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 Background: Our previous studies have shown that electroacupuncture (EA) can alleviate lung injury induced by limb isch-
emia-reperfusion, but the specific mechanism is still unclear.

 Material/Methods: The animals were randomly divided into sham operation group (Sham), model group (IR), electroacupuncture 
group (EA), sham electroacupuncture group (SEA), and EA+luzindole group (EA+luzindole). The limb ischemia-
reperfusion model was established according to previously described, the rabbits in the EA and EA+luzindole 
groups were given EA at ST36 and BL13 for 7 days before the model preparation and during the model imple-
mentation, however, sham EA was mainly used to stimulate the rabbits in the SEA group with shallow nee-
dling at the points 0.5 cm near ST36 and BL13. Then, 30 mg/kg of luzindole was intraperitoneally injected 30 
minutes before the model preparation in the EA+luzindole group.

 Results: The wet weight/dry weight (W/D) ratio, lung injury score, tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6, 
and malondialdehyde (MDA) contents in the EA group at 4 hours after reperfusion were significantly lower than 
those in the IR, SEA, and EA+luzindole groups. The levels of serum melatonin at T0 in the EA and EA+luzindole 
groups were significantly higher than those in the Sham group. The levels of serum melatonin at T1 and T2 in 
the IR group were significantly lower than those in the Sham group. There was no significant difference in the 
expression levels of melatonin receptor 1 (MR-1) and MR-2 in lung tissues among the 5 groups.

 Conclusions: EA could alleviate the lung injury induced by limb ischemia-reperfusion by promoting the secretion of melato-
nin, while having no effect on the expression of melatonin receptor in lung tissues.
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Background

Limb ischemia-reperfusion is one of the most common patho-
physiological conditions during the severe trauma, surgery, 
and lower extremity vascular embolism [1,2]. The oxidative 
stress reactions during the reperfusion not only lead to the 
second injury of the ischemic limbs, but also may cause a cer-
tain degree of damage to remote organs, the most vulnera-
ble organ is lung [1,2].

Electroacupuncture (EA) is an extension technique of acupunc-
ture based on traditional acupuncture combined with mod-
ern electrotherapy [3]. It has been reported that stimulation 
of Zusanli (ST36) could diminish the degree of lung injury, 
increase the antioxidant enzyme activities and suppress the 
extent of lipid peroxidation in lipopolysaccharide (LPS) stimu-
lated rabbits [4]. In addition, stimulation of Feishu (BL13) was 
used to treat lung disease, it was found that EA on BL13 could 
protect against hypoxia-induced pulmonary hypertension in 
rats [5]. Our previous studies have shown that EA can allevi-
ate lung injury induced by limb ischemia-reperfusion, but the 
specific mechanism is still unclear [6].

In addition to regulating biological rhythm, melatonin plays an 
important role in regulating various physiological processes, 
and its metabolites also show the ability to scavenge reactive 
oxygen species which is harmful to the body [7]. A number of 
studies indicated the anti-inflammatory activity of melatonin 
both in vivo and in vitro [8–12]. Exogenous administration of 
melatonin could reduce oxidative damage and suppress inter-
leukin (IL)-6 expression which induced by LPS administration 
in rats [8,9]. Melatonin also decreases inflammatory cytokine 
(IL-6, tumor necrosis factor [TNF]-a, and IL-1b) levels and in-
hibits neurons apoptosis after intraventricular Klebsiella pneu-
moniae injection in rats [10]. Melatonin also could inhibit ex-
pression of pro-inflammatory cytokine messenger RNA (mRNA) 
in LPS-stimulated cells [11,12]. All of these studies demon-
strate the ability of melatonin to suppress inflammatory and 
reduce oxidative stress in experimental inflammation. This pa-
per mainly discussed whether melatonin is involved in EA re-
ducing rabbit lung injury induced by limb ischemia-reperfusion.

Material and Methods

Animals and apparatus

Three-month-old New Zealand white rabbits, weighing from 
2 to 2.5 kg, were provided by the experimental animal cen-
ter of the Institute of Radiology, Chinese Academy of Medical 
Sciences. G6805-1A low frequency electronic pulse therapy ap-
paratus was purchased from the Hua Yi Medical Instrument 
Co., Ltd., China.

Study design

To maintain the serum melatonin under stable levels, all rab-
bits were fed under conditions of 12 hours of light (Illuminance: 
500 Lx) during the day and 12 hours of complete darkness 
(Illuminance: 0–5 Lx) at night for 1 week before the experi-
ment. Fifty New Zealand white rabbits were randomly divid-
ed into 5 groups: sham operation (Sham), model (IR), elec-
troacupuncture (EA), sham electroacupuncture (SEA), and 
EA+uzindole (EA+luzindole) (n=10). Time to start the experi-
ment was 8: 00 a.m. After intraperitoneal injection of pento-
barbital 30 mg/kg (Sigma, Merck Life Science (Shanghai) Co., 
Ltd.), the rabbit was fixed in the supine position on a spe-
cial rabbit platform. Incision was made in the triangle area 
of femoral artery on both hind limbs, and the femoral artery 
were clamped near the inguinal ligament for 3 hours to in-
duce the ischemic injury, then the clamps were removed to 
make the limb subject to 4 hours reperfusion. In the Sham 
group, the femoral artery was isolated but not clamped. In the 
EA+luzindole group, 30 mg/kg melatonin receptor antagonist 
luzindole (Sigma-Aldrich, USA) was injected intraperitoneally 
30 minutes before the model preparation [13]. During the ex-
periment, 1.5 mL–1/kg–1/hour saline [Baxter (China), China)] was 
continuous infused via the right internal jugular vein.

EA pretreatment

Referring to the “animal acupuncture acupoint atlas” formu-
lated by the acupuncture and Moxibustion Research Society of 
the Chinese Acupuncture Association, the bilateral Zusanli point 
(ST36, which is located between the tibia and fibular approxi-
mately 5 mm lateral to the anterior tubercle of the tibia) and the 
Feishu point (BL13, which is located between T3 and T4 of the 
spine approximately 1.5 cm lateral to the midline) [14]. Special 
rabbit box was used to expose the needle site. After local dis-
infection, acupuncture needles (Huatuo, 0.3×25 mm, China) 
were directly inserted 4–6 mm into the skin, then G6805-1A 
low frequency electronic pulse therapy instrument was connect-
ed to the needles for continuous stimulation [14]. EA param-
eters were as follows: dense wave, frequency 2/15 Hz, stimu-
lus current 1–2 mA. The needles were maintained in place for 
30 minutes per day. The EA group and the EA+luzindole group 
were given EA stimulation for 7 days before the model prep-
aration and during model implementation.

Treatment of sham acupuncture group

The sham EA was mainly used to stimulate the rabbits with 
shallow needling (the depth of needling insert into the skin was 
3 mm) at points 0.5 cm from ST36 and BL13. The remaining 
needling parameters were the same as those in the EA group.
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Sample collection

Venous blood samples were collected at 3 time points: the be-
ginning of model establishment (T0), limb ischemia for 3 hours 
(T1), and limb reperfusion for 4 hours (T2). The changes of se-
rum melatonin were detected in other groups at corresponding 
time. The rabbits were then killed by common carotid artery 
bloodletting and bilateral lung tissues were retained. The wet 
weight/dry weight (W/D) ratio was measured in the upper lobe 
of the right lung. Some left lung tissues were fixed with 10% 
paraformaldehyde. Some left lung tissues were frozen in liq-
uid nitrogen and stored in refrigerator at –80°C.

Collection of bronchoalveolar lavage fluid (BALF)

In the separated experiment, the bronchoalveolar lavage was 
carried out at the end of the experiment by injecting 10 mL sa-
line into the tracheal tube. After repeated lavage, BALF was col-
lected in the centrifugal tube and centrifuged for 10 minutes at 
2500 rpm. The supernatant was collected and stored at –70°C.

Measurement of W/D ratio in lung tissue

The right upper lobe tissue was taken, and superfluous water 
was removed, then the lung was weighed as wet weight (W), 
then subsequently dried in an electrothermal constant tem-
perature drying oven at 80°C for 72 hours. The dry weight (D) 
was weighed at constant weight and the W/D ratio of the lung 
tissue was calculated.

Lung injury score

The left upper lobe was placed in 10% formaldehyde solu-
tion and routinely processed into paraffin sections (4–5 mm). 
Sections were used for hematoxylin and eosin staining. 
Pulmonary injury score was assessed with reference to the 
literature [15].

Electron microscopic observation of lung tissue

After fixing the lung tissue specimens, they were treated by 
dyeing, dehydration, embedding, osmosis, and aggregation 
in turn. The specimens were cut into sections with thickness 
of about 90 nm under the ultra-thin slice machine. Then the 
sections were stained with uranium acetate. The ultrastruc-
tural changes of lung tissue were observed under transmis-
sion electron microscopy. At the same time, image analysis 
was carried out using ImageJ software. Mitochondrial mem-
brane lines were drawn by hand tools. We counted the num-
ber of mitochondria and calculated the cross-sectional area 
of each mitochondria in the picture to evaluate the morpho-
logical changes of mitochondria [16] (the cross-sectional area 
of mitochondria became larger after mitochondrial swelling).

Detection of IL-6, TNF-a, and IL-1b in BALF by enzyme-
linked immunosorbent assay (ELISA)

The separated supernatant of BALF was used according to the 
instructions of IL-6, TNF-a, and IL-1b ELISA kit (R & D, USA). 
The absorbance values at 450 nm were measured, and the 
standard curves were drawn according to the absorbance val-
ues of the standard samples. The contents of IL-6, TNF-a, and 
IL-1b in lung tissues were calculated.

Changes of superoxide dismutase (SOD) activity and 
malondialdehyde (MDA) content in BALF

The activity of superoxide dismutase (SOD) was determined 
by xanthine oxidase method and the content of malondialde-
hyde (MDA) was determined by thiobarbituric acid method. 
All steps were determined strictly according to the operation 
steps of the kit (R & D, USA).

Changes of expression of melatonin receptor 1 (MR-1) and 
MR-2 in lung tissue

The total protein was extracted according to the instructions of 
the protein extraction kit (Thermo, USA). After centrifugation, 
the supernatant was taken to determine the protein concen-
tration (Thermo, USA). After gel electrophoresis, transferred to 
membrane and blocking, 10 µg of protein was incubated over-
night at 4°C with polyclonal rabbit antibodies against melatonin 
receptor 1 (MR-1) (1: 800, Biorbyt, UK) or MR-2 (1: 300, Biorbyt, 
UK). After washing with TBST (tris-buffered saline and Tween), 
blots were incubated at 37°C for 1 hour with the horseradish 
peroxidase-conjugated goat anti-rabbit IgG (1: 2000, Biorbyt, 
UK). Quantity One image analysis software was used to ana-
lyze the expression level of MR-1 and MR-2 protein by the ra-
tio of target protein to b-actin.

Statistical analysis

Values are expressed as mean standard deviation (SD) or me-
dian (range). Maximum and minimum possible lung injury 
scores were 1 and 0, respectively. The counting data were 
expressed in the form of mean±standard error of the mean 
(M±SEM). The ALI scores were analyzed using nonparametric 
test by the Kruskal-Wallis rank test followed by the Dunnett 
test. The other data were analyzed using parametric test by 
one-way ANOVA followed by the Tukey-Kramer post hoc test. 
P<0.05 was deemed statistically significant.
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Results

EA could alleviate limb ischemia-reperfusion induced lung 
injury

Compared with the Sham group, extensive edema, inflamma-
tory cell infiltration, and hemorrhage were observed in the alve-
oli and interstitium in the IR, EA, SEA, and EA+luzindole groups 
at 4 hours after reperfusion (*** P<0.001,** P<0.01). Compared 
with the IR group, the degree of edema, inflammatory cell in-
filtration, and hemorrhage in lung tissue of rabbits in the EA 
group were alleviated, and lung injury scores were signifi-
cantly reduced, suggesting that EA pretreatment could allevi-
ate limb ischemia-reperfusion induced lung injury (# P<0.05). 
In addition, the lung injury score in the EA group was signif-
icantly lower than those in the EA+luzindole and SEA groups 
(* P<0.05), suggesting that the degree of alleviation of lung 
injury by EA was not obvious after the administration of mel-
atonin receptor inhibitor (Figure 1).

Further electron microscopic examination showed that the 
mitochondria of lung tissue in the IR, EA, SEA, and EA+luzindole 
groups were significantly swollen, vacuolated, accompanied by 
the breakage, and with disappearance of mitochondrial ridge. 
Compared with the IR group, the swelling degree of mito-
chondria in the EA group was reduced. Compared with the EA 
group, the degree of mitochondrial swelling in the EA+luzindole 
group was still more obvious. By analyzing the number and 
cross-sectional area of mitochondria in different visual fields, 
we found that compared with the Sham group, the number 
of mitochondria in the unit visual field of lung tissue cells sig-
nificant decreased, while cross-sectional area of mitochon-
dria increased dramatically in the IR, SEA, and EA+luzindol 
group (**** P<0.0001,** P<0.01); compared with the IR group, 
the number and cross-sectional area of mitochondria in unit 
visual field of lung tissue cells in the EA group increased sig-
nificantly (all ** P<0.01). The number and cross-sectional area 
of mitochondria in the EA+luzindole and SEA groups decreased 
significantly and increased significantly compared with the EA 
group (*** P<0.001,* P<0.05) (Figure 2).

The changes of W/D in lung tissues

The W/D ratio of lung tissue in IR, EA, SEA, and EA+luzindole 
groups was significantly higher than that in the Sham group 
(**** P<0.0001,* P<0.05). The W/D ratio of lung tissue in the 
EA group was significantly lower than that in the IR group 
(**** P<0.0001). Compared with the EA group, the W/D ratio 
in the EA+luzindole and SEA group was significantly higher 
(*** P<0.001,** P<0.01) (Figure 3).

EA decreased the production of proinflammatory cytokines

The ELISA results showed that the levels of TNF-a, IL-1b, and 
IL-6 in the IR, EA, SEA, and EA+luzindole groups at 4 hours after 
reperfusion were significantly higher than those in the Sham 
group (**** P<0.0001), while TNF-a, IL-1b, and IL-6 levels in 
the EA were significantly lower than those in the IR (** P<0.01, 
* P<0.05), TNF-a, IL-1b, and IL-6 levels in the EA+luzindole 
and SEA groups were significantly higher than those in the 
EA group (**P<0.01, * P<0.05). There was no significant differ-
ence in the contents of TNF-a, IL-1b, and IL-6 among the IR, 
SEA, and EA+luzindole groups (Figure 4A–4C).

EA attenuates the oxidative stress induced by limb 
ischemia-reperfusion

Compared with the Sham group, the MDA content in the IR, EA, 
SEA, and EA+luzindole groups increased significantly, while the 
SOD activity decreased significantly (**** P<0.0001, ** P<0.01, 
* P<0.05); compared with the IR group, the MDA content in 
EA group decreased significantly, while SOD activity increased 
(**P<0.01, * P<0.05); compared with the EA group, the MDA con-
tent in the SEA and EA+luzindole groups increased significantly, 
however, SOD activity decreased significantly (**** P<0.0001, 
* P<0.05) (Figure 4D, 4E).

EA, not the sham EA, enhanced the secretion of melatonin

The results showed that serum melatonin levels in the EA and 
EA+luzindole groups at T0 time point were significantly high-
er than those in Sham group (* P<0.05), but there was no sig-
nificant change in serum melatonin levels at T0 time point 
among the Sham, IR, and SEA groups; serum melatonin levels 
in the IR and SEA groups at T1 and T2 time point were signif-
icantly lower than those in the Sham group (* P<0.05); com-
pared with EA group, serum melatonin levels in the IR and 
SEA groups were significantly lower at different time points 
(# P<0.05). There was no significant difference in serum mel-
atonin between the EA and EA+luzindole groups at the same 
time points (Figure 5).

EA had no effect on the expressions of MR-1 and MR-2 in 
lung tissue

The results showed that there was no significant difference 
in the relative expression levels of MR-1 and MR-2 in lung tis-
sue among the 5 groups at 4 hours of reperfusion (Figure 6).

Discussion

The pathogenesis of lung injury caused by limb ischemia-reper-
fusion is complex. Reperfusion could lead to the production 
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of a large number of oxygen free radicals and reactive oxygen 
species, and oxidative stress injury induced by limb ischemia-
reperfusion is also considered an important mechanism of limb 
ischemia-reperfusion-induced lung injury [1,17]. It has been 
shown that TNF-a and IL-6 play an important role in organ dam-
age pathogenesis induced by local and distant effects of limb 
ischemia-reperfusion [18]. IL-6 levels were shown to increase 
in correlation with TNF-a in studies dealing with lower extrem-
ity ischemia-reperfusion models [18]. It has been suggested 

that ischemia-reperfusion related inflammatory response can 
be seen with serum TNF-a and IL-6 levels and that there is a 
positive correlation between this increase and distant organ 
injuries [19]. As an important pro-inflammatory cytokine, IL-1b 
can promote the release of a variety of inflammatory factors 
and chemotactic inflammatory cells into the alveolar cavity, 
damage the alveolar capillary barrier, reduce the function of 
fluid transport, and cause pulmonary edema [20,21]. Serum 
IL-1b begins to rise in the early stage of acute lung injury and 
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Figure 1.  Comparison of lung injury scores in different groups. All data were expressed as mean (min, max) (n=10), compared with 
the Sham group, *** P<0.001; compared with the IR group, # P<0.05; compared with the EA group,* P<0.05. IR – model group; 
EA – electroacupuncture.
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is closely related to the prognosis of patients [20]. So, in this 
study, we detected the levels of TNF-a, IL-6, and IL-1b to eval-
uate the lung injury induced by the limb ischemia-reperfusion.

EA stimulation can protect organs by reducing the production 
of oxygen free radicals and reducing anti-oxidative stress [22]. 
ST36 belongs to the Foot Yangming Stomach Meridian, and BL13 
belongs to the Foot Taiyang Bladder Meridian. Studies have 
shown that EA at ST36 and BL13 could alleviate LPS-induced 

lung injury, and its mechanism may be related to its anti-oxi-
dative stress and anti-inflammatory effects [4,14]. It has been 
shown that EA could prevent organ dysfunction induced by 
limb ischemia-reperfusion. Chen et al. [23] suggested that EA 
pretreatment could prevent cognitive impairment induced 
by limb ischemia-reperfusion via inhibition of microglial acti-
vation and attenuation of oxidative stress in rats. Our latest 
study showed that EA could attenuate limb ischemia-reper-
fusion induced lung injury by inhibition of pro-inflammatory 
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Figure 2.  The results of transmission electron microscopy of lung tissue in different groups. (A) Transmission electron microscopy 
of lung tissue in different groups. (B, C) Quantitative analysis of changes in mitochondrial number and cross-sectional 
area. All data are mean±SEM (n=10), compared with the Sham group, **** P<0.0001,** P<0.01; compared with the IR 
group, ** P<0.01; compared with the EA group,*** P<0.001, * P<0.05. SEM – standard error of the mean; IR – model group; 
EA – electroacupuncture.
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Figure 4.  Changes of inflammatory factors and oxidative stress in different groups. (A–C) TNF-a, IL-1b, and IL-6 levels in different 
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Figure 6.  (A–C) The relative expression levels of MR-1 and MR-2 in lung tissue among the 5 groups. All data are mean±SEM (n=3). 
MR-1 – melatonin receptor 1; MR-2 – melatonin receptor 2; SEM – standard error of the mean.

cytokine response and oxidative stress through activating the 
p38 MAPK-mediated Nrf2/HO-1 pathway [6].

Besides regulating body rhythm, melatonin plays an impor-
tant role in regulating inflammation. Pre-intraperitoneal ad-
ministration of melatonin can inhibit oxidative damage in CLP 
rats and reduce myocardial damage in sepsis rats [24]. In ad-
dition, melatonin could reduce LPS-induced inflammatory re-
sponse, and effectively antagonize lung tissue damage caused 
by lipid peroxidation in septic rats, and its effect was posi-
tively correlated with its dose [8]. Melatonin was also found 
to reduce the degree of renal injury in rats with renal isch-
emia-reperfusion injury, reduce the level of serum urea nitro-
gen and creatinine, MDA content, and increase the activity of 
mitochondria and SOD in kidney, and the effect was still pos-
itively correlated with the dose [25]. It has been reported that 
EA can regulate the circadian rhythm of sleep-wake and mel-
atonin in rats with insomnia [26]. It has also been reported 
that chronic stress could decrease melatonin content, while 
EA could enhance the content of melatonin in a chronic stress 
depression rat model, which might be one of the effect mech-
anisms of EA on anti-depression [27]. However, we have lit-
tle knowledge about the changes of serum melatonin levels 
and the effects of EA. In this study, we evaluated the effects 
of EA on serum melatonin levels. If melatonin was involved in 
the protection effects of EA against limb ischemia-reperfusion 

induced lung injury, then EA pretreatment could significantly 
increase the basic level of melatonin in rabbits, alleviate oxida-
tive stress and inflammation caused by limbs ischemia-reper-
fusion, and then improve the degree of lung injury. However, 
we found that administration of melatonin receptor antago-
nist could antagonize the protection effect of EA, indicating 
that melatonin mainly plays a protective role through melato-
nin receptors, but it does not affect the secretion of melato-
nin. Interestingly, sham EA pretreatment had no effect on the 
level of serum melatonin, suggesting that only stimulation on 
the real acupoints not the sham acupoints could enhance the 
secretion of melatonin.

Conclusions

Thus, we concluded that EA pretreatment at ST36 and BL13 
could promote the release of melatonin in a rabbit model and 
reduce the degree of lung injury and inflammation after limb 
ischemia-reperfusion, while EA had no effect on the expres-
sion of melatonin receptor in lung tissues.
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