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ABSTRACT—Acute lung injury is a common complication after cardiopulmonary bypass (CPB). a7 Nicotinic acetylcholine

receptors (a7nAChR) and a7nAChR-dependent cholinergic signaling are implicated in suppressing the release of high-

mobility group box 1 (HMGB1) and reducing the inflammatory response. A previous study has shown the electroacupuncture

(EA) pretreatment induces tolerance against lung injury. However, the role of EA in CPB is poorly understood. This study

used EA and a rat model of CPB to determine whether EA was associated with CPB-induced lung injury. Rats were treated

with EA at ‘‘Zusanli (ST36)’’ and ‘‘Feishu (BL13)’’ acupoints for 5 days before being subjected to CPB. Two hours post-CPB,

samples of blood, bronchoalveolar lavage fluid (BALF), and lung tissues were processed for investigations. Our results

showed that the expression of a7nAChR in lung tissue was significantly decreased after CPB. EA pretreatment prevented

the reduction in the expression of a7nAChR, EA pretreatment reduced lung edema, inhibited inflammatory cytokines release

in serum and lung as well as protein concentrations in BALF and HMGB1 release after CPB, and the beneficial effects were

attenuated by a-BGT. Our study demonstrates that EA pretreatment plays a protective role in CPB-induced ALI, and inhibits

HMGB1 release through a7nAChR activation in rats.

KEYWORDS—Alpha7nAChR, CPB, EA, high-mobility group box 1

ABBREVIATIONS—a7nAChR-a7—nicotinic acetylcholine receptor; ALI—acute lung injury; BALF—bronchoalveolar lavage

fluid; CPB—cardiopulmonary bypass; EA—electroacupuncture; HMGB1—high-mobility group box 1
INTRODUCTION

Cardiopulmonary bypass (CPB) is a frequently used tech-

nique during heart surgery. However, acute lung injury (ALI) is

one of the most severe complications that occurs during and

after CPB (1). Approximately 2% to 3% of patients who

undergo cardiac surgery suffer the ALI under CPB, resulting

in the mortality rates from 15% to 50% (2). However, the exact

mechanism of CPB-induced ALI remains uncertain. Therefore,

it is of crucial importance to ameliorate ALI after CPB.

The inflammatory response associated with CPB has been

considered to contribute to lung injury and postoperative
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pulmonary dysfunction (3, 4). We and previous studies found

that HMGB1, as a key factor, has important functions in

mediating the pathology of acute damage and subsequent

inflammatory processes in ALI (5, 6). Other investigators have

also reported that lung damage could be attenuated by neutral-

izing HMGB1 with a special antibody in rats (7), which

suggests HMGB1 as a therapeutic target for ALI.

The cholinergic anti-inflammatory pathway refers to a phys-

iological mechanism by which the nervous system interacts

with the innate immune system to control systemic inflamma-

tory responses (8). Previous study has shown that a7nAChR-

dependent cholinergic signaling is implicated in suppressing

the release of high-mobility group box 1 (HMGB1), reducing

the inflammatory response (9). Our previous work also dem-

onstrated that a7nAChR agonist PNU-282987 attenuated ALI

in a CPB model in rats.

Electroacupuncture (EA), as a combination of traditional Chi-

nese medicine and modern technique, has attracted increasing

attention. EA has been proven to inhibit systemic inflammatory

response in rats with lethal endotoxemia (10). Other researchers

have also found that EA protects the brain against transient

cerebral ischemic injury, and inhibits HMGB1 release through

a7nAChR activation in rats (11). However, it remains unknown

whether EA exert the protective effects on the lung after CPB.

Thus, we hypothesized that EA may attenuate ALI after CPB

by regulating the expression of a7nAChR, activating the

cholinergic anti-inflammatory pathway, which led to the inhi-

bition of HMGB1.

mailto:xiangruiwang2016@163.com
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MATERIALS AND METHODS

This study was approved by the Animal Care and Use Committee of
Shanghai Jiao Tong University, School of Medicine. All the animal procedures
in this study were conducted in accordance with the United States’ National
Institutes of Health (NIH) animal care guidelines (Guide for the Care and Use of
Laboratory Animals, Department of Health and Human Services, NIH Publi-
cation No. 86-23, revised 1985).

Animals and experimental grouping

Male Sprague–Dawley rats, weighing between 400 and 450 g, were pro-
vided by the Sino-British SIPPR/BK Lab (Shanghai, China). All the rats were
housed under controlled conditions with 12-h light/dark cycle, temperature of
22� 28C, and 60% to 70% humidity, for 1 week before the experiment. The rats
were allowed free access to standard rodent diet and water.

Thirty rats were randomly divided into five groups: sham group, CPB group,
EAþCPB group, a-BGTþEAþCPB group, and a-BGTþCPB group. The rats
in the sham group underwent identical surgery without CPB. Rats in the CPB
group received the treatment described below. Rats in the EAþCPB group
received EA pretreatment once a day for 5 days and were subjected to CPB at
24 h after the last treatment. Rats in the a-BGTþCPB group received caudal
vein injection of a-BGT (1 mg/kg) once a day for 5 days and were subjected to
CPB at 24 h after the last injection. Rats in thea-BGTþEAþCPB group
received a-BGT (1 mg/kg) at 30 min before EA pretreatment, once a day for
5 days, and were subjected to CPB at 24 h after the end of the last
EA pretreatment.

a-Bungarotoxin (a-BGT), as a specific a7nAChR antagonist was purchased
from Tocris Company (Bristol, UK) and prepared in 150 mM sodium chloride
(NaCl) before use. The dosage was proven to be effective in the previous
study (12).

All tissue samples and blood were collected at 2 h after the termination
of CPB.

Surgical procedure

The surgical procedures were performed as described in our previous study
(6). Briefly, SD rats were anesthetized with 5% isoflurane and given tracheal
intubation. Rats were maintained with isoflurane at 1.5% to 2.0%.

For initiation of the extracorporeal circulation, a 22-G catheter (BD Insyte-
W) was cannulated in the tail artery and a 5F special catheter (Cordis) was
cannulated in the right jugular vein. Continuous blood pressure and arterial
blood gases were achieved by cannulation of the left femoral artery. Blood flow
was directed from the jugular vein through silicon tubes to the CPB device and
back to the corporal circulation via the tail artery. The CPB circuit consists of a
venous reservoir (a 5-mL cylinder syringe), a roller pump, and a membrane
oxygenator. The circuit was primed with 8 mL of Voluven (hydroxyethyl starch
130/0.4 and sodium chloride injection) and heparin (200 IU/kg). The venous
reservoir was placed 35 cm below the heart level and the blood flow was
adjusted to 100 mL/kg/min and maintained for 60 min.

Electroacupuncture pretreatment

EA pretreatment was performed as previously described (13) at Zusanli
(ST36) acupoint, which is located between the tibia and fibula, laterally to the
distal end of the cranial tuberosity of the tibia, approximately 5 mm lateral to the
anterior tubercle of the tibia and the Feishu (BL13) acupoint, located between
T3 and T4 of the spine approximately 1.5 cm lateral to the midline. All rats
received EA pretreatment were anaesthetized with intraperitoneal (ip) 3%
Pentobarbital Sodium (0.1 mL/100 g bodyweight). After the animals were
anesthetized, the bilateral acupoints of Zusanli (ST36) and Feishu (BL13)
were stimulated at a frequency of 2/15 Hz for 30 min by an electronic acupunc-
ture treatment instrument (Model No. SDZ-IIB; Suzhou Medical Appliances
Co., Ltd., Suzhou, China) and the intensity was adjusted to induce moderate
muscle contraction of the hindlimb. The core temperature of the rats was
maintained at 37.0� 0.58C during EA pretreatment.

Lung histology

Changes in the lung tissue were examined morphologically as described
previously (6). The right upper lungs of the mice were excised and fixed with
4% paraformaldehyde for 48 h. All tissue samples were embedded in paraffin
before cutting into 5 mm sections and then stained with hematoxylin and eosin
for microscopic examination. Evaluations were performed by a pathologist
blind to experimental groups using an OlympusCH30 microscope.

The severity of lung injury was scored based on the scoring system of the
Official American Thoracic Society Workshop Report (14). Details are as
follows: (A) neutrophils in the alveolar space, (B) neutrophils in the
interstitial space, (C) hyaline membranes, (D) proteinaceous debris filling
the airspaces, and (E) alveolar septal thickening. The total score was
calculated as follows: score ¼ [(20�A) þ (14�B) þ(7�C) þ (7�D) þ
(2�E)]/ (number of fields� 100).

Measurement of lung W/D ratio, BALF protein contents

The inferior lobe of the right lung was excised and weighed immediately to
obtain the wet weight. Then, the tissue was dried in an oven at 608C for 1 week
before weighing to obtain the dry weight. The W/D ratio was calculated by wet
weight/dry weight as previously described (12).

To evaluate pulmonary protein infiltration, the protein concentration in
BALF was quantified with a BCA Protein Assay Kit (Thermo Scientific).

Immunohistochemistry for a7nAChR

To investigate the differences of a7nAChR in the lung, immunohistochemi-
cal staining for a7nAChR was performed using a special rabbit polyclonal
antibody. After dewaxing and rehydration, sections were immersed and boiled
in TRIS-EDTA buffer for antigen retrieval with a microwave oven, having first
blocked endogenous peroxidase by 3% hydrogen peroxide treatment. The tissue
sections were then incubated with a 1:500 dilution of the primary antibody
a7nAChR overnight at 48C. Samples were washed with phosphate-buffered
saline (PBS) buffer and incubated with a secondary anti-rabbit antibody and
processed with an avidin-biotin-immunoperoxidase technique. Finally, the
sections were counterstained with Mayer’s hematoxylin.

ELISA assay for HMGB1, IL-1b, and TNF-a

The left lobe of the lung was homogenized and centrifuged at 12,000� g at 48C
for 15 min, and the supernatant was collected and transferred into fresh tubes. The
protein content was measured with a BCA Protein Assay Kit (Thermo Scientific).
The levels of TNF-a and IL-1b were measured using ELISA kits (R&D system),
and HMGB1was measured with a commercial ELISA Kit (Shino-Test,
Kanagawa, Japan) after the manufacturer’s instructions.

Western blot

Western blot analysis was performed as previously described (6). Thirty
microgram of total protein per sample was loaded and the proteins were
separated on a 10% sodium dodecyl sulfate polyacrylamide gel and then
transferred to 0.22 mm polyvinylidene fluoride membranes. Membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20
(TBST) for 2 h at room temperature and then incubated with alpha7nAChR
rabbit antibody (1:1,000; Abcam) and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) rabbit antibody (1:5,000; CST) overnight at 48C. Membranes
were washed and then incubated by goat anti-rabbit HRP conjugate secondary
antibody (1:5,000; Beyotime) for 1 h at room temperature. The membranes
were again washed with TBST and detected by enzymatic chemiluminescence
plus Western blot detection system. The quantity analysis of protein was
performed by Image Lab (Bio-rad). Protein levels of a7nAChR in lung tissue
were normalized against GAPDH levels and expressed as relative fold changes
compared with the sham group.

Quantitative real-time polymerase chain reaction

Total RNA was isolated from the lung tissue by using a TRizol reagent
(Sigma-Aldrich). cDNA was synthesized using a PrimeScript RT Reagent
kit for RT-PCR (TAKARA BIO INC, Japan). qPCR analysis of a7nAChR
and GAPDH was performed in the Real-time Detection System Roche
LightCycler480 II, Switzerland by ChamQSYBR qPCR Master Mix
(Vazyme, Nanjing, China) detection. Equal amounts of RNA (500 ng) were
used to prepare cDNA. The primers used were as follows: a7nAChR, sense
GGCAAAATGCCTAAGTGGAC, antisense CTTCATGCGCAGAAACCAT;
GAPDH, sense AACTTTGGCATTGTGGAAGG, antisense CACATTG
GGGGTAGGAACAC. The fold change of the target gene cDNA relative
to GAPDH was determined as follows: fold change¼ 2�44Ct, where
44Ct¼ (Ct Target-Ct GADPH) test� (Ct Target-Ct GADPH) control. GAPDH
served as an internal standard control for variations in RT-PCR efficiency.
TUNEL staining of the lung

Apoptosis in the lung tissue was assessed in situ by TUNEL staining as
described in our previous study (15). In brief, all the sections were immersed
twice in anhydrous ethanol for dehydration, dried, and mounted with neutral
gum. Positively stained brown cells as well as other cells in a similar scope were



FIG. 1. Expression of a7nAChR protein in the lung tissues of the
sham, CPB, EAþCPB, and EAþsham groups. (A) Western blot showing the
56-KD band indicating a7nAChR protein is much lighter in the CPB group than
in the sham, EAþCPB, and EAþsham groups. (B) Density of a7nAChR
protein relative to that of GAPDH. Density of a7nAChR protein is significantly
lower in the CPB group than in the sham, EAþCPB, and EAþ sham groups.
Data are means�SD (n¼6 per group). *P<0.01 vs. sham group, #P<0.01
vs. CPB group.
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counted under a light microscope (OlympusCH30), and the percentage of
apoptotic cells (positively stained brown cells) was calculated.

Data analysis and statistics

Data were expressed as mean�SD. Analysis was performed using SPSS
19.0 software (IBM, Chicago, Ill). One-way analysis of variance was conducted
for multiple comparisons. P < 0.05 was considered statistically significant.
RESULTS

EA pretreatment enhanced a7nAChR in the lung issue
after CPB

To investigate the expression of a7nAChR in lung tissue,

western blot analysis was used to detect a7nAChR protein

expression in the lung tissue at 2 h after operation, respectively

(n¼ 6). Compared with the sham group, the expression of

a7nAChR in lung tissue was significantly decreased in the

CPB group (P< 0.01). However, there was no significant

difference in a7nAChR expression of lung tissue among the

sham, EAþCPB and EAþsham groups, which indicated that

EA pretreatment may prevent the downregulation of a7nAChR

expression (Fig. 1).

To exclude the systematic effects of a-BGT, we also inves-

tigated the direct effect of a-BGT on sham rats without CPB.
These results were showed in supplementary data, http://links.

lww.com/SHK/A667. However, there was no significant dif-

ference in a7nAChR protein level expression of lung tissue

compared with sham group. These results demonstrated a-BGT

did not affect the expression of a7nAChR in sham rats.

Levels of a7nAChR in lung tissue were also assessed by

immunohistochemistry. In the sham groups, a7nAChR staining

in the lung was abundant, whereas the expression of a7nAChR

was significantly decreased in the CPB group. And EA pre-

treatment prevented the downregulation of a7nAChR expres-

sion in lung tissue (Fig. 2).

We also examined the mRNA levels of a7nAChR in lung

tissue, which showed similar results with the protein expression

(Fig. 1B). These results suggested that EA pretreatment pre-

vented the downregulation of mRNA levels of a7nAChR in

lung tissue after CPB.

EA pretreatment suppressed the apoptosis in the lung
tissue after CPB

As shown in Figure 3, little positive TUNEL staining

(brown) was detected in lung sections of sham animals,

whereas large numbers of TUNEL-positive cells were seen

in the rats of the CPB group, a-BGTþEAþCPB and a-

BGTþCPB groups. In contrast, only a small amount of TUNEL

staining was observed in the EA þCPB group. Quantitative

analysis showed that the EA pretreatment significantly reduced

the number of TUNEL-positive cells, compared with the CPB,

a-BGTþEAþCPB and a-BGTþCPB groups. There was no

difference between the CPB, a-BGTþEAþCPB, and a-

BGTþCPB groups. These results suggested that EA pretreat-

ment suppressed the apoptosis in the lung after CPB and a-BGT

reversed the protective effect of EA pretreatment.

EA pretreatment reduced the morphological
inflammatory response of the lung tissue, protein
infiltration, and lung water

In the sham group, H&E staining showed intact and very thin

alveolar walls (Fig. 4). In the CPB group, acute inflammatory

response such as the alveolar wall not being intact and an

increase of inflammatory cells was observed in the lung tissue

(Fig. 4). However, relatively intact and thin alveolar walls of the

lung were observed in the EAþCPB group. The otherthree

groups demonstrated similar performance as the CPB group.

The lung injury scores also showed that the EA pretreatment

significantly decreased the injury after CPB (Fig. 4). The

results demonstrated that pretreatment with EA attenuates

the severity of the lung injuries after CPB and the protective

effects of EA are obviously abated by a-BGT.

The lung W/D ratio and the protein concentration in the

BALF were measured to analyze lung edema and vascular

permeability. As shown in Figure 4, the lung W/D ratio in the

CPB group significantly increased compared with that in the

sham group, whereas this increase was significantly suppressed

in the EAþCPB group. However, the pretreatment with a-BGT

increased the W/D ratio of the lung tissues.

In the CPB group, the BALF protein concentration was

significantly enhanced compared with the sham group. By

contrast, the EA pretreatment obviously reduced the total

http://links.lww.com/SHK/A667
http://links.lww.com/SHK/A667


FIG. 2. Immunohistochemical staining for a7nAChRin lung tissue. a7nAChR stain was observed in the membranes of the (A) sham group, and
a7nAChR was much less abundant in the (B) CPB group. EA pretreatment prevented the downregulation of a7nAChR expression of a7nAChR in lung tissue.
Magnification 200�.
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BALF protein concentration in the EAþ CPB group. The

treatment with a-BGT increased the total protein concentration

in the BALF. No significant difference was shown in the lung

W/D ratios and protein concentrations in the BALFs of the a-

BGT þ CPB and CPB groups. These results suggested that EA

pretreatment could effectively inhibit CPB-induced lung edema

and reduce lung vascular permeability. In addition, the effects

of EA pretreatment could be reversed by the a7nAChR antag-

onist a-BGT.

EA pretreatment decreased inflammation cytokines

In this study, the levels of cytokines TNF-a and IL-1b were

examined to further investigate the anti-inflammatory effects of

EA pretreatment. As shown in Figure 5, the concentrations of

TNF-a and IL-1b significantly increased in the CPB group,

when compared with the sham group; however, the pretreat-

ment of EA efficiently suppressed the production of TNF-a and

IL-1b. The pretreatment with a-BGT markedly enhanced the

levels of TNF-a and IL-1b. No statistically significant differ-

ence was observed in the TNF-a or IL-1b concentrations in the

lung tissue homogenates of the a-BGT þ CPB and CPB

groups. The results demonstrated that pretreatment with EA

attenuates the TNF-a and IL-1b release in lung tissues and that

a-BGT reversed the protective effect.

EA pretreatment decreased HMGB1 release

As a key factor to trigger inflammatory response, the levels of

HMGB1 were examined by ELISA kit in this study. As shown in

Figure 6, the concentrations of HMGB1 significantly increased in
the CPB group, when compared with the sham group; however, the

pretreatment of EA efficiently suppressed the production of

HMGB1. The pretreatment with a-BGT obviously enhanced

the levels of HMGB1. No statistically significant difference

was observed in the HMGB1 concentrations in the lung tissue

homogenates of the a-BGTþ CPB and CPB groups. The results

suggest that pretreatment with EA attenuates the HMGB1 release

in lung tissues and that a-BGT reversed the protective effect.
DISCUSSION

ALI is one of the most common postoperative pulmonary

complications after CPB. Studies of the mechanism of CPB-

induced ALI are of crucial importance. The aim of this study

was to evaluate the role of EA pretreatment in the process of

CPB-induced ALI. In this study, we found that EA pretreatment

reduced the morphological inflammatory response of the lung

tissue, protein infiltration, and lung water. And the effects of

EA pretreatment could be reversed by the a7nAChR antagonist

a-BGT, indicating that EA pretreatment might reduce CPB-

induced ALI via a7nAChR-dependent cholinergic signaling

pathway. In support of this finding, we found that EA pretreat-

ment enhanced a7nAChR in the lung issue after CPB. Mecha-

nistically, we found that the effects of a7nAChR on EA

pretreatment were achieved by modulating HMGB1 and down-

stream TNF-a and IL-1b in the process of CPB-induced ALI.

To our knowledge, this is the first study to show that EA

pretreatment attenuates CPB-induced ALI via the a7nAChR-

HMGB1 signaling pathway.



FIG. 3. Little positive TUNEL staining (brown) was detected in lung sections of sham animals, whereas large numbers of TUNEL-positive cells
were seen in the lung in the CPB, a-BGTþEA, and a-BGTþCPB groups. In contrast, only a small amount of TUNEL staining was observed in the EAþCPB and
EAþsham groups. Quantitative analysis showed that the EA pretreatment significantly reduced the number of TUNEL-positive cells, compared with the CPB, a-
BGTþEA, and a-BGTþCPB groups. There was no difference between the CPB, a-BGTþEA, and a-BGTþCPB groups, suggesting that EA pretreatment
alleviates lung apoptosis.
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To investigate whether EA pretreatment can attenuate CPB-

induced ALI, we used a classical rat CPB model (3) and EA

pretreatment was performed as previously described (13). In

the present study, acupoints of ST36 and BL13 were selected.

However, other acupoints were also used to treat ALI in rats

with acute pancreatitis (16). Therefore, further studies are

needed to explore whether other acupoints may exert the

protective effects on the lung. The lung histological analysis

showed similar results with our previous study (15). Lung tissue

after CPB displayed a feature of lung injury, including alveolar

septal thickening, interstitial edema, and vascular congestion,

as well as a mild neutrophil infiltration. EA pretreatment

significantly altered the pathologic changes. In addition, the

protein concentration in BALF was considered positively

related to pulmonary capillary permeability (17). As shown

in the study, the level of protein concentration in BALF was

significantly increased after CPB. However, with the pretreat-

ment of EA, it decreased significantly compared with the CPB

group. The W/D ratio of lung tissue was measured to analyze

the water content of the lung. The W/D ratio of the sham group
was low and significantly enhanced after CPB. However, EA

pretreatment suppressed the increase in the W/D ratio. As

stated above, our findings strongly suggested that EA pretreat-

ment significantly decreased the lung injury after CPB. ALI is a

kind of disease with high mortality (2). Therefore, further

studies are needed to investigate the changes in survival rate

affected by EA pretreatment in future.

It has been well documented that a7nAChR plays an impor-

tant role in the cholinergic anti-inflammatory pathway, and

activation of a7nAChR can inhibit the production of proin-

flammatory cytokines (18–20). The protective effects of

a7AChR in the pathophysiology of organ ischemia–reperfu-

sion such as brain or kidney have been reported by several

studies (11, 21), which provides novel opportunities for the

treatment of CPB-induced ALI. In our previous study, we also

found that a7nAChR expression in the lung tissue after CPB

reduced significantly. In addition, PNU-282987, a selective

a7nAChR agonist, significantly ameliorated lung inflamma-

tion and ALI after CPB, which suggests that the activation of

a7nAChR might attenuate CPB-induced ALI (6). However, the



FIG. 4. Effect of EA (A) micrographs of lung H&E staining. The lung structures of the sham and EAþCPB groups were similar. Lung inflammatory
response is very obvious in the CPB group as well as in a-BGTþEAþCPB group and the a-BGTþCPB group. Lung injury scores showed similar results.
Magnification 200� . (B) Protein concentrations in BALF quantified by BCA protein assay. The sham and EAþCPB groups are similar and low. The concentration
is significantly higher in the CPB group as well as in the a-BGTþEAþCPB and a-BGTþCPB group. (C) W/D ratios of lung tissue. The W/D ratios of the sham and
EAþCPB groups are similarly very low. The W/D ratio in the CPB group is significantly higher than that of the sham and EAþCPB groups, whereas it is similar in
the a-BGTþEAþCPB and a-BGTþCPB groups. Data are means�SD (n¼6 per group). *P<0.01 vs. sham group; #P<0.01 vs. CPB group; &P<0.01 vs.
EAþCPB group.
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role of EA pretreatment on a7AChR expression in the lung

after CPB remains unclear. Consistent with previous studies

(6), we found that the a7AChR protein expression decreased

after 2 h in the CPB groups compared with that of the sham

group in the present study. Interestingly, in this study we found

that EA pretreatment reversed this reduction in a7AChR

expression. Moreover, the beneficial effects of EA pretreatment

on lung injury and lung inflammatory response were attenuated

when a7nAChR was blocked by a-BGT. These results are

consistent with the possibility that a7AChR downregulation

plays a role in producing pulmonary injury in CPB, and that EA

may have a protective effect on the lung. Our data suggest a new

mechanism for the EA pretreatment in CPB-induced ALI—the

targeting of a7nAChR. In our study, although we found that the

a7AChR protein expression decreased after CPB, the mecha-

nism of downregulation of alpha7nAChR in lung after CPB
remains unclear. Dysfunction of a7 nAChRs may have a variety

of causes. Dominant negative Dominant kinase A (PKA)

abolished 8-Br-cAMP’s effect of diminishing a7 nicotinic

currents, whereas a constitutively active PKA catalytic subunit

decreased a7 currents (22). More interesting, other investigator

found EA pretreatment can produce an antiarrhythmic effect in

SGIR (simulative global ischemia and reperfusion) rats and

PKA is involved in the mediation of the antiarrhythmic effect of

EA pretreatment (23). Therefore, we cannot rule out the

possibility that PKA is involved in the downregulation of

a7nAChR in the lung after CPB and EA pretreatment. Further

studies are needed to investigate the possible mechanism.

Apoptosis is known to contribute to cell death and plays an

important role in disease state (24), whereas inhibition of

apoptosis can reduce organ injury (25). In our study, we found

that only a small amount of TUNEL staining was observed in



FIG. 5. Inflammatory cytokines in serum, lung tissues, and BALF. Protein concentrations of IL-1b (A–C) and TNF-a (D–F) were significantly higher in the
CPB group compared with the sham group, but significantly lower in the EAþCPB group compared with the CPB group, whereas the a7nAChR antagonist a-BGT
attenuated the reduction. Data are means�SD (n¼6 per group). *P<0.01 vs. sham group, #P<0.01 vs. CPB group; &P<0.01 vs. EAþCPB group.
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the EAþCPB group, which suggested that EA suppresses the

apoptosis of the lung after CPB. However, further studies are

needed to investigate the exact mechanism of apoptosis.

Originally, HMGB1 was identified as a nuclear DNA-

binding protein, and recognized as a cytokine-like mediator

of systemic inflammation recently (9). In the pathophysiology

of pulmonary injury, HMGB1 could be released from macro-

phages and acts as a mediator linking ALI and subsequent

inflammatory processes (26–29). Our finding of increased

HMGB1 levels in the serum and BALF suggest that exacer-

bated HMGB1 release may be triggered by CPB and play a

role in enhancing the inflammatory response. Consistent with

this result, a previous study showed that the serum levels of

HMGB1 were significantly elevated in patients undergoing

CPB (30), suggesting the potential role of HMGB1 as a

therapeutic target for controlling inflammation during CPB.
Other investigators have also reported that lung damage could

be attenuated by neutralizing of HMGB1 with a special

antibody in rats (7), which may further support the views

of HMGB1 as a therapeutic target. In our study, we found that

EA pretreatment counteracted the increase of HMGB1 levels

in serum and BALF after CPB, which indicate that EA

pretreatment might attenuate CPB-induced ALI by targeting

the release of HMGB1. As we stated above, a7nAChR played

an important role in the process of EA pretreatment attenuat-

ing CPB-induced ALI. We also found that the effects of EA

pretreatment on HMGB1 release were attenuated by

a7nAChR blockade. Given that a7nAChR can regulate the

release of HMGB1 (31), EA pretreatment may suppress the

release of HMGB1 after CPB via the activation of a7nAChR.

However, a genetic approach would be a better alternative

strategy to strengthen our study, and performing CPB



FIG. 6. HMGB1 concentrations in serum and BALF. In both serum (A)
and BALF (B), HMGB1 concentrations were significantly higher in the CPB
group compared with the sham groups. In the EAþCPB group, HMGB1
concentrations were significantly reduced compared with the CPB group,
whereas the a7nAChR antagonist a-BGT attenuated the reduction. Data are
means�SD (n¼6 per group). *P<0.01 vs. sham group, #P<0.01 vs. CPB
group; &P<0.01 vs. EAþCPB group.
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operation on a7nAChR KO mice would provide direct evi-

dence of the role of a7nAChR and the mechanism of EA,

which is a limitation of the study.

We further investigated whether HMGB1 release leads to

expression of its downstream TNF-a and IL-1b, which are

considered to be important in regulating inflammatory response

(32). The inflammatory response associated with CPB has been

hypothesized to contribute to lung injury and postoperative

pulmonary dysfunction (33). In this study, we found that the

levels of TNF-a and IL-1b both in the lung tissues and serum as

well as in the BALF significantly increased after CPB. EA

pretreatment inhibited the release of TNF-a and IL-1b. In

addition, a-BGT reversed the protective effect of EA against

CPB-induced ALI.
CONCLUSIONS

To conclude, our results suggest that EA pretreatment

might play a protective role in CPB-induced ALI, and

inhibits HMGB1 release through a7nAChR activation in

rats. Furthermore, the results also provide support for the

possibility of a7nAChR-mediated anti-inflammatory inter-

ventions after CPB.
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