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Abstract: The aim of this study was to investigate the protective effects and underlying anti-oxidative molecular 
mechanism of lipoxin A4 (LA4) in rats with ischemia/reperfusion (I/R)-injured skeletal muscle. A rat model of I/R-
injured skeletal muscle was obtained by subjecting rats to a 3-h ligation of the right femoral artery followed by 3 
h of reperfusion. Treatment with LA4 significantly ameliorated histological damage scores in I/R-injured skeletal 
muscle. LA4 treatment resulted in remarkable decreases in the wet weight/dry weight ratio (W/D ratio), inflamma-
tory response, oxidative stress, and cell apoptosis. In addition, treatment with LA4 was accompanied by a promi-
nently enhanced nuclear accumulation of nuclear factor erythroid 2-related factor 2 (Nrf2) and expression of heme 
oxygenase 1 (HO-1) in the I/R-injured skeletal muscle. However, these protective effects were reversed by zinc 
protoporphyrin-IX (ZnPP), a specific HO-1 inhibitor. Our study shows that LA4 may have the potential as a therapeutic 
agent for I/R-injured muscle tissue via activation of the Nrf2/HO-1 signaling pathway.

Keywords: Ischemia-reperfusion injury, skeletal muscle, lipoxin A4, oxidative stress, apoptosis, inflammatory 
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Introduction

Ischemia-reperfusion (I/R)-induced skeletal 
muscle injury is inevitable in peripheral vascu-
lar injury and reconstruction surgeries. It is also 
common in crush syndrome, free myocutane-
ous flap transfer, and acute osteofascial com-
partment syndrome, which could deteriorate 
limb function [1-3]. As a result, skeletal muscle 
releases metabolic byproducts and proinflam-
matory cytokines that may cause damage to 
remote, non-ischemic organs [4]. Skeletal mus-
cle ischemia induces energy depletion and 
accumulation of metabolic products [5]. The 
injury can be worsened during the reperfusion 
period due to the generation of reactive oxygen 
species (ROS), proinflammatory cytokines, and 
cellular infiltration, all of which lead to addition-
al tissue damage [1]. Although skeletal muscle 
is not as sensitive to warm ischemia as many 
other organs, prolonged ischemia and subse-
quent reperfusion injury in severe cases may 

result in loss of contractility, disability, and even 
limb amputation. Several agents, such as dex-
medetomidine, curcumin, and hydrogen-rich 
saline, are effective in alleviating I/R-injured 
skeletal muscle [6-8].

Lipoxin A4 (LA4) is a bioactive product of arachi-
donic acid with anti-inflammatory properties 
that exerts inhibitory effects on neutrophilic 
infiltration and ROS generation [9, 10]. Recent 
studies have shown that LA4 can protect sev-
eral organs from I/R injury [11, 12]. Nuclear fac-
tor erythroid 2-related factor 2 (Nrf2), a key 
transcriptional factor, regulates a wide array  
of genes for antioxidant and detoxification 
enzymes in response to oxidative and xenobi-
otic stress. Screening many Nrf2-antioxidant 
response element (ARE) activators for use in 
the treatment of I/R injury has shown that acti-
vation of Nrf2 signaling pathway plays a role in 
the protection of I/R injury in many organs [13]. 
In addition, LA4 enhances Nrf2 nuclear tran-
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scription and expression of heme oxygenase-1 
(HO-1) in cultured cortical astrocytes exposed 
to oxidative stress injury [14]. However, the pro-
tective effects of LA4 on I/R-injured skeletal 
muscle have not been elucidated. Therefore, 
the aim of this study was to elucidate whether 
LA4 could exert novel protective effects on 
hind limb I/R injury. Because oxidative stress, 
inflammation, and apoptosis are implicated in 
I/R-injured skeletal muscle, the production of 
oxidative stress-related indicators, proinflam-
matory cytokines, and apoptosis-related pro-
teins were examined. Potential mechanisms by 
which LA4 could exert a protective effect, like 
regulation of Nrf2 translocation and related 
pathways, were evaluated.

Materials and methods

Animals

Adult male Sprague-Dawley rats weighing 250-
300 g were purchased from Sippr-bk Experi- 
mental Animal Center (Shanghai, China) and 
kept in an animal room under standard condi-
tions of temperature (25°C), humidity (55-60%), 
and light-dark cycle (12 h/12 h). Rats were 
housed four per cage and had free access to 
food and water. The protocols used here were 
approved by the Animal Care and Use Com- 
mittee of Fudan University (Shanghai, China) 
and are in accordance with United States 
National Institutes of Health guidelines.

Animal grouping

Rats were randomly assigned to the following 
six different groups according to previous pro-
tocols [15]: (1) sham; (2) I/R; (3) I/R + 0.1 μg/kg 
LA4; (4) I/R + 1 μg/kg LA4; (5) I/R + 10 μg/kg 
LA4; and (6) I/R + 10 μg/kg LA4 + zinc proto-
porphyrin IX (ZnPP). Rats in groups 1 and 2 
were treated with the LA4 vehicle. LA4 (Cayman, 
Ann Arbor, MI, USA) was injected into the cau-
dal vein 1 h before reperfusion. One hour 
before the onset of ischemia, ZnPP (Sigma-
Aldrich, St. Louis, MO, USA) was injected intra-
peritoneally (1.5 mg/kg). Rats in groups 2 and 
5 received ZnPP vehicle (saline) as a control.

Femoral artery I/R model

Rats were anesthetized with chloral hydrate 
(300 mg/kg, i.p.). The right groin was shaved, 
and all the subsequent surgical procedures 
were performed under sterilized conditions. A 

transverse groin incision was made, and the 
right groin vessels were exposed. The femoral 
artery was isolated and occluded with an atrau-
matic microvascular clamp. A rubber band was 
applied to the right greater trochanter after 
limb exsanguination to ensure interruption of 
the entire hind limb blood supply. After 3 h 
under these ischemic conditions, the clamp 
and rubber band were removed and blood 
reflow was allowed in the distal limb for an addi-
tional 3 h before sampling. A heat lamp was 
used to maintain each rat’s body temperature 
at 37 ± 0.5°C during the experiment.

At the end of the reperfusion period, the right 
anterior tibial and gastrocnemius muscles were 
harvested and washed with cold phosphate-
buffered saline (PBS, 0.01 M, pH 7.4). The tibi-
alis anterior muscles (n = 6 for each group) 
were used for analysis of tissue edema. Part of 
the medial heads of six gastrocnemius muscles 
was stored at -80°C for Western blot analysis. 
The other part of the medial heads of the  
six gastrocnemius muscles was homogenized 
using cold Tris-HCl buffer (pH 7.4). The homog-
enate was centrifuged at 3000 g for 20 min, 
and then the supernatant was collected. A 
bicinchoninic acid (BCA) protein assay reagent 
kit (Beyotime Biotechnology, Shanghai, China) 
was used to determine total protein concentra-
tions. The lateral heads of the gastrocnemius 
muscle samples were fixed in 4% paraformal-
dehyde (n = 6 for each group) for hematoxylin 
and eosin (HE) staining and terminal deoxynu-
cleotidyl transferase dUTP nick end labeling 
(TUNEL) staining (Roche Life Sciences, Indian- 
apolis, IN, USA).

Wet weight/dry weight ratio (W/D ratio) of 
muscular tissue

The tibialis anterior muscle samples were wei- 
ghed (wet weight) immediately after being har-
vested from the right hind limb using an elec-
tronic balance (scale interval: 0.1 mg; R200D, 
Sartorius, Germany). The muscles were dehy-
drated at 60°C for 72 h and then reweighed 
(dry weight). Tissue edema was characterized 
by a W/D ratio as follows: W/D ratio = (wet 
weight/dry weight) × 100%.

Histological evaluation

Paramaldehyde-fixed muscle samples were 
processed after being embedded in paraffin, 
sectioned into 2-μm slices, and stained with 
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HE. Sections were photographed from five ran-
dom fields under 400 × magnification. Blinded 
observers scored morphological impairment 
according to previously published methods ba- 
sed on muscle fiber disorganization and degen-
eration and inflammatory cell infiltration [8].

TUNEL staining

Paraffin-embedded muscle samples were cut 
into 2-μm thick sections. The sections were 
stained according to TUNEL methods using an 
In Situ Cell Death Detection Kit according to  
the manufacturer’s protocols. Sections were 
observed under a light microscope (DWLB2; 
Leica, Hamburg, Germany). The average num-
ber of TUNEL-positive cells was determined 
from five randomized fields per section at 400 
× magnitude by an observer who was blinded to 
the grouping. The results are expressed as  
a percentage of TUNEL-positive cells to total 
cells.

Neutrophilic infiltration

Neutrophilic infiltration was assessed by deter-
mining the activity of myeloperoxidase (MPO) 
using an immunofluorescent staining techni- 
que and detecting the H2O2-dependent oxida-
tion of 3,3’-dimethoxybenzidine (MPO Detection 
Kit; Nanjing Jiancheng Biotechnology Institute, 
Nanjing, China). The MPO activity of the super-
natant is expressed as units per gram protein. 

The absorbance was measured by spectrome-
try (Tacan M200, Salzburg, Austria) at 460  
nm. Paraffin-embedded samples were cut into 
2-μm thick sections. After antigen retrieval, 
sections were first incubated with 3% H2O2 for 
10 min to block endogenous catalase and then 
with calf serum to block non-specific binding. 
Next, sections were incubated with anti-MPO 
antibody (1:100 diluted, rabbit polyclonal, Be- 
yotime Biotechnology) at 4°C overnight. Alex 
flora 594 conjugated anti-rabbit secondary 
antibody (1:100) was used to mark the pri- 
mary antibody, and 4’,6-diamidino-2-phenylin-
dole (DAPI) was used to mark the nucleus. 
Sections were photographed using a fluores-
cence microscope (DWLB2, Hamburg, Leica) at 
200 × magnitude.

Measurement of lipid peroxidation and antioxi-
dase activities

Malondialdehyde (MDA) levels were used as  
an indicator of lipid peroxidation. MDA con- 
centrations were measured using a commer-
cially available kit (Nanjing Jiancheng Biotec- 
hnology Institute). The absorbance was mea-
sured by spectrometry (Tacan M200) at 532 
nm. The concentration of MDA was expressed 
as nanomole per gram protein. The activities  
of total superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GSH-Px) in 
the muscle homogenate were measured using 
kits (Nanjing Jiancheng Biotechnology Institute) 
according to the manufacturer’s instructions. 
SOD, CAT, and GSH-Px activities were expressed 
as unit per milligram protein.

Inflammatory cytokines

The levels of tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β), and interleukin-6 (IL-6)  
in the supernatants of the muscular tissue 
were measured by ELISA kits (ExCell Biology, 
Shanghai, China) according to the manufactur-
er’s instructions. The levels of cytokines were 
expressed as pg/ml protein.

Western blotting

Total proteins were extracted from the gastroc-
nemius muscle using a radio-immunoprecipita-
tion assay (RIPA) lysate (Beyotime Biotechno- 
logy). Nuclear extracts were prepared using a 
nuclear and cytoplasmic protein extraction kit 
(Beyotime Biotechnology) for detection of nu- 
clear expression of Nrf2. The concentrations of 

Figure 1. Effects of administration of LA4 on tissue 
edema in skeletal muscle with I/R injury. The data 
are presented as mean ± SD. ##P < 0.01 compared 
with that of sham group; **P < 0.01 compared with 
that of I/R group.
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protein in samples were determined using a 
BCA protein assay kit. Equal amounts of protein 
samples were fractioned per line, electropho-
resed in a 10% SDS-PAGE gel, and transferred 
to polyvinylidene difluoride membranes. The 
membranes were blocked with 5% fat-free  
milk. Membranes were blotted with primary 
antibodies for Nrf2 (1:500, goat polyclonal; 
Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), HO-1 (1:500, rabbit polyclonal; Santa 
Cruz Biotechnology), Bcl-2 (1:500, rabbit poly-
clonal; Boster, Wuhan, China), Bax (1:500, rab-
bit polyclonal; Boster), β-actin (1:500, rabbit 
polyclonal; Guge Biological Technology Co., 
Wuhan, China), and histone H3 (1:500. rab- 
bit polyclonal; Guge Biological Technology Co., 
Wuhan, China). Next, the membranes were 
washed with 1 × tris-buffered saline contain- 
ing 0.01% (v/v) Tween-20 (TBS-T). The mem-
branes were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies 
(1:10000; Guge Biological Technology Co.). An 
enhanced chemiluminscence detection system 
was used to visualize the bands on the mem-
branes. Band density was quantified using 
Image J software. The Nrf2 expression levels 
were normalized to histone H3, whereas the 

HO-1, Bcl-2, and Bax levels were expressed as 
a ratio of β-actin.

Statistical analysis

Statistical analyses were performed using 
SPSS 17.0 software (SPSS Inc., Chicago, IL, 
USA). Data were expressed as the mean ±  
standard error of the mean (SEM). The means 
of the different groups were compared by one-
way analysis of variance (ANOVA) followed by 
Student-Newman-Keuls tests (for normally dis-
tributed data) or Kruskal-Wallis tests followed 
by Dunnett’s T3 tests (for data that were not 
normally distributed). A probability of P < 0.05 
was considered statistically significant.

Results

LA4 mitigates tissue edema in rats with I/R 
injury

The skeletal muscle W/D ratio in the I/R injury 
group was significantly increased (P < 0.01) 
compared with that in the control (sham) group 
(Figure 1). Treatments of I/R-injured rats with 
LA4 resulted in dose-dependent changes in tis-
sue edema (Figure 1). The W/D ratio in the I/R-

Figure 2. Representative photomicrographs of skeletal muscle tissue following HE staining (scale bar = 50 μm). A. 
Sham group. B. I/R group. C. I/R + 0.1 μg/kg LA4 group. D. I/R + 1 μg/kg LA4 group. E. I/R + 10 μg/kg LA4 group. 
F. Quantification of histological damage scores in different groups. ##P < 0.01 compared with that of sham group; 
*P < 0.05 and **P < 0.01 compared with that of I/R group.



Lipoxin A4 protects skeletal muscle I/R injury

1143 Am J Transl Res 2017;9(3):1139-1150

Figure 3. Protective effects of LA4 on muscle apoptosis in rats with I/R injury evaluated by TUNEL staining and West-
ern blotting. (A) Sham group. (B) I/R group. (C) I/R + 0.1 μg/kg LA4 group. (D) I/R+ 1 μg/kg LA4 group. (E) I/R + 10 
μg/kg LA4 group. (F) Quantification of apoptosis cells. (G) Blots of Bax and Bcl-2. (H, I) Semi-quantification of protein 
levels. Data are presented as mean ± SD. Scale bar = 50 μm (A-E). ##P < 0.01 compared with that of sham group; 
**P < 0.01 compared with that of I/R group.

injury animals treated with the lowest dose (0.1 
μg/kg) of LA4 did not differ significantly (P > 
0.05) compared with that of animals in the 
untreated I/R-injury group. The W/D ratios of 
animals in the I/R injury groups treated with 
higher doses of LA4 (1 and 10 μg/kg) were sig-
nificantly decreased (P < 0.01) compared with 
that of animals in the untreated I/R-injury 
group. 

LA4 decreases histological damage scores of 
muscle tissue in rats with I/R injury

Muscular tissue injury was assessed based on 
the morphological changes detected with HE 
staining. Muscular fiber injury, sarcoplasm dis-
solution, neutrophil infiltration, and erythrocyte 
diapedesis were observed in the muscular tis-
sue of the animals in the I/R group (Figure 2B), 
but not in that of the sham group (Figure 2A). 

Consequently, histological damage scores 
increased significantly in the I/R group versus 
the sham group (Figure 2F, P < 0.01). Treatment 
of I/R rats with LA4 significantly reduced mus-
cle fiber injury in a dose-dependent manner, 
with less sarcoplasm dissolution and neutro-
phil infiltration (Figure 2C-E). As a result, LA4 
decreased histological damage scores in the 
muscular tissue following I/R injury in a dose-
dependent manner (Figure 2F).

LA4 suppresses skeletal muscle apoptosis in 
rats with I/R injury

Cell apoptosis of the skeletal muscle was 
assessed by TUNEL staining. The sham group 
showed few apoptosis positive cells (Figure 
3A). The percentage of TUNEL-positive cells 
increased significantly in the I/R group versus 
the sham group (Figure 3F, P < 0.01). Treatment 
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Figure 4. Effect of LA4 treatment on I/R-injured skeletal muscle inflammatory responses. A. Immunofluorescent staining of MPO and DAPI in skeletal muscle sec-
tions (magnitude 200 ×) showing LA4 treatment decreased the number of MPO-positive cells. B-E. Changes in MPO activity and concentrations of TNF-α, IL-1β, and 
IL-6 in skeletal muscle tissue showing increased MPO activity, levels of TNF-α, IL-1β, and IL-6 in the muscle tissue after I/R injury, and significant reduction in this 
response following treatment with LA4. ##P < 0.01 compared with sham group; *P < 0.05 and **P < 0.01 compared with the I/R group.
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with LA4 dose-dependently decreased the per-
centage of TUNEL-positive cells. Furthermore, 
consistent with these TUNEL staining results, 
LA4 dose-dependently downregulated the 
expression of Bax and upregulated the expres-
sion of Bcl-2 (Figure 3G-I). Treatment with high-
er doses of LA4 (1 and 10 μg/kg), but not the 
lower dose (0.1 μg/kg), resulted in significant 
anti-apoptosis effects.

LA4 inhibits skeletal muscle neutrophilic infil-
tration and inflammatory response in rats with 
I/R injury

Neutrophilic infiltration was assessed by deter-
mining MPO activity using immunofluorescent 
staining against MPO. The activity of MPO in the 
I/R group significantly increased compared 
with that of sham group (Figure 4B, P < 0.01), 
whereas treatment with 0.1, 1, and 10 μg/kg 
LA4 markedly decreased or ameliorated the 
increase in the MPO activity compared with 
that of I/R group. According to double-immuno-
fluorescent staining results, LA4 treatment sig-
nificantly decreased the number of MPO posi-
tive cells (Figure 4A). Concurrently, levels of 
TNF-α, IL-1β, and IL-6 were significantly in- 
creased in the I/R group compared with the lev-
els in the sham group (Figure 4C-E, P < 0.01). 
Like its effects on MPO activity, LA4 treatment 
reduced levels of inflammatory cytokines in a 
dose-dependent manner compared with those 
in the I/R group. In particular, LA4 (1 and 10 
μg/kg) treatments significantly reduced the 
IL-6 levels. 

LA4 attenuates skeletal muscle oxidative 
stress in rats with I/R injury

Skeletal muscle oxidative stress status was 
assessed by MDA level and SOD, CAT, and GSH-
Px activities. The MDA level increased and SOD, 
CAT, and GSH-Px activities decreased signifi-
cantly in the I/R-injured skeletal muscle group 
compared with that of sham group (Figure 5, P 
< 0.01). Additionally, treatment with LA4 (1 or 
10 μg/kg) significantly decreased the tissue 
MDA level and increased the tissue SOD, CAT, 
and GSH-Px activities compared with that of 
the I/R group (Figure 5).

Involvement of activation of the Nrf2/HO-1 
signaling pathway in the protective effects of 
LA4 in rats with I/R-injured skeletal muscle 

To further explore the mechanism of the protec-
tive effects of LA4, the Nrf2/HO-1 defense 

pathway was investigated. Western blot analy-
sis indicated that Nrf2 nuclear translocation 
was increased by LA4 treatment in a dose-
dependent manner in I/R-injured muscle 
(Figure 6A, 6B). In addition, quantification of 
Nrf2 and HO-1 levels showed that LA4 dose-
dependently activated the Nrf2/HO-1 signal- 
ing pathway (Figure 6A, 6C). Administration of 
ZnPP 1 h before I/R injury, to block the Nrf2/
HO-1 signaling pathway, resulted in partial elim-
ination of the protective effects of LA4 treat-
ment on characteristics of skeletal muscle I/R 
injury, including edema and histologic damage 
scores (Figure 6D-H).

Discussion

I/R injury of skeletal muscles is a common 
pathological process that is inevitably involved 
in peripheral vascular injury and reconstruction 
[1]. Ischemia/reperfusion (I/R) injury of skeletal 
muscles is a common pathological process  
in reconstructive surgeries. In this study, we 
showed that LA4 significantly reduces I/R-
induced skeletal morphologic injury, tissue 
edema, oxidative stress injury, inflammatory 
response, and apoptosis. LA4 treatment of rats 
with I/R-injured skeletal muscle also resulted in 
prominently enhanced nuclear accumulation of 
Nrf2 and expression of HO-1. These results 
suggest that strategies to administer LA4 may 
represent a novel and efficacious treatment for 
I/R-injured muscle tissue. 

An additional effect of the LA4 treatment in our 
study was enhanced Nrf2 and HO-1 expres-
sion, which impacts the process of inflammation. 
Inflammatory reactions triggered by skeletal 
muscle cell damage remove dead cells and 
matrix debris and are believed to be critical for 
infarct healing, vascularization, and skeletal 
muscle function restoration [16]. Puntel and 
co-workers [17] demonstrated that the activity 
of MPO could be used as an indicator of neutro-
philic infiltration in skeletal muscle injury. 
Another factor in inflammatory reactions is infil-
trated neutrophils that could release a mass of 
inflammatory cytokines, such as TNF-α, IL-1β, 
and IL-6 [18]. A previous study demonstrated 
that LA4 served as an endogenous anti-inflam-
matory mediator in several diseases [19]. In 
addition, inactivation of the phosphatidylinosi-
tol 3-kinase/protein kinase B (PI3K/AKT) sig-
naling pathway in lipopolysaccharide (LPS)-
stimulated lung injury and down regulation of 
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Figure 5. Changes in MDA, SOD, CAT, and GSH-Px in muscle tissue (A-D). The content of MDA increases in the mus-
cular tissue after I/R injury, the activities of SOD, CAT, and GSH-Px decrease, and LA4 treatment reverses these 
injury-induced changes. ##P < 0.01 compared with the sham group; *P < 0.05 and **P < 0.01 compared with the 
I/R group.

nuclear factor κB (NF-κB) in LPS-stimulated 
macrophages are involved in the anti-inflam- 
matory mechanisms of LA4 [20, 21]. In this 
study, we also showed that LA4-treated I/R-
injured rats exhibited lower levels of inflamma-
tory cytokines and less neutrophilic infiltration 
in reperfused skeletal muscle than I/R-injured 
animals without LA4 treatment. These findings 
suggest that the anti-inflammatory properties 
of LA4 could be a previously unrevealed mech-
anism underlying LA4-mediated skeletal mus-
cle protection.

It is now becoming clearer that I/R injury induc-
es skeletal muscle cell apoptosis that may lead 
to muscle cell death and muscle contraction 
function loss. Skeletal muscle cell apoptosis 
begins at early stages of the reperfusion period 
[6]. Previous studies showed that LA4 might 
exert a biphasic effect on cell apoptosis. Wu 
and colleagues reported that high doses of  
LA4 might induce apoptosis in intestinal fibro-
blasts [22]. However, at low concentrations, 
LA4 protects the macrophage against I/R-
induced apoptosis [23]. In accordance with 
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these studies, our study showed that LA4 
remarkably reduced the ratio of apoptosis mus-
cle cells, increased the expression of Bcl-2, and 
down regulated the expression of Bax, suggest-
ing a critical role of LA4 in regulating mitochon-
dria-mediated apoptosis. These results indi-
cate that an anti-apoptotic effect of LA4 may 
be involved in the successful treatment of I/R-
induced limb injuries.

Skeletal muscle tissue damage, cell death, and 
apoptosis are associated with I/R injury in 
experimental rats [1, 24, 25]. Overproduction 
of ROS has been observed in I/R injured organs 

[26]. Excessive production of ROS could initi- 
ate lipid peroxidation, inactivate anti-oxidative 
stress-related proteins, and aggravate I/R inju-
ry [27, 28]. MDA has been used as an indicator 
of oxidative stress during I/R injury in many 
organs, including kidneys and muscles [29, 
30]. Antioxidants such as SOD, CAT, and GSH-
Px have been used as indicators of oxidative 
stress in skeletal muscle [31, 32]. Our results 
suggest that LA4 could significantly ameliorate 
I/R injury-induced skeletal muscular oxidative 
stress by reducing MDA production and enhanc-
ing SOD, CAT, and GSH-Px activities. Similarly, 
the anti-oxidative properties of LA4 have been 

Figure 6. Involvement of activation of the Nrf2/HO-1 signaling pathway in the protective effects of LA4 in rats with 
skeletal muscle I/R injury. A. Protein expression of Nrf2 and HO-1. B, C. Quantification of Nrf2 and HO-1 levels show-
ing LA4 dose dependently activated the Nrf2/HO-1 signaling pathway. D, E. ZnPP administered 1 h before ischemia 
and HO-1 protein expression determined by Western blotting. F. Skeletal muscle edema. G. Representative images 
of HE staining from I/R + vehicle group, I/R + 10 μg/kg LA4 + vehicle group, and I/R + 10 μg/kg LA4 + ZnPP group 
(scale bar = 50 μm). H. Histological damage scores. Results are expressed as mean ± SD. #P < 0.05 compared 
with sham group; **P < 0.01 compared with I/R group; ##P < 0.01 compared with I/R + vehicle group; &P < 0.05 
compared with IR + 10 μg/kg LA4 + vehicle group.
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reported in testis I/R injury and many other oxi-
dative stress-related diseases [33, 34]. These 
results suggest that the anti-oxidative stress 
effect of LA4 may be protective in cases of limb 
I/R injury.

Under normal conditions, Nrf2 is bound to 
Keap-1 in the cytoplasm. In response to oxida-
tive stress, Nrf2 has been reported to be 
released from Keap-1, to translocate to the 
nucleus, to bind to AREs, and subsequently to 
induce transcriptions of anti-oxidative genes 
[35, 36]. We found that nuclear-translocated 
Nrf2, as well as its downstream target HO-1, 
increased under I/R injury conditions. LA4 fur-
ther increased nuclear translocation of Nrf2 
and expression of HO-1 in a dose-dependent 
manner in reperfused skeletal muscle tissue. 
In addition to anti-oxidative stress effects, 
enhanced expression of Nrf2 and HO-1 is also 
associated with cell anti-apoptosis and anti-
inflammatory effects [37-39]. In our study, the 
co-administration of ZnPP (HO-1 inhibitor) and 
LA4 diminished the protective effects induced 
by LA4 under oxidative stress in limb I/R injury. 
Our results suggest that LA4 protected skeletal 
muscle against I/R injury in part through ac- 
tivation of the Nrf2/HO-1 defense pathway. 
Previously, Wu and co-workers [14] found that 
LA4 increases nuclear translocation of Nrf2 in 
vitro in cultured cortical astrocytes under oxida-
tive stress. Also, Han and colleagues [11] found 
that LA4 activates the Nrf2 pathway during 
intestinal I/R injury in vivo. These in vivo and  
in vitro reports support our results, that the 
mechanism of action of LA4 in treating I/R-
induced skeletal muscle injuries could be acti-
vation of the Nrf2 signaling pathway in different 
cell types.

Limb ischemia primarily occurs during a sud-
den accident, so pretreatment is not possible 
due to the unpredictable nature of vascular 
injury events. Hence, administration of LA4 at 
the reperfusion moment or post-reperfusion 
has the greatest potential for clinical applica-
tion in cases of limb I/R injury. The administra-
tion of LA4 in our study was around the time of 
reperfusion initiation, so the time mode was 
clinically relevant. However, our study still has 
some limitations. First, the optimal time of 
administration of LA4 during limb I/R injury  
was not established. In a previous experiment 
conducted by Zhao and co-workers [40], post-

injury treatment with LA4 exerted a better pro-
tective effect than pretreatment on ultrastruc-
ture and Na+-K+-ATPase in I/R-injured heart in 
rats. Future studies will focus on the optimal 
administration time of LA4 during skeletal mus-
cle I/R injury. Moreover, our study only showed 
that activation of Nrf2/HO-1 signaling pathway 
was involved in the protective effects of LA4 on 
I/R-injured skeletal muscle. Future studies will 
focus on whether other signaling pathways are 
involved in the protective effects of LA4 in skel-
etal muscle I/R injury.

Conclusions

Our study demonstrates that LA4 significantly 
ameliorated histological damage scores in  
I/R-injured muscle tissue. LA4 treatment re- 
sulted in remarkably decreased wet weight/dry 
weight ratios, inflammatory responses, oxida-
tive stress, and cell apoptosis accompanied by 
prominently enhanced nuclear accumulation of 
Nrf2 and expression of H0-1 in the I/R-injured 
muscle tissue. These protective effects were 
reversed by zinc protoporphyrin-IX (ZnPP), a 
specific HO-1 inhibitor. Our study also showed 
that the mechanism of action of LA4 may be 
activation of the Nrf2/HO-1 signaling pathway. 
LA4 has potential to be an important therapeu-
tic agent for I/R-injured muscle tissue.
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