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ARTICLE INFO ABSTRACT

Aims: Previous studies have demonstrated that epigallocatechin gallate (EGCG) had certain protective effects on
myocardial and renal ischemia reperfusion (I/R) injury. We aimed to research the special effects and underling
mechanisms of EGCG on skeletal muscle I/R injury.

Main method: We established an experimental rat model of I/R skeletal muscle injury and treated with different
doses of EGCG. Hematoxylin eosin staining, TUNEL assay, ELISA, gqRT-PCR and Western blotting were used to
evaluate the effects of EGCG.

Key findinds: EGCG significantly improved skeletal muscle function of I/R injury rats. Moreover, EGCG had
positive effects on decreasing apoptosis of skeletal muscle tissues, alleviating oxidative stress damage and
suppressing the production of inflammatory cytokines. Further, EGCG had positive effects on activating Nrf2/
HO-1 signaling pathway.

Significance: EGCG might be a powerful candidate compound for alleviating I/R injury in rat skeletal muscle.
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1. Introduction

Ischemia-reperfusion (I/R) injury refers to the phenomenon that the
injury of tissues and organs is aggravated after the organs recover blood
flow on the basis of ischemia [1-5]. I/R injury is common in organs and
tissues, and skeletal muscle is no exception especially in the field of
orthopedic trauma [6,7]. The tolerance of various tissues to ischemia
varies greatly, and skeletal muscle is the least tolerant tissue of limbs.
Besides, skeletal muscle is the most sensitive to ischemia in human
limbs [8]. Many clinical events, such as vascular injury of extremities,
arterial embolism, primary arterial thrombosis, limb replantation,
compartment syndrome, overtime application of tourniquet and so on,
may lead to severe skeletal muscle ischemia [9-11]. After the re-es-
tablishment of circulation, reperfusion injury not only results in the
second injury of local tissues, but also leads to secondary injury of
distant organs, resulting in high disability rate and mortality [12].
However, reperfusion injury is unavoidable in this case because the
limbs of patients must be preserved by re-establishing blood circulation.
Therefore, it is of great clinical significance to study the underlying
mechanisms of I/R injury of skeletal muscle and alleviate the reperfu-
sion injury of skeletal muscle.

The mechanisms of I/R injury of skeletal muscle is very complex and
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has not been fully elucidated. At present, the most recognized me-
chanisms are injury of oxygen free radicals, calcium overload, inter-
action between endothelial cells and neutrophils [13,14]. In addition, it
is also related to energy metabolism disorder, no reflux phenomenon,
the role of endothelia and cell apoptosis. There are many methods to
protect skeletal muscle from I/R injury, such as increasing oxygen and
energy supply of tissues and organs, reducing the burden and energy
consumption of injured organs or tissues and so on [15-17]. However,
no matter what method is adopted, once the tissue is truly ischemic, the
protective effect is limited. In the past 10 years, with the increasing
research on improving tissue ischemic tolerance with I/R injury, re-
searchers have begun to pay attention to mitigating I/R injury of ske-
letal muscle by regulating the tolerance of tissue cells to ischemia and
hypoxia, which has also become the research hotspot in the field of
wound repair [18,19].

In recent years, many scholars have found that traditional Chinese
medicine has certain effects on preventing and treating I/R injury of
skeletal muscle, for example, Schisandrin B treatment prevented hind
limb I/R skeletal muscle injury possibly by attenuating oxidative stress
and inflammation via p38MAPK, ERK1/2 and NF-kB pathways [20,21].
Caffeic acid phenethyl ester protect against skeletal muscle I/R injury in
rats via regulation of antioxidant, anti-inflammatory and free radical
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scavenger properties [22]. In addition, Lutein protected against I/R
injury in rat skeletal muscle by modulating oxidative stress and in-
flammation [23]. EGCG, as one of the extracts in green tea, widely
exists widely in nature with positive activities of anti-oxidation, anti-
cancer, improving neurological dysfunction, cardiovascular protection
and reducing cholesterol loss [24-26]. A large amount of studies have
shown that EGCG has protective effects against I/R injury. For instance,
EGCG reduceed I/R injury in isolated perfused rabbit hearts [27].
Moreover, EGCG exhibited neuroprotective effects against focal cere-
bral I/R injury in rats through attenuation of inflammation [28]. EGCG
attenuated myocardial injury induced by I/R in diabetic rats and in
H9C2 cells under hyperglycemic conditions [29]. However, the role and
possible mechanisms of EGCG in skeletal muscle I/R injury have not
been understood yet. Therefore, the present study was designed to ex-
plore the protective effects and possible signaling pathways of EGCG on
I/R injury in rat skeletal muscle.

2. Materials and methods
2.1. Experimental animals

A total of 30 male Sprague-Dawley (SD) rats weighting 250-280 g
were purchased Selleck Ltd. (Shanghai, China)., and all animals were
housed under standard environmental conditions at controlled tem-
perature (22 * 2°C), humidity (50 * 10%), and light (12 h light/dark
cycle) with free access to standard diet and water. All procedures for
animal care and use were in accordance with the National Institute of
Health (NIH) guidelines, and approved by the Institutional Animal Care
and Use Committee of SYXK (su) 2018-0124(20180326).

2.2. Establishment of I/R injury model in rat skeletal muscle

The skeletal muscle I/R injury model rats were established fol-
lowing the protocols described as previous [30]. In brief, a total of 24
rats were anesthetized by 3% pentobarbital sodium intraperitoneally.
Afterwards, the skin on the right hind leg was sheared and sterilized
with 70% alcohol, cut open along the knee until completely expositing
the joint. Subsequently, the ischemia model was established by closing
femoral artery and vein together with proper size of non-invasive vas-
cular clamp for 4 h. Further, the skeletal muscle I/R injury model was
established by reopen the clamp at 6 h after ischemia. Moreover, the
sham operation was also performed upon the similar procedures
without using vascular clamp. For the saline and drug administration
groups, 500 mL/kg saline and EGCG (50, 100 and 150 mg/kg) were
given intravenously at 5 min prior to the reperfusion, respectively.

2.3. Hematoxylin eosin (HE) staining

The skeletal muscle slices were stained with hematoxylin for 5 min,
then rinsed for 1 min, and returned to blue by 1% ammonia (30 s).
Afterwards, slices were flushed with running water (1 min).
Furthermore, slices were stained by 0.5% HE (for 1 min), rinsed (for
30 ), made into transparent, and finally mounted with neutral gum.

2.4. TUNEL assay

The apoptosis of paraffin-embedded skeletal muscle sections was
detected by TUNEL assay. Briefly, the sections were dewaxed, and
permeabilized with proteinase K for 15minat room temperature.
Afterwards, the sections were treated with 3% H,0O, to block en-
dogenous peroxidases and incubated with equilibration buffer and
terminal deoxynucleotidyl transferase enzyme. Finally, sections were
incubated with antidigoxigenin-peroxidase conjugate. Tissue perox-
idase activity was evaluated through DAB application. Sections were
examined under a light microscope.
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2.5. Enzyme-linked immunosorbent assay (ELISA)

Skeletal muscle tissue and serum were collected to measure the IL-1,
IL-6 and TNF-a concentrations using an ELISA kit according to the
manufacturer's instructions (uscn-SEA064R and uscn-SEA563Ra, re-
spectively).

2.6. Determination of anti-oxidant enzyme activities

The activity of malondialdehyde (MDA), superoxide dismutase
(SOD) determined from cell lysates using commercial kits (SOD-525,
Catalase-520 and GPx-340 from OxisResearchTM, Portland, OR, USA)
following the manufacturer's instructions.

2.7. RNA extraction and real-time PCR

Total RNA was extracted from skeletal muscle tissues using TRIzol
Reagent following the manufacturer's suggestions. The mRNA expres-
sion levels of Bcl-2, Bax, NF-kB, ICAM-1, Keapl, Nrf2 and HO-1 were
amplified by qRT-PCR using the SybrGreen reagent (Takara, Dalian,
China) on a Stratagene 3005p system (Agilent Technologies,
Mississauga, Canada). The housekeeping gene GADPH was the internal
standards, respectively, and 2724CT method was used to measure the
relative expression level. Primer sequences used were designed as fol-
lows: Bcl-2 forward, 5-TGAACCGGCA TCTGCACAC-3’, Bcl-2 reverse,
5’-CGTCTTCAGAGACAGCCAGGAG-3’, Bax forward, 5-AGAC ACCTGA
GCTGACCTTGGAG-3’, Bax reverse, 5-GTTGAAGTTGCCATCAGCAA
ACA-3’, NF«B forward, 5-CTGTTTCCCCTCATCTTTCC-3’, NF-xB re-
verse, 5-GTGCGTCTTAGTGGTATCTGT G-3’, ICAM-1 forward, 5-AGG
TATCCATCCATCCACA-3’, ICMA-1 reverse, 5'-GCCACAGTTCT CAAAG
CACA-3’, Akt forward, 5-AATACCTGGTGTCGGTCTCA-3’, Akt reverse,
5’-TCGAGCTC ATCCTAATGGAG-3’, GSK-3f forward, 5-TAGGAACAC
CAACAAGGGAGC-3’, GSK-3p reverse, 5-CGAGCGTGAGGAGGGAT
AAG-3’, Keap-1 forward, 5-GTGGAGACAGAGACCTGGACTTT C-3/,
Keap-1 reverse, 5-TGTCAAGCGGGTCACTTCACTC-3’, Nrf2 forward,
5’-TTCCTCTGCTGC CATTAGTCAGTC-3’, Nrf2 reverse, 5-GCTCTTCC-
ATTTCCGAGRCACTG-3’, HO-1 forward, 5-C ACCAGCCACACAGCAC
TAC-3’, HO-1 reverse, 5-CACCCACCCCTCAAAAGACA-3’, GAPDH for-
ward, 5-GATGCTGGTGCTGAGTATGRCG-3’, GAPDH reverse, 5-GTGG
TGCAGGATGCATT GCTCTGA-3’.

2.8. Western blotting assay

Proteins from isolated skeletal muscle tissues were extracted ac-
cording to the manufacturer's protocol, and the protein concentrations
were determined using BCA Protein Assay Kit. Equal amounts of protein
loaded on 12% SDS-PAGE for electrophoresis separation. The protein
bands were transferred to PVDF membranes and then incubated at 4 °C
overnight with primary antibodies, including Bax (ab32503; 1: 1000),
Bcl-2 (ab196495; 1: 1000), Cleaved caspase-3 (ab49822; 1: 1000),
Cleaved caspase-9 (ab2324; 1: 1000), NF-kB (ab16502; 1: 1000), ICAM-
1 (ab171123; 1: 1000), p-Akt (ab384493; 1: 1000), Akt (ab8805; 1:
1000), p-GSK-3f3 (ab131097; 1: 1000), GSK-3[3 (ab131356; 1: 1000),
Keapl (ab119403; 1: 1000), Nrf2 (ab137550; 1: 1000), HO-1 (ab13248;
1: 1000), GAPDH (ab1816023; 1: 2000) and Lamin B (#13435; 1:
2000). Subsequently, the protein bands were incubated with HRP-
conjugated secondary antibody at room temperature for another 1 h.
The membrane was imaged by using the ChemiDocTMMP imaging
system, Image J software was used to analyze the gray value and
GAPDH or LaminB was selected as the internal reference. Antibodies in
this experiment were purchased from Abcam and Cell Signaling
Technology.

2.9. Statistical analysis

Graph Pad Prism 5.0 statistical software was used to perform all
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Fig. 1. Determine the experimental dose of EGCG and effects of EGCG on pathological changes of skeletal muscles in I/R injury rats. HE staining from different
groups was performed in skeletal muscle tissues. The results were expressed as the mean + SD of three independent experiments.

statistical analyses. Measurement data were represented as X = SD;
Statistical differences between means among multiple groups were
analyzed by one-way ANOVA followed by a Bonferroni post hoc ana-
lysis. A value of P < 0.05 indicated that the difference was statistically
significant.

3. Results

3.1. Determine the experimental dose of EGCG and effects of EGCG on
pathological changes of skeletal muscle in I/R injury rats

In order to determine the appropriate EGCG concentration, we
conducted cytotoxicity experiments, and the results were shown in
Fig. 1A. We found that the cytotoxicity hardly changed when the dose
reached 150 mg/kg, so we selected 50, 100, 150 mg/kg as the study
dose in our study. Then, we investigated the protective effects of EGCG
against I/R injury in rat skeletal muscle, firstly, HE staining assay was
performed to explore the role of EGCG in pathological changes of
skeletal muscles in rats. As shown in Fig. 1B, the skeletal muscle cells in
normal group were normal in outline and intact in membrane, myofi-
brils were arranged neatly and the structures were clear. Compared
with those in normal group, the structure of skeletal muscle fibers was
abnormal, and muscle fibers arranged disorderly and were thickened
and swollen. Moreover, the integrity and continuity of some muscle
fibers were destroyed and muscle fibers may become thinner and were
broken or the gap between muscle fibers was widened and in-
flammatory infiltration appeared between muscle fibers. Futhermore,
after treatment with EGCG, the pathological changes of skeletal muscles
in rats have been improved very well in a dose dependent manner and
150 mg/kg was optimal dose. These data suggested that EGCG had
protective effects of EGCG against ischemia reperfusion injury in rat
skeletal muscle.

3.2. Effects of EGCG on apoptosis of skeletal muscle in I/R injury rats

Apoptosis of skeletal muscle cells plays an important role in de-
velopment and progress of I/R injury in rat skeletal muscle [31], so in
the present study, TUNEL assay was performed to evaluate the effects of
EGCG on apoptosis of skeletal muscle cells. The data of Fig. 2A de-
monstrated that in the normal group, the nuclei of skeletal muscle cells
were round or oval in shape with clear edges and uniform staining,
while in I/R injury group, apoptotic bodies were observed in the ske-
letal muscle cells of rats, which was that the nucleus broke up into
round bodies of different sizes and were surrounded by cell membranes
with irregular margins. Interestingly, EGCG obviously suppressed
apoptosis of skeletal muscle cells induced with I/R injury in a dose
dependent manner. In addition, qRT-PCR was performed to determine
the effects of EGCG on the mRNA expressions of Bax and Bcl-2 related
to apoptosis, as expected, the results of Fig. 2B indicated that the mRNA
expression of Bax was up-regulated and the mRNA expression of Bcl-2
was down-regulated in in I/R injury group compared with those in

normal group, and EGCG restored the effects of I/R injury on the mRNA
expressions of Bax and Bcl-2. Further, western blotting assay was car-
ried out to examine the apoptosis-related proteins such as Bax, Bcl-2,
Cleaved caspase-3 and Cleaved caspase-9, and the data suggested that
the levels of Bax, Cleaved-caspase-3 and Cleaved-caspase-9 proteins
were significantly increased and the protein level of Bcl-2 was ob-
viously decreased in I/R injury group related to those in normal group.
However, compared with those in I/R injury group, EGCG remarkably
suppressed the protein levels of Bax, Cleaved-caspase-3 and Cleaved-
caspase-9 and promote the protein level of Bcl-2 (Fig. 2C). These
findings indicated that EGCG suppressed apoptosis of skeletal muscle in
I/R injury rats.

3.3. Effects of EGCG on oxidative stress of skeletal muscle in I/R injury rats

Oxygen-derived free radicals (ODFR) and lipid peroxidation were
the main mechanisms of I/R injury [32]. To investigate the effects of
EGCG on the oxidative stress of skeletal muscle in I/R injury rats, the
contents of MDA and SOD were measured and the data of Fig. 3 showed
that decreased SOD, and the increased MDA were observed in I/R injury
group compared with those in normal group. However, treatment with
EGCG significantly increased the MDA activities, and notably atte-
nuated the SOD levels. The data demonstrated that EGCG could relieve
oxidative stress of skeletal muscle in I/R injury rats.

3.4. Effects of EGCG on inflammatory responses of skeletal muscle in I/R
injury rats

I/R injury was usually accompanied by local inflammation. IL-6,
TNF-a and IL-1 were important cyto-inflammatory factors, and the
expression levels of these factors reflected the severity of inflammatory
reaction and degree of skeletal muscle injury during I/R [33]. As shown
in Fig. 4A, in tissues of skeletal muscle the levels of IL-6, TNF-a and IL-
1B in I/R injury group were notably higher than those in the normal
group. The results in skeletal muscle serum were consistent with those
in tissue at Fig. 4B. Moreover, treatment with EGCG significantly de-
creased the pro-inflammatory factors levels including IL-6, CK, TNF-a
and IL-1f3 compared to those in I/R injury group.

NF-kB was a new member of the transcription factor family dis-
covered in recent years, and was the important nuclear transcription
factor in cells, playing a criucal role in the transcriptional regulation of
cellular information mediated by many cell stimuli, and being involved
in the expression and regulation of many genes. Moreover, NF-xB was a
key transcription factor regulating the expression of inflammatory
factors in I/R injury [34]. Therefore, QRT-PCR and western blotting
assays were performed to explore whether NF-xB was involved in in-
flammatory responses in I/R injury of skeletal muscle and EGCG af-
fected the expression of NF-kB. As expected, the data of Fig. 4C and D
showed that the mRNA and protein levels of NF-kB and ICAM-1 were
obviously up-regulated in I/R injury group compared with those in
normal group, while treatment with EGCG significantly suppressed the
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Fig. 2. Effects of EGCG on apoptosis of skeletal muscles in I/R injury rats. (A) TUNEL assay was performed to investigate the apoptosis of skeletal muscle tissues. (B)
RT-qPCR was performed to evaluate the levels of Bax and Bcl-2. (C) Western blotting was used to detect the expression levels of Cleaved caspase-3, Cleaved caspase-9,
Bcl-2 and Bax in skeletal muscle tissues. Then the band intensity was quantified by Image J software. The results were expressed as the mean = SD of three
independent experiments. *P < 0.05, **P < 0.01 vs. normal group, “P < 0.05, **P < 0.01 vs. I/R injury group.

mRNA and protein levels of NF-kB and ICAM-1 induced with I/R injury.
The data indicated that EGCG alleviated inflammatory responses of
skeletal muscle in I/R injury rats.

3.5. Effects of EGCG on Nrf2/HO-1 signaling pathway of skeletal muscle in
I/R injury rats

In order to further investigate the molecular mechanisms underlying
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the protective effects of EGCG on I/R injury in rat skeletal muscle, we
evaluated the regulation of EGCG on Nrf2/HO-1 signaling pathway
[35]. Firstly, we performed RT-qPCR assay to evaluate the effects of
EGCG on the mRNA expressions of Keapl, Nrf2 and HO-1 and western
blotting assay was carried out to determine the effects of EGCG on the
protein levels of p-Akt, Akt, p-GSK-3, GSK-3f, Keapl (Cytoplasm),
Nrf2 (Cytoplasm) and HO-1. As shown in Fig. 5A and B, the mRNA
expressions of Keapl and Nrf2 were down-expressed, and the mRNA
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Fig. 3. Effects of EGCG on oxidative stress of skeletal muscles in I/R injury rats. The activities of MDA and SOD in skeletal muscle tissues were tested. The results were
expressed as the mean + SD of three independent experiments. *P < 0.5, **P < 0.01 vs. normal group, “P < 0.05, “”P < 0.01 vs. I/R injury group.
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expression of HO-1 was higher-expressed in I/R injury group than those
in the normal group, and the protein levels of p-Akt, p-GSK-3f, Keapl
(Cytoplasm) and Nrf2 (Cytoplasm) were down-expressed, and the pro-
tein expression of HO-1 was up-expressed in I/R injury group when
compared with those in the normal group. Moreover, treatment with
EGCG significantly rescued these phenomenon induced with I/R injury.
Further, western blotting assay was performed to examine the effects of
EGCG on the expressions of nuclear proteins such as Keapl and Nrf2,
and the results of Fig. 5C showed that the protein levels of Keapl
(Nuclear) and Nrf2 (Nuclear) were obviously increased in I/R injury
group than those in the normal group, while EGCG significantly in-
hibited the protein levels of eapl (Nuclear) and Nrf2 (Nuclear) induced
with I/R injury. Taken together, EGCG protected I/R injury partially
through regulation of Nrf2/HO-1 signaling pathway.

4. Discussion

As early as 1960s, Blebea put forward the concept of I/R injury,
which can not only cause tissue injury, but also aggravate the injury
after blood reperfusion [36]. Skeletal muscle I/R injury refers to dif-
ferent degrees of skeletal muscle in ischemic region caused by abnormal
metabolism of local skeletal muscle tissues and cells during a period of
interruption of blood supply to skeletal muscles. Moreover, when the
blood is perfused again, the abnormal metabolites of muscle tissue and
cells will further increase the damage of damaged skeletal muscle tissue
and cells. This dual injury further deteriorates limb function, and the
accumulation of harmful metabolites leads to multiple organ dysfunc-
tions [37,38]. At present, many clinical events causes different degrees
of I/R injury of skeletal muscle and further seriously affect the prog-
nosis and quality of life of patients.

EGCG is a kind of catechin with the highest content and the stron-
gest biological activity extracted from green tea, accounting for

SD of three independent experiments. *P < 0.05, **P < 0.01 vs. normal group, P < 0.05, **P < 0.01 vs. I/R injury group.

50%-75% of the total amount of green tea catechin [39]. EGCG has
many biological activities and pharmacological effects, such as anti-
inflammation, anti-oxidation, free radical scavenging, anti-mutagenesis
and anti-tumorigenesis. Within the therapeutic dose range, there was
no significant adverse reaction of EGCG to normal tissue cells [40,41].
Previous studies have shown that EGCG had protective effects against I/
R injury. For example, EGCG attenuated myocardial and renal I/R in-
jury [42,43]. However, whether EGCG had protective effects on I/R
injury of skeletal muscle have not been reported. We prepared the I/R
injury model in rat skeletal muscle and administrated with EGCG, and
we found EGCG protected the pathological changes of skeletal muscles
in I/R injury rats.

After I/R of skeletal muscle, the body produces a large number of
reactive oxygen species (ROS), including superoxide anions, hydroxyl
radicals and hydroxides, which are mainly produced by intracellular
mitochondria [44,45]. Normally, the body produces a small amount of
ROS, which sterilized and maintained the balance of oxidation and
reduction in vivo, and was cleared by SOD [46]. A large number of ROS
affected the normal metabolism and function of cells, affect the func-
tion of mitochondria, lead to calcium overload, cause inflammation and
apoptosis and necrosis, so oxidative stress was an important regulator
of skeletal muscle I/R injury. The expression and activity of SOD were
also severely affected when the organism was severely stimulated,
which made the production of ROS more dramatic in vivo [47]. In the
experiment, the oxidative stress of EGCG group was significantly lower
than that of I/R injury group. The results showed that EGCG improved
the activities of MDA and reduced the production of SOD. Therefore,
the natural antioxidant activity of EGCG might be an important me-
chanism to alleviate I/R injury of skeletal muscle.

In addition, after I/R injury of skeletal muscle, a large number of
cytokines including TNF-a, IL-1f, IL-6 and IL-10 was produced, and a
large number of adhesion molecules including ICAM-1 and selectin also
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was produced [48]. TNF-a and IL-1f3 are important inflammatory fac-
tors, which produces many biological effects, such as activating in-
flammatory cells including leukocytes and monocytes, stimulating the
release of other inflammatory factors, activating NF-kB signaling
pathway, increasing the expressions of inflammatory factors and ad-
hesion molecules, increasing the adhesion between inflammatory cells
and blood vessels, and destroying vascular endothelium [49]. To con-
clude, inflammatory factors TNF-a and IL-1f aggravate I/R injury of
skeletal muscle. In our study, EGCG significantly decreased the pro-
inflammatory factors levels including IL-6, TNF-a and IL-1f, and sup-
pressed the mRNA and protein levels of NF-xB and ICAM-1 induced
with I/R injury. Generally speaking, EGCG reduces the level of in-
flammatory factors, and reduces the invasion of inflammatory cells and
control the inflammatory response, which may be another important
aspect of the protective effect of EGCG on skeletal muscle I/R injury.
Apoptosis is not only involved in the normal growth of skeletal
muscle cells, but also in the pathogenesis of many skeletal muscle dis-
eases [50]. During the normal growth of skeletal muscle cells, apoptosis
plays an important role in regulating the number of skeletal muscle
cells. Bcl-2 is the main anti-apoptotic substance in the body, antag-
onizing the pro-apoptotic substance Bax, inhibiting cytochrome C from
mitochondria into the cytoplasm, inhibiting the activation of Caspase
family proteins and so on [51]. Bax is one of the main pro-apoptotic
substances in the body, which can form heterodimers with Bcl-2, and
the change of the ratio of them was very important to the apoptotic
effects [52]. In the present study, EGCG remarkably reduced the ex-
pression of Bax, Cleaved caspase-3 and Cleaved caspase-9 and increase
the expression of Bcl-2. Further, TUNEL staining intuitively responded
to EGCG to reduce the apoptosis of skeletal cells. Therefore, EGCG re-
duceed the apoptosis of skeletal muscle cells, protect skeletal muscle

cells and alleviate I/R injury of skeletal muscle.

Under basic conditions, most Nrf2 is coupled with Keapl in the
cytoplasm and degraded by ubiquitinated protease pathway. In addi-
tion, a small amount of Nrf2 existed in the nucleus in an activate state,
which mediated the transcription of downstream antioxidant genes in
combination with ARE, and maintained the balance of redox function.
When the body was stimulated by ROS, the molecular conformation of
Keapl was changed. Nrf2 was uncoupled with Keapl, transferred from
cytoplasm to nucleus, regulated the expressions of a large number of
antioxidant molecules, and improved the overall antioxidant capacity
of the body [53]. Recent studies have found that GSK-3p negatively
regulated Nrf2 expression as a Keapl-independent pathway. GSK-3(3
degraded Nrf2 after ubiquitination by transferring Nrf2 from nucleus
and phosphorylating it [54]. Akt/GSK-3f signaling pathway was a
classical signaling pathway that mediates cell survival and played an
important role in I/R injury of brain, heart and kidney [55]. Among
various antioxidant enzymes induced by Nrf2, HO-1 was considered to
be the most easily induced and most studied enzyme. HO-1, as one of
the three isoenzymes in HO family (HO-1, HO-2 and HO-3), was a rate-
limiting enzyme involved in heme metabolism. In normal physiological
state, HO-1 was expressed in a small amount, while HO-1 expression
was significantly up-regulated in stress state [56,57]. Under the action
of cytochrome P450 reductase and NADPH, HO-1 catalyzed the de-
gradation of heme to carbon monoxide, biliverdin and iron ions, which
had anti-inflammatory, anti-oxidative and anti-apoptotic effects, con-
stituting the body's endogenous protective barrier [58,59]. Our studies
demonstrated that EGCG promoted Akt phosphorylation in I/R skeletal
muscle, accelerated GSK-33 phosphorylation, weakened the negative
regulation of GSK-33 on Nrf2, induced the expression of downstream
signal molecule HO-1, alleviated oxidative stress injury and apoptosis,
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and ultimately exerted skeletal muscle protection.
5. Conclusion

EGCG as a kind of catechin isolated from green tea, was confirmed
to be a potent compound against skeletal muscle I/R injury accom-
plished by regulation of apoptosis, oxidative stress and inflammatory
responses of skeletal muscles in I/R injury rats via activating Nrf2/HO-1
signaling pathway. We also confirmed that 150 mg/kg is the optimal
concentration for EGCG by using intravenously. Therefore, EGCG might
be a powerful candidate compound for alleviating I/R injury in rat
skeletal muscle.

Declaration of competing interest

All authors declare that there are no conflicts of interest in the
manuscript.

Abbreviations

EGCG  epigallocatechin gallate

I/R ischemia reperfusion

SD Sprague-Dawley

NIH National Institute of Health

HE hematoxylin eosin

ELISA  Enzyme-linked immunosorbent assay
MDA malondialdehyde

SOD superoxide dismutase

ODFR  Oxygen-derived free radicals
gqRT-PCR quantitative real time polymerase chain reaction
ROS reactive oxygen species

Author contributions

Y.Z. conceived the work, designed and performed the experiments,
analyzed the data, and wrote the manuscript. X.H.L., X.J.F., and Z.Y.M.
designed and performed the experiments and analyzed the data. Y.J.
and Y.L.Y. conceived the work, wrote the manuscript, and critically
reviewed and supervised the study.

Funding

The research was supported by the National Natural Found Science
Found (NSFC) (81600522), Natural science fund for colleges and uni-
versities in Jiangsu Province (Major Program) (Grant No.
18KJA320002), Innovation and Entrepreneurship Fund for College
Students in Jiangsu Province (Key Program) (Grant No.
201810330009Z), Shanghai Pudong New Area summit (emergency
medicine and critical care) construction project (Grant No. PWYgf2018-
05).

References

[1] M.Y. Wu, G.T. Yiang, W.T. Liao, A.P. Tsai, Y.L. Cheng, P.W. Cheng, C.Y. Li, C.J. Li,
Current mechanistic concepts in ischemia and reperfusion injury, Cell. Physiol.
Biochem. 46 (4) (2018) 1650-1667.

[2] M. Isik, S. Beydemir, A. Yilmaz, M.E. Naldan, i Giilcin, Oxidative stress and mrna
expression of acetylcholinesterase in the leukocytes of ischemic patients, Biomed.
Pharmacother. 87 (2017) 561-567.

[3] F.N. Ekinci Akdemir, i. Giilgin, B. Karagoz, R. Soslu, S.H. Alwasel, A Comparative
study on the antioxidant effects of hesperidin and ellagic acid against skeletal
muscle ischemia/reperfusion injury, J. Enzym. Inhib. Med. Chem. 31 (S4) (2016)
114-118.

[4] F.N. Ekinci Akdemir, 1. Giilgin, B. Karagoz, R. Soslu, Quercetin protects rat skeletal
muscle from ischemia reperfusion injury, J. Enzym. Inhib. Med. Chem. 31 (S2)
(2016) 162-166.

[5] C. Giirsul, F.N. Ekinci Akdemir, T. Akkoyun, i. Can, M. Giil, i. Giil¢in, Protective
effect of naringin on experimental hindlimb ischemia-reperfusion injury in rats, J.
Enzym. Inhib. Med. Chem. 31 (S1) (2016) 56-61.

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Life Sciences 239 (2019) 117014

Y. Xiang, S. Ye, C. Cai, J. Chen, X. Zhao, N. Zhu, C. Zeng, Salvianolic acid attenuates
limb ischemia/reperfusion injury in skeletal muscle of rats, Biomed. Pharmacother.
97 (2018) 551-556.

Q. Zeng, Q. Fu, X. Wang, Y. Zhao, H. Liu, Z. Li, F. Li, Protective effects of sonic
hedgehog against ischemia/reperfusion injury in mouse skeletal muscle via AKT/
mTOR/p70S6K signaling, Cell. Physiol. Biochem. 3 (5) (2017) 1813-1828.

S. Lille, C.Y. Su, T. Schoeller, H. Suchy, S. Lyons, R.C. Russell, M. Neumeister,
C.C. Lai, Induction of heat-shock protein 72 in rat skeletal muscle does not increase
tolerance to ischemia-reperfusion injury, Muscle Nerve 22 (3) (1999) 390-393.

A. Bihari, G. Cepinskas, D. Sanders, A.R. Lawendy, Systemic administration of
carbon monoxide-releasing molecule-3 protects the skeletal musclein porcine model
of compartment syndrome, Crit. Care Med. 46 (5) (2018) e469-e472.

C. Duehrkop, J. Denoyelle, S. Shaw, R. Rieben, Use of dextran sulfate in tourniquet-
induced skeletal muscle reperfusion injury, J. Surg. Res. 187 (1) (2014) 150-161.
T. Le Roux-Mallouf, F. Vibert, S. Doutreleau, S. Verges, Effect of acute nitrate and
citrulline supplementation on muscle microvascular response to ischemia-reperfu-
sion in healthy humans, Appl. Physiol. Nutr. Metabol. 42 (9) (2017) 901-908.

K. Peker, S. Okesli, A. Kiyici, C. Deyisli, The effects of ketamine and lidocaine on
free radical production after tourniquet-induced ischemia-reperfusion injury in
adults, Ulus. Travma. Acil. Cerrahi. Derg 25 (2) (2019) 111-117.

N.J. Cahoon, A. Naparus, H. Ashrafpour, S.O. Hofer, N. Huang, J.E. Lipa,

C.R. Forrest, C.Y. Pang, Pharmacologic prophylactic treatment for perioperative
protection of skeletal muscle from ischemia-reperfusion injury in reconstructive
surgery, Plast. Reconstr. Surg. 131 (3) (2013) 473-485.

R. Oklu, H. Albadawi, J.E. Jones, H.J. Yoo, M.T. Watkins, Reduced hind limb
ischemia-reperfusion injury in Toll-like receptor-4 mutant mice is associated with
decreased neutrophil extracellular traps, J. Vasc. Surg. 58 (6) (2013) 1627-1636.
T. Paradis, A.L. Charles, A. Meyer, A. Lejay, J.W. Scholey, N. Chakfé, J. Zoll,

B. Geny, Chronology of mitochondrial and cellular events during skeletal muscle
ischemia-reperfusion, Am. J. Physiol. Cell Physiol. 310 (11) (2016) C968-C982.
E. Giineysu, A.E. Kogman, O. Ozatik, C. Ovali, B. Can, 1.0. Alatas, M.B. Sevin, The
effects of iloprost and alprostadil on ischemia- reperfusion injury in preventing
inflammation, tissue degeneration, and apoptosis in rat skeletal muscle, Turk. J.
Med. Sci. 47 (3) (2017) 1028-1036.

Y. Zhang, H. Li, M. Wang, G. Meng, Z. Wang, J. Deng, M. Wang, Q. Zhang, S. Yang,
H. Jiang, Vagus nerve stimulation attenuates acute skeletal muscle injury induced
by ischemia-reperfusion in rats, Oxid. Med. Cell. Longev. 2019 (2019) 9208949.
1. Webster, E.F. Du Toit, B. Huisamen, A. Lochner, The effect of creatine supple-
mentation on myocardial function, mitochondrial respiration and susceptibility to
ischaemia/reperfusion injury in sedentary and exercised rats, Acta Physiol. 206 (1)
(2012) 6-19.

W.Z. Wang, R.C. Baynosa, W.A. Zamboni, Therapeutic interventions against re-
perfusion injury in skeletal muscle, J. Surg. Res. 171 (1) (2011) 175-182.

X. Zhao, Y. Xiang, C. Cai, A. Zhou, N. Zhu, C. Zeng, Schisandrin B protects against
myocardial ischemia/reperfusion injury via the PI3K/Akt pathway in rats, Mol.
Med. Rep. 17 (1) (2018) 556-561.

N. Zhu, C. Cai, A. Zhou, X. Zhao, Y. Xiang, C. Zeng, Schisandrin B prevents hind
limb from ischemia-reperfusion- induced oxidative stress and inflammation via
MAPK/NF-kB pathways in rats, BioMed Res. Int. 2017 (2017) 4237973.

B. Ozyurt, M. Iraz, K. Koca, H. Ozyurt, S. Sahin, Protective effects of caffeic acid
phenethyl ester on skeletal muscle ischemia-reperfusion injuryin rats, Mol. Cell.
Biochem. 292 (1-2) (2006) 197-203.

F. Chen, Q. Zhang, F.F. Yan, J.F. Wan, C.S. Lin, Lutein protects against ischemia/
reperfusion injury in rat skeletal muscle by modulating oxidative stress and in-
flammation, Immunopharmacol. Immunotoxicol. 37 (4) (2015) 329-334.

F. Xuan, J. Jian, Epigallocatechin gallate exerts protective effects against myo-
cardial ischemia/reperfusion injury through the PI3K/Akt pathway-mediated in-
hibition of apoptosis and the restoration of the autophagic flux, Int. J. Mol. Med. 38
(1) (2016) 328-336.

S.J. Kim, M. Li, C.W. Jeong, H.B. Bae, S.H. Kwak, S.H. Lee, H.J. Lee, B.H. Heo,
K.B. Yook, K.Y. Yoo, Epigallocatechin-3-gallate, a green tea catechin, protects the
heart against regional ischemia-reperfusion injuries through activation of RISK
survival pathways in rats, Arch Pharm. Res. (Seoul) 37 (8) (2014) 1079-1085.

M. Al-Maghrebi, W.M. Renno, N. Al-Ajmi, Epigallocatechin-3-gallate inhibits
apoptosis and protects testicular seminiferous tubules from ischemia/reperfusion-
induced inflammation, Biochem. Biophys. Res. Commun. 420 (2) (2012) 434-439.
A. Salameh, R. Schuster, I. Ddhnert, J. Seeger, S. Dhein, Epigallocatechin gallate
reduces ischemia/reperfusion injury in isolated perfused rabbit hearts, Int. J. Mol.
Sci. 19 (2) (2018) E628.

F. Zhang, N. Li, L. Jiang, L. Chen, M. Huang, Neuroprotective effects of
(-)-Epigallocatechin-3-Gallate against focal cerebral ischemia/reperfusion injury in
rats through attenuation of inflammation, Neurochem. Res. 40 (8) (2015)
1691-1698.

Z.Y. Wu, B. Xia, Y. Zhao, J. Leng, Q.T. Dou, S.Q. Meng, Z.Z. Lei, J. Zhu Chen,
(-)-Epigallocatechin-3-gallate attenuates myocardial injury induced by ischemia/
reperfusion in diabetic rats and in H9¢2 cells under hyperglycemic conditions, Int.
J. Mol. Med. 40 (2) (2017) 389-399.

X.T. Wang, Y. Tian, W.X. Xu, L.H. Cui, S.Y. Xiang, S.C. Lii, Protective effects of
modeled superoxide dismutase coordination compound (MSODa) against ischemia/
reperfusion injury in rat skeletal muscle, Cell. Physiol. Biochem. 37 (2) (2015)
465-476.

W.Z. Wang, X.H. Fang, L.L. Stephenson, K.T. Khiabani, W.A. Zamboni, Ischemia/
reperfusion-induced necrosis and apoptosis in the cells isolated from rat skeletal
muscle, J. Orthop. Res. 26 (3) (2008) 351-356.

H.A. Takhtfooladi, S. Hesaraki, F. Razmara, M.A. Takhtfooladi, H. Hajizadeh,
Effects of N-acetylcysteine and pentoxifylline on remote lung injury in a rat model


http://refhub.elsevier.com/S0024-3205(19)30941-5/sref1
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref1
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref1
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref2
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref2
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref2
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref3
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref3
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref3
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref3
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref4
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref4
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref4
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref5
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref5
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref5
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref6
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref6
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref6
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref7
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref7
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref7
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref8
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref8
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref8
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref9
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref9
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref9
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref10
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref10
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref11
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref11
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref11
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref12
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref12
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref12
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref13
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref13
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref13
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref13
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref14
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref14
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref14
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref15
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref15
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref15
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref16
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref16
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref16
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref16
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref17
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref17
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref17
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref18
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref18
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref18
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref18
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref19
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref19
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref20
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref20
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref20
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref21
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref21
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref21
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref22
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref22
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref22
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref23
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref23
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref23
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref24
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref24
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref24
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref24
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref25
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref25
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref25
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref25
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref26
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref26
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref26
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref27
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref27
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref27
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref28
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref28
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref28
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref28
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref29
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref29
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref29
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref29
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref30
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref30
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref30
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref30
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref31
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref31
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref31
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref32
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref32

Y. Zhao, et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]
[45]

[46]

of hind-limb ischemia/reperfusion injury, J. Bras. Pneumol. 42 (1) (2016) 9-14.
D.W. Hammers, V. Rybalko, M. Merscham-Banda, P.L. Hsieh, L.J. Suggs,

R.P. Farrar, Anti-inflammatory macrophages improve skeletal muscle recovery from
ischemia-reperfusion, J. Appl. Physiol. 118 (8) (1985) 1067-1074 2015.

M.B. Boroujeni, Z.K. Khayat, K. Anbari, A. Niapour, M. Gholami, A.M. Gharravi,
Coenzyme Q10 protects skeletal muscle from ischemia-reperfusion through the NF-
kappa B pathway, Perfusion 32 (5) (2017) 372-377.

Q.Q. Zhang, Y.Q. Lai, J.L. Deng, M.L. Wang, Vagus nerve stimulation attenuates
hepatic ischemia/reperfusion injury via the Nrf2/HO-1Pathway, Oxid. Med. Cell.
Longev. 2019 (2019) 9549506.

J. Blebea, J.C. Kerr, F.T. Padberg Jr., R.W. Hobson 2nd, Triphenyl tetrazolium
chloride as a histochemical marker of skeletal muscle ischemia and reperfusion
injury, Curr. Surg. 44 (2) (1987) 134-136.

Y. Hong, B. Zhang, L. Yu, S.S. Duan, Cell membrane integrity and revascularization:
the possible functional mechanism of ischemic preconditioning for skeletal muscle
protection against ischemic-reperfusion injury, Acta Histochem. 119 (3) (2017)
309-314.

V.J. Mase Jr., J.L. Roe, R.J. Christy, M.A. Dubick, T.J. Walters, Postischemic con-
ditioning does not reduce muscle injury after tourniquet-induced ischemia-re-
perfusion injury in rats, Am. J. Emerg. Med. 34 (11) (2016) 2065-2069.

C. Krul, A. Luiten-Schuite, A. Tenfelde, B. van Ommen, H. Verhagen, R. Havenaar,
Antimutagenic activity of green tea and black tea extracts studied in a dynamic in
vitro gastrointestinal model, Mutat. Res. 474 (1-2) (2001) 71-85.

Y. Clement, Can green tea do that? A literature review of the clinical evidence, Prev.
Med. 49 (2-3) (2009) 83-87.

M.S. Butt, M.T. Sultan, Green tea: nature's defense against malignancies, Crit. Rev.
Food Sci. Nutr. 49 (5) (2009) 463-473.

M.A. Potenza, F.L. Marasciulo, M. Tarquinio, E. Tiravanti, G. Colantuono,

A. Federici, J.A. Kim, M.J. Quon, M. Montagnani, EGCG, a green tea polyphenol,
improves endothelial function and insulin sensitivity, reduces blood pressure, and
protects against myocardial I/R injury in SHR, Am. J. Physiol. Endocrinol. Metab.
292 (5) (2007) E1378-E1387.

J. Lv, M. Feng, L. Zhang, X. Wang, Y.C. Zeng, R.F. Liang, A.P. Xu, Protective effect of
epigallocatechin gallate, a major constituent of green tea, against renalischemia-
reperfusion injury in rats, Int. Urol. Nephrol. 47 (8) (2015) 1429-1435.

1. Giilgin, Antioxidant activity of food constituents-An overview, Arch. Toxicol. 86
(3) (2012) 345-391.

i. Giilgin, Antioxidant and antiradical activities of L-Carnitine, Life Sci. 78 (8)
(2006) 803-811.

J.W. Park, W.N. Qi, J.Q. Liu, J.R. Urbaniak, R.J. Folz, L.E. Chen, Inhibition of iNOS
attenuates skeletal muscle reperfusion injury in extracellular superoxide dismutase

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

Life Sciences 239 (2019) 117014

knockout mice, Microsurgery 25 (8) (2005) 606-613.

S. Cuzzocrea, D.P. Riley, A.P. Caputi, D. Salvemini, Antioxidant therapy: a new
pharmacological approach in shock, inflammation, and ischemia/reperfusion in-
jury, Pharmacol. Rev. 53 (1) (2001) 135-159.

H.P. Lin, Y.Q. Zheng, Z.P. Zhou, G.X. Wang, R.F. Guo, Ryanodine receptor antag-
onism alleviates skeletal muscle ischemia reperfusion injury by modulating TNF-a
and IL-10, Clin. Hemorheol. Microcirc. 70 (1) (2018) 51-58.

X. Dong, Q. Xing, Y. Li, X. Han, L. Sun, Dexmedetomidine protects against ischemia-
reperfusion injury in rat skeletal muscle, J. Surg. Res. 186 (1) (2014) 240-245.
J.A. Lintz, M.B. Dalio, L.F. Tirapelli, M.S. Ribeiro, E.E. Jovlilano, C.E. Piccinato,
Effects of postconditioning on skeletal muscle injury and apoptosis induced by
partial ischemia and reperfusion in rats, Ann. Vasc. Surg. 40 (2017) 285-293.

A. Iwata, J.M. Harlan, N.B. Vedder, R.K. Winn, The caspase inhibitor z-VAD is more
effective than CD18 adhesion blockade in reducing muscle ischemia-reperfusion
injury: implication for clinical trials, Blood 100 (6) (2002) 2077-2080.

P.A. Cowled, L. Leonardos, S.H. Millard, R.A. Fitridge, Apoptotic cell death makes a
minor contribution to reperfusion injury in skeletal muscle in the rat, Eur. J. Vasc.
Endovasc. Surg. 21 (1) (2001) 28-34.

J. Maher, M. Yamamoto, The rise of antioxidant signaling-the evolution and hor-
metic actions of Nrf2, Toxicol. Appl. Pharmacol. 244 (1) (2010) 4-15.

P. Rada, A.L Rojo, S. Chowdhry, M. McMahon, J.D. Hayes, A. Cuadrado, SCF/
{beta}-TrCP promotes glycogen synthase kinase 3-dependent degradation of the
Nrf2 transcription factor in a Keapl-independent manner, Mol. Cell. Biol. 31 (6)
(2011) 1121-1133.

T. Miura, M. Nishihara, T. Miki, Drug development targeting the glycogen synthase
kinase-3beta (GSK-3beta)-mediated signal transduction pathway: role of GSK-3beta
in myocardial protection against ischemia/reperfusion injury, J. Pharmacol. Sci.
109 (2) (2009) 162-167.

D.E. Baranano, S.H. Snyder, Neural roles for heme oxygenase: contrasts to nitric
oxide synthase, Proc. Natl. Acad. Sci. U. S. A 98 (20) (2001) 10996-11002.

S.W. Ryter, J. Alam, A.M. Choi, Heme oxygenase-1/carbon monoxide: from basic
science to therapeutic applications, Physiol. Rev. 86 (2) (2006) 583-650.

H. Gunji, E. Kurisaki, M. Suto, S. Abe, K. Hiraiwa, Nitric oxide synthase expressions
in mice skeletal muscle subjected to ischemia/reperfusion injury, Leg. Med. 5
(Suppl 1) (2003) S217-5220.

A.N. Sari, M. Kacan, D. Unsal, S. Sahan Firat, C. Kemal Buharalioglu, O. Vezir,

B. Korkmaz, T. Cuez, N. Canacankatan, N. Sucu, L. Ayaz, L. Tamer Gumus, A. Gorur,
B. Tunctan, Contribution of RhoA/Rho-kinase/MEK1/ERK1/2/iNOS pathway to
ischemia/reperfusion-induced oxidative/nitrosative stress and inflammation
leading to distant and target organ injury in rats, Eur. J. Pharmacol. 723 (2014)
234-245.


http://refhub.elsevier.com/S0024-3205(19)30941-5/sref32
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref33
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref33
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref33
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref34
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref34
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref34
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref35
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref35
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref35
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref36
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref36
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref36
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref37
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref37
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref37
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref37
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref38
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref38
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref38
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref39
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref39
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref39
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref40
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref40
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref41
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref41
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref42
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref42
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref42
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref42
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref42
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref43
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref43
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref43
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref44
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref44
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref45
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref45
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref46
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref46
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref46
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref47
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref47
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref47
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref48
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref48
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref48
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref49
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref49
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref50
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref50
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref50
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref51
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref51
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref51
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref52
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref52
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref52
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref53
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref53
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref54
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref54
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref54
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref54
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref55
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref55
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref55
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref55
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref56
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref56
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref57
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref57
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref58
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref58
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref58
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59
http://refhub.elsevier.com/S0024-3205(19)30941-5/sref59

	Protective effects of epigallocatechin gallate against ischemia reperfusion injury in rat skeletal muscle via activating Nrf2/HO-1 signaling pathway
	Introduction
	Materials and methods
	Experimental animals
	Establishment of I/R injury model in rat skeletal muscle
	Hematoxylin eosin (HE) staining
	TUNEL assay
	Enzyme-linked immunosorbent assay (ELISA)
	Determination of anti-oxidant enzyme activities
	RNA extraction and real-time PCR
	Western blotting assay
	Statistical analysis

	Results
	Determine the experimental dose of EGCG and effects of EGCG on pathological changes of skeletal muscle in I/R injury rats
	Effects of EGCG on apoptosis of skeletal muscle in I/R injury rats
	Effects of EGCG on oxidative stress of skeletal muscle in I/R injury rats
	Effects of EGCG on inflammatory responses of skeletal muscle in I/R injury rats
	Effects of EGCG on Nrf2/HO-1 signaling pathway of skeletal muscle in I/R injury rats

	Discussion
	Conclusion
	mk:H1_20
	Abbreviations
	Author contributions
	Funding
	References




