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Ischemia/reperfusion injury (IRI) and organ failure espe-
cially IRI-induced remote and multiple organ failure con-
tribute significantly to postoperativemortality andmorbidity,
and reperfusion induced oxidative stress plays a critical role
in this pathology [1, 2].

Reactive oxygen species (ROS) induced vascular endo-
thelial dysfunction plays an important role in the develop-
ment of IRI in various organs. In this special issue, Q. Yang et
al. reported that the otherwise cardiac protective polymerized
hemoglobin, when used at high dose, failed to alleviate
cardiac IRI due to induction of oxidative damage in coronary
artery. On the other hand, natural herbal extracts such as
Licochalcone B as reported by J. Han et al. in this special
issue conferred protection against myocardial IRI through
attenuating ischemia-reperfusion induced oxidative damage.

The intravenous anesthetic propofol possesses antioxi-
dant capacity and has been shown to attenuate IRI in patients
undergoing cardiac surgery and in animal models of myocar-
dial [3] and intestinal IRI [4]. In this special issue, X. Gan
et al. further identified that propofol attenuated intestinal
IRI through inhibiting the ROS generating NADPH oxidase
mediated mast cell activation. Given that mast cell activation
has been shown to play an important role in IRI-induced
remote organ injury [5], the finding by X. Gan et al. may
promote further in-depth studies, both experimental and

clinical, regarding the potential protective effects of propofol
in attenuating or preventing postischemic remote organ
injuries.

Disturbances of mitochondrial homeostasis play critical
roles in Acute Organ Failure [6] and in postischemic cellular
injury [7], while the governing mechanism of mitochondrial
homeostasis alterations during these pathologies is largely
unclear. In this special issue, S. Cao et al. provided genome-
wide expression profiling of cardiomyocytes subjected to
hypoxia-reoxygenation injury in an effort to uncover the roles
of mitoKATP in energy homeostasis and its regulation.

We hope that the original and review articles presented
in this special issue, representing the current advances in the
oxidative stress-mediated ischemia-reperfusion injury, with
respect to their potential impact in cellular survival pathways
and therapeutic strategies, will stimulate further exploration
of this important area. Despite diversity, it is our belief that
the articles comprised in this special issue could represent an
important advancement and contribution to improve our
knowledge of the mechanisms governing reperfusion injury.
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Objective. This study aimed to evaluate the protective effect of kaempferol against myocardial ischemia/reperfusion (I/R) injury in
rats.Method. Left ventricular developed pressure (LVDP) and its maximumup/down rate (±𝑑𝑝/𝑑𝑡max) were recorded asmyocardial
function. Infarct size was detected with 2,3,5-triphenyltetrazolium chloride staining. Cardiomyocyte apoptosis was determined
using terminal deoxynucleotidyl nick-end labeling (TUNEL). The levels of creatine kinase (CK), lactate dehydrogenase (LDH),
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione/glutathione disulfide (GSH/GSSG) ratio, and tumor necrosis
factor-alpha (TNF-𝛼) were determined using enzyme linked immunosorbent assay (ELISA). Moreover, total glycogen synthase
kinase-3𝛽 (GSK-3𝛽), phospho-GSK-3𝛽 (P-GSK-3𝛽), precaspase-3, cleaved caspase-3, and cytoplasm cytochrome C were assayed
using Western blot analysis. Results. Pretreatment with kaempferol significantly improved the recovery of LVDP and ±𝑑𝑝/𝑑𝑡max,
as well as increased the levels of SOD and P-GSK-3𝛽 and GSH/GSSG ratio. However, the pretreatment reduced myocardial infarct
size and TUNEL-positive cell rate, as well as decreased the levels of cleaved caspase-3, cytoplasm cytochrome C, CK, LDH, MDA,
and TNF-𝛼. Conclusion. These results suggested that kaempferol provides cardioprotection via antioxidant activity and inhibition
of GSK-3𝛽 activity in rats with I/R.

1. Introduction

Nowadays, cardiovascular diseases are responsible for the
majority of elderly mortality [1]; the most important pre-
sentation of cardiovascular disease is ischemia. A long
period of ischemia leads to myocardial injury. Theoretically,
restoring blood supply to the ischemic myocardium can
reduce myocardial injury. However, reperfusion can aggra-
vate myocardial damage through ischemia-reperfusion (I/R)
injury [2]. Excessive reactive oxygen species (ROS), calcium
overload, inflammatory reaction, and other factors can lead
to cellular necrosis, apoptosis, and organ dysfunction in

severe cases [3]. Prevention of I/R is important to alleviate
ischemic heart disease [4].

Network pharmacology is a method for treating poly-
genic diseases based on the target and drug perspectives.
Mapping the polypharmacology network onto the human
disease-gene network can reveal important drug targets that
could demonstrate the mechanism of botanical drugs in
treating different diseases. Our previous studies identified
the potential targets of kaempferol in cardiovascular diseases
[5]. Thirteen potential targets were identified and annotated
to have significant relationships with the pharmacologic
effects of kaempferol. Among these targets, the main protein
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involved in I/R injury is glycogen synthase kinase-3 beta
(GSK-3𝛽). GSK-3𝛽 is a serine/threonine kinase that partic-
ipates in various cell activities through phosphorylation of
the substrate protein [6]. GSK-3𝛽 is important in glycogen
metabolism, as well as in cell proliferation, growth, and death
[7, 8]. GSK-3𝛽 has received increasing attention because
of its involvement in some common and serious diseases,
such as neurological disease, cancer, and I/R injury. In the
cardiovascular system, GSK-3𝛽 has major roles in glucose
metabolism, cardiomyocyte hypertrophy [9], and cell death
[10]. Many studies have shown that GSK-3𝛽 inhibition
during I/R is an important mechanism of myocardial adap-
tation; cardioprotective agents use the inhibition of GSK-3𝛽
(phosphorylation) as the common downstream target [11],
and protection is related to the mitochondrial permeability
transition pore (mPTP) [12].

Epidemiological studies have demonstrated that some
flavonoids may affect treatment for several diseases [13]. A
research on the plants used in traditional medicines revealed
that flavonoids are their common bioactive constituents [14].
The flavonoid kaempferol, a yellow compound with low
molecular weight (MW: 286.2 g/mol), is commonly found
in plant-derived foods and in plants used in traditional
medicines. Numerous preclinical studies have shown that
kaempferol has a wide range of pharmacological activities,
including antioxidant [15], anti-inflammatory [16], and anti-
cancer activities [17].

Therefore, we aimed to evaluate the cardioprotective
effects of kaempferol and the mechanisms underlying such
effects in the present study.

2. Methods

2.1. Animals and Reagents. All procedures were performed in
accordance with the National Institutes of Health Guideline
on the Use of Laboratory Animals and were approved by
the Shihezi University Committee on Animal Care. Adult
male Sprague-Dawley rats (250–280 g) were obtained from
the Xinjiang Medicine University Medical Laboratory Ani-
mal Center (SDXK 2011-004) and housed in a room with
temperature of 22–25∘C, relative humidity of 50–60%, and a
12-h light/12-h dark cycle.

Kaempferol (purity≥ 98%) was purchased from Shanghai
Lichen Biotechnology Co., Ltd. (Shanghai, China). Antibod-
ies against total GSK-3𝛽, as well as P-GSK-3𝛽 (Ser9), caspase-
3, and cytoplasm cytochrome C, were obtained from Cell
Signaling Technology (1 : 10000, Beverly, MA, USA). Termi-
nal deoxynucleotidyl nick-end labeling (TUNEL) assay was
conducted using in situ cell death detection kit (POD, Roche,
Germany). All other reagents were of standard biochemical
quality and were obtained from commercial suppliers.

2.2. Establishment of Animal Model of Myocardial I/R Injury.
The rats were randomly divided into four groups as follows:
control group, I/R group, kaempferol group, and TDZD-
8 (4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione) group.
Hearts from control group were perfused for 120min stabi-
lization. Hearts from I/R group were stabilized for 20min

and then subjected to 15min of global ischemia and 85min
of reperfusion. Hearts in kaempferol group were treated with
K-H buffer containing kaempferol (15mmol/L) for 10min
after being stabilized and then subjected to global ischemia
for 15min and reperfusion for 85min. Hearts in TDZD-
8 group were treated with K-H buffer containing TDZD-
8 (0.01mmol/L) for 10min after being stabilized and then
subjected to global ischemia for 15min and reperfusion for
85min.

2.3. Heart Isolation and Perfusion. Rats were anesthetized
with an intraperitoneal injection of 60mmol/L chloral
hydrate (0.35 g/kg) and provided with 250U/kg heparin
through sublingual venous injection to prevent coagulation.
The hearts were quickly removed and mounted on a Langen-
dorff apparatus via the aorta for retrograde perfusion with
Krebs-Henseleit (K-H) buffer at constant pressure (10 KPa)
and constant temperature (37∘C). The composition of K-H
buffer (inmmol/L)was as follows:NaCl, 118; KCl, 4.7;MgSO

4
,

1.2; CaCl
2
, 2.5; KH

2
PO
4
, 1.2; NaHCO

3
, 25; glucose, 11. The

buffer was saturated with 95% O
2
/5% CO

2
(pH 7.4) [18].

The left atrial appendage was cut. A latex balloon filled with
water was inserted into the left ventricle through the left atrial
appendage. Finally, hemodynamic parameters, LVDP (LVSP
is left ventricular systolic pressure; LVEDP is left ventricular
end-diastolic pressure; LVDP = LVSP − LVEDP), ±𝑑𝑝/𝑑𝑡max
(reflecting the important indicators of left ventricular systolic
function and diastolic function), CF, and HR, were displayed
on the recorder screen.

2.4. Evaluation of Myocardial Infarct Size (IS). After reper-
fusion was concluded, the heart was frozen at −20∘C and
cut into five slices along the transverse direction. Each
piece was 2mm thick. The slices were incubated in 1%
triphenyltetrazolium chloride (TTC) at 37∘C for 20min. The
heart slices were imaged using a digital camera. Area at
risk (AAR) and IS were digitally measured using Image Pro
Plus software [19]. Myocardial IS was expressed as the ratio
between IS and AAR.

2.5. Assay of Cellular Injury. To determine the activities of
lactate dehydrogenase (LDH) and creatinine kinase (CK),
the samples were collected from the coronary effluent before
ischemia and after 85min of reperfusion. The levels of LDH
and CK in the effluent were detected spectrophotometrically
using their corresponding cytotoxicity detection kits (Nan-
jing Jiancheng Biological Product, Nanjing, China).

2.6. Assay of Oxidative Stress. After perfusion, we obtained
the same part of the ventricular apical. Subsequently, the tis-
sue was homogenized in appropriate buffer and centrifuged,
after which the supernatant was removed. The levels of
superoxide dismutase (SOD) and malondialdehyde (MDA)
and glutathione (GSH)/GSH disulfide (GSSG) ratio were
analyzed spectrophotometrically using their corresponding
assay kits (Nanjing Jiancheng Biological Product, Nanjing,
China).
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Table 1: Effect of kaempferol on cardiac function in the rats subjected to I/R (𝑥 ± 𝑠, %, 𝑛 = 8); ∗∗𝑃 < 0.01, compared with the control group;
##
𝑃 < 0.01, compared with the I/R group.

Reperfusion Control I/R Kaempferol TDZD-8
LVDP (mmHg) 87.98 ± 3.98 52.43 ± 2.62∗∗ 69.47 ± 2.26## 64.53 ± 2.47##

+LVdp/dtmax (mmHg⋅s−1) 89.37 ± 3.73 45.86 ± 2.53∗∗ 63.27 ± 2.76## 60.58 ± 2.96##

−LVdp/dtmax (mmHg⋅s−1) 86.76 ± 3.56 42.16 ± 2.38∗∗ 61.54 ± 3.14## 60.79 ± 3.35##

CF (mL⋅min−1) 82.19 ± 3.63 51.46 ± 2.36∗∗ 67.21 ± 4.06## 64.59 ± 3.97##

HR (beats⋅min−1) 90.51 ± 4.58 70.68 ± 4.87∗∗ 83.92 ± 3.99## 78.68 ± 4.13##

2.7. Assay of Inflammation. Tumor necrosis factor alpha
(TNF-𝛼) was analyzed spectrophotometrically according to
the instructions in the TNF-𝛼 ELISA kit (Tsz Biosciences,
Greater Boston, USA).

2.8. TUNEL Assay. TUNEL assay was carried out according
to the manufacturer’s instructions. After deparaffinization
and rehydration, the sections were treated with 10mmol/L
protease K for 15min. The slides were immersed in TUNEL
reaction mixture for 60min at 37∘C in a humidified atmo-
sphere in the dark. A converter POD was used to incubate
the slides for 30min. The slides were then analyzed using an
optical microscope. To evaluate the apoptosis index of the
TUNEL-stained heart tissues, we captured 10 random fields
per tissue section at 400x magnification. TUNEL index (%)
is calculated as the ratio of the number of TUNEL-positive
cells divided by the total number of cells [20] (see Figure 4).

2.9.Western Blot Analysis. Theprotein levels of total GSK-3𝛽,
phospho-GSK-3𝛽 (P-GSK-3𝛽, Ser9), precaspase-3, cleaved
caspase-3, and cytoplasm cytochrome C were determined
using Western blot analysis. After perfusion by Langendorff
apparatus, we cut off the same part in ventricular apical
of the rats, then homogenized the cut tissue in appropriate
buffer, and centrifuged it. Supernatant was extracted and
boiled for 15min to make protein denaturation. Then the
whole-cell protein extracts were separated using 12% SDS-
polyacrylamide gel electrophoresis. Proteins were transferred
to nylon membranes by electrophoretic transfer system. The
membranes were blocked with 5% skimmed milk blocking
buffer at room temperature for 1 h and then incubated
with primary antibodies overnight (18 h) at 4∘C. After being
washed with TBST buffer, the corresponding secondary
antibodies were used to identify primary antibody binding.
In the end, the blots were visualized with ECL-plus reagent.

2.10. Statistical Analysis. Results were expressed as mean ±
S.D. and analyzed using one-way analysis of variance. The
values with 𝑃 < 0.05 were considered statistically significant.
All statistical tests were performed with GraphPad Prism
software version 5.0 (GraphPad Software, San Diego, CA).

3. Results

3.1. Kaempferol Improved the Recovery of I/R-Induced Cardiac
Function. As shown in Table 1, the hearts in the I/R group
demonstrated significant decrease in the recovery of cardiac

Table 2: Effect of kaempferol on the levels of CK and LDH in the
coronary effluent before ischemia and after 85min of reperfusion
(𝑥 ± 𝑠, 𝑛 = 8); ∗∗𝑃 < 0.01, compared with the control group; ##𝑃 <
0.01, compared with the I/R group.

Groups Before ischemia Reperfusion
CK (U/L)
Control 16.73 ± 1.46 24.81 ± 1.31
I/R 15.76 ± 1.21 56.74 ± 2.97∗∗

Kaempferol 16.72 ± 1.23 32.30 ± 2.48##

TDZD-8 16.45 ± 1.26 36.73 ± 2.54##

LDH (U/L)
Control 14.47 ± 1.36 19.51 ± 1.35
I/R 14.58 ± 1.38 60.54 ± 2.35∗∗

Kaempferol 15.35 ± 0.96 36.63 ± 1.83##

TDZD-8 15.49 ± 1.12 39.67 ± 1.64##

function compared with that in the control group. Moreover,
the hearts in the kaempferol and TDZD-8 treatment groups
showed higher recovery of cardiac function than that in the
I/R group (𝑃 < 0.05). Hemodynamic data confirmed that
kaempferol improved the recovery of the cardiac systolic and
diastolic function of the rats after I/R.

3.2. Kaempferol Reduced Myocardial IS Post-I/R. The repre-
sentative slices of the hearts are shown in Figure 1(a). The
ratio of IS and AAR in the control group was 5.31% ±
1.34%, which was significantly different from that of the I/R
group (46.73% ± 1.88%) (𝑃 < 0.01; Figure 1(b)). The ratio
remarkably decreased in the kaempferol (16.49%± 1.23%) and
TDZD-8 groups (21.42% ± 1.48%) compared with that in the
I/R group (𝑃 < 0.01; Figure 1(b)).

3.3. Kaempferol Attenuated the I/R-Induced Enzyme Release
in Rat Heart. As shown in Table 2, the levels of perfusate
CK and LDH in the I/R group (56.74 ± 2.97 and 60.54 ±
2.35, resp.) significantly increased compared with that in the
control group (𝑃 < 0.01); however, the levels of CK and
LDH in the kaempferol (32.30 ± 2.48 and 36.63 ± 1.83, resp.)
and TDZD-8 groups (36.73 ± 2.54 and 39.67 ± 1.64, resp.)
(𝑃 < 0.01) were significantly decreased compared with the
I/R group.

3.4. Kaempferol Improved the Oxidative Stress State Induced
by I/R. To identify the possible mechanisms of kaempferol
involving antioxidants on cardioprotection, we evaluated
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Figure 1: Kaempferol reduces the I/R-induced IS. (a) Images of
myocardial tissue sections after TTC staining. (b)The ratio between
IS andAAR, inwhichAAR is the area at risk and IS is the infarct size;
values are presented as means with their standard deviations (𝑥 ± 𝑠,
𝑛 = 8); ∗∗𝑃 < 0.01, compared with the control group; ##𝑃 < 0.01,
compared with the I/R group.

SOD activity, MDA level, and GSH/GSSG ratio in the
myocardial tissues. As shown in Table 3, and Figure 2, the
SOD activity and the ratio of GSH/GSSG in the kaempferol or
TDZD-8 groups significantly increased, comparedwith those
of the control group, whereas the MDA level significantly
decreased in the kaempferol or TDZD-8 groups.

3.5. Kaempferol Reduced the Inflammatory Response. As
shown in Figure 3, the level of TNF-𝛼 increased from 95 ±
4.5 pg/mL in the control group to 328 ± 16.7 pg/mL in
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Figure 2: Kaempferol increases the ratio of GSH/GSSG. Values are
presented as means with their standard deviation (𝑥 ± 𝑠, 𝑛 = 8);
∗∗

𝑃 < 0.01, compared with control group; ##𝑃 < 0.01 and #
𝑃 < 0.05,

compared with the I/R group.
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Figure 3: Kaempferol reduces inflammatory response. Values are
presented as means with their standard deviations (𝑥 ± 𝑠, 𝑛 = 8);
∗∗

𝑃 < 0.01, compared with the control group; ##𝑃 < 0.01, compared
with the I/R group.

the I/R group. The levels of TNF-𝛼 in the kaempferol
(168 ± 9.3 pg/mL) and TDZD-8 groups (197 ± 11.4 pg/mL)
significantly decreased compared with that in the I/R group
(𝑃 < 0.01).

3.6. Kaempferol Weakened the Cardiomyocyte Apoptosis
Induced by I/R. TUNEL staining did not show a significant
apoptotic phenomenon in the control group, whereas the
number of apoptotic cells evidently increased in the I/R group
(58 ± 3.21). Apoptotic cells significantly decreased in the
kaempferol (35 ± 1.48) and TDZD-8 groups (47 ± 2.79)
compared with those in the I/R group (𝑃 < 0.01).
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Table 3: Effects of kaempferol on SOD activity and MDA level.
Values are presented as means with their standard deviations (𝑥 ± 𝑠,
𝑛 = 8); ∗∗𝑃 < 0.01, compared with the control group; ##𝑃 < 0.01
and #
𝑃 < 0.05, compared with the I/R group.

Group Dosage Reperfusion
SOD (U/mgPr) MDA (nmol/mgPr)

Control — 10.48 ± 0.79 210.43 ± 12.56
I/R — 3.35 ± 0.41∗∗ 489.71 ± 30.25∗∗

Kaempferol 15mmol/L 8.15 ± 0.57## 285.76 ± 19.04##

TDZD-8 0.01mmol/L 5.43 ± 0.62# 370.24 ± 22.50##

3.7. Effects of Kaempferol on GSK-3𝛽 Phosphorylation,
Cytochrome C Release, and Caspase-3 Activity. As shown
in Figure 5, the level of GSK-3𝛽 phosphorylation in the
kaempferol (0.65 ± 0.039) and TDZD-8 groups (0.74 ± 0.043)
significantly increased compared with those in the control
(0.32 ± 0.018) and I/R groups (0.35 ± 0.02) (𝑃 < 0.01).
However, no evident difference was observed between the
control and I/R groups. The release of cytochrome C and
the dissociation of caspase-3 in the I/R groups (0.52 ± 0.039
and 0.37 ± 0.021, resp.) were significantly increased compared
with those in the control groups (𝑃 < 0.01), whereas the
kaempferol (0.32± 0.024 and 0.25± 0.018, resp.) and TDZD-8
groups (0.21 ± 0.013 and 0.29 ± 0.019, resp.) were significantly
decreased compared with those in the I/R groups (𝑃 < 0.01).

4. Discussion

In this study, we investigated the effects of kaempferol on
cardiac function, myocardial IS, cardiomyocyte apoptosis,
inflammation factor, and myocardial enzyme in the isolated
rat heart model of I/R.We provided evidence that kaempferol
improves the recovery of cardiac function, reduces intra-
cellular oxidation status and myocardial IS, and inhibits
myocardial apoptosis induced by I/R. Finally, we demon-
strated that the phosphorylation of GSK-3𝛽 is involved in the
cardioprotection of kaempferol.

Reactive oxygen species (ROS) induced injury plays
an important role in the development of I/R in various
organs [21]. Few free radicals are present under physiological
conditions during ischemia; thus, the absorbance of oxygen
radical decreases [22]. During recovery, the blood supply of
the tissues triggers the “explosion” of oxygen free radicals;
hence, the accumulated ROS attack the cells and cause
damage [23]. ROS causes damage to the cellmembranes in rat
heart, subsequently causes cell membrane lipid peroxidation
and structural failure, and results in leakage of myocardial
enzyme. Inhibiting the ROS generation or the antagonist of
reactive oxygen toxicity is important to alleviate myocardial
reperfusion injury [24]. In the present experiment, SOD
activity andGSH/GSSG ratio significantly increased, whereas
MDA level significantly decreased in the kaempferol group.
Therefore, we speculated that kaempferol has good antioxi-
dant effect that functions as myocardial protection.

During I/R, oxidative stress activates NF-𝜅B because
cardiac stress rapidly responds to the expressed genes. NF-𝜅B
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Figure 4: Kaempferol prevents myocardial cell apoptosis in I/R. (a)
Cell apoptosis was analyzed using TUNEL staining. Magnification:
400x. (b) Apoptosis cells/total cells (%). Values are presented as
means with their standard deviations (𝑥 ± 𝑠, 𝑛 = 8); ∗∗𝑃 < 0.01,
compared with the control group; ##

𝑃 < 0.01 and #
𝑃 < 0.05,

compared with the I/R group.

stimulates the cardiac cells and macrophages and produces
large amounts of TNF-𝛼; thus, the myocardial cells after I/R
are the sites for TNF-𝛼 synthesis and the target organs of
TNF-𝛼. Studies have shown that TNF-𝛼 dose dependently
decreases myocardial contractility, whereas the application
of anti-TNF-𝛼 reduces I/R injury and confers protection for
the ischemic myocardium [25]. The TNF-𝛼 bioactivity in the
heart increases from the early stage of I/R; such increase
has been speculated to partially contribute to the increased
area of myocardial infarction [26].The ROS generated within
cells can induce apoptosis through multiple pathways. Car-
diomyocytes, which are abundant in the mitochondria, are
the major endogenous source and are the susceptible target
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Figure 5: Kaempferol increases the phosphorylation of GSK-3𝛽 and reduces the release of cytochromeC and the dissociation of caspase-3. (a)
RepresentativeWestern blots for T-GSK-3𝛽 and P-GSK-3𝛽 (Ser9). Lanes 1 and 2 are the control group, lanes 3 and 4 are the I/R group, lanes 5
and 6 are the kaempferol group, and lanes 7 and 8 are the TDZD-8 group. (b) Grey value analysis demonstrates that kaempferol increases the
ratio of P-GSK-3𝛽 (ser)/T-GSK-3𝛽. (c) Representative Western blot for cleaved caspase-3 and cytoplasm cytochrome C. Lane 1 is the control
group, lane 2 is the I/R group, lane 3 is the kaempferol group, and lane 4 is the TDZD-8 group. (d) Grey value analysis demonstrates that
kaempferol reduces the ratio of cleaved caspase-3/𝛽-actin. (e) Grey value analysis demonstrates that kaempferol reduces the ratio of cytoplasm
cytochrome C/𝛽-actin. Values are presented as means with their standard deviations (𝑥 ± 𝑠, 𝑛 = 8); ∗∗𝑃 < 0.01, compared with the control
group; ##𝑃 < 0.01, compared with the I/R group.
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of ROS damage [27]; the abundant ROS within the mito-
chondria can decrease its selective ion permeability or change
itsmembrane permeability, which changes themitochondrial
membrane and thereby induces mitochondrial permeability
transition pore (MPTP) opening during reperfusion [28].
The mitochondria release cytochrome C, which activates the
aspartate-specific cysteine proteases (caspases) and induces
apoptosis [29].

CytochromeC is locatedwithin the intermembrane space
under normal conditions; the released cytochromeC binds to
the C-terminal domain of the apoptotic protease activating
factor-1 (Apaf-1) and changes its conformation [30]. The
activated Apaf-1/cytochrome C complex promotes caspase
activation [31]. Several studies in the literature showed that
GSK-3𝛽 inhibition might delay or suppress mPTP opening
and inhibit the release of cytochrome C [32, 33]. TDZD-8
is a GSK-3𝛽 inhibitor with significant myocardial protection
effect via inhibition of inflammation and apoptosis [34]. We
used TDZD-8 as a positive control agent to demonstrate the
mechanisms of the cardioprotective effects of kaempferol.
Our research showed that kaempferol or TDZD-8 can
increase the level of GSK-3𝛽 phosphorylation and reduce the
release of cytochrome C compared with those in the control
and I/R groups. We inferred that kaempferol can function
similarly to that of TDZD-8 on GSK-3𝛽 phosphorylation.
Thus, we speculated that kaempferol decreases the apoptosis
induced by I/R injury via GSK-3𝛽 inhibition.
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Both oxidative stress and mast cell (MC) degranulation participate in the process of small intestinal ischemia reperfusion (IIR)
injury, and oxidative stress induces MC degranulation. Propofol, an anesthetic with antioxidant property, can attenuate IIR injury.
We postulated that propofol can protect against IIR injury by inhibiting oxidative stress subsequent fromNADPHoxidasemediated
MC activation. Cultured RBL-2H3 cells were pretreated with antioxidant N-acetylcysteine (NAC) or propofol and subjected to
hydrogen peroxide (H

2

O
2

) stimulation without or with MC degranulator compound 48/80 (CP). H
2

O
2

significantly increased
cells degranulation, which was abolished by NAC or propofol. MC degranulation by CP further aggravated H

2

O
2

induced cell
degranulation of small intestinal epithelial cell, IEC-6 cells, stimulated by tryptase. Rats subjected to IIR showed significant increases
in cellular injury and elevations of NADPH oxidase subunits p47phox and gp91phox protein expression, increases of the specific
lipid peroxidation product 15-F

2t-Isoprostane and interleukin-6, and reductions in superoxide dismutase activity with concomitant
enhancements in tryptase and 𝛽-hexosaminidase. MC degranulation by CP further aggravated IIR injury. And all these changes
were attenuated by NAC or propofol pretreatment, which also abrogated CP-mediated exacerbation of IIR injury. It is concluded
that pretreatment of propofol confers protection against IIR injury by suppressing NADPH oxidase mediated MC activation.

1. Introduction

Small intestinal ischemia reperfusion (IIR) injury has been
emerged in many pathophysiological settings, including sep-
tic and hemorrhagic shock induced hypoperfusion [1], as
well as acute mesenteric ischemia [2] and small intestine
transplantation or liver resection [3]. IIR remains to be a
critical problem associated with high mortality [4].

During IIR, oxidative stress is increased due to burst
production of reactive oxygen species (ROS),which is amajor
mechanism of IIR injury [5]. Numerous studies have revealed
that increased ROS production resulted from overactivation
of the prooxidant enzyme NADPH oxidase, which abun-
dantly exists in intestine tissue [6] and plays critical roles in
mediating tissue injury related to a range of inflammatory

diseases [7], including ischemia reperfusion injury [8, 9].
Inhibition of NADPH oxidase by N-acetylcysteine (NAC),
a scavenger of oxygen radicals, has been shown to greatly
attenuate myocardial ischemia reperfusion injury [10, 11].
However, the mechanism governing ROS production, specif-
ically, from overactivation of NADPH oxidase, during IIR is
yet to be explored.

Activation of NADPHoxidase can lead tomast cells (MC,
cells that widely present throughout small intestine) degran-
ulation/activation [12], wherever MCs activation has been
demonstrated to be a key mediator in the pathogenesis of IIR
and contributing to many disorders as a result of increased
release a diverse range of mediators including histamine,
tryptase, and inflammatory cytokines such as interleukin-6
(IL-6) [13] and that inhibition of MCs from degranulation
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can alleviate IIR injury [14, 15]. We have previously found
that ROS production was significantly increased after IIR
which is parallel with the enhancements inMCdegranulation
[16], but it is unknown whether a causal relationship exists
between increased ROS production and MC degranulation
in the setting of IIR in vivo. These findings [6, 17] together
with reports showing that MC can be activated in a ROS-
dependent pathway [18], both in vitro [18] and in vivo [16],
prompted us to postulate that during IIR increased ROS
production initiates and/or exacerbates IIR injury primarily
via activating MC and that NADPH oxidase activation is
increased during IIR which may be a major source of ROS
overproduction during IIR.

Propofol, an intravenous anesthetic with antioxidant
property that we widely used in intensive care unit and
operation theatre, has been shown to dose-dependently
attenuate myocardial ischemia reperfusion injury in patients
[19]. Propofol has also been shown to inhibit mast cell
exocytosis in a dose-dependent manner in vitro [20]. A most
recent study shows that propofol attenuates brain trauma
induced cerebral injury through inhibiting NADPH oxidase
activation [21]. We, therefore, hypothesized that inhibition of
ROS mediated MC activation subsequent to attenuation of
intestinal NADPH oxidase activation may represent a major
mechanism by which propofol attenuates IIR injury. This
hypothesis was tested in a rat model of mesenteric ischemia
reperfusion in vivo and a rat cell line of mast cell exposed to
ROS in vitro.

2. Materials and Methods

2.1. Cell Culture. Ratmast cell line (RBL-2H3) was purchased
from the cell bank of the Chinese Academy of Sciences
(Shanghai, China) and was cultured in Eagle’s minimum
essential medium containing 10% fetal bovine serum, sup-
plemented with 100U/mL penicillin and 100 𝜇g/mL strep-
tomycin at 37∘C in a humidified atmosphere of 5% CO

2

as described [22]. A rat small intestinal epithelial cell line
(IEC-6) was also obtained from the cell bank of the Chinese
Academy of Sciences (Shanghai, China). This cell line was
cultured in 1640 RPMI medium with 10% fetal bovine serum
at 37∘C in a 5% CO

2
incubator.

2.2. Measurement of Cell Degranulation. Degranulation of
RBL-2H3 cells was measured by determining the activity
of released 𝛽-hexosaminidase in the culture supernatants
and cell lysates [23]. The RBL-2H3 cells were incubated
with different concentrations of NAC [24] or propofol [20]
for 12 h; after the cells were washed with 1 × PBS for 3
times, RBL-2H3 cells were incubated in a 24-well plate (1 ×
106 cells/well) at 37∘C overnight.The above cells were washed
with 1×PBS and then incubatedwith different concentrations
of lipopolysaccharides (LPS) [25] or H

2
O
2
[26] or Com-

pound 48/80 [27] for 1 h or 4 h. To measure the amount of
𝛽-hexosaminidase activity released from the cells, the cul-
tured media were transferred and centrifuged at 4∘C. The
supernatant (25 𝜇L) was mixed with 50𝜇L p-NAG (10mM)
in 0.1M sodium citrate buffer (pH 4.5) into a 96-well plate

and incubated for 1 h at 37∘C.The reaction was terminated by
the addition of stop buffer (0.1M sodium carbonate buffer,
pH 10.0). The 𝛽-hexosaminidase activity was determined
by measuring the difference of absorbance at wavelength
405 nm.

2.3. Measurement of Cell Viability. IEC-6 cells were seeded
into 96-well flat bottom culture plates at a density of 5 ×
104 cells/well and incubated for 24 h. After exposure to
tryptase (0–1000 ng/mL) for 12 h in RPMI 1640 culture
medium, the cell viability was measured by modified MTT
assay as described [28]. The assay detected the reduction of
the tetrazolium to formazan product. The cell viability was
evaluated using the following formula. Survival rate (%) =
(𝐴 sample – 𝐴blank)/(𝐴control – 𝐴blank) × 100%.

2.4. Assessment of Cell Cytotoxicity. Cytotoxicity (cell necro-
sis) was assessed by measuring the release of lactate dehy-
drogenase (LDH). After exposure of the cells to various con-
centrations of tryptase (0–1000 ng/mL) for 2 h in RPMI 1640
culture medium, cell necrosis was assessed by LDH-release
assay using a commercial kit (Jiancheng, China) according to
the manufacturer’s instruction.

2.5. Animals. Female Sprague-Dawley (SD) rats weighing
180–200 g, purchased from Animal Center of Guangdong
Province (Guangzhou, China), were housed individually in
wire-bottomed cages and were placed under pathogen free
condition illuminated from 8:00 AM to 8:00 PM (12:12 h
light-dark cycle) for one week before use. The experimental
protocol and design was approved by the Sun Yat-sen Uni-
versity Animal Experimentation Committee and performed
according to Sun Yat-sen University Guidelines for Animal
Experimentation.

2.6. In Vivo Rat IIR Model and Treatments. All the ani
mals were fasted for 16 h (while free access to water was
allowed) before surgery. Rats were, respectively, injected
withN-acetylcysteine (NAC, 0.5 g/kg, from Sigma company),
propofol (50mg/kg, commercial product Diprivan from
AstraZeneca), intralipid (50mg/kg, 20%, emulsion from
Sigma), or normal saline (0.5mL/100 g), which served as the
control group, intraperitoneally at 6:00 PM for 3 successive
days. The dosages of NAC were chosen based on the results
showing that treatment of rats with i.p. NAC (500mg kg−1
per day for 9 days) improved the renal hemodynamic changes
triggered by cisplatin-mediated nephrotoxicity [29].The dose
of propofol was chosen based on the finding that propofol
50mg/kg given intraperitoneally provided sedative effect but
not anesthetic effect [30] and that propofol when used at this
dosage attenuated IIR injury in rats [31]. At the 4th day, parts
of the rats were sacrificed by overdose of anesthetic chloral
hydrate, and the intestinal mucous was obtained and scraped
for further determination and the intestinal morphological
changes were assessed.
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2.7. Experimental Groups. The other rats were divided into
the following groups.

(1) Sham-operated group (SHAM) (𝑛 = 6): rats pre-
treated with normal saline (10mL/kg, i.p.) were
subjected to identical surgical procedures except
for superior mesenteric artery (SMA) occlusion for
75min and were kept under anesthesia during the
experiment and were administrated with the same
volume of normal saline (1mL/kg, i.v.) as reagent
solvent control.

(2) Sole IIR group (IIR) (𝑛 = 6): rats pretreated with
normal saline (10mL/kg, i.p.) were subjected to small
intestinal ischemia by occluding SMA (75min), fol-
lowed by reperfusion (2 h) plus administration of nor-
mal saline (1mL/kg, i.v.) 5min immediately before
reperfusion.

(3) IIR + Compound 48/80 group (IIR + CP) (𝑛 = 12):
rats pretreated with normal saline (10mL/kg, i.p.)
were subjected to small intestinal ischemia by occlud-
ing SMA (75min), followed by reperfusion (2 h) plus
administration of Compound 48/80 (0.75mg/kg, i.v.)
dissolved in normal saline (1mL/kg) 5min immedi-
ately before reperfusion.

(4) NAC+ IIR group (NAC+ IIR) (𝑛 = 6): rats pretreated
with NAC (0.5 g/kg, i.p./day) dissolved in normal
saline (10mL/kg) for 3 successive days were sub-
jected to small intestinal ischemia by occluding SMA
(75min), followed by reperfusion (2 h) plus adminis-
tration of normal saline (1mL/kg, i.v.).

(5) NAC + IIR + Compound 48/80 group (NAC + IIR +
CP) (𝑛 = 6): rats pretreated with NAC (0.5 g/kg, i.p.)
were subjected to small intestinal ischemia by occlud-
ing SMA (75min), followed by reperfusion (2 h) plus
administration of Compound 48/80 (0.75mg/kg, i.v.).

(6) Propofol + IIR group (Pro + IIR) (𝑛 = 6): rats pre-
treatedwith propofol (50mg/kg, i.p./day) dissolved in
intralipid (10mL/kg) for 3 successive days were sub-
jected to small intestinal ischemia by occluding SMA
(75min), followed by reperfusion (2 h) plus adminis-
tration of normal saline (1mL/kg, i.v.).

(7) Propofol + IIR + Compound 48/80 group (Pro +
IIR + CP) (𝑛 = 6): rats pretreated with propofol
(50mg/kg, i.p.) were subjected to small intestinal
ischemia by occluding SMA (75min), followed by
reperfusion (2 h) plus administration of Compound
48/80 (0.75mg/kg, i.v.).

(8) Intralipid + IIR group (Lip + IIR) (𝑛 = 12): rats
pretreated with intralipid (50mg/kg, i.p.) (with a vol-
ume of 10mL/kg) were subjected to small intestinal
ischemia by occluding SMA (75min), followed by
reperfusion (2 h) plus administration of normal saline
(1mL/kg, i.v.).

(9) Intralipid + IIR + Compound 48/80 group (Lip +
IIR + CP) (𝑛 = 12). rats pretreated with intralipid
(50mg/kg, i.p.) were subjected to small intestinal

ischemia by occluding SMA (75min), followed by
reperfusion (2 h) plus administration of Compound
48/80 (0.75mg/kg, i.v.).

It is of notice that, with respect to the low survival rate in rats
that underwent IIR in the presence of CP, experiments were
performed on a total of 12 animals in IIR + CP and IIR + CP
+ intralipid groups. In all the experimental groups, the rats
were anesthetized by intraperitoneal injection of 10% chloral
hydrate (3.5mL/kg) after fasting for 16 h. The Compound
48/80 (Sigma, USA; 0.75mg/kg) or the same volume of
physiological saline was intravenously injected via the tail
vein at 5min before reperfusion. The doses of agents were
adjusted in accordance with our previous study [15]. During
the surgery, all the rat body temperature was maintained at
38∘C using heated pad. And 10mL/kg 37∘C normal saline
was injected subcutaneously to avoid dehydration after the
abdomen had been closed.

2.8. Collection of Intestinal Mucosa. Upon the completion of
the abovementioned treatments and experiments, the rats
were anesthetized and then euthanized. The whole small
intestine was removed carefully, and a segment of 1.0 cm
intestine (located at 10 cm away from the terminal ileum)
was cut and fixed in 10% formaldehyde and then embedded
in paraffin for section. The remaining small intestine was
washed thoroughly with 0∘C normal saline and then opened
longitudinally to expose the intestinal epithelium, after being
rinsed completely with 0∘C normal saline and dried with
suction paper. The mucosal layer was harvested by gentle
scraping of the epitheliumwith a glass slidewith a plate on the
ice and then was stored at −70∘C for further measurements.

2.9. Intestinal Histology. Five 𝜇m thick sections were pre-
pared from paraffin-embedded intestine tissue; the segment
of small intestine was stained with hematoxylin-eosin. And
the damage of intestinal mucosa was evaluated by two histol-
ogists blinded to the experiment according to Chiu’s standard
[32]: Grade 0, normal mucosa; Grade 1, development of
subepithelial Gruenhagen’s space at the tip of villus; Grade 2,
extension of the space with moderate epithelial lifting; Grade
3, massive epithelial lifting with a few denuded villi; Grade 4,
denuded villi with exposed capillaries;Grade 5, disintegration
of the lamina propria, ulceration, and hemorrhage.

2.10. Detection of 15-F
2𝑡
-Isoprostane Content in the Small

Intestinal Mucosa. Small intestinal mucosa was homoge-
nized with normal saline. The tissue content of free 15-F

2t-
isoprostane, an index of in vivo oxidative stress-induced lipid
peroxidation, was measured using commercial immunoassay
kits (CaymanChemical, AnnArbor,MI) aswedescribed [33].

2.11. Assay of Superoxide Dismutase (SOD) Activity and
Hydrogen Peroxide Content in Small Intestinal Mucosa. Small
intestinal mucosa was made into a homogenate with nor-
mal saline, frozen at −20∘C for 5min, and centrifuged for
15min at 4000 r/min. Supernatants were transferred into
fresh tubes for evaluation of SOD activity and hydrogen
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peroxide content. SOD activity and hydrogen peroxide con-
tent were assessed by SOD and hydrogen peroxide detection
kits according to the manufacturer’s instructions (Jiancheng
Bioengineering Ltd, Nanjing, China). Presented data were
normalized to tissue weight.

2.12. Measurement of 𝛽-Hexosaminidase Level in Serum. 𝛽-
hexosaminidase level in the serum was determined using
modification of a previously described method [34]. Briefly,
50𝜇L of serum was incubated with 50 𝜇L of 1mM p-
nitrophenyl-N-acetyl-𝛽-D-glucosaminide dissolved in 0.1M
citrate buffer (pH 5) in a 96-well plate at 37∘C for 1 h. The
reaction was terminated with 200 𝜇L/well of 0.1M carbonate
buffer (pH 10.5). The absorbance at 405 nm was measured
using a Microplate reader.

2.13. Western Blotting. Intestinal mucosa samples were
homogenized with lysis buffer for 30 seconds in a mortar and
pestle with liquid nitrogen. Homogenates were centrifuged at
13000 rpm for 10min at 4∘Cand the supernatantwas collected
as the source of protein sample. The proteins were processed
with standardmethods forWestern blot analysis as described
[10]. Rat monoclonal anti-tryptase antibody, rat monoclonal
anti-gp91phox and anti-p47phox antibodies, rat monoclonal
anit-P-selectin and anti-ICAM-1 antibodies, and 𝛼-tubulin
antibody were obtained from Santa Cruz (Santa Cruz, CA,
USA). The secondary antibody conjugated to horseradish
peroxidase was diluted at 1 : 2,000 (Santa Cruz, USA).
Immunoblots were incubated with an enhanced chemilumi-
nescence detection system (KeyGen Biotech, China) and the
densitometry analysis was performed using Quantity One
software.

2.14. Determination of IL-6 Production in Small Intestinal
Mucosa by Enzyme Immunoassay. Intestinal mucosa tissues
were made into homogenates with frozen normal saline and
spun at 4000 r/min for 15 minutes. Supernatants were then
transferred into fresh tubes for detection of IL-6 contents.
Briefly, intestinal protein was measured by BCA Protein
Assay Kit provided by KenGen Biotech Company, Nanjing,
China, and the protein contents were expressed as g/L. The
levels of IL-6 were measured using commercial ELISA kits
following manufacturer’s instructions (R&D systems Inc,
USA). The absorbance was read at 450 nm by a Biokinetics
microplate reader Model EL340 (Biotek Instruments, USA),
and the results were expressed as ng/L; then the final levels of
IL-6 in the intestine were calculated as ng/g protein.

2.15. Determination of Myeloperoxidase (MPO) Activity in
Small Intestinal Mucosa. Myeloperoxidase (MPO) activity
was determined with the O-dianisidine method [35], using
a MPO detection kit (Nanjing Jiancheng Bioengineering
Institute) as we described [36]. MPO activity was defined
as the quantity of enzyme degrading 1𝜇mol of peroxide per
minute at 37∘C and was expressed in units per gram weight
of wet tissue.

2.16. Statistical Analysis. The data (except for the survival
rates) were expressed as Mean ± SEM. All biochemical
assays were performed in duplicate. Analysis of variance was
performedusingGraphpadPrism software.One-way analysis
of variance was used for multiple comparisons, followed by
Bonferroni’s Student’s 𝑡-test for unpaired values. The survival
rate was expressed as the percentage of live animals, and the
Mantel Cox log rank test was used to determine differences
between groups. Differences were considered significant
when 𝑃 values were less than 0.05.

3. Results

3.1. Oxidative Stress but Not LPS-Induced RBL-2H3 Cell
Degranulation Can Be Reversed by NAC and Propofol Pre-
treatments. Bacterial translocation and oxidative stress are
the two characterizations of small IIR [37], and our previous
study showed that mast cell (MC) degranulation could
exacerbate the injury [14]. Therefore, in the current study,
we initially sought to explore whether bacteria and oxidative
stress can induce MC degranulation. As shown in Figure 1,
exposure of the RBL-2H3 to different concentrations of
LPS for 1 or 4 h did not cause significant changes in the
release of 𝛽-hexosaminidase activities as compared with the
control group (Figure 1(a)) whereasMC activator Compound
48/80 significantly increased the released 𝛽-hexosaminidase
activities as compared with the control group (Figure 1(b)).
This result indicates that LPS per se has no effects on MC
degranulation at least in this experimental setting. However,
treatment of RBL-2H3 cell with H

2
O
2
dose-dependently

increased the activity of the released 𝛽-hexosaminidase
(Figure 1(c)). Pretreatments with NAC, a scavenger of oxy-
gen radicals, abolished H

2
O
2
mediated elevations of the

released 𝛽-hexosaminidase activities (Figure 1(d)). Similarly,
pretreatment with propofol, but not intralipid (propofol
solvent), abrogated the enhancements of the released 𝛽-
hexosaminidase activities induced by H

2
O
2
(Figure 1(e)),

indicating that oxidative stress contributes to MC degran-
ulation and propofol inhibits MC degranulation via its
antioxidant property.

3.2. TryptaseContributed to Small Intestinal Epithelium Injury.
Tryptase, the unique mediator released from MC degranu-
lation [38], plays a critical role in the IIR mediated acute
lung injury in vivo [15]. Therefore, we sought to define the
direct role of tryptase in the small intestinal epithelium injury
in vitro. A small intestinal epithelial cell line IEC-6 was
employed and exposed to different concentrations of tryptase.
The results showed that tryptase could directly cause IEC-6
injury in a dose-dependent manner manifested as dramatic
increases in LDH activities and concomitant reductions in
cell viability as compared with the control group (Figures 1(f)
and 1(g)).

3.3. NAC, Propofol, and Intralipid PretreatmentsDidNotAffect
Small Intestinal Structure before IIR. First, we sought to assess
if pretreatment of rats with NAC, propofol, or intralipid may
cause significant intestinal injury. At the dosages used, neither
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Figure 1: Continued.
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Figure 1: Effects of LPS, Compound 48/80, and hydrogen peroxide (H
2

O
2

) on the degranulation of RBL-2H3 cells with or without NAC or
propofol treatment. (a) 𝛽-Hexosaminidase release after LPS treatment for 1 h or 4 h, (b) 𝛽-hexosaminidase release after Compound 48/80
stimulation for 1 h, and (c) 𝛽-hexosaminidase release after H

2

O
2

treatment for 1 h. (d) and (e) quantified the degranulation of RBL-2H3 cells,
pretreated with NAC or propofol for 12 h, induced by H

2

O
2

stimulation for 1 h, respectively. (f) Cell viability of IEC-6 cells treated with
tryptase for 12 h. Results were expressed as percentage of control group; error bars represented the standard error of the mean. (g) Lactate
dehydrogenase (LDH) activity of IEC-6 cells treated with tryptase for 2 h. Results were expressed as Mean ± SEM. ∗𝑃 < 0.05 versus control
group, #𝑃 < 0.05 versus H

2

O
2

500 𝜇M group, $𝑃 < 0.05 versus propofol 0.5𝜇g/mL group.

NACnor propofol or intralipid caused any challenges to small
intestinal structure as compared to that in rats treated with
normal saline (NS). As shown in Figure 2, all the layers of
intestine were normal in all the groups and there was no
significant difference among groups in terms of injury score
(Figure 2(d)).

3.4. NAC and Propofol but Not Intralipid Pretreatment Altered
Intestinal Oxidant and Antioxidant Levels before IIR. NAC
andpropofol arewell known for their antioxidative properties
[10, 39]. As shown in Figure 3, NAC and propofol simi-
larly attenuated oxidant level as demonstrated by significant
decreases in 15-F

2t-isoprostane (Figure 3(a)) contents and
increases in SOD activities (Figure 3(b)) in small intestinal
mucosa as comparedwithNS treated group. In addition,NAC
and propofol pretreatment led to significant reductions in
protein expressions of gp91phox and p47phox, the important
components of NADPH enzymes, in small intestinal mucosa
compared with NS treated group before IIR (Figures 3(c)–
3(e)). By contrast, intralipid showed comparative results to
NS treated group.Thedata indicated that propofol, at the dose
used, confers similar antioxidant effects to that of NAC.

3.5. NAC, Propofol, and Intralipid Pretreatments Did Not Acti-
vate Mast Cell before IIR. Trypatse and 𝛽-hexosaminidase
are specific markers for the assessment of mast cells degran-
ulation [40]. As shown in Figures 3(f) and 3(g), NAC,
propofol, or intralipid alone had no significant effect on
mast cell degranulation.There were no significant differences
in tryptase protein expressions in small intestinal mucosa

and 𝛽-hexosaminidase levels among all pretreated groups
before IIR.The findings from the current study indicated that
NACandpropofol pretreatments can substantially ameliorate
superoxide productions without affecting mast cell and small
intestine morphology under normal condition.

3.6. NACandPropofol Improved Reduction of Survival Rates in
Rats Challenged to IIR through InhibitingMast Cell Activation.
We, next, sought to investigate the effects of NAC and propo-
fol in combating IIR and inhibiting mast cell in the process
of IIR injury. As illustrated in Figure 4(a), activation of mast
cell by Compound 48/80 resulted in significant decreases in
2 h survival rates after the clamp releasing as compared with
sole IIR group. By contrast, NAC and propofol pretreatments
showed similar promising benefits in reducing mast cell
degranulation mediated injury during 2 h reperfusion period
evidenced as increased postischemic 2 h survival rates to
100% (Figure 4(b)). Intralipid did not attenuate Compound
48/80 mediated exacerbation of postischemic survival rate
in rats subjected to IIR (Figure 4(c)). These data suggested
that oxidative stress is a major mechanism whereby mast cell
degranulation exacerbated IIR injury.

3.7. NAC and Propofol Attenuated Small Intestinal Injury in
Rats Undergoing IIR through Inhibiting Mast Cell Activation.
After 2 h reperfusion, the sections of small intestine were
evaluated by HE staining; IIR induced severe damage to
small intestine. As depicted in Figures 4(d) and 4(e), multiple
erosions and bleeding were observed in IIR group, while
Compound 48/80 further aggravated IIR injury manifested
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Figure 2: Morphological changes of intestine under light microscope in rats treated with NAC, propofol, or intralipid. ((a)–(d))
Representative images of rats treated with normal saline (NS), NAC (0.5 g/kg, i.p.), propofol (50mg/kg, i.p.), and intralipid (50mg/kg, i.p.)
prior to ischemia reperfusion (HE staining, ×200). (e) quantified the intestine histological scores in normal saline pretreated group (NS),
NAC pretreated group (NAC), propofol pretreated group (Pro), and intralipid pretreated group (Lip). Results are expressed as Mean ± SEM.
𝑛 = 3 per group.

as moremultiple erosions and bleedings andmore inflamma-
tory cell sequestrations seen in the IIR + CP group, whereas
the villus and glands were normal and no inflammatory
cell infiltration was observed in mucosal epithelial layer
in Sham-operated group. NAC and propofol similarly and
significantly reduced the injuries in small intestine and only
slight edema of mucosa villus and infiltration of few necrotic
epithelial inflammatory cells were found in mucosa epithelial
layer. Moreover, NAC and propofol pretreatments blocked
Compound 48/80 induced exacerbation in small intestinal

morphology changes after 2 h reperfusion. In contrast, pre-
treatment with intralipid could not attenuate IIR and Com-
pound 48/80 induced injury. Consistent with morphological
changes, Chiu’s scores markedly increased in IIR group as
compared with Sham-operated group while treatment with
mast cell degranulator Compound 48/80 after ischemia led to
further increases inChiu’s scores.NACandpropofol similarly
dramatically lowered Chiu’s scores and significantly limited
the changes induced by Compound 48/80 (𝑃 < 0.05, NAC +
IIR + CP or propofol + IIR + CP versus IIR + CP group). Of
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Figure 3: Changes of 15-F
2t-isoprostane contents, SOD activities, p47phox and gp91phox protein expressions in intestine mucosa, and intestinal

tryptase protein expression, and serum 𝛽-hexosaminidase levels in rats treated with NAC, propofol, and intralipid. (a) 15-F
2t-isoprostane

contents, (b) SOD activities, ((c)–(e)) intestinal p47phox and gp91phox protein expressions, (f) tryptase protein expression, and (g) 𝛽-
hexosaminidase levels in normal saline pretreated group (NS), NAC pretreated group (NAC), propofol pretreated group (Pro), and intralipid
pretreated group (Lip) (𝑛 = 3). Results are expressed as Mean ± SEM. ∗𝑃 < 0.05 versus NS.
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Figure 4: Survival rates and morphological changes of intestine and intestinal histological score under light microscope after IIR. SHAM
group (Sham-operated group), IIR group (75min intestinal ischemia and 2 h reperfusion), and IIR + CP group (IIR group + Compound
48/80 1mg/kg) in the absence or presence of NAC (0.5 g/kg) or propofol (50mg/kg) or intralipid (50mg/kg). ((a)–(c)) Survival rats in rats
subjected to IIR with or without NAC, propofol, or intralipid pretreatment. Results are expressed as percentage of live animals, 𝑛 = 6 per
group, whereas 𝑛 = 12 in IIR + CP group and IIR + CP + intralipid group. (d) Representative images of HE staining (×200). Black arrow:
lamina propria villus shedding. Red arrow: engorgement of capillary vessel. White arrow: top villus shedding. (e) quantified the intestine
histological scores. Results are expressed as Mean ± SEM. 𝑛 = 6 per group, whereas 𝑛 = 4 in IIR + CP group. ∗𝑃 < 0.05 versus SHAM group,
#
𝑃 < 0.05 versus IIR group, $𝑃 < 0.05 versus IIR + CP group, &𝑃 < 0.05 versus IIR with NAC pretreated group, △𝑃 < 0.05 versus IIR with
propofol pretreated group, and 𝑃 < 0.05 versus IIR with intralipid pretreated group.
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note, there were no differences in Chiu’s scores between IIR
and intralipid pretreated groups.

3.8. NAC and Propofol Reduced Oxidative Stress in Small
Intestine in Rats Undergoing IIR through Inhibiting Mast Cell
Activation. Ischemia reperfusion injury is characterized by
upregulation of ROS [10]. In linewith previous results [16], we
observed that 75min ischemia followed by 2 h reperfusion led
to substantial enhancements in 15-F

2t-isoprostane contents
in small intestinal mucosa and marked reductions in SOD
activities as compared with Sham-operated group (Figures
5(a) and 5(b)). Meanwhile, IIR also caused great increases in
gp91phox and p47phox protein expressionwhen comparedwith
Sham-operated group. Moreover, Compound 48/80 further
aggravated the changes of oxidative stress induced by IIR
(𝑃 < 0.05 IIR + CP versus IIR). Not surprisingly, propofol
and NAC similarly attenuated IIR mediated oxidative stress
evidenced as downregulation of 15-F

2t-isoprostane contents
and gp91phox and p47phox protein expression and upregula-
tion of SOD activities in propofol and NAC treated groups as
compared with group IIR. Furthermore, propofol and NAC
pretreatments also limited the further increases of oxidative
stress induced by Compound 48/80. As expected, intralipid
did not show any antioxidative properties as the markers of
oxidative stress measured were comparable between group
IIR and group intralipid + IIR. Intralipid had no protective
effect against Compound 48/80 induced upregulation of
oxidative stress.

3.9. NAC and Propofol Attenuated Inflammation in Small
Intestine in Rats Undergoing IIR through Inhibiting Mast Cell
Activation. Interleukin 6 (IL-6) is one of the inflammatory
cytokines that has been demonstrated to be implicated in
the pathogenesis of IIR injury [41]. In the present study,
we observed that IL-6 levels in small intestinal mucosa
in group IIR were significantly increased as compared to
that in the Sham-operated group (Figure 5(e)). Moreover,
administration with Compound 48/80 further resulted in
dramatic enhancements in IL-6 levels in group IIR + CP
(𝑃 < 0.05 versus group IIR). Pretreatments with propofol and
NAC not only similarly abrogated the increases in IL-6 levels,
but also block the enhancements in IL-6 levels resulting from
IIR in the presence of the MC activator Compound 48/80
(Figure 5(e)).

3.10. NAC and Propofol Inhibited Neutrophil Rolling in Small
Intestine in Rats Undergoing IIR through Inhibiting Mast Cell
Activation. IIR injury is also characterized by neutrophil
sequestrating into the inflamed tissues [42]. Consistent with
previous results [42], we also found that IIR led to substan-
tial increases in MPO activities (Figure 5(f)) and ICAM-1
(Figure 5(g)) and P-selectin (Figure 5(h)) protein expressions
as compared with Sham-operated group; moreover, Com-
pound 48/80 resulted in further increases in MPO activities
and P-selectin protein expression in group IIR + CP than that
in group IIR. Administrations with propofol andNAC signif-
icantly inhibited neutrophil infiltration/activation evidenced
as downregulation of MPO activities and P-selectin protein

expression caused by IIR. Furthermore, propofol and NAC
also blocked Compound 48/80 mediated exacerbation of IIR
induced neutrophil infiltration.

3.11. NAC and Propofol Reduced Mast Cell Degranulation in
Small Intestine in Rats Undergoing IIR. Mast cell releases a
number ofmediators that contribute to the aggravation of IIR
injury, and there are many factors that can induce mast cell
degranulation during IIR. Tryptase and 𝛽-hexosaminidase
are the unique markers released from mast cell and their
increased release can be recognized as mast cell degranula-
tion. As shown in Figure 6, after 2 h reperfusion, we found
that tryptase protein expression and 𝛽-hexosaminidase level
were greatly increased in group IIR as compared with Sham-
operated group, and Compound 48/80 resulted in further
mast cell degranulation evidenced as dramatic increases
in tryptase protein expression and 𝛽-hexosaminidase level
observed in group IIR + CP relative to that in group IIR.
Of note, propofol and NAC similarly inhibited mast cell
degranulation by downregulating tryptase protein expression
and 𝛽-hexosaminidase level triggered by IIR and Compound
48/80. Collectively, the findings from the current study indi-
cated that oxidative stress mediated mast cell degranulation
aggravated IIR injury and propofol through its antioxidative
properties protects against IIR by stabilizing mast cell.

4. Discussion

We have shown in the current study that increased ROS
during IIR exacerbated IIR injury primarily via activating
mast cells evidenced as concomitant increases of postis-
chemic 15-F

2t-isoprostane and elevations in tryptase and 𝛽-
hexosaminidase and increases in intestinal injury score, lead-
ing to significantly reduced postischemic survival. Further,
we showed that activation of intestinal NADPH oxidase is a
major source of postischemic ROS production. Antioxidant
NAC and propofol inhibited postischemic intestinal NADPH
oxidase activation by reducing gp91phox and p47phox protein
overexpression and reduced ROS and the subsequent mast
cell activation in vivo and in vitro, which may represent the
major mechanism whereby propofol attenuates IIR injury
and enhances postischemic survival.

Mast cell (MC), which contains a diverse range of medi-
ators, resides throughout gastrointestinal tract and is also
known as intestinal mucosal mast cell (IMMC). Despite the
fact thatMCmay function as host defense to prevent bacterial
invasion [43], enhancedMC activation may contribute to the
development of a variety of disorders including IIR injury
by releasing histamine, tryptase, TNF-𝛼, and other factors. It
should be noted that MC is the main source of TNF-𝛼 in the
tract [44]. Ramos et al. reported that mast cell degranulation
plays a significant role in the development of sepsis by reg-
ulating cell death, which resulted in multiorgan dysfunction
[45]. Consistent with the previous studies showing that stabi-
lizing MC from degranulation would be one of the potential
strategies in combating IIR injury [14], our current study
further revealed that increased oxidative stress during IIR
plays an important role in mast cell activation/degranulation
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Figure 5: Changes of SOD activities, 15-F
2t-isoprostane contents, p47phox protein expression, gp91phox, P-selectin, and ICAM-1 protein

expressions, IL-6 levels, and MPO activities in intestine mucosa after IIR injury. SHAM group (Sham-operated group), IIR group (75min
intestinal ischemia and 2 h reperfusion), and IIR + CP group (IIR group + Compound 48/80 1mg/kg) in the absence or presence of NAC
(0.5 g/kg), propofol (50mg/kg), intralipid (50mg/kg). (a) SOD activities, (b) 15-F

2t-isoprostane contents in intestine (𝑛 = 6, except 𝑛 = 4 in
IIR + CP group). ((c) and (d)) p47phox and gp91phox protein expressions, respectively (𝑛 = 3), ((e) and (f)) IL-6 levels and MPO activities in
intestinal mucosa (𝑛 = 6, except 𝑛 = 4 in IIR + CP group). ((g) and (h)) ICAM-1 and P-selectin protein expressions, respectively (𝑛 = 3).
Results are expressed as Mean ± SEM. ∗𝑃 < 0.05 versus SHAM group, #

𝑃 < 0.05 versus IIR group, $
𝑃 < 0.05 versus IIR + CP group,

&
𝑃 < 0.05 versus IIR with NAC pretreated group, △𝑃 < 0.05 versus IIR with propofol pretreated group, and 𝑃 < 0.05 versus IIR with

intralipid pretreated group.
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Figure 6: Changes of intestinal tryptase protein expression and serum𝛽-hexosaminidase levels after IIR injury. SHAMgroup (Sham-operated
group), IIR group (75min intestinal ischemia and 2 h reperfusion), and IIR + CP group (IIR group + Compound 48/80 1mg/kg) in the
absence or presence of NAC (0.5 g/kg), propofol (50mg/kg), intralipid (50mg/kg). (a) Intestinal tryptase protein expression (𝑛 = 3). (b)
𝛽-hexosaminidase levels in serum (𝑛 = 6, except 𝑛 = 4 in IIR + CP group). Results are expressed as Mean ± SEM. ∗𝑃 < 0.05 versus SHAM
group, #𝑃 < 0.05 versus IIR group, $𝑃 < 0.05 versus IIR + CP group, &𝑃 < 0.05 versus IIR with NAC pretreated group, △𝑃 < 0.05 versus IIR
with propofol pretreated group, and 𝑃 < 0.05 versus IIR with intralipid pretreated group.

evidenced as enhancements in tryptase protein expression
and 𝛽-hexosaminidase levels, which causes or exacerbates
IIR injury. This notion is further supported by the fact that
activating mast cell by Compound 48/80 further aggravated
IIR injury and tryptase directly damaged small intestinal
epithelium evidenced by the reduced cell viability and the
enhanced LDH activity in vitro. The data from the current
study further proved that mast cell activation plays a central
role in exacerbating IIR injury, although the mechanism
governingmast cell activation during IIR is yet to be explored.

Mast cell can be activated by several distinct mecha-
nisms; in addition to IgE/Fc𝜀, the classical signal pathway
of activation, there is a growing body of evidence to sug-
gest that nonimmunological stimuli such as trauma and
physical stress also contribute to mast cell activation [46].
Yoshimaru and colleagues demonstrated that silver mediated
mast cell activation by upregulation of NADPH oxidase
mediated ROS production [18]. Additionally, Collaco et al.
found that superoxide production contributes to mast cell
degranulation, and inhibiting ROS can stabilize mast cell in
vitro [12]. Moreover, our previous study in a rat model of
IIR revealed significant increase of mast cell activation with
concomitant elevations in ROS [16]. These results provided
us sound rationale to speculate that there exists a linkage
between mast cell activation and superoxide production.
Our current study extended findings of previous studies
[16] by showing that NADPH oxidase is overexpressed
during IIR which contributed to increased oxidative stress
and MC activation, leading to exacerbation of IIR injury.
Further, using antioxidant N-acetylcysteine (NAC), which
has been shown to prevent myocardial NADPH oxidase
overexpression in diabetes [47, 48] and attenuate myocardial

ischemia reperfusion injury [10], we found that, in in vivo
model of IIR, pretreatment of rats with NAC not only
attenuatedNADPHoxidase overexpression and reducedROS
production, but concomitantly reduced MC activation and
consequently attenuated IIR injury and increased survival
rate. We also found that NAC reversed the oxidative stress
mediated mast cell degranulation in vitro. The results from
the current study indicated that oxidative stress subsequent
to NADPH oxidase overexpression during IIR plays a critical
role in mast cell activation, which in turn led to a deleterious
injury. Of note, in the current study, mast cell activation by
CP also induced oxidative stress manifested as increased 15-
F
2t-isoprostane and reduced SOD, associated with increased

p47phox and gp91phox protein expression in IIR + CP group
compared to IIR group (Figures 5(a)–5(d)).This is consistent
with study from Collaco et al. showing that sodium sulfite
activated mast cell degranulation and subsequently increased
intercellular oxidative stress in RBL-2H3 cells [12]. These
indicate that mast cell activation per se induces oxidative
stress.

Excessive production of ROS by NADPH oxidase is
generally considered to be involved in the pathogenesis of
inflamed tissues [49], including ischemic tissues. There are
a number of NADPH homologs presented in many diverse
organs, such as Nox1, Nox2 (also named as gp91phox), and
Nox3-4 [50]. It is important to appreciate that Nox2 is pre-
dominantly expressed within epithelial cells. In addition to
ROS scavenger, NAC also inhibits NADPH oxidase activities;
our previous results showed that pretreatment of diabetic
rats withNAC attenuated cardiac ischemia reperfusion injury
by downregulating NADPH subunits p67phox and p22phox
expression and reducing oxidative stress [48]. Inoue et al.
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have demonstrated that blockade of ROS generation by
NADPH oxidase inhibition can limit mast cell degranulation
[51]. Guan et al. demonstrated that intracellular NADPH
concentration in villus tip cells in intestine was significantly
rapidly increased even after short-term ischemia [52]. In
the current study, we also found that elevations of gp91phox

and p47phox protein expression are the prominent features of
IIR. Furthermore, precondition of IIR-rats with antioxidant
NAC or propofol not only significantly reduced gp91phox and
p47phox protein expression, but also played a significant role
in stabilizing mast cell.

Propofol is a short-acting, intravenously administered
hypnotic agent. In addition to its sedation/hypnotic prop-
erties, propofol displays protective effects in many organs
subjected to ischemia reperfusion injury by inhibiting oxida-
tive cellular damage [53, 54]. Hama-Tomioka et al. recently
reported that propofol can block superoxide production
originated from NADPH oxidase in vitro [55]. Although, as
described previously, a single intraperitoneal injection of 50
or 100mg/kg propofol could significantly attenuate IIR injury
in acute rat models [31], propofol is the most commonly
used agent overall during short-term and intermediate-
length sedation in ICU [56]; thus, in the current study, we
explored propofol pretreatment for three successional days
and incorporated the investigation of postischemic mortality
in addition to observing its effect on IIR injury. To our
knowledge, our study is the first to show that propofol
pretreatment given at a sedative dosage significantly inhibited
the overexpression of NADPH oxidase and reduced oxidative
mediated MC action during IIR or in vitro and reduced IIR
injury and subsequently enhanced postischemic mortality in
rats.

IIR injury is also characterized by uncontrollable inflam-
mation and neutrophils sequestration in inflamed tissues.
Migration of neutrophils to injurious site is mediated by
selectins and intercellular adhesion molecules (ICAMs) by
the activated endothelium [57]. Compton et al. reviewed that
tryptase released from mast cell degranulation can attract
leukocytes infiltrate and migrate to ischemic tissues [58].
And treatment of rats with mast cell stabilizer cromolyn
sodium has been shown to greatly reduce the expressions of
ICAM-1 in the lungs in pancreatitis-associated lung injury
and decreased IL-6 release [59]. These findings point to the
importance of mast cell degranulation through increased
release of proinflammatory mediator in inducing neutrophil
migration to inflamed tissues. In the present study, we found
that, during IIR, mast cell degranulation resulted in more
neutrophils infiltration into small intestine evidenced as
significant increases in MPO activities and ICAM-1 and P-
selectin protein expressions and that propofol and NAC sim-
ilarly blocked the alterations induced by IIR and prevented
MC stimulator Compound 48/80 mediated exacerbation of
IIR injury. Our finding that propofol can inhibit intestinal
MC activation during IIR and reduce tissue neutrophils
infiltration as well as the subsequent systemic inflammation
may have potential clinical importance given that IIR occurs
often in patient who underwent major surgeries such as
cardiac surgery with cardiopulmonary bypass [60] and is

a challenging and life-threatening clinical problem.The delay
in diagnosis and treatment of IIR injury contributes to the
continued high in-hospital mortality rate [61]. Preventive
administration of propofol may be a promising approach in
attenuating postoperative intestinal ischemia and mortality.

In a summary, we have shown that mast cell activation,
through increased release of mediators, contributed to dele-
terious injury induced by IIR and that oxidative stress plays
a central role in mast cell activation. Propofol, similar to the
antioxidant NAC, inhibited ROS mediated mast cell activa-
tion and attenuated IIR injury and enhanced postischemic
mortality. Propofol mediated reduction of oxidative stress
and MC activation during IIR is achieved at least in part
through attenuating IIR induced NADPH oxidase overex-
pression, while the underlying mechanism merits further
study. Mast cell activation contributes to and exacerbates
small intestinal ischemia reperfusion injury.
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Objective. Ischemia/reperfusion (I/R) injury is an unavoidable event for patients in cardiac surgery under cardiopulmonary bypass
(CPB). This study was designed to investigate whether glutaraldehyde-polymerized human placenta hemoglobin (PolyPHb), a
hemoglobin-based oxygen carrier (HBOC), can protect heart against CPB-induced I/R injury or not and to elucidate the underlying
mechanism.Methods and Results. A standard dog CPB model with 2-hour cardiac arrest and 2-hour reperfusion was established.
The results demonstrated that a low-dose PolyPHb (0.1%, w/v) provided a significant protection on the I/R heart, whereas the
high-dose PolyPHb (3%, w/v) did not exhibit cardioprotective effect, as evidenced by the impaired cardiac function, decreased
myocardial oxygen utilization, and elevated enzymes release and pathological changes. Further study indicated that exposure
of isolated coronary arteries or human umbilical vein endothelial cells (HUVECs) to a high-dose PolyPHb caused impaired
endothelium-dependent relaxation, which was companied with increased reactive oxygen species (ROS) production, reduced
superoxide dismutase (SOD) activity, and elevatedmalonaldehyde (MDA) formation. Consistentwith the increased oxidative stress,
the NAD(P)H oxidase activity and subunits expression, including gp91phox, p47phox, p67phox, and Nox1, were greatly upregulated.
Conclusion. The high-dose PolyPHb fails to protect heart from CPB-induced I/R injury, which was due to overproduction of
NAD(P)H oxidase-induced ROS and resultant endothelial dysfunction.

1. Introduction

Ischemia/reperfusion (I/R) injury is harmful to cardiovas-
cular system and responsible to cardiac infarction, which
is thought to be involved in the severity and outcome of
ischemic heart disease [1]. For these patients, percutaneous
intervention or surgical procedure under cardiopulmonary
bypass (CPB) is usually adopted to achieve coronary artery
revascularization, but revascularization and cardiac arrest

during CPB may induce I/R injury in myocardium [2].
Therefore, I/R injury is the major cause of death and poor
prognosis of patients in cardiac surgery and transplantation.

Hemoglobin-based oxygen carriers (HBOCs) are red
blood cell substitutes under development for more than
three decades [3]. Our previous work and other studies
indicated that HBOCs are promising candidates to prevent
many organs from I/R injury [4–7]. Functionally, they allow
delivery of more oxygen (O

2
) to hypoxic tissues due to their
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higherO
2
affinity, lower viscosity, and smallermean diameter

than human erythrocytes. Mechanistic studies suggested that
this effect is related to attenuation of myocardial apoptosis,
oxidative stress, andnitroso-redox imbalance [8, 9].However,
this protection was not observed in clinical settings. A meta-
analysis by Natanson et al. [10] demonstrated that those
patients receiving a HBOC have a statistically increased
risk of death and myocardial infarction. To address this
discrepancy, this study employed a more clinically relevant
animal model—dog CPB model—to investigate the effect
of glutaraldehyde-polymerized human placenta hemoglobin
(PolyPHb) with different dosage on cardiac I/R injury.

2. Materials and Methods

All animal experimental procedures were performed in
accordance with the policies of the Animal Care and Use
Committee of Sichuan University and conformed to the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
Number 85-23, revised 1996).

2.1. Preparation of Hemoglobin-Based Oxygen Carrier. Poly-
PHb, a HBOC developed in China, was prepared as reported
previously with some modifications [11]. Briefly, purified
and viral inactivated fresh human placenta hemoglobin was
modified with bis(3,5-dibromosalicyl) fumarate to achieve
optimal O

2
affinity. After cross-linkage with glutaraldehyde,

the mixture was subjected to ultrafiltration and molecular
sieve chromatography. Before being used, the PolyPHb was
mixed with St. Thomas’ solution (STS) to a final concentra-
tion of 0.1 gHb/dL or 3 gHb/dL and then equilibrated with
95% O

2
and 5% CO

2
at 37∘C for 15min.

2.2. Dog Cardiopulmonary Bypass Model. A beagle dog
cardiopulmonary bypass (CPB) model was established as
described previously [12]. In brief, adult male beagle dogs,
weighing 8–10 kg, were used. After induction (4mg/kg
propofol, 0.1mg/kg midazolam, and 5𝜇g/kg fentanyl) and
muscle relaxation (1mg/kg scoline), all the dogs were intu-
bated with an Fr. 7.5 endotracheal tube and mechanically
ventilated using an air/O

2
mixture (1 : 4) with tidal vol-

ume 10mL/kg (Datex-Ohmeda Excel 210, Soma Technology,
Cheshire, Connecticut, USA). Each group received a con-
tinuous infusion of fentanyl at 0.3𝜇g/kg/min and vecuro-
nium bromide at 0.2mg/kg/hr during surgery. Anesthesia
was maintained with 150 𝜇g/kg/min propofol. After heart
exposure through a mid-sternal incision and heparinization
(3mg/kg), the ascending aorta and the right atrial appendage
were cannulated. The CPB circuit was composed of a
rolling pump (StÖckert II, Munich, Germany), a membrane
oxygenator (1500mL/min, Kewei Medical Ltd., Guangdong,
China), and an arterial filter (Kewei Medical Ltd.). The CPB
was primed with Lactate Ringer’s solution containing 5%
sodium bicarbonate (10mL/L), 20% mannitol (2.5mL/L),
furosemide (0.5–1.0mg/L), dexamethasone (5mg/L), hep-
arin (10mg/L), and 10% potassium chloride (5mL/L). Also,
a 10% calcium gluconate (2–4mL) was added every 30min
for 4 times.

2.3. Experimental Protocol. The experimental protocol is
schematically illustrated in Figure 1. Twenty adultmale beagle
dogs were divided into 4 groups (𝑛 = 5): Sham group, I/R
group, 0.1% PolyPHb group, and 3% PolyPHb group. Except
for the Sham group, hearts in other 3 groups were arrested
by intra-aortic infusion of 40mL/kg STS alone (I/R group),
STS with 0.1 gHb/dL PolyPHb (0.1% PolyPHb group), or STS
with 3 gHb/dL PolyPHb (3%PolyPHb group). After 2 hours
of cardiac arrest, the hearts were reperfused for 2 hours by
aortic declamping. The hearts without cardiac arrest and
reperfusion were allocated into the Sham group. After the
experiment, all the dogs were sacrificed with an intravenous
bolus injection of sodium pentobarbital (120mg/kg).

2.4. Measurement of Hemodynamic Parameters. A water-
filled latex balloon attached to a pressure sensor (model
SP844; MEMSCAP Inc., Durham, NC) was inserted into
the left ventricle (LV) via the mitral valve. Then, the
cardiac functional parameters including heart rate (HR),
LV systolic pressure (LVSP), and LV end-diastolic pressure
(LVEDP) were collected by a PowerLab data-acquisition
system (ADInstruments Pty, Bella Vista, NSW, Australia).
Also, a Swan-Ganz Float Catheter (Number 7, Edwards
Laboratories, Irvine, CA, USA) was inserted via femoral vein
and advanced to pulmonary artery tomeasure cardiac output
(CO), pulmonary artery wedge pressure (PAWP), pulmonary
arterial pressure (PAP), central venous pressure (CVP).Mean
arterial pressure (MAP) was monitored by a polyethylene
catheter placed in the left femoral artery.

2.5. Calculation of Cardiac O
2
Utilization. Blood samples

from artery and coronary vein sinus were collected. To assess
the level of cardiac O

2
utilization, cardiac O

2
consumption

(VO
2
) and O

2
extraction index (O

2
EI) were calculated from

the values of CO, hemoglobin concentration (Hb), arterial O
2

partial pressure (PaO
2
), venous O

2
partial pressure (PvO

2
),

arterial O
2
saturation (SaO

2
), and venous O

2
saturation

(SvO
2
) (ABL800 FLEX blood gas analyzer, Radiometer Med-

ical A/S, Copenhagen, Denmark) by using following formula:

VO
2
(mL/min) = CO × [1.38 ×Hb × (SaO

2
− SvO

2
)

+ 0.0031 × (PaO
2
− PvO

2
)] × 10

(1)

O
2
EI (%) = 1 − [

(1.38 ×Hb × SvO
2
+ 0.0031 × PvO

2
)

(1.38 ×Hb × SaO
2
+ 0.0031 × PaO

2
)

]

× 100%.
(2)

2.6. Determination of Myocardial Enzyme Release. Myocar-
dial necrosis estimated by the releases of creatine kinase-
MB (CK-MB), lactate dehydrogenase (LDH), and cardiac
troponin-I (cTnI) in plasma were measured as described
previously [8].

2.7. Measurement of Vascular Reactivity on Isolated Vessel
Rings. Arterial rings (3-4mm in length) from beagle dog
coronary artery, free of fat and connective tissue, were
mounted between two stainless steel hooks in organ bath
chambers (PanLab Systems, Harvard apparatus, Barcelona,
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Figure 1: A schematic representation of the experimental protocol. After respective treatment, the hearts were subjected to 2-hour cardiac
arrest and were reperfused for 2 hours. PolyPHb: glutaraldehyde-polymerized human placenta hemoglobin; STS: St. Thomas’ solution.

Spain). Each chamber contained 10mL of Krebs-Henseleit
(KH) solution (118mMNaCl, 4.7mMKCl, 1.2mMKH

2
PO
4
,

1.2mMMgSO
4
, 1.77mMCaCl

2
, 25mMNaHCO

3
, 11.4mM

glucose; pH 7.4, 37∘C) and aerated continuously with 95%
O
2
and 5% CO

2
. Special attention was paid during the

preparation to avoid damaging endothelium. During 60
minutes of equilibration period, resting tension of 3.5 g was
periodically adjusted and the KH solution was changed every
30 minutes. The arterial viability was checked by stable
and reproducible constriction to the addition of potassium
chloride (KCl, 60mM).Contracted arterieswere thenwashed
and subjected to 30 minutes of equilibration. After that,
these arteries were incubated with KH buffer alone (Control
group), KH buffer with 0.1% PolyPHb or 3% PolyPHb for 10
minutes and isometric tension of each vessel was recorded.
To measure the effect of HBOC on endothelium, isolated
coronary arterial rings were incubated with PolyPHb at 37∘C
for 2 hours. After washed and equilibrated for 60 minutes
under resting tension of 3.5 g, these arteries were evoked
using phenylephrine (10−7M) to elicit reproducible contrac-
tile responses. Acetylcholine (ACh; 1 × 10−8 to 1 × 10−4M)
or sodium nitroprusside (SNP; 1 × 10−10 to 1 × 10−6M) was
then progressively added to induce endothelium-dependent
or -independent relaxation, respectively.

2.8. Oxidative Stress and NAD(P)H Oxidase Activity Assays.
Isolated dog coronary artery after treatment was embedded
in aluminium cups of about 1mL of OCT resin (Tissue Tek,
Sakura, USA) and frozen in liquid nitrogen. To assess reactive
oxygen species (ROS) production, cryosections (8 𝜇m) were
stained with the superoxide-sensitive dye dihydroethidine
(DHE, 10 𝜇M in PBS) and incubated for 30 minutes at 37∘C.
Red DHE fluorescence was detected with Olympus BX51
microscope and DP70 digital camera (Olympus corp.) at
room temperature. Also, human umbilical vein endothe-
lial cells (HUVECs) after treatment were incubated with
DHE (10 𝜇M) for 30 minutes; then ROS production was
quantified by fluorescent measurement under Em/Ex =
480/580 nm (LS55 fluorescence spectrometer, Perkin-Elmer
corp., Boston, MA, USA). As markers of oxidative stress,
the superoxide dismutase (SOD) activity and malondialde-
hyde (MDA) formation in HUVECs were also measured
by using commercially available kits (Nanjing Jiancheng
corp., Nanjing, China). The NAD(P)H oxidase activity of

HUVECs was measured as described previously [13]. Briefly,
20𝜇g of protein was incubated with DHE (10 𝜇M) and DNA
(1.25 𝜇g/mL) in PBS with the addition of NAD(P)H (50 𝜇M),
in a final volume of 120𝜇L, for 30minutes at 37∘C in the dark.
Fluorescence intensity was recorded in a microplate reader
under Em/Ex = 480/580 nm (LS55 fluorescence spectrome-
ter).

2.9. Immunohistochemistry. Paraffin sections (5 𝜇m) or cry-
osections (8 𝜇m) of dog coronary arteries were prepared
and stained for P46phox, P67phox, gp91phox, Nox1, Nox4, and
von Willebrand factor (vWF) by using standard and widely
accepted immunostaining techniques. The vWF was used
to indicate endothelium. Moreover, paraffin sections of dog
LV tissue were stained with hematoxylin and eosin (H&E)
and assessed in a blinded fashion by a pathologist for the
following histological examination: hyaline change, cloudy
swelling, fatty change, inflammatory infiltration, perinuclear
halo, interstitial edema, and acute myocardial necrosis.
Semiquantitative analysis of histopathological changes was
performed using an arbitrary grading system from score 0 to
5 (score 0:<10% positive cells; score 1: 10%–20%positive cells;
score 2: 21–30% positive cells; score 3: 31–40% positive cells;
score 4: 41–50% positive cells; score 5: >50% positive cells).

2.10. Statistical Analysis. All values are presented as mean ±
SD. An unpaired Student’s 𝑡-test was used to detect significant
differences when two groups were compared. One-way or
two-wayANOVAwas used to compare the differences among
three or more groups followed by Bonferroni’s multiple
comparison tests as applicable (SPSS 16.0 software). P values
< 0.05 were considered statistically significant.

3. Results
3.1. High-Dose PolyPHb Failed to Improve Cardiac Func-
tion after CPB-Induced I/R Injury. All the hemodynamic
parameters at baseline, as well as the HR, CVP, and MAP
during reperfusion, were not different among groups (Figures
2(a)–2(c)). Treatment with the low-dose PolyPHb exhibited
cardioprotective effect. Increase of the dosage of PolyPHb did
not enhance this effect, as shown by the increased PAWP,
PAP, and LVEDP and reduced LVSP and CO (all 𝑃 < 0.001
versus the Sham group; Figures 2(d)–2(h)). The recovery of
LVEDP and CO during the first 60 minutes of reperfusion
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Figure 2:The HR (a), MAP (b), CVP (c), PAWP (d), PAP (e), LVSP (f), LVEDP (g), and CO (h) at baseline and during 2-hour of reperfusion
(𝑛 = 5). Values are presented as mean ± SD. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus the 0.1% group; #𝑃 < 0.05 versus the I/R group. HR: heart rate;
MAP: mean arterial pressure; CVP: central venous pressure; PAWP: pulmonary artery wedge pressure; PAP: pulmonary arterial pressure;
LVSP: left ventricular systolic pressure; LVEDP: left ventricular end-diastolic pressure; CO: cardiac output.
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EI (b) at baseline and during 2 hours of reperfusion (𝑛 = 5). Values are presented
as mean ± SD. ∗∗𝑃 < 0.01 versus the 0.1% group; #𝑃 < 0.05 versus the I/R group. VO

2

: cardiac oxygen consumption; O
2

EI: oxygen extraction
index.

were even worse as compared to the I/R group (𝑃 < 0.05 and
𝑃 < 0.05, respectively; Figures 2(g) and 2(h)). In addition,
the 0.1% PolyPHb alleviated the reduction of cardiac VO

2

and elevated O
2
EI as compared to the I/R group, while the

3% PolyPHb failed to improve these parameters and further
decreased cardiacVO

2
at 60minutes of reperfusion (𝑃 < 0.05

versus the I/R group; Figure 3).

3.2. High-Dose PolyPHb Did Not Reverse Myocardial Necrosis
after I/R Injury. Asmarkers ofmyocardial necrosis, the levels
of CK-MB, LDH, and cTnI in plasma were greatly increased
in the I/R group. Less cardiac enzymes release was observed
in the 0.1% PolyPHb group, whereas in the 3% PolyPHb
group, the enzymes release was still in a high level and not
different from the I/R group (Figures 4(a)–4(c)). Moreover,
the results of H&E staining showed that the 3% PolyPHb
did not limit myocardial histopathological changes after I/R
injury and further increased myocardial necrosis (𝑃 < 0.05
versus the I/R group; Figures 4(d) and 4(e)).

3.3. High-Dose PolyPHb Impaired Endothelium-Dependent
Vasorelaxation. Incubation with the 0.1% PolyPHb did not
alter the net tension of coronary artery, whereas it was greatly
elevated by the 3% PolyPHb (0.29 ± 0.07 g; Figure 5(a)).
Further study found that the endothelium-independent
vasorelaxation induced by SNP did not differ among groups
(Figure 5(b)). However, treatment with the 3% PolyPHb
induced a significant impairment in vasodilatory responses
to ACh (𝑃 < 0.05 versus the Sham group and 𝑃 < 0.05 versus
the 0.1% PolyPHb group; Figure 5(c)).

3.4. High-Dose PolyPHb Induced Oxidative Stress in Coro-
nary Artery. An increase of positive staining of DHE was
observed after coronary artery exposure to the 3% PolyPHb,
indicating an overproduction of ROS in the coronary artery

(Figure 6(a)). Also, the cell study confirmed that 3% PolyPHb
treatment resulted in increased ROS production (𝑃 < 0.01
versus the 0.1% PolyPHb group; Figure 6(b)), inhibited
SOD activity, and elevated MDA formation in HUVECs
(𝑃 < 0.05 and 𝑃 < 0.05 versus the 0.1% PolyPHb group;
Figures 6(c) and 6(d)).

3.5. HBOC-Induced NAD(P)H Oxidase Subunit Overexpres-
sion and Activity. Next, we measured the expression of the
essential subunits of NAD(P)H oxidase using immunohisto-
chemistry staining. Except for Nox4, vascular expression of
p47phox, p67phox, and gp91phox, as well as the catalytic subunit
Nox1, was markedly increased by the 3% PolyPHb, compared
with control and vessels treated with the 0.1% PolyPHb
(Figures 7(a) and 7(b)). Consistently, the NAD(P)H oxidase
activity was also greatly upregulated by the 3% PolyPHb (𝑃 <
0.05 versus the Control group and 𝑃 < 0.05 versus the 0.1%
PolyPHb group; Figure 7(c)).

4. Discussion
As we know, in addition to cardiac I/R injury, CPB is usually
companied with a reduction in hemoglobin level because of
the colloid solution primed in CPB circuit and unexpected
blood loss after heparinization. A higher dose of PolyPHb—
3% in this study—was expected to supplement hemoglobin in
circulation, thereby providing additional benefits. However,
the present study provides distinct evidence that the high-
dose PolyPHb cannot protect heart against CPB-induced
I/R injury. With regard to some parameters, it even causes
additional damage on the heart. In contrast, a clear car-
dioprotection is observed in the low-dose PolyPHb group,
suggesting the in vivo cardiac effect of HBOC is highly corre-
lated to its dosage. Moreover, our current study confirms that
the high-dose PolyPHb is vasoactive and induces coronary
artery endothelial dysfunction and damage.These findings to
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Figure 4: Total CK-MB (a), LDH (b), and cTnI (c) releases at baseline and after 2-hour reperfusion (𝑛 = 6). (d) Representative
photomicrographs of H&E-stained left ventricular tissue section (𝑛 = 5). Scale bar: 100 𝜇m. (e) Pathological scores for hyaline change, cloudy
swelling, fatty change, inflammatory infiltration, perinuclear halo, interstitial edema, and acute myocardial necrosis. Values are presented
as mean ± SD. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus the 0.1% PolyPHb group; #𝑃 < 0.05 versus the I/R group. CK-MB: creatine
kinase-MB; LDH: lactate dehydrogenase; cTnI: cardiac troponin-I; H&E: hematoxylin and eosin.



Oxidative Medicine and Cellular Longevity 7

In
cr

ea
se

s i
n 

te
ns

io
n 

(g
)

0.0

0.1

0.2

0.3

0.4

0.5

N.C.
0.1% PolyPHb 3% PolyPHb

(a)

Re
la

xa
tio

n 
(%

)

0

20

40

60

80

100

120

10 6789

Control
0.1% PolyPHb
3% PolyPHb

SNP (−Log M)

(b)

0

20

40

60

80

100

Re
la

xa
tio

n 
(%

)

8 4567

∗#

Control
0.1% PolyPHb
3% PolyPHb

ACh (−log M)

(c)

Figure 5: The net tension of coronary arteries (a) after incubation with 0.1% or 3% PolyPHb. SNP-induced endothelium-independent
relaxation (b) and ACh-induced endothelium-dependent relaxation (c) in coronary arteries after incubation with 0.1% or 3% PolyPHb.
Control vessels were treated with KH solution alone. Values are presented as mean ± SD (𝑛 = 5 to 6 per group). ∗𝑃 < 0.05 versus the 0.1%
PolyPHb group; #𝑃 < 0.05 versus the Control group. SNP: sodium nitroprusside; Ach: acetylcholine; KH: Krebs-Henseleit.

some extentmay explain the paradoxical results aboutHBOC
in animal and clinical studies. In clinical studies, a patient
presenting with hypovolemic shock in hospital could receive
HBOC up to 750–1000mL, which means the estimated
HBOC level in circulation is higher than 2 gHb/dL [10]. From
the data of our study, this dosage is highly susceptible to
induce vasoconstriction and cause damage on heart. More-
over, in the presence of physiological level of antioxidants,
lower dosage of HBOC may be protective because of its
peroxidase activity and excellent oxygen delivery capacity [14,
15]. However, as HBOC overwhelms the body’s antioxidant
defences, its own prooxidative function emerges and adverse
effects become predominant.

To date, the mechanism(s) responsible for HBOC-
induced vasoconstriction has not been completely under-
stood. Scavenging of endothelium-derived nitric oxide (NO)

is the most accepted theory, which proposes that the severity
of vasoconstriction depends on the extent of the acellular
hemoglobin extravasate through the endothelial lining of
the vasculature [16]. However, there are problems with the
extravasation concept. The logic of the extravasation process
is not clear, because the quantities of hemoglobin molecules
that can be located in the interstitium between endothe-
lium and smooth muscle should be small compared to the
blood compartment. Moreover, the amount of hemoglobin
present in the interstitium would be rapidly exhausted and
converted to methemoglobin (metHb), thus hindering vas-
cular tone changes [17]. Another theory of HBOC-induced
vasoconstriction is autoregulation in response to enhanced
O
2
delivery, but no direct evidence was found to support this

hypothesis [18].The data of this study suggest an “endothelial
damage theory” that HBOC-induced vasoconstriction is
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Figure 6: (a) Representative immunohistochemical staining of coronary arteries for DHE and vWF. Scale bar: 200 𝜇m. (b–d) The ROS
production, SODactivity, andMDA formation inHUVECs after incubationwith 0.1% or 3%PolyPHb.One unit of SODactivity corresponded
to 50% reduction of absorbance at 550 nm.Values are presented asmean± SD (𝑛 = 5 to 6 per group). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus the 0.1%
PolyPHb group; #𝑃 < 0.05 and ##

𝑃 < 0.01 versus the Control group. DHE: dihydroethidium; ROS: reactive oxygen species; SOD: superoxide
dismutase; MDA: malonaldehyde; HUVECs: human umbilical vein endothelial cells.

probably due to the increased generation of ROS in the
vascular endothelium and resultant endothelial dysfunction.
Furthermore, we demonstrate that the high-dose PolyPHb
increases the expression of NAD(P)H oxidase subunits,
including P47phox, P67phox, gp91phox, and Nox1, suggesting
that the NAD(P)H oxidase is probably responsible to HBOC-
induced ROS burst and vascular redox imbalance. Although
our data suggest that NAD(P)H oxidase is important to
endothelial oxidative stress, we believe that this damage is
multifactorial, for that excessive O

2
delivered by HBOC and

heme-auto-oxidation are both capable of producing ROS and
accelerating oxidative stress. In addition, ferryl hemoglobin
can mediate lipid oxidation reactions and generate powerful
vasoactivemolecules isoprostanes, whichmay also contribute
to HBOC-induced vasoactivity [19].

Although HBOCs possess inherent advantages com-
pared to stored erythrocytes, vasoactivity is regarded to be
the major obstacle hindering its clinical application [17].
Reducing NO affinity has long been regarded as a solution

for limitation of vasoconstriction after HBOC administra-
tion. The strategies included genetic modification of the
heme pocket in hemoglobin and attenuation of HBOC
extravasation through endothelial junctions by producing
larger hemoglobin molecules [20, 21]. However, our study
suggests that using antioxidants to counteract the oxida-
tive damage may be a potential alternative to solve this
problem. Several years ago, D’Agnillo and Change [22]
reported a HBOC with antioxidant properties by cross-
linking polymerized hemoglobin with SOD and catalase,
which decreased the formation of oxygen radicals in a
rat intestinal I/R model. Consistently, our recent study
indicated that captopril, an angiotensin-converting enzyme
(ACE) inhibitor with antioxidative effect, is also capable
of limiting HBOC-related vasoactivity and adverse car-
diac effect [23]. Therefore, manufacture of HBOC products
with enhanced antioxidative properties is a possible way
to reduce its vasoactivity and limit adverse cardiovascular
effects.
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Figure 7: Representative of immunohistochemical staining (a) and semiquantification analysis (b) for expressions of P46phox, P67phox,
gp91phox, Nox1, and Nox4 in coronary arteries. Scale bar: 50𝜇m. (c) NAD(P)H oxidase activity in HUVECs. Values are presented as mean ±
SD (𝑛 = 5 to 6 per group). ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus the 0.1% PolyPHb group; #𝑃 < 0.05 and ##

𝑃 < 0.01 versus the Control group.

In summary, we report that the high-dose PolyPHb fails
to protect heart from CPB-induced I/R injury, which is due
to induction of NAD(P)H oxidase-induced ROS overproduc-
tion and endothelial dysfunction.
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We investigated the protective effects and mechanism of glutathione (GSH) on vascular hyporesponsiveness induced by bile duct
ligation (BDL) in a rat model. Seventy-two male Sprague-Dawley rats were randomly divided into four groups: a NS group, a GSH
group, a BDL +NS group, and a BDL + GSH group. GSH was administrated into rats in the GSH and BDL + GSH groups by gastric
gavage. An equal volume of normal saline was, respectively, given in the NS group and BDL + NS group. Blood was gathered
for serological determination and thoracic aorta rings were isolated for measurement of isometric tension. Obstructive jaundice
led to a significant increase in the serum total bilirubin, AST, and ALT levels. The proinflammatory cytokines levels (TNF-𝛼 and
IL-1𝛽), concentration of NO, and oxidative stress markers (MDA and 3-NT) were increased as well. All of those were reduced by
the treatment of GSH. Meanwhile, contraction of aorta rings to NA and vasorelaxation to ACh or SNP in the BDL group rats were
markedly decreased, while GSH administration reversed this change. Our findings suggested that GSH supplementation attenuated
overexpressed ONOO(−) from the reaction of excessive NOwith O

2

∙− and protected against obstructive jaundice-induced vascular
hyporesponsiveness in rats.

1. Introduction

Surgeries in patients with obstructive jaundice (OJ) are asso-
ciated with high prevalence of postoperative complications
and mortality rates [1]. Hemodynamic instability induced by
hypotension and impaired vascular reactivity in obstructive
jaundice plays a central role in the pathogenesis of the
complications in the perioperative period [2]. A decrease in
vasoconstrictor tone as well as vascular hyporesponsiveness
along with a lesser sensitivity to vasoactive agents such as
catecholamine, vasopressin, angiotensin II, and serotonin can
ultimately lead to death of patients [3].

Reactive oxygen species (ROS) play a major role in the
pathogenesis of cholestasis [4]. ROS contribute to vascular
dysfunction and remodeling, an initial episode progressing
towards hypertension and atherosclerosis, through oxida-
tive damage by reducing the bioavailability of nitric oxide

(NO), impairing endothelium-dependent vasodilatation and
endothelial cell growth; hence, cellular events underlying
these processes involve changes in vascular smooth muscle
cell growth and vasoconstriction [5]. A functional impair-
ment of endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) induced by ROS contributes to endothelial
and vascular dysfunction, which probably initiate and induce
vascular hyporesponsiveness and vasodilatation.The admin-
istration of antioxidants has been shown to exert beneficial
effects in the prevention of cholestasis liver injury [6, 7].
However, whether antioxidant therapies maintaining the
balance between oxidation and antioxidant systems improve
vascular reactivity status remains controversial.

NO is known to play an important role as a key paracrine
regulator of vascular tone [8]. Physiologically, NO maintains
the health of the vascular endothelium [9]. The enzyme that
catalyzes the formation of NO from oxygen is nitric oxide
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synthase (NOS), which in fact is a whole family of enzymes,
including endothelial NOS (eNOS), inducible NOS (iNOS),
and neuronal NOS (nNOS). eNOS is the predominant NOS
isoform in the vessel wall. Excessive production of NO
(nanomolar concentrations) by iNOS hence resulted in an
altered contractile response [10].When large quantities ofNO
andO

2

∙− collide in the same tissues, they spontaneously inter-
act to form peroxynitrite (ONOO(−)) [11], a potent oxidant,
which markedly aggravated oxidative stress (OS) [12].

During OJ, high-concentration bile salts and hyper-
bilirubinemia may be two major factors contributing to the
production of oxygen free radicals, including superoxide
anion (O

2

∙−), hydroxyl radical, and ONOO(−). Free radicals
lead to oxidative damage in many molecules, such as lipids,
proteins, and nucleic acids. OJ leads to oxidative injury
and inflammation in hepatocytes [13], biliary epithelial and
parenchymal cell [14], kidney, heart, intestinal, bladder [15],
placenta [16], and red blood cells [17].

GSH, amain nonprotein thiol in cells, serves as a cofactor
for a number of antioxidant and detoxifying enzymes [18].
Upon reaction with ROS or electrophiles, GSH becomes
oxidized to glutathione disulfide (GSSG), which can be
reduced by the GSSG reductase (GR). Thus, the GSH/GSSG
ratio reflects the oxidative state and interacts with redox
couples to maintain appropriate redox balance [19].

Reaction with GSH was proposed to be a major detox-
ification pathway of ONOO(−) in the biological system.
The redox homeostasis between ONOO(−) and GSH is
closely associated with the physiological and pathological
processes, for example, vascular tissue prolonged relaxation
and smooth muscle preparations, attenuation hepatic necro-
sis, and activation matrix metalloproteinase-2 [20]. Con-
versely, the increase in endogenous production of ONOO(−)
by inducing a depletion of endogenous glutathione stores
aggravates vascular hyporeactivity [21].

Thus, we hypothesized that the elevated concentration
of ONOO(−) which is generated by overexpressed NO
and O

2

∙− could be critically instrumental in the vascular
hyporesponsiveness by increasing oxidative stress during OJ.
A supplementation of GSH on the improvement of vascular
hyporesponsiveness in rats determines whether GSH admin-
istration attenuates ONOO(−) to exert protective effects
induced by bile duct ligation.

2. Materials and Methods

2.1. Animals. A total of 72 pathogen-free, adultmale Sprague-
Dawley rats (weighing 200–250 g) were obtained from
the Shanghai Slac Experimental Animal Centre (Shanghai,
China). The rats were housed in individual cages in a
temperature-controlled room with alternating 12 h light/dark
cycles. Food was withheld 8 h before the start of experiments,
but all animals had free access to water. This study was
approved by the Animal Care Committee of the Second
Military Medical University and performed in accordance
with the Guide for the Care and Use of Laboratory Animals.

2.2. Experimental Design and Sample Collection. The experi-
mental animals were randomly divided into four groups of 18

rats each: a SHAM-operated group (NS), a bile duct ligated
group (BDL + NS), a Sham treated with GSH group (GSH),
and a BDL treated with GSH group (BDL + GSH). GSH-
treated rats received daily administration of GSH (FuHua
Pharmaceutical Co., Ltd., Shanghai, China), 300mg/kg dis-
solved in normal saline by gastric gavage for 7 days. In the
NS group and BDL + NS group, rats only received an equal
volume of normal saline. The dose of GSH given to rats
was selected based on information from previous reports
[22]. On the eighth day, laparotomy was performed under
general anesthesia induced by the injection of chloral hydrate
(300mg/kg, i.p.). The NS and GSH groups were subjected to
laparotomy as well as bile duct identification and manipu-
lation without ligation or resection. In the BDL groups, the
main bile duct was first ligated using two ligatures approx-
imately 0.5 cm apart and then transected at the midpoint
between the two ligatures. GSH administration was then
undertaken for another 7 days. At the end of the study, the
animals were sacrificed and blood samples were transferred
to tubes and immediately centrifuged (3000 r/min for 10min
at 4∘C). Serum sampleswere stored at−20∘C in formof frozen
for biochemical analyses.

2.3. Artery Isolation and Vascular Reactivity Protocol. Tho-
racic aortas were isolated and prepared for vascular function
studies as described previously [23]. Rats were anesthetized
using 300mg/kg chloral hydrate, decapitated, and through
opening the abdomen, thoracic aorta was carefully excised
and placed in a petri dish filled with cold Krebs solution
(KHS) containing (in mM) NaCl 118.5, KCl 4.7, KH

2
PO
4
1.2,

MgSO
4
1.2, NaHCO

3
25.0, CaCl

2
2.5, and glucose 5.5 at 37∘C

continuously bubbled with a 95% O
2
-5% CO

2
mixture (pH

7.4).The aorta was cleaned of excess connective tissue and cut
into rings of approximately 3mm in length. Thoracic aorta
segments were mounted on two parallel stainless steel pins
for arterial isometric tension recording through a MAP2000
isometric force transducer (Alcott Biotech Co., Ltd., Shang-
hai, China) connected to a computer. In all experiments,
special care was taken to avoid damage to the luminal surface
of endothelium. In a subgroup of BDL + NS + Endo(−)
group or BDL + GSH + Endo(−) group, the endothelium was
mechanically removed by gently rubbing the internal surface
with a syringe needle. Segments were suspended in an organ
bath containing 20mL of KHS and subjected to a tension
of 2 g which was readjusted every 30min during a 120min
equilibration period before drug administration.

The vessels were then exposed to KCl (60mmol/L) to
check their functional integrity. After a washout period,
isometric contractions were induced by the addition of
phenylephrine (PE, 10−6mol/L). A single concentration of
acetylcholine (ACh, 10−5mol/L) was added to the bath in
order to assess the endothelial integrity of the preparations
after the contraction was stabilized. Endothelium was con-
sidered to be intact when this drug elicited a vasorelaxation
≥ 75% of the maximal contraction obtained in vascular rings
precontracted with PE.The absence of ACh relaxant action in
the vessels indicated the total removal of endothelial cells.

At the end of the equilibration period, dose-response
curves for norepinephrine (NA, 10−9, 3 × 10−9, 10−8, 3 ×
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10−8, 10−7, 3 × 10−7, 10−6, 3 × 10−6, and 10−5mol/L) in the
presence and absence of endotheliumwere obtained in aortic
rings in a cumulative manner. To analyse the participation
of NO on the response of NA, the NO synthase inhibitor L-
NAME (L-NG-Nitroarginine methyl ester, 10−4mol/L) [24]
was added 30min before the concentration-response curves
were performed.

After this, the segments were rinsed several times with
KHS over 2 h period, and then cumulative concentration-
response curves to ACh (10−9, 3 × 10−9, 10−8, 3 × 10−8,
10−7, 3 × 10−7, and 10−6mol/L), to the NO donor sodium
nitroprusside (SNP, 3 × 10−10, 10−9, 3 × 10−9, 10−8, 3 × 10−8,
and 10−7mol/L) were obtained in PE-precontracted segments
(PE, 10−6mol/L).

NA responses were expressed as a percentage of the
maximum response to KCl. The relaxations induced by
ACh or SNP were expressed as a percentage of the initial
contraction elicited by PE.

2.4. Measurement of TBIL, ALT, and AST in Serum. Rat
serum activity of total bilirubin (TBIL), alanine transaminase
(ALT), and aspartate transaminase (AST) were measured by
an automatic biochemistry analyzer (HITACHI 7110).

2.5. Measurement of 3-NT, GSH, MDA, NO, TNF-𝛼, and IL-
1𝛽 in Serum. The content of GSH, malondialdehyde (MDA),
and NO in serum was detected with reagents kits purchased
from Jiancheng Biologic Company (Nanjing, China).

GSH was initiated by the addition of 5,5-di-thiobis(2-
nitrobenzoic acid) and the change in absorbance at 420 nm
was monitored by a spectrophotometer.

MDA, the OS product of lipid peroxidation, reacts with
thiobarbituric acid under acidic conditions at 95∘C to form
a pink-colored complex with an absorbance at 532 nm. The
results are expressed as nmol or/mL serum.

NO has a half-life of only a few seconds for it is
readily oxidized to nitrite (NO

2

−) and subsequently to nitrate
(NO
3

−), which serve as index parameters of NO production.
The method for plasma nitrite and nitrate levels was based
on the Griess reaction. Total nitrite was measured by spec-
trophotometry at 545 nm after conversion of nitrate to nitrite
by copperized cadmium granules.The results were expressed
as 𝜇mol/L.

Rat serum 3-nitrotyrosine (3-NT), the OS product of
proteins and the proinflammatory cytokines levels (TNF-
𝛼 and IL-1𝛽) were measured, using a sandwich enzyme
Immunoassay Kit (ELISA) protocol supplied by the manu-
facturer of the antibodies (Multisciences Biologic Company,
Hangzhou, China) and resultant optical density determined,
using a microplate reader (Thermo Multiskan MK3) at
450 nm. Results were expressed as pg or ng/mL serum.

2.6. Statistical Analysis. Statistical analysis was performed
using SPSS version 18.0 software. Data are given as mean
± standard deviation (SD). Analysis of variance (ANOVA)
was used to assess differences between multiple groups. A
𝑃 < 0.05 was considered statistically significant.

Table 1: TBIL, ALT, and AST in serum (mean ± SD).

Group 𝑛 TBIL 𝜇mol/L ALT U/L AST U/L
NS 6 0.53 ± 0.24 53 ± 7 95 ± 12
GSH 6 0.37 ± 0.39 49 ± 7 94 ± 9
BDL + NS 6 118.79 ± 9.67a 209 ± 22a 463.81 ± 49.96a

BDL + GSH 6 88.53 ± 22.02b 165 ± 29b 298.95 ± 35.62b
a
𝑃 < 0.01 versus NS group; b𝑃 < 0.01 versus BDL + NS group.

3. Results

3.1. General Observations. No deaths were observed during
the experiment. Animals that underwent sham surgery (NS
group and GSH group) showed no alterations in the clinical
conditions. BDL rats were clinically jaundiced within three
days. In the BDL rats (BDL + NS group and BDL + GSH
group), however, 24 h after surgery the clinical conditions
of the animals deteriorated, as shown by decreased activity,
irritability, vertical hair, body weight loss, yellowed tails,
darkened urine, and pale feces. Seven days after surgery,
jaundicewas observed in the visceral and parietal peritoneum
and varying degrees of ascites, enlarged livers and dilated
bile ducts above the obstruction point were also observed in
BDL rats. Compared with the rats in the BDL + NS group,
rats with supplementation of GSH, demonstrated relatively
lighter clinical conditions.

3.2. SerumConcentrations of TBIL, ALT, andAST. The serum
concentrations of TBIL, ALT, andAST in the BDL+NS group
increased visibly compared with those in the NS group (𝑃 <
0.01, Table 1). The serum concentrations of TBIL, ALT, and
AST were significantly lower in the BDL + GSH group than
in the BDL group (𝑃 < 0.01, Table 1).

3.3. Levels of GSH, NO, MDA, 3-NT, IL-1𝛽, and TNF-𝛼 in
Serum. The levels of GSH, NO,MDA, 3-NT, IL-1𝛽, and TNF-
𝛼 were higher in the BDL + NS group than in the NS group
(𝑃 < 0.01,𝑃 < 0.05, Figure 1). However, GSHwasmore active
in serum and the level of 3-NT, MDA, NO, TNF-𝛼, and IL-1𝛽
was lower in the BDL + GSH group than that in the BDL +
NS group (𝑃 < 0.01, Figure 1).

3.4. Vascular Reactivity. Cumulative addition of NA (10−9–
10−5mol/L) resulted in concentration dependent contractions
in aortas of all groups. The maximum contractile responses
to NA (10−8–10−5mol/L) in the aortas from the NS group rats
in the presence of endothelium were significantly (𝑃 < 0.01)
greater than the BDL + NS group rats. Compared with the
BDL + NS group, GSH pretreatment (BDL + GSH group)
enhanced contractile response of thoracic aortic rings to NA
(3 × 10−8–10−5mol/L) (Figure 2).

Although endothelium-denuded aortic rings showed a
higher contractile response to NA (3 × 10−9–10−5mol/L),
there were also no significant differences between BDL +
GSH and BDL + GSH + Endo(−) (Figure 3), indicating the
necessity of endothelium presence for beneficial vascular
effect of GSH.
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Figure 1: Levels of GSH, NO, MDA, 3-NT, IL-1𝛽, and TNF-𝛼 in serum from the NS group, GSH group, BDL + NS group, and BDL + GSH
group (𝑛 = 6). Data are presented as mean ± SD. a𝑃 < 0.05, b𝑃 < 0.01 versus NS group; c𝑃 < 0.01 versus BDL + NS group.

Preincubation of aortic rings with L-NAME significantly
increased the contractile response of aortic rings from BDL
+ NS + L-NAME group rats to NA (3 × 10−8–10−5mol/L).
Likewise, GSH did not modify the contractile response in the
BDL + NS + L-NAME and BDL + GSH + L-NAME group
(Figure 4).

Aortic rings precontracted with PE from the BDL + NS
group showed a significant reduction in relaxation response
to ACh (𝑃 < 0.01, 10−8–10−7mol/L) (Figure 5) and SNP
(𝑃 < 0.01,𝑃 < 0.05, 10−9–10−8mol/L) (Figure 6) as compared
to the NS group. The relaxation to ACh (𝑃 < 0.01, 10−8–
10−7mol/L) was significantly greater in aortic rings from
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Figure 2: Response elicited by NA in rat thoracic aortic rings from
NS group, GSH group, BDL + NS group, and BDL + GSH group
(𝑛 = 6). Data are presented as mean ± SD. a

𝑃 < 0.01 versus NS
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Figure 3: Response elicited by NA in rat thoracic aortic rings from
the BDL + NS group, BDL + GSH group, BDL + NS + Endo(−)
group, and BDL + GSH + Endo(−) group (𝑛 = 6). Endothelial was
mechanically stripped in BDL + NS + Endo(−) group and BDL +
GSH + Endo(−) group. Data are presented as mean ± SD. a𝑃 < 0.01
versus BDL + NS + Endo(−) group for % maximum response.

the BDL + GSH group than in those from the BDL + NS
(Figure 5), while the SNP-induced responsewas similar in the
BDL + NS and BDL + GSH groups (Figure 6).

These results suggest that GSH enhances the endothe-
lium dependent vascular responses in the pathogenesis of
cholestasis, without affecting the endothelium-independent
mechanisms.
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4. Discussion

The present study demonstrated that oral administration
of GSH reduced total bilirubin, ALT, AST, and proinflam-
matory cytokines levels in the systemic circulation in an
experimental OJ animal model with BDL for 7 d. Moreover,
GSH supplementation to the rats in the BDL + GSH not
only reduced serum 3-NT levels, a protein damage marker
induced by ONOO(−), but substantially improved vascular
hyporesponsiveness.
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4.1. Oxidative Stress in Obstructive Jaundice. Biliary obstruc-
tion is associated with an intense state of OS affecting both
the liver and extrahepatic organs [25]. OJ increases OS,
characterized by a rise of systemic MDA and a decrease in
cellular antioxidant defenses, such as GSH and antioxidant
enzymes [26]. Overproduction of ROS, which take a pivotal
role of OS, has been shown to induce hypotension and fluid
depletion [27]. Intrahepatic and extrahepatic accumulation
of ROS is thought to be an important cause for the possible
mechanisms of the pathogenesis of cholestatic tissue injury
from jaundice. ROS, produced in the course of several
biochemical reactions, are extremely reactive intermediates.
These free radicals can cause damage to various biological
targets, such as proteins, DNA, and lipids [28].

OJ is greatly assumed to increase hepatic OS, as indi-
cated by elevations in hepatic plasma enzymes and bilirubin
fractions. In our study, the levels of TBIL, ALT, and AST
as indicatives of hepatic functions were found to increase
significantly in OJ, indicating that OJ has affected liver
functions. In addition, the increased productions of proin-
flammatory cytokines, such asTNF-𝛼 and IL-1𝛽 are suggested
to be responsible for liver damage in OJ. Proinflammatory
cytokines exert a considerably amplifying effect in hepatic
inflammatory response and cause severe hepatic tissue dam-
age. In our experimental model of OJ, the increased MDA
accumulation in serum was indicative of the extent of lipid
peroxidation and the level of 3-NT significantly increased by
the oxidation damage of ONOO(−).

4.2. Overexpressed NO and ONOO(−) in Obstructive Jaun-
dice. ROS are involved in metabolizing NO and, among
them, O

2

∙− plays a crucial role since it is source of many
other reactive nitrogen intermediates. ONOO(−), a powerful

oxidant, is much more reactive than its parent molecules
NO and O

2

∙− [29]. Under physiological conditions, the
production of ONOO(−) will be low and oxidative damage
minimized by endogenous antioxidant defenses [30]. Even
modest increases in the simultaneous production of O

2

∙−

and NO will greatly stimulate the formation of ONOO(−);
a 10-fold increase in O

2

∙− and NO production will increase
ONOO(−) formation 100-fold.

Consequently, pathological conditions can greatly
increase the production of ONOO(−) [31]. ONOO(−) affects
the activity of functional proteins such as receptors, ion-
channels, and enzymes by oxidation of cysteine residues (i.e.,
disulfide-bond formation) and/or nitration of susceptible
residues such as tyrosine, tryptophan, and phenylalanine
in these proteins [32–36], result in substantial oxidation
and potential destruction of host cellular constituents,
leading to the dysfunction of critical cellular processes,
disruption of cell signaling pathways, and the induction of
cell death through both apoptosis and necrosis [31]. It has
been shown that ONOO(−) causes tissue damage including
adrenergic 𝛼1-adrenoceptors, arginine vasopressin V1a
receptors [37], adrenergic 𝛽-adrenoceptor [38], pulmonary
artery, cardiomyocyte apoptosis, insulin sensitivity [39], and
endothelial injury.

Increased level of 3-NT, a marker of oxidative protein
modification [40], caused by excessive concentration of
ONOO(−), significantly increased the BDL + NS group.
Similar results were observed in mesenteric artery from
orchidectomized rats in which products generated from NO
metabolism, such as ONOO(−) and hydrogen peroxide, are
able to induce relaxation [41].

4.3. GSH, an Antioxidant in Obstructive Jaundice. GSH, an
antioxidant, one of the major drugs used in the treatment
of hepatocellular jaundice, prevents damage to important
cellular components caused by ROS such as ONOO(−) and
peroxides. Panozzo et al. [42] reported that extrahepatic
cholestasis reduced bioavailability of blood GSH in rats.
The antioxidant defense system is impaired by the decrease
in GSH reductase (GR) and in the activity of glutathione
peroxidase (GPx) in OJ [43]. Lopze et al. [44] observed
that biliary obstruction was accompanied by increased levels
of lipid peroxidation in plasma and hepatic tissue and by
the depletion of GSH in both biological tissues. Sheen et
al. [45] also reported that BDL-induced liver, kidney, and
brain tissue damage were associated with increased oxidative
stress, represented by decreased total GSH levels in BDL rats.
However,Orellana et al. [46] reported that theGSHandMDA
levels of kidney and liver tissues increased in the cholestasis-
induced rats.

In our study, we found an increase in GSH levels in serum
in BDL rats.The content of total serumGSHwas increased as
a response to the increased oxidative stress in rats. Purucker
et al. [47] found that liver GSH significantly increased 24 h
(+37%) and 5 days (+53%) after bile-duct ligation.Thereafter,
GSH continuously declined at the end of the observation
period after 38 days. BDL induced a 3.7-fold increase in
hepatic GSH content over 4 days. This increase was not due
to the increased hepatic activity of gamma-glutamylcysteine
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synthetase (GCS); on the contrary, liver GCS activity was
substantially diminished to 34% and 11% of normal rats on
the 4th and 7th days after ligation, respectively [48].The level
of common bile duct diameter and pressure was on the peak
level at 7 days after operation and the excretion of bile to
canalicular and sinusoidal was also depressed. Furthermore,
the accumulation of GSH entered the systemic circulation
and increased the level of GSH in serum on the 7th day in
BDL model.

In the present study, we showed that GSH supplementa-
tion increased the level of GSH in the BDL + GSH group and
reduced serum TBIL, ALT, and AST in OJ rats. Compared
with the BDL + NS group, GSH significantly reduced TNF-𝛼
and IL-1𝛽 in the BDL + GSH group, which suggested that the
protective effects of GSH on liver injury might be mediated
by the suppression of the excessive inflammatory response
and its cascade induced by OJ. What is more, GSH treatment
300mg/kg for 14 days attenuated NO, 3-NT, and MDA levels
of the serum on the 7 days after ligation, which indicated
that GSH reduced the OS induced by OJ. Administration of
GSH could exert a significantly unique anti-ONOO(−) effect
in BDL + GSH rats and decrease 3-NT content.

Although the antioxidant properties of GSH are thought
to play a role in the protective effects, other possible mecha-
nisms, such as modulations of glutathione synthetase (GS),
GR, GPx and GSH/GSSG ratio, may be involved. Further
researches are needed.

4.4. Vasoconstriction and Vasodilator Response in Obstructive
Jaundice. In our previous work, we reported that the sys-
tolic and diastolic functions of isolated thoracic aorta rings
induced by high potassium, NA, PE, and SNP were changed
in cholestatic rats. The weakened systolic function might
be due to the vascular endothelial dysfunction, vascular
smooth muscle cell damage, and decreased expression of
𝛼1D-AR albumen induced by endotoxemia and hyperbiliru-
binemia [49]. In this research, we supported the hypothesis
that antioxidant supplementation might protect the vascular
endothelial dysfunction induced by OS and then improved
the vascular hyporesponsiveness to adrenergic agonists.
Moreover, we found that rings with endothelium removed
from BDL + NS + Endo(−) and BDL + GSH + Endo(−)
animals had a greater tension. It enhanced contractility of
aortic rings toNA and abolished the protective effect between
the BDL + NS group and BDL + GSH group, suggesting that
GSH changes at the endothelial level rather than vascular
smooth muscle cell.

Endothelial-derived relaxing factors including NO,
prostacyclin, and endothelium-derived hyperpolarizing
factor released from endothelial cells in vascular vessel lead
to relaxation of vascular smooth muscle in an endothelium-
dependent manner [50, 51]. Compared with the rings in the
BDL + NS group, NA contractility increased with L-NAME
incubation in the BDL + NS + L-NAME group and BDL +
GSH + L-NAME group, which suggested that the protective
effect of GSH was partly due to involvement of NO pathway.

Furthermore, the contribution of NO and endothelium
mechanisms in the vasodilator response induced by ACh
or SNP were studied. The ACh-induced relaxation response

is endothelium-dependent and NO-mediated [52]. The NO
donor SNP induces relaxation by direct effect on the smooth
muscle and via an endothelium-independent pathway.

Compared with the NS group, we observed a decrease in
vascular response toACh in the BDL+NS group inOJ. Relax-
ation response to SNP was also significantly attenuated. GSH
treatment increased the endothelial-dependent vasodilator
response induced byACh in the BDL+GSH group. Response
to SNP was not altered after GSH treatment suggesting that
vascular smooth muscle cell was not well protected on the
14th day after administration or the dosage was not enough
to alter the vasodilator response.

Bioavailability of endothelial NO alters vascular function,
depending on a balance between NO production and degra-
dation. Increased production of NO is beneficial after arterial
injury because of its positive effects on vasorelaxation, pre-
vention of platelet aggregation, and regulation of endothelial
cell migration [53]. Constitutive NOS (eNOS and nNOS) and
not the iNOS, are the isoforms involved in the relaxation.

ACh-induced vasorelaxation is mediated predominantly
by eNOS [54]. Increased serum level of NO may be due to
increased activity of NOS. However, an increase in iNOSmay
lead to over production ofNOwhich is an important factor in
BDL rats.The iNOS expression has been reported to attenuate
the ACh response [55]. Increases in NO level rats may be the
first stage of the toxic oxidative reaction that is harmful for
the tissues [56]. Indeed, vascular contractility and relaxation
may be associatedwith the deficient basal endothelial activity,
besides, increased OS due to excessive production of oxygen-
free radicals and decreased antioxidant defense systems may
also involve in the process [57]. These results suggest that OJ
induces NOS and increases the NO production along with
inducing OS.

The effect of GSH on the improvement of endothelial
dysfunction could be related to its antioxidant activity.
Oxidative degradation of lipids is a well-defined mechanism
of cellular damage caused by excessive production of ROS,
and MDA is the most widely employed assay used to deter-
mine lipid peroxidation. GSH treatment with significantly
decreased MDA content indicating that the improvement
in endothelium-dependent vasoreactivity from GSH may be
partly due to amelioration of lipid peroxidation and oxidative
injury in vascular endothelial cells. More specifically, GSH
declines ONOO(−) production and increases NO availability.
In this case, endothelial dysfunction may be limited to the
impairment in the homeostatic balance maintained between
GSH and ONOO(−).

4.5. Deficiency ofThis Research. However, themechanisms of
the beneficial effects of GSH on vascular function have not
been clarified. We have also questioned the potential anti-
inflammatory mechanisms of OJ vasculopathy and among
them are the aortic NO and TNF-𝛼 levels. GSH dose in the
current study was selected from previous studies on rats [22].
It should be noted that this dose was much higher than those
clinically used in the treatment of hepatocellular jaundice
(1200mg p.o. tid). Additionally, it should be reminded that
this is an ex vivo, not an in vivo, study which is performed
on the large, but not small, arteries of BDL rats. Therefore,
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any potential antioxidant activity of GSH requires to be
investigated in well-conducted clinical trials performed on
humans.

5. Conclusion

In conclusion, GSH supplementation attenuates overex-
pressed ONOO(−) from the reaction of excessive NO with
O
2

∙− and protects against OJ-induced vascular hyporespon-
siveness in rats. GSH supplementation may be a novel and
promising therapeutic strategy for the treatment of OJ-
induced vascular hyporesponsiveness during perioperative
period. Further researches are necessary to ascertain the
possible mechanisms.
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Objective. To test the hypothesis that salidroside (SAL) can protect heart from exhaustive exercise-induced injury by enhancing
mitochondrial respiratory function and mitochondrial biogenesis key signaling pathway PGC-1𝛼–NRF1/NRF2 in rats. Methods.
Male Sprague-Dawley rats were divided into 4 groups: sedentary (C), exhaustive exercise (EE), low-dose SAL (LS), and high-dose
SAL (HS). After one-time exhaustive swimming exercise, we measured the changes in cardiomyocyte ultrastructure and cardiac
marker enzymes and mitochondrial electron transport system (ETS) complexes activities in situ. We also measured mitochondrial
biogenesismaster regulatorPGC-1𝛼 and its downstream transcription factors,NRF1 andNRF2, expression at gene andprotein levels.
Results. Compared to C group, the EE group showed marked myocardium ultrastructure injury and decrease of mitochondrial
respiratory function (𝑃 < 0.05) and protein levels of PGC-1𝛼, NRF1, and NRF2 (𝑃 < 0.05) but a significant increase of PGC-1𝛼,
NRF1, and NRF2 genes levels (𝑃 < 0.05); compared to EE group, SAL ameliorated myocardium injury, increased mitochondrial
respiratory function (𝑃 < 0.05), and elevated both gene and protein levels of PGC-1𝛼, NRF-1, and NRF-2. Conclusion. Salidroside
can protect the heart from exhaustive exercise-induced injury. It might act by improving myocardial mitochondrial respiratory
function by stimulating the expression of PGC-1𝛼–NRF1/NRF2 pathway.

1. Introduction

Exercise training is a double-edged sword, as proper intensity
exercise is beneficial to humanhealth, whereas excessive exer-
cise can do harm to the body, especially the heart. Heart
injury induced by excessive exercise training includes severe
arrhythmia, heart failure, and even sudden cardiac death,
which are common inmilitary and athletic training. Research
on heart injury induced by exhaustive exercise is quite impor-
tant, yet few systematic studies of heart injury induced by
exhaustive exercise have been published and the underlying
signaling pathway mechanisms remain to be elucidated.

The term “heart failure energy starvation” was proposed
decades ago [1]; however, very little is currently known about
the origins of energetic failure. It appears that the transcrip-
tional coactivator peroxisomeproliferator-activated receptor-
𝛾 coactivator-1𝛼 (PGC-1𝛼), which is a master regulator of
mitochondrial biogenesis [2], plays a role in controlling the
rate of the mitochondrial proliferation. Energy deficit and
PGC-1𝛼 are markers of heart dysfunction, which can lead to
impaired energy metabolism and contribute to heart failure.
The term mitochondrial biogenesis refers to mitochondrial
proliferation. Exercise, cold, energy restriction, oxidative
stress, and other environmental stresses can all induce
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mitochondrial biogenesis. The discovery that maladapitive
accumulation of mitochondrial biogenesis can lead to patho-
logical phenomena, such as myocardial hypertrophy and
heart failure, highlights the importance of elucidating the
molecular regulatory mechanism for mitochondrial biogen-
esis.

Mitochondrial biogenesis requires the coordinated expres-
sion of the nuclear and mitochondrial DNA; the signaling
pathways that coordinate the transcription and replication
signaling pathways between genomic and mitochondrial
DNA remain to be fully elucidated. It has been reported that
PGC-1𝛼 plays a key role in skeletal muscle mitochondrial
biogenesis and its expression level is rate limiting for skeletal
muscle mitochondrial gene expression. PGC-1𝛼 cooperates
with nuclear respiratory factors (NRFs), including NRF1 and
NRF2, and promotes the expression of multiple nuclear-
encoded genes and the mitochondrial transcriptional factor
A (Tfam). Nevertheless, some points of debate remain; for
example, the expression of PGC-1𝛼 mRNA did not change
after acute or endurance exercise training and the gene and
protein levels of NRF1 and NRF2 were not correlated with
PGC-1𝛼 gene or protein content [3].

Enzymatic assays for individual mitochondrial respira-
tory chain complexes have been widely used to estimate
mitochondrial function and dysfunction. However, it has
been established that this approach is not sufficient for a
complete analysis of a potential mitochondrial injury, as
it cannot reveal interactions between enzyme complexes.
Additionally, routinemitochondrial isolation procedures will
result in altered mitochondrial morphology and damaged
function [4]. Respirometry [5] offers a powerful and physio-
logically relevant method to characterize coupled respiratory
function in permeabilized tissue. A specially designed
substrate-inhibitor titration approach allows for the step-by-
step analysis of several mitochondrial complexes. However,
the specific adaptive changes of myocardial mitochondrial
respiratory function after exhaustive exercise remain unclear.

The stems of Rhodiola crenulata have been used as a
traditional Chinese medicine for more than 1000 years [6].
R. crenulata has the effect of supplementing qi (vital energy)
and activating blood circulation and has been recognized as a
plant-derived adaptogen that is capable of maintaining phys-
iological homeostasis upon exposure to stress. Salidroside
(SAL) is an effective extract component from R. crenulata.
Many studies have found that SAL had protective effects
on myocardial ischemia reperfusion [7], myocardial hypoxia
[8], and myocardial injury [9]. Our previous research has
suggested that SAL could improve hypoxia-induced cardiac
myocyte energy metabolism by increasing the intracellular
activity of the respiratory enzyme succinate dehydrogenase
(SDH) [10]. However, there is no research regarding whether
SAL is protective against acute myocardial injury caused by
exhaustive exercise at present or not. In this study, we estab-
lished the model of exhaustive swimming exercise-induced
rat heart injury to investigate the effect of SAL on cardiac
mitochondrial respiratory function and discuss whether the
protection mechanism is through mitochondrial biogenesis
PGC-1𝛼–NRF1/NRF2 signaling pathway or not.

2. Methods

2.1. Materials. SAL (98%) was purchased from Nanjing
Zelang Medical Technology Co. (Lot: ZL201204012A) (Nan-
jing, Jiangsu, China). ELISA kits for heart injury markers
were obtained from BD (New York City, NY, USA). Reagents
for measuring mitochondrial respiratory function were pur-
chased fromSigma-Aldrich (St. Louis,MO,USA).Antibodies
to PGC-1𝛼, NRF1, NRF2, and 𝛽-actin protein were purchased
from CST (USA).

We obtained 40 male Sprague-Dawley rats (190–200 g)
from Laboratory Animal Center of the Academy of Mili-
tary Medical Sciences (Beijing, China), certification number
SCXK: 2003-1-003. Animals were housed at 25∘C-26∘C under
a 12 h dark, 12 h light cycle. Food and water were provided
ad libitum both prior to and during the 1-day experimental
period. All procedures were performed in accordance with
the guidelines established by the Convention for the Protection
of Laboratory Animals of the PLA 252nd Hospital.

A high-resolution respirometry (Oroboros Instruments,
Austria), a microplate reader (Thermo Fisher SC, FI), a bio-
chemical analyzer (7600-02, HITACHI, Japan), and a trans-
mission electron microscope (TEM) (H-7500, HITACHI,
Japan) were used in the experiments.

2.2. Experimental Groups and Exercise Training. Rats were
trained in a water sink for 3 days prior to the formal experi-
ment and those rats that were unable to adapt to swimming
were excluded. A total of 32 rats ultimately entered the formal
experiment. They were randomly divided into 4 groups: the
sedentary control group (C, 𝑛 = 8), the exhaustive exercise
group (EE, 𝑛 = 8), the pretreatment with low-dose SAL group
(LS, 𝑛 = 8), and the pretreatment with high-dose SAL group
(HS, 𝑛 = 8). The C and EE groups were administered 0.9%
NaCl (12mg⋅kg−1⋅d−1) intragastrically for 14 days and the
LS and HS groups were administered 100mg⋅kg−1⋅d−1 or
300mg⋅kg−1⋅d−1 SAL, respectively, intragastrically for 14 days
[11].

Rats in the EE, HS, and LS groups were subjected to one-
time exhaustive swimming tests individually in a water sink
(60 cm × 90 cm × 50 cm), with a water depth of 50 cm and
temperature of 35∘C ± 0.5∘C. Exhaustion was defined by
two criteria: greater than 10 s spent below the surface and
lack of a “righting reflex” when placed on a flat surface [12].
At the point of exhaustion, all rats were anesthetized by
the intraperitoneal injection of pentobarbital (50mg⋅kg−1).
Serum was collected and preserved at −80∘C and the hearts
were removed.The left ventricular tissuewas isolated andpart
was immediately used for mitochondrial function measure-
ments and part was preserved at −80∘C for further analyses.

2.3. Histomorphometric Analysis. Rat hearts were fixed in
10% formaldehyde, preserved at room temperature, and
observed using an Optical Microscope after H&E staining.

A small piece (2mm × 1mm × 1mm) of subendocardial
myocardium from the root of the left ventricular papillary
muscle was harvested and fixed in 0.1mmol/L phosphate
buffer and observed by transmission electron microscopy
(TEM).
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Table 1: Primers used for real-time PCR analyses of mRNA expression.

Forward Reverse
PGC-1𝛼 5-ACCCACAGGATCAGAACAAACC-3 5-GACAAATGCTCTTTGCTTTATTGC-3

NRF1 5-GGCACAGGCTGAGCTGATG-3 5-CTAGTTCCAGGTCAGCCACCTTT-3

NRF2 5-CCTAAAGCACAGCCAACACA-3 5-ACAGTTCTGAGCGGCAACTT-3

𝛽-actin 5-GGCTGTATTCCCTCCATCG-3 5-CCAGTTGGTAACAATGCCATGT-3

2.4. Assay for Measuring Cardiac Marker Enzyme Activities.
Enzyme linked immunosorbent assay (ELISA) kits were used
to determine the levels of mitogen-activated protein kinases
(CK), creatine kinase isoenzyme (CK-MB), lactate dehy-
drogenase (LDH), myoglobin (MB), and troponin (cTn-I)
in serum. All assays were performed according to the man-
ufacturer’s instructions.

2.5. In Situ Studies of Mitochondrial Respiratory Function.
We used permeabilized myocardial fibers, which provide
an excellent way to study the mitochondria in situ without
isolating them from tissue. Myocardial fibers were isolated
by dissecting muscle tissue (left ventricle) in BIOPS solution
on ice followed by saponin permeabilization. Cell membrane
permeabilization with saponin enables the study of organelle
function while maintaining cellular architecture and con-
trolling the intracellular milieu. Mitochondrial function was
measured by high-resolution respirometry at 37∘C using
dual-chamber titration injection respirometers. The respi-
ration medium (MiR05) included 110mM sucrose, 60mM
K-lactobionate, 0.5mM EGTA, 1 g/L bovine serum albumin
(essentially fatty acid-free), 3mM MgCl

2
, 20mM taurine,

10mM KH
2
PO
4
, and 20mM HEPES (pH 7.1). DatLab soft-

ware (Oroboros Instruments) was used for data acquisition
and analysis. A series of respiratory titration protocols were
designed to test for multiple mitochondrial defects, including
cytochrome c depletion. We used 1mM adenosine diphos-
phate (ADP) to stimulate respiration (state 3) andmeasured it
sequentially through complex I (10mM glutamate and 2mM
malate), complex II (10mM succinate and 0.5 𝜇M rotenone),
and complex IV (0.5mMTMPD, 5mMascorbate, and 2.5𝜇M
antimycin A). Chemical background controls were used to
correct for TMPD autoxidation and ascorbate. Respiration
was measured before and after stimulation by adding
cytochrome c (10 𝜇M). Respiratory rates were expressed per
mg dry weight and measured on samples collected from the
oxygraph chamber at the end of the experiment.

2.6. Real-Time Polymerase Chain Reaction. RNAwas isolated
from frozen rat myocardia using an ultrapure RNA kit
according to manufacturer’s protocol. Real-time PCR was
performed and analyzed using a fluorescent PCR instrument
(IQ-5) using cDNA and SYBR Green PCR Master Mix.
Primers sequences are listed in Table 1. The relative amounts
of mRNA were determined based on 2−ΔΔCt calculations.

2.7. Western Blotting. Tissue protein reagent was used to
extract protein. The protein concentration was determined
using the bicinchoninic acid assay (BCA). Then, the protein

was added to SDS-PAGE sample loading buffer after dilution
in a similar volume and it was placed in a 100∘Cwater bath for
5min. Protein samples were separated by SDS-PAGE at 100V
for 15min and 150V for 45min and were then transferred
to polyvinylidene fluoride (PVDF) membranes. Membranes
were blocked in 5% skim milk blocking buffer at room
temperature for 1.5 h and then were incubated overnight at
4∘Cwith primary antibodies. After washing the samples with
Tris-buffered saline (TBS) Tween, the membranes were incu-
bated with secondary antibody for 2 h at room temperature.
ECLwas used for colorimetric detection for 5min after wash-
ing with TBS Tween three times. Values were normalized to
those of the internal control (𝛽-actin).

2.8. Statistical Analyses. SPSS version 16.0 (SPSS Inc.,
Chicago, IL, USA) was used for statistical analyses. Results
were expressed as means ± SD. 𝑡-test was used to compare
data between two groups. One-way analysis of variance
(ANOVA) was used to compare data amongmultiple groups.
Statistical significance was considered when 𝑃 < 0.05.

3. Results

3.1. The Effect of Exhaustive Exercise and Salidroside
Interference on Histomorphometric Analyses

3.1.1. Light Microscopy. Figure 1 showed an optical micro-
scopy analysis of the rat myocardial structure. Figure 1(a)
shows that, in the C group, muscle fibers were arranged
neatly as an interstitial substance without edema, the muscle
membranes showed no damage, and the muscle fibers had
no fractures, degeneration, or necrosis. Figure 1(b) showed
that the EE group myocardial fibers were arranged irregu-
larly as interstitial substance with edema, there was muscle
membrane damage, and the muscle fibers showed evidence
of fracture, degeneration, and necrosis. Figures 1(c) and 1(d)
showed that, in the LS and HS groups, the muscle fiber
direction changed, the interstitial areas showed slight edema,
and the muscle membrane had no damage.

3.1.2. Electron Microscopy. Figure 2 showed the cardiomy-
ocyte ultrastructure. Figure 2(a) showed a TEM structure
representative of C group rats: sarcomeres were arranged
neatly, the density was uniform, the organelles had no edema,
and the membrane and crest of the mitochondria were nor-
mal. Figure 2(b) showed the myocardial structures of the EE
group rats: the myocardial nuclear matrix had edema, the
nuclear gap widened, the number of mitochondria and
glycogen content decreased significantly, the membrane and
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Figure 1: The effect of exhaustive exercise and SAL on the myocardial morphology. Hematoxylin and eosin (H&E) staining (×400); (a) the
C group, (b) the EE group, (c) the LS group, and (d) the HS group.

crest of the mitochondria partially fused and became blurry
or missing, and a small amount of muscle fiber was necrotic.
Figures 2(c) and 2(d) showed the myocardial structure of the
LS and HS group rats, which was as follows: the myocardial
cell matrix had edema and the membrane and mitochondrial
crest partially fused and became blurry or absent.

3.2. The Effect of EE and SAL Interference on Enzyme Markers
of Heart Injury. As shown in Table 2, compared to the C
group, LDH, CK-MB, CK, CTN-I, and MB in the EE group
increased significantly (𝑃 < 0.05); compared to the EE group,
LDH, CK-MB, CK, CTN-I, and MB of the LS group were
reduced significantly (𝑃 < 0.05); and compared to the LS
group, LDH, CK-MB, CK, andMB of the HS group were also
reduced significantly (𝑃 < 0.05).

3.3. The Effect of EE and SAL Interference on Mitochondrial
Respiration Function. As illustrated in Figure 3, titration of
cytochrome c did not alter the flux, indicating that the
mitochondrial outer membrane was intact. With glutamate
andmalate as electron donors for complex I, compared to the
C group, the state 3 respiration rate of the EE group was
reduced significantly (𝑃 < 0.05); compared to the EE group,
the LS was increased significantly (𝑃 < 0.05); and compared
to the LS group, HS was increased significantly (𝑃 <
0.05). Compared to the C group, the RCR of the EE group
was reduced significantly (𝑃 < 0.05); compared to the EE
group, the RCR of LS and HS groups were both increased
significantly (𝑃 < 0.05).

Using succinate as a substrate for complex II, compared to
the C group, the state 3 respiration rate of the EE group was
reduced significantly (𝑃 < 0.05); compared to the EE group,
the LS was increased insignificantly (𝑃 > 0.05) and the HS
was increased significantly (𝑃 < 0.05); and compared to the
LS groups, the HS was increased significantly (𝑃 < 0.05).

With ascorbate/TMPD being used as substrates for com-
plex IV, compared to the C group, the state 3 respiratory rate
of the EE group was reduced significantly (𝑃 < 0.05); com-
pared to the EE group, the LS was increased insignificantly
(𝑃 > 0.05) and the HS was increased significantly (𝑃 < 0.05);
and compared to the LS group, the HS was increased signifi-
cantly (𝑃 < 0.05).

3.4. The Effects of EE and SAL Interference on PGC-1𝛼, NRF1,
and NRF2 Gene Expression Levels. As shown in Figure 4,
compared to the C group, PGC-1𝛼, NRF1, and NRF2 mRNA
expression levels in the EE group were all significantly
elevated (𝑃 < 0.05); compared to the EE group, PGC-1𝛼,
NRF1, and NRF2 mRNA expression levels in the LS group
were elevated significantly (𝑃 < 0.05); and compared to the
LS group, PGC-1𝛼, NRF1,and NRF2 mRNA expression levels
in HS group were all significantly elevated (𝑃 < 0.05).

3.5. The Effect of Exhaustive Exercise and Salidroside Inter-
ference on PGC-1𝛼, NRF1, and NRF2 Protein Expression. As
shown in Figure 5, compared to the C group, PGC-1𝛼, NRF1,
and NRF2 protein levels in the EE group were reduced
significantly (𝑃 < 0.05); compared to the EE group, PGC-1𝛼,
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(a)

∗
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#

#

(b)
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Figure 2: The effect of SAL on cardiomyocyte ultrastructure (×20,000); (a) the C group, (b) the EE group, (c) the LS group, and (d) the HS
group. Note the disrupted mitochondrial membrane (arrows), mitochondrial swelling and fusion (∗), and mitochondrial malformation (#).

Table 2: A comparison of heart injury serum markers in different groups.

Groups LDH CK-MB CK CTN-I MB
C 0.92 ± 0.04 2.11 ± 0.18 11.70 ± 0.46 144.61 ± 12.71 3.32 ± 0.49
EE 1.08 ± 0.09∗ 3.23 ± 0.19∗ 16.93 ± 0.41∗ 172.00 ± 12.83∗ 4.90 ± 0.41∗

LS 1.04 ± 0.06# 3.14 ± 0.24 14.56 ± 0.53# 157.18 ± 16.95 4.22 ± 0.43#

HS 1.02 ± 0.10# 2.57 ± 0.21#Δ 13.19 ± 1.91#Δ 159.26 ± 8.93 3.98 ± 0.54#Δ

Data are expressed as means ± SD; 𝑛 = 8 for each group; ∗𝑃 < 0.05 versus the C group, #P < 0.05 versus the EE group, and ΔP < 0.05 versus the LS group.

NRF1, and NRF2 protein levels in the LS group were signif-
icantly elevated (𝑃 < 0.05); and compared to the LS group,
PGC-1𝛼,NRF1, andNRF2 protein levels in the HS group were
increased significantly (𝑃 < 0.05).

4. Discussion

In this study, we investigated the protective effect and under-
lying mechanism of SAL on exhaustive exercise-induced
heart injury with a focus on energy metabolism. We mainly
observed alterations of myocardial structure, myocardial
injury enzyme markers, and mitochondrial respiratory func-
tion in permeabilized fibers in response to exhaustive exer-
cise. We also observed the expression of the key mito-
chondrial biogenesis signaling pathway PGC-1𝛼–NRF1/NRF2

to characterize the cellular and molecular mechanism of
exhaustive exercise-induced heart injury.

The serum marker analyses suggest that CK, CK-MB,
LDH, cTn-I, and MB were released into blood, so the con-
tents of these enzymes in the serum increased significantly,
indicating that the cardiomyocytes were injured. Applying
morphometric analysis to optical and electron microscopy
specimens, we found that the characteristics of the EE
group rat myocardia were nuclear matrix edema, nuclear gap
widening, an increased number ofmitochondria and amount
of glycogen, partial membrane and mitochondrial crest
fusion that became blurry or absent, and a small amount of
muscle fiber necrosis. Those findings indicate that cardiomy-
ocyte structure was damaged as a consequence of exhaustive
exercise.
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Figure 3: Maximal respiratory capacity (state 3 respiration) in permeabilized myocardial fibers. (a) Original recording. (b) Comparison. Glu,
glutamate; Mal, malate; Cyt C, cytochrome C; Suc, succinate; Rot, rotenone; Ant A, antimycin A; and Asc, ascorbate. Data were expressed as
means ± SD; 𝑛 = 8 per group; ∗𝑃 < 0.05 versus the C group; #𝑃 < 0.05 versus the EE group; and Δ𝑃 < 0.05 versus the LS group.
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Figure 4: PGC-1𝛼, NRF1, and NRF2 mRNA expression levels in different groups. Data were expressed as means ± SD; 𝑛 = 8 per group;
∗

𝑃 < 0.05 versus the C group; #𝑃 < 0.05 versus the EE group; and Δ𝑃 < 0.05 versus the LS group.

Muscle oxidative capacities have been assessed by mea-
suring respiration of mitochondria in permeabilized fibres
with no limitation of substrates, ADP, or oxygen [13]. Results
showed that the state 3 of ETS complexes I, II, and IV was
decreased 55%, 32%, and 45%, respectively. This suggests
that exhaustive exercise induced depression of myocardial
mitochondrial respiration function. In order to fulfill the
energy needs of myocytes, the ETS would compensate with
producing large amount of superoxide which in turn injures
myocardium [14–16] and causes the respiration apparatus
damage and energy production failure. In contrast, the
treated group showed improvements for the above indicators,
particularly for the high SAL dose group that had clearly
showed improved energy metabolism. These data indicate
that SAL can protect from exhaustive exercise-induced heart
injury by improving mitochondrial respiratory function and
energy metabolism.

The coactivatorPGC-1𝛼 plays a central role in a regulatory
network that governs the transcriptional control of mito-
chondrial biogenesis and respiratory function. Through its
interaction with multiple transcription factors, PGC-1𝛼
enhances mitochondrial capacity for oxidative phosphoryla-
tion and triggers the coordinate expression of nuclear- and

mitochondrial-encoded genes drivingmitochondrial biogen-
esis [17].

Actually, two distinct classes of regulatory proteins gov-
ern mitochondrial biogenesis at the transcriptional level in
mammalian systems. The first class comprises transcription
factors mitochondrial transcription factor A (Tfam) and
the mitochondrial transcription factor B (mtTFB) isoforms
TFB1M and TFB2M, which direct transcription from diver-
gent heavy- and light-strand promoters within the mito-
chondrial D-loop regulatory region. A second group of tran-
scription factors act on the majority of nuclear genes whose
products are required for respiratory chain expression and
biological function. Among these are the nuclear respiratory
factors NRF1 and NRF2 [18]. Since we mainly observed the
mitochondrial respiration function performance in this
research, we attached more importance to NRF1 and NRF2.

In this research, expression levels of PGC-1𝛼, NRF1, and
NRF2 mRNA were upregulated compared to the control
groups immediately after the exercise; however, PGC-1𝛼,
NRF1, and NRF2 proteins were reduced 1.6-fold, 14.6%,
and 52%, respectively. This inconsistency between mRNA
and protein expression levels might indicate that exhaustive
exercise causedmitochondrial biogenesis protein synthesis or
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Figure 5: PGC-1𝛼, NRF1, and NRF2 protein expression levels in different groups. Data were expressed as means ± SD; 𝑛 = 8 per group;
∗

𝑃 < 0.05 versus the C group; #𝑃 < 0.05 versus the EE group; and Δ𝑃 < 0.05 versus the LS group.

assembly processes dysfunction.Thedownregulation ofNRF1
andNRF2 proteins is also involved in dysfunctional synthesis
of mitochondrial respiration complex subunits, resulting in
reduced mitochondrial respiration function [19, 20]. There-
fore, decreased PGC-1𝛼 and its downstream transcription
factors NRFs proteins contribute to deficiency in myocardial
oxidative capacity and energy production [1]. These results
indicate that exhaustive exercise is such an intense stress
that it damages mitochondrial respiration function which
is responsible for energy production by downregulating the
mitochondrial biogenesis key regulatory factors PGC-1𝛼–
NRF1/NRF2 signaling pathway.The duration of the stress will
in turnworsen the imbalance between energy production and
energy demand to satisfy the contractile function of cardiac
muscle, which will lead to irreversible myocardial damage
and energy failure. In contrast, the SAL treated group
particularly the high-dose group significantly upregulated
PGC-1𝛼, NRF1, and NRF2, indicating that SAL can improve
energymetabolismby upregulatingmitochondrial biogenesis
regulators and ameliorate myocardial injury induced by
intense exercise.

To date, studies have examined changes in PGC-1𝛼 in a
variety of exercise models of heart. Botta et al. [3] reported
that short-term and moderate-intensity exercise upregulated
PGC-1𝛼. A five-week high-intensity exercise training regimen
resulted in a 41.5% increase in the PGC-1𝛼mRNA expression
levels [21].Those controversial results probably vary depend-
ing on exercise intensity.

In this study, SAL significantly reduces the levels of
myocardial injury enzymes in the serum, relieves the
myocardium ultrastructure injury, improves the activity of
mitochondrial ETS complexes I, II, and IV, and increases
expression of key mitochondrial biogenesis factors PGC-1𝛼,
NRF1, and NRF2. All of these findings indicate that SAL can
protect the heart from exhaustive exercise-induced injury by
improving mitochondrial respiratory function and mito-
chondrial biogenesis.

In conclusion, exhaustive exercise can induce heart
injury, including structural injury, enzyme abnormalities,
reduced respiratory function, and the downregulation of
mitochondrial biogenesis. The accumulation of these mal-
adaptive traits initiates a vicious cycle that can further cause



Oxidative Medicine and Cellular Longevity 9

myocardial metabolic dysfunction, thereby contributing to
myocardial injury and heart failure. SAL, one of the major
effective components of extracts from the traditional Chinese
medicine R. crenulata, appears to protect the myocardium
from exhaustive exercise-induced injury by improving respi-
ratory function and upregulating mitochondrial biogenesis.
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Mechanical ventilation (MV)may amplify the lung-specific inflammatory response in preinjured lungs by elevating cytokine release
and augmenting damage to the alveolar integrity. In this study, we test the hypothesis that MV exerts different negative impacts
on inflammatory response at different time points of postlung injury. Basic lung injury was induced by cecal ligation and puncture
(CLP) surgery in rats. Physiological indexes including blood gases weremonitored duringMV and samples were assessed following
each experiment. Low 𝑉

𝑇

(tidal volume) MV caused a slight increase in cytokine release and tissue damage at day 1 and day 4
after sepsis induced lung injury, while cytokine release from the lungs in the two moderately ventilated 𝑉

𝑇

groups was amplified.
Interestingly, in the two groups where rats received low 𝑉

𝑇

MV, we found that infiltration of inflammatory cells was only profound
at day 4 after CLP. Marked elevation of protein leakage indicated a compromise in alveolar integrity in rats that received moderate
𝑉
𝑇

MV at day 4 following CLP, correlating with architectural damage to the alveoli. Our study indicates that preinjured lungs are
more sensitive to mechanical MV at later phases of sepsis, and this situation may be a result of differing immune status.

1. Introduction

Patients suffering from acute lung injury (ALI) or acute
aspiratory distress syndrome (ARDS) are likely to receive
mechanical ventilation (MV) treatment as a therapeutic
intervention [1]. AlthoughMV is necessary and life-saving, it
may cause lung injury or exacerbate preexisting lung injury, a
condition known as ventilator-associated lung injury (VILI)
[2, 3]. Curative strategy of MV can cause VILI via the
induction of oxidant stress and neutrophil infiltration in a rat
model [4].

Sepsis is a critical state of inflammation with high
morbidity and mortality rates in the intensive care unit
(ICU) [5]. Certain factors, such as overgeneration of reactive
oxygen species (ROS), play important roles between sepsis
andVILI. Both in vivo and in vitro studies have demonstrated
that oxidative stress, plus dysfunction of antioxidant system,
leads to the onset or deterioration of ALI after sepsis and
VILI [6, 7]. On the other hand, sepsis can overwhelm
the body resulting in immune suppression, leaving patients

more susceptible to secondary infections due to an inability
to mount an effective inflammatory response [8–10]. The
generation of reactive oxygen species by immune cells can
be changed depending on different phase of sepsis [11], in
which persistence indicates a poor result and may affect the
outcome of VILI due to the modulation of ROS elimination.
Previous studies have shown that MV had a negative impact
on preinjured lungs or other organs affected by sepsis [12–14].

The purpose of this study was to investigate how MV
impacts upon preinjured lung function at different time
points after sepsis induction. We used a clinically relevant
septic rat model to assess prolonged lung injury. We hypoth-
esized that the negative impacts of MV on preinjured lung
at the later phase of sepsis may be more severe than those
observed in the early phase. We did not include a high 𝑉

𝑇

(more than 12mL/kg) of MV in our current study due to
the fact that it was not clinically relevant and this method
results in 𝑉

𝑇
-induced serious lung injury in patients and a

range of animal models [15–17]. To evaluate the effects of MV
on preexisting lung injury, we examined the physiological
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response, lung injury, inflammatory cell accumulation and
infiltration, and cytokine release using septic rat model.

2. Materials and Methods

2.1. Animals and Experimental Sepsis. Weused pathogen-free
male Sprague-Dawley rats (weighing 250–300 g). All rats in
the sepsis groups received cecal ligation and puncture (CLP)
surgery. In brief, rats were fasted 16 h before surgery and
then anesthetized by an injection of 1mL of 2% pentobarbital
in the peritoneal cavity. Under sterile conditions, a 2 cm
incision was made on the midline of the abdomen, before
exposing the cecum. The cecum was ligated one-third along
its distal position andpunctured twicewith a 16-gauge needle.
This operation caused ALI and had a 95% survival rate in
our preliminary study (data not shown). The cecum was
returned to the peritoneal cavity and the incision was closed
in two layers by suture. All the animals received subcutaneous
application of 10mL/kg sterile saline for fluid resuscitation.
The experimental protocol was approved by the Animal
Care and Scientific Committee of Tongji Medical College,
Huazhong University of Science and Technology.

2.2. Mechanical Ventilation (MV) Protocol. All rats were
randomly allocated into seven groups as follows (four MV
groups were ventilated for 4 hours with room air): control
group: control rats (𝑛 = 6); group CLP1day: septic rats were
sacrificed at day 1 after CLP without MV (𝑛 = 6); group
CLP1day + LMV: septic rats received MV at day 1 after CLP,
low𝑉
𝑇
(6mL/kg), 4 cmH

2
OZEEP (𝑛 = 8); group CLP1day +

MMV: septic rats received MV at day 1 after CLP, moderate
𝑉
𝑇
(12mL/kg), 2 cm H

2
O ZEEP (𝑛 = 8); group CLP4day:

septic rats were sacrificed at day 4 after CLP without MV
(𝑛 = 6); group CLP4day + LMV: septic rats received MV at
day 4 after CLP, low 𝑉

𝑇
(6mL/kg), 4 cm H

2
O ZEEP (𝑛 = 8);

group CLP4day + MMV: septic rats received MV at day 4
after CLP, moderate 𝑉

𝑇
(12mL/kg), 2 cm H

2
O ZEEP (𝑛 =

8). All rats were anesthetized by intraperitoneal injection
of 2% pentobarbital (1mL) before undergoing tracheotomy
and were connected to a small-animal ventilator (Harvard
Apparatus, Holliston,MA, USA). Anesthesia was maintained
by constant injection of pentobarbital (80mg/kg/h) andfluids
were administered at a rate of 10mL/kg/h by jugular vein
intubation. A catheter was inserted into the left carotid artery
for blood pressure measurements and blood gas analysis
every two hours. We kept partial pressure of arterial carbon
dioxide (𝑃

𝑎
CO
2
) between 35 and 45mmHg by changing

breathing rate. Body temperature was monitored rectally and
regulated automatically by a heating pad. All animals were
sacrificed by abdominal aorta exsanguination at experiment
completion.

2.3. Histology of the Lung. The superior lobe of the right lung
was fixed in 10% pH neutral formalin for 24 h, cut into 10 𝜇m
sections, and mounted on glass slides. The tissue sections
were stained with hematoxylin and eosin (H&E) and exam-
ined by light microscopy. The histological alterations were
scored in five grades from 0 to 4 depending on the degree of

microscopic damage of architectural integrity, inflammatory
cell infiltration, interstitial edema, and hemorrhage.

2.4. Cell Counts. Lung lavages were performed with 3 × 2mL
cold sterile PBS; the fluid was centrifuged at 150×g at 4∘C for
10min. After centrifugation, the supernatant was collected
and frozen at −70∘C for further analysis. The cell pellet
was resuspended in 0.5mL cold PBS. Total cell counts of
bronchoalveolar lavage fluid (BALF) were determined using
a cell counting chamber. Slides of the differential counts
were performed using a cytocentrifuge at 150×g for 5min,
followed by Wright staining.

2.5. Cytokine Assays. Level of interleukin- (IL-) 6 in the
supernatant of BALF was measured by enzyme-linked
immunosorbent assay (ELISA) according to the manufac-
turer’s protocol. Briefly, samples or standards were pipetted
into microplate wells precoated with monoclonal antibody.
After washing away unbound substances, an enzyme-linked
polyclonal antibody specific for rat IL-6 (BD Biosciences
Pharmingen, San Diego, CA, USA) was added to the
microplate wells. Following a wash to remove any unbound
antibody-enzyme reagent, substrate solutionwas added to the
wells.The enzyme reaction yielded a blue product that turned
yellow when the phosphoric acid stop solution was added.
The intensity of the color was proportionate to the amount of
total rat IL-6 bound in the initial step and the sample values
were then extrapolated from the standard curve. Total protein
levels in BALF were determined by Pierce BCA Protein
Assay kit (ThermoScientific, Rockford, IL,USA) according to
the manufacturer’s instructions with bovine serum albumin
(BSA) as a standard.

2.6. Statistical Analysis. Data are expressed as mean ± SD
(standard deviation). All parameters were analyzed by one-
way analysis of variance (ANOVA) with least significant
difference (LSD) posttest.The histological injury scores com-
parisons were made by the nonparametric Mann-Whitney
test. 𝑃 values of <0.05 were considered to be statistically
significant.

3. Results

Two rats died from cardiovascular collapse: one in group two
and one in group 3. Therefore, only 48 rats out of 50 were
studied.

3.1. MV Impacts on Physical Signs. There was no statistically
significant difference in 𝑃

𝑎
O
2
/FiO
2
among the four MV

groups at the start of ventilation. Furthermore, the oxygen
index (OI) was only slightly higher in the two CLP day-four
groups (Figure 1(a)). The OI differed over time in all groups
with the lowest 𝑃

𝑎
O
2
/FiO
2
occurring in group CLP1day +

LMV, while the highest OI occurred in group CLP4day +
MMV.

The initial mean arterial pressure (MAP) was similar and
gradually decreased over time in all groups (Figure 1(b)).The
lowest blood pressure measurement was observed in group
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Figure 1: Physiological response to mechanical ventilation following induction of sepsis over time. 𝑃
𝑎

O
2

/FiO
2

(a), mean arterial pressure
(b), and heart rate (c) were measured. 𝑃 values are calculated by repeated-measures ANOVA. Significant differences are highlighted between
groups receiving MV on the same day. ∗The same time point at which the group received MV at the same day after CLP. Data are presented
as mean ± SD.

CLP1day + LMV, but this dropwas not statistically significant.
Heart rate (HR) was steady in the other three MV groups but
had a statistically significant rise in group CLP1day + LMV
after 2 h MV (Figure 1(c)).

Although there was a trend of lower pH in groups
CLP1day + LMV and CLP1day + MMV, the pH values
generally matched those in groups CLP4day + LMV and
CLP4day + MMV (data not shown).

3.2. Lung Injury. CLP surgery caused moderate structural
damage of lung, slight cellular infiltration, and edema at
days one and four after operation (Figures 2(a) and 2(d)).
We saw more severe accumulation of inflammatory cells in
groups CLP1day + LMV and CLP4day + LMV (Figures 2(b)
and 2(e)). For moderate 𝑉

𝑇
MV one day after sepsis, these

histological changes were similar to those in two low 𝑉
𝑇

groups (Figure 2(c)). The impacts of MV were most evident
in group CLP4day + MMV, with partial interstitial edema
and areas of alveolar hemorrhage (Figure 2(f)), which showed
that relatively higher tidal volumeMV exerted more negative
impact on preinjured lung at day four after CLP compared
with day one following CLP.

3.3. Cell Counts. BALF total cell counts are an important
indicator of the integrity of lung capillary. From the results,
we can see that CLP surgery increased the total cell counts in
BALF (Figure 3(a)). There were large increases in groups of
CLP4day + LMV and CLP4day + MMV, while in the groups
of day one after CLP, only MMV caused a significant increase
of total cell counts. Differential analysis revealed similar
increases of polymorphonuclear (PMN) cells in BALF except
in group CLP1day + LMV (Figures 3(b) and 4). Examination
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Figure 2: Representative hematoxylin and eosin-stained 5 𝜇m lung sections at 400x magnification. CLP at day one without MV (a), with low
𝑉
𝑇

MV (b), and with moderate 𝑉
𝑇

MV (c). CLP at day four without MV (d), with low 𝑉
𝑇

MV (e), and with moderate 𝑉
𝑇

MV (f) are shown.
Lung injuries according to the scoring system are pointed with black arrow in the figures. Lung injury score is presented as bar chart on the
right (g). Data are presented as mean ± SD.

of tissue slides under light microscopy validated these obser-
vations. Additionally, MV magnified the inflammatory cells
infiltration to a deeper extent at day four after CLP compared
with day one after CLP.These data are in accordance with the
findings from histological sections.

3.4. Total Protein and IL-6 Levels. BALF total protein level
was quantified to identify the status of capillary permeability
and IL-6 was selected as a representative inflammatory

cytokine. Studies have shown that moderate 𝑉
𝑇
can aug-

ment rabbit lung cytokine release, such as TNF-𝛼 and IL-
8, after the systemic of systemic LPS [18]. IL-6 is regarded
as an active factor and an ongoing inflammatory marker
of many lung diseases [19]. The synergistic role of IL-6 in
pathologic mechanical stretch induced lung endothelial cell
injury has also been demonstrated in vitro [20]. As shown
in Figure 5, both total protein and IL-6 were significantly
higher in group CLP4day + MMV when compared to
groups CLP4day and CLP4day + LMV, which indicated
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Figure 3: Total cell counts (a) and polymorphonuclear cell count (PMN) (b) in BAL for each of the seven groups. ∗Without MV at the same
day after CLP; #low 𝑉

𝑇

MV at the same day after CLP. Data are presented as mean ± SD.

(a) (b) (c)

(d) (e) (f)

Figure 4: Differential analysis of PMNs is presented at 400x magnification. CLP at day one without MV (a), with low 𝑉
𝑇

MV (b), and with
moderate 𝑉

𝑇

MV (c). CLP at day four without MV (d), with low 𝑉
𝑇

MV (e), and with moderate 𝑉
𝑇

MV (f). Polymorphonuclear neutrophils
are pointed with black arrow. Bar = 50 𝜇m.

that, on the fourth day after initiation of CLP, relatively
higher volume of MV severely increases both lung capillary
permeability and cytokine release. Furthermore, IL-6 was
significantly higher in group CLP1day + MMV compared
with groups CLP1day and CLP1day + LMV, while there
were no statistically significant differences in total levels of

protein observed between these groups (Figure 5). These
results suggested that, at the early stage of sepsis (day one
after CLP), when compared to low tidal volume, moder-
ate tidal volume of MV changed inflammatory cytokine
release but had no effect on lung capillary permeabil-
ity.
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Figure 5: Total protein (a) and IL-6 (b) in BAL for each of the seven groups. ∗Without MV at the same day after CLP; #low 𝑉
𝑇

MV at the
same day after CLP. Data are presented as mean ± SD.

4. Discussion

The aim of this study was to investigate whether MV exerts
distinct effects on lungs at different time after lung injury.
We hypothesized that MV would induce an inflammatory
response following induction of sepsis by CLP surgery and
that this response would be amplified over time. According to
our findings, no changes could be found in the inflammatory
response at one day after sepsis induction by LMV, but
both LMV and MMV did show more severe inflammatory
cytokine release and lung injury at a later phase of sepsis.

Acute lung injury (ALI) is a common life-threatening
condition that often needs the treatment of MV [1]. Nev-
ertheless, MV can amplify the inflammatory response of
preinjured lungs or induce massive release of cytokines from
healthy lungs [21, 22], a finding that was validated in our
current study. In patients with ARDS, higher tidal volume
of MV increases mortality [23]. A recent study showed that
MVwith a low tidal volume (6mL/kg) reduced the incidence
of mechanical associated lung injury in patients without
preexisting lung injury [24]. Therefore, it is now a common
view among experts thatMVwith a low tidal volume protects
lungs for patients with and without preexisting lung injury.
However, no studies have investigated whether preinjured
lungs responded differently to MV at different periods of
sepsis. We believe that this information will be meaningful
for the determination of the proper tidal volume on a case-
by-case basis.

Negative synergistic effects of MV at single time points
after sepsis have been found and higher tidal volume tends
to be more detrimental [16, 25, 26]. We examined whether
moderate tidal volume could be more detrimental to prein-
jured lungs when compared to low tidal volume in two typical
phases of sepsis (one day versus four days) in this study.

Furthermore, we examined the effects of two settings (low
versus moderate tidal volume) of MV on lungs at different
days after initiation of lung injury induced by sepsis.

Low 𝑉
𝑇
MV caused some heart rate fluctuation and

insufficient oxygen index in the first day in the CLP group,
where early phase of sepsis was used. Moderate tidal volume
MV provided better oxygenation and hemodynamic stability.
We found that BALF total protein concentrations were not
significantly different among the groups except on the fourth
day with moderate MV, which caused a significant increase
in total protein concentration. This could be explained by
the more severe histological alterations observed in the same
group, in which the loss of alveolar integrity would cause
more protein leakage.

In terms of BALF total cell counts and PMN differential
counts, we observed that effects of moderate 𝑉

𝑇
MV were

similar at different days following sepsis. However, low 𝑉
𝑇

MV attracted more inflammatory cells and induced more
PMN differentiation at the fourth day after sepsis. The
concentrations of IL-6 were greater in the group receiving
moderate 𝑉

𝑇
MV at the first and fourth day. This trend was

more evident in group 7 on the fourth day after CLP.
These results suggest that although there are some differ-

ences between low and moderate 𝑉
𝑇
MV at the first day of

sepsis in our model, moderate 𝑉
𝑇
MV four days after sepsis

are more likely to exert a negative impact on inflammatory
lungs responses. Furthermore, for rats receiving low 𝑉

𝑇
MV,

only after four days were synergistic effects on total cell and
PMN differential counts observed. This consequence may
result from diverse functions of immune cells during sepsis.
The immune system plays an important role in the host-
pathogen relationship, particularly during sepsis, since sepsis
can cause immune suppression that affects the response to
other infectious threats [27]. Patients suffering from sepsis
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undergo certain adaptive responses including a phase of
immunosuppression [28–30], and animals are susceptible to
infections in the lung or peripheral blood [31, 32]. This situa-
tionmay be induced by impaired function of immune cells or
dysfunctional cell signaling pathways [10, 33, 34]. Since MV
can influence immune cells such as macrophages or alveolar
epithelial cells to cause trauma [35, 36], different immune
cell states determine different influences ofMV. Furthermore,
due to the influence of a number of perioperative factors,
certain cell functions can be modulated via ROS system [37].
The expression of toll-like receptors (TLRs) is also associated
with mechanical induction of lung injury [38, 39]. Previous
studies have shown that signal transduction of TLRs can
be modulated by sepsis [10]. Taking this into consideration,
TLR4 may directly alter the interaction between MV and
lungs that were preinjured by sepsis. At the early phase of
sepsis, immune cells may not be sensitive to MV due to
immunosuppression; thusMVonly causemild inflammatory
response.

The function of immune system and ROS generation
are variable at a different time point during the process
of sepsis [12]. Campos et al. revealed that antioxidant N-
acetylcysteine could alleviate ALI after CLP followed by low
𝑉
𝑇
MV in a rat, and this protective effect was attributed

to the decrease of oxidative stress [13]. ROS also has the
property to increase TLR expression of alveolar macrophages
in a mice hemorrhagic shock model [40]. Based on the
interaction betweenMV and immune cells mentioned above,
it is reasonable to link the variation of VILI to the production
of ROS that at the later phase of sepsis, the fourth day after
CLP. In our current experiment, more severe lung injury can
be found after the treatment of MV.

Our results confirm that although lung-protective MV
with low 𝑉

𝑇
is important in minimizing the negative impact

of MV on lungs, sometimes it cannot meet all physiological
requirements in the septic rat model. It may be beneficial
to increase the tidal volume in certain periods after sepsis
to improve the oxygenation or stabilize the circulation sys-
tem, without worrying about the consequent inflammatory
response. However, our study suggests that a specific window
of time exists at the later phase of sepsis to consider the
changes to MV as an intervention.

5. Conclusions

We have found that moderate 𝑉
𝑇
MV causes a more severe

inflammatory response when compared to low 𝑉
𝑇
MV in

preinjured lungs, and this effect is more evident at a later
phase (fourth day) of sepsis. Furthermore, low𝑉

𝑇
MV causes

greater synergistic inflammatory effects at later period of
sepsis. It will be important to investigate if the different
status of ROS generation of immune cells contributes to these
phenomena in future studies.
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Ischemia-reperfusion (IR) injury is directly related to the formation of reactive oxygen species (ROS), endothelial cell injury,
increased vascular permeability, and the activation of neutrophils and platelets, cytokines, and the complement system. Several
studies have confirmed the destructiveness of the toxic oxygen metabolites produced and their role in the pathophysiology of
different processes, such as oxygen poisoning, inflammation, and ischemic injury. Due to the different degrees of tissue damage
resulting from the process of ischemia and subsequent reperfusion, several studies in animalmodels have focused on the prevention
of IR injury and methods of lung protection. Lung IR injury has clinical relevance in the setting of lung transplantation and
cardiopulmonary bypass, for which the consequences of IR injury may be devastating in critically ill patients.

1. Introduction

The process of ischemia and subsequent reperfusion is pre-
sent inmanymedical situations such as major surgical proce-
dures and organ transplantation. This event may lead to dev-
astating consequences in some patients; therefore, the under-
standing of this process is extremely important in the search
for new therapies and procedures that could reduce tissue
injury [1].

Tissue damage to a particular organ when subjected to
ischemia is exacerbated at the moment of its reoxygenation
during reperfusion, a process that is considered to be more
harmful than ischemia itself [2]. This mechanism of tissue
injury is called reperfusion injury or ischemia-reperfusion
(IR) injury and consists of a complex pathophysiological phe-
nomenon requiring the presence of oxygen for its genesis, as
well as the maintenance and activation of vascular, humoral,
and cellular factors.

In its classical manifestation, occlusion of the arterial
supply is caused by an embolus or a plug, resulting in
ischemia and consequently a serious imbalance between the

supply and metabolic demand, causing tissue hypoxia. Dur-
ing reperfusion, the restoration of blood flow is often asso-
ciated with an exacerbation of tissue injury and an intense
inflammatory response [3].

Ischemia directly affects cells and triggers a series of
events due to a lack of oxygen, resulting in different intensities
of cellular damage and the consequent activation of cytotoxic
enzymes, ultimately culminating in cell death.

Oxidative phosphorylation does not occur in mitochon-
dria during oxygen deprivation; anaerobic glycolysis then
begins to provide energy but is not suitable for the replen-
ishment of adenosine triphosphate (ATP). This ATP deficit
affects the active transport of ions across the membrane,
leading to an accumulation of sodiumand, by diffusion, water
inside the cell, with subsequent edema. This imbalance also
occurs within organelles, leading to the swelling and disin-
tegration of mitochondria and the expansion and formation
of vesicles in the endoplasmic reticulum.The rupture of lyso-
somes and release of enzymes contained therein represent the
final events prior to cell death [4].
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Figure 1: Formation of oxygen-free radicals during lung ischemia and reperfusion injury.

Reperfusion injury is directly related to the formation of
reactive oxygen species (ROS), endothelial cell injury,
increased vascular permeability, and the activation of neu-
trophils and platelets, cytokines, and the complement system
[5].

When exposed to hypoxia, endothelial cells alter their
cytoskeletal morphology, forming small intercellular pores,
and the presence of these pores provides increased perme-
ability of the endothelium,with the formation of tissue edema
[6].The worsening of perfusion is enhanced by an imbalance
in the production of vasoconstrictor and vasodilator factors.
Hypoxic endothelium shows increased production of potent
vasoconstrictors (endothelin types 1, 2, and 3) and decreased
production of vasodilators (nitric oxide) [2]. These changes
initiated during ischemia, particularly in endothelial cells
and leukocytes, not only cause tissue injury but also create
conditions that favor future injury with the occurrence of
reperfusion. Another effect that has been demonstrated after
a period of ischemia reperfusion is the impairment of certain
segments of themicrocirculation, generating heterogeneity in
the distribution of blood flow, with focal tissue hypoxia. This
phenomenon, called nonreperfusion (no-reflow), is another
mechanism of tissue injury after reperfusion [7].

Due to the complications of IR-induced injury, as well
as its high morbidity and mortality, several studies have
investigated the pathophysiology of IR injury in an attempt to
prevent or reverse its deleterious effects.

2. Oxidative Stress and Ischemia-Reperfusion

Oxidative stress has a role in the pathogenesis of several
clinical conditions, such as malignancy, diabetes mellitus,
atherosclerosis, chronic inflammation, infection with the
human immunodeficiency virus, and IR injury [8]. There are
different pathways for the production of reactive oxygen
species [9], especially via xanthine oxidase as the primary

source of production in most organs with systemic vascula-
ture [10]. ROS formation occurs in the mitochondrial matrix
through the electron transport chain due to the reduction of
molecular oxygen to superoxide radical (O

2

−) [11].
When a tissue is subjected to ischemia, a sequence of

chemical reactions is initiated. Despite the lack of identifi-
cation of a critical event responsible for tissue damage, most
studies have shown that the depletion of energy and the accu-
mulation of toxic oxygen metabolites (oxidative stress) can
contribute to cell death. Paradoxically, reperfusion quickly
restores the energy supply by removing toxic metabolites and
preventing organ failure; however, it also contributes to and
amplifies themechanisms involved in ischemic tissue damage
[5].

During tissue ischemia, a reduction in the availability of
ATP as a result of the degradation on adenosine diphosphate
(ADP), adenosine monophosphate [12], adenosine, inosine,
and hypoxanthine occurs. Furthermore, xanthine dehydro-
genase is converted to xanthine oxidase.

This reaction can occur through two mechanisms: (1)
xanthine dehydrogenase can be reversibly converted to xan-
thine oxidase via the oxidation of sulfhydryl groups; or (2)
xanthine dehydrogenase can be irreversibly converted to xan-
thine oxidase via proteolysis through proteases activated by
calcium, which is increased in the cytosol and derived from
the extracellular environment [5].

Xanthine oxidase relies on oxygen to metabolize hypox-
anthine, and when this is provided by reperfusion (reoxy-
genation), ROS molecules are formed, with a large capacity
to cause injury to tissue [5].

NADPH oxidase, an enzyme expressed in virtually all
inflammatory cells, contributes to the formation of cyto-
toxic peroxynitrite. Furthermore, hydrogen peroxide (H

2
O
2
)

derived from the dismutation of O
2
results in highly toxichy-

droxyl radical (OH−) by the Haber-Weiss reaction, which is
facilitated by the increased availability of free iron during
ischemia [13] (Figure 1).
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Xanthine dehydrogenase uses nicotinamide dinucleotide
phosphate (NADP) and may be irreversibly converted to
xanthine oxidase. Additionally, proteases are activated by
calcium, which are increased in the cytosol. In the presence
of oxygen resulting from reperfusion, xanthine oxidase (XO)
metabolizes hypoxanthine, formingROS.Hydrogen peroxide
(H
2
O
2
) generates hydroxyl radical (OH), which is highly

toxic, by the Haber-Weiss reaction, which is facilitated by
the increased availability of free iron during ischemia. The
increase in ROS results in major pulmonary tissue damage.

The importance of oxygen radicals in the pathophysiol-
ogy of IR injury was demonstrated after the injection of free
radical scavengers or enzymes, such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPX),
preventing the damage that occurs during reperfusion [14,
15].

Several studies have confirmed the destructiveness of the
derived toxic oxygen metabolites and their role in the patho-
physiology of different processes, such as oxygen poisoning,
inflammation, and ischemic injury [16].

3. Oxidative Stress and Lung
Ischemia-Reperfusion Injury

The mechanisms of IR injury in the pulmonary parenchyma
are similar to reperfusion injury in other organs and include a
significant involvement of ROS, intracellular calcium influx,
endothelial cell injury, leukocyte sequestration and activation
in the pulmonary circulation, activation of the complement
system, and the release of inflammatory mediators such as
arachidonic acid metabolites [2].

Pulmonary IR injury can occur due to trauma, atheroscle-
rosis, pulmonary embolism, and surgical procedures, such
as cardiopulmonary bypass (CPB) and lung transplantation
[17]. The latter is the most studied situation because it is
directly related to the incidence of early graft dysfunction
and is responsible for up to 20% of mortality in the early
postoperative period [18, 19].

The IR-induced lung injury that occurs in the setting of
lung transplantation is characterized by edema, hypoxemia,
and pulmonary infiltrates on chest X-ray [20].

This occurs mainly in postcapillary venules, increasing
hydrostatic pressure, and favoring the formation of edema,
which is facilitated by the increased capillary permeability
caused by endothelial injury. ROS have a key role in the
development of pulmonary injury (IR) [21, 22], which is
characterized by increases in ROS and other free radicals,
with a crucial role in the sequence of events leading to lung
failure [23].

The IR phenomenon occurs in the heart, liver, kidney, gut,
central nervous system, skeletal muscles, and other organs
[8]. In these organs, ischemia is accompanied by tissue anoxia
until the reintroduction of oxygen during reperfusion and is
thus the equivalent to IR anoxia-reoxygenation. Unlike other
organs, the lung is considered the only organ that can suffer
ischemia without hypoxia because alveolar oxygen helps to
maintain aerobic metabolism, thereby preventing hypoxia.
Thus, the oxidative stress in the lung resulting from ischemia

should be distinguished from that resulting from hypoxia
itself [24].

In the setting of lung transplantation, factors present in
the prereperfusion phase of the graft, such as brain death,
pneumonia, mechanical ventilation, aspiration, contusion,
hypotension, and cold ischemia, have been recognized as
aggravating IR injury through the activation of inflammatory
factors [24, 25].

Hypoxia and consequently anoxia result in a decrease
in intracellular ATP and an increase in ATP degradation
products, such as hypoxanthine, which generates ROS pro-
duction when oxygen is reintroduced during reperfusion
and/or ventilation. During ischemia, this phenomenon may
occur in the lung if the alveolar oxygen tension drops below
7mmHg [26, 27].The absence of pulmonary blood flow leads
to lipid peroxidation, even in the presence of oxygen. The
mechanism of oxidative stress is different from what occurs
during anoxia-reoxygenation because it is not associatedwith
decreased ATP, and it may occur even during the period of
cold ischemia in an organ stored for transplantation [28].

In the lungs, ROS are related to the activation of
inflammatory processes through transcription factors such
as nuclear factor-kappa B (NF-𝜅B), leading to chromatin
remodeling and the expression of proinflammatory media-
tor genes [29, 30]. Intracellular ROS production has been
observed in various cell types of lung tissue, including
endothelial cells, alveolar type II epithelial cells, clara cells,
ciliated epithelial cells, and alveolar macrophages [31]. It is
believed that IR pulmonary injury is due to an increase in
ROS, which triggers a response from the graft, resulting in
the activation of the adaptive immune response (acute rejec-
tion) through the activation of antigen-presenting cells [32].
Additionally, the use of LPD (low-potassium dextran), a lung
preservation solution, appears to decrease ROS production
[33] and reduce the incidence of primary graft failure through
a reduction in ROS production from the pulmonary vascula-
ture [34].

4. Systemic Effects of
Ischemia-Reperfusion Injury

IR injury and multiple organ failure contribute significantly
to mortality and postoperative morbidity, and reperfusion
induces the oxidative stress that plays a key role in this
pathology. Pulmonary IR injury induces systemic effects in
the liver and heart and is characterized by neutrophil seques-
tration and the release of significant amounts of ROS into the
circulation [35, 36].

However, the pulmonary system may also suffer conse-
quences from IR tissue located remotely [37]: a single organ
exposed to IR can subsequently cause inflammatory activa-
tion in other organs, leading to the failure on multiple sys-
tems. Importantly, ischemic syndromes are a heterogeneous
group of conditions. Although there are some similarities in
biological responses between these syndromes that occur in
different organs, there are important differences between a
reduction in systemic perfusion, for example, during shock,
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compared with regional ischemia and the reperfusion of a
single organ [38].

During IR injury in the liver or kidney, the activation
of intestinal inflammatory responses triggers a sequence of
events that leads to multiorgan failure. The IR of peripheral
organs (such as the liver) results in the activation of intestinal
Paneth cells and the subsequent release of cytokines such as
IL-17, causing failure in other systems, including the pul-
monary system [39, 40].

The systemic inflammatory responses of mesenteric IR
represent an important model of severe disease because
deficits in the intestinal mucosa appear to be critical in the
initiation and propagation of multiple organ failure [41].

Using a mouse model of intestinal IR injury, Mura et al.
reported that nearly 50% of the IR group animals died during
the experimental period of 4 h. The combined effects of
intestinal IR, surgical procedure, the application of a high
oxygen concentration, and mechanical ventilation may be
responsible for this highmortality rate. In thismodel, the lung
was the most severely injured remote organ [4]. Additionally,
a recent clinical study confirmed that respiratory dysfunction
following traumatic injury is an obligatory event that pre-
cedes heart, kidney, and liver failure [4, 42].

Recent studies also report that activated neutrophils
aggregate in the subendothelial space, where they release
reactive oxygen species (ROS), enzymes, and cytokines, caus-
ing direct renal injury and the recruitment of monocytes and
macrophages leading to further aggravation of the oxidative
injury [43, 44].

5. The Antioxidant Defense System

An antioxidant is any substance that, even at low concen-
trations, significantly delays or inhibits the oxidation of a
substrate in an enzymatic or nonenzymatic manner [45].

The organism’s defense against ROS ranges from the
prevention of ROS formation to interception of the formed
radicals to cell repair. Enzymes that control the levels of
ROS are glutathione peroxidase (GPx), superoxide dismutase
(SOD), and catalase (CAT), leading to the sequestration and
deactivation of ROS, which are neutralized to prevent the fur-
ther oxidation of other molecules. The final neutralization of
a compound with one or more unpaired electrons is the
formation of another nonradical product.

Water-soluble radical compounds transfer the radical
function away from the potential target site and are called
free radical scavengers.The combination of a substancewith a
free radical leads to the formation of a nonradical or a radical
that is less harmful, for example, tocopherols and carotenoids
[45].

Antioxidant therapy can be performed by the replace-
ment of endogenous antioxidants, such as recombinant
superoxide dismutase [46] or by exogenous supplementation
of antioxidant agents, such as N-acetylcysteine [47].

However, the use of antioxidants in animalmodels of lung
injury has been little exploited in experimental and clinical
studies, for example, the use of N-acetylcysteine [48], which
has proven to be an important therapeutic potential for use
in IR lesion [42].

6. N-Acetylcysteine

Several authors have described different ways to increase
the viability of lung graft posttransplantation and to reduce
the undesirable effects of IR injury, including the use of
antioxidants such as NAC and melatonin [42, 49].

NAC (chemical formula C
5
H
9
NO
3
S; molecular weight

163.2) is a thiol compound that contains a sulfhydryl group
and is widely used in clinical medicine [50].

NAC is a mucolytic that was first implemented for
treating congestive and obstructive lung diseases associated
with hypersecretion. NAC is also used in the treatment of
adult respiratory distress syndrome and in cases of acquired
immunodeficiency in HIV infection [51]. Its antioxidant
activity is mainly governed by two mechanisms: (1) direct
reduction of H

2
O
2
and O

2

∙− into less reactive species, form-
ing sulfur or cysteine radicals; (2) promotion of the biosyn-
thesis of GSH, which acts as a scavenger of free radicals and
as a substrate in the redox cycle of glutathione [52].

The loss of antioxidant capacity in an oxidized cell is
mainly due to a decrease in glutathione, which is the most
abundant intracellular free thiol. Oxidative stress in vivo is
translated as a deficiency in glutathione or its precursor,
cysteine, and the most effective antioxidant that has been
studied is the NAC, a glutathione precursor [46].

Chemically, NAC is similar to cysteine, and the presence
of this acetyl environment reduces thiol reactivity compared
to cysteine. Moreover, NAC is less toxic and less susceptible
to oxidation and dimerization and is more soluble in water,
making it a better source of cysteine than the parenteral
administration of cysteine [53]. NAC provides protection
mediated by administration of lipopolysaccharide endotox-
emia, resulting in a decrease in H

2
O
2
, and this was directly

related to its ability to reduce ROS rather than its function of
promoting the biosynthesis of glutathione [54]. Many studies
have demonstrated the effects of NAC, mainly with regard
to modulating the activity of inducible nitric oxide synthase
(iNOS), reducing the formation of inflammatory cytokines
and inhibiting the action of neutrophils [55–58]. Further-
more, NAC acts as a “scavenger” of free radicals by inhibiting
oxidative stress and preventing cell death [59].

Studies have demonstrated that treatment with NAC
prior to lung warm ischemia significantly attenuates inflam-
matory changes in both the ischemic and reperfusion periods
[60]. NAC reduces the phosphorylation of I𝜅B-𝛼 and p-
65, resulting in a decrease in apoptosis and inflammatory
responses. The intravenous administration of NAC demon-
strates protective properties against lung IR injury, and the
use of NAC immediately after reperfusion potentiates its pro-
tective effects [61].

Study of Wu et al., demonstrated that the NAC admin-
istration reduced lung I/R-induced increases in myocardial
hydroxyl radical production and lipid peroxidation and
ameliorated LV contractility and stiffening [62].

This protective effect could be explained by NAC increas-
ing GSH synthesis or eliminating free radicals directly or
both. The observed reduction in malondialdehyde (MDA)
levels is consistent with the potent antioxidant effects of
NAC, with a significant reduction in lipid peroxidation being
reported by many researchers [63–65].
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Current studies suggest the use of isoprostane as a more
specific index of oxidative stress induced by ROS [66–68].

In experimental studies, treatment with NAC resulted in
higher levels of tissue GSH, which led to improved lung graft
function [46, 69].

7. Calcium and Sodium Pump in
Ischemia-Reperfusion Injury

Ischemia causes an increase in calcium permeability by
promoting its entry into cells. Such an increase in intracellular
calcium, which is enhanced by a decrease in its active, ATP-
dependent transport to the extracellular environment, has
several deleterious effects: a change in cell shape by contrac-
tion of the cytoskeleton and phospholipase activation, with
the consequent release of the metabolite arachidonic acid
from cell membranes and organelles and the production of
free radicals. All these effects contribute to cell death [70].

In addition to the increase in intracellular calcium as a
result of ischemia, intracellular consumption occurs during
the “storage” of ATP; hence, there is an increase in anaerobic
glycolysis products. Such an event impairs the transmem-
brane ion gradient, with the consequent accumulation of
sodium (Na+) and water, leading to cellular edema and the
swelling of organelles, such as themitochondria, culminating
in cell lysis. Furthermore, the sodiumpump (Na+/K+ATPase)
is inactive during ischemia, contributing to the disruption of
the ion gradient [71].

The accumulation of calcium ions (Ca++) intracellularly
as a consequence of changes in the permeability of the plasma
membrane and the decrease in its active ATP-dependent
transport results in the activation of phospholipases and
proteases [72]. Proteases potentiate the effects of ROS on
organelles by converting xanthine dehydrogenase to xanthine
oxidase, and phospholipases activate the transformation of
arachidonic acid into products such as leukotrienes,
prostaglandins, and thromboxane [72].

8. Endothelium in Lung IR Injury

The endothelium is the main source of ROS during nonhy-
poxic pulmonary ischemia through the activation of NADPH
oxidase. This enzyme complex is also found in other lung
cells, but its concentration is more evident in neutrophils,
monocytes, and alveolar macrophages. Cell stimulation dur-
ing ischemia results in the translocation of NADPH oxidase
components to the cell membrane, a site where integration
occurs with membrane components to form a system of
electron transfer that catalyzes the reduction of molecular
oxygen (O

2
) to superoxide radical (O

2

−) while oxidizing
NADPH. This increase in the consumption of O

2
and pro-

duction of O
2

− is responsible for the “oxidative burst” that
results from the activation of NADPH. The O

2

− generated
can be subsequently transformed into H

2
O
2
in a reaction

catalyzed by SOD. Oxidizing compounds are also produced
by enzymes contained in intracellular granules. Azurophilic
granules release the enzyme myeloperoxidase [12], which
during neutrophil activation catalyzes the reaction between

H
2
O
2
and chlorine to produce hydrochloridric acid, which is

considered to be an extremely potent oxidant. Furthermore,
hydrochloridric acid can react with amines, generating chlo-
ramines, which are considered potent oxidants [73].

Based on previous studies that demonstrated the presence
of the enzyme xanthine dehydrogenase in endothelial cells
and the ability of the cells to release ROS, these authors
studied the effect of the presence of activated neutrophils in
contact with these cells. They demonstrated that activated
neutrophils induce the conversion of xanthine dehydroge-
nase into xanthine oxidase in endothelium [74].

9. Iron

Although iron is an essential element for all cells, it may be
highly toxic under pathophysiological conditions, such as in
the presence of oxidative stress, due to its oxidation-reduction
properties [41].

The iron is mostly stored in ferritin molecules and is
transported by transferrin molecules. However, “free” iron
exists and can participate in Fenton’s reaction, in which O

2

and H
2
O
2
react with iron and produce OH radicals. Iron is

released from ferritin and cytochrome P-450 during ischemia
due to the effect of acidosis and through the action of super-
oxide radical and proteolysis. Moreover, when released into
the circulation, iron can activate platelet aggregation. An
experimental model of lung IR injury using 3 hours of warm
ischemia in dogs showed that a new type of lazaroid is able to
reduce iron-dependent lipid peroxidation [75].

10. Inflammatory Mediators

Some inflammatory mediators released as a consequence of
the reperfusion of an organ or similar such region can activate
endothelial cells in distant organs that were not exposed to
the ischemic insult but are injured as a result of reperfusion
injury.

Moreover, reperfusion injury is characterized by autoim-
mune responses, including the recognition of natural anti-
bodies and neoantigens and the subsequent activation of the
complement (autoimmunity) system [76]. Despite the fact
that IR typically occurs in a sterile environment, the acti-
vation of innate and adaptive immune response occurs and
contributes to the injury, including the activation of pattern
recognition molecules, such as toll-like receptors (TLR), and
the inflow of inflammatory cells in the injured organ [77].

For example, when TLRs recognize specific molecules,
they trigger the activation of signaling pathways, including
the NF-𝜅B activation of protein kinase (MAPK) pathways
and type I interferon, which results in the induction of
proinflammatory cytokines and chemokines.These receptors
can also be activated by endogenousmolecules in the absence
of microbial compounds, particularly within the context of
cell damage or death, as occurs during IR [78] (Figure 2).

The recognition of “danger signals” by toll-like receptors
(TLRs) on the surface of inflammatory cells leads to the
activation of different signaling pathways, including the NF-
𝜅B activation of protein kinase (MAPK) pathways and type I
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Figure 2: Activation of the immune response and trafficking of inflammatory cells in the diseased organ during reperfusion.

interferon, which results in the induction of proinflammatory
cytokines and chemokines.

Specifically, the activation of TLR4 may be aggravated
by the oxidative stress generated during IR, which when
recognized by inflammatory cells increases responsiveness
to subsequent stimuli. Alveolar macrophages from rodents
subjected to hemorrhagic shock and resuscitation express
increased levels of TLR4, an effect that was inhibited by the
addition of the antioxidant NACwith fluid resuscitation [77].
Andrade et al. examined the levels of TLR mRNA expression
in lung tissue collected during IR in human lung trans-
plantation and found that the mRNA levels of most TLRs
correlate with the mRNA levels of cytokines (IL-1b, IL-6,
IL-8, IL-10, and IFN-gamma) in the lungs of donors during
hypothermic storage.These observations suggest that inflam-
matory responses in the donor organ can affect the expres-
sion and activity of TLR genes; alternatively, the levels of
expression and activation of TLRs may contribute to the
regulation of cytokine gene expression. In addition, a close
correlation between TL4 and IL-8 before and after reperfu-
sion was found, suggesting that this cytokinemay be involved
in the regulation of TLR4 gene expression in the setting of
lung transplantation [79].

TNF-𝛼 (tumor necrosis factor 𝛼), ROS, and interleukin-6
(IL-6) are involved in the tissue damage that occurs during IR
because they are toxic molecules that alter cellular proteins,
lipids and ribonucleic acids, leading to cellular dysfunc-
tion or death [80]. A further contribution to tissue injury
occurs when the worsening of perfusion is potentiated by an
imbalance in the production of vasoconstrictor and vasodila-
tor factors. The hypoxic endothelium shows an increased
production of potent vasoconstrictors (endothelin types 1,
2, and 3) and a decreased production of vasodilators (nitric
oxide) [2].

The cellular damage generated by ROS in the lipid
membrane promotes the activation of phospholipase A2 by
inducing the production of platelet activating factor (PAF),
which promotes the mobilization of arachidonic acid from

the phospholipids of cell membrane. Arachidonic acid is
the substrate for numerous enzymes and inside the lungs is
primarily metabolized by two enzymes, cyclooxygenase and
5-lipoxygenase, producing inflammatory mediators. The
cyclooxygenase pathway generates prostaglandins (PGE1 and
PGI2) and thromboxane (TXA2), and the 5-lipoxygenase
pathway produces leukotrienes, such as leukotriene B4, C4,
D4, and E4 [81, 82].

Pulmonary vascular resistance depends on the interac-
tion between vasoconstrictor and vasodilator factors. Most of
themetabolites of arachidonic acid are derived fromendothe-
lial cells and contribute to maintaining low vascular resis-
tance in the lung. The effects of prostaglandins and throm-
boxanes are antagonistic. Prostacyclin (PGI2) is a bron-
chodilator and a pulmonary vasodilator and prevents platelet
aggregation, whereas thromboxane A2 (TXA2) is a broncho-
and vasoconstrictor and induces platelet aggregation [82].

Prostaglandins (PGE1 and PGI2) are associated with
the following effects: vasodilation and bronchodilation;
the inhibition of platelet aggregation, leukocyte adhesion,
and sequestration; and the suppression of proinflammatory
cytokine (TNF-𝛼, IL-1, and IL-6) production [12, 83, 84].

PAF can be released from various cells, such as
macrophages, platelets, mast cells, endothelial cells, and
neutrophils, and is responsible for leukocyte activation,
platelet aggregation, cytokine release, and adhesion molecule
expression [85]. PAF acetylhydrolase is responsible for the
degradation and regulation of the activity of PAF, and high
levels of this enzyme were found in the bronchoalveolar
lavage of patients with ARDS [86]. Furthermore, it has been
observed that when added to a lung preservation solution in
an isolated perfused rat model, the substance has the ability
to reduce pulmonary capillary permeability [87].

Leukotrienes, products of arachidonic acid metabolism
by the 5-lipoxygenase pathway, are divided into two classes:
cysteine LTC4, LTD4, and (LTE4) and noncysteine (LTB4).
LTB4, a potent proinflammatory activator of leukocyte
chemotaxis that has an important role in lung IR injury, is
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produced by monocytes, lymphocytes, mast cells, and lung
macrophages [88].

Vascular endothelial growth factor (VEGF) and its recep-
tor are central to the regulation of vascular permeability and
the survival of endothelial cells. Mura et al. suggested that
VEGF may have dual roles in LPA-induced intestinal IR. The
early release of VEGF can increase pulmonary permeability,
whereas a decrease in the expression of VEGF and VEGFR-1
in lung tissue could contribute to the death of alveolar
epithelial [4].

11. Nitric Oxide

Nitric oxide (NO) plays an important role in vascular home-
ostasis due to its potent vasoregulatory and immunomodula-
tory properties. It is known that NO attenuates the capillary
overflow and tissue damage observed in animal models
of pulmonary IR, myocardial and cerebral ischemia by
inhibiting the adhesion of neutrophils, and the production of
superoxide by neutrophils [89].

NO is considered to be an optimal transcellular messen-
ger due to its lipophilic nature and short half-life in biological
systems, approximately 3 to 30 seconds [90].

NO is also a key biological mediator produced by
various cell types, including vascular endothelium, is an
inhibitor of platelet aggregation and neutrophil adhesion, and
modulates vascular permeability. Additionally, NO acts as a
bronchodilator and neurotransmitter [84].

After pulmonary IR, the levels of endogenous NO are
reduced. This may be associated with the increased expres-
sion of eNOS, which may suggest that endogenous NO
production can be readily attenuated by free radicals after
reperfusion and/or because IR can induce the generation of
NOS inhibitors [91, 92].

The decreased production of endogenous NO by the
immediate reaction of NO with the radical superoxide
results in the production of a powerful oxidant, peroxynitrite
(OONO). Such a loss of the protective action ofNOwill result
in endothelial dysfunction [90].

12. Leukocyte Activation

IR injury in lung transplantation has a biphasic pattern.
The early phase of reperfusion is mainly dependent on the
characteristics of the donor, whereas the late phase is depen-
dent on the characteristics of the recipient, lasting 24 hours.
Donor macrophages activated during ischemia are the medi-
ators of the early phase; lymphocytes and neutrophils from
the recipient are mainly involved in the late phase. The
recruitment of these cells occurs through the release of
cytokines and other inflammatory mediators before and after
reperfusion [93].

Alveolar macrophages produce large amounts of
cytokines and procoagulant factors in response to oxidative
stress. The importance of tumor necrosis factor alpha (TNF-
𝛼), interferon gamma (INF-𝛾), and chemoattractant protein-1
macrophage (equivalent to human IL-8) in the early phase of
graft reperfusion was shown in a rat lung IR model [94].

Lymphocytes play an important role in pulmonary
IR injury. The lung contains a large amount of donor
macrophages and activated lymphocytes represented by T
and natural killer cells, which are responsible for the graft-
host immune response but also have beneficial immunomod-
ulatory effects [95]. In a rat lung transplant model, it was
observed that CD4+ T lymphocytes are the mediators of IR
injury and infiltrate the graft an hour after reperfusion, con-
sequently increasing the production of IFN-𝛾; furthermore,
it was suggested that this effect is independent of neutrophil
recruitment and activation [24].

The role of leukocytes in lung reperfusion injury is due
to the release of substances during their own degranula-
tion, some of which are free radicals. Polymorphonuclear
neutrophils possess nicotinamide adenine dinucleotide phos-
phate oxidase (NADPH oxidase), which is capable of reduc-
ing molecular oxygen and generating superoxide anion [96].

These cells also secrete myeloperoxidase enzyme, which
catalyzes the formation of hypochlorous acid (HOCl) from
the oxidation of chloride ion in the presence of hydrogen
peroxide. HOCl reacts with amines, generating chloramines,
potent oxidants [97].

Neutrophils have the characteristic of infiltrating the
transplanted lung progressively during the first 24 hours after
reperfusion. Although these cells have an important role in
the late phase of reperfusion injury, their role in the early
phase is less well known. Deeb et al. demonstrated that
reperfusion injury in the first four hours depends of the
presence of neutrophils, with macrophages also having an
important role at this stage; none the less, after this period,
neutrophils are the primary mediators [98].

13. Apoptosis and Lung
Ischemia-Reperfusion Injury

Apoptosis is an active process, the hall mark of which is the
controlled autodigestion of cellular constituents due to the
activation of endogenous proteases and can be metaphori-
cally compared to “cell suicide.” The activation of these pro-
teases compromises the integrity of the cytoskeleton, causing
the collapse of the cell structure. In response to the contrac-
tion of the cytoplasmic volume, the cell membrane forms
bubbles, with changes in the positioning of the lipid compo-
nents [99].

Nuclear NF-𝜅B transcription is regulated by the
inhibitory action of inhibitor of 𝜅B (I𝜅B), which is targeted
for degradation via phosphorylation by the action of I𝜅B
kinases (IKK𝛼, IKK𝛽) [100]. Inflammatory signaling activates
a cascade of events, such as the phosphorylation of the TNF
receptor, leading to the activation of transforming-growth
factor b-activated kinase 1 (TAK1). TAK1 phosphorylates the
IKK complex and then phosphorylates I𝜅B𝛼, resulting in the
ubiquitination and dissociation of I𝜅B𝛼 from NF-𝜅B and
I𝜅B𝛼 degradation by the proteasome. NF-𝜅B translocates to
the nucleus and binds to specific DNA regions, initiating the
transcription of multiple genes, including cytokines,
chemokines, and other inflammatory mediators [101].
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Figure 3: The transcription of nuclear NF-𝜅B is regulated by the inhibitory action of the inhibitor protein I𝜅B during ischemia-reperfusion
injury.

Unlike what occurs with necrosis, apoptosis or pro-
grammed cell death does not occur during ischemia, but a
peak of it does occur during reperfusion [100].The induction
of apoptosis can occur through two pathways. The intrinsic
pathway is dependent on mitochondria and is activated by
ROS, whereas the extrinsic pathway is dependent on inflam-
matorymolecules, such as TNF-𝛼. However, by activating the
production of ROS via the NADPH oxidase pathway, TNF
would also contribute to the intrinsic pathway [102]. Both
pathways promote the activation of caspases and proteases
responsible for the cleavage of specific cellular substrates,
which results in changes in cellular configuration, changes in
membrane permeability, and DNA fragmentation, with con-
sequent cell death [103]. The intrinsic pathway is activated
in the early phase of reperfusion, and the extrinsic pathway
can be activated up to a few hours after reperfusion [104]
(Figure 3).

Phosphorylation of the TNF receptor (TNFR1 and
TNFR2) leads to the activation of transforming-growth
factor b-activated kinase 1 (TAK1), which phosphorylates
the protein I𝜅B𝛼, resulting in ubiquitination and leading to
the dissociation of I𝜅B𝛼 from NF-𝜅B. TAK1 also leads to
degradation of IKKa and IKKb, releasing two subunits of p50
and p65; NF-𝜅B translocates to the nucleus, initiating the
transcription of multiple genes, including cytokines,
chemokines, and other inflammatory mediators. This occurs
to be concomitant with the induction of apoptosis by the
activation and induction of two pathways: the mitochondria-
dependent intrinsic pathway is activated by ROS, and the
extrinsic pathway is dependent on inflammatory molecules,
such as TNF-𝛼. The intrinsic pathway is activated in the early
phase of reperfusion; the extrinsic pathway can be activated
up to a few hours after pulmonary IR.

Apoptosis is regulated by a cascade of proteins called
caspases, which are apoptosis effector proteins present in all
cells. After cleavage, caspases become active and initiate
pathways leading to apoptosis [105].

The following are features of apoptosis: chromatin con-
densation, phosphatidylserine exposure on the cell surface,
cytoplasmic shrinkage, the formation of apoptotic bodies,
and fragmentation of DNA [106]. As opposed to necrosis,
which also occurs in the absence of ATP, apoptosis is an
energy-dependent process [107].

Forgiarini et al. demonstrated that the duration of
ischemia has a direct effect on the viability of lung cells using
an experimental model of lung IR. The increase in caspase 3
activity reflected a larger number of apoptotic cells after 45
minutes of ischemia [108].

The signaling pathway that leads to programmed cell
death is maintained by positive and negative regulators, and
the balance between these factors decides whether the cell
survives or undergoes apoptosis. The proteins that promote
survival are the antiapoptotic proteins Bcl-2 and Bcl-xL,
whereas proapoptotic proteins Bax, Bad, Bak, and Bid induce
programmed cell death [109].

An important regulator of apoptosis following DNA
damage is p53, which can induce Bax and Bak, regulating the
release of cytochrome C from mitochondria and thereby ini-
tiating the cascade leading to apoptosis [110]. Cytochrome C
binds to apoptotic protease activating factor 1 (Apaf-1),
activating caspase 9, which in turn cleaves caspases 3 and 6
[111, 112], leading to cell death (Figure 4).

An important regulator of apoptosis is p53, which can
induce Bax andBak, which regulate the release of cytochrome
C from mitochondria, thereby initiating the cascade that
leads to apoptosis. Cytochrome C binds to apoptotic protease
activating factor 1 (Apaf-1) to activate caspase 9, which cleaves
caspases 3 and 6, leading to cell death.

14. Prevention and Treatment of
Pulmonary IR Injury

Major advances in our understanding of the mechanisms
of reperfusion injury and the development of strategies to
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increase tissue resistance to ischemia or to attenuate reperfu-
sion injury have occurred. For example, experimental studies
of adaptive responses induced by hypoxia have provided
strong evidence for new treatment approaches in IR [38].

The tissue damage is not limited only to ischemia and
may extend or worsen with reperfusion, and recognizing
this is important for carefully reversing ischemia, which is a
critical point for maintaining tissue viability under damaging
conditions [20].

Because of the pulmonary damage that IR causes, many
studies in animal models have focused on the prevention of
IR injury and the improvement of lung preservationmethods
[113–115], such as the use of lung hyperinflation [26, 116],
hypothermic preservation [117], different lung preservation
solutions [118, 119], retrograde pulmonary perfusion [118, 119],
liquid ventilation [120], and perfluorocarbon [121, 122].These
are in addition to the use of vasodilators [123, 124] antioxi-
dants [125] gene therapy [126], inhaled nitric oxide [89], and
ischemic preconditioning (PCI) [127].

All therapeutic options tested by different methods
attempt tominimize or prevent the cell death that occurs dur-
ing IR and consequently activate the various pathways of cell
death, which can be categorized as necrosis, apoptosis, or cell
death associated with autophagy. Necrosis is characterized
by the swelling of cells and organelles with the subsequent
rupture of membranes and the surface and the shedding of
intracellular contents [128].

Necrotic cells are highly immunostimulatory and cause
inflammatory cell infiltration and cytokine production. In
contrast, apoptosis involves a cascade of caspase signaling
that induces programmed cell death, which is characterized
by cell and nuclear shrinkage, though the integrity of the
plasma membrane persists until the end of the process.
Different studies have investigated whether the inhibition of
apoptosis may become a promising therapeutic strategy for
lung ischemia-reperfusion injury [129, 130].

Some studies have investigated whether mice with a
disruption in the gene encoding IKKb, the catalytic subunit of

IKK that is essential for the activation of NF-𝜅B, can provide
an opportunity to study the effects of preventing the activa-
tion of NF-𝜅B. However, this manipulation results in embry-
onic lethality due to massive apoptosis in the developing
liver driven by NF-𝜅B [131]. Ishiyama et al. [132] studied the
inhibition of NF-𝜅B activation by applying inhibitors that
prevented I𝜅Bphosphorylation and showed an increase in the
oxygenation of the transplanted lung and reductions in
pulmonary edema, neutrophil aggregation, and apoptotic
cells after experimental lung transplantation.

Chang andYang [103] demonstrated that the inhibition of
NF-𝜅B attenuates IR injury, as it is responsible for a reduction
in cytokine production. In their study, the activation of NF-
𝜅B was responsible for the increased expression of caspase 3
and iNOS.

Another study on intestinal ischemia and reperfusion
showed that although IKKb deficiency in enterocytes is
associatedwith a reduction in inflammation, severe apoptotic
damage occurs in the mucosa. Thus, attempts to inhibit the
activation the NF-𝜅B pathway are associated with the pre-
vention of systemic injury but consequently increase local
inflammation injury [133].

Certain calcium channel blockers are also used, such
as verapamil, which has a protective effect during lung
ischemia-reperfusion [134].

Torres et al. suggested that the presence of LPD preserva-
tion solution in the systemic blood increases the plasma’s total
antioxidant potential, both in the presence and absence of a
lung ischemic event. A decrease in erythrocyte LPD was also
observed in the presence of lung ischemia [33].

Other evidence suggests that TLRs are involved in IR
injury of different organs. In a study of myocardial ischemia-
reperfusion injury, two strains of TLR4-deficient mice
(C57/BL10 SCCR and C3H/HeJ) showed significantly smaller
areas of myocardial infarction than control strains (C57/BL10
ScSn and C3H/OuJ). The TLR4-deficient mice also showed
reduced neutrophil infiltration, reduced lipid peroxidation,
and reduced complement deposition in cardiac tissues [120,
135].
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Some studies have used NO as an additional substance
for lung preservation, and this has been shown to be effective
in reducing the damage of reperfusion injury in various
animal models [136–139]. However, the use of NO during
lung reperfusion did not decrease pulmonary edema in a
randomized clinical trial [89]. In another study of 84 patients
undergoing lung transplantation, the use of NOduring reper-
fusion showed no benefit with respect to hemodynamics,
extubation, the incidence of IR injury, or the length of
hospital and ICU stay [140]. Ardehali and colleagues [141]
demonstrated a benefitwith the use of inhaledNOpostopera-
tively a subgroup of patients who developed IR injury despite
not decreasing its incidence [141].

15. Conclusion

Over the years, several studies have investigated possible
therapeutic alternatives that are deemed safe and with proven
clinical efficacy. Although these alternatives may act directly
on tissue damage triggered by ischemia and reperfusion,
clear safety and effective evidence have yet been clinically
demonstrated.

Future Perspectives

The search for different methods of lung protection is neces-
sary and indispensable for testing different pharmacological
approaches in an attempt to provide better therapeutic
strategies for IR injury.
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Ulinastatin (UTI), a trypsin inhibitor, is isolated and purified from human urine and has been shown to exert protective effect
on myocardial ischemia reperfusion injury in patients. The present study was aimed at investigating the effect of ulinastatin on
neurologic functions after spinal cord ischemia reperfusion injury and the underlying mechanism. The spinal cord IR model was
achieved by occluding the aorta just caudal to the left renal artery with a bulldog clamp.The drugs were administered immediately
after the clamp was removed. The animals were terminated 48 hours after reperfusion. Neuronal function was evaluated with
the Tarlov Scoring System. Spinal cord segments between L

2

and L
5

were harvested for pathological and biochemical analysis.
Ulinastatin administration significantly improved postischemic neurologic function with concomitant reduction of apoptotic cell
death. In addition, ulinastatin treatment increased SOD activity and decreased MDA content in the spinal cord tissue. Also,
ulinastatin treatment suppressed the protein expressions of Bax and caspase-3 but enhanced Bcl-2 protein expression. These
results suggest that ulinastatin significantly attenuates spinal cord ischemia-reperfusion injury and improves postischemic neuronal
function and that this protection might be attributable to its antioxidant and antiapoptotic properties.

1. Introduction

Spinal cord injury is mainly divided into primary and
secondary injuries according to pathophysiologic features.
Primary injury mainly includes direct injury and ischemic
injury, and it often occurs in a relatively short time after injury
(generally after 4 hours of injury), with the irreversible nerve
damage [1]. The secondary injury often takes place in the
process of perfusion after spinal cord ischemia, causing spinal
cord ischemia-reperfusion injury (SCIRI) which aggravates
the neurofunctional damages of limbs. Spinal cord ischemia-
reperfusion injury remains to be a devastating complication
of thoracic aortic intervention, which may cause delayed

paraplegia [2, 3]. The reasons for SCIRI were generally
considered to be attributable to oxygen free radical-induced
lipid peroxidation, leukocyte activation, inflammatory and
neuronal apoptosis, and so on. Although technological
advancements in surgery, such as hypothermic circulatory
arrest, left heart bypass, intercostal artery reimplantation,
and lumbar drains, have partly reduced complications of
spinal cord injury, the incidence of paraplegia (immediate
and delayed combined) after thoracic aortic intervention still
ranges between 4% and 11% [4, 5]. Unfortunately, a reliable
preventive method has not proven clinically efficacious in
attenuating this injury until now.Themechanisms associated
with delayed paraplegia are still not fully defined. Existing
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studies indicated that the apoptosis of motor neurons may
cause the delayed paraplegia [6], and other studies showed
that the cytokine interleukin- (IL-) 17 may play an important
role in promoting spinal cord neuroinflammation after SCI
via activation of STAT3 [7]. Therefore, it is necessary to
formulate treatment tragedy for inhibiting themotor neurons
apoptosis.

The urinary trypsin inhibitor, also called ulinastatin, is a
protease inhibitor that is purified from human urine with a
molecular weight of 67 kDa and it has been shown to have
anti-inflammatory effect by suppressing the production of
proinflammatory cytokines [8–10] and attenuated postoper-
ative clinical outcome after myocardial ischemia-reperfusion
in patients [11]. Ulinastatin significantly reduced pulmonary
vascular permeability index (PVPI) and extravascular lung
water index (ELWI) through inhibition of lipid peroxidation
[12]. Experimental studies have shown organ protective effect
of ulinastatin on ischemia-reperfusion injury of the lung,
liver, heart, and kidney [13–16]. Ulinastatin also attenuates
focal ischemia-reperfusion injury in rat brain, decreasing
neutrophil infiltration in the ischemic hemisphere [17]. To the
best of our knowledge, it is unknown whether ulinastatin has
neuroprotective effects on spinal cord ischemia-reperfusion
injury.

The aim of this study was to investigate the potential
protective effects of ulinastatin on spinal cord ischemia-
reperfusion injury and to explore its mechanism in relation
to inhibiting neuron apoptosis in a rabbit model.

2. Materials and Methods

2.1. Animals. Adult male New Zealand White rabbits weigh-
ing 2.5–3.0 kg were provided by the Laboratory Animal
Center of Southern Medical University (Guangzhou, China).
Animals were housed at 22–25∘C with a 12 h light/dark
cycle before and after surgery. Standard animal chow and
water were freely accessible. All experimental protocols
were approved by the Institutional Animal Care and Use
Committee of SouthernMedical University and performed in
accordancewith theNational Institutes ofHealth (NIH,USA)
guidelines for the use of experimental animals. The rabbits
were randomized and blindly assigned to three groups, with
eight rabbits per group.

2.2. Experimental Grouping. The groups were as follows.
Sham control group (Sham, 𝑛 = 8): rabbits underwent

laminectomy and abdominal aorta was exposed but with no
aortic occlusion clamp.

Ischemia-reperfusion (IR) group (IR, 𝑛 = 8): rabbits
underwent transient global spinal cord ischemia; the saline
(0.9% NaCl, 5mL/kg) was injected intravenously immedi-
ately after the occlusion clamp was removed.

Ulinastatin group (IR + UTI, 𝑛 = 8): as for ischemia
group, but ulinastatin at the dose of 50,000U/kg (diluted
with saline (0.9% NaCl) to 5mL per kilogram) was injected
intravenously immediately after the occlusion clamp was
removed.

2.3. Experimental Protocols. Anesthesia was induced by
intraperitoneal administration of 30mg/kg ketamine. When
necessary, additional dose of ketamine was administrated. A
22G catheter was inserted into ear artery for measuring the
arterial pressure. An ear vein catheter was placed for admin-
istration of additional medications and fluids. The anesthesia
was maintained by intermittent intravenous injection of
ketamine. The lactated Ringer’s solution (10mL/kg/h) was
intravenously infused. The animals were intubated, placed
supine on a heated operating table, and ventilated with 90%
oxygen. Core body temperature was maintained at 36 ±
0.5∘C. Animals were placed in the supine position for the
surgery. After sterile preparation, a 10 cm midline incision
was made, and the abdominal aorta was exposed through a
transperitoneal approach. Heparin (130U/kg) was adminis-
tered intravenously 5min before clamping for anticoagula-
tion. Approximately 1 cm below the left renal artery, the aorta
was clamped using a bulldog clamp. Ischemia-reperfusion
injury was achieved via occlusion of the abdominal aorta for
40min, and then the clamp was removed. After the surgical
and ischemic interventions, the surgical wound was closed in
layers with 3-0 silk sutures.The animals were given free access
to water and food at room temperature.

At 48 hours after reperfusion, the animals were euth-
anized under deep anesthesia and transcardiac perfusion
with 500mL ice-cold saline was performed. The lumbar
spinal cord (L

3–5 segments) of all animals was removed.
Spinal cord samples were carefully dissected and divided
into two sections. One of the sections was placed in 4%
paraformaldehyde for 24 hours. Following fixation, tissue
sample was embedded in paraffin. The other part of tissue
samplewas flash frozen in liquid nitrogen and stored at−80∘C
until further analysis.

2.4. Functional Assessment. Neurologic function was scored
at 4, 12, 24, and 48 hours after reperfusion by assessing hind-
limb neurologic function using the Tarlov Scoring System.
A score of 0 to 4 was assigned to each animal as follows: 0
= spastic paraplegia and no movement of the lower limbs,
1 = spastic paraplegia and slight movement of the lower
limbs, 2 = good movement of the lower limbs but unable to
stand, 3 = able to stand but unable to walk normally, and 4
= complete recovery and normal gait-hopping. Neurologic
function evaluation was performed by a medical doctor who
was blinded to the experimental groups.

2.5. Assay of SOD and MDA Activities. For biochemical
analysis, spinal cord tissues were washed two times with
cold saline solution and stored in −80∘C until analysis.
Tissue malondialdehyde (MDA) levels were determined as
described [18]. Briefly, MDA was reacted with thiobarbituric
acid by incubating for 1 hour at 95–100∘C and fluorescence
intensity was measured in the n-butanol phase with a
fluorescence spectrophotometry (Hitachi, Mode l F-4010,
Japan), by comparing with a standard solution of 1,1,3,3-
tetramethoxypropane. The results were expressed in terms
of nmol/g wet tissue. Total (Cu–Zn and Mn) superoxide
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dismutase (SOD) activity was measured according to reduc-
tion of nitro-blue tetrazolium by xanthine-xanthine oxidase
system as described previously. Enzyme activity leading to
50% inhibition was regarded as one unit. The results were
expressed as U/mg of protein. Protein concentrations were
determined according to Lowry’s method [19].

2.6. Determination of the Expression of Bcl-2, Bax, and
Caspase-3 by Immunohistochemistry. The spinal cord tissue
sections were deparaffinized in xylene and immersed in
graded ethanol and distilled water. Immunohistochemical
staining was performed using the avidin-biotin peroxidase
complex (ABC) method according to the manufacturer’s
instructions (Dako, Carpinteria, CA,USA).The sectionswere
incubatedwith amousemonoclonal anti-Bax IgG2b antibody
(1 : 500, sc-7480, Santa Cruz Biotechnology, CA, USA), a
mouse monoclonal anti-Bcl-2 IgG1 antibody (1 : 20, sc-8392,
Santa Cruz Biotechnology, CA, USA), and caspase-3 (1 : 500,
Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA). The
primary antibody was omitted as a negative control for the
immunostaining. An image of each section was captured
using a light microscope (Canon, Tokyo, Japan) at ×400
magnification and the integrated optical density (IOD) of the
positively stained tissue in each image was determined using
Image Pro Plus software, version 6.0 (Media Cybernetics,
Silver Spring, MD, USA).

2.7. Determination of the Expression of Bcl-2, Bax, and
Caspase-3 Protein by Western Blot. Frozen spinal cord
samples were processed for protein assays using standard
Western blotting analysis as described [20, 21]. In brief,
the samples were homogenized in 5 v of buffer containing
buffer containing sucrose 300mM, HEPES 4mM, EGTA
2mM, phenylmethylsulphonyl fluoride (PMSF) 1mM, and
leupeptin 20mM using a polytron homogenizer at the
maximum speed in five 5 s bursts. The homogenates were
incubated at 4∘C for 30min and then centrifuged at 10,000×g
for 30min at 4∘C. The lysates were collected and the protein
concentration was determined using the BCA Protein Assay
kit. Equal amounts of proteins were separated by SDS-
PAGE and transferred to polyvinylidene difluoride mem-
branes (GE Healthcare Biosciences). The blots were initially
blocked overnight with 5% milk in buffer containing Tris-
HCl 20mM (pH 7.4), NaCl 137mM, 0.05% Tween-20, and
then incubated for 1 hwith anti-Bcl-2 antibody (1 : 1000), anti-
Bax antibody (1 : 1000), anti-caspase-3 antibody (1 : 1000), all
from Santa Cruz Biotechnology, CA, USA. After washing,
the blots were incubated for 1 h at room temperature with
a peroxidase-linked, goat anti-mouse secondary antibody
(1 : 1000 dilution). The internal control was monoclonal anti-
actin antibody (Sigma, St. Louis, USA) diluted 1 : 250. The
bound antibody was then visualized using an enhanced
chemiluminescence (ELC) kit (Amersham). Bcl-2, Bax, and
caspase-3 were quantified densitometrically using suitable
autoradiographs sucrose 300mM, HEPES 4mM, EGTA.
Immunoblot results were quantified with Gel-Pro Analyzer
4.0 software (Media Cybernetics, Silver Spring, MD, USA).

2.8. Terminal Deoxynucleotidyl Transferase-Mediated dUTP-
Biotin Nick End Labeling (TUNEL) Assay. Fixed spinal
cord slices were embedded in paraffin, and 4mm thick
sections were deparaffinized by washing in 100% xylene
and a descending ethanol series (from 100% ethanol two
times to 80% ethanol once and 60% ethanol once). The
sections were stained with haematoxylin and processed as
described [22]. DNA fragments were determined using an
ApopTag in situ apoptosis detection kit (ApopTag, Oncor,
USA). The DNA nick was labelled according to the manu-
facturer’s instructions. Following TUNEL, the sections were
counterstained with haematoxylin. Neurons in which the
nucleus was obviously labeled with diaminobenzidine were
defined as TUNEL-positive. The apoptotic index (AI) was
used to quantify the number of TUNEL positive cells. Five
nonadjacent fields in each section were randomly chosen to
count the total number of neurons and positive cells. The
AI was calculated as follows: AI = (number of apoptotic
cells/total number counted) × 100%.

2.9. Statistical Analysis. All data are expressed as the mean ±
standard deviation (SD). Parametric statistics analyses were
performed by ANOVA followed byDennett’s test formultiple
comparisons or by Student’s 𝑡-test. Nonparametric statistics
analyses were performed by Kruskal-Wallis test followed by
the Mann-Whitney 𝑈 test with Bonferroni correction. 𝑃
values less than 0.05 were considered significant. Statistical
analysis was performed using the Statistical Package for the
Social Sciences version 13.0 program (SPSS, Chicago, IL,
USA).

3. Results

3.1. Neurologic Function. Hind-limb function was recorded
using the Tarlov Scoring System (Figure 1). In the Sham
group, the scores from 4 to 48 h after reperfusion did not
significantly change (𝑃 > 0.05), but in the UTI + IR group
the scores were higher at 24 h and 48 h time points than at 4 h
and 12 h time points (𝑃 < 0.05). The score in the IR group
was higher 4 h after reperfusion than 12 to 48 h (𝑃 < 0.05). At
24 h and 48 h time points, the hind-limb function of UTI + IR
group animals was improved compared to that of IR group
animals (𝑃 < 0.01), but it did not reach the level of Sham
group (𝑃 < 0.05).

3.2. Effect of Ulinastatin on MDA, SOD Levels. To determine
the local oxidative/antioxidative levels, we detected theMDA
content and SOD activities in spinal cord tissue. Spinal
cord IR was associated with significant elevation in MDA
production with concomitant reduction in SOD activity.
Following ischemia-reperfusion injury, the SOD activity in
theUTI+ IR groupwas significantly higher than that in the IR
group, but MDA content in spinal cord tissue was decreased
significantly compared with IR group (Figure 2).

3.3. Immunohistochemistry of Bcl-2, Bax, and Caspase-
3 Proteins. As shown in Figure 3, spinal cord ischemia-
reperfusion resulted in significant increase of Bax and
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Figure 1: Hind-limb function indicated a progressive decline in
function of ischemia-reperfusion IR controls. The scores of Sham
group at the same time point were higher than UTI + IR and
IR groups (∗𝑃 < 0.05). The scores of hind-limb function in IR
group declined from 4 h to 48 h, but rabbits treated with UTI
(UTI + IR group) did not decline; their function stabilized and was
significantly greater (#𝑃 < 0.01) than that in the IR controls at 24 h
and 48 h after reperfusion. In UTI + IR group, function score was
higher at 24 h and 48 h time points than at 4 h and 12 h time points
(⧫𝑃 < 0.05), but the score of IR group was higher at 4 h time point
than at the other time points (⧫𝑃 < 0.05). Values are the means ±
SD, 𝑛 = 8 per group.

caspase-3 protein expression and decrease of Bcl-2 protein
expression as compared with the Sham group.The number of
the positive cells containing Bcl-2 protein expression (brown
stain) increased in the UTI + IR group compared to the IR
control group. The number of positive cells containing Bax
and caspase-3 protein expression (brown stain) decreased in
the UTI + IR group compared with the IR group.

3.4. Western Blot Analysis of Bcl-2, Bax, and Caspase-3
Proteins. The expression of Bax protein was significantly
upregulated in the IR control group as compared to the
Sham group. However, this upregulation of the expression
of Bax protein was significantly inhibited in the IR + UTI
group. With respect to Bcl-2, the expression level in the IR
+ UTI group significantly increased as compared with the
Sham group and the IR group, respectively. The expression
of caspase-3 decreased in the IR + UTI group, but increased
in the IR control group (Figure 4).

3.5. Apoptotic Cell Death Assessed by TUNEL Staining.
TUNEL-positive cells wereminimally detectable in the Sham
group, whereas the IR group showed a significant number of
TUNEL-positive cells. Ulinastatin intervention significantly
decreased the number of TUNEL-positive cells compared to
the IR group (𝑃 < 0.05, Figure 5).

4. Discussion

The aim of this study was to investigate the potential
protective effects of ulinastatin on spinal cord ischemia-
reperfusion injury and to explore the underlying mecha-
nisms. The present study showed that ulinastatin improved
the neurological outcome and reduced the postischemic
apoptotic cell death in neurons by way of decreasing the
levels of MDA, increasing SOD activities, suppressing the
upregulation of the proapoptotic protein expression and the
downregulation of antiapoptotic protein expression.

Spinal cord ischemia and reperfusion injury is a common
postoperative complication following surgeries implicating
the descending and thoracoabdominal aorta, whichmay lead
to catastrophic consequences, such as paraplegia. Spinal cord
ischemia due to hypoperfusion during aortic cross clamping
is largely responsible for spinal cord injury. This injury is
followed by a secondary injury caused by blood reperfu-
sion [23]. The lack of the nutrients and oxygen activates
devastating biochemical cascades, which causes spinal cord
ischemia and reperfusion injury, namely, primary injury
[24]. The primary injury followed by blood reperfusion may
cause additional spinal cord damage, which impairs neuron
function and generates the secondary damage. Secondary
damage to the spinal cord is primarily responsible for
many negative effects of the spinal cord injury (SCI) and
most researches however have focused on understanding the
pathophysiology of the secondary damage and reducing the
amount of delayed cell loss following SCI [25, 26]. It has
been reported that production of reactive oxygen species
(ROS) is a well characterized pathological process during the
reperfusion [27]. The event triggers accumulation of intra-
cellular calcium levels, mitochondrial dysfunction [23]. ROS
causes lipid peroxidation as well as oxidative and nitrative
damage to proteins and nucleic acids [28, 29]. The central
nervous system is primarily composed of lipids, whichmakes
it easily damaged by free-radical-induced lipid peroxidation
[30]. Lipid peroxidation is believed to be one of the primary
pathophysiological mechanisms, which is also implicated in
secondary damage [31]. Under the normal conditions, there
is a balance between the production of ROS and the defense
system, the antioxidants. Once the production of ROS is
beyond the capacity of those antioxidant enzymes (such as
SOD) as happened during reperfusion, oxidative damage
occurred.

Ulinastatin, a protease inhibitor, was a glycoprotein,
which was obtained from human urine with a molecular
weight of 67 kDa [32], and it has been showed to reduce lipid
peroxidation in various models of ischemia-reperfusion or
sepsis [33]. In the present study, ulinastatin treatment atten-
uated lipid peroxidation by decreasing MDA content and
elevating SOD activity in the spinal cord tissue, suggesting
that ulinastatin can attenuate oxidative stress of the spinal
cord tissue. Ulinastatin produced dose-dependent attenua-
tion of the systemic inflammatory response of rats following
lung I/R injury [34], and the doses of ulinastatin had been
used from 5000U/kg to 300000U/kg [17, 34]. Therefore,
we chose 50000U/kg as the treatment dose, and our data
further confirm that ulinastatin inhibits free radicals induced
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Figure 2: (a) SOD activities and MDA levels in rabbit spinal cord. ∗Compared with IR group (𝑃 < 0.01). #Compared with Sham group
(𝑃 < 0.01). Values are the means ± SD, 𝑛 = 8 per group.
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Figure 3:The expression of Bax, Bcl-2, and caspase-3 detected by immunohistochemistry. IR injury promoted Bax and caspase-3 expression
but suppressed Bcl-2 expression. However, ulinastatin suppressed Bax and caspase-3 expression and promoted Bcl-2 expression. ∗Compared
with IR group (𝑃 < 0.01). #Compared with Sham group (𝑃 < 0.01). Values are the means ± SD, 𝑛 = 8 per group.

oxidative stress by accelerating its scavenging and thus plays
a protective role after spinal cord ischemia reperfusion.

Evaluation of neurologic function is a current means for
accessing the degree of the injury and the outcome of a
medication treatment. The Sham group did not have nerve
function impairment as assessed by using the Basso, Beattie,
and Bresnahan (BBB) hind-limb locomotor rating scale test.
However, in the SCI group the animals became unconscious
at 1 hour time point and their BBB scores increased from
1.41 at 24 h to 4.51 at 72 h [7]. Similarly, in the present study
the Sham group hind-limb function was also normal at the

different time points, but the function in the IR group was
impaired from 12 h to 48 h after reperfusion.

Apoptosis is the process of programmed cell death, which
is indispensable for the normal development and homeostasis
of all multicellular organisms [35]. It was believed that
neuron apoptosis played a pivotal role in the second injury
after spinal cord ischemia reperfusion. Previous research
has demonstrated that a line of genes are involved in the
development of apoptosis, such as the Bcl-2 gene family.
The Bcl-2 gene family consists of 12 different gene products
with pro- and antiapoptotic mechanisms. These pro- and
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Figure 4: Expression level of apoptosis relevant proteins. (a) Western blot identified the expression level of apoptosis relevant proteins: Bax,
Bcl-2, and caspase-3 in the spinal cord after 48 hours of reperfusion. (b) Compared with the Sham group, the IR group showed a significant
increase of Bax, caspase-3 but decrease of Bcl-2. Compared with the IR group, the UTI + IR group demonstrated a significant decreased of
Bax and caspase-3 but increase of Bcl-2. ∗Compared with IR group (𝑃 < 0.01). #Compared with Sham group (𝑃 < 0.01). Values are the
means ± SD, 𝑛 = 8 per group.

antiapoptotic proteins are different with regard to structure
and tissue distribution and exert different functional effects.
Bcl-2 and Bax are essentially involved in the regulation of cell
apoptosis [36]. The antiapoptotic protein Bcl-2 is localized
mainly in the outermitochondrialmembrane. In contrast, the
proapoptotic proteins Bax residemainly in the cytoplasm and
are activated by various apoptotic stimuli. Bax translocates to
the mitochondria, where it forms a complex with Bcl-2. An
increased ratio of Bax/Bcl-2 leads to the formation of pores
in the mitochondria, release of cytochrome c, and activation
of the apoptotic pathway. Bcl-2 can prevent the release of
cytochrome c, along with dATP and Apaf-1, and thus protect
from apoptosis [37]. Chen et al. [38] reported that ulinastatin
reduced the renal dysfunction and injury associated with
ischemia-reperfusion of the kidney by upregulating of Bcl-
2 expression. In our study, the TUNEL staining indicated
that ulinastatin significantly reduced neuronal apoptosis in
spinal cord after spinal cord ischemia reperfusion.Ulinastatin
significantly upregulated Bcl-2 expression while suppressing
the overexpression of Bax, suggesting that ulinastatin has an
antiapoptosis property that plays a protective role attenuating
postischemic spinal cord injury.

Caspases are a family of inactive proenzymes that play a
crucial role in cell apoptosis, which is the scheduled death of
cells. Caspase-3 is a protein that regulates apoptosis by induc-
ing the cleavage of the key cellular proteins and alters cell
integrity [39]. The role of caspase-3 in apoptosis is to activate
the stages of cellular death in a nontraumatic manner. The
intrinsic apoptosis is triggered by a wide range of stimuli that
leads to release of cytochrome c from the mitochondria. This
results in the formation of the apoptosome. The apoptosome

then activates initiator caspase, typically caspase-9, which
leads to the activation of the executioner caspase-3, and
apoptosis finally occurs. Caspase-3 as the executioner is the
common pathway which must be passed through in the
apoptosis cascade, and it is the key one in mammalian cell
apoptosis [40]. Caspase-3 is vital to this process because it
allows the process to progress in sequence, which prevents
undue damage to the remaining cells. In the present study, we
found that the expression of caspase-3 was elevated in the IR
group, but ulinastatin could decrease it significantly; thus the
protective effect of ulinastatinmay be in part due to inhibition
of caspase-3 protein expression.

In summary, our results demonstrate that ulinastatin
improves postischemic neurological function. To be best of
our knowledge, the current study is the first to investigate the
effects and mechanisms of ulinastatin in attenuating spinal
cord ischemia-reperfusion injury. We have shown that uli-
nastatin increases SOD activity and decreases MDA content.
Finally, we have revealed that ulinastatin can inhibit the
neuronal apoptosis by regulating the expression of apoptosis
proteins including Bcl-2, Bax, and caspase-3. Therefore, we
propose that ulinastatin has a protective role and improves
neurological outcome due to its beneficial effects including
antioxidant and antiapoptosis effects. Findings obtained from
the current study may have significant clinical implications
given that ulinastatin is in use clinically.
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Figure 5: TUNEL staining and the apoptotic index of spinal cord neurons. (a) In the UTI + IR group, the number of apoptotic cells was far
less than that in the IR group, which suggested that UTI decreased cell apoptosis caused by IR. (b) In the Sham group, a very few apoptotic
cells were found. (c) In the IR group, the apoptotic cells increased significantly. ∗Compared with IR group (𝑃 < 0.01). #Compared with Sham
group (𝑃 < 0.01). Values are the means ± SD, 𝑛 = 8 per group.
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Ischemia and inflammation may be pathophysiological mechanisms of complex regional pain syndrome (CRPS). Ketamine has
proposed anti-inflammatory effects and has been used for treating CRPS. This study aimed to evaluate anti-inflammatory and
analgesic effects of ketamine after ischaemia-reperfusion injury in a chronic postischaemia pain (CPIP) model of CRPS-I. Using
this model, ischemia was induced in the hindlimbs of male Sprague-Dawley rats. Ketamine, methylprednisolone, or saline was
administered immediately after reperfusion. Physical effects, (oedema, temperature, and mechanical and cold allodynia) in the
bilateral hindpaws, were assessed from 48 hours after reperfusion. Fewer (56%) rats in the ketamine group developed CPIP at
the 48th hour after reperfusion (nonsignificant). Ketamine treated rats showed a significantly lower temperature in the ischaemic
hindpaw compared to saline (𝑃 < 0.01) and methylprednisolone (𝑃 < 0.05) groups. Mechanical and cold allodynia were
significantly lower in the ischaemic side in the ketamine group (𝑃 < 0.05). Proinflammatory cytokines TNF-𝛼 and IL-2 were
significantly lower at the 48th hour after reperfusion in ketamine andmethylprednisolone groups, compared to saline (all𝑃 < 0.05).
In conclusion, immediate administration of ketamine after an ischaemia-reperfusion injury can alleviate pain and inflammation in
the CPIP model and has potential to treat postischaemic pain.

1. Introduction

Complex regional pain syndrome (CRPS) is a chronic neu-
ropathic pain disorder. Its key features in humans include
spontaneous pain, hyperalgesia, allodynia, and abnormal
vasomotor and sudomotor activities [1]. The incidence is
about 26.2 per 100,000 persons and it is more prevalent
among females than males [2]. CRPS is divided into two
types: CRPS-II involves nerve injury while CRPS-I does
not. The pathophysiological mechanisms of CRPS remain
poorly understood but the clinical features suggest that the
pathogenesis involves inflammation, ischaemia, nerve regen-
eration, and abnormal cross talk between affected nerves and
blood vessels that are characterized by complicated cellular
and molecular changes [3–5]. The blister fluid of CRPS

patients has high levels of interleukin- (IL-) 6 and tumour
necrosis factor-alpha (TNF-𝛼) [6]. Interleukin- (IL-) 2 and
TNF-𝛼 are also elevated systemically in patients with CRPS-I
[7].Thus, drugs modulating the cytokine system have started
to be used for CRPS pain management in clinical trials [8].

Ketamine, an N-methyl-D-aspartate (NMDA) receptor
antagonist and dissociative anaesthetic, has been shown to
produce analgesia by inhibiting both normal and pathologic
pain pathways [9]. Activated by glutamate, the NMDA recep-
tor is believed to play an important role in the development of
central sensitization, which can induce chronic pain, includ-
ingCRPS. NMDA receptor antagonismmay attenuate central
sensitization and further reduce the symptoms of CRPS.
In addition, ketamine has an anti-inflammatory effect [10],
which may partially contribute to its analgesic properties. It
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has been used to treat CRPS clinically and shows promise
in this area [11]. However, to date, there has been no study
conducted to evaluate its anti-inflammatory analgesic effects
in pain conditions. In this study, we also compared the anti-
inflammatory effects of ketaminewithmethylprednisolone (a
glucocorticoid anti-inflammatory agent), which served as a
positive control, to investigate whether ketamine had addi-
tional therapeutic effects compared to methylprednisolone
on a postischaemic pain model.

We hypothesized that if administered early after
ischaemia-reperfusion injury, ketamine would modify the
postischaemic responses, including pain and inflammation,
in the CPIP animal model established by Coderre and
colleagues [12]. The model has been shown to mimic
CRPS-I reliably by 3-hour inductions of ischaemia
and reperfusion [12], presenting hyperaemia, plasma
extravasation, mechanical and cold allodynia, and the
induction of TNF-𝛼, IL-2, IL-6, and nuclear factor kappa B
(NF𝜅B) [13].

2. Materials and Methods

All procedures were carried out according to the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Committee on the Use of
Live Animals in Teaching and Research at the University of
Hong Kong. The license to conduct experiments was issued
by the Department of Health, the Government of the Hong
Kong Special Administrative Region.

2.1. Animal Preparation. There were three treatment groups
in this study: a ketamine treatment group (group KE), a
methylprednisolone (corticosteroid) treatment group (group
MP), and a 0.9% saline treatment group (group NS). Ten
270∼300 g adult male SD rats (Charles River Laboratories,
USA) were used for each group based on our preliminary
study (unpublished). The animals were housed individually
in isolated cages with food and water available ad libitum,
on a 12 : 12 h light : dark cycle in the laboratory animal unit
at the University of Hong Kong. The room temperature was
maintained at 23∘C and humidity ranged between 25% and
45%.

2.2. CPIP Criteria. Successful development of CPIP relies
on the existence of mechanical allodynia, which meets the
criteria of a 30% decrease in the mechanical threshold of
an ischaemic limb (ipsilateral side) at the forty-eighth hour
after reperfusion [12]. Those fulfilling the criteria would be
regarded as having successfully developed CPIP.The propor-
tion of rats meeting the criteria for successful development of
CPIP was calculated. Since effects on the modification of the
postischaemic responses (anti-inflammatory and analgesic
effects) of early ketamine administration were assessed, all of
the rats in this study were recruited to evaluate physical signs,
pain behaviour, and serum proinflammatory cytokine levels.

2.3. CPIP Model and Drug Administration. The rats were ini-
tially anaesthetised with intraperitoneal (i.p.) pentobarbital
40mg/kg, followed by 13mg per hour for the first hour and

6.5mg for the second hour. Three doses were given in total.
To induce ischaemia, a tourniquet (Nitrile 70 Durometer O-
ring) with 7/32-inch internal diameter was placed around
the rat’s left hindlimb (ipsilateral) near the ankle joint and
proximal to the medial malleolus. The O-rings were selected
to produce a tight-fit that produced ischaemia similar to
that produced by a blood pressure of 350mmHg and were
left on the limb for 3 hours. Blood flow to the limb was
confirmed with laser Doppler [12]. Briefly, a laser Doppler
probe (DP1T-V2; Moor Instruments, Axminster, UK) and a
fibre were loosely taped to the plantar surface of the ipsilateral
paw. Blood flow was recorded with a DRT4 monitor (Moor
Instruments, Axminster, UK). At the third hour, the O-
ring was cut and reperfusion occurred. The termination of
sodium pentobarbital anaesthesia was timed so that the rats
recovered fully within 30–60 minutes following reperfusion.
The study drugs ketamine (100mg/kg), methylprednisolone
(30mg/kg), and 0.9% saline in a bolus of 0.5mL were given
intraperitoneally, immediately after the removal of the O-
ring tourniquet. Dose of ketamine was chosen according to
a previous study on intestinal ischaemia-reperfusion injury
[14]. Methylprednisolone was used as a positive control and
the dose was determined according to a study of methylpred-
nisolone on ischaemia-reperfusion injury in rat livers [15].

2.4. Physical Signs and Behaviour Assessment. The rats were
taken to the laboratory platform for one hour per day
for a total of two days prior to the experiment and 30
minutes before behaviour assessment on the experiment day
to become accustomed to the laboratory environment. The
investigator assessing the physical signs and pain behaviour
of the rats was blinded to the studymedications administered.

2.5. Hindpaw Temperature. Coderre’s CPIP animal model
showed an increase in skin temperature in the ischaemic
hindpaw lasting for two hours after reperfusion [12]. A ther-
mocouple wire was used tomeasure the baseline temperature
of both hindpaws before ischaemia and from the fifthminute
to the seventh day after the reperfusion. Three sites were
tested over the dorsum of the hindpaw.These were the spaces
between the first and secondmetatarsals (medial), the second
and the third metatarsals (central), and the fourth and fifth
metatarsals (lateral) in medial, central, and lateral sequence.
The three measurements were averaged to obtain a mean
temperature for each side.

2.6. Hindpaw Thickness. The thickness of the hindpaw was
measured as an indication of hindpaw volume and oedema
after induction of CPIP, as it has been reported that the
hindpaw volume can be presented as hindpaw thickness [16].
In this experiment, a manual calliper was used to measure
the ventral thickness of both hindpaws (maximum dorsal) at
baseline before ischaemia and from the fifth minute to the
seventh day after reperfusion.The calliper was lightly applied
to the skin without tissue displacement.
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2.7. Mechanical Allodynia. The criterion for successful devel-
opment of CPIP is a 30% reduction in the mechanical allody-
nia threshold on the ipsilateral hindpaw. This was measured
by assessing the hindpaw withdrawal threshold with a von
Frey fibre of an Electrovonfrey apparatus (IITC/Life Science
Instruments). A blunt fibre with a stiffness of 65 g was
applied against the hindpaw plantar skin at approximately
the midsole, avoiding the tori pads. It was pushed until it is
slightly bent, and a hindpaw withdrawal within 6–8 seconds
of the stimulus was considered a positive response. The force
(in grams) that was needed to elicit a positive response was
then recorded and shown on the screen of the Electrovonfrey
apparatus. The withdrawal threshold was measured at 5- to
10-minute intervals, alternating between the right and left
sides until each side had been tested twice. The readings of
the ischaemic and contralateral sides were averaged to give a
mean withdrawal threshold for each side. This was measured
at baseline before ischaemia and from the sixth hour to the
seventh day after reperfusion.

2.8. Cold Allodynia. Cold allodynia was measured as a
decrease in withdrawal latency to acetone, according to
Coderre et al. [12]. The measurements started at baseline
before ischaemia and from the sixth hour to the seventh day
after reperfusion.The rats were placed in a clear plastic cylin-
der on a glass surface maintained at a constant temperature
of 23∘C. After 15minutes of acclimatization, a drop of acetone
was placed on the skin of the heel. Unlike normal rats which
usually ignore the stimulus, CPIP rats often respond to it
with an exaggerated withdrawal that we were able to time.
The hindpaw withdrawal latency was repeatedly measured
at 5–10-minute intervals, alternating between the right and
left sides until each side had been tested twice. The two
withdrawal latencies of both ischemic and contralateral sides
were averaged to give mean withdrawal latency.

2.9. Heat Threshold. Heat threshold was assessed by timing
hindpawwithdrawal latency to radiant heat using a fabricated
radiant heat device according to Vatine et al. [17]. The time
measurements started at baseline before ischemia and from
the sixth hour to the seventh day after reperfusion. Rats
were placed in a clear plastic cylinder on a glass surface
maintained at a constant temperature of 23∘C. After 15
minutes of acclimatization, a radiant light source was focused
on the heel of the ischaemic side hindpaw. The hindpaw
withdrawal latency was measured at 5–10-minute intervals,
alternating between the right and left sides, until each side
had been tested twice. The two withdrawal latencies of both
ischaemic and contralateral sides were averaged to give mean
withdrawal latency.

2.10. Serum Proinflammatory Cytokines. An increase in
proinflammatory cytokines can indicate the involvement of
the inflammatory process in CPIP. Blood was collected from
the tail vein forty-eight hours after reperfusion. After being
stored overnight at 4∘C, the blood was centrifuged at 1000×g
for 20 minutes. The supernatant was taken and allocated for

use. Serum TNF-𝛼 and IL-2 were measured by an enzyme-
linked immunosorbent assay (ELISA) and commercial assays
(R&D Systems, Inc., Minneapolis).

2.11. Statistical Analysis. A two-way repeated measures anal-
ysis of variance (ANOVA) was used to compare temperature,
hindpaw thickness, withdrawal threshold to von Frey fibre
and acetone, and heat thresholds in amanner that ensured the
data were compared on a complete study time-course basis
instead of individual time points. One-wayANOVAwas used
to test the serum inflammatory cytokines.When a significant
result was obtained, Tukey’s test was applied for post hoc
comparisons. The proportions of mortality and CPIP devel-
opment among groups were tested by Fisher’s exact test. Data
are presented asmean± S.E.M, anddifferences are considered
significant at a 𝑃 value ≤0.05.

3. Results

3.1. Mortality Rate and Proportion of Rats with Successful
Development of CPIP. One animal in the ketamine and two
in the methylprednisolone treatment groups died after the
injection of the study drug, making the residual number of
each group 𝑛 = 9 in group KE, 𝑛 = 8 in groupMP, and 𝑛 = 10
in group NS with no significant difference in the mortality
rate among the three groups.

Using the criteria of a 30% decrease in the withdrawal
threshold of the von Frey fibre (mechanical allodynia) on
the ischaemic side, the percentages of successful CPIP devel-
opment were 56% in the KE group, 75% in the MP group,
and 80% in the NS group. Although KE group had the
least development rate of CPIP, no statistically significant
difference among the three treatment groups could be found.

3.2. HindpawTemperature andThickness. Our thermography
study showed that the temperature on the ipsilateral side
hindpaws of group KE rats was lower than in the NS and
MP group rats (𝑃 < 0.01 and 𝑃 < 0.05, resp., Figure 1(a)).
Ketamine also attenuated the rise in the hindpaw temperature
on the contralateral side during the same period compared
with group NS (𝑃 < 0.05, Figure 1(b)). Although there was a
clear difference, it was only obvious up to the sixth hour after
reperfusion. We also monitored the hindpaw thickness but
no obvious difference was found between all three treatment
groups in the ipsilateral and contralateral sides (Figures 2(a)
and 2(b)).

3.3. Mechanical and Cold Allodynia. Ketamine significantly
alleviated both mechanical and cold allodynia in the ipsi-
lateral hindpaw. On the ipsilateral side, the withdrawal
threshold to the von Frey fibre in group KE was significantly
higher than that in groups NS and MP (𝑃 < 0.01 and 𝑃 <
0.05, resp., Figure 3(a)). On the contralateral sides, groups
KE and MP also showed a higher withdrawal threshold to
the von Frey fibre compared with group NS (all 𝑃 < 0.05,
Figure 3(b)). The withdrawal threshold to acetone in the
ketamine treatment group was significantly higher on the
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Figure 1: Hindpaw temperatures of KE, MP, and NS groups on the ipsilateral (a) and contralateral side (b) from baseline before ischaemia
until the first 7 days after reperfusion. The temperature in group KE was lower in the ipsilateral side, compared with MP (𝑃 < 0.05) and NS
(𝑃 < 0.01) groups. However, the difference was only obvious up to the 6th hour after reperfusion. Group KE also had decreased hindpaw
temperature on the contralateral side during the same period, compared with group NS (𝑃 < 0.05); ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.
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Figure 2: Hindpaw thickness of KE, MP, and NS groups on the ipsilateral (a) and contralateral side (b) from baseline before ischaemia until
the first 7 days after reperfusion. There was no difference among all three treatment groups in the ipsilateral side during the 7-day study
period.

ipsilateral side compared with group NS (𝑃 < 0.05) and
group MP (all 𝑃 < 0.05), as shown in Figure 4(a). For
the contralateral sides, groups KE and MP also exhibited a
significantly higher withdrawal threshold to acetone stimuli
compared to group NS (all 𝑃 < 0.001, Figure 4(b)).

3.4. Heat Threshold. Fabricated radiant heat measurements
produced no obvious difference in withdrawal threshold
among all three treatment groups, in both the ipsilateral and
contralateral sides (Figures 5(a) and 5(b)).

3.5. Serum TNF-𝛼 and IL-2. Groups KE and MP were able
to markedly attenuate the increase in serum TNF-𝛼 levels
(all 𝑃 < 0.001, Figure 6(a)) and serum IL-2 (all 𝑃 < 0.05,
Figure 6(b)) forty-eight hours after reperfusion, compared
with group NS.

4. Discussion

The present study successfully reproduced Coderre’s CPIP
model by inducing CRPS-I-like symptoms such as hyper-
aemia and mechanical and cold allodynia in both the
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Figure 3: Mechanical allodynia of KE, MP, and NS groups on the ipsilateral (a) and contralateral side (b) from baseline before ischaemia
until the first 7 days after reperfusion. On the ipsilateral side, the withdrawal threshold of group KE was significantly higher than that of NS
(𝑃 < 0.01) and MP (𝑃 < 0.05). On the contralateral side, the withdrawal threshold was higher in both KE (𝑃 < 0.05) and MP (𝑃 < 0.05)
groups than that in group NS; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
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Figure 4: Cold allodynia of KE,MP, andNS groups on the ipsilateral (a) and contralateral side (b) from baseline before ischaemia until 7 days
after reperfusion. On the ipsilateral side, the withdrawal threshold to acetone of group KE was significantly higher, compared with groups NS
(𝑃 < 0.05) and MP (𝑃 < 0.05). On the contralateral side, the withdrawal threshold to acetone was significantly higher in KE (𝑃 < 0.001) and
MP (𝑃 < 0.001) groups than that of NS; ∗𝑃 < 0.05; ∗∗∗𝑃 < 0.001.

ipsilateral and contralateral hindpaws of experimental SD
rats. The appearance of bilateral symptoms has also been
observed in other animal models of CRPS-I [18–21] and
this is often a feature in patients with CRPS-I [22, 23].
The underlying mechanism of this contralateral effect may
involve central sensitization caused by damage to muscle
tissue [24]. It is thought that persistent inflammation after
ischaemia-reperfusion injurymay sensitize and activate affer-
ent nociceptors in damaged tissue which may then lead to
central sensitization contributing to the mechanical and cold
allodynia observed in CPIP [12]. In this study, as medications

were given immediately after induction of ischaemia, the
treatment was essentially preventive of the acute phase of
CPIP.

Ketamine is an NMDA receptor antagonist that also
inhibits serotonin and dopamine reuptake, binds to 𝜇-opioid
receptors, and has effects on nerve growth factors and
voltage-gated Na+ and K+ channels. It has been shown to
produce analgesia by inhibiting normal and pathologic pain
pathways, as NMDA receptor antagonism may attenuate
central sensitization after tissue injury or inflammation [9,
25]. This may reduce secondary hyperalgesia and is reflected
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Figure 5: Heat thresholds of KE, MP, and NS groups on the ipsilateral (a) and contralateral side (b) from baseline before ischaemia to the
first 7 days after reperfusion. There was no obvious difference of withdrawal threshold to fabricated radiant heat among all treatment groups
in both ipsilateral and contralateral sides during the 7-day study period.
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Figure 6: Serum TNF-𝛼 (a) and IL-2 (b) levels of KE, MP, and NS groups at the 48th hour after reperfusion. Compared with the NS group,
serum TNF-𝛼was significantly reduced in both KE (𝑃 < 0.001) andMP (𝑃 < 0.01) groups. Serum IL-2 was also significantly reduced in both
KE and MP groups, compared with the NS group (all 𝑃 < 0.05); ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

at the transcriptional level by a decrease in c-fos-oncogene
induction. Ketamine has also been found to have anti-
inflammatory effects [10], which may partially explain the
analgesic effect in pain conditions with an inflammatory
component, such as CRPS-I. It has been used for treatment
of CRPS clinically [26–28] and it has been shown that a
single infusion of intravenous ketamine improved pain relief
in patients with critical limb ischaemia [29]. However, there
has been no laboratory study conducted prior to our study
to evaluate the potential mechanisms of its action on the
development ofCRPS and its analgesic action onCPRS. In the
present study, both ketamine and methylprednisolone were
used to explore their effectiveness on CPIP-induced CRPS.

Methylprednisolone (a glucocorticoid with powerful anti-
inflammatory effects) was used as a positive control to deter-
mine whether ketamine had additional therapeutic effects
on this ischemia-reperfusion pain model beyond any anti-
inflammatory mechanism. Systemic TNF-𝛼 and IL-2 were
assessed 48 hours after reperfusion because our preliminary
data (unpublished) demonstrated that the difference in both
TNF-𝛼 and IL-2 was significant when compared with the
sham group (without ischemia-reperfusion). TNF-𝛼was also
shown to peak at this time point.

Based on the results of a previous study, glucocorti-
coid treatment appears to be associated with attenuation
of pain symptoms by inhibiting inflammation and reducing
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circulating inflammatory mediators [16]. Therefore, in this
study, the mechanical and cold allodynia in the contralateral
hindpaw were diminished by the administration of methyl-
prednisolone. However, rats receiving methylprednisolone
did not show a reduction in mechanical and cold allodynia
in the ipsilateral (ischaemic) hindpaw when compared with
the normal saline group. It seems that inflammation did
contribute to postischaemic pain but that this was most likely
to be only one of themechanisms resulting inmechanical and
cold allodynia in the ischaemic limb. Although it has been
reported that glucocorticoids can inhibit symptoms of CRPS-
II by preventing plasma extravasation [16, 29], oedema from
local plasma extravasation was not significantly different
between all three treatment groups in this study. Additional
evidence indicates that inflammation is involved in the CRPS
pathophysiologic mechanism. The pain produced by a low
pH infusion into the normal, contralateral limb was similar
to patients’ who reported CRPS-I pain on the ipsilateral side
[30]. Of the many pain-related inflammatory cytokines, only
a limited number have been reported as being associated with
neuropathic pain andCRPS.Willis proposed the involvement
of inflammation in the CRPS pathophysiologic mechanism
[31]. They demonstrated that the inflammatory mediators
TNF-𝛼 and IL-2 were elevated in patients with CRPS-I [7].
In fact, TNF-𝛼 and IL-6 were also found in the local blister
fluid of these patients [6].

In comparison with methylprednisolone, the therapeutic
efficacy of ketamine has been shown to be superior in this
study, and this finding most likely reflects its multimodal
effects [14]. We found a decrease in serum proinflammatory
cytokines TNF-𝛼 and IL-2, supporting an anti-inflammatory
effect. Not only does ketamine relieve the major pain
symptoms in most cases [32], but also it attenuates other
inflammatory symptoms, including oedema and temperature
[33]. Recently, a systematic review conducted by Dale and
colleagues concluded that the intraoperative administration
of ketamine could inhibit the early postoperative IL-6 inflam-
matory response [10]. However, pain relief was not one
of the outcomes measured in the studies included in this
review. Furthermore, in most studies ketamine was given at
the induction of anaesthesia, but its role in modifying the
ischemia-reperfusion response, including pain, has not been
evaluated [10]. In this present study, we assessed whether
the anti-inflammatory effects of ketamine could contribute to
pain relief and preconditioning the early stage of CPIP after
surgery to prevent further development of CRPS and con-
firmed the advantage of ketamine as an adjuvant analgesic.

Mechanismwise, Boettger and colleagues argued that dor-
sal root reflexes (DRR)might be linked to increased neuronal
activity in the central terminal of primary afferent fibres
and the aggravation of peripheral inflammation [34, 35].
Sensitization by inflammation leads to antidromic signalling
in primary afferent neurons in DRR. Therefore, pain is being
enhanced at one end, and neuropeptide release and inflam-
mation are being aggravated at each cycle at the other [34, 35].
In addition, NMDA receptors were demonstrated to mediate
responses of dorsal horn neurons to hindlimb ischemia in
rat. NMDA receptors on the presynaptic membrane might
act as autoreceptors for glutamate and enhance the incoming

series of action potentials [36]. Furthermore, activation of
postsynaptic NMDA receptors in the spinal cord by the
increased release of glutamate from primary afferents can
lead to central sensitization [37]. Thus, an NMDA antagonist
such as ketamine blocks these receptors and might have
significant effects in reducing the glutamate release from
these terminals and further attenuating the inflammatory
response [35].

In this study, ketamine administered soon after an
ischaemia-reperfusion injury has been demonstrated to
modify the postischaemic response with superior analgesic
effects when compared to methylprednisolone and normal
saline over the study period. Early hyperaemia followed by
long lasting mechanical and cold allodynia resembles the
two well-known phases of CRPS-I in humans [30, 38, 39].
We examined hyperaemia by measuring temperature in the
hindpaws and therewas an increase in temperature bilaterally
in the first 4 hours after reperfusion which mimicked the
sometimes brief hyperaemia seen in patients with CRPS-I.
The fact that ketamine attenuated the increase in temperature
in both hindpaws whilemethylprednisolone only affected the
ipsilateral side suggests that ketamine has a more prominent
effect on the hot oedematous stage in prevention of further
progression of the disease. Apart from the anti-inflammatory
effect, there are other mechanisms to explain these improved
outcomes. Ketamine not only blocks the NMDA receptor
[40], but also at a high dose blocks other receptors such as
opioid and muscarinic cholinergic receptors [40]. It inhibits
NMDA receptor-mediated central sensitization by blocking
NMDA receptors, thereby reducing the mean opening time
of the channel. It also decreases the frequency of channel
opening by an allostericmechanism [40]. Blockage ofNMDA
receptor-mediated sensitization results in attenuation of
symptoms and signs, such as mechanical and cold allodynia.
It is this action on the central nervous system that alleviates
mechanical and cold allodynia, not only in the ipsilateral
hindpaw but also in the contralateral hindpaw.

5. Conclusions

In conclusion, our study demonstrates that early treatment
with ketamine can modify postischaemic responses resulting
in less mechanical and cold allodynia and lower serum levels
of proinflammatory cytokines including TNF-𝛼 and IL-2 in a
CPIPmodel using SD rats. Althoughmethylprednisolone can
also reduce these cytokines, the analgesic efficacy was lower
than that provided by ketamine. Early administration of
ketamine can potentially be an effective approach in prevent-
ing further progression of pain conditions with an ischaemic
and inflammatory pathogenesis, including CRPS. Clinical
studies exploring the anti-inflammatory and analgesic effects
of anaesthetic doses of ketamine after ischaemia-reperfusion
injury are warranted.
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[14] C. R. Cámara, F. J. Guzmán, E. A. Barrera et al., “Ketamine
anesthesia reduces intestinal ischemia/reperfusion injury in
rats,”World Journal of Gastroenterology, vol. 14, no. 33, pp. 5192–
5196, 2008.

[15] G. Subhas, A. Gupta, D. Bakston et al., “Protective effect of
methylprednisolone on warm ischemia-reperfusion injury in a
cholestatic rat liver,”American Journal of Surgery, vol. 199, no. 3,
pp. 377–381, 2010.

[16] K. Hargreaves, R. Dubner, F. Brown, C. Flores, and J. Joris, “A
new and sensitive method for measuring thermal nociception
in cutaneous hyperalgesia,” Pain, vol. 32, no. 1, pp. 77–88, 1988.

[17] J.-J. Vatine, R. Argov, and Z. Seltzer, “Brief electrical stimulation
of c-fibers in rats produces thermal hyperalgesia lasting weeks,”
Neuroscience Letters, vol. 246, no. 3, pp. 125–128, 1998.

[18] L. van der Laan, P. Kapitein, A. Verhofstad, T. Hendriks, and
R. J. A. Goris, “Clinical signs and symptoms of acute reflex
sympathetic dystrophy in one hindlimb of the rat, induced by
infusion of a free-radical donor,”ActaOrthopaedica Belgica, vol.
64, no. 2, pp. 210–217, 1998.

[19] L. van der Laan, P. J. C. Kapitein, W. J. G. Oyen, A. A. J.
Verhofstad, T. Hendriks, and R. J. A. Goris, “A novel animal
model to evaluate oxygen derived free radical damage in soft
tissue,” Free Radical Research, vol. 26, no. 4, pp. 363–372, 1997.

[20] L. van der Laan, W. J. G. Oyen, A. A. J. Verhofstad et al., “Soft
tissue repair capacity after oxygen-derived free radical-induced
damage in one hindlimb of the rat,” Journal of Surgical Research,
vol. 72, no. 1, pp. 60–69, 1997.

[21] G. Allen, B. S. Galer, and L. Schwartz, “Epidemiology of
complex regional pain syndrome: a retrospective chart review
of 134 patients,” Pain, vol. 80, no. 3, pp. 539–544, 1999.

[22] J. Maleki, A. A. LeBel, G. J. Bennett, and R. J. Schwartzman,
“Patterns of spread in complex regional pain syndrome, type I
(reflex sympathetic dystrophy),” Pain, vol. 88, no. 3, pp. 259–
266, 2000.

[23] C. J. Woolf and P. D. Wall, “Relative effectiveness of C primary
afferent fibers of different origins in evoking a prolonged
facilitation of the flexor reflex in the rat,” The Journal of
Neuroscience, vol. 6, no. 5, pp. 1433–1442, 1986.

[24] R. A. Sunder, G. Toshniwal, and G. P. Dureja, “Ketamine as
an adjuvant in sympathetic blocks for management of central
sensitization following peripheral nerve injury,” Journal of
Brachial Plexus and Peripheral Nerve Injury, vol. 3, article 22,
2008.

[25] T.-Z. Guo, T.Wei, andW. S. Kingery, “Glucocorticoid inhibition
of vascular abnormalities in a tibia fracture rat model of
complex regional pain syndrome type I,” Pain, vol. 121, no. 1-2,
pp. 158–167, 2006.

[26] F. Birklein, M. Weber, and B. Neundörfer, “Increased skin
lactate in complex regional pain syndrome: evidence for tissue
hypoxia?” Neurology, vol. 55, no. 8, pp. 1213–1215, 2000.

[27] C. Schinkel and M. H. Kirschner, “Status of immune mediators
in complex regional pain syndrome type I,” Current Pain and
Headache Reports, vol. 12, no. 3, pp. 182–185, 2008.

[28] F. J. Guzmán-De la Garza, C. R. Cámara-Lemarroy, R. G.
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Background. Activation of the adenosineA2B receptor (A2BR) can reducemyocardial ischemia/reperfusion (IR) injury. However, the
mechanism underlying the A2BR-mediated cardioprotection is less clear.The present study was designed to investigate the potential
mechanisms of cardioprotection mediated by A2BR. Methods and Results. C57BL/6 mice underwent 40-minute ischemia and 60-
minute reperfusion. ATL-801, a potent selective A2BR antagonist, could not block ischemic preconditioning induced protection.
BAY 60-6583, a highly selective A2BR agonist, significantly reducedmyocardial infarct size, and its protective effect could be blocked
by either ATL-801 or wortmannin. BAY 60-6583 increased phosphorylated Akt (p-Akt) levels in the heart at 10min of reperfusion,
and this phosphorylation could also be blocked by ATL-801 or wortmannin. Furthermore, BAY 60-6583 significantly increased
M2 macrophages and decreased M1 macrophage and neutrophils infiltration in reperfused hearts, which also could be blocked by
wortmannin. Meanwhile, confocal imaging studies showed that the majority of Akt phosphorylation in the heart was colocalized
to CD206+ cells in both control and BAY 60-6583 pretreated hearts. Conclusion. Our results indicated that pretreatment with BAY
60-6583 protects the heart against myocardial IR injury by its anti-inflammatory effects, probably by modulating macrophages
phenotype switching via a PI3K/Akt pathway.

1. Introduction

The adenosine receptor (AR) family comprises four sub-
types: A

1
, A
2A, A2B, and A

3
. They are widely distributed

in mammalian species. The A
2BR is the fourth AR subtype

identified, and to date there ismuch less information available
on the precise role of this receptor compared to the other
AR subtypes. This notwithstanding an increasing body of
evidence demonstrates that activation of A

2BRs by the selec-
tive A

2BR agonist, BAY 60-6583, either before ischemia [1, 2]
or before reperfusion [3, 4] reduces myocardial infarct size.
Thus, pharmaceutical preconditioning with A

2BR activation
has been shown to protect against myocardial I/R injury, but
the role of A

2BRs in IPC remains controversial.
Using an in vivo mouse model of IPC and genetic

knockouts of ARs, Eckle et al. challenged the mechanism of

A
1
R-mediated IPC [5–7] by proposing that A

2BRs, not A1Rs,
are essential in mediating IPC via an adenosine signaling
pathway involving ecto-5-nucleotidase [1]. However,Maas et
al. reported that A

2BR activation is not required for IPC in
either rat or mouse models. Nevertheless, they did find that
pretreatment prior to index ischemia with an A

2BR agonist
did reduce IR injury, but to a lesser degree compared to that
of IPC [2]. Interestingly, another study reported by Eckle’s
group [8] recently demonstrated that BAY 60-6583 protected
the heart against IR injury not by acting on cardiomyocytes
but by activating the A

2BR on bone marrow derived cells
and reducing inflammatory cell infiltration in reperfused
heart. The discrepancies between these published results call
for more studies to clarify the role of A

2BRs in IPC and
to explore the mechanisms underlying the A

2BR-mediated
cardioprotection against IR injury.
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By using a well-established intact mouse model with
myocardial IR injury, the current study was undertaken to
further define the roles of the A

2BR in IPC and its anti-
inflammatory effects during myocardial IR injury.

2. Materials and Methods

This study conformed to the Guide for the Care and Use
of Laboratory Animals published by the National Institutes
of Health (Eighth Edition, revised 2011) and was conducted
under protocols approved by the University of Virginia’s
Institutional Animal Care and Use Committee.

2.1. Agents and Chemicals. 2,3,5-Triphenyltetrazolium chlo-
ride (TTC) and wortmannin were purchased from Sigma-
Aldrich (St. Louis, MO). Phthalo blue was purchased from
Heucotech Ltd. (Fairless Hills, PA). BAY 60-6583 was pur-
chased from Tocris Bioscience (Bristol, UK). ATL-801 was
kindly provided by Lewis and Clark Pharmaceuticals, Inc.
(Charlottesville, VA). Antibodies against phospho-Akt and
total Akt were purchased from Cell Signaling Technology
(Beverly, MA). Ly-6B.2 and CD206 antibodies for neu-
trophils staining were fromABDSerotec (Oxford, UK). CD45
antibody was from BD Biosciences (San Jose, CA). All
fluorochrome-conjugated secondary antibodies and Prolong
Gold antifade reagentwithDAPIwere fromLife Technologies
(Grand Island, NY).

2.2. Animals and Experimental Protocol. C57BL/6 mice (9-
13 weeks old, purchased from Jackson Laboratories) were
assigned to 6 different groups as shown in Figure 1. These
mice underwent 40min of LADocclusion followed by 60min
of reperfusion with or without IPC. IPC was applied to
mice with two cycles of 5- minute ischemia and 5-minute
reperfusion. In the treated groups, BAY 60-6583 (100 𝜇g/kg,
iv) was administered 15 minutes before index LAD occlusion.
ATL-801 (100 𝜇g/kg, iv) was administered 5 minutes before
either BAY 60-6583 injection or IPC.Wortmannin (25 𝜇g/kg,
iv) was administered 5minutes before BAY60-6583 injection.
The doses of the BAY 60-6583, ATL-801, and wortmannin
used in this study were equal to or less than those used
in the literature, which reported no significant effect on
hemodynamics. Additional 3 mice from each group were
undergoing sham surgery. We monitored heart rate and
found no significant difference when compared to control
groups (Table 1). The hearts were harvested at the end of the
experiments for infarct size measurement or immunostain-
ing. Effects of BAY 60-6583 on phosphorylated-Akt (p-Akt)
levels in hearts which underwent 40 minutes of ischemia
followed by 10 minutes of reperfusion were tested by western
blot. The hearts from BAY 60-6583 + ATL-801 or BAY 60-
6583 + wortmannin groups were also harvested for p-Akt
analysis.

2.3. Myocardial Ischemia/Reperfusion Injury and Measure-
ment of Infarct Size. Mice were subjected to 40 minutes
of coronary occlusion followed by 60 minutes of reper-
fusion as detailed previously [5, 9–11]. Briefly, mice were

Occlusion Reperfusion

Occlusion Reperfusion

Occlusion Reperfusion

Occlusion Reperfusion

Occlusion Reperfusion

Occlusion Reperfusion

Group 1
Control

Group 2
IPC

Group 4
BAY 60-6583

Group 3
ATL-801 + IPC

ATL-801 100𝜇g/kg, IV

−50min 0min 40min 100min

−50min 0min 40min 100min

−50min 0min 40min 100min

−50min 0min 40min 100min

−50min 0min 40min 100min

−50min 0min 40min 100min

BAY 60-6583

Group 5
ATL-801 +

BAY 60-6583

Group 6
Wortmannin +

BAY 60-6583 100𝜇g/kg, IV

BAY 60-6583
100𝜇g/kg, IV

BAY 60-6583
100𝜇g/kg, IV

ATL-801
100𝜇g/kg, IV

Wortmannin
25𝜇g/kg, IV

Figure 1: Experimental protocol. All mice underwent 40min
ischemia followed by 60min reperfusion. At the end of experiments,
hearts were harvested for TTC staining to determine themyocardial
infarct size. IPC: ischemic preconditioning.

anesthetized with sodium pentobarbital (100mg/kg i.p.) and
orally intubated. Artificial respiration was maintained with
a FiO

2
of 0.80, 100 strokes per minute, and a 0.2 to 0.5

mL stroke volume. The heart was exposed through a left
thoracotomy. A 7-0 silk suture was placed around LAD at a
level 1mm inferior to the left auricle and a miniature balloon
occluder fashioned from Microbore Tygon tubing (Small
Parts Inc., Seattle, WA) was affixed over the LAD. Ischemia
and reperfusion were induced by inflating or deflating the
balloon, respectively. ECG was monitored perioperatively
using PowerLab instrumentation (ADInstruments, Colorado
Springs, CO). The mice were euthanized 60 minutes after
reperfusion, and the hearts were cannulated through the
ascending aorta for perfusion with 3 to 4mL of 1.0% TTC.
The LAD was then reoccluded with the same suture used for
coronary occlusion prior to 10% Phthalo blue perfusion to
determine risk region (RR). The left ventricle was then cut
into 5 to 7 transverse slices that were weighed and digitally
photographed to determine infarct size as a percent of RR.

2.4. Western Blot Analysis. The total protein was extracted
from the indicated experimental groups using RIPA buffer
and protein concentration was determined by BCA protein
assay (Thermo Scientific, Rockford, IL). All western blots
were performed according to standard procedures. Twenty
micrograms of protein was separated by 10% SDS-PAGE.
After transfer, nitrocellulose membranes (BioRad, Hercules,
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Table 1: Perioperative heart rates.

Groups Baseline During ischemia Reperfusion
Control 437 ± 20 479 ± 18

∗

480 ± 20
∗

IPC 438 ± 9 492 ± 8
∗

494 ± 6
∗

ATL + IPC 440 ± 8 486 ± 6
∗

496 ± 5
∗

BAY 431 ± 13 485 ± 11
∗

481 ± 13
∗

ATL + BAY 411 ± 10 503 ± 15
∗

501 ± 11
∗

Wort + BAY 433 ± 6 502 ± 9
∗

501 ± 8
∗

IPC: ischemic preconditioning; ATL: ATL-801; BAY: BAY 60-6583; Wort:
wortmannin.
∗

𝑃 < 0.05 versus baseline.

CA) were probed with primary antibodies against total Akt
(t-Akt) or S473 (p-Akt) at a 1 : 2,000 dilution and secondary
antibodies (Promega, Madison, WI) at a 1 : 5,000 dilution in
blocking solution (0.5% BSA in TBS-T). Proteins were visu-
alized with enhanced chemiluminescent substrate (Thermo
Scientific, Rockford, IL), followed by densitometry analysis
using Fluorchem 8900 imaging system (Alpha Innotech,
Santa Clara, CA).

2.5. Immunohistochemistry for Neutrophils. The hearts were
harvested and immediately fixed in 4% paraformaldehyde
in PBS (pH 7.4) for paraffin embedding. Paraffin-embedded
sections (5 𝜇m) were rehydrated and incubated with 1%
hydrogen peroxide. After being rinsed in PBS, the sections
were incubated with 10% blocking serum. Immunostain-
ing was performed with rat anti-mouse Ly-6B.2 antibody.
Biotinylated secondary antibody was then applied for 1 hour
at room temperature. After incubation with avidin-biotin
complex, immunoreactivity was visualized by incubating the
sections with 3,3-diaminobenzidine tetrahydrochloride to
produce a brown precipitate.

2.6. Immunofluorescence Staining. In order to determine the
localization of p-Akt expression, immunofluorescence stain-
ingwas performed on hearts after 40minutes of ischemia and
10 minutes of reperfusion in control or BAY 60-6583 treated
groups. Cardiac macrophage polarization was detected after
60 minutes of reperfusion by defining M1 and M2 subsets
of macrophages. Hearts were fixed in 4% paraformaldehyde
in PBS (pH 7.4) for 1 hour at room temperature and then
incubated in 30% sucrose overnight at 4∘C before freezing
in OCT. Frozen sections were cut and permeabilized by
0.3% TritonX-100 in PBS. After blocking with 10% normal
serum for 1 hour, specimens were colabeled with anti-p-
Akt and anti-CD45 or anti-CD206 antibody overnight at
4∘C for colocalization detection. For macrophage staining,
specimens were incubated with CD86 or CD163 antibodies
to identify the M1 and M2 macrophages, respectively. After
washing, sections were incubated with a mixture of Alexa
Fluor 488- and Alexa Fluor 594-conjugated secondary anti-
bodies for 1 hour. Prolong Gold antifade reagent with DAPI
was used to mount the specimens. All images were acquired
under the same parameters for each fluorochrome using an
OlympusBX-41Microscope (Olympus,America, Inc., Center
Valley, PA) with a Retiga-2000R camera (QImaging, Surrey,

BC). Further image processing was performed using Image J
software (NIH).

2.7. Statistical Analysis. All data are presented as the mean ±
SEM (standard error of the mean). Peri-ischemic heart rate
changes were analyzed using a repeated measures ANOVA
followed by Bonferroni pairwise comparisons. All other data
were compared using one-way ANOVA followed by 𝑡-test for
unpaired data with Bonferroni correction.

3. Results

3.1. Perioperative Heart Rate Changes. Table 1 shows changes
in heart rate before, during, and after LAD occlusion.
Consistent with previous reports, heart rate was increased
significantly after LADocclusion and remained elevated until
early reperfusion compared with baseline in all groups.There
was no significant difference in heart rates between control
and treated mice.

3.2. Role of A
2𝐵
R in IPC-Induced Infarct-Sparing Effect. Three

groups of mice which underwent 40 minutes of LAD occlu-
sion followed by 60 minutes of reperfusion were designed to
investigate the role of A

2BR in IPC phenomenon. There was
no significant difference of risk region (RR) among the three
groups. Infarct size in the IPC-treated group (19.2 ± 2.7%
of RR) was significantly reduced compared with the control
group (49.6 ± 1.4%of RR,𝑃 < 0.05). Administration of A

2BR
selective antagonist, ATL-801, 5 minutes before IPC could
not block the cardioprotective effects (18.7 ± 1.4% versus
19.2 ± 2.7% of RR, 𝑃 > 0.05) (Figure 2).

3.3. Activation of A
2𝐵
R ReducedMyocardial IR Injury Is Medi-

ated by PI3K/Akt Pathway. BAY 60-6583 had no effects on
heart rate during the peri-ischemic phase (Table 1). Admin-
istration of BAY 60-6583 15 minutes before LAD occlusion
had significant infarct-sparing effects against myocardial
reperfusion injury (21.0 ± 1.3% versus 49.6 ± 1.4% of RR,
𝑃 < 0.05). Pretreating the mice with ATL-801 before BAY 60-
6583 administration completely blocked the cardioprotective
effect (48.6 ± 2.4% of RR, 𝑃 < 0.05, compared with
BAY group) (Figure 3). As shown in Figure 3, the infarct-
sparing effect of BAY 60-6583 was completely abrogated
by wortmannin, a selective PI3K inhibitor, administered 5
minutes before BAY administration (45.0 ± 3.2% of RR, 𝑃 <
0.05 compared with BAY group). Furthermore, western blot
results showed that BAY 60-6583 significantly increased p-
Akt levels in heart tissue undergoing 40 minutes of ischemia
and 10 minutes of reperfusion. This effect was completely
abolished by pretreating the mice with either ATL-801 or
wortmannin 5 minutes before BAY 60-6583 administration
(Figure 4).

3.4. Administration of A
2𝐵
R Agonist Presents Local Anti-

Inflammatory Effects after Myocardial IR Injury. It has been
reported that activation of A

2BR has anti-inflammatory
effects by promotingmacrophages phenotype switching. Also
activated PI3K/Akt pathway has been shown to modulate
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Figure 2: Role of A
2BR antagonist in ischemic preconditioning.

PretreatingmicewithATL-801, anA
2BR selective antagonist, did not

block the cardioprotective effect of IPC as comparedwith the control
group (∗𝑃 < 0.05). IF: infarct size; RR: risk region; LV: left ventricle;
IPC: ischemic preconditioning; ATL: ATL-801.
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Figure 3: Role of A
2BR in myocardial IR injury. Pretreating mice

with BAY 60-6583, a potent A
2BR agonist, reduced myocardial

infarct size, an effect that was abolished by either ATL-801 or
the PI3K inhibitor: wortmannin. IF: infarct size; RR: risk region;
BAY: BAY 60-6583; ATL: ATL-801; Wort: wortmannin. ∗𝑃 < 0.05
compared with control group.

macrophages to M2 anti-inflammatory subset. Thus, we
hypothesized that BAY 60-6583 may protect the heart by reg-
ulating cardiac macrophages phenotype via PI3K/Akt path-
way and presenting anti-inflammatory effects. Immunofluo-
rescence staining was used to identify macrophage subsets.
In sham mouse heart, there were few M1 macrophages
(CD86+) but more M2 macrophages (CD163+). IR signifi-
cantly increased the M1 and decreased the M2 macrophages
number. Compared with the IR group, BAY 60-6583 restored
the macrophage polarization to a M2 phenotype (Figure 5),
which could also be abolished by wortmannin. In addition,
confocal staining results showed that remarkable p-Akt

p-Akt

t-Akt

0

0.2

0.4

0.6

0.8

1

1.2

Control BAY

p-
A
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 S

47
3/

t-A
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& &

ATL + BAY Wort + BAY

∗

Figure 4: Phospho-Akt to total Akt ratio in heart tissue. The ratio
of phospho-Akt S473 to total Akt (the bar graph) was measured
by densitometry, where the total Akt inputs were normalized to 1.
BAY 60-6583 pretreatment increased p-Akt level after 10 minutes of
reperfusion, which was blocked by either ATL-801 or wortmannin.
BAY: BAY 60-6583; ATL: ATL-801; Wort: wortmannin. ∗𝑃 < 0.05
compared with control group; &𝑃 < 0.05 compared with BAY group.

expressions were colocalized with CD45+ cells (Figure 6(a)).
In order to further identify these CD45+ cells, we per-
formed additional confocal microscopy studies on tissue
sections immunostained with p-Akt and CD206 antibodies,
another specific marker of M2 macrophages. As shown in
Figure 6(b), although a few of the p-Akt+ cells were CD206
negative, the majority of the p-Akt expression colocalized
with M2 macrophages. These results suggest that BAY 60-
6583 may protect the heart by promoting macrophage
phenotype switching to anti-inflammatory subsets via the
PI3K/Akt pathway. Immunohistochemistry was used to stain
neutrophils in hearts undergoing 40 minutes of ischemia
and 60 minutes of reperfusion. When pretreated with BAY
60-6583 before IR, neutrophil infiltration was significantly
reduced. Consistent with the infarct size results, this anti-
inflammatory effect of BAY 60-6583 could be blocked by both
ATL-801 and wortmannin, respectively (Figure 7).

4. Discussion

For over a decade, abundant evidence has accumulated to
demonstrate that brief periods of myocardial ischemia (IPC)
activate the A1R to protect the heart against the subsequent
prolonged ischemia [5, 12–15]. Activation of A1Rs triggers the
survival signal transduction pathway through the enhanced
phosphorylation of Akt [15–17]. This event mostly likely
occurs inside cardiomyocytes, thus rendering them more
resistant to the subsequent ischemic insult [5, 12]. Eckle and
colleagues [1] recently proposed that cardioprotective effect
of IPC was mediated via CD73-dependent generation of
extracellular adenosine and signaling through the A

2BR, the
lowest-affinity receptor among the 4 subtypes of adenosine
receptor. A

2BRKO mice demonstrate increased susceptibility
to acute IR injury and are not protected by IPC. However,
Maas and colleagues evaluated the role of A

2BR activation
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Figure 5: Cardiac macrophages polarization after IR injury. There are mainly M2 subsets macrophages in normal heart. IR reduced the
number of M2 subset (CD163, green staining) macrophages and increased M1 subset (CD86, red staining). BAY 60-6583 pretreatment
significantly restored the macrophage polarization during reperfusion. Wortmannin, a PI3K inhibitor, blocked the effects of BAY 60-6583.
DAPI was used to stain the nuclei. Scale bar: 50 𝜇m. IR: ischemia and reperfusion injury; BAY: BAY 60-6583; Wort: wortmannin. ∗𝑃 < 0.05
compared with sham or BAY groups; &𝑃 < 0.05 compared with BAY groups.
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Figure 6: Confocal staining of p-Akt and immune cells in the heart. Hearts were harvested from mice with 40min/10min IR injury for
staining to determine the localization of p-Akt expression. (a) In the ischemic area or lower anterior wall of the left ventricle, higher p-Akt
expression (red staining) was colocalized with CD45 signal (green staining) in all groups. Scale bar: 20 𝜇m. (b) The majority of strong p-Akt
expression (red staining) was colocated with CD206 expression (green staining), which is a specific marker of M2 macrophages. Scale bar:
20 𝜇m. Arrows indicate coexpression of p-Akt and CD45 or CD206. 4,6-Diamidino-2-phenylindole (DAPI, blue staining) was used to stain
the nuclei. IR: ischemia and reperfusion injury; BAY: BAY 60-6583.



6 Oxidative Medicine and Cellular Longevity

0
2
4
6
8

10
12
14
16
18
20

Control BAY

C
ell

 co
un

t/h
ig

h 
fie

ld
 (2

0
x)

Wort + BAYATL + BAY

Figure 7: Neutrophils infiltration after IR injury. BAY 60-6583
significantly reduced neutrophil infiltration (brown staining) after
IR injury, which could be blocked by either ATL-801 orwortmannin.
Scale bar: 50 𝜇m. Arrows indicate neutrophils. BAY: BAY 60-6583;
ATL: ATL-801; Wort: wortmannin. ∗𝑃 < 0.05 compared with other
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or inhibition in both ex vivo and in vivo mouse/rat models
with myocardial IR injury and found that IPC-induced
cardioprotection was not dependent upon A

2BR activation
and also existed in a different strain of A

2BRKO mice [2]. It
should be noted that the lowest affinity for adenosine could
make A

2BR be the last receptor activated by endogenous
adenosine, which is the coremechanism of IPC [18], although
A
2BR might be sensitized by PKC at reperfusion phase [19].

Also A
2BR expression at the mRNA level is very low in the

heart when compared to other organs [20] or other adenosine
receptors [21]. Moreover, there has been no physical evidence
so far to demonstrate that A

2BRs can be detected on the
sarcolemma of cardiomyocytes, but increased A

2BR mRNA
expression has been reported after IR injury [22], which may
be derived from infiltrating inflammatory cells. By employing
the same in vivo mouse model we used previously [9, 11,
17, 23], the current study demonstrated activation of A

2BRs
before ischemia reduced myocardial infarct size, probably by
inhibiting inflammatory responses during reperfusion, not by
preconditioning cardiomyocytes (Figures 2 and 3).

Accumulating evidences have shown that inflammatory
responses play important roles during myocardial reperfu-
sion injury [10, 11, 24, 25]. A

2BR has been shown to have
anti-inflammatory effects in several in vitro and in vivo
animal models. Yang and colleagues [26] found that A

2BRKO
mice present proinflammatory phenotype. They found that
more inflammatory cytokines, such as TNF-alpha and IL-6,
increased in serum of A

2BRKO mice compared with wild-
type mice. Konrad and colleagues [27] reported that BAY
60-6583, a specific A

2BR agonist, acts on hematopoietic cells
to inhibit PMN migration into lung interstitium. BAY 60-
6583 also has been shown to inhibit TNF-alpha secretion
from macrophages after vascular injury [28]. Consistent
with these studies, we found that BAY 60-6583 significantly
promoted macrophages phenotype switching to a M2 (anti-
inflammatory) subset and reduced neutrophils infiltration
aftermyocardial IR injury (Figures 5 and 7). Indeed, A

2BR has
been shown to be able tomodulate macrophage phenotype to

an anti-inflammatory M2 subset and increase IL-10 expres-
sion in both cultured macrophage and dendritic cell [29, 30],
which are consistent with our findings that A

2BR agonist
promoted the cardiac macrophage transforming to an anti-
inflammatory M2 phenotype. Indeed, previous studies have
shown that BAY 60-6583 provided potent cardioprotection
in a Krebs-perfused isolated heart model. However, it is
worthwhile to note that there actually are several residential
macrophages and dendritic cells in the heart, which may
mediate the cardioprotection of the A

2BR agonist. Further
study is warranted to investigate the mechanism of how these
residential immune cells regulate myocardial IR injury.

Activation of PI3K/Akt pathway in immune cells has been
reported providing anti-inflammatory effect by upregulating
IL-10 expression [31, 32].The relationship between A

2BR acti-
vation and PI3K/Akt pathway is not well established. Kuno
and colleagues [3] reported that activation of A

2BR increased
p-Akt levels in a rabbit model, although a nonselective
adenosine receptor agonist was used. It is also reported that
activation of A

2BR contributes to PI3K/Akt activation and
subsequent eNOS phosphorylation in penile endothelia [33].
In present study, we found that after 40 minutes of ischemia
and 10 minutes of reperfusion, phosphorylation of Akt in the
heart was significantly increased in mice treated with A

2BR
agonist, which could be blocked by either ATL-801, a selective
A
2BR antagonist, or wortmannin, a PI3K inhibitor (Figure 4).

Since activation of PI3K/Akt pathway in nonimmune cells,
such as cardiomyocytes [34] or endothelial cells [35], could
enhance cellular survival or inhibit oxidative stress, we
further performed confocal imaging analysis to determine
the location of p-Akt expression. The results showed that
the majority of p-Akt expression was localized to CD206+
cells, a specific marker for M2 macrophages, in both control
and BAY 60-6583 pretreated mice. In addition, the PI3K
inhibitor attenuated the anti-inflammatory effects of BAY 60-
6583 (Figures 5–7). These findings strongly suggest that BAY
60-6583 exerts its infarct-limiting effect not by acting on
cardiomyocytes but possibly by acting on macrophages via a
PI3K/Akt pathway.

It should be noted that a regulatory inflammation envi-
ronment could promote macrophages phenotype switch to
M2 subset [36]. Although our results strongly indicated
BAY 60-6583 modulates macrophages phenotype switching
after myocardial IR injury, there are several cell types other
than macrophages which may mediate BAY 60-6583 induced
cardioprotection, which warrants further studies. Koeppen
and his colleagues [8] demonstrated that BAY 60-6583 pro-
tects heart from myocardial ischemia and reperfusion injury
by acting on bone marrow derived cells. They found that
BAY 60-6583 inhibited tumor necrosis factor 𝛼 release of
PMNs, which limited myocardial injury. van der Hoeven and
his colleagues [37] showed that A

2BR activation suppressed
oxidase activity in neutrophils. Moreover, A

2BR was also
found in dendritic cells and lymphocytes. Studies are needed
to define the roles of these cells during myocardial IR injury
and the cardioprotection effects of A

2BR.
In present study, we did not analyze the cardiac function

aftermyocardial reperfusion injury.However, it is well known
that histological determination of myocardial infarction has
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been widely used to estimate the cardiac injury in animal
models [38] and utilized as the golden standard to val-
idate novel imaging methods of infarction quantification,
including cardiac MRI [39] and contrast echocardiography
[40]. Moreover, using a cardiac MRI imaging technique, we
have defined in our previous publication that left ventricular
function is depressed proportionally to the size of infarction,
which was determined by the same TTC staining technique
in the present study [41]. Hence, it is reasonable to speculate
that BAY 60-6583 could improve the cardiac function after
reperfusion injury. However, further study is warranted to
determine the role of A

2BR activation during long-term
ventricular remodeling after myocardial infarction.

In summary, our work demonstrates that the A
2BR

agonists reducemyocardial IR injury by inhibiting inflamma-
tory responses in reperfused heart, probably by promoting
macrophage phenotype switching to an anti-inflammatory
M2 subset.
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Hyperglycemia can inhibit expression of the 8-oxoG-DNA glycosylase (OGG1) which is one of the key repair enzymes for DNA
oxidative damage. The effect of hyperglycemia on OGG1 expression in response to local anesthetics-induced DNA damage is
unknown. This study was designed to determine whether high glucose inhibits OGG1 expression and aggravates bupivacaine-
induced DNA damage via reactive oxygen species (ROS). SH-SY5Y cells were cultured with or without 50mM glucose for 8 days
before they were treated with 1.5mM bupivacaine for 24 h. OGG1 expression was measured by quantitative real-time polymerase
chain reaction (qRT-PCR) andwestern blot. ROSwas estimated using the redox-sensitive fluorescent dyeDCFH-DA.DNAdamage
was investigated with immunostaining for 8-oxodG and comet assays. OGG1 expression was inhibited in cells exposed to high
glucose with concomitant increase in ROS production and more severe DNA damage as compared to control culture conditions,
and these changes were further exacerbated by bupivacaine. Treatment with the antioxidant N-acetyl-L-cysteine (NAC) prevented
high glucose and bupivacaine mediated increase in ROS production and restored functional expression of OGG1, which lead to
attenuated high glucose-mediated exacerbation of bupivacaine neurotoxicity. Our findings indicate that subjects with diabetes may
experience more detrimental effects following bupivacaine use.

1. Introduction

The risk of severe postoperative neurologic dysfunction is
increased in patients with diabetic polyneuropathy undergo-
ing neuraxial anesthesia or analgesia [1], but the mechanism
by which high glucose conditions enhance the neurotoxicity
of local anesthetics is not fully understood. Clinical trials
and basic studies have provided strong evidence that both
local anesthetics such as bupivacaine and hyperglycemia can
cause neurotoxicity and apoptosis by inducing DNA oxida-
tive damage via enhancing reactive oxygen species (ROS)
generation [2–5]. Bupivacaine can uncouple oxidative phos-
phorylation, inhibit ATP production, and collapse the mito-
chondrial membrane potential. The decrease in ATP can
activate AMPK which results in a marked increase in intra-
cellular ROS [4]. Hyperglycemia can induce ROS overpro-
duction throughmultiple pathways such as redox imbalances
secondary to enhanced aldose reductase activity, altered

protein kinase C activity, increased advanced glycation end
products, and prostanoid imbalances [6]. Because it results in
membrane lipid peroxidation, nitration of proteins, and
degradation of DNA, ROS could be an apoptotic trigger in
neuronal cell DNA oxidative damage. It is indispensable for
the development and progression of neuronal neuropathy,
because of the high content of phospholipids and relatively
insufficient free-radical defense of nerves [7]. Whether ROS-
mediated oxidative DNA damage plays an important role in
enhancing the neurotoxicity of the bupivacaine under high
glucose condition needs further study to reveal it.

DNA repair pathways are activated to allow damaged cells
to survive [8, 9]. Ineffective DNA repair may cause cell apop-
tosis or disease, which implies that cell fate is influenced by
the cell’s ability to repair DNA [10]. Apoptosis occurred as a
result of irreparable or incompletely repaired genomic DNA,
which is constantly subject to assault from intrinsic and
environmental insults. ROS are continuously generated as
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respiration byproducts in mitochondria and are endogenous
toxic agents [11]. Oxidized forms of DNA in particular
are produced as a byproduct of normal metabolism or in
response to exogenous sources of ROS. Base excision repair
(BER) pathway is active against much of the damage formed
in DNA as a result of cell self-defense mechanism. It is one of
the most active DNA repair processes that allows the specific
recognition and excision of a damaged DNA base. Oxidative
stress is the development of DNA damage, which includes
not only a multitude of base modifications, but also base
loss and single or double-strand breaks containing sugar
fragments or phosphates. All of these lesions are invariably
cytotoxic or mutagenic.Themajority of damage processed by
the BER pathway is generated by the attack of ROS [12, 13].
8-Oxo-deoxyguanine (8-oxodG) is one of the major base
lesions formed after oxidative damage to DNA. 8-OxodG
pairs with adenine during DNA synthesis, increasing G:C to
T:A transversions. 8-OxodG inDNA is repaired primarily via
theDNAbase excision repair pathway.The gene encoding the
DNA repair enzyme that recognizes and excises 8-oxodG is
8-oxoG-DNA glycosylase (OGG1) [14]. OGG1 deficiency or
low expression can limit a cell’s ability to repair DNA, leading
to the accumulation of DNA damage and eventually to
cell apoptosis [15, 16]. Chronic hyperglycemia leads to phos-
phorylation/inactivation of tuberin and downregulation of
OGG1 via a redox-dependent activation of akt, resulting in
accumulating cell DNA damage [17]. There is extensive evi-
dence showing that damaged DNA and RNA accumulate in
the context of diabetes [18–20].However, little is known about
whether hyperglycemia can aggravate bupivacaine-induced
DNA damage and whether hyperglycemia is associated with
OGG1 expression in response to DNA damage when diabetic
patients receive nerve block anesthesia.

SH-SY5Y cells biological characteristic is similar to nor-
mal neural cells. So it is used to research local anesthetic
neurotoxicity [2, 4]. We used an in vitro model to investigate
OGG1 expression and DNA damage induced by bupivacaine
in SH-SY5Y cells treated with high glucose. Our findingsmay
provide a model that is useful for exploring the molecular
mechanisms of OGG1 involvement in chronic hypergly-
cemia-aggravated neurotoxicity in diabetic patients treated
with bupivacaine.

2. Materials and Methods

2.1. Reagents. The human dopaminergic neuroblastoma SH-
SY5Y cell line was purchased from the Shanghai Institutes
for Biological Sciences. Bupivacaine hydrochloride (purity
99.9%), glucose (purity 99.5%), and N-acetyl-L-cysteine
(NAC) were purchased from Sigma (St. Louis, MO). Other
reagents used included Dulbecco’s modified Eagle medium
(DMEM)/F12 (including 17.5mM glucose) and fetal bovine
serum (FBS: Gibco, Grand Island, NY); Cell Counting Kit-
8 (CCK8) assay kit (Dojindo, Kumamoto, Japan); 2,7-
dichlorofluorescein diacetate (DCFH-DA) (Beyotime, China);
4,6-diamidino-2-phenylindole dihydrochloride n-hydrate
(DAPI) which were purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan); comet assay (Trevigen, Inc.,

Gaithersburg, MD); anti-OGG1 and anti-8-oxodG (Abcam,
Cambridge, UK, ab115841 and ab62623); anti-caspase-9 (CST,
USA, 9508) and anti-𝛽-actin (KangChen Bio-tech, China,
KC-5A08). All reagents were obtained from commercial
suppliers and were of standard biochemical quality.

2.2. Cell Culture. SHSY-5Y cells were maintained at 37∘C in
5%CO

2
inDMEM/F12medium, supplementedwith 10%FBS

and penicillin/streptomycin. Culture medium was renewed
once a day during cell growth.

2.3.Measurement of Cell Viability. Cells were seeded onto 96-
well plates at a concentration of 5 × 103 cells in 200𝜇L culture
medium per well. After serum starvation in DMEM/F12
medium for 24 h, the cells were exposed to 0.5, 1.0, 1.5, 2.0, 2.5,
or 3.0mM bupivacaine for 24 h. Next, 20𝜇L CCK-8 was
added to each well for another 2.5 h at 37∘C. Optical density
(OD) was read at 450 nm on a spectrophotometer (Bio-Tek,
Winooski, VT).

2.4. Western Blot Assay. Total proteins were harvested from
SH-SY5Y cells with lysis buffer after incubation as described.
After centrifugation, protein concentrationswere determined
by a bicinchoninic acid (BCA) protein assay kit (Beyotime,
Haimen, China). Equal amounts of protein (40𝜇g) were
separated by sodiumdodecyl sulfate-polyacrylamide gel elec-
trophoresis, electrotransferred to polyvinylidene difluoride
(PVDF) membranes, and blocked with 5% nonfat dry milk
in Tris-buffered saline. They were then immunoblotted with
anti-OGG1 (1 : 500), anti-caspase-9 (1 : 500), or anti-𝛽-actin
antibody (1 : 1,000) diluted in blocking solution containing
5% nonfat dry milk and 0.1% Tween-20 in Tris-HCl-buffered
saline overnight at 4∘C. After they were rinsed, membranes
were incubatedwith horseradish peroxidase-conjugated anti-
rabbit immunoglobulin at 1 : 1,000 for 1 h. Specific proteins
were detected by enhanced chemiluminescence. Finally, the
immunocomplexes were visualized using chemilumines-
cence, and the optical densities of individual bands were
quantified using the Chemi-Imager digital imaging system
(Alpha Innotech, San Leandro, CA). Band densities were
measured using a densitometer and analyzed with Quantity
One analysis software (Bio-Rad, Hercules, CA). OGG1 and
cleaved caspase-9 protein expression were normalized to
their corresponding 𝛽-actin products.

2.5. Quantitative Real-Time PCR (qRT-PCR). OGG1 mRNA
levels were measured by qRT-PCR. After high glucose
treatment and bupivacaine administration, total RNA was
extracted from SH-SY5Y cells using TRIzol (Invitrogen,
Carlsbad, CA, USA). cDNA was synthesized from 2𝜇g total
RNAusing PrimeScript RTMasterMix (Takara,Otsu, Japan).
Quantitative real-time PCR was performed on a Lightcycler
480 (Applied Biosystems, Foster City, CA) using the SYBR
Green Master Mix Kit (Takara, Japan). Relative amounts of
OGG1 mRNA were quantified using the 2−ΔΔCT method [21].
qRT-PCR was performed on an ABI Prism 7500 sequence
detector (Applied Biosystems, Foster City, CA). The primers
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were human OGG1 and 𝛽-actin (OGG1-forward: 5-CCC-
TGGCTCAACTGTATCAC-3; reverse: 5-TCGCACACC-
TTGGAATTTC-3, and 𝛽-actin-forward: 5-TGGATCAGC-
AAGCAGGAGTA-3; reverse: 5-TCGGCCACATTGTGA-
ACTTT-3).

2.6. Measurement of ROS. Cells were seeded onto 24-well
plates at 5 × 105 cells/well in 500𝜇L culture medium. Intra-
cellular accumulation of ROS was estimated using the redox-
sensitive fluorescent dye DCFH-DA. The cells of each group
were incubated with 10 𝜇mol/LDCFH-DA at 37∘C during the
last 20min. DCFH-DA-stained cells were washed 3 times in
PBS, harvested, and resuspended in PBS. Fluorescence inten-
sity was determined by flow cytometry to estimate relative
ROS accumulation.

2.7. Immunostaining for 8-OxodG and DAPI. The slices were
fixed in 4% paraformaldehyde at 37∘C for 30min. After rins-
ing with PBS, cells were treatedwith proteinase K (10mg/mL)
at room temperature for 7min. After rinsing with PBS, DNA
was denatured by treatment with 4N HCl for 7min at room
temperature. The pH was adjusted with 50mM Tris-HCl for
5min at room temperature. After rinsing with 0.2% Triton X
in PBS, the cells were stained with a monoclonal anti-
8-oxodG (1 : 2000). Alexa Fluor 488-conjugated goat anti-
mouse IgG (1 : 200) was used as the secondary antibody. The
slices were mounted with Aqua-Poly/Mount (Polysciences,
Inc., PA, USA). Fluorescence images were captured using a
fluorescence microscope (AX-80, Olympus, Tokyo, Japan),
and 20 images per treatment were obtained. The cells
immunostained for 8-oxodG were rinsed and then stained
with DAPI (2mg/mL) for 5min. After rinsing with PBS, the
slices were mounted with Aqua-Poly/Mount. Fluorescence
images were captured using a fluorescence microscope (AX-
80, Olympus, Tokyo, Japan) and merged with 8-oxodG. The
positive expression of 8-oxodG was measured by the mean
fluorescence intensity using an image analyzer ATTO densi-
tograph (ATTO, Tokyo, Japan).

2.8. Comet Assay for DNA Damage. Single cell gel elec-
trophoresis (SCGE), also known as the alkaline comet assay,
was used to measure DNA damage [22]. To assess DNA
damage products, SH-SY5Y cells were subjected to comet
assays.This methodmeasures the ability of damaged DNA to
migrate out of the cell when exposed to an electrical field, thus
creating a “comet” particle. Undamaged DNA remains in the
nucleoid, leaving a spherical particle. Slides were scored for
comets using fluorescence microscopy under an inverted
microscope (Eclipse TE300, Nikon, Tokyo, Japan) at 200x
magnification. Images were captured using Cool SNAPES
CCD camera. Fifty cells per slide were analyzed and scored in
triplicate using Comet Assay Software Project (CASP) image
analysis software (CASP-6.0, University ofWroclaw, Poland).
DNA damage is represented as olive tail moment (OTM),
which is the product of tail length and percent tail DNA.

2.9. Statistical Analysis. Data are presented as means ± stan-
dard deviation (SD). Comparisons between two means were

performed using independent-sample 𝑡-tests, and multiple
comparisons among groups were analyzed using one-way
analysis of variance (ANOVA) with SPSS software 13.0 (SPSS
Inc., Chicago, IL). Statistical significance was set at 𝑃 < 0.05.

3. Results

3.1. The Effect of High Glucose on OGG1 Protein Expression.
We investigatedOGG1mRNA level of SH-SY5Y cells exposed
to increasing glucose concentrations (25, 50, and 100mM) for
2 or 8 days. The result showed that OGG1 mRNA level was
associated with concentration and time exposed to high glu-
cose. OGG1 mRNA level was elevated by high glucose at the
2nd day, the higher OGG1 mRNA level when cells exposed
to the higher concentration glucose (Figure 1(a)). But OGG1
mRNA level was inhibited by high glucose (50mM) at the 8th
day, the lower OGG1 mRNA level when cells were exposed
to the higher concentration glucose (Figure 1(b)). Simulta-
neously, we investigated OGG1 protein expression of cells
exposed to 50mM glucose for 2, 4, and 8 days and found that
OGG1 protein expression was inhibited in a time-dependent
manner. OGG1 expression was inhibited by high glucose at
the 4th day and onward,with themaximumeffect found at 8 d
(Figure 1(c)). The results suggested that long-term exposure
to high glucose could inhibit OGG1 expression.

3.2. Cell Toxicity Induced by Bupivacaine. We compared the
cytotoxicity of bupivacaine (0.5, 1.0, 1.5, 2.0, 2.5, and 3.0mM)
using the CCK-8 assay. Our results showed that bupivacaine
inhibited cell growth in a concentration-dependent manner.
Cell viability was significantly inhibited by 1.5mM bupiva-
caine (Figure 2(a)).

3.3. The Effect of Bupivacaine on OGG1 Protein Expression.
We investigated OGG1 protein expression of SH-SY5Y cells
exposed to 0.5, 1.0, or 2.0mM bupivacaine for 24 h and found
that OGG1 protein expression was elevated in a concen-
tration-dependent manner (Figure 2(b)). From the result
of cell toxicity, we knew that bupivacaine cytotoxicity was
associated with concentration. This result suggested that
OGG1 expression could be elevated parallel to increasing
concentration of bupivacaine for repairing increasing DNA
damage.

3.4. High Glucose Inhibited OGG1 mRNA Transcription and
Protein Expression in Response to Bupivacaine-Induced DNA
Damage. OGG1 mRNA expression was examined by qRT-
PCR and protein expression level was measured by western
blot. Compared to the control group,OGG1mRNA levels and
protein expressionwere reduced in SH-SY5Y cells cultured in
50mM glucose for 8 d, while they were significantly elevated
in SH-SY5Y cells treated with bupivacaine for 24 h. Com-
pared to SH-SY5Y cells treated onlywith bupivacaine for 24 h,
OGG1mRNA levels and protein expressionwere significantly
reduced in cells treated with high glucose and bupivacaine
(Figures 3 and 4(a)).
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Figure 1:The effect of glucose on the OGG1 expression as detected by qRT-PCR (a, b) and western blot (c). (a)TheOGG1mRNA level in SH-
SY5Y cells serum starved for 24 h, followed by incubation with increasing glucose concentrations (25, 50, and 100mM) for 2 d. (b)The OGG1
mRNA level in SH-SY5Y cells serum starved for 24 h, followed by incubation with increasing glucose concentrations (25, 50, and 100mM)
for 8 d. (c)The OGG1 protein expression in SH-SY5Y cells serum starved for 24 h, followed by incubation with glucose concentration 50mM
for 2, 4, or 8 d. Data are presented as mean ± SD (𝑛 = 3). Compared with the group Con, ∗𝑃 < 0.05.

3.5. High Glucose Enhanced ROS Production Induced by Bupi-
vacaine. Treatment with either 50mM glucose or 1.5mM
bupivacaine increased the intracellular ROS accumulation,
indicated byDCFH-DAfluorescence, while high glucose pre-
treatment significantly enhancedROSproduction induced by
bupivacaine (Figure 5(a)).

3.6. High Glucose Aggravated Bupivacaine-Induced DNA
Damage and Apoptosis. Oxidative DNA damage product
accumulation was quantified by using immunofluorescence
detection of 8-oxodG and the OTMs of comet assays. 8-
OxodG relative expression andOTMvalueswere increased in

SH-SY5Y cells exposed to 50mM glucose or 1.5mM
bupivacaine and were higher in cells exposed to both agents
compared to those only exposed to bupivacaine.These results
demonstrate that high glucose enhanced bupivacaine-
induced DNA damage (Figure 6).

Cleaved caspase-9 protein expression was measured by
western blot. High glucose or bupivacaine treatment resulted
in significantly increased cleaved caspase-9 protein levels
compared with the control group. Cleaved caspase-9 protein
expression was significantly higher in cells treated with high
glucose and bupivacaine than in cells treated only with
bupivacaine (Figure 4(a)).
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Figure 2: Proliferation effects of bupivacaine on SH-SY5Y cells and the effect of bupivacaine on the OGG1 protein expression. (a) After serum
starved DMEM/F12 medium for 24 h, the cell was exposed to 0.5, 1.0, 1.5, 2.0, 2.5, or 3.0mM bupivacaine for 24 h. Bupivacaine-induced cell
injury was detected by CCK8 assay. (b) The OGG1 protein expression in SH-SY5Y cells serum starved for 24 h, followed by incubation with
increasing bupivacaine concentrations (0.5, 1.0, and 2.0mM) for 24 h. Data are presented as mean ± SD (𝑛 = 3). Compared with the group
Con, ∗𝑃 < 0.05.
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Figure 3: The effect of glucose or bupivacaine on the regulation of
OGG1 mRNA level as detected by qRT-PCR. Con: SH-SY5Y cells of
group control. HG: SH-SY5Y cells were exposed to 50mM glucose
for 8 d. Bup: SH-SY5Y cells were treatedwith 1.5mMbupivacaine for
24 h. HG + Bup: SH-SY5Y cells were incubated with 50mM glucose
for 8 d and then treated with 1.5mM bupivacaine for 24 h. Data are
presented as mean ± SD (𝑛 = 3). ∗𝑃 < 0.05.

Based on the above data, we hypothesized that high
glucose could aggravate bupivacaine-induced neurotoxicity
in SH-SY5Y cells.

3.7. NAC Attenuated DNA Damage Induced by High Glucose
and Bupivacaine via Inhibited ROS Production and Increased

OGG1 Expression. NAC pretreatment significantly reduced
the ROS overproduction induced by high glucose and bupi-
vacaine and increased OGG1 expression inhibited by high
glucose (Figures 5(b) and 4(b)). Simultaneously, NAC atten-
uated DNA damage and apoptosis induced by high glucose
and bupivacaine. However, compared to control group, NAC
did not cancel glucose and bupivacaine-induced cell injury
(Figures 7 and 4(b)). The above results suggested that high
glucose enhanced DNA damage induced by bupivacaine via
ROS and NAC could restore functional expression of OGG1.

4. Discussion

There are threemain findings of the present study. First, long-
term exposure to high glucose could inhibit the expression of
OGG1 enzyme in SH-SY5Y cells. Second, long-termhigh glu-
cose exposure inhibited the enhancement of OGG1 expres-
sion in response to bupivacaine-inducedDNAdamage in SH-
SY5Y cells.Third, high glucose or bupivacaine can causeDNA
damage and apoptosis in SH-SY5Y cells, and these effects
weremediated via ROS in cells treated with both high glucose
and bupivacaine. Collectively, our findings indicate that high
glucose inhibited OGG1 expression in response to DNA
damage induced by bupivacaine and aggravated the neuro-
toxic effects of bupivacaine in SH-SY5Y cells.

Bupivacaine induced depression of the cell respiration
related to specific inhibition of complexes I and III, inhibited
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Figure 4: The effect of high glucose, bupivacaine, or NAC on OGG1 and cleaved caspase-9 protein expression as detected by western blot.
Con: SH-SY5Y cells of group control. HG: SH-SY5Y cells were exposed to 50mM glucose for 8 d. Bup: SH-SY5Y cells were treated with
1.5mM bupivacaine for 24 h. HG + Bup: SH-SY5Y cells were incubated with 50mM glucose for 8 d and then treated with 1.5mM bupivacaine
for 24 h. HG + Bup + NAC: cells treated with 50mM glucose for 8 d and then pretreated with 5mMNAC for 6 h prior to 1.5mM bupivacaine
exposure for 24 h. (a)The effect of high glucose on OGG1 and cleaved caspase-9 protein expression induced by bupivacaine. (b)The effect of
NAC on OGG1 and cleaved caspase-9 protein expression induced by high glucose and bupivacaine. Data are presented as mean ± SD (𝑛 = 3)
∗

𝑃 < 0.05.

the production of ATP, and was accompanied with produc-
tion of ROS. The decrease in ATP can activate AMPK. It can
result in a marked increase in intracellular ROS. Overpro-
duction of ROS could result in mitochondrial DNA oxida-
tive damage, caspase activation, and apoptosis [2–4]. This
study also showed that bupivacaine exerted concentration-
dependent cell toxicity and induced DNA damage and apop-
tosis via enhancing ROS generation. Hyperglycemia could

damage cellular DNA by generating ROS in patients with
diabetes [23]. This conclusion is verified by our result show-
ing that high glucose exerted time-dependent toxicity and
inducedDNAdamage and apoptosis via enhancing ROS gen-
eration. Under high glucose condition, intracellular ROS pro-
duction, DNA damage, and cell apoptosis induced by bupiva-
caine were enhanced. Importantly, cell injury was prevented
by antioxidant treatment. It suggested an ROS-mediated
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Figure 5: The levels of ROS were measured by flow cytometry. Con: SH-SY5Y cells of group control. HG: SH-SY5Y cells were exposed to
50mM glucose for 8 d. Bup: SH-SY5Y cells were treated with bupivacaine for 24 h. HG + Bup: SH-SY5Y cells were incubated with 50mM
glucose for 8 d and then treated with bupivacaine for 24 h. HG+Bup +NAC: cells treated with 50mMhigh glucose for 8 d and then pretreated
with 5mM NAC for 6 h prior to 1.5mM bupivacaine exposure for 24 h. (a) The levels of ROS induced by high glucose or bupivacaine.
High glucose enhanced ROS overproduction induced by bupivacaine. (b) NAC attenuated ROS overproduction induced by high glucose
and bupivacaine. Summarized data shows the fluorescence intensity of ROS as detected by flow cytometry. Data represented are mean ± SD
(𝑛 = 6), ∗𝑃 < 0.05.

mechanism reinforcing the primary oxidative DNA damage
of bupivacaine under high glucose condition. Antioxidant
treatment may play an important role in preventing and
curing hyperglycemia-aggravated neurotoxicity in diabetic
patients treated with bupivacaine.

Accumulative ROS could cause DNA damage or muta-
tion. Cells have evolved a diverse defense network tomaintain
genomic integrity and prevent permanent genetic damage

induced by oxidative stress [24]. This results in changes in
cellular transcription that, combined with oxidative damage
to enzymes involved in processing and repairing DNA dam-
age, might contribute to diabetic neuropathy [14]. 8-OxodG
is a sensitive marker of ROS-induced DNA damage [25]. The
steady state level of 8-oxodG inDNA reflects its rate of gener-
ation and of repairing. 8-OxodG inDNA is repaired primarily
via the DNA base excision repair (BER) pathway [26]. One
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Figure 6:The effect of high glucose or bupivacaine on 8-oxodG expression and DNA damage. Con: SH-SY5Y cells of group control. HG: SH-
SY5Y cells were exposed to 50mM glucose for 8 d. Bup: SH-SY5Y cells were treated with 1.5mM bupivacaine for 24 h. HG + Bup: SH-SY5Y
cells were incubated with 50mM glucose for 8 d and then treated with 1.5mM bupivacaine for 24 h. (a) High glucose enhanced 8-oxodG
expression induced by bupivacaine. (b) High glucose aggravated DNA damage induced by bupivacaine. (c) Summarized data show 8-oxodG
expression as measured by the mean fluorescence intensity and DNA damage as detected by Olive tail moment. Data are presented as mean
± SD (𝑛 = 3), ∗𝑃 < 0.05.
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Figure 7: The effect of NAC on 8-oxodG expression and DNA damage induced by high glucose and bupivacaine. Con: SH-SY5Y cells of
group control. HG + Bup: SH-SY5Y cells were incubated with 50mM glucose for 8 d and then treated with bupivacaine for 24 h. HG + Bup
+ NAC: cells treated with 50mM high glucose for 8 d and then pretreated with 5mM NAC for 6 h prior to 1.5mM bupivacaine exposure
for 24 h. (a) NAC attenuated 8-oxodG expression induced by high glucose and bupivacaine. Summarized data show 8-oxodG expression as
measured by the mean fluorescence intensity. (b) NAC attenuated DNA damage induced by high glucose and bupivacaine. Summarized data
show DNA damage as detected by Olive tail moment. Data are presented as mean ± SD (𝑛 = 3), ∗𝑃 < 0.05.

of the key BER enzymes is OGG1, which is necessary for
the initial steps in the removal of the mutagenic lesion 8-
oxoguanine. Because of its lyase activity, this enzymemay also
play a critical role in cleaning the 3-end of oxidative lesions
to the sugar-phosphate backbone. The present study showed
that bupivacaine could induce ROS overproduction and
cause cell DNA damage and apoptosis. 8-OxodG and OGG1
were significantly elevated when cells were exposed to bupi-
vacaine. Bupivacaine-induced ROS resulted in a marked
increase in intracellular 8-oxodG. For repairing it, DNA
repair enzyme OGG1 was activated, what was cell diverse
defense network to maintain genomic integrity and prevent
permanent genetic damage induced by oxidative stress. This
suggested that BER was involved in repairing bupivacaine-
induced DNA damage via ROS in SH-SY5Y cells, and OGG1
might be a crucial factor.

DNA oxidative damage such as 8-oxodG was not effec-
tively removedwhenOGG1 expression was reduced or inhib-
ited and this could lead to damage accumulation, ultimately
resulting in cells aging or apoptosis [27]. Extensive evidence
in the literature indicates that diabetes is characterized by the
accumulation of damaged DNA and RNA. However it
remains unknownwhether these lesions are due to inefficient
removal by cellular DNA repair pathways [18–20]. Previous
study has reported that chronic hyperglycemia could inhibit
OGG1 expression via a redox-dependent activation of akt,
resulting in accumulating cell DNA damage [17]. This results
in deficient DNA repair function and, therefore, leads to
the accumulation of DNA lesions. The importance of the
OGG1 DNA glycosylase in the repair of oxidative damage
was shown in OGG1-deficient mice [28].These animals accu-
mulate abnormally high levels of 8-oxodG in their genomes.
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Furthermore, no cleavage of 8-oxoG: C-containing substrate
was detected in tissue extracts from OGG1 knockout mice,
indicating that OGG1 is the only mammalian glycosylase
that can efficiently remove 8-oxodG from 8-oxoG: C pairs.
In this study, OGG1 expression was reduced after long-term
exposure to high glucose and then this leads to accumulating
8-oxodG. This result suggested that chronic hyperglycemia
could result in DNA damage that overwhelmed the DNA
repair defense system, which may induce genomic instability
and cell dysfunction. Our study showed that SH-SY5Y cells
cultured with high glucose and bupivacaine decreased OGG1
expression and resulted in more severe DNA damage and
apoptosis. Under high glucose condition, OGG1 expression
was inhibited, and it could not effectively repair increasing 8-
oxodG induced by bupivacaine andhigh glucose.This leads to
damage accumulation, ultimately resulting in cells apoptosis.
NAC could restore functional expression of OGG1 inhibited
by high glucose and attenuate this damage. It suggested that
antioxidant could reverse hyperglycemia-induced inhibitory
effect on OGG1. However, the way of NAC promoting OGG1
expression under high glucose condition remains unknown
and needs further research to reveal it. This result demon-
strated that under high glucose environment, the decrease in
OGG1 was involved in enhanced DNA damage and apoptosis
induced by bupivacaine. Antioxidant therapy could reverse
these deleterious effects in part by restoring function of the
DNA repair enzyme OGG1.

Some limitations of this study should be noted. First,
we did not investigate the mechanism underlying the effect
of bupivacaine on OGG1 in SH-SY5Y cells cultured in high
glucose. Second, the bupivacaine concentration used in this
study was 1.5mM, which is equal to 0.045%. Local injection
concentrations are generally 0.5% or 0.75%. So, this dosage is
not precisely clinically relevant. Bupivacaine concentration-
dependent cell toxicity did not allow us to determine whether
bupivacaine at higher clinical concentration would kill all
cells. However, in spinal or epidural anesthesia, the axons in
the nerve roots of the cauda equina bear the brunt of the
high initial bupivacaine concentration. So, the result of the
study suggests that diabetic patients treated with bupivacaine
may suffer from nerve or neuronal damage.Third, we did not
perform in vivo experiments to validate our conclusions.

In conclusion, high glucose could inhibit OGG1 expres-
sion in response to bupivacaine-induced DNA damage and
simultaneously aggravate the neurotoxic effects of bupiva-
caine via ROS in SH-SY5Y cells.
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Objective. Intestinal ischemia reperfusion (II/R) injury plays a critical role in remote organ dysfunction, such as lung injury, which is
associated with nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway. In the present study,
we tested whether ginsenoside Rb1 attenuated II/R induced lung injury by Nrf2/HO-1 pathway.Methods. II/R injury was induced
in male C57BL/6J mice by 45min of superior mesenteric artery (SMA) occlusion followed by 2 hours of reperfusion. Ginsenoside
Rb1 was administrated prior to reperfusion with or without ATRA (all-transretinoic acid, the inhibitor of Nrf2/ARE signaling
pathway) administration before II/R. Results. II/R induced lung histological injury, which is accompanied with increased levels of
malondialdehyde (MDA), interleukin- (IL-) 6, and tumor necrosis factor- (TNF-) 𝛼 but decreased levels of superoxide dismutase
(SOD) and IL-10 in the lung tissues. Ginsenoside Rb1 reduced lung histological injury and the levels of TNF-𝛼 and MDA, as well
as wet/dry weight ratio. Interestingly, the increased Nrf2 and HO-1 expression induced by II/R in the lung tissues was promoted by
ginsenoside Rb1 treatment. All these changes could be inhibited or prevented by ATRA. Conclusion. Ginsenoside Rb1 is capable of
ameliorating II/R induced lung injuries by activating Nrf2/HO-1 pathway.

1. Introduction

Intestinal ischemia reperfusion (II/R) injury is a life-
threatening clinical surgical emergency, which is associated
with the exacerbation of intestinal injury and a systemic
inflammatory response leading to progressive distal organ
impairment, finally resulting in cardiocirculatory, respiratory,
hepatic, and renal failure. Acute respiratory distress syn-
drome (ARDS) induced by lung injury is one of the most
serious complications.These clinical problems were involved
in diverse causes such as intestinal barrier damage, bacteria
translocation and oxidative stress, and activation of multiple
inflammatory mediators [1, 2]. However, there still remain
many doubts in the pathophysiology and therapeutics of II/R
induced remote organ injury, especially lung injury.

Ginsenoside Rb1, a major active constituent of ginseng
(Panax ginseng), has antioxidative effects and has been
demonstrated to protect multiple organs from ischemia
reperfusion injury [3–9]. However, it has not been fully
elucidated whether it can also attenuate II/R induced acute
lung injury. Nuclear factor erythroid 2-related factor 2
(Nrf2)/antioxidant response element (ARE) signaling path-
way has been found as the most important endogenous
antioxidative stress mechanism. It has been reported that
Nrf2/ARE signaling pathway performs a fundamental role
in protecting the body against the xenobiotics and oxidative
injury in the pathophysiology of digestive system, circulation
system, nervous system, and immune system diseases [10–
13]. Nrf2 is a nuclear transcription factor that controls the
expression and coordinates induction of a battery of defensive
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genes encoding detoxifying enzymes and antioxidant pro-
teins [14]. In response to stimulation of oxidative stress, Nrf2
translocates from the cytoplasm into the nucleus and then
binds to a cis-acting enhancer sequence designated as ARE
and regulates AREmediated antioxidant enzyme gene such as
heme oxygenase-1 (HO-1) expression and induction [15, 16].
HO-1 belongs to a member of the heat shock protein family
and plays a significant protective role against inflammatory
processes and oxidative tissue injury [17].

In this study, we established a superior mesenteric artery
(SMA) occlusion/reperfusion mice model to induce lung
injury. We used ATRA (all-transretinoic acid) as inhibitor
of Nrf2/ARE signaling pathway, which interfered in the
recruitment ofNrf2 to theARE, thus disrupting the activation
of ARE-driven genes [18]. With the treatment of ginsenoside
Rb1, we aim to investigatewhether ginsenoside Rb1 attenuates
acute lung injury (ALI) induced by II/R inmice viaNrf2/ARE
pathway.

2. Material and Methods

2.1. Mice. The current study was approved by the Ani-
mal Care Committee of Wuhan University, China, and
was performed in accordance with National Institutes of
Health guidelines for the use of experimental animals. Male
C57BL/6mice (9–12 weeks old; 17–22 g) were purchased from
HUNAN SLAC JD Laboratory Animal Co. Ltd., China. They
were housed under standard laboratory conditions at 22–
24∘C, relative humidity of 50 ± 15%, and kept on a 12 h
day/night rhythm with free access to water and food. All
experimental protocols conducted in the mice were carried
out in accordance with the Guide for the Care and Use of
LaboratoryAnimals by theNational Institutes ofHealth (NIH
Publication number 80-23).

2.2. Surgical Preparation. Animals were anesthetized intra-
peritoneally with pentobarbital sodium (50mg/kg body
weight). Amidline laparotomywas performed; then the supe-
rior mesenteric artery (SMA) was isolated. The II/R injury
was established by occluding SMA with a microvascular
clip for 45 minutes followed by 2 hours of reperfusion as
previously described [19]. Ischemia was recognized by the
existence of pulseless or pale color of the small intestine. The
return of pulses and the reestablishment of the pink color
were assumed to indicate valid reperfusion of the intestine.
The Sham group underwent the same surgical process, apart
from occlusion of SMA. After 2 h reperfusion, the mice were
killed. A median sternotomy was performed; the lung and
intestine samples were obtained for further analysis.

2.3. Experimental Protocol. The mice were randomly allo-
cated into eight groups (𝑛 = 8 in each group) (Figure 1):
(1) Sham surgical preparation including isolation of the SMA
without occlusion was performed (Sham); (2) mice were
subjected to II/R without treatment (II/R); (3) mice were
subjected to II/R with treatment of normal saline 10 minutes
before reperfusion (II/R + NS); (4), (5) mice were treated

Ischemia
Reperfusion

Normal saline

Rb1 (30mg/kg)

Rb1 (60mg/kg)

Rb1 (60mg/kg)

ATRA i.p. 2 weeks

ATRA i.p. 2 weeks

ATRA i.p. 2 weeks

(1) Sham

(2) II/R

(3) II/R + NS

(4) II/R + Rb1-30

(5) II/R + Rb1-60

(6) ATRA + sham

(7) ATRA + II/R

(8) ATRA + II/R + Rb-60

45 min min120

45 min min120

45 min min120

45 min min120

45 min min120

45 min min120

45 min min120

45 min min120

Figure 1: Experimental protocols. Mice were subjected to 45min
of SMA occlusion followed by 2 h of reperfusion. II/R: intestinal
ischemia/reperfusion, NS: normal saline, Rb1: ginsenoside Rb1, and
ATRA: all-transretinoic acid.

with 30mg/kg (II/R + Rb1-30) or 60mg/kg (II/R + Rb1-
60) ginsenoside Rb1, in which surgery was performed as
in the II/R group with administration of the ginsenoside
Rb1 intraperitoneally 10 minutes before reperfusion; (6) mice
were subjected to Sham surgery and treated with ATRA
(ATRA+Sham), which is the inhibitor ofNrf2/ARE signaling
pathway; (7) mice were subjected to II/R and treated with
ATRA (ATRA + II/R); (8) mice were subjected to II/R and
treated with ATRA and 60mg/kg ginsenoside Rb1 as group
5 (ATRA + II/R + Rb1-60). During the last two weeks before
the operation, themice in the group 6, 7, 8 received ATRA i.p.
daily at 10mg/kg and fed on a vitamin A-deficient diet, and
the mice in the other groups received the equivalent volume
of corn oil and fed on a control normal diet [18].

2.4. Lung Histology. The left lung was removed and fixed in
10% formalin. Following embedding in paraffin, the sections
of 4 𝜇m were stained with hematoxylin and eosin for light
microscopy. Semiquantitative analysis of lung histopathology
was performed by scoring the tissues based on lung edema,
infiltration of inflammatory cells, alveolar hemorrhage, hya-
line membrane, and atelectasis: no lesion, 0; injured area ⩽
25%, 1; injured area 26–50%, 2; injured area 51–70%, 3; injured
area 71–90%, 4; injured area > 90%, 5. A total of three fields
were randomly selected for each slide and the average was
used as the histopathology score [20].

2.5. Histopathological Assessment of Intestines. After reperfu-
sion, 1 cm of small intestine without adipose tissue was taken
from the same place at the distal end of ileum and fixed in
4% formaldehyde. After embedding in paraffin, 4𝜇msections
were stained with hematoxylin and eosin before assessment
by light microscopy (original magnification ×200, Olympus
BX50; Olympus Optical, Tokyo, Japan).
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Figure 2: Intestinal histologic evaluation in the groups. ((a)–(h)) Histopathologic changes of the small-intestinal mucosa were observed
under light microscopy (hematoxylin and eosin, ×200). (a) Sham group, (b) II/R group, (c) II/R + NS group, (d) II/R + Rb1-30 group, (e)
II/R + Rb1-60 group, (f) ATRA + Sham group, (g) ATRA + II/R group, and (h) ATRA + II/R + Rb1-60 group. Data are mean ± SD, 𝑛 = 10;
∗

𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group, and $
𝑃 < 0.05 versus II/R + Rb1-60 group.
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Figure 3: Histopathologic changes in mice lung under light microscopy (hematoxylin and eosin, ×200). (a) Sham group, (b) II/R group, (c)
II/R + NS group, (d) II/R + Rb1-30 group, (e) II/R + Rb1-60 group, (f) ATRA + Sham group, (g) ATRA + II/R group, and (h) ATRA + II/R +
Rb1-60 group. Data are mean ± SD, 𝑛 = 10; ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group, and $

𝑃 < 0.05 versus II/R + Rb1-60
group.
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Figure 4:The effects of ginsenoside Rb1 on the lung wet/dry weight
ratio. Data are mean ± SD, 𝑛 = 5; ∗𝑃 < 0.05 versus Sham group,
#
𝑃 < 0.05 versus II/R group, and $

𝑃 < 0.05 versus II/R + Rb1-60
group.

Using the improved Chiu score method [21] to evaluate
intestinal mucosal damage, higher scores are interpreted to
indicatemore severe damage. Criteria of Chiu grading system
consist of 5 subdivisions according to the changes of villus
and gland of intestinal mucosa: grade 0, normal mucosa;
grade 1, development of subepithelial Gruenhagen’s space at
the tip of villus; grade 2, extension of the space withmoderate
epithelial lifting; grade 3, massive epithelial lifting with a few
denuded villi; grade 4, denuded villi with exposed capillaries;
and grade 5, disintegration of the lamina propria, ulceration,
and hemorrhage.

2.6. Assessment of Pulmonary Edema. The left lung was
harvested. After the lung wet weight was measured, the
lungs were placed in a calorstat at 60∘C for 48 h, and then
the specimen was reweighed. The pulmonary edema was
estimated by lung wet/dry weight ratio [22].

2.7. Immunohistochemical Assessment. Paraffin-embedded
lung sections were stained using the streptavidin-biotin
complex immunohistochemistry technique for HO-1 and
Nrf2 detection. Brown staining in the cytoplasm and/or
nucleus was considered an indicator of positive expression.
With the Image-Pro Plus version 6.0, results were evaluated
semiquantitatively according to optical density values of
positive expression.

2.8. Western Blot Analysis. The right lungs were removed
and nuclear fractions were prepared using a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Institute of
Biotechnology, China) according to the manufacturer’s pro-
tocol. Western blot analysis was carried out as described [23].
Primary antibodies (working concentration) usedwere rabbit
polyclonal antibodies against mice Nrf2 (1 : 2000, H-300,

Santa Cruz Biotechnology, CA), HO-1 (1 : 1000, H-105, Santa
CruzBiotechnology, CA), andLaminB1 (1 : 2000,H-90, Santa
Cruz Biotechnology, CA). The HRP-conjugated secondary
antibody was goat anti-rabbit IgG (Beyotime Institute of
Biotechnology, China) used at 1 : 2000. Lamin B was used
as an internal control. The ECL Western blotting detection
reagents (Beyotime Institute of Biotechnology, China) were
used for visualization of the protein bands. The intensities of
the bandswere analyzedwith quantity one software (Bio-Rad,
Hercules, CA).

2.9. Determination of Tissue Tumor Necrosis Factor Alpha
(TNF-𝛼), Interlukin-6 (IL-10), and Interlukin-6 (IL-6). Tissue
levels of TNF-𝛼, IL-10, and IL-6 were determined using
commercially available ELISA kits (R&D, Minneapolis, MN)
according to manufacturer’s instructions. The results were
expressed as pg/mL.

2.10. Determination of Tissue MDA Level and SOD Activity.
The right lung tissues were homogenized on ice in normal
saline. The homogenates were centrifuged at 4000 g⋅min−1
at 4∘C for 10min. The MDA level in the supernatants
was determined by the measurement of thiobarbituric acid-
reactive substances levels (assay kits were supplied byNanjing
Jiancheng Corp., China) as previously described [24]. The
results were calculated as nmol⋅100mg−1 protein. The SOD
activity in the supernatants was evaluated by inhibition of
nitroblue tetrazolium (NBT) reduction by O2− generated
by the xanthine/xanthine oxidase system (assay kits were
supplied by Nanjing Jiancheng Corp., China) in accordance
with the previous method [24].The results were expressed by
U⋅100mg−1 protein.

2.11. Statistical Analysis. Data are presented as mean ± SD.
Statistical comparison amongmultiple groupswas performed
by one-way analysis of variance (ANOVA) followed by
Newman-Keulsmultiple comparison test using theGraphPad
Prism 5.0 software (GraphPad Software Inc., San Diego, CA,
USA). A value of 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. Histopathological Assessment of Intestines. The II/R group
showed edema in the villi, inflammatory cells infiltration, and
damaged areas interspersed with hemorrhage. In addition,
the gap between epithelial cells significantly increased and
capillaries and lymph vessels were markedly dilated. Normal
villi were seen in the intestine of the Sham group andATRA+
Sham group under the light microscope. Ginsenoside Rb1 at
the dose of 30mg/kg and 60mg/kg both significantly atten-
uated the histological intestine injury (Figure 2). However,
there is little amelioration of the intestine injury induced by
II/R in the ATRA + II/R + Rb1-60 group.

3.2. Pathologic Alternations of Lung Tissue. The lungs from
II/R group showed damaged areas interspersed with hemor-
rhage, inflammatory cell infiltration, and pulmonary edema,
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Figure 5: The changes of lung tissue SOD activity and MDA levels. Data are mean ± SD, 𝑛 = 10; ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05
versus II/R group, and $

𝑃 < 0.05 versus II/R + Rb1-60 group.

while little damage was seen in the lungs of the sham
group and ATRA + Sham group under the light micro-
scope. Ginsenoside Rb1 at the both doses of 30mg/kg and
60mg/kg significantly attenuated the histological lung injury
(Figure 3). However, there is little amelioration of the lung
injury induced by II/R in the ATRA + II/R + Rb1-60 group.
This indicates that ATRA attenuated the protective action
of ginsenoside Rb1 against II/R induced lung damage in the
mice.

3.3. Changes of LungWet/DryWeight Ratio. Wenext assessed
the lung wet/dry weight ratio as indicators of lung permeabil-
ity damage. As shown in Figure 4, the lung wet/dry weight
ratio was significantly higher in the II/R group than the Sham
group (𝑃 < 0.05). Compared with the II/R group, the lung
wet/dry ratio was decreased significantly after the treatment
of ginsenoside Rb1 (𝑃 < 0.05, II/R + Rb1-30 or II/R + Rb1-60
versus II/R). This decrease was reversed by administration of
ATRA (𝑃 > 0.05, ATRA + II/R + Rb1-60 versus II/R). There
was no significant difference between the Sham and ATRA +
Sham group or II/R and II/R + NS group (𝑃 > 0.05).

3.4. Changes of the Level of MDA and the Activity of SOD.
Oxidative stress has been proposed as an important mech-
anism of the development of II/R induced organ damage.
Reperfusion or reoxygenation will activate recovery of aero-
bic metabolism and results in an overload of reactive oxygen
species (ROS). Robust ROS generation generates excessive
hydroxyl radicals, which are very unstable and have a high
potential to damage cellular structures, enzymes, or channel
proteins on the cellular membrane. We examined the effects
of ginsenosideRb1 on lung tissue lipidic peroxidation product
(MDA) levels and the antioxidative SOD activity. As shown in

Figure 5, treatment with 30mg/kg and 60mg/kg ginsenoside
Rb1 significantly reduced MDA levels and increased SOD
activity, and this effect was inhibited by administration of
ATRA.

3.5. Changes of Tissue TNF-𝛼, IL-10, and IL-6 Levels. In
a number of clinical studies, microinflammation has been
found to be associated with processes that may be related to
II/R caused injury. As shown in Figure 6, the level of tissues
TNF-𝛼 and IL-6 in the II/R group was significantly higher
than that in the Sham group.However, the level of tissue IL-10
was significantly reduced in the II/R group compared to that
in the Sham group. Treatment with 30mg/kg and 60mg/kg
ginsenoside Rb1 significantly reduced TNF-𝛼 and IL-6 levels
and increased IL-10 levels. After treatment with ATRA, this
effect was inhibited.

3.6. Effects of Ginsenoside Rb1 on HO-1 and Nrf2 Expression
in Lung Tissue by Immunohistochemical Detection. The lung
tissue was obtained to measure the expression of Nrf2 and
HO-1 by immunohistochemical assay. In the II/R group,
both cytoplasm and nuclei of the lung tissue showed Nrf2
expression, but the expression of HO-1 was showed in the
cytoplasm. Compared with the Sham group, the expression
of Nrf2 and HO-1 in the II/R group increased significantly.
After treatment with ginsenoside Rb1 at dose 30 or 60mg/kg,
the expression ofNrf2 andHO-1wasmuchhigher than that in
the II/R group. In theATRA+ II/R andATRA+ II/R+Rb1-60
groups, Nrf2 was also expressed obviously in the cytoplasm
and nuclei, though mild expression of HO-1 could be seen in
the cytoplasm of lung tissue in these groups (Figures 7 and 8).
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Figure 6: Cytokine levels in lung from mice. Cytokine levels were determined in lung homogenate using multiplex analysis: (a) TNF-𝛼, (b)
IL-6, and (c) IL-10. Data are mean ± SD, 𝑛 = 10; ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group, and $

𝑃 < 0.05 versus II/R +
Rb1-60 group.

3.7. Effects of Ginsenoside Rb1 on Cytoplasmic HO-1 and
Nuclear Nrf2 Expression in Lung Tissue by Western Blot-
ting Analysis. To further confirm the protective effect of
ginsenoside Rb1 on the lung tissue against II/R injury,
protein expression of nuclear Nrf2 and cytoplasmic HO-1
was examined by Western blot. As shown in Figure 9, Nrf2
and HO-1 expression were both increased markedly in the
II/R group as compared with the Sham group. II/R with Rb1
intervention further increased the expression of Nrf2 and
HO-1 significantly. ATRA administration has no effects on
the cytoplasmic HO-1 expression as compared with the Sham
group. This indicated that Rb1 induced cytoplasmic HO-1
expression was inhibited by ATRA. There was no significant

difference inNrf2 expression between theATRA+ II/R group
and the II/R group or between the ATRA + II/R + Rb1-60
group and the II/R group.

4. Discussion

In this study, we have demonstrated in a mice model that
45min occlusion of SMA followed by 2 h of reperfusion
caused significant lung injury as evidenced by pathologic
morphologic changes seen in the lung tissue, as well as the
increased lung wet/dry ratio, which is in accordance with the
previous reports [25]. We found that postischemia treatment
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Figure 7: Expression of Nrf2 in the lung tissue under the light microscope (streptavidin-biotin complex immunohistochemistry, ×200). (a)
Sham group, (b) II/R group, (c) II/R + NS group, (d) II/R + Rb1-30 group, (e) II/R + Rb1-60 group, (f) ATRA + Sham group, (g) ATRA + II/R
group, and (h) ATRA + II/R + Rb1-60 group. Data are mean ± SD, 𝑛 = 5; ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group, and
$
𝑃 < 0.05 versus II/R + Rb1-60 group.
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Figure 8: Expression of HO-1 in the lung tissue under the light microscope (streptavidin-biotin complex immunohistochemistry, ×200). (a)
Sham group, (b) II/R group, (c) II/R + NS group, (d) II/R + Rb1-30 group, (e) II/R + Rb1-60 group, (F) ATRA + Sham group, (g) ATRA + II/R
group, and (h) ATRA + II/R + Rb1-60 group. Data are mean ± SD, 𝑛 = 5; ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group, and
$
𝑃 < 0.05 versus II/R + Rb1-60 group.
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Figure 9:Western blotting analysis of the presence of Nrf2 in nuclear proteins andHO-1 in cytoplasmic proteins in themice lung tissue. Data
obtained from quantitative densitometry were presented as mean ± SD. 𝑛 = 10, ∗𝑃 < 0.05 versus Sham group, #𝑃 < 0.05 versus II/R group,
and $
𝑃 < 0.05 versus II/R + Rb1-60 group.

with ginsenoside Rb1 enhanced Nrf2 translocation to the
nucleus in the lung tissues of mice and Rb1 treatment could
reduce pulmonary morphologic damage, alleviate injuries
induced by oxidative stress, and modulate inflammatory
reactions. Further, Nrf2 function inhibition with ATRA
reverted the pulmonary protective effects of ginsenoside
Rb1, indicating that ginsenoside Rb1 confers its respiratory
protection via Nrf2/ARE signaling in the II/R induced acute
lung injury.

The mechanisms of acute lung injury induced by II/R are
complex. It is thought that the damage of intestinal mucosal
barrier following II/R causes the dislocation of bacteria or
endogenous endotoxin, thus leading to increased oxidative
stress and systemic inflammatory reaction, which is one of
the main reasons for acute lung injury.

Ginseng is one of the most widely used herbal medicines.
Ginsenosides, the major active ingredient of ginseng, have
been noticed for their multiple pharmacological effects on
antioxidation, signal transduction pathways, and interaction
with receptors [26]. Oxidative stress refers to themismatched
redox equilibrium between the production of free radicals
and the ability of cells to defend against them. One feasible
way to prevent free radical mediated cellular injuries is to
augment the oxidative defense capacity through intake of
antioxidants. Moreover, the induction of endogenous phase
II detoxifying enzymes or antioxidative proteins seems to
be a reasonable strategy for delaying disease progression.

Activation of Nrf2/ARE plays an important role in protecting
cells from oxidative stress [27, 28]. The ability of Nrf2 to
upregulate the expression of antioxidant genes via ARE
suggests that increasing Nrf2 activity may provide a useful
system for combating oxidative insults. Several recent reports
have demonstrated that coordinate upregulation of ARE-
driven genes protects organs from ischemia reperfusion
injury [29–31]. Accumulating evidence also suggests that
upregulation of HO-1 expression and the subsequent increase
in HO activity may confer an adaptive survival response
against oxidative insults. Our previous studies showed that
Rb1 reduces renal apoptosis and alleviates renal dysfunction
after II/R in part through the Nrf2/ARE pathway [32]. Wang
et al. demonstrated that Rb1 attenuates lung injury induced
by II/R via inhibiting NF-𝜅B activation [33]. To determine
the mechanism by which postischemia treatment with Rb1
reduces II/R-induced ROS generation, we examined the
effect of ginsenoside Rb1 on Nrf2 and HO-1 expression in
mice lung tissues. Our present study demonstrated that Rb1
increased nuclearNrf2 protein and cytoplasmicHO-1 protein
expressions in lung tissues of mice after II/R. The increase of
HO-1 expression byRb1 conferred cytoprotection against II/R
induced oxidative stress. In addition, previous studies have
shown that ATRA does not affect the half-life of Nrf2 or its
nuclear translocation. ATRA inhibits Nrf2 function by stim-
ulating the formation of Nrf2:RAR𝛼-containing complexes
that do not bind to the ARE [18]. We showed that ATRA, as a
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potent inhibitor for combination of Nrf2 with ARE, partially
reversed the protective effects of Rb1, thus providing further
evidence for Nrf2/ARE as a possible cytoprotective pathway
for Rb1.

Ginseng extract was reported to have immunomodu-
latory effects [34]. Smolinski and Pestka [35] reported that
immunologic effects include modulation of lipopolysac-
charide-induced proinflammatory cytokine production in
vitro and in vivo by ginsenoside Rb1.This was also confirmed
with our study in which Rb1 significantly reduced the tissue
level of TNF-𝛼, IL-6, and IL-10. These results show that Rb1
may have multiple mechanisms of action that affect cytopro-
tection by both reducing ROS generation and increasing the
anti-inflammatory effect.

In summary, our present study indicates that ginsenoside
Rb1 alleviates acute lung injury following II/R via activating
Nrf2/ARE pathway.The experiment data may help us further
understand the pharmacological effects of Rb1 and also
suggest a new therapeutic target to protect the body from
II/R injury. However, further studies need to be performed in
transfection of lung endothelial cells and intestinal epithelial
cells with the siRNA and expressing plasmid for Nrf2 to
confirm the findings of the current study.
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Mitochondrial permeability transition pore (mPTP) opening due to its role in regulating ROS generation contributes to cardiac
reperfusion injury. In animals, cyclosporine (cyclosporine A, CsA), an inhibitor of mPTP, has been found to prevent reperfusion
injury following acutemyocardial infarction.However, the effects of CsA in reperfusion injury in clinical patients are not elucidated.
We performed a meta-analysis using published clinical studies and electronic databases. Relevant data were extracted using
standardized algorithms and additional data were obtained directly from investigators as indicated. Five randomized controlled
blind trials were included in our meta-analysis. The clinical outcomes including infarct size (SMD: −0.41; 95% CI: −0.81, 0.01; 𝑃 =
0.058), left ventricular ejection fraction (LVEF) (SMD: 0.20; 95% CI: −0.02, 0.42; 𝑃 = 0.079), troponin I (TnI) (SMD: −0.21; 95% CI:
−0.49, 0.07; 𝑃 = 0.149), creatine kinase (CK) (SMD: −0.32; 95% CI: −0.98, 0.35; 𝑃 = 0.352), and creatine kinase-MB isoenzyme (CK-
MB) (SMD: −0.06; 95% CI: −0.35, 0.23; 𝑃 = 0.689) suggested that there is no significant difference on cardiac function and injury
with or without CsA treatment. Our results indicated that, unlike the positive effects of CsA in animal models, CsA administration
may not protect heart from reperfusion injury in clinical patients with myocardial infarction.

1. Introduction

Ischemic heart disease is a leading cause of death and
disability worldwide and it would continue to be the top
reason of death till 2030 in both developing and developed
countries [1]. Reperfusion therapy is the most important
strategy to rescue ischemic myocardium and reduce infarc-
tion size [2]. However, it is often associated with a fur-
ther cardiac injury functionally characterized by myocardial
stunning, ventricular arrhythmias, and no-reflow [3, 4]. In
histology, reperfusion injury leads to cell death in heart due
to poor calcium handling in the sarcoplasmic reticulum-
mitochondria system, calpain activation, oxidative stress, and
mitochondrial damage [5, 6].

Mitochondrial dysfunction is a major factor leading
to loss of cardiomyocyte function and viability [7]. The

molecularmechanisms ofmitochondrial dysfunction include
a long-lasting opening of mitochondrial permeability tran-
sition pore (mPTPs) and oxidative stress resulting from
reactive oxygen species (ROS) formation [6]. More recent
studies indicated that mPTPs opening plays a crucial role in
reperfusion injury [8]. The mPTPs opening during reperfu-
sion could be regulated by several factors including high pH,
Ca2+ overload, and burst of ROS at the onset of reperfusion
[6, 9].

Cyclosporine, also known as cyclosporine A (CsA), is
an inhibitor of mPTP opening, which has been proposed
to prevent reperfusion injury following acute myocardial
infarction [3, 10]. Some previous meta-analysis based on
animal studies indicated that CsA might reduce myocardial
infarct size [11]. However, the effects of CsA in clinical
patients are largely unknown. A small pilot trial showed
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that administration of CsA at the time of percutaneous
coronary intervention (PCI) limited infarct size during acute
myocardial infarction, suggesting a positive effect of CsA
in reperfusion injury [12]. However, another study with a
similar number of patients reported that CsA treatment did
not produce any beneficial effect on either infarct size or other
clinical outcomes [13].

So far based on any individual human study, it is hard to
draw a conclusion that CsA benefits reperfusion injury due
to limited patient number and race. Therefore, our present
analysis was to identify and combine all published clinical
trials that investigated CsA treatment in human patients. We
hope to see a clearer picture about the therapeutic effects of
CsA on reperfusion injury.

2. Methods

2.1. Literature Screening. We systematically searched
PubMed, Cochrane Library, Embase, reviews, and reference
lists of relevant papers before September 2014 by using
Medical Subject Heading (MeSH) terms “Cyclosporine,”
“CSA” paired with the following terms: “reperfusion injury,”
“reperfusion,” and “injury.”

2.2. Study Selection. Studies were selected based on the
following criteria: (1) randomized controlled studies; (2)
patients with myocardial infarction or with aortic valve
surgery or with coronary artery bypass graft surgery (CABG);
(3) CsA treatment.

2.3. Quality Assessment. All the recruited studies were
assessed and scored by the following five indicators including
the quality of randomization, blinding, reporting of with-
drawals, generation of random numbers, and concealment
of allocation. The possible score is from 0 to 5 and score 5
represents the highest level of quality [14].

2.4. Data Extraction. The data extracted from each study
include the first-author’s name, year of publication, country,
subject characteristics (race, gender, age, and so on), sample
size, and endpoints of patients. Cardiac injury following
infarction was evaluated by magnetic resonance imaging
(MRI), release of cardiac enzymes (troponin I, creatine
kinase, and creatine kinase-MB isoenzyme), and left ventric-
ular ejection fraction (LVEF) performed with two indepen-
dent investigators.

2.5. Statistics and Analysis. All the data were presented as
mean ± standard deviation (SD). The value of SD was calcu-
lated from published data in the original articles. Briefly, a
random effect model was performed in the data with 𝑃 value
less than 0.10 by heterogeneity test (𝜒2-based𝑄-test), while a
fixed-effect model was used when 𝑃 value is higher than 0.10
[15]. Heterogeneity was also assessed by 𝐼2 test. The 𝐼2 value
was classified by the percentage of observed study variability
based on heterogeneity rather than chance (𝐼2 = 0–25%,
no heterogeneity; 𝐼2 = 25–50%, moderate heterogeneity;

References retrieved by search (n = 436)

References excluded (n = 428)
Studies irrelevant to reperfusion injury
Studies not conducted in humans

Potential relevant references (n = 8)

Cannot retrieve specific data (n = 2)
Not related to heart reperfusion injury

(n = 1)

Included in review (n = 5)

Included in the meta-analysis:
cyclosporine treatment on reperfusion injury (n = 5)

Figure 1: The flowchart outlining the process of search criteria and
study selection.

𝐼
2 = 50–75%, large heterogeneity; 𝐼2 = 75–100%, extreme het-
erogeneity) [16]. Since CK values have significant heterogene-
ity, the random effect models were performed. In addition,
funnel plots were used to assess publication bias. Statistical
analysis was carried out with Stata software (version 12.0;
Stata Corporation, College Station, TX) and REVMAN
software (version 5.0; Cochrane Collaboration, Oxford, UK).

3. Results

3.1. The Data Extracting from Literatures. A total of 436
articles were selected through the search and 428 of them
were excluded due to the reasons like being irrelevant to
reperfusion injury or nonhuman studies. A full text assess-
ment in the eight potentially relevant articles led to a further
exclusion of 3 studies (Figure 1). The exclusion was due to (1)
failure to retrieve specific data for our meta-analysis [17, 18];
(2) being irrelevant to heart reperfusion injury [19]; or (3) lack
of clinical data about left ventricular systolic dysfunction.

3.2. The Characteristics of Selected Studies. In the five
recruited literatures [12, 13, 20–22], three studied patients
with myocardial infarction [12, 13, 20], one studied patients
following aortic valve surgery [21], and one studied patients
following CABG surgery [22]. The CsA was given with an
intravenous bolus dose (2.5mg/kg) in all these studies. In
addition, two studies were double-blinded [13, 22] and the
other three were single-blinded [12, 20, 21].The average age of
patients varied from 58 to 67 years. The major characteristics
of the selected studies have been listed in Table 1.

3.3. Data Quality. The quality scores of the trials varied from
3 to 5 (maximum score). All included trials were randomized,
prospective, and placebo-controlled and blind design.
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Table 1: Characteristics of the study population.

Reference Year Cyclosporine
method

Cyclosporine
dosage Participants Number of

subjects Age Study design

Chiari et al. [21] 2014 Intravenous
bolus 2.5mg/kg

Patients accepting
elective aortic valve

surgery
30 67 ± 11

Prospective,
monocentric,
randomized, controlled,
single-blind

Ghaffari et al.
[13] 2013 Intravenous

bolus 2.5mg/kg
Patients with acute
anterior STEMI
receiving TLT

50 64.0 ± 11.2
Randomized,
placebo-controlled,
double-blinded

Hausenloy et al.
[22] 2014 Intravenous

bolus 2.5mg/kg
Patients undergoing

elective CABG surgery
[1]

40 65.8 ± 10.7
Randomized,
placebo-controlled,
double-blinded

Mewton et al.
[20] 2010 Intravenous

bolus 2.5mg/kg Patients with AMI
accepting PCI 15 60 ± 10

Prospective, multicenter,
randomized, controlled,
single-blind

Piot et al. [12] 2008 Intravenous
bolus 2.5mg/kg Patients with [2] AMI

accepting PCI 30 58 ± 2
Prospective, multicenter,
randomized, controlled,
single-blind

STEMI: ST-elevation myocardial infarction; CABG: coronary artery bypass graft; AMI: acute myocardial infarction; PCI: percutaneous coronary intervention;
TLT: thrombolytic treatment.

3.4. The Evaluation of CsA Effects on Clinical Outcomes.
The clinical indicators including infarct size, left ventricular
ejection fraction (LVEF), troponin I (TnI), creatine kinase
(CK), and creatine kinase-MB isoenzyme (CK-MB) were
analyzed in our data.

3.4.1. Infarct Size. Infarct size was measured by MRI in one
study, which was evaluated twice at the fifth day [12] and 6
months [20], respectively, following myocardial infarction.
Myocardial infarction was identified by delayed hyperen-
hancement withinmyocardium and quantified by intensity of
myocardial postcontrast signal. The significance was defined
by more than two SD above that in a reference region of
remote, noninfarct myocardium within the same slice [12].
The CsA treatment group appears to have a smaller infarct
size compared to control group, but the difference is not
statistically significant (SMD: −0.41; 95% CI: −0.81, 0.01;
𝑃 = 0.058) (Figure 2). In addition, no significant calculated
heterogeneity (heterogeneity 𝜒2 = 0.41, 𝐼2 = 0%, and
𝑃heterogeneity = 0.52) was found (Figure 2).

3.4.2. LVEF. LVEF was evaluated in three studies. One of
them was measured at 5 days and 6 months following occur-
rence of myocardial infarction [20]. The second was assessed
at the first day of admission and after hospital discharge [13].
The third was measured at hospital discharge [21]. There
was no significant improvement on LVEF in CsA treatment
group compared to control (SMD: 0.20; 95% CI: −0.02, 0.42;
𝑃 = 0.079) (Figure 2). No significant heterogeneity in LVEF
(heterogeneity 𝜒2 = 0.41, 𝐼2 = 0%, and 𝑃heterogeneity = 0.52)
was found either (Figure 2).

3.4.3. TnI. TnI was also quantified in three studies. The
plasma level of TnI following CsA treatment (SMD: −0.21;

95% CI: −0.49, 0.07; 𝑃 = 0.149) was comparable to control
group (Figure 2) and the heterogeneity of TnI was also
unchanged (heterogeneity 𝜒2 = 2.19, 𝐼2 = 8.6%, and
𝑃heterogeneity = 0.34) (Figure 2).

3.4.4. CK and CK-MB. CK and CK-MB were evaluated in
two studies, but none of them demonstrated changes follow-
ing CsA treatment (CK: SMD: −0.32; 95%CI: −0.98, 0.35;𝑃 =
0.352) (CK-MB: SMD: −0.06; 95% CI: −0.35, 0.23; 𝑃 = 0.689)
(Figure 2). Interestingly, although a significant heterogeneity
was observed in CK levels (heterogeneity 𝜒2 = 4.13, 𝐼2 =
75.8%, and 𝑃heterogeneity = 0.042), the heterogeneity of CK-
MB was unchanged following CsA treatment (heterogeneity
𝜒
2

= 0.01, 𝐼2 = 0%, and 𝑃heterogeneity = 0.924). The random
effect models were subsequently performed to attenuate the
effects of CK heterogeneity between the two studies.

3.5. Publication Bias. Funnel plots of the study are symmetric
through visual examination and a statistical analysis of funnel
plots also suggested there is no publication bias (Egger test,
𝑃 = 0.44) (Figure 3).

4. Discussion

Reperfusion injury is associated with numerous cellular
mechanisms including inflammatory responses, vascular
leakage, free radical generation, and proapoptotic pro-
tein release [8]. Mitochondrial permeability transition pore
(mPTP) plays a key role in regulating cell death and oxidative
stress [8]. The mPTP opening allows small molecular solutes
to freely move into the mitochondrial matrix leading to
resultant mitochondrial swelling. This swelling then causes
unfolding of cristae and release of intermembrane proteins
that eventually trigger cell apoptosis [23, 24]. Therefore, the
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Note: weights are from random effects analysis

Infarction size
Piot et al. (2008)
Mewton et al. (2010)

LVEF
Chiari et al. (2014)
Ghaffari et al. (2013)
Ghaffari et al. (2013)
Mewton et al. (2010)
Mewton et al. (2010)

TNI
Piot et al. (2008)
Chiari et al. (2014)
Ghaffari et al. (2013)

CK
Piot et al. (2008)
Ghaffari et al. (2013)

CK-MB
Ghaffari et al. (2013)
Hausenloy et al. (2014)

Study ID SMD (95% CI)

68.33
31.67

100.00

19.19
31.77
31.82
8.70
8.51

100.00

27.18
27.72
45.10

100.00

46.40
53.60

100.00

56.45
43.55

100.00

Weight (%)

0 1.38

−0.32 (−0.84, 0.20)
−0.62 (−1.38, 0.14)
−0.41 (−0.84, 0.01)

0.17 (−0.34, 0.67)
0.18 (−0.22, 0.57)
0.13 (−0.26, 0.52)
0.29 (−0.46, 1.03)
0.50 (−0.25, 1.26)
0.20 (−0.02, 0.42)

−0.17 (−0.69, 0.34)
−0.52 (−1.03, −0.01)
−0.03 (−0.43, 0.36)
−0.21 (−0.49, 0.07)

−0.68 (−1.21, −0.15)
0.00 (−0.39, 0.39)
−0.32 (−0.98, 0.35)

−0.05 (−0.44, 0.34)
−0.08 (−0.52, 0.37)
−0.06 (−0.35, 0.23)

−1.38

Subtotal (I2 = 0.0%, P = 0.524)

Subtotal (I2 = 0.0%, P = 0.937)

Subtotal (I2 = 8.6%, P = 0.335)

Subtotal (I2 = 75.8%, P = 0.042)

Subtotal (I2 = 0.0%, P = 0.924)

Figure 2: Randomeffectmeta-analysis of standardmean differences (95%CI) on cardiac injury following cyclosporine treatment.The cardiac
injury following reperfusion was quantified by infarct size, left ventricular ejection fraction (LVEF), creatine kinase (CK), and creatine kinase-
MB (CK-MB) with and without cyclosporine treatment. The meta-analysis was performed on these data. Significance is 𝑃 < 0.05.
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Begg’s funnel plot with pseudo 95% confidence limits
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D

Figure 3: Begg’s funnel plot (with pseudo 95% CIs) of all studies
included in the meta-analysis.

mPTP opening may significantly contribute to cardiac reper-
fusion injury. Indeed, some previous studies have indicated
thatmPTP inhibitor, CsA, had a positive effect on reperfusion

injury in animal models [25, 26]. The treatment of CsA in
old rats is associated with decreased oxidative stress and
improved mitochondrial function [27]. However, whether
the inhibition ofmPTPopening is also beneficial to ischemia-
reperfusion injury in human being is still controversial.

In our meta-analysis, the five recruited studies have a
randomized, controlled, and blind design. All the patients
were intravenously injected with a bolus dose of CsA
at 2.5mg/kg before PCI, cardiac surgery, or thrombolytic
treatment. Our aim was to evaluate the effects of CsA on
reperfusion injury in human patients. Infarct size is a key
indicator for postischemic injury in the heart and it is also
a marker for cell death [28]. Cell death during reperfusion
is associated with preapoptotic pathway c-Jun N terminal
kinase (JNK) activation [29]. The mPTP opening facilitates
ROS generation, which is a trigger of JNK upstream kinases
[30]. Simultaneously, the increased JNK activation further
upregulates ROS production [31].Therefore, CsA administra-
tion may inhibit reperfusion injury through downregulating
ROS production and JNK pathway activation. In our current
analysis, two selected studies measured infarct size by MRI
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at early (the fifth day after acute myocardial infarction) [12]
and late reperfusion (6 months) [20]. The group with CsA
treatment demonstrated a similar infarct size as control at
both time points, suggesting that CsA regulated mitochon-
drial function is not a mechanism to stop the development of
cell necrosis during reperfusion in the heart.

Cell necrosis leads to intracellular content release. There-
fore, some cardiac specific enzymes including TnI, CK, and
CK-MB have been widely used in clinical practice to identify
cardiac injury. Our results indicated that CsA treatment did
not alter TnI in clinical patients receiving PCI, CABG, or
aortic valve surgery. However, plasma CK has a significant
heterogeneity. We usually use the subgroup and metaregres-
sion analysis to explore heterogeneity in effects and influences
of study characteristics or perform a random effect model to
attenuate the effects of heterogeneity. In our current study, the
CK analysis due to its small sample size is hard to run either
subgroup or metaregression analysis. Random effect models
assume that the treatment effects observed in the trials are
random samples from a distribution of treatment effects with
heterogeneity which typically produce more conservative
estimates of the significance of the treatment effect than fixed-
effect models [32]. Therefore, the random effect models were
performed to reduce the effects of heterogeneity in our small
sample studies. Eventually, our results indicated that plasma
CK is not changed following CsA treatment, suggesting that
CsA treatment did not affect reperfusion injury.

Overall, our current meta-analysis indicated that CsA
may not protect heart from reperfusion injury in clinical
patients. This conclusion is based on the tests from a small
group of clinical patients. The restricted data leads to a result
that no further subanalysis could be performed in patients
with acute myocardial infarction or aortic valve surgery. In
addition, a major confounding factor is the heterogeneity
among cases and controls. Therefore, more careful selections
of cases and controls in larger studies will be required to
firmly establish the role of CsA in regulating reperfusion
injury.
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Resveratrol, a polyphenol extracted from red wine, possesses potential antioxidative and anti-inflammatory effects, including the
reduction of free radicals and proinflammatory mediators overproduction, the alteration of the expression of adhesion molecules,
and the inhibition of neutrophil function. A growing body of evidence indicates that resveratrol plays an important role in reducing
organ damage following ischemia- and hemorrhage-induced reperfusion injury. Such protective phenomenon is reported to be
implicated in decreasing the formation and reaction of reactive oxygen species and pro-nflammatory cytokines, as well as the
mediation of a variety of intracellular signaling pathways, including the nitric oxide synthase, nicotinamide adenine dinucleotide
phosphate oxidase, deacetylase sirtuin 1, mitogen-activated protein kinase, peroxisome proliferator-activated receptor-gamma
coactivator 1 alpha, hemeoxygenase-1, and estrogen receptor-related pathways. Reperfusion injury is a complex pathophysiological
process that involves multiple factors and pathways.The resveratrol is an effective reactive oxygen species scavenger that exhibits an
antioxidative property. In this review, the organ-protective effects of resveratrol in oxidative stress-related reperfusion injury will
be discussed.

1. Introduction

Resveratrol, found in various plants, nuts, and fruits and
especially abundant in grapes and red wine, is a naturally
occurring plant antibiotic known as phytoalexins [1, 2].
Previous reports have demonstrated the protective effects of
resveratrol in different pathological models and experimental
conditions [3–6].Many clinical studies indicate the beneficial
effects of resveratrol in human diseases [7–12]. Recent report
indicates that intake of a McDonald’s meal with red wine
could decrease oxidized low density lipoprotein level and
increase antioxidative gene expression in healthy human
[13]. A growing body of evidence indicates that resveratrol
may play potential therapeutic roles in human health by
its antioxidant, anti-inflammatory, antiaging, antidiabetic,
and apoptotic properties [12, 14–17]. A number of target
molecules mediating the abovementioned protective effects
of resveratrol have been identified, including the endothelial
nitric oxide synthase (eNOS) [18, 19], the mitogen-activated

protein kinase (MAPK) [20, 21], the hemeoxygenase-1 (HO-
1) [3], the estrogen receptor (ER) [20, 22–24], the histone
deacetylase sirtuin 1 (SIRT1) [25–28], the nuclear factor
E2-related factor-2 (Nfr2) [3, 29], and nuclear factor-kappa
B (NF-𝜅B) [30, 31]. A variety of laboratory and clinical
studies also indicate that resveratrol may lead to tissue and
organ protective effects against various injuries [6, 19, 32–
35]. Ischemia-reperfusion (I/R) injury induces free radical
formation and inflammation within hours and results in
the excessive production of oxidants and proinflammatory
mediators and that play a significant role in the development
of multiple organ dysfunctions under those conditions [36–
38]. Resveratrol has been suggested as an organ-protective
agent to prevent and treat ischemia and shock-like and
reperfusion injury due to its antioxidative activities [20, 39–
49]. In this review, we summarize the protective effects
and possible mechanisms of resveratrol on the preservation
of organ function in oxidative stress-mediated I/R injury
(Table 1).
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Table 1: Protective effects and mechanisms of the resveratrol on different organs in oxidative stress-mediated reperfusion injury.

Species/targets Model of reperfusion injury Effective dose Effects and
mechanisms References

Male Wistar rats
rat/heart

Langendorff-perfused mode
(ischemia 45min, reperfusion 10min).

25mg/kg
(pretreatment 7 days, IP)

MDA↓, CAT↓,
peroxidase↑, and

SOD↑
[80]

Spraque-Dawley
rats/heart

Langendorff-perfused mode
(ischemia 60min, reperfusion 60min)

20mg/kg
(pretreatment 14 days
intragastric tube),

10𝜇M (30min before ischemia)

MDA↓, LDH↓,
carbonyl↓, and GSH↑ [68]

Male Sprague-Dawley
rats/heart

Langendorff-perfused mode
(ischemia 30min, reperfusion 2 h)

10𝜇M
(30min before ischemia, IV

perfused)

MDA↓ and infarct
volume↓ [49]

Male Sprague Dawley
rats/heart

Langendorff-perfused mode
(ischemia 15min, reperfusion 10min).

resveratrol
1–100𝜇M (pretreatment 7 days,

IP)

MDA↓ and no
improvement in heart

function
[82]

Sprague-Dawley/Brain Right middle cerebral artery occlusion
(ischemia 30min, reperfusion 5.5 h)

0.1–1.0 𝜇M
(10min before ischemia, IV)

Activation of ER-𝛼
and ER-𝛽 and infarct

volume ↓
[23]

Male Wistar rats/brain Bilateral common carotid occlusion
(occlusion 4 h)

5–30mg/kg
(5min before reperfusion, IP)

MDA↓, MPO↓,
TNF-𝛼 ↓, IL-6↓,

ICAM-I↓, Catalase↑,
SOD↑, and IL-10↑

[99]

Male Sprague-Dawley
rats/brain

Middle cerebral artery occlusion.
(occlusion 2 h)

30mg/kg
(pretreatment 7 days, IP)

Adesonine↑, inosine↑,
hypoxanthine↓, and

xanthine↓
[92]

Male Wistar rats/Brain Bilateral common carotid occlusion
(occlusion 10min)

30mg/kg
(pretreatment 7 days, IP)

ROS↓, MDA↓, NO↓,
and Na+K+-aTPase↓ [61]

Male Wistar rats/brain Bilateral common carotid occlusion
(occlusion 10min)

30mg/kg
(pretreatment 7 days, IP)

COX-2↓ and iNOS↓
and NF-kB and JNK

activation↓
[100]

Male Sprague-Dawley
rats/brain

Middle cerebral artery occlusion
(occlusion 30min)

15 and 30mg/kg
(pretreatment 7 days, IP)

MDA↓, SOD↑, Nrf2↑,
HO-1↑, and
caspase-3↓

[3]

Mongolian gerbils/brain Bilateral common carotid occlusion
(occlusion 5min)

30mg/kg
(during occlusion, IP) Neuronal cell death↓ [48]

Male Wistar rats/Brain Middle cerebral artery occlusion
(occlusion 2 h)

20mg/kg
(pretreatment 21 days, IP)

MDA↓, GSH↑, and
infarct volume and
motor impairment↓

[96]

Male New Zealand white
rabbits/spinal cord

Occlusion of the infrarenal aorta
(ischemia 30min)

1–10mg/kg
(pretreatment 30minutes, IV) MDA↓ and NO↑ [101]

Male New Zealand white
rabbits/spinal cord

Abdominal aorta clamp
(ischemia 30 minute)

100𝜇g/kg
(pretreatment 15minutes before

occluding, IV)

MPO↓, MDA↓, and
spinal cord gray

matter motor neurons
injury↓

[46]

Male Wistar albino
rats/intestine

Superior mesenteric artery occlusion
(ischemia 60min, reperfusion 60min)

15mg/kg
(both before ischemia and before

reperfusion, IP)

CAT↑, total
antioxidant capacity↑,
MPO↓, total oxidative
status↓, and oxidative
stress index (OSI) ↓

[105]

Male BALB/c
mice/intestine

Superior mesenteric artery occlusion
(ischemia 1 h, reperfusion 24 h)

50mg/kg
(pretreatment 10 days, PO)

NO↓, iNOS↓, MPO↓,
MDA↓, SOD↑,

GSH-Px↑, SIRT1↑, and
NF-kB↓

[41]

Wistar albino
rats/intestine

Superior mesenteric artery occlusion
(ischemia 1 hour, reperfusion 24 h)

15mg/kg
(pretreatment 5 days and 15min

before occlusion, IP)

MPO↓, MDA↓, NO↓,
and SOD↑ [43]
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Table 1: Continued.

Species/targets Model of reperfusion injury Effective dose Effects and
mechanisms References

Male Wistar rat/intestine
Superior mesenteric artery occlusion

(ischemia 90min h, reperfusion
120min)

0.056mg/kg
(30min before occlusion, IV)

Intestine damage
score↓, MPO↓, and
hemoglobin content↓

[42]

Male Wistar albino
rats/spleen, ileum

Hepatic artery clamping
(ischemia 45min, reperfusion 30min)

15mg/kg
(pretreatment 5 days and 15min

before occlusion, IP)

MDA↓, NO↓, and
GSH↑ [107]

Male Wistar albino
rats/kidney

Right nephrectomy and left renal
pedicle clamping

(ischemia 45min, reperfusion 6 h)

30mg/kg
(30min prior to ischemia and

immediately before the
reperfusion period, IP)

ROS↓, MDA↓, MPO↓,
LDH↓, TNF-𝛼 ↓,
SOD↑, and GSH↑

[112]

Male Wistar rats/kidney Renal pedicles clamping
(ischemia 45min, reperfusion 24 h)

5mg/kg,
(pretrentment 30minutes before

surgery, PO)

NO↑, BUN↓,
creatinine↓, SOD↑,
GSH↑, and CAT↑

[117]

Male Wistar rats/kidney
Right nephrectomy and left renal

pedicle clamping
(ischemia 45min, reperfusion 24 h)

5mg/kg,
(before I/R, PO)

BUN↓, creatinine↓,
SOD↑, GSH↑, CAT↑,

and NO↑
[45]

Male Wistar rats/kidney Both renal pedicles cross-clamping
(ischemia 40min, reperfusion 24 h)

0.23 𝜇g/kg
(40min before I/R, IV)

Mortality rate↓, renal
damage↓, and NO↑ [113]

Male Sprague-Dawley
rat/liver

Clamping the portal vein and hepatic
artery

(ischemia 1 h, reperfusion 3 h)

0.02 and 0.2mg/kg
(after reperfusion, IV)

IL-1𝛽 ↓, IL-6↓, MPO↓,
TNF-𝛼 ↓, KC↓, and

HO-1 mRNA↓
[122]

Male Sprague-Dawley
rats/liver

Clamping the portal vein and hepatic
artery

(ischemia 45min, reperfusion 45min)

10mg/kg
(15min before reperfusion, IV)

MDA↓, SOD↑, GSH↑,
and CAT↑ [121]

Sprague-Dawley rat/lung Left hilum
(occlusion 60min)

20mg/kg
(4 days and 15min before

ischemia, PO)

ROS↓, MDA↓,
PGC1-𝛼mRNA↑, and
leukocyte infiltration↓

[126]

Male Sprague-Dawley
rat/testis

Left testis torsion/detorsion
(ischemia 4 h)

20mg/kg
(30min before detorsion, IP)

MDA↓, H2O2 ↓, and
oxidative stress index↓ [39]

Male Wistar rats/testis Right testis torsion/detorsion
(ischemia 4 h)

30mg/kg
(30min before detorsion, IP; 7
days postoperatively, PO)

Improved
contralateral
spermatozoid

production and some
fertility parameters.

[133]

Wistar albino rat/ovary
Right unilateral adnexal

torsion/detorsion
(torsion 3 h, detorsion 3 h)

10mg/kg
(30min before detorsion, IP)

MDA↓, XO↓, and
GSH↑ [140]

Male Sprague Dawley
rats/retinal

Anterior chamber saline bag
(intraocular pressure 70–80mmHg

for 45min)

30mg/kg
(pretreatment 5 days, IP)

Reduce inner retinal
layers thinning [145]

Male Wistar rats
rat/Retinal

Anterior chamber saline bag
(intraocular pressure 120mmHg for

60min)

0.5 nmole
(pretreatment 15min, IV)

MMP-9↓, iNOS↓, and
HO-1↑ [149]

Male Spraque-Dawley
rats/skeletal muscle

Abdominal aorta clamp
(ischemia 120min, reperfusion

60min)

20mg/kg
(pretreatment for 14 days, gastric

tube)

MDA↓, CPK↓, LDH↓,
GSH↑ carbonyl↓, and

myoglobin↓,
[157]

Sprague-Dawley
rats/bladder

Abdominal aorta occlusion
(ischemia 60min, reperfusion 60min)

10mg/kg
(15min before I/R, IP)

MPO↓, MDA↓, and
GSH↑ [164]

Abbreviations: I/R, ischemia-reperfusion; IP, intraperitonium; IV: intravenous; PO, Orally; MAP mean arterial pressure; ROS, reactive oxygen species; ER,
estrogen receptor; HO-1, hemeoxygenase-1; PGC-1𝛼, peroxisome proliferator-activated receptor-gamma coactivator 1 alpha; NF-kB, nuclear factor-kappa B;
JNK, c-Jun N-terminal kinase; MMP-9, metallopeptidase 9; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; MDA, malondialdehyde; NOX,
nicotinamide adenine dinucleotide phosphate-oxidase; XO, xanthine oxidase; H2O2, hydrogen peroxide; TNF-𝛼, tumor necrosis factor-alpha; IL-6, interleukin
6; IL-10, interleukin 10; ICAM-1, intercellular adhesion molecule 1; MPO, myeloperoxidase; NO, nitric oxide; iNOS, inducible nitric oxide synthase.
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2. The Organ-Protective Effects of Resveratrol
in Ischemia and Reperfusion Injury

2.1. Oxidative Stress and Ischemia-Reperfusion Injury. The
oxidative stress is still considered to be an important cause
of I/R-induced tissue injury. There is a massive increase
in oxidants and oxygen radicals during the initiation and
progression of I/R injury [50–53]. Ischemia and reperfusion
can promote production of ROS, such as superoxide anions
(O
2

−), hydroxyl free radicals (HO−), hydrogen peroxide
(H
2
O
2
), and nitric oxide (NO), which is a major factor

contributing to I/R-induced organ injury [50, 51, 54, 55].
I/R-induced reactive oxygen species (ROS) formation is the
end result of several different oxidant-producing pathways,
such as themitochondria, xanthine oxidase (XO), and nicoti-
namide adenine dinucleotide phosphate-oxidase (NOX) [50,
52, 56, 57]. Oxygen radicals cause lipid peroxidation that
can lead to cell membrane breakdown and mitochondrial
damage triggering cell death [21, 58]. NO plays a protective
role in I/R injury as increased NO expression can decrease
I/R-induced organ injury [59, 60]. In controversy, previous
studies have also shown that the inducible NO synthase is
upregulated after I/R and can switch from NO to oxygen
radical generation under oxidant stress [41, 61]. Oxidative
stress could perturb the balance between oxidant and antiox-
idant status. In most cells, superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px) are
endogenous free radical scavenging enzymes induced by
oxidative stress [62–64]. These antioxidant enzymes play a
critical role in the prevention of oxidative damage during
ischemia and reperfusion. In addition, the oxidant formation
is generated through a series of interacting pathways in
various organs and endothelial cells, triggering subsequent
leukocyte chemotaxis and inflammation [20, 50, 65]. How-
ever, the pathophysiology of I/R injuries has not yet been
fully elucidated due to complex interactions and signaling
pathways. Previous evidence shows that resveratrol plays an
important role organ protection against I/R injury via its
antioxidative and anti-inflammatory properties [20, 66, 67].
The protective pathways and mechanisms of resveratrol in
ischemia-reperfusion (I/R) will be further discussed in this
paper.

2.2. The Cardioprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. Myocardial ischemia-reperfusion injury
is a complex pathophysiological process that involves various
factors and pathways [68–71]. An excess amount of ROS is
increased during I/R injury that results in myocardiocyte
damage. Resveratrol exerts cardiovascular beneficial effects
on atherosclerosis, ventricular arrhythmia, and myocardial
I/R injury [4, 72, 73].

Resveratrol could reduce oxidative stress by inhibiting
ROS production and has been reported to be a scavenger
of hydroxyl, superoxide, metal-induced radicals, and H

2
O
2

[31, 74–77]. However, the protective effects of resveratrol
against oxidative injury are likely to be attributed to the
upregulation of the endogenous cellular antioxidant systems
rather than its direct ROS scavenging activity. Resveratrol

also induces antioxidant enzymes in cardiovascular tissues
including SOD, GSH, CAT [72, 74, 78], and NOX [74, 79],
all of which are major ROS producing enzymes in the
cardiovascular system.

Previous studies have shown that resveratrol-provided
cardioprotection is achieved by preserving postischemic
ventricular function and reducing myocardial infarct size
and cardiomyocytes apoptosis [80]. Pretreatment of rats with
resveratrol resulted in cardioprotection in the isolated heart
following ischemia and reperfusion [49, 81, 82] and protected
neonatal rat cardiomyocytes against anoxia/reoxygenation
injury by antiapoptosis [31]. A recent study has shown that
resveratrol improved diabetic cardiomyopathy and postis-
chemic ventricular function through regulating myocardial
lipoperoxidation and antioxidant enzyme activities [72, 77,
83]. The protective effect is related with an increased activity
of peroxidase and superoxide dismutase and a decreased
expression of catalase, malondialdehyde (MDA) and iso-
prostanes [80, 84]. However, MDA is not used as a relaible
biomarker of oxidative stress. Instead, isoprostane is consid-
ered a specific marker of lipid peroxidation for monitoring
oxidative stress [85–87].

NO has been identified as a crucial factor mediating the
protective effects of resveratrol [18, 88]. Resveratrol enhances
endothelial NO synthase (eNOS) expression in endothelial
cells and improves the ventricular function during I/R [18,
88]. SIRT1 has been shown to regulate mammalian genes
transcription and has a regulatory function of intracellu-
lar signaling in hypoxia or stress [26, 27]. Recent studies
indicated that the upregulation of eNOS expression was
mediated by SIRT1 [74, 75, 89]. SIRT1 activation may be
necessary for the cardioprotective effect, which is mediated
by NO signaling [90]. However, other studies have shown
that acutely infused resveratrol had no beneficial effect
in intestinal ischemia/reperfusion or stroke and it is not
mediated by NO elevation [41, 61].

The cardioprotective mechanisms of resveratrol are com-
plex in I/R injury. A previous report demonstrated that there
was less myocardial injury and inflammation in Toll-like
receptor 4- (TLR4-) deficient mice in I/R. This protective
mechanism was possibly associated to the TLR4/nuclear
factor-kappa B (NF-𝜅B) signaling pathway [31, 41]. Further-
more, resveratrol attenuates postischemic leukocyte recruit-
ment and subsequent endothelial dysfunction by superoxide-
related proinflammatory stimulis, such as hypoxanthine
(HX)/XO and platelet-activating factor (PAF) [91].

2.3. The Neuroprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. The mechanisms of brain and spinal
cord injuries are complex and multifactorial. Oxidative stress
has been regarded as important pathogenesis for neurologic
damage after cerebral I/R injury. ROS, like superoxide anions,
hydroxyl free radicals, hydrogen peroxide, and nitric oxide,
are produced during abnormal metabolic reactions or central
nervous system activation in I/R [61, 92]. Previous experi-
mental evidence has demonstrated that resveratrol exhibits
neuroprotective effect in various cerebral ischemic stroke
animal model [3, 93–95]. Treatment with transresveratrol
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prevented motor impairment, reduced glutathione levels,
and also significantly decreased the infarct size after middle
cerebral artery occlusion and reperfusion in rat [96]. The
neuroprotective effects of resveratrol were shown to be due
to its antioxidative andNOpromoting properties [48, 92, 97].
Wang and colleagues also showed that resveratrol decreased
cerebral microglial activation and delayed neuronal cell
death in gerbils, a beneficial effect attributed to its strong
antioxidative activity [48]. Previous studies also showed that
resveratrol significantly increased the basal levels of adeso-
nine and inosine, inhibited the elevations of hypoxanthine
and xanthine levels, remarkably decreased xanthine oxidase
activity, and depressed oxidative biomarker (8-isoprostane)
levels [84, 92].

Previous studies suggested that the cerebroprotective
action of resveratrol could be mediated by both antioxidative
and anti-inflammatory effects [98]. Resveratrol treatment
decreased oxidative stress and inflammatorymarkers like iso-
prostane, tumor necrosis factor-alpha (TNF-𝛼), interleukin 6
(IL-6), myeloperoxidase (MPO), and intercellular adhesion
molecule 1 (ICAM-1) and increased antioxidative and anti-
inflammatory markers like superoxide dismutase, catalase,
and interleukin 10 (IL-10) levels in brain I/R injury [84,
99]. Resveratrol pretreatment also reduced astroglial and
microglial cells activation by attenuating NF-𝜅B and JNK
activation associated with a decrease in inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) production
[100]. A recent study has shown that intracortical injection
of resveratrol reduced rat cortex infarct volume. This neu-
roprotective effect was attenuated when resveratrol and a
selective estrogen receptor- (ER-) 𝛼 and ER-𝛽 antagonist
injections were given in combination.These results indicated
that neuroprotection of resveratrol is mediated via ER-𝛼 and
ER-𝛽 subtypes [23].

In addition, the resveratrol also has protective effect in
spinal cord I/R injury. In a rabbit study, prophylactic use of
resveratrol decreasedmalondialdehyde andmyeloperoxidase
activity and reduced spinal cord gray matter motor neurons
damage following abdominal aorta clamping and reperfusion
[46]. Kiziltepe et al. [101] also showed that neuroprotective
function of resveratrol in spinal cord I/R injury by scavenging
free radicals, inhibiting oxidative stress, and upregulating
NO.

2.4. The Intestinoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. Gastrointestinal tract is highly sensitive
to I/R injury. Intestinal I/R could trigger the release of
oxidants and tissue injurious factors, leading to interstitial
edema, microvascular permeability change, vasoregulation
impairment, mucosal barrier dysfunction, and inflammatory
cell infiltration [65, 102–105].

Resveratrol plays a crucial role in intestinal I/R injuries.
Previous study demonstrated that resveratrol exerted its
broad spectrum of protective mechanisms through increas-
ing its antioxidative capacity and reducing oxidative sta-
tus and MPO in intestinal I/R injury [20, 42, 43, 105,
106]. Resveratrol ameliorated the intestinal tissue injury and
decreased bacterial translocation in mesenteric lymph nodes

via decreased MPO and NO levels and restored SOD activity
[43].

Resveratrol at a dose of 0.056mg/kg significantly
decreased the hemoglobin content, the histopathologic
score, and tissue myeloperoxidase activity in intestinal
I/R injury, without improving the systemic and metabolic
parameters [42]. One study showed that intraperitoneal
administration of resveratrol reduced excessive NO
formation and diminished rat spleen and ileum oxidative
damage after hepatic I/R [107]. Furthermore, resveratrol
rendered subacute intestinal protection in vivo. Resveratrol
significantly ameliorated subacute intestinal I/R injury
[41, 42], related to a reduction of NO production and the
activation of the SIRT1-NF-𝜅B pathway, which was associated
with a decrease in iNOS expression as well as NO production
[41]. NO is an important signaling molecule in antioxidative
defense mechanisms and resveratrol relieved tissue I/R
injuries through an NO-dependent manner [15, 16, 30, 108].
However, its protective or detrimental effect in intestinal
I/R injury is still controversial. Some studies showed that
an augmented NO production can protect the intestine
following I/R injury [12, 109]. Other evidence indicated that
a decreased production of NO may have a protective role via
with the suppression of inducible NOS in the small intestine
I/R [41, 98, 110].

2.5.The Renoprotective Effect of Resveratrol in Ischemia-Reper-
fusion Injury. Renal I/R causes an increase in ROS and iso-
prostane levels and a decrease of the antioxidant enzyme
glutathione in the urological system [111]. Resveratrol may
induce the GSH synthesis enzymes and maintain the GSH
levels during oxidative stress [45, 112, 113]. It has been shown
that resveratrol could maintain antioxidant defenses and
reduce the oxidative damage of kidney [45, 113]. Pretreatment
with resveratrol prevented the renal I/R-induced lipid perox-
idation and protected the depletion of antioxidant enzyme
in the renal I/R-treated rats. Moreover, oxidative injury of
the kidneys was accompanied by neutrophil infiltration, as
evidenced by the elevated tissue MPO levels. In addition,
oxidative stress could be involved in renal glomerular lesions
caused by a series of proinflammatory mediators, including
cytokines and chemokines that lead to the ROS production,
leukocyte activation, and glomerular damage [112]. ROS play
an important role in the pathologic process of renal ischemia
reperfusion injury. Previous study showed that the short-
term treatment of resveratrol inhibited renal lipid peroxi-
dation induced by IR. Resveratrol administration decreased
renal cortex and medulla damage and reduced the mortality
of ischemic rats from 50% to 10% [113].

NO expression is generated in renal tissue and plays an
important role in the regulation of renal blood flow and
glomerular filtration function. In kidney, resveratrol was
found to exert its protective action through the upregulation
of NO. Previous studies demonstrated that resveratrol could
stimulate NO production during renal I/R [45, 113–116]. Pre-
conditioning and resveratrol treatment also led to a marked
increase in NO levels in kidneys and protect renal cells from
I/R injury [117]. The protective phenomenon of resveratrol
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was suggested to be through the NO-dependent mechanism
[113]. Another report also evidenced that treatment with L-
NAME (anNO synthase inhibitor) attenuated this protection
afforded by resveratrol, indicating that resveratrol exerted its
protective effect through the release of NO [45].

2.6. The Hepatoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. I/R stimulates the hepatic Kupffer cells
and the residing macrophage activation, to generate ROS
and proinflammatory cytokines and to upregulate iNOS
[60, 118]. The activation of Kupffer cell (KC) with enhanced
ROS production and secretion of inflammatory cytokines
and proteolytic enzymes is considered to play an important
role in liver reperfusion injury [40, 119]. Additionally, the
activation of polymorphonuclear leukocytes migration and
infiltration in the injury site may enhance the production
of inflammatory cytokines, adhesion molecules, and ROS
[40, 120].

Previous studies showed that resveratrol reduced liver
damage after ischemia-reperfusion.This beneficial effect was
due to the replacement of the depleted antioxidant defense
system in hepatic I/R injury [121, 122]. Transresveratrol has
also been suggested to decrease the superoxide and improve
NO bioavailability. Postischemic treatment with lower dose
transresveratrol (0.02mg/kg) reduced TNF-𝛼, interleukin
1𝛽 (IL-1𝛽), keratinocyte chemoattractant (KC), and HO-1
hepatic mRNA expression and decreased hepatic neutrophil
recruitment [122]. Gedik et al. [121] reported that resveratrol
treatment decreased the lipid peroxidation and protected the
depletion of antioxidant enzymes (SOD, CAT, and GSH) in
ratmodel of commonhepatic artery and portal vein clamping
and reperfusion-induced hepatic injury.

2.7. The Pulmonoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. Lung I/R injury occurs in lung trans-
plantation and cardiopulmonary surgery, resulting in an
excessive production of reactive ROS [37, 123–125].The exact
mechanism in I/R-induced lung injury is not completely
understood. However, an overproduction of ROS such as
superoxide and peroxides, activation of macrophages, and
infiltration of polymorphonuclear leukocytes are implicated
in pulmonary injury [125]. Previous study [89] demonstrated
that I/R-induced lung tissue damage was related to pul-
monarymitochondrial dysfunction. Peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha (PGC-1𝛼) was
a coactivator controlling aerobic capacity and mitochondrial
biogenesis, and an increase in PGC-1𝛼 mRNA expression
was associated with a decreased pulmonary oxidative stress
and improved aerobic capacity. Recent study [126] demon-
strated that PGC-1𝛼 mRNA expression in the lungs was
markedly improved with resveratrol, providing protection
against pulmonary damage induced by contralateral lung
I/R injury. Resveratrol treatment also effectively reduced the
lipid peroxidation and alveolar neutrophils and maintained
mitochondrial homeostasis. In addition, resveratrol could
increase mitochondrial activity through upregulating PGC-
1𝛼 and SIRT1 expression [89].

2.8.The Reproductive Organs Protective Effect of Resveratrol in
Ischemia-Reperfusion Injury. Testicular torsion is urological
emergency in which damaged germinal cells may lead to
infertility [127–129]. Testicular torsion and detorsion may be
regarded as an ischemia/reperfusion (I/R) injury. Oxidative
stress is thought to be a major responsible in I/R injury;
however, the mechanism involved in testicular injury has
not been fully understood. Previous reports demonstrated
that ipsilateral testicular torsion could affect the contralateral
testis. The injuries caused by I/R were observed in the
ipsilateral and contralateral testis [130, 131]. Resveratrol could
decrease the cell injury by preventing lipid peroxidation in
the cell membrane and DNA damage caused by excessive
ROS production [39, 47, 132]. Previous study indicated that
treatment with resveratrol improved fertility parameters and
contralateral spermatozoid production [133]. A recent report
showed that resveratrol pretreatment decreased tissue lipid
peroxidation and had a protective effect in the prevention
of apoptosis in rat testicular torsion/detorsion (T/D) model
[39].

Ovarian torsion is also a gynecological emergency due
to the twisting of the adnexa on its ligamentous support.
Insufficiency in tissue blood flow due to various reasons such
as torsion or embolism leads to ischemia [134, 135]. The
levels of ROS andMDA are increased during the reperfusion
period following ischemia. It is known that xanthine oxidase
is an important source of the ROS production [136, 137]
during I/R and GSH is an essential component of the cellular
defense mechanism against oxidative cell damage [138, 139].
Hascalik et al. [140] reported that intraperitoneal resveratrol
(10mg/kg) administration reduced the tissue XOproducts, as
well as restoredGSH levels, and decreased rat ovarian damage
following T/D injury.

2.9.TheOphthalmoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. Theretina is a very sensitive neural struc-
ture that is easily damaged by free radicals and inflamma-
tion following ischemia-reperfusion injury [141, 142]. Retinal
ischemia is a common cause of visual loss and impairment.
I/R-induced neural injuries are associated with enhanced
production of endogenous oxidants such as oxygen free
radicals, NO, and calcium [141, 143, 144]. Previous studies
showed that resveratrol was capable of crossing the blood-
retina barrier and exerting its neuroprotective effects, includ-
ing cerebral and retinal IR injuries. Vin et al. [145] reported
that resveratrol prophylactic treatment attenuated ischemic-
induced loss of retinal function and reduced ischemia-
mediated thinning of inner retinal layers [145]. Li et al. also
showed that pretreatment of resveratrol decreased retinal
vascular degeneration by inhibiting endoplasmic reticulum
stress in retinal ischemic injury; however, it did not prevent
retinal neuronal cell loss [146].

Previous studies showed that matrix metallopeptidase 9
(MMP-9) expression was upregulated during brain ischemia
[147] and HO-1 overexpression attenuated retinal cellular
damage by intense light exposure [148]. In addition, resver-
atrol exerted retinal protective effects via modulation of NOS
in oxygen-induced retinopathy. Recent study also evidenced



Oxidative Medicine and Cellular Longevity 7

that the administration of resveratrol might protect the retina
against ischemia by inhibiting iNOS and MMP-9 expression
and upregulating HO-1 levels [149].

2.10. The Musculoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. I/R injuries of skeletal muscles are seri-
ous clinical problems and are commonly seen in a variety
of injuries including traumatic damage, peripheral vascular
surgery, plastic surgery, or limb surgery with long time
tourniquet application [150–152]. I/R injury of skeletalmuscle
can increase free radicals production and activate ROS
generation,with the ability to produce cellmembrane damage
and leukocyte infiltration [153–155]. Resveratrol is an effective
scavenger of hydroxyl and superoxide and exhibits a protec-
tive effect to decrease cell membranes lipid peroxidation and
free radicals induced DNA damage [153, 154, 156]. Previous
studies have shown that dietary flavonoid resveratrol can
protect the skeletal muscle tissue against ischemia and reper-
fusion injury because of its strong antioxidant properties
[157]. Elmali et al. indicated that intraperitoneal resveratrol
treatment could exert a protective effect against tourniquet-
induced I/R injury in rat gastrocnemius muscle. However,
resveratrol not only functioned as an antioxidant but also
attenuated the neutrophil infiltration in damaged skeletal
muscle [158].

2.11. The Vesicoprotective Effect of Resveratrol in Ischemia-
Reperfusion Injury. Urinary bladder I/R injury is associated
with vascular atherosclerotic disease or pelvic embolization
operations [159, 160]. Bladder ischemia could result in detru-
sor contractility impairment and bladder dysfunction [161,
162]. Previous study showed that I/R injury induced a pro-
duction of isoprostanes [85, 86] and a decrease in endogenous
GSH, as well as an enhanced neutrophil infiltration in rat
bladder [162, 163]. However, resveratrol treatment reduced
bladder inflammatory cell infiltration, lipid peroxidation,
and the myeloperoxidase activity in I/R injury. Resveratrol
treatment also reversed the bladder contractile responses to
carbachol and prevented oxidative tissue damage following
I/R [164].

3. The Organ-Protective Effect of Resveratrol
in Hemorrhage and Reperfusion Injury

Reperfusion injury after hemorrhage results in an excessive
production of oxidants and proinflammatory mediators.
The enhanced ROS and proinflammatory cytokines play
important factors in the initiation and perpetuation of organ
injury [67, 165]. Previous studies have shown that vascular
endothelial cell dysfunction can lead to inadequate tissue
perfusion, which occurs after hemorrhagic shock and persists
despite fluid resuscitation [166, 167]. Oxidative stress and
superoxide radical generation are believed to contribute
to the pathogenesis of endothelial dysfunction in low-flow
states [167, 168]. Endothelial NOX is a major source of ROS
of the vasculature, and previous studies have shown that
there is a marked increase in NOX-generated ROS by the
endothelium under stressful conditions [169, 170]. Elevated

ROS is considered a major contributing factor to endothelial
dysfunction, and antioxidants have been found to attenuate
ROS-induced injuries [168, 169]. Resveratrol has been shown
to have broad antioxidative activities in a number of bio-
logical systems [170]. Our previous studies have shown that
resveratrol prevented hemorrhagic shock-elicited oxidative
stress andprotected endothelium from subsequent functional
damages [168].Thebeneficial effects included the suppression
of the NOX activity and direct scavenging of ROS. The
inhibitory effect of resveratrol on the NOX activity appeared
to be mediated through influence of the active NOX enzyme
complex assembly in the cell membrane and the cytosol, as
evidenced from reducedmembrane-bound proteins p22phox
and gp91phox and cytosolic protein p47phox [166, 168].

The SIRT1 transcription-modulating proteins showed a
fine balance in response to intracellular cues such as hypoxia
or stress signals.The beneficial effects of resveratrol mediated
by SIRT1 activation can be contributed to by different organs
[26, 171, 172]. Studies showed that resveratrol decreased
oxidative stress-induce ROS elevation and reduced brain
neuron injury by radiation through the activation of SIRT1
[171].

HO-1 appears to act as a protective agent in many organs
against insults, such as ischemia and oxidative stress [173,
174]. Previous studies have shown that resveratrol binds
and increases the transcriptional activity of ER-𝛼 and ER-
𝛽. Resveratrol can modulate HO-1 induction and previous
studies have shown that estrogen or flutamide enhances
HO-1 expression via ER [174–176]. Our previous studies
suggested that the upregulation in HO-1 was associated with
the prevention of endothelial dysfunction and the salutary
effects of resveratrol on endothelial function, mediated in
part by an upregulation of the HO-1-related pathway via
ER [165]. The p38 MAPK and Akt have been reported to
regulate inflammatory response after trauma hemorrhage
[20, 174]. PI3K/Akt pathway is known to play a pivotal
role in the ability of neutrophils to undergo chemotaxis.
Blockade of Akt activation abolishes the salutary effects of
resveratrol in the heart following reperfusion injury [177,
178]. Estrogen-mediated attenuation of the inflammatory
response to shock-induced organ injury is abolished by the
presence of a p38 MAPK inhibitor (SB-203580) [20, 174].
Previous study also showed that resveratrol administration
after hemorrhagic shock upregulated p38 MAPK and Akt
expression via HO-1-related pathway [20, 179]. Neutrophils
are activated following hemorrhage/reperfusion injury and
activated neutrophils appear to infiltrate the injured organs in
parallel with increased expression of adhesion molecules on
endothelial cells. Upregulation of HO-1 causes a reduction of
cytokines, adhesion molecules, chemokines, and neutrophil
accumulation and ameliorates organ injury in shock status
[20, 180].

4. Conclusions

Resveratrol has been indicated to have many beneficial
effects in various studies and experimental conditions. There
is increasing evidence suggesting that resveratrol protects
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Figure 1: The mechanisms and pathways of resveratrol in oxidative stress-mediated ischemia-reperfusion injury. The protective benefits
of resveratrol involved are its scavenging, antioxidant, and anti-inflammatory effect and the signaling mechanisms mediated may be via a
variety of intracellular signaling pathways, including upregulation of ER-related MAPK/HO-1 and Sirt1/PGC-1𝛼 pathway and inhibition of
the TLR4 and NF-𝜅B dependent pathway. ROS, reactive oxygen species; ER, estrogen receptor; HO-1, hemeoxygenase 1; SIRT1, sirtuin 1;
eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; TLR4, Toll-like receptor 4; PGC-1𝛼, peroxisome proliferator-
activated receptor-gamma coactivator 1 alpha; NF-𝜅B, nuclear factor-kappa B; JNK, c-Jun N-terminal kinase; p38 MAPK, p38 mitogen-
activated protein kinase; MMP-9, metallopeptidase 9; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; GSH-Px, glutathione
peroxidase (GSH-Px); NOX, NADPH oxidase; XO, xanthine oxidase; O

2

−, superoxide anions; HO−, hydroxyl free radicals; H
2

O
2

, hydrogen
peroxide; TNF-𝛼, tumor necrosis factor-alpha; IL-6, interleukin 6; IL-10, interleukin 10; ICAM-1, intercellular adhesion molecule 1; MPO,
myeloperoxidase.

organ function after ischemia or shock-like reperfusion
injury. Resveratrol can attenuate organs reperfusion injury
through multiple pathways. However, the protective benefits
of resveratrol may not simply be attributed by its scavenging,
antioxidative, or anti-inflammatory effect. It is implicated
that resveratrol is also mediated in part via a variety of
intracellular signaling pathways including the regulation of
the NOS, HO-1, SIRT1, ER, MAPK, PGC-1𝛼, TLR4, and
NF-𝜅B (Figure 1). This complex network needs additional
elucidation, more experimental studies, and clinical trials.
Resveratrol might be a preventive and therapeutic agent to
protect reperfusion-induced organ injury in future clinical
treatment.
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Mitochondrial ATP-sensitive potassium channel (mitoKATP) is a common end effector of many protective stimuli in myocardial
ischemia-reperfusion injury (MIRI). However, the specific molecular mechanism underlying its myocardial protective effect is not
well elucidated. We characterized an anoxia/reoxygenation (A/R) model using freshly isolated adult rat cardiomyocytes. MitoKATP
status was interfered with its specific opener diazoxide (DZ) or blocker 5-hydroxydecanote (5-HD). Digital gene expression (DGE)
and bioinformatic analysis were deployed. Three energy metabolism related genes (MT-ND6, Idh2, and Acadl) were upregulated
when mitoKATP opened. In addition, as many as 20 differentially expressed genes (DEGs) were significantly enriched in five
energy homeostasis correlated pathways (PPAR, TCA cycle, fatty acid metabolism, and peroxisome). These findings indicated that
mitoKATP opening in MIRI resulted in energy mobilization, which was confirmed by measuring ATP content in cardiomyocytes.
These causal outcomes could be a molecular mechanism of myocardial protection of mitoKATP and suggested that the mitoKATP
opening plays a physiologic role in triggering cardiomyocytes’ energy homeostasis during MIRI. Strategies of modulating energy
expenditure during myocardial ischemia-reperfusion may be promising approaches to reduce MIRI.

1. Introduction

Myocardial infarction has been a leading cause of death
worldwide. The prognosis of acute myocardial infarction has
been dramatically improved due to the advances of both
catheterization techniques and reperfusion therapy by coro-
narymechanical and pharmacological interventionmethods.
However, strategies to limit myocardial ischemia-reperfusion
injury (MIRI), thus reducing infarct size, have not been well
applied in clinical settings.

Although myocardial ischemia-reperfusion (IR) induces
lethal injury in the heart, after some artificial interven-
tions, the cardiomyocytes and the heart tissue therein have
powerful endogenous mechanisms to protect themselves
from oxidative stress, energy deficiency, protein aggregation,
and organelle malfunction, thereby minimizing MIRI [1].
For example, Murry et al. in 1990 [2, 3] first proposed

that ischemic preconditioning (IPC) may protect the heart
by reducing myocardial energy demand during myocardial
ischemia and decreasing cell death by preserving ATP con-
tent and/or reducing catabolite accumulation. Following the
discovery of the mitoKATP channel locating at the inner
mitochondrial membrane in 1991 [4], Garlid et al. and Liu
et al. [5, 6] demonstrated it as a trigger of IPC. Pharmaco-
logical intervention mimicking the IPC has currently been
considered as a promising modality for the treatment of
MIRI. Similar myocardial protection can be produced by
drugs such as diazoxide (DZ) that open mitoKATP [5, 7].
Conversely, mitoKATP blockers (5-hydroxydecanote (5-HD)
or glibenclamide) cancelled the effect of preconditioning
and pharmacological cardioprotection [5, 6, 8]. It is also
demonstrated that the pharmacological inhibition of the
mitoKATP in early reperfusion abolished the infarct-limiting
effects of IPost [9–11].
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We have reported that mitoKATP opening was cardio-
protective in MIRI [12–14], but our understanding of its
specific mechanism remained quite preliminary. To date, the
main proposedmechanisms of cardioprotection bymitoKATP
were various: swelling of mitochondria increased fatty acid
oxidation (FAO), mitochondrial respiration, and ATP pro-
duction [15]; inhibition of ATP hydrolysis during ischemia
[16, 17] preserved ATP and decreased Ca2+ uptake in the
cardiomyocytes. However, other endogenous mechanisms of
cardioprotection of mitoKATP activation during IR remain to
be elucidated.

Most of the in vitro studies used neonatal cardiac cells or
immortal cardiac cell lines such as H9c2, which is physiologi-
cally different from adult cardiomyocytes [18]. For example, it
is reported that neonatal cardiomyocytes were more resistant
to hypoxia in comparison to adult ones [19, 20]. So, it may
limit the extrapolation of the research results. We developed
an A/R model using adult cardiomyocytes freshly isolated
from rat to mimic the IR microenvironment in vivo; after all,
MIRI is present almost exclusively in the adult population.

Compared with microarray and PCR-based technolo-
gies, digital gene expression (DGE) platform can provide
adequate sequence coverage and quantitative accuracy to
capture subtle changes resulting from mitoKATP opening. In
this study, a molecular and bioinformatic pipeline permitted
comprehensive analysis of the myocardial mRNA expression.
Next-generation sequencing technology was employed and
the impact of mitoKATP on the myocardial transcriptome
signature ofMIRIwas explored to crystallize cardioprotective
effects of mitoKATP.

2. Materials and Methods

2.1. Experimental Animals. Male Sprague-Dawley rats (250–
300 g, 16–20 weeks) were provided by the Third Military
Medical University (Chongqing, China) and maintained in
specific pathogen free (SPF) animal facility in Zunyi Medical
College under standardized conditions with 12 h light/dark
cycles and free access to rat chow and water. All experimental
procedures were performed according to the “Guide for the
Care and Use of Laboratory Animals” in China (no. 14924,
2001) and approved by the Experimental Animal Care and
Use Committee of Zunyi Medical College.

2.2. Isolation of Adult Cardiomyocytes. Rats were anes-
thetized with sodium pentobarbital (60mg/kg, combined
with 250U/kg heparin, peritoneal injection). When rats had
been successfully anesthetized, the chest cavity was opened
and the heart excised rapidly. Ventricular cardiomyocytes
were obtained by enzymatic digestion as previously described
[24], with some necessary modification. Briefly, hearts were
retrogradely perfused with 0.1% type 2 collagenase (Sigma,
USA) at constant pressure (9mL/min/g) on a Langendorff
apparatus (Alcott Biotech, China); then the ventricle was
scissored out and digested by type 2 collagenase solution in
a beaker with manually shaking. Cells were filtered through
a piece of gauze and washed 5 times to get rid of collagenase.
Cardiomyocytes from one heart were evenly titrated into four

A/R

DZ5HD
DZ

DZ
DZ

Control
40 1050

Anoxic interval
Normoxia interval

50
(min)

5-HD

Figure 1: Illustration of the experimental A/R model protocols.
Cardiomyocytes were cultured for 20 hours in normoxia incubator.
Petri dishes were randomly distributed to 4 groups. Cardiomyocytes
of Con were continuously cultured in normoxia environment for
105min. Medium of A/R group was replaced with N

2

bubbled (95%
N
2

, 5% CO
2

) modified M199 at the 40th min and then replaced
with O

2

bubbled modified M199 at 45th and 50th min. Medium
of DZ group was replaced with N

2

bubbled modified M199 at the
40th min; at 45th min, medium was replaced with O

2

bubbled
modified M199 containing 50 𝜇M DZ and at the 50th min it was
replaced with O

2

bubbled modified M199 to remove DZ. Medium
of DZ5HD group was replaced with N

2

bubbled modified M199 at
40thmin containing 100 𝜇M5-HD; at 45thmin, it was replaced with
O
2

bubbledmodifiedM199 containing 50 𝜇MDZ and then replaced
with O

2

bubbled modified M199 to remove DZ at 50th min.

60mm laminin-precovered Petri dishes. Three mL serum
free modified M199 medium (Hyclone, USA, with 2mM
carnitine, 2mM glutamine, 5mM taurine, 5mM creatine,
and 0.8mMEGTA) was added. After 3 hours’ incubation, the
medium was replaced to get rid of noncardiomyocytes. Cell
quality was confirmed with trypan blue exclusion test.

2.3. Anoxia/Reoxygenation and DZ Postconditioning in Adult
Rat Cardiomyocytes. For each test, the 4 Petri dishes
were placed in normoxia incubator for 20 hours before
being randomly distributed to 4 groups: Control (Con),
anoxia/reoxygenation (A/R), diazoxide (DZ), and DZ +
blocker 5-hydroxydecanote (5-HD) (DZ5HD). Cardiomy-
ocytes of Con were continuously cultured in normoxia
environment for 105min; A/R: under anoxia for 45min and
then reoxygenated for 60min; DZ: anoxia for 45 minutes,
reoxygenated with 50 𝜇M DZ (Sigma, USA) for 5min, and
then reoxygenated without DZ for another 55min; DZ5HD:
anoxia for 40min, anoxia with 100 𝜇M 5-HD (Sigma, USA)
for 5min and then reoxygenated with DZ for 5min and
reoxygenated without DZ for another 55min (Figure 1).
Oxygen deprivation and reoxygenation were achieved by
series of changes of the medium and incubators. Normoxia
was set in a normoxia incubator (O

2
/CO
2
incubator con-

taining a humidified atmosphere of 5% CO
2
and 95% air at

37∘C). Anoxia was achieved in an anoxic incubator (O
2
/CO
2

incubator containing a humidified atmosphere of of 5% CO
2
,

1% O
2
, and 94% N

2
at 37∘C) (Figure 1).

2.4. Intracellular Free Calcium ([Ca2+]
𝑖
) Test. At the end of

reoxygenation, [Ca2+]i was detected as previously reported
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[25]. Briefly, M199 was removed; cardiomyocytes of 4 groups
were washed twice with PBS and loaded with Fluo-3 AM
(Biotium, USA) at a final concentration of 10𝜇M and
incubated for 30min at 37∘C in O

2
/CO
2
incubator. The

solution containing the Ca2+ probe was removed and cells
were washed twice again with PBS. The average fluores-
cence intensity of [Ca2+]i concentration in labeled cells was
detected under a laser scanning confocal microscope (TCS
SP2 AOBS, Leica, Germany). The wavelength of excitation
was set at 488 nm and the emission wavelength was 525 nm
for Fluo-3 fluorescence reading.More than 20 cells from each
group were randomly chosen for data analysis; their outlines
were circled out and the fluorescence density of Fluo-3 was
calculated with Leica confocal software (Leica, Germany).

2.5. Cell Viability Detection. Adult cardiomyocytes’ viability
was detected with Cell Counting Kit-8 (CCK-8, Beyotime,
China) in accordance with the manufacturer’s instructions.
The same amount of cells was seeded into 24-well plates. At
the end point of reoxygenation, 30 𝜇L WST-8 solution was
added into M199 to form a 3% WST-8 final concentration.
Cells were incubated for 1 h before themixture’s ODvaluewas
detected at 450 nm wavelength. The replicate size was 6 for
each group.

2.6. RNA Extraction. At the end of reoxygenation (see
Section 2.3), cardiomyocyte samples (3 replicates for 4
groups) were homogenized in TRIzol reagent (Invitrogen,
USA) and vortexed with chloroform. The mixture was pre-
pared at room temperature for 2min and then centrifuged
at 12000×g at 4∘C. The aqueous phase was mixed with 100%
ethanol and then filtered with a Qiagen RNeasy column.
Subsequent steps for extraction of total RNAs were carried
out as theQiagen RNeasy kit (Qiagen, Germany) instructions
described.

2.7. Tag Library Construction. The tag-seq library was con-
structed in accordance with the manufacturer’s workflow
as previously described [26]. Briefly, 6mg extracted total
RNA was used for mRNA capture with magnetic Oligo (dT)
beads. Then cDNA was synthesized and the bead-bound
cDNA was subsequently digested with NlaIII. Fragments
attached to Oligo (dT) beads were washed away. GEX NlaIII
adapter was ligated to the free 5 end of the digested
bead-bound cDNA fragments. Individual cDNA libraries
were PCR amplified and purified on a 6% acrylamide gel.
Attached DNA fragments were used to create a sequencing
flow cell with millions of clusters, which contained about
1000 copies of the templates. Templates were sequenced by
the Illumina HiSeq 2500 equipment using the four-color
DNA sequencing-by-synthesis (SBS) technology. Each lane
generated millions of raw reads.

2.8. Data Processing and Statistical Analysis. To obtain
high quality and reliable data, raw reads were filtered to
remove potentially erroneous reads. Briefly, the 3 adaptor
sequences were trimmed, low-quality tags containing N
were abandoned, and small tags and only 1 copy tag were

removed before obtaining the clean reads. After filtering,
all reads were annotated to Rat Genome V3.4 Assembly
(http://rgd.mcw.edu/). All the clean reads were mapped to
the reference database; the unambiguous tagswere annotated.
Copy number of the clean tags of each gene was normalized
with the RPKM (reads per kilobase of exon per million
mapped reads) method [27] to get the final gene expression.

2.9. Identification of DEGs. According to the method by
Tarazona et al. [28], theNOISeq-real algorithmwas employed
to determine the 𝑄 value (corresponding to the 𝑃 value in
differential gene expression detection) and screen genes [29,
30] differentially expressed between Con and A/R, A/R and
DZ, andDZ andDZ5HD. In the present study, we considered
a gene differentially expressed if the 𝑄 value was more than
0.8.

2.10. Gene Annotation with Gene Ontology and KEGG Path-
way. GO (http://www.geneontology.org) provides a dynam-
ic, controlled vocabulary. It comprises 3 independent ontolo-
gies: Biological Process, Molecular Function, and Cellular
Component, each ofwhich contains hundreds of terms.These
terms reflect our understanding of the gene function.

KEGG Pathway database is for systematical analysis of
gene functions, linking genomic information with higher
order functional information. It provides an indication of
the main biochemical and signal transduction pathways that
DEGs are involved in.

Finally, theDEGswere enrichedwithGO (into ontologies
and terms) and KEGG Pathway database.

2.11. RT-qPCR Analysis. Twenty-five DEGs were randomly
selected for real-time quantitative PCR (RT-qPCR). The
total RNA used for sequencing was reused to validate DGE
sequencing. 500 ng RNA was reverse-transcribed into cDNA
using a cDNA synthesis kit (Takara, Japan) in a final volume
of 10 𝜇L according to the manufacturer’s protocol. RT-qPCR
was performed with the CFX Connect Real-Time system
(Bio-Rad, USA) using a SYBR green PrimeScript RT kit (Per-
fect Real Time, Takara, Japan) based on the manufacturer’s
instructions. The PCR conditions included predenaturing at
95∘C for 30 s followed by 40 cycles of denaturation at 95∘C
for 10 s and combined annealing/extension at 58∘C for 30 s.
All the mRNA expression levels were calculated based on
the comparative quantificationmethod (2−ΔΔCT).The 𝛽-actin
gene was used as an internal control. The primer sequences
were listed in Table 4.

2.12. ATP Quantitation in Cardiomyocytes. At the end of
reoxygenation, the cardiomyocytes were scraped off and
centrifuged at 1000×g for 5min; the supernatant (M199
medium) was abandoned. 1mL precooled 0.4M HClO

4
was

added into the pellet and followed by ultrasonication and
centrifugation at 10000×g for 20min. The supernatant was
collected and its pHwas adjusted to 6.0 to 7.0 with 0.7mL 1M
K
2
HPO
4
before centrifugation again at 10000×g for another

20min. All the above-mentioned procedures were con-
ducted at 4∘C. The supernatant was filtered through 0.22 𝜇m
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membrane before high performance liquid chromatography
(HPLC) analysis. The chromatographic conditions were as
follows: work station: LC 20A (Shimadzu, Japan); column:
WondaSil C18-WR (150mm × 4.6mm, id = 5 𝜇m; GL
Sciences, Japan); column temperature: 25∘C; mobile phase:
buffered phosphate at pH 7.0; flow rate: 1mL/min; detection
wavelength: 254 nm; sample size: 10 𝜇L. The ATP peaks of
samples were determined in reference to the ATP standards
(Sigma, USA). The amount of ATP was determined based
on the standard curve and regression equation from ATP
standard’s concentration and peak area. Protein content was
measured by using the same sample. ATP level of each sample
is normalized to protein content.

2.13. Statistical Analysis. The quantitative data were exp-
ressed as mean ± SD. For experiments of cardiomyocytes
of the four groups, one-way analysis of variance (ANOVA)
was performed; LSD or Dunnett’s T3 method was used to
make multiple comparisons. A 𝑃 value of less than 0.05 was
considered to be statistically significant. All data analyses
were carried out using SPSS v.19.0 (IBM, USA).

3. Results
3.1. Isolated Adult Rat Cardiomyocytes. A high percentage
(70–80%) of rod-shaped adult cardiomyocytes with clear
striations and sharp outlines without visible vesicles were
obtained with our method (Figure 2(a)).

3.2. [Ca2+]
𝑖
and Cell Viability Detection. We used Fluo-3

AM to examine Ca2+ mobilizations in cardiomyocytes. In
Con group, the level of [Ca2+]i was the lowest. Compared
with Con, [Ca2+]i increased significantly in A/R (𝑃 < 0.05).
After the applying of DZ, [Ca2+]i fluorescence decreased
dramatically (𝑃 < 0.05) compared with A/R while there
was an apparent increase (𝑃 < 0.05) in DZ5HD compared
with DZ (Figures 2(b) and 2(c)). It indicated that DZ strongly
inhibited the [Ca2+]i levels in adult rat cardiomyocytes.

Cardiomyocytes in A/R group possessed lower level of
cell viability (𝑃 < 0.05) when compared with Con. DZ group
contained higher level of cell viability (𝑃 < 0.05) when
compared with A/R group, while DZ5HD group showed
lower level of cell viability (𝑃 < 0.05) when compared with
DZ group (Figure 2(d)).

3.3. Quality Evaluation of DGE Reads. A summary of the
DGE reads and their mapping to the rat genome database
is presented in Supplementary Table 1 available online at
http://dx.doi.org/10.1155/2014/756576. For each group, more
than 4.4 million clean reads were sequenced. Low-quality
reads accounted for no more than 1.6% and modified Q30
bases rate no less than 97% in all the 12 libraries (Supplemen-
tary Table 1). Besides, perfect matched reads accounted for
60% and unique matched reads occupied more than 70% of
all readsmapping to rat genome (Table 1), which revealed that
the sample preparation and the sequencings were in perfect
condition.

3.4. Sequencing Saturation Analysis. Samples with replicates
of sequencing, sequencing saturation analysis can be per-
formed to test whether the detected genes’ percent increased
with total reads number. As shown in Supplementary Figure
1, for 3 replicates of 4 groups, when the total tag number came
to 3 million, the genes number started to level out. When the
total tag number reached 4 million, gene number inclined to
stabilization. It suggested that no more distinct genes would
be identified when the total clean reads reached a certain
number. For all of the 12 libraries, there were more than 4.4
million clean reads (Supplementary Table 1), which indicated
that the deep sequencing results were comprehensive and
saturated.

3.5. DEGs between Groups. All genes annotated to the rat
genome (Supplementary Excel 1) were analyzed for an evi-
dence of differential expression. A detailed description of
DEGs between two groups was presented in Supplementary
Excel 2 (Con versus A/R), Excel 3 (A/R versus DZ), and Excel
4 (DZ versus DZ5HD). Those genes were to some extent
differentially expressed; theywere considered significant with
a 𝑄 value more than 0.8. A list of the top 10 DEGs between
two groups was shown in Table 2. In these genes, Mt-nd6,
Acadl, and Idh2 are energy metabolism correlated and their
expression status is listed in Table 3.

3.6. RT-qPCR Analysis. To confirm the DEGs revealed by
the Illumina sequencing, 25 genes were randomly selected
(Table 4) and assayed by SYBR green based RT-qPCR
(Figure 3). Except Cycs, Idh3B, Mgst3, and Pdk4, 21 out of the
25 genes were expressed well in accordance with the results
from Illumina sequencing (Table 4).

3.7. GOEnrichment Analysis. Ontology and term enrichment
of DEGs in GO is listed in Figure 4. GO enrichment showed
many of the DEGs from Con versus A/R (Figure 4(a)), A/R
versusDZ (Figure 4(b)), andDZversusDZ5HD (Figure 4(c))
participating in the Biological Process ontology. Histogram
presentation of Gene Ontology functional classification and
DEGs’ enrichment is shown in Figures 4(d)–4(f) ((d) Con
versus A/R; (e) A/R versus DZ; (f) DZ versus DZ5HD). The
significantly enriched (corrected 𝑃 < 0.05) terms for Con
versus A/R (Supplementary Table 2), A/R versus DZ (Sup-
plementary Table 3), and DZ versus DZ5HD (Supplementary
Table 4) also listed.

3.8. Pathway Analysis. KEGG Pathway provides an indi-
cation of the main biochemical and signal transduction
pathways that DEGs are involved in. Pathway enrichment for
Con versus A/R, A/R versus DZ, andDZ versus DZ5HDwere
displayed in Supplementary Tables 5–7. For Con versus A/R,
A/R versus DZ, and DZ versus DZ5HD, there were 40, 48,
and 37 pathways highly enriched (𝑃 < 0.01, 𝑄 < 0.05),
respectively.

In all the pathways, Metabolic Process was the DEGs
most enriched one. It is not difficult to notice that many
energy metabolism correlated pathways, such as fatty acid



Oxidative Medicine and Cellular Longevity 5

Ta
bl
e
1:
Su
m
m
ar
y
of

D
G
E
pr
ofi

le
an
d
re
ad
s’
m
ap
pi
ng

to
th
er

at
ge
no

m
e.

Li
br
ar
y
nu

m
be
r
To

ta
lr
ea
ds

(%
)

To
ta
lb
as
ep

ai
r(
%
)

To
ta
lm

ap
pe
d
re
ad
s

(%
)

Pe
rfe

ct
m
at
ch

(%
)
≤
2b

p
m
ism

at
ch

(%
)

U
ni
qu

em
at
ch

(%
)

M
ul
tip

os
iti
on

m
at
ch

(%
)

To
ta
lu

nm
ap
pe
d

re
ad
s(
%
)

C
on

-1
43
50
00

0,
10
0%

21
31
20
00

0,
10
0%

36
90
00

0,
84
.9
2%

26
90
00

0,
61
.9
2%

10
00

00
0,
23
.0
0%

34
70
00

0,
79
.8
1%

22
00

00
,5
.10

%
65
00

00
,1
5.
08
%

C
on

-2
51
80
00

0,
10
0%

25
39
40

00
0,
10
0%

41
30
00

0,
79
.8
6%

31
10
00

0,
60
.19

%
10
10
00

0,
19
.6
6%

37
50
00

0,
72
.4
7%

38
00

00
,7
.3
8%

10
40

00
0,
20
.14

%
C
on

-3
47
60

00
0,
10
0%

23
32
30
00

0,
10
0%

38
90
00

0,
81
.74

%
28
40

00
0,
59
.76

%
10
40

00
0,
21
.9
8%

35
50
00
0,
74
.6
7%

33
00

00
,7
.0
7%

86
00

00
,1
8.
26
%

A
/R
-1

53
10
00

0,
10
0%

26
03
80
00

0,
10
0%

42
80
00

0,
80
.5
5%

32
50
00

0,
61
.3
4%

10
20
00

0,
19
.2
1%

38
90
00

0,
73
.2
1%

39
00

00
,7
.3
4%

10
30
00

0,
19
.4
5%

A
/R
-2

46
00

00
0,
10
0%

22
54
50
00

0,
10
0%

37
60

00
0,
81
.8
5%

28
00

00
0,
61
.0
7%

95
00

00
,2
0.
78
%

34
40

00
0,
74
.8
1%

32
00

00
,7
.0
3%

83
00

00
,1
8.
15
%

A
/R
-3

50
40

00
0,
10
0%

24
68
60

00
0,
10
0%

41
80
00

0,
83
.12

%
30
50
00

0,
60
.6
4%

11
30
00

0,
22
.4
8%

38
10
00

0,
75
.6
6%

37
00

00
,7
.4
6%

85
00

00
,1
6.
88
%

D
Z-
1

51
10
00

0,
10
0%

25
02
60

00
0,
10
0%

42
00

00
0,
82
.4
2%

31
80
00

0,
62
.2
8%

10
20
00

0,
20
.15

%
38
60

00
0,
75
.7
1%

34
00

00
,6
.7
2%

89
00

00
,1
7.5

8%
D
Z-
2

50
10
00

0,
10
0%

24
52
50
00

0,
10
0%

40
80
00

0,
81
.52

%
30
50
00

0,
60
.9
4%

10
30
00

0,
20
.5
8%

37
20
00

0,
74
.32

%
36
00

00
,7
.2
0%

92
00

00
,1
8.
48
%

D
Z-
3

49
00

00
0,
10
0%

24
02
20
00

0,
10
0%

40
60

00
0,
82
.8
4%

29
80
00

0,
60
.9
3%

10
70
00

0,
21
.9
1%

36
80
00

0,
75
.0
9%

38
00

00
,7
.76

%
84
00

00
,1
7.1
6%

D
Z5

H
D
-1

49
00

00
0,
10
0%

24
01
00

00
0,
10
0%

39
40

00
0,
80
.5
8%

29
60

00
0,
60
.5
8%

98
00

00
,2
0.
01
%

36
20
00

0,
73
.8
9%

32
00

00
,6
.6
9%

95
00

00
,1
9.4

2%
D
Z5

H
D
-2

47
20
00

0,
10
0%

23
10
50
00

0,
10
0%

37
70
00

0,
80
.12

%
28
60

00
0,
60
.8
0%

91
00

00
,1
9.3

2%
33
90
00

0,
71
.9
6%

38
00

00
,8
.16

%
93
00

00
,1
9.8

8%
D
Z5

H
D
-3

44
70
00

0,
10
0%

21
87
50
00

0,
10
0%

36
70
00

0,
82
.37

%
26
80
00

0,
60
.2
1%

98
00

00
,2
2.
16
%

33
50
00

0,
75
.16

%
32
00

00
,7
.2
1%

78
00

00
,1
7.6

3%



6 Oxidative Medicine and Cellular Longevity

50𝜇m

(a)

A/RControl

100𝜇m

DZ5HDDZ

(b)

150

100

50

0

34 38 32 28

∗ ∗ ∗

Fl
uo

re
sc

en
ce

 in
te

ns
ity

Control A/R DZ5HDDZ

(c)

∗ ∗∗

O
D

 v
al

ue

0.4

0.3

0.2

0.1

0.0

6 6 6 6

Control A/R DZ5HDDZ

(d)

Figure 2: Adult rat cardiomyocytes and their status tests after mitoKATP opening. (a) Light microscopic morphology of freshly isolated adult
cardiomyocytes. They were rod-shaped, with sharp outlines and clear cross striations. (b-c)The effect of DZ and 5HD on the [Ca2+]i in adult
rat cardiomyocytes. At the end point of reoxygenation, cells of Con, A/R, DZ, and DZ5HD group were pretreated with 10𝜇M Fluo-3-AM
and incubated for 60min at 37∘C and measured with a confocal laser microscope. (b) The [Ca2+]i fluorescence image of cardiomyocytes in
four groups. (c) The [Ca2+]i fluorescence intensity comparison. [Ca2+]i in A/R group was increased compared with the Con. Applying of DZ
reduced the fluorescence intensity. After 5-HD administration, fluorescence intensity increased. (d) Cell viability test with CCK-8 kit. At the
end point of reoxygenation, 30 𝜇L CCK-8 was added intoM199 to form a 3%CCK-8 resulting solution. Cells were incubated for 1 h before the
mixture’s OD value was detected at 450 nm. Cardiomyocytes of A/R group possessed lower level of cell viability when compared with Con.
DZ group contained higher level of cell viability when compared with A/R group. Cells in DZ5HD showed the lowest level of cell viability in
the 4 groups. Data are mean ± SD. Replication number for each group is marked on the columns. ∗𝑃 < 0.05.

Table 2: Top 10 DEGs from Con versus A/R, A/R versus DZ, and DZ versus DZ5HD.

Number Con versus A/R A/R versus DZ DZ versus DZ5HD
Gene name log

2

Ratio (A/R/Con)
𝑄 value Gene name log

2

Ratio (DZ/A/R)
𝑄 value Gene name log

2

Ratio (DZ5HD/DZ)
𝑄 value

1 Pdlim2 4.95 0.84 Idh2 5.02 0.95 Ivd 4.22 0.92
2 MT-ND6 −4.94 0.94 Oxct1 4.92 0.95 MT-ND6 −3.95 0.91
3 Aldh1a7 −4.92 0.82 Acadl 4.87 0.94 Atf4 3.92 0.91
4 Idh2 −4.83 0.94 Mdh1 4.84 0.94 Ldhb −3.85 0.91
5 Uba52 −4.71 0.93 Mdh2 4.73 0.94 Clu 3.84 0.90
6 Mdh2 −4.68 0.93 Aldh16a1 4.67 0.86 Idh2 −3.75 0.90
7 Podnl1 −4.65 0.80 Podnl1 4.61 0.83 Ankrd1 3.74 0.90
8 Mdh1 −4.63 0.93 Omg 4.60 0.82 Podnl1 −3.73 0.80
9 RGD1311224 −4.59 0.81 MT-ND6 4.56 0.93 Acadl −3.69 0.90
10 Acadl −4.58 0.93 Uba52 4.56 0.93 RGD1311224 −3.66 0.81
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Table 3: Three energy metabolism related DEGs.

Gene name Gene description Con versus A/R A/R versus DZ DZ versus DZ5HD
log
2

Ratio (A/R/Con)
𝑄 value log

2

Ratio (DZ/A/R)
𝑄 value log

2

Ratio (DZ5HD/DZ)
𝑄 value

MT-ND6 NADH dehydrogenase
subunit 6 (mitochondrion) −4.94 0.94 4.56 0.93 −3.95 0.91

Idh2 Isocitrate dehydrogenase 2
(NADP+), mitochondrial −4.83 0.94 5.02 0.95 −3.75 0.90

Acadl Acyl-CoA dehydrogenase,
long chain −4.58 0.93 4.87 0.94 −3.69 0.90
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Figure 3: Validating DGE outcomes with RT-qPCR. 25 genes were
randomly selected and RT-qPCR tests were carried out. ExceptCycs,
Idh3B, Mgst3, and Pdk4, all of the genes’ expression was well in
accordance with the results from Illumina sequencing (Table 4).
Data are mean ± SD. All experiments were done in triplicate.

metabolism pathway, TCA cycle, proteasome, PPAR signal-
ing pathway, and peroxisome pathway were highly enriched
(Table 5).

3.9. ATP Detection. At the end of reoxygenation, the ATP
levels of the A/R groups were much lower than Con (𝑃 <
0.05); ATP concentrations of DZ groups were much higher
than A/R groups (𝑃 < 0.05). When 5-HD was applied,
the beneficial effect of DZ was abolished in DZ5HD when
compared with DZ (𝑃 < 0.05) (Figure 5).

4. Discussion

MIRI is always one of the leading causes of morbidity. In
vitro experimental A/R model is a powerful tool to mimic
in vivo ischemia-reperfusion injury. We developed an A/R
model using freshly isolated adult rat cardiomyocytes, which
are more relevant to the in vivo IR conditions.

In present study, DGE and bioinformatics technologies
were employed to analyse molecular change after A/R and
mitoKATP opening. Our results demonstrated not only the
robustness of next-generation sequencing in exploring the
molecular change resulting from mitoKATP opening but also
the potential of the combine of next-generation sequencing
and KEGG Pathway analysis to provide clues into target find-
ing of molecular mechanisms underlying the myocardium
protective effect of mitoKATP.

MitoKATP opening or closing in cultured adult rat car-
diomyocytes significantly resulted in gene expression change.
Many of the genes were energy related. Metabolic Process
was the DEGs most enriched GO ontology and energy
metabolism correlated pathways were highly enriched too.
We could not help doubting that mitoKATP might have
interferedwith the energymetabolism andwe confirmed that
by directly measuring ATP content of four groups at the end
of reoxygenation.

Three energy metabolism correlated genes,Mt-nd6, Idh2,
and Acadl, were all upregulated (A/R versus DZ). Mt-
nd6 encodes NADH-quinone oxidoreductase (complex I)
subunit 6 in mammal. In the respiratory chain, complex I
is responsible for the oxidation of NADH and contributes
to the formation of the proton gradient which drives ATP
synthesis and passes electrons to ubiquinone [31]. Ischemia-
reperfusion injury was characterized by decreased complex I
respiration [32]. In this study, expression ofMt-nd6 decreased
afterA/R treatment, while it was upregulated tremendously in
DZ compared with A/R. Complex I is extremely susceptible
to oxidative damage and subsequently produces more ROS
[33], leading to extensive mitochondrial dysfunction and the
depletion ofATP.MitoKATP opening byDZ increasedMt-nd6
expression, which might have contributed to ATP synthesis
and resulted in its myocardial protection.

Idh2 encodes isocitrate dehydrogenase in mitochondria.
In present study, expression of Idh2 varyed: Con versus
A/R downregulated; A/R versus DZ upregulated; DZ versus
DZ5HD downregulated. Isocitrate dehydrogenase is the rate-
limiting enzyme of TCA cycle, which catalyzes the oxidative
decarboxylation of isocitrate to 2-oxoglutarate. Isocitrate
dehydrogenase plays a role in intermediary metabolism
and energy production. It had been reported that isocitrate
dehydrogenase activity increased at the ischemia regionwhen
heart underwent ischemia [34, 35]; the authors deemed the
increase that came from the increased need of energy.

Long Chain Acyl-CoA Dehydrogenase (Acadl) encodes
long chain acyl-CoA dehydrogenase, which catalyzes the
𝛼- and 𝛽-dehydrogenation of acyl-CoA esters in fatty acid
metabolism. It is the first rate-limiting enzyme in fatty acid
𝛽-oxidation reaction [36]. In present study, Acadl was down-
regulated after A/R, upregulated when mitoKATP opened,
and downregulated again when mitoKATP was blocked by
5-HD. In physiological state, 60–70% of the total energy
the heart needs comes from fatty acid 𝛽-oxidation [37]. In
the ischemic condition, FAO is more indispensable. Ito et
al. [38] demonstrated that high levels of fatty acids in the
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Figure 4: Continued.
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Figure 4: Ontology and term enrichment of DEGs in Gene Ontology. (a–c): Ontology enrichment for Con versus A/R, A/R versus DZ, and
DZ versus DZ5HD. Most of the DEGs from Con versus A/R (2056 DEGs, 48.86%), A/R versus DZ (2955, 50.2%), and DZ versus DZ5HD
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perfusate were capable of enhancing postischemic energy
production and increasing contractile function. That study
provided evidence that, in heart with limited oxidative
capacity, increasing exogenous energy substrate supply and
boosting FAO generated more ATP and quickly normalized
energy production. Fromwhat ismentioned above,mitoKATP
opening may alleviate the energy depletion when adult
cardiomyocytes underwent A/R injury by boosting the fatty
acid 𝛽-oxidation.

6 energy correlated pathways, Peroxisome pathway, PPAR
signaling pathway, citrate cycle (TCA cycle) pathway, fatty
acid metabolism pathway, and proteasome pathway were
DEGs significantly enriched (𝑃 < 0.01).

TCA cycle and fatty acid metabolism directly generate
energy. 7 DEGs from Con versus A/R were enriched in TCA
cycle pathway. They were all downregulated after A/R injury.
When mitoKATP was open, all of them were upregulated. It is
obvious that A/R suppressed TCA cycle. This could be one
of the reasons why A/R decreased ATP content. We could
see that DZ saved TCA cycle. 8 DEGs from Con versus A/R
and 14 DEGs from A/R versus DZ, including Acadl, were
enriched in fatty acid metabolism pathway. It seemed that
A/R suppressed these two pathways andmitoKATP reinforced
them.

Peroxisome proliferator-activated receptors (PPARs),
especially PPAR-𝛼, are sensitive to fatty acids and their

derivatives. They are also ligand-activated transcription fac-
tors regulating cardiac FAO and energy homeostasis [39, 40].
PPAR-𝛼 is expressed highly in the heart and evidence had
showed that PPAR-𝛼was involved in the regulation of numer-
ous genes encoding FAO enzymes [41]. Overexpression of
PPAR-𝛼 and its target metabolic genes promoted FAO as
a source of energy under conditions of acute IR [42, 43].
Besides its well-known action on cardiac energy metabolism
and lipid homeostasis, emerging evidence indicated that
administration of PPAR-𝛼 synthetic ligands was myocardial
protective in an IR setting, as manifested by improved
postischemic recovery of contractile function and reduced
infarct size in both in vivo and ex vivomodels [42, 44]. Mice
overexpressing PPAR-𝛼 in heart displayed increased FAO
rates, accumulated triacylglycerides, and decreased glucose
metabolism, and they eventually developed cardiomyopathy
[45, 46]. Not surprisingly, mice lacking PPAR-𝛼 had elevated
free fatty acid levels as a consequence of inadequate FAO,
rendering them hypoglycemic as a result of their reliance on
glucose [47]. In present study, although PPAR-𝛼 gene did not
change aftermitoKATP opening, 17DEGs fromA/R versusDZ
were enriched in peroxisome pathway (𝑃 = 1.3×10−7) and 16
DEGs significantly enriched in PPAR signaling pathway (𝑃 =
9.9×10

−7). 12DEGs fromDZversusDZ5HDwere enriched in
(𝑃 = 1.1×10−6) peroxisomepathway and 14 enriched inPPAR
signaling pathway (𝑃 = 2.4 × 10−5). Nevertheless, to test the
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Figure 5: ATP quantitation. At the end of reoxygenation, ATP
content was detected by HPLC at a detection wavelength of 254 nm.
Protein content was also measured by using the same sample. ATP
level of each sample was normalized to protein content of the same
sample. Data are mean ± SD. 𝑛 = 3 for each group. ∗𝑃 < 0.05.

relative activity change of PPAR-𝛼 after mitoKATP opening,
further studies are needed.

The ubiquitin proteasome system (UPS) degrades tar-
geted abnormal and most normal proteins in cells. Most
degradation via the UPS is ATP-dependent. This process
involves ubiquitin ligases E1, E2, and E3, which function in
concert with chaperones to identify and ubiquitinate appro-
priate target proteins [48–50].Then the resulting polyubiqui-
tinated proteins are transferred to the 26S proteasome, where
they are degraded into peptides and ubiquitin. Proteasome
pathway enriched 14 DEGs from Con versus A/R; 13 DEGs
were downregulated in A/R group while 7 DEGs upregulated
after mitoKATP opening. It is obvious that A/R induced the
downregulation of UPS andmitoKATP opening reactivated it.
Proteasome that functioned insufficiently had been observed
most consistently in MIRI [51, 52]. Such studies supported
the hypothesis that IR decreased proteasome activity by
reducing ATP levels, as well as oxidative unfolding and
damaging proteasome proteins [53]. To test this hypothesis,
proteasome gain-of-function or loss-of-function studies in
animalmodels ofMIRI were carried out. However, the results
showed a paradox: gain-of-function using transgenic mice
with increased proteasome activity showed protection from
MIRI [54], whereas loss-of-function studies using pharma-
cological means also revealed protection from MIRI [55–
57]. In present study, 13 DEGs were downregulated after
A/R (Con versus A/R); this should be a feedback of ATP
depletion resulting from A/R. 7 DGEs were upregulated in
DZ group (A/R versus DZ); this could be a consequence of
ATP recovery after mitoKATP opening.

Energy was so desperately needed in A/R environment
that Metabolic Process was the most enriched GO ontology
in Con versus A/R, A/R versus DZ, and DZ versus DZ5HD.

Fatty acid metabolism
Proteasome

Energy homeostasis

Mt-nd6 ↑
Idh2 ↑
Acadl ↑

DEGs: Pathways:
PPAR signaling pathway
Citrate cycle (TCA cycle)

A/R + mitoKATP open

Figure 6: Scheme of the molecular myocardial protective mecha-
nism of mitoKATP in myocardial A/R setting. MitoKATP opening-up
regulated the expression of Mt-nd6, Idh2, and Acadl. In addition,
mitoKATP opening may recruit DEGs to regulate PPAR signaling
pathway, TCA, fatty acid metabolism, and proteasome pathways.
Eventually, mitoKATP opening resulted in an energy homeostasis in
the adult rat A/R cardiomyocytes.

In addition, energy metabolism related genes and pathways
were significantly interfered with each other (Figure 6).
UPS is protein related; TCA cycle pathway controls aerobic
metabolism of glucose, PPAR-𝛼, and Acadl effect on 𝛽-
dehydrogenation of acyl-CoA esters in FAO. To sum up,
mitoKATP regulated the metabolism of 3 main nutriments:
glucose, fatty acid, and protein and kept a balance between
energy production and consumption at the setting of A/R
in adult cardiomyocytes. Strategies to increase energy supply
in MIRI may be a good choice. Metabolism correlated genes
and pathway nodes may be promising therapeutic targets. At
the same time, we must confess that, to assure the effects
of specific gene and signaling pathway mentioned above in
MIRI, further gain- or/and loss-of-function studies will be
needed.
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Alzheimer’s disease (AD) is the most common form of dementia. The pathological hallmarks of AD are amyloid plaques
[aggregates of amyloid-beta (A𝛽)] and neurofibrillary tangles (aggregates of tau). Growing evidence suggests that tau accumulation
is pathologically more relevant to the development of neurodegeneration and cognitive decline in AD patients than A𝛽
plaques. Oxidative stress is a prominent early event in the pathogenesis of AD and is therefore believed to contribute to tau
hyperphosphorylation. Several studies have shown that the autophagic pathway in neurons is important under physiological and
pathological conditions. Therefore, this pathway plays a crucial role for the degradation of endogenous soluble tau. However, the
relationship between oxidative stress, tau protein hyperphosphorylation, autophagy dysregulation, and neuronal cell death in AD
remains unclear. Here, we review the latest progress in AD, with a special emphasis on oxidative stress, tau hyperphosphorylation,
and autophagy. We also discuss the relationship of these three factors in AD.

1. Introduction

Alzheimer’s disease (AD) is the most common form of
dementia in the elderly and a chronic neurodegenerative dis-
ease characterized by widespread degeneration of neurons.
An estimated 37 million people worldwide currently have
AD,which is estimated to increase to 65.7million by 2030 and
115.4 million by 2050 [1, 2]. AD is a growing health concern
in society because patients suffer from progressive functional
impairments, emotional distress, loss of independence, and
behavioral deficits. It is characterized by the presence of
two types of neuropathological hallmarks: senile plaques
(SPs) and intracellular neurofibrillary tangles (NFTs). SPs
predominantly consist of extracellular amyloid 𝛽-peptide
(A𝛽) deposits. NFTs are formed by intraneuronal aggregation
of hyperphosphorylated tau.The amyloid cascade hypothesis

theory proposes a dysregulation of amyloid precursor protein
processing. This event leads to AD pathogenesis, which
involves the aggregation of A𝛽 (particularly A𝛽42), neuritic
plaque formation, and consequently the formation of NFTs
followed by the disruption of synaptic connections, neuronal
death, and cognitive deficits (dementia) [3]. Increasing evi-
dence suggests that A𝛽 oligomers (A𝛽Os)may be the primary
cause of AD because they have a greater correlation with
dementia than insoluble A𝛽42 [4]. These A𝛽Os bind to a
putative receptor and activate the receptor tyrosine kinase
EphA4 and Fyn. A𝛽Os binding triggers aberrant activation
of NMDARs and abnormal increase in postsynaptic Ca2+.
The following events include increased generation of reactive
oxygen species (ROS), and membrane lipid peroxidation;
mitochondrial fragmentation, Ca2+ induced Ca2+ release
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(CICR), then produces altered surface expression and dys-
regulation of receptor function, excitotoxicity, dendritic spine
retraction, and elimination [4–6].

A𝛽 also plays a crucial role in inducing neuronal oxidative
stress [7, 8]. A𝛽-mediated mitochondrial oxidative stress
causes hyperphosphorylation of tau in AD brains [8–10].
Mounting evidence clearly links tau to neurodegeneration,
indicating that tau hyperphosphorylation may be the nec-
essary point in neural dysfunction and death. However,
whether autophagic dysfunction is involved in neuronal
death during this event still remains unknown. Recent studies
have indicated the importance of defective autophagy in
the pathogenesis of aging and neurodegenerative diseases
[11–14], especially in AD [15–17]. Autophagy may increase
the formation of autophagosome in AD, and autophagic
dysfunction may induce the pathogenesis of AD, particularly
at the late stage of AD [18–22]. However, the relationship
between oxidative stress, tau protein hyperphosphorylation,
autophagic dysfunction, and neuronal cells death in AD
remains elusive. In this review, we summarize the latest
progress in research focused on oxidative stress, tau hyper-
phosphorylation, and autophagic dysfunction and their rela-
tionship with AD.

2. Oxidative Stress in AD

In experimental models and human brain studies of AD,
oxidative stress has been shown to play an important role
in neurodegeneration [10, 23, 24]. Generally, oxidative stress
is caused by the imbalance between reactive oxygen species
(ROS) (O

2

−, H
2
O
2
, HO
2
, and ⋅OH) and the breakdown of

chemically reactive species, by reducing agents and antiox-
idant enzymes, such as manganese superoxide dismutase
(SOD

2
) [25, 26].This disequilibriummay result from disease,

stressors, or environmental factors. High ROS levels lead to
the accumulation of oxidized proteins, lipids, and nucleic
acids, thereby directly impairing cellular function if not
removed or neutralized [27]. Oxidative damage to cellular
components is likely to result in the alteration of membrane
properties, such as fluidity, ion transport, enzyme activities,
protein cross-linking, and eventually cell death.

Oxidative stress has been reported to be one of the earliest
events in AD. Several risk factors for AD may cause or
promote oxidative damage, such as advanced age [28, 29]
and apolipoprotein E (APOE) 𝜀4 alleles [30, 31]. Medical risk
factors include traumatic brain injury [32], stroke [33], hyper-
tension [34], diabetes mellitus [35], hypercholesterolemia
[36], and hyperhomocysteinemia [37]. Environmental and
lifestyle-related risk factors include aluminum exposure [38],
smoking [39], high calorie intake [40], vitamin D deficiency
[41], lack of exercise [42], and lack of intellectual activities
[43–45]. Mitochondrial dysfunction is known to be associ-
atedwith oxidative stress and thusmay be an initial trigger for
enhanced A𝛽 production during the aging process [46–48].
Both soluble and fibrillar A𝛽may further accelerate oxidative
stress, as well as mitochondrial dysfunction [49, 50]. The
transgenic (Tg)Thy1-APP751 (SL) mousemodel of AD shows
increased proteolytic cleavage of APP, increased production
of A𝛽, and impaired Cu/Zn-SOD activity [51]. Furthermore,

oxidative stress is considered as a primary factor of NFT
formation in AD [10, 24, 52, 53]. However, the relation-
ship between oxidative stress and tau hyperphosphorylation
remains unclear. Okadaic acid is used as a research model
to induce tau phosphorylation and neuronal death in AD.
Oxidative stress combined with okadaic acid results in tau
hyperphosphorylation [54]. Mitochondrial SOD

2
deficiency

increases the levels of Ser396 phosphorylated tau in the
Tg2576 mouse model of AD [55].

3. Tau Protein in AD

3.1. Tau Protein Physiology and Pathology. Tau protein
(known as neuronalmicrotubule associated protein tau) plays
a large role in the outgrowth of neuronal processes and the
development of neuronal polarity [56–58]. Tau protein in the
central nervous system is predominantly expressed in neu-
rons [59, 60], with its main function to promote microtubule
assembly, stabilize microtubules, affect the dynamics of
microtubules in neurons [61, 62], and inhibit apoptosis [63],
particularly in axons [64, 65].However, recent reports suggest
that excess intracellular tau is released into the extracellular
culture medium via membrane vesicles [66]. In the adult
human brain, tau consists of six isoforms, and the tau gene
contains 16 exons.These isoforms are generated by alternative
splicing of exons 2, 3, and 10 of its pre-mRNA [67, 68].The six
tau isoforms differ fromeach other by the presence or absence
of one or two inserts (coded by exon 2 or exons 2 and 3) in the
N-terminal part and the presence or absence of the second
microtubule-binding repeat (encoded by exon 10) in the C-
terminal portion. Depending on the alternative splicing of
exon 10, tau isoforms are termed 4R (four microtubule-
binding domains, with exon 10) or 3R (three microtubule-
binding domains, without exon 10). Adult human brain
expresses both 3R-tau and 4R-tau, whereas fetal human brain
expresses only 3R-tau [69, 70]. Immunocytochemistry and
biochemical analysis indicate that the ratio of 3R- to 4R-tau
altered in AD and other neurodegenerative brain disorders
[71–73], although in the normal adult human brain the level
of 3R-tau is approximately equal to that of 4R-tau [74].

Tau protein normally stabilizes axonal microtubules in
the cytoskeleton and plays a vital role in regulating the
morphology of neurons. It has more than 30 phosphoryla-
tion sites. When tau is abnormally hyperphosphorylated, it
destabilizes microtubules by decreasing the binding affinity
of tau, affecting its axonal transport and resulting in its
aggregation in NFTs [64]. NFTs are composed of paired
helical filaments (PHF) of abnormally hyperphosphorylated
tau. The pathogenesis of tau-mediated neurodegeneration
is unclear but hyperphosphorylation, oligomerization, fib-
rillization, and propagation of tau pathology have been
proposed as the likely pathological processes that induce
the loss of function or gain of tau toxicity, which caused
neurodegeneration [75]. Tau phosphorylation has been inves-
tigated at AD-related sites by using recombinant human tau
phosphorylated byDNAdamage-activated checkpoint kinase
1 (Chk1) and checkpoint kinase 2 (Chk2) in vitro [76]. This
study identified a total of 27 Ser/Thr residues as Chk1 or
Chk2 target sites. Among these sites, 13 have been identified
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to be phosphorylated in AD brains [77]. The generation of
a Tg mouse line overexpressing human tau441 via V337M
and R406W tau mutations has been shown to accelerate
the phosphorylation of human tau, inducing tau pathology
and cognitive deficits [78]. Pseudophosphorylation of tau
reduces microtubule interactions, disrupts the microtubule
network, and exerts neurotoxicity [79]. Interestingly, doubly
pseudophosphorylated tau proteins enhance microtubule
assembly activity and are more potent at regulating dynamic
instability [80]. However, four singly pseudophosphorylated
tau proteins exhibit a loss of function at the same sites (Thr
[231], Ser [262], Ser [396], and Ser [404]) [80].

3.2. Tau Protein Kinases and Phosphatase. Tau phosphoryla-
tion ismainly determined by a balance between the activation
of various tau protein kinases and phosphatases and its
disruption results in the abnormal phosphorylation of tau,
which is observed in AD. Each tau site is phosphorylated
by one or more protein kinases. Tau kinases are grouped
into three classes: (1) proline-directed protein kinases
(PDPK) containing glycogen synthase kinase-3 (GSK3), dual
specificity tyrosine-phosphorylation-regulated kinase 1A/B
(Dyrk1A/B), cyclin-dependent protein kinase-5 (CDK5), and
mitogen activated protein kinases (MAPK) (e.g., p38, Erk1/2,
and JNK1/2/3); (2) non-PDPK, including tau-tubulin kinase
1/2 (e.g., casein kinase 1𝛼/1𝛿/1𝜀/2), microtubule affinity
regulating kinases, phosphorylase kinase, cAMP-dependent
protein kinase A (PKA), PKB/AKT, protein kinase C, protein
kinase N, and Ca2+/calmodulin-dependent protein kinase II
(CaM kinase II); and (3) tyrosine protein kinases, including
Src family kinase (SFK)members (e.g., Src, Lck, Syk, and Fyn)
andAbelson family kinasemembers, ABL1 andABL2 (ARG).

GSK3 (particularly GSK3𝛽) plays a key role in the
pathogenesis of AD, contributing to A𝛽 production and A𝛽-
mediated neuronal death by phosphorylating tau in most
serine and threonine residues and inducing hyperphospho-
rylation in paired helical filaments [81]. Inhibition of GSK3
prevents A𝛽 aggregation and tau hyperphosphorylation [82,
83]. The involvement of CDK5 in tau phosphorylation is
shown by the increase in its enzymatic activity and the
absence of MT-2 cells neurite retraction in the presence of
roscovitine or CDK5 siRNA [84]. Therefore, CDK5 may be a
key candidate target for therapeutic gene silencing [85]. p38
MAPK has been identified as one of the kinases involved in
the regulation of tau phosphorylation. Thus, under patho-
logical conditions this kinase is likely to play a role in the
hyperphosphorylation of tau [86]. CDKs and casein kinase
1 (CK1) are involved in the aggregation of A𝛽 peptides
(forming extracellular plaques) and hyperphosphorylation of
tau (forming intracellular NFTs). The expression pattern of
CKI𝛿 (an isoform of CK1) plays an important role in tau
aggregation in AD [87]. Ser214, Ser262, and Ser409 are major
phosphorylation sites of tau that are affected by PKA [88]. In
P19 cells stably expressing human tau441, CaM kinase II has
been shown to be involved in retinoic acid- (RA-) induced tau
phosphorylation-mediated apoptosis [89].

Phosphatases are also usually classified into three classes
according to their amino acids sequences, the structure of

their catalytic site, and their sensitivity to inhibitors. These
groups include (1) phosphoprotein phosphatase (PPP), (2)
metal-dependent protein phosphatase, and (3) protein tyro-
sine phosphatase (PTP). Tau phosphatases belong to the PPP
group (protein phosphatase [PP] 1, PP2A, PP2B, and PP5)
and PTP group tumor suppressor phosphatase and tensin
homolog (PTEN). The activity of PP2A, PP1, PP5, and PP2B
accounts for approximately 71%, 11%, 10%, and 7%, respec-
tively, in the normal human brain. However, in the AD brain,
the total phosphatase activity (and including overall activity)
for tau of PP2A, PP1, and PP5 is significantly decreased
by 50%, 20%, and 20%, respectively [90]. PP2A contributes
to abnormally hyperphosphorylated tau protein and is the
most efficient phosphatase. Moreover, the inhibition of PP2A
significantly plays a role in tau hyperphosphorylation [91–
93]. It indicated PP2A is downregulated in the Down syn-
drome (DS) brain and thus may be involved in the abnormal
hyperphosphorylation and accumulation of tau [94].

PP2A is regulated by endogenous inhibitor-1 of PP2A
(I1PP2A) and inhibitor-2 of PP2A (I2PP2A) in mammalian
tissues [95]. In AD brain, I2PP2A is translocated from
neuronal nucleus to cytoplasm where it inhibits PP2A
activity and promotes abnormal phosphorylation of tau.
With inactivation of the nuclear localization signal (NLS) of
I2PP2A, 179KRK181 → 179AAA181 along with 168KR169 →
168AA169mutations in I2PP2A (mNLS-I2PP2A), I2PP2Awas
translocated from nucleus to the cytoplasm. Cytoplasmic
retention of I2PP2A physically interacted with PP2A and
inhibited its activity and induced Alzheimer-like abnormal
tau protein hyperphosphorylation by the direct interaction
of I2PP2A with PP2A and GSK-3𝛽 [96]. I2PP2A directly
inhibits the activity of PP2A without affecting its expression
[97]. GSK-3 activation significantly contributes to tau hyper-
phosphorylation by inhibiting PP2A via the upregulation of
I2PP2A [98]. Okadaic acid is also considered to be a selective
and potent inhibitor of serine/threonine phosphatase-1 and
PP2A, which induces hyperphosphorylation of tau under
in vitro and in vivo conditions [99]. These data indicate
that upregulation or downregulation of the phosphorylation
system or dephosphorylation system, respectively, of tau
protein may be implicated in tau pathologies.

3.3. Tau Protein and Oxidative Stress

3.3.1. Tau Protein Hyperphosphorylation and Oxidative Stress.
Oxidative stress is believed to be a prominent early event in
the pathogenesis of AD, contributing to tau phosphorylation
and the formation of neurofibrillary tangles [48]. However,
the relationship and underlying mechanisms between oxida-
tive stress and tau hyperphosphorylation remain elusive.
Fatty acid oxidative products provide a direct link between
the mechanisms of how oxidative stress induces the forma-
tion of NFTs in AD [100]. Data from experiments show that
chronic oxidative stress increases the levels of tau phospho-
rylation at paired helical filaments (PHF-1) epitope (serine
396/404) via the inhibition of glutathione synthesis with
buthionine sulfoximine (BSO) in an vitro model of chronic
oxidative stress [9]. In primary rat cortical neuronal cultures
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stimulated by the combination of the copper chelator, cupri-
zone, and oxidative stress (Fe2+/H

2
O
2
), tau phosphorylation

is significantly increased by the elevated activity of GSK-3
[101]. Furthermore, treatment of rat hippocampal cells and
SHSY5Y human neuroblastoma cells with H

2
O
2
at the early

stages of oxidative stress exposure results in tau dephospho-
rylation at the tau1 epitope by CDK5 via PP1 activation [102].
Several studies have suggested that oxidative stress is a causal
factor in tau-induced neurodegeneration inDrosophila [103–
105]. In contrast, a fragment of tau protein has been shown to
induce copper reduction, thus contributing to oxidative stress
and initiating copper-mediated generation of H

2
O
2
[106].

3.3.2. GSK3𝛽, PP2A, and Oxidative Stress. Oxidative stress
is likely to play a critical role in tau hyperphosphorylation,
which is regulated by tau protein kinase activation and the
suppression of phosphatase. Tau hyperphosphorylation may
be induced by oxidative stress through the direct interaction
with tau protein kinase and phosphatase, particularly GSK-
3𝛽 and PP2A, respectively, because they are predominant and
play an important role. A recent study has indicated that
GSK-3𝛽 activity is upregulated under oxidative stress [107].
In human embryonic kidney 293/tau cells, H

2
O
2
increases

GSK-3𝛽 activity and tau is hyperphosphorylated at Ser396,
Ser404, andThr231 [107].Mitochondrial superoxide activates
the mitochondrial fraction of GSK-3𝛼/𝛽, resulting in the
phosphorylation of the mitochondrial chaperone cyclophilin
D [108]. This effect also provides a link between GSK-3𝛽 and
oxidative stress. Studies have also focused on the link between
PP2A and oxidative stress. A recent report shows that rat
cortical neurons treated with okadaic acid inhibit PP2A
activity, resulting in an abnormal increase in mitochondrial
ROS and mitochondrial fission [109]. Other findings reveal
that ROS inhibits PP2A and PP5, leading to the activation
of JNK and Erk1/2 pathways and subsequently caspase-
dependent and caspase-independent apoptosis of neuronal
cells [110]. Despite these studies, the relationship of GSK3 and
PP2Awith oxidative stress remains to be further investigated.

3.3.3. Antioxidants and the Tau Protein. Several epidemi-
ological studies have indicated a link between antioxidant
intake and reduced incidence of dementia (particularly AD)
and cognitive decline in elderly populations [111–113]. In
recent years, antioxidant therapy has received considerable
attention as a promising approach for slowing the progression
of AD. Research has focused on endogenous antioxidants
(e.g., vitamins, coenzymeQ10, andmelatonin) and the intake
of dietary antioxidants, such as phenolic compounds that are
flavonoids or nonflavonoids [114, 115]. This increased interest
has thus strengthened the hypothesis that oxidative damage
may be responsible for the cognitive and functional decline in
AD patients. Melatonin is a free radical scavenger that blocks
tau hyperphosphorylation and microtubule disorganization
under in vivo and in vitro conditions [116–118]. It also
decreases the activity of GSK-3𝛽 [119]. Moreover, melatonin
may be a potentially useful agent in the prevention and
treatment of AD [120]. Other antioxidants, such as vitamins
E and C [121, 122], gossypin [123], curcumin [124–127], beta-
carotene [128], andGinkgo biloba [129, 130], are also reported

to have a protective effect against neurotoxicity. In addition,
an association also exists between beta-carotene and tau in
AD patients [128]. Demethoxycurcumin has been shown to
inhibit the phosphorylation of both tau pS(262) and pS(396)
in murine neuroblastoma N2A cells [125]. Curcumin also
reduces soluble tau and elevated heat shock proteins involved
in tau clearance [126]. These results have therefore led to
further investigations of this compound as an antioxidant
therapy strategy for AD. Other experiments have shown that
the active component ofGinkgo biloba, ginkgolide A, inhibits
GSK3𝛽 and suppressed the phosphorylation level of tau [129].

4. Autophagy in AD

4.1. The Autophagic Pathway. Autophagy is an essential
lysosomal degradation pathway that turns over cytoplasmic
constituents, including misfolded or aggregated proteins and
damaged organelles, to facilitate the maintenance of cellular
homeostasis [13, 131–134]. Autophagy is usually activated
during nutrient deprivation and stress to enhance cellular
survival, and its constitutive activity is recognized to control
neuronal survival [14, 132, 135, 136]. Autophagic dysfunction
has been reported to contribute to AD [20, 64, 137, 138].

Autophagy includes macroautophagy, chaperone-
mediated autophagy, and microautophagy [13, 132, 134].
The most familiar of these types is macroautophagy,
which is a process of cellular self-cannibalism in which
portions of the cytoplasm are sequestered within double-
or multimembraned vesicles (autophagosomes) and then
delivered to lysosomes for bulk degradation [139]. Autophagy
is induced by two pathways in macroautophagy-mammalian
target of rapamycin- (mTOR-) dependent and mTOR-
independent signaling pathways [140].mTOR is an important
convergence point in the cell signaling pathway. mTOR
kinase activity is modulated in response to various stimuli,
such as trophic factors, mitogens, hormones, amino acids,
cell energy status, and cellular stress [135, 136]. Rapamycin, as
mTOR inhibitor, is a very important tool for autophagy [140,
141]. mTOR complex (mTORC) 1 is involved in autophagy
and is the master regulator of cell growth enhancing the
cellular biomass by upregulating protein translation [142]. For
cells to control cellular homoeostasis during growth, a close
signaling interplay occurs between mTORC1 and two other
protein kinases, AMP-activated protein kinase (AMPK) [143]
and Unc51-like kinase (ULK1) [144]. Autophagy is inhibited
by cytosolic p53 via the direct inhibition of AMPK [145].
mTORC1 controls autophagy by directly interacting with
the Ulk1-focal adhesion kinase family-interacting protein
of 200 kDa (Atg13-FIP200) complex [146]. Several mTOR-
independent signals affect the autophagy pathway. When
the level of free inositol and myoinositol-1,4,5-trisphosphate
IP3 decreases, autophagy is reduced [147]. Furthermore,
lower levels of Bcl-2 lead to the release of more Beclin-1,
thus forming the Beclin-1-PI3KCIII complex to activate
autophagy via the PI3K-AKT-mTOR pathway [148].

4.2. Autophagic Dysfunction in AD Pathology. A growing
body of evidence suggests a link between AD and autophagy
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[16, 17, 19, 20, 22]. Therefore, the pathological functions of
autophagy may be a critical mediator of neurotoxicity [149].
Autophagy develops in AD brains because of the ineffective
degradation of autophagosomes, which is controlled bymany
kinds of autophagy-related genes (Atg), including Atg1–
Atg35. Atg8 (mammalian homolog is LC3) is an autophago-
somal membrane protein and a marker of autophagosome
formation [150]. Beclin-1 (the mammalian ortholog of yeast
Atg6) plays a pivotal role in autophagy [151]. In an in vitro
study of the pathogenesis of AD, Atg8/LC3 colocalizes with
APP and LC3-positive autophagosomes are present [152].
Beclin-1 knockdown increases APP, APP-like proteins, APP-
C-terminal fragments, andA𝛽 [153]. Atg5, Atg12, and LC3 are
also associated with plaque, tangle pathologies, and neuronal
death in AD [154]. Generally, autophagic vacuoles (AVs)
are rare in the normal brain but are increased in brains of
AD patients. In the early stages of AD, the expression of
lysosome-related component is significantly increased prior
to the formation of plaques and NFTs, and autophagy is
also induced at this stage; thus its activity is independent
of extracellular A𝛽 deposition and NFT formation [155]. In
the late stage of AD, AVs continue to accumulate in large
numbers in dystrophic neurites. There are several causes for
the dysfunction of autophagy in late-stage AD, including the
enhanced processing of APP and A𝛽 degradation [156] and
the toxic effect of high levels of intracellular A𝛽 on lysosomal
function [157]. Inhibition of theAV-lysosome fusion is caused
by impaired microtubule-associated retrograde transport,
which in turn leads to increased accumulation of AV in
dystrophic neurites [134]. Lysosomal enzyme dysfunction
may be associated with the accumulation of AVs [158].
Autophagy plays an important role in the degradation of
impaired mitochondria in AD [158, 159]. Dysfunction of the
autophagy-lysosome system causes insufficient degradation
of mitochondria [160]. Conversely, mitochondrial dysfunc-
tion may also impair this pathway [161].

4.3. Autophagy and the Tau Protein

4.3.1. Tau Protein Degradation via Autophagy. A variety of
forms of tau proteins have been shown to be degraded
by the ubiquitin-proteasome system (UPS) and autophagy-
lysosome system. UPS may play an important role in the
primary clearance of pathological tau. However, the impor-
tance of autophagy-mediated tau degradation, particularly at
the late stage of NFT formation, is becoming more recog-
nized. The autophagy-lysosomal system has the capacity to
engulf protein aggregates and keep tau levels at a low level
[162]. Macroautophagy is believed to be an evolutionarily
conserved mechanism for intracellular degradation of pro-
teins, such as A𝛽 and tau. mTOR in negatively regulating
autophagy is an important convergence point in cell sig-
naling. Increasing mTOR signaling and PI3K/AKT/mTOR
pathway facilitates tau pathology, but reducing this signaling
ameliorates tau pathology [11, 20, 163]. Rapamycin has been
reported to decrease tau phosphorylation at Ser214 in vitro
and reduce tau tangles and insoluble tau in vivo [164, 165].
In a tetracycline-inducible model [tauDeltaC (tauΔC)], tau

is abnormally truncated at Asp421 and is cleared predomi-
nantly by macroautophagy and degraded significantly faster
than full-length tau [166]. Autophagy activation suppresses
tau aggregation and eliminates cytotoxicity [163]. Moreover,
trehalose (an enhancer of autophagy) directly inhibits tau
aggregation in primary neurons [167]. Under in vitro condi-
tions, the accumulation of tau species is increased with the
autophagic inhibitor, 3-methyladenine, and decreased with
trehalose [168]. Overall, these results suggest that tau degra-
dation involves autophagy, and this activity is beneficial for
neurons to prevent the accumulation of protein aggregates.

4.3.2. Tau Protein Hyperphosphorylation Leads to Autophagic
Dysfunction. The physiological function of tau protein is
well known to be associated with microtubule binding and
assembly. Autophagosome transport mainly depends on the
movement along microtubules in the autophagic pathway.
However, the link between tau hyperphosphorylation and
autophagic dysfunction is still under debate. Frontotempo-
ral dementia and parkinsonism linked to chromosome 17-
(FTDP-17-) mediated tau mutations can disrupt lysosomal
function in transgenic mice expressing human tau with
four tubulin-binding repeats (increased by FTDP-17 splice
donor mutations) and three FTDP-17 missense mutations:
G272V, P301L, and R406W [169]. In Tg mice expressing
mutant human (P301L) tau, axonal spheroids have been
shown to contain tau-immunoreactive filaments and AVs
[170]. A recent study has revealed that PP2A upregulation
stimulates neuronal autophagy, thus providing a link between
PP2A downregulation, autophagy disruption, and protein
aggregation [171]. Furthermore, autophagosomes have been
shown to be increased in rat neurons treated with okadaic
acid [172]. Altogether, tau is known to regulate the stability
of microtubules, and tau hyperphosphorylationmay result in
the destabilization of neuronal microtubules, thus affecting
the placement and function of mitochondria and lysosomes.
Therefore, tau hyperphosphorylation is likely to play a critical
role in the process of autophagic dysfunction.

4.3.3. Autophagic Dysfunction Induces Tau Protein Aggrega-
tion and Neurodegeneration. The autophagy-lysosome sys-
tem is well recognized to play an important role in the clear-
ance of abnormally modified proteins in cells. Several studies
have shown that dysfunction of the autophagy-lysosome
system contributes to the formation of tau oligomers and
insoluble aggregates [22, 173, 174]. Abnormal lysosomal pro-
teases are also found in brains of AD patients [173, 174]. Both
phosphorylated tau and GSK3𝛽 significantly accumulate in
Atg7 conditional knockout brains, although NFTs are absent
[20]. The hyperphosphorylation of tau and NFT formation
result in the disruption of the neuronal skeleton, thereby con-
tributing to neuronal dysfunction, cell death, and eventually
the symptoms of AD. Genetic reduction ofmammalian target
of rapamycin led to an increase in autophagy induction and
ameliorates Alzheimer’s disease-like cognitive and pathologi-
cal deficits [22]. Induction autophagy adaptor proteinNDP52
may reduce tau protein phosphorylation in neurons [20].
Therefore, the autophagy-lysosome systemplays a crucial role
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Figure 1: Tau protein NFTs formation and autophagic dysfunction in Alzheimer’s disease. A𝛽 oligomers and ROS production intrigue
oxidative stress and mitochondria dysfunction, in which induce tau protein hyperphosphorylation and neurofibrillary tangles formation
with protein phosphatase and kinases imbalance. These events converge to autophagic dysfunction and tau protein aggregation to lead to
neurodegeneration and cell death in AD.

in the clearance of tau, and its accumulation may be due to
autophagic dysfunction in cells.

5. Conclusion

Oxidative stress is reported to be one of the earliest events
in AD and can induce tau hyperphosphorylation, which
destabilizes microtubules by decreasing the binding affinity
of tau, thereby resulting in the formation of NFTs, which
are a major pathological hallmark of AD. A𝛽 and other risk
factors play the crucial role in neuronal oxidative stress. A𝛽-
mediated mitochondrial oxidative stress causes hyperphos-
phorylation of tau in AD brains, as well as mitochondrial
dysfunction. Tau hyperphosphorylationmay be the necessary
point in neural dysfunction and death. Hyperphosphoryla-
tion, oligomerization, fibrillization, and propagation of tau
pathology have been proposed as the pathogenesis of tau-
mediated neurodegeneration. In addition to oxidative stress,
tau protein phosphorylation is also regulated by protein
kinase and phosphatase. It indicates the roles ofmitochondria
and protein phosphatase on oxidative stress and tau protein
hyperphosphorylation.Meanwhile it strengthens the hypoth-
esis that oxidative damage is responsible for the cognitive and
functional decline in AD patients.

Dysfunctional tau protein is degraded via autophagy-
lysosomal pathway. Autophagy is an essential lysosomal
degradation process that turns over cytoplasmic constituents,
including misfolded or aggregated proteins and damaged

organelles, to facilitate themaintenance of cellular homeosta-
sis. Tau hyperphosphorylation is likely to play a critical role
in the process of autophagic dysfunction, and dysfunction
of the autophagy-lysosome system may also promote the tau
aggregation. Altogether, tau is known to regulate the stability
of microtubules, and tau hyperphosphorylationmay result in
the destabilization of neuronal microtubules, thus affecting
the function of mitochondria and lysosomes.

These events initiate a series of cascades to induce
neurodegeneration and cell death in AD. A𝛽 oligomers and
ROS production intrigue oxidative stress and mitochondria
dysfunction, inwhich they induce tau protein hyperphospho-
rylation and neurofibrillary tangles formation with protein
phosphatase and kinases imbalance.These events converge to
autophagic dysfunction and tau protein aggregation to lead
to neurodegeneration and cell death in AD (Figure 1). How-
ever, the relationships between oxidative stress, tau hyper-
phosphorylation, and autophagic dysfunction and accurate
mechanisms on neurodegeneration, especially mitochondria
and protein phosphatase in AD, still require further research.
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[11] D. Heras-Sandoval, J. M. Pérez-Rojas, J. Hernández-Damián,
and J. Pedraza-Chaverri, “The role of PI3K/AKT/mTOR path-
way in themodulation of autophagy and the clearance of protein
aggregates in neurodegeneration,” Cellular Signalling, vol. 26,
no. 12, pp. 2694–2701, 2014.

[12] Y. Saitoh, N. Fujikake, Y. Okamoto et al., “p62 plays a protective
role in the autophagic degradation of polyglutamine protein
oligomers in polyglutamine disease model flies,” Journal of
Biological Chemistry, vol. 290, no. 3, pp. 1442–1453, 2015.

[13] S. Ghavami, S. Shojaei, B. Yeganeh et al., “Autophagy and
apoptosis dysfunction in neurodegenerative disorders,”Progress
in Neurobiology, vol. 112, pp. 24–49, 2014.

[14] C.-C. Tan, J.-T. Yu, M.-S. Tan, T. Jiang, X.-C. Zhu, and L.
Tan, “Autophagy in aging and neurodegenerative diseases:
implications for pathogenesis and therapy,” Neurobiology of
Aging, vol. 35, no. 5, pp. 941–957, 2014.

[15] A. Salminen, K. Kaarniranta, A. Kauppinen et al., “Impaired
autophagy and APP processing in Alzheimer’s disease: the
potential role of Beclin 1 interactome,” Progress in Neurobiology,
vol. 106-107, pp. 33–54, 2013.

[16] D.-S. Yang, P. Stavrides, M. Saito et al., “Defective macroau-
tophagic turnover of brain lipids in the TgCRND8 Alzheimer
mouse model: prevention by correcting lysosomal proteolytic
deficits,” Brain, vol. 137, part 12, pp. 3300–3318, 2014.

[17] P.Nilsson,M. Sekiguchi, T. Akagi et al., “Autophagy-related pro-
tein 7 deficiency in amyloid 𝛽(𝐴𝛽) precursor protein transgenic
mice decreases𝐴𝛽 in the multivesicular bodies and induces𝐴𝛽
accumulation in the Golgi,”The American Journal of Pathology,
vol. 185, no. 2, pp. 305–313, 2015.

[18] D. M. Wolfe, J.-H. Lee, A. Kumar, S. Lee, S. J. Orenstein, and
R. A. Nixon, “Autophagy failure in Alzheimer’s disease and the
role of defective lysosomal acidification,” European Journal of
Neuroscience, vol. 37, no. 12, pp. 1949–1961, 2013.

[19] Y. Tian, J. C. Chang, E. Y. Fan, M. Flajolet, and P. Greengard,
“Adaptor complex AP2/PICALM, through interaction with
LC3, targets Alzheimer’s APP-CTF for terminal degradation via
autophagy,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 110, no. 42, pp. 17071–17076,
2013.

[20] C. Jo, S. Gundemir, S. Pritchard, Y. N. Jin, I. Rahman, and
G. V. W. Johnson, “Nrf2 reduces levels of phosphorylated tau
protein by inducing autophagy adaptor protein NDP52,”Nature
Communications, vol. 5, article 3496, 2014.

[21] T. Lu, L. Aron, J. Zullo et al., “REST and stress resistance in
ageing and Alzheimer’s disease,” Nature, vol. 507, no. 7493, pp.
448–454, 2014.

[22] A. Caccamo, V. De Pinto, A. Messina, C. Branca, and S.
Oddo, “Genetic reduction of mammalian target of rapamycin
ameliorates Alzheimer’s disease-like cognitive and pathological
deficits by restoring hippocampal gene expression signature,”
Journal of Neuroscience, vol. 34, no. 23, pp. 7988–7998, 2014.

[23] E. Mart́ınez, A. Navarro, C. Ordóñez, E. del Valle, and J. Tolivia,
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The aim of the studywas to determinewhether or not dexmedetomidine- (DEX-) based intravenous infusion in dental implantation
can provide better sedation and postoperative analgesia via suppressing postoperative inflammation and oxidative stress. Sixty
patients were randomly assigned to receive either DEX (group D) or midazolam (group M). Recorded variables were vital
sign (SBP/HR/RPP/SpO

2

/RR), visual analogue scale (VAS) pain scores, and observer’s assessment of alertness/sedation scale
(OAAS) scores. The plasma levels of interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-𝛼), antioxidant superoxide dismutase
(SOD), and the lipid peroxidation product malondialdehyde (MDA) were detected at baseline and after 2, 4, and 24 h of drug
administration. The VAS pain scores and OAAS scores were significantly lower for patients in group D compared to group M.
The plasma levels of TNF-𝛼, IL-6, and MDA were significantly lower in group D patients than those in group M at 2 h and 4 h. In
groupM, SOD levels decreased as compared to group D at 2 h and 4 h.The plasma levels of TNF-𝛼, IL-6, andMDAwere positively
correlated with VAS pain scores while SOD negatively correlated with VAS pain scores. Therefore, DEX appears to provide better
sedation during office-based artificial tooth implantation. DEX offers better postoperative analgesia via anti-inflammatory and
antioxidation pathway.

1. Introduction

Dental implants are considered one of the most common and
popular treatment options for edentulous patients in modern
dentistry. However, dental implantation remains significantly
associated with pain and high levels of anxiety [1, 2]. Implant
surgery requires bone preparation, sometimes flap and bone
graft treatment. This usually results in tissue ischemia [3]
and acute inflammation [4, 5] with concomitant increase in
oxidative stress. Mild, even severe pain following implant
surgery is extremely to be expected [6]. Implant surgery
causes tissue injury, resulting in pain hypersensitivity, as a
result of peripheral sensitization (sensitization of primary
sensory neurons) [7, 8] and central sensitization (sensitiza-
tion of spinal cord and brain neurons) [9–11]. More andmore

dental patients choose general anaesthesia for comfortable
and painless surgery. In these cases, the most widely used
form is the combination of benzodiazepine with opioid [12,
13]. Our previous study indicated that the DEX/fentanyl
regimen appears to be better than the traditional mida-
zolam/fentanyl regimen in terms of intraoperative arousal,
patient-surgeon cooperation, postoperative analgesia, and
surgeon satisfaction in office-based unilateral impacted tooth
extraction [14].However, the effects and detailedmechanisms
of postoperative analgesia effect of DEX in patients undergo-
ing dental implantation surgery have yet to be revealed.

DEX, a selective agonist of 𝛼
2
-adrenergic receptor, selec-

tively binds to presynaptic 𝛼
2
adrenergic receptors nore-

pinephrine release, resulting in a reduction of postsynaptic
adrenergic activity [15]. DEX is a potent sedative agent and
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also provides analgesia and anxiolytic and sympatholytic
effects and has minimal influence on respiratory physiology.
Along with its beneficial effects, DEX was reported to exert
potential anti-inflammatory and antioxidant effects. Previous
studies revealed that DEX significantly decreased the levels
of inflammatory cytokines during postpartum bleeding-
induced multiple organ dysfunction syndrome in rats [16], in
polymicrobial sepsis inmice [17], during cardiac surgery with
cardiopulmonary bypass in human [18], and in lung injury in
dogs [19] and laparoscopic cholecystectomy in human [20].
DEX also significantly decreased the levels of free radicals on
ischemia-reperfusion injury of epigastric island flaps of rats
[21] and ischemic rat hippocampus [22]. Our research chose
proinflammatory IL-6, TNF-𝛼, SOD, and MDA to reflect
inflammatory and oxidation conditions in vivo.

It has been proposed that irrespective of the characteristic
of the pain, whether it is sharp, dull, aching, burning, stab-
bing, numbing, or tingling, all pains arise from inflammation
and the inflammatory response [23]. Our study aims to inves-
tigate the sedation and analgesia effect of DEX during and
after implant surgery comparedwithmidazolam andwhether
DEX offered better postoperative analgesia by regulating the
inflammatory and oxidative stress.

2. Materials and Methods

2.1. Subjects and Study Protocol. Sixty patients enrolled in this
project either have previously used DEX, midazolam, parac-
etamol, and other nonsteroidal anti-inflammatory drugs or
had no known allergy to these drugs. All patients provided
written informed consent. The patients were of American
Society of Anesthesiology (ASA) physical status I or II,
between 19 and 60 years old, andwithmandibular teeth defect
(33, 34, and 35 or 43, 44, and 45). The patients were to have 3
dental implants to be placed andflap andbone graftwere to be
performed during surgery. Patients were excluded if they had
a clinical history or electrocardiographic evidence of heart
block, ischemic heart disease, asthma, sleep apnea syndrome,
impaired liver or renal function, known psychiatric illness,
diabetes, facial pain, psychological problems, smoking his-
tory, or chronic use of sedative or analgesic drugs or opioids.
Also excluded were those who refused to participate, were
pregnant, or presented with preoperative inflammation at the
site of surgery.

The 60 patients were randomly divided into two treat-
ment groups using a computer-generated random list.
Patients were infused either with midazolam and fentanyl
(groupM) or with DEX and fentanyl (group D). Each patient
had an intravenous cannula inserted. Investigators who were
not directly involved in the care of the patient prepared
the infusions, while the dental surgeon, anesthetist, and the
patients were blinded to the group allocation and drugs given.

Patients in groupD receivedDEX (1.0𝜇g/kg) and fentanyl
(0.001mg/kg) in 20mL of normal saline for 10min and then
a continuous infusion of DEX (1.0 𝜇g/kg/h) until the end
of the surgery. Patients in group M received midazolam
(0.05mg/kg) and fentanyl (0.001mg/kg) in 20mL of normal
saline for 10min, followed by a continuous infusion of

midazolam (0.05mg/kg/h) until the end of the surgery. Ten
minutes after the start of the loading dose, local anesthesia
was provided with 4% hydrochloric articaine and 1/100000
adrenaline, administered by qualified dental surgeons. Sur-
geons then performed the standard surgical procedure during
which patients were provided with amouth prop to help keep
the mouth open when required. At the end of the opera-
tion, patients were kept in the recovery area 4 h after drug
administration. Patients were prescribed one analgesic tablet
containing 500mg of paracetamol and then oral amoxicillin
capsule 500mg three times a day and ornidazole capsule
500mg twice a day until 7 days after surgery.

2.2. Enzyme-Linked Immunosorbent Assay (ELISA). Venous
blood samples (3.0mL each) were drawn at 0, 2, 4, and
24 hours after drug administration for the measurement of
plasma cytokines. Plasma samples were immediately sepa-
rated by centrifugation at 3,000 rpm for 10min at 4∘C and
then divided into aliquots and stored at −80∘C for subsequent
assays by highly sensitive enzyme-linked immunosorbent
assays (ELISA) kits to detect the proinflammatory cytokine
(IL-6, TNF-𝛼), antioxidant enzyme superoxide dismutase
(SOD), and serum levels of lipid peroxidation product
(MDA).

The production lot numbers and manufacturer of ELISA
kits are SODHumanELISAKit (ab119694, abcam,UK);MDA
Human ELISA Kit (E90597Hu, biorbyt, UK); TNF-𝛼Human
ELISA (BMS223/4CE, eBioscience, USA); Interleukin-6
Human ELISA Kit (501030-96, Cayman, USA).

2.3. Outcome Measures. All indices were recorded before
initiating sedation (i.e., baseline) and then at 15min intervals
until 4 h after the start of drug infusion. Systolic blood
pressure (SBP), heart rate (HR), rate-pressure product (RPP),
breathing rate (RR), and saturation of pulse oxygen (SpO

2
)

were recorded at 15min intervals until 4 h after the start of
drug infusion. Sedation levels were assessed using observer’s
assessment of alertness/sedation scale (OAAS). The patients
evaluated their level of pain subjectively using a VAS ruler,
with zero representing no pain and 10 the worst pain the
patient had ever experienced.

2.4. Statistical Analyses. All variables were tested for nor-
mal distribution using the Shapiro-Wilk test. The data are
expressed as themean± standard deviation (SD),median and
interquartile range (IQR), or number. The OAAS and VAS
scores were analyzed using the Kruskal-Wallis test. SpO

2
, HR,

RR, and SBP values, age, weight, duration of surgery, number
of dental implants, total volume of local anaesthetic used,
TNF-𝛼, IL-6, SOD, and MDA concentration were analyzed
using the two-sample 𝑡-test. Gender was analyzed using
the 𝜒2 test. The correlation between VAS and SOD, VAS
and MDA, VAS and TNF-𝛼, TNF-𝛼 and MDA, TNF-𝛼 and
SODwas analyzed using Spearman rank correlation analysis.
Statistical analyses were performed using the commercial
software SPSS17.0 (SPSS, Institute, Chicago, IL, USA). 𝑃
values of <0.05 were considered statistically significant.
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Figure 1: Heart rate, systolic blood pressure values, respiratory rate, saturation of pulse oxygen, and rate-pressure product (mean ± SD) for
the two treatment groups (group M and group D) during the course of 240min. Time 0min = before drug administration. M: midazolam;
D: dexmedetomidine. ∗𝑃 < 0.05.

3. Results

Sixty patients were recruited. The patient characteristics and
operation data of both groups are shown in Table 1.There was
no significant difference in demographic data, surgical char-
acteristics, duration of operation, and total volume of local
anaesthetic used between the two study groups. All patients

have no preoperative inflammation at the site of surgery.
There was also no difference in the overall preoperative pain
scores.

3.1. SpO
2
, RR, and Haemodynamic Effects. Figure 1 shows the

mean SBP, HR, SpO
2
, RR, and RPP at different time points

in each group. The SBP, HR, and RPP of group D became
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Figure 2: OAAS and VAS pain scores (median ± IQR) for the two treatment groups (group M and group D) during the course of 240min.
Time 0min = before drug administration. M: midazolam; D: dexmedetomidine. ∗𝑃 < 0.05.

Table 1: Clinical characteristics of patients for the two treatment
groups, D and M.

Variables Group D Group M
𝑃 value

(𝑛 = 30) (𝑛 = 30)
Age (year) 41.61 ± 9.82 43.34 ± 8.43 0.491
Body weight (kg) 61.12 ± 8.63 59.20 ± 7.73 0.384
Males/females 19/11 18/12 0.070
Duration of surgery
(min) 60.16 ± 12.21 62.83 ± 10.72 0.372

Number of dental
implants 2.53 ± 0.51 2.50 ± 0.51 0.800

Total volume of local
anaesthetic used (mL) 1.72 ± 0.38 1.85 ± 0.43 0.232

M: midazolam; D: dexmedetomidine. Data shown are the number or mean
± standard deviation.

significantly lower than those of group M 30–45min after
drug administration and remained so for the rest of the study.
There was no difference in SpO

2
or RR between groups D and

M.

3.2. Sedative and Analgesic Effects. Figure 2 graphically dis-
plays the median ± IQR. OAAS scores and VAS pain scores
in both treatment groups were recorded at 15min intervals
until 4h after the start of drug infusion. The sedation level

of group D became significantly different from that of group
M 60–75min after drug administration, and the differences
remained statistically significant for the rest of the study
period. The OAAS scores of group M were lower than that of
group D 15–35min after drug administration. Main reasons
are as follows: the onset time of midazolam was 30∼60
seconds and it takes 5 minutes to reach peak plasma drug
concentration. However the onset time of DEX was 10∼
15min and it takes 25∼30 minutes to reach peak plasma
drug concentration. The VAS pain scores in group D and
group M were not statistically different after 30–120min but
became lower than that in group M after 120–240min after
drug administration. The pain is more intense as the local
anesthetic wears off. DEX has analgesic effect but midazolam
has not.Midazolamhas shorter onset time relative toDEX, so
the VAS pain score of group M was lower than that of group
D 15min after drug administration.

3.3. Anti-Inflammatory and Antioxidant Effects. As shown in
Figure 3, plasma SOD levels were not statistically different
either at baseline (0 h) or at 24 h after drug administration in
both groups. However, significant reduction of SODwas seen
in group M but not in group D at 2, 4 h after drug admin-
istration (𝑃 < 0.05 group D versus group M) (Figure 3(a)),
indicating that DEX prevented the reduction in plasma SOD
levels. Similarly, plasma MDA level was not statistically
different 0, 24 h after drug administration in both groups,
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Figure 3: Plasma SOD, MDA, TNF-𝛼, and IL-6 concentrations (mean ± SD) were investigated in each plasma sample for the two treatment
groups (group M and group D). Time 0 h = before drug administration. Time 2 h = 2 h after drug administration. Time 4 h = 4 h after drug
administration. Time 24 h = 24 h after drug administration. M: midazolam; D: dexmedetomidine. ∗𝑃 < 0.05.

while plasma MDA levels in group D were lower than group
M 2, 4 h after drug administration (𝑃 < 0.05, Figure 3(b)).
Plasma levels of IL-6 and TNF-𝛼 were lower in group D than
those in group M at 2 and 4 h after drug administration (𝑃 <
0.05, 𝑃 < 0.05, Figures 3(c) and 3(d)). Plasma TNF-𝛼 and
IL-6 levels were not statistically different 0, 24 h after drug
administration in both groups (Figures 3(c) and 3(d)).

3.4. Correlation Analysis. We surmised that DEX offered
better postoperative analgesia by regulating the inflammatory
and oxidation factors. The correlation analyses between VAS
pain scores and plasma concentrations of SOD, MDA, TNF-
𝛼, and IL-6 at 2, 4 after drug administration are shown
in Table 2. Spearman analysis showed that VAS pain scores

and plasma SOD content of the two groups were negatively
correlated at 2, 4 h after drug administration. VAS pain scores
and plasma MDA content were positively correlated. VAS
pain scores were also positively correlated with plasma TNF-
𝛼 and IL-6 content (Figures 4 and 5). Inflammation may
contribute to oxidizing reaction. Our results showed that
plasma TNF-𝛼 and SOD content of the two groups were
negatively correlated, while plasma TNF-𝛼 andMDA content
of the two groups were positively correlated (Figure 6).

4. Discussion

We have shown in the current study that DEX offered better
sedation and postoperative analgesia on implant surgery
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Figure 4: The correlation analysis between VAS pain scores and plasma concentrations of SOD, MDA, TNF-𝛼, and IL-6 at 2 after drug
administration. VAS pain scores versus SOD (a); VAS pain scores versus MDA (b); VAS pain scores versus TNF-𝛼 (c); VAS pain scores versus
IL-6 (d).

compared with midazolam, which was associated with more
pronounced reductions of postoperative plasma levels of
TNF-𝛼, IL-6, andMDA and an increase in SOD.The positive
correlations betweenVAS andTNF-𝛼, IL-6, and SODprovide
evidence to suggest that DEX could offer better postoper-
ative analgesia by suppressing inflammatory and oxidation
response during implant surgery.

In addition to treatment for sedation and analgesia, the
most significant adverse reactions associated with DEX are
hypotension and bradycardia. DEX has been administered to
hypertensive patients during surgery [24], suggesting a relax-
ing effect on peripheral vessels. Previous studies reported
that RPP was one of the major determinants of myocardial
oxygen consumption and RPP > 20,000mmHgmin−1 could
precipitate angina pectoris [25]. No patient had an RPP of

more than 20,000mmHgmin−1 in our study. The effect of
DEX on lowering SBP, HR, and RPP could decrease the
myocardial oxygen requirement andmay be advantageous for
patients at risk of coronary artery disease [26]. DEX can be
titrated to the desired level of sedation without significant
respiratory depression [27]. Midazolam often causes respi-
ratory depression, especially with fentanyl or other opioids
[28]. In the present study the SpO

2
and RR did not differ

significantly between the groups, despite the fact that the SBP
and HR values slightly lower in group D. No incidence of
cardiovascular instability that required intervention occurred
in any of the patients.

Pain, inflammation, and postoperative trismus are the
main symptoms following implant surgery. The pain is more
intense from the first three to five hours as the local anesthetic
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Figure 5: The correlation analysis between VAS pain scores and plasma concentrations of SOD, MDA, TNF-𝛼, and IL-6 at 4 after drug
administration. VAS pain scores versus SOD (a); VAS pain scores versus MDA (b); VAS pain scores versus TNF-𝛼 (c); VAS pain scores versus
IL-6 (d).

wears off [29]. DEX can exert analgesic effects through
activation of central 𝛼

2
-adrenergic receptors in the locus

coeruleus [14]. In our study, VAS pain score was below about
4 in both groups during and after implant surgery. VAS pain
score in group D was lower than group M during 120min–
240min. OAAS scores of group D were lower than group M
during 60min–240min. So, comparedwithmidazolam,DEX
offered better sedation and analgesia during and after implant
surgery.

It is known that an increase in the level of proinflamma-
tory cytokines, including TNF-𝛼 and IL-6, is an early feature
of acute injury. Recent studies found that DEX has an anti-
inflammatory effect by reducing the levels of inflammatory
cytokines. A body of animal and clinical trials [30, 31] have
shown that DEX decreases cytokine (TNF-𝛼, IL-6) secretion

after endotoxin injection and that DEX reduced themortality
rate in endotoxemia-induced shock rat models in a dose-
dependent manner. In addition, several studies [32–34] have
demonstrated that DEX could exert a potential protective
effect by suppressing inflammatory responses on ventila-
tor, lipopolysaccharide, or𝛼-naphthylthiourea-induced acute
lung injury. Compared to group M, our results showed that
DEX exhibited potent activity in inhibiting TNF-𝛼 and IL-6
in dental surgery, particularly 4 h after drug administration.
Although studies have shown the regulatory effects ofDEXon
inflammatory reactions, the exact mechanisms responsible
for these actions are not well understood.

TNF-𝛼 is a major proinflammatory cytokine produced
not only in the immune system but also in the peripheral
and central nervous system, especially under the pathological
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Figure 6: The correlation analysis between plasma concentrations of MDA and TNF-𝛼 after 2 h of drug administration (a); the correlation
analysis between plasma concentrations of MDA and TNF-𝛼 after 4 h of drug administration (b); the correlation analysis between plasma
concentrations of SOD and TNF-𝛼 after 2 h of drug administration (c); the correlation analysis between plasma concentrations of SOD and
TNF-𝛼 after 4 h of drug administration (d).

conditions [35]. TNF-𝛼 is also known for its substantial role in
periodontitis [36]. Increasing evidence suggests a critical role
of TNF-𝛼 in the pathogenesis of pain including neuropathic
pain [37, 38] and acute and persistent inflammatory pain
[9, 39]. IL-6 induces muscle and joint hyperalgesia [40]
and mediates the development of injury-induced hyperalge-
sia [41]. Following surgery, IL-6 levels are associated with
postoperative pain [42]. In samples of patients with pain,
levels of IL-6 have been shown to correlate with higher pain
severity [43, 44]. Collectively, these findings support that
proinflammatory cytokines are likely to play a facilitatory
role in the development and maintenance of persistent pain
syndromes. Our results showed VAS pain scores and plasma
TNF-𝛼, IL-6 content were positively correlated at 2, 4 h after

drug administration. This suggests that postoperative pain
may be caused by acute inflammation and that reducing
inflammation cytokine release should have played an impor-
tant role in DEXmediated reduction of postoperative pain in
patients undergoing implant surgery.

SOD has strong antioxidant and physical activity and
serves as a major free radical scavenger of body [45]. MDA,
the end product of lipid peroxidation [46], was assessed in
combination with SOD to evaluate the effects of DEX on
oxidative stress during and after dental implant surgery in
the current study. Some studies [22, 47, 48] have shown that
DEX can attenuate the increase of MDA level and enhance
SOD activities. In our study, the plasma MDA was higher
in group M as compared to group D, while SOD activities
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Table 2: The correlation analysis between VAS pain scores and
plasma concentrations of SOD, MDA, TNF-𝛼, and IL-6 at 2, 4 after
drug administration.

Source Dependent Spearman Sig.
variable correlation (2-tailed)

VAS pain
scores

SOD −0.649∗∗ (2 h) <0.001
−0.585∗∗ (4 h) <0.001

MDA 0.810∗∗ (2 h) <0.001
0.660∗∗ (4 h) <0.001

TNF-𝛼 0.611∗∗ (2 h) <0.001
0.642∗∗ (4 h) <0.001

IL-6 0.518∗∗ (2 h) <0.001
0.624∗∗ (4 h) <0.001

∗∗Correlation is significant at the 0.01 level (2-tailed).

were significantly lower in group M as compared to group
D. These results pointed to possible antioxidant effects of
DEX in the dental implant region. A few studies reported
that various reactive oxygen species (ROS) scavengers and
antioxidants reduce hyperalgesic behaviours in rat models of
persistent pain [45]. Superoxide anion (O

2

−

) is critical for
sensitization of spinal neurons and persistent pain [49, 50].
Antioxidant enzyme SOD is concerned with the removal of
superoxide anion. One study shows that saliva and serum
antioxidants and serumMDA levels were elevated in patients
with complex regional pain syndrome-type I [50]. Our results
showed VAS pain scores and plasma SOD content of the
two groups were negatively correlated. VAS pain scores and
plasma MDA content were positively correlated. This sug-
gests that postoperative pain may be caused in part by acute
oxidative stress reaction. Thus, reduction of postoperative
oxidative stress should also play an important role in DEX
mediated attenuation of pain.

An exaggerated inflammatory response to tissue injury,
ischemia, and reperfusion injuries can all result in excessive
production of free radicals [51]. Free radicals, in turn, can
increase vascular permeability, release neuropeptides (i.e.,
substance P), enhance inflammation, and cause further tissue
damage [52, 53]. TNF-𝛼 increased the levels of superoxide
anion and MDA and then induced oxidative stress and
cell toxicity [54, 55]. A small dose of hydrogen peroxide
enhances toxicity of TNF-𝛼 in inducing human vascular
endothelial cell apoptosis [56]. Our result showed that plasma
TNF-𝛼 and MDA, SOD content were correlated closely.
While correlation relationship does not necessarily indicate a
causal relationship, the findings of our current study provide
mechanistic clues for future in-depth study to elucidate the
mechanism of dexmedetomidine in clinical settings.

5. Conclusions

Our study demonstrates that DEX appears to provide better
sedation, postoperative analgesia than traditional medicine
midazolam during office-based artificial tooth implanta-
tion. Further, our findings provide evidence to suggest that

reduction of postoperative inflammatory and oxidative stress
plays important role in DEX postoperative analgesic effects,
although detailed mechanism needs further study.
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The generation of reactive oxygen species (ROS) is a major cause of heart injury induced by ischemia-reperfusion. The left
ventricular developed pressure (LVDP) and the maximum up/down rate of left ventricular pressure (±𝑑𝑝/𝑑𝑡max) were documented
by a physiological recorder. Myocardial infarct size was estimated macroscopically using 2,3,5-triphenyltetrazolium chloride
staining. Coronary effluent was analyzed for lactate dehydrogenase (LDH) and creatine kinase (CK) release to assess the degree of
cardiac injury.The levels of C-reactive protein (CRP), interleukin-8 (IL-8), tumor necrosis factor-𝛼 (TNF-𝛼), and interleukin-6 (IL-
6) were analyzed to determine the inflammation status of the myocardial tissue. Cardiomyocyte apoptosis analysis was performed
using the In Situ Cell Death Detection Kit, POD. Accordingly, licochalcone B pretreatment improved the heart rate (HR), increased
LVDP, and decreased CK and LDH levels in coronary flow. SOD level and GSH/GSSG ratio increased, whereas the levels of MDA,
TNF-𝛼, and CRP and activities of IL-8 and IL-6 decreased in licochalcone B-treated groups. The infarct size and cell apoptosis in
hearts from licochalcone B-treated groupwere lower than those in hearts from the I/R control group.Therefore, the cardioprotective
effects of licochalcone B may be attributed to its antioxidant, antiapoptotic, and anti-inflammatory activities.

1. Introduction

Ischemic heart disease is a leading cause of death worldwide
and is the most common consequence of coronary artery
disease. Reperfusion of an occluded human coronary can
effectively reduce overall mortality; the restoration of blood
flow through the previously ischemic myocardium can ele-
vate reperfusion injury symptoms, including cardiomyocyte
dysfunction and cell death [1]. Previous studies showed that
the myocardial response to ischemia-reperfusion can be
manipulated to delay injury.Thus, studies on themechanisms
of cardioprotection were conducted. Various interventions
that target the preischemic period and/or reperfusion have
been investigated for their efficacy in preventing myocar-
dial injury after ischemic insult. Among the most effective
experimental strategies are interventions such as ischemic
preconditioning and its pharmacological mimicking [2].

Myocardial ischemia-reperfusion injuries in pathological
disorders include reperfusion arrhythmias, transient mecha-
nical dysfunction, myocardial stunning, and cell death [3].
Oxidative stress caused by reactive oxygen species (ROS)
has a considerable role in ischemia/reperfusion (I/R) injury,
which impairs cardiac function [4]. Ischemia/reperfusion
leads to an imbalance between antioxidants and the accumu-
lation of toxic free radicals, which increase the susceptibility
of tissues to oxidative damage via lipid peroxidation, protein
oxidation, and DNA oxidation [5]. The cardioprotective
effects of various antioxidants have been studied in vivo
and in vitro using hearts [6]. Several studies revealed that
the addition of antioxidants or scavengers, such as super-
oxide dismutase (SOD) and catalase, could reduce infarct size
[7–10].

Flavonoids have unique antioxidant properties and other
pharmacological activities that may be relevant to protecting
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the heart from ischemia-reperfusion injury.These flavonoids
may prevent production of oxidants (e.g., by inhibition
of xanthine oxidase and chelation of transition metals),
may inhibit oxidants from attacking cellular targets (e.g.,
by electron donation and scavenging activities), may block
propagation of oxidative reactions (e.g., by chain-breaking
antioxidant activity), and may reinforce cellular antioxidant
capacity (e.g., by minimizing the effects of oxidants on
antioxidants and by inducing expression of endogenous
antioxidants). Flavonoids also possess anti-inflammatory and
antiplatelet aggregation effects by inhibiting relevant enzymes
and signaling pathways. Such activities ultimately lower
oxidant production and enhance the reestablishment of blood
in the ischemic zone. Finally, flavonoids exhibit vasodilatory
effects through a variety of mechanisms, one of whichmay be
the interaction with ion channels. These multifaceted activ-
ities of flavonoids corroborate their use as potential thera-
peutic intervention tools to ameliorate ischemia-reperfusion
injury [11].

Licochalcone B, which belongs to the retrochalcone
family, is isolated from the roots of Chinese licorice. Studies
on the biological activities of licochalcone B are in the initial
stage. Licochalcone B showed high antioxidant and free
radical-scavenging activities [12, 13]. Experimental studies
suggested that licochalcone B has several other useful phar-
macological properties, such as anti-inflammatory activities
[14], leukotriene inhibition action [15], and preventive activ-
ity against glucose-mediated protein damage [16]. We aimed
to evaluate the cardioprotective effects of licochalcone B and
mechanisms underlying such effects.

2. Materials and Methods

2.1. Animals. Adult male SD rats, weighing 250 g to 300 g,
were obtained from Xinjiang Medicine University Medical
Laboratory Animal Center (SDXK 2011-004) and housed
in a room at 22∘C to 25∘C, 50% to 60% relative humidity,
and a 12 h light/12 h dark cycle. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of National Institute Pharmaceutical Education
and Research.

2.2. Test Compounds, Chemicals, and Reagents. Licochalcone
B (purity ≥ 98%) was purchased from Shanghai Li Chen
Biotechnology Co., Ltd. (Shanghai, China). 1,1,3,3-Tetrame-
thoxypropane was obtained from Fluka Chemical Co. (Ron-
konkoma, NY). 2,3,5-Triphenyltetrazolium chloride (TTC),
oxidized glutathione, and reduced glutathione were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Other
chemicals and reagents were of analytical grade.

2.3. Drug Administration and Surgical Procedure. The rats
were randomly divided into seven groups as follows: control
(Sham), I/R, and licochalcone B (0.5, 1, 3, and 5 𝜇g/mL).
Hearts in the control group were perfused during the 90min
stabilization period. Hearts from the IR group were subjected
to 20min of zero-flow global ischemia and 45min of reper-
fusion after stabilization. Hearts in licochalcone B treatment

group were stabilized for 30min and treated with Krebs-
Henseleit (K-H) buffer solution containing licochalcone B
(0.5, 1, 3, and 5 𝜇g/mL). Global ischemia and reperfusionwere
established for 45min.

2.4. IR. Rats were anesthetized with chloral hydrate (350mg/
kg). The hearts were excised quickly and immediately
immersed in ice-cold K-H buffer (pH 7.4) containing
118mM NaCl, 1.2mM KH

2
PO
4
, 4.7mM KCl, 1.7mM CaCl

2
,

1.2mMMgSO
4
, 20mM sodium acetate, and 10mM glucose.

The buffer was maintained at a temperature of 37∘C and
infused continuously with oxygen. The excised hearts were
cannulated through the aorta by a Langendorff apparatus and
were perfused in retrograde with K-H buffer containing 95%
O
2
and 5% CO

2
throughout the experiment. Perfusion pres-

sure wasmaintained at 75mmHg. Awater-filled latex balloon
coupled to a pressure transducer (Statham) was inserted into
the left ventricular cavity via the left auricle for pressure
recording. Ventricular end-diastolic pressure (VEDP) was
adjusted between 5 and 12mmHg. The hearts were stabilized
for 30min, after which global ischemia and reperfusion
were established for 15 and 45min, respectively. The hearts
from the control group were perfused and subjected to a
90min stabilization procedure. During the experiment, left
ventricular developed pressure (LVDP), LVEDP, heart rate
(HR), and rate of developed pressure during contraction
and relaxation (±𝑑𝑝/𝑑𝑡max) were monitored continuously
using a 4S AD Instruments biology polygraph. The heart
effluents were collected at 1min intervals at selected times to
determine coronary flow.

2.5. Measurement of Cellular Injury. Lactate dehydrogenase
(LDH) and creatine kinase (CK) release is measured to
evaluate the presence of necrotic cell death [15]. At the end of
the experiment, levels of LDH and CK in the perfusate were
determined spectrophotometrically via cytotoxicity detec-
tion LDHandCKkits (Nanjing JianchengBiological Product,
Nanjing, China).

2.6. Evaluation of Myocardial Infarct Size. The artery was
occluded for 20min and reperfused for 45min before the
end of the experiment. These durations of ischemia and
reperfusion have been successfully used in the same exper-
imental model. To evaluate tissue death, the hearts were
removed andwashed in phosphate buffered saline, frozen and
stored at −20∘C for 30min, and sliced into 1 mm sections
perpendicularly along the long axis from apex to base. The
slices were incubated in 1% TTC in pH 7.4 buffer at 37∘C for
10min to 15min, fixed in 10% formaldehyde solution, and
photographed with a digital camera to distinguish the red-
stained viable and the white-unstained necrotic tissues. Areas
stained in red and white were measured using an Image-Pro
Plus 7.0 (Media Cybernetics, Wyoming, USA).The infarction
size percentage was calculated by the following equation:

%Infarct volume = Infarct volume
Total volume of slice

× 100. (1)
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Table 1: Effect of licochalcone B on cardiac function in rats subjected to I/R (values are means with their standard deviation, 𝑛 = 8).

Physical index Reperfusion (%)
15min 30min 45min

LVDP
Control 96.31 ± 3.27 94.45 ± 4.12 93.67 ± 4.92
I/R 40.50 ± 4.59## 47.18 ± 4.08## 48.76 ± 5.88##

0.5 𝜇g/mL licochalcone B 79.76 ± 2.06∗∗ 78.28 ± 3.79∗∗ 74.13 ± 5.39∗∗

1 𝜇g/mL licochalcone B 85.39 ± 2.73∗∗ 82.23 ± 2.83∗∗ 81.49 ± 3.41∗∗

3 𝜇g/mL licochalcone B 63.88 ± 5.54∗ 57.46 ± 3.99∗ 55.16 ± 2.53∗

5 𝜇g/mL licochalcone B 58.54 ± 3.97 52.96 ± 3.82 51.10 ± 4.28
+𝑑𝑝/𝑑𝑡max

Control 117.68 ± 2.59 116.79 ± 3.63 113.03 ± 3.71
I/R 42.26 ± 3.27## 52.83 ± 3.41## 52.62 ± 3.92##

0.5 𝜇g/mL licochalcone B 68.48 ± 4.84∗ 75.29 ± 7.46∗ 74.59 ± 4.40∗

1 𝜇g/mL licochalcone B 95.11 ± 3.50∗∗ 95.76 ± 1.84∗∗ 92.27 ± 2.94∗∗

3 𝜇g/mL licochalcone B 61.05 ± 4.83∗ 60.36 ± 4.50∗ 57.68 ± 3.66∗

5 𝜇g/mL licochalcone B 55.90 ± 3.60∗ 55.09 ± 2.10∗ 54.22 ± 3.97∗

−𝑑𝑝/𝑑𝑡max

Control 102.69 ± 3.72 99.30 ± 4.93 97.35 ± 5.01
I/R 49.22 ± 5.88## 56.47 ± 3.28## 56.05 ± 4.49##

0.5 𝜇g/mL licochalcone B 72.96 ± 5.38∗ 74.12 ± 2.42∗ 66.78 ± 5.68∗

1 𝜇g/mL licochalcone B 85.60 ± 2.40∗∗ 83.62 ± 5.14∗∗ 84.76 ± 7.00∗∗

3 𝜇g/mL licochalcone B 54.59 ± 6.85∗ 53.50 ± 5.25∗ 50.12 ± 5.55∗

5 𝜇g/mL licochalcone B 49.80 ± 4.91 48.27 ± 2.96 47.90 ± 4.25
CF

Control 107.34 ± 3.16 107.09 ± 3.53 104.18 ± 5.97
I/R 90.57 ± 8.78# 100.72 ± 7.65# 99.92 ± 10.00#

0.5 𝜇g/mL licochalcone B 98.83 ± 1.78 98.72 ± 4.89 99.99 ± 3.45
1 𝜇g/mL licochalcone B 95.52 ± 6.18 97.95 ± 5.91 98.22 ± 7.16
3 𝜇g/mL licochalcone B 85.84 ± 3.91∗ 90.73 ± 8.34∗ 92.49 ± 7.77∗

5 𝜇g/mL licochalcone B 89.78 ± 5.44∗ 90.07 ± 7.32∗ 91.88 ± 3.67∗

HR
Control 118.13 ± 8.05 118.96 ± 3.81 122.56 ± 3.91
I/R 86.49 ± 10.97## 78.49 ± 8.81## 69.00 ± 3.50##

0.5 𝜇g/mL licochalcone B 94.99 ± 8.90 93.01 ± 11.05∗ 86.99 ± 1.34∗

1 𝜇g/mL licochalcone B 105.46 ± 8.29∗ 100.55 ± 9.07∗∗ 97.07 ± 4.36∗∗

3 𝜇g/mL licochalcone B 97.86 ± 8.53 89.68 ± 6.47 86.47 ± 5.02
5 𝜇g/mL licochalcone B 87.00 ± 9.40 80.49 ± 8.98 74.13 ± 3.57

Left ventricular developed pressure (LVDP); maximum rise velocity (+𝑑𝑝/𝑑𝑡max); maximum down velocity (−𝑑𝑝/𝑑𝑡max); coronary flow (CF); heart rate (HR).
##
𝑃 < 0.01 and #

𝑃 < 0.05 compared with control group; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with the I/R group.

2.7. Assay of Oxidative Stress. At the end of the perfusion
treatments, the hearts were harvested and maintained at
−70∘C for subsequent analysis. The frozen ventricles were
crushed to a powder using liquid nitrogen-chilled tissue
pulverizer. For tissue analyses, the weighed amount of the
frozen tissues was homogenized in appropriate buffer using
microcentrifuge tube homogenizer.

The SOD, malondiadehyde (MDA), and glutathione/
glutathione disulfide (GSG/GSSH) concentrations were ana-
lyzed spectrophotometrically according to the instruction of

the assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

2.8. Inflammation Assay. TNF-𝛼, CRP, IL-8, and IL-6 were
analyzed spectrophotometrically according to the instruction
of the Rat Tumor Necrosis Factor Alpha ELISA Kit, Rat C-
reactive protein ELISA Kit, Rat Interleukin 8 ELISA Kit, and
Rat Interleukin 6 ELISAKit (Tsz Biosciences, Greater Boston,
USA).
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Table 2: Effect of licochalcone B on levels of CK and LDH in coronary flow of I/R injury (values are means with their standard deviation,
𝑛 = 8).

Physical index Before ischemia Reperfusion
20min 20min 45min

LDH (U/L)
Control 18.3 ± 4.67 17.1 ± 3.84 16.70 ± 7.17
I/R 17.6 ± 6.37 64.0 ± 4.67## 58.5 ± 8.43##

0.5 𝜇g/mL licochalcone B 17.79 ± 5.14 37.53 ± 6.61∗∗ 29.17 ± 5.61∗∗

1 𝜇g/mL licochalcone B 17.6 ± 5.64 22.5 ± 6.49∗∗ 27.5 ± 7.26∗∗

3 𝜇g/mL licochalcone B 17.60 ± 7.70 55.38 ± 2.75∗ 50.99 ± 3.42∗

5 𝜇g/mL licochalcone B 19.35 ± 7.91 60.51 ± 8.54 53.34 ± 5.50
CK (U/L)

Control 28.19 ± 9.07 25.22 ± 5.89 26.02 ± 9.01
I/R 23.36 ± 7.55 366.98 ± 15.24## 126.36 ± 14.13##

0.5 𝜇g/mL licochalcone B 23.91 ± 3.95 276.47 ± 14.09∗∗ 93.54 ± 17.35∗∗

1 𝜇g/mL licochalcone B 19.03 ± 11.12 243.63 ± 16.35∗∗ 72.00 ± 17.24∗∗

3 𝜇g/mL licochalcone B 25.77 ± 9.73 310.97 ± 18.10 98.97 ± 14.89∗∗

5 𝜇g/mL licochalcone B 27.49 ± 5.88 325.17 ± 18.33 106.27 ± 18.77
##
𝑃 < 0.01 compared with the control group; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with I/R group.

2.9. General Histology. The rat’s heart was fixed in 10% form-
aldehyde and preserved at normal temperature.Theheart was
observed under an optical microscope after HE coloration.
A small piece (2mm × 1mm × 1mm) of subendocardial
myocardium from the root of left ventricular papillary
muscle was obtained and fixed in 0.1mmol/L phosphate
buffer (pH 7.2), which included 3% glutaraldehyde and 1.5%
paraformaldehyde at 4∘C.The piece was cut into small pieces
of 1mm3 and subsequently fixed in the abovementioned
solution for 4 h. Moreover, the piece was fixed in 1% osmic
acid again at 4∘C for 1.5 h after being rinsed with phosphate
buffer. Afterwards, the tissue was dehydrated by alcohol
followed by dimethylbenzene and embedded in epoxy resin
618. The tissue was located by semithin sectioning and sliced
into ultrathin sections (60 nm). The sections were dyed with
uranium acetate and lead citrate and observed under an
optical microscope.

2.10. Terminal Deoxynucleotidyl Transfer-Mediated dUTP
Nick End-Labeling (TUNEL) Staining. We conducted
TUNEL by using an In Situ Cell Death Detection Kit, POD
(Roche, Germany), according to the manufacturer’s instruc-
tions. After deparaffinization and rehydration, the sections
were treated with protease K at 10mmol/L concentration
for 15min. The slides were immersed in TUNEL reaction
mixture for 60min at 37∘C in a humidified atmosphere in
the dark. Converter-POD was used to incubate the slides
for 30min to show blue nuclear staining. The slides were
analyzed by optical microscopy. The TUNEL index (%) was
the ratio of the number of TUNEL-positive cells divided
by the total number of cells and was used to evaluate the
apoptosis index of the heart TUNEL-stained tissues. For each
sample, eight randomly selected areas of TUNEL-stained
slices were counted, and the average value was calculated.

2.11. Statistical Analysis. Data were presentedas means ± SD
from at least three independent experiments and evaluated
by analysis of variance (ANOVA) and followed by Student’s
t-test. The values of 𝑃 < 0.05 were considered statistically
significant. The analyses were performed using the Statistical
Program for Social Sciences Software (IBM SPASS, Interna-
tional Business Machines Corporation, Armonk City, New
York, USA).

3. Results

3.1. Licochalcone B Enhanced the Recovery of I/R-Altered Car-
diac Function. We evaluated cardiac function by monitor-
ing hemodynamic parameters, which are important indices
of cardiac function. The doses of licochalcone B used in
the experiments were determined during the preliminary
experiments. Licochalcone B concentration of 0.5, 1, 3, or
5 𝜇g/mL was selected. The hemodynamic parameters were
continuously monitored using a computer-based data acqui-
sition system (PC PowerLab with Chart 5 software, 4S AD
Instruments). The effects of licochalcone B treatment on
LVDP, ±𝑑𝑝/𝑑𝑡max, CF, and HR during I/R in the control,
I/R, and licochalcone B-treated hearts are shown in Table 1.
Compared with the unprotected I/R hearts, licochalcone
B significantly improved functional recovery during early
reperfusion, and 1𝜇g/mL of licochalcone B group signifi-
cantly improved LVEDP, ±𝑑𝑝/𝑑𝑡max, and HR (∗𝑃 < 0.05).

3.2. Licochalcone B Attenuated I/R-Induced Enzyme Release
in Rat’s Heart. To evaluate the degree of myocardial injury,
we measured the release of LDH and CK. This method has
been used in previous studies to evaluate the presence of
necrotic cell death. Prior to ischemia, LDH and CK levels in
the effluents from the control, I/R, and licochalcone B-treated
groups were fundamentally similar. After 20min of ischemia
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Figure 1: Effect of licochalcone B on the reduction of I/R-induced infarct size. ##𝑃 < 0.01 compared with control group; ∗𝑃 < 0.05 and
∗∗

𝑃 < 0.01 compared with the I/R group.

followed by 20 and 45min of reperfusion, the leakage of CK
and LDH notably increased in the I/R group compared with
the control (Table 2). Pretreatment with licochalcone B at 0.5
and 1 𝜇g/mL significantly reduced the I/R-induced increase
in LDH and CK release in rat’s heart (∗∗𝑃 < 0.01).

3.3. Licochalcone B Reduced I/R-Induced Infarct Size. Myo-
cardial infarct size can be an indicator of myocardial injury.
I/R group hearts subjected to global myocardial ischemia
for 20min followed by 45min of reperfusion showed a
significant increase of risk area infarct (48.55% ± 4.47%).
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Figure 2: Effect of licochalcone B on cardiac contents of MDA, SOD, and GSH/GSSG in rats subjected to I/R (values are means with their
standard deviation, 𝑛 = 8). ##𝑃 < 0.01 compared with control group; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with the I/R group.

By contrast, licochalcone B preconditioning reduced the per-
centage of the I/R-induced myocardial infarct size (Figure 1).
Licochalcone B preconditioning at 0.5 and 1 𝜇g/mL reduced
the I/R-induced percentage ofmyocardial infarct size (14.34±
2.56% and 11.36 ± 2.53%, resp.).

3.4. Licochalcone B Alleviated Oxidative Stress Induced by
I/R. ROS generation is a major factor in I/R injury. SOD,
MDA, and the ratio ofGSH/GSSG are indicators of oxidation.
The SOD activity, MDA level, and ratio of GSH/GSSG were
determined in myocardial tissue to identify the possible
mechanisms underlying the cardioprotective effects of lic-
ochalcone B.MDA level significantly decreased (Figure 2(a)),
whereas SOD activity (Figure 2(b)) and GSH/GSSG ratio
(Figure 2(c)) significantly increased in the group pretreated
with 1 𝜇g/mL licochalcone B compared with the I/R group.
The 5 𝜇g/mL licochalcone B pretreatment group showed no
significant difference compared with the I/R group.

3.5. Licochalcone B Reduced Myocardial Structure Injury
Induced by I/R. The changes in the morphological structure

of myocardial tissue were elevated by HE coloration. The
optical microscopy of rat myocardial structure is shown in
Figure 3. The myocardial structures of the control group
(Figure 3(a)) were as follows: muscle fibers were neatly
arranged; interstitial substance contained no edema; muscle
membrane was not damaged; and muscle fibers showed
no fracture, degeneration, and necrosis. By contrast, the
myocardial structures of I/R group (Figure 3(b)) were as
follows: muscle fibers were irregularly arranged; interstitial
substance exhibited edema; muscle membrane was damaged;
and muscle fibers showed fracture, degeneration, and necro-
sis. Compared with the I/R group, the group pretreated with
licochalcone B at 0.5 (Figure 3(c)) and 1 𝜇g/mL (Figure 3(d))
showed significantly reduced I/R-induced myocardial struc-
ture injury. However, the groups pretreated with licochalcone
B at 3 (Figure 4(e)) and 5 𝜇g/mL (Figure 4(f)) indicated no
significant difference compared with the I/R group.

3.6. Licochalcone B Reduced Cardiomyocyte Apoptosis Induced
by I/R. The results of ischemic reperfusion myocardium in
cardiomyocyte apoptosis were evident in the section. We
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Figure 3: Effects of licochalcone B on cell morphology and hematoxylin and eosin (HE) staining (×200).

performed TUNEL staining to observe cardiomyocyte apop-
tosis. Under optical microscopy, TUNEL staining showed
the absence of apoptosis in the control group (Figure 4(a)).
The number of apoptotic cells increased dramatically in the
I/R group (Figure 4(b)), whereas the groups pretreated with
licochalcone B at 0.5 (Figure 4(c)) and 1 𝜇g/mL (Figure 4(d))
showed an obviously reduced number of apoptotic cells.
The groups pretreated with licochalcone B at 3 (Figure 4(e))
and 5 𝜇g/mL (Figure 4(f)) showed no significant difference
compared with the I/R group. The apoptosis percentage is
shown in Figure 4(g).

3.7. Licochalcone B Reduced Inflammation Induced by I/R.
Inflammation is an important mechanism underlying myo-
cardial I/R injury. The presence of inflammatory cytokines
(IL-6, CRP, IL-8, and TNF-𝛼) associated with I/R was
determined in myocardial tissue to identify the possible
mechanisms underlying the cardioprotective activity of lic-
ochalcone B. The levels of IL-6 and CRP and the activities
of IL-8 and TNF-𝛼 were determined. The content of IL-6 in
the group pretreated with 1 𝜇g/mL licochalcone B (45.36 ±
2.53 pg/mL) was significantly lower (𝑃 < 0.01) than that in
the I/R group (68.55±4.47 pg/mL) (Figure 5(a)).The activity
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Figure 4: Effects of licochalcone B suppression on cardiomyocyte apoptosis (×400). Arrows indicate the apoptosis cardiomyocyte nucleus.
##
𝑃 < 0.01 compared with control group; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with the I/R group.

of TNF-𝛼 decreased from 300.24 ± 21.58 pg/mL in the I/R
group to 132.97 ± 10.45 pg/mL in the group pretreated
with 1 𝜇g/mL licochalcone B (𝑃 < 0.01) (Figure 5(b)).
Compared with I/R group (461.12 𝜇g/L ± 28.10 𝜇g/L), CRP
level decreased significantly in the group treatedwith 1𝜇g/mL
licochalcone B (199.47 pg/mL ± 15.08 pg/mL) (𝑃 < 0.01)
(Figure 5(c)). The activity of IL-8 decreased from 124.61 ±
19.82 ng/L in the I/R group to 62.04 ± 6.49 ng/L in the group
treated with 1 𝜇g/mL licochalcone B (𝑃 < 0.01) (Figure 5(d)).

The levels of IL-6 and IL-8 activities and CRP level
and TNF-𝛼 activity in the group treated with 0.5 𝜇g/mL
licochalcone B decreased significantly compared with the I/R

group (𝑃 < 0.05). No significant difference was indicated
between the group treated with high doses of licochalcone B
(3 and 5 𝜇g/mL) and the I/R group.

4. Discussion

We observed the following: (1) the middle-dose licochal-
cone B (0.5 and 1 𝜇g/mL) pretreatment reduced I/R injury;
(2) middle-dose licochalcone B suppressed the I/R-induced
increase in MDA level and decrease in SOD activity and
GSH/GSSG ratio; (3) middle-dose licochalcone B reduced
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Figure 5: Effect of licochalcone B on cardiac composition of IL-6 and TNF-𝛼 in rats subjected to I/R (values are means with their standard
deviation, 𝑛 = 8). ##𝑃 < 0.01 compared with control group; ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with the I/R group.

cardiomyocyte apoptosis induced by I/R; and (4) high-dose
licochalcone B (3 and 5 𝜇g/mL) indicated no cardioprotective
effects. Thus, the cardioprotective effects of licochalcone B
may be attributed to its antioxidant, antiapoptotic, and anti-
inflammatory activities.

Studies have suggested that ROS generation is among the
major factors in I/R injury [17, 18]. Under normal conditions,
ROS concentration can be reduced by antioxidant systems,
including antioxidant enzymes, such as SOD, and antioxidant
molecules, such as GSH [19]. However, when the amount of
ROS is beyond the capacity of the abovementioned enzymes
and cannot be diminished in reperfusion, oxidative stress
occurs. Several studies demonstrate that ROS produced in
the reperfused myocardium causes oxidative stress medi-
ated injury under antioxidant protection [11, 20]. Therefore,
reducing oxidative stress is an advantageous strategy to
alleviate I/R injury. Flavonoids have long been acknowledged
for their unique antioxidant properties [21]. Licochalcone
B is widely recognized as a major active chemical compo-
nent isolated from licorice and possesses versatile biological

activation, such as antioxidant and anti-inflammatory mech-
anisms [22]. The present results show that licochalcone B
protected the tissues against myocardial I/R-induced injury.
Licochalcone B treatment attenuated MDA production and
enhanced SOD activity and GSH/GSSG ratio. Therefore, one
of the mechanisms of the cardioprotection of licochalcone
B was associated with its antioxidant effects. Licochalcone
B pretreatment resulted in the attenuation of IL-6 activity
and TNF-𝛼 production, thereby indicating that one of the
mechanisms of the cardioprotection of licochalcone B was
associated with its anti-inflammatory effects.

Reperfusion of the ischemic myocardium results in
cardiomyocyte apoptosis and heart dysfunction [23, 24].
We observed significant myocardial dysfunction, including
changes in hemodynamic parameters (LVDP, ±𝑑𝑝/𝑑𝑡max,
CF, and HR), release of enzymes (CK and LDH), and
induced myocardial infarct after reperfusion of the ischemic
myocardium. We also observed significant cardiomyocyte
apoptosis. These phenomena are in agreement with results of
numerous reports indicating that reperfusion is a key initiator
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of myocardial dysfunction and cardiomyocyte apoptosis
associated with I/R injury. Licochalcone B significantly
improved the recovery of I/R-altered hemodynamic parame-
ters (LVDP, ±𝑑𝑝/𝑑𝑡max, CF, and HR), decreased I/R-induced
enzyme release (CK and LDH) and cardiomyocyte apoptosis
rate, and attenuated infarct size.

Inflammation is involved in I/R injury. CRP, IL-8, IL-6,
and TNF-𝛼 are proinflammatory cytokines that function in
the inflammatory system [25–29]. To investigate the rela-
tionship between anti-inflammatory and the cardioprotective
effects of licochalcone B, an experiment was performed to
examine whether licochalcone B affected the changes in CRP,
IL-8, IL-6, and TNF-𝛼 induced by I/R. I/R increased CRP, IL-
8, IL-6, and TNF-𝛼 production, whereas licochalcone B treat-
ment reduced the concentrations of these cytokines. There-
fore, the suppressed infiltration of inflammatory cytokines
by licochalcone B treatment may contribute to the cardio-
protective effects of this flavonoid after reperfusion. Overall,
licochalcone B can potentially inhibit myocardial I/R injury
via anti-inflammatory activities.

Licochalcone B exhibited significant cardioprotective
effects during I/R injury. These effects included the decrease
in infarct volume, thereby preventing cell apoptosis. Lic-
ochalcone B decreased LDH and CK release and functioned
as an anti-inflammatory agent. Licochalcone B increased the
capacity of antioxygen free radical.Thus, we hypothesize that
licochalcone B deserves additional experimental and clinical
research in the cardiovascular milieu.
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