiz, morin’in iskelet kasi I/R
hasarina karg! antioksidan savunma sistemini giiglendirerek ve apoptozu, otofajiyi ve inlamasyonu
baskilayarak koruyabilecegini géstermektedir.

Anahtar Kelimeler: Inflamasyon, iskelet kasi, iskemi, morin, oksidatif stres, reperfiizyon

Introduction

Ischemia-reperfusion (I/R) injury is a phenomenon of exacerbation of damage after
restoring blood flow to tissues and organs whose blood flow has been interrupted for
various reasons. Skeletal muscle is more susceptible to reperfusion injury after ischemia
compared to other tissues, since it has a higher metabolic activity. Numerous clinical
conditions such as trauma, limb or flap replantation, prolonged tourniquet application,
primary thrombosis arterial grafting, and compartment syndrome can lead to severe
ischemia, and subsequently, to reperfusion damage as blood flows back to the ischemic
muscle (1). I/R injury can cause necrosis, skeletal muscle fibrosis, and permanent
damage that can affect limb function. In severe cases, patients may need an
amputation. Furthermore, life-threatening multi-organ dysfunction syndromes may
develop in patients with severe I/R injury (2).

The mechanism of skeletal muscle I/R injury is considerably complex and still not
fully elucidated. Increasing the energy and oxygen supply to tissues and organs as well
as lowering the energy consumption of harmed tissues or organs are two strategies



Volume: 37, Issue: 3

for preventing I/R injury to skeletal muscle (3, 4).
Besides, there is some evidence that oxidative stress
and inflammation responses play a crucial role in
protecting skeletal muscle from I/R injury (5). Tissues
and organs that are subjected to I/R damage have a
significant elevation in the generation of reactive oxygen
species (ROS). This increase in ROS amount results in
lipid peroxidation and can inactivate proteins due to
oxidative stress. As a consequence of this, the severity
of I/R injury reaches significantly high levels (6). Hence,
the damage may lead to peroxidation of cell membranes
(7). Moreover, ROS-induced tissue damage can also
cause the formation and release of many pro-
inflammatory cytokines in skeletal muscle (8).

In previous studies, various protective agents were
administered to minimize I/R injury in skeletal muscle (9,
10). Nonetheless, the results obtained in these studies
are inadequate in terms of reducing the damage.
Furthermore, this life-threatening situation still has
unknown effect mechanisms. Recent studies have
focused on natural chemicals produced from plants
because of their potential antioxidant and anti-
inflammatory characteristics in relation to skeletal
muscle I/R damage (11). Antioxidant compounds such
as flavonoids lower the impact of I/R injury in tissues (5).
A natural polyphenolic antioxidant called morin is
present in the majority of fruits, vegetables, nuts, seeds,
other nutritional plants (12). Morin, in addition to its
antioxidant qualities, has been shown to be a non-toxic
molecule with a variety of pharmacological activity such
as neuroprotection, anti-carcinogenesis, anti-
inflammatory, and anti-diabetic (13).

Although several medicines have been investigated
for their potential in mitigating I/R damage, the precise
underlying mechanism remains incompletely elucidated.
Furthermore, the specific impact of morin on skeletal
muscle in the setting of I/R damage has yet to be
established. The primary objective of this investigation
was to examine the possible impacts of morin on I/R-
induced damage in the skeletal muscle of male Sprague-
Dawley rats. The study primarily focused on evaluating
the antiapoptotic, antioxidant, anti-inflammatory, and
anti-autophagic capabilities of morin in this context.

Materials and Methods

Research and Publication Ethics: The research
received ethical clearance from the Animal Experiments
Ethics Committee at Ataturk University, bearing the
designated approval identifier 2020-12/193.

Chemicals: (St. Louis, Missouri, United States).
The researchers reached out to Santa Cruz
Biotechnology, located in Dallas, United States, in order
to obtain primary antibodies for nuclear factor kappa-B
(NF-kB), intracellular adhesion molecule-1 (ICAM-1), B-
cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein
(Bax), caspase-3, Beclin-1, and myeloperoxidase
(MPO), as well as a secondary antibody of goat anti-
mouse, for the purpose of conducting western blot
analysis. Furthermore, the western blot analysis was
conducted using an anti-Nrf2 primary antibody and an
anti-rabbit secondary antibody, both of which were
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procured from Cell Signaling Technology, located in
Massachusetts, United States.

Animals: A set of 28 Sprague-Dawley rats, with an
age range of 9 to 10 weeks and an average weight of
220-250 grams, was obtained from the Ataturk
University Medical Experimental Application and
Research Center in Ataturk, Turkiye. The experimental
procedures were carried out only inside the premises of
this facility. The rats were kept in a controlled
environment that followed a 12-hour light and 12-hour
dark cycle. The temperature was maintained at 24+1°C,
and the humidity level was kept at 45+5%. The subjects
were supplied with a typical diet for rodents and were
given full access to water. Prior to the start of the
experiment, in order to allow the animals to adoptto their
environment, a period of one week was allotted for
adaption, during which no experimental manipulations
were implemented.

I/R Injury Model Development in Rat Skeletal
Muscle: Skeletal muscle I/R injury was performed
following the previously established protocol (14). Rats
were  anesthetized by intramuscular injection
administering xylazine plus ketamine (0.1 mg/kg and 0.2
mg/kg) respectively, in accordance with the protocol.
Ischemia was achieved for 2 hours by applying a rubber
tourniquet as tightly as possible to the left hind limb of
each rat. Following the ischemia, the tourniquet was
removed, and blood flow was restored, and it was waited
for 2 hours for the occurrence of reperfusion. Ischemia
and reperfusion in the limb were followed by observing
the color change in the paws.

Experiment Design: Four groups of seven rats
each were created at random from the rats;

Group 1 (Sham Group): The rats were injected
intraperitoneally with 1 mL of physiological saline after 4
hours of anesthesia without ischemia/reperfusion.

Group 2 (I/R Group): In order to induce ischemia, a
tourniquet was applied around the pubic region of the left
hind limb with a rubber band as tightly as possible. 30
minutes before the tourniquet was removed, 1 mL of
saline was administered intraperitoneally. It was left for 2
hours for reperfusion after the tourniquet was taken off.

Group 3 (I/R + Morin 50 Group): Ischemia was
created in the same process as Group 2. 30 minutes
before the tourniquet was removed, an intraperitoneal
injection of 50 mg/kg/bw morin hydrate was administered
(15). 2 hours were allowed for reperfusion after the
tourniquet was removed.

Group 4 (/R + Morin 100 Group): Ischemia was
created in the same process as Group 2. 30 minutes
before the tourniquet was removed, an intraperitoneal
injection of 100 mg/kg/bw morin hydrate was
administered (15). 2 hours were allowed for reperfusion
after the tourniquet was removed.

Collection of The Tissues: Following 2 hours of
reperfusion, animals were anesthetized with mild
isoflurane (IsoFlo; Abbott, Queenborough, UK) and
decapitated, and their gastrocnemius muscles were
taken. The muscles that were acquired underwent a
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rinsing process using an isotonic solution. Subsequently,
they were homogenized with the use of liquid nitrogen
and preserved at a temperature of -80 °C until they were
ready for analysis.

Preparation of The Homogenates: The skeletal
muscle tissues were diluted in a 1:10 (w/v) ratio using
1.15% KCI and homogenized using the TissueLyser.
The homogenates were subjected to centrifugation at a
speed of 1000xg at a temperature of +4°C for a duration
of 15 minutes. This centrifugation process was
performed in order to assess the levels of
malondialdehyde (MDA), as well as the activities of
superoxide dismutase (SOD) and catalase (CAT). The
homogenates used for the examination of glutathione
(GSH) levels and glutathione peroxidase (GPx) activity
were subjected to centrifugation at a speed of 9000xg
and a temperature of +4°C for a duration of 20 minutes.
Analyses were conducted promptly after to the
preparation of homogenates.

Determination of the Oxidative Stress State:
Lipid peroxidation assessment was performed by
quantifying MDA levels following the procedure detailed
in the work of Placer et al. (16). The results were
expressed in nanomoles per gram of tissue. SOD activity
was determined in units per gram of protein using the
methodology developed by Sun et al. (17). CAT activity
was assessed in accordance with the technique
established by Aebi (18) and reported as catal/g of
protein. GPx activity was measured using the method
developed by Lawrence and Burk (19) and quantified in
units per gram of protein. GSH levels were assessed
following the protocol detailed by Sedlak and Lindsay
(20) and expressed in units of nmol/g of tissue. Total
protein content was comprehensively studied using the
method described by Lowry et al. (21), with BSA serving
as the reference standard for result calculations.

Western Blot Analysis: We began the enelysis by
extracting the muscles from each left hind limb and
subsequently homogenizing them in a lysis buffer known
as radioimmunoprecipitation, maintained at 4°C.
Following homogenization, the samples underwent
centrifugation at 12,000 x g for a duration of 20 minutes,
leading to the collection of the supernatant that was later
utilized for the western blot analysis. Following that, we
solubilized a quantity of 30 pg of protein in Laemmli
sample buffer and then conducted their separation on a
10% SDS-PAGE. After the separation process, the
proteins were then deposited onto PVDF membranes.

After the transfer, the membranes were blocked.
Once the blocking step was complete, we performed five
consecutive 5-minute washes of the membranes in
PBST. Following this, the membranes were subjected to
overnight incubation at a temperature of 4°C with
specified primary antibodies, namely B-actin, NF-kB,
ICAM-1, caspase-3, Bax, Bcl-2, Beclin-1, Nrf2, and
MPO, which were of the mouse monoclonal type.

After the primary antibody application, we
performed five additional 5-minute washes of the
membranes in PBST. Following this, the membranes
were exposed to a secondary antibody for a duration of
1.5 hours.
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Real Time-PCR Analysis: The extraction of total
RNA from the tissues followed the manufacturer's
protocol, employing QIAzol Lysis Reagent (Qiagen, Cat:
79306, Germany). Subsequently, total RNA
quantification was conducted using a NanoDrop
spectrophotometer. For cDNA synthesis from the total
RNA, Qiagen's ROTOR-GENE Q equipment (Germany)
was utilized. The iScript ™ cDNA Synthesis Kit from
BIO-RAD (United States) was employed for this
purpose, adhering to the manufacturer's provided
instructions.

The mRNA transcript levels of several genes,
namely Caspase-3, Bax, Bcl-2, MAPK 14, STAT3, NF-
kB, IL-1B8, TNF-a, iINOS, COX-2, Nrf2, HO-1, and MPO,
were quantified using the same instrument. B-actin was
employed as an internal control for normalization
purposes. The primer sequences corresponding to these
genes are shown in Table 1. The determination of
relative fold expressions was conducted using the 274°7
technique, as described in reference (22).

Statistical Analysis: Shapiro-Wilk test was done
to evaluate the samples as the sample number was
under 50. The analytical findings were represented as
the mean along with the standard deviation. The data
analysis utilized SPSS software (version 20.0; SPSS,
Chicago, IL). Multiple comparisons were executed
through Tukey's post hoc test and one-way analysis of
variance (ANOVA). Statistical significance was
determined at a P-value below 0.05.

Table 1. Primer sequences

Length

Gene Sequences (5°-3’) (bpg) Accession No
F: TTTCATCCAGGATCGAGCAG

Bax R: AATCATCCTCTGCAGCTCCA 94 NM_017059.2
F: GACTTTGCAGAGATGTCCAG

Bcl-2 214 NM_016993.2
R: TCAGGTACTCAGTCATCCAC

Cosoases | ACTGGAATGTCAGCTCGCAA M 0126222

P R: GCAGTAGTCGCCTCTGAAGA - :

F: GTGGCAGTGAAGAAGCTGT

MAPK 14 ' GTGCCAGTGAAGAAGCTGTC NM_031020.2
R: GTCACCAGGTACACATCGTT

PO F:TCTTCGTGCGAGAGCATAAC o\
R: GTTGGTGAAGACATTGGCGA -

NExg  FAGTCCCGCCCCTTCTAMMAC o\
R: CAATGGCCTCTGTGTAGCCC - ’
F: CTCGAGTGACAA TA

TNF- o CTCGAGTGACAAGCCCGTAG 49 NM_012675.3
R: ATCTGCTGGTACCACCAGTT
F: ATGGCAACTGTCCCTGAACT

IL-18 CGCAACTGTCCCTGAAC 197 NM_031512.2
R: AGTGACACTGCCTTCCTGAA -

. F: AGATCAATGCAGCTGTGCTC

iNOS 235 NM_012611.3
R: GGCTCGATCTGGTAGTAGTAGA =
F: AGGTTCTTCTGAGGAGAGAG

cox-2 240 NM_017232.3
R: CTCCACCGATGACCTGATAT =
F: TACCTGGAGCAGCTTCATCA

STAT3 CCTGGAGCAGCTTCATC 153 NM_012747.2
R: GATCTCGCCCAAGAGGTTAT
F: TTTGTAGATGACCATGAGTCGC

Nrf2 161 NM_031789.2
R: TCCTGCCAAACTTGCTCCAT =
F: ATGTCCCAGGATTTGTCCGA

HO-1 144 NM_012580.2
R: ATGGTACAAGGAGGCCATCA

. F: CAGCCTTCCTTCTTGGGTATG

B-Actin 360 NM_031144.3

R: AGCTCAGTAACAGTCCGCCT
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Results

Assessing Oxidative and Antioxidant Markers:
Figure 1 and Figure 2 depict the impact of I/R damage
and the administration of morin on oxidant and
antioxidant markers in skeletal muscle.

The levels of MDA were shown to have increased
in the I/R group as compared to the Sham group, with a
statistically significant difference (P<0.01). Additionally, it
has been demonstrated that the activities of SOD, GPx,
and CAT, along with the levels of reduced GSH,
experienced a decrease following the imposition of I/R.
However, the administration of morin resulted in an
augmentation of the antioxidant defense mechanism. A
notable disparity was seen across the morin dosages in
many parameters, with the exception of CAT. The group
treated with IR+Morin 100 exhibited greater efficacy
(P<0.01).

Analysis of mMRNA transcripts using RT-PCR has
shown that Nrf2 and HO-1 expressions are
downregulated during I/R injury. The administration of
morin was observed to stimulate these genes and
provide significant protection against oxidative stress.
Moreover, it was clear that the high dose of morin
demonstrated markedly superior effectiveness compared
to the low dose of morin (P<0.05). The results for Nrf2
and HO-1 mRNA expression can be found in Figure 3.
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in Figure 4. This data suggests that administering morin
at a dosage of 100 mg/kg was notably more effective
than the I/R injury group (P<0.001). Furthermore, when
analyzing the disparity between the dosages, it was
ascertained that the administration of high dose morin
exhibited statistically superior efficacy compared to the
administration of low dose (P<0.05).

Evaluation of MPO Expression Results: The
study revealed that the levels of MPO expression, a
heme protein known for its pivotal involvement in
inflammation and oxidative stress and released by
leukocytes, exhibited a statistically significant increase in
the I/R group as compared to the Sham group. In
contrast, it was shown that the injection of morin resulted
in a considerable reduction in MPO expression as
compared to the Sham group (P<0.001). Moreover, it
was shown that the administration of a dosage of 100
mg/kg yielded greater efficacy among the morin groups,
exhibiting a statistically significant disparity (P<0.01). All
results are presented in Figure 3. In addition, blots of
MPO are presented in Figure 4 and a bar graph of these
blots in Figure 5. Based on the provided data, it can be
shown that the group subjected to I/R exhibited elevated
protein levels in comparison to the control group.
However, administration of morin was associated with a
reduction in MPO protein levels. A noteworthy distinction
in outcomes was observed (P<0.05) between the

Nrf2 protein levels were quantified through western blot I/R+Morin 50 and 100 groups following the
analysis, and the corresponding outcomes are presented administration of morin.
25
20
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15 ]
o | ok g OSham
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Figure 1. Effects of I/R and Morin administrations on MDA levels, GPx, SOD, and CAT activities in skeletal muscle of rats.
MDA:Malodialdhyde, GPx: Glutathione peroxidase, SOD: Superoxide dismutase, CAT: Catalase. Values are given as mean + SD.
***P<(0.001, **P<0.01, *P<0.05 Sham vs Others; ###P<0.001, ##P<0.01 I/R vs Others; AAp<0.01 I/R+Morin 50 vs I/R+Morin 100,

AAAp<0.001 I/R+Morin 50 vs I/R+Morin 100.
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Figure 2. GSH levels in rat skeletal muscle after receiving I/R and morin treatments. GSH: Glutathione. Values are given as mean +
SD. ***P<0.001 Sham vs Others; ###P<0.001, ##P<0.01 I/R vs Others; AAp<0.01 I/R+Morin 50 vs I/R+Morin 100.
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Figure 3. Rat skeletal muscle Nrf2, HO-1, and MPO mRNA transcript levels in response to I/R and morin treatments. Nrf2: Nuclear
factor erythroid 2-related factor 2, HO-1: Heme oxygenase-1, MPO: Myeloperoxidase. Values are given as mean + SD. ***P<0.001
Sham vs Others; ###P<0.001 I/R vs Others; Ap<0.05 I/R+Morin 50 vs I/R+Morin 100, AAp<0.01 I/R+Morin 50 vs I/R+Morin 100.
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Figure 4. Protein levels of NF-kB, ICAM1, caspase-3, Bax, Bcl-2, Beclin-1, Nrf2, and MPO were evaluated through western blot
analysis. NF-kB: Nuclear factor kappa-B, ICAM1: Intracellular adhesion molecule-1, Bax: Bcl-2-associated X protein, Bcl-2: B-cell
lymphoma 2, Nrf2: Nuclear factor erythroid 2-related factor 2, MPO: Myeloperoxidase.
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The Assessment of Inflammatory Markers: The
study assessed the expression levels of key
inflammation markers, including iINOS, NF-kB, IL-1(,
TNF-a, COX-2, STAT-3, and MAPK 14, in rat skeletal
muscle using RT-PCR. The results from the research
indicate that I/R-induced damage led to an upregulation
of these inflammation markers compared to the sham
group. Nevertheless, the treatment of morin exhibited
strong anti-inflammatory properties, leading to a
considerable reduction in the elevation of inflammation
to levels comparable to those reported in the sham
group (P<0.001).

Furthermore, when examining the expression of IL-
1B, COX-2, TNF-a, STAT-3, and MAPK 14 genes, it was
evident that the I/R + Morin 100 group exhibited a more
pronounced reduction in I/R injury (P<0.001). The mRNA
transcript levels are depicted in Figure 6 and Figure 7 for
reference.

The Assessment of Apoptotic Markers: Bax,
Apoptosis may be detected by caspase-3 and Bcl-2.
Thus, the aforementioned parameters were assessed
using RT-PCR and western blot analysis, and the results
are shown in Figures 4, 8, and 9. Upon evaluation of the
findings, it was ascertained that the process of I/R led to
apoptosis by the upregulation of Bax and caspase-3
expression, while concurrently downregulating Bcl-2
expression. It was determined that this situation caused
the I/R injury to aggravation. On the other hand, as
compared with the Sham group, it was determined that
morin significantly reduced apoptosis in the groups
administered and contributed significantly to the
protection of cells from I/R injury (P<0.001). Moreover,
as the Bax/Bcl-2 ratio was examined, it was detected
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that apoptosis decreased significantly with morin
administration.

Evaluation of Autophagic Marker: In the study,
Beclin-1 levels, one of the important indicators of
autophagy, were analyzed and the results are presented
in Figure 4 and Figure 10. The evidence presented in
this study indicates that the application of I/R resulted in
the stimulation of autophagy. Furthermore, a notable rise
in Beclin-1 levels was seen in comparison to the Sham
group. In contrast, it was seen that the administration of
morin  resulted in significant protection against
autophagy as compared to the I/R group. This protection
was evident by a reduction in Beclin-1 levels, with a
decrease of around 12% in the I/R+Morin 50 group and
20% in the I/R+Morin 100 group. Furthermore, it was
discovered via the analysis that the administration of a
high dosage of morin exhibited a higher level of
effectiveness, with statistical significance at a
significance level of P<0.05.

Evaluation of ICAM1 Protein Levels: As ICAM1
levels, which have crucial functions such as cell
signaling, leukocyte-endothelial transmigration, tissue
stability, and cell-cell interaction, were examined, it was
determined that the levels of ICAM1 increased
significantly (P<0.001) in the presence of I/R injury in
skeletal muscle, and this situation was reversed with
antioxidant administration and approached the control
group levels. Furthermore, a notable difference was
seen between the groups treated with I/R + Morin 50
and I/R + Morin 100, with statistical significance
(P<0.05). The results are presented in Figure 4 and
Figure 10.
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Sham IR I/R+Morin 50 I/R+Morin 100

Figure 5. Effects of I/R and morin administrations on Nrf2 and MPO protein levels in skeletal muscle of rats. Nrf2: Nuclear factor
erythroid 2-related factor 2, MPO: Myeloperoxidase. Values are given as mean + SD. ***P<0.001, **P<0.01 Sham vs Others;
##H##P<0.001, ##P<0.01, #P<0.05 I/R vs Others; Ap<0.05 I/R+Morin 50 vs I/R+Morin 100.
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Figure 6. Influence of I/R and morin treatments on the mRNA transcript levels of TNF-a, NF-kB, IL-18, and iNOS in rat skeletal
muscle. NF-kB: Nuclear factor kappa-B, TNF-a: Tumor necrosis factor alpha, IL-1f: Interleukin-1 beta, iINOS: Inducible nitric oxide
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Discussion

I/R, which is defined as the reduction of oxygen to
tissues and subsequent restoration of blood flow, can
lead to irreversible damage. Since skeletal muscle is the
predominant tissue in the limb, it is more vulnerable to
I/R injury. Although I/R generally occurs in acute
situations and treatment with chemical agents is less
preferred, in recent years, researchers have carried out
numerous studies aimed at reducing I/R injury in skeletal
muscle with various compounds (23). The current
investigation aimed to assess the efficacy of morin, a
compound  with established antioxidant, anti-
inflammatory, and anti-apoptotic properties, in mitigating
skeletal muscle I/R damage. The obtained results
demonstrate that morin significantly reduces I/R injury.

The balance of the oxidant state in the body is
greatly influenced by antioxidant enzymes and
substances (24). Cells experience oxidative stress when
there is a reduction in antioxidant activity and a depletion
of antioxidant molecules, resulting in an elevation of
oxidants (25). I/R leads to a decrease in tissue
antioxidant levels by causing excessive ROS formation.
Ultimately, this decrease causes the antioxidant defense
mechanism to be ineffective against oxidative tissue
damage (8). The susceptibility of membrane lipids in
skeletal muscle to oxidation is significant. Ischemia and
the accompanying reperfusion process give rise to the
generation of reactive oxygen species, resulting in
oxidative damage by upsetting the equilibrium between
oxidants and antioxidants. The current study established
that the concentration of MDA, a crucial marker of lipid
peroxidation, increased following the initiation of I/R
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injury in skeletal muscle. Conversely, the administration
of morin resulted in a reduction of MDA levels, with the
extent of drop being contingent upon the dosage
administered. Enzymatic antioxidants, including as SOD,
CAT, and GPx, as well as the non-enzymatic antioxidant
GSH, are integral components of the defense system
against oxidative stress (26). In a prior investigation,
scholars unveiled that I/R injury instigated oxidative
stress by means of free radical assault, resulting in
substantial damage to skeletal muscle tissue. This
detrimental effect was attributed to the diminished
enzymatic activities of SOD, CAT, and GPx, as well as
reduced amounts of reduced GSH (27). The current
investigation revealed that the administration of morin in
rats with I/R damage resulted in a rise in GSH levels,
with the extent of increase being dependent on the
dosage supplied. The study revealed a reduction in the
activities of SOD, CAT, and GPx enzymes in the group
experiencing ischemia/reperfusion (I/R) damage.
Conversely, the groups treated with morin exhibited an
increase in the activities of these enzymes. The results
of this research indicate that morin possesses the
capacity to alleviate oxidative stress triggered by I/R
injury in skeletal muscle. Furthermore, it highlights
morin's potential to shield cells from harm by boosting
the activities of antioxidant enzymes and increasing the
levels of GSH.

A basic leucine zipper protein called Nrf2 may
control the production of antioxidant proteins which
protect against oxidative damage brought on by injury
and inflammation. The substance is mostly distributed
throughout the cytoplasm and forms a combination with
Keapl. Keapl serves as the inhibitory regulatory factor
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for Nrf2 and facilitates the degradation of Nrf2 via the
process of ubiquitination. This mechanism enables the
maintenance of Nrf2's physiological state at a low level
of activity (28). Concerning oxidative stress, Nrf2
migrates to the nucleus after undergoing
phosphorylation and dissociation from Keapl. This
translocation leads to the activation of downstream
mechanisms that regulate the expression of genes such
as HO-1, GPx, and NQOL. These genes, along with the
associated antioxidant response element (ARE)
sequence in their promoters, collectively contribute to
the essential role of Nrf2 in safeguarding cells against
inflammatory processes. HO-1 serves as the principal
enzyme responsible for antioxidative and anti-
inflammatory processes, which are initiated by the
activation of Nrf2 (29). In research conducted by Gendy
et al. (30), it was demonstrated that there was a
decrease in Nrf2 and HO-1 mRNA expression levels in
the context of I/R injury. Another research has shown
that the injection of Fisetin, a kind of flavonoid, during I/R
injury leads to an elevation in Nrf2 levels and an
enhancement of HO-1 activity, thereby providing
protection against oxidative damage. Hence, this
research aimed to examine the potential antioxidant
properties of morin in mitigating skeletal muscle I/R
injury, focusing on its modulation of the Nrf2/HO-1
signaling pathway. The findings of the study indicate that
the expression of Nrf2 and HO-1 was downregulated in
skeletal muscle subjected to ischemia and subsequent
reperfusion. However, the administration of morin
resulted in an increase in Nrf2 expression, particularly in
the I/R + Morin 100 group (P<0.001). This upregulation
of Nrf2 led to an elevation in HO-1 levels, hence
suggesting a reduction in oxidative stress.

MPO belongs to the peroxidase superfamily and is
mostly expressed in monocytes and neutrophils.
Reactive species formed by MPO are principally
involved in the process of phagocytosis, hence playing a
crucial role in the antimicrobial action directed against a
wide range of pathogens. Therefore, elevated MPO
activity serves as a reliable marker for the presence of
neutrophil infiltration in I/R damage (31). Elevated levels
of circulating MPO are associated with inflammation and
oxidative stress (32). The results of our study show that
I/R injury upregulates MPO gene expression, but morin
administration reduces MPO expressions by regulating
neutrophil infiltration in skeletal muscle.

Besides oxidative stress, there is an increasing
body of data suggesting that inflammation and cytokine
activity play a crucial role in the development of skeletal
muscle I/R damage (33). NF-kB, a transcription factor of
considerable importance, governs a multitude of
biological processes such as cell cycle regulation,
cellular migration, programmed cell death, and
inflammatory responses. The investigation of the NF-kB
pathway has significant therapeutic importance due to its
ability to induce transcription of proinflammatory
mediators, including COX-2, IL-1B3, and TNF-a (34). This
phenomenon is one of the compelling evidence, which
supports the link between oxidative stress and
inflammation in the progression of ischemia/reperfusion.
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In conjunction with proinflammatory cytokines, nitric
oxide (NO) serves as a significant molecule involved in
the mediation of tissue damage in the context of I/R
injury. Inflammatory triggers, such as
endotoxins, cytokines, and lipid mediators, result in an
increase in iINOS expression (35). Ince et al. (36) have
reported that skeletal muscle is impacted by NO
produced by iNOS. Flavonoids play a crucial role in
regulating modulation of inflammation pathways and
cellular functions such as cell cycle signals. Similar to
the studies in the literature, our results show that
inflammatory markers are increased in I/R injury, and
morin administration protects skeletal muscle by
inhibiting cytokine activities. Based on these results, it
can be said that the inflammation process in reperfused
skeletal muscle after ischemia was suppressed by morin
administration and the damage caused by inflammation
was reduced.

Mitogen-activated protein kinases (MAPKs) have
important activities as cellular signaling mediators (37).
The activation of MAPKs leads to an upregulation of
gene expression, therefore inducing a diverse range of
biological reactions, including the production of pro-
inflammatory substances. MAPK 14, sometimes referred
to as P38aq, is well recognized as a pivotal modulator of
the inflammatory response across several cellular
lineages (38). In their study, Qin et al. (39) observed an
elevation in the level of MAPK 14 after I/R damage. In a
similar vein, our findings demonstrate that the
expression of MAPK 14 is upregulated as a
consequence of the heightened activation of NF-kB in
the context of skeletal muscle ischemia-reperfusion
damage. Conversely, the injection of morin has a
suppressive effect on such activity while concurrently
providing cellular protection against potential injury.

An integral part in several pathophysiological
diseases, including inflammation, is played by STAT3, a
transcription factor and member of the STAT family (40).
STAT3 translocation in the nucleus as a result of
activation leads to increased NF-kB transcriptional
activity, which contributes to the increased expression of
cytokine genes (41). Information on STAT3 gene
expression in skeletal muscle I/R injury is limited in the
literature. Pottecher et al. (42) found out an increase in
STAT3 activation in the case of skeletal muscle
exposure to I/R. Similarly, the results obtained in the
present study also indicate that in I/R injury, STAT3
gene expression increases depending on the
transcriptional activity of NF-kB but decreases with the
administration of morin depending on the dose.

Apoptosis, commonly referred to as programmed
cell death, is a natural process activated by various
physiological and pathological factors. Bax and Bcl-2 are
recognized as pivotal markers of apoptosis. Disturbance
in the equilibrium between Bax and Bcl-2 results in an
upsurge of cytochrome C levels within the cytoplasm,
thereby initiating the activation of caspase-3 (43).
Caspase-3 is known as a good marker of apoptosis and
initiates the apoptotic cascade by activating other
caspase enzymes (25). In a research conducted by
Cheng et al. (44), it was revealed that caspase-3 levels
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increased in skeletal muscle subjected to I/R injury.
Additionally, a separate investigation reported that the
limb I/R model resulted in elevated Bax levels and
reduced Bcl-2 levels (45). Our study's findings
demonstrate that during I/R conditions, there is an
upregulation in Bax and caspase-3 expressions,
accompanied by a downregulation of Bcl-2 expression,
ultimately leading to cellular apoptosis. Administration of
morin at doses of 50 mg/kg b.w. and 100 mg/kg b.w. has
shown significant efficacy in inhibiting cell death,
preserving mitochondrial homeostasis, and maintaining
membrane potential.

Excessive production of ROS leads to the
irreversible oxidation of cellular macromolecules,
including DNA, resulting in cellular damage. Autophagy
is a crucial cellular degradation mechanism that
facilitates the lysosomal breakdown of misfolded
proteins and damaged or superfluous organelles (13).
Beclin-1 is a skeletal protein of the PI3K complex and a
good marker of autophagy. Based on the analyzes by
Western blotting, I/R injury increases autophagy by
damaging cells, as seen in Fig. 5. However, morin
administration prevents this impact by reducing
autophagy. Consistent with our results, researchers
have found in the previous studie on the skeletal muscle
that I/R injury increases autophagy (46).

The pathophysiological process of
ischemia/reperfusion injury is complex and significantly
regulated by the oxidative stress response and the acute
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