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Abstract
Background: Tourniquet-induced extremity ischemia-reperfusion injury is one of the major complications
in patients with lower extremity surgery, while lung is the most vulnerable organ to insult subsequent to
ischemia-reperfusion. Current scienti�c research data has shown that electric stimulation at special
acupoints could suppress in�ammasome activation and subsequently exert protective effects in the
lungs. Thus, the effect of transcutaneous electrical acupuncture point stimulation (TEAS) on lung injury
induced by limb ischemia/reperfusion remains to be elucidated.

Methods: One hundred individuals scheduled for unilateral lower extremity surgery were randomly divided
into 2 groups (n=50 each): transcutaneous electrical acupoint stimulation group (group T) and control
group (group C). Patients in group T were given TEAS at FeiShu (BL13, bilateral) acupoints and ZuSanLi
(ST36, non-surgical side) acupoint, while patients in group C received sham stimulation (no current) at
the same acupoints for the same time as the TEAS group. Arterial blood samples were collected to
assess blood gas analysis and other indicators.

Results: The TEAS group showed signi�cant improvements in blood gas analysis. Compared with group
C, PaO2 and oxygenation index (OI) in group T were signi�cantly increased at T4(4h after removing the
tourniquet), while A-aDO2 and respiratory index (RI) were decreased at T4. There was an increase in the
HO-1 levels in group T at T3(2h after removing the tourniquet) and T4 compared with group C. Compared
with group T, SOD levels were significantly lower at T4 in group C. At T4, the levels of ICAM-1, IL-6 and IL8
were signi�cantly lower in group T when compared to group C. At T3 and T4, IL-10 levels were higher
when compared to group C, while TNF-a levels were signi�cantly lower.

Conclusions: Transcutaneous electrical acupoint stimulation attenuates lung injury following tourniquet-
induced extremity ischemia-reperfusion in patients, and HO-1 is endowed of potential mechanism of
cytoprotective effects against tourniquet-induced lung injury.

Trial registration: Chinese Clinical Trial Registry, ChiCTR-IOR-16008264. Registered 11 April 2016,
http://www.chictr.org.cn/ ChiCTR-IOR-16008264

Introduction
Tourniquet placement is routinely used in orthopedic surgery to provide bloodless �eld and reduce
intraoperative blood loss, which is an essential procedure in the process of lower extremity surgical
operation including total knee arthroplasty (TKA) and fracture reduction[1–3]. However, tourniquet
application leads to several complications associated with ischemia and reperfusion (I/R) injury to both
local tissue and vital remote organs, even death[4, 5]. The severity of the injury depends on the affected
organs and ischemia duration of the tissue concerned[4]. Previous studies reported that I/R injury caused
disturbance of cellular homeostasis in lung, and pulmonary microvascular permeability was increased
following limb ischemia[6]. Reperfusion of the acute ischemic tissue triggers a potent production of
reactive oxygen species (ROS) and cytokines, which promotes a proin�ammatory state and subsequently
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increases lung vulnerability to further injury[1, 4, 7, 8]. Although several treatment strategies have been
proposed to attenuate the remote organ injury following tourniquet use, most of them were limited to
animal experiments and no ideal treatment was proved to improve prognosis[9, 10]. Therefore, to
reinforce the anti-in�ammatory response and endogenous protective effect would be a new strategy for
improving the prognosis.

Acupuncture, a traditional Chinese medical technique, has been used in the treatment of various disorders
for thousands of years. In recent decades, transcutaneous electrical acupoint stimulation (TEAS) has
been often used as a complementary therapy in clinical practice with advantages of safety and being
noninvasive[11]. Current scienti�c research data has shown that TEAS is effective for improving quality
of postoperative recovery[12–14]. Evidence has revealed that electric stimulation at special acupoints
could suppress the in�ammasome activation and subsequently exert protective effects in the lungs[15,
16]. Our previous study also con�rmed that electroacupuncture could attenuate the lung injury during
endotoxic shock or I/R injury, in which the up-regulated expression of HO-1 plays a crucial role[17, 18]. But
few researchers focus on I/R induced lung injury in patients undergoing lower extremity surgery and the
underlying mechanism remains unclear.

Therefore, we designed a prospective double-blind randomized controlled study to test the hypothesis
that the TEAS application at classical Chinese acupoints FeiShu (BL13) and ZuSanLi (ST36) can
attenuate lung injury following tourniquet-induced extremity ischemia-reperfusion in patients undergoing
lower extremity surgery.

Materials And Methods

Trial Design
This study was conducted as a single-center, prospective, double-blind, placebo controlled randomized
study with a two-arm parallel group design to validate the protective effects of TEAS against tourniquet-
induced lung injury in patients with lower extremity surgery. Immediately before induction of
anesthesia(T0), immediately before removing the tourniquet (T1), and 30 min (T2), 2 h (T3) and 4 h (T4)
after removing the tourniquet, the mean arterial pressure (MAP) and heart rate (HR) were recorded. In T1-
T4, the blood samples were collected from the radial artery for blood gas analysis. Patients breathed
room air for at least 10 minutes (FiO2 = 21%) before blood collection. Arterial partial pressure of oxygen
(PaO2) and partial pressure of carbon dioxide (PaCO2) were recorded. Alveolar-arterial oxygen
difference(A-aDO2), oxygenation index (OI) and respiratory index (RI) were calculated. Levels of
malondialdehyde (MDA), superoxide dismutase (SOD), and nitric oxide (NO) were determined with
methods of TBA (thiobarbituric acid), xanthine oxidase and nitric reductase. ET-1, MPO, XOD, ICAM-l, IL-6,
IL-8, IL-10 and TNF-a level in serum were assayed by ELISA (Enzyme Linked Immunosorbent Assay).
Heme oxygenase-1 (HO-1) level was measured by competitive Enzyme linked immunosorbent assay.

PA−aO2=(PIO2-PaCO2 × 1/R)-PaO2
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PAO2: Partial pressure of oxygen in alveoli

PaO2: Arterial partial pressure of oxygen

PIO2: Partial pressure inspired oxygen

R (respiratory quotient) = 0.8

PIO2 = FIO2×(Atmospheric pressure-47)
FIO2: fraction of inspired oxygen

OI = PaO2 ÷ FiO2

RI = PA−aO2 ÷ PaO2

Study Subject
One hundred patients scheduled for unilateral lower limb surgery were enrolled in this study from January
2017 to January 2019: 22 cases of ankle fracture, 6 cases of calcaneal fracture, 13 cases of knee
arthroplasty for knee arthritis, 23 cases of tibial plateau fracture, 3 cases of knee neoplasm, 4 cases of
tendon rupture or achilles tendon rupture, 20 cases of tibial and �bular fractures and 9 cases of patellar
fracture. The inclusion criteria are: (1) adults between 20 to 60 years of age; (2) ASA class 1–2; (3) BMI
18–28 kg/m2; (4) able to give informed consent; (5) no cardiopulmonary diseases; (6) preoperative
hemodynamic stability; (7) no treatment with oxidants or antioxidants one week before operation; (8)
undergoing elective lower extremity surgery under spinal anesthesia. The exclusion criteria are: (1)
emergency operation within 12 hours after admission; (2) refuses to participate in the study; (3) history of
chronic bronchitis, emphysema or other pulmonary diseases, pulmonary dysfunction or lung injury
caused by trauma; (4) history of hypertension or diabetes; (5) history of lower limb venous thrombosis or
pulmonary embolism; (6) contraindications of transcutaneous electrical stimulation, including rash or
local infection over the acupoint area; (7) communication disorders (language disorders, neurological
history, mental disorders); (8) treatment with oxidants or antioxidants one week before operation; (9) need
oxygen therapy when SpO2 less than 90%; (10) hemodynamic �uctuation or other serious complications
during operation; (11) failure of intraspinal anesthesia

Randomization and Blindness
100 subjects are randomly assigned to TEAS group (group T) or control group (group C) at a ratio of 1:1.
Randomization was done by the researcher with 100 opaque envelopes each containing a card labeled
“TEAS” or “sham” and a serial number. When the patients arrived at the operating room, sealed envelope
was randomly selected. All the researchers involved work independently. Patients and data collector were
blinded regarding the study.

Intervention
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Before surgery, all patients were informed that they may or may not have feelings of TEAS. Before
anesthesia, the acupuncturist located acupoints FeiShu (BL13, below the spine of the third thoracic
vertebra on the back, 1.5 inches by side, bilateral) and ZuSanLi (ST36, downward 3 inches to the hollow
of patellar ligament lateral, a horizontal �nger (middle �nger) from the front edge of the tibia, non-surgical
side) in strict accordance with PRC National Standard GB12346-90 JingXueBuWei on all patients.
Surface electrodes were placed at the speci�c acupoints for connection with a transcutaneous electrical
stimulator (Low Frequency Electronic Pulse Therapeutic Apparatus, HuaYi G6805-1A)[19]. Subjects in
group T received an altered frequency 2/15 Hz stimulation at ST36 (10–20 mA) and BL13 (20–30 mA)
from 30 min before applying tourniquet till 4 hours after surgery, and the intensity was adjusted to
maximum according to the participants’ tolerance. The subject in group C received sham stimulation at
the same acupoints for the same time, where surface electrodes were placed appropriately but with no
current �owing in the transcutaneous electrical stimulator. The tourniquet was in�ated to 65 kPa in all
subjects, and the duration of ischemia was less than 90 min.

Anesthesia
No preoperative drugs were used. The routine preoperative preparations were performed in both groups,
including fasting for at least 8 h before the operation, establishing venous access, and monitoring of the
electrocardiogram (ECG), heart rate (HR), peripheral capillary oxygen saturation (SpO2), and invasive
blood pressure (radial artery cannulation) (BP). Patients were anesthetized by combined spinal and
epidural block performed in L2 − 3or L3 − 4 with 2.5 mL of 0.4% ropivacaine (SFDA approval number
H20060137, Jiangsu hengrui pharmaceutical co. LTD). The sensory block was maintained below T8 level
for sustaining spontaneous ventilation during the operation. To maintain hemodynamic stability, multiple
electrolytes injection and hydroxyethyl starch injection were infused during the surgery. Patients who
need oxygen therapy when SpO2 less than 90%, failed of intraspinal anesthesia, appeared hemodynamic
�uctuation or other serious complications during operation were excluded from the study. Ringer’s lactate
solution was infused to meet physiological requirement after surgery.

Blood Sample Measurement
Each blood sample was centrifuged to separate the serum and plasma, which were then stored at -20 °C
for subsequent analysis. The plasma MDA was analyzed by the method of thiobarbituric acid reaction;
SOD was analyzed by the Xanthinoxidase method; NO was analyzed by the method of nitric reductase
method. Levels of ET-1, MPO, XOD, ICAM-l, IL-6, IL-8, IL-10 and TNF-a in serum were determined using
enzyme linked immunosorbent assay with kits according to manufacturer’s instructions. Heme
oxygenase-1(HO-1) level was measured by competitive enzyme linked immunosorbent assay.

Statistical Analysis
All statistical analyses are performed using SPSS, version 19.0 (SPSS Inc., IL, USA). Measurement data

are described with  and analyzed by t-test in the comparison among groups. The repeated measure
of ANOVA was used in the comparison within groups. Enumeration data are analyzed by χ2test. P value
<0.05 is considered statistically signi�cant.
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Results
A total of 100 patients were initially enrolled in our study, and 93 completed the study. Seven patients
were excluded from the study because they need general anesthesia, oxygen therapy (SpO2 less than
90%) or appeared hemodynamic �uctuation (Figure.1). The baseline characteristics of patients and
surgeries are presented in Table 1. There were no signi�cant differences between group T and group C
regarding age, gender, body mass index (BMI) and ASA status. The groups were also similar in terms of
tourniquet time and surgery duration.

Table 1
Baseline characteristics: patient and surgical characteristics

  Group T (n = 46)

(TEAS group)

Group C (n = 47)

(control group)

Age (yr) 35.2 ± 10.1 39.2 ± 16.8

Male/female 30/16 28/19

BMI (kg/m2) 20.1 ± 10.6 22.3 ± 9.7

ASA status (I/II) 17/29 20/27

Tourniquet time (min) 110.4 ± 39.2 106.7 ± 31.1

Surgery duration (min) 142.9 ± 43.7 135.2 ± 41.9

Notes: Data are expressed as the Mean ± SD or numbers. No statistically signi�cant differences were
observed between the two groups (P > 0.05).

Assessment of Hemodynamics
Figure 2 indicated that there was no signi�cant difference in mean arterial pressure (MAP) or heart rate at
T1-T4 compared with baseline (T0) in both groups (P > 0.05). Compared with group C, no signi�cant
difference was observed in MAP and heart rate at T0-T4 in group T (Fig. 2). Data is expressed as the
Mean ± SD (Table 2). 
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Table 2
Hemodynamics of patients

  Group T0 T1 T2 T3 T4

MAP (mmHg) Group C 95 ± 13 93 ± 9 91 ± 10 92 ± 9 94 ± 12

Group T 93 ± 15 91 ± 11 92 ± 8 93 ± 13 95 ± 10

Heart rate (bpm) Group C 82 ± 14 80 ± 13 79 ± 11 85 ± 8 78 ± 13

Group T 83 ± 11 81 ± 9 78 ± 13 84 ± 10 81 ± 14

Notes: Data are expressed as the Mean ± SD or numbers. No statistically signi�cant differences were
observed between the two groups (P > 0.05).

Assessment of Blood Gas Analysis
Figure 3 indicates that PaO2 and OI tended to decrease, while A-aDO2 and RI tended to increase in both
groups. Compared with T1 (immediately before removing the tourniquet), PaO2 and OI in group T were
signi�cantly decreased at T4 in both group C and group T(P < 0.05) (Fig. 3A,C), while A-aDO2 and RI were
increased(P < 0.05) (Fig. 3D,E). Compared with group C, PaO2 and OI in group T were signi�cantly
increased at T4 (P < 0.05) (Fig. 3A,C), while A-aDO2 and RI were decreased at T4 (P < 0.05) (Fig. 3D,E).
Data is expressed as the Mean ± SD (Table 3). 
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Table 3
Blood gas analysis

  Group T1 T2 T3 T4

PaO2(mmHg) Group C 90.7 ± 4.1 89.4 ± 5.1 87.7 ± 6.8 77.6 ± 6.4*

Group T 91.4 ± 3.7 89.8 ± 5.9 88.4 ± 6.3 83.9 ± 5.6*#

PaCO2(mmHg) Group C 40.3 ± 2.6 40.7 ± 1.8 41.0 ± 2.8 41.2 ± 1.9

Group T 39.0 ± 2.8 39.6 ± 2.1 40.5 ± 2.3 40.7 ± 1.8

OI(mmHg) Group C 428.9 ± 19.1 425.8 ± 23.6 415.8 ± 28.9 363.3 ± 29.8*

Group T 433.5 ± 14.1 426.9 ± 28.9 421.1 ± 27.6 388.1 ± 26.3*#

A-aDO2(mmHg) Group C 10.6 ± 3.6 11.2 ± 4.5 12.4 ± 5.0 22.2 ± 6.3*

Group T 10.0 ± 3.2 11.0 ± 4.4 11.9 ± 4.9 18.5 ± 5.2*#

RI Group C 0.14 ± 0.05 0.14 ± 0.04 0.16 ± 0.04 0.31 ± 0.07*

Group T 0.12 ± 0.06 0.13 ± 0.08 0.15 ± 0.02 0.23 ± 0.09*#

Notes: All data are expressed as the Mean ± SD, *P < 0.05, as compared to T1, #P < 0.05 as compared
to group C.

Assessment of Biomarkers Measurement
The levels of and MDA, ET-1, MPO and XOD tended to increase in both groups, while SOD and NO levels
tended to decrease. MDA, MPO, XOD levels were signi�cantly increased at T3 and T4 in both groups when
compared to T1(P < 0.05) (Fig. 4A, E, F). By contrast, the SOD levels were signi�cantly decreased at T3
and T4 in both groups when compared to T1(P < 0.05) (Fig. 4B). The signi�cant difference in NO and ET-1
were found at T4 when compared to T1 (P < 0.05) (Fig. 4C,D). SOD level was signi�cantly lower at T4 in
group C when compared to group T (P < 0.05) (Fig. 4B). To con�rm whether HO-1 is involved in the
potential mechanism of cytoprotective effects in TEAS, we tested the level of HO-1 from T1 to T4. As
shown in Fig. 4G, HO-1 tended to increase in both groups. At T3 and T4, HO-1 levels were signi�cantly
increased in both groups compared to T1. The levels of HO-1 were signi�cantly higher at T3 and T4 in
group T when compared to group C. Data is expressed as the Mean ± SD(Table 4). 
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Table 4
Assessment of Biomarkers Measurement

  Group T1 T2 T3 T4

MDA(nmol/ml) Group C 3.4 ± 0.6 3.5 ± 0.7 4.8 ± 1.2* 5.7 ± 
1.1*

GroupT 3.2 ± 0.5 3.3 ± 0.8 4.6 ± 1.0* 5.6 ± 
0.8*

SOD(U/ml) Group C 88.4 ± 12.6 87.7 ± 9.8 70.0 ± 7.8* 64.2 ± 
8.9*

Group T 87.0 ± 11.8 85.6 ± 12.1 73.5 ± 9.3* 72.7 ± 
7.5*#

NO (nmol/ml) Group
C

74.3 ± 11.4 73.6 ± 9.1 72.1 ± 7.7 57.6 ± 
6.6*

Group
T

75.2 ± 12.4 74.8 ± 8.8 73.1 ± 8.0 59.5 ± 
7.6*

ET-1(ng/ml) Group
C

108.6 ± 10.6 111.7 ± 10.3 116.0 ± 15.8 133.9 ± 
16.3*

Group
T

107.9 ± 10.8 109.3 ± 13.4 114.2 ± 12.3 130.7 ± 
15.5*

MPO (U/ml) Group
C

5.5 ± 0.6 5.6 ± 0.6 8.2 ± 0.9* 9.6 ± 
1.3*

GroupT 5.1 ± 0.5 5.1 ± 0.5 8.1 ± 0.8* 9.7 ± 
1.0*

XOD(ng/ml) Group
C

3.51 ± 0.38 3.62 ± 0.29 5.12 ± 0.42* 5.63 ± 
0.39*

Group
T

3.02 ± 0.31 3.13 ± 0.31 4.98 ± 0.29* 5.52 ± 
0.26*

HO-1 (ng/ml) Group
C

6.5 ± 0.8 6.9 ± 0.6 9.2 ± 1.3* 11.6 ± 
1.5*

Group
T

7.3 ± 1.1 7.6 ± 0.9 11.9 ± 1.5*# 13.9 ± 
1.8*#

Notes: All data are expressed as the Mean ± SD, *P < 0.05, as compared to T1, #P < 0.05 as compared
to group C.

Assessment of Proin�ammatory cytokines
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We tested �ve proin�ammatory cytokines for investigating the anti-in�ammatory effect of TEAS. All
proin�ammatory cytokines tended to increase over time in both groups. At T3 and T4, the levels of ICAM-
1, IL-6, IL8, IL-10, and TNF-a were signi�cantly increased in both groups when compared to T1 (P < 0.05)
(Fig. 5A-E). At T4, the level of ICAM-1, IL-6 and IL8 were signi�cantly lower in group T when compared to
group C (P < 0.05) (Fig. 5A-C). At T3 and T4, IL-10 levels were signi�cantly higher in group T when
compared to group C (P < 0.05) (Fig. 5D); by contrast, TNF-a levels were signi�cantly lower in group T
when compared to group C (P < 0.05) (Fig. 5E). Data is expressed as the Mean ± SD(Table 5). 

Table 5
Proin�ammatory cytokine levels

  Group T1 T2 T3 T4

ICAM-1 (pg/ml) Group C 54.1 ± 9.4 57.3 ± 10.4 70.5 ± 11.1* 81.4 ± 13.6*

  Group T 55.2 ± 8.9 56.3 ± 9.1 68.2 ± 9.9* 73.4 ± 12.8*#

IL-6 (pg/ml) Group C 6.6 ± 1.3 7.0 ± 1.3 13.0 ± 2.8* 17.9 ± 3.3*

  Group T 6.0 ± 0.8 6.5 ± 1.4 13.2 ± 2.5* 15.7 ± 2.5*#

IL-8 (pg/ml) Group C 17.4 ± 3.1 18.0 ± 3.3 29.0 ± 5.7* 38.1 ± 7.3*

  Group T 16.6 ± 2.8 17.5 ± 3.4 28.2 ± 4.5* 30.6 ± 6.9*#

IL-10 (pg/ml) Group C 5.1 ± 0.8 6.9 ± 1.2* 9.0 ± 1.8* 11.9 ± 2.4*

  Group T 5.7 ± 0.9 7.5 ± 1.1*# 10.9 ± 2.3*# 13.7 ± 3.5*#

TNF-a (pg/ml) Group C 23.1 ± 4.2 25.0 ± 5.3 37.2 ± 7.1* 45.3 ± 9.4*

  Group T 20.6 ± 12.9 21.5 ± 4.6 31.8 ± 6.5*# 38.1 ± 9.9*#

Notes: All data are expressed as the Mean ± SD, *P < 0.05, as compared to T1, #P < 0.05 as compared
to group C

Discussion
In this single-center, prospective, double-blind, placebo controlled randomized clinical study, we
demonstrated that TEAS on FeiShu (BL13) and ZuSanLi (ST36) could be a non-invasive complementary
treatment to reduce lung injury following tourniquet-induced extremity ischemia-reperfusion in patients
undergoing lower extremity surgery.

Limb ischemia-reperfusion injury is a common pathophysiological process mediated by multiple
mechanisms and pathways. The application of tourniquet in lower extremity surgery causes limb
ischemia-reperfusion injury, and at the same time, it also causes multiple distant organ damage, among
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which the lung is one of the most susceptible and harmful organs to insult due to their high perfusion,
large contact area with air and sensitivity to in�ammatory mediators such as oxygen free radicals[10].
Many clinical studies have documented that the electric acupuncture treatment increases pulmonary
ventilation and the mechanism is related with its effect of relieving local in�ammation and mitigating
small airway stenosis[20, 21]. Our previous research also demonstrated that electric stimulation at FeiShu
(BL13) and ZuSanLi (ST36) acupoints could alleviate endotoxin shock-induced acute lung injury by
reducing oxidative stress injury in rabbits[17]. In the traditional Chinese Medicine theory, ZuSanLi (ST36)
acupoint is highly praised in health care and clinical treatment for modulating the Qi-blood balance.
Recent study proved that acupuncture at ZuSanLi (ST36) could alleviate neuroin�ammation and
persistent pain[22]. In addition, FeiShu (BL13) locates along the sides of spine and close to the lungs, is
the major acupoint for treating lung diseases. Study has shown that FeiShu acupoint application of cold
asthma recipe has a greater advantage of absorption into blood circulation and lung distribution over
non-FeiShu acupoint application[23]. Thus, we hypothesized that TEAS at FeiShu (BL13) and ZuSanLi
(ST36) acupoints could protect the lungs from tourniquet related I/R injury.

Increased pulmonary vascular permeability is usually considered the major pathological feature of limb
I/R-induced lung injury, leading to ventilation dysfunction. A-aDO2 and RI can evaluate the pulmonary
ventilation function reliably. In addition, A-aDO2 is a sensitive indicator of pulmonary diffusion function
and pulmonary gas exchange e�ciency in the early stage of ventilation insu�ciency[24, 25]. OI indicates
the lung ventilation function and oxygen utilization, is directly proportional to lung function. In our study,
the decreased OI and the increased A-aDO2 and RI indicate the dysfunction of ventilation and
oxygenation. Compared with the control group, TEAS could reduce the dysfunction of lung ventilation
and oxygenation 4 h after removing the tourniquet(T4), which proves the exact e�cacy on reducing lung
injury.

The major pathological changes of limb I/R induced lung injury include extensive damage to alveolar
epithelium and pulmonary vascular endothelium. However, the exact mechanism of the target cell injury
remains unknown. Oxygen free radicals and lipid peroxidation damage are key factors in
pathophysiological mechanism of ischemic damage. On the one hand, the integrity of cell ultrastructures
and ion selectivity are destroyed by peroxidation with membrane unsaturated fatty acids; on the other
hand, changes to the microenvironment of membrane binding enzyme receptors causes a series of
irreversible degeneration such as intracellular calcium overload, thus resulting in the destruction of cell
structure and function[26]. MDA is a lipid peroxidation product of oxygen free radicals, indicating
oxidative damage in pulmonary in�ammation[27]. SOD is an important enzyme for decomposing the
oxygen free radicals and protects cells from injury[28]. Studies have shown that electrical stimulation
could increase SOD activity, reduce ROS production and regulate balance of oxidation-antioxidation
system[29, 30]. The current data also suggests that TEAS increases the ability to scavenge the oxygen
free radicals. Nitric oxide (NO), a pulmonary vasodilator, is proved to perform vital functions in inhibiting
platelet adhesion and maintaining the endothelial structure and function. Endothelin-1 (ET-1) is an
endogenous vasoconstrictor peptide that contributes to reducing endothelial injury[31]. In this study, there
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is no signi�cant difference between control group and TEAS group, suggesting that TEAS might have less
impact on pulmonary vascular permeability. During the reperfusion following severe ischemia or hypoxia,
a large amount of superoxide is generated from xanthine under the action of XOD[32], and
polymorphonuclearneutrophils (PMN) accumulate in large quantities[33]. PMN highly express
myeloperoxidase (MPO), which re�ects the aggregation of PMN in tissue. Nevertheless, excessive
activation of PMNs contributes to in�ammatory reaction further causes tissue injury[34]. However, we did
not observe obvious change in XOD or MPO when compared with the control group, maybe because the
damage was relatively mild. Furthermore, various proin�ammatory cytokines are released during
in�ammatory reaction induced by limb I/R, mediating systemic in�ammatory reaction and causing organ
damage[10]. In our study, the plasma levels of ICAM-L IL-6 IL-8 IL-10 and TNF-a were increased after
tourniquet release, while TEAS could reverse the in�ammatory response. These results demonstrate that
TEAS signi�cantly reduces in�ammation and increases the ability to scavenge the oxygen free radicals.

HO-1, expressed in almost all mammals, is considered as an early endogenous protective kinase. HO-1
serves as a protective gene with anti-in�ammatory and anti-apoptotic properties, and has protective
functions in several models of organ injury[35, 36]. Our previous study showed that HO-1/carbon
monoxide protects lipopolysaccharide-exposed alveolar macrophages by reducing ROS generation[37].
Research shows that activation of PKC-a/HO-1 signaling pathway increases SOD activity and diminishes
ROS content in LPS-activated alveolar macrophage cells[38]. Thus, the results in this study suggest that
HO-1 is upregulated in lung injury and TEAS has a protective effect against I/R injury by possibly
upregulating HO-1 expression.

We have several advantages in this study. First, it is a double-blind, placebo controlled randomized
clinical study. Secondly, we use the blood gas data and several in�ammatory and lung injury markers as
objective indicators to evaluate the lung injury. Finally, we explore the potential mechanism for TEAS,
providing a basis for further research. However, our research still has some limitations. One is the small
sample size, and the other is that the mechanism of limb I/R-induced lung injury has not been fully
elucidated yet. More basic and large sample clinical studies are needed in this �eld.

Conclusions
Transcutaneous electrical acupoint stimulation could attenuate lung injury following tourniquet-induced
extremity ischemia-reperfusion in patients, and HO-1 is endowed of potential mechanism of anti-
in�ammatory and cytoprotective effects against tourniquet-induced lung injury in TEAS.
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Figures

Figure 1

Flow chart of participants throughout the study



Page 18/21

Figure 2

Changes of hemodynamics over time. Changes in (A) MAP (mean arterial pressure) and (B) heart rate in
transcutaneous electrical nerve stimulation (TEAS) group (Group T) and control group (Group C).
Immediately before induction of anesthesia(T0), immediately before removing the tourniquet(T1),30
min(T2), 2 (T3) and 4 h(T4) after removing the tourniquet. No statistically signi�cant differences were
observed between the two groups (P>0.05)
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Figure 3

Changes of blood gas analysis over time. Changes in (A) PaO2(arterial partial pressure of oxygen), (B)
PaCO2(arterial partial pressure of carbon dioxide), (C) OI (oxygenation index), (D) A-aDO2 (alveolar-
arterial oxygen tension difference) and (E) RI (respiratory index) in transcutaneous electrical nerve
stimulation (TEAS) group (Group T) and control group (Group C). Immediately before removing the
tourniquet(T1),30 min(T2), 2 (T3) and 4 h(T4) after removing the tourniquet.*P<0.05, as compared to T1,
#P<0.05 as compared to group C
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Figure 4

Changes of biomarkers in TEAS group and control group over time. Changes in (A)
MDA(malondialdehyde), (B) SOD(superoxide dismutase), (C) NO(nitric oxide), (D) ET-1 (endothelin-1),
(E)MPO(myeloperoxidase), (F)XOD (xanthine oxidase) and (G)HO-1(heme oxygenase-1) levels in
transcutaneous electrical nerve stimulation (TEAS) group (Group T) and control group (Group C).
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Immediately before removing the tourniquet(T1), 30 min(T2), 2h (T3) and 4h(T4) after removing the
tourniquet. *P<0.05, as compared to T1, #P<0.05 as compared to group C

Figure 5

Changes of proin�ammatory cytokine over time. Changes in (A) ICAM-1(intercellular adhesion molecule-
1), (B)IL-6 (interleukin-6) (C)IL-8(interleukin-8) (D)IL-10 (interleukin-10) and (E)TNF-a (tumor necrosis
factor-a) in transcutaneous electrical nerve stimulation (TEAS) group (Group T) and control group (Group
C). Immediately before removing the tourniquet(T1),30 min(T2), 2 (T3) and 4 h(T4) after removing the
tourniquet. *P<0.05, as compared to T1; #P<0.05 as compared to group C.


