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Abstract. Limb ischemia/reperfusion (I/R) can induce 
inflammation, causing acute lung injury. The Toll‑like 
receptor  4  (TLR4)/NF‑κB pathway plays an important 
role in acute and chronic inflammatory disorders. Several 
studies have demonstrated the efficacy of acupuncture in 
lung inflammatory injury. The aim of the present study was 
to elucidate the mechanism underlying the protective effect 
of electroacupuncture  (EA) against lung injury induced 
by limb I/R. EA applied at the Zusanli and Sanyinjiao 
acupoints attenuated lung injury and decreased the secre-
tion of inf lammatory factors such as tumor necrosis 
factor‑α, interleukin  (IL)‑1, IL‑6 and myeloperoxidase. 
Moreover, the expression levels of TLR4 and NF‑κB were 
suppressed by EA. Thus, the present findings suggested that 
EA can reduce pulmonary inflammation induced by limb 
I/R injury, possibly via the inhibition of the TLR4/NF‑κB 
pathway.

Introduction

Ischemia/reperfusion (I/R) injury of the limb occurs as a 
result of exposure to a large degree of blood flux in vascular 

reperfusion during hypoxia. I/R usually occurs following 
various types of trauma, including vascular injury, surgical 
procedures and extreme pressure (1). Limb I/R can damage 
the source limb, as well as remote organs. The lung is highly 
sensitive to inflammatory reactions and prone to acute injury 
during reperfusion (2). Lung inflammation involves complex 
mechanisms, including inflammatory reaction, oxidative stress 
and immune dysfunction (3,4).

It is crucial to identify that endogenous proteins that 
are produced after lung injury at the early phase of I/R (5). 
Toll‑like receptors  (TLRs) are a class of pattern recogni-
tion receptors expressed on immune and non‑immune cell 
surfaces  (6). In particular, TLR4  has been demonstrated 
to play a major role in the development of lung injury (7,8). 
Moreover, Activation of TLR4 stimulates downstream NF‑κB, 
resulting in an increased release of downstream inflamma-
tory cytokines, including interleukin 1 (IL)‑1, IL‑6 and tumor 
necrosis factor‑α (TNF‑α) (9).

Acupuncture is a traditional therapeutic technique. A 
variant of acupuncture, electroacupuncture  (EA), has an 
anti‑inflammatory effect on lung injury caused by inflam-
matory diseases (10). Our previous study suggested that EA 
pre‑treatment could reduce the inflammatory reactions in 
patients with lung injury associated with limb I/R, as well 
as the associated release of inflammatory cytokines  (11). 
However, the underlying mechanism remains unknown. 
Gong  et  al  (12) demonstrated that EA attenuated limb 
I/R‑induced lung injury via the p38 mitogen‑activated protein 
kinase/nuclear factor erythroid 2‑like 2/heme oxygenase 1 
pathway. However, whether EA also reduces lung injury 
induced by limb I/R via the suppression the TLR4/NF‑κB 
pathway has not yet been elucidated. Therefore, in the present 
study, a rat model of limb I/R‑induced lung injury was used 
in order to assess whether EA applied at Zusanli  (ST36) 
and Sanyinjiao (SP6) can inhibit inflammation and achieve 
a protective effect. In addition, the hypothesis that EA 
exerts an anti‑inflammatory effect via the suppression of the 
TLR4/NF‑κB pathway was also tested.
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Materials and methods

Animals. Male Sprague‑Dawley rats aged 7‑8  weeks and 
weighing 250‑300 g were acquired from The Animal Center 
of Wenzhou Medical University. Rats were housed in a 
temperature‑controlled chamber with a 12‑h light/dark cycle 
at 24˚C and 50–60% relative humidity. All rats were provided 
standard chow and tap water ad libitum until they were made 
to fast for 12 h before experiments. All animal experiments 
were approved by The Animal Research Ethics Committee of 
Wenzhou Medical University and were performed in accor-
dance with the guidelines of The National Institutes of Health 
for the Care and Use of Laboratory Animals (13).

Establishment of the limb I/R injured rat model. The rats 
(n=32) were randomly divided into four groups of eight rats 
each. The lower limb I/R method was adapted from a previous 
report (14). The treatment schedule is presented in Fig. 1. All 
rats in the study survived the treatment procedures. At the 
end of the experiment, the rats were intraperitoneally injected 
with 1 g/kg urethane and sacrificed by piercing of the heart 
and bleeding until cessation of breathing and heartbeat. In 
the I/R group, A rubber band (size 13 mm) above the greater 
trochanter was applied to interrupt the arterial blood for 3 h and 
then followed by 3 h of reperfusion; no drugs or EA treatment 
were administered. The band was put in place without being 
fastened in the sham group. In the sham EA (SEA) group, 
acupuncture needles were inserted 2‑3 mm deep at the ST36 
and SP6 acupoints, without stimulation. In the EA group, the 
rats received EA for 30 min before I/R, and the stimulation 
parameters comprised dispersed waves of 2 and 15 Hz at 
1 mA. The ST36 acupoint is located 5 mm below the head of 
the fibula under the knee joint, and 2 mm lateral to the anterior 
tubercle of the tibia in the rat (15). SP6 is located 10 mm above 
the hindlimb medial malleolus front of the tibia and fibula (15). 
EA was performed using a LH202H Hans® Acupoint Nerve 
Stimulator (Hans Therapy, Co., Ltd.).

Blood gas analysis. Left common carotid artery blood gas 
analysis (I‑STAT  300, Abbott Pharmaceutical Co. Ltd.) 
was performed to measure the arterial partial pressure of 
oxygen (PaO2), base excess and hemoglobin (Hb) content. The 
derived variables included the arterial‑alveolar oxygen tension 
ratio (a/A), alveolar‑arterial oxygen tension difference (A‑aO2) 
and respiratory index (RI).

Lung tissue wet/dry weight ratio. The right upper tissue of the 
lung in each rat was removed and weighed immediately after 
removal (wet weight). Sections were desiccated in an oven at 
60˚C for 2 days until a stable dry weight was reached. The 
wet/dry weight ratio was then calculated.

Histological analysis and lung injury score. Lungs were 
perfused with cold saline, followed by 4% paraformaldehyde. 
After fixation at 4˚C for 24 h, the tissues were embedded in 
paraffin, cut into 5‑µm sections, then stained with hematoxylin 
and eosin at room temperature for 5 min. The stained lung 
sections were observed under a light microscope (Leica 
Microsystems GmbH) at x400 magnification by an experi-
enced pathologist blinded to the protocols of the present study. 

Lung injury scores were assessed in a blinded manner and 
determined based on four independent parameters: i) Alveolar 
edema; ii) hemorrhage; iii) infiltration of inflammatory cells; 
and iv) thickened alveolar septum (16).

Measurement of lung IL‑1, IL‑6, TNF‑α and myeloperoxidase 
(MPO) concentrations. The concentrations of IL‑1, IL‑6, 
TNF‑α and MPO in the rat lung were measured using ELISA 
kits according to the manufacturer's instructions (Shanghai 
Boyun Biotechnology Co., Ltd.). The catalogue numbers for 
the ELISA kits were IL‑1 (BP‑E30419), IL‑6 (BP‑E30646), 
TNF‑α (BP‑E30635) and MPO (BP‑E31651).The absorbance 
value at 450 nm was determined with a multifunctional micro-
plate reader (Thermo Fisher Scientific, Inc.).

Immunohistochemistry. TLR4 expression in lung tissues was 
evaluated using immunohistochemistry. The lung samples 
were fixed in 4%  paraformaldehyde at room temperature 
for 24 h. The next day the lungs were dehydrated in graded 
ethanol solution, embedded in paraffin for three times an hour 
at 55˚C and embedded in a small stainless steel container. 
Sections were cut at 5 µm and were heated in an oven for 
1 h, deparaffinized in xylene, rehydrated in graded ethanol 
solutions and microwaved at 100˚C in sodium citrate buffer 
for 20  min. The slides were cooled to room temperature 
and incubated for 10 min in 3% H2O2. The sections were 
blocked using 5% donkey serum (Beijing Solarbio Science & 
Technology Co., Ltd.) at room temperature for 1 h, then incu-
bated at 4˚C overnight with primary antibody against TLR4 
(1:100; cat. no. AF7017; Affinity Biosciences). The sections 
were subsequently washed three times with PBS every 5 min 
and incubated with 100 µl enzyme‑labeled goat anti‑rabbit 
IgG polymer (cat. no. PV‑9001; OriGene Technologies, Inc.) 
for 30 min at 37˚C. The samples were then incubated with 
3,3'‑diaminobenzidine substrate for 30 sec at room tempera-
ture. After dehydration and drying, the sections were mounted 
with neutral gum. Subsequently, the slides were examined 
under a light microscope (magnification, x200).

An immunohistochemical score (IHS) was used to evaluate 
TLR4 expression (17). The IHS accounts for the percentage of 
immunoreactive cells (quantity score) and the staining inten-
sity (staining intensity score). The quantity score was assigned 
follows: i) No staining was scored as 0; ii) 1‑10% of cells stained 
as 1; iii) 11‑50% as 2; iv) 51‑80% as 3; and v) 81‑100% as 4. 
Staining intensity was rated on a scale of 0‑3, where: i) 0 was 
negative; ii) 1 was weak; iii) 2 was moderate; and iv) 3 was 
strong. When there was multifocal immunoreactivity and there 
were significant differences in staining intensities between 
foci, the average of the least intense and most intense staining 
was recorded. The raw data were converted to the IHS by 
multiplying the quantity and staining intensity scores.

Western blot analysis. The lung tissues were dissociated using 
RIPA buffer (Beijing Solarbio Science & Technology Co., 
Ltd.) with protease (1:100) and phosphatase inhibitors (1:50). 
Extracts were homogenized, then centrifuged at 12,000 x g 
for 30 min at 4˚C. Protein concentration was measured in 
the supernatant using a bicinchoninic acid protein assay 
kit (Thermo Fisher Scientific, Inc.). Samples were boiled 
for 5  min at 95˚C in 5X  loading buffer. Protein (50  µg) 



Molecular Medicine REPORTS  22:  3225-3232,  2020 3227

was then separated by SDS‑PAGE on 10% gels and then 
electro‑transferred to a 0.22‑µm PVDF membrane (Bio‑Rad 
Laboratories, Inc.) for 1.5 h. The membranes were subse-
quently blocked with 5% bovine serum albumin (Biosharp 
Life Sciences) for 1 h at room temperature. Membranes were 
then incubated with primary antibodies on a table concen-
trator overnight at 4˚C. Primary antibodies against β‑actin 
(1:8,000; cat. no. AP0060; Bioworld Technology, Inc.), TLR4 
(1:1,000; cat.  no.  AF7017; Affinity Biosciences), NF‑κB 
(1:1,000; cat. no. AF5006; Affinity Biosciences) and phos-
phorylated (p)‑NF‑κB (1:1,000; cat. no. AF2006; Affinity 
Biosciences) were used. After washing the membranes 
three times with Tris‑buffered saline plus 0.1% Tween‑20, 
a horseradish peroxidase‑conjugated secondary antibody 
(1:5,000; cat.  no.  BL003A; Biosharp Life Sciences) was 
added for 1.5 h at room temperature. The membranes were 
subsequently washed three times with Tris‑buffered saline 
plus 0.1% Tween‑20 and were visualized by electrochemilu-
minescence (cat. no. K‑12045‑D10; Advansta, Inc.). Images 
were analyzed by Image Lab Analysis System v6.0 (Bio‑Rad 
Laboratories, Inc.).

Statistical analysis. Data are presented as the mean ± SD 
from ≥6  independent experiments. Statistical analysis was 
conducted using one‑way ANOVA, followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference. Analysis was performed using the 
SPSS v 19.0 software (IBM Corp.).

Results

EA pre‑treatment at ST36 and SP6 alleviates limb 
I/R‑induced lung injury in rats. The protective effect of EA 
on lung injury induced by limb I/R was examined by blood 
gas analysis (PaO2, A‑aO2, a/A ratio and RI). Before ischemia, 
the analyzed parameters did not differ between the sham, I/R, 
SEA and EA groups. Following 3 h of reperfusion, rats in the 
I/R, SEA and EA groups displayed significant pulmonary 
dysfunction, compared with the sham group, indicating that 
I/R‑induced injury had been successfully established in this 

model. However, in the EA group, pulmonary oxygenation was 
significantly improved, compared with the I/R group, demon-
strating the protective effect of EA pre‑treatment against limb 
I/R‑induced lung injury (Fig. 2).

EA pre‑treatment alleviates pulmonary injury in I/R‑injured 
rats. To investigate the effect of EA pre‑treatment on pulmo-
nary inflammation induced by limb I/R injury, the wet/dry 
weight ratio and lung injury scores were compared between 
the sham, I/R, SEA and EA  groups. The wet/dry weight 
ratio was significantly increased in the I/R and SEA groups 
compared with sham group. However, pre‑treatment with E/A 
significantly reduced the wet/dry weight ratio compared with 
the I/R group (Fig. 3). Moreover, increased lung injury scores, 
edema of the lung interstitium and destruction of the alveolar 
architecture were observed in the I/R and SEA  groups. 
However, lung injury scores and histopathology were signifi-
cantly improved with EA pre‑treatment, compared with the 
I/R  group (Fig.  4). These results demonstrated that EA 
pre‑treatment could exert an anti‑inflammatory effect on limb 
I/R mediated lung injury.

EA pre‑treatment regulates secretion of inflammatory cyto‑
kines in limb I/R‑injured rats. To examine the effects of EA 
pre‑treatment on lung inflammation, the levels of inflamma-
tory factors IL‑1, IL‑6, TNF‑α and MPO were measured in 
pulmonary tissue using ELISA (Fig. 5). The secretion of these 
factors was significantly increased in the I/R and SEA groups 
compared with the sham group. However, EA pre‑treatment 
effectively inhibited limb I/R‑induced secretion of inflamma-
tory cytokines IL‑1, IL‑6, TNF‑α and MPO.

EA pre‑treatment suppresses activation of the TLR4/NF‑κB 
pathway in limb I/R‑ injured rats. TLR4 plays a major role 
in the development of lung inflammatory injury. Activated 
TLR4 stimulates downstream NF‑κB, resulting in increased 
release of inflammatory cytokines  (18). To determine the 
mechanism underlying the anti‑inflammatory property of 
EA, the effect of EA pre‑treatment on the TLR4/NF‑κB 
signaling pathway was examined in the injured lung (Fig. 6). 

Figure 1. Diagram of the experimental protocol. EA, electroacupunture; IL, interleukin; TNF‑α, tumor necrosis factor‑α; MPO, myeloperoxidase; IHC, immu-
nohistochemistry; WB, western blotting; TLR4, Toll‑like receptor 4; p‑, phosphorylated.
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Immunohistochemistry demonstrated that TLR4 expres-
sion was increased in the lung tissue of rats in the I/R and 
SEA groups, compared with the sham group. By contrast, the 
IHS was significantly reduced in the EA group, compared 
with the I/R group. Moreover, TLR4 and p‑NF‑κB expression 
levels were significantly increased in the I/R and SEA groups 
compared with the sham group. However, compared with 
the I/R group, the expression levels of TLR4 and p‑NF‑κB 
were significantly reduced in the EA group. These findings 
suggested that pre‑treatment with EA at the ST36 and SP6 
acupoints could suppress the activation of the TLR4/NF‑κB 
signaling pathway, thus attenuating pulmonary inflammatory 
injury induced by limb I/R in rats.

Figure 2. Blood gas analysis. PaO2, A‑aO2, a/A ratio and RI were measured before and after ischemia. Data are presented as the mean ± SD. N=8 in each group. 
*P<0.05 vs. sham; #P<0.05 vs. I/R. PaO2, arterial partial pressure of oxygen; a/A, arterial‑alveolar oxygen tension ratio; A‑aO2, alveolar‑arterial oxygen tension 
difference; RI, respiratory index; EA, electroacupuncture; I/R, ischemia/reperfusion; SEA, sham electroacupunture.

Figure 3. Wet/dry weight ratios. Wet/dry weight ratios were measured in each 
of the rats in all groups. Data are presented as the mean ± SD. N=8 in each 
group. *P<0.05 vs. sham; #P<0.05 vs. I/R. EA, electroacupuncture; I/R, isch-
emia/reperfusion; SEA, sham electroacupunture.

Figure 4. H&E staining and lung injury. (A) Representative photomicrographs 
of lung sections stained with H&E. Scale bar, 50 µm. (B) Lung injury scores. 
Data are presented as the mean ± SD. N=8 in each group. *P<0.05 vs. sham; 
#P<0.05 vs.  I/R. EA,  electroacupuncture; I/R,  ischemia/reperfusion; 
SEA, sham electroacupunture; H&E, hematoxylin and eosin.
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Figure 5. Inflammatory cytokines and MPO. IL‑1, IL‑6, TNF‑α and MPO levels were measured in the lung. Data are presented as the mean ± SD. N=8 in each 
group. *P<0.05 vs. sham; #P<0.05 vs. I/R. EA, electroacupuncture; I/R, ischemia/reperfusion; SEA, sham electroacupunture; IL, interleukin; TNF‑α, tumor 
necrosis factor‑α; MPO, myeloperoxidase.

Figure 6. TLR4, p‑NF‑κB and NF‑κB expression. (A) TLR4 expression in the lung was evaluated using (B) immunohistochemistry. Scale bar, 25 µm. 
Representative western blotting images and statistical analysis of (C) TLR4, (D) p‑NF‑κB and NF‑κB expression levels in the lung. Data are presented as 
the mean ± SD. N=8 in each group. *P<0.05 vs. sham; #P<0.05 vs. I/R. EA, electroacupuncture; I/R, ischemia/reperfusion; SEA, sham electroacupunture, 
p, phosphorylated; TLR4, Toll‑like receptor 4.
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Discussion

In the present study, 30‑min EA pre‑conditioning significantly 
reduced the inflammatory response and release of inflam-
matory cytokines in the lungs of rats with limb I/R‑induced 
injury. Moreover, the mechanism underlying this protective 
effect may be related to the TLR4/NF‑κB signaling pathway.

Limb I/R can cause significant damage to distant organs, 
including lung tissue. Limb I/R‑induced lung injury can 
occur following orthopedic surgery, major vascular injury, 
limb thrombosis and other surgical procedures (19). Previous 
studies have reported that I/R‑induced lung injury resulted 
from the release of inflammatory cytokines, enhancement 
of oxidative stress and increased apoptosis during reperfu-
sion (20). Furthermore, limb I/R could induce the activation of 
neutrophils, monocytes and macrophages, which can promote 
inflammation and release a large number of inflamma-
tory mediators, including cytokines and chemokines  (21). 
Inflammatory factors in the ischemic area and the extensive 
release of oxygen free radicals cause damage to distal organs 
and the lung is particularly susceptible to acute injury (22). 
Previous studies on animal models have demonstrated that the 
expression levels of inflammatory cytokines, such as TNF‑α, 
IL‑1, IL‑6 and IL‑8, are significantly increased after limb 
I/R (23‑25). The occurrence of acute lung injury is closely 
related to the activation of various inflammatory factors; the 
extensive release of inflammatory cytokines is one of the most 
important factors that ultimately leads to the onset of systemic 
inflammatory response syndrome (24).

TNF‑α is a key mediator of acute lung injury, acute respi-
ratory distress syndrome and early lung tissue injury (26). 
During the lung injury process, TNF‑α is primarily produced 
by alveolar macrophages, which can mobilize polymorphonu-
clear leukocytes in the blood to accumulate at lung injury sites, 
thus activating inflammatory cells and endothelial cells, and 
supporting the formation of factors such as endothelial cells 
and neutrophils that increase the expression levels of IL‑1, 
IL‑6 and IL‑8 (27). TNF‑α can also promote polymorpho-
nuclear leukocyte degranulation and the release of lysosomes, 
mediate alveolar‑capillary membrane damage and increase 
the function of the inflammatory cascade  (28). IL‑1 has a 
strong chemotactic effect, inducing the expression of vascular 
endothelial cell adhesion molecules, thus promoting leuko-
cyte adhesion (29). Moreover, IL‑1 primarily serves a role 
in chemoattraction, macrophage stimulation and increase of 
downstream cell and chemical factors. IL‑6 is also involved 
in systemic immune responses and inflammatory cascades, 
and can activate neutrophils to exacerbate the production of 
inflammatory mediators after trauma, effectively enhancing 
the severity of tissue injury (30). MPO is produced by poly-
morphonuclear leukocytes, and the levels of active MPO 
reflect the activation of polymorphonuclear leukocytes in the 
lungs (31).

In the present study, the expression levels of proinflam-
matory cytokines, such as IL‑1, IL‑6 and TNF‑α, were 
significantly elevated following I/R. This was accompanied 
by a reduction in intrapulmonary exchange function in the 
I/R group. The incidence of lung injury was also significantly 
increased, together with TLR4 and NF‑κB expression levels. 
However, EA pre‑treatment at the ST36 and SP6 points could 

significantly reduce the extent of lung injury, as well as the 
expression levels of inflammatory cytokines, TLR4 and 
NF‑κB, while significantly improving lung exchange function. 
Therefore, these results suggested that EA pre‑treatment had 
an anti‑inflammatory effect, as well as a potential protective 
effect on the lungs.

EA, as a minimally invasive intervention, has been reported 
to have a significant anti‑inflammatory effect in numerous 
diseases (32). ST36 and SP6 are two main anti‑inflammatory 
EA points. Our previous clinical studies demonstrated that 
transcutaneous electrical acupoint stimulation at the ST36 
and SP6 acupoints could inhibit the inflammatory response 
in the patients undergoing limb ischemia‑reperfusion (33). 
Torres‑Rosas et al (34) also revealed that EA pre‑treatment 
at these acupoints could inhibit inflammation in a murine 
model of sepsis established by cecal ligation and puncture or 
lipopolysaccharide.

The TLR4/NF‑κB pathway is one of the pathways of EA 
anti‑inflammatory. Lan et al (35) suggested that EA at ST36 
and Quchi points decreased the levels of inflammatory factors 
in the brain after reperfusion injury in a middle cerebral artery 
occlusion rat model, by inhibiting the TLR4/NF‑κB pathway. 
Chen et al (36) also reported that EA pre‑conditioning could 
reduce the occurrence of cognitive dysfunction caused by 
limb I/R, via the inhibition of microglial activity. Previous 
animal and clinical studies on inflammation‑induced lung 
injury indicated that EA had an anti‑inflammatory effect that 
contribute to lung protection (37,38). Similarly, the present 
study suggested that EA pre‑treatment at the ST36 and SP6 
points had a significant anti‑inflammatory effect. Moreover, 
compared with the control group, lung function and lung injury 
indexes were signficantly improved, as were TLR4 and NF‑κB 
expression levels. Collectively, the present findings suggested 
that the anti‑inflammatory effect of EA could prevent lung 
injury and the underlying mechanism may be related to the 
regulation of the TLR4/NF‑κB pathway in the lungs.

Previous studies have reported that the TLR4/NF‑κB 
pathway plays a key role in lung injury leading to several inflam-
matory conditions, including septic, mechanical and I/R lung 
injury (39,40). Furthermore, inhibition of the TLR4/NF‑κB 
pathway activity can greatly lower the incidence of lung 
injury (41). In the present study, limb I/R increased TLR4 and 
NF‑κB expression levels in the lungs and induced the release 
of inflammatory cytokines, indicating that TLR4/NFκB was 
involved in the development of lung injury after limb I/R. A 
previous study reported that EA could significantly reduce 
TLR4 expression in cerebral I/R injury, thus inhibiting the 
occurrence of an inflammatory response in the brain (35). In 
the present study, it was also demonstrated that EA attenu-
ated the expression levels of TLR4 and NF‑κB in the lungs. 
Therefore, activation of the TLR4/NF‑κB signaling pathway 
may be the primary mediator of lung injury after limb I/R. 
Moreover, the anti‑inflammatory effect of EA may be medi-
ated via the inhibition of the TLR4 signaling pathway, leading 
to a protective effect on the lung.

However, the present study had a number of limitations. 
TLR4 agonits were not included in the present study, as these 
reagents could potentially cause lung damage. Therefore, 
whether a TLR4 agonist could reverse the protective effects 
exerted by EA pre‑treatment was not evaluated. In addition, 
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the experiments described in the present study focused on 
TLR4 expression in the lungs and did not locate TLR4 recep-
tors in other tissues.

In conclusion, the present study demonstrated that EA 
pre‑treatment at the ST36 and SP6 acupoints improved lung 
oxygenation and exerted an anti‑inflammatory effect on lung 
injury induced by limb I/R, which was via the inhibition of the 
TLR4/NF‑κB pathway. Thus, the present findings suggested 
that EA may be used as a potentially effective therapy for lung 
injury induced by limb I/R.
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