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Ischemia reperfusion-induced tissue injuries and organ fail-
ure represent the major causes of postoperative mortality
and morbidity. Oxidative stress-mediated cell death plays a
vital role in this pathology [1].

Induction of different types of cell death (e.g., apoptosis,
necroptosis, and pyroptosis) triggered by reactive oxygen
species (ROS) plays an important role in ischemia
reperfusion injury (IRI) in multiple organs [2]. In this special
issue, Z. Qiu et al. reported that, under hyperglycemic condi-
tions, induction of nod-like receptor protein 3 (NLRP3)
inflammasome-mediated pyroptotic cell death is critical in
myocardial IRI, while inhibition of the inflammasome with
specific inhibitors or ROS scavengers, N-acetylcysteine,
reduced pyroptotic cell death and attenuated myocardial
IRI. Moreover, oxidative stress-induced apoptotic and
necroptotic cell deaths also play important roles in cardiac
dysfunction as reported in this special issue by S. Peng et al.
and N. Zeng et al, which showed that oxidative stress by
increasing myocardial cell apoptosis and necroptosis leads
to cardiac dysfunction in septic rats. Treatment with either
PPAR-γ or brain-derived neurotrophic factor could reduce
such types of cell death and attenuate cardiac dysfunction
by reducing oxidative stress.

Reperfusion-induced oxidative stress is the major con-
tributor in IRI. Thus, therapies that increase antioxidant
capacity may protect organs against IRI [3]. Through its anti-
oxidant capacity, the intravenous anesthetic propofol has

been shown to alleviate myocardial IRI in patients undergo-
ing cardiac surgery [4, 5] and in animals subjected to myo-
cardial and intestinal IRI [6, 7]. In this special issue, F.
Deng et al. reported that pretreatment with propofol to
inhibit caveolae suppressed microvesicle release and attenu-
ated cardiomyocyte hypoxia reoxygenation injury. Further,
H.-J. Su et al. reported in this special issue that propofol con-
ditioning confers antioxidative and cardioprotective effects
against myocardial IRI through enhancing endogenous
endocannabinoid release and the subsequent activation of
CB2 receptor signaling. On the other hand, Z. Liu et al.
reported that simvastatin pretreatment in donors may reduce
hepatic oxidative stress through a fruppel-like factor 2-
dependent mechanism which attenuated hepatic liver IRI
and improved liver function recovery in rats that underwent
liver transplantation. X.-T. Yan et al showed that treatment
with PEP-1-heme oxgenase-1 fusion protein confers protec-
tion against septic shock-induced lung injury by reducing
hepatic oxidative stress and inflammation, likely through
suppression of toll-like receptor-4 and NF-κB.

Aggravated inflammation, which has been shown to sub-
sequently induce oxidative stress, has been proposed as a
major cause of IRI and organ injury [8]. Attempts to attenu-
ate organ injury by solely decreasing inflammation or
increasing antioxidant capacity have achieved limited success
[9, 10], indicating that multifaceted therapies combining
anti-inflammatory and antioxidant approaches may be
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necessary for effective treatment. In this special issue, Q.
Shan et al. reported that ingestion of 2,2′,4,4′-tetrabromodi-
phenyl ether (BDE-47), one of many persistent organic
pollutants, leads to oxidative injury and cell death in the kid-
ney by inducing the NLRP3 inflammasome. They further
showed that application of troxerutin, a flavonoid with
pharmacological antioxidant and anti-inflammatory activity,
reduced BDE-47-indcued oxidative stress and cytotoxicity in
the kidney through CXCR4/TXNIP/NLRP3 and Nrf2 signal-
ing pathways. The findings of Q. Shan et al. may promote
further in-depth studies regarding the interaction of inflam-
mation and oxidative stress in the setting of IRI, which may
facilitate our understanding of the pathophysiology of IRI
and the development of new therapies for the disease.

We hope that the research articles presented in this
special issue contribute to the understanding of current
advancements and the mechanisms of oxidative stress-
mediated cell death in ischemia reperfusion injury. It is also
our hope to stimulate further efforts in the investigation of
the pathology of ischemia reperfusion injury and the devel-
opment of therapy for the disease.
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2,2′,4,4′-Tetrabromodiphenyl ether (BDE-47) induces oxidative stress in kidney cells, but the underlying mechanism remains
poorly understood. Troxerutin, a natural flavonoid, has potential antioxidant and anti-inflammatory efficacy. In this study, we
assessed the effect of troxerutin on kidney damage caused by BDE-47 and investigated the underlying mechanism. The results
showed troxerutin reduced reactive oxygen species (ROS) level and urine albumin-to-creatinine ratio (ACR), decreased the
activities of inflammatory factors including cyclooxygenase-2 (COX-2), induced nitric oxide synthase (iNOS) and nuclear factor
kappa B (NF-κB) in the kidney tissues of BDE-47-treated mice. Furthermore, troxerutin significantly weakened the expression
of kidney NLRP3 inflammasome containing NLRP3, ASC, and caspase-1, contributing to the decline of IL-1β. Additionally,
troxerutin inhibited the increased protein level of stromal-derived factor-1(SDF-1), C-X-C chemokine ligand 12 receptor 4
(CXCR4), and thioredoxin interaction protein (TXNIP) caused by BDE-47. Specifically, the immunoprecipitation assay
indicated that there was a direct interaction between CXCR4 and TXNIP. CXCR4 siRNA and TXNIP siRNA also decreased the
inflammatory damage, which was similar to the action of troxerutin. Our data demonstrated that troxerutin regulated the
inflammatory lesions via CXCR4-TXNIP/NLRP3 inflammasome in the kidney of mice induced by BDE-47.

1. Introduction

Oxidative stress and inflammatory response have been
confirmed to play vital roles in some clinical diseases such
as chronic kidney damage and atherosclerosis [1, 2]. Free
radicals are toxic reactive oxygen species (ROS) including
superoxide anion, hydroxyl radicals, hydroperoxide, and
peroxynitrite. It is well known that there is a dynamic balance
between free radical scavenging and generation under
normal physiological conditions. However, many diseases
frequently increased the production of free radicals, resulting
in the cellular oxidative stress and inflammation. Therefore,
the intervention of oxidative stress and inflammation may
ameliorate kidney damage and contribute to the prevention
and treatment of kidney diseases [3].

Polybrominated diphenyl ethers (PBDEs) are synthetic
flame retardants generally used in building materials, insula-
tion materials, polyurethane foam, textiles, and plastics.
PBDEs are attracting much more attention due to its recalci-
trance, effumability, and accumulative toxicity. BDE-47 is
one of the most prevalent homologues in the human tissues
and environment samples andhas awidedistribution andvery
highcontent inbiological bodies,whichmainly accumulates in
the liver, kidney, and adipose tissues. Furthermore, BDE-47
induces the toxicity in the tissues of the thyroid gland, liver,
kidney, and the cells of spermatocytes and neurons [4–9].
Therefore, it is emerged for the prevention/treatment of
toxicity of PBDEs. Recent findings suggest that BDE-47 has
the ability to induce oxidative stress and mediate innate
immune response and cell apoptosis [10–12]. Interestingly,
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troxerutin, a natural product flavonoid, may alleviate BDE-
47-induced tissue injury [7, 8]. In spite of the widespread
occurrence and multiple toxicities of PBDEs, the mecha-
nism underlying in the tissue damage caused by BDE-47 is
poorly understood.

Troxerutin, a natural flavonoid, is enriched in fruits, veg-
etables, tea, coffee, and cereals, possesses high water solubility
and is easily absorbed by the gastrointestinal system without
toxicity. The accumulating data show that troxerutin
owns a wide array of pharmacological activities including
antioxidation and anti-inflammation [13, 14] and exhibits
the preventive and therapeutic potential on cancer,
neuropathic pain, diabetic mellitus, and Alzheimer disease
[12, 13, 15]. The previous results in our lab have demon-
strated that troxerutin significantly reduced the injury of
several tissues including brain, liver, and kidney through
decreasing the level of ROS [16–20]. For example, troxerutin
improved the memory deficits of mice caused by domoic acid
or cholesterol by suppressing inflammatory reactions and
oxidative stress [19, 20]. Also, troxerutin markedly inhib-
ited the activation of nucleotide-binding oligomerization
domain-like receptor (NLR) protein 3 containing pyrin
domain (NLRP3) inflammasome of human umbilical vein
endothelial cells (HUVECs) induced by D-galactose [21].
Additionally, troxerutin regulated the lipid metabolism in
the liver of high-fat diet-treated mice by blocking oxidative
stress-associated NAD+ depletion, which especially played
the potential protective role in liver damage induced by
BDE-47 via targeting the nuclear factor kappa B (NF-κB)
[7]. However, it still needs to determine whether troxeru-
tin has a protective function and how it plays a regulatory
role in the prevention of mouse kidney inflammatory
damage induced by BDE-47.

2. Materials and Methods

2.1. Animal and Treatment. All experiment procedures were
in agreement with Chinese legislation about the use and care
of laboratory animals and the animal care committee at the
respective university. Male C57BL/6J strain mice aged 6
weeks were obtained from the Branch of National Breeder
Center of Rodents (Beijing, China). The mice were provided
food and water ad libitum under regular constant conditions.
After adaption of one week, the mice were randomly divided
into four groups: normal control group (Ctrl), BDE-47-
treated group, (BDE-47), troxerutin- and BDE-47-cotreated
group (BDE-47/Trox), and troxerutin group (Trox). BDE-
47-treated mice were given orally BDE-47 at a dose of 50
mg/kg/day (>99% purity, Chem Service, West Chester, PA,
USA; the dose selection of BDE-47 was seen in Supplement
Materials (available here)) for 8 weeks (5 days/week), and
other groups were given the same dose of corn oil solvent.
After four hours of BDE-47 treatment every day, the mice
of the BDE-47/troxerutin and troxerutin groups were
administrated orally 100mg/kg/day troxerutin (dissolved in
distilled water containing 0.1% Tween 80; >99% purity, Baoji
Fangsheng Biotechnology Co. Ltd., Baoji, China; the dose
selection is in Supplement Materials), and the mice of the
other groups were given an equal solvent. After 8 weeks,

the mice were sacrificed to take out the kidneys stored at
−80°C for experiments.

C-X-C chemokine ligand 12 (CXCL12) receptor 4
(CXCR4) siRNA or thioredoxin interaction protein (TXNIP)
siRNA was used to explore the toxic mechanism of BDE-47
on kidney damage of mice. The mice were randomly divided
into four groups: control group, BDE-47-treated group,
BDE-47/scramble group, and BDE-47/CXCR4 siRNA group
or BDE-47/TXNIP siRNA group. BDE-47-treated mice were
given orally BDE-47 at a dose of 50mg/kg/day for 8 weeks,
and other groups were given the same dose of corn oil sol-
vent. After four weeks of BDE-47 supplement, the mice of
BDE-47/CXCR4 siRNA were treated 60–100μl of CXCR4
siRNA 20μM by tail vein injection for 4 weeks, and the
mice of the BDE-47/scramble group were given equivalent
scramble mimics (dissolved in sodium phosphate buffer
saline (PBS, pH7.2)). As for the latter, the mice of BDE-
47/TXNIP siRNA group were simultaneously treated 60–
100μl of TXNIP siRNA 20μM by tail vein injection every
other day for 4 weeks. CXCR4 smart siRNAs (94si, 5′-GA
ACCGAUCAGUGUGAGUA-3′; 192si, 5′-AACGUCCAU
UUCAAUAGG-3′; 420si, 5′-GUGUAAGGCUGUCCAUA
UC-3′; and 703si, 5′-GUGUUUCAAUUCCAGCAUA-3′)
[22] were pooled to 20μM, respectively. Two TXNIP siR-
NAs (targeting 467–487 and 1043–1063 mRNA sites) were
pooled to 20μM, respectively. The scrambled siRNA
(20μM) was used as a control. The siRNA sequences were
listed in the following: Tx467siR sense—5′-GCAAACAGA-
CUUUGGACUAUU-3′; Tx467siR antisense—5′-UAGUC-
CAAAGUCUGUUUGCUU-3′; Tx1043 siR sense—5′-GC
CUCAGAGUGCAGAAGAUUU-3′; and Tx1043 siR anti-
sense—5′-AUCUUCUGCACUCUGAGGCUU-3′. The con-
trol siRNA sequences are the following: sense 5′-UU
CUCCGAACGUGUCACGUUU-3′ and antisense 5′-ACG
UGACACGUUCGGAGAAUU-3′.

2.2. Urine Collection and Determination of Albumin and
Creatinine. The collection and the determination of albumin
and creatinine were the same as the previous methods [23].
Urine samples were collected from the mice housed in meta-
bolic cages for 24h. The excretion of urine protein was
evaluated using urine albumin-to-creatinine ratio (ACR) in
24 h urine collections. The content of urine creatinine and
albumin was measured using the commercial kits (Jiancheng
Institute of Biotechnology, Nanjing, China). The absorbed
value was examined by an ultraviolet/visible spectrometer
(UV-2501PC, Shimadzu, Japan).

2.3. Histological Evaluation. The mice were anesthetized and
transcardially perfused with 0.9% sterile saline. After, the kid-
neys were prefixed with a little of 4% paraformaldehyde
(PFA)/PBS (pH7.4), then removed promptly and postfixed
in 4% PFA/PBS (pH7.4) at 4°C for 4 h, and set successively
in 15%, 20%, and 30% sucrose/pH7.4 PBS solution to make
them sink. At last, the kidneys were embedded in optimal
cutting temperature compound (Leica, CA, Germany).
12μm cryosections were collected by using a Leica 3050
(Leica, CA, Germany) for immunofluorescence.
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Immunofluorescence was carried out as follows: After 2 h
drying at 37°C, the sections were performed to antigen
retrieval in boiling 0.1mol/l sodium citrate buffer including
0.1% Tween-20 for 18min and incubated in pH7.2 PBS
buffer (including 0.3% Tween-20 and 5% bovine serum
albumin (BSA)) at 25°C for 1 h to block nonspecific binding
site. Then the sections were incubated overnight with rabbit
anti-CXCR4 (1 : 150) and mouse anti-TXNIP (1 : 150), then
washed for 10min at 3 times, and fluorescence secondary
antibody was added for incubation of 1 h at 25°C. After DAPI
was applied for 5min, the sections were captured using a
Leica 4000 microscope (Leica, CA, Germany).

2.4. ROS Assay. Reactive oxygen species (ROS) were detected
with OxiSelect™ In Vitro ROS/RNS Assay Kit (Cell Biolabs
Inc., San Diego, CA, USA). In brief, after mice were sacri-
ficed, the kidney tissues were promptly taken out and
homogenized two times for 28 s with 30 s intervals using
MM400 (Retsch GmbH, Haan, Germany) in ice-cold 1/20
(w/v) 50mM PBS (pH7.2). Homogenates were centrifuged
at 10000g for 5min to obtain the supernatants for measuring
ROS content. 50μl (Vhomogenate : PBS = 1 : 4) homogenate
sample was added to the well of a 96-well plate for fluores-
cence assay; then 50μl of catalyst was added to each well,
mixed wells, and incubated 5 minutes at room temperature.
100μl of fluorescent probe 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) was added to each well and incubated at room
temperature under dark conditions. After 30min of further
incubation, the conversion of DCFH-DA to the fluorescent
product DCF was assayed using a spectrofluorometer with
excitation at 484nm and emission at 530 nm. Blanks were
included to correct for background fluorescence (conver-
sion of DCFH-DA in the absence of homogenate). ROS
formation was quantified from a DCF standard curve. Data
are expressed as nmol of DCF formed per minute per
mg of protein.

2.5. Immunoprecipitation Assay. 30mg kidney tissue was
homogenized in cold protein immunoprecipitation buffer
including 1x pH7.2 PBS, 1% Triton X-100, and the protease
inhibitor. The tissues were homogenized two times for 28 s
with 30 s intervals using MM400 (Retsch GmbH, Haan,
Germany) and centrifuged at 14000g for 30min at 4°C to
obtain the supernatants. After the supernatants were carried
out to detect protein content, 100μg protein supernatant was
added 10μl of suspended volume of protein A/G plus agarose
and reared for 30min to wipe off the nonspecific adsorption.
Then the supernatants were added 5μg CXCR4 or TXNIP
primary antibody and incubated for 1 h at 4°C on a rotating
device. And 20μl of resuspended volume of protein A/G plus
agarose was added and incubated at 4°C overnight. The
immunoprecipitates were collected to centrifugate at 1000g
for 5min at 4°C. The pellets were washed for 4 times with
1ml immunoprecipation buffer, each time repeating centri-
fugation step above. After the final wash, the pellets were
resuspended in 40μl of 1× electrophoresis sample buffer.
The samples were boiled for 3min and used to measure the
level of TXNIP or CXCR4 by western blot.

2.6. Western Blot Analysis. Western blot analyses were per-
formed according to a previously published method [23].
NF-κB levels in the cytoplasm and nuclear extracts of kidney
tissues were assayed by western blot, which were obtained by
a nuclear/cytoplasm fractionation kit (BioVision Inc., USA).
Protein contents of the supernatants were detected by the
bicinchoninic acid assay kit (Pierece Biotechnology Inc.,
Rockford, IL, USA).

Western blot analyses were performed to detect primary
antibodies, respectively: rabbit anti-NF-κB, induced nitric
oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) (Cell
Signaling Technology Inc., Beverly, MA); rabbit anti-CXCR4,
apoptosis-associated speck-like protein containing a CARD
(ASC) and cleaved caspase-1, goat anti-interleukin 1 beta
(IL-1β), mouse anti-TXNIP, chemokine stromal-derived
factor-1(SDF-1), and pro-caspase-1 (purchased from Santa
Cruz Biotechnology, Inc., California, USA); rabbit anti-
NLRP3 (Abcam, Cambridge, UK); and mouse anti-β-actin
(Chemicon, California, USA).

Protein bands were measured using horseradish peroxi-
dase- (HRP-) conjugated secondary antibodies (Cell Signal-
ing Technology, Danvers, MA, USA) and were obtained
using FluorChem MTM system (Protein Simple, CA, USA).
The mean optical density (OD) values of protein bands were
assessed with Scion image analysis software (Scion Corp.,
Frederick, MD, USA) and were normalized to mouse anti-
β-actin or H3 as internal controls (OD detected protein/
OD internal control).

2.7. Statistical Analysis. Data were expressed as the mean
± SEM. All the data were analyzed by the software SPSS
15.0 (SPSS Software Inc., Chicago, IL, USA) statistically.
ROS level, ACR level, and western blotting results were
analyzed with one-way ANOVA followed by Tukey’s HSD
post hoc test. P < 0 05 was considered to be significant.

3. Results

3.1. Troxerutin Reduces Kidney ACR, ROS, and Inflammatory
Lesion in BDE-47-Treated Mice.Urine albumin-to-creatinine
is suggested for albuminuria screening to assess kidney dis-
eases and related with glomerular damage and progressive
renal dysfunction [24]. Firstly, we detected the change of
urinary albumin-to-creatinine ratio. The data showed that
BDE-47 administration markedly elevated the ACR, whereas
troxerutin inhibited urinary albumin production induced by
BDE-47 (Figure 1(a)). Then to elucidate the protective mech-
anism of troxerutin against mouse kidney injury caused by
BDE-47, we measured the activity of the NF-κB pathway,
which plays an important part in various cellular processes
including survival, proliferation, apoptosis, linking oxidative
stress, and inflammatory response [25]. As shown in
Figures 1(b) and 1(c), BDE-47 treatment remarkably acceler-
ated kidney ROS formation (Figure 1(b)) and activated the
NF-κB signaling pathway in the mice, promoting the translo-
cation of NF-κB from the cytoplasm into the nucleus and
subsequently enhancing the activities of downstream
inflammation targets COX-2 and iNOS (Figures 1(c) and
1(d)). Comfortably, troxerutin administration for 8 weeks
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prominently blocked these adverse changes in the kidney
tissue of BDE-47-treated mice. Compared to the control
group, both the troxerutin group and the BDE-47/troxeru-
tin group had no observable diversity.

3.2. Troxerutin Suppresses the Activity of NLRP3
Inflammasome Caused by BDE-47.Nucleotide-binding oligo-
merization domain-like receptors (NLRs) play a vital role in
innate immunity involved in some chronic kidney diseases
such as diabetic nephropathy [26, 27]; NLRP3 with a pyrin
domain 3, as one important component of NLRs, is a key
protein of inflammasome complex consisting of NLRP3,
ASC, and pro-caspase-1. NLRP3 inflammasome activation
results in the cleaving of pro-caspase-1 and the secretion
of mature IL-1β, initiating inflammatory response. As
shown in Figure 2, compared with the control group,
BDE-47 administration markedly upregulated NLRP3 and
ASC expressions, leading to the significant activation of
caspase-1 and the increase of IL-1β secretion, and there was
not a notable change in the content of pro-caspase-1. Our data
indicated that BDE-47 intensified NLRP3 inflammasome-
mediated IL-1β secretion.Additionally, troxerutin suppressed

NLRP3 inflammasome activation induced by BDE-47 in the
kidneys of mice, while only troxerutin treatment did not
significantly affect the parameters (no significance versus the
control group).

3.3. Troxerutin Blocks the Activity of SDF-1 and CXCR4 in the
Kidney of BDE-47-TreatedMice. Chemokine stromal-derived
factor-1 (SDF-1 or CXCL12) and its receptor 4 (CXCR4) are
critical in the generation of inflammation [28], whether
SDF-1/CXCR4 mediates kidney inflammation remains
unknown. We found that the treatment of BDE-47 substan-
tially upregulated SDF-1 and CXCR4 expressions in the
kidneys of mice, which were reversed after troxerutin admin-
istration (Figure 3(a)). Immunofluorescence results also
showed that CXCR4 level was elevated in the cytoplasm
and nucleus of glomerulus, mesangial, and duct cells of
BDE-47 mice, especially in duct cells (Figure 3(b)). Fur-
thermore, we want to know whether SDF-1/CXCR4 was
involved in the activation of NLRP3 inflammasome and
inflammation process induced by BDE-47. The result showed
that the subcutaneous injection of CXCR4 siRNA signifi-
cantly inhibited the protein expression of NLRP3 and ASC,
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Figure 1: Troxerutin reduces ACR, ROS, and inflammatory lesion in the kidney of BDE-47-treated mice. (a) ACR level (albumin-to-
creatinine, mg/g; n = 8) in BDE-47 mice including BDE-47 feeding and BDE-47/troxerutin were performed at 8 weeks. (b) ROS
production was detected by fluorescent probe DCFH-DA. (c) Cytoplasm and nucleus NF-κB p65, iNOS, and COX-2 were examined by
western blot. (d) shows the relative density analysis of cytoplasm and nucleus NF-κB p65, iNOS, and COX-2. The relative density is
expressed as the ratio (iNOS/β-actin, COX-2/β-actin, cytoplasm NF-κB p65/β-actin, and nucleus NF-κB p65/H3). The control group is
regarded as “1,” and all data are obtained at 8 weeks, which were the same as followed results of western blot. ∗P < 0 05, ∗∗P < 0 01, and
∗∗∗P < 0 001 versus the BDE-47 group (n = 5).
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the cleavage of pro-caspase-1, and the secretion of mature IL-
1β in the kidney tissue of BDE-47-treated mice (Figure 3(d)).
Similarly, CXCR4 siRNA treatment blocked the transloca-
tion of NF-κB from the cytoplasm to the nucleus and
suppressed the augmentation of iNOS and COX-2 in the
kidney tissue of BDE-47-treated mice (Figure 3(e)), resulting
in the decrease of kidney ACR (Figure 3(c)). These data sug-
gested that troxerutin protected kidney injury induced by
BDE-47, partly by negatively regulating the SDF/CXCR4-
NLRP3 inflammasome pathway.

3.4. Troxerutin Inhibits the Expression of TXNIP in the
Kidney of BDE-47-Treated Mice. TXNIP, a thioredoxin-
binding protein, which negatively modulates thioredoxin
and augments ROS accumulation, is closely associated with
oxidative stress and inflammation [29]. As shown in
Figure 4(a), BDE-47 caused the upregulation of kidney
TXNIP protein in the mice. Immunofluorescence results also

showed TXNIP was significantly increased in glomerulus,
mesangial, and duct cells of BDE-47 mice (Figure 4(b)).
Importantly, troxerutin inhibited the alteration; meanwhile,
downregulation of TXNIP with siRNA also could inhibit
ACR production (Figure 4(c)) and reduce the activation of
NLRP3 inflammasome and the secretion of IL-1β
(Figure 4(d)), resulting in the low expression of iNOS and
COX-2 (Figure 4(e)). These data revealed that troxerutin
may decrease kidney lesions induced by BDE-47 via sup-
pressing TXNIP-regulated NLRP3 inflammasome activation.

3.5. Troxerutin Ameliorates Kidney Inflammation by CXCR4
Targeting TXNIP in BDE-47-Treated Mice. The fact that both
CXCR4 and TXNIP activated NLRP3 inflammasome and
participated in inflammatory reactions promotes us to inves-
tigate whether there is a direct connection between CXCR4
and TXNIP via protein coimmunoprecipitation. The results
revealed CXCR4 antibody could pull down TXNIP protein
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(Figure 5(a)). Similarly, TXNIP antibody could drag
CXCR4 protein (Figure 5(b)). Furthermore, CXCR4 siRNA
decreased the expression level of TXNIP protein
(Figure 5(c)), while TXNIP siRNA did not affect CXCR4
expression in the kidney of BDE-47 mice (Figure 5(d)). The
data suggested the CXCR4-TXNIP interaction was involved
in the process of kidney impairment induced by BDE-47.

4. Discussion

The persistent environmental pollutants PBDEs have been
demonstrated to have various disadvantage effects such as
the induction of toxicity in the brain, liver, renal, and endo-
crine systems. Substantial research suggested that the PBDE
toxicity was strongly associated with PBDE-induced
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Figure 3: Troxerutin blocks the activity of SDF-1 and CXCR4 in the kidney of BDE-47-treated mice. (a) The expression of SDF-1 and CXCR4
was measured by western blot analysis. The relative density is normalized to β-actin. ∗P < 0 05 and ∗∗P < 0 01, respectively, means versus the
BDE-47 group (n = 5). (b) shows renal CXCR4 immunofluorescence (Leica 4000, ×40). Nuclei were stained with DAPI (blue fluorescence).
Scale bar, 50 μm.White arrow indicates positive signal which was placed in the upper right corner (red). (c) CXCR4 siRNA decreased ACR in
BDE-47-treated mice. ∗P < 0 05 and ∗∗P < 0 01 versus the adjacent groups (n = 8). All CR4 si means CXCR4 siRNA, and Scr means scramble.
(d) CXCR4 siRNA suppressed the activity of kidney NLRP3 inflammasome in BDE-47-treated mice. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001
versus the adjacent groups (n = 5). (e) CXCR4 siRNA decreased the activity of NF-κB, iNOS, and COX-2. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P
< 0 001 versus the adjacent groups (n = 5). The relative density is normalized to β-actin or H3 (n = 5).
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oxidative stress and inflammatory reactions. Interestingly,
dietary sources of beneficial antioxidants such as flavonoids,
α-tocopherol, and omega-3 polyunsaturated fatty acids could
protect tissue cells against the toxicity of PBDEs, involved in
mitochondrial electron transport system dysfunction, DNA

fragmentation, and endoplasmic reticulum stress via block-
ing the generation of ROS [7, 30, 31]. Troxerutin, a natural
flavonoid, possesses the efficacy of antioxidation and anti-
inflammation. In this study, we demonstrated that troxerutin
worked well in the protection of kidney injury induced by

TXNIP

2.0

1.5

1.0

0.5

0.0

46 kD

42 kD

Ct
rl

BD
E‑

47

Re
la

tiv
e d

en
sit

y

BD
E‑

47
/T

ro
x

Tr
ox

�훽‑Actin

⁎⁎⁎ ⁎⁎⁎⁎

(a) (b)

100

80

60

40

20

0

AC
R 

(m
g/

g)

Ct
rl

BD
E‑

47

BD
E‑

47
/S

cr

BD
E‑

47
/T

Xs
i

⁎⁎⁎ ⁎⁎⁎
⁎

(c)

2.5

2.0

1.5

1.0

0.5

0.0

Re
la

tiv
e d

en
sit

y

Ct
rl

BD
E‑

47
BD

E‑
47

/S
cr

BD
E‑

47
/T

Xs
i

Ctrl
BDE‑47

BDE‑47/Scr
BDE‑47/TXsi

N
LR

P3

A
SC

C‑
ca

sp
as

e‑
1

IL
‑1
�훽

NLRP3

ASC

C‑caspase‑1

IL‑1�훽

�훽‑Actin

118 kD

24 kD

10 kD

17 kD

42 kD

⁎⁎⁎⁎⁎
⁎⁎⁎⁎

⁎
⁎⁎⁎⁎⁎⁎ ⁎⁎⁎⁎⁎⁎

⁎⁎ ⁎⁎

(d)

2.5

2.0

1.5

1.0

0.5

0.0

Re
lat

iv
e d

en
sit

y

N
‑N

F‑
�휅

B

iN
O

S

CO
X
‑2

Ctrl
BDE‑47

BDE‑47/Scr
BDE‑47/TXsi

Ct
rl

BD
E‑

47

BD
E‑

47
/S

cr

BD
E‑

47
/T

Xs
i

N‑NF‑�휅B

H3

iNOS

COX‑2

�훽‑Actin

65 kD

10 kD

130 kD

74 kD

42 kD

⁎⁎⁎⁎⁎

⁎⁎⁎⁎⁎⁎
⁎ ⁎⁎⁎⁎⁎

(e)

Figure 4: Troxerutin inhibited TXNIP and ameliorated kidney function in BDE-47 mice. (a) TXNIP expression was detected by western blot
analysis. The relative density is normalized to β-actin. ∗P < 0 05 and ∗∗∗P < 0 001, respectively, means versus the BDE-47 group (n = 5). (b)
shows renal TXNIP immunofluorescence (Leica 4000, ×40). Nuclei were stained with DAPI (blue fluorescence). Scale bar, 50 μm. White
arrows indicate positive signal which was placed in the upper right corner (red). (c) TXNIP siRNA decreased ACR in BDE-47-treated
mice. TXsi means TXNIP siRNA, and Scr means scramble. ∗P < 0 05 and ∗∗∗P < 0 001 versus the adjacent groups (n = 8). (d) TXNIP
siRNA suppressed the activity of kidney NLRP3 inflammasome in BDE-47-treated mice. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 versus
the adjacent groups (n = 5). (e) TXNIP siRNA decreased the activity of NF-κB, iNOS, and COX-2. ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001
versus the adjacent groups (n = 5).
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BDE-47 via attenuating oxidative stress-mediated NLRP3
inflammasome activation.

Inflammasome is involved in the progression of
inflammation through regulating the expression of proin-
flammatory factors. NLRP3 inflammasome, including
NLRP3 with a pyrin domain 3, ASC, and pro-caspase-1, pro-
vokes profound inflammatory reactions and contributes to
chronic nephropathies and other health disorders [27, 32].
Consequently, NLRP3 inflammasome has been regarded as
a danger signal sensor which correlates oxidative stress
and inflammatory reaction. There is a strong relationship
between NLRP3 inflammasome and TXNIP in the develop-
ment of kidney diseases [33]. Inflammasome activators can

induce ROS production, which arouses the dissociation of
TXNIP from thioredoxin; then TXNIP binds and activates
NLRP3 inflammasome, which triggers the cleavage of pro-
caspase-1 into active caspase-1 and, subsequently, the secre-
tion of mature IL-1β. IL-1β has the ability to induce con-
secutive inflammatory response, such as activating NF-κB
and downstream molecules iNOS and COX-2 [3]. Increasing
knowledge shows that BDE-47 elevates ROS generation via
depletion of the expressions of antioxidant response genes
and the content of glutathione (GSH) [30, 34]. Excessive
ROS leads to the occurrence and development of inflam-
matory response [7]. As a result, BDE-47 augments the
nuclear translocation of NF-κB p65 in the liver, promotes
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Figure 5: Troxerutin inhibited the interaction of CXCR4 and TXNIP in the kidney of BDE-47 mice. (a) TXNIP level was detected by western
blot analysis after CXCR4 was immunoprecipitated with anti-CXCR4. ∗∗P < 0 01 and ∗∗∗P < 0 001 versus the BDE-47 group (n = 5). (b)
CXCR4 level was measured by western blot analysis after TXNIP immunoprecipitation. ∗P < 0 05 and ∗∗P < 0 01 versus the BDE-47
group (n = 5). (c) CXCR4 siRNA decreased the expression of TXNIP in BDE-47-treated mice. ∗P < 0 05 and ∗∗∗P < 0 001 versus the
adjacent groups. (n = 5). (d) TXNIP siRNA did not change the level of CXCR4 in BDE-47-treated mice. ∗∗P < 0 01 versus the BDE-47/Scr
group (n = 5). CR4 si: CXCR4 siRNA; TXsi: TXNIP siRNA; Scr: scramble.
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the release of IL-6 and IL-8 [10], and increases the activity of
COX-2 in human extravillous trophoblast cell line [31]. Our
results also showed that BDE-47 induced ROS accumulation
and TXNIP expression and then activated NLRP3 inflamma-
some and promoted mature IL-1β secretion; in turn, trig-
gered the translocation of NF-κB p65 from the cytoplasm
into the nuclear of kidney cells in the mice, advanced the
expression of downstream inflammatory factors such as
iNOS and COX-2, and ultimately enhanced urine protein
production. Interestingly, both troxerutin and TXNIP siRNA
could decrease these adverse parameters, ameliorated kidney
function, which is associated with troxerutin inhibiting the
activity of NLRP3 inflammasome induced by D-glucose in
HUVECs [21].

ROS accumulation also stimulates the expression of SDF-
1 and its receptor CXCR4 [35]. SDF-1/CXCR4 axis can
induce intracellular signalings involved in inflammatory
response, cell survival, and proliferation, playing a vital role
in some diseases such as kidney diseases and systemic lupus
erythematosus [36, 37]. CXCR4, as a surrogate marker for
autoimmunity, has been implicated in kidney homeostasis
and regeneration and is significantly increased in kidney
tumor and human kidney biopsies from patients with pro-
teinuria kidney diseases [36, 38]. Here, we found that BDE-
47 strongly elevated the protein expressions of SDF-1 and
CXCR4 in the kidney cells of mice, whereas troxerutin weak-
ened the abnormal alteration induced by BDE-47. Further-
more, AMD3100, an antagonist of CXCR4, has been
approved to ameliorate kidney function and exhibits a pro-
tective effect on acute kidney injury and chronic kidney dis-
ease [39–41]; we also found that CXCR4 siRNA and
AMD3100 effectively downregulated the NLRP3 pathway,
decreased the expression of inflammatory cytokines iNOS
and COX-2, and improved kidney dysfunction induced by
BDE-47. Interestingly, a previous report reveals that there is
a tight contact between transcript factors NF-κB and CXCR4
expression in nonalcoholic steatohepatitis [42]. We also
found that CXCR4 siRNA obviously inhibited NF-κB activ-
ity. Our results demonstrated that troxerutin can regulate
NLRP3 activity via targeting SDF-1/CXCR4 in the kidney
of BDE-47-treated mice. Additionally, we utilized coimmu-
noprecipitation method to verify the direct connection
between CXCR4 and TXNIP. Moreover, CXCR4 siRNA
reduced the expression of TXNIP in the kidney cells of
BDE-47-treated mice; however, TXNIP siRNA did not
significantly alter the expression of CXCR4. In immunofluo-
rescence stain, we tried for several times to colabel TXNIP
and CXCR4, and there were no results which may be due to
steric hindrance. Consequently, our findings revealed that
troxerutin ameliorated kidney dysfunction caused by BDE-
47 via regulating CXCR4-TXNIP/NLRP3 inflammasome.

In summary, the present study firstly provides the data
that CXCR4/TXNIP is involved in the modulation of the kid-
ney damage via directly regulating NLRP3 inflammasome.
Based on our results, NLRP3 may represent a potential target
for the prevention and treatment of kidney lesion induced by
environmental toxins BDE-47 via ROS/CXCR4-TXNIP-
dependent modulation style. Importantly, troxerutin can
availably block the aberrant parameters and ameliorate

kidney function through the above-mentioned signaling
pathway. However, in future research, it still needs to deter-
mine how CXCR4 mediates the expression of TXNIP, as it
contributes well to the understanding of the fundamental
mechanism underlying the toxicity of environmental toxins
BDE-47 and the protective efficacy of troxerutin.
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Supplementary Materials

Figure S1: different doses of BDE-47 increased ACR produc-
tion and kidney ROS accumulation in the mice. (A) The
results of ACR (urine albumin-to-creatinine) after BDE-47
were given by gavage for 8 weeks (n = 8). (B) Kidney ROS
content was detected by fluorescent probe DCFH-DA after
BDE-47 was administrated by gavage for 8 weeks (n = 5).
∗P < 0 05 and ∗∗∗P < 0 001 versus the control (Ctrl) group.
The data were analyzed with one-way ANOVA followed by
the post hoc Tukey test. Figure S2: different doses of troxeru-
tin reduced ACR production and kidney ROS content
induced by BDE-47 in the mice. (A) The results of ACR after
BDE-47 (50mg/kg/day) and troxerutin were administrated
by gavage for 8 weeks (n = 8). (B) Kidney ROS level was
detected DCFH-DA after BDE-47 and troxerutin were
orally given for 8 weeks (n = 5). ∗P < 0 05, ∗P < 0 01, and
∗∗∗P < 0 001 versus the BDE-47 group. The data were ana-
lyzed with one-way ANOVA followed by the post hoc Tukey
test. Figure S3: different doses of AMD3100 reduced ACR
production and kidney CXCR4 expression induced by
BDE-47 in the mice. (A) The results of ACR after BDE-47
(50mg/kg/day) were administrated for 8 weeks, and
AMD3100 was subcutaneously given for 4 weeks (n = 8).
(B) Kidney CXCR4 level was detected by western blot after
BDE-47 was orally given for 8 weeks, and AMD3100
was subcutaneously given for 4 weeks (n = 5). ∗P < 0 05,
∗P < 0 01, and ∗∗∗P < 0 001 versus the BDE-47 group.
The data were analyzed with one-way ANOVA followed
by the post hoc Tukey test. (Supplementary Materials)
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Oxidative stress and inflammation have been identified to play a vital role in the pathogenesis of lung injury induced by septic
shock. Heme oxygenase-1 (HO-1), an effective antioxidant and anti-inflammatory and antiapoptotic substance, has been used
for the treatment of heart, lung, and liver diseases. Thus, we postulated that administration of exogenous HO-1 protein
transduced by cell-penetrating peptide PEP-1 has a protective role against septic shock-induced lung injury. Septic shock
produced by cecal ligation and puncture caused severe lung damage, manifested in the increase in the lung wet/dry ratio,
oxidative stress, inflammation, and apoptosis. However, these changes were reversed by treatment with the PEP-1-HO-1 fusion
protein, whereas lung injury in septic shock rats was alleviated. Furthermore, the septic shock upregulated the expression
of Toll-like receptor 4 (TLR4) and transcription factor NF-κB, accompanied by the increase of lung injury. Administration of
PEP-1-HO-1 fusion protein reversed septic shock-induced lung injury by downregulating the expression of TLR4 and NF-κB.
Our study indicates that treatment with HO-1 protein transduced by PEP-1 confers protection against septic shock-induced
lung injury by its antioxidant, anti-inflammatory, and antiapoptotic effects.

1. Introduction

Septic shock is a subset of sepsis in which particularly
profound circulatory, cellular, and metabolic abnormalities
are associated with a greater risk of mortality than in sepsis
alone [1]. Septic shock-associated acute lung injury remains
the major cause of mortality in critically ill patients.
Although the pathophysiology of septic shock is not entirely
understood, it is known that an immune response to an infec-
tion plays a key role in the development of septic shock [2].
In addition, oxidative stress, inflammatory mediators, mito-
chondrial damage, and other mechanisms are also thought
to be involved in this process [2, 3].

Heme oxygenase-1 (HO-1) is a rate-limiting enzyme in
the heme degradation pathway and in the maintenance of
iron homeostasis. HO-1 catabolizes the prooxidant heme
molecule to form equimolar quantities of carbon monoxide
(CO), biliverdin (BV; which is rapidly converted into biliru-
bin (BR)), and free iron (which leads to the induction of
ferritin, an iron-binding protein) [4]. Accumulating evidence

suggests that HO-1 confers protection against a variety of
oxidant-induced cell and tissue injuries. Administration of
HO-1 by pharmacological induction or gene transfer pro-
vided protection in a variety of preclinical models [4–6].
Moreover, protective effects have been demonstrated in
HO-1 knockout mice and a human case of genetic HO-1 defi-
ciency [7, 8]. Beneficial effects of HO-1 are not only mediated
via enzymatic degradation of proinflammatory free heme but
also via the downstream products of heme degradation, CO,
BV, and BR [9]. Administration of exogenous CO, BV, or BR
may substitute for the cytoprotective effects of HO-1 to
confer protection in a variety of clinically applicable models
[4, 10–12]. In addition, a variety of signaling molecules has
been implicated in the cytoprotection conferred by HO-1,
including the transcription factor nuclear factor-kappaB
(NF-κB), autophagic proteins, p38 mitogen-activated protein
kinase, phosphatidylinositol 3-kinase/Akt, and others [5].

Toll-like receptors (TLRs) are components of the innate
immune system that respond to exogenous and endogenous
molecules. Interactions of TLRs with their ligands lead to
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the activation of downstream signaling pathways that induce
an immune response by producing inflammatory cytokines,
type I interferons (IFN), and other inflammatory mediators
[13]. Ten TLR genes have been identified in humans
(TLR1–TLR10) and 12 (TLR1–TLR9 and TLR11–TLR13)
in mice [14]. Among them, TLR4 has been recognized as a
key receptor on which both infectious and noninfectious
stimuli converge to induce a proinflammatory response
[15]. Some studies suggest that TLR4 is involved in acute
hepatic injury induced by endotoxemia [16] and acute myo-
cardial dysfunction caused by septic shock [17]. TLR4 signals
act through two downstream pathways, ultimately leading to
the activation of transcription factor NF-κB. NF-κB plays a
critical role in triggering and coordinating both innate and
adaptive immune responses, being a pivotal regulator of the
inducible expression of key proinflammatory mediators
[18]. The wide variety of genes regulated by NF-κB includes
those encoding cytokines, chemokines, adhesion molecules,
acute phase proteins, and inducible effector enzymes [19].
Accumulating evidence supports the role of the TLR4/
NF-κB pathway in lung injury caused by various factors,
including ventilators [20, 21], lipopolysaccharides (LPS)
[22], and intestinal ischemia/reperfusion [23].

PEP-1 is one of the cell-penetrating peptides that
efficiently improve the intracellular delivery of proteins into
various cells and tissues [24]. In our previous study, we
fused HO-1 protein with PEP-1 to obtain a PEP-1-HO-1
fusion protein, which was found to provide protective
effects in intestinal or myocardial ischemia/reperfusion
injury [25, 26]. However, it is not clear whether PEP-1-
HO-1 fusion protein may protect against infectious
disease-induced lung injury. Therefore, in the present study,
we chose a model of septic shock in rats and investigated
whether treatment with the PEP-1-HO-1 fusion protein
protects against septic shock-induced lung injury.

2. Materials and Methods

2.1. Production of PEP-1-HO-1 Fusion Protein. Gene frag-
ments of PEP-1 and HO-1 were synthesized and cloned into
a vector plasmid (pET-15b) to construct the recombinant
plasmid pET-15b-PEP-1-hHO-1. PEP-1-HO-1 fusion pro-
tein was produced and purified as previously described [25].

2.2. Animals and Groups. Thirty-two male, specific
pathogen-free Sprague-Dawley rats weighing 210–260 g
(6–8 weeks old) were purchased from the Department of
Laboratory Animal Center of Wuhan University and kept
under standardized conditions for food, water, light, and
temperature. Rats were allowed to drink water but were
fasted for 12 h before the study. This study conformed to
the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health, and the experimental
procedures were approved by the Institutional Animal
Ethics Committee of Zhongnan Hospital of Wuhan Univer-
sity. Rats were randomly divided into four groups (n = 8):
sham group, cecal ligation and puncture group (CLP group),
CLP+ low-dose PEP-1-HO-1 fusion protein group (LD

group), and CLP+high-dose PEP-1-HO-1 fusion protein
group (HD group).

2.3. Surgical Procedures. All animals were anesthetized
by intraperitoneal injection of 1% sodium pentobarbital
(50mg/kg). A polyethylene catheter was inserted into the
right carotid artery for monitoring the mean arterial pres-
sure. A cannula in the left iliac vein was used for the admin-
istration of the PEP-1-HO-1 fusion protein or physiological
saline. Using sterile technique, the rats underwent a midline
laparotomy. The cecum was carefully exteriorized and ligated
below the ileocecal valve using 4–0 silk ligatures. The cecum
was punctured twice by an 18-gauge needle before fecal
contents leaked into the peritoneum. Then, the cecum was
placed back into the abdominal cavity, and the incision was
closed. In the LD group, rats were given PEP-1-HO-1 fusion
protein (0.3mg) via the left iliac vein at 1 h before CLP and
5h after CLP, whereas rats in the HD group were given
PEP-1-HO-1 fusion protein (0.6mg) in the same way. Dose
and time of the given PEP-1-HO-1 fusion protein were
determined according to our previous results [25]. Instead
of the PEP-1-HO-1 fusion protein, the equal volume of phys-
iological saline was provided in the sham and CLP groups. In
the sham group, the cecum was not ligated or punctured after
laparotomy. All rats were subjected to the subcutaneous
injection of physiological saline (2mL/100 g) after operation.
Twelve hours after CLP, the animals were sacrificed with
pentobarbital overdose, blood samples were collected via
the right carotid artery for subsequent measurement of
serum HO-1 and cytokines, and tissue samples from the lung
were harvested for further analysis.

2.4. Determination of Hemodynamic Parameters. At 0, 4, 8,
and 12h after CLP or sham surgery, the carotid artery catheter
was connected to a pressure transducer (Smiths Medical ASD
Inc., OH, USA), and mean arterial blood pressure (MAP) and
heart rate (HR) were displayed on a polygraph recorder.

2.5. Histopathological Assessment. For evaluating the effects
of the administration of the PEP-1-HO-1 fusion protein on
histological changes of the lung, the harvested left upper lung
lobe was immersed in 10% formalin for at least 24 h. After
processing the lung tissues with standard methods, the
samples were stained with hematoxylin and eosin. Two
investigators observed these samples in a double-blind fash-
ion. The histological lung injury was scored by the degrees
of tissue edema, hemorrhage, and interstitial inflammatory
cell infiltration [27]: 0 =no evidence, 1 =mild injury,
2 =moderate injury, and 3= severe injury.

2.6. Determination of the Wet/Dry Weight Ratio. The left
lower lung lobe was harvested and weighted at once after
the rats were sacrificed. The sample was subsequently placed
into a drying oven at 65°C for 48 h for the determination of
the dry weight. The level of lung tissue edema was measured
by calculating the wet/dry (W/D) weight ratio.

2.7. Determination of Lung Tissue Myeloperoxidase Activity.
For assessing the polymorphonuclear neutrophil accumula-
tion, the myeloperoxidase (MPO) activity was tested. Lung
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tissue samples were homogenized on ice using a homoge-
nizer. The MPO activity was measured quantitatively
according to the manufacturer’s instructions (Jiancheng
Biologic Project Company, Nanjing, China). One MPO
activity unit was defined as the amount of lung tissue that
converted 1μmol hydrogen peroxide to water per minute
at 37°C. The MPO activity was expressed as units per gram
(U/g) wet weight.

2.8. Determination of Lung Tissue Malondialdehyde Level
and Superoxide Dismutase Activity. Frozen lung samples
were homogenized in physiological saline and centrifuged
at 4000g for 10min at 4°C. Subsequently, the supernatant
was received and assayed for its malondialdehyde (MDA)
level and superoxide dismutase (SOD) activity. Spectro-
photometrical measurements were performed according
to the manufacturer’s instructions by using commercial kits
(Jiancheng Bioengineering Institute, Nanjing, China). The
MDA level was expressed as nmol/mg protein, and the
SOD activity was expressed as U/mg protein.

2.9. Determination of Serum HO-1 and Cytokines. The levels
of HO-1, tumor necrosis factor alpha (TNF-α), and interleu-
kin 6 (IL-6) in serumwere examined using ELISA techniques.
After collection and centrifugation of the blood samples,
supernatants were collected for further analysis. The levels
of serum HO-1, TNF-α, and IL-6 were quantified using
ELISA kits (R&D, Minneapolis, MN, USA) according to the
manufacturer’s instructions. The concentrations of HO-1,
TNF-α, and IL-6 were expressed as pg/mL.

2.10. Western Blot Analysis. The experiment was terminated
by performing Western blot analysis of collected lung tissue
samples, as described in the literature [25]. The samples were
homogenized, lysed, and centrifuged using differential
centrifugation for obtaining different protein components.
Protein concentrations were measured by a BCA protein
assay kit (Beyotime Institute of Biotechnology, Shanghai,
China). Proteins were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membranes (Millipore, Bedford,
MA, USA). Membranes were incubated with the primary
antibodies against His-probe, cleaved caspase-3, Bcl-2,
Bax, NF-κBp65, phosphorylated NF-κBp65 (p-NF-κBp65),
and TLR4 (Santa Cruz Biotechnology, CA, USA) overnight
at 4°C. Then, the membranes were washed in phosphate-
buffered saline (0.05%). Tween 20 and proteins bands
were visualized with an enhanced chemiluminescence kit
(Amersham, Piscataway, NJ, USA). All band densities were
quantified by densitometry using the Quantity One software
(BioRad, Hercules, CA, USA).

2.11. Survival Study. In the mortality studies, some of the
animals in each group (n = 12 per group) were assigned to a
subgroup for survival analyses. The survival rates of the rats
were recorded every 12 h for three days, as mentioned
above, to observe whether the PEP-1-HO-1 fusion protein
treatment confers protection against septic shock-induced
lung injury.

2.12. Statistical Analysis. Statistical analysis was performed
with the SPSS software version 22, and all data were
expressed as mean± SEM. The significance of differences in
the measured values between groups was analyzed using an
independent sample t-test, one-way analysis of variance
(ANOVA), or two-way ANOVA for repeated measures
followed by the Student–Newman–Keuls test. Histological
scores were compared using the Kruskal–Wallis test. Survival
analyses were performed using the Kaplan-Meier test
followed by a log–rank test. P < 0 05 was considered statisti-
cally significant difference.

3. Results

3.1. Transduction of PEP-1-HO-1 Fusion Protein in Serum
and Lung Tissues. To determine the effective transduction
of PEP-1-HO-1 fusion protein after intravenous administra-
tion of PEP-1-HO-1, we analyzed the serum HO-1 level by
the ELISA and His-probe expression in lung tissues viaWest-
ern blot analysis. CLP caused the increase of the serumHO-1
level (P < 0 05). Compared with the CLP group, the serum
HO-1 levels in the LD and HD groups were significantly
higher (P < 0 05). The level of serum HO-1 was higher in
the HD group than in the LD group (P < 0 05; Figure 1(a)).
As the His-probe protein is a part of the PEP-1-HO-1
fusion protein, its expression may be employed as an indi-
cator for the expression of transduced HO-1 protein.
Western blot analysis showed that the expression of His-
probe protein was only found in PEP-1-HO-1-transduced
animals and that this expression was dose-dependent,
whereas no His-probe protein was detected in other
groups (P < 0 05; Figure 1(b)). Our results indicated that
PEP-1-HO-1 fusion protein was successfully delivered into
the lungs.

3.2. Effects of PEP-1-HO-1 Fusion Protein on Mean
Arterial Pressure and Heart Rate. The baseline values for
MAP and HR were comparable in all groups. CLP led
to a statistically significant, substantial attenuation of
MAP at 12 h (P < 0 05), whereas significant and sustained
increases in HR were observed from 4h onwards after
CLP (P < 0 05). The PEP-1-HO-1 treatment significantly
prevented severe hypotension at 12 h after CLP and tachy-
cardia from 4h onwards after CLP (P < 0 05). Rats in the
sham group exhibited stable hemodynamic conditions
during the experimental period (P > 0 05; Tables 1 and 2).

3.3. Effects of PEP-1-HO-1 Fusion Protein on Histological
Injury. To assess the histological changes induced by the
treatment protocols, histological injury was independently
scored by two pathologists, and the average score was used
for analysis (Figure 2). Normal histological structure was
seen in the lung of the sham group (Figure 2(a)). The animals
in the CLP group exhibited significant histological injury,
including tissue edema, hemorrhage, and interstitial inflam-
matory cell infiltration (Figure 2(b)). In contrast, histological
injury was alleviated in the animals subjected to the PEP-1-
HO-1 fusion protein in the LD (Figure 2(c)) and HD groups
(Figure 2(d)). Compared with the sham group, the injury
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scores of the lung tissues in the CLP, LD, and HD groups
were significantly higher (P < 0 05). Compared with the
CLP group, the injury scores of lung tissues in the LD and
HD groups were significantly lower (P < 0 05). The injury
score was lower in the HD group than in the LD group
(P < 0 05; Figure 2(e)).

3.4. Effect of PEP-1-HO-1 Fusion Protein on the W/D Weight
Ratio. The lung tissue W/D weight ratio was higher in the
three groups that underwent CLP than in the sham group

(P < 0 05). Compared with the CLP group, the W/D
weight ratio was remarkably lower in the LD and HD
groups (P < 0 05) and lower in the HD group than in
the LD group (P < 0 05; Figure 3).

3.5. Effects of PEP-1-HO-1 Fusion Protein on MPO Activity.
The activity of MPO, an enzyme present in neutrophils,
was used as a marker of neutrophil infiltration. The lung
tissue MPO activity was higher in the three groups that
underwent CLP than in the sham group (P < 0 05). In

Table 1: Changes in mean arterial pressure at specific time points for each group (mmHg, n= 8).

Group 0 h 4 h 8 h 12 h

Sham 127.5± 2.02 121.00± 2.54 119.25± 3.32 116.63± 3.72
CLP 126.63± 1.94 111.75± 2.04 92.75± 3.23∗ 74.25± 4.35∗

LD 122.25± 3.12 113.63± 2.24 101.13± 3.14∗ 89.13± 3.24∗ ,#

HD 124.88± 2.47 117.88± 2.83 106.25± 3.23∗ ,# 97.5± 1.96∗ ,#

Values are expressed as mean ± SEM. ∗P < 0 05 versus the sham group; #P < 0 05 versus the CLP group. CLP: cecal ligation and puncture; LD: CLP + low-dose
PEP-1-HO-1 fusion protein; HD: CLP + high-dose PEP-1-HO-1 fusion protein.

Table 2: Changes in heart rate at specific time points for each group (beats/min, n = 8).

Group 0 h 4 h 8 h 12 h

Sham 327.13± 4.38 328.00± 4.02 324.13± 4.31 325.25± 3.30
CLP 326.88± 3.82 369.50± 5.10∗ 388.25± 3.09∗ 395.38± 4.28∗

LD 324.63± 4.15 352.88± 3.92∗ ,# 367.50± 3.22∗ ,# 376.75± 3.74∗ ,#

HD 331.75± 3.43 348.88± 2.89∗ ,# 362.75± 3.72∗ ,# 369.50± 3.17∗ ,#

Values are expressed as mean ± SEM. ∗P < 0 05 versus the sham group; #P < 0 05 versus the CLP group. CLP: cecal ligation and puncture; LD: CLP + low-dose
PEP-1-HO-1 fusion protein; HD: CLP + high-dose PEP-1-HO-1 fusion protein.
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Figure 1: Analysis of the transduction of intravenous administration of PEP-1-HO-1 fusion protein. (a) Serum HO-1 level (n = 8 rats per
group). (b) Expression of His-probe protein in lung tissues (n = 6 rats per group). Data are expressed as mean± SEM. ∗P < 0 05 versus the
sham group, #P < 0 05 versus the CLP group, and &P < 0 05 versus the LD group.
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contrast, administration of the PEP-1-HO-1 fusion pro-
tein halted this augmentation (P < 0 05), and the MPO
activity was lower in the HD group than in the LD group
(P < 0 05; Figure 4).

3.6. Effects of PEP-1-HO-1 Fusion Protein on MDA Level and
SOD Activity. CLP significantly increased the tissue MDA
level (P < 0 05) and decreased the SOD activity (P < 0 05).
Compared with the CLP group, treatment with high-dose
PEP-1-HO-1 fusion protein significantly reduced the
increased MDA level (P < 0 05) and enhanced the decreased
SOD activity (P < 0 05). However, treatment with low-dose

PEP-1-HO-1 fusion protein had no influence on MDA level
and SOD activity (P > 0 05). Compared with the LD group,
treatment with high-dose PEP-1-HO-1 fusion protein signif-
icantly reduced the increased MDA level (P < 0 05) and
enhanced the decreased SOD activity (P < 0 05; Figure 5).

3.7. Effects of PEP-1-HO-1 Fusion Protein on Serum TNF-α
and IL-6 Levels. Blood samples were harvested to measure
the concentrations of TNF-α and IL-6 in serum. The levels
of serum TNF-α and IL-6 in rats subjected to CLP were
higher than those in the sham group (P < 0 05). Compared
with the CLP group, serum TNF-α and IL-6 levels in the
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Figure 2: Histological changes in lung tissues stained with hematoxylin and eosin and histological injury scores of lung tissues in all groups.
(a) Sham group. (b) Cecal ligation and puncture group (CLP group). (c) CLP+ low-dose PEP-1-HO-1 fusion protein group (LD group). (d)
CLP+ high-dose PEP-1-HO-1 fusion protein group (HD group; original magnification ×200; scale bar = 50μm). (e) Histological injury score
of the lung. Data are expressed as mean± SEM; n = 8 rats per group. ∗P < 0 05 versus the sham group, #P < 0 05 versus the CLP group, and
&P < 0 05 versus the LD group.
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LD and HD groups were significantly reduced (P < 0 05), and
the serum TNF-α and IL-6 levels were lower in the HD group
than in the LD group (P < 0 05; Figure 6).

3.8. Effects of PEP-1-HO-1 Fusion Protein on the Expressions
of Cleaved Caspase-3, Bcl-2, and Bax. To determine the
possible role of cell apoptosis in lung injury induced by
CLP, we tested the expression of proapoptotic and antiapop-
totic proteins in lung tissues by Western blot analysis. CLP
markedly upregulated the expressions of cleaved caspase-3
and Bax but reduced the Bcl-2 expression (P < 0 05). The
Bcl-2/Bax ratio was significantly decreased in septic shock
rats (P < 0 05). Compared with the CLP group, the expres-
sions of cleaved caspase-3 and Bax were significantly

downregulated, the Bcl-2 expression was increased, and
the Bcl-2/Bax ratio was enhanced in the LD and HD
groups (P < 0 05). Compared with the LD group, the
expressions of cleaved caspase-3 and Bax were significantly
reduced, the Bcl-2 expression was increased, and the
Bcl-2/Bax ratio was enhanced in the HD group (P < 0 05;
Figure 7).

3.9. Effects of PEP-1-HO-1 Fusion Protein on NF-κB and
TLR4 Expression. For exploring the possible protective
mechanism of the PEP-1-HO-1 fusion protein against lung
injury in septic shock rats, we tested the expressions of
NF-κBp65 and TLR4 in lung tissues by Western blot anal-
ysis and detected remarkable differences among all groups.
CLP markedly upregulated the expressions of NF-κBp65,
p-NF-κBp65, and TLR4 (P < 0 05). Compared with the
CLP group, the expressions of NF-κBp65 and p-NF-κBp65
were significantly decreased in the LD and HD groups (P <
0 05); the expression of TLR4 was reduced in the HD group
(P < 0 05), but not in the LD group (P > 0 05). The values
of NF-κBp65, p-NF-κBp65, and TLR4 in the HD group were
lower than those in the LD group (P < 0 05; Figure 8).

3.10. Effect of PEP-1-HO-1 Fusion Protein on Survival Rate.
To determine if the PEP-1-HO-1 fusion protein influences
the survival rate, we analyzed the mortality at designated
time points. No mortality was observed within 72 h in all
sham animals. The survival rate was significantly decreased
to 33.33% at 72 h after CLP. In contrast, the rats in the LD
and HD groups had higher survival rates of 50% and 75%
at 72h after CLP. These results suggested that PEP-1-HO-1
treatment significantly improved the 72 h survival rate of
CLP rats (P < 0 05; Figure 9).

4. Discussion

In this study, we have demonstrated in a rat model that
CLP-induced septic shock caused significant lung injury,
as evidenced by pathologic morphological changes seen
in the lung tissues as well as the increased the lung wet/
dry ratio. We found that treatment with the PEP-1-HO-1
fusion protein dose-dependently reduced lung morphologi-
cal damage and alleviated injuries induced by oxidative
stress, inflammatory reactions, and apoptosis. Furthermore,
we found that administration of PEP-1-HO-1 fusion protein
inhibited the increased expressions of TLR4 and NF-κBp65
in septic shock rats. Our data indicated that the PEP-1-
HO-1 fusion protein conferred a protection against lung
injury induced by septic shock in rats.

The reasons for choosing HO-1 as a therapeutic agent
were its antioxidant, anti-inflammatory, and antiapoptotic
properties and its important protective role in multiple organ
damage, such as heart [28], lung [5], and gastrointestinal
injury [29]. In addition, some studies indicate that protective
effects of many pharmacological agents may be in part medi-
ated by HO-1 upregulation [30–34]. Thus, in the present
study, we used protein transduction technology to transduce
the HO-1 protein into septic shock animals for investigating
the protective effects of HO-1 on lung injury. Because we
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Figure 4: Effects of PEP-1-HO-1 fusion protein on
myeloperoxidase (MPO) activity in lung tissues. Data are
expressed as mean± SEM; n = 8 rats per group. ∗P < 0 05 versus
the sham group, #P < 0 05 versus the CLP group, and &P < 0 05
versus the LD group. CLP: cecal ligation and puncture; LD: CLP+
low-dose PEP-1-HO-1 fusion protein; HD: CLP+ high-dose
PEP-1-HO-1 fusion protein.
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Figure 3: Effects of PEP-1-HO-1 fusion protein on the wet/dry
(W/D) weight ratio in lung tissues. Data are expressed as
mean± SEM; n = 8 rats per group. ∗P < 0 05 versus the sham
group, #P < 0 05 versus the CLP group, and &P < 0 05 versus the
LD group. CLP: cecal ligation and puncture; LD: CLP+ low-dose
PEP-1-HO-1 fusion protein; HD: CLP+ high-dose PEP-1-HO-1
fusion protein.
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chose a 12 h, CLP-induced septic shock as our experimental
model, the therapeutic agent, PEP-1-HO-1 fusion protein
was given twice (once every 6 h). Dose and time of the
administration of the PEP-1-HO-1 fusion protein were
chosen according to our previous study [25]. We found that
treatment with the PEP-1-HO-1 fusion protein obviously
attenuated the septic shock-induced lung injury and that its
protective effects were dose-dependent.

Although the exact mechanisms of septic shock-induced
lung injury have not been fully elucidated yet, it is universally
accepted that oxidative stress plays a vital role in this process
[35]. MDA, a product of lipid peroxidation, is usually consid-
ered an index of the degree of oxidative damage. SOD is the
primary enzymatic method to reduce superoxides. MDA
and SOD are frequently used to evaluate cell injury. In this
study, we found that septic shock caused the increase in the
MDA level and the decrease in the SOD activity, thus

exacerbating lung injury. It is well documented that many
antioxidants have been used for the treatment of sepsis-
induced acute lung injury in animal models [36, 37] and in
patients with sepsis [38]. Our results showed that transduced
exogenous HO-1 protein significantly reduced the increase of
the MDA level and suppressed the decrease of the SOD
activity, thus alleviating septic shock-induced lung injury.
Therefore, our data indicate that oxidative stress caused by
septic shock may be a crucial part of lung injury, and HO-1
may attenuate septic shock-induced oxidative stress to
contribute to lung protection.

Apoptosis is a critical process that causes timely death in
senescent cells, which is important in developmental biology
and in the pathophysiology of various diseases. In this study,
we found that septic shock led to the increase of the cleaved
caspase-3 expression and the decrease of the Bcl-2/Bax ratio,
accompanied by the increase of the lung injury score and
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Figure 5: Effects of PEP-1-HO-1 fusion protein on malondialdehyde (MDA) level and superoxide dismutase (SOD) activity in lung tissues.
(a) MDA level. (b) SOD activity. Data are expressed as mean± SEM; n = 8 rats per group. ∗P < 0 05 versus the sham group, #P < 0 05 versus
the CLP group, &P < 0 05 versus the LD group. CLP: cecal ligation and puncture; LD: CLP+ low-dose PEP-1-HO-1 fusion protein; HD:
CLP+ high-dose PEP-1-HO-1 fusion protein.
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Figure 6: Effects of PEP-1-HO-1 fusion protein on serum tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) levels in all
groups. (a) Serum TNF-α level. (b) Serum IL-6 level. Data are expressed as mean± SEM; n = 8 rats per group. ∗P < 0 05 versus the sham
group, #P < 0 05 versus the CLP group, and &P < 0 05 versus the LD group. CLP: cecal ligation and puncture; LD: CLP+ low-dose PEP-1-
HO-1 fusion protein; HD: CLP+ high-dose PEP-1-HO-1 fusion protein.
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the lung wet/dry ratio. In contrast, treatment with the
PEP-1-HO-1 fusion protein reversed these changes and
consequently prevented lung injury in septic shock animals.
A study found that apoptotic adipose-derived mesenchymal
stem cell therapy reduced inflammatory, oxidative, and apo-
ptotic (Bax, caspase-3) biomarkers, increased antiapoptotic

(Bcl-2) and antioxidant biomarkers, and protected against
lung and kidney injury in the sepsis syndrome caused by
CLP in rats [39]. Perl et al. [40] found that hemorrhagic
shock and sepsis increased the expression of caspase-3
and altered the lung histology. Contrarily, administration
of caspase-3 siRNA not only attenuated lung apoptosis but
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Figure 7: Effects of PEP-1-HO-1 fusion protein on the expression of cleaved caspase-3, Bax, and Bcl-2 in all groups. (a) The expressions of
cleaved caspase-3. Bcl-2 and Bax in lung tissues were detected byWestern blot analysis. (b) Cleaved caspase-3 expression. (c) Bcl-2 expression.
(d) Bax expression. (e) Bcl-2/Bax ratio. Data are expressed as mean± SEM; n = 6 rats per group. ∗P < 0 05 versus the sham group, #P < 0 05
versus the CLP group, and &P < 0 05 versus the LD group. CLP: cecal ligation and puncture; LD: CLP+ low-dose PEP-1-HO-1 fusion protein;
HD: CLP+ high-dose PEP-1-HO-1 fusion protein.
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also ameliorated acute lung injury. In addition, it is well
known that apoptosis may amplify inflammatory responses
[41]. Our study found that administration of PEP-1-HO-1
fusion protein alleviated apoptosis-mediated lung injury,
accompanied by the decrease of the MPO activity in lung tis-
sues. It is well accepted that MPO activity is used as a marker
of neutrophil infiltration. Furthermore, infiltrated neutro-
phils may directly cause apoptosis. Tsao et al. [42] found that
administration of levosimendan had beneficial effects on
multiple organ injury caused by peritonitis-induced septic
shock by decreasing neutrophil infiltration and attenuating
caspase-3 expression. Ahmad et al. [43] also found that treat-
ment with NaHS alleviated CLP-induced septic shock and
protected against multiple organ failure by attenuating
CLP-induced increases in the MPO and plasma levels of pro-
inflammatory mediators. Our experimental results are con-
sistent with this conclusion.

In addition, proinflammatory cytokines released by
damaged tissues are thought to play a vital role in the patho-
genesis of septic shock-induced lung injury. In this study, we
investigated the levels of TNF-α and IL-6 in the serum and

found that these levels were higher in the CLP group than
in the sham group. Treatment with PEP-1-HO-1 fusion pro-
tein significantly decreased the increased TNF-α and IL-6
levels. It is not sure whether elevated levels of cytokines
derived from the gut or lungs caused lung damage, because
we detected increased levels of TNF-α and IL-6 in the lungs
and intestine (data not shown). However, a study found that
inflammatory cytokines from damaged intestines were
responsible for the damage of remote organs [44]. Further-
more, we also found that septic shock caused the increase
of the p-NF-κBp65 expression in the lungs. NF-κB is a crucial
transcription factor, which regulates the expression of
various genes related to inflammation and immune response,
including many proinflammatory factors such as TNF-α,
IL-1, and IL-6 [2, 45]. Weng et al. [46] found that hono-
kiol, a low molecular weight natural product possessing
anti-inflammatory activity, rescued sepsis-associated acute
lung injury by reversing NF-κB activation and decreasing
the production of serum TNF-α. In the present study, we
found that administration of PEP-1-HO-1 fusion protein
inhibited NF-κB activation in lung tissues and significantly
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Figure 8: Effects of PEP-1-HO-1 fusion protein on the expression of nuclear factor-kappaBp65 (NF-κBp65), phosphorylated NF-κBp65
(p-NF-κBp65), and Toll-like receptor 4 (TLR4) in lung tissues. (a) The expressions of NF-κBp65, p-NF-κBp65, and TLR4 in lung tissues were
detected by Western blot analysis. (b) p-NF-κBp65 expression. (c) NF-κBp65 expression. (d) TLR4 expression. Data are expressed as
mean± SEM; n = 6 rats per group. ∗P < 0 05 versus the sham group, #P < 0 05 versus the CLP group, and &P < 0 05 versus the LD group.
CLP: cecal ligation and puncture; LD: CLP+ low-dose PEP-1-HO-1 fusion protein; HD: CLP+ high-dose PEP-1-HO-1 fusion protein.
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decreased the levels of TNF-α and IL-6 in serum, thus
alleviated lung injury. Our results were in accordance with
previous studies, indicating that treatment with PEP-1-
HO-1 fusion protein reduced septic shock-induced lung
injury via inhibition of the production of proinflammatory
cytokines regulated by activated NF-κB.

TLRs are a family of pattern recognition receptors,
playing a pivotal role in the cellular activation of the innate
immune response. TLRs have been identified to be involved
in lung injury induced by various factors, including I/R,
hemorrhagic, or septic shock [22, 23]. In this study, we found
that septic shock obviously resulted in a significant increase
of the TLR4 expression in lung tissues, accompanied by the
increase of the lung injury score and the lung wet/dry ratio.
Our results were consistent with previous reports. In
addition, various studies have demonstrated that some
therapeutic strategies have been shown to protect against
lung injury by inhibiting the activation of the TLR4/NF-κB
pathway [47, 48]. Sun et al. [22] demonstrated that sevoflur-
ane, a new halogen-containing volatile anesthetic, directly
exerted anti-inflammatory effects on lung injury caused by
LPS in vitro and in vivo via inhibition of the TLR4/NF-κB
pathway. In the present study, we found that treatment with
the PEP-1-HO-1 fusion protein notably reduced the septic
shock-induced increase of TLR4 expression and NF-κB

activation, which attenuated inflammation, oxidative stress,
and apoptosis and ameliorated lung injury. These results
were in accordance with previous studies indicating that
protective effects of the PEP-1-HO-1 fusion protein on septic
shock-induced lung injury might be partially due to inhibi-
tion of the TLR4/NF-κB pathway activation.

The present study has some limitations. First, we mainly
investigated the protective effects of the PEP-1-HO-1 fusion
protein on septic shock-induced lung injury in rats. However,
cell-penetrating peptides have been shown to induce dose-
and length-dependent cytotoxic effects. Thus, it is necessary
to assess the potential hazard of the cell-penetrating peptide
PEP-1 itself to those tissues and cells that need to be
protected in our future study. Secondly, although we found
that treatment with the PEP-1-HO-1 fusion protein signifi-
cantly reduced the septic shock-induced increase of the
TLR4 and NF-κB expressions, there was insufficient evidence
to draw the conclusion that the PEP-1-HO-1 fusion protein
provides a protective role against septic shock-induced lung
injury through suppressing the activation of the TLR4/
NF-κB pathway. Further study using antagonists/agonists
or deficient animals is needed.

5. Conclusion

This study provides evidence that transduced PEP-1-HO-1
fusion protein may reduce the septic shock-induced increase
of TLR4 expression and NF-κB activation and alleviate septic
shock-induced lung injury through the antioxidant, anti-
inflammatory, and antiapoptotic properties of transduced
HO-1. Our study provides a new option for the treatment
of main organ damage caused by infectious diseases.
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Objective. This study aimed to investigate whether the nonselective A2 adenosine receptor agonist NECA induces cardioprotection
against myocardial ischemia/reperfusion (I/R) injury via glycogen synthase kinase 3β (GSK-3β) and the mitochondrial
permeability transition pore (mPTP) through inhibition of endoplasmic reticulum stress (ERS). Methods and Results. H9c2
cells were exposed to H2O2 for 20 minutes. NECA significantly prevented H2O2-induced TMRE fluorescence reduction,
indicating that NECA inhibited the mPTP opening. NECA blocked H2O2-induced GSK-3β phosphorylation and GRP94
expression. NECA increased GSK-3β phosphorylation and decreased GRP94 expression, which were prevented by both
ERS inductor 2-DG and PKG inhibitor KT5823, suggesting that NECA may induce cardioprotection through GSK-3β and
cGMP/PKG via ERS. In isolated rat hearts, both NECA and the ERS inhibitor TUDCA decreased myocardial infarction,
increased GSK-3β phosphorylation, and reversed GRP94 expression at reperfusion, suggesting that NECA protected the
heart by inhibiting GSK-3β and ERS. Transmission electron microscopy showed that NECA and TUDCA reduced
mitochondrial swelling and endoplasmic reticulum expansion, further supporting that NECA protected the heart by
preventing the mPTP opening and ERS. Conclusion. These data suggest that NECA prevents the mPTP opening through
inactivation of GSK-3β via ERS inhibition. The cGMP/PKG signaling pathway is responsible for GSK-3β inactivation
by NECA.

1. Introduction

Adenosine is widely used for treatments of cardiovascular
diseases [1, 2]. Although anti-inflammation [3], antiarrhyth-
mia [4], and infarct size limitation [5] effects have been
demonstrated to be attributable to adenosine, the exact
mechanism underlying the adenosine-induced cardioprotec-
tion remains elusive. In a recent issue of Nature Medicine,
Eckle et al. [6] identified adenosine receptor-dependent
stabilization of Per2 as an endogenous mechanism allowing
the ischemic myocardium to adapt its metabolism towards
oxygen-efficient utilization of carbohydrates. Recently, Ke
et al. [7] proposed that the protective effect of adenosine
against reperfusion injury was associated with autophagy
downregulation. It should be noted that the above research

provide a very confined scope of the signaling mechanism
by which adenosine protected the ischemic heart from
reperfusion injury.

The mitochondrial permeability transition pore (mPTP)
opening has been proposed as a major mechanism of ische-
mia reperfusion injury, and inhibition of the mPTP may lead
to cardioprotection [8]. Studies have shown that 5′-N-ethyl-
carboxamidoadenosine (NECA), an agonist of nonselective
A2 adenosine receptor, administered at reperfusion, protects
the ischemic rabbit hearts through a nitric oxide- (NO-)
dependent signaling pathway [9] and NO has been demon-
strated to prevent mPTP opening [10]. A recent study
reported that GSK-3β plays a critical role in cardioprotection
[11] and S9-phosphorylation of GSK-3β likely acts by inhi-
biting the opening of the mPTP [12]. Our previous studies
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have demonstrated that adenosine A2A and A2B receptors
work in concert to induce a strong protection against
reperfusion injury by inhibiting the mPTP opening through
inactivation of GSK-3β [13, 14].

Endoplasmic reticulum stress (ERS) is a process in which
the abnormal accumulation of unfolded and misfolded pro-
teins in the ER damages ER functions and induces a number
of pathological processes [15]. Increasing evidence suggests
that attenuating ERS can protect the heart from ischemia
reperfusion injury [16]. ERS inhibitor tauroursodeoxycholic
acid (TUDCA) prevents the mPTP opening and attenuates
reperfusion injury through inactivation of GSK-3β [17, 18].
Thus, we hypothesize that NECA may protect the heart
against ischemia reperfusion by alleviating ERS through
mPTP and GSK-3β.

In this study, we determined whether NECA, an adeno-
sine receptor agonist, induces cardioprotection against reper-
fusion injury by inactivating GSK-3β and thereby inhibiting
mPTP opening through modulation of ERS.

2. Materials and Methods

All procedures using animals were approved by the local
Animal Care and Use Committee, conforming to the Guide
for the Care and Use of Laboratory Animals (NIH Publica-
tion Number 85–23, revised 1996).

2.1. Cell Culture. The rat heart tissue-derived H9c2 cardiac
cell line was obtained from the American Type Culture
Collection (ATCC, USA). The H9c2 was cultured in DMEM
(Gibco, USA) containing 10% fetal bovine serum (FBS;
Gibco, USA) and 100U penicillin/streptomycin (Sigma,
USA) at 37°C in an incubator of 5% CO2.

2.2. Cell Treatment. Cells were washed twice with phosphate-
buffered saline (PBS) and then incubated in Tyrode solution
for 2 hours (h) before experiments. To examine the effect of
NECA (Tocris, UK) on mitochondrial membrane potential,
GSK-3β phosphorylation (at Ser9), and GRP94, cells were
exposed to 800μM H2O2 (Sigma, USA) for 20 minutes
(min) to cause oxidant damage. A range concentrations of
NECA (0.1–10μM) were given 10min before exposing to
H2O2. In the study exploring roles of ERS and the cGMP/
PKG signaling pathway in NECA-induced cardioprotection
against oxidative damage, cells were exposed to 0.1μM
NECA/20mM 2-DG (Sigma, USA)/0.1μM KT5823 (Sigma,
USA) for 20min. The 2-DG and KT5823 were applied for
10min before the cells were exposed to NECA.

2.3. Confocal Imaging of Mitochondrial Membrane Potential.
Cells were incubated for 20min with 100nM TMRE (Invitro-
gen, USA) in Tyrode solution at 37°C. Then, cells were
washed with fresh Tyrode solution. The red fluorescence
was excited with a 543nm line of argon-krypton laser line
and imaged through a 560nm-long path filter.

2.4. Western Blot Analysis. Equal amounts of protein lysates
were separated by 10% SDS-PAGE gel and transferred to a
PVDF membrane (Bio-Rad, Germany). The membranes
were probed with polyclonal antibody to phosphorylation

of GSK-3β (Cell Signaling Technology, USA), GRP94 (Cell
Signaling Technology, USA), and phosphorylation of VASP
(Cell Signaling Technology, USA). Each primary antibody
binding was detected with a secondary antibody and visual-
ized by the ECL kit (GE Amershan, USA). The band was
captured and analyzed with the Biospectrum Imaging System
(Bio-Rad, Germany). Equal protein loading was confirmed
by reprobing membranes with β-tubulin antibody (Cell
Signaling Technology, USA).

2.5. Isolated Heart Ischemia/Reperfusion Injury Model. Male
Wistar rats weighing 250–350 g were used for experiments.
Rats were anesthetized with chloral hydrate (30mg/kg, I.P.).
A thoracotomy was performed and the heart was rapidly
excised and perfused with oxygenated (95% O2, 5% CO2)
Krebs-Henseleit buffer containing (in mM) NaCl 118.5,
KCl 4.7, MgSO4 1.2, CaCl2 1.8, NaHCO3 24.8, KH2PO4 1.2,
and glucose 10, pH 7.4, using a Langendorff apparatus at
37°C. A water-filled latex balloon was inserted into the left
ventricle to achieve a continuous heart rate (HR), left
ventricular-developed pressure (LVDP), left ventricular
end-diastolic pressure (LVEDP), and maximum increased
rate and decreased rate of left ventricular pressure (±dp/
dtmax). After 20min perfusion, the left anterior descending
coronary artery (LAD) was occluded with a 5-0 silk suture
for 30min ischemia and then reperfused for 2 h.

2.6. Experimental Protocols. In the I/R group, hearts were
subjected to a 30min ischemia followed by 2h of reperfusion.
In the NECA group and TUDCA group, hearts (30min
ischemia and 2h reperfusion) were treated with NECA
(0.1μM)/TUDCA (30μM) 5min before the onset of reperfu-
sion for 35min.

2.7. Infarct Size Assessment. At the end of the experiments,
the LAD was reoccluded and 5% Evans blue dye (Sigma,
USA) were infused to demarcate the risk zone. The hearts
were frozen and cut into 5 slices (1mm per slice). Then, the
slices were incubated in 1% TTC (Sigma, USA) in sodium
phosphate buffer (pH 7.4) at 37°C for 20min and immersed
in 10% formalin to enhance the contrast between stained
(viable) and unstained (necrotic) tissues. Each slice was
scanned and quantified using Image Tool software.

2.8. Transmission Electron Microscopy (TEM). At the end of
the experiment, tissue of the ischemia region was cut and
placed into 2.5% glutaraldehyde for at least 2 h in 4°C. The
tissue was postfixed in 1% osmium tetroxide, dehydrated in
acetone, infiltrated, and embedded in epoxy resin. Resin-
embedded blocks were cut into 50–60 nm ultrathin sections.
The ultrathin sections were stained with both uranyl acetate
and lead citrate. The changes in the myocardial ultrastructure
were examined with a transmission electron microscope
(Olympus, Japan).

2.9. Statistical Analysis. Data was calculated using SPSS17.0.
All values are expressed as mean± SD. Statistical significance
was determined using Student’s t-test or one way ANOVA
followed by Tukey’s test. A value of P < 0 05 was considered
statistically significant.
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3. Results

3.1. Effect of NECA on the mPTP Opening. To confirm
whether NECA can prevent the mPTP opening, experiments
were conducted to examine the effect of NECA on oxidant-
induced loss of mitochondrial membrane potential (ΔΨm)
by monitoring TMRE fluorescence with confocal micros-
copy. As shown in Figure 1, treatment of cells with 800μM
H2O2 induced a dramatic decrease in TMRE fluorescence,
indicating that oxidant stress induces the mPTP opening.
In contrast, treatment with 0.01, 0.1, 1, and 10μM NECA,
respectively, significantly attenuated or prevented the loss
of TMRE fluorescence with the best effect seen at concentra-
tion of 0.1μM. This demonstrates that NECA can modulate
the mPTP opening.

3.2. Effects of NECA on GSK-3β and GRP94. To determine
the potential role of GSK-3β and GRP94 in the cardioprotec-
tive effect of NECA, we assessed levels of GSK-3β (Ser9)
phosphorylation and GRP94 in H9c2 cardiac cells. As shown
in Figure 2, NECA significantly increased phosphorylation of
GSK-3β (Ser9) levels and markedly decreased GRP94 in a
dose-dependent manner (0.01–10μM) with the peak at

0.1μM. Therefore, we treated cells with 0.1μM NECA in
the subsequent experiments.

3.3. Effect of H2O2 on the Cardioprotection of NECA. Expo-
sure of H9c2 cells to H2O2 caused significant decreases
in GSK-3β (Ser9) phosphorylation but marked increases
in GRP94 expression, an effect that was prevented by
NECA (0.1μM), suggesting that NECA induced cardiopro-
tection by inactivating GSK-3β and preventing ERS
(Figure 3).

3.4. Effect of ERS on the Cardioprotection of NECA. To test if
NECA inactivates GSK-3β by inhibiting ERS, H9c2 cardiac
cells were treated with the ERS inducer 2-DG and then
treated with NECA. As shown in Figure 4, NECA (0.1μM)
enhanced GSK-3β (Ser9) phosphorylation but reduced
GRP94 expression, which were prevented by 2-DG (20mM),
suggesting that NECA may trigger cardioprotection by inac-
tivating GSK-3β (Ser9) through the prevention of ERS. To
corroborate this observation, we further examined whether
NECA given at reperfusion could induce cardioprotection.
Western blot analysis showed that both NECA (0.1μM)
and the ERS inhibitor TUDCA (30μM) reversed GRP94
expression at reperfusion and increased GSK-3β (Ser9)
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Figure 1: Confocal fluorescence images of TMRE in H9c2 cells. (a) NECA (0.01~10μM) prevented oxidant-induced TMRE fluorescence
(×400) reduction in a dose-dependent manner. (b) Summarized data for TMRE fluorescence intensity measured with confocal microscopy
20min after exposure to H2O2 expressed as a percentage of baseline. Data are mean± SD for 8 independent experiments performed in
duplicate. ∗P < 0 05 versus the control group, #P < 0 05 versus the H2O2 group.
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phosphorylation as compared to I/R, suggesting NECA may
protect the heart though inactivating GSK-3β via ERS.

3.5. Effect of cGMP/PKG Signaling on the Cardioprotection of
NECA. To define the mechanism by which NECA changes
GSK-3β and GRP94, experiments were carried out to test
the effect of KT5823, an inhibitor of PKG, on the action of
NECA. As shown in Figure 5, the effect of NECA (0.1μM)
on GSK-3β (Ser9) phosphorylation was blocked by KT5823
(0.1μM), indicating that NECA may inactivate GSK-3β
(Ser9) phosphorylation and exert its cardioprotection
through the cGMP/PKG signaling pathway. Compared to
the control group, NECA significantly enhanced phosphory-
lation of VASP (Ser239) but reduced GRP94 expression, an
effect that was reversed by KT5823 (0.1μM). Since VASP
(Ser239) is rapidly and reversibly phosphorylated when
PKG is activated, these results suggest that NECA may
induce cardioprotection through inactivating GSK-3β via
ERS and cGMP/PKG signaling pathway.

3.6. Effect of NECA on Myocardial Infarct Size. To examine if
NECA given at reperfusion can protect the heart from ische-
mia reperfusion injury, we measured myocardial infarct size
in isolated perfused rat hearts. As shown in Figure 6, com-
pared to the I/R group, both NECA and TUDCA reduced

myocardial infarct size, suggesting that NECA is capable of
protecting the heart by inhibiting reperfusion injury and
ERS is involved in NECA-induced cardioprotection.

3.7. Effect of NECA on Myocardial Ultrastructure. Transmis-
sion electron microscopy analysis showed that the structures
of the cardiomyocytes in the I/R group were seriously
damaged. Both disorganized muscle filaments and muscle
fiber lysis were observed. The mitochondria were extremely
swollen and the cristae were difficult to visualize. Con-
versely, in the NECA group and TUDCA group, the ultra-
structure of the myocardium clearly exhibited attenuated
injury. The mitochondria were slightly swollen, and the
muscle filaments were mildly disorganized in the NECA
and TUDCA groups (Figure 7).

4. Discussion

The results of this study demonstrate that 5′-N-ethyl-carbox-
amidoadenosine (NECA), the nonselective A2 adenosine
receptor agonist, induces cardioprotection against myocar-
dial ischemia reperfusion injury (MIRI) by inactivating
GSK-3β and modulating the mPTP opening through inhibi-
tion of ERS.
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Figure 2: The effect of NECA on GSK-3β at Ser9 phosphorylation and GRP94 protein expression in H9c2 cells. (a) NECA (0.01–10 μM)
increased GSK-3β phosphorylation and decreased GRP94 expression in a dose-dependent manner. (b) Data are mean± SD for 8
independent experiments performed in duplicate. ∗P < 0 05 compared to the control group.
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Adenosine has been reported to confer cardioprotec-
tion against ischemia reperfusion injury in various experi-
mental models [19–21]. While PI3K/Akt pathway [3],
autophagy [7], NO [9], and cardiac functional improve-
ment [22] have been demonstrated to be associated with
adenosine-induced cardioprotection, MIRI can lead to
mitochondrial dysfunction and its typical clinical manifes-
tations are mitochondrial ultrastructure damage and mito-
chondria swelling [23]. All of these were associated with
mitochondrial permeability transition and dissipation of
membrane potential demonstrating that the mPTP open-
ing plays a key role in MIRI. The mPTP closes in normal
physiological conditions, but opens under a stress state
[24]. A recent report indicated that addition of a pharma-
cological inhibitor of mPTP opening to basic life support
attenuated the postcardiac arrest syndrome and improved
short-term outcomes in the rabbit model [25]. In addition,
that fact that postconditioning protects rabbit hearts by
inhibiting the mPTP opening further supports a critical
role of the mPTP in the prevention of reperfusion injury
[12]. In the present study, 0.01~ 10μM NECA was able
to prevent oxidant-induced loss of mitochondrial
membrane potential (ΔΨm), suggesting that NECA is able
to modulate the mPTP opening, since ΔΨm dissipation is
caused by the mPTP opening [18].

GSK-3β activity is regulated by phosphorylation at its
Ser9 and Tyr216 sites. Ser9 phosphorylation decreases the
activity of GSK-3β (inactivation), whereas Tyr216

phosphorylation increases the activity of GSK-3β (activa-
tion) [26]. Liu et al. showed that GSK-3β was involved in
ischemic preconditioning via its inactivation in rats [27].
Ser9 phosphorylation of GSK-3β was further shown to be
required for postconditioning to confer cardioprotection
and likely acts by inhibiting the opening of the mPTP
[12]. Strong evidence now supports a role for GSK-3β inhi-
bition in mediating the mPTP opening in the mechanism of
protection of ischemic preconditioning [17]. Studies have
demonstrated that oxidative stress and ischemia reperfusion
can trigger ERS in vivo and vitro [28–30]. GRP94 is one of
the important ER chaperones that can contribute to the ER
quality control by chaperoning the folding of proteins,
interacting with other components of the ER protein folding
machinery, storing calcium, and assisting in the targeting of
malfolded proteins to ER-associated degradation (ERAD)
[31]. The expression of GRP94 can be upregulated when
ERS occurs in the cells; thus, GRP94 has been considered
a landmark protein of ERS [32]. In our study, NECA
significantly increased GSK-3β phosphorylation at Ser9
and markedly decreased GRP94 expression in a dose-
dependent manner with the peak at 0.1μM, indicating that
NECA can inactivate GSK-3β and inhibit ERS in cardiac
cells. In addition, NECA reversed the GSK-3β phosphoryla-
tion and GRP94 expression in cardiac cells treated with
H2O2, suggesting that oxidative stress can induce ERS.
NECA-inactivated GSK-3βmay mediate the inhibitory effect
of NECA on ERS.
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Figure 3: The effect of NECA on GSK-3β at Ser9 phosphorylation and GRP94 protein expression in H2O2-treated H9c2 cells. (a) H2O2
(800 μM) increased GSK-3β phosphorylation and decreased GRP94 expression, the effect that was blocked by NECA (0.1 μM). (b) Data
are mean± SD for 8 independent experiments performed in duplicate. ∗P < 0 05 compared to the control group; #P < 0 05 compared
to NECA.
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Studies have shown that ERS becomes prominent upon
reperfusion but not during ischemia, while inhibition of
ERS could protect the heart from ischemia reperfusion

injury by modulation of the mPTP opening through inac-
tivation of GSK-3β in vivo and in vitro [17, 18]. Our
data showed that NECA induced increases of GSK-3β
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Figure 4: NECA inactivates GSK-3β via inhibiting ERS in the heart. (a) NECA (0.1 μM) increased GSK-3β phosphorylation and decreased
GRP94 expression; the effect was reversed by the specific inducer of ERS 2-DG (20 μM). (b, c) Data are mean± SD for 8 independent
experiments performed in duplicate. ∗P < 0 05 compared to the control group; #P < 0 05 compared to NECA. (d) I/R increased GSK-3β
phosphorylation and decreased GRP94 expression after reperfusion 10min, 30min, 60min, and 120min in the rat heart, the effect that
was reversed by NECA (0.1 μM) and the specific inhibitor of ERS TUDCA (30 μM). (e, f) Data are mean± SD for 8 independent
experiments performed in duplicate. ∗P < 0 05 compared to the I/R group.
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Figure 5: NECA induces cardioprotection by inactivating GSK-3β via ERS and cGMP/PKG signaling pathway. (a) NECA (0.1 μM) increased
GSK-3β and VASP phosphorylation and decreased GRP94 expression, the effect that was reversed by the specific inducer of PKG KT5823
(1 μM). (b, c, d) Data are mean± SD for 8 independent experiments performed in duplicate. ∗P < 0 05 compared to the control group;
#P < 0 05 compared to NECA.
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Figure 6: The effects of NECA on infarct size reduction following 30min of occlusion and 120min of reperfusion (I/R: n = 5, NECA: n = 4,
TUDCA: n = 4). ∗P < 0 05 versus I/R.
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phosphorylation and decreases of GRP94 expression signifi-
cantly reversed by the specific ERS inducer 2-deoxy-D-glu-
cose (2-DG) in H9c2 cell. Ischemia reperfusion significantly
downregulated GSK-3β phosphorylation and upregulated
GRP94 in various periods of reperfusion in isolated rat
hearts. Therefore, NECA could mimic ERS inhibitor
Tauroursodeoxycholic acid (TUDCA) and significantly
enhance Ser9 phosphorylation of GSK-3β and reduce
GRP94 expression at reperfusion, further supporting the
critical role of GSK-3β in the action of NECA on ERS
inhibition to confer cardioprotection.

NO has been shown to be a mechanism underlying
adenosine-induced cardioprotection [9], and the NO/
cGMP/PKG signaling pathway has been reported to con-
tribute to adenosine cardioprotection [33]. Xi et al. [34]
showed that the cGMP/PKG signal pathway was involved
in the oxidative stress-induced mPTP opening in cardio-
myocytes. The VASP phosphorylation and in particular
Ser239 phosphorylation of VASP have been shown to be
specific and efficient monitors for PKG activity in intact
cells [35]. In the present study, NECA significantly upreg-
ulated phosphorylation of VASP and this effect was can-
celled by KT5823, a selected PKG inhibitor, suggesting
that the cGMP/PKG pathway plays an important role in
the cardioprotection of NECA. Moreover, NECA-induced
GSK-3β phosphorylation and GRP94 expression were also
reversed by KT5823, implicating that NECA protects the
heart by inactivation of GSK-3β via ERS inhibition and
that the cGMP/PKG signaling pathway is responsible for
GSK-3β inactivation.

Adenosine has been proved to induce cardioprotection
against ischemia reperfusion injury when applied or pharma-
cologically induced prior to ischemia in various experiments
[21, 36, 37]. However, since preconditioning is impossible in
the clinical setting of acute myocardial infarction, interven-
tions applied after ischemia or at the onset of reperfusion
appear to have better clinical practicability [38]. Thus, we
applied NECA starting 5min prior to the onset of reperfusion
to observe whether it could protect the heart from ischemia
reperfusion injury. Our data shows that postconditioning
with NECA could mimic TUDCA and significantly reduced
infarct size. In support, our TEM data showed that NECA
applied at reperfusion protected mitochondrial and endo-
plasmic reticulum morphological structure stability, sug-
gesting that NECA could prevent reperfusion injury by

inhibition of ERS and the mPTP opening. Hence, NECA
has a great potential in clinical therapy setting of acute
myocardial infarction.

In summary (Figure 8), the results of this study have
demonstrated that NECA protects the heart from reperfu-
sion injury by preventing the mPTP opening through
inactivation of GSK-3β via ERS inhibition. The cGMP/
PKG signaling pathway is responsible for GSK-3β inacti-
vation by NECA.
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Objective. Severe hepatic ischemia reperfusion injury (IRI) can result in poor short- and long-term graft outcome after
transplantation. The way to improve the viability of livers from donors after circulatory death (DCD) is currently limited. The
aim of the present study was to explore the protective effect of simvastatin on DCD livers and investigate the underlying
mechanism. Methods. 24 male rats randomly received simvastatin or its vehicle. 30min later, rat livers were exposed to warm
ischemia in situ for 30min. Livers were removed and cold-stored in UW solution for 24 h, subsequently reperfused for 60min
with an isolated perfused rat liver system. Liver injury was evaluated during and after warm reperfusion. Results. Pretreatment of
DCD donors with simvastatin significantly decreased IRI liver enzyme release, increased bile output and ATP, and ameliorated
hepatic pathological changes. Simvastatin maintained the expression of KLF2 and its protective target genes (eNOS, TM, and
HO-1), reduced oxidative stress, inhibited innate immune responses and inflammation, and increased the expression of Bcl-2/
Bax to suppress hepatocyte apoptosis compared to DCD control group. Conclusion. Pretreatment of DCD donors with
simvastatin improves DCD livers’ functional recovery probably through a KLF2-dependent mechanism. These data suggest that
simvastatin may provide a potential benefit for clinical DCD liver transplantation.

1. Introduction

Liver transplantation is the only successful life-saving treat-
ment for patients with most types of end-stage liver failure
[1]. However, the shortage of adequate organs all over the
world has led to the use of extended-criteria donor (ECD)
organs from steatotic donors or donors after circulatory

death (DCD). Moreover, these DCD organs often suffer
from an unpredictable longer warm ischemia time, which
are much more prone to a higher risk of early allograft
dysfunction (EAD) or primary graft failure (PNF) after
transplantation [2, 3]. The unavoidable hepatic ischemia
reperfusion injury (IRI) induced by warm and cold ischemia
is one of the main reasons of the poor outcome after liver
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transplantation [4, 5]. Therefore, new concepts of drug and
preservation have been suggested to improve graft viability
and reduce hepatic IRI.

Kruppel-like factor 2 (KLF2) is a laminar flow inducible
transcription factor primarily expressed by the endothelial
cell and plays an important role in the regulation of endothe-
lial function [6–8]. It induces factor expression of vasodilators
and antithrombotic, antioxidant, and anti-inflammatory
genes (e.g., endothelial nitric oxide synthase (eNOS), throm-
bomodulin (TM), and heme oxygenase-1 (HO-1)) and
reduces the expression of adhesion molecules (vascular cell
adhesionmolecule1 (VCAM-1)and E-selectin), conferring a
vasoprotective endothelial phenotype [9–11].

Clinically, statins are antihyperlipidemic agents designed
to reduce morbidity and mortality caused by cardiovascular
diseases through lower cholesterol levels. In addition, statins
have shown other vasculoprotective properties [12–14].
Recently, Barcelona team has demonstrated administration
of simvastatin protecting the liver sinusoidal endothelium
through upregulating KLF2 expression, both in experimental
models of partial (70%) hepatic warm ischemia and cold
ischemia-induced acute liver injury [15–18]. Nevertheless,
the potential mechanisms of DCD liver pretreatment with
simvastatin remain unknown.

Therefore, in the present study, the aim was to evaluate
the effects of simvastatin pretreatment on DCD livers and
explore the underlying mechanisms. We hypothesized that
simvastatin could improve graft viability and attenuate liver
IRI via decreasing the levels of proinflammatory cytokines
and reducing hepatic oxidative stress and apoptosis, which
might be related to the activation of KLF2.

2. Materials and Methods

2.1. Experimental Design. Male Wistar rats (250–300 g) were
purchased from the animal experiment center of Wuhan
University. All rats were maintained on standard laboratory
water and chow according to the Experimental Animal Reg-
ulations of the People’s Republic of China and the Guide for
the Care and Use of Laboratory Animals. All rats were fasted
for 12 h before the experiment. The 24 rats were randomly
divided into 4 groups (n = 6 for each group). Rats were
treated with simvastatin (1mg/kg i.p., MedChem Express,
NJ 08852, USA) or its vehicle (DMSO 0.1%) 30min [18]
before in situ warm ischemia. We established a rat DCD
model [19], in which through incision of the diaphragm
results in cardiac arrest without prior heparinization and
portal clamping. The period of in situ liver warm ischemia
started from the point of cardiac arrest. In the second step,
the livers procured were stored for 24 h at 4°C in University
of Wisconsin (UW) solution. In the third step, we evaluated
reperfusion injury using the isolated liver perfusion model.

We chose the following experimental groups:

(1) DCD simvastatin group (DCD-Sim group): simva-
statin pretreatment, DCD livers exposed to 30min
of in situ warm ischemia followed by 24 h cold
storage (UW solution) and subsequent 1 h ex vivo
warm reperfusion.

(2) Cold storage reperfusion group (CSP group): normal
livers without warm ischemia, subjected to 24 h cold
storage (UW solution) and subsequent 1 h ex vivo
warm reperfusion.

(3) DCD control group (DCD-Con group): vehicle
(DMSO 0.1%) pretreatment (no simvastatin pretreat-
ment), DCD livers exposed to 30min of in situ warm
ischemia followed by 24 h cold storage (UW solution)
and subsequent 1 h ex vivo warm reperfusion.

(4) DCD simvastatin group (DCD-Sim group): simva-
statin pretreatment, DCD livers exposed to 30min
of in situ warm ischemia followed by 24h cold
storage (UW solution) and subsequent 1 h ex vivo
warm reperfusion.

2.2. DCD Model and Liver Procurement. Rats were anesthe-
tized by pentobarbital sodium (50mg/kg) via intraperitoneal
injection. After laparotomy, incision of the diaphragm
resulted in cardiac arrest. Following 30min warm ischemia
in situ, the livers were perfused in situ with 60ml 4°C cold
heparinized (1U/ml) saline via the aorta abdominalis to wash
out the blood. The portal vein, superior hepatic caval vein and
common bile duct were cannulated. Subsequently, the infra-
hepatic vena caval and the right adrenal veins were ligated.
Then, livers were stored at 4°C in UW solution for 24 h.

2.3. The Isolated Perfused Rat Liver System (IPRL). After 24 h
cold storage, livers were exposed 15min in the chamber at
room temperature to simulate a rewarming period during
liver implantation. Afterwards, livers were connected to the
IPRL system for 60min normothermic reperfusion ex vivo.
Livers were reperfused through the portal vein only with
freshly prepared Krebs-Henseleit bicarbonate buffer satu-
rated with 95% O2 and 5% CO2. Flow velocity of perfusate
was controlled at a flow rate of 15ml/min [19] by a pulsatile
perfusion pump (PING Technologies Inc., Shanghai, China).
Portal venous pressure was measured continuously by a BL-
420F pressure transducer system (Chengdu Taimeng Science
and Technology Co., Chengdu, China) and adjusted to make
sure that the portal venous pressure is below 8mmHg. Sam-
ples of perfusate were collected via the superior hepatic caval
vein catheter at different time points (5, 15, 30, and 60min).
After 1 h warm reperfusion, samples of perfusate, liver tissue,
and bile output were collected for analyses.

2.4. Transaminases of Alanine Aminotransferase (ALT),
Aspartate Aminotransferase (AST), and Bile Output
Analysis. Hepatocyte injury was determined by detecting
ALT and AST release in perfusate (the clinical laboratory
of the Central South Hospital of Wuhan University) fol-
lowing the manufacturer’s protocols. Liver function was
measured by bile output (μl of bile/g of liver) after ex vivo
warm reperfusion.

2.5. Western Blotting Analysis. Liver samples were processed
from −80°C storage and Western blotting performed as
described [20]. The primary antibodies used are as follows:
KLF2 (1 : 400, rabbit anti-KLF2 antibody, Biosynthesis
Biotechnology, Beijing, China), phosphorylated eNOS at
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Ser1177 (1 : 1000, rabbit anti-phosphorylated eNOS anti-
body, Cell Signaling, Danvers, MA), total eNOS (1 : 1000, rab-
bit anti-eNOS antibody, Cell Signaling, Danvers, MA), Bax
(1 : 1000, rabbit anti-Bax antibody, Proteintech, Manchester,
UK), and Bcl-2 (1 : 1000, rabbit anti-Bcl-2 antibody, Protein-
tech, Manchester, UK). The bands were revealed by chemilu-
minescence ECL reagent (Proteintech, Manchester, UK), and
protein expression was quantified by densitometric analysis
using the Quantity One software package (Hertfordshire,
UK). All bands were assayed for β-actin (1 : 1000, rabbit
anti-β-actin antibody, Proteintech, Manchester, UK) content
as standardization of sample loading.

2.6. Malondialdehyde (MDA), Superoxide Dismutase (SOD),
and Adenosine Triphosphate (ATP) Analysis. For the evalua-
tion of oxidative stress and mitochondrial function, frozen
liver tissue was homogenized with butylhydroxytoluene-
added Tris-HCl buffer determined by using the colorimetric
assay kit specific for malondialdehyde (MDA), superoxide
dismutase (SOD), and ATP (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China) following the manufacturer’s
instructions. The results were measured as μmol/gprot.

2.7. Quantitative RT-PCR Analysis. Total RNA from frozen
rat liver tissues was extracted using TRIzol reagent (Invitro-
gen Inc., Grand Island, NY, USA) and subsequent RNA
was reverse-transcribed to cDNA (Thermo Scientific Revert
Aid, USA) according to the manufacturer’s instructions.
SYBR green quantitative RT-PCR was used to assay the
expression of target genes. The β-actin was detected as
housekeeping gene. All primers were listed in Table 1.

2.8. Histopathology and TUNEL Staining. The paraffin-
fixed liver sections were stained with hematoxylin-eosin
(H&E). The liver tissue sections of IRI were graded blindly
by Suzuki’s criteria [21]. Histological changes were graded
from 0 to 4 based on the degree of cellular vacuolization,
hepatic sinusoid congestion, and hepatocyte necrosis.

Apoptosis was assayed with TUNEL staining (Roche
Diagnostics, Indianapolis, IN, USA) according to the manu-
facturer’s instructions. The total hepatocytes and TUNEL-
positive cells were detected in 3 random chosen views
(100x) for each liver sections using a fluorescence micro-
scope. The rate of apoptosis (number of TUNEL-positive
cells/total number of hepatocytes× 100%) in each view was
measured with Image-Pro Plus 6.0 (Media Cybernetics,
Rockville, MD, USA).

2.9. Statistical Methods. All data were analyzed using SPSS
16.0 statistical software for Windows (SPSS Inc., Chicago,
IL, USA). All results are presented as the mean± SD.
One-way ANOVA was used to compare statistical signifi-
cance between groups. Statistical significance was defined
as P < 0 05.

3. Results

3.1. DCD Donor Pretreatment with Simvastatin Alleviates
Hepatic IRI. To evaluate the effects of simvastatin pretreat-
ment in DCD donors on hepatic injury derived from

ex vivo warm reperfusion, hepatic function, bile production,
hepatic architecture distortion, and presence of oxidative
stress, inflammation, and apoptosis were measured.

As shown in Figures 1(a) and 1(b), after donor cardiac
arrest for 30min in vivo and 24h cold storage ex vivo, the
levels of ALT and AST in the liver perfusate were remarkably
increased at 5, 15, 30, and 60min compared with those in the
normal control group, while the peak was found at warm
reperfusion for 60min. However, DCD donor pretreatment
with simvastatin significantly reduced the perfusate releases
of ALT and AST at each time point compared with DCD
control group (P < 0 05). As shown in Figure 1(c), after
30min warm ischemia, 24 h cold-stored and 1 h warm-reper-
fused, the liver grafts released a lower quantity of bile in com-
parison to the normal control group. The detrimental effects
were remarkably improved in DCD liver pretreatment with
simvastatin (Figures 1(a), 1(b), and 1(c), P < 0 05).

3.2. DCD Donor Pretreatment with Simvastatin Ameliorates
Hepatic Pathological Changes after Warm Reperfusion
Subjected to 24 h Cold Preservation. Figure 2(a) shows the
same trends in H&E staining. Severe necrotic areas, cytoplas-
mic vacuolization of hepatocytes, and neutrophil infiltration
were observed in the DCD control group, while DCD donor
pretreatment with simvastatin groups showed minor injury
after warm reperfusion. The results indicated that DCD
donor pretreatment with simvastatin dramatically amelio-
rated pathological changes (P < 0 05, Figure 2(b)).

Table 1: Nucleotide sequences of primers used for quantitative
RT-PCR.

Gene Primer sequence (5′—3′)

KLF2
Forward GAGCCTATCTTGCCGTCCTT

Reverse AGCACGCTGTTTAGGTCCTC

eNOS
Forward CAACTGGAAAAAGGCAGCCC

Reverse AAGAGCCTCTAGCTCCTGCT

TM
Forward CCTTTGTCTTTCCGGGCTCT

Reverse TCAAGTCCTCCCTACCCTCG

HO-1
Forward CCTGCTAGCCTGGTTCAAGA

Reverse GAGTGTGAG GACCCATCGCA

HMGB1
Forward GGCGGCTGTTTTGTTGACAT

Reverse ACCCAAAATGGGCAAAAGCA

TLR4
Forward TGTATCGGTGGTCAGTGTGC

Reverse CAGCTCGTTTCTCACCCAGT

CD68
Forward CGTTACCCGGAGACGACAAT

Reverse TCCTTGGTGGCCTACAGAGT

IL-1β
Forward GACTTCACCATGGAACCCGT

Reverse GGAGACTGCCCATTCTCGAC

IL-6
Forward AGAGACTTCCAGCCAGTTGC

Reverse AGTCTCCTCTCCGGACTTGT

ICAM-1
Forward GCAGGTGAACTGCTCTTCCT

Reverse GTCTTCCCCAATGTCGCTCA

β-Actin
Forward TGCTATGTTGCCCTAGACTTCG

Reverse GTTGGCATAGGTCTTTACGG
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3.3. DCD Donor Pretreatment with Simvastatin Maintains
the Expression of KLF2 and Its Protective Target Genes in
Livers after Warm Reperfusion Subjected to 24 h Cold
Preservation. After donor cardiac arrest for 30min in vivo
and 24 h cold storage ex vivo, the rat livers exhibited a signif-
icant reduction in KLF2 protein and mRNA expression after
warm reperfusion compared with the normal control livers
(Figures 3(b) and 3(e)). Meanwhile, DCD control group
showed significant decreases in the expression of KLF2’s pro-
tective target genes, such as eNOS (phosphorylation protein
and mRNA levels, Figures 3(c) and 3(f)), TM (Figure 3(g)),
and HO-1 (Figure 3(h)). DCD donor pretreatment with sim-
vastatin effectively prevented the decay of liver KLF2, eNOS,
TM, and HO-1 after warm reperfusion subjected to 24 h cold
preservation (Figures 3(a), 3(b), 3(c), 3(d), 3(e), 3(f), and
3(g), P < 0 05).

3.4. DCD Donor Pretreatment with Simvastatin Reduces
Oxidative Stress and Improves ATP Levels in Livers after
Warm Reperfusion Subjected to 24 h Cold Preservation. As
shown in Figures 4(a) and 4(b), after donor cardiac arrest
for 30min in vivo and 24 h cold storage ex vivo, the rat livers
in DCD control group showed a severe increase in oxidative
stress after warm reperfusion compared with the normal
control livers. Moreover, DCD liver pretreatment with
simvastatin significantly increased SOD and reduced MDA
levels in comparison with DCD control group (P < 0 05).

Furthermore, as shown in Figure 4(c), DCD liver pretreat-
ment with simvastatin significantly increased ATP levels
after warm reperfusion in comparison with DCD control
group, but were still significantly lower than the one in the
CSP group (P < 0 05).

3.5. DCD Donor Pretreatment with Simvastatin Inhibits
Innate Immune Responses and Inflammation in Livers after
Warm Reperfusion Subjected to 24 h Cold Preservation. As
shown in Figures 5(a), 5(b), and 5(c), DCD liver pretreat-
ment with simvastatin significantly inhibited high-mobility
group box 1 (HMGB1), Toll-like receptor 4 (TLR4), and
CD68 mRNA levels after warm reperfusion in comparison
with DCD control group, but were still significantly more
than the normal control group (P < 0 05). In addition,
DCD donor pretreatment with simvastatin pretreatment sig-
nificantly reduced the levels of inflammatory cytokines. Real-
time PCR also was used to evaluate the mRNA expression of
these inflammatory factors. As shown in Figures 5(e), 5(f),
and 5(g), compared with the DCD control group, simvastatin
pretreatment dramatically suppressed the mRNA expression
of interleukin-1β (IL-1β), IL-6, and intercellular adhesion
molecule 1 (ICAM-1). These results provided strong evi-
dence that DCD liver pretreatment with simvastatin could
significantly reduce the release of HMGB1, TLR4, CD68,
IL-1β, IL-6, and ICAM-1 after warm reperfusion subjected
to 24h cold preservation in rats.

5 min

⁎

⁎

350

NP
CSP

DCD-Con
DCD-Sim

300

250

200

150
Pe

rf
us

at
e A

LT
 (U

/1
)

Reperfusion time

100

50

0
15 min 30 min 60 min

# ⁎

⁎#

⁎#

⁎

⁎

⁎#

(a)

NP
CSP

DCD-Con
DCD-Sim

5 min

600

500

400

300

200

Pe
rf

us
at

e A
LT

 (U
/1

)

Reperfusion time

100

0
15 min 30 min 60 min

⁎#

⁎#

⁎#

⁎#

⁎

⁎
⁎

⁎

(b)

NP

12

10

8

6

Bi
le

 p
ro

du
ct

io
n 

(�휇
l/g

)

4

2

0
CSP DCD-Con DCD-Sim

⁎#
⁎

(c)

Figure 1: Simvastatin pretreatment alleviates hepatic IRI. Hepatic injury evaluated as release of transaminases (ALT and AST) in liver
perfusate from rats at 5min, 15min, 30min, and 60min time points. Perfusate ALT (a) and ALT (b) levels were expressed as the mean±
SD (n = 6 per group; ∗P < 0 05 versus NP group, #P < 0 05 versus DCD-Con group).
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3.6. DCD Donor Pretreatment with Simvastatin Suppresses
Hepatocyte Apoptosis in Livers after Warm Reperfusion
Subjected to 24 h Cold Preservation. Bax and Bcl-2 are impor-
tant markers of apoptosis. Bax is a proapoptotic protein,
while Bcl-2 is an antiapoptotic protein. Western blotting
was used to investigate the expression of markers of apopto-
sis at the protein level (Figures 3(a) and 3(c)). The results
showed that Bcl-2/Bax (ratio) was downregulated in livers
of the DCD control group and upregulated in DCD liver pre-
treatment with simvastatin group after warm reperfusion
subjected to 24 h cold preservation (P < 0 05). As shown in
Figure 6(a), the results of TUNEL staining demonstrated that
a large amount of apoptotic cells were detected in the DCD
control group and few apoptotic cells were seen in the DCD

liver pretreatment with simvastatin group. It indicated statis-
tically significant differences between the two groups by
Image-Pro Plus software (Figure 6(b), P < 0 05).

4. Discussion

Hepatic IRI injury is a complex pathological process asso-
ciated with liver transplantation, shock, and trauma. The
IRI is a serious threat for short- and long-term graft out-
come of liver transplantation. Moreover, DCD livers have
a unique process of hepatic IRI, which includes severe
warm ischemia before organ procurement in vivo, more
sensitive cold ischemia during the period of organ preser-
vation in vitro, and reperfusion injury after transplantation
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Figure 2: Simvastatin pretreatment ameliorates hepatic pathological changes. (a) Representative hematoxylin and eosin (HE) staining of liver
tissues from rats after 1 h warm reperfusion. Original magnification, 100x. (b) Suzuki’s histological score of liver tissue after 1 h warm
reperfusion (n = 6; ∗P < 0 05 versus NP group, #P < 0 05 versus DCD-Con group).
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in vivo. Unfortunately, the therapeutic strategies to improve
IRI in DCD livers are currently limited. Importantly, recent
researches have demonstrated that donor simvastatin pre-
treatment can protect against hepatic IRI in livers from
healthy, cirrhotic, and obese animals [15, 17, 22–25]. There-
fore, the purpose of this study was to determine whether
DCD donor simvastatin treatment ameliorates warm and
cold ischemia-induced injury in liver allografts subjected to
24 h cold preservation. The major novel findings that
emerged from our experiments are as follows: (1) Donor

simvastatin pretreatment improves DCD liver quality after
reperfusion in rats. (2) The protective effect of simvastatin
is mediated via induction of KLF2, eNOS, TM, and HO-1
to improve hepatic microcirculation. (3) DCD liver simva-
statin pretreatment can inhibit innate immune responses
particularly via suppressing TLR4 and alleviating the release
of HMGB1. (4) DCD liver simvastatin pretreatment reduces
release of mitochondrial ROS to prevent oxidative stress. (5)
DCD liver simvastatin pretreatment inhibits release of
inflammatory cytokines.
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Figure 3: Simvastatin pretreatment maintains the expression of KLF2 and its protective target genes (a). The protein expression of KLF2 (b),
phosphorylation eNOS (c), Bcl-2/Bax (d), and β-actin were determined by Western blotting and the gray values were calculated (n = 6 per
group; ∗P < 0 05 versus NP group, #P < 0 05 versus DCD-Con group). The mRNA expression of KLF2 (e), eNOS (f), TM (g), and HO-1
(h) were assessed by RT-PCR. The experiments were repeated three times and the data are shown as mean± SD (n = 6; ∗P < 0 05 versus
NP group, #P < 0 05 versus DCD-Con group).
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In the present study, we had well established the model of
DCD livers in rats. Our results showed that DCD donor pre-
treatment with simvastatin significantly decreased perfusate
levels of AST and ALT compared with those in the DCD con-
trol group at 1 h reperfusion subjected to 24 h cold preserva-
tion (Figures 1(a) and 1(b)). These results were consistent
with the pathological changes (Figures 2(a) and 2(b)). Exten-
sive hepatocyte necrosis, cytoplasmic vacuolization of hepa-
tocytes, and neutrophil infiltration of liver tissues were
observed in the DCD control group, which was obviously
ameliorated in the simvastatin treatment group. In addition,
bile production was markedly increased in the simvastatin
treatment group compared to the DCD control group
(Figure 1(c)). Our results demonstrated that simvastatin pre-
treatment attenuated perfusate liver enzyme levels and path-
ological changes and improved synthetic function in DCD
livers after reperfusion.

The process of IRI in DCD livers are generally viewed as a
serious event comprising the loss of oxygen supply and met-
abolic substrates during warm ischemia in vivo and preserva-
tion in vitro and the production of ROS and production of
inflammatory mediators during reperfusion of blood flow.
Moreover, during the process of organ hypoxia and reoxy-
genation, loss of blood pulsatile flow and vascular mechanical
shear stress during allograft warm ischemia and preservation
has been shown to play critical roles in IRI. Our results first
demonstrated that DCD donor pretreatment with simva-
statin had a better effect on functional recovery of DCD
livers. However, the underlying mechanism of simvastatin
in DCD liver IRI remains unclear. Indeed, recent studies have
reported that flow cessation of the biomechanical stimulus by
shear stress deteriorated the endothelial barrier homeostasis
[15, 26] and activated proinflammatory [27] and prothrom-
botic pathways [27] by downregulating the expression of
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Figure 4: Simvastatin pretreatment reduces oxidative stress and improves ATP levels. (a) Liver tissue release of SOD level, (b) liver tissue
release of MDA level, and (c) liver tissue release of ATP level (n = 6; ∗P < 0 05 versus NP group, #P < 0 05 versus DCD-Con group).
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Figure 5: Simvastatin pretreatment inhibits innate immune responses and inflammatory. The mRNA expression of HMGB1 (a), TLR4 (b),
CD68 (c), IL-1β (d), IL-6 (e), and ICAM-1(f) were assessed by RT-PCR. The experiments were repeated three times and the data are shown as
mean± SD (n = 6; ∗P < 0 05 versus NP group, #P < 0 05 versus DCD-Con group).
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transcription factor KLF2. The present study showed that
DCD livers after ex vivo reperfusion injury subjected to
24 h cold preservation downregulated the expression of
KLF2 and p-eNOS (protein and mRNA levels), while DCD
donor pretreatment with simvastatin upregulated the expres-
sion of KLF2 (protein and mRNA levels), eNOS (protein and
mRNA levels), HO-1 (mRNA levels), and TM (mRNA levels)
(Figures 3(a), 3(b), 3(c), 3(e), 3(f), and 3(g)). These observa-
tions demonstrated that the protective effects of simvastatin
treatment in DCD donors may be due to the induction of
the shear stress-regulated KLF2 and eNOS [9, 28].

Furthermore, several pathways have been demonstrated
to be associated with KLF2, including eNOS pathway, HO-
1/ROS/Bcl-2 pathway, HMGB1/TLR4/NF-kappab pathway
and inflammatory pathway. Hypoxia triggers the release of
ROS and HMGB1 in different compartment molecules dur-
ing procurement, preservation, and implantation [29, 30].
As the production of HMGB1 depends on the quantity
of intracellular ROS, mitochondria was regarded as the
source of the oxidative stress [30–33]. Therefore, it has
recently been suggested that reduction of the initial release
of ROS and HMGB1 molecule in donors could be important

for subsequent prevention of immune and inflammatory
responses [32, 34, 35]. In our study, we found that DCD
donor pretreatment with simvastatin downregulated the
mRNA expression of HMGB1 and TLR4 in the liver after
1 h reperfusion subjected to 24h cold preservation compared
to the DCD control group (Figures 5(a), 5(b), and 5(c)). In
accordance with mitochondria function, the release of SOD
increased and MDA levels of liver tissue lowered in DCD
donor pretreatment with simvastatin group after reperfusion
ex vivo compared to DCD control group (Figures 4(a) and
4(b)). This also might be attributed to the antioxidant
properties of KLF2 through activation of nuclear factor
erythroid-derived 2-like 2 (Nrf2) and upregulation expres-
sion of HO-1 [36, 37]. Next, the liver ATP was better
functionally recovered in simvastatin group (Figure 4(c)).
To explore the antiapoptotic or apoptotic mechanism of
simvastatin on DCD livers, we evaluated the expression
of Bcl-2 and Bax protein in liver tissue. Our results
showed that DCD livers after ex vivo reperfusion injury
subjected to 24 h cold preservation upregulated Bax pro-
tein and downregulated Bcl-2 protein while pretreatment
with simvastatin significantly increased the expressions of
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Figure 6: Simvastatin pretreatment suppresses hepatocyte apoptosis. (a) Representative images of TUNEL staining determined in livers from
rats after 1 h warm reperfusion. Original magnification, 100x. (b) Quantitative analysis of liver apoptosis cells (n = 6; ∗P < 0 05 versus NP
group, #P < 0 05 versus DCD-Con group).
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Bcl-2 protein and downregulated the expression of Bax pro-
tein (Figures 3(a) and 3(c)). With TUNEL assay, DCD livers
pretreated with simvastatin showed a significant lower apo-
ptotic cell ratio, as compared with DCD control group
(Figures 6(a) and 6(b)).

Finally, we investigated the expression of IL-1β, IL-6, and
ICAM-1 at the mRNA levels. Our results showed that DCD
donor pretreatment with simvastatin significantly decreased
the levels of these inflammatory cytokines compared with
those in the DCD control group (Figures 5(e), 5(f), and
5(g)), and thus the changes might also be depended on
the anti-inflammatory potential of KLF2 [27, 38]. In turn,
proinflammatory cytokines such as IL-1β also have been
shown to repress KLF2 expression [39]. These observations
demonstrated that the anti-inflammatory protective effects
of DCD donor pretreatment with simvastatin reduced the
neutrophil adhesion and extravasation.

Importantly, regarding the underlying mechanism on
how KLF2 activators improve liver quality, Guixe et al. firstly
suggested that simvastatin activated the upregulation of
Rab7 and autophagic flux in the cold-stored liver sinusoidal
endothelium [18]. Our results were consistent with the above
findings and indicated the protective effects of simvastatin. It
requires further research to explore the cross-talk between
KLF2 and autophagy on DCD livers. Nevertheless, there
were also some limitations in our study. Firstly, we used
the ex vivo isolated liver reperfusion model to evaluate
DCD liver quality but not the liver transplantation, which
is closer to physiology. Next, the role of KLF2 in protection
against DCD liver IRI could be further illustrated using
genetic tools where KLF2 expression would be overexpressed
or knocked down specifically.

In conclusion, the present study first demonstrates that
DCD donor pretreatment with simvastatin improved DCD
livers’ functional recovery shortly after ex vivo reperfusion
subjected to 24 h cold preservation and strongly protects
liver cells. The protective mechanisms of simvastatin-
reduced DCD liver IRI might be mediated via upregulation
of the flow-dependent protective genes KLF2 conferring
anticoagulant, suppressing innate immune responses, anti-
oxidant, antiapoptotic, and anti-inflammatory properties.
Our results strongly supported pretreating potential DCD
donors with simvastatin as a feasible strategy for liver organ
protection. Ultimately, this possibility will require further
clinical trials to evaluate the protective effects of statins in
liver transplantation.
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2,2,4,4-Tetrabromodiphenyl ether (BDE-47), one of the persistent organic pollutants, seriously influences the quality of life;
however, its pathological mechanism remains unclear. Troxerutin is a flavonoid with pharmacological activity of antioxidation
and anti-inflammation. In the present study, we investigated troxerutin against BDE-47-induced kidney cell apoptosis and
explored the underlying mechanism. The results show that troxerutin reduced renal cell apoptosis and urinary protein secretion
in BDE-47-treated mice. Western blot analysis shows that troxerutin supplement enhanced the ratio of Bcl-2/Bax; inhibited the
release of cytochrome c from mitochondria, the activation of procaspase-9 and procaspase-3, and the cleavage of PARP; and
reduced FAS, FASL, and caspase-8 levels induced by BDE-47. In addition, troxerutin decreased the production of reactive
oxygen species (ROS) and increased the activities of antioxidative enzymes. Furthermore, troxerutin blunted Nrf2
ubiquitylation, enhanced the activity of Nrf2, decreased the activity of NOX2, and ameliorated kidney oxidant status of BDE-47-
treated mice. Together, these results confirm that troxerutin could alleviate the cytotoxicity of BDE-47 through antioxidation
and antiapoptosis, which suggests that its protective mechanism is involved in the inhibition of apoptosis via suppressing NOX2
activity and increasing Nrf2 signaling pathway.

1. Introduction

Polybrominated diphenyl ethers (PBDEs), a kind of persis-
tent organic pollutants (POPs), have been emerging in
tremendous danger on the global environment and human
health. How to prevent and treat the damage of PBDEs has
become a close attention. To find specific effective techniques
and drugs against PBDEs in treatment, to a large extent,
depends on the molecular mechanism underlying the effect
of PBDEs on tissue damage. Among 209 homologues,
2,2,4,4-tetra-brominated diphenyl ether (BDE-47) is widely
distributed in biological materials with high contents. Seri-
ously, accumulation of BDE-47 in the body causes the severe
damage of tissues including the liver, kidney, and adipose

tissue [1–11]. For example, the homeostasis of parathyroid
hormone isdisturbedbyBDE-47viadecreasing theconcentra-
tion of triiodothyronine (T3) and tetraiodothyronine (T4) in
the blood serum of human or mouse [11]. Furthermore, the
neurotoxicity of BDE-47 leads to a disordered behavior
because of the decrease of synaptic protein in the central
nervous system of mice [5–7, 9]. Recent findings show that
BDE-47 induces apoptosis of human embryonic kidney cells,
resulting in metabolic dysfunction [12]. However, the toxico-
logical effects and underlying mechanism of kidney damage
induced by BDE-47 in vivo are unclear.

Further studies show that natural products α-tocopherol,
omega-3 polyunsaturated fatty acids, and troxerutin may be
efficient candidate compounds against the damage induced
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by BDE-47 [13–16]. Troxerutin is a derivative of naturally
occurring bioflavonoid rutin and enriched in fruits, vegeta-
bles, tea, coffee, and cereals. Due to its good solubility in
water, troxerutin is easily absorbed by the gastrointestinal
system and exhibits effectively protective function without
cytotoxicity on tissues. Clinically, troxerutin has been
available in the treatment of phlebocholosis and hemor-
rhoidal disease because it dredges the blood vessel well,
improves the microcirculation, and protects the endothelial
cells [17–19]; in addition, troxerutin possesses potential effi-
cacy in the treatment of diabetic mellitus and Alzheimer’s
disease partly via its antioxidant activity [20, 21]. Recently,
we find that troxerutin significantly reduced the damage of
several tissues including the brain, liver, and kidney through
ameliorating antioxidant level in D-galactose-induced aging
mice [22–24] and, consequently, improved memory deficits
via suppressing inflammatory response and oxidative stress
[25, 26]. Troxerutin enhanced the metabolism ability in lipid
in high-fat diet-treated mice [27] and protected against liver
damage caused by BDE-47 [15]. In the present study, we
investigate the functional protective role of troxerutin in the
kidney and the mechanism underlying the impairment
caused by BDE-47 in a C57BL/6J mouse model.

2. Materials and Methods

2.1. Animal and Treatment. The dose of BDE-47 (50mg/kg/
day) was based on the previous data [15] and our preliminary
experiments (seen in Supplement materials available online
at https://doi.org/10.1155/2017/6034692). Male C57BL/6J
mice (6 weeks) were obtained from the Branch of National
Breeder Center of Rodents (Beijing Vital River Laboratory
Animal Technology Co. Ltd., Beijing, China). The mice were
kept under the conditions of constant temperature (22–24°C)
and humidity (60%) and a 12 h light/dark schedule and given
free access to normal food and water. After one week of
acclimatization to the conditions, mice were randomly
divided into four groups including control group, BDE-47-
treated group, BDE-47/troxerutin-cotreated group, and
troxerutin-treated group. BDE47-treated mice were adminis-
trated orally with BDE-47 at a dose of 50mg/kg/d [>98%
purity, Chem Service, West Chester, PA, USA] or its solvent
(corn oil) for 12 weeks. Troxerutin treatment was as follows:
four hours after BDE-47 administration, the mice of BDE-47
+ troxerutin and troxerutin groups obtained 100mg/kg/day
troxerutin (dissolved in distilled water containing 0.1%
Tween 80; >99% purity, Baoji Fangsheng Biotechnology Co.
Ltd., Baoji, China) by gavage, and the mice of the control
and BDE-47 groups were given equal solvent. All procedures
in the experiment were conformed to the legislation on the
use and care of laboratory animals and were approved by
the respective university committee for animal experiments.
After 12 weeks, mice were sacrificed and kidney tissues were
used for experiments or stored at −80°C for later use.

2.2. Urine Collection and Determination of Albumin and
Creatinine. Urine samples were collected from the mice
housed in metabolic cages for 24 h. The excretion of urine
protein was evaluated using urine albumin-to-creatinine

ratio (ACR) in 24 h urine collections. The content of urine
creatinine and albumin was measured using the commercial
kits (Jiancheng Institute of Biotechnology, Nanjing, China).
The absorbed value was examined by ultraviolet/visible
spectrometer (UV-2501PC, Shimadzu, Japan).

2.3. Determination of Redox Status

2.3.1. ROS Assay. Reactive oxygen species (ROS) was mea-
sured as OxiSelect™ In Vitro ROS/RNS Assay Kit (Cell Bio-
labs Inc., San Diego, CA, USA). In brief, mice were deeply
anaesthetized and sacrificed. The kidney tissues were
immediately separated, homogenized, and sonicated in ice
cold 1/20 (w/v) 50mM phosphate buffer saline solution
(PBS, pH 7.2). Homogenates were centrifuged at 10000g for
5min to obtain the supernatants for detecting the level of
ROS. 50μl (Vhomogenate: PBS = 1 : 4) homogenate samples were
added to wells of a 96-well plate for fluorescence assay and
then added with 50μl of catalyst to each well, mixed well,
and incubated 5 minutes at room temperature. 100μl of fluo-
rescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA)
was added to each well and incubated at room temperature
under dark conditions. After 30min of incubation, the
conversion of DCFH-DA to the fluorescent product DCF
was measured using a spectrofluorometer with excitation at
484 nm and emission at 530nm. Blanks were included to cor-
rect for background fluorescence (conversion of DCFH-DA
in the absence of homogenate). ROS formation was quanti-
fied from a DCF standard curve. Data are expressed as nmol
of DCF formed per minute per mg of protein.

2.3.2. The Determination of Antioxidant Indexes of Kidney
Tissue. The renal tissues were taken out and homogenized
in 1 : 5 (w/v) pH 7.2 PBS buffer with 10 strokes at 1200 rpm
in a Potter homogenizer at 4°C. The homogenates were
centrifuged at 3000 rpm for 15min at 4°C, and the superna-
tants were collected for the detection of the following indices:
glutathione (GSH), superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx). The experimental
procedures were strictly carried out according to the kit
instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). GSH content, GPx activity, and SOD activ-
ity were expressed as U/mg protein, and CAT activity was
showed as nM H2O2 decomposed/min/mg protein.

2.4. Apoptosis Detection. Terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)
assay was performed on 4% paraformaldehyde (PFA) fixed
sections of the kidney tissue and was carried out according
to the instruction of in situ cell death detection kit (Roche
Biomedical Laboratories Inc., Burlington, Germany). The
protocol is as follows: the sections were fixed in 4% PFA in
pH 7.2 PBS at room temperature for 20min and then washed
3× 5min in pH 7.2 PBS buffer. The sections were perme-
abilized in pepsin digest all at 37°C for 40min and washed
3× 10min in PBS. Thirdly, the sections were incubated in
enzyme reaction mix (enzyme solution: label solu-
tion= 1 : 9V) for 1 h at 37°C in a black wet box and then
washed 3× 10min in PBS. At last, the nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich
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Co., St. Louis, MO, USA) at room temperature for 30min.
The sections were cover-slipped with glycerol-PBS (3 : 1 v/v)
and examined by Leica 4000 at 488nm and 350 nm
(Leica, CA, Germany). The percentage of apoptosis was
calculated using the following formula: Percentage of
apoptosis % = numbers of apoptosis cells/total numbers of
detected cells∗ 100%

2.5. Immunofluorescence. The mice were anesthetized and
transcardially perfused with 0.9% sterile saline, and after,
the kidneys were prefixed with a little of 4% PFA/PBS, pH
7.2, then removed promptly and post-fixed in 4% PFA/PBS
at 4°C for 4 h, and incubated successively in 15%, 20%, and
30% sucrose/pH 7.2 PBS solution to make them sink. At last,
the kidneys were embedded in optimal cutting temperature
(OCT) compound (Leica, CA, Germany). 12μm cryosections
were collected by using Leica 3050 (Leica, CA, Germany) for
immunofluorescence.

Immunofluorescence was performed as follows: after
1.5 h drying at 37°C, the sections were carried out for antigen
retrieval in boiling 0.1mol/l sodium citrate buffer for 15min
and incubated in pH 7.2 PBS buffer [including 0.3% Triton-
100 or Tween-20 and 5% bovine serum albumin (BSA)] at
25°C for 1 h to block nonspecific binding site. Then, the sec-
tions were incubated overnight with rabbit antinuclear factor
E2-related factor 2 (Nrf2, 1 : 500, ab62352) and rabbit antini-
cotinamide adenine dinucleotide phosphate oxidase 2
(NOX2, 1 : 500, ab80508), and related fluorescence secondary
antibody was added for incubation of 1 h at 25°C. After
DAPI was applied for 5min, the sections were captured
using Leica microscope.

2.6. Western Blot. The mice were deeply anaesthetized and
sacrificed. The kidney tissues were immediately excised and
homogenized in 1/5 (w/v) tissue protein extraction reagent
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and
the protease inhibitor. The cold tissues were homogenized
two times for 28 s with 30 s intervals using MM400 (Retsch
GmbH, Haan, Germany) and centrifuged at 14000g for
30min at 4°C to obtain the supernatants, and then, the super-
natants were collected and stored at −86°C for Western blot
analyses. The expression levels of apoptosome containing
heme oxygenase 1 (HO-1), apoptosis protease-activating
factor-1 (APAF-1), caspase-3, cleaved-caspase-3, B-cell
lymphoma-2 (Bcl-2), Bcl-2-associated X protein (Bax), poly
ADP ribose polymerase (PARP), cytochrome c, factor-
associated suicide (FAS), Fas ligand (FASL), caspase-8, and
NOX2 were assessed by Western blotting. Nrf2 levels in the
cytoplasm and nuclear extracts of kidney tissues were
assessed by Western blotting, which was obtained by a
nuclear/cytoplasm fractionation kit (BioVision Inc., USA).
Protein contents of the supernatants were measured by the
bicinchoninic acid assay kit (Pierce Biotechnology Inc.,
Rockford, IL, USA).

Western blot analyses were performed following stan-
dard procedures. The supernatant proteins (30μg) were
separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, 120V). Objective bands were
transferred to a polyvinylidene difluoride membrane (PVDF;

Roche Diagnostics Corporation, Basel, Switzerland) by
350mA electrophoretic transfer. The membrane was blocked
with 5% nonfat milk or 5% BSA in Tris-buffered saline (TBS,
pH 7.2, containing 0.1% Tween-20) for 1 h at room temper-
ature and incubated at 4°C overnight with the following
primary antibodies, respectively: mouse anticytochrome c
(15KD, 31KD, 45KD, 1 : 1000, BD556432, Becton, Dickin-
son and Company Inc., Franklin Lakes, USA) and rabbit
anti-Bax (22KD, 1 : 1000, BD556467), rabbit anti-APAF-1
(130KD, 1 : 1000, BD559683), rabbit anti-caspase-9 (37KD,
39KD, 49KD, CST9504, Cell Signaling Technology Inc.,
Beverly, MA), rabbit anti-FASL (31KD, ab15285), rabbit-
caspase-12 (42KD, 55KD, CST2202), rabbit anti-FAS
(48KD, sc1032, Santa Cruz Biotechnology Inc., Dallas, TX,
USA), mouse anti-β-actin (42KD, 1 : 2000, Chemicon Inter-
national Inc., California, USA), rabbit anti-Nrf2 (100KD,
ab62352), caspase-8 (18KD, 43KD, CST8592), rabbit anti-
HO-1 (33KD, ab68477), rabbit anti-PARP (55KD,
ab16572), and rabbit anti-NOX2 (65KD, ab80508). Protein
bands were detected using horseradish peroxidase- (HRP-)
conjugated anti-rabbit or anti-mouse secondary antibodies
(Cell Signaling Technology, Danvers, MA, USA). Protein
bands were detected using FluorChem M system (Protein
Simple, CA, USA). The mean optical density (OD) values
of protein bands were measured with Scion image analysis
software (Scion Corp., Frederick, MD, USA) and were
normalized to mouse anti-β-actin as internal controls (OD
detected protein/OD internal control).

2.7. Immunoprecipitation Assay. 30mg kidney tissues were
homogenized in protein immunoprecipitation buffer includ-
ing 1×pH 7.2 PBS, 1% Triton X-100, and the protease inhib-
itor. The cold tissues were homogenized two times for 28 s
with 30 s intervals using MM400 (Retsch GmbH, Haan,
Germany) and centrifuged at 14000g for 30min at 4°C to
obtain the supernatants. After the supernatants were carried
out to measure the protein content, 100μg protein super-
natants were added 10μl of resuspended volume of protein
A/G plus agarose and incubated for 30min to wipe off the
nonspecific adsorption. Then, the supernatants were added
2μg Nrf2 primary antibody (sc-30915) and incubated for
1 h at 4°C on a rotating device. And 20μl of resuspended vol-
ume of protein A/G plus agarose was added and incubated
vibrationally overnight. The immunoprecipitates were col-
lected by centrifugation at 1000g for 5min at 4°C. The
pellets were washed for 4 times with 1ml immunoprecipita-
tion buffer, each time repeating centrifugation step above.
After the final wash, the pellets were resuspended in 40μl
of 1× electrophoresis sample buffer. The samples were boiled
for 3min and analyzed 20μl aliquots by SDS-PAGE for
ubiquitination (ab19247).

2.8. Statistical Analysis. All the data were analyzed by the
software SPSS 15.0 (SPSS Software Inc., Chicago, IL, USA)
statistically. Cell apoptosis rate, ROS level, GSH level, anti-
oxidant enzyme activity, and Western blotting results were
analyzed with Tukey’s HSD post hoc test. Data were
expressed as mean± SEM and p < 0 05 was considered
statistically significant.
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3. Results

3.1. Troxerutin Inhibits Kidney Cell Apoptosis Induced by
BDE-47 in the Mice. Several tissues exhibit dysfunction
caused by BDE-47, but it is unknown whether BDE-47
impairs the kidney in vivo. Therefore, we firstly used bio-
chemical analysis and TUNEL assay to examine the change
of kidney function and cell apoptosis of C57BL/6J mice
treated with BDE-47. We found that BDE-47 treatment in
mice significantly increased the ratio of albumin to creatinine
(ACR, Figure 1(a)) and the number of kidney apoptosis cells
compared to the untreated mice (Figures 1(b) and 1(c)).
Orally administration of troxerutin in BDE-47-treated mice
substantially reduced ACR and the ratio of kidney apoptosis
cells compared to alone BDE-47-treated mice. However,
there was no statistical difference among cotreated group
with BDE-47 and troxerutin, troxerutin-treated group, and
control group.

3.2. Troxerutin Ameliorates Kidney Mitochondrial Injury in
BDE-47-Treated Mice. Proapoptotic (Bax, Bad, etc.) and anti-
apoptotic (Bcl-2, Bcl-xL, etc.) proteins in Bcl-2 family

regulate the process of apoptosis. We observed that BDE-47
treatment caused a markedly decline in Bcl-2 expression and
an increase in Bax expression; however, troxerutin supple-
mentation restored the ratio of Bcl-2 to Bax (Figure 2(a)).
The reduction of Bcl-2/Bax ratio triggered cytochrome c
transferring from the mitochondria to the cytoplasm. Addi-
tionally, BDE-47 reduced the number of mitochondrial cyto-
chrome c fraction and elevated the number of cytosolic
cytochrome c fraction (Figure 2(b)). However, troxerutin
supplementation reversed the change and restored the loca-
tion of cytochrome c; at the same time, we found that troxer-
utin inhibited the increase of APAF-1 protein induced by
BDE-47 (Figure 2(b)), but troxerutin treatment alone did
not alter these parameters (Figures 2(a) and 2(b)).

3.3. Troxerutin Blocks the Activities of Kidney Caspase
Proteins in BDE-47-Treated Mice. The release of cytochrome
c from themitochondria to the cytoplasm promotes the form-
ing of apoptosome containing APAF-1, cytochrome c, and
procaspase-9; then, procaspase-9 is turned into caspase-9 to
activate the downstream executioners caspase-3, caspase-6,
and caspase-7, resulting in PARP cleavage, and initiates cell
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Figure 1: Troxerutin reduces ACR and kidney cell apoptosis in BDE-47 treated mice. (a) ACR (albumin-to-creatinine, mg/g, n = 8) was
tested at 12 weeks after BDE-47 was orally treated. (b) Kidney cell apoptosis was examined by the use of TUNEL assay (20x). White
arrows (green fluorescence) represent positive signals. 4′,6-Diamidino-2-phenylindole (DAPI) was used to stain the nuclei blue. Scale
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Data were presented as mean± SEM (n = 5). ∗∗∗p < 0 001 versus BDE-47-treated group. ###p < 0 001 versus control group.
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apoptosis. We found that BDE-47 had no significant effect on
procaspase-9 level (Figure 3(a)) and remarkably increased
procaspase-3 level (Figure 3(b)), enhanced the levels of cleaved
caspase-9 and cleaved caspase-3, and consequently promoted
the cleavage of PARP (Figure 3(b)). We observed the increase
of FAS, FASL, and cleaved caspase-8 in the kidney of
BDE-47-treated mice, while there was no significant change
of procaspase-8 expression compared to control group
(Figures 3(c) and 3(d)). However, troxerutin inhibited the
activation of caspase-9 and caspase-3 and reduced the level
of cleaved PARP, FAS, FASL, and cleaved caspase-8. There
was no significant difference among control group, BDE-47
and troxerutin cotreated group, and troxerutin group.

3.4. Troxerutin Increases Kidney Antioxidant Capacity in
BDE-47-Treated Mice. Increasing ROS formation plays a
key role in the tissue damage induced by BDE-47. To inves-
tigate whether troxerutin inhibits oxidative stress, we
observed the levels of ROS and glutathione (GSH) and the
activities of antioxidative enzymes. The results showed
BDE-47 treatment led to a pronounced increase of ROS
generation (Figure 4(a)) and a decrease of GSH content
(Figure 4(b)) in the mouse kidney while troxerutin adminis-
tration reduced ROS content and enhanced GSH level,
then protected the mouse kidney against oxidative insult.
Additionally, we found that BDE-47 significantly alleviated
the activities of GPx (Figure 4(c)), SOD (Figure 4(d)), CAT
(Figure 4(e)), and HO-1 (Figure 4(f)) in the kidney of
mice compared to control mice, and troxerutin
administration inhibited the reduction of the activities of
these antioxidant enzymes.

3.5. Troxerutin Enhances Kidney Nrf2 Activity in BDE-47-
Treated Mice. Nrf2, a major ROS-regulating effector, induces
the increase of many antioxidative genes, such as SOD, CAT,
GPx, and HO-1, via binding to their promoters [28]. Then,
we investigated the status of the intracellular antioxidant
defense mechanisms by detecting the activity of Nrf2. The
results showed that BDE-47 administration significantly
increased the expression of Nrf2-binding protein Keap1
(Kelch-like ECH-associated protein 1) in the kidney tissue
of mice compared to control group (Figure 5(a)), resulting
in the increase of Nrf2 ubiquitylation (Figure 5(b)) and in
the reduction of nuclear Nrf2 activity (Figure 5(a)). However,
troxerutin supplementation decreased the ubiquitination of
Nrf2 and increased the activity of nuclear Nrf2 in the kidney
of BDE-47-treated mice. Immunofluorescence staining
showed a strong expression signal of Nrf2 presented in the
cytoplasm; however, there was a weak signal in the nuclear
after treating mice with BDE-47, and furthermore, troxerutin
blocked this abnormal change (Figure 5(c)). The results
suggest that troxerutin enhanced the activity of Nrf2 and
prevented the kidney damage induced by BDE-47.

3.6. Troxerutin Inhibits Kidney NOX2 Expression in BDE-47-
Treated Mice. NOX2, one of NADPH oxidases, is richly
expressed in kidney tubular cells and endothelial cells and
identified as a major source of oxidative stress in renal disease
progression [29]. The results showed that BDE-47 supple-
ment markedly raised the activity of NOX2, which was
reversed by troxerutin (Figure 6(a)). There was no significant
difference among control, cotreated group with BDE-47/
troxerutin, and troxerutin group. Figure 6(b) also shows that
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there was a strong fluorescence signal in kidney cell mem-
brane in BDE-47-treated mice, while troxerutin treatment
significantly attenuated fluorescence signal of NOX2 induced
by BDE-47.

4. Discussion

PBDEs are widely present in the household and environment
and have attracted people’s attention because of their toxic
action on animals including neurotoxicity, reproductive tox-
icity, hepatotoxicity, and endocrine toxicity. PBDEs have
been detected in the blood, lipid tissue, and breast milk of

human [30–32], which makes up a potential health risk.
The investigations show that PBDEs significantly affect
infant birth weight and birth length, thyroid function in
young children, and neurodevelopment [33, 34]. Further-
more, the toxicology of PBDEs is intimately associated with
hydroxylated products of PBDEs [34, 35]. Among PBDE
congeners, BDE-47 has the highest concentration and the
strongest toxicity in the environment. Oxidative stress has
been demonstrated to play an important role in BDE-47’s
toxic action. Increasing data reveal that BDE-47 induces
oxidative stress and in turn mediates DNA damage, mito-
chondrial dysfunction, and endoplasmic reticulum stress
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Figure 3: Troxerutin antagonizes BDE-47 induced expression of kidney apoptosis molecules. (a) Procaspase-9 and cleaved caspase-9
(c-caspase-9) were examined by Western blot analysis. (b) Procaspase-3, cleaved caspase-3 (c-caspase-3), proPARP, and cleaved
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BDE-47-treated group. ##p < 0 01 and ###p < 0 001 versus control group.
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[16, 36, 37]. Recently, antioxidants have been demonstrated to
eliminate oxidative stress by scavenging ROS induced by BDE-
47 in vitro [13, 14, 38]. Interestingly, we find that troxerutin
could effectively reduce oxidative stress-mediated NAD+

depletion and ameliorate liver inflammation injury. In this
present study, we further found that troxerutin decreases renal
cell apoptosis caused by BDE-47 via enhancing Nrf2 activity
and blocking NOX2 activity in mice.

Oxidative stress is considered as a disorder between
oxidant production and antioxidant defense system. The
NADPH oxidase is a major ROS-generating enzyme, which
has seven isoforms including NOX1–NOX5, Duox1, and
Duox2. NOX2 (isoform 2, gp91phox), constitutively
expressed in kidney tubular cells and endothelial cells, is
identified as a major source of oxidative stress in kidney
diseases [29]. BDE-47 accumulation can result in metabolic
disorders such as the disruption of glycolipid metabolism,
the reduction of testosterone, and the disruption of the
seminiferous epithelium [39, 40], Herein, we observed that
BDE-47 increased renal NOX2 expression and caused ROS
accumulation in the kidney tissue of mice and might be
associated with metabolic disorders [41], while troxerutin

reversed the increase of NOX2 activity and ROS level, which
is in line with flavonoid purple sweet potato color reducing
the NOX2 activity by interrupting the assembly of catalytic
subunit gp91phox and regulatory subunits in the brain of
domoic acid-treated mice [42].

In vivo, there is a dynamic equilibrium between
generation and elimination of free radical. NOX2 is a major
ROS-generating enzyme, whereas Nrf2 is an important anti-
oxidative transcription factor, which is bound with its inhib-
itor Keap1 in the cytoplasm under resting condition, where
Keap1 promotes the ubiquitination and proteasome degrada-
tion of Nrf2 via E3 ligase system [43]. Upon exposure to
stress or to chemical inducers, Nrf2 is freed from Keap1,
translocating to the nucleus and inducing the transcription
of downstream genes including HO-1, SOD, GPx, and CAT
which play vital roles in antioxidative response. The Keap1-
Nrf2 system is thought to be a crucial role in kidney oxidative
injury and considered as a prospective target for kidney
disease [43, 44], so proteasome inhibitor MG132 could
inhibit Nrf2 proteasomal degradation and promote antioxi-
dative activity, having the protective efficacy on diabetes
nephropathy [45]. BDE-47 induced oxidative damage and
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Figure 4: Troxerutin increases kidney antioxidative level inBDE-47-treatedmice. (a) ROS levelwas examined byfluorescent probeDCFH-DA.
(b–e): GSH content (b), GPx activity (c), SODactivity (d), andCAT activity (e) weremeasured by the use of biochemical assay. (f)HO-1 activity
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inflammatory response in a human extravillous trophoblast
cell line, HTR-8/SVneo, while pretreatment with tert-butyl
hydroquinone or sulforaphane, known Nrf2 inducers,

reduced the nuclear import of redox-sensitive transcription
factor nuclear factor kappa B (NF-κB) and release of inflam-
matory factor interleukin 6 (IL-6) [46]. Previous reports
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demonstrate that Keap1 is induced under diabetic nephropa-
thy [47] and then whether BDE-47 as a diabetic prevalence
factor regulates the level of Keap1 [39]. Here, we found that
long-term treatment of BDE-47 increased Keap1 level and
made Nrf2 ubiquitination degradation, leading to the activity
reduction of Nrf2 and its downstream genes including CAT,
GPx, SOD, and HO-1 in the kidney of mice. However, trox-
erutin partly mimicked the effect of MG132, blocked the ill
effect of BDE-47, and increased the Nrf2 activity, which is
consistent with the previous report, in which polyphenol
blunts the Nrf2 transcriptional depression [48].

The increase of NOX2 activity and the decrease of Nrf2 in
the tissue cause harmful oxidative stress and then initiate
apoptotic event. Apoptosis is mediated through intrinsic
pathways and extrinsic pathways [49]. Oxidative stress
mediates intrinsic apoptosis pathway and triggers event
upstream of mitochondrial apoptosis in kidney tissue cells
[50, 51]. Bcl-2 family proteins are involved in intrinsic apo-
ptosis pathway; therefore, the downregulation of Bcl-2/Bax
ratio promotes the release of cytochrome c from the mito-
chondria to the cytoplasm under oxidative stress and then
induces the forming of an apoptosome containing APAF-1,
cytochrome c, and procaspase-9. Procaspase-9 is processed
to cleaved caspase-9 via an intrinsic autocatalytic activity of
itself, which allows caspase-9 cleavage to activate the down-
stream executioners including caspase-3, caspase-6, and
caspase-7 and causes the cleavage of PARP and subsequent
apoptosis. The extracellular pathways are also activated
under stresses and promote the apoptosis protein expression

of FAS, TNFα, and caspase-8, further activate caspase-3, and
trigger cell apoptosis. The previous data showed that caspase-
3 was significantly activated in the liver and cerebellum of
mice after exposure to BDE-47 [52]. BDE-47 also increased
the gene expression level of caspase-3, caspase-8, caspase-9,
TNFR1, and Bax and impaired macrophage accessory cell
function in a concentration-dependent manner [53]. We
have demonstrated that BDE-47 could increase caspase-3
activity and Bax levels and decline Bcl-2 level in the liver of
mice [16]. In this study, BDE-47 is further demonstrated to
be able to elevate the ratio of Bcl-2/Bax, promote the release
of cytochrome c from the mitochondria to the cytoplasm,
and increase the expression of apoptosis proteins including
APAF-1, caspase-9, caspase-3, and PARP, resulting in trig-
gering intracellular apoptosis pathway. In addition, we also
find that BDE-47 increases the protein expression of FAS,
FASL, and caspase-8, activating the extracellular apoptosis
pathway. However, the treatment with troxerutin deletes
the adverse effect caused by BDE-47 and blocks the num-
ber of TUNEL-positive cells in the kidney tissue of mice,
which is similar to the result of troxerutin alleviating
oxidative damage and kidney cell apoptosis induced by
D-galactose [54].

In summary, BDE-47 treatment for a long time enhances
the ubiquitination of Nrf2, lessens the activity of Nrf2 and its
downstream antioxidative enzymes including SOD, GPx, and
CAT, and promotes oxidative stress of kidney cells of mice,
increasing mitochondrial cytochrome c into the cytoplasm,
triggering the mitochondrial apoptosis pathway. On the
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other hand, BDE-47 increases the expression of FAS, FASL,
and caspase-8, starting up an extrinsic pathway. Further-
more, troxerutin inhibits these disadvantages induced by
BDE-47 and decreases intrinsic and extrinsic apoptosis
pathway, protecting kidney cells from oxidative stress-
induced apoptosis damage.
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Endothelial microvesicles (EMVs), released after endothelial cell (EC) apoptosis or activation, may carry many adverse signals and
propagate injury by intercellular transmission. Caveolae are 50–100 nm cell surface plasma membrane invaginations involved in
many pathophysiological processes. Recent evidence has indicated EMVs and caveolae may have functional effects in cells
undergoing H/R injury. Propofol, a widely used anaesthetic, confers antioxidative stress capability in the same process. But the
connection between EMVs, H/R, and caveolae remains largely unclear. Here, we found that H/R significantly increased the
release of EMVs, the expression of CAV-1 (the structural protein responsible for maintaining the shape of caveolae), oxidative
stress, and the mitochondrial damage, and all these changes were inhibited by propofol preconditioning. Interestingly, the
caveolae inhibitor Mβ-CD strengthened the protective effect of propofol preconditioning. We further found that the release of
EMVs is more significantly reduced under propofol preconditioning in the presence of the caveolae inhibitor Mβ-CD. EMVs
released from H/R-treated cells caused a substantially increased mitochondrial and cellular damage to normal HUVECs after 4
hours of coculture. Thus, we conclude that inhibition of caveolae contributes to propofol preconditioning-suppressed
microvesicles release and cell injury by H/R.

1. Introduction

The incidence of ischemia/reperfusion (I/R) injury associ-
ated with cardiovascular diseases increases gradually with
age. Moreover, acute conditions like sepsis, trauma and
shock, and various treatments such as organ transplantation
and heart bypass surgery can lead to local or broad I/R
injury [1]. During ischemia, loss of blood flow deprives tis-
sue of oxygen and essential nutrients, and excessive oxygen

free radicals generated following restoration of blood flow
cause further (reperfusion) injury [2]. The improvement of
excessive oxidative stress is a widely accepted therapeutic
strategy for mitigation of I/R injury [3, 4].

Endothelial cells (ECs) are not only the target organs of
I/R injury but also a major source of oxygen free radicals
that damage the surrounding tissues [5]. Mitochondria are
dynamic organelles that are exquisitely sensitive to damage
from oxidative stress and are considered as both targets
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and producers of reactive oxygen species (ROS) [6]. It has
been demonstrated that I/R-induced oxidative stress is a
pivotal factor which leads to mitochondrial dysfunction
[7]. I/R induced the upregulation of proapoptotic protein
Bax and downregulation of antiapoptotic protein BCL2
which will lead to mitochondrial membrane permeability
changes (the mitochondrial permeability transition pore
(MPTP) opening, which in turn triggers apoptosis) and the
loss of transmembrane potential [8]; then, cytochrome c
and other proteins will be released from the mitochondria
into the cytoplasm, which was considered to be a critical step
in the mitochondrial apoptotic pathway [9]; finally, cyto-
chrome c released into the cytoplasm induced caspase activa-
tion and cell apoptosis [10]. Therefore, maintaining EC and
mitochondrial functional stability is a corking therapeutic
strategy for mitigation of I/R injury.

Activation or apoptosis of ECs releases endothelial
microvesicles (EMVs) between 100nm and 1 μm in diameter
that express cell-specific surface antigenic epitopes and con-
tain various proteins, mRNAs, miRNAs, and lipids [11].
These EMVs participate in the information exchange
between cells [12]. Moreover, EMVs have been implicated
in disease pathogenesis. For instance, EMVs may be
involved in the pathogenesis of diabetes [13] and athero-
sclerosis [12] by conveying procoagulant, proinflammatory,
and other pathogenic signals to surrounding cells and tis-
sues [4, 14]. The number of EMVs released reflects the
functional status of ECs and is positively correlated with
apoptosis and EC damage. As oxidative stress, inflamma-
tion, and coagulation are critical for I/R injury, one possible
therapeutic strategy is to inhibit EMV release from ECs
during I/R.

Caveolae are 50–100nm cell surface plasma membrane
invaginations, which are rich in cholesterol and sphingoli-
pids [15]. Caveolae consist of scaffolding proteins called
caveolins. Caveolins are a 21 to 24 kDa family of membrane
proteins that consist of three members; caveolin-1 (CAV-1)
is abundantly expressed in endothelial cells, and caveolin-3
(CAV-3) is primarily expressed in muscle cells [16]. CAV-
1, the structural protein responsible for maintaining the
shape of caveolae, has been demonstrated that it acts as an
important functional role in the modulation of several signal
transduction pathways and processes during I/R [15, 17, 18].
CAV-1 can also be used as a marker protein for labeling the
caveolae. However, whether the mitochondrial apoptotic
pathway is involved in the specific mechanism of caveolae
during I/R is not entirely clear.

Propofol is a popular general anesthetic, which has been
extensively used in clinical anesthesia and sedation in critical
patients because of its rapid onset and reversibility [19]. In
myocardial cells, propofol preconditioning inhibits oxidative
stress associated with the mitochondrial apoptotic pathway
[20]. However, the contributions of ECs to propofol-
mediated protection against I/R injury remain unknown.
Here, we demonstrate that the inhibition of caveolae contrib-
utes to propofol preconditioning-suppressed EMV release
and cell injury by I/R, resulting in suppression of injurious
oxidative stress and apoptosis through the mitochondrial
apoptotic pathway.

2. Methods

2.1. Reagents and Antibodies. Pure propofol (Sigma-Aldrich,
St. Louis, MO, USA) was purchased from Sigma-Aldrich
that can exclude the interference of fat emulsion. Propofol
powder was dissolved into DMSO and then diluted with
PBS; the final concentration of DMSO was less than 0.1%
to reduce vehicle effects on cell function and experimental
measures. Reagents used in the experiment were as follows:
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin, streptomycin, trypsin-EDTA (all
from GIBCO Laboratories, Grand Island, New York, USA)
and dimethylsulfoxide (DMSO). Antibodies used in the
experiment were as follows: anti-beta-actin (sc-47,778; Santa
Cruz, USA), anti-caspase 3 antibody (25546-1-AP, Protein-
tech, China), anti-Bax antibody (50599-2-Ig, Proteintech,
China), anti-BCL2 antibody (12789-1-AP, Proteintech,
China), anti-cytochrome-c antibody (66264–1-Ig, Protein-
tech, China), anti-COXIV antibody (11242–1-AP, Protein-
tech, China), anti-Caveolin-1 antibody (C4490; Sigma-
Aldrich, USA), and anti-CD144/VE cadherin (62,340;
LSBio, USA). Assay kits used in the experiment were as
follows: Methyl-β-cyclodextrin (β-CD) (C4555, Sigma-
Aldrich, USA), cell counting kit-8 (CCK-8) (CK04, Shanghai
Tongren, China), mitochondrial viability stain (ab129732,
Abcam, UK), lactate dehydrogenase (LDH) assay kit (A020-
2, Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), reactive oxygen species (ROS) kit (E004, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), intra-
cellular malondialdehyde (MDA) kit (A003-4, Nanjing
Jiancheng Bioengineering Institute, China), total superox-
ide dismutase (T-SOD) kit (A001-01, Nanjing Jiancheng
Bioengineering Institute, China), JC-1 mitochondrial mem-
brane potential detection kit (BB-4105-3, BestBio, China),
cell mitochondria isolation kit (C3601, Beyotime, China),
and DeadEnd™ Fluorometric TUNEL System (G3250,
Promega, USA).

2.2. Cell Culture and Construction of the H/R Model. Human
umbilical vein endothelial cells (HUVECs) were cultured in
DMEM supplemented with 10% FBS, 100 units/mL penicil-
lin, and 100mg/mL streptomycin at 37°C under a humidified
5% CO2 and 95% O2 atmosphere.

HUVECs at 95% confluence in 10× 10 cm2 vessels were
exposed to H/R with or without propofol preconditioning.
Cultured ECs were divided into five treatment groups:
normal control (NC), hypoxia-reoxygenation (H/R), low-
dose (50 μmol/L) propofol preconditioning (P50) then
H/R, high-dose (100 μmol/L) propofol preconditioning
(P100) then H/R, and DMSO (100 μmol/L) vehicle control
(D100).The hypoxic environment was a moist closed plastic
vessel aerated with a 94% N2, 5% CO2, and 1% O2 mixture
for 5min before being sealed. Cells were subjected to hypoxia
for 12 hours (h) at 37°C [21]. Cultures were divided into
five groups: an untreated control group (NC); an H/R
untreated group; and three pretreatment groups, low dose
of propofol(50 μmol/L) (P50 group), high-dose propofol
(100 μmol/L) (P100 group), and equal volume DMSO
(100 μmol/L) (D100group) for 4 h followed by H/R. Cells

2 Oxidative Medicine and Cellular Longevity



in the H/R, P50, P100, and D100 groups were cultured in glu-
cose- and serum-free medium during H/R. In the NC
group, the DMEM plus FBS was replaced by new DMEM
plus FBS as a control for the media changes in the other
treatment groups.

2.3. Cell Viability Measured by CCK-8 and LDH Assays.
The agent in cell counting kit (CCK) can be restored by
dehydrogenase in mitochondria and then produced highly
water-soluble orange formazan product in the case of elec-
tronic coupling agent is present [21]. OD value was measured
using a microplate reader at a wavelength in the 450mM
which indirectly reflected the viability of cells.

Lactate dehydrogenase (LDH) is an aglycolytic enzyme
involved in pyruvate to lactic acid, which is present in almost
all tissues or cytoplasm in the body. When the cell membrane
was damaged, LDH was rapidly released into the cell culture
medium, so we determine the degree of cell damage by
detecting LDH activity in cell culture supernatant. The oper-
ating method according to the instructions and then the OD
value were measured using a microplate reader at a wave-
length in the 450nm which indirectly reflected the degree
of cell damage.

2.4. Detection of Intracellular ROS, MDA, and T-SOD.
Intracellular ROS was measured by 2,7-dichlorodihydro-
fluorescein diacetate (DCF-DA) staining and quantified
by flow cytometer. DCFH-DA is the most widely used
and most sensitive intracellular ROS detection probe.
DCFH-DA has no fluorescence and is hydrolyzed into
DCFH (dichlorodihydrofluorescein) by esterase after the
entering cells. In the presence of ROS, DCFH is oxidized
into the enhanced green fluorescent substance DCF which
cannot penetrate the cell membrane, and its fluorescence
intensity is directly proportional to the level of intracellu-
lar ROS. The DCFH-DA was added in the medium at
working concentration and incubated for 40min under
37°C, followed by cell digestion for 3min by trypsin; the
medium with 10% FBS was added to terminate the cell
digestion, and then the cell suspension was prepared
1000g cell suspension was centrifuged for 5min to collect
cells, which were washed for 1-2 times with PBS. It was
used for FACS detection after cell sediments were suspended
in PBS. The optimal excitation wavelength of fluorescence
is 500 and 485nm, and the optimal emission wavelength is
525nm.

The level of SOD activity indirectly reflects the ability of
an organism to scavenge ROS, while the level of MDA indi-
rectly reflects the severity of cells attacked by ROS. The
MDA is the degradation product of lipid peroxide which
can be condensed with thiobarbituric acid (TBA), resulting
in a red product which has the maximum absorption peak
at 532nm; intracellular superoxide anions can oxidize
hydroxylamine, resulting in nitrite which shows purplish
red under the action of a chromogenic agent. The samples
in all groups were added to 96-well plates and measured with
commercial assay kits for SOD and MDA, as described,
respectively [22].

2.5. Cell Mitochondrial Isolation.After digestion with trypsin,
HUVECs were collected by centrifugation and gently resus-
pended the cells with ice-cold PBS, then take a few cells
for counting and the remaining cells were centrifugated
for 600g at 4°C for 5min; the supernatant was discarded
and 1-2.5ml cell mitochondrial isolated reagent was used
to gently resuspended the cells, then placed it 10–15min
in ice; and then after homogenization and repeated centri-
fugation, the precipitate is isolated mitochondria after be
careful removal of the supernatant. Once the mitochondria
were separated from the cells, we can obtain the removal
of mitochondrial cytoplasmic protein for the release of
cytochrome c into the cytoplasm.

2.6. Mitochondrial Activity and Measurement of Intracellular
ATP. Mitochondrial Viability Stain (ab129732) is a fluo-
rometric/colorimetric assay that uses an indicator dye to
measure oxidation-reduction reactions which principally
occur in the mitochondria of living cells. The dye can be mea-
sured by a microplate reader at a wavelength in the 570nm.

Adenosine 5′-triphosphate (ATP) is the basic carrier of
energy conversion in vivo and is the most important energy
molecules in the cell involved in various physiological and
pathological processes. Normally, ATP levels will fall when
cells befall apoptosis, necrosis, or other toxic state, and
decreased ATP levels indicate mitochondrial dysfunction or
decline. During apoptosis, ATP levels often drop, occurring
simultaneously with the decline of the mitochondrial mem-
brane potential.

2.7. Western Blot. Western blot was used for quantitative
detection of Bax, BCL2, cytochrome c, caspase 3, COXIV,
and CAV-1 protein expression. Protein samples were,
respectively, added to 10% SDS polyacrylamide gel for elec-
trophoresis, and then transferred to a PVDF membrane.
Thereafter, the PVDF membrane was incubated together
with an antibody at 4°C overnight. On the next day, the
PVDF membrane was placed on a shaker for rewarming
30min at room temperature, then washed with PBS-T for
10min 4 times; then the PVDF membrane was incubated
with corresponding secondary antibodies in the shaker at
room temperature for 4 hours and washed with PBS-T for
10min 4 times before exposure and was analyzed as
described [21].

2.8. Assessment of Mitochondrial Membrane Potential with
JC-1 Staining and Mitochondrial Membrane Permeability
with MPTP. The decrease of mitochondrial membrane
potential marks the early apoptosis. In the case of higher
mitochondrial membrane potential, JC-1 aggregates in the
mitochondrial matrix, forming a polymer with its maximum
emission wavelength at 590 nm when excited at 488 nm,
and red fluorescence can be emitted. In the case of lower
mitochondrial membrane potential, JC-1 cannot aggregate
in the mitochondrial matrix and acts as a monomer with
its maximum emission wavelength at 527nm when excited
at 488nm, and green fluorescence can be emitted. In this
way, changes in the mitochondrial membrane potential
can be detected based on the changes of fluorescent color.
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Therefore, the application of JC-1 dye has been widely
used for detecting mitochondrial depolarization occurring
in apoptosis. Sample cells were collected and washed twice
with PBS; then the cells were collected through centrifuga-
tion, resuspended in 500 μL JC-1 staining solution, and
incubated for 15min in an incubator with 5%CO2 under
37°C. Thereafter, the cells were collected again through
centrifugation and resuspended in 500 μL preheated incu-
bation buffer. The results were detected and analyzed with
flow cytometer as we described [23].

Mitochondrial permeability transition pores (MPTP) are
nonspecific calcium-dependent channel composed of an
inner and outer mitochondrial membrane component.
MPTP will open and the permeability of the mitochondrial
membrane will be significantly altered when cells undergo
the state of apoptosis, necrosis, oxidative stress, and other
stimulations, which will lead to the release of cytochrome c
and other mitochondrial contents and cause significant fall
of the mitochondrial membrane potential. Calcein was used
to detect the state of MPTP through the change in fluores-
cence of the mitochondria.

2.9. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Assay for Cell Apoptosis. Apoptotic cells
were detected by TUNEL staining with a commercially avail-
able kit (G3250, Promega, USA). Apoptosis of HUVECs was
quantitated by counting the number of TUNEL-positive cells
in random microscopic high-power fields.

2.10. Collection and Preparation of EMV Samples and
Analysis of EMV Morphology and Concentration. After H/R
or control incubation, the membrane vesicles at the bottom
of the cell culture dish were blown gently with a pipette
before removal of the cell culture media. Harvested media
samples were transferred into centrifuge tubes and centri-
fuged at 400g for 15 minutes at 4°C, then the supernatant
was transferred into new centrifuge tubes and centrifuged
at 2000g for 15min at 4°C. Precipitates were discarded and
the supernatant was transferred to ultra-high speed centri-
fuge bottles and centrifuged at 20000g for 70min at 4°C
[24]. After centrifugation, the culture medium was discarded,
and the pelleted membrane vesicles were resuspended in 1ml
PBS. Suspended EMVs were immediately analyzed or stored
at −80°C [25].

The morphologies of EMVs were assessed by transmis-
sion electron microscopy (TEM). Particle size distribution
and concentration were assessed by real-time visual detection
using a nanoparticles trace analyzer (NTA) according to the
Brownian motion. NTA can detect vesicles with a minimum
particle size of 50nm, more sensitive than flow cytometry
[26]. EMVs’ surface contains many antigen epitopes;
CD144 is one of the most commonly used antibodies for
identification of EMVs [27]. Fluorescence microscopy can
be used to identify EMVs through CD144—the membrane
of EMVs’ specific antigen [28].

2.11. Coculture Assay of Labeled EMVs with HUVECs. EMVs
were labeled with PKH26 according to protocol with some
modifications about centrifugal data. After the ultra-high

speed centrifugation EMVs, the supernatant was discarded
and resuspended with 2 μMPKH26, then EMVs were labeled
with PKH26 for 5min at room temperature, and then an
equal volume of 1% bovine serum albumin (BSA) was added
to stop staining. After ultracentrifugation again and resus-
pended with culture medium, the labeled EMVs were added
to HUVECs seeded in cell culture dish for 4 h incubation.
The communication between EMVs and HUVECs was
observed under fluorescence microscopy [29].

2.12. Data Analysis and Statistics. All data are presented
mean± SD. All were statistically analyzed and were con-
ducted using SPSS 13.0 software (SPSS, Chicago, IL, USA).
Group mean differences were compared by one-way
ANOVA with Bonferroni correction for pairwise compari-
sons. Correlations between variables were assessed by Spear-
man’s coefficient. Differences with p < 0 05 were considered
statistically significant.

3. Results

3.1. The Decrease of Cell Viability and the Increase of
Oxidative Stress Are Suppressed by Propofol Preconditioning.
The construction of the in vitro cellular H/R model was
described in Methods. As shown in Figure 1, H/R signifi-
cantly decreases the cell viability but increases the level of
LDH (p < 0 01) (Figures 1(a) and 1(b)). The ROS produc-
tion, the fluorescence intensity of DCFH, and the level of
MDA indicators of oxidative stress in the cell are dra-
matically repressed by propofol preconditioning (p < 0 01)
(Figures 1(c), 1(d), and 1(e)). But the total SOD (T-SOD)
activity is sharply reduced to one half under this condition
(Figure 1(f)) (p < 0 01). The H/R-induced damages are dras-
tically attenuated by treatment with propofol dose depen-
dently, and 100 μM propofol conferred better protective
effect (p < 0 01). As a control, the equivalent solvent DMSO
does not affect the above parameters (Figure 1(f)).

3.2. Propofol Preconditioning Inhibits H/R-Induced Changes
in Mitochondrial Apoptosis Pathway and the Expression of
CAV-1. Previous evidence suggested that the mitochondrial
apoptosis pathway and CAV-1 protein are involved in the
damage caused by H/R-induced oxidative stress [7, 30, 31].
But how they are affected by propofol is unknown. As shown
in Figure 2, H/R markedly decreases the mitochondrial
viability (Figure 2(a)) (p < 0 01), content of intracellular
ATP (Figure 2(b)) (p < 0 01), mitochondrial membrane
potential (MMP) as measured by JC-1 dyeing (Figure 2(c))
(p < 0 01), the opening of MPTP (Figure 2(d)) (p < 0 01),
and the protein levels of mitochondrial cytochrome c (mito
cyt c) (Figure 2(i)) (p < 0 01). In addition to that, H/R also
induces significant increases in the protein levels of CAV-1
(Figure 2(f)) (p < 0 01), ratio of Bax/BCL2 (Figure 2(g)) (p
< 0 01), cytoplasmic cytochrome c (cyt cyt c) (Figure 2(h))
(p < 0 01), and caspase 3 (Figure 2(j)) (p < 0 01). The H/R-
induced cellular and mitochondrial damages are consider-
ably attenuated by treatment with propofol dose dependent,
and 100 μM propofol shows better protective effect.
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3.3. Caveolae Inhibitor Reinforces the Protective Effects of
Propofol Preconditioning against H/R-Induced Cellular
Damage and Oxidative Stress. It has been shown that

caveolae are involved in H/R injury in ECs. To investigate
whether or not caveolae play a critical role in propofol pro-
tective effects against HUVECs H/R injury and oxidative
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Figure 1: Effects of different concentrations of propofol on H/R-induced cellular damage and oxidative stress of HUVECs. (a) Different
concentrations of propofol preconditioning ameliorated H/R-induced cell viability measured by CCK-8. (b) Different concentrations of
propofol preconditioning ameliorated H/R-induced cell damage measured by LDH. (c, d) Different concentrations of propofol
preconditioning ameliorated H/R-induced oxidative stress measured by ROS and its fluorescence intensity. (e, f) Different concentrations
of propofol preconditioning ameliorated H/R-induced oxidative stress measured by MDA and T-SOD. Mean± SD are from 5 different
experiments. ∗ refers to p < 0 05, ∗∗ refers to p < 0 01.
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Figure 2: Effects of different concentrations of propofol on H/R-induced mitochondrial damage and apoptosis. (a) Different concentrations
of propofol preconditioning ameliorated H/R-induced mitochondrial viability. (b) Different concentrations of propofol preconditioning
enhanced the H/R-induced mitochondrial activity measured by intracellular ATP content. (c) Different concentrations of propofol
preconditioning ameliorated H/R-induced decrease of mitochondrial membrane potential. (d) The effects of different concentrations of
propofol preconditioning on H/R-induced mitochondrial membrane permeability. (e–j) Detecting the expression level of CAV-1, Bax,
BCL2, cytochrome c, caspase 3, COX IV, and their gray scales calculated by ImageJ software. Mean± SD are from 5 different experiments.
∗ refers to p < 0 05, ∗∗ refers to p < 0 01.
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Figure 3: Caveolae inhibitor reinforces the protective effects of propofol preconditioning against H/R-induced cellular damage and oxidative
stress. (a, b) Caveolae inhibitor reinforces the protective effects of propofol preconditioning against H/R-induced cell damage. (c, d) Caveolae
inhibitor reinforces the protective effects of propofol preconditioning against H/R-induced oxidative stress measured by ROS and its
fluorescence intensity. (f–h) Caveolae inhibitor reinforces the protective effects of propofol preconditioning against H/R-induced oxidative
stress measured by MDA and T-SOD. (g–h) The protective effects of propofol preconditioning against H/R-induced cell apoptosis
measured by TUNEL, scale bar is 5 μm. Mean± SD are from 5 different experiments. ∗ refers to p < 0 05, ∗∗ refers to p < 0 01.
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Figure 4: Continued.
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stress, cells were initially prepared as aforementioned
and treated without or with the caveolae inhibitor β-CD
(10 μmol/L) (added 1h before propofol preconditioning) .

As shown in Figure 3, H/R induces obvious cellular
damage and oxidative stress, and all these changes are sub-
stantially attenuated by propofol treatment. Interestingly,
the beneficial effects of propofol are reinforced by caveolae
inhibitor β-CD. Unlike propofol pretreatment alone and
H/R group treated with β-CD, propofol combined with
β-CD pretreatment significantly increases cell viability as
measured by CCK-8 and LDH activity (Figures 3(a) and
3(b)) (p < 0 01), concomitant with marked reductions in oxi-
dative stress as indicated with DCF-DA, MDA, and T-SOD
(Figures 3(c), 3(d), 3(e), and 3(f)) (p < 0 01). In addition,
the beneficial effects of propofol preconditioning against
H/R-induced cell apoptosis as measured by TUNEL are
reinforced by caveolae inhibitor β-CD (Figures 3(g) and
3(h)) (p < 0 01).

3.4. Caveolae Inhibitor Enhances the Protective Effects
of Propofol Preconditioning against H/R-Induced
Mitochondrial-Dependent Apoptosis and Decreases the
Number of EMVs in the Cell Culture Medium. The above
results suggest that the protective effects of propofol precon-
ditioning against H/R-induced injury are closely related to
caveolae, but it is unknown yet whether caveolae will affect
mitochondrial apoptosis pathway during H/R with propofol
preconditioning.

Similar to the above data, mitochondrial viability and
intracellular ATP are greatly increased by the combined use
of propofol pretreatment with β-CD (Figures 4(a) and 4(b))
(p < 0 01). The beneficial effects of propofol preconditioning
against H/R-induced mitochondrial-dependent apoptosis
are reinforced by caveolae inhibitor β-CD, including
mitochondrial membrane potential (MMP) as measured
by JC-1 dyeing, the opening of MPTP, and the protein
levels of mitochondrial cytochrome c (mito cyt c). In

addition to that, combined use of β-CD also induces signifi-
cant decreases in the protein levels of CAV-1, ratio of Bax/
BCL2, cytoplasmic cytochrome c (cyt cyt c), and caspase 3
(Figures 4(a), 4(b), 4(c), 4(d), 4(e), 4(f), 4(g), 4(h), 4(i), 4(j),
and 4(k)). Similar to apoptosis, the number of EMVs is
greatly decreased in the presence of caveolae inhibitor β-CD
(Figure 4(l)) (p < 0 01).

3.5. EMVs Released from H/R-Treated ECs Cause Damages
to Normal HUVECs. With the restoration of blood flow of
reperfusion, EMVs released by ECs in the ischemic area
would flow to normal vascular ECs, but it is unclear if
normal ECs can be influenced by EMVs released from
H/R-treated cells. The EMVs were first isolated and char-
acterized by electron microscopy and fluorescence labeled
(Figures 5(a) and 5(b)). Then, the PKH26-labeled EMVs
were added to normal HUVECs for 4 h and the PKH26
fluorescence can be observed in HUVECs, which manifests
that EMVs could be transmitted to HUVECs and may pass
information to HUVECs (Figure 5(c)) [11, 12, 32]. Indeed,
EMVs released from H/R-treated cells reduce the cell viabil-
ity of targeted HUVECs (Figure 5(d)) (p < 0 01), the level of
T-SOD (Figure 5(h)) (p < 0 01), mitochondrial activity
(Figure 5(i))(p < 0 01), and intracellular ATP (Figure 5(j))
(p < 0 01), concomitant with significant upregulation in level
of LDH (Figure 5(e)), ROS (Figure 5(f)) (p < 0 01), andMDA
(Figure 5(g)) (p < 0 01).

4. Discussion

Here, we have shown that propofol preconditioning not
only ameliorates the cellular and mitochondrial damages
in the endothelium cells but also inhibits the release of
microvesicles by destroying the structure of the caveolae
during hypoxia-reoxygenation condition. During either H/
R or propofol preconditioning, the expression of CAV-1 is
corelated with the other apoptotic proteins. We also found
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Figure 4: Caveolae inhibitor enhances the protective effects of propofol preconditioning against H/R-induced mitochondrial-dependent
apoptosis and the release of EMVs. (a, b) The protective effects of propofol preconditioning against H/R-induced mitochondrial damage
measured by mitochondrial viability and intracellular ATP content are enhanced by caveolae inhibitor. (c, d) The protective effects of
propofol preconditioning against H/R-induced decrease of mitochondrial membrane potential measured by JC-1 stain and by flow
cytometry. (e) The protective effects of propofol preconditioning against H/R-induced increase of mitochondrial membrane
permeability are enhanced by caveolae inhibitor. (f–k) Detecting the expression level of CAV-1, Bax, BCL2, cytochrome c, caspase 3,
COX IV, and their gray scales calculated by ImageJ software. (l) The protective effects of propofol preconditioning against H/R-
induced release of EMVs are enhanced by caveolae inhibitor. Mean± SD are from 5 different experiments. ∗ refers to p < 0 05, ∗∗ refers
to p < 0 01.
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Figure 5: EMVs released from H/R-treated ECs cause damages to normal HUVECs. (a) Identification of EMVs by transmission electron
microscopy, scale bar = 1 μm. (b) Identification of EMVs by fluorescence microscopy, scale bar = 1000 μm. (c) The PKH26-labeled H/R-
EMVs were added to normal HUVECs for 4 h and then observed by confocal. Scale bar = 2 μm. (d, e) H/R-EMVs caused cell damage to
normal HUVECs measured by CCK-8 and LDH. (f–h) H/R-EMVs caused oxidative stress to normal HUVECs measured by ROS, MDA,
and T-SOD. (i–j) H/R-EMVs caused mitochondrial damage to normal HUVECs measured by mitochondrial viability and intracellular
ATP content. Mean± SD are from 5 different experiments. ∗ refers to p < 0 05, ∗∗ refers to p < 0 01.
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that the microvesicles induced by hypoxia-reoxygenation
could transmit between cells, which might increase the cel-
lular level of ROS and cause dysfunction of mitochondria
in target cells.

Previous reports have shown that the increased expres-
sion of CAV-1 leads to the decreased activity of antioxidative
enzymes and finally induces cell apoptosis [31, 33–35]. On
the contrary, inhibition of CAV-1 enhances the enzymatic
activity of those proteins and ameliorates the cellular damage
under ischemia/reperfusion condition. Although propofol is
a widely used clinical drug with antioxidative activity in
ischemia/reperfusion, its mechanism of action remains
unknown [36, 37]. As we know that hypoxia-reoxygenation
stimulates the production of microvesicles in EMVs and that
EMVs play an important role in intercellular communication
and information exchange during a variety of physiological
and pathological process, such as procoagulant and proin-
flammatory signals [38], but how they are affected by caveo-
lae is not clear [39, 40]. Our study for the first time
investigated the connection between caveolae, microvesicles,
and hypoxia-reoxygenation. We demonstrated that propofol
suppresses cellular apoptosis and downregulates the level of
CAV-1, the marker protein of caveolae, and the latter when
inhibited, decreases the number of EMVs in the cell culture
medium. The reason why inhibition of caveolae reduces the
number of EMVs is not clear. Caveolin-1 is a membrane-
integrated protein with a unique structure, and it can help
to formmembrane curvature during membrane invagination
[41]. Extracellular vesicles including microvesicles are bud-
ding from the plasma membrane, and they need the help
of some membrane-shaping proteins, like caveolin-1, to
form the curvature. Indeed, some researchers found that
caveolin-1 is present in isolated extracellular vesicles from
cancer cells, suggesting that caveolin-1 may contribute to
the formation of extracellular vesicles [42]. This is partly
explained in our study that the caveolae inhibitor β-CD
is able to reduce the number of microvesicles.

Compared to the observations from others, we provide
new evidence showing that the microvesicles from HR-
treated ECs may be able to transmit some adverse messages
to target cells, which causes the increase of ROS and dysfunc-
tion of mitochondria in ECs.

However, some contradictory results also indicate CAV-
1 is downregulated in hepatic I/R, where it can contribute
to I/R injury [17, 43]. The discrepancy may be due to the
different cellular models and various expression patterns
of CAV-1. How is microvesicle formed and what is the con-
tent inside becomes a very hot topic attracting massive
interest from scientist worldwide during the recent years.
However, there are still a lot of unknowns. For example,
is the beneficial effect of propofol preconditioning (antioxi-
dative stress) in ECs is either due to the decreased release or
the changed contents of the microvesicle under H/R condi-
tions? So far, no one can exactly answer this question.
Therefore, more studies need to be done in the future. We
believe that EMVs are promising markers for diagnosis,
evaluation of disease development, treatment, and clinical
prognosis, which may be used to evaluate the changes in
endothelial cell function.
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The reactive oxygen species- (ROS-) induced nod-like receptor protein-3 (NLRP3) inflammasome triggers sterile inflammatory
responses and pyroptosis, which is a proinflammatory form of programmed cell death initiated by the activation of
inflammatory caspases. NLRP3 inflammasome activation plays an important role in myocardial ischemia/reperfusion (MI/R)
injury. Our present study investigated whether diabetes aggravated MI/R injury through NLRP3 inflammasome-mediated
pyroptosis. Type 1 diabetic rat model was established by intraperitoneal injection of streptozotocin (60mg/kg). MI/R was
induced by ligating the left anterior descending artery (LAD) for 30minutes followed by 2 h reperfusion. H9C2 cardiomyocytes
were exposed to high glucose (HG, 30mM) conditions and hypoxia/reoxygenation (H/R) stimulation. The myocardial infarct
size, CK-MB, and LDH release in the diabetic rats subjected to MI/R were significantly higher than those in the nondiabetic rats,
accompanied with increased NLRP3 inflammasome activation and increased pyroptosis. Inhibition of inflammasome activation
with BAY11-7082 significantly decreased the MI/R injury. In vitro studies showed similar effects, as BAY11-7082 or the ROS
scavenger N-acetylcysteine, attenuated HG and H/R-induced H9C2 cell injury. In conclusion, hyperglycaemia-induced NLRP3
inflammasome activation may be a ROS-dependent process in pyroptotic cell death, and NLRP3 inflammasome-induced
pyroptosis aggravates MI/R injury in diabetic rats.

1. Introduction

Acute myocardial infarction (AMI) remains a major cause of
morbidity and mortality among diabetic patients [1]. Ische-
mia/reperfusion (I/R) causes a reduction of arterial blood
supply to tissues, followed by the restoration of perfusion
and consequent reoxygenation [2]. Increasing evidence has
shown that diabetes increases the sensitivity to myocardial
ischemia/reperfusion (MI/R), and following AMI, diabetic
patients had a larger infarct size and a higher new congestive
heart failure rate than nondiabetic patients [3]. This may be
due to diabetes-mediated metabolic disorders, including
hyperglycaemia, insulin resistance, and dyslipidaemia [4].
However, the underlying mechanisms by which diabetes
aggravates MI/R are not clear.

Hyperglycaemia-induced reactive oxygen species (ROS)
generation and inflammatory response are involved in the
severity of MI/R injury [5–7]. The increased ROS could
induce the release of inflammatory-related signaling factors,
such as nuclear factor-kB (NF-kB) and nod-like receptor
(NLR) inflammasome [8]. In diabetes, hyperglycaemia-
induced dysfunctional mitochondria result in enhanced
ROS production, which may activate inflammasomes, medi-
ators of inflammatory responses. Activation of inflamma-
somes can be inhibited by antioxidants, such as silent
information regulator 1 (SIRT-1) [9]. Inflammation is a
response of the body to tissue injury and plays an
essential role in tissue repair [10, 11]. Diverse stimuli,
including pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs), can
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activate inflammasomes to mediate the production of proin-
flammatory cytokines, such as mature interleukin-1β (IL-1β)
and IL-18 [12–14]. NLRs (NLRP1, NLRP3, NLRC4, and
NLRC5), pyrin and HIN domaintein (PYRIN), and absent
in melanoma 2 (AIM2) are the major members of the
inflammasome family [15]. Inflammasomes are protein
complexes that include nucleotide-binding oligomerization
domain (NACHT), apoptosis-associated speck-like protein
(ASC), and procaspase-1 protein [16]. The NLR protein-
3 (NLRP3) inflammasome is currently the best charac-
terized inflammasome and consists of NLRP3, ASC, and
procaspase-1, and NLRP3 inflammasome can activate
procaspase-1 cleaves into p20 and p10 subunits that form
the active caspase-1, which then leads to maturation and
secretion of IL-1β and IL-18 [17]. A variety of structurally
dissimilar agonists, including pathogens, extracellular ATP,
urate crystallisation, virus-associated DNA, RNA, pore-
forming toxins, and DAMPs (K+ efflux, lysosomal destabi-
lization, and mitochondrial ROS), can activate the NLRP3
inflammasome to mediate downstream inflammatory
responses [18, 19].

Inflammasome-mediated caspase-1 activation results in a
proinflammatory form of programmed cell death known as
pyroptosis. Pyroptosis is a recently identified type of pro-
grammed cell death. Caspase-1-dependent pyroptosis was
first reported in mouse macrophages infected with the
Gram-negative bacteria Shigella flexneri [20]. As a protease,
caspase-1 has a basic function processing the inactive precur-
sors of IL-1β into mature inflammatory cytokines; thus, it
was called IL-1β-converting enzyme [21]. Multiple studies
have confirmed that caspase-1-mediated pyroptosis is exten-
sively involved in bacterial diseases and inflammatory pro-
cesses [22]. In recent years, pyroptosis has been shown to
contribute to the development of infectious diseases, nervous
system-related diseases, atherosclerosis, and other diseases
[23–25]. NLRP3 inflammasome-activated NLRP3/ASC-
dependent inflammatory responses result in the release of
significant amounts of caspase-1 and IL-1β, and these innate
immune responses play an important role in diabetic cardio-
myopathy, myocardial infarction, and MI/R injury [26–28].
Previous reports have indicated that the executor caspase
of pyroptosis (activated caspase-1), which is induced by
the NLRP3 inflammasome, is increased in a diabetic rat
model and plays an important role in the development
of diabetic cardiomyopathy [24, 29, 30]. However, the role
of pyroptosis induced by ROS-mediated NLRP3 inflamma-
some activation in hyperglycaemia or hypoxia-induced
cardiomyocyte death in diabetic status and whether
diabetes-aggravated MI/R injury is related to pyroptosis are
unclear. Recent studies indicated that the ROS-mediated
NLRP3 inflammasome activation pathway in cardiovascular
endothelial cells induced MI/R injury [31]. ROS mediate
hepatocellular NLRP3 inflammasome activation, inflamma-
tory responses, and lipid accumulation, providing a novel
mechanism for fructose-induced nonalcoholic fatty liver
disease pathogenesis [32]. Therefore, we hypothesized that
pyroptosis induced by ROS-mediated NLRP3 inflamma-
some activation plays a fundamental role in the severity
of MI/R injury in diabetes.

2. Materials and Methods

2.1. Animals and Experimental Groups. Healthy male adult
Sprague-Dawley rats weighing 210–230 g, 6–8 weeks of age,
were provided by Beijing HFK Bioscience Co. Ltd. All rats
were housed in the Animal Centre of Renmin Hospital
of Wuhan University in a standard environment, and
experimental protocols were approved by the Bioethics
Committee of Renmin Hospital of Wuhan University. All
animals fasted 12 h, and the rats were administered a sin-
gle intraperitoneal injection of 60mg/kg streptozotocin
(STZ) (Sigma, USA) dissolved in citrate buffer to induce
diabetes as described previously [33]. As a control, normal
rats were administered the same amount of citrate buffer
alone. After 72h (with 6 h fasting), a fasting blood glucose
level> 16.7mmol/L indicated hyperglycaemia, and the ani-
mals showed increased consumption of food and water
and increased urination, demonstrating that the diabetic
rat model was successful.

In vivo, the MI/R injury model was established as previ-
ously described [33, 34]. Briefly, the rats were anaesthetized
by intraperitoneal injection of 1% pentobarbital sodium
(60mg/kg) and then received mechanical ventilation from
an animal ventilator after endotracheal intubation. Animals
were assayed using a II lead electrocardiogram (ECG), with
an invasive arterial puncture to measure hemodynamics.
The chest was opened to expose the heart at the fourth inter-
costal space of the left subclavian midline, and then, I/R was
induced by ligating the left anterior descending coronary
artery (LAD) for 30min followed by reperfusion for 2 h.
The sham groups underwent the same surgical procedures
without LAD ligation. The criteria of ischemic success are
as follows: the apical and anterior wall of the left ventricle
became white, the ECG showed a widened QRS complex,
the ST segment was elevated, height tip of the T wave was
heightened, and the ventricular wall motion decreased. The
criteria of reperfusion success are as follows: apex and ante-
rior wall of the left ventricle recovered and turned red, and
the ECG showed a normal ST.

After 8 weeks, both diabetic (DM) and nondiabetic
control (Ctrl) rats were randomly divided into four groups:
(1) Ctrl + sham (S); (2) Ctrl + I/R; (3) DM+S; and (4) DM+
I/R. To determine the effect of the inflammasome inhibitor
BAY11-7082 on MI/R injury in diabetic and nondiabetic
rats, we performed another experiment including the fol-
lowing groups: (1) Ctrl + I/R; (2) Ctrl + I/R+BAY11-7082;
(3) DM+ I/R; and (4) DM+ I/R+BAY11-7082. The inflam-
masome inhibitor BAY11-7082 (5mg/kg dissolved in 1%
DMSO) (Selleckchem) was administered 10min before
reperfusion by intraperitoneal injection [31].

2.2. Hemodynamic Assessment. The hemodynamic mea-
surements were monitored continuously during the whole
I/R. ECG monitoring and invasive arterial monitoring via
right common carotid artery catheterization were used to
record hemodynamic data (Bene View T5, Xi’an Jutian
Medical Equipment Co. Ltd., China). The heart rate (HR),
mean arterial pressure (MAP), and rate pressure product
(RPP) were monitored at 5min before ischemia (baseline),
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0min and 30min after ischemia, and 30min and 120min
after reperfusion.

2.3. Infarct Size Measurement. At the end of the reperfusion,
six rats were randomly selected from each group to measure
the myocardial infarct size using 0.3% Evans Blue dye
(Sigma, USA) and 1% 2,3,5-triphenyltetrazolium chloride
(TTC) staining (Sigma, USA). The myocardial area at risk
(AAR) and infarct size were detected with a scanner (Epson,
v30, Japan), and data were analyzed with an image analysis
system (Image-Pro plus; Media Cybernetics) as described
previously [33, 34]. The blue area was normal myocardium,
red indicated ischemic myocardium, pale denoted myocar-
dial infarction, and the infarct size and the percentage of
AAR were calculated.

2.4. Creatine Kinase-MB (CK-MB) and Lactate
Dehydrogenase (LDH) Measurement. At the end of reperfu-
sion, we collected the arterial blood samples to measure the
level of serum CK-MB using CK-MB isoenzyme (Jiancheng,
Nanjing, China) assay kits according to the manufacturer’s
instructions. Serum LDH is a major indicator of MI/R
injury, and cellular injury was determined using an LDH
assay kit (Jiancheng, Nanjing, China) according to the
manufacturer’s instructions.

2.5. Transmission Electron Microscopy (TEM). At the end of
reperfusion, we collected 1mm3 tissue from the left ventricle
of the hearts and immediately fixed it in 2.5% glutaraldehyde
for 6 h. The samples were prepared by professional teachers
of the Electron Microscopy Centre of Renmin Hospital of
Wuhan University. Finally, specimens were detected by
TEM (TEM, HT7700, Japan).

2.6. Immunohistochemistry. For immunohistochemistry
detection, after reperfusion, tissues from the apical heart
region were collected, fixed with 4% buffered paraformalde-
hyde, and embedded in paraffin. Heart histology was assessed
by immunohistochemistry with primary antibodies against
NLRP3 or caspase-1 under an upright Metallurgical Micro-
scope (Canon, Tokyo, Japan). At least two different sections
from each specimen were examined.

2.7. H9C2 Cell Culture and H/R Injury. H9C2 cardiomyo-
cytes were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco Laboratories) supplemented with 10% fetal
bovine serum (FBS) (Gibco Laboratories) and 1% penicillin/
streptomycin in an atmosphere of 90% air and 10% CO2 at
37°C as described previously [33]. When the density of the
cells reached 80–90%, we trypsinized the cells with 0.05%
trypsin/1mM EDTA (HyClone, USA) and plated them onto
6-well culture plates (105 cells per well) for experimental
treatments. The cells were randomly divided into the follow-
ing experimental groups: (1) low glucose (LG) (5.5mM);
(2) LG+H/R; (3) HG+Ac-YVAD-CMK (50μM); (4) high
glucose (HG) (30mM); (5) HG+H/R; and (6) HG+H/R+
Ac-YVAD-CMK (50μM). Ac-YVAD-CMK at a nontoxic
concentration that had no effect on morphology or cell
viability of H9c2 cells used to inhibit the caspase-1 activity.
To explore the effect of the inflammasome inhibitor

BAY11-7082 and the ROS inhibitor N-acetylcysteine
(NAC, Sigma) on H/R injury in HG or LG conditions, we
performed another experiment with the following groups:
(1) LG+H/R; (2) LG+H/R+BAY11-7082 (5μM) [35–37];
(3) LG+H/R+NAC (10mmol/L) [36, 38, 39]; (4) HG+
H/R; (5) HG+H/R+BAY11-7082 (5μM); and (6) HG+
H/R+NAC (10mmol/L). We used these inhibitors or the
vehicle DMSO at nontoxic concentrations that had no
effect on morphology or cell viability of H9c2 cells. The
experimental groups of cells were incubated in normal glu-
cose medium for 24 h. When the cells reached 60–70% con-
fluence, they were incubated in serum-free medium
overnight and then exposed to HG or/and inhibitor for 24h
in minimal essential medium with 1% FBS. Subsequently,
H9C2 cells were subjected to hypoxic conditions (1% O2/
94% N2/5% CO2) for 4 h, followed by reoxygenation for 2 h.

2.8. Cell Viability Assay. Cell viability was determined using a
CCK-8 Assay Kit (Jiancheng, Nanjing, China) in 96-well
plates. After H9c2 cells were cultured and treated in 96-well
plates, 10μL of CCK-8 reagent was added to each well and
then incubated for 3 h in darkness. The absorbance was
detected at 450nm using a Perkin Elmer Microplate reader
(PerkinElmer Victor 1420, USA). The mean optical density
(OD) of each group was used to calculate the percent of cell
viability with the following formula: cell viability = treatment
group OD/control group OD× 100%.

2.9. Caspase-1 Activity Assay. The caspase-1 activity was
detected using a caspase-1 activity assay kit (Beyotime,
China) according to the manufacturer’s instructions. This
assay kit is based on the ability of caspase-1 to catalyse the
substrate acetyl-Tyr-Val-Ala-Asp p-nitroanilide (Ac-YVAD
pNA) to produce yellow p-nitroaniline (pNA), which has a
strong absorption at 405nm. Thus, the activity of caspase-1
can be assessed by measuring the absorbance of pNA using
a standard pNA curve.

2.10. LDH Activity Assay. For the analysis of the extent of
intracellular injury in pyroptotic cell death, LDH activity in
culture medium was measured using a colorimetric assay
kit (Jiancheng, Nanjing, China) according to the manufac-
turer’s instructions. The results were compared with the total
LDH released from cells.

2.11. Measurement of IL-1β Level. IL-1β level in cul-
tured H9C2 cardiomyocyte supernatants was measured
by using enzyme-linked immunosorbent assay (ELISA)
(Jiancheng, Nanjing, China) according to the manufac-
turer’s instructions.

2.12. Calcein-AM/Propidium Iodide (PI) Staining Assay.
Calcein-AM/PI double staining was used to quantify living
and dead cells for the cell death assay. Calcein-AM is a
fluorescent staining reagent for live cells that can penetrate
living cell membranes and form a film impermeable to polar
molecules, such as calcein, which is retained and observed as
bright-green fluorescence. PI cannot pass through the cell
membrane of living cells but can cross the membrane of dead
cells to reach the nucleus and embed in cellular DNA,
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producing red fluorescence. After stimulation, cells were
mixed with 1x assay buffer and were then stained with
2μM calcein-AM and 4.5μM PI at 37°C for 30min. The
images were acquired using a fluorescence microscope
(Olympus IX51). The average fluorescence intensity was
assessed with Image Pro advanced software.

2.13. ROSMeasurement. Intracellular ROS level was tested by
dichloro-dihydro-fluorescein diacetate (DCFH-DA) assays
(Sigma, USA). Briefly, cells were incubated with 50μM
DCFH-DA at 37°C for 30min in darkness. Then, the cells
were washed twice using cold PBS. The fluorescence intensity
of intracellular ROS was recorded using fluorescence micros-
copy (Olympus IX51). The average fluorescence intensity
was analyzed using an image analysis system (ImageJ;
National Institutes of Health).

2.14. Western Blot Analysis. Western blot analysis was per-
formed as described previously [34] using antibodies against
NLRP3 (1 : 200, Novus, NBP2-12446), ASC (1 : 200, Santa
Cruz, sc-22514-R), caspase-1 (1 : 200, Santa Cruz, sc-514),
IL-1β (1 : 1000, Abcam, ab9722), and GAPDH (1 : 1000,
CST, D16H11). GAPDH was used as a loading control. The
protein bands were detected with an Odyssey color infrared
laser scan-imaging instrument (Li-Cor, USA).

2.15. Statistical Analysis. All values are expressed as the
mean± SD. Differences among experimental groups were
analyzed by one-way ANOVA or two-way ANOVA followed
by a Bonferroni post hoc test. P values < 0.05 were con-
sidered to be statistically significant. Statistical tests were
performed using GraphPad Prism version 6.0 (GraphPad
Software, USA).

3. Results

3.1. Diabetic RatsWere More Susceptible to MI/R Injury Than
Nondiabetic Rats. As shown in Table 1, after STZ injection,
the diabetic rats had notable diabetic symptoms, such as
hyperglycaemia and weight loss. The body weight of the dia-
betic rats decreased, but their plasma glucose level increased
compared to that of nondiabetic rats (Table 1).

After 8 weeks, both nondiabetic and diabetic rats
subjected to MI/R injury showed higher infarct size
(Figure 1(a)) than sham-operated rats, as well as increased
levels of CK-MB and LDH (Figure 1(b) and Figure 1(c)).
Meanwhile, the hemodynamic measurements in the Ctrl
group and DM group rats were substantially altered after
MI/R. After ischemia, HR, MAP, and RPP were significantly
decreased and were further decreased after reperfusion as
shown in Table 2. Compared with the Ctrl + I/R group, the
HR, MAP, and RPP of diabetic rats were decreased following
MI/R (Table 2). Interestingly, following I/R stimulation, the
infarct size (Figure 1(a)), CK-MB (Figure 1(b)), and LDH
release (Figure 1(c)) in diabetic rats were substantially
increased compared with those in nondiabetic rats. We next
confirmed MI/R injury by TEM. As shown in Figure 1(d),
compared with the control rats, the diabetic rats exhibited
severe damage of the left ventricular ultrastructure and
interstitial cardiac fibrosis. Meanwhile, the diabetic rats

subjected to MI/R showed more severe myofibril dysfunc-
tion, swollen mitochondria, and sarcoplasmic reticulum
expansion compared to control rats subjected to MI/R
(Figure 1(d)). These results indicated that the MI/R injury
was significantly exacerbated in diabetic rats compared with
that in nondiabetic rats.

3.2. The Exacerbated MI/R Injury in Diabetic Rats Was
Associated with Increased Activation of the NLRP3
Inflammasome and Upregulated Expression of Caspase-1
and IL-1β. The NLRP3 inflammasome has been reported to
play a novel role in MI/R injury and also participates in pyr-
optosis [26, 40]. Activated caspase-1 indicates the presence of
pyroptosis, and IL-1β is an early mediator for the proinflam-
matory response in I/R injury [13]. We therefore measured
NLRP3 inflammasome, caspase-1, and IL-1β expression
in diabetic rats subjected to MI/R injury. As shown in
Figure 2, compared with the nondiabetic rats, the diabetic
rats exhibited increased level of the NLRP3 inflammasome,
ASC, and procaspase-1 and higher expression of activated
caspase-1 (p10) and IL-1β proteins. When the rats were
subjected to MI/R, NLRP3 (Figure 2(a) and Figure 2(b)),
ASC (Figure 2(c)), and procaspase-1 (Figure 2(a) and
Figure 2(d)) were further increased, as well as activated
caspase-1 (Figure 2(d)) and mature IL-1β (Figure 2(e)), in
both the diabetic and nondiabetic groups. Additionally,
compared to the nondiabetic rats, diabetic rats showed sig-
nificant increases in NLRP3, ASC, procaspase-1, activated
caspase-1, and IL-1β following MI/R (Figure 2). These
results indicated that the levels of the NLRP3 inflamma-
some, activated caspase-1, and the inflammatory cytokine
IL-1β were increased in diabetic conditions. Following
MI/R insult, activation of the NLRP3 inflammasome was
increased to induce the activity of caspase-1 and the
release of IL-1β, which mediated pyroptosis to exacerbate
the MI/R injury, in diabetic rats compared with that in
nondiabetic rats.

3.3. The Inflammasome Inhibitor BAY11-7082 Attenuated
MI/R Injury and Decreased Pyroptotic Cell Death by
Inhibiting Activation of the NLRP3 Inflammasome and
Expression of Caspase-1 and IL-1β in Diabetic Rats. To deter-
mine whether downregulation of NLRP3 reduces the MI/R
injury, we next treated the rats with the inflammasome inhib-
itor BAY11-7082. As shown in Figure 3, BAY11-7028
reduced the myocardial infract size (Figure 3(a)) and signifi-
cantly decreased the levels of CK-MB (Figure 3(b)) in control
and diabetic rats subjected to MI/R. As shown in Table 2, the
HR, MAP, and RPP were increased in BAY11-7082-treated

Table 1: Characteristics of control and diabetic rats after 8 weeks.

Ctrl DM

Body weight (g) 380.0± 22.0 189.5± 46.5∗∗

Glucose (mmol/L) 5.2± 1.4 25.9± 6.4∗∗

Heart weight (g) 1.58± 0.12 0.84± 0.09∗∗

Data are expressed as the mean ± SD. n = 8. ∗∗P < 0 01 versus Ctrl 8 weeks
after STZ injection.
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groups compared with the non-BAY11-7082 groups. Briefly,
there was a significant difference in the RPP between the
Ctrl + I/R and Ctrl + I/R+BAY11-7082 groups. Compared
with those in the DM+ I/R group, the HR and RPP were
significantly decreased in the DM+ I/R+BAY11-7082
group. In addition, the inflammasome BAY11-7082 inhibitor
significantly inhibited NLRP3 inflammasome activation in

diabetic rats with MI/R as shown by the decreased expression
of NLRP3 (Figure 3(c)), ASC (Figure 3(d)), and procaspase-1
(Figure 3(e)). The expressions of caspase-1 p10 (Figure 3(e))
and IL-1β production (Figure 3(f)) were also substantially
decreased by the inflammasome inhibitor. These results indi-
cated that BAY11-7082 could ameliorate MI/R injury by
reducing the NLRP3 inflammasome activation and inhibiting
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Figure 1: Diabetes aggravated the degree of MI/R injury in rats. The infarct size was detected by TTC staining (a). The levels of CK-MB and
LDH release were determined by enzyme activity assay kits ((b) and (c)). The ultrastructural changes of rat hearts were detected by TEM (d):
normal myofibrils (MF); normal mitochondria (MT); normal Z-lines (Z); disorganized myofibrils (△); swollen mitochondria (∗); expanded
sarcoplasmic reticulum (←); disappearance of the Z-line (▶); and dissolved muscle cell membrane (←). Data are expressed as the mean± SD.
n = 6. ∗∗P < 0 01 versus sham; #P < 0 05 and ##P < 0 01 versus Ctrl + IR.
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caspase-1-dependent pyroptosis and inflammatory reactions
in diabetic rats.

3.4. H/R Stimulated NLRP3 Inflammasome Activation to
Induce Cell Injury and Pyroptosis in Cultured H9C2 Cells in
HG Conditions. Compared with the LG group, HG signifi-
cantly increased the activation of caspase-1 (Figure 4(a)) in
cultured H9C2 cells from 6h to 48 h. After 24h of exposure
to HG, the activation of caspase-1 peaked compared with
that of the LG control. Thus, we chose 24h as the HG stimu-
lation time in the subsequent experiments.

As shown in Figure 4(b), compared with the LG group,
the HG group showed significantly decreased cell viability,
which was further reduced by H/R stimulation. The LDH
release (Figure 4(c)), caspase-1 activity (Figure 4(d)), and cell
supernatant IL-1β (Figure 4(e)) level were increased in HG
and significantly increased by H/R stimulation. However,
when the caspase-1 inhibitor Ac-YVAD-CMK was used,
the cell viability was significantly increased and reversed the
cell injury induced by HG and H/R. In addition, the HG
and H/R-increased LDH level, caspase-1 activity, and IL-1β
level were significantly reversed by the caspase-1 inhibitor
Ac-YVAD-CMK. We next measured caspase-1 activity using
a caspase-1 activity assay kit and pyroptosis by calcein-
AM/PI staining, which was used to test the form of cell death
especially as the characteristic detection method of pyrop-
tosis in the living and dead cells [41]. For pyroptosis by
calcein-AM/PI staining, as shown in Figure 4(f), HG and
H/R significantly induced pyroptotic cell death compared
with LG conditions and further increased by H/R stimula-
tion. Treatment with caspase-1 inhibitor Ac-YVAD-CMK
evidently suppressed the pyroptotic cell death.

To evaluate the roles of the NLRP3 inflammasome
and pyroptosis in cells exposed to HG and H/R stimula-
tion, we next measured the NLRP3 inflammasome and

pyroptosis-related proteins. The results demonstrated that
HG conditions could significantly increase the expression
of NLRP3 (Figure 5(a)), ASC (Figure 5(b)), procaspase-1
and caspase-1 (Figure 5(c)), and IL-1β (Figure 5(d)), and
these alterations were further increased by H/R stimulation.
Activation of the NLRP3 inflammasome was further
increased in H9C2 cells in HG and H/R conditions compared
with that in LG and H/R conditions. Increases in pyroptotic
cell death proteins were detected in H9C2 cells in HG and
H/R conditions as shown by the increased caspase-1 activity
and IL-1β level. All these results demonstrated that NLRP3
inflammasome-induced pyroptosis and inflammatory reac-
tions were activated in cultured H9C2 cells by H/R stimula-
tion and further increased by HG conditions.

3.5. The Inflammasome Inhibitor Attenuated Cell Injury and
Cell Pyroptotic Death in Cultured H9C2 Cells Exposed to HG
and H/R Conditions by Decreasing the Activation of the
NLRP3 Inflammasome, Activated Caspase-1, and IL-1β. To
investigate the effects of NLRP3 inflammasome on HG and
H/R-induced pyroptotic cell death in H9C2 cells, we treated
the cells with the inflammasome inhibitor BAY11-7082. As
shown in Figure 6(a) and Figure 6(b), BAY11-7082 signifi-
cantly increased cell viability and decreased LDH release in
H9C2 cells exposed to HG and H/R insult and attenuated
pyroptotic cell death (Figure 6(c)). As shown in Figure 6(d),
ROS production was significantly decreased by the BAY11-
7082 inhibitor in cultured H9C2 cells exposed to H/R insult.

As shown in Figure 7, the inflammasome inhibitor sig-
nificantly inhibited NLRP3 inflammasome activation and
the expression of executors of pyroptosis compared to that
of the control groups (I/R without inhibitor). The decreased
NLRP3 inflammasome activation was measured by decreased
expression of NLRP3 (Figure 7(a)), ASC (Figure 7(b)),
and procaspase-1 (Figure 7(c)). The levels of caspase-1

Table 2: The hemodynamic measurements after MI/R in Ctrl and DM rats.

Parameters Group Baseline Is0 Is30 Rep30 Rep120

HR (bpm)

Ctrl + I/R 325.5± 19.8 305.2± 17.3∗∗ 289.7± 13.1∗∗ 289.3± 17.3∗∗ 277.1± 10.6∗∗

Ctrl + I/R +BAY 312.7± 16.8 277.3± 21.3∗∗ 277.7± 13.9∗ 283.3± 15.7∗ 285.0± 14.6
DM+ I/R 303.5± 27.0&& 246.2± 22.3∗∗&& 237.3± 17.4∗∗&& 239.5± 27.7∗∗&& 250.5± 32.2∗∗&&

DM+ I/R +BAY 307.2± 8.8 252.2± 13.6∗∗ 262.2± 8.4∗∗ 275.7± 10.2∗∗$$ 282.3± 9.4$$

MAP (mmHg)

Ctrl + I/R 99.7± 10.2 70.5± 10.8∗∗ 77.7± 9.2∗ 76.7± 9.2∗ 73.5± 11.8∗∗

Ctrl + I/R +BAY 87.7± 10.7 61.5± 11.0∗∗ 65.7± 5.3∗∗ 72.3± 6.3∗ 76.5± 4.4
DM+ I/R 91.5± 3.7 74.5± 12.8∗∗ 75± 5.4∗∗ 72.3± 5.9∗∗ 63.7± 6.9∗∗

DM+ I/R +BAY 92.2± 2.8 69.0± 5.3∗∗ 75.7± 8.4∗∗ 76.5± 6.9∗ 81.3± 9.6$

RPP (min. mmHg 103)

Ctrl + I/R 34.7± 5.4 24.5± 3.6∗∗ 25.7± 4.6∗ 25.4± 6.4∗ 22.4± 4.3∗∗

Ctrl + I/R +BAY 29.5± 5.5 18.3± 2.5∗∗## 20.0± 2.4∗∗## 21.7± 2.3∗∗ 22.6± 2.6∗

DM+ I/R 28.9± 4.3& 19.8± 3.4∗∗& 18.8± 1.6∗∗&& 19.0± 2.3∗∗&& 17.1± 2.6∗∗

DM+ I/R +BAY 29.6± 1.9 18.4± 0.9∗∗ 20.6 + 2.4∗∗ 24.3± 2.1∗∗ 24.0± 3.0∗$$

The data are expressed as the mean ± SD. n = 6. ∗P < 0 05 and ∗∗P < 0 01 versus respective baseline; ##P < 0 01 versus the control I/R group; &P < 0 05
and &&P < 0 01 versus the control I/R group; $P < 0 05 and $$P < 0 01 versus the DM+ I/R group. Ctrl + I/R and DM+ I/R: nondiabetic and diabetic rats
were subjected to 30min ischemia followed by 2 h reperfusion. Ctrl + I/R + BAY and DM+ I/R + BAY: nondiabetic and diabetic rats were subjected to
30min ischemia followed by 2 h reperfusion and were, respectively, given the inflammasome inhibitor BAY11-7082 10min before reperfusion by
intraperitoneal injection.
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(Figure 7(c)) and mature IL-1β (Figure 7(d)) were also sig-
nificantly downregulated in the inflammasome inhibitor-
treated groups. These results showed that inhibition of
the NLRP3 inflammasome by BAY11-7082 inhibitor can

alleviate H/R-induced pyroptotic cell injury by decreasing
NLRP3 expression and NLRP3 inflammasome activation
and leading to reduced caspase-1 and IL-1β in both LG
and HG conditions.
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Figure 2: The activation of the NLRP3 inflammasome and expression of caspase-1 and IL-1βwere increased in diabetic rats after MI/R insult.
NLRP3 and caspase-1 expression in heart tissues were examined by immunohistochemistry (a). The expression of NLRP3 (b), ASC (c),
procaspase-1 and caspase-1 (d), and IL-1β (e) were analyzed by Western blot. Data are expressed as the mean± SD. n = 8. ∗∗P < 0 01
versus sham; #P < 0 05 versus Ctrl + sham; and ##P < 0 01 versus Ctrl + I/R.
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Figure 3: The inflammasome inhibitor reduced the myocardial infarct size and decreased activation of the NLRP3 inflammasome, IL-1β, and
caspase-1 (p10) in nondiabetic and diabetic rats after MI/R. The infarct size was detected by TTC staining (a). The CK-MB activities were
determined by enzyme activity assay kits (b). The expression of NLRP3 (c), ASC (d), procaspase-1 and caspase-1 (e), and IL-1β (f) was
analyzed by Western blot as shown. Data are expressed as the mean± SD. n = 6 to 8. ∗∗P < 0 01 versus IR.
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Figure 4: HG and H/R stimulate caspase-1 activation and pyroptosis in cultured H9C2 cells. The expression of caspase-1 (p10) was analyzed
byWestern blot (a). Cell viability was detected by CCK-8 assay (b). The LDH release was detected by activity assays (c). Caspase-1 activity was
determined by caspase-1 activity assay (d). IL-1β content was measured by using ELISA kits (e). Calcein-AM/PI staining was used for the cell
death assay; green indicates living cells, and red indicates dead cells (f). Data are expressed as the mean± SD. n = 5 per group. ∗P < 0 05 and
∗∗P < 0 01 versus LG; ▲P < 0 01 and &&P < 0 01 versus HG; ##P < 0 01 versus LG+H/R; and ◆◆P < 0 01 versus HG+H/R.
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3.6. ROS Mediated Cell Injury and Cell Pyroptotic Death in
Cultured H9C2 Cells Exposed to HG and H/R Conditions
via NLRP3 Inflammasome Activation, and the ROS
Scavenger NAC Ameliorated HG and H/R-Induced Cell
Injury by Inhibiting NLRP3 Inflammasome Activation and

Decreasing Pyroptosis. ROS have been reported to play an
important role in MI/R injury by triggering inflammatory
reactions. To investigate the role of ROS in NLRP3 activation
and cell death induced by H/R with or without HG, we used
the ROS scavenger NAC to inhibit the production of ROS in
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Figure 5: Protein expression in HG and H/R conditions. Western blotting for NLRP3 (a), ASC (b), procaspase-1 and caspase-1 (p10) (c), and
IL-1β (d) in H9C2 cells. Data are expressed as the mean± SD. n = 5 per group. ∗∗P < 0 01 versus N; #P < 0 01 versus LG; and ##P < 0 01 versus
LG+H/R.
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H9C2 cells. Cell injury was significantly reversed by NAC
treatment in cultured H9C2 cells exposed to H/R stimula-
tion, as evidenced by decreased LDH activity, increased
cell viability (Figure 6(a) and Figure 6(b)) and reduced
pyroptosis (Figure 6(c)). As shown in Figure 6(d), ROS

production was significantly increased by H/R stimulation
in both LG and HG conditions. Meanwhile, NAC treat-
ment significantly decreased the production of ROS to
alleviate the pyroptotic cell death induced by HG and H/R.
These results showed that inhibited production of ROS
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Figure 6: The inflammasome inhibitor and ROS scavenger NAC reduced the inflammasome levels and cell death induced by HG and H/R
conditions. The cell viability (a) and the LDH release (b) were assessed. Calcein-AM/PI was used to detect pyroptosis (c). DCFH-DA assay
was used to assess cellular ROS production (d). Data are expressed as the mean± SD. n = 5 per group. ∗P < 0 05 and ∗∗P < 0 01 versus
LG+H/R; #P < 0 05 and ##P < 0 01 versus HG+H/R.
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could alleviate the H/R-induced cell injury in both LG and
HG conditions.

Moreover, the ROS scavenger NAC inhibited NLRP3
inflammasome activation, indicated by the decreased
expression of NLRP3 (Figure 7(a)), ASC (Figure 7(b)),
and procaspase-1 (Figure 7(c)) induced by HG and H/R
(Figure 7). Caspase-1 (Figure 7(c)) and mature IL-1β
(Figure 7(d)) expressions were significantly downregulated
in the NAC inhibitor-treated groups. These results showed
that the ROS scavenger NAC can alleviate H/R-induced cell
injury by decreasing NLRP3 inflammasome activation,
reducing activated caspase-1-induced pyroptotic cell death
and IL-1β levels in both LG and HG conditions.

4. Discussion

In the present study, we first demonstrated that pyroptosis
induced by ROS-mediated NLRP3 inflammasome activation
plays an important role in inflammatory responses and MI/R
injury in diabetic rats, and inhibition of NLRP3 inflamma-
some activation decreased MI/R injury in diabetic rats and
H/R injury in HG condition H9C2 cells. Our results indi-
cated that both the activation of the NLRP3 inflammasome,
including NLRP3, ASC, and procaspase-1, and pyroptosis-
related factors as activated caspase-1 (p10) and IL-1β were
increased in diabetic rats. Moreover, when the diabetic rats
underwent MI/R, NLRP3 inflammasome, activated caspase-
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Figure 7: The ROS scavenger inhibited the activation of NLRP3 inflammasomes in H9C2 cells exposed to H/R injury. The expression levels of
NLRP3 (a), ASC (b), procaspase-1 and caspase-1 (p10) (c), and IL-1β (d) were detected byWestern blot. Data are expressed as the mean± SD.
n = 5 per group. ∗P < 0 05 and ∗∗P < 0 01 versus LG+H/R; #P < 0 05 and ##P < 0 01 versus HG+H/R.
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1, and IL-1β showed further increases along with increased
infarct size and exacerbated injury. These results suggested
that the NLRP3-induced proinflammatory programmed cell
death is an initial response in MI/R injury in diabetes. The
inflammasome inhibitor BAY11-7082 attenuated the infarct
size and injury in diabetes and nondiabetes after MI/R by
decreasing NLRP3 inflammatory activation, as evidenced by
decreased expression of the NLRP3 inflammasome (NLRP3,
procaspase-1, and ASC protein complexes), and downregu-
lated the expression of caspase-1 (p10) and cytokine IL-1β.
In vitro, NLRP3 inflammasome activation was increased in
HG conditions and after H/R stimulation. Following the H/
R insult, pyroptotic cell death was aggravated in HG condi-
tions, consistent with the higher expression of NLRP3,
ASC, and procaspase-1 and increased activation of caspase-
1 and IL-1β compared with those of control glucose condi-
tions. The pyroptotic cell injury induced by HG and H/R
was relieved by caspase-1 inhibitor AC-YVAD-CMK. Similar
to in vivo experiments, H9C2 cells underwent H/R and were
treated with the inflammasome inhibitor BAY11-7082 and
NAC, which inhibited the production of ROS and blocked
activation of the NLRP3 inflammasome to ameliorate the
H/R injury in LG and HG conditions. These results suggest
that NLRP3 inflammasome activation and NLRP3-induced
caspase-1-dependent pyroptotic cell death and inflammatory
responses are novel mechanisms of MI/R injury in diabetes
and indicate that NLRP3 inflammasome-induced pyroptosis
is a potential novel therapeutic target for MI/R injury
in diabetes.

Clinical and experimental studies have demonstrated
that diabetic hearts are more sensitive to I/R injury [42, 43].
Diabetes mellitus can exacerbate MI/R injury and is resistant
to various therapeutic methods [44]. In diabetes, enhanced
oxidative stress induced by hyperglycaemia, hyperlipidaemia,
hyperinsulinaemia, and insulin resistance contributes to
mitochondrial dysfunction and leads to excessive cytokine
generation in the diabetic myocardium; thus, diabetes cannot
readily adapt to MI/R. Diabetes can lead to excessive produc-
tion of ROS, and when MI/R occurs, ion channel opening
(such as K+ efflux) increases the production of ROS to induce
inflammatory cascades. In our present study, we used STZ to
generate type 1 diabetic animal models. At 8 weeks, we found
that the myocardium pathological damage accompanied by
inflammatory responses was increased in diabetic rats com-
pared with that of nondiabetic rats. After MI/R, the diabetic
rats showed exacerbation of MI/R injury and more severe
impairment of myocardial function compared with the non-
diabetic rats, along with increased myocardial infarct size and
higher levels of LDH and CK-MB. These findings empha-
sized that diabetes can aggravate MI/R injury, consistent with
the results of previous studies [34, 35, 43].

MI/R injury is characterized by increased cytokines,
chemokines, and excessive leukocytes in the damaged
myocardial region [45]. Studies have confirmed that during
diabetic MI/R, excess oxidative stress can induce apoptosis,
necrosis, and inflammatory reactions in cardiac cells as the
mechanisms of MI/R injury [46–48]. When MI/R occurs,
activated damage signaling pathways promote cell survival
by diminishing injury and substantially inhibiting leukocytes

or inflammatory mediators to reduce MI/R injury [49].
Therefore, inflammation plays a critical role in the patho-
physiology of MI/R injury. As the mediator for inflammatory
responses, the NLRP3 inflammasome is the most extensively
characterized inflammasome and has been associated with
many nonbiological danger signals, including glucose, ROS,
and crystallisation, which induce a nonbacterial inflamma-
tory response [28, 50, 51]. These proinflammatory cytokines
activate an inflammatory cascade that results in the recruit-
ment of innate immune cells and can also determine the
character of the subsequent adaptive immune response.
NLRP3 is characterized by its N-terminal PYD, which
recruits the adaptor molecule ASC through PYD-PYD
interactions, facilitating the recruitment of procaspase-1
to form the NLRP3 inflammasome complex [52]. NLRP3
inflammasomes were found to cleave the procaspase-1 to
active caspase-1, which then led to processing and matura-
tion of the inflammatory cytokine IL-1β. IL-1β is an early
mediator of MI/R injury and an inflammasome-associated
and pyroptosis-related signaling molecule. In the present
study, we found that diabetic state increased NLRP3 inflam-
masome activation and further increased the expression of
caspase-1 and IL-1β production. When the diabetic rats
experienced MI/R, we discovered that both the NLRP3
inflammasome activation and pyroptosis-related signaling
molecules, including caspase-1 and IL-1β, were substantially
increased compared with that in nondiabetic rats. In addi-
tion, the in vitro study showed similarly increased activation
of the NLRP3 inflammasome, caspase-1, and IL-1β in H9C2
cells in HG conditions and aggravated H/R injury. These
results provided further evidence that the inflammatory reac-
tion mediated by the NLRP3 inflammasome plays a key role
in the pathogenesis of MI/R injury in diabetic rats and that
caspase-1 and mature IL-1β activated by the NLRP3 inflam-
masome are important signaling pathways for MI/R injury.

Necrosis, apoptosis, and other programmed cell death
pathways are involved in a variety of diseases. Recent studies
have shown that there are many other forms of cell death,
including pyroptosis. Pyroptosis is a proinflammatory form
of lytic cell death and is initiated by the activation of inflam-
matory caspases, as a critical mechanism for the host
response to pathogens and endogenous injury [53]. In
contrast to other cell death methods, pyroptosis has unique
features, including programming by inflammatory caspase
activation-active caspase-1, membrane pore formation, and
leakage of intracellular contents [53, 54]. Pyroptosis can
result in inflammatory cytokine release and shares some
features with apoptosis (including DNA fragmentation and
nuclear condensation) and necrosis (such as loss of plasma
membrane integrity and release of intracellular contents,
such as LDH) [55]. Caspase-1 is activated by large multipro-
tein complexes-inflammasomes, which regulate both pyrop-
tosis and the maturation and secretion of proinflammatory
IL-1β as a key substrate of caspase-1 [56]. Inflammasomes
can induce caspase-1-independent pyroptosis in multiorgan
diseases and pathological injury [7, 57, 58]. Studies have
shown that pyroptosis as a new way of cell death is closely
related to the development of a variety of diseases and tissue
damage [53]. Studies have indicated that hyperglycaemia
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increased the production of ROS to activate caspase-1 and
trigger the caspase-1-dependent pyroptotic cell death, sug-
gesting that pyroptosis mediates important pathological
changes in diabetic cardiomyopathy [24, 29]. In the present
study, we found typical characteristics of pyroptosis in the
diabetic myocardium and myocardial tissue after MI/R in
diabetic models, including increased expression of activated
caspase-1, IL-1β production following activation of the
NLRP3 inflammasome, cytoplasmic swelling, and LDH
release, which aggravated MI/R injury in diabetic rats. These
results suggested that pyroptosis plays a significant role in the
pathogenesis of diabetic myocardium andMI/R injury in dia-
betes. In vitro, detection of caspase 1 activity, cell supernatant
IL-1β level, and calcein-AM/PI double staining was used in
combination with an LDH release assay to detect and quan-
tify pyroptosis. We used HG and H/R to stimulate H9C2 car-
diomyocytes, and the results that HG and H/R significantly
increased caspase 1 activity, IL-1β level and pyroptotic cell
death with increasing LDH release further confirmed that
pyroptosis is involved and aggravated H/R injury of H9C2
cardiomyocytes in HG conditions. These data suggested that
the caspase-1-dependent pyroptosis induced by NLRP3 acti-
vation contributed to diabetic myocardium and aggravated
MI/R injury in diabetes.

NLRP3, ASC, and procaspase-1 forming the NLRP3
inflammasome complex were found to cleave the
procaspase-1 to active caspase-1, which then leaded to pro-
cessing and maturation of the inflammatory cytokine IL-1β
that induced pyroptosis. In our current study, in vivo, a con-
nection between the expression of NLRP3 and activated
caspase-1 in pyroptotic cell death was observed in MI/R
injury of diabetic or nondiabetic rats. Diabetic rats showed
more severe injury compared with nondiabetic rats following
MI/R insult. These findings indicate that the caspase-1 sig-
naling pathway-induced pyroptosis mediated by NLRP3 acti-
vation plays a significant role in MI/R injury with diabetes,
which was confirmed by the in vitro study. We reconfirmed
that NLRP3 inflammasome activation-mediated pyroptosis
aggravated MI/R injury in diabetes. BAY11-7082 is an
inflammasome inhibitor, and studies have reported that
BAY11-7082 could well inhibit NLRP3 inflammasome acti-
vation and decrease the MI/R injury in rat MI/R injury model
[31, 37]. Studies have reported that treatment with BAY11-
7082 could inhibit NLRP3 inflammasome activation, which
indicated that BAY11-7082 was a potent inhibitor of the
NLRP3 inflammasome independent of their inhibitory effect
on the NF-κB pathway, and BAY11-7082 might represent an
interesting approach for the management of psoriasis-like
dermatitis depending on the dual inhibition of NF-κB and
NLRP3 [59, 60]. In our study, we used BAY-11-7082 to
inhibit the NLRP3 inflammasome activation. Our results
indicated that BAY-11-7082 could inhibit NLRP3 inflamma-
some activation to inhibit caspase-1-dependent pyroptosis
and the inflammatory response, thus alleviating MI/R injury
in diabetic rats and H/R injury in HG condition H9C2 cells.
With the treatment of BAY11-7082, the myocardial infract
size and MI/R injury were significantly decreased in rat MI/
R experiments and the cell viability was significantly
increased with caspase-1 activity and LDH release level

significantly decreased in H9C2 cells exposed to HG and
H/R insult 7 and attenuated the pyroptotic cell death.
Results showed that the expression levels of NLRP3,
ASC, and procaspase-1 were significantly decreased, and
the expressions of caspase-1 p10 and IL-1β were also
downregulated both in vivo and in vitro experiments.
These results indicated that BAY11-7082 has been shown
to inhibit NLRP3 inflammasome activation to decrease
caspase-1-dependent pyroptosis that markedly attenuated
MI/R injury in diabetes.

Many activators of the NLRP3 inflammasome have
already been identified; studies show that generated by
NLRP3 activators, ROS acts as second messengers whose sig-
naling drives inflammasome activation [15–17]. ROS have
been shown to activate the inflammasome in MI/R injury
[33, 36], ROS generation has been identified as an important
mechanism by which NLRP3 inflammasome is activated, and
NLRP3 activation was blocked by ROS scavengers [36]. Oxi-
dative stress-mediated NLRP3 activation results in interac-
tion with ASC and caspase-1 to mediate pyroptosis [32]. In
the present study, we found that the activation of NLRP3
inflammasome significantly increased in a ROS-dependent
manner to induce pyroptotic cell death during MI/R injury
in diabetes. Inhibition of the NLRP3 inflammasome by
BAY11-7082 significantly suppressed NLRP3 expression
and decreased the activation of the NLRP3 inflammasome.
These changes reduced the expression of activated caspase-
1 and IL-1β in diabetes with MI/R, along with a decrease in
ROS production. Moreover, we next explored the relation-
ship between ROS and the NLRP3 inflammasome activation
in H/R injury in vitro. As a ROS scavenger, NAC was used to
inhibit the production of ROS in H9C2 cells cultured in LG
or HG conditions with H/R stimulation. We found that
NAC inhibited the activation of NLRP3 inflammasomes to
alleviate cell injury in cardiomyocytes after H/R injury in
both LG and HG conditions. Our results indicated that
ROS is a novel activator for NLRP3 inflammasomes, which
induce caspase-1-dependent pyroptosis in diabetic MI/R
injury. Moreover, caspase-1-dependent pyroptosis induced
by ROS-mediated NLRP3 inflammasome activation is an
important factor for the diabetes-associated increased sensi-
tivity to MI/R and exacerbated MI/R injury.

To the best of our knowledge, our research demonstrated
for the first time that ROS-mediated NLRP3 inflammasome
activation induced both pyroptosis and inflammation in
diabetic MI/R injury. Targeting the NLRP3 inflammasome
and pyroptosis may represent a novel strategy to decrease
MI/R tissue injury. However, this study has several limita-
tions that need further exploration. This study only inves-
tigated the role of BAY11-7082, as the inhibitor of the
NLRP3 inflammasome, to investigate the effects of NLRP3
inflammasome activation in MI/R injury. Thus, further
studies are needed to investigate the effects of other spe-
cific inflammatory inhibitors and NLRP3 gene knockout
or silencing in MI/R injury in diabetic rats to verify the
specific effects of NRLP3-inflammasome. Further investi-
gation into the upstream signaling pathways for NLRP3
inflammasome-induced pyroptosis in diabetic MI/R injury
is also the next direction.
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5. Conclusion

In summary, our present study demonstrated that pyroptotic
cell death induced by ROS-mediated NLRP3 inflammasome
activation via caspase-1 activation signaling pathways may
play an important role in MI/R injury in diabetic rats, and
an inflammasome inhibitor or ROS scavenger (NAC) can
attenuate diabetic MI/R injury. Inhibition of NLRP3 inflam-
masome activation to reduce pyroptosis may be a new
strategy to mitigate MI/R injury. Further studies exploring
the specific signaling pathways of NLRP3 inflammasome
mediated-pyroptotic cell death in the development of dia-
betic MI/R injury are needed to confirm this hypothesis.
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The calcium-sensing receptors (CaSRs) play an important role in many tissues and organs that are involved in inflammatory
reactions. Peripheral blood polymorphonuclear neutrophils (PMNs) are important inflammatory cells. However, the expression
and functions of CaSR in peripheral blood PMNs are still not reported. In this study, we collected rat peripheral blood PMNs to
observe the relationship between CaSR and PMNs. From the results, we found first that the CaSR protein was expressed in
PMNs, and it increased after PMNs were activated with fMLP. In addition, CaSR activator cincalcet promoted the expression of
CaSR and P-p65 (NF-κB signaling pathway protein) and Bcl-xl (antiapoptosis protein), and it increased the secretion of
interleukin-6 (IL-6) and myeloperoxidase (MPO); meanwhile, it decreased proapoptosis protein Bax expression and the
production of IL-10 and reactive oxygen species (ROS). At the same time, cincalcet also decreased the PMN apoptosis rate
analyzed by flow cytometry. However, CaSR inhibitor NPS-2143 and NF-κB signaling pathway inhibitor PDTC reverse the
results cited earlier. All of these results indicated that CaSR can regulate PMN functions and status to play a role in
inflammation, which is probably through the NF-κB signaling pathway.

1. Introduction

Peripheral blood polymorphonuclear neutrophils (PMNs)
are the main inflammatory cells in the circulatory system.
When inflammation occurs, PMNs are activated and
recruited into the diseased lesion and they secrete a variety
of enzymes, cytokines, or reactive oxygen species (ROS) to
stimulate the body’s response against many pathogens [1].
Certainly, excessive inflammation reactions can also result
in damage. In some inflammation diseases, such as vasculitis,
arthritis, and AMI (acute myocardial infarction), PMNs may
infiltrate into tissues and are inappropriately activated [2, 3].
So, the PMNs’ function should be activated both properly
and correctly.

Chèvre et al. suggested that in the atherosclerosis process,
PMNs were activated and recruited in the early stage of dis-
ease and they caused an inflammatory response by capturing
platelets in live mice [4]. In acute lung injury, the continued
and uncontrolled inflammatory response results in PMN

infiltration into the alveolar and pulmonary edema, thereby
damaging the respiratory function. And reducing the quan-
tity and infiltration of activated PMNs was beneficial to
acute lung injury [5]. Evidence about PMNs’ role in dis-
eases has been mentioned in some research. Carbone
et al. have reported that neutrophils infiltrated coronary
plaques and the infarcted myocardium and mediated tissue
damage by releasing matrix-degrading enzymes and reac-
tive oxygen species. In addition, neutrophils were also
involved in adverse cardiac remodeling postinfarction and
neointima formation after angioplasty [6, 7]. PMNs can
be activated by some factors, including pathogens and N-
formyl-Met-Leu-Phe (fMLP), PAF, and PMA [8]. These
materials can play a part in the PMNs’ function by many
kinds of pathways; among them, the NF-κB signaling path-
way is well known for regulating cell apoptosis and inflam-
mation. Our research group has found that the NF-κB and
MAPK signaling pathways were involved in the T lympho-
cyte apoptosis and the secretion of TNF-α and IL-4, all of
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which were regulated by the calcium-sensing receptor
(CaSR) [9].

CaSR belongs to a family C of G protein-coupled receptor
(GPCR), and it can maintain calcium homeostasis by sensing
extracellular Ca2+ concentration changes [10, 11]. The
expression and functions of CaSR have been reported in
many cells and tissues, including parathyroid gland, gastroin-
testinal tract, and heart. Lee et al. reported that CaSR could
regulate the immunological reaction by controlling the NLR
family pyrin domain containing 3 (NLRP3) in macrophages
[12]. And, in monocytes, CaSR and G protein-coupled recep-
tors 6A could be activated by extracellular calcium, leading to
NLRP3 inflammatory reaction activation [13]. Our group
also found that the CaSR in T lymphocytes could influence
the AMI onset and progression through the NF-κB signaling
pathway [14].

PMNs constitute the most important cellular component
in the circulating leucocytes and have a strong killing effect
and the highest cytotoxic capacity. An understanding of
how to regulate the functions of PMNs and to maintain
inflammatory responses at an appropriate level is pivotal
for some diseases. However, the expression and functions
of CaSR in PMNs and whether CaSR can mediate inflamma-
tory reactions caused by the PMNs are still not reported. In
this study, we sought to solve these problems.

2. Materials and Methods

2.1. Materials. Anti-CaSR-Ab was purchased from NOVUS
(Colorado, USA). Anti-P-65-Ab and anti-P-p65-Ab were
from Cell Signaling Technology (Boston, USA). Histopa-
que1083, Histopaque1119, and fMLP were from Sigma
(Darmstadt, Germany). NPS-2143, cincalcet, and PDTC
were purchased from MCE (New Jersey, USA). Rat IL-6
ELISA kit was from Elabscience (Wuhan, China), rat MPO
ELISA kit was from USCN (Wuhan, China), and rat IL-10
was from CUSABIO (Wuhan, China). DHE-ROS kit was
from BestBio (Shanghai, China), and NO assay kit was from
Beyotime (Shanghai, China).

2.2. PMN Isolation. The EDTA-anticoagulated whole blood
from adult Wistar rats (200 g–250 g) was collected, and it
was then mixed with dextran t-500 (1% v/w) for 30min at
37°C. The upper leukocyte-rich layer was transferred to a
new tube and centrifuged at 2000g for 20min at 20°C. Pellets
were suspended in 2ml salt solution balanced by D-Hanks;
then, they were loaded on the top of the 2ml Histopaque1119
and Histopaque1083 density gradient carefully and centri-
fuged at 700g for 30min at 20°C. The cells were collected in
the PMN-rich layer between Histopaque1083 and Histopa-
que1119 and were suspended in D-Hanks. The viability of
the cells was determined by Trypan blue dye exclusion. The
purity of isolated PMNs was detected by Wright Giemsa
staining. PMNs’ viability and purity were more than 95%.

2.3. Western Blotting Analysis. The PMNs were collected and
lysed on ice with protein lysate containing phenylmethylsul-
phonyl fluoride (PMSF) and phosphatase STOP for 40min.
The protein concentration was determined by using the

Brad-ford protein assay with BSA as standard. Total proteins
(20μg) were subjected to 10% SDS-PAGE and blotted onto
polyvinylidene fluoride membrane at 20V for 30min. After
being blocked in TBS-T containing 5% (w/v) skimmed milk
at 37°C for 1 h, the membranes were then incubated over-
night at 4°C with various antibody: anti-CaSR (1 : 300),
anti-Bcl-xl (1 : 1000), anti-Bax (1 : 1000), anti-p65 (1 : 1000),
and anti-P-p65(1 : 1000) respectively, and then incubated
with anti-IgG antibody conjugated with horseradish peroxi-
dase diluted 1 : 5000 in TBS-T for 1 h at room temperature.
Immune complexes were detected with goat anti-rabbit or
rabbit anti-mouse IgG combined with HRP. HRP activity
was detected by ECL reagent. Quantitative comparisons of
different proteins under different conditions were performed
using image J.

2.4. Cytokines and MPO Analysis by ELISA. The cytokines
and myeloperoxidase (MPO) levels in the medium of
cultured PMNs were tested by ELISA kit according to the
manufacturer’s instructions.

2.5. Apoptosis Detection by Flow Cytometry. The apoptotic
ratio was measured by flow cytometry as previous described
[13]. The D-Hanks-washed PMNs were incubated with 5μl
Annexin V-fluorescein isothiocyanate (FITC) for 15min at
room temperature in dark, and then, 5μl propidium iodide
(PI) staining was added. And, flow cytometry (BD LSRF
Ortessa, USA) was used to analyze the apoptosis.

2.6. Reactive Oxygen Species Assay. PMNs were stimulated by
fMLP and cultured with CaSR agonist cinacalcet, CaSR
inhibitor NPS-2143, and NF-κB pathway blocker PDTC at
37°C for 30min. Then, supernatant was collected and was
dyed with dihydroethidium (DHE) at 1 : 100. The fluorescent
intensity was viewed by fluorescence microscopy, and the
fluorescent concentration was measured by a fluorescence
microplate reader.

2.7. NO Production Analysis. NO production in PMNs was
assessed using NO assay kit following the manufacturer’s
instructions. Briefly, sodium nitrite (NaNO2) was used as a
standard curve. 50μl supernatant of cultured PMNs was
mixed with an equal volume of Griess reagent (1% sulfanil-
amide, 0.1% naphthylethylenediamine dihydrochloride, and
2.5% phosphoric acid) and incubated at room temperature
for 5min. The concentration of nitrite was measured by
reading at 570nm absorbance wavelength [15].

2.8. Data Statistical Analysis. All the data replicated at least
three times for each group. The values are presented as mean
with ±SEM. SNK post test was performed. Statistical signifi-
cance among group means was assessed by ANOVA. Differ-
ences were considered significant at p < 0 05.

3. Results

3.1. CaSR Protein Was Expressed in PMNs. The CaSR protein
with two relative molecular masses of 150 kDa and 130 kDa
was detected by using Western blotting in PMNs. The results
showed that the CaSR protein was expressed in PMNs, and
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its expression was increased after PMNs were stimulated by
fMLP, which is a kind of inflammation activator. And, CaSR
agonist cinacalcet significantly increased the expression of
CaSR on activation of PMNs, whereas CaSR inhibitor
NPS-2143 effectively decreased the expression of CaSR.
The NF-κB pathway inhibitor PDTC exhibited no obvious
change (Figure 1).

3.2. Detection of Bcl-xl and Bax Expression. Next, we wanted
to observe the role of CaSR in the PMNs. Bcl-xl is an antia-
poptotic protein, and Bax is a proapoptotic protein. From
the results, it can be found that Bcl-xl protein was increased
after PMNs were stimulated by fMLP, and CaSR agonist
cinacalcet further increased the expression. However, NPS-
2143 and PDTC inhibited Bcl-xl protein expression effec-
tively. Meanwhile, the opposite results were obtained about
Bax protein expression with the same treatment (Figure 2).

3.3. PMNs’ Apoptosis Rate Analysis. PMNs’ lifespan is short;
they are sacrificed soon after battling with pathogens. In
vitro, PMNs’ apoptosis also occurs in a short time. However,
we found that fMLP reduced the apoptosis rate, and CaSR
activation further decreased the apoptosis rate. On the con-
trary, NPS2143 and PDTC increased the apoptosis rate.

These indicated that CaSR can regulate PMNs’ survival state
(Figure 3).

3.4. Production of Cytokines. PMNs are involved in inflam-
matory responses in a variety of ways, such as secretion of
cytokines, adhesion of endothelial cells, and recruitment of
other immunological cells. Among them, cytokines exhibit
direct and strong effects. In our study, we found that produc-
tion of proinflammatory cytokine IL-6 was increased in the
fMLP group, and the CaSR activator further enhanced IL-6
secretion. And, the IL-6 concentration was reduced when
CaSR activation was inhibited. PDTC produced the same
effect as the NPS2134. On the other hand, the change trend
of anti-inflammatory cytokine IL-10 was opposite with IL-6
under the same conditions (Figure 4).

3.5. Production of ROS and MPO. PMNs can produce a series
of reactive oxygen species (ROS) that play a role during
metabolic processes. In our research, a fluorescent probe
was utilized to dye intracellular ROS in PMNs. Results
showed that the fluorescence intensity in PMNs activated
by fMLP increased slightly. NPS2134 and PDTC made the
intensity brighter. However, cinacalcet darkened the fluores-
cence brightness. These changes were consistent with the
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Figure 1: Expression of CaSR proteins in PMNs. We used fMLP (10 nM) to stimulate the cells for 2min, and the PMNs without fMLP served
as the control. CaSR inhibitor NPS-2143 (100 nM), CaSR agonist cinacalcet (100 nM), and NF-κB inhibitor PDTC (100 nM) were added and
incubated at 37°C for 30min. Protein expression results were representative of three experiments. Expression protein was quantified by the
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intracellular ROS concentration in PMNs measured by the
fluorescence microplate reader (Figures 5(a), and 5(b)).

MPO is a PMN marker whose level and activity
change represent the function and activity of PMN. MPO
produces and regulates the inflammatory response in many
aspects. In this study, MPO was detected by ELISA. The
MPO production was increased when PMNs were acti-
vated by fMLP, and CaSR activator further enhanced MPO
production, which was reduced when CaSR activation was
inhibited (Figure 5(c)).

3.6. NO Production Measurement.NO also plays a key role in
the process of neutrophil functions. In our experiment, NO
concentration increased in the supernatant of cultured PMNs
after neutrophils were activated by fMLP and the CaSR
agonist could further increase the yield of NO, but this effect
was inhibited by NPS-2143 and PDTC (Figure 6).

3.7. Phosphorylation of p65 in PMNs. The NF-κB pathway is
an important signaling transduction pathway in some phys-
iological or pathological events. p65 is the key protein in
the NF-κB pathway. In our experiment, we identified that
the phosphorylation of p65 decreased in stimulated PMNs.

But, cinacalcet significantly increased the p65 phosphoryla-
tion level, and NPS-2143 and PDTC markedly reduced its
expression (Figure 7).

4. Discussion

The expression and functions of CaSR were reported in many
kinds of blood cells, such as lymphocytes and monocytes. In
this study, we proved first the expression of CaSR in PMNs
and also found that the expression of CaSR protein increased
after PMNs were activated.

CaSRs play an important role in regulating Ca2+

homeostasis. Our team has researched the role of CaSR
in cardiomyocytes and T lymphocytes. CaSR can induce
cardiomyocyte apoptosis in AMI and enhance T cells to
secrete some kinds of cytokines in sepsis [9, 14]. Then, what
role does the CaSR play in PMN? In this study, we found that
Bax protein and apoptosis rate of activated PMNs slightly
decreased and a significant decrease was triggered by the
CaSR activator. However, the CaSR inhibitor increased the
apoptosis. On the other hand, the antiapoptotic protein
Bcl-xl had opposite changes compared with Bax. These
results indicated that CaSR activation can reduce PMN
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Figure 2: The expressions of Bcl-xl and Bax in PMNs detected by WB quantitative analysis. PMNs were treated with f-MLP (10 nM),
NPS-2143 (100 nM), cinacalcet (100 nM), and PDTC (100 nM) for 30min. Protein expression was quantified by the gray value (a).
Results were quantified by densitometry (b). Expression results are representative of three experiments. #P < 0 05 versus control group,
∗P < 0 05 versus fMLP group, and △P < 0 01 versus fMLP+CIN group.
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apoptosis. And, we speculated that CaSR enabled the PMN
apoptosis to be delayed and to have a longer time to combat
with the pathogen in the inflammation region.

We all know that PMNs had a high value in the inflam-
mation reaction. They can be recruited in diseased tissue

and secrete a variety of inflammatory factors and chemokines
that participate in the development of the disease. Harbort
et al. reported that neutrophils played an essential role in
the initial stages of inflammation by balancing pro- and
anti-inflammatory signals. Among these signals were the
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Figure 3: Apoptosis rate of PMNs was detected by flow cytometry (n = 9). We used fMLP (10 nM) to stimulate PMNs for 2min, the
cells without fMLP as control. CaSR inhibitor NPS-2143 (100 nM), CaSR agonist cinacalcet (100 nM), and NF-κB inhibitor PDTC
(100 nM) were added in cultured PMNs at 37°C for 30min, and PMNs’ apoptosis rate was detected. Results were representative of
three experiments (a). The apoptosis rate under different conditions was quantified by densitometry (b). #P < 0 05 versus control group,
∗P < 0 05 versus fMLP group, and △P < 0 01 versus fMLP+CIN group.
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production of proinflammatory cytokines and the timely
initiation of anti-inflammatory cell death via constitutive
apoptosis. It was also found that neutrophils isolated from
patients with ataxia-telangiectasia (AT) overproduced proin-
flammatory cytokines and had a prolonged lifespan com-
pared with healthy controls. This effect was partly mediated
by increases in activation of p38 MAP kinase [16]. So, we
all agree that cytokines are powerful weapons of PMN. IL-6
is a proinflammation factor, and IL-10 is an anti-
inflammation factor. In this study, we observed that CaSR
activation induced the IL-6 production increase and IL-10
secretion decrease. This means that CaSR promoted PMNs
to secrete more proinflammation factors to strengthen the
inflammation reaction.

Many studies supported that IL-6 increased apoptosis. In
our study, we also found that CaSR activation promoted
PMNs to secrete more proinflammation factors IL-6. But,
our final conclusion was CaSR activation can reduce PMN
apoptosis. How to explain this? There are also some
researches that show IL-6 can enhance the expression of
some antiapoptotic proteins, such as MCL-1 and BCL-XL,
thereby promoting the antiapoptotic effect of peripheral
blood neutrophils in patients [17]. Wang et al. suggested that
IL-6 can downregulate the expression of BAX and caspase-3
activity to inhibit the apoptosis of PMNs and prolong the
survival time of PMNs, and IL-6 neutralizing antibody
increased the rapid apoptosis of PMNs [18]. On the other
hand, we also found that CaSR agonist activated CaSR/NF-
κB/BCL-XL pathway to decrease PMN apoptosis. From the
results, we can conclude that CaSR/NF-κB/BCL-XL pathway
may be leading and overwhelming compared with IL-6 role
in regulating PMN apoptosis.

MPO is a key enzyme and a marker about the activity of
PMNs. MPO is abundantly present in neutrophils, and the
proportion of MPO in neutrophils can reach more than 5%.
Most of MPO, approximately 95%, are produced by PMNs
[19, 20]. MPO can oxidize low-density lipoprotein and extra-
cellular matrix, resulting in endothelial cell damage in the
blood vessel [21]. Reber et al. reported that neutrophils can
contribute to optimal host protection by limiting the extent
of endotoxin-induced inflammation in an MPO-dependent
manner [22]. We obtained the results that CaSR activation
can increase the MPO concentration in the supernatant of
the cultured PMNs and the CaSR inhibitor decreased the
content. This suggested that CaSR activation stimulated the
PMNs’ activity.

Reactive oxygen species (ROS) are generated during
mitochondrial oxidative metabolism as well as in cellular
response to xenobiotics, cytokines, and bacterial invasion.
ROS is an important effector in inflammation. Some evidence
indicated that ROS also serve as critical signaling molecules
in cell proliferation and survival. Oxidative stress resulted
in direct or indirect ROS-mediated damage of nucleic acids,
proteins, and lipids, and it had been implicated in carcino-
genesis, neurodegeneration, atherosclerosis, diabetes, and
aging. ROS have also been shown to promote tumor metas-
tasis through gene activation [23]. Neutrophil extracellular
traps (NETs) have been associated with cancer metastasis
and cancer-associated thrombosis, but the release of NETs
has been shown to be requiring reactive oxygen species
(ROS) production [24] And, Pillay et al. suggested that
PMN-derived ROS may repress the activation and prolifera-
tion of T lymphocytes [25]. So, we presumed that CaSR may
be beneficial for regulating the degree of inflammatory
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Figure 4: The levels of cytokines in the different groups (n = 9). The production of IL-6 (a) and IL-10 (b) in supernatant of cultured PMNs
was detected by ELISA. PMNs were cultured with NPS-2143 (100 nM), cinacalcet (100 nM), and PDTC (100 nM) for 12 h after stimulated by
fMLP (10 nM) for 2min. #P < 0 05 versus control group, ∗P < 0 05 versus fMLP group, and △P < 0 01 versus fMLP+CIN group.
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injury combined with other immune cells. Our results
showed that intracellular ROS concentration was slightly
increased after PMNs were stimulated by fMLP. However,
the CaSR activator inhibited the intracellular ROS concen-
tration in PMN and it also increased the production. This
result was contradictory with MPO change. Theoretically,
increased MPO should trigger more ROS production [26];
on the contrary, here, increased MPO resulted in decreased
ROS. We speculated that this may have been due to not
enough motivation of intense pathogens in the environment.

And, the role of CaSR in inhibiting the production of ROS in
PMNs was dominant.

In addition, our experiment showed that CaSR activa-
tion stimulated PMNs to produce more NO. NO could
influence chemotaxis, adhesion, and apoptosis of PMNs in
different pathophysiological conditions [27]. NO-mediated
production of ROS in PMNs has been reported; however,
the role of NO is biphasic on the production of ROS in PMNs
after treatment with ascorbate, arachidonic acid, and fMLP.
The production of ROS was increased in lower NO
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Figure 5: The production of ROS and MPO in PMNs (n = 9). ROS were dyed with DHE probe at 1 : 100. And, the fluorescent intensity was
viewed by fluorescence microscopy at the excitation wavelength 535 nm and emission wavelength 610 nm (a), and the ROS content was
measured by a fluorescence microplate reader (b). The production of MPO in the supernatant of cultured PMNs was detected by ELISA (c).
#P < 0 05 versus control group, ∗P < 0 05 versus fMLP group, and △P < 0 01 versus fMLP+CIN group.
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concentrations, whereas higher NO concentrations inhibited
ROS production through the inhibition of NADPH oxidase
or ROS clearaway [28]. So, we presumed that ROS produc-
tion induced by CaSR seemed to be more closely related to
NO. Moreover, some studies [29] have suggested that BAX
activation can lead to an increase in ROS production, which
is consistent with our results. In our results, CaSR activation
decreased Bax expression, which was accompanied by the
decrease in ROS production. It was also proved that CaSR
activation can lessen PMNs’ damage to the surrounding
tissues by reducing ROS production.

CaSR can activate multiple cell signaling pathways, which
were involved in many different physiological functions,
including apoptosis and proliferation. In our previous study,
we demonstrated that CaSR protein in T lymphocytes regu-
lated the production of cytokines and apoptosis through the
NF-κB signaling pathway in sepsis [9, 30]. Activation of the
NF-κB pathway can lead to the production of multiple
inflammatory factors [31]. In this study, we found that the
NF-κB pathway blocker PDTC decreased P65 phosphoryla-
tion, and it increased the expression of Bcl-xl and the secre-
tion of IL-6 and MPO; meanwhile, it increased PMNs’
apoptosis rate and the expression of Bax and IL-10 and
ROS production. These item changes were similar to the
CaSR inhibitor NPS 2134. Overall, we concluded from all
these results that the role of CaSR in PMNs has a link with
the NF-κB pathway.

In our experiments, there was a paradoxical phenome-
non: The expression of CaSR was increased after PMNs
were treated by fMLP, whereas the activity of p-P65 was
mildly inhibited. It has been reported that ROS have a
two-way regulation role in the NF-κB pathway; that is, a

low concentration of ROS can activate the NF-κB pathway
protein, and a high concentration inhibits its activity [32].
So, we speculated that our results may be due to the
different concentration of ROS.

Both of the activity and expression quantity of CaSR
have changed induced by CaSR agonist or inhibitor.
Which was more important to PMNs’ function? From the
results, we found that fMLP increased the CaSR expression
2.04 times compared to control (fMLP\control) and
fMLP+CIN increased about 1.84 times compared to fMLP
(fMLP+CIN\fMLP). Then, we observed that fMLP\control
increased BcL-xl expression 1.12 times compared with
fMLP+CIN\fMLP 1.56 times, increased Il-6 production
1.86 times compared with fMLP+CIN\fMLP 2.06 times,
and increased MPO production 1.27 times compared with
fMLP+CIN\fMLP 2.18 times. From these data, we can
conclude that the activity of CaSR plays a more important
role in regulating PMNs’ function.

All these obtained results suggested that CaSR in PMNs
was striving toward reducing apoptosis and ROS production
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to diminish the damage caused by PMNs in spite of pro-
moting the proinflammation factor, which was associated
with the NF-κB pathway. This provides a basis for further
study of the function of PMNs, as well as the rational regula-
tion of the function of neutrophils to prevent inflammatory
damage in the course of various inflammatory diseases.
Certainly, our test results need to be further validated in
animal experiments.
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Sepsis-induced cardiac dysfunction remains one of the major causes of death in intensive care units. Overwhelmed inflammatory
response and unrestrained cell death play critical roles in sepsis-induced cardiac dysfunction. Peroxisome proliferator-activated
receptor- (PPAR-) γ has been proven to be cardioprotective in sepsis. However, the mechanism of PPAR-γ-mediated
cardioprotection and its relationship with inflammation and cell death are unclear. We hypothesized that activation of PPAR-γ
by reducing cardiac inflammation, myocardial apoptosis, and necroptosis may prevent myocardial dysfunction in sepsis. Rats
were subjected to cecal ligation and puncture (CLP) with or without PPAR-γ agonist (rosiglitazone) or antagonist T0070907
(T007). After CLP, cardiac function was significantly depressed, which was associated with the destructed myocardium,
upregulated proinflammatory cytokines, and increased apoptosis, necrosis, and necroptosis. This process is corresponded with
decreased inhibitor κB (IκBα) and increased NF-κB, receptor-interacting protein kinase-1 (RIP1), RIP3, and mixed lineage
kinase-like (MLKL) protein. Activation of PPAR-γ by rosiglitazone pretreatment enhanced PPAR-γ activity and prevented these
changes, thereby improving the survival of septic rats. In contrast, inhibition of PPAR-γ by T007 further exacerbated the
condition, dropping the survival rate to nearly 0%. In conclusion, PPAR-γ activation by reducing proinflammatory cytokines,
apoptosis, and necroptosis in the myocardium prevents septic myocardial dysfunction.

1. Introduction

Sepsis is recognized as a systemic dysregulated inflammatory
response to infection or injury causing life-threatening mul-
tiple organ dysfunction [1, 2]. Cardiac dysfunction is present
in more than 50% of septic patients and is the major contrib-
utor to the increase of mortality in subjects with sepsis [3, 4].
Despite rigorous efforts from researches worldwide pointing
out the important role of inflammation in sepsis, its specific
role in the pathophysiology of septic cardiac dysfunction
have not been fully elucidated and current effective treatment
is lacking [5].

Septic cardiac dysfunction is frequently associated with
imbalance in production of proinflammatory cytokines [6,
7], including tumor necrosis factor-α (TNF-α) and interleu-
kin 6 (IL-6), which leads to myocyte death and causes
microlesions in the myocardium, hence myocardial

dysfunction [8, 9]. Studies have demonstrated that reducing
inflammatory cytokine production attenuates cardiac dys-
function in sepsis [10], which highlights the critical role of
inflammation in the treatment of cardiac dysfunction in
sepsis. In recent decades, peroxisome proliferator-activated
receptor gamma (PPAR-γ), a ligand-activated transcription
factor that is involved in cell proliferation, lipid metabolism,
and inflammation [11], emerges as a regulator of inflamma-
tory responses [12]. Increase or activation of PPAR-γ has
been shown to improve survival in animal models of sepsis
[13, 14]. In the cecal ligation and puncture (CLP) model of
sepsis, PPAR-γ agonist ameliorates systemic inflammation
by decreasing plasma levels of TNF-α and IL-6 via inhibition
of nuclear factor kappa B (NF-κB) [15, 16]. However, in the
lipopolysaccharide (LPS) model of sepsis, while overexpres-
sion of PPAR-γ in cardiomyocyte prevents septic cardiac
dysfunction, cardiac mRNA levels of interleukin 1β (IL-1β),
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IL-6, and TNF-α are not reduced [17]. It was suggested that
PPAR-γ-mediated improvement of cardiac function is not
associated with alleviation of local cardiac inflammation at
the early stage of sepsis [17, 18]. Nonetheless, all these sup-
port the notion that PPAR-γ activation is cardioprotective
against sepsis-induced cardiac dysfunction. However, the
underlying mechanism, especially the role of inflammation
in sepsis-induced cardiac dysfunction, is still unclear.

As adult cardiomyocytes are nonproliferative, the loss of
cardiomyocytes due to apoptosis or necrosis have been con-
sidered as the underlying mechanism in the development of
cardiac dysfunction after sepsis [10, 19, 20]. Interestingly,
necroptosis, a newly identified programmed cell death, which
comprises characters of apoptosis and necrosis, is considered
a proinflammatory form of cell death [21]. Given the impor-
tance of proinflammation activation in the development of
cardiac dysfunction in sepsis and that necroptosis can acti-
vate apoptosis [22], it is possible that necroptosis may play
a role in sepsis-induced cardiac dysfunction. We, therefore,
hypothesized that activation of PPAR-γ may reduce inflam-
mation, thereby inhibiting myocardial apoptosis and necrop-
tosis and ameliorating cardiac dysfunction during sepsis. To
test this hypothesis, rats with CLP-induced sepsis were
treated with PPAR-γ agonist or antagonist, and the proin-
flammatory and apoptotic/necrotic parameters in the myo-
cardium were assessed.

2. Materials and Methods

2.1. Animals. Male pathogen-free Sprague Dawley rats,
weighing between 200 and 220 g, were used for the current
study. All the rats were kept under optimum conditions
(24± 1°C, 50± 10% humidity, and 12 h/12 h dark-light cycle)
at the animal unit of the Central South University laboratory
and were fed ad libitum with standard pellet diet and water.
The procedures were reviewed and approved by the Central
South University Local Committee on Animal Research
Ethics. The animal experiments were performed according
to the guidelines for the care and use of animals established
by Central South University.

2.2. Experiment Design. Twenty-four rats were randomized
into the following four groups: the sham group (n = 6), the
CLP group (n = 6), the PPAR-γ agonist rosiglitazone-
treated group (CLP+ROT group, n = 6), and the PPAR-γ-
selective inhibitor T0070907 group (CLP+T007 group,
n = 6). Rosiglitazone (10mg/kg, i.p., Sigma-Aldrich, CA,
USA) or T0070907 (1.5mg/kg, i.p., Selleck Chemicals, Hous-
ton, TX, USA) or sterile normal saline was administered 60
minutes before surgery. A cohort of animals (n = 16 per
group) receiving the same protocols were used to assess sur-
vival rates. The survival rate was evaluated within 72 hours in
each group.

2.3. Cecal Ligation and Puncture (CLP) Model. After a 7-day
adaptation and subsequent 12-hour deprivation of food, all
rats received cecal ligation and puncture (CLP), a classic sep-
sis model, except those in the sham group. After anesthetized
with isoflurane (2%) using an anesthetic mask, the skin of the

surgery field was sterilized and a midline of 3 cm abdominal
incision was made to expose cecum which was then ligated
between the ileocecal valve and terminal. The cecum was
punctured twice “through and through” on the antimesen-
teric border with a 16-gauge (1.65mm in diameter) needle,
and a small amount of cecal contents was squeezed out
through the puncture wound [23]. Finally, the cecum was
restored into the abdominal cavity. The incision was then
sutured layer by layer with a 4–0 silk suture. Comparatively,
rats in the sham group received laparotomy and intestinal
canal exposure but without ligation and puncture. Each rat
received normal saline in a volume of 4mL/100 g by intraper-
itoneal injection immediately after CLP. A catheter filled with
heparin saline was inserted into the left ventricle at 18 hours
after CLP to measure the maximal positive and negative peak
of first derivative of LV pressure (+dP/dtmax, −dP/dtmax),
the left ventricle peak systolic pressure (LVSP), and the
left ventricle end diastolic pressure (LVEDP) as described
previously [24].

2.4. Pathological Assay and Serum Biochemical Test. Animals
were sacrificed using carbon dioxide (CO2) inhalation
method at 18 hours after CLP. Left ventricular myocardial
tissues were harvested and stained with hematoxylin-eosin
(H&E) staining as previously described [25]. Serum samples
were collected from the abdominal aorta, and creatine kinase
isoenzyme (CK-MB) (Shanghai Jianglai Bioengineering
Institute, Co., Ltd., Shanghai, China) and lactate dehydroge-
nase (LDH) (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) concentrations were detected according to
the manufacturer’s instructions.

2.5. PPAR-γ DNA-Binding Analysis. The myocardial tissue
nuclear proteins were separated according to the protocol
described in the NE-PER kit (Thermo Scientific, USA).
Nuclear proteins PPAR-γ DNA-binding activities were ana-
lyzed according to PPAR-γ transcriptional activity using
ELISA assay kit (Cayman Chemical, MI, USA).

2.6. TUNEL Staining. Apoptotic cells in the myocardial tissue
paraffin sections were identified by the terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) technique, according to manufacturer’s instruc-
tions (Roche Applied Sciences, Shanghai, China). TUNEL-
positive myocytes were analyzed using light microscopy
(Leica Microsystems Digital Imaging, Cambridge, UK).

2.7. Immunohistochemistry. Myocardial tissue was fixed in
10% formalin and embedded in paraffin. Paraffin-
embedded tissues were then sectioned at a thickness of
5μm. Sections were deparaffinized, hydrated, and incubated
with primary PPAR-γ antibody (Cell Signaling Technology,
Danvers, USA, diluted 1 : 500) overnight, followed by incuba-
tion with horseradish peroxidase-coupled anti-rabbit IgG
antibody for 2 hours and then incubation with diamino-
benzidine (DAB) for 3 minutes. Phosphate buffer saline
(PBS) was used to replace the primary antibody in the
negative control. DAB staining intensity was observed
under a light microscope (Leica Microsystems Digital
Imaging, Cambridge, UK) and assessed with a microscopic
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image analysis system (ImageJ, National Institutes of
Health, USA).

2.8. Real-Time PCR Analysis. RNAs were extracted from the
homogenized myocardial tissue according to the manufac-
turer’s instruction with TRIzol Reagent (Invitrogen). Using
the standard protocols described previously [26], total RNA
was reverse-transcribed into cDNA. Real-time PCR were per-
formed in a LightCycler 480 (Roche, Mannheim, Germany)
to probe IL-1β, IL-6, TNF-α, and GAPDH. PCR experiments
were performed using the light cycler DNA master SYBR
green I kit (Roche Molecular Biochemicals, Mannheim,
Germany) as described previously [26]. The following
primers were used: IL-1β sense: 5′-CACCTTCTTTTCCTT-
CATCTTTG-3′, IL-1β antisense 5′-GTCGTTGCTTGTCTC
TCCTTGTA-3′; IL-6 sense 5′-TGATGGA TGCTTCCAAA
CTG-3′, IL-6 antisense 5′-GAGCATTGGAAGTTGGGG
TA-3′; TNF-α sense 5′-ACTGAACTTCGGGGTGATTG-3′,
TNF-α antisense 5′-GCTTGG GGTTTGCTACGAC-3′;
GAPDH sense 5′-GTATTGGGCGCCTGGTCACC-3′, and
GAPDH antisense 5′-CGCTCCTGGAAGATGGTGATG
G-3′. The relative expression of the target genes was cal-
culated using the 2−ΔΔCt method described in a previous
study [26].

2.9. Western Blot Analysis. Myocardial tissues were homoge-
nized and extracted and then boiled for 10 minutes to
denature proteins. Nuclear proteins were then separated
according to the protocol described in the NE-PER kit
(Thermo Scientific, USA). Denatured protein samples were
loaded on 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) in running buffer, then trans-
ferred to a nitrocellulose membrane at 4°C for 2 hours at
200mA in a transfer buffer. After blocking with 5% nonfat
dry milk for one hour at room temperature, the nitrocellulose
membrane was incubated with primary antibodies IκB (Cell
Signaling Technology, Danvers, USA, diluted 1 : 1000) or
NF-κB p65 (Cell Signaling Technology, Danvers, USA,
diluted 1 : 1000) or RIP1 (Cell Signaling Technology,
Danvers, USA, diluted 1 : 1000) or RIP3 (Cell Signaling Tech-
nology, Danvers, USA, diluted 1 : 1000) or MLKL (Cell
Signaling Technology, Danvers, USA, diluted 1 : 1000)
overnight at 4°C. Then, the membrane was incubated with
secondary antibody at room temperature for 1 hour, and
the target signal was visualized with the ECL exposure
system. The films were scanned and analyzed using the image
analysis system (ImageJ, National Institutes of Health, USA).
The contents of proteins were normalized to that of beta-
actin or LaminB2. All experiments were repeated in triples.

2.10. Statistical Analysis. Data are presented as means± stan-
dard error of the mean (SEM) and analyzed by the statistical
software package SPSS 13.0. Differences among all groups
were analyzed using one-way analysis of variance, followed
by Tukey post hoc test. P values <0.05 were considered statis-
tically significant. Animal survival rates were analyzed by the
Kaplan-Meier test.

3. Results

3.1. Activation of PPAR-γ Prevents Sepsis-Induced Cardiac
Dysfunction. To assess whether activation of PPAR-γ
prevents sepsis-induced cardiac dysfunction, PPAR-γ
agonist rosiglitazone or antagonist T007 was injected
intravenously 1 hour prior to CLP surgery. CLP-induced
sepsis severely compromised cardiac function, evidenced
by reduced dP/dtmax, −dP/dtmax, LVSP and increased
LVEDP (CLP versus sham, P < 0 01) (Figure 1). Adminis-
tration of rosiglitazone prevented cardiac dysfunction
induced by CLP (CLP+ROT versus CLP, P < 0 05). In
contrast, pretreatment with the PPAR-γ inhibitor, T007,
aggravated septic cardiac dysfunction (CLP+T007 versus
CLP, P < 0 05).

3.2. PPAR-γ Activation Improves Survival in Rats with Sepsis.
To determine the role of PPAR-γ on animal survival after
CLP, animals were treated with an intravenous injection of
PPAR-γ agonist rosiglitazone or PPAR-γ inhibitor T007
before CLP and were monitored for 72 hours. We first
observed a slight decrease in the survival rate 12 hours after
CLP in T007 and rosiglitazone-treated animals. From 24
hours onwards, survival rates of the CLP and CLP+T007
groups dropped drastically from about 80% to 30% and to
15%, respectively, by 72 hours. In contrast, rosiglitazone
increased the survival rate to around 50% by a 72-hour
end point. No mortality was observed in sham-operated
animals (Figure 2).

3.3. Activation of PPAR-γ Prevents Myocardial Injury and
Necrosis in Septic Rats. Sepsis damages myocardium integrity
which is associated with the increased plasma level of cardio-
toxicity due to myocyte necrosis [27]. As demonstrated in the
H&E staining of the myocardium (Figure 3(a)), normal
architecture of the myocardium, shown in the sham group,
was deformed after CLP. Pretreatment with rosiglitazone
prevented the deformation, but T007 did not. In addition,
myocardial injury and necrosis markers, namely, CK-MB
and LDH, increased significantly after CLP (CLP versus
sham, P < 0 01) (Figures 3(b) and 3(c)). Activation of
PPAR-γ by rosiglitazone prevented the changes (CLP
+ROT versus CLP, P < 0 01), while inhibition of PPAR-γ
by T007 further enhanced them (CLP+T007 versus CLP,
P < 0 05).

3.4. Activation of PPAR-γ Prevents Cardiomyocyte Apoptosis
in Septic Rats. Besides necrosis, apoptosis is also closely
linked to sepsis-induced myocardial injury, which leads
to heart failure [28]. As shown in Figure 4, TUNEL-positive
cells, stained brown, significantly increased in the myocar-
dium of rats after CLP (CLP versus sham, P < 0 01). However,
septic rats pretreated with rosiglitazone had significantly
lower numbers of apoptotic cardiomyocytes than those
without treatment (CLP+ROT versus CLP, P < 0 01). On
the other hand, pretreatment with T007 further enhanced
cardiomyocyte apoptosis in septic rats (CLP+T007 versus
CLP, P < 0 01).
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3.5. Enhanced Myocardial Expression and Binding Activity of
PPAR-γ by Rosiglitazone Protect the Myocardium against
Sepsis-Induced Cardiac Injury. As activation of PPAR-γ is
proven beneficial in sepsis-induced myocardial injury, we
then examined the protein expression and activity of
PPAR-γ in the heart in sepsis. As shown in Figures 5(a)

and 5(b), the IHC stain of the myocardium against PPAR-γ
showed a destructed myocardium and doubled protein
expression of PPAR-γ in septic rats compared to that in sham
rats (CLP versus sham, P < 0 05). However, rosiglitazone-
induced 5-fold increase of PPAR-γ compared to that in sham
rats protected the integrity of myocardium from septic
myocardial injury (CLP+ROT versus CLP, P < 0 01). On
the other hand, inhibition of PPAR-γ by T007 significantly
reduced PPAR-γ protein expression, which was associated
with a damaged myocardium, in septic rats (CLP+T007
versus CLP, P < 0 05). DNA binding activity of PPAR-γ
was similar to the expression profile of PPAR-γ after CLP
and treatments with rosiglitazone or T007 (Figure 5(c)).

3.6. PPAR-γ Activation Alleviates Localized Myocardial
Inflammation in Sepsis. Activation of NF-κB following
inhibitor κB (IκBα) protein degradation in response to proin-
flammatory cytokine stimulation plays a key role in prompt-
ing overt inflammation during sepsis [16, 29]. We found that
septic rats had a marked decrease in IκBα protein expression
(CLP versus sham, P < 0 05) in the myocardium at 18 h after
CLP (Figures 6(a) and 6(b)). The reduction of IκBα was asso-
ciated with a significant increase of NF-κB p65 protein
expression in the nucleus (CLP versus sham, P < 0 01) and
upregulated gene expressions of proinflammatory cytokines
TNF-α, IL-6, and IL-1β (CLP versus sham, P < 0 01)
(Figure 6). Activation of PPAR-γ prior to CLP eradicated
these changes while inhibition of PPAR-γ amplified them.
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Figure 1: Indices of cardiac systolic and diastolic function by a pressure-volume conductance catheter system in septic rats. PPAR-γ agonist
rosiglitazone (ROT) or antagonist T007 was injected intravenously 1 hour before CLP. Cardiac function measured 18 hours after CLP was
demonstrated in terms of (a) left ventricular systolic pressure (LVSP), (b) left ventricular end diastolic pressure (LVEDP), (c) maximal
slope of left ventricular systolic pressure increment (LV dP/dtmax), and (d) maximal slope of left ventricular diastolic pressure decrement
(LV −dP/dtmax).

∗∗P < 0 01 versus sham. #P < 0 05 versus CLP. Data are presented as mean± SEM. n = 6 per group.
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3.7. PPAR-γ Activation Inhibits Necroptosis in the
Myocardium in Septic Rats. In order to assess whether
PPAR-γ activation also inhibits inflammation-induced
necroptosis, expressions of RIP1, RIP3, and MLKL, the three
critical components of necroptosis [29], were evaluated in the
myocardium. Here, we observed that PPAR-γ activation
inhibits the CLP-induced necroptosis via downregulation of
RIP1, RIP3, and MLKL. As shown in Figure 7, all three
proteins were increased significantly in the myocardium of
septic rats (CLP versus sham, P < 0 01). Pretreatment with
rosiglitazone reversed these changes whereas T007 further
augmented them.

4. Discussion

One of the major lethal consequences of sepsis is the develop-
ment of cardiac dysfunction; as a result, a key predictor of
survival in septic patients is their ability to recover frommyo-
cardial dysfunction [30]. In this study, we have found that
activation of PPAR-γ before sepsis enhances expression and
activity of PPAR-γ in myocardium and prevents septic myo-
cardial dysfunction by reducing cardiac inflammation and
suppressing multiple cell death pathways, namely, apoptosis,
necroptosis, and necrosis. In particular, we have demon-
strated that systemic administration of PPAR-γ is able to
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Figure 3: H&E staining of the myocardium and plasma levels of cardiotoxicity markers in septic rats. Myocardium and blood serum of rats
subjected to CLP with or without pretreatment of rosiglitazone (ROT) or T007 were collected 18 hours after CLP. Myocardium architecture
was visualized by (a) H&E staining. Cardiotoxicity was indicated by plasma levels of (b) cardiac injury marker, creatine kinase isoenzyme
(CK-MB), and (c) necrosis marker, lactate dehydrogenase (LDH). ∗∗P < 0 01 versus sham. #P < 0 05, ##P < 0 01 versus CLP. Data are
presented as mean± SEM. n = 6 per group.
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downregulate the localized expression of proinflammatory
cytokines in the myocardium by stabilizing the IκBα/NF-κB
complex in which NF-κB is inhibited. Furthermore, PPAR-γ
activation reduces myocardial expression of the RIP1/RIP3
necrosome complex and its downstream effector MLKL,
suggesting that repression of necroptosis by PPAR-γ activa-
tion contributes to the improvement of myocardial function
in sepsis. Importantly, these results suggest a pleiotropic role
of PPAR-γ that it inhibits IκBα degradation and necrosome
formation via suppression of RIP1, which prevents unre-
strained production of proinflammatory cytokines and cell
death in myocardium, thus improving myocardial function
during sepsis.

In the current study, CLP-induced sepsis caused lethal
destruction to animal’s cardiac function, which was associ-
ated with significantly altered hemodynamics (i.e., lowered
MABP, dP/dtmax, dP/dtmin, LVSP, and increased LVEDP),
hyperinflammatory response (i.e., upregulated TNF-α, IL-6,
and IL-1β), and cardiotoxicity (i.e., increased CK-MB and
LDH) due to cell death in the myocardium. Administration
of PPAR-γ agonist, rosiglitazone, before CLP boosted the
PPAR-γ level in the myocardium and prevented cardiac dys-
function, which was evidenced by protected cardiomyocyte
integrity, enhanced cardiac function, reduced inflammation
and cell death, and, finally, improved animal survival. On
the other hand, we treated animals before CLP the PPAR-γ
antagonist, T007, a potent and selective PPAR-γ antagonist
which inhibits transcriptional activity of PPAR-γ by covalent
modification of the PPAR-γ ligand-binding domain [31].
Pretreatment with T007 further exacerbated myocardial dys-
function, dropping the survival rate nearly to 0% by 72 hours

after CLP, which suggests a key functional role of PPAR-γ in
septic myocardial dysfunction by modulating the inflamma-
tory and cell death pathways.

Although PPAR-γ has been documented as a negative
regulator of inflammation [11, 12], whether this property
plays a part in septic myocardial dysfunction is illusive.
Transrepression of proinflammatory cytokines by PPAR-γ
via inhibition of NF-κB is a mechanism that has been closely
linked to the PPAR-γ-mediated improvement of organ
injury, including the heart, by eliminating systemic inflam-
mation in sepsis [14, 15]. However, studies have shown that
PPAR-γ-mediated prevention of cardiac dysfunction is not
associated with attenuation of localized inflammation in the
heart at the early stage of sepsis. Drosatos et al. reported
that upon 7–9 hours after induction of sepsis by LPS, car-
diac expression of TNF-α and IL-6 was not reduced by
pretreatment of rosiglitazone or was not associated with
cardiac PPAR-γ-mediated improvement of cardiac func-
tion [17, 18]. In our experiments, we found that at 18 hours
after CLP, which is considered the acute phase of sepsis in
this model [32], pretreatment of rosiglitazone prevented the
degradation of NF-κB inhibitor, IκBα, hence repressing NF-
κB and subsequently downregulating the proinflammatory
cytokines, namely, IL-1β, TNF-α, and IL-6, in the myocar-
dium of septic rats. The discrepancy between Drosatos’ [17]
and our study may be due to the type of animal model and
phase of sepsis, which implies that mechanism underlying
PPAR-γ-mediated modulation of myocardial function varies
by phase and the initiating agent of sepsis. Of note, LPS is not
able to reproduce the hemodynamic changes observed in
human sepsis while CLP shows that it closely mimics the
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cardiovascular state in human sepsis [33]. Therefore, our
results may provide a relatively more clinically relevant indi-
cation that PPAR-γ activation prevents myocardial function
by alleviation of sepsis-induced cardiac inflammation. In
addition, the current result agrees with the previous study
that, by reducing the degradation of IκBα, PPAR-γ agonist
repressed NF-κB in the lung and reduced lung injury at 18
hours after CLP [16], suggesting that this protective mecha-
nism mediated by PPAR-γ may be applicable to other organ
injuries in sepsis.

Furthermore, we demonstrated that enhanced PPAR-γ
activity in the myocardium primed the heart against septic

cardiac dysfunction. The innate increase of protein expres-
sion and DNA binding of PPAR-γ, observed after CLP, was
not able to compensate for the overwhelming inflammatory
response, while the rosiglitazone-enhanced PPAR-γ expres-
sion (3-fold more than that of innate increase) ameliorated
cardiac inflammation and dysfunction. This is in line with
the previous study that PPAR-γ was upregulated shortly in
the peritoneal or lung by 6 or 18 hours, respectively, after
CLP but only prolonged enhancement of PPAR-γ by its ago-
nists reduced inflammation and improved survival of septic
animals [16, 34]. Although we did not catch a decrease of
PPAR-γ in themyocardium by 18 hours after CLP, a previous
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Figure 5: Protein expression and DNA binding activity of PPAR-γ in the myocardium of septic rats. PPAR-γ activity in the myocardium of
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study has reported reduced PPAR-γ protein expression in the
lung by 20 hours after CLP [11]. Clinical observation also
showed that in patients with sepsis, PPAR expression was
downregulated and the magnitude of decrement correlated
with the severity of the disease [35]. We suspect that the
innate increase of PPAR-γ after CLP is compensatory in
response to inflammation during early phase of sepsis and
would be suppressed later as sepsis progresses. In addition,
we showed that preinhibition of PPAR-γ significantly
reduced its expression in the myocardium and further wors-
ened myocardial dysfunction induced by CLP. Taken
together, current results suggest that prolonged enhancement
of PPAR-γ in myocardium represses cardiac inflammation
and subsequently improves cardiac function in sepsis.

Besides unbridled inflammatory response, cell death as a
result of hyperinflammation is a key pathological process in
sepsis that contributes to the profound morbidity and mor-
tality in this disorder [27, 28]. Strategies used to block apo-
ptosis, necroptosis, or necrosis have been found beneficial
in improving survival in animal models of sepsis [36]. How-
ever, while myocardial apoptosis and necrosis have been

revealed as mechanisms of septic myocardial dysfunction, lit-
tle is known about necroptosis, the regulated form of necro-
sis, in the pathogenesis of this lethal cardiac disease. Here, we
showed that besides apoptosis and necrosis, necroptosis is
also indicated in the pathogenesis of myocardial dysfunction,
evidenced by increased number of TUNEL-positive cells and
expression of RIP1/3 and MLKL in the myocardium and the
elevated plasma level of LDH after CLP. Moreover, activation
of PPAR-γ prevented these changes and improved cardiac
function, while inhibition of PPAR-γ devastated the condi-
tion, suggesting a crucial role of PPAR-γ in the regulation
of multiple cell death pathways initiated in the heart in sepsis.
Of note, the repression of RIP1 by PPAR-γ agonist is partic-
ularly important in this process as RIP1 not only forms het-
erodimer with RIP3 to recruit MLKL for execution of
necroptosis but also mediates the degradation of IκBα, result-
ing in activation of NF-κB and subsequent upregulation of
cytokines, IL-1β, TNF-α, and IL-6 [37]. These cytokines pro-
mote infiltration of neutrophils and lead to tissue necrosis,
favoring an overwhelming inflammatory response [38].
Hence, this repression of RIP1 by PPAR-γ further explains
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Figure 6: Expressions of inhibitor κB (IκBα), NF-κB, and proinflammatory cytokines in the myocardium of septic rats. Rats were treated with
or without rosiglitazone (ROT) or T007 before CLP and were sacrificed 18 hours after CLP. (a, b) Protein expressions of nuclear IκBα and NF-
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the reduced NF-κB and associated inflammation in septic
rats pretreated with rosiglitazone. During sepsis, inhibition
of one dominant cell death pathway, namely, apoptosis, has
been suggested insufficient because multiple cell death pro-
grams and crosstalk among them also occur in dying cells
[39]. Therefore, the pleiotropic effect of PPAR-γ observed
in this study, specifically the suppression of sepsis-induced
multiple cell death programs in myocardium, may provide
a potential insight for future research on the therapeutic
value of PPAR-γ agonist.

The certain experiment limitation was recognized in the
current study. For translational purpose, the present study
used intraperitoneal injection as the administration route of
PPAR-γ agonist and antagonist; however, this administration
is systemic andmay cause side effects that could contribute to
the current results. Future cell culture study using PPAR-γ
gene knockdown to confirm the role of PPAR-γ in apoptosis
and necroptosis in myocardial cells is worth an investigation.

In summary, we have shown that pretreatment with rosi-
glitazone inhibits CLP-induced cardiac inflammation as well
as apoptosis, necroptosis, and necrosis in the myocardium,

resulting in the prevention of myocardial dysfunction and
thus increased the survival in experimental polymicrobial
sepsis. In this process, by reducing IκBα degradation,
PPAR-γ agonist inhibits the transcriptional activity of NF-
κB and subsequent overproduction of inflammatory cyto-
kines, which are IL-1β, TNF-α, and IL-6. In particular, by
reducing the expressions of RIP1/RIP3 necrosome and
MLKL, PPAR-γ agonist suppresses necroptosis in the myo-
cardium. These findings provide evidence that activation of
PPAR-γmay be an effective intervention facilitating the pre-
vention or recovery of septic myocardial dysfunction and
therefore a promising therapeutic strategy against sepsis.
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Propofol pretreatment before reperfusion, or propofol conditioning, has been shown to be cardioprotective, while its mechanism is
unclear. The current study investigated the roles of endocannabinoid signaling in propofol cardioprotection in an in vivo model of
myocardial ischemia/reperfusion (I/R) injury and in in vitro primary cardiomyocyte hypoxia/reoxygenation (H/R) injury. The
results showed that propofol conditioning increased both serum and cell culture media concentrations of endocannabinoids
including anandamide (AEA) and 2-arachidonoylglycerol (2-AG) detected by LC-MS/MS. The reductions of myocardial infarct
size in vivo and cardiomyocyte apoptosis and death in vitro were accompanied with attenuations of oxidative injuries
manifested as decreased reactive oxygen species (ROS), malonaldehyde (MDA), and MPO (myeloperoxidase) and increased
superoxide dismutase (SOD) production. These effects were mimicked by either URB597, a selective endocannabinoids
degradation inhibitor, or VDM11, a selective endocannabinoids reuptake inhibitor. In vivo study further validated that the
cardioprotective and antioxidative effects of propofol were reversed by selective CB2 receptor antagonist AM630 but not CB1
receptor antagonist AM251. We concluded that enhancing endogenous endocannabinoid release and subsequent activation of
CB2 receptor signaling represent a major mechanism whereby propofol conditioning confers antioxidative and cardioprotective
effects against myocardial I/R injury.

1. Introduction

Myocardial ischemia is the mostly seen cardiovascular
complications during or after major surgeries with an
incidence ranging from 1% to 7% [1, 2]. It is also the
leading cause of perioperative morbidity and death [3].
With the introduction of immediate revascularization,
reducing ischemia/reperfusion (I/R) injury is becoming a
major obstacle for better recovery [4]. Ischemic conditioning,

especially preconditioning, has been proved as a powerful
strategy for mitigating myocardial I/R injury [5]. However,
its clinical application was limited due to invasive procedures
and the need to predict ischemia onset [6]. In this context,
pharmacological intervention used before reperfusion is
gaining attention [7].

As a widely used anesthetic, propofol is found to be
cardioprotective in both experimental settings and clinical
studies [8, 9]. The potential molecular mechanisms include
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antioxidation, anti-inflammation, or activating cardioprotec-
tive signaling pathways [10–12]. However, little is known
about the direct upstreaming target or initiating molecule.

The endocannabinoid system comprises endocannabi-
noids, receptors (mainly CB1R and CB2R), and synthetic
and degradative pathways [13]. Dozens of studies suggest
that cardiovascular endocannabinoids play a role in myo-
cardial I/R injury. Endocannabinoid release is enhanced
after mouse myocardial I/R injury [14]. In human, increased
plasma anandamide (AEA) and 2-arachidonoylglycerol
(2-AG) levels were found in obese patients and were
related with coronary circulatory dysfunction [15]. Both
CB1R and CB2R signaling modulate remote ischemic
preconditioning-induced cardioprotection [16–18]. Interest-
ingly, propofol acts on endocannabinoid signaling. Patel et al.
reported that propofol was a competitive inhibitor of fatty
acid amide hydrolase (FAAH), which catalyzes the degra-
dation of endocannabinoids with an IC50 of 52μM [19].
Propofol used at clinical dosage could significantly elevate
brain endocannabinoid levels. Moreover, the sedative, amne-
sic, and analgesic effects of propofol could be modulated by
endocannabinoid signaling [19–21]. Taken together, these
results motivated us to hypothesize that propofol might act
through endocannabinoid system to protect the myocardium
against I/R injury.

To testify this hypothesis, we first examined the effects
of propofol on endocannabinoid release in in vivo and
in vitro. Then by modulating endocannabinoid levels, the
relationship between propofol-induced cardiomyocyte pro-
tection and endocannabinoid release was investigated in
in vivo rat cardiac I/R injuries and in vitro cardiac H/R injury
models. Moreover, we demonstrated that propofol-induced
myocardial protection was dependent on CB2R signaling.

2. Materials and Methods

2.1. Animals. All procedures concerning animal use had got
the approval by the Animal Care and Use Committee of the
Second Military Medical University (SMMU, Shanghai,
China) and were confirmed to the Guide for the Care and
Use of Laboratory Animals from the US National Institutes
of Health (NIH Publication number 85-23, revised 1996).
Newborn (P1–3) Sprague-Dawley rats (SIPPR/BK, Shanghai,
China) were used for cardiac cell harvest and culture.
12–16-week-old young male rats (250–350 g) were kept for
the in vivo myocardial I/R injury experiment. The animals
were housed in a temperature-controlled (22± 2°C) room
under a 12 : 12 hour light-dark cycle (lights on at 8:00 am)
with ad libitum access to food and water.

2.2. Primary Cardiomyocyte Culture, In Vitro H/R Injury
Model, and Propofol Conditioning. The methods for cell
culture and H/R model were similar to our previous
publications. Briefly, ventricles harvested from newborn
rats were subjected to 15min digestion with 0.1% trypsin
(Gibco, New York, USA). After centrifugation, the remaining
was dissociated using 0.1% collagenase II (Gibco) and incu-
bated at 37°C for 3 hours. Then, cells were separated by
filtering and further centrifugation. The collected cells were

resuspended in NCS-DMEM with penicillin and strepto-
mycin and cultured for 1 hour in a thermotank to drop
fibroblasts. The purified cells were then cultured at 37°C,
and 0.1mM of bromodeoxyuridine (Sigma, St. Louis,
MO, USA) was added during the first two days to inhibit
fibroblast growth.

Before hypoxia, the culture medium was changed to
low-glucose (5.56mM) and serum-free DMEM. Hypoxia
was achieved using a hypoxic incubator (Thermo Forma
Anaerobic System Model 1025; Marietta, Ohio, USA) with
5% CO2 and 95% N2 for 12 hours. After hypoxia, the
medium was switched to the maintenance medium under
normal oxygen concentration for up to 4 hours of posthy-
poxic reoxygenation. Propofol conditioning was performed
by incubating cardiomyocytes with 50μM of propofol 1
hour prior to hypoxia until the end of hypoxia [12]. The
concentration was reported to fall in the range of narcotic
concentrations in humans [22] and was about IC50 of pro-
pofol on mouse brain cell membrane FAAH activity [19].

2.3. Rat In Vivo Myocardial I/R Injury Model and Propofol
Conditioning. The young rats were anesthetized using
pentobarbital sodium (40mg/kg) and ventilated on a rodent
respirator. After thoracotomy at the fourth intercostal space,
the left anterior descending coronary artery was either
manipulated or occluded using a reversible coronary artery
snare. I/R injury was performed by tightening the snare for
30 minutes (ischemia) and then loosening it for reperfusion
for a given time period [23]. Specifically, peripheral blood
samples were collected at 0, 1, 2, and 4 hours after ischemia
for endocannabinoid measuring and at 2 hours after ische-
mia for cTnI detection and at 24 hours for determining
MDA, MPO, and SOD levels. Infarction area was confirmed
after 24-hour reperfusion. Propofol (Sigma, resolved in
20% intralipid) conditioning was performed by a bolus
intravenous injection of 10mg/kg of propofol followed by
continuous infusion at a rate of 39mg/kg·h from one hour
before ischemia until the end of ischemia [24, 25]. Propofol at
this rate of infusion was found to be cardioprotective [24]
and maintains deep sedation with a mean arterial plasma
propofol concentration of 4.4mg/L (25μM) [26].

2.4. Experimental Design. The study aimed to test the
following hypotheses. Firstly, propofol could modulate
cardiac endocannabinoid signaling which comprised endo-
cannabinoid release, receptor expression, and downstreaming
signaling activation. Secondly, manual control of endocanna-
binoid release had an effect on propofol conditioning-
induced cardioprotection. Thirdly, CB2R receptor but
not CB1 receptor signaling was responsible for propofol-
induced cardioprotection.

To achieve these goals, the following sets of experiments
were conducted.

2.4.1. Experiment 1: Effects of Propofol Conditioning on
Cardiac Endocannabinoid Signaling In Vitro and In Vivo.
The cardiomyocytes (in vitro) or rats (in vivo) were divided
into four groups: control (sham), propofol, H/R (I/R),
and propofol +H/R (I/R). H/R was achieved by hypoxia
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for 12 hours followed by up to 4-hour reoxygenation. 10
minutes after the beginining of propofol exposure and 0, 1,
2, and 4 hours after reoxygenation or reperfusion the cul-
tured cell medium or peripheral blood was collected for
endocannabinoid determination. The cultured cells were also
harvested for measuring mRNA and protein levels of CB1R
and CB2R at 4 hours of reoxygenation.

2.4.2. Experiment 2: Effects of Endocannabinoid Release
on Propofol Conditioning-Induced Cardiomyocyte Protection
from H/R. Neonatal rat ventricle cells were subjected to
H/R with or without propofol conditioning. Selective FAAH
inhibitor URB597 and endocannabinoid reuptake inhibitor
VDM11 were further used to increase endocannabinoid
levels before propofol conditioning. URB597 was purchased
from Cayman Chemicals (Ann Arbor, MI, USA) and diluted
to a concentration of 1μM before use. The timing of URB597
incubation was 1.5 hours before hypoxia until the end of
propofol conditioning [27, 28]. VDM11 (Cayman) was used
at a final concentration of 10μM. The time to start exposure
and duration was the same with URB597 [29]. The following
indicators were detected at 4 hours of reoxygenation: cell
viability, cell apoptosis, culture medium-lactated hydroge-
nase (LDH), and MDA and SOD concentrations as well as
cell ROS production.

2.4.3. Experiment 3: Effects of CB1R and CB2R Signaling in
Propofol-Induced Cardioprotection against I/R Injury. Young
rat myocardial I/R injury models were used. Before ischemia,
the rats were preconditioned with or without propofol. We
further tested the role of receptor signaling in propofol
conditioning by intravenous injection of selective CB1R
antagonists AM251 (Sigma, 1mg/kg) or selective CB2R
antagonists AM630 (Sigma, 1mg/kg) 1.5 hours prior to
ischemia irrespective of propofol conditioning or not. The
dosage and timing of AM251 or AM630 were taken from
the study by Hajrasouliha et al. [17]. The two drugs were used
separately in our studywhich comprised seven groupswith six
rats for each group. 24 hours after reperfusion, infarct areawas
evaluated using Evans blue plus TTC staining. Serum cTnI
levels were measured 2 hours after ischemia. Oxidative-
redox state indicators including serum MDA, MPO, and
SOD were also measured at 24 hours of reperfusion.

2.5. LC-MS/MS Determination of Endocannabinoid
Concentrations. Peripheral blood samples and cell culture
media samples were collected and stored immediately at
−80°C until extraction to reduce degradation [30]. For sam-
ple preparation, 100μL of plasma or culture fluid was first
precipitated with ice-cold methanol/Tris buffer (50mM,
pH8.0) and centrifuged at 12500 rpm for 10min (4°C)
to remove the precipitates. The supernatants were then
extracted with ice-cold CHCl3: MeOH (2 : 1) and washed
with CHCl3. The extracts were dried by nitrogen flow
and stored at −80°C. Before measurement, the analytes
were reconstituted with MeOH.

Concentrations of AEA and 2-AG were detected by stable
isotope liquid chromatography/tandem mass spectrometry
(LC-MS/MS) at the School of Pharmacy, Second Military

Medical University, using the method adapted from Sergi
et al. [31]. The method has been validated previously [32].
Precision (RSD%) was always smaller than 15%, and
accuracy ranged from 85% to 115%. Ion suppression due to
matrix components was not significant for both AEA (0.90)
and 2-AG (0.92). The limits of detection for AEA and
2-AG were 0.2 and 0.7 pmol/mL, respectively.

Briefly, the Waters ACQUITY UPLC Console UHPLC
system (Milford, MA, USA) was coupled to a TSQ Quantum
triple Quad mass spectrometer with a TurboIonSpray
(ESI) source (Thermo, Waltham, MA, USA). Liquid chro-
matographic separation was achieved by Athena C18-WP
50× 2.1mm (3μm, Waters). The mobile phases included
water (phase A) and 0.1% formic acid in methanol (phase
B) with a flow rate of 0.3mL/min. Gradient elution was
flowed at and was held at 10% B for the first 2.5min, followed
by 100% B at 2.5min, 90% B at 3min, 100% B at 4min, and
60% B from 4.5 to 5min. The injected volume was 10μL and
the column temperature was 25°C. AEA and 2-AG were
detected in a positive ion mode using electron spray ioniza-
tion and selective reaction monitoring mode of acquisition.
The ion spray voltage was set at 3500V. The ion pairs for
the detection of AEA and 2-AG were m/z: 348.2→ 62.00
and m/z: 379.2→ 287.2, respectively. For each sample, levels
of AEA and 2-AG were measured in duplicates against
standard curves and were expressed as pmol/mL.

2.6. FAAH Activity Assay. FAAH activity was determined
using a commercial FAAH Inhibitor Screening Assay Kit
(Cayman Chemicals, Ann Arbor, MI, USA). The kit used a
fluorescence based to screening FAAH inhibitors. 7-amino-
4-methylcoumarin (AMC) arachidonoyl amide was used as
the substrate for human recombinant FAAH, and the prod-
ucts AMC were detected using an excitation wavelength of
340–360 nm and an emission wavelength of 450–465 nm.
The effects of 0.1, 1, 10, 50, 100, and 200μM of propofol on
FAAH activity were tested.

2.7. Flow Cytometry Measuring of Cell Apoptosis. Cell
apoptosis was detected using Annexin-V/PI double-staining
method under flow cytometry [12]. The Annexin-V apopto-
sis detection kit APC (eBioscience, San Diego, CA, USA) was
used. Briefly, after washing with ice-cold PBS and resuspen-
sion with binding buffer, the suspension was mixed with
5μL of APC and 5μL of PI and then loaded on to a FACSCa-
libur flow cytometer (BD; San Jose, CA, USA) for detection.

2.8. Flow Cytometry Measuring of Intracellular ROS Levels.
ROS was measured using the fluorescent probe CM-
H2DCFDA (Invitrogen; Carlsbad, CA, USA). An excitation
wavelength of 488nm and emission wavelength of 525nm
were used for flow cytometry measuring of ROS. The
mean fluorescence intensity (MFI) was used to indicate
levels of ROS.

2.9. Cell Viability Analysis. Cardiomyocyte viability was
detected using a commercial CKK-8 kit (Beyotime, Haimen,
China). Briefly, the cells were seeded in 96-well cell culture at
1× 104 cells/well. After reoxygenation, 100μL of 10% CKK-8
solution was added and incubated for 2 hours. The plates
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were shifted to a microplate reader for absorbance recording
at 450nm.

2.10. LDH, MDA, and SOD Concentrations. A LDH assay kit
(Beyotime), a MDA assay kit (Beyotime), and a SOD kit
(Kumamoto, Japan) were used for the detection of cell
culture media and serum concentrations. The manufacturer’s
instructions were followed. LDH,MDA, and SOD concentra-
tions were calculated based on the absorbance value at
450nm, 530nm, and 560nm, respectively.

2.11. ELISA Measuring of Serum Cardiac Troponin I (cTnI)
and MPO Concentrations. The commercial kits from Cell
Signaling Technology (Danvers, MA, USA) were used for
detecting concentrations of serum cTnI and MPO. Proce-
dures were performed according to the manufacturer’s
instructions. Each sample was detected at twice and the mean
concentration was used.

2.12. Real-Time PCR for CB1R, CB2R, and FAAH mRNA
Levels of Detection. Cardiomyocytes were harvested after
treatment, and RNA was isolated using a commercial Total
RNA Kit (Feijie, Shanghai, China). The concentrations of
RNA were measured with a microplate spectrophotometer
(Bio-Rad, Hercules, CA, USA) at 260nm. 2μg of total RNA
was used for cDNA synthesis with the reverse transcriptase
kit (Takara, Japan) according to the manufacturer’s instruc-
tions. Amplification was performed with the following
parameters: denaturation at 95°C for 2min, followed by 40
cycles of denaturation at 95°C for 10 s, annealing at 63°C
for 15 s, and extension at 72°C for 30 s. β-actin was used
as an internal control. Sequences of primers used were
as follows: CB1R forward: 5′-CAGAAAATGCACGATGA
GGA-3′; CB1R reverse: 5-′GTACAGCGATGGCAGCTG
CTG-3′; CB2R forward: 5′-CCGCTCATGGGGTGGACT
TG-3′; CB2R reverse: 5′-CCGCAGGGCATAAATG ATA
GGAT-3′; FAAH forward: 5′-TGGAGCGAGTTGTGGAT
TGTT-3′; FAAH reverse: 5′-AGGGG′IAGTGATGTCCAG
GAAGTA-3′; β-actin forward: 5′-GG GAAATCGT GCG
TGACATT-3′; and β-actin reverse: 5′-CGGATGTCAAC
GTCACACTT-3′. The relative expression levels of CB1R
and CB2R (normalized to that of β-actin) were determined
using 2-ΔΔCt method.

2.13. Western Blot for Detection of CB1R, CB2R, and FAAH1
Protein Concentrations. Cardiomyocytes were lysed in ice-
cold RIPA lysis buffer with 1% protease cocktail. Protein
concentrations were then determined using the bicinchoni-
nic acid (BCA) protein assay kit (Beyotime). 40μg of protein
was loaded and separated in 10% SDS-polyacrylamide gel.
Then, the protein was transferred to a nitrocellulose
membrane for detection. The membranes were immersed
overnight in the corresponding primary antibodies at 4°C.
The CB1R and FAAH antibody was purchased from Abcam
(UK) and CB2R antibody from Millipore (Billerica, MA,
USA). Both were diluted at 1 : 1000. After rinsing, the
membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody for 1 hour at room tem-
perature. The blots were visualized by an enhanced chemi-
luminescence reaction (ECL) system and photographed by

ChemiDoc™ XRS+ System (Bio-Rad). GAPDH (1 : 5000;
CST)was used as an internal control. Banddensitometry anal-
ysis was performed using Quantity One software (Bio-Rad).

2.14. Determination of Infarct Area by Triphenyltetrazolium
Chloride (TTC) Staining. Infarct size was examined 24 hours
after ischemia using the TTC staining method [33]. Briefly,
the hearts were first perfused with saline to remove blood.
The left descending artery was then again ligated, and 1%
Evans blue was used to perfuse the nonischemic parts of
the heart. After rinsing, the heart ventricles were sectioned
and incubated in 1% TTC for 20 minutes to stain the viable
myocardium brick red. The samples were then fixed in 10%
formalin, and the slices were photographed. The infarcted
area (unstained by TTC) and ischemic risk area (unstained
by Evans blue) were measured using Image-Pro Express
software (Olympus, Japan). Infarct size was expressed as a
percentage of the ischemic risk area.

2.15. Statistical Analysis. Statistics were performed using
SPSS 19.0 (IBM, Armonk, NY, USA). Data were expressed
as mean± SD (standard deviation). Normal distribution
was tested before all analysis. Two-way analysis of variance
(ANOVA) for repeated measures followed by post hoc
Bonferroni tests was used to evaluate dynamic changes of
endocannabinoid concentrations across time and group.
One-way ANOVA and post hoc Bonferroni tests (homoge-
neity of variance assumed) or Games-Howell tests (homoge-
neity of variance not assumed) were used to analyze
differences among groups in the infarct area, CB1R and
CB2R mRNA and protein levels, cell apoptosis, cell viability,
LDH leak, SOD activities, ROS production, and cTnI, MDA,
and MPO concentrations. For all comparisons, a value of
P < 0 05 (two tailed) was considered statistically significant.

3. Results

3.1. Propofol Conditioning Enhanced Cardiac
Endocannabinoid Release In Vivo. In the myocardial I/R
model, we first assessed the changes of serum AEA and
2-AG after ischemia and propofol conditioning using
LC-MS/MS. Two-way ANOVA with repeated measures
analysis identified significant time-dependent (P < 0 001)
and group-dependent (P < 0 001) effects on serum AEA
concentations. Post hoc Bonferroni tests found that I/R
(P < 0 001) and propofol conditioning with I/R (P < 0 001)
increased serum AEA concentrations as depicted in
Figure 1(a). Serum AEA concentrations were similar at
baseline among four groups. I/R significantly increased
AEA levels at the end of ischemia (95% confidence interval
for difference (CI-D), 8.23–15.42 pmol/mL), 1 hour (95%
CI-D, 14.30–23.21 pmol/mL) and 2 hours after ischemia
(95% CI-D, 3.29–12.80 pmol/mL). Propofol alone increased
serum AEA levels at 10 minutes after the beginning of
exposure (95% CI-D, 1.81–5.63 pmol/mL) and at the time
point corresponding to end of ischemia (95% CI-D,
2.90–10.09 pmol/mL), but not at other time points. Under
conditions of I/R, propofol conditioning induced significant
increases in AEA concentrations both at the end of ischemia
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Figure 1: Effects of propofol conditioning on endocannabinoid release in vivo. (a) Serum AEA concentrations among groups. (b) Serum
2-AG concentrations among groups. In the rat myocardial ischemia/reperfusion (I/R) injury model, propofol conditioning was achieved
by an intravenous bolus of 10mg/kg followed by continuous infusion at a rate of 39mg/kg·h from one hour before ischemia until the
end of ischemia. Peripheral blood was collected at 10 minutes after the beginning of propofol conditioning and at 0, 1, 2, and 4 hours
after ischemia. Endocannabinoids including AEA and 2-AG were detected by LC/LC-MS. The results showed that propofol conditioning
and I/R enhanced cardiac endocannabinoid release in vivo. N = 6 per group for each time point. ∗: P < 0 05; ∗∗: P < 0 01 versus
sham. P < 0 05; ##: P < 0 01 versus propofol. †: P < 0 05 versus I/R. P < 0 05; ‡‡: P < 0 01 versus baseline. &: P < 0 05; &&: P < 0 01 versus
10mins after the beginning of propofol exposure. §: P < 0 05; §§: P < 0 01 versus the end of ischemia. P < 0 05; ¶¶: P < 0 01 versus 1 hr
after ischemia. P < 0 05; ££: P < 0 01 versus 2 hr after ischemia. I/R, ischemia/reperfusion.
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and at 1 and 2 hours during postischemic reperfusion (95%
CI-D, 16.66–23.85, 18.50–27.42, and 2.64–12.15 pmol/mL,
resp.). A higher AEA level was observed at the end of
ischemia in propofol conditioning group compared with
I/R alone (95% CI-D, 0.91–15.06 pmol/mL) and propofol
alone (95% CI-D, 5.63–19.78 pmol/mL, Figure 1(a)).

A similar time- and group-dependent change in serum
2-AG concentration was observed. As shown in Figure 1(b),
propofol alone increased serum 2-AG levels at 10 minutes
after the beginning of exposure (95% CID, 0.28–1.98 pmol/
mL (propofol group) and 0.54–2.24 pmol/mL (propfol +
I/R group)). Propofol alone (95% CID, 0.11–5.43 pmol/
mL, P = 0 038), I/R alone (95% CID, 1.76–7.08 pmol/mL,
P = 0 001), and propofol preconditioning combined with
I/R (95% CID, 4.45–9.80 pmol/mL, P < 0 001) increased
2-AG concentrations immediately after ischemia as com-
pared to sham and rats receiving propofol conditioning
showed the highest serum 2-AG concentrations. The increase
in serum 2-AG concentrations was observed only in I/R (95%
CID, 5.02–9.11 pmol/mL) and propofol + I/R (95% CID,
5.78–9.88 pmol/mL) groups at 2 hours during postischemic
reperfusion compared with sham. No change was found
for the four groups at 4 hours after ischemia compared
with baseline (Figure 1(b)).

3.2. Propofol Conditioning Enhanced Cardiac
Endocannabinoid Release In Vitro. Cardiac endocannabi-
noids in vivo are a sum of endocannabinoids from
peripheral circulation, local blood cells, mast cells, endo-
thelia, or cardiomyocytes [34]. To detect the direct effects
of propofol on cardiomyocyte AEA and 2-AG release, we
then measured cell culture media endocannabinoid concen-
trations in the in vitro cardiomyocyte H/R injury model.
Figure 2 summarizes differences in cell culture media AEA
(a) and 2-AG (b) levels as a function of different treatment
groups at baseline, at 10 minutes after the beginning of
propofol exposure, at the end of hypoxia, and at 1, 2,
and 4 hours of posthypoxic reoxygenation.

AEA concentrations were similar at baseline among four
groups. After 10minute propofol incubation, cell culture
media AEA concentrations were significantly increased
in both propofol and propofol +H/R groups (95% CID,
0.04–3.22 and 0.66–3.84 pmol/mL, resp.). At the end of
hypoxia or the time points corresponding to end of hypoxia
in the control and propofol groups, significant increases
of AEA concentrations were found in the propofol
(95% CID, 3.02–12.34 pmol/mL), H/R (95% CID, 2.21–
11.53 pmol/mL), and propofol preconditioning (95% CID,
4.75–14.08 pmol/mL) group but not the control group (95%
CID, −4.76–4.57 pmol/mL) compared with those at baseline
(Figure 2(a)). The increase of AEA by propofol alone was
not found at 1, 2, and 4 hours of posthypoxic reoxygenation
(all P = 1 versus baseline), suggesting a transient effect of
propofol on cardiomyocyte AEA release. H/R itself increased
AEA concentrations for more than 2 hours (95% CID,
2.21–11.53 pmol/mL at the end of hypoxia, 95% CID,
10.97–19.70 pmol/mL at 1 hour of reoxygenation, and
95% CID, 1.31–8.36 pmol/mL at 2 hours of posthypoxia).
Propofol preconditioning combined with H/R also enhanced

AEA release at 1 (95% CID, 11.07–19.79 pmol/mL,
P < 0 001) and 2 hours (95% CID, 1.78–8.83 pmol/mL,
P = 0 029) of reoxygenation compared with those at
baseline (Figure 2(a)).

A similar time- and group-dependent change in 2-AG
concentrations was observed. As shown in Figure 2(b),
increased 2-AG concentrations were observed in propofol
and propofol +H/R group at 0 minutes after the begin-
ning of propofol exposure (95% CID, 0.33–1.47 and
0.25–1.39 pmol/mL, resp.). Propofol alone, H/R alone, and
propofol preconditioning combined with H/R increased
2-AG concentrations immediately after hypoxia compared
with those at baseline (95% CID, 0.72–2.83, 0.65–2.75,
and 1.38–3.49 pmol/mL, resp.). The increased 2-AG con-
centration was observed only in H/R and propofol +H/R
groups at 2 hours after hypoxia (95% CID, 0.81–3.30 and
0.80–3.29 pmol/mL, resp.). No significant difference was
found for the four groups at 4 hours after hypoxia compared
with baseline (all P = 1 versus baseline, Figure 2(b)).

3.3. Propofol Conditioning Increased Cardiomyocyte CB1R
and CB2R mRNA and Protein Levels. Apart from endocan-
nabinoid release, the activity/activation of corresponding
receptors in vitro was also investigated using real-time
PCR and Western blot. As shown in Figure 3(a), post
hoc Games-Howell tests revealed that both propofol condi-
tioning (P = 0 025) and H/R (P = 0 002) increased CB1R
mRNA transcription as compared with control. A similar
increase in CB2R mRNA levels was also observed in propofol
(P = 0 013) and H/R (P = 0 002) groups compared with
control. A trend of increase in CB1R mRNA levels was found
with no statistical significance (P = 0 009 versus control).
Propofol combined with H/R also significantly enhanced
CB1R (P = 0 003 versus control) and CB2R (P < 0 001 versus
control) mRNA transcription. Compared with H/R, propofol
exposure before hypoxia further increased (P = 0 009) CB2R
mRNA levels.

With regard to protein levels of receptor expression,
both propofol conditioning (P = 0 025) and H/R (P = 0 007)
increased CB1R protein levels compared with control.
CB2R protein translation was also enhanced by propofol
conditioning and H/R (P = 0 034 and 0.044 versus control
for propofol +H/R and H/R, resp.). Propofol combined with
H/R also increased CB1R (P = 0 003) and CB2R (P = 0 003)
protein levels compared with control (Figures 3(b) and
3(c)). Propofol +H/R further increased CB2R protein levels
compared with H/R alone (P = 0 014). A trend of further
increase in CB1R protein levels by propofol conditioning
was found despite no statistical significance (P = 0 327
versus control).

3.4. Propofol Increased Cardiomyocyte FAAH mRNA and
Protein Levels and Inhibits FAAH Activity In Vitro. As shown
in Figure 3, both propofol conditioning (P = 0 004) and
H/R (P = 0 013) increased FAAH mRNA levels as compared
with control (Figure 3(a)). A similar increase in FAAH
protein levels was also observed in propofol (P = 0 003)
and H/R (P = 0 001) groups compared with control. Pro-
pofol conditioning combined with H/R was associated

6 Oxidative Medicine and Cellular Longevity
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propofol conditioning was achieved by continuous incubation at a concentration of 50μM from 1 hour prior to hypoxia until the end of
hypoxia. Cell culture media were collected at 10 minutes after the beginning of propofol conditioning and at 0, 1, 2, and 4 hours after
hypoxia. Endocannabinoids including AEA and 2-AG were detected by LC/LC-MS. The results showed that propofol conditioning
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with the most increased FAAH mRNA transcription
and protein expression. The in vitro study found that
propofol delivered in intralipid concentration dependently
decreased the activity of FAAH with an IC50 of about
28 μM (Figure 3(d)).

3.5. Propofol Conditioning-Induced Antihypoxic and
Antioxidative Effects in Cardiomyocytes In Vitro Were
Mimicked by Exogenous Increasing of Endocannabinoid
Concentrations. To investigate the relationship between
propofol-induced endocannabinoid release and cardiomyo-
cyte protection against H/R injury, selective FAAH inhibitor
URB597 and endocannabinoid reuptake inhibitor VDM11
were further applied to increase endocannabinoid levels in
the absence or presence of propofol conditioning in cardio-
myocytes subjected to H/R.

As shown in Figure 4(a), propofol significantly increased
cell viability against H/R (P = 0 029), and URB597 (P = 1
versus propofol +H/R) and VDM11 (P = 0 487 versus pro-
pofol +H/R) pretreatment showed similar cardioprotective
effects to propofol conditioning. Moreover, no synergistic
effect was found between propofol and URB597 (P = 1 versus
propofol +H/R) or between propofol and VDM11 (P = 0 5
versus propofol +H/R) groups.

The posthypoxic LDH leak was shown in Figure 4(b),
which demonstrated that propofol conditioning reduced
cell LDH leak compared with H/R (P = 0 013). The LDH
reducing effects were also seen in URB597 (P = 0 003) and
VDM11 (P = 0 002) pretreatment groups. URB597 (P = 1)
or VDM11 (P = 1) exposure before propofol conditioning
did not enhance or suppress propofol-induced reduction in
LDH leak.

Group
CB1R CB2R FAAH

Re
la

tiv
e 

m
RN

A
 le

ve
ls

0

5

10

15

#

#

##
##

20

25

Control
Propofol

H/R

¶¶

¶¶

⁎⁎

⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎
⁎

⁎

(m
ea

n
±

SD
)

Propofol H/R+

(a)

GAPDH

Co
nt

ro
l

Pr
op

of
ol

H
/R

CB2R

CB1R

FAAH

Pr
op

of
ol

H
/R

+

(b)

Group
CB1R CB2R FAAH

Re
la

tiv
e p

ro
te

in
 le

ve
ls

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Control
Propofol

H/R

¶¶
¶¶

⁎ ⁎

⁎⁎

⁎⁎ #
##

##
##

⁎⁎

⁎⁎
⁎⁎

⁎⁎

Propofol H/R+

(m
ea

n
±

SD
)

(c)

100

80

60

FA
A

H
 ac

tiv
ity

 in
hi

bi
tio

n
(%

, m
ea

n
±

SD
)

40

20

0
50

Propofol concentration (�휇m)
100 150 200 250

‒20

(d)

Figure 3: Effects of propofol conditioning on cardiomyocyte endocannabinoid receptors and FAAH transcription and expression
in vitro (a–c) and effects of propofol on FAAH activity in vitro (d). (a) Propofol enhanced CB1R, CB2R, and FAAH mRNA transcription
in cardiomyocytes. (b and c) Propofol increased cardiomyocyte CB1R, CB2R, and FAAH protein levels. (d) Propofol inhibited FAAH
activity in a dose-dependent manner. N = 5 per group. ∗: P < 0 05; ∗∗: P < 0 01 versus control. #: P < 0 05; ##: P < 0 01 versus propofol.
¶¶: P < 0 01 versus H/R.
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Figure 4: Effects of propofol conditioning, URB pretreatment, and VDM11 pretreatment on cell viability (a), LDH leak (b), and cell apoptosis
(c) in vitro. URB597 (1 μM) or VDM11 (10 μM) was added 1.5 hours before hypoxia until the end of propofol conditioning. Cell
viability was detected using the MTT kit. LDH release was measured using a LDH assay kit. Cell apoptosis was detected using
Annexin-V/PI double-staining method under flow cytometry. The results showed that propofol conditioning-inhibited hypoxia/
reoxygenation (H/R) induced decrease in cell viability (a), increase in cell LDH leak (b), and apoptosis (c). N = 6 per group. ∗: P < 0 05;
∗∗: P < 0 01 versus control. #: P < 0 05; ##: P < 0 01 versus propofol. †: P < 0 05; ††: P < 0 01 versus H/R.
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The potential effects of URB and VDM11 pretreatment
on propofol-induced inhibition of cell apoptosis were also
evaluated. The flow cytometry results showed that similar
to propofol conditioning, both URB and VDM11 pretreat-
ment could inhibit H/R-induced cell apoptosis (P < 0 001,
URB597+H/R versus H/R; P < 0 001, VDM11+H/R versus
H/R). When propofol was used together with URB or
VDM11, no further reduction in cell apoptosis rate was
found (P = 1, propofol +H/R versus propofol +URB597+
H/R; P = 1, propofol +H/R versus propofol +VDM11+
H/R, Figure 4(c)).

The cell viability, lactic acid dehydrogenase (LDH) leak,
and cell apoptosis results above clearly suggested a similar
pathway involved in endocannabinoid release and propofol
conditioning-induced cardiomyocyte protection. We further
tested the potential pathways in vitro. Propofol was an anti-
oxidant [35], and previous studies suggested a role of inhibit-
ing oxidative stress in propofol-induced protection against
hypoxia or ischemia [11, 12, 36]. Our results found that com-
pared to H/R, propofol conditioning could decrease cardio-
myocyte malonaldehyde (MDA) concentrations (P = 0 001,
Figure 5(a)) which was also seen in cardiomyocytes receiving
VDM11 and URB597 incubation (both P < 0 001 versus
HR). VDM11 combined with propofol conditioning did
not further decrease MDA levels (P = 1 versus VDM11+
H/R; P = 0 093 versus propofol +H/R). Similarly, propofol
conditioning after URB597 exposure did not further
inhibit MDA production in cardiomyocytes (P = 1 versus
URB597+H/R).

Superoxide dismutase (SOD) is an endogenous antioxi-
dase. Figure 5(b) depicts cardiomyocyte SOD concentration
changes after H/R with and without propofol, VDM11, and
URB597 exposure. H/R alone significantly decreased SOD
levels compared with control (P = 0 006). Propofol condi-
tioning, VDM11 pretreatment, and URB597 pretreatment
failed to increase SOD concentrations compared with H/R
(all P = 1). An increase in SOD levels was found in neither
VDM11+propofol +H/R nor URB597+propofol +H/R
groups (both P = 1 versus H/R).

Reactive oxygen species (ROS) production changes
among groups were further measured by flow cytometry,
and the results were shown in Figure 5(c). H/R alone sig-
nificantly increased ROS production compared with control
(P < 0 001). The effects of H/R on ROS production were
significantly inhibited by propofol conditioning, VDM11
pretreatment, and URB597 pretreatment (all P < 0 001
versus H/R). A further decrease in ROS levels was not
seen when propofol conditioning was implemented after
VDM11 or URB597 preexposure (both P = 1).

3.6. Propofol Conditioning-Induced Alleviation of Rat
Myocardial Ischemia Reperfusion Injury and Antioxidation
Were Reversed by Selective Antagonism of CB2R but Not
CB1R. We further confirmed the roles of endocannabinoid
signaling, especially the roles of receptor activation (CB1R
and CB2R) in propofol conditioning-induced cardioprotec-
tion in vivo. As shown in Figure 6, propofol conditioning
significantly reduced rat heart infarct size compared with
I/R (P = 0 001). The use of selective CB1R antagonist

AM251 tended to be cardioprotective but difference did
not reach statistical significance (P = 0 080, AM251+ I/R
versus I/R). On the contrary, selective CB2R antagonist
AM630 had no effect in the infarct size (P = 1 versus I/R).
Moreover, AM630 (P < 0 001, AM630+propofol + I/R ver-
sus propofol + I/R; P = 1, AM630+propofol + I/R versus
I/R) but not AM251 (P = 1, AM251+propofol + I/R versus
propofol + I/R; P < 0 001, AM251+propofol + I/R versus
I/R, (Figures 6(a) and 6(b))).

cTnI is an early phase marker of cardiac ischemia injury.
Figure 6(c) shows that propofol conditioning tended to
reduce serum cTnI concentrations compared with I/R
(P = 0 076) while AM630 tended to increase serum cTnI
(P = 0 099). AM251 alone had no effect on cTnI concentra-
tions (P = 1). When AM630 was pretreated before propofol,
the potential effects of propofol in reducing cTnI were
completely reversed (P = 1, AM630+propofol + I/R versus
propofol + I/R). Of note, AM251 combined with propofol
conditioning resulted in significant reduction of cTnI release
(P = 0 004, AM251+propofol + I/R versus I/R).

Oxidative redox signaling changes in propofol-induced
protection against myocardial I/R were also observed.
The results showed that propofol conditioning (P < 0 001),
AM251 alone (P < 0 001), and AM251 combined with
propofol conditioning (P < 0 001) increased serum SOD
concentrations compared with I/R. AM630 injection
decreased peripheral SOD activity when compared with
sham (P < 0 001) and AM630 preexposure fully reversed
the effects of propofol conditioning on SOD activity
(P < 0 001 versus propofol + I/R, Figure 7(a)).

We further measured serum MDA (Figure 7(b)) and
myeloperoxidase (MPO) concentrations (Figure 7(c)) to
further assess the effects propofol conditioning on oxidative
stress. I/R induced significant elevations of serum MDA
(P < 0 001) and MPO (P < 0 001) concentrations compared
with sham group. Conditioning with propofol reduced serum
MDA (P = 0 045) and MPO (P = 0 001) concentrations
compared with I/R. These antioxidant effects of propofol
were completely reversed by AM630 pretreatment (both
P = 1, AM630+propofol + I/R versus I/R). AM251 alone
(P < 0 001) and AM251 combined with propofol condition-
ing (P = 0 002) decreased serum MDA concentrations
compared with I/R. Similar effects were found for serum
MPO concentrations in the AM251 (P < 0 001) and AM251
combined with propofol conditioning (P < 0 001) group.
AM251 combined with propofol conditioning did not
have added effects on propofol alone induced decrease
in serum MDA and MPO concentrations (both P = 1 versus
propofol + I/R).

4. Discussion

In the present study, we found that (1) rat cardiomyocyte
endocannabinoid (AEA and 2-AG) release was increased
by hypoxia and propofol conditioning in vitro. These
effects were also observed in vivo in the rat myocardial
ischemia/reperfusion injury model. (2) Regulating endo-
cannabinoid levels by inhibiting degradation (URB597) or
reuptake (VDM11) before propofol conditioning mimicked
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(c) Cell ROS

Figure 5: Effects of propofol conditioning, URB pretreatment, and VDM11 pretreatment on cardiomyocyte MDA concentrations (a), SOD
concentrations (b), and ROS productions (c). In the in vitro cardiomyocyte hypoxia/reoxygenation (H/R) model, propofol (50 μM) was
incubated to achieve cardioprotection. Selective FAAH inhibitor URB597 and endocannabinoid reuptake inhibitor VDM11 were further
used to increase endocannabinoid levels before propofol conditioning. The results showed that propofol conditioning was cardioprotective
through decreasing oxidation (a and c). URB597 and VDM11 mimic the effects of propofol conditioning. The cardioprotective effects
of propofol could not be exerted when URB597 or VDM11 was pretreated. N = 6 per group. ∗: P < 0 05; ∗∗: P < 0 01 versus control.
##: P < 0 01 versus propofol. ††: P < 0 01 versus H/R.
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the cardiomyocyte protective effects and antioxidative
effects of propofol. Furthermore, the effects of propofol
overlapped with those of URB597 and VDM11 preincuba-
tion. (3) CB2R antagonist AM630 but not CB1R antago-
nist AM251 reversed the antioxidative effects as well as
cardioprotection of propofol conditioning in vivo. These
findings collectively suggest that endogenous endocannabi-
noid release and the consequent CB2R signaling activation
modulate propofol conditioning-induced cardioprotection
through reducing cardiac oxidative stress.

4.1. Propofol Increased Cardiac Endocannabinoid Release. In
this study, we found a transient increasing effect of propofol

on AEA and 2-AG release. These enhanced effects of release
were only observed during propofol exposure and shortly
after ischemia (Figure 1) or hypoxia (Figure 2). This time-
dependent increase of endocannabinoid by propofol was
similar to the results of Patel et al. [19], who reported that
intraperitoneal injection of single dose of 100mg/kg of
propofol increased mice whole-brain AEA and 2-AG levels
8 minutes after injection. The concentrations returned to
normal 40 minutes later when the mice recovered from
anesthesia [19]. In the human study, Schelling et al. found
that sevoflurane anesthesia decreased blood AEA concentra-
tions while propofol maintenance was accompanied with
stable or higher concentrations of blood AEA [37]. However,
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Figure 6: Effects of CB1R and CB2R signaling on propofol-induced cardioprotection in vivo. (a) Representative figures of cardiac ventricle
slices showing myocardium infarct size among groups. (b) Histograms showing the relative infarct size among groups. Propofol was perfused
from 1.5 hours before ischemia until the end of ischemia. Selective CB1R antagonist AM251 (1mg/kg) or selective CB2R antagonist AM630
(1mg/kg) was injected intravenously 30 minutes before propofol exposure. Infarct size was detected using TTC staining after 24-hour
reperfusion. The results showed that propofol and AM251 pretreatment could reduce infarct size compared with pure ischemia/
reperfusion. Pretreatment with AM630 fully antagonized the effects of propofol conditioning. (c) Histograms showing serum cTnI
concentrations among groups. Propofol tended to reduce cardiac cTnI release at hours after ischemia, and selective CB2R antagonist
AM630 (1mg/kg) reversed the effect of propofol. N = 6 per group. ∗∗: P < 0 01 versus sham. ##: P < 0 01 versus I/R. ††: P < 0 01 versus
propofol + I/R. ‡‡: P < 0 01 versus AM251 + I/R. §§: P < 0 01 versus AM251 + propofol + I/R.
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Figure 7: Continued.
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in the recent study by Jarzimski et al., propofol anesthesia
resulted in similar decreases in serum AEA concentrations
to sevoflurane/thiopental anesthesia [22]. The decrease of
AEA level was transient and not observed 60 minutes later.
In the meantime, serum 2-AG concentration was stable at
all time points [22]. On the other hand, although not
significant, patients receiving propofol anesthesia always
seemed to have higher AEA levels than those receiving
sevoflurane/thiopental anesthesia which implied a weak
effect of propofol on AEA release [22]. Altogether, these
results supported that propofol could increase endocanna-
binoids, especially AEA release in a short-time period with
a small magnitude.

The underlying mechanisms of propofol-induced eleva-
tion of AEA and 2-AG release remain to be explored.
Mouse brain FAAH has long been found to be inhibited
by propofol [19], and our in vitro study also found that
propofol (resolved in intralipid) was able to inhibit FAAH
(Figure 3(d)). However, contrary results were also reported
[22]. Using the human plasma as a source of FAAH,
Jarzimski et al. found no change of enzymatic kinetics of
FAAH by 50μM of propofol [22]. These discrepancies
suggested a species or organ-specific response of FAAH

activity to the presence of propofol. Moreover, endocanna-
binoids turnover might also be a target of propofol [22].
We did not perform the FAAH activity assay using the
rat cardiomyocyte membranes and could not reach the con-
clusion that propofol increased endocannabinoid release
through modulating FAAH activity.

4.2. Hypoxia and Ischemia Increased Cardiac
Endocannabinoid Release. We found that after hypoxia,
endocannabinoid concentrations in the cell culture media
experienced a short increase. The duration of such increase
seldom lasted for more than 2 hours (Figure 2). The in vivo
experiment also found that ischemia resulted in an increase
in serum AEA and 2-AG concentrations. The concentrations
reached a peak when reperfusion was initiated for 1 hour and
returned to normal 4 hours later (Figure 1). These results
were similar to previous studies. Wagner et al. found that
after 30minute ischemia and 2-hour reperfusion, AEA and
2-AG contents in the injured myocardium returned to nor-
mal [18]. Holman et al. reported a decrease of cardiac 2-AG
levels 24 hours after stress and an increase in 2-AG concen-
trations 2 weeks later [38]. These results encouraged us to
speculate that acute stress like ischemia might cause a rapid
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Figure 7: Effects of CB1R and CB2R signaling on propofol conditioning induced antioxidation in vivo. Rat myocardial ischemia/reperfusion
(I/R) injury model was set up by ligating left descending coronary artery for 30 minutes and loosening for 24-hour reperfusion. Before and
during ischemia, propofol was continuously infused. Selective CB1R antagonist AM251 (1mg/kg) or selective CB2R antagonist AM630
(1mg/kg) was injected intravenously 30 minutes before propofol exposure. Serum SOD activities (a), MDA concentrations (b), and MPO
concentrations (c) were detected 24 hours after 24-hour reperfusion. The results showed that propofol conditioning was cardioprotective
through decreasing oxidation injury. The antioxidative effects of propofol were fully reversed by pretreatment with AM630. N = 6 per
group. ∗: P < 0 05; ∗∗: P < 0 01 versus sham. #: P < 0 05; ##: P < 0 01 versus I/R. ††: P < 0 01 versus propofol + I/R. ‡‡: P < 0 01 versus
AM251 + I/R. §§: P < 0 01 versus AM251 + propofol + I/R.
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and transient release of cardiac endocannabinoids which was
back to normal several hours later. If the stress continues, a
persistent elevation of endocannabinoid concentrations
should be observed. In support of this hypothesis, higher
concentrations of peripheral blood 2-AG and AEA levels
were observed in patients with heart failure [39].

The transient increase of endocannabinoid release by
propofol or by myocardial ischemia alone might be benefi-
cial. When FAAH was knocked out and endocannabinoid
contents were increased in the ventricle, the mice experi-
enced alleviated age-related cardiac injury [40]. Moreover, a
case-control study found a role for allele A of the FAAH
385 variant as a risk factor for myocardial infarction [41].
Our study found that the selective FAAH inhibitor URB597
and reuptake inhibitor VDM11 were cardiomyocyte protec-
tive against H/R (Figure 4) which also supported this notion.
In the meantime, we could not exclude the possibility that
propofol or ischemia might directly act on downstreaming
receptor expression, activation, or signaling transduction to
exert cardioprotection. Our study on receptor expression also
found that propofol conditioning could enhance CB1R and
CB2R transcription and expression (Figure 3).

One limitation was that we did not measure cardiac tissue
endocannabinoid levels and could not exclude the possibility
that increased serum AEA and 2-AG might mainly come
from blood. For instance, Wagner et al. found that cardiac
ischemia/reperfusion caused an increase of AEA and 2-AG
contents in monocytes and platelets [42]. On the other hand,
cardiac tissue endocannabinoid levels might not fully reflect
cardiac tissue endocannabinoid concentration changes since
these endocannabinoids were high degradable with short
half-life. Future study that simultaneously measures myocar-
dium and serum endocannabinoid concentrations would
help clarify the origins of elevated serum concentrations of
AEA and 2-AG.

4.3. Propofol Regulated Cardiac Oxidative Redox Signaling.
Oxidative stress contributed greatly to cardiomyocyte death
due to I/R injury [43]. ROS scavenger has been shown to be
able to reduce H/R-induced cardiomyocyte injury [44]. Our
experiment found that propofol conditioning could reduce
cell ROS production (Figure 5(a)), decrease cardiomyocyte
and serum MDA concentrations, (Figures 5(a) and 7(b))
increase serum SOD activity (Figure 7(a)), indicating that
propofol could mitigate overoxidation due to reoxygenation.
These results were similar to other studies. Propofol was
reported to inhibit ischemia-reperfusion injury-induced
oxidative stress both in experimental [45] and in clinical set-
tings [46, 47]. Shao et al. found that propofol could dose
dependently inhibit the ROS attack from I/R injury [48].
To conclude, propofol conditioning was cardioprotective
through regulating cardiac oxidative redox signaling.

In this study, we measured the peripheral blood oxidative
stress indicators instead of those at cardiac tissue. Although
the peripheral blood indicators were frequently used to
reflect oxidation status in cardiac tissue, there might be
substantial difference sometimes. Studies have found that
autocrine or paracrine mechanisms also played a role in the
pathophysiology of myocardial ischemia/reperfusion injury

[49]. Future study that simultaneously measures both serum
and tissue oxidation status would be helpful.

4.4. CB2R Receptor Signaling Meditated Propofol-Induced
Cardioprotection. Both CB1R and CB2R were expressed in
adult rat cardiomyocytes [50]. In the myocardial I/R model,
we found that propofol conditioning-induced antioxidation
and cardioprotection could be fully reversed by CB2R
antagonist AM630 (Figures 6 and 7). Defer et al. observed
the roles of CB2R signaling in oxidative stress-induced cell
injury. They found that selective CB2R agonist JWH133
could inhibit apoptosis while AM630 could reverse this
effect. In the mouse cardiac I/R model, pretreatment with
dual CB1R and CB2R agonists WIN 55212-2 could reduce
infarct size through mitigating inflammatory infiltration
[51]. Moreover, the effects of WIN 55212-2 could be reversed
by AM630 but not AM251, indicating an essential role of
CB2R activation in cardioprotection [52]. Using the isolated
rat hearts, Lepicier et al. found that both CB1R and CB2R
activation could reduce infarct size and the effects of
CB1R agonist rely on nitric oxide (NO) production [53].
Moreover, CB1R was found to be more densely expressed
in endothelial cells and CB2R primarily expressed in cardi-
omyocytes [53] and activation of cannabinoid-1 receptor
by AEA and HU210 significantly promoted reactive oxygen
species-dependent and reactive oxygen species-independent
mitogen-activated protein kinase activation and cell death
in human coronary artery endothelial cells [54]. These results
suggested that both CB1R and CB2R played a role in the
pathophysiology of cardiac I/R injury. The further use of
different selective CB1R antagonists or gene knock-down
models might be helpful to elucidate their roles. Further-
more, whether the NO signaling system played an essential
role in propofol-induced cardioprotection and which recep-
tor was responsible remained to be elucidated.

4.5. Caveats and Limitations. There could be several limita-
tions or caveats in our study that should be paid attention
to. Firstly, the H/R model we used comprised 12-hour
hypoxia and 4-hour reoxygenation. The long-term hypoxia
might make the cells adaptive to the environment, thereby
a dynamic change in endocannabinoid signaling might exist.
Future studies were needed to clarify it. Secondly, the effects
of endocannabinoid release on cardioprotection was only
observed in vitro, but not in in vivo study. However, consid-
ering the fact that cardiac endocannabinoid signaling in vivo
could be influenced by cardiomyocytes, other cardiac cells,
circulation, and neuroendocrine states [55, 56], the results
that could gained in in vivo results might be different from
the findings in our in vitro study. Nevertheless, the findings
gained in our in vitro study identified the downstream
signaling pathways in association with CB2R activation and
cardioprotection of propofol conditioning that may foster
further mechanistic studies. Thirdly, we have identified
increases in CB1R and CB2R protein and mRNA expression
by propofol. Whether the one-third increase in protein
contents or 3- to 5-fold increase in mRNA levels was biolog-
ically effective was not known. Lin et al. found that chronic
kidney disease (CKD) could increase cardiac CB1R protein
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expression by more than 50%, which they thought was
biologically significant [57]. In patients with severe heart
failure, CB1R RNA was downregulated 0.7-fold, whereas
CB2R was upregulated more than 11-fold which was accom-
panied with significantly elevated peripheral blood levels of
endocannabinoids [39]. Based on these results, there was a
possibility that the increased CB1R and CB2R expression
induced by propofol might not play a significant role in
biological processes. Another limitation needed to mention
is that we did not utilize CB1R and CB2R antagonists to
clarify whether these receptors signaling or other nonspecific
receptors were responsible for propofol-induced preserva-
tion of cell viability and reduction of oxidative stress.
Moreover, these experiments could help us differentiate the
roles of endocannabinoids and receptors in cardioprotection
by propofol considering that propofol could induce both
endocannabinoid release and receptor expression.

In conclusion, propofol conditioning showed protection
against cardiomyocyte hypoxia and myocardial ischemia.
The protection was accompanied with and dependent on
increased endocannabinoid (AEA and 2-AG) release and
following alleviation of oxidative stress. CB2R signaling
but not CB1R signaling activation meditated propofol
conditioning-induced cardioprotection and antioxidation.
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Sepsis-induced myocardial dysfunction increases mortality in sepsis, yet the underlying mechanism is unclear. Brain-derived
neurotrophic factor (BDNF) has been found to enhance cardiomyocyte function, but whether BDNF has a beneficial effect
against septic myocardial dysfunction is unknown. Septic shock was induced by cecal ligation and puncture (CLP). BDNF
was expressed in primary cardiomyocytes, and its expression was significantly reduced after sepsis. In rats with sepsis, a
sharp decline in survival was observed after CLP, with significantly reduced cardiac BDNF expression, enhanced
myocardial fibrosis, elevated oxidative stress, increased myocardial apoptosis, and decreased endothelial nitric oxide (NO)
synthase (eNOS) and NO. Supplementation with recombined BDNF protein (rhBDNF) enhanced myocardial BDNF and
increased survival rate with improved cardiac function, reduced oxidative stress, and myocardial apoptosis, which were
associated with increased eNOS expression, NO production, and Trk-B, a BDNF receptor. Pretreatment with NOS
inhibitor, N (omega)-nitro-L-arginine methyl ester, abolished the abovementioned BDNF cardioprotective effects without
affecting BDNF and Trk-B. It is concluded that BDNF protects the heart against septic cardiac dysfunction by reducing
oxidative stress and apoptosis via Trk-B, and it does so through activation of eNOS/NO pathway. These findings provide a
new treatment strategy for sepsis-induced myocardial dysfunction.

1. Introduction

Sepsis is identified as a systemic deleterious inflammatory
response to infection or injury [1]. The resulting severity of
sepsis and septic shock is associated with high mortality
rate, which mainly results from dysfunction and failure
of vital organs [2]. In particular, cardiac dysfunction is
the leading cause of death in patients with sepsis [3–6].
Therefore, patient’s ability to recover from septic myocar-
dial dysfunction becomes a key predictor of survival [7].
Despite over three decades of clinical and basic research
on sepsis-induced myocardial dysfunction, current under-
standing of the pathophysiology of myocardial dysfunction
in sepsis is limited and effective therapies are lacking for
this disorder [8].

Septic myocardial dysfunction is complicated and multi-
factorial, which involved persistent inflammation-induced
microlesions of endothelium and endocardium, alterations
in intracellular calcium homeostasis, contractile dysfunction
of the heart, increase of reactive oxygen species (ROS), and
apoptosis [9, 10]. Besides cardiac contractility dysfunction,
oxidative stress has been considered to play a critical role in
the progression of sepsis-induced myocardial dysfunction
[11–13]. Ample evidence has demonstrated protective
effects of antioxidant facilitation in sepsis, and reinforce-
ment of myocardium endogenous antioxidant defense
attenuates cardiac oxidative stress and preserves contractile
reserve [11, 14–16].

Brain-derived neurotrophic factor (BDNF) is a growth
factor that is widely expressed in the nervous system. Low
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serum BDNF level was found in patients with chronic
heart failure [17] and was positively correlated with heart
failure severity [18], indicating that BDNF may play a role
in heart failure. Indeed, previous study demonstrated that
an intact BDNF/Trk-B (tropomyosin-related kinase receptor
B, a BDNF receptor) signaling was required for enhancing
normal cardiac calcium cycling, maintaining optimal cardiac
contraction and relaxation, while loss or impairment of
BDNF/Trk-B may underlie the pathogenesis of myocardial
dysfunction in acute or chronic heart diseases [19]. More-
over, studies showed that BDNF can increase nitric oxide
(NO) level in neuronal cells while endothelial NO synthase
(eNOS) protects neurons through the BDNF/Trk-B pathway
during brain ischemic injury [20–23]. Given that eNOS-
derived NO induces myofibril relaxation, which is considered
important in protection against septic myocardial dysfunc-
tion [24, 25] and that eNOS-derived NO represents one of
the most important protective molecule that fights a wide
range of cardiovascular disease resulting from fibrosis to
oxidative stress [26], the properties of BDNF (e.g., enhancing
calcium cycling and increasing NO) provide a clue that
BDNF may protect the heart against septic cardiac dysfunc-
tion by increasing NO and the subsequent reduction of
oxidative stress. However, whether BDNF can stimulate NO
to confer cardioprotection in the myocardium and whether
BDNF confers cardioprotective effect by reducing oxidative
stress remain unknown. We, therefore, hypothesized that
BDNF attenuates septic cardiac dysfunction by reducing
oxidative stress and its dose so by enhancing NO.

2. Materials and Methods

2.1. Animals. The study was approved by the Medical Ethics
Committee of The Second Xiangya Hospital of Central South
University in Changsha, P.R. China and followed the NIH
guidelines (Guide for the care and use of laboratory animals).
Specific pathogen-free adult male Sprague-Dawley (SD) rats
(Aged 6–8 weeks; weighted 180–200 g, Changsha, China)
were housed under identical conditions (room temperature
at 25°C, 50± 10% relative humidity, and 12 hour light-dark
cycle) and had free access to a standard rodent diet and
water. The animal experiments were performed according
to the guidelines for the care and use of animals established
by Central South University.

2.2. Animal Model of Sepsis. The sepsis model of rats with
cecal ligation and puncture (CLP) was obtained as described
[27, 28]. The rats were positioned on a homoeothermic
heating pad in order to maintain body temperature about
37°C. Under complete anesthetization by inhaling 1–3%
isoflurane and 40% oxygen during surgery, a 3 cm midline
laparotomy on the anterior abdomen was made in the rats.
The cecum was exposed and ligated using a 3–0 silk suture
just below the ileocecal valve in order to avoid intestinal
obstruction. The cecum was punctured twice on the anti-
mesenteric border with a 16-gauge (1.65mm diameter)
needle and returned to the abdominal cavity. The incision
was then closed with 4-0 silk suture. Each rat received normal
saline (4mL/100 g) by subcutaneous injection immediately

after CLP. The rats were then returned to room air and had
free access to water after CLP. Sham-operated rats underwent
the same above surgical procedure, in addition to the cecum
was neither ligated nor punctured.

Rats were divided into four groups (n = 8 per group)
as illustrated in Figure 1(a): the control (vehicle + sham)
group, vehicle + CLP group, CLP+ rhBDNF (5mg/kg, i.v.,
Peprotech, Rocky Hill, USA) group, and CLP+ rhBDNF +
L-NAME (15mg/kg, i.v., Sigma, USA). The schematic dia-
gram of the protocol was shown in Figure 1(a). At the late,
hypodynamic stage of sepsis (i.e., 18 hours after CLP) or
sham operation, rats were anesthetized by inhaling 1–3% iso-
flurane and 40% oxygen. A catheter filled with heparin saline
(500U/mL) was inserted into the left ventricle from the right
carotid artery to measure mean arterial blood pressure
(MABP) and left ventricular (LV) pressure. Maximal LV
pressure development (LVdp/dtmax), LV endsystolic pres-
sure, LV end-diastolic pressure (LVEDP), and heart rate were
recorded by using a Powerlab (4S, Australia).

2.3. Adult Rat Ventricular Cardiomyocyte Isolation. Calcium-
tolerant cardiomyocytes were isolated from rat ventricles
via a modified method as previously described [29]. Rats
receiving sham operation or CLP were sacrificed with an
intraperitoneal injection of overdose sodium pentobarbital
(220mg/kg) and heparinized. The hearts were rapidly
removed and mounted on a Langendorff perfusion appara-
tus and proceeded to cardiomyocytes isolation as descried
[30]. Cells isolated from a single rat heart were plated onto
Matrigel-coated culture dishes and allowed to recover for
3 hours. Cultured ventricular cardiomyocytes were incu-
bated in Medium 199 (Gibco, Grand Island, NY) at
37°C for 2 hours then snap-frozen in liquid nitrogen for
future analysis.

2.4. Samples Collected and Histopathology Analysis. Rats were
killed using carbon dioxide inhalation smoothing method at
18 hours after CLP surgery, and left ventricular myocardial
tissues were collected. Tissue sections of the myocardium
were stained with hematoxylin-eosin (H&E) staining as
previously described [29], and morphological changes were
evaluated using light microscopy at a magnification of 400x.

2.5. Masson’s Trichrome Staining. Paraffin-embedded tissues
were cut into 5μm of section for Masson’s trichrome staining
(Beijing Rocchi Biotechnology Co. Ltd., China) in strict
accordance with the kit experimental steps. Leica Image Pro-
cessing and Analysis System (Leica Microsystems Digital
Imaging, Cambridge, UK) were used for image acquisition
and semi-quantitative analysis of the results of Masson
staining. Five visual fields were randomly selected for each
rat to calculate the average index number of myocardial
collagen volume fraction.

2.6. ELISA Kit for 15-F2t-Isoprostane. Oxidative stress
biomarker 15-F2t-isoprostane in myocardial tissue was mea-
sured by using commercially available 15-F2t-isoprostane
ELISA kit (Cayman, USA), in strict accordance with the kit
manufacturer’s instructions as described [30]. All samples
were measured in triplicate.
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2.7. Measurement of Superoxide Dismutase (SOD). The
myocardial tissue was collected, and SOD activities were
measured using commercially available kits, according to
the manufacturer’s instructions (Nanjing Keygen Biotech.
Co. Ltd., Nanjing, China).

2.8. Measurement of Myocardial Levels of Nitric Oxide. As
the stable end products of nitric oxide (NO), nitrites
(NO2

−), and nitrates (NO3
−) were determined in the rats’

ventricular tissue by a NO colorimetric assay kit (BioVision,
Inc., California).
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Figure 1: BDNF expressed in cardiomyocytes was reduced after septic shock, and supplementation of BDNF improved survival rate in rats
subjected to septic shock. (a) Schematic diagram of the protocol. (b) BDNF protein expression in isolated cardiomyocytes. (c) BDNF protein
expression in heart tissues. (d) Survival rates in rats subjected to septic shock. Data are mean± SEM, with n = 8 animals per group. ∗P < 0 05
versus sham; #P < 0 05 versus CLP; ∗∗P < 0 01. CLP: cecal ligation and puncture; rhBDNF: recombined BDNF protein.
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2.9. TUNEL Staining. Myocardial apoptosis was analyzed
using a terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL) assay using a commercial kit (Roche
Diagnostics, Indianapolis, IN, USA) according to a previ-
ously described methodology [29].

2.10. Immunohistochemistry (IHC) Analysis. Paraffin-
embedded tissues were cut into 4μm-thick sections, followed
by antigen unmasking process, and incubated overnight at
4°C with 4-HNE rabbit antibody (1/200 dilution; Abcam,
Cambridge, UK) or eNOS mouse antibody (1/100 dilution;
Millipore, Billerica, MA, USA). Phosphate buffered saline
replaced the primary antibody as a negative control. The
subsequent detection was use of anti-rabbit or mouse
immunohistochemistry assay kit (DAKO, Carpentaria, CA,
USA) as a chromogen for visualization. Finally, hematoxylin
was used to counterstain the nuclei. All the slides were
viewed and photographed under microscope combined
with a digital camera (Leica Microsystems Digital Imaging,
Cambridge, UK).

2.11. Immunofluorescence Analysis. 4μm thick paraffin-
embedded sections were incubated overnight with TrkB
rabbit antibody (1/200 dilution; Santa, Cruz, CA, USA)
after subjecting to standard procedure for dewaxing,
blocking endogenous peroxidase, and exposing antigenic
sites. A FITC-conjugated goat anti-rabbit antibody (1 : 100;
Zhongshan Gold Bridge) was used to detect the above
primary antibody. Slides were detected using a fluores-
cence microscope (Leica Microsystems Digital Imaging,
Cambridge, UK). We chose five 40x magnification fields
per tissue section at random, and two independent blinded
observers obtained the mean area values of positive signals
for final analysis by using the Image-Pro Plus 6.0 software.

2.12. Western Blot. Myocardial tissues were grounded and
homogenized with lysis solution. After sonication, the lysates
were centrifuged, and the proteins were separated using
electrophoresis and transformation to polyvinylidene fluo-
ride (PVDF) membranes. After being blocked with 5% skim
milk in Tris-buffered saline (TBS) for 2 hours at room
temperature, the membrane was incubated with primary
antibodies against BDNF rabbit antibody (1/1000 dilution;
Abcam, Cambridge, UK), Bax, Bcl-2, caspase-3, cleaved
caspase-3 rabbit antibody (1/1000 dilution; Cell signaling
Tecnology, USA), and GAPDH mouse antibody (1/1000
dilution; Cell signaling Tecnology, USA) overnight at 4°C,

washed three times with TBST, and then incubated with
horseradish peroxidase-conjugated secondary antibody for
1 hour at 37°C. The blots were imaged using AlphaView
system (Cell Biosciences, Santa Clara, CA, USA) and quanti-
fied using the Image J 1.48 software (National Institutes
of Health).

2.13. Evaluation of Survival Rate. The rats (n = 16 per group)
receiving the same protocols were used to assess survival
rates. The rats in each group had free access to food and
water and were kept under pathogen-free conditions. Ani-
mals were monitored via video recording, and the survival
rate was evaluated within 3 days in each group.

2.14. Statistical Analysis. All data were described as mean±
standard error of measurement (SEM) and analyzed using
GraphPad Prism 6. One-way ANOVA was selected to com-
pare data of more than two groups, andmultiple comparisons
were performed by Tukey’s Honestly Significant Difference
test. P < 0 05 was considered statistically significant.

3. Result

3.1. BDNF Expression in Cardiomyocytes Was Reduced after
Septic Shock. Previous studies have shown that BDNF is
expressed in many types of tissues or cells [31], but it is
unknown whether BDNF is expressed in cardiomyocytes.
In primary cardiomyocytes isolated from rats, we showed
that BDNF was expressed in cardiomyocytes and was
reduced after CLP (Figure 1(b)). Similar trends of change of
BDNF protein expression was observed in myocardial tissue
in rats subjected to CLP (Figure 1(c)). We then tried to
restore myocardial BDNF by intraperitoneal administration
of recombined BDNF; as shown in Figure 1(c), BDNF
administration significantly increased myocardial BDNF
protein expression after CLP.

3.2. Improvement of Cardiac Function by BDNF in Septic
Shock Rats That Was Aggravated by L-NAME. As shown in
Table 1, cardiac function in rats after CLP was impaired,
demonstrated by reduction of MABP, dP/dtmax, dP/dtmin,
and LVSP and increase of LVEDP compared to that in sham,
which was eradicated by supplementation of BDNF. How-
ever, these beneficial effects of BDNF were reversed by
L-NAME pretreatment evidenced by increase of MABP,
dP/dtmax, dP/dtmin, and LVSP and decrease of LVEDP
(P < 0 05 versus CLP+ rhBDNF).

Table 1: BDNF improved cardiac function in septic shock rats that was reduced by L-NAME.

Group HR (beats/min) MABP (mmHg)
LV dP/dtmax
(mmHg/s)

LV dP/dtmin
(mmHg/s)

LVEDP (mmHg) LVSP (mmHg)

Sham 430± 52 110.52± 12.64 6682± 646 −4818± 356 11.22± 4.86 130.24± 11.46
CLP 460± 42 68.46± 15.38∗ 3980± 386∗ −2860± 246∗ 19.82± 5.02∗ 89.74± 9.12∗
CLP+BDNF 446± 54 96.86± 12.12# 6024± 562# −4328± 302# 13.02± 4.06# 124.68± 12.48#

CLP+BDNF+L-NAME 458± 50 70.02± 10.46& 4126± 428& −3022± 286& 18.98± 5.82& 94.56± 10.06&

HR: heart rate; MABP: mean arterial blood pressure; LV dP/dtmax: left ventricular (LV) maximal pressure development; LV dP/dtmin: left ventricular (LV)
minimal pressure development; LVEDP: left ventricular end-diastolic pressure; LVSP: left ventricular systolic pressure. Data are mean ± SEM. ∗P < 0 05
versus control group, #P < 0 05 versus CLP group, &P < 0 05 versus CLP + rhBDNF. CLP: cecal ligation and puncture; rhBDNF: recombined BDNF protein.
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3.3. Increased Rats’ Survival Rate by BDNF after Septic Shock
That Was Reversed by L-NAME. As shown in Figure 1(d),
survival rate dropped about 10% in rats subjected to CLP
within 12 hours after septic shock and continued to decline
sharply starting from 24 hours after injury, reaching almost
0% by 72 hours after CLP (Figure 1(d)). Intravenous admin-
istration of BDNF extended life time, and increased survival
rate that first drop of survival rate was observed at 24 hours
after CLP and about 40% of animals survived by 72 hours
after injury (Figure 1(d)). This effect of BDNF was abolished
by L-NAME (Figure 1(d)).

3.4. Reduction of Cardiac Hypertrophy by BDNF in Septic Shock
Rats That Was Reversed by L-NAME. Myocardial fibrosis is a
hallmark of cardiac hypertrophy [32]. Myocardiumwas stained
with Masson’s trichrome (Figures 2(a) and 2(b) and H&E
(Figure 2(c)) to identify cardiac fibrosis and cardiomyocyte
morphology, respectively, after CLP. As shown in Figure 2,
collagen volume was significantly increased after CLP (CLP
versus sham, P < 0 05), which was reduced by BDNF (CLP
+rhBDNF versus CLP, P < 0 05). Pretreatment with L-
NAME reversed the effect of BDNF manifested as profound
increase of cardiac collagen volume in the CLP+rhBDNF+L-
NAME group compared to CLP+rhBDNF group.

3.5. Attenuation of Myocardial Oxidative Stress by BDNF in
Septic Shock Rats That Was Abolished by L-NAME.Myocardial

level of 4-HNE, amarker of lipid peroxidation, and cardiac level
of 15-F2t-isoprostane, a specific index of ROS-induced oxida-
tive stress, were significantly increased after CLP that were asso-
ciated with reduced superoxide radical scavenging enzymatic
activity of SOD (Figures 3(a), 3(b), 3(c), and 3(d)). All these
changes were attenuated by BDNF. However, these beneficial
effects of BDNF were reduced by L-NAME pretreatment
(Figures 3(a), 3(b), 3(c), and 3(d)).

3.6. BDNF Reduced Cardiomyocyte Apoptosis after Septic
Shock That Was Reduced by L-NAME. Myocardial cell
apoptosis was significantly enhanced after CLP evidenced
by increased number of TUNEL-positive cells (Figures 4(a)
and 4(b)), elevated Bax to Bcl-2 ratio (Figure 4(c)),
and upregulated cleaved caspase-3 protein expression
(Figure 4(d)). These alternations were reduced by
supplementation of BDNF, while these antiapoptotic effects
of BDNF were abolished by L-NAME (Figures 4(a), 4(b),
4(c), and 4(d)).

3.7. BDNF Increased Induction of eNOS-Derived NO and
Enhanced Trk-B in Septic Shock Rats. In Figures 5(a), 5(b),
and 5(c), after CLP, expression of eNOS was significantly
increased while NO level was reduced significantly. Although
supplementation of BDNF further upregulated eNOS protein
expression and increased NO production by more than twice
of the amount in CLP groups, these effects of BDNF were
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Figure 2: BDNF reduced cardiac hypertrophy in septic shock rats that was attenuated by L-NAME. (a and b) Myocardial fibrosis
content assessed by Masson’s trichrome staining (400x magnification) and quantitation. (c) The cell size visualization by H&E
staining (400x magnification). Data are mean± SEM, with n = 8 animals per group. ∗P < 0 05 versus sham; #P < 0 05 versus CLP;
&P < 0 05 versus CLP+ rhBDNF. CLP: cecal ligation and puncture; rhBDNF: recombined BDNF protein.
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abolished by L-NAME (Figures 5(a), 5(b), and 5(c)). Trk-B is
a receptor of BDNF that is highly expressed in cardiomyo-
cytes [19]. As shown in Figures 5(d) and 5(e), CLP has no
effect on Trk-B protein expression. BDNF supplementation
significantly increased Trk-B protein expression, while pre-
treatment of L-NAME has no impact on BDNF-induced
increase of Trk-B protein expression (Figures 5(d) and 5(e)).

4. Discussion

With regard to the high mortality rate in sepsis, one of the
key predictors of survival is the patients’ ability to recover
from septic myocardial dysfunction [7]. Our study found that
supplementation of BDNF after septic shock is effective in
protecting the hearts against septic cardiac dysfunction. To
our knowledge, this is the first study which provided direct
proof that BDNF is expressed in cardiomyocyte and that
cardiomyocytes BDNF is reduced after sepsis. We further
demonstrated that, in CLP-induced sepsis, myocardial BDNF

was reduced that was associated with impaired cardiac func-
tion, increased myocardium fibrosis, elevated cardiomyocyte
apoptosis, reduced NO production, and increased oxidative
stress. Supplementation of BDNF after CLP boosted BDNF
level in myocardium and rescued cardiac dysfunction,
enhanced NO and eNOS, upregulated Trk-B protein expres-
sion, attenuated oxidative stress, and, eventually, improved
animal survival. All these effects of BDNF were abolished
by NOS inhibition, suggesting BDNF conferred myocardial
protection through the stimulation of eNOS, resulting in
increased NO level, and thus reduced oxidative stress and
cardiac fibrosis thereby improving postseptic cardiac func-
tional recovery and survival. These findings provide evidence
that effective treatment targeting BDNF may facilitate the
recovery of septic myocardial dysfunction.

BDNF, a pleiotropic neurotrophin, is best characterized
for its ability to promote neurogenesis by stimulation of its
receptor, Trk-B, in neuronal cells [33, 34]. While BDNF/
Trk-B is identified throughout the central and peripheral
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Figure 3: BDNF attenuated myocardial oxidative stress in septic shock rats that was abolished by L-NAME. (a and b) Visualization and
quantitation of 4-HNE in heart tissue. (c) Superoxide dismutase (SOD) activity in heart tissue. (d) Free 15-F2t-isoprostane in heart
tissue was measured by using an enzyme-linked immunoassay kit. Data are mean± SEM, with n = 8 animals per group. ∗P < 0 05
versus sham; #P < 0 05 versus CLP; &P < 0 05 versus CLP+ rhBDNF. CLP: cecal ligation and puncture; rhBDNF: recombined BDNF protein.
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nervous systems, they also found it in various nonneuronal
tissues such as endothelial cells in the heart, muscle, and
vasculature as well as smooth and skeletal muscle cells,
enhancing cell survival and function [35, 36]. However, little
is known about its role in myocardial physiology and pathol-
ogy. Recent study showed that BDNF/Trk-B signaling is
required for optimal cardiac contraction and relaxation and
that loss or impairment of BDNF/Trk-B function may lead
to myocardial dysfunction [19]. The present study in isolated
primary cardiomyocytes provided direct evidence that BDNF
is constitutively expressed in cardiomyocytes, the predom-
inant cell type in the heart. This together with the previ-
ous study shows that Trk-B is highly expressed in the

heart indicating that BDNF may play a critical role in
cardiomyocyte survival and functional maintenance in an
autocrine manner.

In myocardium from CLP-induced septic shock rats,
cardiac BDNF level was significantly reduced accompanied
with increased cardiomyocyte apoptosis and enhanced oxi-
dative stress, which were associated with cardiac dysfunction
and increased mortality rate. All these were reversed by
BDNF supplementation. Given that apoptosis and the subse-
quent cell loss, which were stimulated by oxidative stress,
have been considered a driving force and the major mecha-
nism in sepsis-induced myocardial dysfunction [37], the
observed cardioprotective effects of BDNF in the hearts from
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Figure 4: BDNF reduced cardiomyocyte apoptosis after septic shock that was reduced by L-NAME. (a and b) Visualization (400x
magnification) and quantitation of TUNEL positive cells in heart tissue. (c) Bax and Bcl-2 protein expression. (d) Total and cleaved
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septic shock rats may act through reducing oxidative stress
and the subsequent reduction of cardiomyocytes apoptosis.
Our findings were similar to the study by Hang et al. which

showed that BDNF by downregulating microRNA-195
inhibited cardiac apoptosis and attenuated myocardial
ischemia reperfusion injury in rats [38]. In the current study,
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we further demonstrated that the abovementioned beneficial
effects of BDNF were mainly through NOS system.

Recent studies identified crosstalk between BDNF and
NO in neuronal cell [20, 22]. In the current study, we
provided additional evidence that similar regulation of NO
via BDNF also present in cardiomyocyte. It is well acknowl-
edged that NO is critical in the pathogenesis of sepsis and
that eNOS-mediated NO production is important in main-
taining proper function of the cardiovascular system, while
under pathological conditions (i.e., sepsis and ischemia
reperfusion injury), deregulated or excessive release of NO
by inducible NO synthase (iNOS) contributes substantially
to cardiac dysfunction [26, 39]. Loss or malfunction of eNOS
resulting in low level of NO bioavailability and the subse-
quent increase of oxidative stress has been considered an
important component of septic myocardial dysfunction and
development of heart failure [25, 40]. In our study, despite
compensatory increase of eNOS, which is in line with the
reported transient increase of eNOS during acute phase
of pathological condition [41], NO level remained low,
which was associated with cardiac dysfunction. BDNF
supplementation restored eNOS and NO and attenuated
cardiac dysfunction; all these were abolished by NOS
inhibition, highlighting the importance of NO in BDNF
cardioprotection in sepsis. However, the source of this
BDNF-induced NO production is still unknown. Studies
have shown that once expressed iNOS produces large quan-
tities of NO over a long period of time in response to proin-
flammatory cytokines during sepsis, which adversely affects
myocardial contractile function and leads to myocardial
depression [42]. Yet, the time course of iNOS induction
seems to be tissue- and specie-dependent. Elevated level of
iNOS was found in the lung, spleen, and liver within 4 hours
after septic stimulation in both dog and rat, but increase of
iNOS in the heart was observed 6 hours afterwards in dog
while no upregulation of iNOS was detected at 24 hours in
rat after initiation of sepsis [43, 44]. Hence, our data suggests
that in our CLP-induced sepsis model in rat, eNOS rather
than iNOS takes place to maintain regulated NO production
during early phase of sepsis (18 hours after CLP in our septic
model). As a result, after CLP, the low level of NO, which was
eNOS-derived, was associated with increased lipid peroxida-
tion and ROS-induced oxidative stress and decreased SOD
activity in the myocardium.

It is of notice that recent studies suggest that other
types of cell death such as autophagy and necroptosis also
play roles in cardiac hypertrophy [45, 46]. In the current
study, although we provided evidences that BDNF con-
ferred cardioprotective effects against cardiac hypertrophy
in sepsis rats was mainly through reducing cardiomyocytes
apoptosis, we could not rule out the possibility that other
types of cell death such as autophagy and necroptosis may
also play roles in these BDNF-induced cardioprotection;
further investigation is needed to address the roles of other
types of cell death in BDNF-induced cardioprotection.
Moreover, in our study, BDNF was given after the onset
of CLP, whether or not pretreatment of BDNF also exerts
cardioprotection in sepsis remains known, which needs for
further investigation.

5. Conclusions

To our knowledge, our study for the first time demonstrated
the innate expression of BDNF in cardiomyocyte and the
cardioprotective role of BDNF in protecting hearts against
sepsis-induced cardiac dysfunction and animal death. Upreg-
ulation of eNOS and subsequent induction of NO represent a
major mechanism where BDNF reduces oxidative stress and
decreases myocardial apoptosis and eventually attenuates
cardiac dysfunction and improves animal survival in sepsis.
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Current evidence indicates that conventional mechanical ventilation often leads to lung inflammatory response and oxidative
stress, while lung-protective ventilation (LPV) minimizes the risk of ventilator-associated lung injury (VALI). This study
evaluated the effects of LPV on relief of pulmonary injury, inflammatory response, and oxidative stress among patients
undergoing craniotomy. Sixty patients undergoing craniotomy received either conventional mechanical (12mL/kg tidal volume
[VT] and 0 cm H2O positive end-expiratory pressure [PEEP]; CV group) or protective lung (6mL/kg VT and 10 cm H2O PEEP;
PV group) ventilation. Hemodynamic variables, lung function indexes, and inflammatory and oxidative stress markers were
assessed. The PV group exhibited greater dynamic lung compliance and lower respiratory index than the CV group during
surgery (P < 0 05). The PV group exhibited higher plasma interleukin- (IL-) 10 levels and lower plasma malondialdehyde and
nitric oxide and bronchoalveolar lavage fluid, IL-6, IL-8, tumor necrosis factor-α, IL-10, malondialdehyde, nitric oxide, and
superoxide dismutase levels (P < 0 05) than the CV group. There were no significant differences in hemodynamic variables,
blood loss, liquid input, urine output, or duration of mechanical ventilation between the two groups (P > 0 05). Patients
receiving LPV during craniotomy exhibited low perioperative inflammatory response, oxidative stress, and VALI.

1. Introduction

Mechanical ventilation (MV) is the most effective means of
providing respiratory support in the operating room and
intensive care unit (ICU). Annually, approximately 2.5
million patients rely on MV during surgery [1]. Pulmonary
complications—including atelectasis, acute lung injury,
pneumonia, and infection—associated with MV are major
contributors to increased patient morbidity and mortality
[2, 3]. According to current evidence, potential harmful
effects of conventional MV with ventilator parameters such
as tidal volume (VT)> 6mL/kg predicted body weight
(PBW) and exposure to high airway pressure even during
short-term treatment have been shown to be correlated with

systemic inflammation and development of ventilator-
associated lung injury (VALI) because of cyclic alveolar
atelectasis and strain. High VT ventilation helps maintain
the partial pressure of oxygen in arterial blood (PaO2) at nor-
mal levels; however, it can cause excessive expansion of the
lungs with normal oxygenation. General anesthesia with
anesthetics and neuromuscular blocking agents can cause
changes in pulmonary surfactants and diaphragmatic posi-
tion, and inappropriate ventilator settings are likely to cause
air pressure injury and atelectasis, leading to postoperative
inflammation [4, 5]. Complications in MV due to surgical
trauma can also lead to postoperative local, and even
systemic, inflammatory responses and pulmonary complica-
tions [6, 7]. In addition, there is evidence that MV of healthy
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lungs can induce upregulation of cytokines, leading to proin-
flammatory cytokine gene transcription, predisposing the
organism to infection, and oxidative stress [8].

Lung-protective ventilation (LPV) strategies have
recently been developed to reduce ventilator-associated lung
tissue injury and simultaneously improve systemic oxygena-
tion [9, 10]. Lung-protective ventilation regulates positive
end-expiratory pressure (PEEP), maintains a greater number
of pulmonary alveoli in an open state, avoids elevation of
end-expiratory lung volume, helps maintain target VT, and
alleviates injuries caused by elevated lung volume and abnor-
mal VT. Positive end-expiratory pressure can prevent the col-
lapse of open pulmonary alveoli, maintain lung volume and
function of pulmonary surfactants, and reduce the shear
stress caused by repeated/loss of alveolar or bronchiolar
recruitment(s) [11]. In comparison with ventilation with
higher VT (10–12mL/kg PBW) without PEEP, intraoperative
LPV with lower VT (6–8mL/kg PBW) with PEEP has been
shown to decrease postoperative mortality [12–14].

Relative to other forms of surgery, neurosurgery takes a
longer time and requires hyperventilation for the patient.
However, regular long-term clinical ventilation with high
VT could not only decrease the cardiac output and blood
pressure but also cause serious VALI [15, 16]. In addition,
in neurosurgery, since the surgical site is far away from the
chest, the surgical procedure has a relatively low direct
influence on breathing, and the circulation is relatively stable
during perioperative ventilation. Although LPV is widely
used in clinical settings, particularly in one-lung ventilation
and abdominal surgery, there have been no studies on
LPV in patients without lung pathology undergoing
craniocerebral surgery. We, therefore, conducted this pro-
spective, randomized, double-blind study in two tertiary-
care hospitals in Hefei and Wuhan, China, to explore the
effect of LPV with low VT and PEEP on intraoperative
pulmonary injury, inflammation, and oxidative stress in
patients undergoing craniotomy.

2. Materials and Methods

2.1. Subjects. This prospective, randomized, double-blind
clinical trial was approved by the local Clinical Research
Ethics Committees (2014 [59]) and was registered in the
Chinese Clinical Trial Registry (ChiCTR; registration num-
ber ChiCTR-IPR-16008029). Written informed consent was
obtained from all patients. Patients of either sex with
American Society Anesthesiologists’ physical status I-II, age
between 18 and 70 years, and normal preoperative pulmo-
nary function who were scheduled for craniocerebral surgery
were recruited.

The exclusion criteria were as follows: presence of
bronchial infection, obstructive or restrictive lung disease,
asthma and sleep apnea syndrome, severe hypertension and
cardiovascular diseases, liver or kidney dysfunction, history
of second- or third-degree heart block and ischemic heart
diseases, and body mass index >35 kg/m2.

Patients were assigned to one of two study groups—the
CV (conventional MV with 12mL/kg VT and 0 cm H2O
PEEP) or PV (protective lung ventilation with 6mL/kg VT

and 10 cmH2O PEEP) group (n = 30, each)—using a random
number table, which was prepared by a statistician who was
unaware of the purpose of the study.

2.2. Surgical Procedure. Patients were brought to the surgical
room without premedication. Standard monitoring proce-
dure involved five-lead electrocardiography, monitoring of
oxygen saturation, and noninvasive blood pressure evalua-
tion. The anesthetist prepared a 50mL syringe containing
4μg/mL of dexmedetomidine. A 20-gauge intravenous can-
nula was inserted into the dorsum of the left hand of the
patients. All patients were administered 8–10mL/kg
hydroxyethyl starch 130/0.4 (Voluven). Once bispectral
index (BIS) monitoring was commenced, the patients were
administered 0.6μg/kg dexmedetomidine; the dosage was
then changed to allow continuous infusion of 0.3μg/kg/h
dexmedetomidine for maintenance after 15min.

Before induction of anesthesia, preoxygenation was
ensured by delivery of 100% oxygen through a facial mask
for no less than 3min. Following insertion of an arterial line
under local anesthesia, general anesthesia was induced with
0.3mg/kg etomidate, 0.5μg/kg sufentanil, and 1.2mg/kg
rocuronium. Manual facemask ventilation was continued
for no less than 3min until the jaw was relaxed; the BIS was
maintained at <50 to allow tracheal intubation. Anesthesia
was maintained using the Datex Ohmeda S/5 Avance
Anesthesia Machine (S/5; Datex Ohmeda, Helsinki,
Finland). Mechanical ventilation was commenced with
60% fraction of inspired O2 (FiO2) and 6–8mL/kg VT at
a frequency of 10–12 times/min to maintain partial pressure
of CO2 (EtCO2) within the normal range. Sevoflurane (1%)
was administered as an inhalant, and a target-controlled
anesthesia system (TCI) (Alaris MK III, CareFusion, Rolle,
Switzerland) was used for administering remifentanil and
propofol in order to maintain the BIS between 40 and 60
and to ensure that variations in mean arterial pressure and
heart rate (HR) did not exceed 20% of the baseline values.
Next, a central venous catheter (jugular vein) and an
indwelling bladder catheter were inserted. Following stabi-
lization of hemodynamic parameters after intubation, the
ventilation strategies were changed according to the group
allocation—patients in the CV group were ventilated with
12mL/kgVT and0 cmH2OPEEP,while those in thePVgroup
were ventilated with 6mL/kg VT and 10 cmH2O PEEP.

Hypotension (>20% decrease in baseline blood pressure)
was treated with 5mg intravenous ephedrine or 40μg phen-
ylephrine, while bradycardia was treated with 0.5mg intrave-
nous atropine. Standardized anesthesiological management
was practiced.

Following skull flap fixation, the patients were adminis-
tered 1mg/kg of tramadol and 10mg of azasetron, and
administration of sevoflurane and dexmedetomidine was
stopped. After incision closure and withdrawal of bronchoal-
veolar lavage fluid (BALF), TCI administration of anesthetics
was stopped. In both study groups, before the patients
resumed spontaneous breathing and responded to simple
commands, ventilation was switched to the synchronized
intermittent MV (SIMV) mode with 0 cm H2O PEEP to
provide assistance. Reversal of neuromuscular blockade was
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achieved with 50μg/kg neostigmine and 20μg/kg atropine.
After ensuring compliance with the standard extubation
criteria [17], the endotracheal tube was removed.

After extubation, patients were transferred to the post
anesthesia care unit (PACU) and monitored for a minimum
of 1 h postoperatively. Afterwards, all patients were trans-
ferred to the Neurosurgery ICU for further monitoring and
routine treatment over the next 24 h.

2.3. Outcome Measures. Systolic blood pressure (SBP) and
diastolic blood pressure (DBP) and HR were recorded at five
time points: T1—just before changing the ventilation strategy
following stabilization of hemodynamic parameters after
intubation; T2 and T3—1 and 3h, respectively, after chang-
ing the ventilation strategy; T4—end of surgery; and
T5—immediately after extubation. Intraoperative blood loss,
liquid input, urine output, and durations of MV and surgery
were also recorded.

After induction of general anesthesia, peak (Ppeak)
and plateau (Pplat) inspiratory pressure as well as PEEP

were monitored continuously with the Datex-Ohmeda S/5
Avance Anesthesia Machine. Dynamic lung compliance
(Cldyn) of the respiratory system was calculated using the fol-
lowing standard formula: Cldyn = VT/ Ppeak − PEEP [18].
For calculating the oxygen (OI) and respiratory (RI) indexes,
2mL of arterial blood was withdrawn from each patient at
T1, T2, T3, T4, and T5. The OI and RI were assessed using
an automatic blood gas analyzer, in accordance with the follow-
ing formulas: OI=PaO2/FiO2; RI=P(A− a)O2/PaO2= {[(PB
−PH2O×FiO2− PaCO2)−PaO2]/PaO2. Here, P A–a O2
indicated the alveolar-arterial gradient; PB, atmospheric pres-
sure; PH2O, saturated vapor pressure; FiO2, inhaled oxygen
concentration (%); and PaCO2, arterial carbon dioxide partial
pressure [19].

The primary outcome measures were differences in
inflammatory and oxidative stress markers in the plasma
and BALF. To this end, 3mL venous blood and BALF were
withdrawn immediately before changing the ventilation
strategy after intubation (precontinuous ventilatory support
[pre-CVS]) and immediately before switching the ventilation

Patient assessed for eligibility (n = 63)

Excluded (n = 3)
(a) Not meeting inclusion criteria (n = 1)
(b) Patient refused (n = 2)
(c) Other reasons (n = 0)

Analysed (n = 27)
Excluded from analysis (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (two had to be sent to 
the intensive care unit after surgery and one had 
surgical complications postoperatively)

Allocated to receive conventional mechanical
ventilation (n = 30)
(a) Received allocated intervention (n = 30)
(b) Did not receive allocated intervention (n = 0)

Lost to follow-up

Discontinued intervention (one had to be sent to 
the intensive care unit after surgery and one had
surgical complications postoperatively)

Allocated to receive protective mechanical
ventilation (n = 30) 
(a) Received allocated intervention (n = 30)
(b) Did not receive allocated intervention (n = 0)

Analysed (n = 28)
Excluded from analysis (n = 0)

Randomized (n = 60)

(n = 3)

(n = 0)

(n = 2)

Figure 1: Flow diagram of patient recruitment.
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strategy to the SIMVmode with 0 cmH2O PEEP (pre-SIMV)
in both groups. Bronchoalveolar lavage fluid was withdrawn
using a previously described method [20]. Plasma and BALF
levels of interleukin- (IL-) 6, IL-8, tumor necrosis factor-
alpha (TNF-α), IL-10, malondialdehyde (MDA), nitric oxide
(NO; NO2

−/NO3
−), and superoxide dismutase (SOD) were

assessed by enzyme-linked immunosorbent assay.

2.4. Statistical Analysis. Power calculation was performed on
the basis of respiratory index. A pilot study involving 6
patients at our center found the mean± standard deviation
(SD) of respiratory index to be 0.95± 0.18. A sample size of
50 patients was required to observe a clinically significant
reduction of 20% in respiratory index at a power of 95%
and two-sided significance level of 0.05. To compensate for
the possibility of dropout, we recruited 60 patients (30
patients per group).

All measurement indexes were expressed as mean± SD/
standard error of the mean or number (%). After analysis

of normality of data distribution, normally distributed data
were compared by the independent sample t-test. Unpaired
quantitative variables were evaluated by the Student t-test
and analysis of variance. The Mann–Whitney U test was
employed for intergroup comparison, and the Wilcoxon
signed-rank test for comparison between different time
points within the same group. Intergroup comparison of
categorical variables was performed by the chi-square test.
Values of P < 0 05 were considered statistically significant.
All data were statistically analyzed by statisticians using the
SPSS 13.0 software package (IBM Corp., Armonk, NY,
USA) in line with the intention-to-treat principle.

3. Results

Between March and December 2016, 63 patients were
recruited to this study. Three patients in the CV group
dropped out from the investigation—while two patients had
to be transferred to the ICU after surgery, one experienced
postoperative complications. In the PV group, two patients
dropped out from the investigation—while one patient had
to be transferred to the ICU after surgery, the other experi-
enced postoperative complications. Finally, 55 patients com-
pleted the study—CV group, 27; PV group, 28 (Figure 1).
There were no significant differences in demographic data,
surgical characteristics, or intraoperative variables between
the two groups (Tables 1 and 2).

There were also no significant differences in baseline SBP,
DBP, or HR between the two groups. Of note, during the
observation period before the end of surgery, patients in the
PV group exhibited greater reductions in SBP and DBP and
a greater increase in HR than patients in the CV group. How-
ever, the differences were not significant (P > 0 05; Figure 2).

The OI and Ppeak were comparable and within normal
limits in both groups. Although the PV group tended to
exhibit higher OI values from intubation to extubation than

Table 1: Patient characteristics and intraoperative data.

Characteristics
Treatment groups

CV group
(n = 27)

PV group
(n = 28) P value

Age, years 47 (10) 48 (10) 0.782

Sex, M/F 14/13 15/13 0.898

Weight, kg 68 (9) 66 (9) 0.346

Height, cm 167 (8) 168 (7) 0.765

ASA class I/II 10/17 9/19 0.703

Smoking habit 4 (15%) 5 (18%) NS

Procedures

Meningioma 12 (44%) 13 (46%) NS

Glioma 7 (26%) 8 (29%) NS

Intracranial aneurysm 8 (30%) 7 (25%) NS

Duration of mechanical ventilation, min 400.8 (43.8) 408.3 (52.3) 0.549

Duration of surgery, min 347.2 (48.0) 348.5 (56.7) 0.928

Values are given as mean ± standard deviation or number of patients (%). CV group, conventional mechanical ventilation with 12mL/kg tidal volume (VT) and
0 cm H2O positive end-expiratory pressure (PEEP); PV group, protective lung ventilation with 6mL/kg VT and 10 cm H2O PEEP. ASA class, American Society
Anesthesiologists’ physical status.

Table 2: Intraoperative blood loss, liquid input, and urine output.

Characteristics
Treatment groups

CV group
(n = 27)

PV group
(n = 28) P value

Amount of bleeding, mL 424 (75) 420 (68) 0.868

Colloidal solution, mL 916 (271) 955 (277) 0.655

Crystalloid solution, mL 1635 (204) 1682 (198) 0.460

Transfusion of red blood cells, n 3 (11%) 4 (14%) NS

Transfusion of plasma, n 2 (7%) 3 (11%) NS

Urine output, mL 1741 (264) 1764 (308) 0.793

Values are given as mean ± standard deviation or number of patients (%). CV
group, conventional mechanical ventilation with 12mL/kg tidal volume (VT)
and 0 cmH2O positive end-expiratory pressure (PEEP); PV group, protective
lung ventilation with 6mL/kg VT and 10 cmH2O PEEP.
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the CV group, the differences did not reach statistical sig-
nificance (P > 0 05). In the PV group, the Cldyn levels at
T2, T3, and T4 were 39.44± 0.84, 40.75± 0.57, and 41.31±
0.51mL/cm H2O, respectively, which differed significantly
from the corresponding values in the CV group—36.06±
0.93, 37.19± 0.73, and 38.31± 0.62mL/cm H2O, respectively
(P = 0 0175, 0.0108, and 0.0436, resp.; Figure 3(b)). In the
PV group, the RI values at T3, T4, and T5 were 0.83±
0.093, 0.84± 0.097, and 0.34± 0.026mmHg, respectively,
which differed significantly from the corresponding values
in the CV group—0.96± 0.069, 1.04± 0.065, and 0.41±
0.031mmHg (P < 0 0001, P < 0 0001, and P = 0 0428, resp.;
Figure 3(d)).

There were no significant differences in pre-CVS or
pre-SIMV plasma concentrations of IL-6, IL-8, and TNF-α
different between the two groups; however, in both groups,
the pre-SIMV concentrations were significantly higher
than the pre-CVS concentrations. The pre-SIMV concentra-
tions of IL-10 in both groups were also significantly higher
than the pre-CVS IL-10 concentrations; however, the pre-
SIMV IL-10 concentration in the PV group was signifi-
cantly higher than that in the CV group (P = 0 0002;
Figure 4(d)).

Both groups exhibited significant increases in plasma
concentrations of MDA and NO over time; however, the
PV group exhibited significantly lower pre-SIMV MDA and

NO concentrations than the CV group (P = 0 0154 and
0.0074, resp.; Figures 5(a) and 5(b), resp.). In the CV group,
the pre-SIMV SOD concentration (55.31± 3.47mU/L) was
significantly lower than the pre-CVS SOD concentration
(78.87± 5.04mU/L; P = 0 0056). However, there were no
significant differences in SOD levels between the two groups
(P = 0 6279; Figure 5(c)).

In both groups, the pre-SIMV BALF concentrations of
IL-6, IL-8, TNF-α, and IL-10 were all significantly higher
than the corresponding pre-CVS concentrations. The pre-
SIMV concentrations of IL-6, IL-8, and TNF-α in the PV
group were significantly lower than those in the CV group
(P < 0 0001, P = 0 0001, and P = 0 0382, resp.; Figures 6(a),
6(b), and 6(c), resp.). In contrast, the pre-SIMV concen-
tration of IL-10 in the PV group was significantly higher
than that in the CV group (P < 0 0001; Figure 6(d)).

Both groups exhibited significant increases in BALF con-
centrations of MDA and NO over time; however, the PV
group exhibited significantly lower pre-SIMV MDA and
NO concentrations than the CV group (P < 0 0001, both;
Figures 7(a) and 7(b), resp.). In the CV group, the pre-
SIMV concentration of SOD (49.69± 3.31mU/L) was sig-
nificantly lower than the pre-CVS concentration (72.61±
5.06mU/L; P = 0 0033). The pre-SIMV SOD concentration
in the PV group was higher than that in the CV group
(P = 0 0472; Figure 7(c)).
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Figure 2: Changes in hemodynamic variables among patients who were administered conventional mechanical ventilation with 12mL/kg
tidal volume (VT) and 0 cm H2O positive end-expiratory pressure (PEEP) (CV group) or protective lung ventilation with 6mL/kg VT and
10 cm H2O PEEP (PV group) during surgery. Bars indicate the standard deviation. The time points for measurements were T1—just
before changing the ventilation strategy following stabilization of hemodynamic parameters after intubation; T2 and T3—1 and 3 h,
respectively, after changing the ventilation strategy; T4—end of surgery; and T5—immediately after extubation.
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4. Discussion

This randomized, double-blind, comparative study was
undertaken to evaluate the effects of LPV during craniotomy
on pulmonary injury, inflammatory response, and oxidative
stress. Our principal findings suggest that LPV during
craniotomy effectively reduces intraoperative pulmonary
injury—as evident from the relatively low inflammatory
response and oxidative stress—without inducing clinically
relevant hemodynamic changes.

Respiratory index is an important monitoring index of
lung diffusion function. It can also accurately reflect the
degree of pulmonary injury—the higher the RI, the more
serious the pulmonary injury. Dynamic lung compliance
reflects the degree of lung compliance; it could be affected
by pulmonary surfactant activity, atelectasis, broncho-
spasm, and pulmonary edema [19, 21]. In case of OI,
lower values are better, as can be inferred from the
equation. Improvement in oxygenation allows patients to
achieve higher PaO2 at a lower fraction of inspired oxy-
gen. In our study, the Ppeak and OI values were

comparable and within normal limits in both groups,
and all patients received sufficient oxygen supply. The
PV group exhibited higher Cldyn levels and lower RI than
the CV group; although the corresponding differences
were statistically significant, their clinical significance
remains to be further evaluated. Overall, patients without
lung injury requiring MV will benefit from LPV.

Tidal volume limits of 6mL/kg or less PBWmight ensure
less mechanical stress on the alveolar-capillary membrane,
thus preventing alveolar overdistension and improving alve-
olar stability. Furthermore, appropriate PEEP levels can also
help stabilize the alveoli and avoid derecruitment by increas-
ing the end-expiratory lung volume. A previous study has
indicated that LPV might be beneficial for the lungs; it may
impair the cardiovascular system for the use of PEEP. This
effect may be mainly be brought about by the reduction of
venous return and cardiac output and use of fluids and vaso-
pressors [12].

In the present study, relative to patients in the CV
group, those in the PV group exhibited greater reductions
in SBP and DBP and a greater increase in HR during the

Ppeak
30

20
Pp

ea
k 

(c
m

 H
2O

)

10

0
T1 T2 T3

Time course
T4

CV
PV

(a)

Cldyn

P = 0.0175

60

D
yn

am
ic

 lu
ng

 co
m

pl
ia

nc
e

(m
L/

cm
 H

2O
)

50

40

30

20

10

0
T1 T2 T3

Time course
T4

P = 0.0108 P = 0.0436

CV
PV

(b)

OI
600

500

400

300

200

100

0O
xy

ge
na

tio
n 

in
de

x 
(m

m
H

g)

Time course
T1 T2 T3 T4 T5

CV
PV

(c)

RI
1.5

1.0
Re

sp
ira

to
ry

 in
de

x 
(m

m
H

g)

0.5

0.0

Time course
T1 T2 T3 T4 T5

P < 0.0001
P < 0.0001

P = 0.0428

CV
PV

(d)

Figure 3: Changes in Ppeak, Cldyn, OI, and RI levels among patients receiving conventional mechanical or protective lung ventilation during
surgery. Values are given as mean± standard error of the mean. Ppeak, peak inspiratory pressure; Cldyn, dynamic lung compliance; OI,
oxygen index; RI, respiratory index; CV group, conventional mechanical ventilation with 12mL/kg tidal volume (VT) and 0 cm H2O
positive end-expiratory pressure (PEEP); PV group, protective lung ventilation with 6mL/kg VT and 10 cm H2O PEEP.
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observation period before the end of surgery. However,
these parameters were all within normal limits, and the
differences were statistically insignificant. This trend was
maintained in terms of intraoperative liquid input and
urine output as well. In addition, the risks and benefits
of LPV should be balanced in each patient.

Sustained mechanical distension of the lungs due to
hyperinflation, contributes to volutrauma, barotrauma, and
biotrauma, which may cause intensive stress leading to direct
cell injury. The resulting consequences are capillary damage
and pulmonary edema [22], localized tissue inflammation,
sustained increase in local and systemic release of lung borne
inflammatory markers, and procoagulant changes in alveolar
fluid [23]. Proinflammatory cytokines (e.g., IL-6, IL-8, and
TNF-α) and anti-inflammatory cytokines (e.g., IL-10) are
important mediators of inflammation; they play an essential
role in lung inflammation models [24–26]. During inflam-
mation, TNF-α is released, which subsequently enhances
mononuclear cell and macrophage activities and increases

cell adhesive factor expression, thereby inducing tissue
injury. Interleukin-8 induces accumulation of white blood
cells in inflammatory tissues. In contrast, IL-10 inhibits tran-
scription of proinflammatory cytokines (TNF-α, IL-6, and
IL-8) and reduces white blood cell adhesion to vascular endo-
thelial cells in the lungs, resulting in the attenuation of lung
injury [19].

Clinical evidence now demonstrates that delivery of high
VT (>10mL/kg PBW) through MV is associated with local-
ized lung inflammation in patients without preexisting lung
injury [27–29]. Lung-protective ventilation could prevent
both localized and generalized lung inflammation, thereby
attenuating intraoperative pulmonary injuries. In the present
study, patients of both groups exhibited significant increases
in plasma and BALF IL-6, IL-8, TNF-α, and IL-10 concentra-
tions at T4. Relative to the CV group, the PV group exhibited
lower proinflammatory cytokine levels and higher anti-
inflammatory cytokine levels in BALF at T4. In contrast,
while the PV group exhibited a significantly higher plasma
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Figure 4: Changes in plasma interleukin- (IL-) 6, IL-8, tumor necrosis factor-alpha (TNF-α), and IL-10 levels among patients receiving
conventional mechanical or protective lung ventilation during surgery. Values are expressed as mean± standard error of the mean. CVS,
continuous ventilatory support; SIMV, synchronized intermittent mechanical ventilation; CV group, conventional mechanical ventilation
with 12mL/kg tidal volume (VT) and 0 cm H2O positive end-expiratory pressure (PEEP); PV group, protective lung ventilation with
6mL/kg VT and 10 cm H2O PEEP.
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IL-10 concentration than the CV group, there were no signif-
icant differences in plasma IL-6, IL-8, and TNF-α concentra-
tions between the two groups.

As already known, conventional MV for a short duration
of 5 h promotes localized bronchoalveolar inflammatory
changes in patients without preexisting lung injury [29]. In
addition, the biotrauma invoked by pulmonary proinflam-
matory markers can also induce a systemic inflammatory
response [30, 31]. In the present study, the mean duration
of MV was more than 6h, by which time, only localized
bronchoalveolar inflammation had been significantly pro-
moted. One possible reason is that the duration of MV
was not long enough to promote generalized inflammation
[32]; another reason might be that the use of anesthetics
such as dexmedetomidine—which was initiated soon after
the transfer of patients to the operation room—prevented
a stress response during the initial hours of MV [17].
Since the deleterious effects of MV are, in part, dependent
on the duration of MV, LPV should be initiated early dur-
ing the ventilation process.

The lungs are among the key organs for development of
oxidative stress [33–35]. Inspiration of high oxygen concen-
trations over time leads to increased oxidative stress brought
about by an increase in the levels of reactive oxygen-derived
free radicals, leading to generalized and localized inflamma-
tion, endothelial cell injury, and increased capillary perme-
ability; this ultimately leads to acute lung injury, including

VALI [36, 37]. Malondialdehyde is produced by lipid perox-
idation of polyunsaturated fatty acids; MDA concentration
helps estimate the degrees of lipid peroxidation and tissue
injury [38–40]. In mammals, including humans, NO is
present as a free radical; it is an important cellular signal-
ing molecule, involved in many physiological and patho-
logical processes [41]. Low NO production is important
for protection of organs such as the lungs from ischemic
damage [42]. Superoxide dismutase is the strongest oxygen
radical-scavenging enzyme; it is widely distributed in the
lungs, where it protects the lung tissue from injury. In the-
ory, release of reactive oxygen species could enhance the
expression of inflammatory mediators by increasing the con-
centrations of local and circulating cytokines [43, 44]. Our
findings are consistent with those of previous studies in that,
by the end of surgery, the plasma and BALF concentrations
of MDA and NO had increased significantly, while the con-
centrations of SOD and inflammatory mediators had
decreased in both groups. However, relative to the CV group,
the PV group exhibited lower plasma and BALF concentra-
tions of MDA and NO and higher BALF concentrations of
SOD. On the basis of these results, we speculate that LPV
with 6mL/kg VT and 10 cm H2O PEEP might result in lower
systemic and local oxidative stress than conventional MV
with 12mL/kg VT and 0 cm H2O PEEP.

Although the intergroup differences in inflammation and
oxidative stress during surgery may not seem numerically
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Figure 5: Changes in plasma malondialdehyde (MDA), nitric oxide (NO), and superoxide dismutase (SOD) levels among patients receiving
conventional mechanical or protective lung ventilation during surgery. Values are given as means± standard error of the mean. CVS,
continuous ventilatory support; SIMV, synchronized intermittent mechanical ventilation; CV group, conventional mechanical ventilation
with 12mL/kg tidal volume (VT) and 0 cm H2O positive end-expiratory pressure (PEEP); PV group, protective lung ventilation with
6mL/kg VT and 10 cm H2O PEEP.
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impressive, clinical significance may present in patients under-
going craniotomy surgery. However, to prevent infection, the
two hospital neurosurgeons practice different intraoperative
and postoperative management methods compared to the
standard international treatment protocol, especially in terms
of antibiotic usage; this practicemight hide some complications
due to intraoperative inflammation and oxidative stress. For
this reason, the PACU and Neurosurgery ICU stay times, cost,
and prognosis were not observed in the present study.
Nonetheless, other studies have reported that in patients
with intermediate to high risk of pulmonary complications
after a major abdominal surgery, intraoperative LPV with
lower VT (6–8mL/kg PBW) with PEEP resulted in lower post-
operativemortality than ventilation with higher VT (10–12mL/
kg PBW) and no PEEP [14].

The traditional intraoperative two-lung ventilation
technique of using VT> 10mL/kg PBW without PEEP is
commonplace [45], although, in patients receiving one-lung
ventilation for thoracic procedures, low VT ventilation in
conjunction with PEEP has been an accepted anesthetic
practice since many years. There is now sufficient evidence
to suggest the benefit of protective ventilation for short-

term management of patients receiving general anesthesia.
A multicenter study of more than 2900 patients receiving
general anesthesia reported that 18% of patients were venti-
lated with VT> 10mL/kg PBW and 81% without PEEP
[46]. Taken together, these findings suggest that, in the oper-
ating room, the concept of protective ventilation may rather
be considered nonharmful during anesthesia in an otherwise
healthy lung. Nonharmful ventilation might be an important
concept for reducing pulmonary complications, and its
design should, therefore, be an interesting field for further
research [47].

There are several limitations to our study. Since this was a
bicenter trial, surgery was performed by two different
surgical teams, which would obviously have contributed to
marginal procedural variability. To minimize this interinsti-
tutional difference, we followed standardized anesthesiologi-
cal management practices, while the surgical procedure was
discussed, and decisions were made by consensus between
the two surgical teams. Although the present sample size
was adequate for achieving significant differences in
endpoints between the two groups, it was not specifically
powered to detect the effects of LPV in patients undergoing
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Figure 6: Changes in interleukin- (IL-) 6, IL-8, tumor necrosis factor-alpha (TNF-α), and IL-10 levels in bronchoalveolar lavage fluid among
patients receiving conventional mechanical or protective lung ventilation during surgery. Values are expressed as mean± standard error of the
mean. CVS, continuous ventilatory support; SIMV, synchronized intermittent mechanical ventilation; CV group, conventional mechanical
ventilation with 12mL/kg tidal volume (VT) and 0 cm H2O positive end-expiratory pressure (PEEP); PV group, protective lung ventilation
with 6mL/kg VT and 10 cm H2O PEEP.
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craniotomy. Finally, inclusion of another group of patients
ventilated with low VT and at high frequency without PEEP
could have enriched this study. Thus, future studies
involving larger sample sizes, other measurement indexes
(e.g., intrapulmonary shunt rate), and an additional group
of patients ventilated with low VT and at high frequency
without PEEP are required for evaluating the effects of
LPV in individual patients.

5. Conclusions

In summary, our findings indicate that LPV with 6mL/kg
VT and 10 cm H2O PEEP during craniotomy could cause
relatively less VALI, without influencing the hemodynamic
parameters, and also attenuate localized and generalized
inflammatory responses and oxidative stress. Overall,
LPV appears to be more desirable than conventional MV
for minimizing the risk of VALI in the operating room
in case of high-risk patients and/or prolonged anesthesia.
Furthermore, LPV strategies need to be adjusted to suit
individual patients.
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Figure 7: Changes in malondialdehyde (MDA), nitric oxide (NO), and superoxide dismutase (SOD) levels in bronchoalveolar lavage fluid
among patients receiving conventional mechanical or protective lung ventilation during surgery. Values are given as mean± standard
error of the mean. CVS, continuous ventilatory support; SIMV, synchronized intermittent mechanical ventilation; CV group, conventional
mechanical ventilation with 12mL/kg tidal volume (VT) and 0 cm H2O positive end-expiratory pressure (PEEP); PV group, protective
lung ventilation with 6mL/kg VT and 10 cm H2O PEEP.
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enthusiastic support of the nurses in the Neurosurgery ICU
in Renmin Hospital of Wuhan University and Southern
District of Anhui Provincial Hospital.
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Bupivacaine has been shown to induce neurotoxicity through inducing excessive reactive oxygen species (ROS), but the underlying
mechanism remains unclear. NOX2 is one of the most important sources of ROS in the nervous system, and its activation requires
the membrane translocation of subunit p47phox. However, the role of p47phox in bupivacaine-induced neurotoxicity has not been
explored. In our in vitro study, cultured human SH-SY5Y neuroblastoma cells were treated with 1.5mM bupivacaine to induce
neurotoxicity. Membrane translocation of p47phox was assessed by measuring the cytosol/membrane ratio of p47phox. The
effects of the NOX inhibitor VAS2870 and p47phox-siRNA on bupivacaine-induced neurotoxicity were investigated.
Furthermore, the effect of VAS2870 on bupivacaine-induced neurotoxicity was assessed in vivo in rats. All these changes were
reversed by pretreatment with VAS2870 or transfection with p47phox-siRNA in SH-SY5Y cells. Similarly, pretreatment with
VAS2870 attenuated bupivacaine-induced neuronal toxicity in rats. It is concluded that enhancing p47phox membrane
translocation is a major mechanism whereby bupivacaine induced neurotoxicity and that pretreatment with VAS2870 or local
p47phox gene knockdown attenuated bupivacaine-induced neuronal cell injury.

1. Introduction

Local anesthetics (LAs), including bupivacaine, are com-
monly used for regional anesthesia and postoperative pain
relief. However, application of LAs may also induce neuro-
logical injury to patients. The rate of neurological complica-
tions occurring during spinal anesthesia regardless of
whether lidocaine or bupivacaine had been used was about
2.2/10,000 to 14.4/10,000 according to a survey in France
[1]. It is noteworthy that the rate of permanent neurological
injury ranged from 0–4.2 : 10,000 and 0–7.6 : 10,000 after
spinal and epidural anesthesia, respectively [2].

LAs exhibit time- and dose-dependent toxicity to a vari-
ety of tissues and cells, including nerves and neurons [3–6].
LAs can be neurotoxic even in a normal dose or a relatively
lower dose [5, 7]. Among LAs, bupivacaine is the most widely
used and documented. Although full recovery of sensory
motor function was observed after intrathecal administration
of 0.5% and 5% bupivacaine in a rat model, histopathological
abnormalities were detected after 5% bupivacaine adminis-
tration [8]. However, the mechanism by which bupivacaine

induced neurotoxicity remains unclear. Studies in mouse
N2a cells have shown that bupivacaine induced burst pro-
duction of reactive oxygen species (ROS), leakage of lactate
dehydrogenase (LDH), decline mitochondrial potential,
nuclear condensation, and cell apoptosis that were associated
with inhibition of the AKT/PI3K pathway [9, 10]. Our
previous study also showed that bupivacaine induced human
SH-SY5Y cell ROS burst, DNA damage, mitochondrial dys-
function, ER stress (endoplasmic reticulum stress) [5, 11, 12].
These pathways were all involved with ROS burst. Thus,
the burst production of ROS seems to be one of the key
points in bupivacaine-induced cytotoxicity. However, most
of the currently available studies were focused on the injury
induced by overproduction of ROS, while the source or
mechanism of bupivacaine-induced ROS production was
largely unknown.

ROS plays an important role in cell proliferation, differen-
tiation, migration, and host defense [13]. Excessive ROS may
irreversibly destroy or alter the function of proteins, lipids,
nuclear acids, membranes, and organelles, which may lead to
apoptosis [13, 14]. Several enzymes in the body are capable of
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producing ROS, such as xanthine oxidase, cytochrome P450
oxidases, lipoxygenases, uncoupled nitric oxide synthase
(NOS), NADPH oxidases (NOX), and the mitochondrial
electron transport chain [13, 15]. Except for NOX, the other
sources of ROS are byproducts triggered by the increase level
of cellular ROS [15, 16]. In contrast, NOX produces ROS as
their primary and sole function [13, 15, 16]. Therefore, NOX
may be prime target candidates for neuroprotection against
bupivacaine-induced neurotoxicity.

NOX is a family of proteins generating ROS when acti-
vated. NOX2, also known as gp91phox, is the main source of
cytoplasmic ROS and plays an important role in the disease
and injury of the nervous system [13, 17, 18]. In intact HAEC
cells transfected with siNOX1, siNOX2, siNOX4, or siNOX5,
only siNOX2 completely abrogated Ang-II-stimulated pro-
duction of cytoplasmic O2

.− [19]. Inhibition or knockdown
of NOX2 improved the outcome of the spinal cord injury
model and ischemic stroke model in mice [17, 18]. NOX2 is a
multiprotein complex assembled from amembrane-spanning
flavocytochrome b558 (composed of gp91phox and p22phox)
and four cytoplasmic components (p47phox-p67phox-
p40phox and Rac1 [GDP-bound protein]) [20]. The activation
of NOX2 needs the migration of cytosolic subunits to the
membrane [13]. The initial and essential factor of activation
is p47phox phosphorylation and membrane translocation
[20, 21]. Moreover, p47phox is the unique subunit which only
exists in NOX2 isoform [13, 21]. NOX2 activity has been
shown to be consistent with the level of cytoplasmic O2

.− and
the translocation level of p47phox [22, 23]. Given the impor-
tant role of ROS in bupivacaine-induced generation, we, there-
fore, hypothesized that bupivacaine may induce membrane
translocation of p47phox to activate NOX2, which induces
overproduction of ROS and subsequently leads to cell injury.

2. Materials and Methods

2.1. Cell Culture and Drug Treatments. SH-SY5Y cells were
cultured in DMEM/F12 medium (Gibco, Grand Island,
NY) with 10% fetal bovine serum (BI, Israel), 100U/ml pen-
icillin, and 100μg/ml streptomycin (Gibco, Grand Island,
NY) in a humidified 5% CO2 incubator at 37

°C. The medium
was renewed every other day.

In our previous study [12], bupivacaine treatment (0, 0.5,
1.0, 1.5, 2.0, and 2.5mM) for 24 h decreased cell viability in a
dose-dependent manner ranging from 0% to 92.73± 12.18%,
and the IC50 of bupivacaine was 1.5mM. So we chose
this concentration for further study. SH-SY5Y cells were
treated with bupivacaine at the concentration of 1.5mM.
Bupivacaine-treated SH-SY5Y cells were divided into 6
groups: Con (control group),1 h (treated with bupivacaine
for 1 hour), 3 h (treated with bupivacaine for 3 hours),6 h
(treated with bupivacaine for 3 hours and incubated with
fresh basic medium for 3 hours), 12 h (treated with bupi-
vacaine for 3 hours and incubated with fresh basic medium
for 9 hours), and 24 h (treated with bupivacaine for 3 hours
and incubated with fresh basic medium for 21 hours).

VAS2870 is a novel small molecular inhibitor which
is reported to selectively inhibit the activity of NOX
[15, 24]. SH-SY5Y cells were pretreated with VAS2870

at a concentration of 10μM [15, 24] for 30 minutes before
exposure to bupivacaine. Cells were divided into 4 groups:
Con (control group), Bup (treated with bupivacaine), VAS
(treated with VAS2870), VAS+Bup (bupivacaine-treated
cells pretreated with VAS2870).

2.2. Transfection of SH-SY5Y Cells with siRNA. To deplete
protein levels of the catalytic subunits of NADPH oxidase, we
inhibited the expression of p47phox using small interfering
RNA (siRNA, applied by Ribobio, China), and a negative con-
trol (NC siRNA) was used. The siRNA sequence for p47phox
was as follows: sense: 5′-ACGCGCACAGCATCCACCA-3′
and antisense: 5′-UGGUGGAUGCUGUGCGCGU-3′. SH-SY5Y
cells were transfected with p47phox-siRNAs in DMEM/F12
medium containing lipo3000 transfection reagent (Invi-
trogen, Massachusetts, USA) as the protocol provided
by Invitrogen. The transfected cells were harvested 72
hours (h) after transfection for protein assay by Western
blotting and ROS measurement as well as TUNEL
staining for apoptosis.

Cells were divided into 4 groups: Con (cells transfected
with NC), Bup (cells transfected with NC and treated with
bupivacaine), p47phoxsi (cells transfected with p47phox-
siRNA), p47phoxsi +Bup (cells transfected with p47phox-
siRNA and treated with bupivacaine).

2.3. Animal Model and Experimental Design. Animals were
provided by the Animal Experiment Center of Southern
Medical University. All experiments were done according
to the guidelines on ethical standards approved by the
Animal Experimentation Ethics Committee of Southern
Medical University. Experiments were conducted on 24 male
SD rats (body weight [BW], 150–200 g). Rats were randomly
divided into 4 groups (n = 6 each group): sham operation
group (Con), VAS group (intravenously injected with
VAS2870), Bup group (intrathecally injected with 3% bupi-
vacaine), VAS+Bup group (pretreatment with VAS2870
30min prior to intrathecally injection of bupivacaine). The
rats were anesthetized by inhalation of sevoflurane. The sub-
arachnoid space was cannulated using a polyethylene tube
(0.6× 700mm) through the midpoint of the hip joint (L6
plane) [6]. The tip of the catheter was 2 cm from caudal to
the L5 level. The other end of the catheter was fixed in the
subcutaneous tissue to avoid displacement. If the catheter
was in the subarachnoid space, there was light yellow trans-
parent cerebrospinal fluid flowing from the catheter. After
the catheter was fixed, each rat was intrathecally injected with
30μl 2% lidocaine. If the rats occurred lower limb paralysis
and pain disappearing after intrathecally injection with lido-
caine, the animal model was successfully established. The rats
were allowed to recover fully, and 3% bupivacaine was
injected after the catheterization procedure. In addition, the
NOX inhibitor VAS2870 was injected intravenously at the
concentration of 2mg/kg [25] 30 minutes prior to intrathecal
injection with bupivacaine. Rats showing symptoms of trau-
matic nerve damage were excluded from the study.

2.4. Paw Withdrawal Threshold Assay. This study was per-
formed at the same time of the day and by the same
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experimenter. The tests were performed before and 24 hours
after the intrathecal injection with bupivacaine. Each rat was
placed in a plastic cage with a wire mesh bottom which
allowed full access to the paws. After cage exploration and
major grooming activities ceased, tests began. The tested area
was the midplantar left paw. Withdrawal responses to
mechanical stimuli were determined by an electronic von
Frey Anesthesiometer system (IITC Life Science, CA, USA).
The electronic von Frey polypropylene tip was applied per-
pendicularly to the midplantar surface of the selected hind
paw, and the intensity of the stimulus was automatically
recorded when the paw was flexed reflexively followed by a
clear flinch response after paw withdrawal. All rats were
tested 5 times, with an intertest period of 15min [26].

2.5. Tissue Preparation. After intrathecal injection of drugs
for 24 hours, the rats were deeply anesthetized and sacrificed
and lumbar enlargement was harvested for dihydroethidium
(DHE) staining, terminal deoxynucleotidyl transferase-
mediated deoxyuridine in situ nick end labeling (TUNEL)
staining, and Western blotting. The lumbar enlargement
with the anterior and posterior roots was removed en bloc
from the animals. In brief, the spinal cord at L4-5 was divided
into two parts, one for a frozen section the other for Western
blot. The frozen section was about 15μm thick.

2.6. Apoptosis Assay by TUNEL Staining. Cell apoptosis was
analyzed using a TUNEL detection kit (Roche, Germany)
following the manufacturer’s instructions. Cells were seeded
on a glass slide at a concentration of 5× 104 cells/plate in a
12-well plate. SH-SY5Y cells were treated with 1.5mM bupi-
vacaine for 3 h and incubated with DMEM/F12 medium for
24 h after exposure. Cells were fixed by 4% paraformalde-
hyde for 1 h. Then, 0.1% Triton X-100 was used for 5
minutes on ice to change the permeability of cells. After rins-
ing by PBS, cells were covered with TdT reaction mixture for
2 h in the dark. After the final wash with PBS, fluoroshield
mounting medium with DAPI (Abcam, UK) was used for
mounting and nucleus staining. The protocol of TUNEL
staining for a frozen section was similar as for the cells.
The cells or the frozen section was examined and photo-
graphed with a fluorescence microscope. The average
number of fluorescence dots of three images from each
treatment group was calculated.

2.7. Measurement of Cytoplasmic ROS by Fluorescence
Microscopy and Microplate Reader. Cells were seeded onto
a piece of slide in 12-well plates at a concentration of
5× 104 cells/well in DH10. Cytoplasmic peroxide was esti-
mated using the DCFH-DA (Sigma-Aldrich, St. Louis,
MO), and cytoplasmic superoxide was estimated using the
DHE (Beyotime, China) [27]. SH-SY5Y cells were treated
with 1.5mM bupivacaine for 3 hours, then incubated with
10μM DCFH-DA for 30min or 3μM DHE for 20min at
room temperature. Stained cells were washed twice in PBS
and fixed in 4% paraformaldehyde for 15min. After the final
wash by PBS, cells were treated with DAPI-Fluoromount.
The cells or the frozen section was examined and photo-
graphed with a fluorescence microscope (BX51, Olympus,

Japan). In microplate assay, cells were seeded in 96-well
plates and stained by 10μM DCFH-DA for 30min or 3μM
DHE for 20min before drug treatments. After the final wash
by PBS, cells were examined by a microplate reader (M5,
MDS, USA). The excitation wavelength of DCFH-DA is
488 nm and the emission wavelength is 525nm. The excita-
tion wavelength of DHE is 300nm and the emission wave-
length is 610nm. Average fluorescence intensity of each
group was calculated.

2.8. Immunofluorescence for Cells. The cells cultured on cov-
erslips after bupivacaine treatment for 24h were fixed with
4% paraformaldehyde for 15min and washed by PBS for 3
times. Cells were incubated with 0.1% Triton X-100 to per-
meabilize cells. Cells were blocked with 5% BSA dissolved
in PBS for 30min, then incubated with anti-p47phox rabbit
antibody (1 : 300, Thermo Fisher, USA) and anti-pan-
cadherin mouse antibody (1 : 100, Abcam, UK) at 4°C over-
night. On the second day, cells were washed and incubated
with secondary antibody, Alexa Fluor® 488 conjugate anti-
mouse antibody (Bioworld, China) and Alexa Fluor 594 con-
jugate anti-rabbit antibody (Bioworld, China) at a dilution of
1 : 200, for 1 h at room temperature. After washing, the cells
were treated with DAPI-Fluoromount and examined using
a confocal microscope and fluorescence-activated cell sorting
(FACS; Nikon, TI-FL, Japan).

2.9. Cell Membrane Separation and Sample Protein Analysis.
After treatments, cells were lysed in RIPA buffer (Sigma-
Aldrich, St. Louis, MO) with 1mM PMSF (CST, Danvers,
Massachusetts, USA) and a protease/phosphatase inhibitor
cocktail (CST, Danvers, Massachusetts, USA). After vortex
oscillation for 5 times every 5min, samples were centrifuged
at 14000×g for 15min; the supernatant (i.e., the total protein
extract) was collected and the protein content was measured
by Bradford test (Beyotime, China). To obtain cytosolic and
membrane fractions, cells were lysed in lysis buffer provided
by Keygen (Nanjing, China) with DTT and a protease inhib-
itor. Samples were vortex-oscillated for 5 times every 5
minutes on ice, then centrifuged at 13300 rpm for 30min.
The supernatant (cytosolic protein extract) was collected,
and a pellet was dissolved in extraction buffer provided by
Keygen (Nanjing, China), placed on ice for 10min, and cen-
trifuged at 5000 rpm for 5min. The mixture was in a 37°C
water bath for 10 minutes. Then, the mixture was centrifuged
again at 13300 rpm; the membrane extraction was in the
lower liquid. They were stored at −80°C and, when applica-
ble, denaturalized in loading buffer (5min, 95°C) just before
electrophoresis.

Samples from lumbar enlargement were prepared just
the same as for cells. The difference was that tissues were
made into a tissue homogenate before centrifuged.

2.10. Western Blot Assay. Samples, including whole lysates,
and cytosolic and membrane fractions from cells and tissues
were subjected toWestern blot analysis. A 30μg protein sam-
ple was separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; electrotransferred to PVDF membranes;
blocked with 5% BSA in TBST; and then immunoblotted
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with rabbit anti-p47phox (1 : 1000, Santa Cruz, USA),
rabbit anti-cleaved caspase-3 (1 : 1000, CST, Danvers,
Massachusetts, USA), rabbit anti-γ-H2Ax (1 : 1000, CST,
Danvers, Massachusetts, USA), mouse anti-pan-cadherin
(1 : 1000, Abcam, UK), or rabbit anti-β-tubulin antibody
(1 : 4000, Bioworld, China) diluted in blocking solution con-
taining 5% BSA and 0.1% Tween-20 in Tris-HCl-buffered
saline overnight at 4°C. After being rinsed, membranes were
incubated with HRP-conjugated anti-rabbit immunoglobu-
lin or anti-mouse immunoglobulin at 1 : 5000 for 1 hour.
Specific proteins were detected by enhanced chemilumines-
cence. The membranes were then exposed to X-ray film.
The densities of bands were measured using a densitometer
and analyzed with ImageJ. All the target protein expressions
were normalized to their corresponding β-tubulin or
pan-cadherin products.

2.11. Statistics. Data were analyzed by Graphpad prism ver.
5.0. All values are expressed as means± SD. Multiple com-
parisons between groups in fluorescence assay, Western blot,
and apoptosis assay were analyzed by one-way ANOVA.
Tukey was performed as post hoc analysis for multiple com-
parisons between groups. Multiple comparisons between
groups in paw withdrawal threshold assay were analyzed by
two-way ANOVA, Bonferroni was performed as post hoc
analysis for multiple comparisons between groups. A
P < 0 05 was considered significant.

3. Results

3.1. Bupivacaine-Induced Cell Injury In Vitro and In Vivo. As
shown in Figures 1(a) and 1(b), protein expression of cleaved
caspase-3 was significantly increased at 6 h, 12 h, and 24 h
(P < 0 05 versus Con) (Figures 1(a) and 1(b)). The protein
expression of γ-H2A.x, a marker of DNA damage, was signif-
icantly increasing starting at 1 h (P < 0 05 versus Con group)
and peaked at 12 h (Figures 1(a) and 1(b)). Bupivacaine sig-
nificantly increased cell apoptosis, as evidenced by the
increase in TUNEL-positive cells in bupivacaine-treated cells
(9.76± 3.49% versus 3.41± 1.79% in the control group,
P < 0 05) (Figures 1(c) and 1(d)). In in vivo rats, the ratio
of TUNEL-positive cells in the spinal cord horn in lumbar
enlargement was significantly higher in the bupivacaine
group than that in the control (Con) group (P < 0 05)
(Figures 1(e) and 1(f)). Our data indicated that bupivacaine
can induce cell injury both in in vitro SH-SY5Y cells and in
in vivo rats.

3.2. NOX Inhibition Protected Cells and Rats from
Bupivacaine-Induced Toxicity via Reducing Excessive
Production of ROS. SH-SY5Y cells were exposed to 1.5mM
bupivacaine for 1 h, 2 h, and 3h, beforemeasurements of cyto-
plasmic O2

.− and cytoplasmic peroxide using DHE and
DCFH-DA staining. As shown in Figure 2(a), exposure to
1.5mM bupivacaine produced excessive cytoplasmic O2

.−

and peroxide in a time-dependent manner as compared to
the control group without bupivacaine exposure. NOX
inhibition with VAS2870 pretreatment significantly reduced
the production of cytoplasmic O2

.− (P < 0 05, as shown in

Figures 2(b) and 2(c)) and reduced the production of cyto-
plasmic peroxide (not significantly) that was associated with
the reductions in protein expression of cleaved caspase-3 and
γ-H2A.x and the ratio of TUNEL-positive cells (P < 0 05
versus Bup, Figures 2(e), 2(f), 2(g), and 2(h)). In in vivo rats,
paw withdrawal threshold was significantly increased in the
bupivacaine-treated group accompanied by enhanced
cytoplasmic O2

.− production and cell apoptosis (increase in
TUNEL-positive cells and elevation of cleaved caspase-3 pro-
tein expression) (P < 0 05 versus Con, Figures 2(i), 2(j), 2(k),
2(l), 2(m), 2(n), and 2(o)). All these changes were reversed
by NOX inhibition with VAS2870 (P < 0 05, as shown in
Figures 2(i), 2(j), 2(k), 2(l), 2(m), 2(n), and 2(o). Our results
showed that bupivacaine-induced cell injury was highly
associated with overproduction of ROS and reducing exces-
sive ROS formation by NOX inhibition with VAS2870 had
protective effect against bupivacaine-induced toxicity both
in vitro and in vivo.

3.3. Membrane Translocation of p47phox Was Increased after
Bupivacaine Exposure Which Was Inhibited by NOX
Inhibition. Cytoplasmic ROS is generated by the activated
NOX, and p47phox is considered to be the initial and essen-
tial factor of NOX2 activation. As shown in Figure 3, in SH-
SY5Y cells, the level of p47phox is examined by the ratio of
p47phox expressed in the cytosol and membrane [22, 23,
28, 29]. As shown in Figures 3(a) and 3(b), p47phox
expressed in the whole cell lysate was upregulated in a
time-dependent manner which peaked at 24 hours. In groups
of 3 h, 6 h, 12 h, and 24 h, the cytosol/membrane ratio of
p47phox was significantly decreased with the largest decline
in the 3 h group (P < 0 05, Figures 3(a) and 3(b)). These were
confirmed in the double immunofluorescent staining of
p47phox (red) and pan-cadherin (green, a recognized cell
membrane marker) which showed that bupivacaine-treated
cells had more red merged with green (Figure 3(g)). How-
ever, this bupivacaine-induced activation of p47phox was
inhibited by NOX inhibition with VAS2870 (P < 0 05,
Figures 3(c) and 3(d)). In in vivo rats, membrane transloca-
tion of p47phox was significantly increased in bupivacaine-
treated rats, which was reduced by NOX inhibition with
VAS2870 (P < 0 05, Figures 3(e) and 3(f)). Our results sug-
gested that membrane translocation of p47phox was highly
associated with bupivacaine-induced cell injury and that pre-
treatment with NOX inhibition with VAS2870 reduced the
membrane translocation of p47phox and attenuated
bupivacaine-induced cell injury.

3.4. p47phox Gene Knockdown Reduced Bupivacaine-Induced
ROS Overexpression and Cell Injury. In order to confirm the
role of p47phox in bupivacaine-induced cell injury, p47phox
was knocked down by siRNA in SH-SY5Y cells in the
presence or absence of bupivacaine. The results showed
that knockdown of p47phox decreased cytoplasmic O2

.−,
reduced cytoplasmic peroxide (not significantly), downreg-
ulated cell apoptosis (reduced TUNEL-positive cells and
decreased cleaved caspase-3 protein expression), and
decreased γ-H2A.x protein expression in bupivacaine-
treated cells (P < 0 05, Figures 4(a), 4(b), 4(c), 4(d), 4(e),
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Figure 1: Bupivacaine-induced cell injury in vitro and in vivo. (a, b) The protein expression level of cleaved caspase-3 and phospho-γ-H2A.x
after bupivacaine incubation at different time points. (c, d) TUNEL staining indicated the ratio of apoptotic cells after bupivacaine (1.5mM)
incubation for 24 h in SH-SY5Y cells. Cells tagged by white arrows were TUNEL positive. (e, f) Schematic diagram indicates the area of tested
sections in the spinal dorsal horn. Cell apoptosis in the spinal dorsal horn was assessed by TUNEL staining. Cells tagged by white arrows were
TUNEL staining positive. Data represent mean± SD of at least 3 independent experiments or for 6 rats each group. Scale bar: 50μm.∗P < 0 05
versus control (Con) group.
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Figure 2: Continued.
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Figure 2: Continued.

7Oxidative Medicine and Cellular Longevity



4(f), and 4(g)). p47phox gene knockdown resulted in 30%
reduction in p47phox in the cells and decreased the mem-
brane translocation of p47phox in bupivacaine-treated cells
(P < 0 05, Figures 4(f), 4(g), and 4(h)). DCFH-DA is a
widely used fluorescent probe for ROS. Price and Kessel
[30] reported that the substances detected by DCFH-DA
are varied and not highly selective. The results in the pres-
ent study showed that transfection with p47phox-siRNA
did not lower the production of peroxide detected by
DCFH-DA. It may be associated with idea that the
produced substance detected by DCFH-DA was not the
predominant substance in a bupivacaine-treated cell model.
Our results indicated that p47phox gene knockdown inhibited

the membrane translocation of p47phox thereby reducing
bupivacaine-induced ROS overproduction and cell injury.

4. Discussion

There are three main findings in the present study. First,
bupivacaine induced neuron cell injury both in vitro and
in vivo through overproduction of ROS. Second, bupivacaine
could induce membrane translocation of p47phox to activate
NOX to produce excessive ROS, resulting in cell injury.
Third, inhibition of NOX, in particular p47phox, attenuated
bupivacaine-induced excessive ROS production and cell
injury. Collectively, our results indicated that bupivacaine

Con Bup VAS VAS + Bup
0

5

10

15
A

po
pt

ot
ic

 ce
ll 

ra
tio

 (%
)

⁎

#
#

�훽-tubulin
Cleaved cas-3

Con VAS + BupVASBup
(m) (n)

Cleaved cas-3
0

1

2

3

4

#

Pr
ot

ei
n 

re
la

tiv
e e

xp
re

ss
io

n 
(%

)

Con
Bup

VAS
VAS + Bup

⁎

⁎

⁎

(o)

Figure 2: NOX inhibition protected cells and rats from bupivacaine-induced toxicity via reducing excessive production of ROS. SH-SY5Y
cells were pretreated with VAS2870 (10 μM) 30min prior to bupivacaine treatment. (a) SH-SY5Y cells were treated with bupivacaine
(1.5mM) for 1 h, 2 h, and 3 h; the production of cytoplasmic peroxide (DCFH-DA) and O2

.− (DHE) was measured by a microplate reader.
(b, c) SH-SY5Y cells were treated with bupivacaine for 3 h. The level of cytoplasmic peroxide (DCFH-DA, green) and O2

.− (DHE, red) was
measured by microscopy. (d) The production of cytoplasmic peroxide (DCFH-DA) and O2

.− (DHE) was measured by a microplate reader.
(e, f) The protein level of cleaved caspase-3 and phospho-γ-H2A.x after bupivacaine treatment. (g, h) The ratio of apoptotic cells was
detected by TUNEL staining. Cells tagged by white arrows were TUNEL positive. (i) The basic lines of paw mechanical thresholds were
tested before treatment. Paw mechanical threshold was tested by the electronic von Frey system after different treatments. (j, k) Schematic
diagram indicates the area of tested sections in the spinal dorsal horn. The level of cytoplasmic O2

.− (DHE, red) was measured by
microscopy. (l, m) The ratio of apoptotic cells was detected by TUNEL staining. Cells tagged by white arrows were TUNEL positive. (n, o)
The protein level of cleaved caspase-3 was measured by Western blot. Data represent mean± SD of at least 3 independent experiments or
for 6 rats each group. Scale bar: 50μm. ∗P < 0 05 versus control group. #P < 0 05 versus Bup group. &P < 0 05 versus VAS group.
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Figure 3: Continued.
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induced neuron cell injury by inducing excessive ROS pro-
duction, and it does so through enhancing membrane trans-
location of p47phox and the subsequent activation of NOX.

Bupivacaine, an amide-type local anesthetic, is one of the
most widely used local anesthetics in clinics. We previously
found that bupivacaine can induce excessive ROS production
and apoptosis in SH-SY5Y cells [5, 11, 12]. However, the
mechanism whereby bupivacaine induced ROS and cell apo-
ptosis in SH-SY5Y cells remains unclear. In the current
study, we demonstrated that bupivacaine treatment
increased ROS production and apoptosis in SH-SY5Y cells
that were associated with increased p47phox activation
(increased membrane translocation), while pharmacological
inhibition or gene knockdown of p47phox attenuated
bupivacaine-induced ROS and cell injury. These indicated
that bupivacaine induced ROS and cell injury through
increasing the level of membrane translocation of p47phox.
It has been well accepted that apoptosis can be triggered by
ROS, RNS (reactive nitrogen species), DNA-damaged
reagents, and so on [14]; in addition, ROS has been shown
to enhance RNS and DNA damage and activate the upstream
of caspase family to cleave the downstream caspase effector,
such as caspase-3 [14]. Together, these suggest that in the
current study, bupivacaine by enhancing p47phox, which
subsequently induced ROS overexpression and thereby acti-
vated apoptosis, resulted in cell injury.

Reductive stress, defined as an excessive reduction in
ROS by antioxidant agents in a cell that leads to shortage of
ROS, has been shown to be harmful to cells, which has been
suggested as the reason why no positive results of antioxidant
therapies were gained from clinical studies [24]. This pro-
vides a clue that targeting the source of ROS may be a new
strategy for combating oxidative stress and its related

diseases. NOX-derived ROS is the initiate and physiologic
source of ROS. Only when NOX2 is activated, cytoplasmic
O2

.− is produced [13]. In general, activation of NOX2
requires translocation of cytoplasmic factors to membrane
subunit. The p47phox consists of a PX domain which inter-
acts with membrane phosphatidic acid (PA) and membrane
lipids [phosphatidylinositol-(3,4)-bisphosphate [PI(3,4)P2].
p47phox is tethered to the membrane subunits by directly
interacting with the proline-rich region (PRR) of p22phox
through Src homology 3 (SH3) domains. There is an autoin-
hibitory region (AIR) and a C-terminal PRR domain for
interaction with other NADPH oxidase subunits [20, 21].
In the phagosome system [20], when NOX2 is inactivated,
the p47phox, p67phox, and p40phox are in the cytoplasm.
p47phox is folded and inactive due to AIR. In activation of
NOX2, p47phox is initially phosphorylated by serine
residuals via the PKC-dependent pathway, resulting in AIR
destabilization which exposes the PX domain and SH3
domain to membrane lipids PI(3,4)P2, PA, and the PRR of
p22phox [21, 28]. The movement of p47phox brings other
cytosolic subunit, to form the active NOX2. The activated
NOX2 generates O2

.− and peroxide [13]. In a cell-free system,
single mutation of serine residual 379 almost abrogated
p47phox translocation to the membrane and interaction with
p22phox [28]. Moreover, in other cells, phosphorylation and
translocation of p47phox are the most important elements in
NOX2 activation-induced ROS burst. The p47phox protein
variant expression Ncf1m1J mice was reported as completely
defective in activating the NOX2 complex to produce ROS,
and at the same time, p47phox failed to translocate to the
membrane [29]. In ZDF rats, inhibiting p47phox membrane
translocation led to inhibition of NOX activity [22]. In our
study, membrane translocation of p47phox was significantly

C
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p

p47phox Pan-cadherin Merge

(g)

Figure 3: Membrane translocation of p47phox was increased after bupivacaine exposure, which was inhibited by NOX inhibition. (a, b) The
protein level of total p47phox after bupivacaine incubation at different time points was measured by Western blot. The level of p47phox
membrane translocation was detected by the ratio of p47phox expressed in the cytosol and membrane. (c, d) SH-SY5Y cells were treated
with 1.5mM bupivacaine for 3 h and incubated with DH10 medium until 24 h. SH-SY5Y cells were pretreated with VAS2870 (10 μM)
30min prior to bupivacaine treatment. The level of p47phox translocation in SH-SY5Y cells with different treatments. (e, f) The level of
p47phox translocation in animal models. (g) The level of p47phox membrane translocation was detected by immunofluorescent staining.
Pan-cadherin is a widely used membrane marker and was stained green, targeted protein p47phox was stained red, and nucleus was
stained with DAPI (blue). Data represent mean± SD of at least 3 independent experiments or for 6 rats each group. Scale bar: 10 μm.
∗P < 0 05 versus Con group. #P < 0 05 versus Bup group. &P < 0 05 versus VAS group.
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increased after 3 hours of exposure of bupivacaine, which was
consistent with the elevation of the cellular ROS, while reducing
p47phox membrane translocation by pharmacological inhibi-
tion or gene knockdown of p47phox reduced bupivacaine-
induced ROS and cell injury, indicating that p47phox plays
an important role in bupivacaine-induced ROS and cell injury.

In the current study, we demonstrated that p47phox
plays a critical role in bupivacaine-induced ROS and cell
injury in our in vivo rat models and in vitro cell models, sug-
gesting that inhibition of p47phox-mediated NOX activation
may serve as a therapeutic strategy to protect cells against
bupivacaine-induced cell injury. Indeed, in our in vivo rat
model, we provided evidences that inhibition of NOX with
VAS2870 attenuated bupivacaine-induced neuron cell injury.
The NOX inhibitor VAS2870, as we used in our study, is a
triazolopyrimidine that is developed by the company Vaso-
pharm GmbH in a screening approach for NOX2 inhibitors.
It is established as an effective inhibitor for NOX1, NOX2,
and NOX4 [15]. VAS2870 has not been shown to be intrinsic
antioxidant, as evidenced by its inability to affect superoxide
anion levels in the xanthine/xanthine oxidase assay. More-
over, it was found to be noncytotoxic [31]. Compared to
the traditional inhibitor apocynin, VAS2870 is more specific
to NOX-derived ROS [15]. As compared to a small peptide
gp91dstat, VAS2870 had a better bioavailability [15, 32].
VAS2870 only inhibited NOX activity when added before
the induction of NOX2 active complex assembly but not
when added after complex assembly [24]. VAS2870 inhibited
the production of cellular O2

.− but showed no effect on
semirecombinant NOX2 assay and translocation of p47phox
[33]. But in vascular smooth muscle cells (VSMC), VAS2870
showed a significant effect on inhibiting NOX activity [31].
VAS2870 was reported to be protective against ischemic

stroke as a NOX inhibitor [25, 34]. Most of the studies
confined to the cell-free system and human neutrophil and
endothelial systems. The ability of NOX activity inhibition
is of consensus. But the mechanism is underdetermined. In
our study, pretreatment with VAS2870 did reduce the
production of cytoplasmic ROS and cell injury in SH-SY5Y
cells. In the rat model, VAS2870 had a significant effect on
declining the increase in withdrawal threshold, the level of
cytoplasmic O2

.−, and TUNEL staining-positive cells in the
spinal dorsal horn. In both cell and animal models, p47phox
membrane translocation was inhibited. Our results suggest
that VAS2870 protected SH-SY5Y cells and rats from
bupivacaine-induced ROS overproduction via inhibiting
p47phox translocation.

In conclusion, bupivacaine induced membrane translo-
cation of p47phox, which activated NOX, resulting in burst
production of ROS and thereby inducing cell injury. Inhibi-
tion of NOX or gene knockdown of p47phox decreased
bupivacaine-induced ROS overproduction and attenuated
bupivacaine-induced cell injury.

Abbreviations

NOX: NADPH oxidase
ROS: Reactive oxygen species
γ-H2A.x: Phospho-histone H2A.x.
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Figure 4: p47phox gene knockdown reduced bupivacaine-induced ROS overexpression and cell injury. (a, b) The level of cytoplasmic
peroxide (DCFH-DA, green) and O2

.− (DHE, red) was measured by microscopy. (c) The production of cytoplasmic peroxide (DCFH-DA)
and O2

.− (DHE) was measured by a microplate reader. (d, e) The ratio of apoptotic cells was detected by TUNEL staining. Cells tagged by
white arrows were TUNEL positive. (f, g) The protein level of cleaved caspase-3 and phospho-γ-H2A.x was measured by Western blot. (f,
h) The translocation of p47phox was measured by Western blot. Data represent mean± SD of at least 3 independent experiments. Scale
bar: 50μm. ∗P < 0 05 versus control (NC) group. #P < 0 05 versus Bup group. &P < 0 05 versus p47si group.
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