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Ischemia-reperfusion-induced tissue injuries and organ
failure are key contributors to postoperative mortality and
morbidity [1]. Different types of programmed cell death
mediated by oxidative stress and inflammation play critical
roles in this pathology [2].

Initiation of programmed cell death by reactive oxygen
species- (ROS-) induced oxidative stress plays important
roles in ischemia-reperfusion injury (IRI) in multiple organs
[3]. In this special issue, W. Yao et al. reported that oxidative
stress induced hepatic cell apoptosis and liver dysfunction
after orthotopic autologous liver transplantation (OALT),
while inhibiting oxidative stress with either anesthetic propo-
fol or selective NADPH oxidase inhibitor VAS2870, reduced
hepatic cell apoptosis, and attenuated liver injury after
OALT. Further, the induction of pyroptosis and disruption
of autophagy also play critical roles in organ dysfunction as
reported in this special issue. G.-H. Zheng et al. demon-
strated that the induction of pyroptotic cell death mediated
via nod-like receptor protein-3 (NLRP3) inflammasome
is critical in high-fat diet-induced kidney damage and that
the downregulation of vascular endothelial growth factor
receptor-2 (VEGFR2) not only reduced NLRP3 activation
but also attenuated kidney injury in high-fat diet-treated
mice. Moreover, Y. Wang et al. reported that in mouse tran-
sient global cerebral ischemia (TGCI), decreased autophagy
was accompanied by increased apoptosis in neurons that
were associated with neurological dysfunction. Lentiviral or
specific agonist overexpression of transient receptor potential

mucolipin-1 (TRPML1) enhanced autophagy but inhibited
apoptosis and attenuated neurological dysfunction in TGCI.

The importance of oxidative stress in the cause of IRI has
been well recognized [4]. Thus, therapies that reduce oxida-
tive stress either by increasing antioxidant capacity or by
decreasing ROS production may protect organs against IRI.
In this special issue, W. Yao et al. reported that pretreatment
with intravenous anesthetic propofol, a potent ROS scaven-
ger that protects the heart against IRI, mitigated OALT-
induced cell apoptosis and liver injury. Moreover, G.-H.
Zheng et al. reported that purple sweet potato color, a natural
anthocyanin, conferred its renal protection through reducing
ROS and the subsequent NLRP3 activation in high-fat diet-
treated mice. On the other hand, Y. Wang et al. showed
that microRNAs (miR-214 and miR-133a), delivered by
bone marrow mesenchymal stem cell-derived exosomes, by
downregulating CaMKII (by miR-214) and phospholamban
(by miR-133a), reduced cardiac stem cell apoptosis under
oxidative stress.

Aggravation and persistence of inflammation, secondary
to oxidative stress, have been shown to induce programmed
cell death and contribute to IRI and organ injury [5]. In this
special issue, G.-H. Zheng et al. reported that 20 weeks of
high-fat diet treatment-induced ROS overproduction and
inflammation, which subsequently activates NLRP3 (media-
tor of inflammation-induced pyroptosis), leads to kidney
injury. Treatment with α-lipoic acid, a ROS scavenger, not
only mitigated high-fat diet-induced inflammation but also
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deactivated NLRP3 and attenuated kidney damage. Similarly,
W. Yao et al. reported in this special issue that OALT-
induced oxidative stress and inflammation were associated
with hepatic apoptosis and liver damage and that the appli-
cation of propofol or NADPH oxidase inhibitor reduced oxi-
dative stress and inflammation, attenuating liver damage.
These findings suggest the potential interaction of oxidative
stress and inflammation in the induction of programmed
cell death during IRI. It is worth noticing that attempts to
attenuate organ injury by solely decreasing inflammation
or increasing antioxidant capacity have achieved limited suc-
cess [6, 7], indicating that multifaceted therapies combining
anti-inflammatory and antioxidant approaches may be nec-
essary for effective treatment. Thus, further in-depth studies
regarding the interaction of inflammation and oxidative
stress in the setting of IRI 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 and
inflammation-mediated programmed cell death in IRI. It is
also our hope to stimulate further efforts in the patholog-
ical investigation of IRI and the development of therapy
for this disease.

We would like to express our gratitude toward the
authors for submitting their exciting research for consider-
ation for publication and to the reviewers for sharing their
expertise and precious time in reviewing the manuscripts.
Thanks to all of those who contributed to the success of this
special issue.
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Bupivacaine, a typical local anesthetic, induces neurotoxicity via reactive oxygen species regulation of apoptosis. High glucose could
enhance bupivacaine-induced neurotoxicity through regulating oxidative stress, but the mechanism of it is not clear. Mitochondrial
calcium uniporter (MCU), a key channel for regulating the mitochondrial Ca2+ (mCa2+) influx, is closely related to oxidative stress
via disruption of mCa2+ homeostasis. Whether MCU is involved in high glucose-sensitized bupivacaine-induced neurotoxicity
remains unknown. In this study, human neuroblastoma (SH-SY5Y) cells were cultured with high glucose and/or bupivacaine,
and the data showed that high glucose enhanced bupivacaine-induced MCU expression elevation, mCa2+ accumulation, and
oxidative damage. Next, Ru360, an inhibitor of MCU, was employed to pretreated SH-SY5Y cells, and the results showed that it
could decrease high glucose and bupivacaine-induced mCa2+ accumulation, oxidative stress, and apoptosis. Further, with the
knockdown of MCU with a specific small interfering RNA (siRNA) in SH-SY5Y cells, we found that it also could inhibit high
glucose and bupivacaine-induced mCa2+ accumulation, oxidative stress, and apoptosis. We propose that downregulation
expression or activity inhibition of the MCU channel might be useful for restoring the mitochondrial function and combating
high glucose and bupivacaine-induced neurotoxicity. In conclusion, our study demonstrated the crucial role of MCU in high
glucose-mediated enhancement of bupivacaine-induced neurotoxicity, suggesting the possible use of this channel as a target for
curing bupivacaine-induced neurotoxicity in diabetic patients.

1. Introduction

About 113.9 million Chinese and over 300 million world-
wide suffer from diabetes mellitus, and the number is
expected to enlarge further in the future [1, 2]. Polyneuropa-
thy, a common complication of diabetes, afflicts about
50%-60% of diabetic patients and is closely related to poor
glycemic control [3, 4]. Patients with diabetic polyneuropa-
thy receiving intrathecal anesthesia or analgesia are at
increased risk of neurological dysfunction, but the mecha-
nism remains unclear [5].

Sufficient evidence has confirmed that local anesthetics,
including bupivacaine, lidocaine, and ropivacaine, induce neu-
rotoxic damage in cell and animal models [6–9]. In addition,
previous studies have provided detailed evidence on local
anesthetic-induced neurotoxicity triggered by oxidative stress

[10]. Bupivacaine, one of the commonly used local anesthetics
in clinics, induces cell apoptosis via reactive oxygen species
(ROS). Compared with other local anesthetics, it has a more
significant neurotoxic effect [11, 12]. Studies have confirmed
some key factors for synergism to regulate bupivacaine-
induced ROS overproduction. It can decrease respiratory
chain complex activity, uncouple oxidative phosphorylation,
and inhibit ATP production which leads to mitochondrial
membrane potential collapse [13]. ATP production dysfunc-
tion leads to adenosine monophosphate-activated protein
kinase activation and aggravates ROS overproduction, lead-
ing to bupivacaine-induced apoptosis and neurotoxicity
[14]. Hyperglycemia also causes neurotoxicity through
inducing oxidative stress [15, 16]. Our previous study has
shown that bupivacaine-induced neurotoxicity was enhanced
in neuronal cell incubation with high glucose [17]. However,
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the mechanism responsible for the above phenomenon
remains unknown.

Mitochondrial calcium uniporter (MCU), a key channel
of mitochondrial Ca2+ (mCa2+) uptake, is widely expressed
in a number of tissue cells, including neurons, cardiomyo-
cytes, and pancreatic β-cells [18–20]. Recent studies show
that MCU plays a crucial role in cell signal transduction,
energy metabolism, and apoptosis via regulating Ca2+ uptake
into the mitochondrial matrix [21–23]. MCU excessive acti-
vation could induce a higher mCa2+ uptake rate and mito-
chondrial ROS (mROS) elevation and mediate cell apoptosis
[24]. During oxidative stress, mitochondrial reenergization
allows the recovery of membrane potential via MCU-driven
Ca2+ uptake into the mitochondria and subsequently induces
mCa2+ overload. Above events result in mitochondrial dys-
function and more severe mROS overproduction via opening
the mitochondrial transition pore (mPTP) which initiates
mitochondrial pathway apoptosis [25–27]. Whether MCU
activity is changed and whether it mediates oxidative damage
leading to high glucose enhancing bupivacaine-induced neu-
rotoxicity have not been reported.

Human neuroblastoma (SH-SY5Y) cell, similar to the bio-
logical characteristic of normal neural cell, is used to research
local anesthetic-induced neurotoxicity [12]. In the present
study, we used it to build a cell model of bupivacaine-induced
neurotoxicity and estimate the role of MCU in high
glucose-mediated enhancement of bupivacaine-induced neu-
rotoxicity. This study could provide reference for the treatment
of bupivacaine-induced neurotoxicity in diabetic patients.

2. Materials and Methods

2.1. Reagents. The SH-SY5Y cell line was purchased from
Shanghai Institutes for Biological Sciences (Shanghai,
China). Dulbecco’s modified Eagle medium (DMEM)/F12
(including 17.5mM glucose) and fetal bovine serum were
purchased from Gibco company (Grand Island, NY, USA).
Bupivacaine hydrochloride, glucose, Ru360, and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Rhod-2-acetoxymethyl ester (Rho-
d-2/AM) was purchased from Invitrogen (Carlsbad, CA,
USA). Other reagents are the following: 2′,7′-dichlorofluor-
escein diacetate (DCFH-DA) (Beyotime, Haimen, China),
propidium iodide and annexin V-fluorescein isothiocyanate
(FITC) (KeyGEN, Nanjing, China), anti-MCU (Abcam,
Cambridge, MA, USA), and anti-β-actin (KangChen Bio-
tech, Shanghai, China).

2.2. Cell Culture. SH-SY5Y cells were cultured in a
DMEM/F12 medium and 5% CO2 at 37

°C. The medium was
mixed with 10% FBS and 1% penicillin/streptomycin and
replaced every two days during cell growth. Bupivacaine
hydrochloride and glucose were dissolved in the culture media.

2.3. Cell Viability Assay. Cell viability was measured accord-
ing to the manufacturer’s instructions with the MTT assay
(Dallas, TX, USA). Briefly, after treatment, MTT (10 μl,
5mg/ml) was added into each well and final concentration
was 0.5mg/ml. The cells were incubated at 37°C for 4 h.

Formazan generated by cells was solubilized in DMSO.
Absorbance was read at 540nm with a microplate reader
(Bio-Rad, CA, USA). Cell viability of every group was ana-
lyzed as percentage of the control group.

2.4. Detection of 8-Hydroxydeoxyguanosine (8-OHdG) by
ELISA. The 8-OHdG production in SH-SY5Y cells was
determined using an ELISA kit (R&D Systems, MN, USA)
according to the manufacturer’s instructions. Cell DNA
was extracted using a DNeasy tissue kit and sample was
assayed in duplicate. Average concentration of 8-OHdG
(ng/ml) for every group was analyzed.

2.5. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). After extraction of the total RNA and reverse
transcription synthesis of cDNA using TRIzol (Invitrogen,
Carlsbad, CA) and PrimeScript® RT Master Mix (Takara,
Otsu, Japan), PCR was carried out with SYBR Green Master
Mix Kit (Takara) and LightCycler 480 (Applied Biosystems,
Foster City, CA). MCU mRNA subtypes were quantified
with the 2-ΔΔCт method as described previously [28]. The
primers were human MCU and β-actin: MCU: forward: 5′-
GGACTGTGTAGGCATCTTCTG-3′, reverse: 5′-CAATGA
CAGCTCCCACAAAG-3′ and β-actin: forward: 5′-TGGA
TCAGCAAGCAGGAGTA-3′, reverse: 5′-TCGGCCACA
TTGTGAACTTT-3′.

2.6. Western Blot Assay. Total protein extraction, protein
content determination, electrophoresis, transfer membrane,
and immunoblotting were performed as described previ-
ously [29]. Immunoblotting was performed with an
anti-MCU antibody (1 : 500) and anti-β-actin antibody
(1 : 1,000) overnight at 4°C. Analysis of protein density of
the target band was performed using Quantity One analysis
software (Bio-Rad, Hercules, CA). MCU protein expression
was characterized by measuring the intensities of bands
and compared to corresponding β-actin and control bands.

2.7. Measurement of mCa2+ Levels. The Ca2+ fluorescent indi-
cator Rhod-2/AM was used to measure mCa2+ levels in cells
as described previously [30]. The data were recorded at
552 nm (excitation wavelength) and 581 nm (emission wave-
length). Rhod-2/AM fluorescence intensities of cells were
analyzed using flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA) and a confocal scanning laser microscope
(FV300, Olympus, Tokyo, Japan).

2.8. Detection of mROS Production.Mitochondrial ROS pro-
duction was detected by analyzing fluorescence intensity of
the MitoSOX probe (Invitrogen, Carlsbad, CA). MitoSOX
selectively binds to mitochondrial superoxide and is used
to evaluate mROS production. The MitoSOX probe was
added into the culture medium and its final concentration
is 50μM. Cells were cultured for 30min at 37°C. After clean-
ing, the emission of 580 nm was determined by 488nm
wavelength excitation.

2.9. Knockdown of MCU with Small Interfering RNAs
(siRNAs). MCU siRNAs (5′-GCCAGAGACAGACAAUAC
UdTdT-3′ and 3′-dTdTGGUCUCUGUCUGUUAUGA-5′)
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and silencer negative control siRNA (5′-GCCUAAGAACG
ACAAAUCAdTdT-3′ and 3′-dTdTCGGAUUCUUGCUG
UUUAGU-5′) were designed and purchased from Sigma-
Aldrich (St. Louis, MO, USA). These siRNAs were trans-
fected into SH-SY5Y cells according to the manufacturer’s
instructions. Cells were incubated with siRNAs for 48 h
before experimental treatment.

2.10. Mitochondrial Membrane Potential (ΔΨm) Assay.
Mitochondrial depolarization was measured with JC-1. After
treatments, cells were washed with PBS twice. Then, JC-1
(1ml, 10μg/ml) staining solution was added into each well.
Plates were incubated with 5% CO2 at 37°C for 20min.

Finally, cells were tested with flow cytometry or fluorescence
microscopy. Red fluorescence represents the JC-1 polymer,
indicating high mitochondrial membrane potential. Green
fluorescence represents the JC-1 monomer, indicating the
dissipation of mitochondrial membrane potential. The fluo-
rescence intensity ratio of the polymer/monomer was used
to analyze mitochondrial depolarization.

2.11. Apoptosis Assay by Flow Cytometry. After treatments,
cells were washed with PBS (2ml) and incubated with
0.25% trypsin (0.5ml). Cell suspension was transferred from
the plates to the centrifuge tube. Annexin V-FITC (1.25μl)
was added into the tube and reacted for 15min under room
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Figure 1: High glucose enhanced bupivacaine-induced cell viability inhibition and oxidative damage in SH-SY5Y cells. Con: untreated cells;
HG: cells treated with 25mM glucose for 2 days; Bup: cells treated with 1.0mM bupivacaine for 6 h; HG+Bup: cells cultured with 25mM
glucose for 2 days and treated with 1.0mM bupivacaine for 6 h. (a) Cell viability was measured with MTT assay in cells treated with
different concentrations (0.5, 1.0, or 4.0mM) of bupivacaine for 6 h. (b) Cell viability was measured with MTT assay in cells treated with
1.0mM bupivacaine for different times (3, 6, or 12 h). (c) Cell viability was measured with MTT assay in cells treated with different
concentrations (10, 25, or 50mM) of glucose for 2 days. (d) Cell viability was measured with MTT assay in cells treated with 25mM
glucose for different times (1, 2, or 4 days). (e) Cell viability was measured with MTT assay in cells cultured with 25mM glucose for 2
days and treated with 1.0mM bupivacaine for 6 h. (f) The 8-OHdG level was measured with ELISA in cells cultured with 25mM glucose
for 2 days and treated with 1.0mM bupivacaine for 6 h. Values are the mean ± SD (n = 6); ∗P < 0 05, ∗∗P < 0 01.
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temperature. After centrifugation for 5min and supernatant
removing, propidium iodide (10μl) was added into the tube
for measuring cell apoptosis with flow cytometry (BD Bio-
sciences, Franklin Lakes, NJ, USA).

2.12. Statistical Analysis. Data are expressed as mean ±
standard deviation (SD). Paired sample t-test was used
for analyzing differences between two groups, and
one-way analysis of variance (ANOVA) was used for ana-
lyzing multiple comparisons among groups followed by
post hoc Dunnett’s multiple comparison test with SPSS
software 13.0 (SPSS Inc. Chicago, IL). Statistical signifi-
cance was defined as P < 0 05.

3. Results

3.1. High Glucose Enhanced Bupivacaine-Induced Cell
Viability Inhibition and 8-OHdG Level Elevation in
SH-SY5Y Cells. As shown in Figure 1, the MTT assay and
8-OHdG level were measured to evaluate cell viability and
oxidative damage. First, cells were exposed to different
concentrations (0.5, 1.0, or 4.0mM) of bupivacaine for 6 h.
Compared to the control group, cell viability was signifi-
cantly inhibited in cells exposed to bupivacaine (0.5, 1.0, or
4.0mM) (P < 0 05). Next, SH-SY5Y cells were exposed to
1.0mM bupivacaine for different times (3, 6, or 12h). Com-
pared to the control group, cell viability was significantly
inhibited in cells exposed to 1.0mM bupivacaine for 3, 6, or
12 h (P < 0 05). SH-SY5Y cells were exposed to different

concentrations (10, 25 or 50mM) of glucose for 2 days. Com-
pared to the control group, cell viability was significantly
inhibited in cells exposed to high glucose (10, 25, or
50mM) (P < 0 05). Next, SH-SY5Y cells were exposed to
25mM glucose for different times (1, 2, or 4 days). Com-
pared to the control group, cell viability was significantly
inhibited in cells exposed to 25mM glucose for 1, 2, or 4
days (P < 0 05).

Cells were cultured with 25mM glucose for 2 days and
treated with 1.0mM bupivacaine for 6 h. Compared to cells
exposed to bupivacaine only, cell viability inhibition and
8-OHdG level elevation were significantly enhanced in cells
treated with high glucose and bupivacaine (P < 0 05).

3.2. High Glucose Enhanced Bupivacaine-Induced MCU
Expression Elevation in SH-SY5Y Cells. As shown in
Figure 2, SH-SY5Y cells were exposed to 1.0mM bupiva-
caine for different times (3, 6, or 12 h) or exposed to
25mM glucose for different times (1, 2, or 4 days). Com-
pared to the control group, MCU mRNA expression was sig-
nificantly upregulated in cells exposed to bupivacaine in a
time-dependent manner (P < 0 05). Next, cells were cultured
with 25mM glucose for different times (1, 2, or 4 days).
Compared to the control group, MCU mRNA expression
was upregulated significantly in cells exposed to high glucose
in a time-dependent manner (P < 0 05). Last, SH-SY5Y cells
were cultured with 25mM glucose for 2 days and treated
with 1.0mM bupivacaine for 6 h. Compared to cells exposed
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Figure 2: High glucose enhanced bupivacaine-inducedMCU expression elevation. Con: untreated cells; HG: cells treated with 25mM glucose
for 2 days; Bup: cells treated with 1.0mM bupivacaine for 6 h; HG+Bup: cells cultured with 25mM glucose for 2 days and treated with 1.0mM
bupivacaine for 6 h. (a) MCUmRNA was measured with qRT-PCR in cells treated with 1.0mM bupivacaine for different times (3, 6, or 12 h).
(b) MCU mRNA was measured with qRT-PCR in cells treated with 25mM glucose for different times (1, 2, or 4 days). (c) MCU protein
expression was measured with western blotting in cells cultured with 25mM glucose for 2 days and treated with 1.0mM bupivacaine for
6 h. Values are the mean ± SD (n = 3); ∗P < 0 05, ∗∗P < 0 01.
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to bupivacaine only, MCU protein expression elevation was
enhanced significantly in cells exposed to high glucose and
bupivacaine (P < 0 05).

3.3. High Glucose Enhanced Bupivacaine-Induced mCa2+

Accumulation and mROS Overproduction in SH-SY5Y Cells.
As shown in Figure 3, SH-SY5Y cells were cultured with/-
without 25mM glucose for 2 days before treatment with
1.0mM bupivacaine for 6 h. Compared to the control group,
mCa2+ accumulation and mROS overproduction were ele-
vated in cells treated with high glucose or bupivacaine
(P < 0 05). Compared to cells exposed to bupivacaine only,
mCa2+ accumulation and mROS overproduction were sig-
nificantly enhanced in cells treated with high glucose and
bupivacaine (P < 0 05).

3.4. Ru360 or Knockdown of MCU Could Attenuate
Bupivacaine-Induced Cell Viability Inhibition and 8-OHdG
Level Elevation in SH-SY5Y Cell Incubation with High
Glucose.As shown in Figures 4(a) and 4(b), after pretreatment
with different concentrations (5, 10, or 20μΜ) of Ru360 for
30min, cells were cultured with/without 25mM glucose for
2 days and incubated with 1.0mM bupivacaine for 6h. Com-
pared to cells cultured with high glucose and bupivacaine, cell
viability inhibition and 8-OHdG level elevation were
decreased in cells pretreated with Ru360 and cultured with
high glucose and bupivacaine (P < 0 05).

As shown in Figure 4(c), SH-SY5Y cells were transfected
with MCU siRNA or negative control siRNA. Compared to
the control group, MCU expression was downregulated sig-
nificantly in cells transfected with MCU siRNA (P < 0 05).
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Figure 3: High glucose enhanced bupivacaine-induced mCa2+ accumulation and mROS overproduction. Con: untreated cells; HG: cells
treated with 25mM glucose for 2 days; Bup: cells treated with 1.0mM bupivacaine for 6 h; HG+Bup: cells cultured with 25mM glucose for
2 days and treated with 1.0mM bupivacaine for 6 h. (a) Mitochondrial Ca2+ was shown with the confocal scanning laser microscope. (b)
Mitochondrial ROS was shown with the confocal scanning laser microscope. (c) Summarized data show mCa2+ measured with flow
cytometry. (d) Summarized data show mROS measured with flow cytometry. Values are the mean ± SD (n = 3); ∗P < 0 05, ∗∗P < 0 01.
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Figure 4: Ru360 or the knockdown of MCU could attenuate bupivacaine-induced cell viability inhibition and oxidative damage in SH-SY5Y
cell incubation with high glucose. Con: untreated cells; Vehicle: cells cultured with media containing DMSO; NC: cells transfected with
silencer negative control siRNA; siMCU: cells transfected with MCU siRNA; HG+Bup: cells cultured with 25mM glucose for 2 days and
treated with 1.0mM bupivacaine for 6 h. (a) Cell viability was measured with MTT assay in cells cultured with 5, 10, or 20μΜ Ru360 for
30min and then treated with 1.0mM bupivacaine for 6 h after being cultured with 25mM glucose for 2 days. (b) The 8-OHdG level was
measured with ELISA in cells cultured with 5, 10, or 20μΜ Ru360 for 30min and then treated with 1.0mM bupivacaine for 6 h after
being cultured with 25mM glucose for 2 days. (c) MCU protein expression was measured with western blotting in cells treated with
silencer negative control or MCU siRNA. (d) MCU protein expression was measured with western blotting in cells transfected with
silencer negative control or MCU siRNA and treated with 1.0mM bupivacaine for 6 h after being cultured with 25mM glucose for 2 days.
(e) Cell viability inhibition was measured with MTT assay in cells transfected with silencer negative control or MCU siRNA and treated
with 1.0mM bupivacaine for 6 h after being cultured with 25mM glucose for 2 days. (f) The 8-OHdG level was measured with ELISA in
cells transfected with silencer negative control or MCU siRNA and treated with 1.0mM bupivacaine for 6 h after being cultured with
25mM glucose for 2 days. Values are the mean ± SD (n = 3); ∗P < 0 05, ∗∗P < 0 01.
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Compared to the control group, MCU expression in cells
transfected with negative control siRNA was not signifi-
cantly different (P > 0 05). As shown in Figure 4(d), com-
pared to cells cultured with high glucose and bupivacaine,
MCU expression was downregulated significantly in cells
transfected with siMCU and treated with high glucose and
bupivacaine (P > 0 05).

As shown in Figure 4(e) and Figure 4(f), after being
transfected with MCU siRNA, cells were cultured with/with-
out 25mM glucose for 2 days and incubated with 1.0mM
bupivacaine for 6 h. Compared to cells exposed to high glu-
cose and bupivacaine, MCU expression and 8-OHdG level
elevation were decreased; cell viability inhibition was

improved in the cell knockdown of MCU and treated with
high glucose and bupivacaine (P < 0 05).

3.5. Ru360 or Knockdown of MCU Could Attenuate
Bupivacaine-Induced mCa2+ Accumulation, mROS
Overproduction, ΔΨm Decline, and Apoptosis in SH-SY5Y
Cell Incubation with High Glucose. As shown in Figures 5
and 6, after being pretreated with 10μΜ Ru360 for
30min or transfected with MCU siRNA, cells were cul-
tured with/without 25mM glucose for 2 days and incu-
bated with 1.0mM bupivacaine for 6 h. Compared to
cells exposed to high glucose and bupivacaine, Ru360 or
the knockdown of MCU could attenuate high glucose
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Figure 5: Ru360 or the knockdown of MCU could attenuate bupivacaine-induced mCa2+ accumulation and mROS overproduction in
SH-SY5Y cell incubation with high glucose. NC: cells transfected with silencer negative control siRNA; siMCU: cells transfected with
MCU siRNA; Ru360: cells pretreated with 10μΜ Ru360 for 30min; HG+Bup: cells cultured with 25mM glucose for 2 days and treated
with 1.0mM bupivacaine for 6 h. (a) Mitochondrial Ca2+ was shown with the confocal scanning laser microscope. (b) Mitochondrial ROS
was shown with the confocal scanning laser microscope. (c) Summarized data show mCa2+ measured with flow cytometry. (b)
Summarized data show mROS measured with flow cytometry. Values are the mean ± SD (n = 3); ∗P < 0 05, ∗∗P < 0 01.
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and bupivacaine-induced mCa2+ accumulation, mROS
overproduction, ΔΨm decline, and apoptosis (P < 0 05).

4. Discussion

There are three main findings for confirming the role of MCU
in high glucose potentiating bupivacaine-induced neurotoxic-
ity in this study. First, high glucose enhanced bupivacaine-
induced mCa2+ accumulation and oxidative stress. Second,
high glucose enhanced bupivacaine-induced MCU expression
elevation. Third, downregulation or inhibition activity of
MCU attenuated the high glucose-mediated enhancement of
bupivacaine-induced mCa2+ accumulation, oxidative stress,
and apoptosis. Collectively, our findings demonstrate that
high glucose enhances bupivacaine-induced neurotoxicity via
MCU-mediated oxidative stress.

Neurotoxic injury induced by clinically used local anes-
thetic has been confirmed in cell and animal models [6–9,
31]. Studies have shown that ROS-mediated apoptosis plays
a crucial role in local anesthetic-induced neurotoxicity [9,

11, 29]. Bupivacaine, a typical local anesthetic, induces cell
apoptosis through specific inhibition of respiration com-
plexes I and III, promoting ROS overproduction [13].
Hyperglycemia magnifies oxidative damage by stimulating
ROS production in diabetes [32]. It causes a decrease of
the mitochondrial oxidative phosphorylation and leads to
advanced glycation end product- (AGE-) mediated oxidative
stress [33]. AGEs promote ROS overproduction through
enhancing glucose autoxidation, reducing low molecular
weight antioxidants, and inhibiting superoxide dismutase
activity, resulting in peripheral neuropathy [4]. In the pres-
ent study, the data showed that either bupivacaine or high
glucose exerted concentration- and time-dependent toxicity
via elevating ROS generation in SH-SY5Y cells. At the same
time, high glucose enhanced bupivacaine-induced ROS
overproduction and oxidative damage.

The mitochondria are the main production organelles
and targets of ROS which mediate oxidative stress and
apoptosis [34]. Ca2+ is closely related to the regulation
of the mitochondrial function [35]. Its uptake into the
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Figure 6: Ru360 or the knockdown of MCU could attenuate bupivacaine-induced mitochondrial oxidative damage and apoptosis in
SH-SY5Y cell incubation with high glucose. NC: cells transfected with silencer negative control siRNA; siMCU: cells transfected with
MCU siRNA; Ru360: cells pretreated with 10μΜ Ru360 for 30min; HG+Bup: cells cultured with 25mM glucose for 2 days and treated
with 1.0mM bupivacaine for 6 h. (a) Mitochondrial damage was measured with JC-1. (b) Apoptotic cells (early apoptotic cells at the lower
right quadrant for Annexin V-FITC-positive and PI-negative) were measured with flow cytometry. Values are the mean ± SD (n = 3); ∗P
< 0 05, ∗∗P < 0 01.
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mitochondria is involved in buffering and influencing cyto-
solic Ca2+, energy metabolism, and even initiating cell apo-
ptosis [36, 37]. Ca2+ overload is involved in the early signal
transduction and the mitochondrial membrane permeability
changes in the early stage of apoptosis. An excessive uptake
of Ca2+ triggers mitochondrial dysfunction through an
mPTP opening, leading to mROS production and rupture
of the mitochondrial outer membrane [38]. The latter
results in the release of Ca2+ in the intermembrane cavity
and cytosolic Ca2+ accumulation, which initiates multiple
signal transduction pathways and causes ROS overproduc-
tion [39]. Our previous study has demonstrated that bupi-
vacaine could induce mCa2+ accumulation, mitochondrial
membrane potential decline, ROS overproduction, and
apoptosis in SH-SY5Y cells and dorsal root ganglion neu-
rons [40]. In this study, the results showed that either
bupivacaine or high glucose could cause mCa2+ accumula-
tion and mROS overproduction, and high glucose
enhanced bupivacaine-induced mCa2+ accumulation and
mROS overproduction. These results suggest that high glu-
cose enhances bupivacaine-induced oxidative damage by
elevating mCa2+ accumulation.

The MCU channel, the principal mCa2+ transport sys-
tem, participated in the process of the above mechanism.
MCU was related to mROS production through regulating
the mCa2+ influx during stress stimulation [41]. Elevating
MCU activity could stimulate mCa2+ uptake and overload,
mROS overproduction, and even cell death [24]. Recent
studies demonstrated that Ru360, an inhibitor of MCU,
could attenuate Fe2+ overload-induced ROS production in
the brain mitochondria [42]. However, application of
Ru360 and the knockdown of MCU potentiated Pb2+--
induced oxidative stress and neurotoxicity [30]. All these
events show that MCU plays a crucial role in regulating oxi-
dative stress, but its different roles in oxidative stress need to
be further explored. Our study indicated that MCU expres-
sion was elevated in a time-dependent manner in cells
treated with bupivacaine or high glucose. At the same time,
high glucose augmented bupivacaine-induced MCU expres-
sion elevation. We investigated the involvement of MCU in
mCa2+ uptake in SH-SY5Y cells treated with high glucose
and bupivacaine. We found that Ru360 inhibited the
increase of mCa2+ levels, mROS overproduction, and
apoptosis. MCU-specific siRNA effectively reduced high
glucose-mediated enhancement of bupivacaine-induced
mitochondrial oxidative stress and apoptosis. Thus, MCU-
mediated mCa2+ uptake plays a key role in high
glucose-mediated enhancement of bupivacaine-induced
neurotoxicity in SH-SY5Y cells. However, the effects of
MCU activity on bupivacaine induced the changes of the
mPTP opening off state, and respiration complex activity
has not been researched in this model. It is worthy of being
determined in further studies.

Some limitations in this study need to be noted. First, the
clinically used concentration of bupivacaine is 0.5% or
0.75%, but the concentration of bupivacaine for treating
SH-SY5Y cells was 1.0mM which was equal to 0.03% and
not precisely clinically relevant. Second, we did not conduct
animal experiments to support our conclusions.

In conclusion, our study reveals that MCU plays a crucial
role in high glucose-mediated enhancement of bupivacaine-
induced oxidative stress and suggests the possible use of this
channel as a target for curing bupivacaine-induced neurotox-
icity in diabetic patients.
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The best treatment for end-stage renal disease is renal transplantation. However, it is often difficult to maintain a renal allograft
healthy for a long time following transplantation. Interstitial fibrosis and tubular atrophy (IF/TA) are significant histopathologic
characteristics of a compromised renal allograft. There is no effective therapy to improve renal allograft function once IF/TA
sets in. Although there are many underlying factors that can induce IF/TA, the pathogenesis of IF/TA has not been fully
elucidated. It has been found that epithelial-mesenchymal transition (EMT) significantly contributes to the development of
IF/TA. Oxidative stress is one of the main causes that induce EMT in renal allografts. In this study, we have used H2O2 to
induce oxidative stress in renal tubular epithelial cells (NRK-52e) of rats. We also pretreated NRK-52e cells with an antioxidant
(N-acetyl L-cysteine (NAC)) 1 h prior to the treatment with H2O2. Furthermore, we used fenofibrate (a peroxisome
proliferator-activated receptor α agonist) to treat NRK-52e cells and a renal transplant rat model. Our results reveal that
oxidative stress induces EMT in NRK-52e cells, and pretreatment with NAC can suppress EMT in these cells. Moreover,
fenofibrate suppresses fibrosis by ameliorating oxidative stress-induced EMT in a rat model. Thus, fenofibrate may effectively
prevent the development of fibrosis in renal allograft and improve the outcome.

1. Introduction

Renal transplantation is the best approach for the manage-
ment of end-stage renal disease. However, it brings along
with it the risk of graft failure or transplant rejection. With
the use of novel and effective immunosuppressive agents,
the incidence of transplant rejection has reduced substan-
tially in recent years [1]. However, the long-term outcome
of renal allograft has not improved much. Although the
annual survival rate of renal transplant has reached more
than 90%, there is a 4–5% loss of function in the renal graft
per year. The 5-year survival rate of renal transplant is
approximately 70%, whereas the 10-year survival rate is only
around 50% [1]. The main cause of this sharp decline is
the development of chronic allograft nephropathy (CAN)
[2, 3]. In the new Banff 2007 scheme, the term chronic

allograft nephropathy has been replaced by interstitial fibro-
sis/tubular atrophy (IF/TA) [4].

Clinical research has shown that IF/TA is a significant
histopathologic characteristic of a compromised renal allo-
graft [5] and IF/TA is associated with chronic renal allograft
dysfunction [6]. Multiple studies have been conducted in the
past decades to understand the pathogenesis of IF/TA. These
studies have shown that a wide range of factors and mech-
anisms are involved in the progress of IF/TA. These fac-
tors can be classified into two main categories: immune
and nonimmune. The immune factors are mostly immu-
nosuppressive drug toxicity and antibody-mediated injury,
while the nonimmune factors are vasoconstriction, oxida-
tive stress, fibroblast activation, transforming growth factor
beta- (TGF-) β1-mediated epithelial-mesenchymal transi-
tion (EMT), etc. [5].
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EMT has been identified in many biological functions,
including tissue regeneration, scars following injury,
epithelial-derived tumor invasion, and metastases [7, 8].
Three types of EMT have been identified: (i) type I EMT
which is involved in embryo development and organ forma-
tion, (ii) type II EMT which is involved in adult tissue repair
and fibrosis, and (iii) type III EMT which refers to the pheno-
typic transformation of epithelial malignancies [9]. The
results of sequential renal biopsies in a study performed 3
and 12 months posttransplant have demonstrated a close
correlation between the development of IF/TA and expres-
sion of EMT markers [10]. Some researchers have compared
the biopsies obtained from dysfunctional renal allografts
with IF/TA and renal allografts with stable renal function.
They have shown that the expression of epithelial markers
(E-cadherin and cytokeratin) in tubular epithelial cells
(TECs) of kidneys with IF/TA is significantly decreased and
the distribution of the markers is altered as compared to
the functional kidneys [11]. In the damaged and atrophic
tubules, some TECs also expressed mesenchymal markers
including vimentin, S100A4, and alpha-smooth muscle actin
(α-SMA). These findings indicate that TEC damage is associ-
ated with EMT [11].

Oxidative stress is the main contributor to IF/TA [12].
Renal transplant recipients always manifest persistent oxida-
tive stress during the early period posttransplant [13]. It was
shown that oxidative stress increases in all the biopsy speci-
mens with allograft dysfunction [14]. The oxidative stress
occurring in the transplanted kidneys is mainly induced by
immunosuppressive drugs involving cells of epithelial,
endothelial, and mesenchymal origin. This also results in
toxic effects and fibrosis of the renal allografts [15]. There
is evidence that oxidative stress is involved in the pathogen-
esis of EMT in chronic IF/TA of renal allograft. One in vitro
study using proximal tubular epithelial cells has demon-
strated that reactive oxygen species (ROS) play an important
role in TGF-β1-induced EMT through activation of
mitogen-activated protein kinase (MAPK) and Smad path-
ways [16]. Another study using a rat model of kidney trans-
plant revealed that EMT is involved in the development of
IF/TA and it coexists with enhanced oxidative stress [17].
In this particular study, kidneys from Fisher 344 rats were
transplanted in Lewis rats to develop a model of IF/TA.
The presence of EMT was characterized by increased
α-SMA and collagen I and III levels along with a decreased
E-cadherin expression and increased superoxide anion and
iNOS and eNOS levels depicting an increased oxidative
stress. These observations suggest that EMT occurs concur-
rently with oxidative stress in IF/TA. Therefore, oxidative
stress induced by immunosuppressive drugs may result in
EMT and contribute to the development of IF/TA in a renal
allograft [17].

Peroxisome proliferator-activated receptor α (PPARα) is
a member of the nuclear receptor superfamily, involved in
the regulation of β-oxidation of fatty acids. PPARα displays
its biological functions by inducing the transcription of
downstream target genes. PPARα also has several antioxi-
dant effects. A study has shown that fenofibrate (a PPARα
agonist) can significantly reduce the oxidative stress in

kidneys of spontaneously hypertensive rats by reducing
the activity of renal nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, increasing the activity of
Cu-Zn-superoxide dismutase, and decreasing the phos-
phorylation of p38 MAPK and c-Jun N-terminal kinase
(JNK) signals [18]. Some authors have also shown that
fenofibrate can restore the phenotypic change induced by the
deficiency of LKB1 in TEC [19]. Another study has also
revealed that fenofibrate markedly suppresses fibrosis in a
mouse model of chronic kidney disease (CKD) by improving
fatty acid oxidation [20]. However, it is unclear whether
fenofibrate suppresses fibrosis by decreasing the oxidative
stress levels in the transplant kidneys. Therefore, we hypoth-
esize that fenofibrate treatment may suppress EMT by
reducing oxidative stress levels in the renal tubular epithelial
cells and may improve long-term outcome in renal trans-
plant recipients.

2. Materials and Methods

2.1. Detection of Cell Viability. Collected NRK-52e cells were
cultured in a DMEM. These cells were implanted into a
96-well plate and treated with 100μmol/L H2O2 for 0.5 h,
1 h, 1.5 h, 2 h, and 2.5 h. Subsequently, CCK8 was added
and was incubated for 1 h. The optical density (OD) was
recorded at 450nm.

2.2. ROS and Malondialdehyde (MDA) Estimation. (i)
ROS-dichloro-dihydro-fluorescein diacetate (DCFH-DA)
method: 10μmol/L DCFH-DA was diluted by a serum-free
DMEM and incubated at 37°C for 20min in the dark
and then again washed by the serum-free medium. Fluo-
rescence intensity was detected by BioTek Epoch with an
excitation wavelength at 488nm and an emission wavelength
at 525nm. (ii) ROS-dihydroethidium (DHE) method:
5μmol/L of DHE was incubated at 37°C for 30min in the
dark. Subsequently, cells were incubated in 1X Hoechst
33342 for 30min, and cells were washed in
phosphate-buffered saline (PBS) thrice. Fluorescence
microscopy was used to detect the fluorescence intensity.
(iii) Malondialdehyde-thiobarbituric acid (MDA-TBA)
method: collected medium with different treatments. By fol-
lowing the standard procedure, agential nos. 1, 2, 3, and
10nmol/mL standard substance were added to the medium
and incubated at 95°C for 40min and then centrifuged at
4000 rpm for 10min. The OD was detected using a micro-
plate reader at 532nm.

2.3. Western Blot Analysis. The collected cells were treated
with H2O2, N-acetyl L-cysteine (NAC), and/or fenofibrate.
These cells were lysed using RIPA lysis buffer containing a
protease inhibitor cocktail and a phosphatase inhibitor. The
sample concentrations were measured by the bicinchoninic
acid (BCA) assay. The proteins were loaded and separated
by 5%, 8%, or 10% sodium dodecyl sulfate (SDS) polyacryl-
amide gels, electrotransferred to PVDF membranes, and
incubated for about 12 h at 4°C with the following antibodies:
E-cadherin, N-cadherin, vimentin, Snail, cleaved caspase-3,
S100A4, and GAPDH. Secondary antibodies (anti-rabbit or
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anti-mouse IgG horseradish peroxidase (HRP)) were diluted
by tris-buffered saline and polysorbate 20 (TBST) and
incubated for 1 h. The blots were detected by enhanced
chemiluminescence.

2.4. Quantitative Real-Time PCR Analysis. Total RNA was
prepared from rat renal tubular epithelial cells (NRK-52e)
using an RNeasy Mini Kit. 500 ng of total RNA was
reverse-transcribed using a cDNA archival kit. Quantitative
real-time polymerase chain reaction was performed using
an ABI 7300 real-time PCR System involving SYBR Green
Master Mix, 3-step standard cycling conditions, and
sequence-specific primers. The melting curve was examined
to verify the amplification of a single product. For quantita-
tive analysis, all the samples were normalized to ubiquitin
C gene expression using the ΔΔCT value method.

2.5. Renal Transplant Model. Sprague Dawley rats were used
as donors, and Wistar rats were used as recipients for trans-
plantation of the left kidneys. Donor operation: 125U/mL
heparin saline was injected through the lumbar vein of the
donor rat. Styptic clips were used to stop the blood supply.
Perfusion was conducted through the aorta abdominalis,
and the left renal vein was cut off at the same time. When
perfusion finished, the left renal artery, vein, and ureter were
ligated. The left kidney was separated and dipped into hepa-
rin saline at the temperature of 0~4°C. Recipient operation:
the blood supply was stopped with styptic clips and the left
kidney was separated. The renal artery, renal vein, and ureter
of the donor were anastomosed to those of the recipient. The
blood supply was restored after anastomotic surgery. Postop-
erative management: 5mL saline was injected into the
abdominal cavity after closing the abdomen. After renal
transplantation, the Wistar rats were treated with penicillin
for 3 days and cyclosporin A for 1 week. The rats were
followed up for 8 weeks for the development of IF/TA.

2.6. Histological and Immunohistochemical Examination.
Following 8 weeks posttransplant, the rats were euthanized
and a section of both the kidneys was excised. The excised
tissues were embedded in paraffin and optimal cutting
temperature compound (OTC) to be made into paraffin
sections and frozen sections (used into the ROS-DHE
examination). Subsequently, the tissues were stained with
different staining techniques such as hematoxylin and
eosin (HE), periodic acid-Schiff (PAS), periodic acid-silver
methenamine (PASM), Masson trichrome, and immunohis-
tochemical examination.

2.6.1. HE. The paraffin sections were dewaxed with a series of
xylene and ethyl alcohol. Then, the sections were stained with
hematoxylin (3min) and eosin (10min). Sections were dehy-
drated and then sealed with neutral resins.

2.6.2. PAS. Dewaxed sections were stained with 1% periodic
acid solution (10min), then washed with water (10min).
These sections were dipped into Schiff solution (10min)
and washed with water (5min). Then, these sections were
stained with hematoxylin (3min). Finally, sections were

dehydrated with a series of ethyl alcohol and xylene and then
sealed with neutral resins.

2.6.3. PASM. Dewaxed sections were stained with 1% peri-
odic acid solution (10min), then washed with water
(10min). These sections were dipped into silver methena-
mine solution (1 h) and 3% sodium thiosulfate (20 s). Then,
these sections were stained with hematoxylin for 3min,
dehydrated, and sealed.

2.6.4. Masson. Dewaxed sections were stained with hematox-
ylin (3min) and washed with water. Then, these sections
were dipped into a ponceau-acid fuchsin solution (5min),
2% glacial acetic acid (30 s), 1% phosphomolybdic acid
(5min), and aniline blue (5min). Finally, sections were dehy-
drated and then sealed with neutral resins.

2.6.5. Immunohistochemical Examination. Specific antibod-
ies to Snail, S100A4, and vimentin were used, followed by
an addition of horseradish peroxidase- (HRP-) conjugated
secondary antibodies and 3,3-diaminobenzidine (DAB) for
signal detection.

2.7. Statistical Analysis. The continuous variables were
expressed as mean and standard deviation. One-way anal-
ysis of variance was performed followed by the least signif-
icant difference test. A p value of < 0.05 was considered
statistically significant.

3. Results

3.1. Oxidative Stress Induces EMT in Rat Renal Tubular
Epithelial Cells. To determine whether oxidative stress is
associated with EMT, we treated the rat renal tubular epithe-
lial cell line (NRK-52e cells) with 100μmol/L H2O2 and stud-
ied the phenotypic changes. With longer exposure to H2O2,
the cell viability decreased (Figure 1(a)), and there was a sig-
nificant difference among each group. H2O2 treatment for 2 h
increased the ROS (DCFH-DA method) and MDA levels in
the cells (Figure 1(b)). The ROS level detected using a fluo-
rescence microscope (Figures 1(c) and 1(d)) also demon-
strated that H2O2 treatment induced oxidative stress.

To define whether oxidative stress induces EMT in
NRK-52e cells, we conducted Western blots to detect
EMT-relatedmarkers.We found that the expressionofN-cad-
herin, S100A4, vimentin, collagen I, and Snail appears to
increase in the cells treated withH2O2 (Figures 2(a) and 2(b)).

To further clarify that EMT in NRK-52e cells was
induced by oxidative stress, we pretreated the NRK-52e cells
with an antioxidant (NAC) for 1 h, followed by a treatment
with 100μmol/L H2O2 for 2 h. Our results revealed that
NAC pretreatment significantly decreased the ROS level
(Figures 1(c) and 1(d)) and reversed the phenotypic changes
as evidenced by the decreased expression of N-cadherin,
S100A4, vimentin, collagen I, and Snail (Figures 2(c) and
2(d)). As oxidative stress induces cell apoptosis, we also
tested the expression of cleaved caspase-3, and our results
demonstrated that NAC decreased the cleaved caspase-3
expression (Figures 2(c) and 2(d)). These results indicated
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that enhanced oxidative stress induced EMT in renal tubular
epithelial cells.

3.2. Fenofibrate Reduced EMT via Suppression of Oxidative
Stress in Rat Tubular Epithelial Cells. We studied the effect

of fenofibrate on oxidative stress. We treated the NRK-52e
cells with H2O2 and/or fenofibrate and detected the oxidative
stress level. When treated with fenofibrate, the mRNA and
protein levels of PPARα were increased (Figures 3(a) and
3(b)), and the ROS and MDA levels were significantly
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Figure 1: H2O2 treatment induced oxidative stress in rat renal tubular epithelial cells. (a) NRK-52e cells were treated with 100 μmol/L H2O2
for 0.5 h, 1 h, 1.5 h, 2 h, and 2.5 h, and cell viability was detected with CCK8. (b) NRK-52e cells were treated with 100 μmol/L H2O2 for 1 h and
2 h; relative ROS levels were detected with the DCFH-DA method. Cells were treated with H2O2, and the medium of the control group was
changed at the same time, and then, the medium of cells was collected with or without H2O2 treatment 2 h later, and MDA levels were
detected. (c) NRK-52e cells were pretreated with 1mmol/L NAC or 1 μmol/L fenofibrate for 1 h, followed by treatment with 100 μmol/L
H2O2 for 2 h. DHE and Hoechst 33342 were incubated for 30min, and a fluorescence microscope was used to observe the fluorescence
intensity (red, DHE, exposure time (1.3 s); blue, Hoechst 33342, exposure time (70ms)). (d) Quantitative analysis was conducted with
Image-Pro Plus. ∗p < 0 05, ∗∗p < 0 01.

4 Oxidative Medicine and Cellular Longevity



reduced (Figures 1(c), 1(d), and 3(c)). Further, we tested
whether fenofibrate can reverse the phenotypic change of
the cells induced by oxidative stress. We conducted Western
blots to detect the expression of N-cadherin, S100A4, vimen-
tin, collagen I, and Snail, and all these were found to be

reduced (Figures 3(d) and 3(e)). These results indicate that
fenofibrate can suppress oxidative stress-induced EMT.

3.3. Fenofibrate Suppresses Fibrosis of Transplant Kidneys in
Rats. Our results indicate that fenofibrate suppressed EMT

− +

E-cadherin

N-cadherin

S100A4

Vimentin

Collagen I

Snail

GAPDH

H2O2

(a)

Re
la

tiv
e p

ro
te

in
 le

ve
l

E-
ca

dh
er

in

N
-c

ad
he

rin

S1
00

A
4

V
im

en
tin

co
lla

ge
nI

Sn
ai

l0.0

0.2

0.4

0.6

0.8

1.0

ns

Control
+ H2O2

⁎⁎

⁎⁎

⁎⁎
⁎⁎

⁎

(b)

GAPDH

−

+
+

+ H2O2

NAC

N-cadherin

S100A4

Vimentin

Collagen I

Snail

Cleaved caspase-3

(c)

Re
la

tiv
e p

ro
te

in
 le

ve
l

N
-c

ad
he

rin

S1
00

A
4

V
im

en
tin

Co
lla

ge
nI

Sn
ai

l

Cl
ea

ve
d

ca
sp

as
e-

3
0.0

0.2

0.4

0.6

0.8

+ H2O2 
+ H2O2
+ NAC

⁎⁎

⁎

⁎

⁎

⁎⁎

⁎⁎ ⁎⁎

(d)

Figure 2: Oxidative stress-induced EMT in rat renal tubular epithelial cells. (a) NRK-52e cells were treated with 100 μmol/L H2O2 for 2 h and
cultured for 24 h, and then Western blot was conducted to detect protein expression. (b) Quantitative analyses were conducted with ImageJ.
(c) The cells were pretreated with 1mM NAC, then treated with 100μmol/L H2O2 for 2 h. The expression of N-cadherin, vimentin, S100A4,
collagen I, Snail, and cleaved caspase-3 was detected by Western blot. (d) Quantitative analyses were conducted with ImageJ. ∗p < 0 05,
∗∗p < 0 01.
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by decreasing oxidative stress level in an in vitro model.
Based on these results, we hypothesize that fenofibrate may
inhibit interstitial fibrosis in a renal allograft. To further val-
idate our conjecture, we used Sprague Dawley rats as donors
and Wistar rats as recipients in the renal transplantation
model (Figure 4(a)). One group was treated with fenofibrate

for 10 d and another group was treated with solvent as a con-
trol posttransplantation. The rats were euthanized 8 weeks
after transplantation, and the kidneys were excised. We used
these kidney tissues for histochemical staining, including HE,
Masson, PAS, and PASM, to define the therapeutic effect of
fenofibrate for fibrosis of the transplanted kidneys. Our

PPAR�훼
Re

la
tiv

e m
RN

A
 le

ve
l

0

1

2

3

4

5

+ H2O2

+ Fenofibrate

⁎

+ H2O2

(a)

PP
A

R�훼
/G

A
PD

H

0.0

0.2

0.4

0.6

0.8

1.0

Control

+ Fenofibrate

GAPDH

− +

−−

+

+

H2O2

Fenofibrate

⁎

⁎

⁎

PPAR�훼

+ H2O2
+ H2O2

(b)

MDA

M
D

A
 co

nt
en

t (
nm

ol
/m

l)

0.0

0.2

0.4

0.6

0.8

+ H2O2
+ H2O2
+ Fenofibrate

ROS

Ra
tio

 o
f R

O
S 

le
ve

l

0.0

0.2

0.4

0.6

0.8

1.0 ⁎⁎

⁎⁎

(c)

−

+

+

+ H2O2

Fenofibrate

GAPDH

N-cadherin

S100A4

Vimentin

Collagen I

Snail

(d)

Re
la

tiv
e p

ro
te

in
 le

ve
l

N
-c

ad
he

rin

S1
00

A
4

V
im

en
tin

co
lla

ge
nI

Sn
ai

l0.0

0.2

0.4

0.6

0.8

1.0

+ H2O2
+ H2O2
+ Fenofibrate

⁎⁎ ⁎⁎ ⁎⁎

⁎

⁎

(e)

Figure 3: Fenofibrate recovered phenotypic changes induced by oxidative stress. (a, b) PPARα expression level assessed via quantitative
RT-PCR and Western blot analysis in NRK-52e cells treated with H2O2 for 2 h and then with fenofibrate for 24 h. (c) Relative ROS and
MDA levels after treatment with fenofibrate and H2O2. (d, e) Western blot and quantitative analysis for the expression of N-cadherin,
S100A4, vimentin, collagen I, and Snail with ImageJ. ∗p < 0 05, ∗∗p < 0 01.
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results revealed that the nontransplanted kidneys had no sig-
nificant changes. The structure of renal glomerulus and renal
tubules was normal, the capillary loops of the renal glomeru-
lus were open, and there was no or little inflammatory cell
infiltration in the renal mesenchyme (Figure 4(b)). There is
also no significant difference of collagen fiber deposition in
the original kidneys of the two groups (Figures 4(c) and 4(d)).

The transplanted kidneys derived from the control group
demonstrated tubulitis, renal glomerular shrinkage, renal
tubular atrophy, capillary loop occlusion, a large number of
inflammatory cell infiltrations, collagen fiber deposition,

and calcification (Figures 5(a), 5(b), and 5(c)). Fenofibrate
significantly improved the fibrotic changes in renal allografts.
In the fenofibrate-treated groups, the structure of the glomer-
ulus and tubules was relatively normal, the capillary loops
of the renal glomerulus were open, and there were only
minor inflammatory cell infiltrations, tubulitis, and colla-
gen fiber depositions (Figures 5(a), 5(b), and 5(c)). In
addition, fenofibrate treatment of the transplanted kidney
significantly decreased the ROS level (Figures 6(a) and
6(b)). Immunohistochemical findings also showed that
Snail, S100A4, and vimentin were positively expressed in
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Figure 4: Renal transplantation models were established. (a) Wistar rats were used to make unilateral kidney transplant models with kidneys
obtained from Sprague Dawley rats. The experimental group was pretreated with 100mg/kg/d of fenofibrate for 10 d, and the control group
was treated with the same solvent after transplant. (b) HE, PAS, and PASM histochemical stains for the original kidneys of the 2 groups of rats.
(c) Masson histochemical stains for the original kidneys of the 2 groups of rats. (d) Quantitative analyses were conducted with Image-Pro
Plus. IOD: integrated optical density.
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the control group, and the fenofibrate treatment decreased
the expression of these proteins (Figures 6(c) and 6(d)).
These results further suggested that fenofibrate suppressed
EMT in renal allografts. Taken together, our results exhib-
ited that fenofibrate markedly improved chronic fibrosis of
the renal allograft by suppressing EMT.

4. Discussion

In our study, we defined that H2O2 increased the oxidative
stress level in NRK-52e cells. EMT was induced by
strengthened oxidative stress, and the fenofibrate treatment
suppressed EMT induced by oxidative stress in vitro. To
further determine the therapeutic effect of fenofibrate for
IF/TA in the renal allograft, we established rat renal trans-
plantation models and treated the models with fenofibrate.
Results in vivo showed that fenofibrate significantly
improved fibrosis and pathological injury in the renal allo-
graft; that is, the structure of the glomerulus and tubules

was relatively normal, the capillary loops of the renal glomer-
ulus were open, and there were only minor inflammatory cell
infiltrations, tubulitis, and collagen fiber depositions. The
fenofibrate treatment also decreased the ROS level and sup-
pressed EMT in the renal allograft (Figure 7).

Oxidative stress often leads to injury and fibrosis in a renal
allograft following transplantation. The balance between
the production of ROS and the defense against ROS defines
the degree of oxidative stress in vivo. ROS act as signal and
regulatorymolecules to participate in cell proliferation, differ-
entiation, and apoptosis [21–23].Aprooxidantmicroenviron-
ment can alter and denature carbohydrates, nucleic acids,
proteins, and lipids resulting in cell toxicity. There aremultiple
reports revealing the deleterious effects of oxidative stress
resulting in different pathophysiologic states, such as neo-
plasm [24], aging [25, 26], cardiovascular diseases [27–31],
and CKD [32–35].

Transplant surgery certainly leads to perioperative acute
kidney injury (AKI) from ischemia-reperfusion (IR). It is to
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Figure 5: Fenofibrate improved fibrosis of renal allografts. (a, b) HE, PAS, PASM, and Masson histochemical stains for transplanted kidneys
of 2 groups of rats (black arrow, renal glomerular shrinkage and capillary loop occlusion; red arrow, tubulitis; orange arrow, renal tubular
atrophy; green arrow, inflammatory cell infiltrations; purple arrow, calcification; and yellow arrow, collagen fiber deposition). (c)
Quantitative analyses were conducted with Image-Pro Plus. IOD: integrated optical density. ∗∗p < 0 01.
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be noted here that AKI itself induces ROS generation and cell
apoptosis, which contributes to the process of interstitial
fibrosis [36]. However, AKI occurred in an early stage after
the operation of renal transplant; IF/TA is a long-term and

tardy course of the renal allograft. There are also multiple
other factors leading to a higher oxidative stress, and one of
which is the use of immunosuppressant drugs. All the renal
transplant recipients experience a higher oxidative stress as
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Figure 6: Fenofibrate suppresses EMT of renal allografts. (a) ROS detection with frozen sections. (red, DHE, exposure time (1.5 s); blue,
Hoechst 33342, exposure time (50ms). (b) Quantitative analyses were conducted with Image-Pro Plus. (c, d) Immunohistochemical
findings and quantitative analysis for Snail, S100A4, and vimentin expressions. ∗p < 0 05, ∗∗p < 0 01.
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evidenced by elevated specific biomarkers [12, 37–42]. As
discussed, oxidative stress is a common mechanism of injury
in chronic allograft IF/TA which leads to EMT [12]. From
this study, we have demonstrated that increased oxidative
stress in rat renal tubular epithelial cells induces EMT.

PPARα is a transcription factor which is widely
expressed in multiple organs like the liver, heart, and kid-
ney. Activation of PPARα results in the protection against
ischemia-reperfusion injury induced by myocardial ische-
mia [43]. The activation of PPARα protects myocardial cells
by increased expression and activation of superoxide dismut-
ase (SOD1, SOD2) and catalase and suppresses the gen-
eration of ROS in myocardial ischemia [43]. Fenofibrate
(a PPARα agonist) treatment for 18 weeks had shown to
suppress the expression of P47phox (a subunit of NADPH
oxidase) and increase the activation and expression of
Cu/Zn-SOD in a spontaneously hypertensive rat model
[44]. Fenofibrate also exerted protective effects in hyperten-
sive nephropathy and improved renal tubule interstitial
fibrosis, glomerular sclerosis, and inflammatory cell infiltra-
tion [18]. The activation of PPARα exhibits protection by
suppressing oxidative stress in multiple animal models
including alcoholic liver disease [45–47], diabetic retinopa-
thy [48], and Parkinson’s disease [49].

In this study, fenofibrate decreased the oxidative stress
level and suppressed EMT in NRK-52e cells. PPARα displays
its biological functions by transcription regulation and acti-
vates multiple endogenous antioxidants, including SOD1,
SOD2, and catalase [50]. PPARα is an important transcrip-
tion factor involved in crucial metabolic pathways like β-oxi-
dation of fatty acids. Multiple studies have demonstrated that
increased fatty acid oxidation improves interstitial fibrosis in
CKD [19, 20]. Fenofibrate may also suppress EMT by the
fatty acid oxidation pathway in the transplanted kidneys. In
our study, fenofibrate treatment after kidney transplant

decreased the injury of the renal allograft and improved the
fibrosis state. However, the mechanism of suppression of
EMT by fenofibrate may not be solely explained by the
decreased oxidative stress, and it may also involve fatty acid
oxidation pathways. Further mechanistic studies are war-
ranted to investigate this role of fenofibrate in suppressing
EMT in renal allografts.

In conclusion, fenofibrate suppressed EMT induced by
oxidative stress in vitro and in vivo. The oxidative stress level
was increased in the renal allograft of rats, which is a factor to
contribute to IF/TA. Fenofibrate treatment decreased the
ROS level of the renal allograft. The EMT progress was also
suppressed by fenofibrate. Taken together, fenofibrate may
delay the progress of IF/TA in the renal allograft through
suppressing EMT induced by oxidative stress.
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The Yiqi-Huoxue granule (YQHX) is a traditional Chinese medication widely used in the therapy of the traditional Chinese medicine
diagnosis “Qi deficiency” or “blood stasis” in China. Both these symptoms are related to inflammation, but the mechanisms of YQHX
against inflammation are largely unknown. Thus, our present study investigated the effects of YQHX on regulating inflammatory
responses induced by lipopolysaccharides (LPS) in HUVECs. Our data found that YQHX remarkably inhibits the production of
prothrombotic factors, plasminogen activator inhibitor-1 (PAI-1) and tissue factor (TF), while it upregulates the protein expression
of Kruppel-like factor 2 (KLF2). The increase in PAI-1 and TF was significantly attenuated through a transgenic knockdown in
KLF2 with a Lenti-shKLF2 vector. YQHX also decreases the phosphorylation of nuclear factor-κB (NF-κB) p65 and IκB following
LPS stimulation, and it effectively suppresses PAI-1 and TF via a NF-κB-dependent mechanism. Taken together, our results suggest
that YQHX provides a notable antithrombotic activity via regulating the KLF2 expression and NF-κB signaling pathway in
HUVECs. The KLF2 and NF-κB may be potential therapeutic targets for interventions of inflammation associated with atherosclerosis.

1. Introduction

Acute ischemic heart disease is a leading cause of death and
disability worldwide [1]. It is usually associated with luminal
thrombosis resulting from vulnerable atherosclerotic erosion
or plaque rupture initiated by endothelial dysfunction [2].
Chronic inflammation is involved in the development of
luminal thrombosis [3], due to its role in exacerbating endo-
thelial injury and provoking atherosclerotic plaque rupture
[2, 4]. However, current antiatherosclerotic agents and anti-
platelet therapy only prevent the physical formation of
thrombosis [5, 6], but do not alleviate inflammation or
endothelial dysfunction. Thus, developing new strategies

aimed at protecting against inflammation and endothelial
dysfunction may have important clinical implications in
antithrombotic therapies.

The Yiqi-Huoxue granule (YQHX) is a traditional
Chinese medication widely used in the therapy of the tradi-
tional Chinese medicine diagnosis “Qi deficiency” or “blood
stasis” in China. It is composed of Ginseng Radix et Rhizoma
(Panax ginseng C. A. Mey), Astragali Radix (Astragalus mem-
branaceus (Fisch.) Bge.), Paeoniae Rubra Radix (Paeonia
veitchii Lynch), and Carthami Flos (Carthamus tinctorius
L.). The Paeoniae Rubra Radix, Carthami Flos, and Ginseng
Radix et Rhizoma extracts have been recognized to produce
antithrombotic effects [7–9]. The components of Ginseng
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Radix et Rhizoma and Astragali Radix in YQHX are effective
to inhibit inflammatory responses [10, 11]. Our previous
studies have demonstrated that YQHX could inhibit the
expression of prothrombotic factors, plasminogen activator
inhibitor-1 (PAI-1) and tissue factor (TF), induced by throm-
bin in human umbilical vein endothelial cells (HUVECs) [12].
It also reduces platelet aggregation associated with myocardial
infarction in rats [13]. However, so far, it is largely unknown
if the antithrombotic effect of YQHX is associated with its
anti-inflammatory activity.

Kruppel-like factor 2 (KLF2) is a transcriptional regu-
lator highly expressed in endothelial cells. Overexpression
of KLF2 prolongs thrombotic time and mediates in vivo
rapamycin-induced arterial thrombosis in mice [14, 15].
Conversely, KLF2 deficiency inhibits antithrombotic genes
[16]. KLF2 also mediates acute and chronic inflammations
[17, 18]. The anti-inflammatory effects of KLF2 mechanisti-
cally are linked to the suppression of nuclear factor-kappa
B (NF-κB) signaling [17, 19] that regulates a variety of genes
related to inflammatory responses [20, 21]. Thus, KLF2 may
be a key thrombotic regulator due to its effects on regulating
both endothelial function and inflammation.

Lipopolysaccharide (LPS) is a component of Gram-
negativebacteria. It alters the fibrinolytic system leading
to a procoagulant state or thrombosis [22, 23]. LPS stimulates
both proinflammatory mediators [24, 25] and prothrom-
botic factors [26, 27]. In the present study, we used a LPS-
incubatedendothelial cell model to mimic inflammatory con-
ditions in human atherosclerotic lesions. We investigated the
effects of YQHX on regulating the NF-κB signaling path-
way and KLF2 expression in response to inflammatory
stimulation. We also examined if the production of pro-
thrombotic factors PAI-1 and TF could function as a down-
stream readout to test the potential therapeutic effects of
YQHX against cardiovascular diseases.

2. Materials and Methods

2.1. Reagents. Endothelial cell culture media (ECM), endo-
thelial cell growth supplies (ECGS), and fetal bovine serum
(FBS) were purchased from ScienCell Research Laboratories
(ScienCell, CA, USA) or Gibco (Gibco, CA, USA). All of
the chemicals, including LPS, simvastatin (ST), pyrrolidine
dithiocarbamate (PDTC), and 3-(4,5-dimethyl-2-thiazolyl)-2,
and 5-diphenyl-2-H-tetrazolium bromide (MTT) dye, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
antibodies against PAI-1 (sc-5297), TF (sc-393657), KLF2
(sc-28675), p65 (sc-109), p-p65 (sc-33020), IκB (sc-371),
p-IκB (sc-8404), GAPDH (sc-47724), and β-actin (sc-47778)
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Horseradish peroxidase- (HRP-) conjugated anti-
mouse IgG (SA00001-1) and anti-rabbit IgG (SA00001-2)
antibodies were purchased from Proteintech Biotechnol-
ogy (Proteintech Ltd., Wuhan, China). Lipofectamine 2000
was obtained from Thermo Fisher Scientific (Thermo, MA,
USA). YQHX, composed of Ginseng Radix et Rhizoma,
Astragali Radix, Paeoniae Rubra Radix, and Carthami Flos,
was produced by Sichuan Neo-Green Pharmaceutical

Technology Development Co., Ltd. (Sichuan, China). It was
freshly prepared in a phosphate-buffered solution before use.

2.2. HUVECs. The HUVECs were purchased from ScienCell
Research Laboratories (ScienCell, CA, USA), and they were
cultured in an incubator at 37°Cwith 5%CO2 inECMmedium
supplemented with 5% FBS and 0.03mg/ml ECGS. The
HUVECs (around 70-80% confluence) were incubated with
YQHX (from 0.25 to 1.25mg/ml) and ST (3μM) for 3 hours.
This was followed by LPS stimulation (25 μg/ml) for 12 hours.

2.3. Cell Viability. The HUVECs were seeded in 96-well
plates with a density of 0 7 × 104 cells/well and cultured over-
night. The cells were then incubated with YQHX at a concen-
tration of 0-10.0mg/ml prior to treatment with 10 μl of MTT.
The absorbance at 570 nm was detected using a microplate
reader (Thermo Fisher Scientific, Waltham, USA).

2.4. Transfection of HUVECs. 293T cells in the logarithmic
growth phase were cotransfected with recombinant pBOB
plasmid, PAX-2, and VSV-G for 48 h. The supernatant was
centrifuged at 4000g for 10min at 4°C to remove cell debris
and further concentrated to obtain lentivirus. To overexpress
KLF2, the HUVECs were infected with lentivirus containing
a KLF2-overexpressing sequence (Lenti-KLF2). As shown
in Table 1, the KLF2 short hairpin RNA (Lenti-shKLF2,
Cyagen Biosciences Inc., Guangzhou, China) was used to
knockdown KLF2 as described previously. The cells were
also transfected with a scrambled Lenti-GFP as the negative
control. The efficiency of transfection was detected with fluo-
rescence microscopy.

2.5. Western Blot Analysis. The cellular lysates extracted from
HUVECs were used to quantify protein expression by West-
ern blot. Briefly, the protein concentration was determined
by a BCA protein assay kit, and equal amounts of proteins
were loaded into 10% SDS-PAGE gels. Following transfer
and blocking with 5% skim milk for 1 h at room temperature,
the membranes were then incubated with primary antibodies
against KLF2 (1 : 200 dilution), PAI-1 (1 : 500 dilution), TF
(1 : 500 dilution), p65 (1 : 500 dilution), p-p65 (1 : 500 dilu-
tion), IκB (1 : 500 dilution), p-IκB (1 : 500 dilution), GAPDH
(1 : 2000 dilution), or β-actin (1 : 2000 dilution) overnight at
4°C. Following incubation with a secondary antibody and
ECL, the proteins were visualized using a Bio-Rad Gel Doc
XR+ Imaging System (Bio-Rad, CA, USA). The intensity of
the bands was assessed using ImageJ software (available at
http://rsbweb.nih.gov/ij/).

2.6. Statistical Analysis. The data were analyzed using
either parametric test or nonparametric Mann-Whitney U
test depending on the pattern of data distribution, and the
results are presented as the mean ± SD. A p value less than
0.05 was considered statistically significant.

3. Results

3.1. LPS Upregulates PAI-1 and TF Expression in a Time-
Dependent Manner. LPS regulates PAI-1 and TF in both cell
and animal models [26, 27]. The present study investigated
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the effects of LPS on regulating the expressions of prothrom-
botic factors, PAI-1 and TF, in HUVECs. We observed that
following LPS stimulation (25μg/ml), the protein levels of
PAI-1 and TF significantly increased in a time-dependent
manner in HUVECs (Figure 1). The parallel enhancement
of PAI and TF suggests that LPS treatment significantly
induces prothrombotic reactions in HUVECs by upregulat-
ing both PAI-1 and TF.

3.2. YQHX Inhibits LPS-Induced Expressions of PAI-1 and TF
in HUVECs. A low concentration of YQHX (no more than
1.25mg/ml) incubated with HUVECs did not affect cell sur-
vival (Figure 2(a)). Thus, we cotreated the cells with YQHX
and LPS in order to identify the protective effects of YQHX
on regulating LPS-induced prothrombotic reactions. Our
previous study has demonstrated that YQHX could inhibit
thrombin-induced PAI-1 and TF expressions in HUVECs
[12]. Our present findings further indicate that YQHX at a
low concentration can inhibit LPS-induced PAI-1 and TF
(Figure 2(b)). The inhibitory effect of YQHX on both pro-
thrombotic factors PAI-1 and TF is similar to the effect of
simvastatin (ST), which is an HMG CoA reductase inhibitor
[28] (Figure 2(b)).

3.3. YQHX Inhibits LPS-Induced PAI-1 and TF Expression
through KLF2. KLF2 regulates both acute and chronic
inflammation and owns antithrombotic properties [17, 18].

LPS treatment significantly reduced the expression of KLF2
in HUVECs (Figure 3(a)). In the present study, we then over-
expressed KLF2 in HUVECs to identify its effect on the reg-
ulation of the prothrombotic factors PAI-1 and TF. Indeed,
Lenti-KLF2 transduction in HUVECs upregulates the KLF2
expression in the protein level (Figure 3(b)). It significantly
suppresses the expression of PAI-1 and TF with or without
LPS stimulation (Figure 3(c)). In contrast, shRNA targeting
KLF2 downregulates the expression of KLF2 in HUVECs
(Figure 4(a)), which results in increased PAI-1 and TF
expression in the presence or absence of LPS (Figure 4(b)).

At the concentration range of 0.25mg/ml to 1.25mg/ml,
YQHXwas able to overcome the attenuation of KLF2 expres-
sion caused by LPS (Figure 3(a)), which is associated with the
attenuation of PAI-1 and TF expression. The knockdown of
KLF2 with Lenti-shKLF2 failed to inhibit PAI-1 and TF,
suggesting that YQHX might modulate the expression of
prothrombotic factors through the upregulation of KLF2.

3.4. YQHX Inhibits the Phosphorylation of NF-κB p65 and
IκB. The activation of the NF-κB signaling pathway is ini-
tiated by IκB phosphorylation and degradation. To explore
if YQHX regulates the prothrombotic factors by the NF-κB
signaling pathway, the phosphorylation levels of NF-κB p65
and IκB were quantified by Western blot. Our data suggest
that LPS treatment for 3 hours in HUVECs increased the
phosphorylation of NF-κB p65 and IκB, and this was

Table 1: The sequence of specific KLF2 shRNAs used in the present study. All of the shRNAs correspond to Homo sapiens.

Name Sense (5′-3′) Antisense (5′-3′)
KLF2 (shRNA1) GCTGCACATGAAACGGCACAT ATGTGCCGTTTCATGTGCAGC

KLF2 (shRNA2) TTGTGATGCCTTGTGAGAAAT ATTTCTCACAAGGCATCACAA

KLF2 (shRNA3) CCAAACTGTGACTGGTATTTA TAAATACCAGTCACAGTTTGG

NC (scramble shRNA) CCTAAGGTTAAGTCGCCCTCG CGAGGGCGACTTAACCTTAGG
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Figure 1: LPS upregulates the protein level of PAI-1 and TF in HUVECs. The cells were treated with 25 μg/ml LPS from 0 to 12 h. The levels
of (a) PAI-1 and (b) TF were determined using Western blot. Data are expressed as means ± SD (n = 4). #p < 0 05 vs. 0 h.
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significantly inhibited by YQHX at a concentration range
of 0.25 to 1.25mg/ml (Figure 5). The inhibition of phosphor-
ylation of NF-κB p65 and IκB was more robust following a
higher concentration (1.25mg/ml) of YQHX treatment
compared to a lower concentration (0.25mg/ml) (Figure 5).
The high concentration of YQHX displayed the same
inhibitory effect on the NF-κB signaling pathway as simva-
statin, which is a well-known NF-κB-specific inhibitor.
Together, our data suggest that YQHX inhibits LPS-induced
inflammationby repressing the activationof theNF-κBsignal-
ing pathway in a dose-dependent manner.

3.5. YQHX Inhibits PAI-1 and TF through an NF-κB-
Dependent Mechanism. NF-κB regulates KLF2 expression,
and KLF2 inhibits PAI-1 and TF. Therefore, we investigated
if YQHX inhibits the LPS-induced expression of PAI-1 and
TF through the NF-κB signaling pathway. Inhibition of the
NF-κB pathway by PDTC, which is a specific inhibitor of
NF-κB, successfully reversed the reduction in KLF2 expres-
sion caused by LPS (Figure 6). This suggests that the NF-κB
pathway is important in mediating KLF2 expression. Inter-
estingly, the upregulated levels of KLF2 following treatments

with PDTC and YQHX were not comparable. The effects of
YQHX on KLF2 seem more robust (Figure 6). Furthermore,
cotreatment with PDTC and YQHX impeded the ability
of YQHX to increase KLF2 expression. This suggests that
the upregulation of KLF2 by YQHX is partially mediated
by the NF-κB pathway. We also observed that treatment with
PDTC significantly reduced the expression of PAI-1 and TF,
and PDTC partially attenuates the effects of YQHX on PAI-1
and TF (Figure 6). Together, our results indicate that YQHX
may play a key role in modulating the expression of PAI-1
and TF through an NF-κB-dependent mechanism.

3.6. The Schematic Mechanism of YQHX’s Antithrombotic
Effects following LPS Stimulation. LPS binds with the cell
membrane receptor, TLR4, and activates the NF-κB pathway
through a MyD88-dependent pathway. NF-κB then binds
with p65 to form a complex, which is further translo-
cated into the nucleus to inhibit KLF2 gene transcription.
The KLF2 negatively regulates PAI-1 and TF genes. P65 indi-
rectly promotes the expression of PAI-1 and TF. YQHX
downregulates LPS-induced prothrombotic factors through
an NF-κB/KLF2 pathway (Figure 7).
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Figure 2: YQHX inhibits LPS-induced PAI-1 and TF expression. (a) HUVECs were incubated with a variable concentration of YQHX (0.625,
1.25, 2.5, 5, and 10mg/ml) for 15 h. The cell viability was determined by MTT. Data are expressed asmeans ± SD (n = 6). ##p < 0 01 vs. group
without YQHX treatment. (b) HUVECs were pretreated with YQHX (0.25 and 1.25mg/ml) or ST (3 μM) for 3 h prior to LPS treatment
(25 μg/ml) for 12 h. Data are expressed as means ± SD (n = 4). #p < 0 05 vs. control and ∗p < 0 05 vs. group with 25μg/ml LPS.
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4. Discussion

Chinese herbs have been used to prevent cardiovascular
diseases for thousands of years in China. YQHX is exclusively
prescribed as a traditional Chinese medication for blood sta-
sis of cardiovascular disease in the clinical practice in China.
The present study is the first to demonstrate that YQHX
attenuates the expression of prothrombotic factors, PAI-1
and TF, following LPS stimulation. YQHX mediates the
NF-κB/KLF2 pathway leading to the reduction of the PAI-1
and TF expression in HUVECs. Our study may provide an
important insight into the utilization of traditional Chinese
medicine in the prevention of thrombosis formation driven
by inflammation.

Increasing evidence suggests that inflammation plays a
critical role in plaque stability, which eventually leads to rup-
ture and thrombosis [29, 30]. Increased expression of TF and
PAI-1 in the endothelium and circulating inflammatory cells
might accelerate thrombosis enlargement in patients with
acute coronary syndrome (ACS) [31]. Statins have been

recognized to have anti-inflammatory effects independent
of their hypolipidemic actions [32]. However, patients with
ACS still remain vulnerable even following statin treat-
ment. Ginsenoside Rb1, which is extracted from Ginseng
Radix et Rhizoma, was found to potentially inhibit inflam-
matory responses by skewing macrophages toward the M2
phenotype [33]. The Astragali Radix polysaccharide signif-
icantly reduces LPS-induced gene expression of tumor
necrosis factor alpha (TNF-α) and interleukin-8 [34]. The
extracts of Carthami Flos also possess remarkable anti-
inflammatory activity [35]. These findings demonstrate that
active extracts from Chinese herbs may regulate inflamma-
tion. In fact, a traditional Chinese medicine, Xiangqi Tang
(XQT), contains the above active components, and it has
an anti-inflammatory function in LPS-treated rat cardiac
microvascular endothelial cells. It inhibits the secretion of
prothrombotic genes, such as TF and PAI-1, and inflamma-
tory factors, such as TNF-α and intercellular cell adhesion
molecule-1 (ICAM-1) [36]. The previous study also found
that Tongqiaohuoxue decoction (THD), which includes
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Figure 3: YQHX inhibits LPS-induced PAI and TF expression through KLF2. (a) HUVECs were incubated with YQHX (0.25 and
1.25mg/ml) or ST (3 μM) for 3 h followed with LPS (25 μg/ml) stimulation for 12 h. (b) HUVECs were infected with Lenti-GFP or
Lenti-KLF2 for 24 h. (c) HUVECs were preinfected with Lenti-GFP or Lenti-KLF2, followed by LPS (25 μg/ml) stimulation for 12 h. Cell
lysates were then prepared, and Western blot analysis was performed to determine the expressions of KLF2, PAI-1, and TF. Data are
expressed as means ± SD (n = 4). #p < 0 05 vs. control and ∗p < 0 05 vs. group with 25μg/ml LPS.
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Figure 4: YQHX inhibits the PAI-1 and TF expression in a KLF2-dependent manner. (a) HUVECs were infected with Lenti-GFP or
Lenti-shKLF2 for 24 h. (b) HUVECs were infected with Lenti-GFP or Lenti-shKLF2. Then, they were incubated with YQHX (1.25mg/ml)
for 3 h prior to 25 μg/ml LPS stimulation for 12 h. Cell lysates were prepared and subjected to Western blot measurements to determine
the expression of KLF2, PAI-1, and TF. Data are expressed as means ± SD (n = 4). #p < 0 05 vs. control, ∗p < 0 05 vs. group with 25μg/ml
LPS or LPS plus Lenti-GFP, and ▲p < 0 05 vs. LPS plus YQHX or LPS plus YQHX and Lenti-GFP.
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Figure 5: YQHX regulates the phosphorylation of NF-κB p65 and IκB. HUVECs were pretreated with YQHX (0.25 and 1.25mg/ml) or ST
(3 μM) for 3 h before being exposed to LPS (25 μg/ml) for 3 h. Cell lysates were prepared and subjected to Western blot analysis to determine
the phosphorylation levels of (a) NF-κB p65 and (b) IκB proteins. Data are expressed as means ± SD (n = 4). #p < 0 05 vs. control and
∗p < 0 05 vs. group with 25μg/ml LPS.
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Ginseng Radix et Rhizoma, Astragali Radix, Paeoniae Rubra
Radix, and Carthami Flos, also exerts anti-inflammatory
and antithrombotic effects by regulating PAI-1 and fibri-
nolysis [37].

KLF2 functions as a “molecular switch” to regulate
vascular homeostasis by maintaining the integrity of the
endothelial barrier under physiological and pathological
conditions [16]. KLF2 overexpression represses PAI-1 and
TF gene expression with or without cytokine TNF-α stimula-
tion [16]. Statins and shear stress also provide antithrom-
botic actions by stimulating the KLF2 expression in a
dose-dependent manner [38–40]. Thus, the upregulation
of KLF2 may be a potential therapeutic strategy to limit
thrombosis. The present study is the first to demonstrate that
YQHX has anti-inflammatory and antithrombotic effects
through a KLF2-dependent mechanism. Upregulation of
the KLF2 expression by YQHX markedly decreased the pro-
duction of PAI-1 and TF induced by LPS stimulation, and
transgenic knockdown of KLF2 reversed the antithrombotic
effects of YQHX.

Typically, NF-κB heterodimers are sequestered with the
repressive protein IκBs and are inactive in the cytoplasm.
Various inflammatory stimuli activate the NF-κB pathway
by inducing the phosphorylation and degradation of IκBs
[41, 42]. The activation of NF-κB facilitates the expressions
of proinflammatory genes during chronic inflammation
and atherosclerotic development [43]. Thus, the suppres-
sion of NF-κB is an important strategy for overcoming
inflammation [44–46]. Previous studies have indicated that
the Chinese traditional medicine, XQT, and its active com-
ponents promote anti-inflammatory effects by inhibiting
mitogen-activated protein kinase (MAPK) and NF-κB
signaling pathways [36]. Our results are the first to suggest
that YQHX suppresses LPS-induced phosphorylation of both
NF-κB p65 and IκB. More importantly, YQHX partially
inhibits the production of PAI-1 and TF through an NF-
κB-dependent mechanism.

KLF2 inhibits the NF-κB pathway by affecting the
recruitment of p300/CBP [19]. In contrast, the NF-κB p65
protein incorporates with histone deacetylase 4 to suppress
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Figure 6: YQHX inhibits LPS-induced PAI and TF expression through an NF-κB-dependent mechanism. HUVECs were incubated with
1.25mg/ml of YQHX or 3μM of PDTC for 3 h prior to the treatment of LPS (25 μg/ml) for 12 h. Cell lysates were prepared and
immunoblotted to determine the expression of KLF2, PAI-1, and TF. Data are expressed as means ± SD (n = 4). #p < 0 05 vs. control and
∗p < 0 05 vs. group with 25 μg/ml LPS.
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the levels of KLF2. It primarily acts to inhibit the binding of
myocyte enhancer factor 2 (MEF2) with the KLF2 promoter
[47]. The present study demonstrated that an inhibitor of
NF-κB, PDTC, partially inhibits the upregulation of KLF2
induced by YQHX, suggesting that NF-κB is partially
involved in YQHX-regulated KLF2 expression.

5. Conclusion

In summary, we demonstrated that YQHX provides
anti-inflammatory and antithrombotic effects. It markedly
decreases expressions of PAI-1 and TF following stimulation,
which are associated with an upregulation of KLF2 in
HUVECs. YQHX also inhibits the phosphorylation of NF-κB
p65 and IκB proteins, which partially regulate the KLF2
expression. The present findings revealed a mechanism for
the inhibitory effects of YQHX on thrombosis formation,
suggesting that YQHX may be a promising strategy to pre-
vent inflammation-related diseases.

5.1. Limitations of Our Present Study. Our present findings
about YQHX are only based on in vitro cell culture models.
Our future studies will focus on exploring the effects of
YQHX against inflammation or endothelial dysfunction in
in vivo animal models.

Data Availability

The datasets used or analyzed during the current study are
available from the corresponding author on reasonable
request.

Conflicts of Interest

No conflict of interest was declared.

Acknowledgments

This work was financially supported by grants from the
National Natural Science Foundation of China (Nos.
81473453 and 81673800), the Science & Technology Innova-
tion Talents in Universities of Henan Province (No. 14HAS-
TIT028), and the Henan Science and Technology Project
(No. 142102310040).

References

[1] E. J. Benjamin, M. J. Blaha, S. E. Chiuve et al., “Heart disease
and stroke statistics-2017 update: a report from the American
Heart Association,” Circulation, vol. 135, no. 10, pp. e146–
e603, 2017.

[2] L. Badimon and G. Vilahur, “Thrombosis formation on ath-
erosclerotic lesions and plaque rupture,” Journal of Internal
Medicine, vol. 276, no. 6, pp. 618–632, 2014.

[3] C. Cochain and A. Zernecke, “Macrophages in vascular
inflammation and atherosclerosis,” Pflügers Archiv - European
Journal of Physiology, vol. 469, no. 3-4, pp. 485–499, 2017.

[4] P. Shah, S. Bajaj, H. Virk, M. Bikkina, and F. Shamoon, “Rapid
progression of coronary atherosclerosis: a review,” Thrombo-
sis, vol. 2015, no. 634983, 6 pages, 2015.

[5] M. Zhang, J. He, C. Jiang et al., “Plaque-hyaluronidase-respon-
sive high-density-lipoprotein-mimetic nanoparticles for mul-
tistage intimal-macrophage-targeted drug delivery and

M
yD

88

NF-𝜅B
P65/P50

I𝜅Bα

KLF2

NF-𝜅B
P65/P50

PAI-1
TF

KLF2

YQHX

M
yD

88

TL
R4

TL
R4

LPS

DegradationP

IKKs

Figure 7: Schematic mechanisms of YQHX’s antithrombotic effects.

8 Oxidative Medicine and Cellular Longevity



enhanced anti-atherosclerotic therapy,” International Journal
of Nanomedicine, vol. 12, pp. 533–558, 2017.

[6] N. Papageorgiou, E. Zacharia, A. Ioannou et al., “Novel
anti-platelets in stable coronary artery disease,” Current Phar-
maceutical Design, vol. 22, no. 29, pp. 4537–4567, 2016.

[7] Y. H. Li and N. S. Wang, “Antithrombotic effects of Danggui,
Honghua and potential drug interaction with clopidogrel,”
Journal of Ethnopharmacology, vol. 128, no. 3, pp. 623–628,
2010.

[8] P. Xie, L. Cui, Y. Shan, and W. Y. Kang, “Antithrombotic
effect and mechanism of Radix Paeoniae Rubra,” BioMed
Research International, vol. 2017, Article ID 9475074, 9 pages,
2017.

[9] M. Endale, W. M. Lee, S. M. Kamruzzaman et al., “Ginsenosi-
de-Rp1 inhibits platelet activation and thrombus formation via
impaired glycoprotein VI signalling pathway, tyrosine phos-
phorylation andMAPK activation,” British Journal of Pharma-
cology, vol. 167, no. 1, pp. 109–127, 2012.

[10] W. J. Zhang and B. Frei, “Astragaloside IV inhibits NF-κb acti-
vation and inflammatory gene expression in LPS-treated
mice,” Mediators of Inflammation, vol. 2015, Article ID
274314, 11 pages, 2015.

[11] J. H. Kim, “Cardiovascular diseases and Panax ginseng: a
review on molecular mechanisms and medical applications,”
Journal of Ginseng Research, vol. 36, no. 1, pp. 16–26, 2012.

[12] H. Wu, X. Wang, S. Gao, Z. Lei, Z. Wang, and L. Han, “Effect
of Yiqi Huoxue decoction on expression of pro-thrombotic
factor PAI-1 and TF in endothelial cells induced by thrombin,”
Acta Chinese Medicine, vol. 32, no. 9, pp. 1683–1685, 2017.

[13] L. Han, H. Wu, Z. Wang, and J. Li, “Effects of Yiqi Huoxue
decoction on platelet aggregation and aptt/pt/tt in rats after
myocardial infarction with left ventricular remodeling,”
Jiangsu Zhong Yi Yao, vol. 26, no. 1, pp. 55-56, 2005.

[14] X. M. Nie, L. X. Su, R. X. Xu, Y. L. Guo, Y. J. Zhou, and J. J. Li,
“Kruppel-like factor 2 might mediate the rapamycin-induced
arterial thrombosis in vivo: implications for stent thrombosis
in patients,” Chinese Medical Journal, vol. 126, no. 14,
pp. 2636–2640, 2013.

[15] L. Nayak, H. Shi, G. B. Atkins, Z. Lin, A. H. Schmaier, and
M. K. Jain, “The thromboprotective effect of bortezomib is
dependent on the transcription factor Kruppel-like factor 2
(KLF2),” Blood, vol. 123, no. 24, pp. 3828–3831, 2014.

[16] Z. Lin, A. Kumar, S. SenBanerjee et al., “Kruppel-like factor 2
(KLF2) regulates endothelial thrombotic function,” Circula-
tion Research, vol. 96, no. 5, pp. e48–e57, 2005.

[17] L. Nayak, L. Goduni, Y. Takami et al., “Kruppel-like factor 2 is
a transcriptional regulator of chronic and acute inflamma-
tion,” The American Journal of Pathology, vol. 182, no. 5,
pp. 1696–1704, 2013.

[18] R. Pathak, L. Shao, S. M. Chafekar et al., “IKKβ regulates endo-
thelial thrombomodulin in a Klf2-dependent manner,” Journal
of thrombosis and haemostasis, vol. 12, no. 9, pp. 1533–1544,
2014.

[19] S. SenBanerjee, Z. Lin, G. B. Atkins et al., “Klf2 is a novel tran-
scriptional regulator of endothelial proinflammatory activa-
tion,” The Journal of Experimental Medicine, vol. 199, no. 10,
pp. 1305–1315, 2004.

[20] R. M. P. Gutierrez and C. Hoyo-Vadillo, “Anti-inflammatory
potential of Petiveria alliacea on activated raw264.7 murine
macrophages,” Pharmacognosy magazine, vol. 13, no. 50,
pp. 174–178, 2017.

[21] J. Gdula-Argasinska, P. Pasko, K. Sułkowska-Ziaja, K. Kała,
and B. Muszyńska, “Anti-inflammatory activities of garlic
sprouts, a source of α-linolenic acid and 5-hydroxy-l-trypto-
phan, in raw 264.7 cells,” Acta Biochimica Polonica, vol. 64,
no. 3, pp. 551–559, 2017.

[22] A. F. Suffredini, P. C. Harpel, and J. E. Parrillo, “Promotion
and subsequent inhibition of plasminogen activation after
administration of intravenous endotoxin to normal subjects,”
The New England Journal of Medicine, vol. 320, no. 18,
pp. 1165–1172, 1989.

[23] P. H. Quax, C. M. van den Hoogen, J. H. Verheijen et al.,
“Endotoxin induction of plasminogen activator and plasmino-
gen activator inhibitor type 1mRNA in rat tissues in vivo,” The
Journal of Biological Chemistry, vol. 265, no. 26, pp. 15560–
15563, 1990.

[24] Y. H. Choi and H. J. Kang, “Fructus sophorae attenuates secre-
tion of proinflammatory mediators and cytokines through the
modulation of NF-κB and MAPK signaling pathways in
LPS-stimulated RAW 264.7 macrophages,” General Physiology
and Biophysics, vol. 35, no. 3, pp. 323–331, 2016.

[25] L. A. Cox, L. T. van Eijk, B. P. C. Ramakers et al., “Inflamma-
tion-induced increases in plasma endocan levels are associated
with endothelial dysfunction in humans in vivo,” Shock,
vol. 43, no. 4, pp. 322–326, 2015.

[26] M. Y. Gao, L. Chen, L. Yang, X. Yu, J. P. Kou, and B. Y. Yu,
“Berberine inhibits LPS-induced TF procoagulant activity
and expression through NF-κB/p65, Akt and MAPK pathway
in THP-1 cells,” Pharmacological Reports, vol. 66, no. 3,
pp. 480–484, 2014.

[27] N. Ohkura, K. Oishi, F. Kihara-Negishi, G. Atsumi, and
T. Tatefuji, “Effects of a diet containing Brazilian propolis on
lipopolysaccharide-induced increases in plasma plasminogen
activator inhibitor-1 levels in mice,” Journal of Intercultural
Ethnopharmacology, vol. 5, no. 4, pp. 439–443, 2016.

[28] Y. Kunieda, K. Nakagawa, H. Nishimura et al., “HMG CoA
reductase inhibitor suppresses the expression of tissue factor
and plasminogen activator inhibitor-1 induced by angiotensin
II in cultured rat aortic endothelial cells,” Thrombosis
Research, vol. 110, no. 4, pp. 227–234, 2003.

[29] I. Tabas, “Macrophage death and defective inflammation reso-
lution in atherosclerosis,” Nature Reviews Immunology,
vol. 10, no. 1, pp. 36–46, 2010.

[30] K. Ley, Y. I. Miller, and C. C. Hedrick, “Monocyte and
macrophage dynamics during atherogenesis,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 31, no. 7, pp. 1506–
1516, 2011.

[31] T. Sakai, S. Inoue, M. Takei et al., “Activated inflamma-
tory cells participate in thrombus size through tissue factor
and plasminogen activator inhibitor-1 in acute coronary syn-
drome: immunohistochemical analysis,” Thrombosis Research,
vol. 127, no. 5, pp. 443–449, 2011.

[32] G. Vogiatzi, E. Oikonomou, G. Siasos et al., “Statins and
inflammation in cardiovascular disease,” Current Pharmaceu-
tical Design, vol. 23, 2017.

[33] X. Zhang, M. H. Liu, L. Qiao et al., “Ginsenoside Rb1 enhances
atherosclerotic plaque stability by skewing macrophages to the
M2 phenotype,” Journal of Cellular and Molecular Medicine,
vol. 22, no. 1, pp. 409–416, 2017.

[34] Y. Yuan, M. Sun, and K. S. Li, “Astragalus mongholicus
polysaccharide inhibits lipopolysaccharide-induced produc-
tion of TNF-alpha and interleukin-8,” World Journal of Gas-
troenterology, vol. 15, no. 29, pp. 3676–3680, 2009.

9Oxidative Medicine and Cellular Longevity



[35] Y. Wang, P. Chen, C. Tang, Y. Wang, Y. Li, and H. Zhang,
“Antinociceptive and anti-inflammatory activities of extract
and two isolated flavonoids of Carthamus tinctorius l,” Journal
of Ethnopharmacology, vol. 151, no. 2, pp. 944–950, 2014.

[36] C. L. He, P. F. Yi, Q. J. Fan et al., “Xiang-Qi-Tang and its active
components exhibit anti-inflammatory and anticoagulant
properties by inhibiting MAPK and NF-κB signaling pathways
in LPS-treated rat cardiac microvascular endothelial cells,”
Immunopharmacology and Immunotoxicology, vol. 35, no. 2,
pp. 215–224, 2013.

[37] S. H. Kim, H. S. Park, M. J. Hong et al., “Tongqiaohuoxue
decoction ameliorates obesity-induced inflammation and the
prothrombotic state by regulating adiponectin and plasmino-
gen activator inhibitor-1,” Journal of Ethnopharmacology,
vol. 192, no. 11, pp. 201–209, 2016.

[38] A. Undas, K. E. Brummel-Ziedins, and K. G. Mann, “Antico-
agulant effects of statins and their clinical implications,”
Thrombosis and Haemostasis, vol. 111, no. 3, pp. 392–400,
2014.

[39] P. Libby, I. Tabas, G. Fredman, and E. A. Fisher, “Inflamma-
tion and its resolution as determinants of acute coronary syn-
dromes,” Circulation Research, vol. 114, no. 12, pp. 1867–1879,
2014.

[40] R. Sathanoori, F. Rosi, B. J. Gu et al., “Shear stress modulates
endothelial KLF2 through activation of P2X4,” Purinergic Sig-
nalling, vol. 11, no. 1, pp. 139–153, 2015.

[41] N. D. Perkins, “Integrating cell-signalling pathways with
NF-kappab and IKK function,” Nature Reviews Molecular Cell
Biology, vol. 8, no. 1, pp. 49–62, 2007.

[42] M. Karin and Y. Ben-Neriah, “Phosphorylation meets ubiqui-
tination: the control of NF-κB activity,” Annual Review of
Immunology, vol. 18, no. 1, pp. 621–663, 2000.

[43] A. Oeckinghaus and S. Ghosh, “The NF-kappaB family of
transcription factors and its regulation,” Cold Spring Harbor
Perspectives in Biology, vol. 1, no. 4, article a000034, 2009.

[44] X. Palomer, D. Álvarez-Guardia, M. M. Davidson, T. O. Chan,
A. M. Feldman, and M. Vázquez-Carrera, “The interplay
between NF-kappaB and E2F1 coordinately regulates inflam-
mation and metabolism in human cardiac cells,” PLoS One,
vol. 6, no. 5, article e19724, 2011.

[45] A. Kauppinen, T. Suuronen, J. Ojala, K. Kaarniranta, and
A. Salminen, “Antagonistic crosstalk between NF-κB and
SIRT1 in the regulation of inflammation and metabolic disor-
ders,” Cellular Signalling, vol. 25, no. 10, pp. 1939–1948, 2013.

[46] N. Fakhrudin, B. Waltenberger, M. Cabaravdic et al., “Identifi-
cation of plumericin as a potent new inhibitor of the NF-κB
pathway with anti-inflammatory activity in vitro and
in vivo,” British Journal of Pharmacology, vol. 171, no. 7,
pp. 1676–1686, 2014.

[47] A. Kumar, Z. Lin, S. SenBanerjee, and M. K. Jain, “Tumor
necrosis factor alpha-mediated reduction of KLF2 is due to
inhibition of MEF2 by NF-κB and histone deacetylases,”
Molecular and Cellular Biology, vol. 25, no. 14, pp. 5893–
5903, 2005.

10 Oxidative Medicine and Cellular Longevity



Research Article
Apatinib Promotes Apoptosis of Pancreatic Cancer Cells through
Downregulation of Hypoxia-Inducible Factor-1α and Increased
Levels of Reactive Oxygen Species

Ke He ,1,2,3 Lu Wu ,4,5,6 Qianshan Ding ,5 Farhan Haider ,1,2 Honggang Yu ,5

Haihe Wang ,1,2 and Guoan Xiang 3

1Department of Biochemistry, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou 510080, China
2Center for Stem Cell Biology and Tissue Engineering, Key Laboratory of Ministry of Education, Sun Yat-sen University,
Guangzhou 510080, China
3Department of General Surgery, Guangdong Second Provincial General Hospital, Guangzhou 510317, China
4Department of Radiation and Medical Oncology, Zhongnan Hospital of Wuhan University, Wuhan University,
Wuhan 430071, China
5Department of Gastroenterology, Renmin Hospital of Wuhan University, Wuhan 430060, China
6Department of Radiation and Medical Oncology, Hubei Key Laboratory of Tumor Biological Behaviors, Hubei Clinical Cancer
Study Center, Zhongnan Hospital, Wuhan University, Wuhan, Hubei 430071, China

Correspondence should be addressed to Haihe Wang; wanghaih@mail.sysu.edu.cn and Guoan Xiang; guoan_66@163.com

Received 13 July 2018; Revised 31 October 2018; Accepted 6 December 2018; Published 4 February 2019

Guest Editor: Lydia W. Tai

Copyright © 2019 Ke He et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

At present, apatinib is considered a new generation agent for the treatment of patients with gastric cancer. However, the effects of
apatinib on pancreatic cancer have not been clarified. This study investigated the impact of apatinib on the biological function of
pancreatic cancer cells and the potential mechanism involved in this process. Using the Cell Counting Kit-8 method, we confirmed
that apatinib treatment inhibited cell proliferation in vitro. Moreover, the migration rate of pancreatic cells was inhibited. The
effects of apatinib on apoptosis and cell cycle distribution of pancreatic carcinoma cells were detected by flow cytometry. The
number of apoptotic cells was significantly increased, and the cell cycle was altered. Furthermore, we demonstrated that apatinib
inhibited the expression of hypoxia-inducible factor-1α (HIF-1α), vascular endothelial growth factor, and markers of the
phosphoinositide 3-kinase (PI3K)/Akt/mTOR signaling pathway, which increased the levels of reactive oxygen species in vitro.
Apatinib significantly inhibited the biological function of pancreatic cancer cells. It promoted apoptosis, downregulated the
expression of HIF-1α, and increased the levels of reactive oxygen species.

1. Introduction

Emphasized by the close relationship between disease inci-
dence and mortality, pancreatic cancer is a highly fatal dis-
ease [1, 2]. Each year, >200,000 individuals die due to
pancreatic cancer worldwide. In the USA, the 5-year sur-
vival rate of patients with pancreatic cancer is as low as
6% [3]. In most cases, patients with pancreatic cancer
are asymptomatic until the disease reaches an advanced

state, highlighting that this disease remains one of the
most difficult to treat cancer [4]. Pancreatic cancer is not
sensitive to radiotherapy or chemotherapy. Thus, an effec-
tive and safe treatment is urgently warranted. Over the
past decade, it has been shown that the vascular endothe-
lial growth factor (VEGF) and its homologous receptors,
that is, the vascular endothelial growth factor receptors
(VEGFR), play an important role in carcinogenesis [5–7].
Based on this evidence, therapeutic strategies against these
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targets (e.g., bevacizumab and panitumumab) have been
widely studied. In addition, ziv-aflibercept and regorafenib
were approved as second- and third-line treatment options,
respectively [8].

Apatinib—also termed YN968D1—is a novel oral anti-
angiogenic small molecule [9]. This agent selectively inhibits
VEGFR-2, c-Kit, and c-SRC tyrosine kinases [10, 11]. Now
in China, apatinib has been used for the treatment of gastric
carcinoma patients [12, 13]. Considering the great patient
population and lethality of pancreatic cancer in various
countries, it is important to understand the pathobiology
and signaling pathways involved in disease progression
and develop novel therapeutic approaches. Agents such
as aflibercept (a VEGF inhibitor) and axitinib (a VEGFR
tyrosine kinase inhibitor) have been tested for the treat-
ment of pancreatic cancers, with limited success [7].
However, the antitumor activity and potential molecular
mechanism of apatinib against pancreatic cancer remain
to be elucidated.

Activation of hypoxia-inducible factor-1 alpha (HIF-1
alpha) can affect the occurrence and development of pan-
creatic cancer. The expression of HIF-1α assists pancreatic
cancer cells to adapt to hypoxia [14, 15]. In addition, it
regulates the expression of downstream genes, such as
VEGF. These effects increase the supply of blood to the
pancreatic cancer lesions, leading to proliferation, angio-
genesis, and metastasis [16]. Although the inhibitory effect
of apatinib on VEGFR-2 has been determined, its impact
on HIF-1α remains unknown.

In this study, the antitumor activities of apatinib on
cell proliferation, cell cycle, migration, and apoptosis were
analyzed in vitro. In addition, the expression of HIF-1α
and alteration of the levels of reactive oxygen species (ROS)
were assessed. Moreover, the expressions of markers of the
PI3K/AKT/mTOR pathway—an important signaling pathway
closely involved in the regulation of cell apoptosis—were
detected [17]. We presented evidence that apatinib induced
apoptosis in pancreatic cancer cells and exerts an effect on
HIF-1α and ROS. These findings provide a novel molecular
insight into the targets of apatinib.

2. Materials and Methods

2.1. Antibodies and Reagents. The antibodies used in this
study are as follows: GAPDH, HIF-1α rabbit mAb, bcl-2
rabbit mAb, caspase-3 rabbit mAb, Bax rabbit mAb, cleaved
caspase-3 rabbit mAb, Akt rabbit mAb, phospho-Akt
(Ser473) rabbit mAb, mTOR rabbit mAb, phospho-mTOR
(Ser 2448) rabbit mAb, light chain 3B (LC3B) rabbit mAb,
and goat secondary antibody to rabbit (horseradish peroxi-
dase-conjugated). All antibodies were provided by Cell
Signaling Technology (Cell Signaling, Boston, USA). Apati-
nib was purchased from Selleck (Houston, USA) and was
dissolved in dimethyl sulfoxide. The final concentration of
dimethyl sulfoxide in the treatment of the cells was con-
trolled to <0.1% [18].

2.2. Cell Culture. The pancreatic cancer cell lines CFPAC-1
and SW1990 were obtained from the Cell Collection Center

of Wuhan University (Wuhan, China). The cells were cul-
tured in Iscove’s Modified Dulbecco’s Medium (IMDM;
Gibco, New York, USA) containing 10% fetal bovine serum
(FBS), at 37°C, with 5% CO2.

2.3. Cell Proliferation Assay. Twenty-four hours prior to
treatment, CFPAC-1 and SW1990 cells were inoculated into
96-well plates. Subsequently, different drug concentrations
(i.e., 0, 10, 20, 30, 40, and 50μM) in 10% FBS were used to
treat these cells. In each well, 10μl Cell Counting Kit-8
(Beyotime, Shanghai, China) was mixed and the cells were
cultured at 37°C for 1 h. The absorbance was measured using
a microplate reader at 450nm. All experiments were carried
out in triplicate.

2.4. Migration and Wound Healing Assay. A cell migration
assay was performed using the transwell chambers (8μM;
Corning, New York, USA) [19]. We add the IMDM
containing 10% FBS to the bottom of the chamber.
Subsequently, CFPAC-1 and SW1990 cells (5 × 104) in a
serum-free IMDM, treated with different concentrations
of apatinib, were mixed to the upper chamber of each
well. Cells which adhered to the membrane were fixed
using 4% paraformaldehyde and stained with 0.1% crystal
violet dye. Migrated cells in the membrane were photo-
graphed from six different angles using an inverted micro-
scope. The confluent monolayer cell plate was scraped
using the tip of a 250μl pipette. Cells were cultured in
the serum-free medium to measure the wound healing
over a 48 h period.

2.5. Cell Cycle Analysis. After treatment with apatinib for
24 h, these cells were harvested and fixed using 75% etha-
nol overnight at −20°C. The following day, propidium
iodide (PI) (50μg/ml) and RNase A (1mg/ml) were added
to the cell suspension for 0.5 h examined by flow cytome-
try (BD FACSCalibur, Becton Dickinson, San Jose, CA)
and the proportions of cells in the G1, S, and G2 phases
were analyzed [18].

2.6. Analysis of Apoptosis. After reaching a confluence of
50-60%, the cells were treated with various concentrations
of apatinib and harvested as previously described [18].
Subsequently, these cells were stained with annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI),
and the number of apoptotic cells was counted. These cells
were analyzed by using the BD FACSCalibur in each exper-
iment. All experiments were carried out in triplicate.

2.7. Reactive Oxygen Species Assay. After treatment with
apatinib for 24 h, the cells were collected and incubated
in 10μM 2′-7′dichlorofluorescin diacetate (DCFH-DA)
(Beyotime, Shanghai, China) for 20min at 37°C. Subse-
quently, the cells were washed and resuspended in a
phosphate-buffered saline. The fluorescence intensity was
determined using flow cytometry.

2.8. Western Blot Analysis. Briefly, CFPAC-1 and SW1990
cells were first collected using standard procedures. Total
protein (40μg per sample) was then measured by the BCA
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Protein Assay Kit (Pierce Biotechnology, Rockford, IL),
loaded for sodium dodecyl sulfate gel electrophoresis, and
transferred onto polyvinylidene fluoride membranes (Milli-
pore, Billerica, MA). The membranes were then blocked
with skimmed milk at room temperature for 1 hour
and incubated at 4°C overnight with primary antibodies
against GAPDH, HIF-1α, Bax, bcl-2, caspase-3, cleaved
caspase-3, Akt, phospho-Akt, mTOR, phospho-mTOR,
and LC3B. Total levels of GAPDH were used as a con-
trol. Densitometric analysis was performed using the
chemiluminescence imaging system (Alpha Innotech
Corp., San Leandro, CA), and the relative protein
expression was calculated after normalization of the tar-
get total protein.

2.9. Statistical Analysis. All experiments were performed in
triplicate, and all results are expressed as means ± standard
deviation (SD). The data were normally distributed, and
the Student’s t-test was used to analyze the statistical sig-
nificance between experimental groups. When P < 0 05,
the difference was considered to be statistically significant.
Graphs were produced using GraphPad Prism 6 (La Jolla,
CA). The SPSS V17 Student Edition Software was used for
statistical analysis.

3. Results

3.1. Apatinib Inhibited Cell Proliferation in a Concentration-
and Time-Dependent Manner. CFPAC-1 and SW1990 cells
were treated with low-to-high concentrations (0-50μM) of
apatinib to determine the cytological effect of apatinib on
the proliferation of pancreatic cancer cells (Figure 1(a)).
The IC50 for CFPAC-1 and SW1990 cells were 20 84 ± 1 62
μM and 16 44 ± 1 48 μM, respectively. Therefore, the 8μM
and 16μM dosages of apatinib were used for further
experimentation. Subsequently, we treated CFPAC-1 and
SW1990 cells in an increasing time gradient, to further
explore the capacity of apatinib to inhibit cell growth in a
time-dependent manner. As shown in Figure 1(b), the

inhibition of cell proliferation induced by treatment with
apatinib increased in time-dependent manner. Collectively,
apatinib inhibited the proliferation of pancreatic cancer cells
in a concentration- and time-dependent manner.

3.2. Apatinib Promoted Cell Cycle Arrest of Pancreatic
Cancer Cells. Apatinib was used to treat pancreatic cells
in a concentration-dependent manner. After 48 h, a rela-
tively normal pattern of cell cycle was observed in
untreated cells. CFPAC-1 and SW1990 cells were in the
G1 phase (67 81 ± 2 93% and 67 34 ± 1 85%, respectively),
while a lower proportion of cells was in the G2 phase peak
(8 36 ± 3 41% and 6 36 ± 1 23%, respectively) and the S
phase (23 83 ± 3 51% and 26 29 ± 1 34%, respectively). As
shown in Figure 2, the cell cycle distribution of
CFPAC-1 and SW1990 cells after treatment with 8μM
apatinib was as follows: S phase (13 81 ± 1 56% and
13 69 ± 2 55%, respectively), G1 phase (80 55 ± 3 90% and
79 01 ± 3 15%, respectively), and G2 phase (5 62 ± 2 58%
and 7 29 ± 1 46%, respectively). Following treatment with
16μM apatinib, these distributions were S phase
(9 46 ± 0 91% and 10 67 ± 2 01%, respectively) and G1
phase (84 16 ± 3 54% and 85 13 ± 2 34%, respectively).
The proportion of treated cells in the G1 phase was
significantly increased, whereas that in the S phase was evi-
dently reduced (P < 0 01). These results suggested that
the effect of apatinib on cell cycle distribution was con-
centration-dependent, indicating that apatinib regulates
pancreatic cancer cells at the G0–G1 phase in the process
of karyomitosis.

3.3. Apatinib Inhibited Pancreatic Cell Migration. Further-
more, we examined the effects of apatinib on cell migration
using the transwell assay. As shown in Figure 3(a), the
migration effect was significantly reduced in cells treated
with apatinib (P < 0 01). We found that apatinib signifi-
cantly reduced cell migration in a concentration-dependent
manner. The wound healing assay was performed to further
validate the effect of apatinib on cell motility (Figure 3(b)).
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Figure 1: Apatinib inhibited cell proliferation in a concentration- and time-dependent manner. (a) Cell viability assays of CFPAC-1 and
SW1990 cells treated with low-to-high concentrations of apatinib for 48 h. (b) The CFPAC-1 and SW1990 cells were treated with apatinib
(8 μM or 16 μM) for different time intervals. The inhibitory activity was expressed as an inhibition rate. All experiments were performed
in triplicate. The results represent mean ± standard deviation; n = 4, P < 0 05.
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Consistent with the aforementioned experimental results,
treatment with apatinib depressed the mobility of pancreatic
cancer cells. Furthermore, the inhibition ratio increased in a
concentration-dependent manner. These evidences sug-
gested that apatinib may be a promising antitumor and
antimetastatic drug.

3.4. Apatinib Induced Apoptosis of Pancreatic Cancer Cells.
Treatment with apatinib significantly increased the percent-
age of apoptotic cells in each cell (Figures 4(a) and 4(b)). In
control cells, the percentages of apoptosis were 1 28 ± 0 30%
and 9 21 ± 0 65%, respectively. In cells treated with 8μM
apatinib, these values were 3 16 ± 0 89% and 21 46 ± 2 22
%, respectively. In cells treated with 16μM apatinib, these
values were 6 44 ± 0 88% and 30 02 ± 1 91%, respectively.
Both dosages significantly increased the proportion of apo-
ptotic cells (P < 0 05). Furthermore, protein levels of Bcl-2,
Bax, and caspase-3 related to apoptosis were detected by
western blotting. As shown in Figure 4(c), the expression
of Bcl-2 was decreased after treatment of CFPAC-1 and
SW1990 cells with 8μM apatinib, whereas those of Bax
and cleaved caspase-3 were increased. These results
suggested that apatinib promotes apoptosis in pancreatic
cancer cells.

3.5. The Effects of Apatinib on the Generation of ROS.
CFPAC-1 and SW1990 cells were treated with 8μM apatinib
for 24 h prior to staining with DCFH-DA. The generation of
ROS was estimated by measuring the fluorescence intensity
of DCFH-DA. The fluorescence of CFPAC-1 and SW1990
cells treated with apatinib was significantly increased com-
pared with that observed for control cells (Figure 5). These
results demonstrated that the increased levels of ROS after
treatment with apatinib promoted apoptosis of the pancre-
atic cancer cell.

3.6. Apatinib Inhibited the Expression of HIF-1α and Its
Downstream Genes. Subsequently, we attempted to identify
the potential molecular mechanism involved in the promo-
tion of apoptosis by apatinib. Hence, we measured the
expression of HIF-1α, VEGF, AKT, pho-AKT, mTOR, and
phospho-mTOR through western blotting, after we treated
pancreatic cancer cells with apatinib for 24h. Compared
with the control cells, treated pancreatic cancer cells pre-
sented a significant decrease in the expression of HIF-1α
and VEGF (Figure 6(a)). As shown in Figure 6(b), the
expression of total AKT protein kept unchanged under
all experimental concentrations. However, killing with apa-
tinib (8μM and 16μM) resulted in a significant decrease
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Figure 2: Apatinib promoted cell cycle arrest in a concentration-dependent manner. The cell cycle distributions of the CFPAC-1 and
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Figure 3: Apatinib inhibited the migration of pancreatic cancer cells. (a) The migration of CFPAC-1 and SW1990 cells after treatment with
apatinib (0, 8, and 16 μM) for 30 h was assessed using the transwell assay. The migrated cells on the bottom surface of the filters were stained.
(b) The movement ability of CFPAC-1 and SW1990 cells after treatment with apatinib (0, 8, and 16 μM) for 48 h was detected using scratch
wound healing assays. All experiments were performed in triplicate.
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in the levels of phospho-AKT protein in each cell line.
Concurrently, compared with those observed in control
cells, the levels of phospho-mTOR protein of apatinib-

treated pancreatic cancer cells were depressed. These
findings suggested that cell apoptosis and growth inhibi-
tion induced by apatinib may be closely related to the
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Figure 4: Apatinib induced apoptosis of pancreatic cancer cells. (a) Following the treatment of CFPAC-1 and SW1990 cells with various
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downregulation of HIF-1α and VEGF. The downregulation
of the AKT/mTOR pathway may also be partly involved in
apoptosis. Moreover, the levels of light chain 3- (LC3-) II in
apatinib-treated cells were found to be significantly higher
than those reported in the control cells (Figure 6(b)).
This increase in the level of LC3-II suggests the activa-
tion of autophagy after treatment of pancreatic cancer
cells with apatinib.

4. Discussion

Although pancreatic cancers are resistant to certain
inhibitors of the VEGF pathway, we found that the pro-
liferation and migration of pancreatic cancer cells were
inhibited by apatinib in a concentration-dependent man-
ner. In this study, we also showed that apatinib was
cytotoxic to pancreatic cancer cells and the treatment
induced apoptosis and loss of cell viability. Furthermore,
we indicated that apatinib played a great inhibitory role
in the migration of pancreatic carcinoma cells, in a
concentration-dependent manner. This phenomenon was
consistent with the clinical implications of apatinib, so
as to be an effective option for further treatment in pan-
creatic cancer patients.

In China, apatinib is considered the new generation of
oral antiangiogenesis drugs. Moreover, it is a potential
third-line selection for the treatment of refractory gastric
carcinoma [20]. Currently, clinical trials have been unable
to provide definitive conclusions. However, in massively
pretreated patients, the survival ratios including overall
survival and progression-free survival were improved
[21]. Angiogenesis refers to the formation of new blood
vessels from previously existing vessels. Antiangiogenesis
has been identified as an important treatment for several
tumors, such as gastric and colon cancer.

Recently, a case report demonstrated a positive response
to treatment with apatinib in a patient diagnosed with met-
astatic pancreatic cancer [22]. Moreover, another case report
showed achievement of a progression-free survival > 11
months after administration of apatinib in a patient with
pancreatic cancer-mediated malignant ascites [23]. It was
popular in the therapy to incorporate antiangiogenesis fac-
tors with VEGF pathway inhibitors. Apatinib—a VEGFR-2
inhibitor—may inhibit endothelial cell migration and prolif-
eration stimulated by VEGF, while simultaneously decreas-
ing the tumor microvascular density. Therefore, it was
approved as a promising VEGFR-2 inhibitor for the preven-
tion of tumor-induced angiogenesis [24, 25].

Regarding the antitumor mechanism of apatinib, the
currently available studies are mostly focused on antian-
giogenesis [26, 27]. Interestingly, our work revealed that
treatment with apatinib may inhibit the expression of
HIF-1α and increase the levels of ROS. It has been
reported that HIF-1α is highly expressed in pancreatic
cancer tissues and cell lines, assisting tumor cells in adapt-
ing to hypoxic stress. Thus, HIF-1α plays a regulatory role
in tumor angiogenesis and energy metabolism. In this
study, we found that expressions of HIF-1α and its down-
stream gene VEGF were both significantly decreased in
apatinib-treated cells versus those observed in control cells.
In addition, we further discovered that the ROS levels of
apatinib-treated cells were significantly higher than those
reported in control cells. It was hypothesized that apatinib
may inhibit the expression of HIF-1α in pancreatic cancer
cells, thereby attenuating their ability to adapt to oxidative
stress. Consequently, the levels of ROS were increased and
eventually led to apoptosis. Another important factor
promoting apoptosis in pancreatic cancer cells may be
the inhibition of the AKT/mTOR signaling pathway. Our
study showed that the expressions of p-AKT and p-mTOR
in apatinib-treated cells were lower than those observed
in control cells.

Interestingly, we showed that in apatinib-treated cells the
protein level of the autophagy marker LC3-II was elevated,
whereas that of LC3-I was decreased. Previous studies have
reported that the intracellular levels of ROS may lead to
mitochondrial dysfunction, promoting autophagy [28]. This
is consistent with the present results we observed in vitro.
Autophagy has been recognized as an important catabolic
process since the 1960s [29]. The key function of autophagy
is to reduce the accumulation of toxic products or meet the
change of energy requirement through recovering and redis-
tributing cellular components [17, 30, 31]. It has been estab-
lished that the Akt/mTOR signaling pathway is a significant
regulator of apoptosis and autophagy [32]. The Ulk1
autophagic complex is negatively regulated by mTORC1
activation in the process of autophagy, consequently pro-
moting autophagy and apoptosis [33, 34]. These results sug-
gest that apatinib may be a potential candidate for the
treatment of pancreatic cancer.

In summary, our present work revealed that apatinib
plays a significant role in the biological function of pancreatic
carcinoma cells. We provided new insight into the regulatory
molecular mechanism of apatinib on apoptosis in pancreatic
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Figure 5: Apatinib induced apoptosis through an elevation of the
levels of ROS. After treatment for 24 h, CFPAC-1 and SW1900
cells were stained using DCFH-DA. The fluorescence intensities of
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performed in triplicate. The bars represent mean ± standard
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cancer cells. The results provide a promising new therapeutic
option for pancreatic carcinoma patients. Nevertheless, fur-
ther animal studies and clinical trials are warranted to con-
firm these findings. Moreover, research should focus on
combinations of chemotherapy drugs.
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Our preliminary data showed that VEGFR2 upregulation promoted renal ROS overproduction in high-fat diet- (HFD-) treated
mice. Given that ROS-induced NLRP3 activation plays a central role in the pathogenesis of type 2 diabetic kidney injury, we
evaluate whether VEGFR2 upregulation induces type 2 diabetic kidney injury via ROS-mediated NLRP3 activation and further
explore the underlying mechanism. Our results showed that VEGFR2 knockdown decreased ROS overproduction, blocked
NLRP3-dependent inflammation, and alleviated kidney damage in HFD-treated mice. Treatment with α-lipoic acid, a scavenger
of ROS, lowered ROS overproduction and alleviated NLRP3-triggered kidney injury of HFD-treated mice. Collectively, the
VEGFR2/ROS/NLRP3 signal is a critical therapeutic strategy for the kidney injury of HFD-treated mice. Purple sweet potato
color (PSPC), a natural anthocyanin, can exert renal protection by inhibiting ROS in HFD-treated mice. Here, we provide a
novel mechanism of PSPC against renal damage in HFD-treated mice by downregulating VEGFR2 expression.

1. Introduction

In recent years, type 2 diabetes mellitus (T2DM) has become
more prevalent worldwide mainly due to excess calorie intake
and low physical activity [1, 2]. Diabetic nephropathy (DN)
is one of the major complications of T2DM and its patholog-
ical mechanism is still not clear [3]. Several lines of evidence
have showed that oxidative stress and inflammation are the
main pathological mechanisms of DN [4–7]. Further evi-
dence shows that ROS-induced NLRP3 activation plays a
key role in the pathological damage of DN [8]. Vascular
endothelial growth factor receptor (VEGFR), a tyrosine
kinase receptor, has been reported to trigger ROS generation
and inflammation in many kinds of pathological angiogene-
sis in cancer, atherosclerosis, and diabetic retinopathy [9, 10].

Our preliminary data also found that upregulation of
VEGFR2 promoted excessive ROS production in the kid-
ney of high-fat diet- (HFD-) treated mice, but the underly-
ing mechanism of the pathophysiologic process has not
been fully elucidated. As a specific and high-affinity recep-
tor for proinflammatory VEGF, VEGFR2 is originally rec-
ognized for many biological properties in vascular
permeability, extracellular matrix degeneration, vascular
endothelial cell migration, proliferation, and blood vessel
formation [11, 12]. Based on our previous finding that
ROS-induced NLRP3 activation accelerated the kidney
damage in HFD-treated mice, we hypothesize that
VEGFR2 may be involved in the renal pathological injury
via ROS-activated NLRP3 inflammatory signaling in
HFD-treated mice. Next, we confirm this hypothesis and
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explore the underlying mechanism of VEGFR2 mediating
the renal injury in the HFD-treated mice.

PSPC, a natural compound of flavonoids obtained from
Ipomoea batatas, possesses multiple biological functions for
preventing various diseases, such as cancers, atherosclerosis,
and nonalcoholic fatty liver disease [8, 13–16]. Our previous
data demonstrated that PSPC could prevent the pathological
damage of the brain, liver, and kidney via antioxidative stress,
anti-inflammation, and antiapoptosis in various animal
models [8, 13, 16]. Recently, Shan et al. have found that PSPC
relieves kidney damage by inhibiting NLRP3-induced
inflammation [8]. In addition, various flavonoids have been
shown to inhibit VEGFR2 expression and its downstream
signaling in the pathological angiogenesis of tumors and dia-
betic retinopathy [17, 18]. Given our preliminary evidence
showing that VEGFR2 stimulated ROS overproduction, the
current study aims at investigating whether PSPC alleviates
kidney injury by downregulating VEGFR2-mediated oxida-
tion stress and inflammation and further explaining the
pathological mechanism underlying kidney damage in
HFD-treated mice.

2. Materials and Methods

2.1. Animal Administration. All experimental protocols and
euthanasia procedures were approved by the Institutional
Animal Care and Use Committee of Jiangsu Normal Univer-
sity (permit number: 16-0050, 6 March 2016). Eighty 8-
week-old male ICR mice were purchased from Beijing Vital
River Laboratory Animal Technology Co. Ltd. (Beijing,
China). Mice were acclimated to laboratory conditions for 1
week before experimentation. Animals were housed at 23
± 1°C and 55± 5% humidity, with free access to food and
water. After acclimatization for 1 week, the mice were
divided into two groups of 40 animals each: the chow diet
(CD, control) group and the HFD group. Both received sep-
arate treatments for 20 weeks. Mice in the control group ate
the chow diet (10% of energy as fat; D12450; Research Diets
Inc., New Brunswick, NJ, USA), while mice in the HFD
group ate the HFD diet (60% of energy as fat; D12492;
Research Diets Inc., New Brunswick, NJ, USA) [19].

2.2. Adeno-Associated Virus (AAV) Infection and VEGFR2
Short Hairpin RNA (shRNA) Knockdown. Adeno-associated
viral (AAV2/9) vectors encoding short hairpin RNAs
(shRNAs) were purchased from HannBio Technology Co.
(Shanghai, China). AAV2/9 infectionwas performed as previ-
ously described [20]. In brief, vectors expressed shRNAs con-
taining VEGFR2 (5′-GCGATGAACTCACCATCATGG-3′),
negative control (5′-GGAAGTCGTGAGAAGTAGAAT-3′)
target sequences under the control of thehumanU6promoter.
In addition, the vectors also expressed enhanced GFP (EGFP)
as a reporter to allow for visualization of transduced kidney
cells. Kidney-specific VEGFR2 knockdown experiments were
performed 16 weeks after HFD administration. For a knock-
down experiment, eachmouse was injected 10μL of each vec-
tor (1× 1012) in phosphate-buffered saline (PBS) into the right
kidney viamicroinjection as described (using a 2μLHamilton
syringe, 0.25mL/min, injecting at 5 points on the sagittal plane

1.5mm deep into the kidney). A schematic representation of
the AAV2/9 used in this study is shown in Figure 1(a). The
mice were sacrificed for subsequent experiments three weeks
after injection.

2.3. α-Lipoic Acid Administration.Mice were fed with CD or
HFD for 16 weeks (20 mice per group), then orally adminis-
trated 150mg/kg α-lipoic acid daily for 4 weeks (α-lipoic acid
was dissolved in the corn oil) as described in previous litera-
ture [21]. Additional HFD-treated and CD-treated mice (10
mice per group) received the same dose of the solvent, corn
oil (Sigma-Aldrich, St. Louis, Missouri, USA). After 4 weeks
of α-lipoic acid treatment, blood and kidneys were obtained
from the sacrificed mice for further experiments [21].

2.4. PSPC Administration. PSPC was purchased from Qing-
dao Pengyuan Natural Pigment Research Institute (Qingdao,
China). Its major components are six acetylated anthocya-
nins, all of which are flavonoids (purity> 90%). The detailed
components of PSPC have been previously described [16].
Based on the pilot experiment (see Supplementary
Figure 2), forty 8-week-old male ICR mice were randomly
divided into four groups of 10 animals each: chow diet
(CD, control) group, HFD group, HFD+PSPC group, and
CD+PSPC group. They received the following treatments
for 20 weeks: Mice in the HFD+PSPC and CD+PSPC
groups were orally administered 700mg/kg/d of PSPC in
distilled water containing 0.1% Tween 80 daily for 20 weeks
according to our previous and pilot results. An equal
volume of distilled water containing 0.1% Tween 80 was
administered to mice in the CD groups. The dosage of
PSPC used in this study was according to data in our
previous reports and preliminary experiments (see
Supplementary Figure 2) [8]. At the end of the experiment,
blood and kidneys were obtained from the sacrificed mice
for further experiments.

The experimental procedures are shown in Supplemen-
tary Figure 3.

2.5. Quantitative Real Time Polymerase Chain Reaction
(qPCR). Total mRNA was extracted with TRIzol (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s
instructions. Single-stranded cDNAs were amplified using
the following primers: VEGFR2 (sense 5′-TACACAATTCA
GAGCGATGTGTGGT-3′, antisense 5′-CTGGTTCCTCC
AATGGGATATCTTC-3′) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (sense 5′-GTCTTCCTGGGCAA
GCAGTA-3′, antisense 5′-CTGGACAGAAACCCCACTT
C-3′) (Sangon Biotech, Shanghai, China). VEGFR2 mRNA
levels were analyzed by qPCR using BeyoFast™ SYBR Green
qPCR Mix (2x, High ROX, Beyotime, Nantong, China) in a
StepOnePlus instrument (Applied Biosystems, Carlsbad,
CA, USA). Amplification was performed using an initial
denaturation step at 95°C for 3min, 40 cycles of 95°C for
15 s and 60°C for 30 s, and a final incubation at 72°C for
30 s. The relative levels of VEGFR2 mRNA were normalized
to GAPDH mRNA and were analyzed by the comparative
cycle threshold (Ct) method.
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2.6. Tissue Homogenates.At the end of experiment, mice were
deeply anesthetized and sacrificed. Kidney was promptly
dissected and homogenized in 1 : 5 (w/v) 50mM (pH7.4)
ice-cold Tris-buffered saline (TBS) containing a protease
inhibitor cocktail (Sigma-Aldrich, MO, USA) with 10 strokes
at 1200 rpm in a Teflon-glass Potter-Elvehjem homogenizer
(Kontes Glass Inc., Vineland, NJ, USA). Homogenates were
centrifuged at 12,000×g for 10min, and the supernatant
was used for the ROS assay and western blot analysis.

2.7. Assay of ROS. ROS was determined as described previ-
ously, based on the oxidation of 2′,7′-dichlorodihydrofluor-
escein diacetate (DCFH-DA) to 2′,7′-dichlorofluorescein
(DCF) (Jiancheng Institute of Biotechnology, Nanjing,
China) [15, 16]. Briefly, each renal supernatant was diluted
into a 1% tissue homogenate in 1×PBS and the supernatant
was obtained by centrifugation at 12,000×g and 4°C. Samples
or hydrogen peroxide standard (50μL) were mixed with
100μL of 10μM DCFH-DA in 96-well plates and incubated
for 20min at 37°C in the dark. Fluorescence was measured
at 480nm excitation/530 nm emission on a Synergy H4
Hybrid Multi-Mode Microplate Reader (Biotek, Winooski,
Vermont, USA). ROS formation was quantified from a
DCF-standard curve. Data are expressed as pmol of DCF
formed/min/mg protein.

2.8. Biochemical Analysis. At the end of experiment, the
blood was obtained by caudal venipuncture. Each sample
was divided into 2 parts: one for measuring serum creatinine
and another for determining blood urea nitrogen concentra-
tions using a commercial creatinine and urea nitrogen deter-
mination kit (Jiancheng Institute of Biotechnology, Nanjing,
China) according to the manufacturer’s protocols.

2.9. Isolation of Cytoplasmic and Nuclear Proteins. The isola-
tion of cytoplasmic and nuclear proteins was performed using
commercial nuclear protein-cytoplasmic protein extraction
kits (Thermo Scientific, Waltham, MA, USA), according to
the manufacturer’s protocols. Briefly, weighed fresh kidneys
were added to hypotonic buffer (3mL/g), homogenized with
a ball mill instrument (Retsch GmbH, Haan, Germany), incu-
bated on ice for 15min, and centrifuged for 10min at 850×g
at 4°C. The supernatants and pellets contained the cytoplas-
mic and nuclear fractions, respectively. The nuclear pellets
were resuspended in 50μL Complete Lysis Buffer and vor-
texed, then incubated for 30min at 4°C on a rocking platform
at 150 rpm. After vortexing, the supernatant was obtained by
centrifugation for 10min at 14,000×g.

2.10. Western Blot Analysis.Western blot was conducted as in
previously published articles [8, 22]. Total proteins (30μg)
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Figure 1: Kidney-specific VEGFR2 knockdown inhibits renal oxidative stress of the HFD-treated mice. (a) Schematic representation of the
AAV used in this study. (b) VEGFR2 mRNA were determined by real time qPCR. Values are expressed as the ratio of VEGFR2 to GAPDH.
∗∗∗p < 0 001 vs. the HFD scramble group. (c) Representative immunoblots for VEGFR2 and β-actin. (d) Relative density analysis of
VEGFR2 protein bands. Relative densities are expressed as the ratio of VEGFR2 to β-actin. ∗∗∗p < 0 001 vs. the HFD scramble group. (e)
Kidney sections were stained with EGFP and CY3 (green) and VEGFR2 (red) to visualize AAV2/9-infective cells, respectively (200x,
scale bar, 100μm). (f) Analysis of the relative intensity of EGFP-positive and VEGFR2-positive cells in the kidney sections, ∗∗∗p < 0 001
vs. the HFD scramble group. (g) Representative immunoblots for NOX4 and β-actin. (h) Relative density analysis of NOX4 protein
bands. Relative densities are expressed as the ratio of NOX4 to β-actin. ∗∗∗p < 0 001 vs. the CD scramble group, and ###p < 0 001 vs. the
HFD scramble group. (i) ROS levels were assessed by 2′,7′-dichlorofluorescein diacetate (DCF-DA). All values are expressed as mean
± SEM ((b–i), n = 5). ∗∗∗p < 0 001 vs. the CD scramble group, and ###p < 0 001 vs. the HFD scramble group.
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were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA, USA). Nonspecific anti-
gen binding sites were blocked with 5% skim milk in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h at
22± 2°C. Primary antibodies used included rabbit anti-
VEGFR2 (ab39256, 1 : 5000, Abcam,Cambridge,USA), rabbit
anti-NADPH oxidase 4 (NOX4, BM4135, 1 : 400, Boster Bio-
logical Technology Ltd., Wuhan, China), rabbit anti-NLRP3
(BM4490, 1 : 400, Boster Biological Technology Ltd., Wuhan,
China), rabbit anti-tumor necrosis factor (TNF) α (PB0270,
1 : 1000, Boster Biological Technology Ltd., Wuhan, China),
rabbit anti-interleukin- (IL-) 6 (BA4339, 1 : 1000, Boster
Biological Technology Ltd., Wuhan, China), rabbit anti-
inducible nitric oxide synthase (iNOS, BA0362, 1 : 400, Boster
Biological Technology Ltd., Wuhan, China), rabbit anti-pro-
IL1β (BM0962, 1 : 400, Boster Biological Technology Ltd.,
Wuhan, China), rabbit anti-cleaved IL1β (16806-1-AP,
1 : 4000, Proteintech, Wuhan, China), mouse anti-nuclear
factor- (NF-) κB p65 (Bsm-33059M, 1 : 2000, Bioss, Beijing,
China), anti-rabbit procaspase 1 (22915-1-AP, 1 : 1000, Pro-
teintech, Wuhan, China), and anti-rabbit cleaved caspase 1
(22915-1-AP, 1 : 1000, Proteintech, Wuhan, China). Mem-
branes were incubated with primary antibodies overnight at
4°C, rinsed with TBST three times for 10min, and then incu-
bated with horseradish peroxidase-conjugated anti-rabbit or
anti-mouse secondary antibodies (SA00001-1/2, 1 : 5000,
Proteintech, Wuhan, China) for 1 h. After washing, proteins
were visualized on an Amersham Imager 600 (GE Healthcare
UK Limited, UK) using LumiGLO® Reagent and Peroxide
(Cell Signaling Technology, Beverly, MA, USA). The optic
density (OD) values of detected bands were measured with
the Scion Image analysis software (Scion, Frederick, MD,
USA) and were normalized to mouse anti-β-actin (66009-1,
1 : 5000, Proteintech, Wuhan, China) or mouse anti-histone
H3 (Bsm-33042M, 1 : 5000, Bioss, Beijing, China) as internal
controls (OD detected protein/OD internal control). The
specificity of each of the primary antibodies was evaluated by
preincubation in the presence or absence of the corresponding
blocking peptides or by omission of the primary antibodies.

2.11. Collection of Kidney Slices. At the end of experiment,
mice were euthanized and perfusedwith sterile PBS to remove
their blood. Kidneyswere immediatelyfixed in 4%phosphate-
buffered paraformaldehyde, dehydrated in 30% sucrose
(Amresco, Ohio, USA), and then sectioned with a freezing
microtome (Leica CM3050S, Biosystems, Nussloch, Ger-
many) and stored at −80°C (DW-86L578J, Haier BioMedical,
Qingdao, China) for dihydroethidium (DHE) staining, hema-
toxylin and eosin (HE) staining, and immunofluorescence.

2.12. Immunofluorescence Staining. Immunofluorescence
staining of renal sections were conducted as previously
described [8]. First, antigens were retrieved by boiling in citric
acid buffer (pH6.0) for 15min. Nonspecific antigens were
blocked with 5% bovine serum albumin for 1 h at room tem-
perature. Samples were incubated with rabbit anti-VEGFR2
antibody (ab2349, 1 : 500, Abcam, Cambridge, UK) at 4°C
overnight, and then goat anti-rabbit DyLight 488 Antibody

(1031-02, 1 : 20,000, Vector Laboratories, Burlingame, CA,
USA) or anti-rabbit CY3 antibody (CY-1300-1, 1 : 2000, Vec-
tor Laboratories, Burlingame, CA, USA) was added for 1 h.
Subsequently, DAPI was applied for 8min. Stained sections
were imaged at 200x on a fluorescence microscope (Leica
DM4000B, Leica Microsystems, Wetzlar, Germany), and
quantitative analysis was performed using Image-Pro Plus
6.0 (IPP; Media Cybernetics, Rockville, MD, USA) [21].

2.13. HE Staining. Mice were euthanized and perfused with
sterile PBS to remove their blood. Kidney were immediately
fixed in 4% phosphate-buffered paraformaldehyde, dehy-
drated in 30% sucrose (Amresco, Ohio, USA), and then
sectioned with a freezing microtome (Leica CM3050S,
Biosystems, Nussloch, Germany) and stored at −80°C
(DW-86L578J, Haier Biomedical, Qingdao, China). To
assess renal morphology, 10 μm sections were stained with
HE (Sigma-Aldrich, St. Louis, MO, USA). Detailed staining
procedures have been previously described [8]. Pathological
changes in kidney tissues were observed under a light
microscope, and renal damage was evaluated in a double-
blind fashion by two kidney pathologists [23].

2.14. DHE Staining.DHE staining was used to detect the ROS
production in the kidney sections. Simply, 10μm-thick fro-
zen renal sections were removed from −80°C storage and
dried at 37°C for 30min in an electric thermostatic incubator
(Incucell, Germany), and then incubated in 1×PBS for
15min. Next, sections were incubated with 10mol/L
fluorescent-labeled DHE (Molecular Probes, Invitrogen,
Carlsbad, CA, USA) in a lucifugal-humidified chamber at
37°C for 30min, then stained with 4′,6′-diamidino-2-pheny-
lindole (DAPI, Abcam, Cambridge, CA, USA). Images were
obtained at 200x on a fluorescence microscope (Leica
DM4000B, Leica Microsystems, Wetzlar, Germany). The
average DHE fluorescence intensity was measured using
IPP. Results were expressed as the ratio of the DHE-
positive area and the DAPI.

2.15. Statistical Analysis. All statistical analyses were per-
formed using SPSS version 11.5 (SPSS Inc., Chicago, IL,
USA). Data were analyzed by one-way analysis of variance
followed by Tukey’s honest significant difference test. Data
are expressed as the mean± standard error of mean (SEM).
Statistical significance was set at p < 0 05.

3. Results

3.1. Kidney-Specific VEGFR2 Knockdown Inhibits Renal
Oxidative Stress of HFD-Treated Mice. The immunofluores-
cence density of EGFP expressed by AAV2/9 reached a peak
after a three-week transfection in the kidney of HFD-treated
mice (Supplementary Figure 1(a)–1(c). So, an experiment of
kidney-specific VEGFR2 knockdown was conducted after a
three-week injection (Figures 1(b)–1(f)). Then, we evaluated
the knockdown effect of VEGFR2 by qPCR, western blot, and
immunofluorescence (Figures 1(b)–1(f)). In comparison
with the HFD scramble group, VEGFR2 mRNA in the
HFD VEGFR2 shRNA group was remarkably reduced to less
than 70% (Figure 1(b)). Similar results were obtained from
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western blot and immunofluorescence analysis of VEGFR2
protein (vs. the HFD scramble group, Figures 1(c)–1(f)).
However, no significantly different EGFP expression was
observed between scramble and VEGFR2 shRNA in the kid-
ney of HFD-treated mice (Figures 1(e) and 1(f)). These
results indicated that the VEGFR2 gene was successfully
knocked down in the kidney of mice (vs. the HFD scram-
ble group, Figures 1(b)–1(f)). Further, NOX4 protein
expression and ROS production were markedly suppressed
by VEGFR2 knockdown in the kidney of HFD-treated
mice (vs. the HFD scramble group, Figures 1(g)–1(i)).
However, no remarkable differences of NOX4 protein
expression and ROS levels were observed between CD
VEGFR2 shRNA and scramble in CD-treated mice
(Figures 1(g)–1(i)). These results demonstrated that ROS
overproduction was induced by VEGFR2 upregulation in
the kidney of HFD-treated mice.

3.2. Kidney-Specific VEGFR2 Knockdown Alleviates NRLP3-
Dependent Inflammation in the Kidney of the HFD-Treated
Mice. Next, to verify whether VEGFR2 upregulation induced
NRLP3-dependent inflammatory response, and ultimately
resulting in kidney injury in the HFD-treated mice, we inves-
tigated the NRLP3 activation, NF-κB p65 nuclear transloca-
tion, and its inflammatory cascade protein expression.
Western blot analysis showed that kidney-specific VEGFR2
knockdown notably inhibited NRLP3 activation and remark-
ably decreased the ratio of cleaved to procaspase and cleaved
to pro-IL1β induced by HFD adminstration in the mice (vs.
the HFD scramble group, Figures 2(a) and 2(b)). Addition-
ally, further data showed that kidney-specific VEGFR2
knockdownmarkedly reduced the nuclear NF-κB p65, TNFα,
IL6, and iNOS expression (vs. the HFD scramble group,
Figures 2(c)–2(f)). However, no significant difference was
observed in NRLP3 activation, NF-κB p65 nuclear translo-
cation, TNFα, IL6, and iNOS expression, and the ratio of
cleaved to procaspase 1 and cleaved to pro-IL1β between
the HFD VEGFR2 shRNA and CD scramble group. These
results indicated that kidney-specific VEGFR2 knockdown
alleviated NRLP3-dependent inflammation in the kidney
of the HFD-treated mice.

3.3. Kidney-Specific VEGFR2 Knockdown Alleviates Kidney
Injury of HFD-Treated Mice. Then, to explore whether
VEGFR2 upregulation accelerated kidney injury in the HFD-
treated mice, we assessed kidney function by HE staining
and determination of serum creatinine and blood urea nitro-
gen concentrations (Figures 3(a)–3(f)). HE staining showed
that VEGFR2 knockdown obviously improved loosened kid-
ney structure, glomerulus hypertrophy, swelled tubules,
severe inflammatory cell accumulation, and thickened
basement-membranes induced by HFD (vs. the HFD
scramble group, Figures 3(a)–3(e)). Moreover, the enhance-
ments of the glomerulus and Bowman’s capsule diameter,
tubule diameter, glomerulus and Bowman’s capsule area,
tubulointerstitial lesion score, and serum creatinine and
blood urea nitrogen levels induced by HFD were remark-
ably depressed by VEGFR2 knockdown (vs. the HFD
scramble group, Figures 3(a)–3(f)). In addition, no obvious

changes were displayed in the aforementioned parameters
between the CD VEGFR2 shRNA and CD scramble group
(Figures 3(a)–3(f)). These results suggested that kidney
VEGFR2 upregulation significantly deteriorated the kidney
injury in the HFD-treated mice.

3.4. α-Lipoic Acid Decreases ROS-Triggered NRLP3-
Dependent Inflammation in the Kidney of HFD-Treated
Mice. To explore whether ROS triggered NRLP3-dependent
inflammation stimulated byVEGFR2 upregulation in the kid-
ney of HFD-treated mice, we determined the effect of α-lipoic
acid on ROS production, NRLP3 activation, and nuclear NF-
κBand itsdownstreaminflammatoryproteinexpression.DHE
staining showed that α-lipoic acid significantly inhibited ROS
production in the kidney of HFD-treated mice (vs. HFD+α-
lipoicacid,Figures4(a)and4(b)).Furtherwesternblotanalysis
showedthatα-lipoicacidmarkedlydepressedtheNRLP3activa-
tionandreducedtheratioofcleavedtoprocaspase1andcleaved
to pro-IL1β in the kidney of HFD-treated mice (vs.HFD+α-
lipoic acid,Figures4(c)and4(d)). Inaddition,α-lipoicacidsig-
nificantly blocked NF-κB p65 nuclear translocation and its
downstreamTNFα, IL6, and iNOS expression in the kidney of
HFD-treatedmice(vs.HFD+α-lipoicacid,Figures4(e)–4(h)).
However,nosignificantvariationsofROSlevelsandtheabove-
mentioned protein expression were observed between the CD
+α-lipoic acid and CD+vehicle group. Thus, ROS was con-
firmed to be amediator ofVEGFR2-stimulatedNRLP3activa-
tion and its dependent inflammation in the kidney of HFD-
treatedmice.

3.5. α-Lipoic Acid Alleviates NRLP3-Dependent Kidney Injury
in HFD-Treated Mice. Additionally, we explored whether α-
lipoic acid alleviates NRLP3-dependent kidney injury in the
HFD-treated mice. We determined the kidney function by
HE staining and serum creatinine and blood urea nitrogen
determination (Figures 5(a)–5(f)). HE staining showed that
α-lipoic acid significantly improved loosened kidney struc-
ture, glomerular hypertrophy, swelled tubules, abundant
inflammatory cell accumulation, thicker basement-mem-
branes, and tubulointerstitial lesion score of HFD-treated
mice (vs. the HFD+vehicle group, Figures 5(a)–5(e)).
Moreover, further analysis showed that α-lipoic acid signif-
icantly lowered the glomerulus and Bowman’s capsule
diameter, tubule diameter, the glomerulus and Bowman’s
capsule area, tubulointerstitial lesion score, and serum cre-
atinine and blood urea nitrogen levels of HFD-treated mice
(vs. the HFD+vehicle group, Figures 5(a)–5(f)). However,
no noticeable changes were disclosed in the abovemen-
tioned indicators between the CD+α-lipoic acid and CD
+vehicle group (Figures 5(a)–5(f)). These results suggested
that α-lipoic acid alleviates NRLP3-dependent kidney injury
in HFD-treated mice.

3.6. PSPC Administration Inhibits ROS-Triggered NRLP3
Inflammation in HFD-Treated Mice. Furthermore, to
estimate whether PSPC administration alleviates ROS-
triggered NRLP3 inflammation by inhibiting VEGFR2
upregulation in HFD-treated mice, we determined the
VEGFR2, NOX4, NRLP3 expression, and ROS levels.
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Figure 2: Kidney-specific VEGFR2 knockdown alleviates NRLP3-dependent inflammation in the kidney of the HFD-treated mice. (a)
Representative immunoblots for NLRP3, procaspase 1, cleaved caspase 1, pro-IL1β, cleaved IL1β, and β-actin. (b) Relative density
analysis of the NLRP3, cleaved caspase 1, and cleaved IL1β protein bands. Relative densities are expressed as the ratio of NRLP3 to
β-actin, cleaved caspase 1 to procaspase 1 (expressed as cleaved/procaspase 1), and cleaved IL1β to pro-IL1β (expressed as cleaved/
pro-IL1β). (c) Representative immunoblots for cytoplasmic NF-κB p65 (C-NF-κB p65), nuclear NF-κB p65 (N-NF-κB p65), β-actin,
and histone H3 (H3). (d) Relative density analysis of the C-NF-κB p65 and N-NF-κB p65 protein bands. Relative densities are
expressed as the ratio of C-NF-κB p65 to β-actin and N-NF-κB p65 to H3. (e) Representative immunoblots for TNFα, IL6, iNOS,
and β-actin. (f) Relative density analysis of the TNFα, IL6, and iNOS protein bands. Relative densities are expressed as the ratio of
TNFα, IL6, and iNOS to β-actin. All values are expressed as mean± SEM ((a–f), n = 5). ∗∗p < 0 01 and ∗∗∗p < 0 001 vs. the CD
scramble group, and ##p < 0 01 and ###p < 0 001 vs. the HFD scramble group.
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Figure 3: Kidney-specific VEGFR2 knockdown alleviates the kidney injury of HFD-treated mice. (a) Kidney sections were stained by
hematoxylin-eosin; the black arrow represents the accumulation of inflammatory cells (200x, scale bar, 100μm). (b) Glomerulus and
Bowman’s capsule diameter; the red arrow represents blood glomerulus, and the green arrow represents Bowman’s capsule. (c) Tubule
diameter; the blue arrow represents proximal tubules, and the yellow arrow represents the distal tubules. (d) Glomerulus and Bowman’s
capsule area. (e) Tubulointerstitial lesion score. (F) Serum creatinine and blood urea nitrogen determination. All values are expressed as
mean± SEM ((a–e), n = 5). ∗∗∗p < 0 001 vs. the CD scramble group, and ##p < 0 01 and ###p < 0 001 vs. the HFD scramble group.
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Immunofluorescence analysis showed that PSPC signifi-
cantly reduced the VEGFR2-positive staining area in the kid-
ney of HFD-treated mice (vs. CD group, Figures 6(a) and
6(b)). Further results showed that PSPC administration
markedly inhibited NOX4 expression and ROS production
in the kidney of HFD-treated mice (vs. the CD group,
Figures 6(c)–6(e)). Moreover, western blot analysis showed
that PSPC notably reduced NLRP3 expression and the ratio
of cleaved to procaspase 1 and cleaved to pro-IL1β in the
HFD-treated mice (vs. the CD group, Figures 6(f) and
6(g)). However, no marked difference of these indicators
was observed between the CD+PSPC group and CD group.
These results indicated that PSPC administration inhibits
ROS-triggered NRLP3 activation by inhibiting VEGFR2
upregulation in HFD-treated mice.

Finally, to explore whether PSPC administration relieved
NRLP3-dependent kidney injury in HFD-treated mice, we
estimated the kidney function by HE staining and deter-
mination of serum creatinine and blood urea nitrogen
concentrations. HE staining showed that PSPC adminis-
tration significantly improved loosened kidney structure,
glomerulus hypertrophy, swelled tubules, severe inflam-
matory cells, and the thickened basement-membranes
induced by HFD (vs. the CD group, Figures 6(h)–6(l)).
Moreover, the increment of glomerulus diameter, Bowman’s
capsule diameter, tubule diameter, glomerulus and Bowman’
capsule area, and serum creatinine and blood urea nitrogen
induced by HFD were markedly inhibited by PSPC adminis-
tration in the HFD+PSPC group (vs. the CD group,
Figures 6(h)–6(l)). However, no significant difference in
these biomarkers was found between the CD+PSPC and
CD group. These results indicated that PSPC administration
remarkably alleviated kidney injury by inhibiting VEGFR2
expression in the HFD-treated mice.

4. Discussion

Oxidative stress and inflammation induced by HFD have
been reported to cause renal damage in the T2DM [24, 25],
but the potential regulatory mechanism is still obscure. The
present findings show that VEGFR2 upregulation in the
kidney of HFD-treated mice promotes ROS overproduction,
consequently induces NLRP3-dependent inflammatory
responses, and ultimately leads to kidney damage.

Initially, experimental observation found that VEGFR2
upregulation increased the NOX4 expression and ROS levels
in the kidney of HFD-treated mice, which agree with previ-
ous evidence that VEGF induced ROS overproduction in
the pathological angiogenesis [9]. NOX4 is a member of the
NADPH oxidase family, and a main source for generating
ROS in multiple physiological and pathological processes,
such as cellular signaling, cell proliferation, neurodegenera-
tion, and diabetes mellitus [26, 27]. Many studies have shown
that NOX4 is activated by various growth factors and
cytokines, and it aggravates renal injury in the DN, which is
similar to the findings in our present study [27–31]. Addi-
tionally, NOX4 is an important mediator for VEGF-
mediated feedback reduction of ROS overproduction in
pathological angiogenesis and inflammations [9, 10, 32].

Given that ROS is a major trigger for NRLP3-dependent sig-
naling, further results showed that NF-κB p65 nuclear trans-
location and the expression of NRLP3, IL1β, TNFα, IL6, and
iNOS protein were markedly enhanced by VEGFR2 upregu-
lation in the kidney of the HFD-treated mice compared with
the CD-treated mice. The NRLP3 inflammasome is known as
NLRP3 or cryopyrin, and it belongs to the leucine-rich-
containing family, pyrin domain-containing-3 [33]. It could
sense a metabolic dangerous stressor and initiates the recruit-
ment of mature caspase 1, which activates IL1β release. As
previous studies reported that excessive ROS is an effective
activator for NRLP3 activation in many inflammatory dis-
eases, such as in cancers and autoimmune diseases [32–35],
this study obtained highly consistent results. In addition,
NRLP3 has been reported as an initiator for inflammation
in obesity-related disorders such as diabetic neurodegenera-
tive disease, diabetic nonalcoholic fatty liver, and DN [33],
and chronic inflammation is the key link for the
etiopathogenesis of obesity and T2DM [34]. Based on the
aforementioned literature, further studies demonstrated that
VEGFR2 upregulation aggravated kidney injury by increas-
ing the glomerulus, Bowman’s capsule, and tubule diameter,
as well as serum creatinine and blood urea nitrogen levels.
Thus, a comprehensive assessment of serum creatinine levels,
blood urea nitrogen levels, and pathological changes could
provide a reliable reference for evaluating kidney injury in
chronic and acute kidney diseases [35]. These results indi-
cated that VEGFR2 induces kidney injury at least partly via
ROS-mediated NLRP3 activation.

Additionally, to further verify whether VEGFR2 upregu-
lation stimulated NLRP3 activation via excessive ROS in the
kidney of HFD-treated mice, the effect of α-lipoic acid, a
stronger ROS scavenger, on the kidney was determined after
4 weeks of administration at a dose of 150mg/kg per day in
the HFD-treated mice. Results showed that α-lipoic acid
attenuated the kidney injury by reducing ROS levels, NLRP3
activation, NF-κB p65 nuclear translocation, and expression
of its downstream inflammatory cytokines, such as IL1β,
TNFα, IL6, and iNOS. Similar to these findings, previous
studies also indicated that α-lipoic acid strongly reversed
oxidative stress by directly or indirectly reacting to ROS in
various disease models related to oxidative stress such as neu-
rodegeneration, diabetes mellitus, and ischemic injury [19],
and that the ROS scavenger effectively blocked NRLP3 acti-
vation, NF-κB nuclear translocation, and downstream
inflammatory cytokine expression [36, 37]. As an important
inflammatory transduction factor, NF-κB activation pro-
motes proinflammatory gene translocation in numerous
renal diseases such as systemic lupus erythematosus, ische-
mic nephropathy, aged nephropathy, and DN [38, 39], which
is consistent with our present results. Moreover, the ROS
scavenger has been shown to significantly decrease serum
creatinine and blood urea nitrogen levels and to markedly
relieve the glomerular hypertrophy and aggregation of
inflammatory cells [40]. Therefore, scavenging of ROS by
α-lipoic acid reduced the kidney injury by not only blocking
NLRP3 activation, but also inhibiting NF-κB nuclear translo-
cation and downstream inflammatory cytokine expression in
the kidney of HFD-treated mice.
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Figure 4: α-Lipoic acid decreases ROS-triggered inflammation in the kidney of HFD-treated mice. (a) ROS levels were assessed by
dihydroethidium (DHE) staining. (b) DHE fluorescence intensity was measured by the IPP, and results are expressed by the ratio of
the integrated optical density of the DHE-positive area to the DAPI. (c) Representative immunoblots for NLRP3, procaspase 1,
cleaved caspase 1, pro-IL1β, cleaved IL1β, and β-actin. (d) Relative density analysis of NLRP3, cleaved caspase 1, and cleaved IL1β
protein bands. Relative densities are expressed as the ratio of NRLP3 to β-actin, cleaved caspase 1 to procaspase 1 (expressed as
cleaved/procaspase 1), and cleaved IL1β to Pro-IL 1β (expressed as cleaved/pro-IL1β). (e) Representative immunoblots for
cytoplasmic NF-κB p65 (C-NF-κB p65), nuclear NF-κB p65 (N-NF-κB p65), β-actin, and histone H3 (H3). (f) Relative density
analysis of the C-NF-κB p65 and N-NF-κB p65 protein bands. Relative densities are expressed as the ratio of C-NF-κB p65 to β-
actin and N-NF-κB p65 to H3. (g) Representative immunoblots for TNFα, IL6, iNOS, and β-actin. (h) Relative density analysis of
TNFα, IL6, and iNOS protein bands. Relative densities are expressed as the ratio of TNFα, IL6, and iNOS to β-actin. All values are
expressed as mean± SEM ((a–h), n = 5). ∗∗∗p < 0 001 vs. the CD vehicle group, and ###p < 0 001 vs. the HFD vehicle group.
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Figure 5: α-Lipoic acid alleviates NRLP3-dependent kidney injury in HFD-treated mice. (a) Kidney sections were stained by hematoxylin-
eosin; the black arrow represents the accumulation of inflammatory cells (200x, scale bar, 100μm). (b) Glomerulus and Bowman’s capsule
diameter; the red arrow represents blood glomerulus, and the green arrow represents Bowman’s capsule. (c) Tubule diameter; the blue
arrow represents proximal tubules, and the yellow arrow represents the distal tubules. (d) Glomerulus and Bowman’s capsule area. (e)
Tubulointerstitial lesion score. (f) Serum creatinine and blood urea nitrogen determination. All values are expressed as mean± SEM ((a–
e), n = 5). ∗∗∗p < 0 001 vs. the CD vehicle group, and ###p < 0 001 vs. the HFD vehicle group.
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PSPC, a natural anthocyanin extracted from purple sweet
potato, has been demonstrated to possess many biofunctions,
such as antioxidative stress, antiapoptosis, and anti-inflam-
mation, against cognitive disorders, nonalcoholic fatty liver
disease, atherosclerosis, and DN [8, 13–16]. Based on our
previous study of the protective effect of PSPC on kidney
injury by reducing excessive ROS-mediated NLRP3 activa-
tion in HFD-treated mice [8], the present study was aimed
at investigating the protective action of PSPC on kidney
injury by targetingVEGFR2viaROS-mediatedNLRP3activa-
tion inflammatory signaling. Our main observation disclosed
that PSPC alleviated the kidney injury by downregulating the
VEGFR2 expression. We also observed the inhibition of

ROS-mediated NLRP3 activation, as well as the decrease of
NF-κB p65 nuclear translocation and its downstream
inflammatory cascades.

Although our results clearly demonstrated potential
molecular mechanisms underlying the HFD-induced and
PSPC-alleviated kidney injury in HFD-treated mice, there
are some limitations. Studies in food chemistry showed that
PSPC is a multicomponent mixture of anthocyanins [41].
We were not able to determine which anthocyanins
protected against kidney injury induced by HFD and in
what ways and with what molecular mechanisms. Indeed,
the pharmacological functions of detailed anthocyanins of
PSPC depressing kidney injury induced by HFD and the

⁎⁎⁎

⁎⁎⁎
###

### ###

###

40

30

20

10

0
Proximal tubule Distal tubule

D
ia

m
et

er
 (�휇

m
)

CD
HFD

HFD + PSPC
CD + PSPC

(j)

⁎⁎⁎

⁎⁎⁎

###

###

###

###

5000

4000

3000

2000

1000

0
Glomerulus Bowman’ capsule

A
re

a (
�휇

m
2 )

CD
HFD

HFD + PSPC
CD + PSPC

0

(k)

⁎⁎⁎

⁎⁎⁎

### ###

###
###

20

15

10

5

0
Serum creatinine Blood urea nitrogen

C
on

ce
nt

ra
tio

n 
(�휇

m
ol

/L
)

CD
HFD

HFD + PSPC
CD + PSPC

(l)

PSPC

ROS

High-fat diet

Activation
Inhibition
Upregulation

NLRP3
Caspase1
ASC

Pro-IL1�훽 IL1�훽 Kidney inflammation

VEGFR2

NOX4

Inflammasome activation

(m)

Figure 6: PSPC administration inhibits ROS-triggered NRLP3 inflammation in HFD-treated mice. (a) Kidney sections were stained with
FITC to visualize VEGFR2-positive cell staining (green) (200x, scale bar, 100 μm). (b) Analysis of the relative intensity of VEGFR2-
positive cells in the kidney sections. (c) Representative immunoblot for NOX4 and β-actin. (d) Relative density analysis of the
NOX4 protein bands. Relative densities are expressed as the ratio of NOX4 to β-actin. (e) The ROS levels were assessed
by 2′,7′-dichlorofluorescein diacetate (DCF-DA) in the kidney of HFD-treated mice. (f) Representative immunoblots for NLRP3,
procaspase 1, cleaved caspase 1, pro-IL1β, cleaved IL1β, and β-actin. (g) The relative density analysis of the NLRP3, cleaved caspase
1, and cleaved IL1β protein bands. The relative densities are expressed as the ratio of NRLP3 to β-actin, cleaved caspase 1 to
procaspase 1 (expressed as cleaved/procaspase 1), and cleaved IL1β to pro-IL1β (expressed as cleaved/pro-IL1β). All values are
expressed as mean± SEM ((a–g), n = 5). ∗∗∗p < 0 001 vs. the CD group, and ###p < 0 001 vs. the HFD group. (h) Kidney sections
were stained by hematoxylin-eosin; the black arrow represents the accumulation of inflammatory cells in the kidney (200x, scale bar,
100 μm). (i) Glomerulus and Bowman’s capsule diameter were determined by Image-Pro Plus (IPP); the red arrow represents blood
glomerulus, and the green arrow represents Bowman’s capsule. (j) Tubule diameter was measured by IPP; the blue arrow represents
proximal tubules, and the yellow arrow represents the distal tubules. (k) Glomerulus and Bowman’s capsule area were determined
by IPP. (l) Serum creatinine and blood urea nitrogen determination. (m) Schematic diagram of PSPC on VEGFR2/ROS/NRLP3
signaling in the kidney of HFD-treated mice. All values are expressed as mean± SEM ((a–e), n = 5). ∗∗∗p < 0 001 vs. the CD group,
and ###p < 0 001 vs. the HFD group.
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underlying molecular mechanisms are still obscure. There-
fore, the separation of every anthocyanin in PSPC and the
elucidation of the pharmacological mechanisms underlying
the protective effects of every anthocyanin of PSPC on kid-
ney injury induced by high-fat diet will be regarded as the
focus of further research. Moreover, the relationships
between VEGFR2/ROS/NRLP3 upregulation and injuries
of renal intrinsic cells, such as endothelial cells, mesangial
cells, podocytes, and renal tubular epithelial cells, remain
unclear. Therefore, further experiments will explore these
molecular mechanisms.

In summary, our study provides compelling evidence
that the kidney VEGFR2 knockdown alleviated kidney
injury by inhibiting inflammation in HFD-treated mice.
Furthermore, PSPC relieved renal damage at least partly
via the VEGFR2/ROS/NRLP3 signaling axis, which sug-
gested that VEGFR2 may be a potential target for PSPC
preventing or treating kidney injury induced by high-fat
diet (Figure 6(m)).
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In order to use stem cells as a resource for tissue regeneration, it is necessary to induce expansion in vitro. However, during culture,
stem cells often lose functional properties and become senescent. Increasing evidence indicates that hypoxic preconditioning with
physiological oxygen concentration can maintain the functional properties of stem cells in vitro. The purpose of the current study
was to test the hypothesis that hypoxic preconditioning with physiological oxygen concentration can maintain the functional
properties of stem cells in culture by reducing oxidative stress. In vitro studies were performed in primary human dental pulp
cells (hDPCs). Reduced levels of oxidative stress and increased cellular “stemness” in response to physiological hypoxia were
dependent upon the expression of reactive oxygen species (ROS). Subsequently, RNA-sequencing analysis revealed the increased
expression of phosphoinositide 3-kinase (PI3K)/Akt signaling in culture, a pathway which regulates oxidative stress.
Furthermore, we found evidence that PI3K/Akt signaling might affect intracellular ROS production by negatively regulating
expression of the downstream protein Forkhead Box Protein O1 (FOXO1) and Caspase 3. Collectively, our data show that the
PI3K/Akt pathway is activated in response to hypoxia and inhibits oxidative stress in a ROS-dependent manner. This study
identified redox-mediated hypoxic preconditioning regulatory mechanisms that may be significant for tissue regeneration.

1. Introduction

Tissue regeneration requires the implantation of cellular
adaptations to a wounded environment featuring a lesion.
Because of their highly proliferative, multidifferentiation
potential and low immunogenicity, hDPCs are considered
to represent a promising source of stem cells for regenerative
medicine and engineering tissue [1, 2]. However, stem cells

become aged during in vitro expansion, and the transplanta-
tion environment can often be extremely harsh for such cells,
thus representing a significant challenge for regenerative
medicine. An increasing number of studies pertaining to pre-
treatment strategies have attempted to improve the ex vivo
expanded microenvironment and thus facilitate implanta-
tion, homing, and survivability [3–6]. Hypoxic precondition-
ing (HP) is a direct and effective strategy in which to promote
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the in vivo survival and differentiation of transplanted stem
cells; this is a vital factor for the success of stem cell-based
tissue regeneration [7–9].

In recent years, hypoxia has also been found to play an
important role in a number of physiological processes. Dif-
ferent levels of hypoxia are associated with various physio-
logical behaviors and can regulate signal transduction in
stem cell proliferation and differentiation during embryogen-
esis [10–12]. One of the advantages of living in a hypoxic
niche is that stem cells can maintain a slowly circulating pro-
liferation rate while avoiding tissue-related oxidative stress
[13]. Essentially, all cells that undergo aerobic metabolism
can produce ROS. This oxide can destroy DNA stability
and induce oxidative stress in cells [13, 14]. The response of
cells to ROS is highly dependent on other factors such as cell
phenotype, cell differentiation status, or another stimulus
state [15]. For example, hematopoietic stem cells (HSCs)
have lower levels of ROS than differentiated hematopoietic
cells [12]. There is a fine balance between ROS and hypoxia.

Physiological oxygen tension varies from 1% to 14% and
is much lower when culturing in vitro [13]. Although there is
no definitive experimental data for the measurement of phys-
iological oxygen concentration in human dental pulp, a pre-
vious study using a rat animal model found that the oxygen
concentration of incisor pulp tissue was approximately 3%
[16]. The present literature relating to the effect of hypoxia
on phenotypic changes in hDPCs shows that different
oxygen-dependent concentrations are used for the treatment
of hDPCs and that such changes are variable [17], especially
in terms of cell differentiation and proliferation [18–20].
However, experiments have shown that the angiogenic ability
of dental pulp cells after HP is significantly higher than that
under normoxic conditions [21]. In addition, HP-treated
cells exhibit increased levels of exosome secretion, which
are effective in enhancing effector cell osteogenic and angio-
genic capacity [22]. Contradictory reports of hypoxic precon-
ditioning may be due to various conditions such as the degree
of hypoxia, different cell lines, culture time, and donor’s age.

To test the hypothesis that HP within the physiological
range of oxygen concentration can maintain cell stemness
by reducing oxidative stress in hDPCs, we investigated the
effect of HP on the properties of oxidative stress and stem-
ness. Our findings reveal that HP may effectively modulate
oxidative stress in hDPCs via the PI3K/Akt pathway.

2. Material and Methods

2.1. Cell Identification and Culture. First, hDPCs were col-
lected from the pulp tissues of extracted third molars (patient
age: 15 to 25 years old). Cells from the first to the fifth pas-
sages were used in this study. All patients were informed,
agreed to participate, and signed informed consent forms
for scientific experiments involving tooth extraction. The
study protocol was performed according to a standard proto-
col approved by the Ethics Committee of the Guangdong
Provincial Second People’s Hospital. Multidifferentiation of
hDPCs was performed according to a procedure described
previously [23]. Once cells had reached 80% confluency,
hDPCs were allowed to differentiate in an osteogenic,

chondrogenic, and adipogenic induction medium. The
induction medium was changed after every 2 days until the
differentiated cells were harvested.

2.2. Cell Preconditioning. Hypoxic preconditioning was
established using the Hypoxia Chamber 27310 (Stemcell,
Vancouver, CA). All hypoxia experiments were performed
at 3% oxygen concentration. The preconditioning of reox-
ygenation was first carried out under hypoxia for 2 d and
then returned to normoxia for the remaining experimen-
tal duration. hDPCs were cultured in different oxygen
concentrations and treated with 0.5mM/L N-acetyl-L-cys-
teine (NAC), 100μM/L hydrogen peroxide (H2O2), and
10μM/L LY294002. NAC and LY294002 were provided
by Selleck, Houston, USA. H2O2 was provided by Nanjing
Jiancheng, China.

2.3. Cell Counting Kit 8 Assay. The viability of hDPCs was
assessed by the cell counting kit 8 (CCK8, Dojindo, Kyushu
island). Cells were seeded at a concentration of 2000 cells
per well, and the culture procedure was performed according
to the manufacturer’s instructions. Optical density was mea-
sured by absorbance at 450nm using an ELx800 microplate
reader (BioTek Instruments Inc., Vermont, USA).

2.4. Cell Cycle Analysis. After culturing in different oxygen
atmospheric environments, cells were harvested and fixed
with 70% alcohol at 4°C overnight. The supernatant was
completely removed and cells incubated in propidium
iodide for 30 minutes at room temperature, in the dark. Cells
were then analyzed by flow cytometry using a flow cytometer
(Becton Dickinson, San Diego, CA).

2.5. Analysis of Cell Surface Markers. After pretreatment for
2 d, cells were washed and resuspended in staining medium
(PBS containing 1% fetal bovine serum), then labelled with
monoclonal antihuman STRO-1-FITC, CD34-PE, DO105-
PE, CD133-PE, and OCT4-PE (Chemicon, Temecula, CA)
for 30 minutes on ice. Cells were then washed twice and
resuspended in stain buffer for analysis by flow cytometry.

2.6. Colony-Forming Assay. Cells were digested to a single-
cell suspension, and 1000 cells were plated in a 6-well plate.
After pretreatment for 10 days, hDPCs were fixed with 4%
paraformaldehyde for 30min at room temperature and then
stained by crystal violet for 15min. Cells were then observed
under an optical microscope, and the number of colonies
with more than 50 cells was counted.

2.7. Measurement of ROS Level. Levels of intracellular ROS
were measured with a ROS assay kit (Nanjing Jiancheng,
China) after treatment with different culture conditions.
Cells were then stained with dihydrodichlorofluorescein dia-
cetate (DCFDA) at a concentration of 10μM for 45min.
Individual cells were measured by flow cytometry; 10,000
cells were analyzed for each sample.

2.8. Measurement of Apoptosis Ratio. An apoptosis assay
was conducted using a KeyGEN apoptosis detection kit
(KeyGEN Biotech Co., Nanjing, China) following the manu-
facturer’s protocol. After pretreatment in each group, cells
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were collected and resuspended in a 10x binding buffer. Cells
were then incubated with annexin V-FITC/propidium iodide
(PI). Finally, samples were analyzed by flow cytometry;
10,000 cells were analyzed for each sample.

2.9. Measurement of Antioxidative Enzyme Activity. Cells
were cultured in normoxic and hypoxic conditions. Levels
of superoxide dismutase (SOD), catalase (CAT), and gluta-
thione peroxidase (GSH-PX) were all determined by com-
mercial assay kits (Nanjing Jiancheng, China).

2.10. Enzyme-Linked Immunosorbent Assay (ELISA). Cells
were cultured in normoxic and hypoxic conditions. Levels
of IL-6 (interleukin-6) and IL-β1 (interleukin-β1) in culture
supernatants were then assayed by enzyme-linked immuno-
sorbent assay (ELISA; BioLegend) according to the manu-
facturer’s instructions.

2.11. Western Blotting Assay. Cells were first collected using
standard procedures. Total protein was then measured by
the BCA Protein Assay Kit (Pierce Biotechnology, Rockford,
IL), loaded for sodium dodecyl sulfate gel electrophoresis and
transferred onto polyvinylidene fluoride membranes (Milli-
pore, Billerica, MA). The membranes were then blocked with
skimmed milk at room temperature for 1 hour and incubated
at 4°C overnight with primary antibodies against HIF-1α
(Santa Cruz, California, USA), PI3K (Abcam, Cambridge,
UK), p-PI3K(Abcam, Cambridge, UK), Akt (Abcam, Cam-
bridge, UK), p-Akt (Abcam, Cambridge, UK), Caspase 3
(Abcam, Cambridge, UK), and FOXO1 (Cell Signaling,
Boston, USA). Total levels of GAPDH were used as a control.
Densitometric analysis was performed using ImageJ Plus
software (NIH, USA), and relative protein expression was
calculated after normalization of the target total protein.

2.12. Bioinformatic Analysis. RNA-seq: hDPC gene expres-
sion profiling was performed using RNA deep sequencing
by Annoroad Gene Technology Co. Ltd. (Beijing, China).
Paired-end RNA-seq reads were mapped to the reference
human genome (hg19) using HISAT2 (version 2.0.4). Read
counts were calculated by HTSeq. Differential expression
analysis was performed by DESeq2. For differential expres-
sion analysis, the fold-change cutoff was set at 2 or higher.
Benjamini–Hochberg false discovery rate-adjusted p value
less than 0.05 was considered statistically significant. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis: 2-fold change, FDR-adjusted p value less than 0.05 genes
was subjected to KEGG pathway analysis using ToppFun
(https://toppgene.cchmc.org/enrichment.jsp) in the Topp-
Gene toolbox (https://toppgene.cchmc.org/). Protein-protein
interaction network analysis: protein-protein interactions
among differentially expressed genes were retrieved from
the STRING v10 database. The interaction network was gen-
erated by Cytoscape. Graph plotting: volcano plots and bar
plots were generated by the ggrepel R package and GraphPad
Prism 5, respectively. The heatmap was created by GENE-E
software using expression profiles of 2-fold-changed genes
in PI3K-Akt signaling pathways as input. The expression
levels are displayed as z-score normalized counts per million

(CPM) mapped fragment value. CPM values of each gene
were z-score transformed normalized across all samples.

2.13. Statistical Analysis. All results are expressed as
means± standard deviation (SD). Statistical significance
was determined using a t test or one-way analysis of variance
(ANOVA). When p < 0 05, the difference was considered to
be statistically significant.

3. Results

3.1. Derivation of hDPCs from Mesenchymal Tissue with
Multipotential Differentiation Potential. To investigate the
multidirectional differentiation potential of hDPCs, we first
established hDPCs from pulp tissues of extracted third
molars (patient age: 15 to 25 years). Cell surface marker
identification experiments showed that hDPCs were derived
from mesenchymal tissue and expressed mesenchymal spe-
cific surface markers (Figure 1(a)). Multidirectional differen-
tiation experiments showed that hDPCs could differentiate
into osteogenesis, cartilage, and adipocytes and express their
corresponding specific markers (Figure 1(b)). Collectively,
these data proved that hDPCs exhibit multidirectional dif-
ferentiation potential.

3.2. HP Improves the Stemness of hDPCs. To investigate
cellular responses to hypoxia in hDPCs, we investigated
stemness and proliferation. The specific expression of
hypoxia-inducible factor 1-alpha (Hif-1α) was enhanced
when the hDPCs were under hypoxic conditions. The expres-
sion of HIF-1α reached maximal expression at 1 d, then
slowly decreased (Figure 2(a)). The CCK-8 assay results
revealed that HP treatment decreased cell viability for a cer-
tain period of time. Compared with the control group, the
viability of the hypoxic group was slightly decreased. The late
change of the reoxygenation group was similar to that of nor-
moxia (Figure 2(b)). However, cell cycle experiments showed
that HP can reduce the proportion of hDPCs in the G0/G1
phase and increase the proportion of cells in the S phase
(Figure 2(c)) The ability for cell self-renewal was significantly
improved after long-term hypoxia treatment (Figure 2(d)).
Moreover, microscopical analysis showed that cells were
smaller in size under hypoxic culture than under normoxia.
The expression of the cell surface markers CD133 and
CD34 was increased, while that of CD105 and OCT4 did
not change significantly (Figure 2(e)). These results demon-
strated that HP improves the stemness of hDPCs, especially
during long-term processing.

3.3. HP Reduces Oxidative Stress in hDPCs. A ROS activity
assay found that hypoxia reduced the release of ROS in
hDPCs. Mean ROS activity in the reoxygenation group
(hypoxia 2 d+normoxia 1 d) was higher than that in the
hypoxic group but lower than that in the normoxia group
(Figure 3(a)). After hypoxia treatment, expression of the
inflammatory cytokine IL-6 and IL-1β was not statistically
significant (Figure 3(b)). The proportion of apoptosis was
lowest in the hypoxia group (Figure 3(c)). In the antioxidant
enzyme experiment, HP-treated hDPCs showed an increased
level of expression of the antioxidant enzyme GSH-PX,
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although there was no significant change in the levels of SOD
and CAT (Figure 3(d)). These results indicated that HP
slightly reduced oxidative stress in hDPCs.

3.4. Bioinformatic Analysis Revealed Activation of the
PI3K/Akt Pathway under Hypoxic Conditions. To better
understand the molecular mechanisms underlying hypoxia-
induced changes, we performed whole transcriptome RNA-
seq analysis in hDPCs. Differential expression analysis
identified 1271 upregulated genes and 559 downregulated
genes after hypoxia for 48 hours compared to normoxia.
Importantly, we observed numerous protein-protein interac-
tions among proteins encoded by differentially expressed
genes (Supplementary Figure 1). These proteins formed a
condensed interaction network with multiple hypoxia-
induced proteins, such as ENO2, as hubs. To explore cellular
signaling further, we conducted Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway analysis with the
ToppGene tool. Downregulated genes in hypoxia showed
enrichment of protein synthesis andmetabolic pathways while
glycolysis and cell cycle-related pathways were enriched
in upregulated genes (Figures 4(a) and 4(b)). As expected,
the HIF-1 signaling pathway was one of the top 10 enriched
pathways in hypoxia (Figure 4(b)). We observed that the
PI3K/Akt signaling pathway was also activated in hypoxia
(Figure 4(b)). Notably, a substantial number of genes (32
genes) in the PI3K/Akt signaling pathway, including the
cell cycle regulator, CDK2, are increased in hypoxia. Inter-
estingly, we also found that 12 genes in this pathway are
downregulated in hypoxia. This data seems to be paradox-
ical as we observed two sets of genes with opposite expres-
sion profiles in the same pathway, which also prompted us to
experimentally investigate function of the PI3K/Akt path-
way in hypoxia. Additionally, these data suggest that hDPCs
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Figure 1: hDPC culture and identification of multidifferentiation ability: (a) identification of the mesenchymal stem cell surface markers
CD105, CD133, and STRO1; (b) induced osteogenic, chondrogenic, adipogenic differentiation, and immunofluorescence staining of
alkaline phosphatase (ALP), collagen type III (Col III), and lipoprotein lipase (LPL), respectively; nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) (magnification 10× 10).
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Figure 2: HP changed the cell phenotypes of hDPCs after culture under normoxia, hypoxia, and reoxygenation: (a) western blot assay and
quantitative analysis of the expression of HIF-1α under normoxia and hypoxia at 0 h, 4 h, 8 h, 12 h, 24 h, and 48 h of culture; (b) proliferation
ability of hDPCs in each group; (c) flow cytometry and quantitative analysis of cell cycle distribution in hDPCs after 3 d of culture under
different oxygen concentrations; (d) colony-forming units and quantitative analysis in hDPCs after 10 d of culture; (e) expression of the
mesenchymal stem cell surface markers CD133, CD34, CD105, and OCT4 in each group. Statistical significance is shown as ∗p < 0 05.
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may enhance cell proliferation and antioxidative stress in
response to hypoxia stress.

3.5. PI3K/Akt Signaling Is Involved in the Regulation of
Cellular Redox Status under Hypoxic Conditions. Given the
essential roles of PI3K/Akt signaling in the response to hyp-
oxia, we next examined whether inhibition of this pathway
could change cellular phenotypes. LY294002, an inhibitor
of the PI3K/Akt pathway, could enhance the expression
of ROS and the apoptosis ratio in hDPCs (Figures 5(a)
and 5(b)), although LY294002 has the same effect on
ROS and apoptosis under normoxia or hypoxia. However,
under hypoxia condition, the differences within the group

are more obvious. These results indicate that HP can effec-
tively regulate the production of ROS in hDPCs through
the PI3K/Akt pathway. Inhibitor-treated cells showed
reduced expression of the inflammatory cytokine IL-6 and
increased levels of IL-1β; however, there was no significant
difference between hypoxia and normoxia (Figure 5(c)). It
is suggested that the PI3K/Akt pathway may not be involved
in the release of these two inflammatory factors pass by chan-
ged oxygen concentration. The expression of the antioxidant
enzymes SOD and CAT did not change significantly, while
the expression of GSH-PX decreased, indicating that the
PI3K/Akt pathway is partially involved in the regulation
of antioxidant enzyme expression levels (Figure 5(d)).

RO
S 

(%
)

1.5

0.5

0.0

1.0

⁎

⁎

Normoxia Hypoxia Reoxygenation

Reoxygenation

FITC-A

Co
un

t

40
35
30
25
20
15
10

5

106105102 103 104

I1:100.00%

Hypoxia

FITC-A

(B)(A)

Co
un

t

50

40

30

20

10

106105102 103 104

I1:100.00%

Normoxia

FITC-A

Co
un

t

10

5

106105102 103 104

I1:100.00%

(a)

Normoxia Hypoxia Reoxygenation

Co
nc

en
tr

at
io

n 
(p

g/
m

L)

40

30

20

10

0

IL-6

Normoxia Hypoxia Reoxygenation

Co
nc

en
tr

at
io

n 
(p

g/
m

L)

20

15

10

5

0

IL-1�훽

(b)

⁎ ⁎

Normoxia
Hypoxia
Reoxygenation

Ce
ll 

(%
)

20

15

10

5

0
Early apoptosis Late apoptosis Apoptosis

(c)

⁎ ⁎

Normoxia Hypoxia Reoxygenation Normoxia Hypoxia Reoxygenation Normoxia Hypoxia Reoxygenation

CAT SOD GSH-PX

Ex
pr

es
sio

n 
le

ve
l (

u/
m

L)

6

4

2

0 Ex
pr

es
sio

n 
le

ve
l (
�휇

/m
L)

20

15

10

5

0

V
ita

l u
ni

t

40

30

20

10

0

(d)

Figure 3: Effect of HP on oxidative stress in hDPCs after 3 d culture under normoxia, hypoxia, and reoxygenation: (a) HP-treated
hDPCs were stained with 10μM DCFDA and analyzed by flow cytometry; (b) the expression of inflammatory cytokines in each
group, as analyzed by ELISA; (c) flow cytometry and quantitative analysis of cell apoptosis ratio in each group; (d) activity of the
antioxidant enzymes SOD, CAT, and GSH-PX in hDPCs during culture at different oxygen concentrations. Statistical significance is
expressed as ∗p < 0 05.
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Expression of phosphorylated PI3K and Akt was higher in
the hypoxia group. The expression of phosphorylated
PI3K and Akt in the NAC group was higher than that in
the H2O2 and LY294002 group. The expression of Caspase
3 was similar to that of FOXO1 but in stark contrast to the
expression of p-PI3K and p-Akt (Figure 5(e)). These find-
ings are consistent with results arising from the bioinfo-
matic analysis in that the treatment of hDPCs with HP
activates phosphorylation of the PI3K/Akt pathway. The
degree of phosphorylation in the PI3K/Akt pathway was
decreased in cells under oxidative stress, and the effect of
the inhibitor LY29004 was similar to H2O2. Moreover, Cas-
pase 3 and FOXO1 may act downstream of the PI3K/Akt
pathway, regulating the stress state of cells. PI3K/Akt signal-
ing may affect intracellular ROS production by reverse
regulating expression of the downstream protein FOXO1
and Caspase 3.

4. Discussion

Human dental pulp cells, as an adult stem cell, have not yet
achieved widespread clinical applications, mainly because
their source is limited, and because there have been issues
with expansion and senescence during in vitro culture. Phys-
iological hypoxia stimulates cells to adapt and increase their
levels of glycolytic metabolism, thus reducing activity of the
tricarboxylic acid (TCA) cycle and oxidative phosphoryla-
tion, which helps to reduce mitochondrial ROS production
[10, 24]. ROS acts as a signaling molecule with low levels of
homeostatic function or as a deleterious factor associated
with high levels of tissue damage [10].

In the present study, we demonstrated that the HP treat-
ment of hDPCs have a significant impact on cell self-renewal
by reducing cell apoptosis ratio and ROS expression, while
increasing colonial formation ability and the expression of
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Figure 4: Differential expression analysis of hDPCs cultured between hypoxia and normoxia conditions: (a) top enriched pathways in
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Figure 5: Inhibiting the PI3K/Akt pathway changed the redox status of hDPCs after 2 d of culture under normoxia and hypoxia: (a) hDPCs were
stained with 10 μM of DCFDA and analyzed by flow cytometry; (b) flow cytometry and quantitative analysis of cell apoptosis ratio in different
treatment groups; (c) levels of inflammatory cytokines secreted by each group, as determined by ELISA; (d) activity of the antioxidant enzymes
SOD, CAT, and GSH-PX in hDPCs from each group; (e) western blot assay and quantitative expression of PI3K, p-PI3K, Akt, p-Akt, Caspase 3,
and FOXO1 in different groups. Statistical significance is expressed as ∗p < 0 05 versus normoxia; #p < 0 05 versus control.
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the antioxidant enzyme GSH-PX. CD133, CD105, and OCT4
are considered to represent positive markers for mesenchy-
mal stem cells. Evidence suggests that hypoxic precondition-
ing enhances the expression of these markers. In our
experiment, the expression of CD133 was increased slightly
after 2 days of hypoxic preconditioning. At the same time,
the expression of CD34, a marker associated with hemato-
poietic function, was not statistically different and did not
affect the qualitative properties of the hDPCs. The slight
increase in expression may be related to a hypoxic function
that promotes angiogenesis. In general, short-term hypoxic
pretreatment (2 d) compared with long-term pretreatment
(10 d) did not achieve a significant impact on cell phenotype.

In this study, oxygen-sensitive transcriptional programs
in hDPCs were analyzed by bioinformatics tools, and their
gene expression profiles were determined. Results showed
that a variety of HIF-controlled genes, and genes encoding
glycolytic enzymes and pentose phosphatase, were upregu-
lated under two different low oxygen tension culture condi-
tions. These experiments demonstrate the importance of
using physiological hypoxic conditions, which mimic the
anile environment of hDPCs to maintain pluripotency. Our
data showed that the expression of PI3K/Akt was enhanced
under hypoxic conditions. Many studies have reported that
PI3K/Akt signaling can regulate the ROS expression, as well
as the pathways involved in cellular oxidative stress [15, 25].

Further experimental results showed that the ratio of
apoptotic cells and expression level of ROS increased after
addition of the inhibitor LY294002. There was no significant
change in the expression of the antioxidant enzymes and
inflammatory cytokines, indicating that PI3K/Akt is not
involved in the regulation of expression. Modulation of the
expression of antioxidant enzymes and inflammatory cyto-
kines may involve another molecular pathway simulta-
neously, such as APE-1/Ref-1 [26, 27] and Nrf2 signaling
[28, 29]. However, there was significant change in GSH-PX
levels, indicating that PI3K/Akt is involved in the upregula-
tion of expression. Phosphorylated PI3K (p-PI3K) and Akt
(p-Akt) expression increased and decreased after adding
NAC and H2O2, respectively. It is suggested that PI3K/Akt
signaling is involved in the expression of ROS under hypoxia.
It has been reported that HIF-1α cannot translocate to the
nucleus when Akt is inhibited, demonstrating that this may
play an important role in the upstream regulation of HIF-1α
[30]. Our study emphasizes that there might be a necessary
connection between the two signaling pathways. The FOXO
subfamily of Forkhead transcription factors are important
regulators of cell survival in response to a variety of
stress-related stimuli, such as hypoxia, DNA damage, and
nutrient-poor conditions. The results of western blotting
confirmed that PI3K/Akt negatively regulates the expression
of FOXO1, a downstream regulatory target of the PI3K/Akt
pathway [31–33]. We speculate that FOXO1 may be involved
in hypoxia. However, further in-depth studies are now
needed to verify the relationship between FOXO1 and
hDPCs under hypoxia.

In summary, we have discovered a novel redox-mediated
molecular mechanism for regulating the self-renewal and dif-
ferentiation potential of hDPCs. The PI3K/Akt pathway was

activated in response to hypoxia and inhibited oxidative
stress in a ROS-dependent manner.
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Postcardiac arrest syndrome yields poor neurological outcomes, but the mechanisms underlying this condition remain poorly
understood. Autophagy plays an important role in neuronal apoptosis induced by ischemia. However, whether autophagy is
involved in neuron apoptosis induced by cardiac arrest has been less studied. This study found that TRPML1 participates in
cerebral ischemic reperfusion injury. Primary neurons were isolated and treated with mucolipin synthetic agonist 1 (ML-SA1),
as well as infected with the recombinant lentivirus TRPML1 overexpression vector in vitro. ML-SA1 was delivered
intracerebroventricularly in transient global ischemia model. Protein expression levels were determined by western blot.
Neurological deficit score and the infarct volume were analyzed for the detection of neuronal damage. We found that TRPML1
was significantly downregulated in vivo and in vitro ischemic reperfusion model. We also observed that TRPML1
overexpression or treatment with the ML-SA1 attenuated neuronal death in primary neurons and ameliorated neurological
dysfunction in vivo. Our findings suggested that autophagy and apoptosis were activated after transient global ischemia.
Administration of ML-SA1 before transient global ischemia ameliorated neurological dysfunction possibly through the
promotion of autophagy and the inhibition of apoptosis.

1. Introduction

Neurological deficits after resuscitation contribute to high
rates of mortality among patients after cardiac arrest [1–3].
Although recent advances in cardiopulmonary resuscitation
techniques have significantly increased the rate of return of
spontaneous circulation, few cardiac arrest victims achieve
meaningful neurologic recovery [4–6]. Transient global cere-
bral ischemia (TGCI) is a clinical outcome related to cardiac
arrest and other situations that deprive the oxygen and
glucose in the brain during a short period. Severer neurologic
deficits develop in the rare cases of survival from an unwit-
nessed cardiac arrest than in patients who have survived a
witnessed cardiac arrest [7]. Therefore, the latent and persis-
tent neurologic injuries that accompany TGCI may be the
greatest obstacle to a full recovery from cardiac arrest, result-
ing in a broad range of neurological dysfunction [8–10].

Autophagy plays an important role in neuronal apoptosis
induced by ischemia. As reported, autophagy protected the
neurons from apoptosis both in the oxygen-glucose depriva-
tion (OGD) model and the mouse cerebral ischemia model,
via inhibiting neuronal apoptosis [11, 12]. Additionally,
pharmacological induction of autophagy contributed to the
neuron survival by suppressing apoptosis in the rat middle
cerebral artery occlusion (MCAO) stoke model [13]. Fur-
thermore, Wang et al. have demonstrated that deletion of
β-arrestin-1, a vital scaffolding protein interacted with
beclin-1 and Vps34 forming a proautophagic complex in
neurons, hampered autophagosome formation and enhanced
neural apoptosis [14]. However, whether autophagy is
involved in neuron apoptosis induced by cardiac arrest has
been less studied.

Transient receptor potential mucolipin-1 (TRPML1),
also namedMCOLN1, is widely expressed in mammalian cell
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lysosomes or in the endosome membrane [15] and is the
main channel for lysosome Ca2+ release and the key regulator
for lysosomal storage and transportation [16, 17]. In addi-
tion, TRPML1 mutations can not only affect the activation
of transcription factor EB (TFEB) but also the regulation of
oxidative stress. Li et al. [18] determined TRPML1 is required
for the activation of mammalian target of rapamycin
complex 1 (mTORC1), which plays a fundamental role in
autophagy regulation. TRPML1 has been also supposed to
play a dual role in autophagosome membrane fusion and fis-
sion in the late endocytic pathways [15]. Further, impairment
of autophagy has been reported in TRPML1−/− cells [19, 20].
Recently, Zhang et al. [17] showed TRPML1 could induce
autophagy in a mTOR-independent way under stress
conditions. Thus, TRPML1 is crucial for the regulation of
autophagy [17, 21, 22].

However, the role of TRPML1 in cardiac arrest-induced
ischemia is largely unknown. In this study, we hypothesize
that TRPML1 is involved in ischemic reperfusion brain
injury. Additionally, we aimed to assess the possible interac-
tion between TRPML1 and neuronal injury. Furthermore, we
attempt to describe a comprehensive mechanism of the effect
of TRPML1 on ischemic reperfusion brain injury.

2. Materials and Methods

2.1. Animals. All animal experiments were performed in
accordance with Xinhua Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine (Shanghai, China)
guidelines for the use of experimental animals and the exper-
imental protocols were approved by the Institutional Author-
ity for Laboratory Animal Care of Xinhua Hospital Affiliated
to Shanghai Jiao Tong University School of Medicine. All
animal experiments were strictly followed with the guidelines
of animal welfare in Xinhua Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine. The C57BL/6 mice
were raised under standard laboratory conditions with food
and water freely available. Humidity and temperature were
kept constant at 60± 5% and 24± 2°C, respectively. Lights
were on between 7:00 am and 7:00 pm.

2.2. Surgery for Mouse Models of Transient Global Cerebral
Ischemia. The male C57BL/6 mice (8–10 weeks) were ran-
domly assigned to the indicated groups and anesthetized
with 4% isoflurane in 70% N2O and 30% O2. The transient
bilateral common carotid artery occlusion (tBCCAO) sur-
gery was performed as described previously [23] with minor
modifications. Briefly, tBCCAO was initiated by occluding
both common carotid arteries with microclips. After 40min
of ischemia, the clips were removed from both the arteries
to allow for recirculation of the blood. The body temperature
of mice was maintained at 37°C, and cerebral blood flow was
examined during ischemia.

2.3. Triphenyl Tetrazolium Chloride (TTC) Staining. The
mice were sacrificed and the brains were then dissected.
The brain slices (2–3mm) were made coronally and incu-
bated with 2% TTC in 0.9% saline at 37°C for 15min. After
that, the TTC solution was replaced with PBS and the brain

slices were kept in 4% PFA. Infarct size was measured by
an observer blinded to the experimental group assignment
using the Image-Pro Plus. The infarct volume for each brain
was calculated as IV% = total volume of brain—normal vol
ume of brain /total volume of brain.

2.4. Neurological Deficit Score. The neurological deficit was
determined using a 5-point-scale standard in a blinded fash-
ion modified from described previously [24]: 0, no observable
deficit; 1, torso flexion; 2, convulsion; 3, no spontaneous
movement; 4, no forced movement; 5, death.

2.5. ML-SA1 Infusions. For ML-SA1 infusions, the reagent-
infusion tubes were inserted into the lateral ventricles and
fixed with the acrylic and dental cement. ML-SA1 was
delivered intracerebroventricularly at a rate of 0.3μl/min
after 10-day recovery period. The coordinates of the lateral
ventricles are AP −0.3mm, ML ±1.0mm, and DV −2.2mm
from bregma.

2.6. Isolation of the Adult Neurons and Astrocytes. The
isolated mouse hippocampus or cortex was digested into cell
suspension with Adult Brain Dissociation Kit (Miltenyi Bio-
tec) following the vender protocol. The neurons or astrocytes
were sorted by Neuron Isolation Kit (Miltenyi Biotec) or
Anti-GLAST (ACSA-1) MicroBead Kit (Miltenyi Biotec),
respectively, according to the manufacturer’s instructions.

2.7. Cell Culture, Transfection. For hippocampal neuron
culture, mouse hippocampus was isolated in cold PBS and
then digested in 0.25% trypsin for 6min at 37°C. After diges-
tion termination by fetal bovine serum (FBS, Invitrogen), the
cells were filtered through a 70μm nylon strainer and then
centrifuged at 800 rpm for 5min. The cell pellets were
resuspended in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen) supplemented with 20% FBS for 4 hr
culture, and then the medium was replaced with Neurobasal
(Invitrogen). After 3 days of culture, uridine (17.5μg/ml)
and 5-fluoro-2′-deoxyuridine (7.5μg/ml) were added to
the medium to limit the glia growth. For astrocyte culture,
cerebral cortex was obtained from C57BL/6 mice between
postnatal 1 and 3 days (P1-3) and cultured in DMEM supple-
mented with 10% FBS.

To package the TRPML1 lentivirus, the sequence
containing TRPML1 cDNA (NCBI reference sequence:
NM_053177.1) was cloned into pLenti-CMV-EGFP plasmid.
The titers of lentivirus particles were between 5× 108 and
1× 109 units/ml. The hippocampal neuron culture was used
for drug treatment after 48 hrs virus transfection.

2.8. OGD and Drug Treatment. For OGD, the culture
medium of hippocampal neurons and astrocyte was replaced
with glucose-free Earle’s balanced salt solution purged by 5%
CO2 and 95% N2 for 10 minutes. The cells were then kept
with 5% CO2 and 95% N2 for another 0.5 or 1 hrs. ML-SA1
(10μM), calpeptin (10μM), DEVD (10μM), or MG-132
(5μM) was added into the culture medium before OGD.

2.9. MTT Assay. After OGD, the medium of the primary
cultured hippocampal neurons or astrocytes was replaced
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with 2mg/ml MTT in PBS for 6 hr incubation at 37°C. After
addition of DMSO, the plate was gently rotated for 20
minutes to solubilize the eventually formed formazan crys-
tals. Finally, the absorbance value of 570 nm was measured
using a microplate reader to determine the optic density.

2.10. RNA Isolation, Reverse Transcription, and qRT-PCR.
The primary cultured hippocampal neurons were harvested
and lysed in TriZol (Sigma), and then the total RNA was
extracted. 1μg RNA was reverse-transcripted into cDNA
using M-MLV reverse transcriptase following by the proce-
dure: 10min, 25°C; 60min, 42°C; and10 min, 70°C. The
expression levels of TRPML1 and β-actin were quantified
by Step One Plus Real-Time PCR System (ABI) with the
two-step protocol (95°C, 10min; 95°C, 10 s, and 60°C, 1min
for 40 cycles; 95°C, 15 s; 60°C, 1min.).

Primers were listed as follows:
TRPML1.
Forward 5′-CAAGATCTTGGTGGTCACTGTGCAG-3′
Reverse 5′-GGTTGCTGAGCCCAAAGAGAATGAG-3′
β-Actin
Forward 5′-GGCTGTATTCCCCTCCATCG-3′
Reverse 5′-CCAGTTGGTAACAATGCCATGT-3′

2.11. Western Blot Analysis. The primary cultured hippocam-
pal neurons/astrocytes and neurons/astrocytes sorted from
the mouse brain tissues were harvested and lysed in 2%
SDS lysis buffer. The total protein were T electrophoresed
on SDS-8/12%PAGE and then transferred to polyvinyl
difluoridine membranes. After blocking with 5% milk in
PBS, the protein was incubated with the indicated anti-
body (TRPML1, 1 : 100; HA, 1 : 2000; LC3, 1 : 1000; NeuN,
1 : 1000; GFAP, 1 : 1000; cleaved caspase3, 1 : 500; and β-actin
1 : 5000) overnight at 4°C. The next day, the secondary
antibodies (1 : 5000) were added after washing with PBS.
The protein bands were visualized by Tanon 5200 (Tanon,
China) using an ECL western blotting substrate kit, and the
band density was analyzed by ImageJ.

2.11.1. Flow Cytometry. Apoptosis was analyzed using
annexin V-FITC Apoptosis Detection Kit (BD Biosciences
Pharmingen, San Diego, CA) and BD Biosciences FACSCali-
bur flow cytometry. Briefly, a total of 5∗105 cells were washed
twice with cold PBS and resuspended with binding buffer and
then stained with annexin V-FITC and propidium iodide
(PI) for 15min in the dark. Flow cytometry was analyzed
using BD Biosciences FACSCalibur within 1 hour.

2.12. Drugs and Antibodies. Antibodies were used as
follows: TRPML1 from Alomone Labs (acc-081), GFAP
from Sigma (G3893), NeuN from Abcam (ab177487),
HA from Sigma (H6908), LC3 from Abcam (ab192890),
beclin-1 from Cell Signaling Technology (#3495), p62
from Proteintech (18420-1-AP), cleaved caspase3 from Cell
Signaling Technology (#9661), and β-actin from Abcam
(ab8227). Drugs were used as follows: ML-SA1 from Abcam
(ab144622), MG-132 from Medchemexpress (HY-13259),
DEVD from Medchemexpress (HY-12466), and calpeptin
from Abcam (ab120804).

2.13. Statistical Analysis. All the data were presented as
means± SEM from at least three independent experiments.
Two-tailed Student’s t-test was performed to compare the
differences between two groups and one-way ANOVA with
Tukey’s post hoc test performed to compare multiple groups
using GraphPad Prism 5. Differences were considered to be
significant when a P value is less than 0.05.

3. Results

3.1. TRPML1 Is Specifically Downregulated in Hippocampal
Neurons through Proteasome in Ischemia. To investigate the
role of TRPML1 in neuronal survival of ischemia reperfu-
sion, the primary cultured hippocampal neurons were
initially deprived of oxygen and glucose to mimic in vivo
ischemia. As shown in Figures 1(a)–1(b), the protein expres-
sion of TRPML1 was greatly downregulated in the primary
cultured hippocampal neurons 30min after OGD and main-
tained its reduced level to one hour after OGD. In contrast,
the protein level of TRPML1 in astrocytes was not changed
30min or one hour after OGD (Figures 1(c)–1(d)).

We next studied the TRPML1 expression of hippocampal
neurons in the tBCCAo model. Hippocampal neurons or
astrocytes were isolated from the adult mouse hippocam-
pus or total brain, respectively, and then verified by the
expression of hexaribonucleotide binding protein-3 (NeuN),
a marker for neurons and glial fibrillary acid protein (GFAP),
a marker for astrocytes using western blotting (Figures 1(e)–
1(f)). Consistent with the results from primary cultured
hippocampal neurons, we found the neuronal TRPML1
protein was also downregulated in the mouse hippocam-
pus after tBCCAo (Figures 1(g)–1(h)), while the protein
expression of TRPML1 in astrocytes was not changed
(Figures 1(i)–1(j)). Taken together, these findings suggest
that TRPML1 is specifically reduced in hippocampal neurons
in ischemia reperfusion.

To further explore the mechanism underlying the
downregulation of TRPML1 of hippocampal neurons in
ischemia reperfusion, we examined the TRPML1 mRNA
level by quantitative real-time PCR (qRT-PCR). As shown
in Figure 1(k), the mRNA level of TRPML1 in the primary
cultured hippocampal neurons was not changed both
30min and one hour after OGD. These results indicated that
the downregulation of TRPML1 was probably regulated at its
posttranscriptional level. As reported, protease calpain or
caspase-3 plays an important role in protein cleavage and
stability [25–27]. However, administration of calpeptin, the
inhibitor of calpain or DEVD, the caspase-3 inhibitor did
not prevent the TRPML1 degradation in hippocampal neu-
rons (Figures 1(l)–1(m)). Notably, incubation of MG-132,
the inhibitor of proteasome, significantly inhibited the
reduction of TRPML1 level (Figures 1(l)–1(m)). Altogether,
these observations indicated that proteasome mediates
the TRPML1 degradation of hippocampal neurons in
ischemia reperfusion.

3.2. TRPML1 Reduces the Hippocampal Neuron Death after
OGD. To study the role of TRPML1 degradation in ischemia
reperfusion, we next measured the hippocampal neuron
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Figure 1: Continued.
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survival by MTT assay after OGD. The results in Figure 2(a)
showed that the death rate of hippocampal neuron after
OGD was about 60%. Incubation of ML-SA1, the TRPML1
agonist, significantly improved the neuron survival after
OGD (Figure 2(a)). Furthermore, we engineered a hemagglu-
tinin- (HA-) tagged TRPML1-2A-green fluorescent protein
(GFP) lentivirus, which was well expressed in hippocampal
neurons (Figure 2(b)). In accordance with the result of
ML-SA1 treatment, the enhanced expression of TRPML1
also largely reduced the hippocampal neuron death after
OGD (Figure 2(c)).

To further explore the apoptosis rate of hippocampal
neurons in ischemia reperfusion, we examined the apoptosis
rate by flow cytometry. The results in Figures 2(d)–2(g)
showed the apoptosis rate was greatly increased after OGD.
In addition, incubation of ML-SA1 significantly improved
the neuron survival after OGD (Figures 2(d) and 2(f)). In
accordance with the result of ML-SA1 treatment, the
enhanced expression of TRPML1 also largely reduced the
hippocampal neuron death after OGD (Figures 2(e) and 2(g)).

3.3. TRPML1 Activation Promotes Autophagy and Inhibits
Apoptosis. The findings above suggested that TRPML1
degradation in ischemia reperfusion resulted in the death
of hippocampal neurons. To explore the mechanism under-
lying it, we then studied the autophagy levels in the
hippocampal neuron after TRPML1 degradation. As shown
in Figures 3(a)–3(b), the expression level of autophagy
markers beclin-1 and LC3B was greatly increased after

OGD. Moreover, incubation of ML-SA1 further potentiated
the beclin-1 and LC3B expression in the hippocampal
neurons (Figures 3(a)–3(b)). Additionally, the enhancement
of TRPML1 expression also contributes to the elevation of
beclin-1 and LC3B level in the hippocampal neurons
(Figures 3(c)–3(d)). Analysis of p62 expression demonstrated
that incubation of ML-SA1 or TRPML1 overexpression in
OGD decreased the levels of p62. These results indicated
that TRPML1 activation potentiated the autophagy level in
ischemia reperfusion.

It has been reported that enhancement of autophagy level
could prevent neuronal loss from apoptosis in ischemia [13].
To further study whether TRPML1-regulated autophagy
could affect the neuronal loss, we examined the expression
level of cleaved caspase-3 in the hippocampal neurons. The
results in Figures 3(e)–3(f) showed that OGD induced the
production of cleaved caspase-3 in the hippocampal neurons,
which was remarkably inhibited by ML-SA1 treatment. Con-
sistently, exogenous expression of TRPML1 also reduced the
elevated expression of cleaved caspase-3 induced by OGD. As
talked above, the results of flow cytometry after OGD showed
the ameliorated apoptosis rate of neurons by either ML-SA1
treament or lentivirus overexpression (Figures 2(d)–2(e)).
Taken together, downregulation of TRPML1 level in the
hippocampal neurons inhibits autophagy and contributes to
cell apoptosis.

3.4. TRPML1 Activation Prevents Brain Damage and
Improves the Survival Rate in Transient GCI. To further
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Figure 1: Proteasome-mediated degradation of TRPML1 of hippocampal neurons in ischemia. (a–d) Representative immunoblots of
TRPML1 from cultured hippocampal neurons (a, n = 4) or astrocytes (c, n = 4) 0.5 or 1 hrs after OGD. (b) or (d) was the statistics for (a)
or (c). (e, f) Immunoblots of analysis of the indicated marker expression in sorted neurons (e) and astrocytes (f) (GFAP: astrocyte marker,
NeuN: neuron marker). (g–j) Representative immunoblots of TRPML1 from sorted neurons (g, n = 9) or astrocytes (i, n = 9) 40min after
tBCCAo. (h) or (j) was the statistics for (g) or (i). (k) Quantitative PCR analysis of TRPML1 mRNA levels in hippocampal neurons 1 hr
after OGD (n = 5). (l, m) Representative immunoblots of TRPML1 from cultured hippocampal neurons (n = 5) incubated with/without
calpeptin (10 μM), DEVD (10 μM), or MG132 (5 μM). (m) was the statistics for (l). β-Actin serves as a loading control. All data were
presented as mean± SEM. Comparisons between groups for statistical significance were performed with one-way analysis of variance
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(m). ∗P < 0 05, ∗∗∗P < 0 001 versus Ctrl.
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Figure 2: Reduction of neuron survival in OGD by TRPML1 degradation. (a) Hippocampal neuron survival rate determined by MTT assay
after 3 hrs OGD in the preincubation with ML-SA1 (10 μM, n = 4). (b) Immunoblot analysis of HA-TRPML1 expression in hippocampal
neuron. (c) The survival rate of hippocampal neuron transfected with TRPML1 lentivirus determined by MTT assay after 3 hrs OGD
(n = 5). β-Actin serves as a loading control. (d, f) Hippocampal neuron apoptosis was analyzed by flow cytometry 3 hrs OGD in the
preincubation with ML-SA1 (10 μM, n = 4). (e, g) The apoptosis of hippocampal neuron transfected with TRPML1 lentivirus was
determined by flow cytometry after 3 hrs OGD (n = 4). All data were presented as mean± SEM. All comparisons between groups for
statistical significance were performed with one-way analysis of variance (ANOVA) with Tukey’s post hoc test. ∗∗P < 0 01, ∗∗∗P < 0 001
versus Ctrl. #P < 0 05 versus OGD.
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Figure 3: Continued.
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explore the role of TRPML1 in the tBCCAO model, we
delivered ML-SA1 into lateral ventricles of the mice. As
shown by TTC staining in Figures 4(a) and 4(b), tBCCAO
greatly induced the infarct volumes compared with control,
while infusion of ML-SA1 significantly reduced the infarct
volumes. Moreover, we measured the neurological deficits
24 hrs after tBCCAO and the mouse survival rate ten
days after tBCCAO. Notably, ML-SA1 delivery remarkably
improved the mouse behavior in neurological deficit score
and increased the mouse survival rate (Figures 4(c)–4(d)).
Collectively, our results above suggested that enhancement
of TRPML1 activity in ischemia reperfusion protected the
neurons from damage and reduced the mortality.

4. Discussion

Here, we found degradation of TRPML1 reduced neuron
survival after ischemic reperfusion injury.

Several lines of evidence support this conclusion. First,
the neuron protein level of TRPML1 was downregulated
after ischemic reperfusion injury both in vivo and vitro.
Furthermore, the decreased TRPML1 protein level could

be inhibited by proteasome inhibitor MG132. Second, upreg-
ulating TRPML1 by both agonist ML-SA1 and overexpres-
sion lentivirus could increase survival rate in neurons.
Third, we found autophagy was enhanced and apoptosis
was suppressed after TRPML1 activation. Lastly, upregulat-
ing TRPML1 in TGI mice could prevent brain damage,
ameliorate neurological deficits, and reduce mortality. Taken
together, our results provided that enhancement of TRPML1
in neurons can prevent neuronal death induced by ischemia.

The ubiquitin-proteasome system (UPS) is one of the
most important pathways responsible for cellular homeosta-
sis [28]. Previous studies showed that the UPS plays a
complex and unambiguous role in the pathophysiology of
cerebral ischemia-reperfusion injury [29]. Our results
showed the protein degradation of TRPML1 in the neurons
after ischemic reperfusion injury. However, the mRNA level
of TRPML1 in the primary cultured hippocampal neurons
was not changed both 30min and one hour after OGD.
Therefore, the downregulation of TRPML1 occurred at
posttranscriptional level. Additionally, we found that the
degradation of TRPML1 was significantly suppressed after
MG132 treatment, indicating the involvement of UPS.
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Figure 3: Autophagy enhancement and apoptosis inhibition by TRPML1 activation. (a–d) Representative immunoblots of beclin-1, LC3, and
p62 from cultured hippocampal neurons preincubated with 10 μM ML-SA1 (a, n = 6) or transfected with TRPML1 lentivirus (c, n = 6) 1 hr
after OGD. (b) or (d) was the statistics for (a) or (c). (e–h) Representative immunoblots of cleaved caspase3 from cultured hippocampal
neurons preincubated with 10μM ML-SA1 (e, n = 6) or transfected with TRPML1 lentivirus (g, n = 6) 1 hr after OGD. (f) or (h) was the
statistics for (e) or (g). β-Actin serves as a loading control. All data were presented as mean± SEM. All comparisons between groups
for statistical significance were performed with one-way analysis of variance (ANOVA) with Tukey’s post hoc test. ∗P < 0 05,∗∗P < 0 01,
∗∗∗P < 0 001 versus Ctrl. #P < 0 05, ###P < 0 001 versus OGD.
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Evidence from a number of studies suggests that the
important role of proteasome in ischemic reperfusion injury
and proteasome inhibitors have been known to prevent
brain ischemic damage, whose mechanisms are still largely
unknown [30–32]. The ubiquitin E3 ligases, the critical
components of this cascade, constitute the largest family
of ubiquitin ligases with more than 600 predicted members.
Zinc finger protein A20 was revealed as a ubiquitin ligase
and attenuated the cerebral inflammatory injury in cerebral
ischemia/reperfusion rats [33]. The HECT-domain E3 ligase
Huwe1 (HECT, UBA, and WWE domain containing 1)
involved in the ubiquitination, degradation of multiple
proteins, was proven to interact with regulation of Gadd45
under oxygen-glucose deprivation and reperfusion injury in

primary rat cortical neuronal cells [34]. Another ubiquitin
E3 ligase TRAF6 was reported to be a key promoter of
ischemic signaling cascades and neuronal death after cerebral
ischemia reperfusion injury by ubiquitinating and activating
Rac1 [35]. It is also reported that Siah1, parkin, and PARK2
act as an E3 ligase in cerebral ischemic reperfusion injury
[36–40]. Therefore, identification of the E3 ligase of TRPML1
would further uncover the UPS function in cardiac arrest-
induced ischemia.

ML-SA1, a structural analog of SF-51, can potently
activate an inward rectifying TRPML1-dependent current
similar to the one activated by phosphatidylinositol 3,5-
bisphosphate (PI3,5P

2) [41]. Recently ML-SA1 was identi-
fied to activate mammalian TRPML1 and shown to
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Figure 4: Reduction of the infarct volumes and mortality by TRPML1 activation. (a, b) Infarct volumes of mice infusion with or
without 5μM ML-SA1after 12 hrs reperfusion (n = 6). (b) was the statistics for (a). (c) Evaluation of neurological deficit after 24 hrs
reperfusion was evaluated in mice infusion with or without 5μM ML-SA1 (n = 7). (d) Evaluation of the survival rate in mice
infusion with or without 5μM ML-SA1 after tBCCAO (n = 8). All data were presented as mean± SEM. All comparisons between groups
for statistical significance were performed with one-way analysis of variance (ANOVA) with Tukey’s post hoc test. ∗∗∗P < 0 001 versus
Ctrl. ###P < 0 001 versus OGD.
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alleviate lipid accumulation in lysosomes of cellular
models of lysosome storage diseases [42]. Enhanced
TRPML1 triggers lysosomal Ca2+ release, autophagy induc-
tion, and lysosome biogenesis [17]. In the present study,
we demonstrated that ML-SA1 could significantly promote
the autophagy, attenuate the apoptosis, and alleviate
neuron survival and neurological dysfunction that occur
after ischemic reperfusion injury. Diverse neuroprotective
materials have been suggested as agents for protecting
the brain from global ischemic injury during cardiac arrest;
however, their application for clinical treatment is not
satisfactory. Our findings above indicated that TRPML1
could be a novel target for preventing and treating ischemic
reperfusion brain injury.

Several limitations of this work should be noted. First, we
tested only one dose of ML-SA1. The optimal timing and
dosage of ML-SA1 should be fully considered in future
studies. Second, we used an intracerebroventricular pretreat-
ment model for ML-SA1 administration; however, additional
studies are needed in posttreatment settings and dosing site.

5. Conclusion

Taken together, our study provides evidence that TRPML1
participates in delayed neuronal damage after TGI. In
addition, our data demonstrate that ML-SA1 pretreatment
attenuates neuron injury in vivo and in vitro. These protec-
tive effects result from enhancing autophagy, the inhibition
of apoptosis, and protein ubiquitination. Thus, the regulation
of TRPML1 could be a novel strategy for preventing and
treating ischemic reperfusion brain injury.
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Nitric oxide synthases (NOSs) are a family of enzymes that are responsible for the synthesis of nitric oxide (NO) from the amino
acid L-arginine in the body. Among the three key NOSs, the expression of inducible NOS (iNOS) can only be induced by
inflammatory stimuli and contribute to the large amount of NO production. iNOS-derived NO plays an important role in
various physiological and pathophysiological conditions, including the ischemic heart disease. Nowadays, the development of
specific iNOS inhibitors and the availability of iNOS knockout mice have provided substantial evidence to support the role of
iNOS/NO signaling in the myocardium. Nevertheless, the role of iNOS/NO signaling in the myocardial ischemic reperfusion
injury is very complex and highly perplexing; both detrimental and beneficial effects of iNOS have been described. Thus, this
review will aim at providing basic insights into the current progress of the role of iNOS in myocardial ischemia reperfusion
injury. A better understanding of the dual role of iNOS in details may help facilitate the development of more effective therapies
for the management of ischemic heart diseases.

1. Introduction

Myocardial ischemic heart disease has been recognized as
one of the main causes of death in the elderly in the industri-
alized world [1, 2]. It is characterized by insufficient blood
supply to regions of the myocardium, which results in myo-
cardial infarction, and further develops other disease states,
such as hypertension, atherosclerosis, hyperlipidemia, diabe-
tes, and heart failure. Timely reperfusion is one highly effi-
cient treatment of this condition with mortality rate
approximately half of hospitalized patients [3]. This proce-
dure allows the rapid return of blood flow to the ischemic
zone of the myocardium. However, reperfusion itself may
lead to a consequence of tissue damage and pathological
remodeling such as diminished cardiac contractile function,
metabolic dysfunction, impairment of endothelial function,
necrosis, and apoptosis [3]. All above complications further
aggravate the degree of myocardial ischemia and eventually
results in ischemia reperfusion injury [3, 4].

Nitric oxide (NO) is recognized as an important intracel-
lular and intercellular biological active molecule that acts
diverse physiological and pathophysiological functions in
the body, including cardiac contractility and regulation of
vasodilation [5]. However, the role of NO in myocardial
damage and dysfunction during ischemia reperfusion
remains controversial. The induction of inducible nitric
oxide synthase (iNOS) produces excessive NO accompanied
by increased production of reactive oxygen species (ROS),
including peroxynitrite (OONO−) and superoxide, which
are detrimental to the heart [6]. The expression of iNOS
was also proved to correlate positively with the severity of
cardiac dysfunction and expression of proinflammatory
cytokines [7]. Nevertheless, endogenous NO production by
NOSs may play a pivotal role for initiating and mediating
the delayed role of ischemic preconditioning protection [8].
Clinical pretreatment with drugs, such as statins, certain
calcium antagonists, angiotensin-converting enzyme (ACE)
inhibitors, or dexamethasone, has been additionally reported
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to increase the release of NO and protect the myocardium
against ischemia reperfusion injury [9]. Administration of
NO or NO donors prior to ischemia also attenuates the
consequences of myocardial ischemia reperfusion, including
reduction of infarct size and endothelial dysfunction [10, 11].
Therefore, in this review, the focus will cover both damaging
and protective effects of iNOS and its consequent NO
production in myocardial ischemia reperfusion injury.

2. NO and NOS

NO is an inorganic free radical gas and a very small
compound. Its function on vascular biology was discovered
in the 1980s [12, 13]. In mammalian organism, NO is synthe-
sized endogenously by converting L-arginine into L-
citrulline. Overall oxidative reaction involves two separate
mono-oxygenation steps that molecular oxygen utilizes
NADPH as an electron donor and heme proteins, flavin
mononucleotide (FMN), flavin adenine dinucleotide (FAD),
and (6R-)5,6,7,8-tetrahydrobiopterin (BH4) as cofactors.
NOSs are a family of enzymes that catalyze the production
of NO from L-arginine in the body [14, 15]. There are three
different isoforms of the NOS, which are referred to as neuro-
nal NOS (nNOS or NOS I), inducible NOS (iNOS or NOS II),
and endothelial NOS (eNOS or NOS III). Two enzymes,
nNOS and eNOS, are also designated as constitutive NOS
(cNOS) that generate and release NO mainly in resting cells,
such as nerve cells and endothelial cells, thereby maintaining
long-term regulation of synaptic transmission as well as the
regulation of microvascular tone in vivo. In contrast to cNOS
that can be activated by calcium and calmodulin (CaM) in
healthy states, iNOS can only be induced by inflammatory
stimuli including immunostimulatory cytokines, bacterial
products, or infection in different types of cells, not in resting
cells but in endothelium, monocytes, mast cells, macro-
phages, and smooth muscle cells [7, 15, 16].

Both nNOS and eNOS produce small amounts of NO
(<100nM) in the heart and are tightly controlled at posttran-
scriptional level [9, 17]. In response to myocardial ischemia,
the level of cardiac nNOS is upregulated and inhibits xan-
thine oxidoreductase, leading to the inhibition of superoxide
generation [18]. Additionally, L-type calcium current is also
downregulated by nNOS overexpression, attenuating cal-
cium overload due to the cardiac ischemic insult, thereby
protecting the heart against ischemia reperfusion injury [19,
20]. The cardiac eNOS level is upregulated within minutes
during ischemia, but the expression of eNOS is reduced with
the prolonged cardiac ischemia [17]. Multiple lines of evi-
dence signify the cardioprotective role of eNOS during myo-
cardial ischemia reperfusion injury. Deficiency of eNOS in
mice exhibited worse systolic and diastolic function andmor-
tality after myocardial infarction when compared to wild
type mice [21]. Moreover, cardiac-specific overexpression
of eNOS in mice strongly protects against ischemia reper-
fusion injury via high levels of NO/cyclic guanosine
monophosphate (cGMP) [22].

In contrast, iNOS produces larger amounts of NO
(>1μM) and is primarily regulated at transcriptional level
[9, 17]. The human iNOS gene is located at chromosome

17, around 37 kb with a high sequence similarity with nNOS
and eNOS. The gene expression of iNOS and the subsequent
mRNA translation are regulated by various stimuli, espe-
cially, lipopolysaccharide (LPS, endotoxin) and endogenous
proinflammatory mediators, such as tumor necrosis factor-
α (TNF-α), interleukin-1β (IL-1β), and interferon-γ (IFN-
γ). Other stimulator, like hypoxia, is also demonstrated to
be involved in the activation of iNOS gene expression [23].
One important intracellular signal transduction pathway of
the above stimuli is the activation of NF-κB signaling. In
addition, the janus tyrosine kinase (JAK)–signal transducers
and activators of transcription (STAT) together with the
mitogen-activated protein kinases (MAPK) pathways are
also involved in the contribution of iNOS gene expression.
Posttranscriptional regulation of iNOS gene expression pre-
dominantly occurs via mechanisms that influence iNOS
mRNA stability and regulation of catalytic activity [24].

2.1. The Detrimental Effect of iNOS/NO on Ischemia
Reperfusion Injury. NO could favor a detrimental role in
myocardial ischemia reperfusion injury. Patel and his col-
leagues utilized in situ rabbit heart and demonstrated that
pretreatment with an inhibitor of NO synthesis, L-NAME,
significantly reduced infarct size following sustained coro-
nary artery occlusion and reperfusion [25]. Mori’s group
later demonstrated that in dogs, NO production was
enhanced in myocardial stunning and further aggravated
cardiac damages through increased oxidative stress and the
cytotoxicity. Such finding is the first time to report the detri-
mental role of NO in myocardial stunning in vivo [26]. Dur-
ing the reperfusion process, injury may occur in later stages
associated with induction and activation of proinflammatory
mediators, such as cytokines and iNOS [27, 28]. During the
late phase of ischemia and reperfusion, high-output inducible
iNOS/NO pathway was activated, which further aggravated
left ventricular dysfunction and extent of myocardial infarct
size. Whereas, continuous administration of aminoguani-
dine, a selective inhibitor of iNOS, can largely reduce infarct
size and reverse myocardial injury [29]. Interestingly, during
ischemia, overproduction of NO by upregulated iNOS for
prolonged periods of time was suggested to act as a negative
inotrope due to cardiac cGMP production [9, 30]. Increased
iNOS activity also parallels the increment of intracellular
cGMP through its subsequent production of NO. Of note,
NO can prevent calcium (Ca2+) influx through cGMP-
dependent inhibition of Ca2+ channels, which depresses
myofilament sensitivity to Ca2+ and subsequently attenuates
cardiac contractile function [31, 32]. Thus, enhanced cGMP
level due to activated iNOS/NO signaling could be one of
the underlying mechanisms that result in further myocardial
injury during ischemia reperfusion (Figure 1).

Besides the cGMP-dependent inhibition of Ca2+ chan-
nels, high levels of NO have also been proved to induce
necrosis and apoptosis in cardiomyocytes after ischemia
[33]. Under chronic isoproterenol stimulation, enhanced
amount of NO induced by upregulated iNOS contributed
to the formation of peroxynitrite, one byproduct of NO
degradation, in the circulation system and heart, which sub-
sequently leads to significantly severe myocardial apoptosis
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and eventually leads to an enlarged myocardial infarction
size [34]. The formation of peroxynitrite induced by high
levels of NO has been early demonstrated to be one of the
important causes in myocardial damage [35]. The expression
of iNOS stimulated elevations of NO and peroxynitrite
formation in the myocardium of left ventricular and resulted
in decrease myocardial function and less of survival, while
iNOS knockout mice showed better myocardial contractility
and higher survival rate when compared to wild type mice
[35]. Zhu et al. reported that autophagy is additionally
involved in the modulation of cell migration, and apoptosis
in ischemia reperfusion mediated upregulation of iNOS
[36]. Results suggested that ischemia reperfusion-induced
iNOS-mediated nitrative stress increased the migration and
apoptosis of human umbilical vein endothelial cells and
further was associated with elevated autophagy, while the
iNOS-specific inhibitor L-NAME attenuated cell apoptosis
and migration induced by ischemia reperfusion [36]. Most
recently, Jeddi et al. further showed evidence that the toxic
effects of iNOS-derived NO during ischemia were due to
increased peroxynitrite formation associated with enhanced
apoptosis marker Bax/Bcl2 expression ratio in the cardio-
myocytes, which results in myocardial injury [37]. Thus,
enhanced peroxynitrite formation due to activated iNOS/
NO signaling could contribute to the severe NO-induced
myocardial apoptosis during ischemia reperfusion (Figure 1).

Moreover, iNOS/NO signaling also plays a role in the
modulation of the inflammatory responses caused by ische-
mia reperfusion [38]. Accumulating evidence indicated that
the inflammatory response induces the release of inflamma-
tory cytokines/chemokines which can recruit inflammatory
cells like neutrophils and macrophages to migrate into the
ischemic myocardium and produce more proinflammatory
cytokines and chemokines, including TNF-α, IL-6, and
MCP-1, which further exacerbate myocardial ischemia
reperfusion injury [39]. Indeed, large amount of proinflam-
matory cytokines, such as IL-6 and TNF-α, are induced by
stimulated iNOS after ischemia reperfusion, which lead to

the heart tissue damage and extent ischemic myocardial
injury and apoptosis [32, 40, 41] (Figure 1).

2.2. The Beneficial Effect of iNOS/NO on Ischemia Reperfusion
Injury. In the past decade, a number of studies have focused on
the functionofNOinmyocardial ischemia and its role inmod-
ulating the severity of ischemia reperfusion injury in non-
preconditioned myocardium and proposed that iNOS/NO is
harmful and aggravates myocardial ischemia reperfusion
injury. However, overwhelming evidences have illustrated
that NO overexpression by iNOS may actually have a pro-
tective role in mediating the antistunning and anti-infarct
actions of ischemia-induced late preconditioning [42, 43].

Ischemic preconditioning is a well-described adaptive
response of the heart that can protect against ischemia
reperfusion injury through enhancing the ability to with-
stand a subsequent ischemic injury through a brief exposure
to ischemic [44]. Study demonstrated that ischemic precon-
ditioning upregulated iNOS expression in cardiomyocytes
[45], and in conscious rabbits, the beneficial effects of late
preconditioning against myocardial infarction were abro-
gated by the NOS inhibitor (Nw-nitro-L-arginine) and iNOS
inhibitors (aminoguanidine and S-methylisothiourea) [10,
46], suggesting that iNOS is an essential mediator of such
cardioprotective responses. Moreover, late preconditioning
can also be induced by NO donors, adenosine A (1) receptor
agonists stimulation via an iNOS-dependent pathway in the
isolated working heart from mice [47]. The lacking of
protective effect of adenosine A (1) receptor activation in
iNOS knockout mice additionally suggested a direct cause-
and-effect relationship of iNOS in adenosine-induced late
cardioprotection [8].

Whereas the mechanism whereby iNOS/NO during
ischemic preconditioning protects the myocardium against
ischemia reperfusion injury remains unclear, many hypothe-
ses have been put forth. The opening of mitochondrial ATP-
sensitive K+ (mitoKATP) channels has been demonstrated to
play a significant role in delayed ischemic preconditioning

Myocardial ischemia

cGMP

iNOS/NO

Prevent Ca2+ influx
Attenuate cardiac function

Peroxynitrite

Enhanced oxidative stress
Increased apoptosis

Pro-inflammatory responses

Ischemic myocardial injury

Figure 1: The detrimental effect of iNOS/NO on ischemia reperfusion injury. In response to myocardial ischemia, the upregulated iNOS-
derived NO enhanced the level of intracellular cGMP, resulting in a decrease in Ca2+ influx, which depresses myofilament sensitivity to
Ca2+ and subsequently attenuates cardiac contractile function. High levels of iNOS-derived NO also contribute to the formation of
peroxynitrite, which subsequently leads to significantly increased oxidative stress and severe myocardial apoptosis. Together with iNOS/
NO-mediated proinflammatory responses, these multiple actions of iNOS/NO exacerbate myocardial ischemia reperfusion injury.

3Oxidative Medicine and Cellular Longevity



(protection appears 24 h later) [48]. The usage of the mito-
KATP channel opener diazoxide in mouse heart significantly
activated iNOS and eNOS proteins through Akt/PI3 kinase
signaling, which contributes the improvement of cardiac
function and reduced apoptosis after ischemia reperfusion,
and diazoxide was totally ineffective in iNOS knockout mice,
suggesting that mitoKATP channel is an end effector of
cardioprotection during delayed ischemic preconditioning
[48, 49] (Figure 2). Furthermore, in wild type mice, ischemic
preconditioning reduced myocardial infarction size, while in
TNF-α knockout mice, such protective effects were abrogated
[50, 51]. Similar results were also observed in TNF-α receptor
knockout mice that the delayed cardioprotection against
myocardial ischemia disappeared [52, 53]. TNF-α adminis-
tration can also mimic the ischemic preconditioning and
reduce infarction size, although the protective effects of
TNF-α may only occur with low doses, but not higher doses
[54]. Interestingly, iNOS and TNF-α have been demon-
strated to be mutually regulated. NOS inhibition completely
abolished the increased myocardial TNF-α levels secondary
to coronary microembolization in a dog [55]. Exogenous
TNF-α can enhance iNOS expression and subsequently lead
to NO production in macrophage [56], and in transgenic
mice with cardiac-specific overexpression of TNF-α,
researchers demonstrated that the expression of iNOS as well
as its activity was increased when compared to the control
group [57]. Since myocardial ischemic reperfusion induced
the increment of iNOS expression and subsequently stimu-
lated TNF-α production, it is thus likely that iNOS/TNF-α
signaling mediates cardioprotection against ischemic/reper-
fusion injury (Figure 2). However, further studies are still
necessary to clarify this mechanism.

In addition, cyclooxygenase 2 (COX-2) has also been
proved to be a mediator of iNOS-mediated cardioprotection
during ischemic preconditioning [58]. COX-2 acts as a major
player in inflammatory reactions and has been demonstrated
to be highly expressed in the cardiac tissue during myocardial
ischemia [59, 60]. Indeed, COX-2 and COX-2-dependent

synthesis of prostanoids can mediate delayed precondition-
ing and play a role in cardioprotection [58]. In morphine-
induced delayed cardioprotection model, the infarct-
sparing effect after morphine administration was completely
abolished by N-398 (COX-2-specific inhibitor). Further-
more, knockout of iNOS gene or administration of iNOS
selective inhibitor (1400W) did not attenuate the increased
expression of COX-2 protein after morphine pretreatment
but completely abolished the upregulation of myocardial
PGE2 and 6-keto PGF1α, indicating that iNOS is essential
for the enzymatic activity of newly synthesized COX-2 fol-
lowing morphine pretreatment [58]. Taken together, these
findings suggested that COX-2 may be located downstream
of iNOS signaling in the protective pathway of delayed
cardioprotection induced by morphine [58] (Figure 2).

During myocardial ischemia, the enhanced iNOS expres-
sion could be a consequence of activation of Hypoxia-
inducible factor 1α (HIF-1α) signaling. HIF-1α is an
important regulator in myocardial ischemia reperfusion
injury in healthy hearts and can augment the purine signal-
ing to facilitate myocardial protection [61]. Natarajan and
colleagues showed the evidence that preserved HIF-1 can
attenuate cardiac ischemia reperfusion injury through an
iNOS-dependent preconditioning effect. Results demon-
strated that increasing transcriptional activity of HIF-1α
under normoxic conditions potently preconditions hearts
against ischemic stress, although HIF-1α was active in hyp-
oxic/ischemic states [62]. In addition, increasing HIF-1α
transcriptional activity and iNOS mRNA expression by
inhibition of HIF-1α-prolyl-4 hydroxylase-2 (PHD2) gene
expression significantly reduced myocardial infarction size
in mice with ischemia reperfusion, suggesting that the
activation of HIF-1α in hearts by PHD2 siRNA administra-
tion attenuated reperfusion injury through an iNOS-
dependent pathway [62]. Thus, enhanced cardiac iNOS
may be produced through HIF-1α pathway during ischemic
preconditioning (Figure 2).

3. Conclusion

Activation of iNOS/NO signaling exerts both protective and
detrimental effects during myocardial ischemia reperfusion
injury. The apparent controversy is possibly due to the
critical balance between NO and peroxynitrite (one bypro-
duct of NO degradation due to decreased NO bioavailability).
In particular, iNOS-derived NO plays a cardioprotective role
via its antioxidant and vasodilator effects in normal physio-
logical conditions. However, in response to myocardial ische-
mia, enhanced iNOS/NO production led to the formation of
peroxynitrite and its associated oxidative stress, which medi-
ated the detrimental effects of iNOS/NO, whereas ischemic
preconditioning markedly enhances the ability of the heart
to withstand a subsequent ischemic injury and is closely
associated with the upregulation of antioxidant defense sys-
tem, which eliminates the increased oxidative stress [63]. In
particular, the ischemic preconditioning suppresses the
subsequent overproduction of peroxynitrite and protects
the heart. Thus, the enhanced iNOS expression in conjunc-
tion with the elimination of oxidative stress switches iNOS

Ischemic preconditioning

iNOS/NO

TNF-�훼

Myocardial protection

HIF-1�훼

mitoKATP channel COX-2 dependent
prostanoids

Figure 2: The beneficial effect of iNOS/NO on ischemia reperfusion
injury. Enhanced iNOS-derived NOmay be produced through HIF-
1α signaling during ischemic preconditioning, resulting in the
opening of mitoKATP channels and increased level of TNF-α and
COX-2-dependent prostanoids, thereby mediating myocardial
protection.
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from detrimental to protective NOS. In the future, with
regard to the dual role of iNOS in myocardial ischemia
reperfusion injury, a better understanding of iNOS/NO
signaling is needed on how enhanced iNOS protects
against ischemic heart disease without triggering unwanted
side effects, with the aim to promote the development of
more effective therapeutic approaches to treat ischemic
heart diseases.
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Background. Liver transplantation leads to liver ischemia/reperfusion (I/R) injury, resulting in early graft dysfunction and failure.
Exacerbations of oxidative stress and inflammatory response are key processes in the development of liver I/R injury. Intravenous
anesthetic propofol potent effects on free radical scavenging and protects livers against I/R injury. However, the role and
mechanism of propofol-mediated hepatic protection in liver transplantation is poorly understood. The aim of this study was to
evaluate the role of propofol postconditioning in the liver I/R injury after liver transplantation. Methods. Forty-eight rats were
randomly divided into six groups: rats receiving either sham operation or orthotopic autologous liver transplantation (OALT) in
the absence or presence of propofol (high dose and low dose) postconditioning or intralipid control or VAS2870 (Nox2 special
inhibitor). Eight hours after OALT or sham operation, parameters of organ injury, oxidative stress, inflammation, and NADPH-
associated proteins were assessed. Results. After OALT, severe liver pathological injury was observed that was associated with
increases of serum AST and ALT, which were attenuated by propofol postconditioning. In addition, especially high dose of
propofol postconditioning reduced TNF-α, IL-1β, IL-6, TLR4, and NF-κB inflammatory pathway, accompanied with decrease of
neutrophil elastase activity, MPO activity, 8-isoprotane, p47phox and gp91phox protein expressions, and increase of SOD activity.
Inhibition of Nox2 by VAS2870 conferred similar protective effects in liver transplantation. Conclusion. Liver transplantation
leads to severe inflammation and oxidative stress with NADPH oxidase activation. Propofol postconditioning reduces liver I/R
injury after liver transplantation partly via inhibiting NADPH oxidase Nox2 and the subsequent inflammation and oxidative stress.

1. Introduction

Liver transplantation has become the effective surgical
treatment for patients with end-stage liver disease [1]. Liver
ischemia reperfusion (I/R) injury is a severe postoperative
complication during the early period after transplantation.
It leads to early graft dysfunction and failure, which further
results in acute and chronic rejection and irreversible death
[2]. Characterized by uncontrolled inflammatory response,
liver I/R injury promotes hypoxic hepatocyte reoxygenation
and reactive oxygen species (ROS) formation, which result
in neutrophil infiltration, robust ROS generation, and ulti-
mately programmed death of hepatocytes [3]. To date, the

mechanisms accounted for liver injury, especially I/R injury
during liver transplantation, are complicated and remained
unclear; strategies for preventing I/R injury are still lacking.
Hence, seeking protective intervention of I/R injury during
perioperative period is regarded urgent and profound scien-
tific significance and important clinical applications.

Propofol (2,6-diisopropylphenol) is widely used for
anesthesia induction and maintenance during periopera-
tion and sedation in intensive care unit (ICU) patients [4].
In addition to its clinical usages, propofol exerts anti-
inflammatory and antioxidative effectiveness basing on the
chemical group phenol [5]. In our previous study, we found
that propofol pretreatment could attenuate pulmonary
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oxidative stress induced by liver transplantation through
activating Nrf2 nuclear translocation and upregulating its
downstream of HO-1 antioxidant enzyme formation [6, 7].
However, in most clinical situations, propofol pretreatment
is not feasible while treatment at the onset or after induc-
tion of reperfusion, termed as postconditioning, is more
applicable [8], which has been proven as a promising
therapeutic strategy against ischemia/reperfusion damage.
Whether propofol postconditioning is crucial in reducing
oxidative stress in liver I/R injury and the underline mech-
anism remains unknown.

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Noxs) is one of the major sources of cellular
ROS, which has been identified to play an important role
in liver I/R injury [9]. Nox2 and Nox4 are two predomi-
nant Nox isoforms existing in hepatocytes in liver paren-
chyma [10]. Nox2-deficient mice showed lower mortality
rate than wild type group when subjected to hepatic I/R
injury. Whether Nox2 is correlated to liver transplantation-
induced hepatic oxidative stress and contributed to the anti-
oxidant property of propofol need to be verified.

Therefore, the current study observed the effects of pro-
pofol postconditioning on liver I/R injury induced by liver
transplantation and further explored the potential mecha-
nism whether the protective effects provided by propofol
postconditioning are associated with Nox2-related oxidative
stress pathway.

2. Materials and Methods

2.1. Experimental Protocols. Male Sprague-Dawley rats
(220–250 g, 8 weeks) obtained from Medical Experimental
Animal Center of Guangdong Province (Guangzhou, China)
were housed in the animal room of Zhongshan Medical
School (Guangzhou, China). Rats were fasted for 8 hours
prior to the study but were allowed to access tap water ad libi-
tum. All the animal care and research protocols were
approved by the Institutional Animal Care and Use Commit-
tee of Sun Yat-sen University (Guangzhou, China) and per-
formed in accordance with National Institutes of Health
guidelines for the use of experimental animals.

The orthotopic autologous liver transplantation (OALT)
model was carried out according to our previous study
[11, 12]. Rats were randomly divided into six groups
(n = 8) as follows: sham-operated control (sham) and OALT,
OALT treated with intralipid (OALT+ INT), OALT treated
with high dose of propofol (OALT+HPro), OALT treated
with low dose of propofol (OALT+LPro), and OALT treated
with VAS2870 (OALT+VAS). High dose (40mg/kg/h) or
low dose (20mg/kg/h) of propofol [13] or the same volume
of intralipid was administrated continuous via tail vein for
30min at the onset of reperfusion. Some of the rats were
treated with specific Nox2 inhibitor VAS2870 (2mg/kg,
Sigma, USA) [14] intravenously after reperfusion.

2.2. Sample Harvest. Blood and liver samples were harvested
eight hours after reperfusion. Under general anesthesia, ani-
mals were euthanized by a lethal injection of sodium pento-
barbital. The blood was collected from carotid artery into

heparinized tubes and then centrifuged for 15min at 2000g
(4°C). The supernatants were collected and stored at −80°C
until measurement. Median hepatic lobes were immediately
andpromptly taken out (about 0.5 cm3), washed in cold saline,
fixed in 10% formalin solution, dehydrated in ascending
grades of alcohol, and then embedded in paraffin. The residual
parts of liver tissue were harvested and stored at −80°C
until further measurement.

2.3. Serum Aspartate Aminotransferase (AST) and Alanine
Aminotransferase (ALT) Levels. The activity of AST and
ALT in serum, indicators of liver cellular damage, was mea-
sured by a clinical chemistry analyzer system.

2.4. Histological Examination of Liver Sections. Median
hepatic lobes were fixed in 4% buffered formalin. After
embedding and cutting of 4μm slices, all samples were
stained with hematoxylin/eosin. The staining sections were
visualized and images were acquired using a microscope with
10x and 40x objectives. Histological evaluation was per-
formed in a blinded manner. The severity of liver injury
was graded with modified Suzuki criteria [15].

2.5. Assay of Inflammatory Cytokines and Oxidative Stress
Markers. Part of the liver was homogenized with a Potter
liver homogenizer at 500 g and centrifuged at 800g for
10min. The supernatant was pipetted into a fresh Eppendorf
cup for the detection of cytokines. Inflammatory cytokines
including TNF-α, IL-1β, and IL-6 in the liver were quantified
with commercial ELISA kits (KeyGen BioTech, China). And
the neutrophil elastase and 8-isoprostane were detected using
ELISA kits (Cayman Chemical). Superoxide dismutase
(SOD) andmyeloperoxidase (MPO) activities were measured
according to our previous methods [16].

2.6. Immunohistochemical Staining of p47phox. Immunohisto-
chemical staining was performed in a previous study [16].
Liver tissue sections were deparaffinized, hydrated, and
incubated at 4°C overnight with a p47phox primary antibody
(Cell Signaling Technology, Danvers, USA, diluted 1 : 500),
followed by incubation with a horseradish peroxidase-
coupled anti-rabbit IgG secondary antibody at room temper-
ature for 2 hours and then colored with diaminobenzidine
(DAB) for 3 minutes. Phosphate-buffered saline (PBS) was
used to replace primary antibody in the negative control.
DAB staining intensity was observed under light microscope
(Leica Microsystems Digital Imaging, Cambridge, UK) and
assessed with a microscopic image analysis system (ImageJ,
National Institutes of Health, USA).

2.7. TUNEL for DNA Fragmentation. The nuclear DNA
fragmentation, a specific biochemical hallmark of apoptosis,
was labeled by TUNEL staining with a Dead End Fluoromet-
ric TUNEL system kit (Promega Corp., Madison, Wisconsin,
USA) according to the manufacturer’s protocol and our
previous study [17]. Liver sections were incubated with
proteinase K solution (20μg/ml in PBS) at room tempera-
ture for 10minutes after deparaffinization and hydration.
TUNEL labeling was conducted with a 100μl mix of equil-
ibration buffer, nucleotide mix, and recombinant terminal
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deoxynucleotidyl transferase (rTdT) enzyme (the volume
ratio was 45 : 5 : 1) in a humidified, lucifugal chamber for 1
hour at 37°C, from which step to the end of experiment, the
slides were protected from direct light. The reaction was ter-
minated by immersing the slides in a 2× SSC buffer for 15
minutes at room temperature and then were rinsed with
PBS. Nuclear was visualized by DAPI staining. The liver tis-
sues were covered by an antifade solution and mounted by
glass coverslips with clear nail polish sealing the edges. The
slides were immediately analyzed by a fluorescence micro-
scope and then stored at −20°C in dark if necessary.

2.8. Immunoblotting. Western blot analysis was performed
in our previous studies [18]. In brief, the hepatic tissues
were homogenized and nuclear proteins were extracted
with a Nuclear-Cytosol Extraction kit (Applygen Technol-
ogy Inc., Beijing, China) according to the manufacturer’s
instructions. The protein concentration had been deter-
mined by the BCA protein assay (Bio-Rad, Hemel Hemp-
stead, Herts, UK). Sixty micrograms of each protein
sample was subjected to Western blot analysis using the
following primary antibodies incubated overnight at 4°C:
anti-gp91phox at 1 : 8000 dilution (Cell Signaling Technol-
ogy Inc.), anti-p47phox at 1 : 1000 dilution (Cell Signaling
Technology Inc.), anti-Na/K-ATPase at 1 : 1000 dilution
(Cell Signaling Technology Inc.), anti-cleaved caspase-3
at 1 : 1000 dilution (Cell Signaling Technology Inc.), anti-
procaspase-3 at 1 : 1000 dilution (Cell Signaling Technol-
ogy Inc.), anti-nuclear factor kappa B (NF-κB) p65 at
1 : 1000 dilution (Cell Signaling Technology Inc.), anti-
Toll-like receptor 4 (TLR4) at 1 : 1000 dilution (Santa Cruz
Biotechnology Inc.), and anti-β-actin at 1 : 1500 dilution
(Merck Millipore, Germany). The secondary antibodies
were goat anti-mouse or anti-rabbit IgG antibodies at 1:
2000 dilution (Thermo Fisher Scientific, Fremont, CA,
USA). The enhanced chemiluminescence system was used
to detect the protein-antibody complex (KGP1125, Nanjing
KeyGEN Biotech. Co. Ltd.). The AlphaView software (Cell
Biosciences, Santa Clara, CA) was used to measure the
optical density of the interesting protein band signals
which were correlated to the protein levels and normalized
to those of β-actin.

2.9. Analysis of Data. Data were expressed as means± SD.
Statistical significance among groups was determined by
one-way ANOVA followed by Newman-Keuls post hoc anal-
ysis using the GraphPad Prism 6 software (San Diego, CA,
USA). Statistical significance was accepted at P < 0 05.

3. Results

3.1. Propofol Postconditioning Reduced Liver Injury after
OALT. As shown in Figure 1, compared with the sham
group, there was a massive cellular necrosis (Table 1) in
the centrilobular regions of the livers at 8 hours after OALT,
accompanied with severe cell ballooning and infiltration of
inflammatory cell, which was assessed and scaled according
to the modified Suzuki criteria (P < 0 01 vs. the sham group).
Propofol postconditioning, especially administrated at high
dose (40mg/kg/h), significantly reduced the extent of necro-
sis, cell ballooning, and inflammatory cell infiltration
(P < 0 01 vs. the OALT group or intralipid group). Similarly,
the Nox2 inhibitor VAS2870 exerted the same protective
effects in the livers against I/R injury following OALT, evi-
denced by ameliorated cell necrosis, cell ballooning, and
inflammatory cell infiltration (P < 0 05 vs. the OALT group).
Consisted with the pathological results, as shown in
Figures 2(a) and 2(b), high dose of propofol dramatically
attenuated AST and ALT levels compared with the OALT
group or intralipid group. These results indicated that propo-
fol postconditioning and Nox2 inhibition could both provide
liver protection in the early stage of OALT.

3.2. Nox2 Inhibition Was Involved in the Protective Effects
Conferred by Propofol Postconditioning. In order to test
whether the antioxidative effect of propofol postconditioning
was linked to Nox2, the Nox2 subunits p47phox on cell mem-
brane and gp91phox in cytoplasm were detected. As shown in
Figures 3(a)–3(d), OALT leads to upregulation of p47phox

and gp91phox protein expressions, while propofol postcondi-
tioning significantly decreased these two Nox2 subunit
protein expressions in the liver following OALT. More-
over, Nox2 specific inhibitor VAS2870 was used as a pos-
itive control showing dramatically inhibition of p47phox

and gp91phox protein expressions after VAS2870 treatment.

(a) (b) (c) (d) (e) (f)

Sham OALT OALT+INT OALT+Hpro OALT+Lpro OALT+VAS

(g) (h) (i) (j) (k) (l)

Figure 1: Representative photomicrographs of the livers after 8 hours of OALT. The liver tissue sections were stained with hematoxylin and
eosin (H&E staining, 100x and 400x). n = 8 per group. #P < 0 01 vs. the sham group; ∗P < 0 05 and ∗∗P < 0 01 vs. the OALT group.
HPro = high dose of propofol; LPro = low dose of propofol; INT= intralipid; VAS=VAS2870; OALT= orthotopic autologous liver
transplantation.
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Taken together, these results revealed that propofol post-
conditioning may reduce hepatic oxidative stress via inhi-
biting NADPH oxidase Nox2 activity and the subsequent
ROS generation.

3.3. Propofol Postconditioning Attenuated Liver Inflammatory
Response following OALT. According to the pathological
results, we found inflammatory infiltration during liver
injury in the early stage of OALT; we then tested the
inflammatory cytokines and inflammation-related TLR4/
NF-κB pathway. As shown in Figures 4(a)–4(c), hepatic
proinflammatory cytokines TNF-α, IL-1β, and IL-6 were
all increased in the OALT group. Propofol postcondition-
ing of both doses but not intralipid treatment significantly
reduced the releases of proinflammatory cytokines com-
pared to the OALT group. Treatment with Nox2 inhibitor

VAS2870 presented similar anti-inflammation effects with
decrease of levels of cytokines TNF-α, IL-1β, and IL-6. Both
propofol postconditioning and Nox2 inhibition could inhibit
the TLR4/NF-κB inflammatory pathway, evidenced by
reduced nuclear protein expressions of NF-κB p65 protein
and downregulated total TLR4 expression (Figures 4(d)–4(f))
(P < 0 05 vs. OALT).

3.4. Propofol Postconditioning Mitigated Neutrophil
Infiltration and Hepatic Oxidative Stress. ROS scavenging
is one of the characteristics of propofol. In order to detect
the antioxidative effects of propofol postconditioning on
liver I/R injury after OALT, neutrophil infiltration and
hepatic oxidative stress were measured. As shown in
Figures 5(a) and 5(b), hepatic neutrophil elastase (NE) activ-
ity and MPO activity, both of which were associated with
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Figure 2: Serum alanine aminotransferase (ALT) (a) and aspartate aminotransferase (AST) (b) levels of experimental rats 8 hours after
OALT. The results are expressed as the mean ± SD. n = 8 per group. #P < 0 01 vs. the sham group; ∗P < 0 05 and ∗∗P < 0 01 vs. the OALT
group. HPro = high dose of propofol; LPro = low dose of propofol; INT= intralipid; VAS =VAS2870; OALT= orthotopic autologous liver
transplantation.

Table 1: Histological score of liver injury by OALT.

Groups
Centrilobular cell death Ballooning Inflammation

Grade
Average

Grade
Average

Grade
Average

+3 +2 +1 0 +3 +2 +1 0 +3 +2 +1 0

Sham 0 0 0 8 (100) 0 0 0 0 8 (100) 0 0 0 0 8 (100) 0

OALT 2 (25) 3 (38) 3 (38) 0 (0) 1.9# 3 (38) 3 (38) 2 (25) 0 (0) 2.1# 5 (63) 2 (25) 1 (13) 0 (0) 2.5#

OALT+ INT 2 (25) 4 (50) 2 (25) 0 (0) 2.0# 2 (25) 4 (50) 2 (25) 0 (0) 2.0# 4 (50) 3 (38) 1 (13) 0 (0) 2.4#

OALT+HPro 0 (0) 1 (13) 6 (75) 1 (13) 1.0∗∗ 0 (0) 1 (13) 7 (88) 0 (0) 1.1∗∗ 0 (0) 2 (25) 5 (63) 1 (13) 1.1∗∗

OALT+LPro 0 (0) 1 (13) 7 (88) 0 (0) 1.1∗∗ 0 (0) 2 (25) 6 (75) 0 (0) 1.3∗ 0 (0) 4 (50) 4 (50) 0 (0) 1.5∗

OALT+VAS 0 (0) 2 (25) 6 (75) 0 (0) 1.3∗ 0 (0) 2 (25) 5 (63) 1 (13) 1.1∗∗ 0 (0) 3 (38) 4 (50) 1 (13) 1.3∗

Numbers of rats are shown, with percentages enclosed within parenthesis. Grade indication: no change (0), mild (1), moderate (2), and severe (3). #P < 0 01 vs.
the sham group, ∗P < 0 05 vs. the OALT group, and ∗∗P < 0 01 vs. the OALT group.
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neutrophil infiltration, were significantly elevated in rats sub-
jected to OALT. Both propofol postconditioning and
VAS2870 treatment inhibited neutrophil infiltration caused
by OALT and reduced lipid peroxidation product 8-
isoprostane generation and increased SOD activity
(Figures 5(c) and 5(d)) in the livers (P < 0 05 vs. OALT).
These results indicated that propofol postconditioning and
Nox2 inhibition protected the liver from oxidative stress via
reduced neutrophil infiltration and ROS generation.

3.5. Propofol Postconditioning Protected Hepatocytes from
Apoptosis. Oxidative stress and inflammation can finally lead
to hepatocyte apoptosis or necrosis and cause liver I/R injury.
As shown in Figures 6(a)–6(c), we identified a significant
amount of cell apoptosis occurred in the liver following
OALT compared to the sham group (P < 0 01 vs. the sham
group). High dose of propofol postconditioning signifi-
cantly reduced the number of apoptotic cells, which was
consistent with the decrease of cleaved caspase-3/procas-
pase-3 ratio. Similarly, Nox2 inhibition by VAS2870 reduced
hepatocyte apoptosis compared to the OALT group. These
results indicated that propofol postconditioning reduced
hepatocyte ROS generation and finally protected hepatocyte
from apoptosis.

4. Discussion

In the current study, we demonstrated that propofol post-
conditioning reduced hepatocellular apoptosis after liver
transplantation and its antioxidative property was related to
inhibition of NADPH oxidase. We established an OALT
model to mimic clinical liver transplantation and then
detected the hepatic pathology, oxidative mediators, and
inflammation response including TLR4/NF-κB signaling
pathway. To further clarify the protective effects of propofol,
VAS2870, a specific inhibitor of NADPH oxidase Nox2, was
used as a positive control. Our results suggested that propofol
postconditioning exerted protective effects against liver
injury following OALT. And inhibition of Nox2 maybe a
possible mechanism for liver protection conferred by propo-
fol postconditioning (Figure 7).

Liver I/R injury has been identified as one of the most
important factors to the etiology after liver transplantation,
which contributes to early graft dysfunction and failure [19].
I/R processed is triggered when a donor liver is transiently
deprived of oxygen and reoxygenation, leading to uncon-
trolled inflammatory response and reactive oxygen species
release in the early stages of reperfusion [20]. In the present
study, we found dramatically increased hepatic inflammatory
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Figure 3: Hepatic NADPH oxidase expression changed due to OALT. Protein p47phox expression was detected by immunohistochemistry
method (a). The amount of protein p47phox was calculated by gray scanning and was analyzed (b). Protein gp91phox expression was
detected by Western blot method (c). The amount of protein gp91phox was calculated by gray scanning and was analyzed (d). The results
are expressed as the mean± SD. n = 8 per group. #P < 0 01 vs. the sham group; ∗P < 0 05 and ∗∗P < 0 01 vs. the OALT group. HPro = high
dose of propofol; LPro = low dose of propofol; INT= intralipid; VAS=VAS2870; OALT= orthotopic autologous liver transplantation.
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cytokines includingTNF-α, IL-1β, and IL-6aswell as activated
TLR4/NF-κB signaling pathway after OALT. These cytokines
were proved to be vital to the initiation and propagation
of liver I/R injury, whose main role was to recruit circulat-
ing neutrophils to the injured liver tissue during reperfu-
sion [21]. In our study, hepatic MPO and neutrophil elastase
were increased, which indicated that neutrophil extensively
infiltrates the liver in the early stage ofOALT.Alongwith neu-
trophil infiltration was excessive ROS generation and subse-
quent oxygen-derived product formation [22].

Strong evidences have illustrated the importance of ROS
in pathogenesis of liver I/R injury [23, 24]. One of the cur-
rently promising intervention strategies is ischemic precon-
ditioning (IPC), which is an intrinsic process whereby
repeated short episode of ischemia to protect the liver against
subsequent ischemia [25]. However, IPC may lead to poten-
tial vascular injury and thermogenesis [26]. We previously
used propofol pretreatment during liver transplantation
and found that propofol protected the lung from oxidative
stress via enhancing antioxidant enzyme HO-1 expression.
However, it takes several days to pretreat with propofol
but most liver transplantations are emergency operations
[6, 7]. Thus, we preferred propofol postconditioning and

demonstrated its protective function in reducing early liver
damage after transplantation. In the model of rats’ middle
cerebral artery occlusion, it has proved that propofol post-
conditioning (20mg/kg/h for 2 hours at the onset of reperfu-
sion) led to long-term recovery of brain functions and
upregulating the activity of the PKMζ/KCC2 pathway [27].
Li et al. found that propofol postconditioning enhanced cell
viability and alleviated apoptosis to protect cardiomyocytes
against hypoxia/reoxygenation injury through ERK signaling
pathway [28]. Of interest, Li et al. found that alternative use
of isoflurane and propofol conferred superior cardioprotec-
tion against postischemic myocardial injury and dysfunction,
and this function was probably mediated through attenu-
ating cardiac oxidative damage [29], which indicated that
anesthesia may play an important role in organ protection
during I/R injury.

NADPH oxidase activation and subsequent ROS forma-
tion are important upstreameventswhich canactivate hepato-
cytes andamplify theproductionofmultiple proinflammatory
cytokines, such as TNF-α or interlukin-1β [30]. Hepatic
NADPHoxidase activationand theROSproductionhavebeen
implicated as critical regulators of liver I/R injury [23].
Although propofol has been shown to reduce oxidative stress
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Figure 4: Hepatic inflammatory response after OALT. Proinflammatory cytokines TNF-α (a), IL-1β (b), and IL-6 (c) levels were measured by
ELISAassay.CytoplasmandnuclearNF-κBp65 andTLR4proteinswere detected byWesternblot (d). The amount of target proteinsNF-κBp65
(e) andTLR4(f)wascalculatedbygray scanningandwasanalyzed.n = 8pergroup.#P < 0 01vs. the shamgroup; ∗P < 0 05and∗∗P < 0 01vs. the
OALT group. HPro = high dose of propofol; LPro = low dose of propofol; INT= intralipid; VAS=VAS2870; OALT= orthotopic autologous
liver transplantation.
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as an ROS scavenger, the current study shows that propofol
can also suppress Nox2 to reduce the consequent production
of ROS. Notably, propofol downregulated the hepatic expres-
sion of the NADPH oxidase membrane components p47phox

and glycosylated subunit gp91phox afterOALT.We speculated
that thismay be an important mechanism of propofol actions.
Luo et al. showed that siRNA silencing of p22phox significantly
attenuated the protective effects of propofol [31]. Recent stud-
ies have also identified other receptors as potential molecular
targets of propofol including nicotinic and M1 muscarinic
receptors [32, 33]. Whether these receptors act as upstream
regulators, NADPH oxidase remains to be determined.

Of note, in the current study, the OALT model is superior
in mimicking the pathophysiological variation during liver
ischemia/reperfusion in liver transplantation and ischemia/
reperfusion-mediated liver injury without interference of
immunoactivities between grafts and hosts. However, as the
cold ischemia time in this model is about 20 minutes, so it is
not able to represent the long (6 to 8 hours) cold preservation
time that occurs in the liver graft before being transplanted.
Propofol postconditioning was performed at the onset of

reperfusion with continuous infusion for 30min and proved
to be protective against liver I/R injury. However, whether the
dose and the duration we chose was the best intervention
required further investigation. Moreover, although we have
confirmed that the protective effect of propofol postcondition-
ing was related to Nox2 activity inhibition, whether it acts on
the other NADPH oxidase subunit such as Nox4 also remains
unknown. It is also still unclear that how propofol acts on
Nox2, directly or indirectly. Those questions remain unan-
swered. More studies will be involved to clarify these mecha-
nisms and make this intervention more safe and reliable.

In summary, liver transplantation leads to severe inflam-
mation and oxidative stress accompanied with NADPH oxi-
dase Nox2 activation. Propofol postconditioning exerted
prominently protective function against the I/R injury after
liver transplantation, which presented as lower levels of
inflammatory mediators and oxidative products accompa-
nied with less neutrophil filtration and weaker induction of
Nox2. Collectively, propofol postconditioning had been
proved to reduce liver inflammation and oxidative stress
probably via inhibiting NADPH oxidase Nox2.
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Figure 5: Neutrophil infiltration and oxidative stress in the liver. Neutrophil elastase (NE) (a) and myeloperoxidase (MPO) (b) activities
reflected neutrophil infiltration. 8-Isoprostane (c) and superoxide dismutase (SOD) (d) were detected to reflect hepatic oxidative stress
level. n = 8 per group. #P < 0 01 vs. the sham group; ∗P < 0 05 and ∗∗P < 0 01 vs. the OALT group. HPro = high dose of propofol;
LPro = low dose of propofol; INT= intralipid; VAS =VAS2870; OALT= orthotopic autologous liver transplantation.
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Figure 6: Propofol postconditioning protected hepatocyte from apoptosis. Fluorescent TUNEL staining of liver tissue (40x) (a). Cleaved
caspase-3 and procaspase-3 proteins were detected by Western blot method (b). The amount of target proteins cleaved caspase-3 and
procaspase-3 was calculated by gray scanning and was analyzed (c). The results are expressed as the mean± SD. n = 8 per group. #P < 0 01
vs. the sham group; ∗P < 0 05 and ∗∗P < 0 01 vs. the OALT group. HPro = high dose of propofol; LPro = low dose of propofol;
INT= intralipid; VAS =VAS2870; OALT= orthotopic autologous liver transplantation.
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Figure 7: Propofol postconditioning reduces liver injury and the possible mechanisms. Under hepatic I/R condition, NADPH oxidase and
TLR4/NF-κB pathway are activated. Endogenously, ROS were generated due to NADPH oxidase activation, resulting in the caspase-3-
related apoptosis pathway as well as NF-κB pathway activation. Amount of proinflammatory cytokines was produced after NF-κB p65
pathway activation. Propofol postconditioning inhibited Nox2 (gp91phox and p47phox) which could lead to downregulation of ROS
generation and finally reduced hepatic I/R injury.
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Cardiac stem cells (CSCs) have emerged as one of the most promising stem cells for cardiac protection. Recently, exosomes from
bone marrow-derived mesenchymal stem cells (BMSCs) have been found to facilitate cell proliferation and survival by transporting
various bioactive molecules, including microRNAs (miRs). In this study, we found that BMSC-derived exosomes (BMSC-exos)
significantly decreased apoptosis rates and reactive oxygen species (ROS) production in CSCs after oxidative stress injury.
Moreover, a stronger effect was induced by exosomes collected from BMSCs cultured under hypoxic conditions (Hypoxic-exos)
than those collected from BMSCs cultured under normal conditions (Nor-exos). We also observed greater miR-214 enrichment
in Hypoxic-exos than in Nor-exos. In addition, a miR-214 inhibitor or mimics added to modulate miR-214 levels in BMSC-exos
revealed that exosomes from miR-214-depleted BMSCs partially reversed the effects of hypoxia-induced exosomes on oxidative
damage in CSCs. These data further confirmed that miR-214 is the main effector molecule in BMSC-exos that protects CSCs
from oxidative damage. miR-214 mimic and inhibitor transfection assays verified that CaMKII is a target gene of miR-214 in
CSCs, with exosome-pretreated CSCs exhibiting increased miR-214 levels but decreased CaMKII levels. Therefore, the miR-214/
CaMKII axis regulates oxidative stress-related injury in CSCs, such as apoptosis, calcium homeostasis disequilibrium, and
excessive ROS accumulation. Collectively, these findings suggest that BMSCs release miR-214-containing exosomes to suppress
oxidative stress injury in CSCs through CaMKII silencing.

1. Introduction

The endogenous myocardial repair response to injury has
been reported to be involved in the activation and differ-
entiation of resident cardiac stem cells (CSCs) [1–3], and
preclinical and clinical studies have provided abundant
evidence for the ability of CSCs to improve cardiac function
[4–8]. Despite this impressive cardiac repair capacity of
CSCs, the poor survival and low retention of CSCs hinder
functional improvements and cardiac outcomes [7, 9, 10].
The factors contributing to the poor survival of donor cells
are complex and include inflammation, reactive oxygen

species (ROS) release, Ca2+ homeostasis disruption, and acti-
vation of mitochondrial apoptosis and necrosis [8, 11–13].
Thus, exploring powerful strategies that facilitate CSC-
based therapy in the ischemic myocardium is critical.

Over the past few years, several experimental studies have
demonstrated that bone marrow-derived mesenchymal stem
cells (BMSCs) release specialized nanosized membranous
vesicles, termed exosomes, that improve cardiac function in
the damaged heart [14]. These membrane-bound vesicles
with a 30–100 nm diameter are released from many cell types
and deliver many bioactive molecules, including microRNAs
(miRs) and long noncoding RNAs (lncRNAs) as well as
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nutritional elements. As intracellular messengers, exosomes
play an important role in cell-to-cell communication, ensur-
ing that information is transferred from donor cells to
recipient cells and enabling cells to react to environmental
changes [15]. Recently, an increasing number of studies have
suggested that the predominant role of paracrine secretion is
to release exosomes from BMSCs (called BMSC-exos), which
can improve cardiac function after myocardial infarction
(MI) [15, 16]. In addition, exosomes can stimulate the prolif-
eration, migration, and angiogenic potency of CSCs in vitro
and in vivo, and miRs shuttled by exosomes may play an
important role in these processes [17].

miRs are endogenous, single-stranded noncoding RNAs
that consist of 20–22 nucleotides and have key roles in inhi-
biting translation or promoting the mRNA degradation of
target genes [18, 19]. An increasing number of studies show
that exosomes can serve as vehicles for miR transfer and
mediate intercellular communication [20]. However, exoso-
mal miRs vary widely across different cell types and patho-
logical conditions because of preconditioning or genetic
manipulation of parent BMSCs [21, 22], and these changes
in exosomes might completely reverse the fate of target cells.
Exosomes derived from stem cells cultured under hypoxic
conditions have a greater reparative capacity than exosomes
from normal cells, and microarray and principle component
analyses of exosomes secreted by hypoxic medium strongly
suggest that exosomal miRs are responsible for altering
physiological effects [23]. Nonetheless, very few studies have
focused on the regulatory ability of BMSC-exos pretreated
with hypoxia to protect against oxidative damage in CSCs
under conditions of oxidative stress. In addition, the systemic

regulation and function of exosomal miRs in protecting CSCs
under H2O2-induced oxidative stress are poorly understood.

Many studies have shown that miR-214 is sensitive to
cardiac stress and is upregulated in cardiac injury, and this
upregulation of miR-214 has been reported to protect cardiac
myocytes from H2O2-induced injury [24]. Importantly,
endothelial cell-secreted exosomes promote endothelial cell
migration and angiogenesis in vitro and in vivo through
miR-214 transfer by repressing mutated ataxia telangiectasia
(AT) expression in recipient cells [25]. Additionally, one
study confirmed that miR-214 suppresses both NCX1 and
proapoptotic effectors of Ca2+ signaling pathways such as
calcium/calmodulin-dependent protein kinase II (CaMKII),
cyclophilin D (CypD), and BIM [11]. Among these factors,
CaMKII has emerged as an MI- and a ROS-activated signal-
ing molecule that regulates apoptotic gene expression after
MI [26, 27]. Furthermore, an apoptotic pathway involved in
ROS overproduction via CaMKII activation was recently
discovered [28, 29].

Considering the potential role of BMSC-exos in cardio-
protection and the effects of miR-214 on regulating oxidative
stress-mediated injury at the translational level in many cell
types, we focused on investigating whether miR-214 expres-
sion in BMSC-exos is sensitive to hypoxic stimulation and
whether miR-214-enriched exosomes play a protective role
against H2O2-induced CSC apoptosis and ROS production
and participate in Ca2+ homeostasis by targeting CaMKII.
The findings provide new insight into the molecular basis
of cell therapy in ischemic cardiomyopathy (Figure 1).

(In brief, bone marrow-derived mesenchymal stem
cells shed exosomes containing MiR-214 which targets on
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CaMKII mRNA 3′UTR to downregulate gene expression
in recipient cardiac stem cells that ultimately results in
suppressing oxidative stress as well as apoptosis).

2. Materials and Methods

2.1. Animals. Sprague-Dawley rats (male and female, approx-
imately 3 weeks old, 45–60 g) were purchased and fed at
Zunyi Medical College (Zunyi, China). All experimental pro-
cedures were performed according to the “Guide for the Care
and Use of Laboratory Animals” in China and were approved
by the local Experimental Animal Care and Use Committee.

2.2. Materials. Collagenase type II was from Sigma (USA).
Trypsin was from Gibco (USA). Penicillin and streptomycin
were from Solarbio (China). Ham’s/F-12 medium and
fetal bovine serum (FBS) were purchased from HyClone
(USA). Low-glucose Dulbecco’s modified Eagle’s medium
(L-DMEM) was from Gibco (USA). Fibroblast growth
factor was obtained from PeproTech (USA). Leukocyte
inhibitory factor was produced by Gibco (USA). The rabbit
anti-rat c-kit+ primary antibody was supplied by Biorbyt
(UK). M-280 beads conjugated to a sheep anti-rabbit
secondary antibody were from Dynal Biotech (Norway).
PE-conjugated anti-CD34 and anti-CD45, anti-CD63, anti-
CD9, and anti-Alix antibodies were purchased from Abcam
(USA). DiI was from Invitrogen (USA). miR-214 mimics,
inhibitors, and scrambled controls were synthesized by Ribo-
Bio (China). Lipofectamine 2000 was from Invitrogen (USA).
The primers, miR reverse transcription kit, and qRT-PCR kit
were from Sangon Biotech (China). Anti-pro Caspase-3,
anti-cleaved Caspase-3, anti-CaMKII, anti-Bax, anti-Bcl-2,
anti-β-actin, anti-GAPDH primary antibodies, and other
secondary antibodies were obtained from Boster (China).
Synthesized siRNA against CaMKII (siRCaMKII), CaMKII
and negative control RNA were from GeneCopoeia (MD).
Lentiviruses and empty vectors were synthesized by Hanbio
(China). The ROS assay kit was from Sigma (USA), and the
Annexin V-FITC apoptosis detection kit was from Solarbio
(China). Fluo-8 was purchased from AAT Bioquest (USA).
Superoxide dismutase (SOD) and malondialdehyde (MDA)
commercial kits were from Jiancheng Bioengineering Insti-
tute (China). The in situ cell death detection kit was
purchased from Sigma (USA), and unlisted reagents were
of analytical grade.

2.3. Isolation and Culture of C-Kit+ CSCs and Establishment
of the H2O2 Oxidative Stress Model. CSCs were isolated [17]
and purified [30] using our previously published methods.
The rats were deeply anesthetized with sevoflurane, and the
atrial appendage was sliced and digested with 0.1% collage-
nase type II (Sigma, USA). After approximately 40 minutes
(min) of digestion at 37°C, the cells were collected by sedi-
mentation at 1200 rpm for 5min. Then, the cells from the
atrial appendage were incubated in a humid chamber in
Ham’s/F12 medium containing 10% FBS, 1% penicillin and
streptomycin, 1% L-glutamine, 20 ng/ml human recombi-
nant fibroblast growth factor, 20 ng/ml leukocyte inhibitory
factor, and 10ng/ml epidermal growth factor (EGF). When

the cells reached> 90% confluence, they were suspended by
trypsinization. Then, CSCs were incubated with a rabbit
anti-c-kit antibody (1 : 250 in F12 medium) for 1 hour (h)
and sorted with anti-rabbit secondary antibody conjugated
to 2.8μm magnetic beads (Dynal Biotech, Norway) for
30min according to the manufacturer’s protocols. The
purified c-kit+ CSCs were cultured in F12 medium. Flow
cytometry (FCM) was used to confirm the surface markers
on the c-kit+ CSCs. The cells were incubated with the
following fluorochrome-conjugated primary antibodies and
anti-c-kit IgG-APC secondary antibody (all from BioLegend,
USA): anti-CD34-PE, anti-CD45-PE, and anti-c-kit. The
CSCs were exposed to 100μM H2O2 for 2 h to establish
oxidative stress conditions for subsequent experiments.

2.4. BMSC Isolation, Purification, and Hypoxia
Preconditioning. Total bone marrow cells were flushed from
the femurs and tibias of rats (2- to 4-month-old) with culture
medium; the rats were sacrificed via sevoflurane overdose as
previously described [31]. Complete L-DMEM containing
15% FBS, 100U/ml penicillin, and 100U/ml streptomycin
was used to resuspend the BMSCs, and then, the BMSCs
were incubated in a humid chamber. At 48 h, the first
medium change was performed to remove the nonadherent
cells. When the cells reached 90% confluence, they were
harvested with 0.25% trypsin (Sigma) and passaged at a
ratio of 1 : 2. FCM was performed to assess the BMSC sur-
face markers. The cells were incubated with the following
fluorochrome-conjugated primary antibodies (all from
BioLegend, USA): anti-CD90-PE, anti-CD29-APC, and
anti-CD45-PE. BMSCs from passage (P) 3 to P5 were used
for subsequent experiments.

The cells were stimulated with hypoxia, and cell via-
bility was detected [32]. Approximately 5× 105 BMSCs
suspended in L-DMEM were plated in 150mm-diameter
culture dishes. The cells were then separately cultured
under the conditions below for 12, 24, 48, 72, 96, or
120 h: 10% exosome-free FBS with hypoxia (94% N2,
5% CO2, and 1% O2 gas mixture). BMSC viability was
analyzed with CCK-8 assays. Briefly, adherent cells were
digested with 0.05% trypsin and collected for CCK-8
assay according to the manufacturer’s instructions.

2.5. Purification and Identification of BMSC-Exos. The
BMSC-exo extraction procedures were as previously
described [33]. The BMSCs were cultured in L-DMEM
supplemented with 10% FBS that had been previously centri-
fuged at 100,000 to 110,000g for 8 to 10 h to eliminate preex-
isting bovine-derived exosomes [9]. Conditioned culture
medium (50ml) containing 10% exosome-free FBS was used
to culture BMSCs for 48h; the BMSCs were grown to 90%
confluence and allowed to become quiescent for 12 h. The
plated cells were subjected to normoxic or hypoxic condi-
tions for 48 h. After conditioning, the media were subjected
to sequential centrifugation (Optima XPN-100 ultracen-
trifuge; Beckman Coulter SW 41 Ti rotor) at 10,000g
for 35min to remove cell debris and at 100,000g for
70min, followed by 2 washes in phosphate-buffered
saline (PBS) (100,000g for 70min). The exosomes were
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resuspended in 20μl of PBS and stored at −80°C. The amount
of BMSC-exos was detected by measuring the total protein
content by using a bicinchoninic acid (BCA) protein assay
kit (Pierce). The exosomes were observed directly under a
transmission electron microscope (TEM, Hitachi H7500,
Tokyo, Japan). In addition, the BMSC-exos were identified
by Western blotting with anti-CD63, anti-CD9, and anti-
Alix antibodies (all purchased from Abcam).

2.6. Nanoparticle Tracking Analysis. The absolute exosome
size distribution was analyzed using a NanoSight NS300
(Malvern, UK). With nanoparticle tracking analysis (NTA),
the particles are automatically tracked and sized based on
Brownian motion and the diffusion coefficient [34]. After
isolation, the exosomes were diluted in 1ml of filtered PBS.
Control medium and filtered PBS were used as controls.
The NTA measurement conditions were as follows: a tem-
perature of 23.75± 0.5°C, 25 frames per second, and a mea-
surement time of 60 s. The detection threshold was similar
in all the samples. Three recordings were performed for
each sample.

2.7. Internalization of DiI-Labeled Exosomes into CSCs. CSCs
were harvested, seeded in fibronectin-coated dishes, and
maintained at 37°C overnight. Briefly, the BMSC-exos were
labeled with 1μg/ml DiI (Invitrogen, USA) as previously
described [15]. Then, the BMSC-exos were washed in PBS
with centrifugation at 100,000×g for 2 h to remove unbound
DiI. DiI-labeled BMSC-exos (400μg/ml) were added to CSC
culture medium for 24h. The CSCs were then washed in PBS,
fixed in 4% paraformaldehyde, and stained with 1mg/ml
40,6-diamidino-2-phenylindole (DAPI) (Invitrogen, USA)
for 10min. Finally, cell fluorescence was observed by using
a fluorescence microscope (Olympus).

2.8. Transfection of miRs into CSCs and BMSCs. miR-214
mimics, inhibitors, and negative control RNAs (RiboBio,
China) were transfected with Lipofectamine 2000 (Life Tech-
nologies) according to an established protocol. To knock
down miR-214 expression, a miR-214 inhibitor was added
to the culture medium at a final concentration of 100nM.
To upregulate miR-214 expression, miR-214 mimics were
added directly to the complexes at a final concentration of
50 nM. At 6 h posttransfection, the transfection medium
was replaced by regular culture medium. After incubation
for 48h, the cells were harvested for total RNA and protein
extraction. The efficiency of transfection of mimics or inhib-
itors was confirmed by RT-qPCR, and a negative control for
miR-214 mimics and inhibitors was also used.

2.9. Construction of and Infection with CaMKII or
siRCaMKII Lentiviral Vectors. CaMKII with/without the
3′ untranslated region (3′UTR) (Lv-CaMKII-EGFP) and
siRCaMKII was constructed by, respectively, inserting the
CaMKII and siRCaMKII coding sequences (GeneCopoeia,
MD) into a lentiviral EGFP vector using BamHI (FD0054)
and EcoRI (N41890) restriction sites, all obtained from
Invitrogen (Thermo Fisher Scientific Inc.). The lentiviral
particles were prepared using a calcium phosphate method
as previously described [31, 35]. The CSCs were transfected

with Lv-CaMKII-EGFP, Lv-siRCaMKII-EGFP, or Lv-EGFP
in the presence of 2μg/ml polybrene (Sigma-Aldrich) at a
multiplicity of infection (MOI) of 20 for 48 h. After 48 h,
EGFP was expressed in >90% of the infected cells as deter-
mined by fluorescence microscopy (Olympus).

2.10. Reverse Transcription and Real-Time PCR of miR-214
and CaMKII. miR-214 and CaMKII mRNA levels were
determined by using quantitative RT-PCR as previously
reported [36, 37]. Briefly, total RNA was extracted from the
exosomes by SeraMir (System Biosciences) following the
manufacturer’s instructions, and cell RNA was extracted by
an RNAprep pure Cell/Bacteria kit (Tiangen, Beijing, China).
miR-214 levels were quantified with a stem-loop real-time
PCR miR kit (RiboBio, China). The miR primer was also
purchased from RiboBio (China). The purity of the isolated
RNA was determined by the OD260/280 ratio using a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific).
Isolated RNAs were reverse transcribed using a PrimeScript
RT Reagent kit (TaKaRa, Kusatsu, Shiga, Japan). cDNA was
used for quantitative PCR on a Bio-Rad Real-Time PCR
system (Bio-Rad, Hercules, CA, USA) using a SYBR kit
(Bio-Rad, USA). Amplification was performed at 95°C for
5min, followed by 40 cycles of 95°C for 10 s, and 55.7°C for
30 s. The difference in the expression levels between the treat-
ments was then calculated using the following equation: rel
ative gene expression = 2 − ΔCt, sample − ΔCt, control . U6
and β-actin were used as internal controls for miR-21 and
CaMKII mRNA quantitation, respectively.

2.11. Apoptosis Assay of CSCs by FCM. CSCs were preincu-
bated with the different treatments (2× 109 particles/ml).
CSC apoptosis levels were determined by FCM using
Annexin V-FITC/propidium iodide (PI) staining assays, as
reported elsewhere [38]. Phosphatidylserine levels on CSC
surface were estimated with Annexin V-FITC and PI apopto-
sis detection kits from Solarbio (China) according to the
manufacturer’s instructions. CSC apoptosis was analyzed
via a FACSCalibur flow cytometer (BD Biosciences, USA).
The results are expressed as the percentage of apoptotic cells
among all the cells. FCM was performed twice using CSCs
from three independent experiments.

2.12. ROS Assay of CSCs by FCM. Intracellular ROS pro-
duction was determined by dihydroethidium (DHE)
(Sigma) staining, followed by FCM [12, 39] according to
the manufacturer’s instructions. Briefly, cells were incu-
bated with MitoSOX reagent (2.5mmol/l, Invitrogen) for
30min at 37°C, washed twice with PBS, trypsinized, and
centrifuged. The cell fluorescence intensity was analyzed
by FCM. FCM was performed twice using CSCs from three
independent experiments.

2.13. Assessment of Intracellular SOD and MDA Levels In
Vitro. After treating CSCs with different conditions, respec-
tively, the intracellular superoxide dismutase (SOD) activities
and malondialdehyde (MDA) levels were evaluated by the
assay kits based on colorimetric methods (Nanjing Jiancheng
Bioengineering Institute, China). After treatment, CSCs were
harvested by centrifugation and the supernatants were
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removed. The remaining cells were washed with PBS twice
and lysed in lysis buffer for 30min at 4°C. Following cen-
trifugation, the supernatant was used for detecting the
activities of SOD and the levels of MDA by using different
assay kits as mentioned in the protocols. BCA test was
used for quantifying proteins.

2.14. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) and C-Kit Staining for the Detection of
CSC Apoptosis Rate. An in situ cell death detection kit
(Sigma, USA) was used to detect the percentage of apoptotic
cells following the manufacturer’s protocol. Cells were fixed
with 4% paraformaldehyde and permeabilized by incubating
with 1% Triton X-100. The cells were incubated in 50μl
TUNEL reaction mixture per slide (vial 1 : vial 2 = 1 : 9) at
37°C in the dark for 60min in a humidified atmosphere
and then blocked with 10% goat serum before being incu-
bated with the anti-C-kit antibody. The cells were subse-
quently incubated with DyLight 594-conjugated secondary
antibody. After washing, the nuclei were counterstained with
DAPI. Immunofluorescence images were taken with a fluo-
rescence microscope (Olympus, Japan). The percentage of
TUNEL-positive cells was determined in random fields by
fluorescence microscopy; each experiment was performed
in triplicate (40x magnification, at least 6 fields per sample).

2.15. Determination of Ca2+ Homeostasis in CSCs by Confocal
Laser Scanning Microscopy. Intracellular Ca2+ changes reflect
Ca handling. To detect these changes, we performed Ca2+

imaging experiments. Intracellular calcium was detected
using a dual-excitation fluorescence photomultiplier system
(IonOptix, Milton, MA, USA) as previously described [40].
Briefly, CSCs were loaded with Fluo-8/AM (0.5μM) solution
for 10min, and the fluorescence signal was detected using an
IonOptix fluorescence system (IonOptix, Milton, MA, USA).
After subtracting the background fluorescence, the 340/
380nm ratio was analyzed offline using the SoftEdge Myo-
Cam® system (IonOptix, Milton, MA, USA). Fluorescence
emission was detected from 480 to 520nm, and the quantita-
tive change in Fluo-8 fluorescence intensity (FFI) was
obtained from the FFI ratio at the 2 wavelengths. Regarding
baseline FFI, the ΔFFI (340/380) reflects the resting intracel-
lular Ca2+ level, electrically stimulated increase in intracellu-
lar Ca2+ level, and transient attenuation rate of intracellular
Ca2+. A single exponential tau value is presented as an
indicator of intracellular Ca2+ clearance.

2.16. Western Blotting. Western blot analysis of total protein
from CSCs was performed as previously described [41]. The
protein extracts were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes. After blocking overnight in a nonfat milk solu-
tion, the membranes were probed with primary antibodies
against CaMKII, Bcl-2, Bax, procaspase-3, cleaved caspase-
3, β-actin, or GAPDH. The PVDF membranes were incu-
bated with horseradish peroxidase-conjugated secondary
antibodies for 1 h, followed by incubation with enhanced
chemiluminescence reagent (Amersham Biosciences, USA).
Immunoreactivity was visualized by a ChemiDoc MP system

(Bio-Rad, USA), and protein levels were normalized to those
of β-actin or GAPDH.

2.17. Statistical Analysis. All data were analyzed by Student’s
t-tests or one-way ANOVA, followed by least significant
difference (LSD) or Dunnett’s T3 post hoc test for multi-
ple comparisons. A P value lower than 0.05 was consid-
ered statistically significant. Data analyses were carried
out using SPSS (v.19.0, IBM, USA). Data are presented
as the mean± SD.

3. Results

3.1. Internalization of DiI-Labeled Exosomes by CSCs.
CSCs purified by using anti-rabbit secondary antibody-
conjugated magnetic beads [5, 30] were stained with the
anti-C-kit antibody and counterstained with DAPI to
visualize nuclei. Immunofluorescence staining and double
staining for C-kit+ and DAPI were detected (Figure 2(a)).
FCM analysis also revealed that 90.01% of the cells were
positive for C-kit, 0.09% were positive for CD45, and
0.01% were positive for CD34 (Figure 2(b)). Ultra-high-
speed centrifugation was used to obtain BMSC-exos. Then,
the morphology and phenotype of the isolated particles
were characterized according to the previously described
characteristics of exosomes. The exosomes were round with
a cup-like shape and approximately 30–100nm in diameter,
as directly observed by a TEM (Figure 2(c)). NTA revealed
that the particles had an average diameter of 111nm
(Figure 2(d)), typical of exosomes in such analyses. The
exosome surface markers CD63, CD9, and Alix were
detected by Western blotting in BMSC-exos (Figure 2(e)).
These data demonstrated that the BMSC-exos were success-
fully purified.

Exosome internalization by target cells is a prerequi-
site for subsequent RNA transfer. To determine whether
BMSC-exos are internalized by CSCs, we labeled the exo-
somes with DiI. After the labeled BMSC-exos (400μg/ml)
were incubated with CSCs for 24 h and counterstained
with DAPI to visualize the nuclei, fluorescence microscopy
analysis revealed a strong red fluorescence in the CSC cyto-
plasm and blue nuclei (Figure 2(f)), suggesting that the
DiI-labeled exosomes had been successfully internalized
and transferred to the perinuclear CSC compartments.

3.2. Hypoxia Preconditioning Enhanced the Ability of BMSC-
Exos to Protect CSCs from Oxidative Damage. To investigate
the regulatory effects of exosomes in CSCs, we prepared exo-
somes from BMSCs cultured in normal medium (Nor-exos)
or in medium under hypoxic conditions (Hypoxic-exos).
Exosome-free medium (Free-exos), which was prepared by
ultra-high-speed centrifugation to eliminate exosomes from
normal medium for culturing BMSCs was used as a control.
CSCs (>1× 109) were cultured with BMSC-exos (400μg/ml)
for 24h and then exposed to H2O2 (100μM) for 2 h to induce
oxidative stress. The FCM results indicated significantly
higher apoptosis rates and ROS production levels in the
H2O2-treated group than in the normal group. The CSCs
pretreated with exosomes exhibited a significantly decreased
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Figure 2: Characterization of C-kit+ CSCs, exosomes, and cellular internalization. (a) Purified cells were double stained for c-kit (green) and
DAPI (blue) and observed under a fluorescence microscope (Olympus, Japan). (b) Representative FCM characterization of C-kit+ CSCs for
typical surface antigens and isotype control after magnetic bead sorting. Surface expression of C-kit, and the absence of surface expression of
CD45 and CD34. (c) Transmission electron microscopy analysis of BMSC-exos. Scale bar = 100 nm. (d) NTA of exosome diameter and
concentration. (e) Western blotting of the exosome markers CD63, CD9, and Alix. (f) CSCs were incubated with DiI-labeled BMSC-exos
(400 μg/ml) for 24 h. Fluorescence photomicrographs showed internalized DiI-labeled BMSC-exos (red) in DAPI-labeled CSCs (blue).
Scale bar = 20 μm.
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percentage of apoptotic cells and ROS production. Moreover,
Hypoxic-exos induced more regulatory effects than did
Nor-exos or Free-exos (Figures 3(a)–3(d)). The levels of
cell apoptosis-related genes, such as procaspase-3, cleaved
caspase-3, Bax, and Bcl-2 were also detected by Western
blotting. Not surprisingly, compared with H2O2-treated
cells, the cells treated with BMSC-exos displayed substan-
tially decreased levels of cleaved caspase-3 and Bax increased
levels of Bcl-2 (Figures 4(e) and 4(f)). Intracellular malon-
dialdehyde (MDA) and superoxide dismutase (SOD) levels,
which reflect oxidation levels, was also detected by assay
kit. As exhibited in (Figures 4(g) and 4(h)), compared with
H2O2 group, Hypoxic-exos inhibited MDA levels and
increased SOD production. Next, we examined whether
exosomes protected CSCs against H2O2-induced DNA frag-
mentation. As shown in (Figures 4(i) and 4(j)), the percent-
age of TUNEL-positive cells was significantly increased in
the H2O2-treated group compared with that in the normal
group. Furthermore, compared with the H2O2- or Nor-exo-
treated group, the percentage of TUNEL-positive cells was
significantly reduced in the Hypoxic-exo-treated group. Col-
lectively, these results indicate that Hypoxic-exos might exert
a strong protective effect against H2O2-induced oxidative
damage in CSCs.

3.3. miR-214 Expression Increased in BMSC-Exos after
Hypoxic Preconditioning and Was Potentially Involved in
Protecting CSCs from Apoptosis. It is important to investigate
the content of miRs with potential biological functions in
exosomes secreted under certain pathological conditions.
The effect of hypoxia preconditioning on the miR-214 level
in BMSC-exos was evaluated using RT-qPCR. Compared to
that with Nor-exos, miR-214 expression was significantly
upregulated with Hypoxic-exos (Figure 3(a)). This result
provided a potential exosomal miR target that might affect
oxidative stress injury in CSCs under conditions of oxidative
stress. Furthermore, miR-214 levels were examined in H2O2-
treated CSCs. Indeed, miR-214 levels were substantially
downregulated in CSCs treated with H2O2 (Figure 3(b)),
suggesting the existence of a possible negative connection
between miR-214 and H2O2-induced oxidative damage
in CSCs.

To verify the effects of miR-214 on CSCs and to further
determine whether the effects of BMSC-exos on CSCs are
miR-214 dependent, we treated CSCs with miR-214 inhibi-
tors or mimics to modulate miR-214 levels. The miR-214
levels in Hypoxic-exos were also reduced after transfection
of BMSCs with a miR-214 inhibitor, and the resulting
exosomes were called inhibitor-exosomes (inhibitor-exos).
RT-qPCR analysis of miR-214 expression revealed that CSCs
pretreated with Hypoxic-exos or those transfected with
miR-214 mimics had significantly rescued miR-214 levels,
whereas miR-214 inhibitor-pretreated CSCs displayed a
significant decrease in miR-214 expression under oxidative
stress. Interestingly, CSCs pretreated with inhibitor-exos
had significantly decreased miR-214 levels (Figure 3(b)),
which indicated that miR-214 inhibitor could neutralize
miR-214 upregulation in Hypoxic-exos. Next, the antiapop-
tosis and regulating oxidative stress effect were detected.

The results revealed that Hypoxic-exos or miR-214 mimics
substantially downregulated CSC apoptosis and oxidative
status (including ROS, SOD, and MDA), whereas the
miR-214 inhibitor upregulated CSC apoptosis and oxida-
tive status under oxidative stress, of course that transfected
miR-214 inhibitor in Hypoxia-exos (inhibitor-exos) pre-
treated showed miR-214 inhibitor could partially neutralize
the protective effect of Hypoxic-exos (Figures 3(c)–3(j)). Fur-
thermore, procaspase-3, cleaved caspase-3, Bax, and Bcl-2
levels were detected by Western blotting. Quantification
showed that cleaved caspase-3 and Bax expression levels were
substantially decreased compared with cells treated with
H2O2, in contrast, Bcl-2 expression was markedly increased
in cells treated with Hypoxic-exos or miR-214 mimics. The
miR-214 inhibitor or inhibitor-exos clearly increased cleaved
caspase-3 and Bax expression but substantially decreased
Bcl-2 expression in CSCs. However, inhibitor-exos also
partially protected CSCs from oxidative stress-induced apo-
ptosis (Figures 3(k) and 3(l)). These data confirmed the
antioxidative stress function of miR-214 and suggested that
rescuing downregulated miR-214 expression in CSCs with
Hypoxic-exos is a potential strategy for protecting CSCs from
oxidative stress injury.

3.4. miR-214 Derived from BMSC-Exos Decreased CaMKII
Protein Expression. Because miRs mainly target the mRNA
3′UTR to regulate gene expression, we overexpressed the
cDNA of CaMKII with or without the 3′UTR to prove that
CaMKII is a target gene of miR-214 in CSCs. Western blot-
ting and RT-qPCR were employed to verify the effect of
miR-214 mimics on CaMKII expression in CSCs. The results
demonstrated that miR-214 mimics could significantly
downregulate the expression of CaMKII with the 3′UTR
(CaMKII3′) at both mRNA and protein levels. However,
miR-214 mimics had no effect on mRNA or protein levels
of CaMKII without the 3′UTR (Figures 5(a)–5(c)).

The effects of BMSC-exo-derived miR-214 on CaMKII
expression in CSCs were also assessed. Compared with
those in the normal group, CaMKII mRNA and protein
levels were significantly upregulated in the H2O2 group
and significantly downregulated in the Hypoxic-exos group
(Figures 5(d)–5(f)), and inhibitor-exos failed to suppress
CaMKII expression in CSCs. Furthermore, gain- and loss-
of-function assays revealed that miR-214 inhibitors increased
CaMKII mRNA or protein levels in CSCs under oxidative
stress, whereas miR-214 mimics decreased these levels
(Figures 5(d)–5(f)). These data indicated that exosomal
miR-214 possibly inhibited CSC apoptosis by inhibiting
CaMKII expression.

3.5. miR-214 Derived from BMSC-Exos Prevented CSCs from
H2O2-Induced Oxidative Damage by Targeting CaMKII. To
examine the mechanisms responsible for the antiapoptotic
effects of BMSC-exo-derived miR-214 in CSCs by targeting
CaMKII, we overexpressed or inhibited CaMKII expres-
sion in CSCs, respectively, via lentiviruses expressing
CaMKII containing the 3′UTR (CaMKII3′) or SiRCaMKII
containing the 3′UTR (siRCaMKII3′). CaMKII3′ transfection
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Figure 3: Continued.
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upregulated the CaMKII mRNA and protein levels in CSCs
exposed to H2O2, whereas SiRCaMKII3′ transfection signifi-
cantly downregulated CaMKII protein and mRNA levels in
CSCs (Figures 6(a)–6(c)). Next, Annexin V/PI assays were
used to detect the antiapoptotic effect of Hypoxic-exos via
the CaMKII pathway. The percentage of apoptotic cells was
higher in the CaMKII3′ group than in the Hypoxic-exos or
SiRCaMKII3′ group. Interestingly, the percentage of apopto-
tic cells was increased in the Hypoxic-exos + Lv-CaMKII3′
group, whereas it was significantly decreased in the inhibi-
tor-exos + SiRCaMKII3′ (Figures 6(d) and 6(e)). Besides, the
percentages of TUNEL-positive cells in each group were in
line with the apoptotic trend observed in Annexin V/PI assay
(Figures 7(a) and 7(b)).

To detect intracellular ROS production, we exposed cells
with different conditions and used FCM with H2DCFDA, a

fluorescent probe that reacts with several ROS. As antici-
pated, we detected a significant increase in fluorescence in
the H2O2 group. The Hypoxic-exos and SiRCaMKII3′
groups displayed a significantly decreased ROS level. Intrigu-
ingly, CaMKII3′ overexpression induced a marked increase
in CSC ROS fluorescence level. In addition, ROS fluorescence
was upregulated in the Hypoxic-exos + Lv-CaMKII3′ group
and downregulated in the inhibitor-exos + SiRCaMKII3′
group (Figures 6(f) and 6(g)). SOD and MDA were analyzed
in CSCs as an indicator of activity of antioxidant enzymes. As
shown in (Figure 7(e)), SOD in the H2O2-induced CSCs
group was significantly lower than those of normal, whereas
the SOD level of CSCs treated with Hypoxic-exos and siR-
CaMKII3′ was higher than the H2O2 group. In addition,
SOD level of cells transfected with CaMKII3′ was decreased
compared with the Hypoxic-exos group. What is more, as
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Figure 3: Effect of miR-214 expression on CSC apoptosis under oxidative stress. Cells were treated with miR-214 mimics, inhibitors, or
negative control RNA for 48 h and/or pretreated with BMSC-exos (400 μg/ml) for 24 h and then cultured with 100μM H2O2 for 2 h for
subsequent analyses. (a) RT-qPCR was used to analyze miR-214 expression in exosomes after normoxic or hypoxic preconditioning.
Compared that in Nor-exos, miR-214 expression was significantly upregulated in Hypoxic-exos. (b) RT-qPCR analysis of miR-214
expression in CSCs after different treatments. Compared with that in the H2O2 group, miR-214 significantly upregulated in the Hypoxic-
exos or miR-214 mimics group. Compared with the Hypoxic-exos group, the inhibitor-exos group displayed a significantly decreased
miR-214 expression. (c) Representative dot plots of cell apoptosis after Annexin V/PI dual staining are shown. The upper left
quadrant (% gated) shows necrotic cells (Annexin V−/PI+); the upper right quadrant (% fated) shows late apoptotic cells (Annexin
V+/PI+); the left lower quadrant (% gated) shows live cells (Annexin V−/PI−); and the right lower quadrant (% gated) shows early
apoptotic cells (Annexin V+/PI−). These cells were measured for comparison. (d) The percentage of apoptotic cells represents both
early and late apoptotic cells. Compared with H2O2 or miR-214 inhibitor, Hypoxic-exos or miR-214 mimics decreased the
percentage of apoptotic cells. In addition, the Hypoxic-exo-induced protective effect against CSC apoptosis under oxidative stress was
partially suppressed by miR-214 inhibitors. (e) Representative immunofluorescence staining for TUNEL (green), C-kit (red), DAPI
(blue), and merged images. Photos were randomly captured using a fluorescence microscope. Scale bar = 20μm. (f) The panel shows
the percentage of TUNEL-positive cells. Compared with H2O2 or miR-214 inhibitors, Hypoxic-exos or miR-214 mimics could
significantly decrease the percentage of TUNEL-positive cells. In addition, compared with Hypoxic-exos, inhibitors-exos could partially
increase the percentage of TUNEL-positive cells. (g) The intracellular ROS level was determined by FCM. The P2 percentage indicates the
proportion of cells with increased ROS production, with signals above background DCF fluorescence levels. (h) Compared with that in
CSCs treated with H2O2 or miR-214 inhibitors, the fluorescence intensity of intracellular ROS was decreased in CSCs treated with
Hypoxic-exos or miR-214 mimics. Inhibitor-exos showed higher ROS fluorescence intensity than Hypoxic-exos. (i and j) Graph
represents the SOD and MDA levels in CSCs, compared with H2O2 group, Hypoxic-exos or miR-214 mimics inhibited MDA levels and
increased SOD production, while miR-214 inhibitors or inhibitor-exos increased MDA levels and suppressed SOD production. (k and l)
The expression of apoptosis-related proteins, such as procaspase-3, cleaved caspase-3, Bax, and Bcl-2 were detected using immunoblotting.
Compared with H2O2-treated cells, the cells treated with Hypoxic-exos or miR-214 mimics displayed substantially decreased cleaved
caspase-3 and Bax expression and increased Bcl-2 expression. However, compared with Hypoxic-exos, miR-214 inhibitors or inhibitor-
exos significantly increased cleaved caspase-3 and Bax expression but decreased Bcl-2 expression, n = 3; ∗P < 0 05 compared with the
H2O2 group;

#P < 0 05 compared with the Hypoxic-exos group.
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Figure 4: Continued.
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exhibited in (Figure 7(f)), induction of CSCs with H2O2
resulted in elevation of MDA, which was significantly
different from Hypoxic-exos and siRCaMKII3′ group.
However, the level of MDA in CSCs transfection with
CaMKII3′ was significantly increased when compared with
Hypoxic-exos group.

We also explored the expression of apoptosis-related
proteins in CSCs by immunoblotting. Compared with
Hypoxic-exos or CaMKII3′ silencing, CaMKII3′ overexpres-
sion substantially increased the expression of the proapopto-
tic proteins cleaved caspase-3 and Bax, then decreased the
expression of the antiapoptotic protein Bcl-2. Notably,
CaMKII3′ overexpression partially reversed the effect of
Hypoxic-exos on caspase-3, Bax, and Bcl-2 expression, which
was demonstrated by the increase in caspase-3 and Bax
expression and the decrease in Bcl-2 expression. In addition,
the inhibitor-exos+ SiRCaMKII group displayed downregu-
lated caspase-3 and Bax expression levels and upregulated
Bcl-2 levels (Figures 7(c) and 7(d)). Considering the regula-
tory effects of CaMKII and miR-214 on Ca2+ homeostasis,
we also detected Ca2+ fluorescence intensity in CSCs.

Compared with that in the H2O2 or CaMKII3′ group, the
fluorescence intensity of intracellular Ca2+ was signifi-
cantly decreased in the Hypoxic-exos or siRCaMKII3′
group (Figures 7(g) and 7(h)). Moreover, compared with
inhibitor-exo+SiRCaMKII3′-treated CSCs, Hypoxic-exo+
CaMKII3′-treated CSCs clearly displayed increased cal-
cium fluorescence. These data indicated that under oxida-
tive stress, Hypoxic-exos protected CSCs from apoptosis,
ROS overproduction, and Ca2+ homeostasis disruption
by suppressing CaMKII.

3.6. Exosomes Derived from miR-214-Modified BMSCs
Protected CSCs from Apoptosis under Oxidative Stress via
CaMKII. To further determine whether the effects of
BMSC-exos on CSCs are dependent on miR-214, we
transfected BMSCs with miR-214 mimics, inhibitors, or neg-
ative control RNA. At 48h posttransfection, extracellular
exosomes were isolated from BMSCs pretreated with hypoxia
and added to CSCs under oxidative stress for 2 h. Clearly,
compared with that in Hypoxic-exos, miR-214 was signifi-
cantly upregulated in the miR-214 mimic-modified BMSC-

Hypoxic-exos

Nor-exos

H2O2

Normal

Free-exos

TUNELTUNEL C-kitC-kit DAPIDAPI MergeMerge

(i)

0

20

40

60

80

Pe
rc

en
ta

ge
 o

f T
U

N
EL

(+
) c

el
ls

TUNEL(+)

N
or

m
al

Fr
ee

-e
xo

s

H
yp

ox
ic

-e
xo

s

N
or

-e
xo

s

H
2O

2

⁎

⁎

(j)

Figure 4: Exosomes released from hypoxia-pretreated BMSCs protect CSCs from oxidative stress injury. CSCs cultured with 100 μM H2O2
were pretreated with BMSC-exos (400 μg/ml) for 24 h and then subjected to analysis. (a) Representative dot plots of cell apoptosis after
Annexin V/PI dual staining are shown. The left upper quadrant (% gated) shows necrotic cells (Annexin V−/PI+); the upper right
quadrant (% gated) shows late apoptotic cells (Annexin V+/PI+); the left lower quadrant (% gated) shows live cells (Annexin V−/PI−);
and the right lower quadrant (% gated) shows early apoptotic cells (Annexin V+/PI−). These cells were measured for comparison. (b) The
percentage of apoptotic cells represents both early and late apoptotic cells. Compared with the H2O2-treated group, the BMSC-exo-treated
group displayed a decreased percentage of apoptotic cells. In addition, Hypoxic-exos more markedly decreased apoptosis than did Nor-
exos or Free-exos. (c) The intracellular ROS level was determined by FCM. The P2 percentage indicates the proportion of cells with
increased ROS production, with signals above background 2′,7′-dichlorofluorescein (DCF) fluorescence levels. (d) Compared with the
H2O2-treated group, the BMSC-exo-treated group had a significantly decreased intracellular ROS fluorescence intensity. In addition,
Hypoxic-exos decreased ROS fluorescence to a greater degree than did Nor-exos or Free-exos. (e and f) The effects of BMSC-exos on cell
apoptosis-related genes, such as procaspase-3, cleaved caspase-3, Bax, and Bcl-2 were detected by immunoblotting. Compared with the
H2O2-treated cells, the BMSC-exo-treated cells had substantially decreased levels of cleaved caspase-3 and Bax and increased levels
of Bcl-2. Additionally, Hypoxic-exos more markedly affected these protein levels than did Nor-exos. (g and h) Graph represents
the SOD and MDA levels in CSCs; compared with H2O2 group, Hypoxic-exos inhibited MDA levels and increased SOD production.
(i) Representative immunofluorescence staining for TUNEL (green), C-kit (red), DAPI (blue), and merged images. Photos were
randomly captured using a fluorescence microscope. Scale bar = 20 μm. (j) The panel shows the percentage of TUNEL-positive cells.
Compared with the H2O2-treated group, the BMSC-exo-treated group had significantly decreased percentage of TUNEL-positive cells.
n = 3; ∗P < 0 05 compared with the H2O2 group;

#P < 0 05 compared with the Nor-exos group.
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exos (mimic-exos), while miR-214 was substantially down-
regulated in inhibitor-exos (Figure 8(a)). Next, CaMKII
mRNA or protein levels were detected by RT-qPCR or
Western blotting. Compared with Hypoxic-exos or mimic-
exos, inhibitor-exos upregulated CaMKII mRNA and protein
levels in CSCs exposed to H2O2 (Figures 8(b)–8(d)).

Annexin V/PI assays were used to identify the antioxida-
tive damage effect of mimic-exos. Compared with the H2O2
group, the Hypoxic-exos and mimic-exos groups displayed
a substantially reduced apoptosis, whereas the inhibitor-
exos group displayed elevated apoptosis (Figures 8(e) and

8(f)). As anticipated, the percentages of TUNEL-positive
cells in each group were in line with the apoptotic trend
observed in Annexin V/PI assay (Figures 8(g) and 8(h)).
The production of ROS and intracellular levels of SOD
and MDA was measured to confirm further the antioxi-
dative ability of BMSCs-exos. In H2O2 group, the pro-
duction of ROS and MDA was increased dramatically
in comparison to that of Normal group, whereas, SOD
level was extremely decreased. In contrast, While
Hypoxic-exos and mimics-exos pretreatment significantly
weakened this increase of ROS, MDA and decrease of
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Figure 5: CaMKII is a target gene of miR-214 in CSCs. Cultured CSCs were transfected with CaMKII overexpression cDNA with or without
the 3′UTR for 48 h. Subsequently, the cells were transfected with miR-214 mimics, inhibitors, or negative control RNA for 48 h. The cells were
harvested and subjected to RT-qPCR or Western blotting analysis after treatment with BMSC-exos collected under different conditions for
24 h and/or cultured with 100 μM H2O2 for 2 h. (a) RT-qPCR analysis of CaMKII expression in CSCs after different treatments. After
overexpressing cDNA for CaMKII containing the 3′UTR (CaMKII3′) in CSCs, CaMKII3′ mRNA levels dramatically decreased in
response to treatment with miR-21 mimics as demonstrated by RT-qPCR. However, miR-214 mimics had no effect on mRNA levels of
CaMKII without the 3′UTR. (b-c) CaMKII protein levels were detected by immunoblotting. miR-214 mimics could significantly
downregulate the expression of CaMKII with the 3′UTR at protein levels. However, miR-214 mimics had no effect on the protein levels of
CaMKII without the 3′UTR. n = 3; ∗P < 0 05 compared with the mimics + CaMKII3′ group. (d) RT-qPCR analysis of CaMKII expression
in CSCs after different treatments. Compared with that in the normal group, the CaMKII mRNA level was significantly upregulated in the
H2O2 group. Compared with H2O2, Hypoxic-exos or miR-214 mimics significantly suppressed CaMKII mRNA expression. (e-f) Western
blotting was used to verify the effect of exosomal miR-214 on CaMKII expression in CSCs. CaMKII protein levels were dramatically
decreased after Hypoxic-exo or mimic-exo (exosomes from miR-214-mimic-modified BMSCs) treatment relative to those with H2O2
treatment. However, compared with Hypoxic-exos, miR-214 inhibitors or inhibitor-exos upregulated CaMKII protein levels. n = 3;
∗P < 0 05 compared with the H2O2 group; #P < 0 05 compared with the Hypoxic-exos group.
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Figure 6: Continued.
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SOD. In addition, ROS and MDA was significantly increased
in the inhibitor-exos group compared with Hypoxic-exos
group. In contrast, Hypoxic-exos and mimics-exos dramati-
cally increased SOD levels. Reversely, inhibitor-exos sig-
nificantly inhibited SOD in CSCs (Figures 8(i), 8(j), and
8(m), 8(n)).

Apoptosis-related proteins were then detected by West-
ern blotting. Indeed, compared with the H2O2-treated cells,
mimics-exo-treated CSCs displayed substantially decreased
expression of proapoptotic proteins cleaved caspase-3 and
Bax and increased expression of the anti-apoptotic protein
Bcl-2, while inhibitor-exo-treated cells displayed the
opposite results, as demonstrated by increased caspase-3
and Bax levels and decreased Bcl-2 level (Figures 8(k) and
8(l)). Together, these data revealed that in vitro, the
exosome-mediated stimulation of CSC apoptosis and oxi-
dative status were dependent on miR-214 expression in
exosome-producing cells, and miR-214 depletion reduced
these functional effects in recipient cells.

4. Discussion

As CSCs have been shown to differentiate into myocardial
cell types and to secrete a range of bioactive molecules

[2, 5], these cells are important candidates for cardiac
regenerative therapy [4]. Accumulating experimental and
clinical data has shown that CSC transplantation can effec-
tively treat MI [8, 42]. However, after adoptive transfer, CSCs
encounter various undesirable conditions including oxidative
stress and inflammatory reactions [17, 43]. Pathological
stimulation causes functional mitochondrial disruption and
consequently results in excessive ROS generation; ROS, in
turn, deteriorate mitochondrial dysfunction and amplify
mitochondrial apoptosis activation in a positive feedback
loop [44], decreasing cell viability and thereby compromising
therapeutic activities. The paracrine effect of BMSCs has
been considered a key mechanism of cardiac protection
[14, 45]. Stress-activated exosome release is one of the cru-
cial factors mediating the crosstalk among BMSCs and
surrounding cells, which may be involved in maintaining
stem cell homeostasis in situ and facilitating stem cell
transplantation [15, 20, 46]. In the present study, we
obtained round, double-membraned vesicles with a diameter
of 30–100nm from BMSC-conditioned medium by using
ultra-high-speed centrifugation. These vesicles were deter-
mined to express specific exosome protein markers and to
be internalized by CSCs, which indicated that these exosomes
play roles in CSCs by transferring cargo.
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Figure 6: Change in CaMKII expression during BMSC-exo-induced antiapoptotic effect in CSCs under oxidative stress. Cultured CSCs were
transfected with CaMKII3′ overexpression cDNA or siRCaMKII3′ for 48 h. Then, the cells were treated with BMSC-exos under different
conditions for 24 h and/or cultured with 100 μM H2O2 for 2 h. (a) RT-qPCR were carried out to detect CaMKII mRNA levels. Compared
with other treatments, CaMKII3′ transfection significantly upregulated CaMKII expression, and SiRCaMKII3′ transfection significantly
downregulated CaMKII mRNA levels in CSCs. (b-c) Western blotting revealed that compared with H2O2 treatment, CaMKII3′
transfection upregulated CaMKII protein levels, while SiRCaMKII3′ transfection downregulated CaMKII protein levels in CSCs.
Additionally, compared with Hypoxic-exos, Hypoxic-exos +CaMKII3′ upregulated CaMKII protein levels. (d) Representative dot plots of
cell apoptosis after Annexin V/PI dual staining are shown. The upper left quadrant (% gated) shows necrotic cells (Annexin V−/PI+); the
upper right quadrant (% gated) shows late apoptotic cells (Annexin V+/PI+); the left lower quadrant (% gated) shows live cells (Annexin
V−/PI−); and the right lower quadrant (% gated) shows early apoptotic cells (Annexin V+/PI-). These cells were measured for
comparison. (e) The percentage of apoptotic cells represents both early and late apoptotic cells. Compared with the H2O2 group, the
SiRCaMKII3′-transfected group displayed a decreased percentage of apoptotic cells. In addition, the Hypoxic-exo-induced protective effect
on CSC apoptosis under oxidative stress was suppressed by CaMKII3′ overexpression. (f) Intracellular ROS level was determined by FCM.
The P2 percentage indicates the proportion of cells with increased ROS production, with fluorescence levels above background DCF
fluorescence levels. (g) Compared with that in H2O2-treated CSCs, fluorescence intensity of intracellular ROS was decreased in
SiRCaMKII3′-treated CSCs. In addition, the Hypoxic-exo-induced protective effect on CSCs against oxidative stress injury was suppressed
by CaMKII3′ overexpression. n = 3; ∗P < 0 05 compared with the H2O2 group.

#P < 0 05 compared with Hypoxic-exos group.
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In recent years, many studies have focused on the
hypoxic BMSC niche. Hypoxic BMSC preconditioning can
reduce hypoxia-induced cell death [47]. Some researchers
have also found that BMSCs release exosomes under hypoxic
conditions, resulting in neoangiogenesis in vitro and in vivo
and enhanced cardiac function [15]. However, whether
exosomes released by BMSCs after hypoxic preconditioning
have increased beneficial effects on CSC regulation under
oxidative stress conditions remains unknown. Oxidative
stress originates mainly in the mitochondria from ROS and
can be identified in the pathophysiology of the consequential
clinical manifestations of cardiovascular diseases [48]. H2O2
induces oxidative stress, which may cause cell damage [49].
In this study, we found that H2O2 increased apoptosis rate
and ROS production in CSCs. Additionally, CSCs pretreated
with exosomes displayed a substantially alleviated response.
Moreover, Hypoxic-exos had a greater regulatory effect than
Nor-exos. This is likely a result of the alteration in miR
expression profile in exosomes upon the in vitro exposure
of BMSCs to pathological conditions [50]; the exosomal
miR content is dynamically regulated after other types of
stem cells are exposed to hypoxia, and this difference in the
physiological response was not due to exosome size, total
RNA content, or protein levels, since these values are similar
among exosome in the different groups [23].

miRs are small, noncoding RNAs that block transla-
tion or induce mRNA degradation and thereby control
gene expression patterns [18]. We focused on miR-214,
which is expressed at low levels in CSCs after ROS pro-
duction and has a role in antioxidation. Interestingly,
we demonstrated that hypoxia not only increased the
antiapoptotic effect of exosomes from conditioned BMSC
culture medium but also changed exosomal miR-214
levels. Our results also demonstrated that oxidative stress
decreased miR-214 levels in CSCs, indicating that miR-
214 may be one of the key factors regulating CSC func-
tion under oxidative stress and suggesting that miR-214
enrichment may be an interesting area for future proregen-
erative studies. We established in vitro miR-214 gain- and
loss-of-function models to assess the effect of miR-214
on apoptosis and found that upregulated miR-214 levels
effectively decreased CSC apoptosis and ROS production.
In addition, we discovered that the exosomes derived from
hypoxia-treated BMSCs showed a strong ability to increase
miR-214 levels in receptor cells. Interestingly, miR-214
depletion in BMSCs downregulates hypoxia-induced exo-
somal miR-214 levels. However, inhibitor-exos partially
reversed the functional effects in recipient cells, likely
because BMSC-exos contain various types of miRs, includ-
ing miR-214. If miR levels are increased in Hypoxic-exos,
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Figure 7: Change in CaMKII expression during BMSC-exo-induced antioxidative injury in CSCs under oxidative stress. Cultured CSCs were
transfected CaMKII3′ overexpression cDNA or siRCaMKII3′ for 48 h. Then, the cells were treated with BMSC-exos under different
conditions for 24 h and/or cultured with 100μM H2O2 for 2 h. (a) Representative immunofluorescence staining for TUNEL (green), C-kit
(red), DAPI (blue), and merged images. Photos were randomly captured using a fluorescence microscope. Scale bar = 20 μm. (b) The panel
shows the percentages of TUNEL-positive cells. Compared with H2O2, SiRCaMKII3′ could significantly decreased the percentage of
TUNEL-positive cells. Additionally, compared with Hypoxic-exos, CaMKII3′ could partially increase the percentage of TUNEL-positive
cells. (c and d) The expression levels of procaspase-3, cleaved caspase-3, Bax, and Bcl-2 were detected by immunoblotting. Compared with
Hypoxic-exos or SiRCaMKII3′ group, the CaMKII3′ group displayed substantially increased cleaved caspase-3 and Bax expression and
decreased Bcl-2 expression. In addition, the Hypoxic-exo-induced protective effect against CSC apoptosis under oxidative stress was
suppressed by CaMKII3′ overexpression. (e and f) Graph represents the SOD and MDA levels in CSCs; compared with H2O2 group,
Hypoxic-exos or SiRCaMKII3′ inhibited MDA levels and increased SOD production, while CSCs were transfected with CaMKII3′
increased MDA levels and suppressed SOD production. (g) Transient intracellular Ca2+ measurement assays with Fluo-8/AM fluorescent
labeling were used to detect Ca2+ concentration in CSCs exposed to different treatments. (h) Compared with that in the H2O2 or
CaMKII3′ group, the fluorescence intensity of intracellular Ca2+ was significantly decreased in the Hypoxic-exos or siRCaMKII group.
Furthermore, CaMKII3′ overexpression could suppress the Hypoxic-exo-induced protective effect against CSC oxidative stress injury.
n = 3; ∗P < 0 05 compared with the H2O2 group. #P < 0 05 compared with the Hypoxic-exos group.
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Figure 8: Continued.
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these miRs will be transferred to recipient cells and pro-
moted to play their biological role primarily through their
target genes [23, 51, 52]. Therefore, our data indicated
an intricate exosome-mediated crosstalk between BMSCs
and CSCs that regulates oxidative damage, at least partly,
via miR-214.

miR transfer between cells can activate recipient cells to
produce a series of biological effects by inhibiting miR target
genes. NCX1, CaMKII, CypD, and BIM are regulated by
miR-214 in many cell types [11]. These genes are critical
for regulating cell proliferation, apoptosis, and Ca2+ homeo-
stasis [53]. In miR-214 knockout (KO) mice, increased
CaMKII levels have been reported to contribute to additional
cardiomyocyte loss. miR-214 is likely cardioprotective and
targets CaMKII under a variety of stress conditions [11].
Interestingly, some studies have found that CaMKII may
serve as a novel modulatory protein for enhancing cardiac
progenitor cell survival in cardiac tissues [54]. To further
confirm whether CaMKII is also a target gene of miR-214
in CSCs, we overexpressed cDNA of CaMKII with or

without the 3′UTR. Simultaneously, we overexpressed
miR-214 mimics in these CSCs and found that miR-214
mimics could significantly downregulate the expression of
CaMKII with the 3′UTR at both mRNA and protein levels.
Nonetheless, miR-214 had no effect on mRNA or protein
levels of CaMKII without the 3′UTR. The results indirectly
verified that miR-214 mainly targets CaMKII mRNA the
3′UTR to regulate its gene expression. Furthermore, we
performed gain- and loss-of-function studies and found
that in CSCs, CaMKII mRNA and protein levels were
upregulated in response to oxidative stress, and miR-214
inhibitors increased while miR-214 mimics decreased
CaMKII mRNA and protein levels in CSCs. Importantly,
CaMKII protein levels were significantly downregulated
in the Hypoxic-exos group, whereas inhibitor-exos failed
to suppress CaMKII expression in CSCs. Based on these
results, upregulated miR-214 levels effectively decrease CSC
apoptosis and oxidative stress, and CaMKII is negatively
regulated by miR-214 expression in oxidative stress-
induced CSCs.
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Figure 8: Exosomes derived from miR-214-modified BMSCs exert an antiapoptotic effect on CSCs under oxidative stress. BMSCs were
transfected with miR-214 mimics, inhibitors, or negative control RNA. At 48 h posttransfection, exosomes were isolated from BMSCs
pretreated with hypoxia and then added to CSCs under oxidative stress for 2 h. (a) RT-qPCR analysis of miR-214 expression in CSCs after
different treatments. Compared with that in the H2O2 group, miR-214 was significantly upregulated in mimic-exos group and
substantially downregulated in the inhibitor-exos group. (b) RT-qPCR analysis of CaMKII mRNA expression in CSCs after different
treatments. Compared with that in the H2O2 group, CaMKII mRNA was significantly downregulated in the mimic-exos group but
substantially upregulated in the inhibitor-exos group. (c and d) Western blotting was carried out to detect CaMKII protein levels, which
revealed that compared with those in H2O2-treated CSCs, CaMKII levels were significantly downregulated in Hypoxic-exo- or mimic-exo-
treated CSCs, whereas CaMKII protein levels were significantly upregulated in inhibitor-exo-treated CSCs. (e) Representative cell
apoptosis dot plots after Annexin V/PI dual staining are shown. The upper left quadrant (% gated) shows necrotic cells (Annexin V−/PI
+); the upper right quadrant (% gated) shows late apoptotic cells (Annexin V+/PI+); the left lower quadrant (% gated) shows live cells
(Annexin V−/PI−); and the right lower quadrant (% gated) shows early apoptotic cells (Annexin V+/PI−). These cells were measured for
comparison. (f) The percentage of apoptotic cells represents both early and late apoptotic cells. Compared with the H2O2 group, the
Hypoxic-exos or mimic-exos group displayed a decreased percentage of apoptotic cells. In addition, compared with Hypoxic-exos,
inhibitor-exos increased the percentage of apoptotic cells. (g) Representative immunofluorescence staining for TUNEL (green), C-kit
(red), DAPI (blue), and merged images. Photos were randomly captured using a fluorescence microscope. Scale bar = 20 μm. (h) The panel
shows the percentage of TUNEL-positive cells. Compared with H2O2, Hypoxic-exos or mimic-exos could significantly decrease the
percentage of TUNEL-positive cells. Additionally, compared with Hypoxic-exos, inhibitor-exos could partially increase the percentage of
TUNEL-positive cells. (i) The intracellular ROS level was determined by FCM. The P2 percentage indicates the proportion of cells with
increased ROS production, with signals above background DCF fluorescence levels. (j) Compared with that in H2O2-treated CSCs, the
fluorescence intensity of intracellular ROS was decreased in Hypoxic-exo- or mimic-exo-treated CSCs. However, compared with Hypoxic-
exos, inhibitor-exos decreased the fluorescence intensity of intracellular ROS in CSCs. (k and l) The expression levels of procaspase-3,
cleaved caspase-3, Bax, and Bcl-2 were detected by immunoblotting. Compared with H2O2 or inhibitor-exos, Hypoxic-exos or mimic-exos
substantially decreased cleaved caspase-3 and Bax expression and increased Bcl-2 expression. (m and n) Graph represents the SOD and
MDA levels in CSCs; compared with H2O2 group, Hypoxic-exos or mimics-exos inhibited MDA levels and increased SOD production,
while inhibitor-exos group increased MDA levels and suppressed SOD production. n = 3; ∗P < 0 05 compared with the H2O2 group;
#P < 0 05 compared with the Hypoxic-exos group.
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To address whether CaMKII signaling is responsible
for exosome-mediated antiapoptotic effects, we overex-
pressed CaMKII by synthesizing a CaMKII (containing
the 3′UTR) lentiviral vector and blocked CaMKII with
CaMKII-targeting siRNA (containing the 3′UTR) in CSCs
after pretreating the cells with exosomes. We found that
oxidative stress and apoptosis were decreased in Hypoxic-
exo-pretreated or CaMKII-silenced CSCs. CaMKII overex-
pression partially reversed these Hypoxic-exo-induced
antiapoptotic and oxidative stress effects. Clearly, inhibiting
CaMKII prevented H2O2-induced injury in CSCs pretreated
with inhibitor-exos. The CaMKII pathway is involved in
inhibiting apoptosis, regulating Ca2+ homeostasis and pro-
moting cell proliferation [53]. miR-214-mediated Ca2+

handling and gene signaling regulation are important con-
tributors to the pathophysiology of a wide range of cardiac
diseases [11]. Considering the effects of CaMKII on Ca2+

homeostasis regulation, we also detected Ca2+ fluorescence
intensity in CSCs and found that Ca2+ fluorescence inten-
sity was increased in response to oxidative stress in the
presence of Nor-exos, and Hypoxic-exos and siRCaMKII
decreased Ca2+ fluorescence intensity, consistent with anti-
apoptotic effects. CaMKII overexpression partially reversed
the Hypoxic-exo-induced effects on Ca2+ homeostasis reg-
ulation. Moreover, inhibitor-exos reduced Ca2+ fluores-
cence intensity while blocking CaMKII levels. To further
determine whether these effects of BMSC-exos on CSCs
were miR-214-dependent, we cultured CSCs with mimic-
exos. Compared with that in H2O2-treated cells, miR-214
expression was significantly upregulated in mimic-exo-
treated cells. In contrast, miR-214 expression was substan-
tially downregulated in the inhibitor-exo-exposed cells.
Compared with Hypoxic-exos or mimic-exos, inhibitor-
exos upregulated CaMKII mRNA and protein levels in CSCs
exposed to H2O2. Furthermore, Hypoxic-exos and mimic-
exos substantially decreased the percentage of apoptotic cells
and oxidative stress level in CSCs, whereas inhibitor-exos
induced the opposite effect. These findings strongly sug-
gested that CaMKII is the underlying factor by which exoso-
mal miR-214 mediates cellular protection.

It has been demonstrated that exosomes regulate cell-to-
cell communication, such as crosstalk between stromal cells
and breast cancer cells [55] and between mesenchymal stem
cells and endothelial cells [56]. Regardless, our understand-
ing of exosome biogenesis and endocytosis is incomplete,
and whether exosomes specifically recognize their receptor
cells still needs to be explored in depth. In our study, when
CSCs were pretreated with BMSCs-exos, the exosomes were
taken up with high efficiency, and exosomal miR-214 was
transferred into CSCs and participated in cellular signaling
pathways. This transfer successfully induced a downstream
response and decreased CaMKII expression, cell apoptosis,
oxidative stress, and Ca2+ homeostasis disruption in CSCs.

In conclusion, BMSC-exos pretreated with hypoxia effec-
tively inhibit CSC apoptosis under oxidative stress by altering
the miR-214/CaMKII pathway. Although our data suggest
that BMSC-derived exosomal miR-214 plays a critical role
in the apoptotic regulation of recipient cells, there are some
limitations in this study. We cannot exclude the contribution

of other exosomal cargo. Notably, BMSC-exos contain vari-
ous types of miRs, including miR-214; in addition, miR-214
targets more than one gene, and CaMKII is not the only
pathway downstream of miR-214.
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CYP2J proteins are present in the neural cells of human and rodent brain regions. The aim of this study was to investigate the role of
brain CYP2J in Parkinson’s disease. Rats received right unilateral injection with lipopolysaccharide (LPS) or 6-hydroxydopamine
(6-OHDA) in the substantia nigra following transfection with or without the CYP2J3 expression vector. Compared with
LPS-treated rats, CYP2J3 transfection significantly decreased apomorphine-induced rotation by 57.3% at day 12 and 47.0% at
day 21 after LPS treatment; moreover, CYP2J3 transfection attenuated the accumulation of α-synuclein. Compared with the
6-OHDA group, the number of rotations by rats transfected with CYP2J3 decreased by 59.6% at day 12 and 43.5% at day 21
after 6-OHDA treatment. The loss of dopaminergic neurons and the inhibition of the antioxidative system induced by LPS or
6-OHDA were attenuated following CYP2J3 transfection. The TLR4-MyD88 signaling pathway was involved in the
downregulation of brain CYP2J induced by LPS, and CYP2J transfection upregulated the expression of Nrf2 via the inhibition of
miR-340 in U251 cells. The data suggest that increased levels of CYP2J in the brain can delay the pathological progression of
PD initiated by inflammation or neurotoxins. The alteration of the metabolism of the endogenous substrates (e.g., AA) could
affect the risk of neurodegenerative disease.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder characterized by motor symptoms, including brady-
kinesia with resting tremor, rigidity, and gait disturbance. The
major neuropathological findings of PD are the loss of dopa-
minergic (DA) neurons and the presence of α-synuclein-
containing aggregates in the substantia nigra (SN). Although
the underlying mechanisms remain unknown, putative fac-
tors in PD pathogenesis include oxidative stress, proteostasis
imbalance, neuroinflammation, environmental toxins, and
genetic variants.

Increasing evidence indicates that neuroinflammation is
an important contributor to PD pathogenesis and that
peripheral inflammation contributes to the initiation and/or
progression of the disease by exacerbating and synergizing
with neuroinflammation [1]. Astrocytes play vital roles in
neuroinflammatory processes in PD [2]. They respond to

inflammatory stimulation by producing proinflammatory
cytokines both in vitro and in vivo [3, 4]. Astrocyte-specific
overexpression of mutant α-synuclein causes widespread
astrogliosis, microglial activation, and the degeneration of
DA neuron in mice [5]. Reactive astrogliosis has been
reported in PD animal models and in the affected brain
regions of patients with PD [6]. Astrocytes amplify the
inflammatory signals activated by microglia, and uncon-
trolled neuroinflammation ultimately contributes to neurode-
generation [3, 7]. The injection of lipopolysaccharide (LPS)
into the SN induces the progressive, specific, and irreversible
loss of DA neurons and the accumulation of α-synuclein [8].
The intranigral injection of LPS into the striatum and nigra
causes no detectable damage to GABAergic or serotoninergic
neurons, suggesting that DA neurons are selectively vulnera-
ble to LPS [9].

In addition to neuroinflammation, oxidative stress is a
critical neurotoxic event in the death of DA neurons [10].
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Actually, the inflammation and oxidative stress are tightly
linked and may be a positive reciprocal feedback loop in
the pathophysiological processes of many chronic diseases
including PD [11]. Nuclear factor erythroid 2-related factor
2 (Nrf2), a key regulator of the antioxidant system, has been
shown to be a therapeutic target for PD. And the genetic
association has been previously reported between functional
polymorphisms of the Nrf2-encoding NFE2L2 gene and the
risk of Parkinson’s disease [12, 13]. The dopamine analog
6-hydroxydopamine (6-OHDA), a typical neurotoxin, pro-
duces high levels of reactive oxygen species and causes mito-
chondrial dysfunction [14]. The injection of 6-OHDA into
the striatum causes the progressive loss of nigral DA neurons;
however, no α-synuclein aggregates were observed in this
model [15, 16].

Cytochrome P450 (CYP) is a superfamily responsible for
the biotransformation of exogenous and endogenous com-
pounds. The previous study has shown that CYP2J acts as
an arachidonic acid (AA) epoxygenase, and epoxidation of
AA produces four regioisomeric cis-epoxyeicosatrienoic
acids (5,6-, 8,9-, 11,12-, and 14,15-EET) [17]. EETs are
metabolized into dihydroxyeicosatrienoic acids by soluble
epoxide hydrolase [18]. Immunohistochemistry experiments
confirm the presence of CYP2J proteins in the neurons of
human and rodent brain regions [19]. In the present study,
we investigated the protective role of brain CYP2J and possi-
ble mechanisms of action in LPS and 6-OHDA PD models.

2. Methods

2.1. Animals. Male adult Wistar rats weighing 250–300 g,
supplied by the Experimental Animal Center (Hubei, China),
were kept at room temperature (22°C–25°C) on a 12 h artifi-
cial light/dark cycle, with free access to food and water.
Animals were allowed to habituate for 7 days prior to use.
All procedures were approved by the Animal Care Commit-
tee of Wuhan University and complied with the recommen-
dations of the International Association for the Study of Pain
[20]. Rat CYP2J3 is the major isoform in the CYP2J subfam-
ily, which shares a high identity of amino acid sequence with
human CYP2J2 (>70%) [21].

2.2. Plasmid Construction. The fragment encoding CYP2J2
was cloned into the pcDNA-3.1(+) vector (YouBio Biological
Technology Co., Wuhan, China) after the digestion by
BamHI/EcoRI (Thermo Scientific, Waltham, MA, USA).
The fragment encoding CYP2J3 was cloned into the
pHAGE-CMV-MCS-IZsGreen vector (Stargene SciTech
Development Co., Wuhan, China) after the digestion by
Xhol/HindIII (Thermo Scientific, Waltham, MA, USA).
The fragment encoding primary miR-340 was cloned into
the pcDNA-3.1(−) vector (Invitrogen, Carlsbad, CA, USA)
after the digestion by NotI/BamHI (Thermo Scientific,
Waltham, MA, USA). All final constructs were verified by
DNA sequence analysis.

2.3. Lentiviral Vector (LV) Construction. Recombinant lenti-
viruses were produced by transfecting 293T cells with a viral
vector containing the enhanced green fluorescent protein

(eGFP) gene, the CYP2J3 expression vector or a control
vector, and packing and envelope plasmids (psPAX2 and
pMD2.G; Addgene, Cambridge, MA, USA) using Lipofecta-
mine 2000. The virus-containing medium was harvested
after 48 and 72 h, then concentrated by a two-step ultracen-
trifugation procedure after filtration. Titers of the viral
vectors used in this study ranged from 1 to 2× 109TU/ml.

2.4. Surgery and Treatment Procedure. The procedure for
implantation of i.c.v. guide cannula was conducted as previ-
ously described [22]. The rats were anesthetized by chloral
hydrate (300mg/kg, i.p.) and were secured in a stereotaxic
frame (RWD Life Science, Shenzhen, China). The head was
shaved, and a 1mm hole was drilled using a high-speed drill
(RWD Life Science, Shenzhen, China). A guide cannula
(62003, RWD Life Science, Shenzhen, China) was implanted
at 0.5mm above the right substantia nigra pars compacta
(SNpc) (Bregma coordinates: AP, 5.3mm; ML, 2.0mm; and
DV, 7.8mm). The insertion cannula for stereotaxic injection
protruded 0.5mm below the tip of the guide cannula. Guide
cannula was fixed with acrylic dental cement and three stain-
less steel screws affixed to the skull. The incision was closed
using 5-0 Dysilk. Animals were administered with benzylpe-
nicillin (60mg/kg, s.c.) after the operation and kept warm
until they were awake. Body weights and clinical signs were
monitored closely during postsurgical recovery.

Experiment I. A total of 60 rats were randomly divided
into the following groups: control group, LPS group, LPS
treatment following empty vector transfection, and LPS
treatment following LV-CYP2J3 transfection (n = 15). LPS
(from Escherichia coli, serotype O55:B5, Sigma, St. Louis,
MO, USA), dissolved in sterile phosphate-buffed saline
(PBS), was unilaterally injected (10μg, 2μl) into the right
SNpc of rats at a rate of 0.2μl/min by an automatic injector
(CMA 402, CMA Microdialysis AB, Sweden) in the CMA
120 System for Freely Moving Animals (CMA Microdialysis
AB) [23]. The syringe was left in situ for 5min. Control
animals were injected with sterile PBS. After injection, the
syringe was left in situ for 5min. Rats received unilateral
injections of the empty vector or the LV-CYP2J3 vector 3
days before treatment with LPS. One microliter LV was
injected for 5min at a rate of 0.2μl/min by an automatic
injector. Using a fluorescent microscope, the expression of
eGFP was used as a visual marker of the injection site and
LV transduction.

Experiment II. A total of 40 rats were randomly divided
into the following groups: control group, 6-OHDA group,
6-OHDA treatment following empty vector transfection,
and 6-OHDA treatment following LV-CYP2J3 transfection
(n = 10). 6-OHDA (Sigma, St. Louis,MO,USA) was dissolved
in sterile saline with 0.2% vitamin C. For the 6-OHDA PD
animal model, 6-OHDA (8μg, 2μl) was unilaterally injected
into the right SNpc of rats. Control animals were injected with
the vehicle. Rats received unilateral injections of the control
vector or the LV-CYP2J3 vector 3 days before 6-OHDA treat-
ment. One microliter of LV was injected for 5min at a rate of
0.2μl/min by an automatic injector. After injection, the
syringe was left in situ for 5min.
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2.5. Rotational Behavior. The animals were tested for
rotational behavior after treatment with the DA agonist
apomorphine (0.5mg/kg, s.c.) dissolved in sterile saline 12
and 21 days after LPS or 6-OHDA injections [24]. Rats were
placed in a circular test arena. Rotational activity was
measured for 30min, beginning 5min after injection, and
the number of turns was counted [25].

2.6. Immunohistochemistry. Rats were deeply anesthetized
and perfused with saline followed by cold 4% paraformalde-
hyde through the aorta. Brain tissues were quickly removed
and postfixed with 4% paraformaldehyde. The samples were
embedded in paraffin, and a series of 4μm sections were cut.
Four sections were selected from the SN, and sections from
different groups were matched as closely as possible [26].
The sections were incubated with a polyclonal rabbit anti-rat
antibody for tyrosine hydroxylase (TH, 1 : 200). After
incubation with biotinylated anti-rabbit IgG (1 : 100), the
antigen-antibody complex was visualized using the
avidin-biotin complex technique (ABC kit, Vector Laborato-
ries, Burlington, Ont., Canada) followed by a reaction with
3,3′-diaminobenzidine and hydrogen peroxide (DAB kit,
Vector Laboratories, Burlington, Ont., Canada). TH-positive
cells in the lesioned and intact hemispheres were assayed
using the ImageJ software tomeasure a gray scale value within
the range of 0–200. Background staining was subtracted, and
analysis was performed blinded. The data shown are the
percentage of cells relative to the intact SN side.

2.7. Immunofluorescence. To investigate the effects of CYP2J
on Nrf2 protein levels, brain tissues from both LPS and
6-OHDA PD models were fixed with 4% paraformaldehyde.
The SN was embedded in paraffin and cut into 4μm. After
deparaffinization and rehydration of the paraffin sections,
antigen retrieval was performed with citrate buffer (0.1M,
pH6.0) at 95°C for 10min. The sections were blocked with
3% BSA for 1 h and incubated with a polyclonal rabbit anti-
rat CYP2J antibody (1 : 400) and a monoclonal mouse anti-
rat Nrf2 antibody (1 : 200). The samples were incubated with
the secondary antibodies including a rhodamine-conjugated
AffiniPure Goat anti-rabbit IgG for CYP2J (1 : 100) and a
Cy3-conjugated AffiniPure Donkey anti-mouse IgG for
Nrf2 (1 : 100). Images were analyzed using an Olympus
BX51 fluorescent microscope (Olympus Corporation, Tokyo,
Japan) equipped with an Olympus Micro DP72 camera.
Identical illumination and camera settings were used within
each data set.

To investigate the effects of CYP2J on α-synuclein accu-
mulation, the SN from the LPS PD model was co-incubated
with a monoclonal mouse anti-rat α-synuclein antibody
(1 : 400) and a polyclonal rabbit anti-rat TH antibody
(1 : 200). Then, the samples were incubated with the second-
ary antibodies which included a rhodamine-conjugated
AffiniPure Goat anti-rabbit IgG for TH (1 : 100) and a
Cy3-conjugated AffiniPure Donkey anti-mouse IgG for
α-synuclein (1 : 100).

To investigate the effects of LPS on the p-CREB levels,
U251 cells were pretreated with CLI-095 (1μM) or ST 2825
(20μM) for 1 h before LPS treatment (1μg/ml, 24 h). The

cells were fixed and permeabilized with 0.5% Triton X-100.
Fixed cells were blocked with 3% fetal calf serum for
30min. The cells were incubated with monoclonal rabbit
anti-human p-CREB (S133) antibody and goat anti-mouse
alpha tubulin antibody overnight at 4°C. Samples were incu-
bated with fluorescent-labeled goat anti-rabbit IgG and
fluorescent-labeled goat anti-mouse IgG in PBS for 1 h at
37°C. Then, the cells were washed twice in PBS and incubated
with 4,6-diamidino-2-phenylindole (DAPI) for 5min.

2.8. Cell Culture and Treatment. Human glioma U251 cells
were grown in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum. To determine whether CYP2J or
AAmetabolite plays a role in oxidative stress, U251 cells were
transfected with the CYP2J2 expression vector or treated
with 14,15-EET (1μM) and 12-(3-adamantan-1-yl-ureido)-
dodecanoic acid (AUDA) (1μM), an inhibitor of soluble
epoxide hydrolase. To investigate the mechanism by which
LPS regulates CYP2J, U251 cells were pretreated with a spe-
cific TLR4 inhibitor (CLI-095, 1μM) or a specific MyD88
inhibitor (ST 2825, 20μM) for 1 h before LPS treatment
(1μg/ml, 24 h).

2.9. Real-Time RT-PCR. Total RNA was isolated using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA
was synthesized using a cDNA Synthesis Kit (Toyobo,
Osaka, Japan) for first-strand synthesis. All real-time
PCR reactions with SYBR Green (Toyobo, Osaka, Japan)
were performed on a CFX connect real-time PCR detec-
tion system (Bio-Rad, Hercules, CA, USA). For miR-340
detection, a small RNA-specific stem-loop RT primer was
used as follows: 5-GTCGTATCCAGTGCGTGTCGTGGA
GTCGGCAATTGCACTGGATACGACAATCAG-3′. The
primers for PCR are listed in Additional file 1 (Table S1).
Human GAPDH was used for the normalization of relative
expression levels, and U6 was used to normalize the relative
expression of miR-340. Gene expression levels were calculated
using the 2−ΔΔCT method relative to internal controls.

2.10. Immunoblotting. The pellets of cells were lysed
using RIPA lysis buffer. For the detection of Nrf2 proteins,
20μg of total proteins from U251 cells were separated by
SDS-polyacrylamide gel electrophoresis (4% stacking and
10% resolving gels) and then transferred onto PVDF
membranes. These membranes were incubated for 2 h with
a polyclonal rabbit anti-human Nrf2 antibody (1 : 1000).
The protein levels of Nrf2 were normalized to β-actin
(1 : 1000) to control the loading efficiency. The immuno-
blots were visualized using chemiluminescence followed
by exposure to autoradiography films and analyzed using
Gel Documentation & Analysis Systems (Beijing Liuyi
Instrument, Beijing, China). The relative density of each band
was expressed in arbitrary density units after subtracting
the background.

2.11. Chromatin Immunoprecipitation (ChIP) Assay. The
ChIP kit (EpiGentek Group Inc., Brooklyn, NY, USA) was
used to determine the binding profile of CYP2J2 genes with
p-CREB protein in cells pretreated with or without CLI-095
(1μM) or ST 2825 (20μM) for 1 h before LPS treatment
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(1μg/ml, 24 h). Briefly, the cross-linked chromatin from the
nuclear fraction was sheared into fragments of the proper
length by sonication according to the manufacturer’s proto-
col. The chromatin concentration was measured, and
approximately 10% of the chromatin was retained as input
material. The chromatin solution was immunoprecipitated
with rabbit anti-human p-CREB (S133) antibody (1 : 100)
or non-immune mouse IgG as a negative control. The num-
ber of cycles used for PCR amplification were within the lin-
ear range (primers are listed in Table S1), and PCR products
were resolved on a 2% agarose gel. The band intensities were
quantified using an AutoChemi Imaging System (UVP LLC,
Upland, CA, USA).

2.12. Materials. LPS (cat. number L2880) and 6-OHDA
(cat. number H116) were purchased from Sigma (St.
Louis, MO USA), 14,15-EET were purchased from Cayman
Chemical Co. (cat. number 50651, Ann Arbor, MI), apomor-
phine (cat. number HY-12723A) and ST 2825 (cat. number
HY-50937) were purchased from MedChem Express
(Princeton, NJ, USA), and CLI-095 was purchased from
InvivoGen (cat. number tlrl-cli95, San Diego, CA, USA).

Primary antibodies to TH (cat. number ab112), Nrf2
(cat. number ab89443), α-synuclein (cat. number ab1903),
and p-CREB (S133) (cat. number ab32096) were purchased
from Abcam (Cambridge, MA, USA). Primary antibodies
to CYP2J were purchased fromMerckMillipore (cat. number
ABS1605, CA, USA). Primary antibodies to TH were pur-
chased from GeneTex Inc. Irvine (cat. number GTX113016,
CA, USA). Primary antibodies to alpha-tubulin were pur-
chased from Proteintech (cat. number 66031-1-lg, Chicago,
IL, USA). Primary antibodies to β-actin were purchased from
Santa (cat. number sc-8432, Santa Cruz, CA, USA).
Rhodamine-conjugated AffiniPure Goat anti-rabbit IgG was
purchased from Kerui Biotechnology Co. (cat. number
100428, Wuhan, China) and DyLight 405 Donkey anti-
mouse IgG was purchased from Antgene (cat. number
ANT080, Wuhan, China). FITC-conjugated AffiniPure Goat
anti-rabbit IgG (cat. number AS1110) and CY3-conjugated
AffiniPure Goat anti-mouse IgG (cat. number AS1111) were
purchased from Aspen Biological (Wuhan, China).

Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from HyClone (Rockford, IL, USA); reduced
serum medium Opti-MEM was purchased from Gibco
(Carlsbad, CA, USA). Lipofectamine 2000 was purchased
from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was purchased from Zhejiang Tianhang Biotechnology
Co. (Zhejiang, China). Other materials were purchased from
standard suppliers or as indicated in the text.

2.13. Statistical Analysis. All data are expressed as arithmetic
mean with a standard error of the mean (SEM). The normal-
ized mRNA levels of genes from cells and rat brain tissue
were expressed as arbitrary density units. Results from the
ChIP assay were expressed as arbitrary density units and nor-
malized to input levels. Data were obtained from at least five
separate experiments. One-way ANOVA was used to test for
differences among the groups and was followed by the least

significant difference post hoc test. A value of p < 0 05 was
considered significant.

3. Results

3.1. LPS Downregulated CYP2J Levels via the TLR4-MyD88
Signaling Pathway in U251 Cells. Our previous study showed
that brain CYP2J2 is the target gene of CREB in astrocytes
[17]. Compared with controls, mRNA levels of CYP2J2 and
CREB were decreased by 67.4% and 34.8%, respectively, after
LPS treatment for 24 h (Figure 1(a)). The LPS-induced inhi-
bition of CYP2J2 and CREB mRNA levels was abolished by
CLI-095 (a specific TLR4 inhibitor) and partly attenuated
by ST 2825 (a specific MyD88 inhibitor) compared with the
LPS group. Immunofluorescence data showed that CLI-095
and ST 2825 attenuated LPS-induced decreases in the
p-CREB protein level in cells (Figure 1(b)). ChIP data showed
that p-CREB proteins bound to the CYP2J2 promoter
at −1426 to −1405 bp. Compared with the control, binding
of the p-CREB protein to theCYP2J2 promoter was decreased
by 50% following LPS treatment; however, decreased binding
of the p-CREB protein to the CYP2J2 promoter induced by
LPS was attenuated by CLI-095 and ST 2825 (Figure 1(c)).
These data suggest that the TLR4-MyD88 signaling pathway
is involved in the regulation of CYP2J via CREB following
treatment with LPS.

3.2. CYP2J-Dependent Metabolites Upregulated Antioxidative
Genes via miR-340. Compared with controls, CYP2J2
overexpression significantly increased both the mRNA and
protein levels of Nrf2 in U251 cells (Figures 2(a)–2(c)).
The mRNA levels of genes related to mitochondrial oxida-
tive defense (SOD1, CAT, and GPX1) in astrocytes were sig-
nificantly elevated by CYP2J2 overexpression compared
with controls; however, no changes were observed in the
mRNA levels of genes related to endoplasmic reticulum
stress, including MANF, PERK, IRE1α, and ATF6 (data
not shown). Compared with controls, the level of miR-340
mRNA was significantly decreased following CYP2J2 over-
expression (Figure 2(d)). Western blotting and real-time
RT-PCR revealed that miR-340 targeted Nrf2 expression in
astrocytes (Figures 2(e)–2(g)). Following 14,15-EET and/or
AUDA (a soluble epoxide hydrolase inhibitor) treatment of
U251 cells, miR-340 and Keap1 were downregulated; how-
ever, genes related to mitochondrial oxidative defense were
upregulated including Nrf2, SOD1, CAT, and GPX1
(Figures 2(h)–2(m)).

3.3. CYP2J Transfection Protected Dopaminergic Neurons in
the LPS PD Animal Model. The accumulation of α-synuclein
was observed after LPS treatment for 12 and 21 days
(Figure 3(a)); however, CYP2J transfection attenuated the
LPS-induced accumulation of α-synuclein. Compared with
the control, the number of DA neurons was decreased by
75.5% after stereotaxic injections of LPS for 21 days
(Figures 3(b) and 3(c)); however, DA neurons remaining in
the SNpc of rats transfected with the CYP2J expression
vector were increased by 2.1-fold compared with the LPS
group. Compared with LPS-treated rats, the number of
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rotations in rats transfected with the CYP2J expression
vector was decreased by 57.3% at day 12 and 47.0% at day
21 after LPS treatment (Figures 3(d) and 3(e)).

3.4. CYP2J Transfection Upregulated Genes Related to
Mitochondrial Oxidative Defense in the LPS PD Animal
Model. The effect of CYP2J expression on Nrf2 protein levels
was investigated by fluorescent immunocytochemistry.
Levels of Nrf2 protein were elevated in cells with high levels
of CYP2J3 after LPS treatment for 12 and 21 days compared
with the LPS group (Figures 4(a) and 4(b)). Compared with
the control, mRNA levels of CREB and CYP2J3 in the SN
were decreased by 31.0% and 45.6%, respectively, following
LPS treatment for 21 days, but miR-340 mRNA levels were
increased by 2.5-fold, and levels of genes related to mito-
chondrial oxidative defense were decreased. Compared with
the LPS group, the mRNA levels of Nrf2, SOD1, CAT, and
GPX1 in rat SN transfected with the CYP2J3 expression
vector were increased by 6.0-, 2.6-, 3.2-, and 3.2-fold,

respectively, and miR-340 mRNA levels were decreased by
47.7% (Figures 4(c) and 4(d)).

3.5. CYP2J Transfection Protected Dopaminergic Neurons in
the 6-OHDA PD Animal Model. Compared with the control,
the number of DA neurons decreased by 74.8% after treat-
ment with 6-OHDA for 21 days; however, in the SNpc of rats
transfected with the CYP2J expression vector, the number
of DA neurons increased by 2.4-fold compared with the
6-OHDA and pHAGE groups (Figures 5(a) and 5(b)).
Compared with 6-OHDA-treated rats, rotations in rats trans-
fected with the CYP2J3 expression vector were decreased by
59.6% at day 12 and 43.5% at day 21 after 6-OHDA treatment
(Figures 5(c) and 5(d)).

3.6. CYP2J Transfection Upregulated Genes Related to
Mitochondrial Oxidative Defense in the 6-OHDA PD Animal
Model. Compared with the 6-OHDA group, Nrf2 protein
levels were elevated in cells with high levels of CYP2J3 after
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Figure 1: The TLR4-MyD88 signaling pathway was involved in the inhibition of CYP2J2 levels by LPS treatment in U251 cells. Compared
with the control, LPS treatment decreased CYP2J and CREB mRNA levels in cells (a). The LPS-induced inhibition of CYP2J2 and CREB
mRNA levels was abolished by CLI-095 and attenuated by ST 2825. Moreover, CLI-095 and ST 2825 attenuated the LPS-induced decrease
in p-CREB protein levels in cells (b). ChIP data shows that the LPS-induced decrease of p-CREB protein binding to the CYP2J2 promoter
by LPS was attenuated by CLI-095 and ST 2825 (c). Data were analyzed by one-way ANOVA. The data are mean ± SEM; n = 5, ∗p < 0 05,
∗∗p < 0 01, and ∗∗∗p < 0 001 compared with respective controls.
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Figure 2: Astrocytic CYP2J upregulated the antioxidative system via the inhibition of miR-340 in U251 cells. Compared with controls,
mRNA levels of Nrf2, SOD1, CAT, and GPX1 were increased in cells following transfection with the CYP2J2 expression vector (a);
moreover, Nrf2 protein levels were increased indicated by Western blotting (b and c). The level of miR-340 mRNA was decreased
following transfection with CYP2J2 (d) compared with the control. Nrf2 mRNA (e) and protein (f and g) levels were decreased following
miR-340 transfection. Compared with the controls, 14,15-EET and/or AUDA (a soluble epoxide hydrolase inhibitor) treatment decreased
the mRNA levels of miR-340 (h) and Keap1 (j) but increased mRNA levels of Nrf2 (i), SOD1 (k), CAT (l), and GPX1 (m) in U251 cells.
Data were analyzed by one-way ANOVA. The data are mean ± SEM; n = 5, ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 compared with
respective controls.
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6-OHDA treatment for 12 and 21 days indicated by fluores-
cent immunocytochemistry (Figures 6(a) and 6(b)). Com-
pared with the control, CREB and CYP2J3 mRNA levels in
the SN decreased by 16.5% and 55.2%, respectively, following
6-OHDA treatment (Figure 6(c)). However, the 6-OHDA-
induced inhibition of genes related tomitochondrial oxidative
defense was attenuated by transfection with CYP2J3. Com-
pared with the control, mRNA levels of Nrf2, SOD1, CAT,
and GPX1 in rat SN transfected with the CYP2J3 expression
vector were increased by 8.7-, 4.9-, 12.9-, and 6.5-fold,

respectively, and miR-340 mRNA levels were decreased by
48.8% (Figure 6(d)).

4. Discussion

This is the first demonstration that brain CYP2J plays a
protective role in PD models induced by inflammation or
oxidative stress. We showed that (i) CYP2J3 transfection sig-
nificantly attenuated LPS- or 6-OHDA-induced behavioral
impairment and the loss of DA neurons in the SN; (ii)
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Figure 3: The effects of CYP2J transfection on the loss of dopaminergic (DA) neurons in the SN and behavioral impairment in the LPS PD
animal model. Fluorescent immunocytochemistry data shows the accumulation of α-synuclein (blue) in tyrosine hydroxylase positive
neurons (red) after LPS treatment for 12 and 21 days (a); however, CYP2J transfection attenuated the LPS-induced accumulation of
α-synuclein. Immunohistochemistry staining shows the loss of DA neurons in the SN after LPS treatment (b). There were an increased
number of DA neurons remaining in the SNpc of rats transfected with the CYP2J3 expression vector compared with the LPS group (c).
Compared with LPS-treated rats, the number of rotations by rats with high CYP2J3 levels was decreased on day 12 (d) and day 21 (e)
after LPS treatment. Data were analyzed by one-way ANOVA. The data aremean ± SEM; n = 15, ∗p < 0 05 compared with respective controls.
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the TLR4-MyD88 signaling pathway was involved in the
downregulation of brain CYP2J induced by LPS; and (iii)
both CYP2J transfection and 14,15-EET activated the
Nrf2-antioxidant response element (ARE) pathway via the
inhibition of miR-340. These data indicate that AA metabo-
lites catalyzed by brain CYPs may affect the mitochondrial
oxidative defense system.

A growing body of basic research shows that the
Nrf2-ARE pathway plays a protective role in both toxin-
induced and transgenic mouse models of PD [27]. Following
oxidative stress, Nrf2 is released from Keap1, translocates
into the nucleus, and binds with the ARE of antioxidant
genes. Our data showed the activation of the Nrf2-ARE
pathway by 14,15-EET treatment in astrocytes, which is
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Figure 4: Changes in genes related to mitochondrial oxidative defenses in the LPS PD animal model. Fluorescent immunocytochemistry data
shows reduced levels of Nrf2 (blue) and CYP2J3 (red) protein in rats treated with LPS for 12 and 21 days (a). Nrf2 protein levels were
increased following transfection with the CYP2J3 expression vector (b). Compared with the control, mRNA levels of CREB and CYP2J3
were decreased following LPS treatment (c) but miR-340 mRNA levels were increased (d). Compared with the LPS group, the
LPS-induced inhibition of Nrf2, SOD1, CAT, and GPX1 mRNA levels was attenuated by transfection with CYP2J3 (d). Data were
analyzed by one-way ANOVA. The data are mean ± SEM; n = 5, ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 compared with respective controls.
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consistent with a previous report that 14,15-EET treatment
significantly increased the accumulation of Nrf2 in lung epi-
thelial cells [28]. The downstream target genes of Nrf2 related
to mitochondrial oxidative defense were upregulated follow-
ing CYP2J transfection, suggesting that Nrf2 can prevent the
damage to mitochondria from oxidant injury. The previous
study showed that the isolated mitochondria from the
myocardium of Nrf2 deficiency mice were more sensitive to
mitochondrial membrane permeability transition and swell-
ing compared with the samples from the wild-type mice
(Nrf2 protects mitochondrial decay by oxidative stress).
The induction of Nrf2 attenuated microglia-induced inflam-
mation in the hippocampus of LPS-treated mice as deter-
mined by reduced inducible NO synthase (iNOS) levels and
attenuated the production of proinflammatory cytokines
IL-6 and TNF-α [29]. Nrf2 overexpression inhibited RAC1-
dependent activation of nuclear factor-κB (NF-κB), indicat-
ing a cross-talk between Nrf2 and NF-κB pathways [30].
The activation of the Nrf2-ARE pathway following CYP2J
overexpression or the treatment of EETs may also inhibit
the NF-κB signaling pathway. Recently, Nrf2 was identified
as a regulator of the expression of autophagy genes [31, 32].
Our data showed the downregulation of Nrf2 and its down-
stream genes in both the LPS and 6-OHDA PD models, sug-
gesting that the Nrf2-ARE pathway is associated with both
neuroinflammation and oxidative stress. Nrf2 may be a suit-
able pharmacological target for the treatment of PD [27].

Cardiovascular EETs have been reported to inhibit
reactive oxygen species, the inflammatory reaction, vascu-
lar smooth muscle migration, and enhancement of the

fibrinolytic pathway [33]. Our data suggest that EETs may
play a protective role in PD. A previous study showed that
sEH deficiency or inhibition attenuated MPTP-induced
dopamine neuron loss and behavioral deficits [34]. Our data
showed that 14,15-EET decreased miR-340 levels and that
the LPS-induced elevation of miR-340 levels was attenuated
by CYP2J overexpression. The overexpression of miR-340
decreased Nrf2 mRNA levels in neural cells, which is consis-
tent with a previous study showing that miR-340 directly
targets Nrf2 mRNA in hepatocytes [35].

The TLR4-MyD88 signaling pathway is involved in
decreasing CYP2J in astrocytes via CREB following LPS
treatment. Previous studies have shown that α-synuclein
secreted from neurons induced a TLR4-dependent inflam-
matory response in primary astrocyte cultures [36]. The
accumulation of α-synuclein in astrocytes following the over-
expression of mutant SNCA (encoding α-synuclein) under an
astrocyte-specific promoter resulted in the degeneration of
DA neurons in the SNpc and the ventral tegmental area
(VTA), as well as the onset of a movement disorder [37].
Data from this study indicate that activation of the TLR4 sig-
naling pathway results in the downregulation of antioxidative
systems in astrocytes via inhibition of brain CYP2J. Alter-
ations of the CYP2J-dependent metabolism of endogenous
substrates may attenuate the LPS- or 6-OHDA-induced loss
of DA neurons and accumulation of α-synuclein in the SN.

In conclusion, our data demonstrated that the elevated
CYP2J levels strengthen the antioxidative defense system
by altering miRNA profiles within the brain. This suggests
that the alteration of the metabolism of the endogenous
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Figure 5: The effects of CYP2J3 transfection on the loss of dopaminergic (DA) neurons in the SN and behavioral impairment in the 6-OHDA
PD animal model. Immunohistochemistry staining showed the loss of DA neurons in the SN after 6-OHDA treatment (a). The dopaminergic
neurons left in SNpc from the rats transfected with CYP2J3 expression vector were increased, compared with the 6-OHDA group (b).
Compared with 6-OHDA-treated rats, the number of rotations in rats with high CYP2J3 levels was decreased at day 12 (c) and day 21 (d)
after 6-OHDA treatment. ∗∗∗p < 0 001 compared with respective controls.
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substrates (e.g., AA) could affect the risk of neurodegenera-
tive disease induced by neuroinflammation or neurotoxins.
The CYP2J-mediated metabolites may activate the Nrf2-
ARE pathway and delay PD progression by ameliorating
mitochondrial dysfunction.
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Figure 6: Changes in genes related tomitochondrial oxidative defenses in the 6-OHDAPD animalmodel. Fluorescent immunocytochemistry
data shows reduced levels of Nrf2 (blue) and CYP2J3 (red) protein in rats treated with 6-OHDA for 12 and 21 days (a). Nrf2 protein levels were
increased following transfection with the CYP2J3 expression vector (b). Compared with the control, mRNA levels of CREB and CYP2J3 were
decreased by 6-OHDA treatment (c). The inhibition of Nrf2, SOD1, CAT, and GPX1 mRNA levels following 6-OHDA treatment was
attenuated by transfection with CYP2J3, compared with the 6-OHDA group (d). Data were analyzed by one-way ANOVA. The data
are mean ± SEM; n = 5, ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001 compared with respective controls.
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TH: Tyrosine hydroxylase
TLR4: Toll-like receptor 4
3’-UTR: 3′-Untranslated region
VTA: Ventral tegmental area.
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