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Evidence from experimental and clinical studies have shown
that oxidative/nitrosative stress and inflammation associated
with metabolic disorders such as obesity, hypertension, and
diabetes conduce to left ventricular hypertrophy, fibrosis,
diastolic dysfunction, heart failure, and ischemia/reperfusion
damage [1, 2].

In this special issue, original researches on the causative
effect of oxidative stress and inflammation on pathologies
such as mitral valve prolapse (MVP), arteriosclerosis, hyper-
tension, and ischemia/reperfusion (IR) injury are presented.
Also, the evidence of the effect of NLRP3-inflammasome
and reactive oxygen species (ROS) production by Ca2+ over-
load onmitochondrial function, along with the demonstration
of the regulatory properties of MG132, demetoxicurcumin,
and lycopene on signaling pathways that activate either
nuclear factor E2-related factor 2 (Nrf2) or NFκB, are shown.
Information in this issue also includes findings on the relation-
ship between ROS and the activation/maturation of dendritic
cells (DCs) that might trigger cardiovascular and metabolic
pathologies.

The strong association between osteoprotegerin (OPG)
levels and oxidative stress status in patients affected by
MVP with severe regurgitation opens its possible use as
a serum marker of this pathology according to P. Songia
et al. On the other hand, R. Mastrocola et al. demonstrate
that the inhibition of NLP3-inflammasome reduces IR
injury by activating prosurvival RISK pathway and pre-
serving mitochondrial function. This is interesting and is
related to the article presented by Y. Oropeza-Alamazán

et al., which demonstrates that silencing of MCU decreases
ROS production and mitochondrial dysfunction induced
by Ca2+ overload in reperfusion injury.

Pharmacological regulation of oxidative stress and inflam-
mation is also included in this special issue. Y. Li et al. demon-
strated that the downregulation of cyclooxygenase (COX-2)
by demethoxycurcumin (DMC) favors nitric oxide (NO) pro-
duction via e-NOS activation, preventing endothelial dysfunc-
tion, whereas L. Kong et al. demonstrated that MG132
administration inhibits Nrf2 and IkB proteolysis via the pro-
teasome, preventing endothelial dysfunction associated with
cardiovascular disease in animals with diabetic nephropathy.
The antioxidant and anti-inflammatory properties of lycopene
are shown to be related with the downregulation of Rho-
associated kinases and the activation of key factor expression
in the study described by Y. He et al., who propose that this
compound might by a potentially effective method for trans-
plant arteriosclerosis in clinical organ transplantation. Finally,
J. Stein et al. show that Nox2-derivated oxidative stress and
PKC activation play relevant roles in DCs activation and the
atherothrombotic processes that might impinge on cardiovas-
cular and metabolic pathologies.

We hope that the research articles included in this
issue contribute to the understanding of mechanisms
related to the development of cardiovascular diseases and
increase the possibility to find novel specific markers and
the proposal of new potential therapeutic treatment with
the use of new drugs that regulated pathway risk related
with the trigger of cardiovascular disease.
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Aims. Activation/maturation of dendritic cells (DCs) plays a central role in adaptive immune responses by antigen processing and
(cross-) activation of T cells. There is ongoing discussion on the role of reactive oxygen species (ROS) in these processes and with
the present study we investigated this enigmatic pathway. Methods and Results. DCs were cultured from precursors in the bone
marrow of mice (BM-DCs) and analyzed for ROS formation, maturation, and T cell stimulatory capacity upon stimulation with
phorbol ester (PDBu) and lipopolysaccharide (LPS). LPS stimulation of BM-DCs caused maturation with moderate intracellular
ROS formation, whereas PDBu treatment resulted in maturation with significant ROS formation. The NADPH oxidase inhibitors
apocynin/VAS2870 and genetic gp91phox deletion both decreased the ROS signal in PDBu-stimulated BM-DCs without affecting
maturation and T cell stimulatory capacity of BM-DCs. In contrast, the protein kinase C inhibitors chelerythrine/Gö6983 decreased
PDBu-stimulated ROS formation in BM-DCs as well asmaturation.Conclusion. ObviouslyNox2-dependent ROS formation in BM-
DCs is not always required for their maturation or T cell stimulatory potential. PDBu/LPS-triggered BM-DC maturation rather
relies on phosphorylation cascades. Our results question the role of oxidative stress as an essential “danger signal” for BM-DC
activation, although we cannot exclude contribution by other ROS sources.

1. Introduction

Immune cells provide protection of the organism from
invading microbial pathogens. The immune system with its
various cell types can be divided into innate immune system
(e.g., PMN or NK cells) and adaptive immune response (e.g.,
lymphocytes). Dendritic cells (DCs) serve as a messenger
between adaptive and innate immune response [1]. A key
event in the adaptive immune response consists of the prim-
ing or sensitization of resting T cells, which is a prerequisite
for any antigen-induced cellular adaptive immune response.
T cell activation largely depends on efficient presentation

of antigen fragments by antigen-presenting cells such as
DCs. The latter are located in tissues with close contact
to the external environment like skin (Langerhans cells) or
epithelium of lungs and intestines. DC-dependent activation
of T cells also contributes to the development of arterial
hypertension [2].This underlines the clinical relevance of DC
activation/maturation for cardiovascular disease. It is known
that platelet activation during the course of vascular injury or
bleeding and subsequent CD40L release provides a “danger
signal” that activates DCs at the site of blood vessel damage
and thus facilitates the induction of local T cell-mediated
immune responses. In addition, other “danger signals” such
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as bacterial or fungal endotoxins (e.g., lipopolysaccharide
[LPS] or zymosan A), tissue injury markers (e.g., uric acid,
hyaluronic acid), immune activation (e.g., CD40L, inflam-
matory cytokines), and even angiotensin II cause potent acti-
vation/maturation of DC [2, 3]. Therefore, an inflammatory
and thrombotic environment represents a major trigger for
DC activation, maturation, and infiltration, and subsequent
immune responses leading to atherothrombotic events in the
vasculature.

In addition to the above-described classical “danger
signals,” DCs may also become activated by oxidative stress,
either via direct immunomodulatory actions of ROS on
proteins in immune cells or on mediators of inflammation
(e.g., oxLDL, isoketals, and other lipid peroxidation products)
[4–11]. In support of this notion, it was shown that oxidative
stress in the bone marrow upregulates TNF𝛼 leading to acti-
vation of DCs [12] and that vascular oxidative stress leads to
DC activation, adhesion, and transmigration [13]. However,
cigarette smoke-induced oxidative stress suppressed the gen-
eration of key cytokines by maturing DCs through the acti-
vation of ERK-dependent pathways [14]. In turn, ROS have
been demonstrated to activate NADPH oxidases in a protein
kinase C-dependent fashion [15] opening the opportunity to
activate the DC NADPH oxidase (Nox2 isoform). Several
publications ascribe an important role of Nox2-derived ROS
in antigen processing and presentation by controlling the
pH of the phagosome [16–18]. Protein kinase C (isoform 𝛼)
not only is an essential activator of Nox2 activity but also
regulates cytokine production of DCs in a MyD88- and toll-
like receptor- (TLR-) dependent fashion [19].

With the present study we sought to investigate the role
of protein kinase C andNox2-derived ROS inDCmaturation
and T cell stimulatory capacity.

2. Materials and Methods

2.1. Animals and Treatment Protocol. C57BL/6, BALB/cJ, and
gp91phox knockout mice were obtained from the Translational
Animal Research Center of the University Medical Center
Mainz and maintained under pathogen-free conditions on a
standard diet.

Hemizygous 𝑔𝑝91𝑝ℎ𝑜𝑥−/𝑦 mice (Nox2 knockout (#2365),
C57BL/6 background, JacksonLaboratories, BarHarbor,ME)
were generated as described previously [20] and C57BL/6
mice were used as the corresponding wild type controls.Mice
were sacrificed under isoflurane anesthesia and femurs and
tibias were recovered for generation of BM-DCs. Animal
treatment was in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by
the US National Institutes of Health and was approved by
the Ethics Commission according to the German Law on the
Protection ofAnimals (LandesuntersuchungsamtRheinland-
Pfalz, Koblenz, Germany: #23 177-07/G 10-1-054, #23 170-
07/G 07-1-023).

2.2. Bone Marrow-Derived DCs. BM-DCs were generated as
first described by Scheicher et al. [21] and modified by Bros
et al. [22]. Shortly, bone marrow cells (2 × 106 cells/10ml)

were cultured in IMDM supplemented with 5% heat-
inactivated FCS (Gibco, Paisley, UK), 2mM L-glutamine
(Roth, Karlsruhe, Germany), 100U/ml penicillin, 100 𝜇g/ml
streptomycin (both PAA, Pasching, Austria), 50 𝜇M 𝛽-
mercaptoethanol (Roth), and 5% GM-CSF-containing cell
culture supernatant derived from X63.Ag8-653 myeloma
cells stably transfected with a murine GM-CSF expression
construct [23] on bacterial dishes (Greiner Bio-One, Fricken-
hausen, Germany). BM-DC culture mediumwas replenished
on day 3 and day 6 of culture. On day 7, immature BM-DCs
were harvested, centrifuged, reseeded in 6-well nontissue
culture treated plates (1 × 106 cells/2ml), and cultured for
another 24 hours.

2.3. Detection of Extracellular and Intracellular ROS For-
mation of Cultured BM-DCs. Oxidative burst of cultured
BM-DCs (24-well, 1 × 106 cells/well, day 8) was induced
by phorbol ester dibutyrate (PDBu, 10 𝜇M) (Sigma-Aldrich,
Steinheim, Germany) or LPS (50𝜇g/ml) (Calbiochem) using
L-012- (100 𝜇M-) enhanced chemiluminescence (ECL) in
PBS (1mM Ca2+/Mg2+) on a Centro plate reader (Berthold
Technology, Bad Wildbad, Germany). In some experiments,
inhibitors of NADPH oxidase, apocynin (150 or 300𝜇M,
Sigma-Aldrich) or VAS2870 (20 𝜇M, Sigma-Aldrich), or
the protein kinase C inhibitors chelerythrine (10, 50, and
100 𝜇M, Sigma-Aldrich) or Gö6983 (0.1, 1, 10 𝜇M, Sigma-
Aldrich) were added to the cells 20min before addition
of the L-012 dye and stimulation with PDBu or LPS. ROS
formation by BM-DCs (24-well, 2 × 105 cells/well) was also
tested by dichlorofluorescein-diacetate (DCF-DA, 20 𝜇M) or
dihydroethidium (DHE, 1 𝜇M) fluorescence using a Mithras
2 fluorescence plate reader for DCF-DA (Berthold Techn.,
Bad Wildbad, Germany; filters for excitation: 485 ± 10 nm,
emission: 535±10 nm) and fluorescencemicroscopy forDHE
(Axiovert, Zeiss). DCF-DA was added with the inhibitor to
the cells 20min before stimulation with PDBu or LPS.

2.4. Detection of Intracellular ROS Generation by Flow Cytom-
etry (FACS). On day 8 of culture, an aliquot of BM-DCs
was incubated with the dye CM-DCF-DA (5 𝜇M/1 × 106/ml)
(Thermo Fisher Scientific, Waltham, MA) for 30min, while
another aliquot was left untreated. Cells were stimulated with
LPS (1.5 𝜇g/ml), various concentrations of PDBu (0.1𝜇M,
1 𝜇M, or 10 𝜇M), PMA (50 ng/ml, Sigma-Aldrich), zymosan
A (50 𝜇g/ml, life technologies), lipoteichoic acid (10𝜇g/ml,
Sigma-Aldrich), activating antiCD40 Ab (10 𝜇g/ml), mouse
recombinant soluble CD40L (0.5 𝜇g/ml, ImmunoTools,
Frisoythe, Germany), TNF-𝛼/IL-1𝛽 (10 ng/mg each,
ImmunoTools), or remained unstimulated as a control for
the time points indicated. Cells were harvested and washed
in staining buffer (PBS/2% FCS). To avoid Fc receptor-
mediated nonspecific binding of antibodies (Ab), cells were
incubated for 15min on ice with a rat anti-mouseCD16/CD32
Ab (clone 2.4G2, purified from hybridoma supernatant).
Cell surface was stained with a phycoerythrin- (PE-)
conjugated Ab recognizing CD11c (clone N418, Miltenyi
Biotec, Bergisch-Gladbach, Germany) and a phycoerythrin-
cyanine 5- (PE-Cy5-) conjugated Ab recognizing MHCII
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Figure 1: Analysis of ROS formation 2 h and maturation (high MHCII and CD86 expression) 24 h after stimulation of BM-DCs with (a)
increasing concentrations of PDBu (0.01–1 𝜇M) or LPS (0.5–30 𝜇g/ml) or (b) PDBu (0.1 𝜇M), PMA (50 ng/ml), zymosan A (ZymA, 50 𝜇g/ml),
LPS (1.5𝜇g/ml), lipoteichoic acid (LTA, 10 𝜇g/ml), antiCD40 (10𝜇g/ml), mrCD40L (0.5 𝜇g/ml) or TNF-𝛼/IL-1𝛽 (10 ng/ml each) by flow
cytometry. Representative data of one single experiment are shown (a) and mean ± SEM of 𝑛 = 1–3 experiments (b).

(clone M5/114, eBioscience, San Diego, CA). Suitable isotype
control Abs were used. Flow cytometry measurement
was performed using a FACS Canto II flow cytometer
(BD Biosciences) and analyzed using FlowJo software. In
particular, DCs were identified by the expression of the
surface marker CD11c (named CD11c+ cells), and these were
subsequently subdivided into MHCIIhigh expressing DCs
and MHClow expressing DCs as indicated in suppl. Figure 1S
available online at https://doi .org/10.1155/2017/4157213. ROS
generation was analyzed in both subpopulations.

2.5. Detection of Maturation Using FACS. Stimulated and
unstimulated BM-DCs were harvested and Fc-receptor block
was performed as described above. Cell surface was stained
with the following Abs: fluorescein isothiocyanate- (FITC-)
conjugated anti-CD11c (clone N418, Miltenyi Biotec), PE-
conjugated anti-CD86 (cloneGL1, eBioscience), and PE-Cy5-
conjugated anti-MHCII (clone M5/114, eBioscience). Cells
were fixed with 0.7% paraformaldehyde (Merck, Darmstadt,
Germany) in PBS and subjected to FACS analysis as described
above. As described above, DCs were defined as CD11c+ cells,
and expression of MHCIIhigh and CD86high characterized
these cells as mature DCs as indicated in suppl. Figure 2S.

2.6. Allogeneic T Cell Stimulation Assays. Splenic BALB/cJ
T cells (3 × 105) enriched by nylon wool adherence as
described [24] were cocultured with serially diluted C57BL/6
or 𝑔𝑝91𝑝ℎ𝑜𝑥−/𝑦 BM-DCs (start concentration: 5 × 104) in
triplicates in 200𝜇l culture medium without GM-CSF in 96-
well flat-bottom plates for 4 days. Proliferation was assessed
by measuring the genomic incorporation of [3H] thymidine
(0.25 𝜇Ci/well), which was added for the last 16 h of the
culture. Cells were harvested onto glass fiber filters and

retained radioactivity was measured in a liquid scintillation
counter (1205 Betaplate, LKBWallac, Turcu, Finland).

2.7. Statistical Analysis. Data are expressed as mean ± SEM.
Statistically significant differences were assessed by using
one-way ANOVA for comparisons of groups followed by
pairwise comparison analysis using Holm-Sidak. 𝑝 values
< 0.05 were considered statistically significant (∗𝑝 < 0.05,
∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001). Analysis was performed for
most data by using SigmaPlot 12.3 (Systat Software, San Jose,
CA) and for chemiluminescence and fluorescence data of
ROS formation by employing Prism 6 for Windows, version
6.05, GraphPad Software.

3. Results

3.1. LPS and the PKC-Activator PDBu Promote BM-DCMatu-
ration, but Only PDBu Increases Intracellular ROS Formation
in BM-DCs. In a set of pilot experiments, we observed that
the phorbol ester PDBu induced a concentration-dependent
increase in ROS formation in MHCIIhigh cells, whereas mat-
uration was augmented by the lowest concentration of PDBu
and showed only marginal further increase at higher con-
centrations of PDBu (Figure 1(a)). In contrast, the endotoxin
LPS at all concentrations employed increased the maturation
of BM-DCs to a similar extent but led to a less pronounced
augmentation of the ROS formation rate as compared to
PDBu (Figure 1(a)). Puzzled by this obvious dissociation
between ROS formation and maturation in BM-DCs we
tested a set of different stimulators of BM-DCmaturation.We
found that only phorbol esters induced ROS formation and
maturation, whereas all other classical stimulators induced
maturation without significant ROS formation (Figure 1(b)).
In order to exclude artificial ROS signals by FACS analysis,

https://doi.org/10.1155/2017/4157213
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Figure 2: Treatment of BM-DCs (2× 105 cells/well) with PDBu (10𝜇M)and analysis of the formation of intra- and extracellular ROSmeasured
by (a) DHE (1 𝜇M) fluorescence microscopy 20min after addition of PDBu (10 𝜇M) or LPS (50 𝜇g/ml) (magnification 200x), (b) DCF-DA
(20 𝜇M) fluorescence in a plate reader 20min after addition of PDBu, or 40min after addition LPS in the presence or absence of the NADPH
oxidase inhibitor VAS2870 (20𝜇M). (c) Kinetics of ROS formation were measured by L-012 (100𝜇M) ECL upon addition of PDBu or LPS.
Representative images of 2 independent experiments (a) and mean ± SEM of 8 (b) and 8 (c) experiments are shown. ∗𝑝 < 0.05 versus Ctr
(w/o PDBu or LPS) or #𝑝 < 0.05 versus stimulated (with PDBu or LPS) (b) and ∗𝑝 < 0.05 versus time point 10min (c).

we tested other ROS detection methods. Staining of cultured
BM-DCs with the fluorescence dyes dihydroethidium (DHE)
or dihydrodichlorofluorescein diacetate (DCF-DA) revealed
a quite similar increase in intracellular ROS formation upon
stimulation of BM-DCs with PDBu or LPS (Figures 2(a)
and 2(b)). Due to a high background signal, the increase in
ROS formation upon stimulation with PDBu or LPS was less
obvious with DCF-DA but was significantly suppressed by
the NADPH oxidase inhibitor VAS2870. Using the luminol
analogue and chemiluminescence dye L-012 we established
a time course for PDBu- and LPS-induced extracellular
ROS formation by BM-DCs with maxima at 20 and 40min,
respectively (Figure 2(c)). Maximal ROS formation revealed
by L-012 ECL was approximately 10-fold more pronounced
with PDBu stimulation as compared with the LPS-treated
group. Therefore, the overall ROS signal induced by the two

stimulators largely depends on the site of ROS measurement
and the employed dye.

More detailed FACS analysis confirmed these initial
findings on the dissociation between ROS formation and
maturation of BM-DCs. Only PDBu, but not LPS, resulted
in a significant increase in ROS formation by BM-DCs at 15
and 120min (Figures 3(a) and 3(b)), whereas both stimuli
increased the maturation at 24 h after stimulation to a similar
degree (Figure 3(c)). Furthermore, T cell stimulatory capacity
of BM-DCs was increased by PDBu and LPS (Figure 3(d)).

3.2. PDBu-Induced Maturation of BM-DCs Can Be Blocked by
PKC-Inhibition and Does Not Depend on Nox2-Derived ROS
Formation. Since previous studies identified the NADPH
oxidase system (mainly the Nox2 isoform) as a potent source
of ROS in activated BM-DCs, we tested the effect of the
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Figure 3: Analysis of intracellular ROS formation upon activation of BM-DCs, of maturation at 24 h after stimulation, and of their T cell
stimulatory capacity. (a) 1 × 106 BM-DCs were stimulated with LPS (1.5𝜇g/ml) or PDBu (10 𝜇M). ROS formation (a) in MHCIIhigh and (b)
MHCIIlow expressing CD11c+ cells was analyzed by flow cytometry after 15 or 120min. (c) Maturation was characterized by high MHCII
and CD86 expression after 24 h using flow cytometry. (d) T cell stimulatory capacity was compared in a proliferation assay with a constant
number of T cells (3 × 105) cocultured with decreasing numbers of differentially stimulated BM-DCs, and on day 4 proliferation of T cells was
measured by incorporation of [3H] thymidine. Data are mean ± SEM of (a) 4-5, (b) 4-5, (c) 5, and (d) 3 experiments. ∗∗∗𝑝 < 0.001; ∗∗𝑝 < 0.01
versus PDBu (a, b); §§§𝑝 < 0.001 versus unstimulated; ∗𝑝 < 0.05; ∗∗∗𝑝 < 0.001 versus PDBu (c, d).

pharmacological inhibitor of NADPH oxidase-derived ROS
formation, apocynin, on the ROS signal, and maturation of
BM-DCs. We established a concentration-dependent inhi-
bition of BM-DC-derived extracellular ROS formation by
apocynin and the known Nox2 inhibitor nebivolol [25, 26]
(Figure 4(a)). Also, LPS-induced extracellular ROS formation
by BM-DCs was decreased by apocynin in a dose-dependent
fashion (Figure 4(b)). In contrast, apocynin only caused a
minor inhibition of maturation (Figure 4(c)) but a more
pronounced loss of T cell stimulatory capacity (Figure 4(d))
of PDBu-stimulatedBM-DCs.The latterwould be compatible

with numerous reports on a role of Nox2 in antigen presen-
tation by BM-DCs that is based on pH modulation in the
phagosome [16–18].

Since apocynin, especially at higher concentrations, has
direct antioxidant properties [27], we also tested genetic
deletion of the Nox2 subunit gp91phox in order to charac-
terize the role of Nox2-derived ROS in BM-DC maturation
and T cell stimulatory capacity. Although we observed a
significant decrease in ROS formation by PDBu-stimulated
BM-DCs of gp91phox-deficient as compared with control
mice (Figures 5(a) and 5(b)), neither maturation nor T cell
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Figure 4: Analysis of the effects of apocynin treatment on the formation of ROS, maturation, and the T cell stimulatory capacity of BM-
DCs upon activation by PDBu or LPS. (a) BM-DCs (1 × 106 cells/well) were stimulated with PDBu (10𝜇M) and additionally treated with
different concentrations of apocynin (100–1000𝜇M) or with the potent inhibitor of Nox2 activity nebivolol (100 𝜇M), and ROS generation
was measured by L-012 chemiluminescence at 10min after stimulation. (b) ROS formation after stimulation of BM-DCs (1 × 106 cells/well)
with LPS (50𝜇g/ml) and cotreatment with apocynin (100–300 𝜇M) was measured by L-012 chemiluminescence at 40min after stimulation.
(c) Maturation of BM-DCs (expression of MHCII and CD86 at high level) was analyzed after stimulation with LPS (1.5 𝜇g/ml) or PDBu
(10𝜇M) and treatment with apocynin (150–300𝜇M) after 24 h via flow cytometry. (d) T cell stimulatory capacity after apocynin treatment
was compared in a proliferation assay (see legend to Figure 3). Data are mean ± SEM of 8 (a, b) and 3 (c) experiments. (d) One representative
experiment of two is shown. (a, b) ∗𝑝 < 0.05 versus Ctr (w/o PDBu or LPS); #𝑝 < 0.05 versus PDBu or LPS treated sample; (c) §§§𝑝 < 0.001;
§§𝑝 < 0.01 versus unstimulated; ##𝑝 < 0.01 versus LPS. (d) §§𝑝 < 0.01; §𝑝 < 0.05 versus unstimulated; #𝑝 < 0.05 versus PDBu.

stimulatory capacity was significantly impaired in gp91phox-
deficient animals upon PDBu stimulation (Figures 5(c) and
5(d)). However, since PDBu-induced ROS formation was
not completely absent in BM-DCs without gp91phox, we
cannot exclude contribution of other sources of ROS (e.g.,
mitochondria or other Nox isoforms) to BM-DC maturation
and T cell stimulatory capacity.

Nox2 activation is mainly mediated by PKC [28], which
in turn was reported to essentially contribute to DC cytokine
production [19]. We therefore tested the effect of the PKC

inhibitor chelerythrine on BM-DC-derived ROS formation
and maturation. Chelerythrine induced a concentration-
dependent inhibition of PDBu- and LPS-induced BM-DC-
derived extracellular ROS formation (Figures 6(a) and 6(b)).
Also PDBu-induced intracellular ROS formation by BM-DCs
(measured by FACS analysis) was decreased by chelerythrine
in a dose-dependent fashion (Figure 6(c)). LPS-triggered
ROS formation was clearly less pronounced as compared to
the PDBu-treated group. PDBu-triggered BM-DC matura-
tion was completely abolished by chelerythrine (Figure 6(d)).
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Figure 5:Analysis of the effects of genetic knock out of the gp91phox subunit of the phagocyticNADPHoxidase onROS formation,maturation,
andT cell stimulatory capacity of PDBu- or LPS-activated BM-DCs. BM-DCs of controlmice (C57BL/6) and gp91phox−/y micewere stimulated
with LPS (1.5𝜇g/ml) or PDBu (10𝜇M). ROS formationwasmeasured after 15 and 120min inMHCIIhigh (a) orMHCIIlow (b) expressingCD11c+
cells. (c) Analysis of maturation represented by high expression of MHCII and CD86 24 h after stimulation. (d) Analysis of T cell stimulatory
capacity on day 4. Data are mean ± SEM of (a) 3, (b) 3, (c) 3, and (d) 3 experiments. ∗∗∗𝑝 < 0.001 versus C57BL/6 PDBu at 15min.

In an independent experiment we showed that the Nox2
inhibitor VAS2870 as well as the alternative PKC inhibitor
Gö6983 inhibited the PDBu or LPS-stimulated extracellular
ROS signal in BM-DCs (Figures 7(a) and 7(b)). As shown
for chelerythrine, also Gö6983 decreased the PDBu-triggered
BM-DC maturation (Figure 7(c)).

4. Discussion

The results of the present study demonstrate that the phorbol
ester PDBu like LPS, which are classical stimulators for
oxidative burst in PMN, trigger BM-DC maturation and

T cell stimulatory capacity. We aimed to identify the role of
oxidative stress in BM-DC maturation and found that PDBu
and to a minor extent also LPS induced intracellular ROS
formation in BM-DCs. Interestingly, inhibition of NADPH-
oxidase by apocynin, VAS2870, or genetic knock-out of Nox2
subunit gp91phox had only minor or no effect on BM-DC
maturation and T cell stimulatory capacity. However, inhibi-
tion of protein kinase C by chelerythrine or Gö6983 inhibited
both PDBu-induced maturation and ROS formation. Taken
together, we here provide evidence against an essential role
of intracellular Nox2-derived ROS formation in BM-DC
maturation by PDBu and LPS.
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Figure 6: Analysis of the effects of chelerythrine treatment on the formation of ROS and maturation of BM-DCs upon activation by PDBu
or LPS. (a) BM-DCs (1 × 106 cells/well, 24-well plate) were stimulated with PDBu (0.1, 1, and 10𝜇M) and additionally treated with different
concentrations of chelerythrine (10 and 100𝜇M), and ROS generation wasmeasured by L-012 chemiluminescence at 20min after stimulation.
(b) ROS formation after stimulation of BM-DCs (1 × 106 cells/well, 24-well plate) with LPS (50𝜇g/ml) and cotreatment with chelerythrine
(10 and 100𝜇M) was measured by L-012 chemiluminescence at 40min after stimulation. Analysis of ROS generation (c) and maturation (d)
after stimulation with LPS (1.5 𝜇g/ml) or PDBu (10 𝜇M) and cotreatment with chelerythrine (10–100𝜇M) using flow cytometry. Synthesis of 2
experiments (controls were merged) with different chelerythrine concentrations. Data are mean ± SEM of 8 (a, b) and 1-2 (c, d) experiments.
∗𝑝 < 0.05 versus Ctr (w/o PDBu or LPS); #𝑝 < 0.05 versus PDBu- or LPS-treated sample.

The phagocyte NADPH oxidase Nox2 is a well-known
player in host defense of the innate immune system, and there
is increasing evidence for a role of Nox2 in adaptive immu-
nity [29–31]. Patients suffering from chronic granulomatous
disease (CGD) have a higher susceptibility to autoimmune
diseases like lupus erythematosus or rheumatoid arthritis
[32, 33]. Maturation of DCs is part of the pathogenesis of
such autoimmune diseases [34]. Nox2-deficient mice crossed
onto a lupus-prone genetic background (MRL.Faslpr) develop
higher antibody titer and a more severe clinical picture of the
disease than controlmice [35]. Furthermore,Nox2 is involved

in antigen presentation by BM-DCs, which is based on pH
modulation in the phagosome [16–18].

However, the role of Nox2-derived ROS in autoimmune
disease is not clear until now and the literature data reflect a
quite contradictory picture of the role of ROS formation in
DC maturation. It was shown that ROS-low DCs displayed
a more pronounced response to TLR agonists like LPS and
zymosan, followed by accelerated maturation and T cell
stimulatory capacity as comparedwith ROS-highDCs, which
showed increased MAPK signaling, adhesion and hydrogen
peroxide release indicating their role in immediate microbial
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Figure 7: Analysis of the effects of the treatment with theNADPHoxidase inhibitor VAS2870 and the PKC inhibitor Gö6983 on the formation
of ROS and maturation of BM-DCs upon activation by PDBu or LPS. (a) BM-DCs (2 × 105 cells/well, 96-well plate) were stimulated with
PDBu and additionally treated with VAS2870 and Gö6983, and ROS generation was measured by L-012 (100𝜇M) chemiluminescence at
20min after stimulation. (b) ROS formation after stimulation of BM-DCs (2 × 105 cells/well, 96-well plate) with LPS and cotreatment with
VAS2870 and Gö6983 was measured by L-012 chemiluminescence at 40min after stimulation. (c) Analysis of maturation of BM-DCs (1 × 106
cells/well, 24-well plate) after stimulation with LPS (1.5𝜇g/ml) or PDBu (10 𝜇M) and cotreatment with Gö6983 using flow cytometry. Data
are mean ± SEM of 8 (a, b) and 2 (c) experiments. ∗𝑝 < 0.05 versus Ctr (w/o PDBu or LPS); #𝑝 < 0.05 versus PDBu- or LPS-treated sample.

targeting [36]. In contrast, liposome-driven ROS forma-
tion and chemokine (ERK-dependent)/cytokine (MAPK-
dependent) production were all prevented by unspecific
antioxidants (TEMPO and ebselen), an inhibitor of flavin-
dependent oxidoreductases including NADPH oxidases
(diphenyl iodonium) and a MAPK inhibitor (SB203580)
[37]. Although representing an unspecific approach, cigarette
smoke extract induced ROS formation, production of the
chemokines CCL3 and CXCL2, and NF𝜅B activation in a
TLR-dependent fashion, all of which were prevented by

the antioxidant N-acetylcysteine [38]. Another unspecific
approach was based on LPS-triggered ROS formation byDCs
and their activation (maturation, cytokine production, and
T cell stimulatory potential), all of which were prevented by
the antioxidant ebselen [39], however, keeping in mind that
this compound is an unspecific inhibitor of thiol-dependent
enzymes [40]. Also, treatment with a glutathione ester suc-
cessfully prevented LPS-induced mitochondrial ROS forma-
tion (measured by electron spin resonance spectroscopy)
and cytokine production [41]. Mitochondrial ROS formation
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was demonstrated to be an essential contributor to DC
differentiation since the complex I inhibitor rotenone but
also catalase in the culture medium decreased DC-derived
ROS levels and markers of differentiation, pointing towards
an essential role of mitochondrial hydrogen peroxide in
this process [41]. This is in line with the observation that
mitochondrial ROS can trigger hypoxia-inducible factor 1-
dependent reprogramming and switch to glycolysis in various
cell types including DC [42, 43].

Previously it was shown that NADPH oxidase-derived
ROS did not contribute to DC differentiation, maturation,
cytokine production, and induction of T cell proliferation,
since DC generated from patients with chronic granulo-
matous disease (CGD) displayed normal function [44].
Likewise, treatment with a ROS scavenger also had no
effect in the hands of these authors. In contrast, NADPH
oxidase activation was essential for DC-mediated killing of
intracellular E. coli [44], which is supported by various cases
indicating exacerbated inflammatory reactions upon bacte-
rial infections of CGD patients [45]. In line with this previous
observations, our data indicate a minor role of Nox2-derived
ROS formation for BM-DCmaturation andT cell stimulatory
capacity upon activation by PDBu or LPS. Nevertheless, since
neither PDBu-induced nor LPS-induced ROS formation was
completely absent in BM-DCs without gp91phox, it might be
speculated whether other sources of ROS (e.g., mitochondria
or other Nox isoforms) contribute to BM-DCmaturation and
T cell stimulatory capacity. Also, as shown in multiple stud-
ies on experimental sepsis (endotoxemia), LPS-dependent
activation of immune cells is associated with appreciable
levels of ROS formation, which most likely originate from
mitochondria and NADPH oxidases [46, 47]. In general, it
is also well known that ROS over production in immune cells
leads to cell dysfunction and impaired/unregulated immune
response and end organ damage [48–51], although in some
rare diseases also insufficient ROSproductionmay contribute
to uncontrolled inflammatory conditions [52]. In most cases,
this implies that even in LPS models ROS may play a role in
the activation of immune cells as well as resolution of inflam-
mation, as shown for mitochondrial ROS in LPS-primed
bone marrow-derived macrophages [53]. In support of this
it was shown in several experimental sepsis models that LPS-
inducedROS formation is decreased and survival is improved
in endotoxemic gp91phox knockout mice or by pretreat-
ment with apocynin [54–56]. In contrast, in human genetic
gp91phox deficiency (like in CGD patients) even exacerba-
tion of LPS-induced inflammation was reported [45].

In conclusion, we provide evidence for an important role
of protein kinase C in BM-DCmaturation, since PKC block-
ade by chelerythrine or Gö6983 inhibited PDBu-dependent
BM-DCmaturation.There are only few reports on PKC stim-
ulatory effects on BM-DC maturation, but it was reported to
essentially contribute to DC cytokine production [19].

5. Limitations

A major problem in the comparison of the different stud-
ies on DC-dependent ROS production and its impact on
maturation might be the exact time point of measurement.

As long as no kinetics of ROS formation are provided it is
hard to assign the signal to a certain source of ROS. Also the
fact that FACS analyses are restricted to the measurement of
intracellular ROS formation represents a major limitation of
the previous studies on effects of ROS on DCmaturation and
T cell stimulatory capacity.

Moreover, in vivo activation and maturation of DC are
multifactorial and antigen/disease specific [3, 57]. Of note,
other sources of ROS (e.g., mitochondria) as well as oxidation
products generated by ROS (e.g., oxLDL, reactive aldehydes,
and isoketals) are known to contribute to DC activation
and maturation [6, 9–11]. Likewise, ROS from external Nox2
sources (e.g., other activated immune cells) could trigger BM-
DC maturation in vivo. These “external” factors could be
missing in our BM-DC cell culturemodel. In fact, our present
data indicate that not all DC activation and maturation
require ROS but may solely depend on the toll-like receptor
activation and cell signaling pathways such as PKC.

The identification of the specific PKC isoform(s) that
contribute to this ROS independent signaling by future
experiments would provide important molecular insights in
the activation mechanisms of DCs.

6. Conclusions and Clinical Implications

Our findings question the concept that Nox2-dependent ROS
formation in BM-DCs is required for their maturation or
their T cell stimulatory potential (based on the absence of
any effect of gp91phox deficiency or the NADPH oxidase
inhibitor apocynin). The observed phorbol ester-triggered
BM-DC maturation seems to rather depend on phosphory-
lation cascades than on Nox2-derived ROS formation (based
on the observed effects with the PKC inhibitors chelerythrine
and Gö6983). However, we cannot exclude that other sources
of ROS in DCs (e.g., mitochondria) or ROS coming from
external Nox2 sources (e.g., other immune cells) or ROS-
generated oxidized DC activators such as lipid oxidation
products contribute to BM-DC maturation and their T cell
stimulatory potential in vivo. Since DCs provide an essential
link between adaptive and innate immune response and
confer the priming or sensitization of resting T cells, which
is a prerequisite for any antigen-induced cellular adaptive
immune response, their activation represents a fundamental
mechanism in all kinds of immune responses but also
progression of autoimmune diseases and low-grade inflam-
mation triggered cardiovascular, metabolic, and neurodegen-
erative pathologies. Our results question the role of oxidative
stress as an essential “danger signal” for BM-DC activation.
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Our previous study showed that proteasomal inhibitor MG132 can prevent diabetic nephropathy (DN) along with upregulation of
nuclear factor (erythroid-derived 2)-like 2 (Nrf2).The present study was to investigate whetherMG132 can prevent DN inwild-type
andNrf2-KOmice. Type 1 diabetes was induced in wild-type andNrf2-KOmice bymultiple low doses of streptozotocin. Twoweeks
after streptozotocin injection, both wild-type andNrf2-KOmice were randomly divided into four groups: control,MG132, DM, and
DM/MG132. MG132 (10𝜇g/kg/day) or vehicle was administered intraperitoneally for 4 months. Renal function, morphology, and
biochemical changes were measured after 4-month treatment with MG132. MG132 treatment suppressed proteasomal activity in
the two genotypes. In wild-type mice, MG132 attenuated diabetes-induced renal dysfunction, fibrosis, inflammation, and oxidative
damage along with increased Nrf2 and I𝜅B expression. Deletion of Nrf2 gene resulted in a partial, but significant attenuation
of MG132 renal protection in Nrf2-KO mice compared with wild-type mice. MG132-increased I𝜅B expression was not different
between wild-type and Nrf2-KO mice. This work indicates that MG132 inhibits diabetes-increased proteasomal activity, resulting
in Nrf2 and I𝜅B upregulation and renal protection, which could be used as a strategy to prevent diabetic nephropathy.

1. Introduction

Diabetic nephropathy (DN) is the leading cause of end-
stage renal failure worldwide. Additionally, DN is also linked
to a high risk of cardiovascular disease. The risk factors
include hyperglycemia, dyslipidemia, hypertension as well as
elevation of homocysteine, and advanced glycation end prod-
ucts [1]. Moreover, albuminuria and glomerular filtration
rate were also suggested to have relevant prognostic effects
on cardiovascular morbidity and mortality, and the effect
of albuminuria is especially pronounced when glomerular
filtration rate is normal or near normal [2]. Both end-stage
renal failure and cardiovascular disease brought us a heavy
social burden. Current therapies for DN mainly including
hypoglycemic agent and cotreatment with renoprotective
drugs are not effective in blocking the progression of DN.
Therefore, it is of vital importance and urgency to find more
effective therapeutic strategies in countering the diabetes-
associated renal injury.

Oxidative stress is induced by the imbalance of reactive
oxygen species generation and endogenous antioxidant activ-
ity. Reactive oxygen species elicits inflammatory signaling
pathways which in turn induces oxidative stress [3]. It is
widely accepted that both oxidative stress and inflammation
are main causes for DN [4, 5]. Thus, suppression of oxidative
stress and inflammation may be an effective therapeutic
strategy for DN.

The cell-permeable MG132 is a reversible, potent pro-
teasome inhibitor. Reportedly, MG132 inhibited nuclear fac-
tor (erythroid-derived 2)-like 2 (Nrf2) and IkB proteaso-
mal degradation, resulting in antioxidative stress and anti-
inflammation function, respectively. Nrf2 is a transcription
factor. By binding to the antioxidant-responsive element
(ARE), Nrf2 could upregulate the expression of antioxidant
genes and cytoprotective phase II detoxifying enzymes.
Our previous study showed that nontoxic concentrations of
MG132 could inhibit Nrf2 proteasomal degradation, leading
to the renal protection of MG132 against diabetes-induced
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renal dysfunction [6]. Besides,MG132 was reported to inhibit
IkB proteasomal degradation in myocardium [7]. Under
physiological conditions, IkB binds to NF-𝜅B and retains NF-
𝜅B in the cytoplasm, which prevents NF-𝜅B from activating
the transcription ofmany inflammatory genes.MG132 upreg-
ulates IkB, resulting in transcriptional inactivation of NF-𝜅B
and cardiac protection [7]. Therefore, MG132 may have the
potential to treat DN through resisting oxidative stress and
inflammation.

In the present study, we tried to address the question
of whether proteasomal inhibitor MG132 can prevent dia-
betic nephropathy model in wild-type and Nrf2-KO mice
induced by multiple low-dose streptozotocin. Also, we want
to know whether renoprotection of MG132 was totally Nrf2-
dependent.

2. Materials and Methods

2.1. Animals. Wild-type (Nrf2+/+), homozygote (Nrf2−/−),
and heterozygote (Nrf2+/−) mice with C57BL/6J background
were purchased from the Jackson Laboratory (Bar Har-
bor, Maine). Nrf2 knockout (KO, Nrf2−/−) male mice were
obtained by breeding of heterozygote (Nrf2+/−) with homozy-
gote (Nrf2−/−). Only wild-type and age-matched Nrf2 KO
male mice were used for the present study. All experimental
procedures for these mice were approved by the Institu-
tional Animal Care and Use Committee of the University
of Louisville, which is compliant with National Institutes of
Health standards.

For induction of type 1 diabetic mouse model, 8-week-
old male wild-type and Nrf2-KO mice were injected with
multiple low-dose streptozotocin (Sigma-Aldrich, St. Louis,
MO,USA) intraperitoneally, dissolved in 0.1M sodiumcitrate
buffer (pH = 4.5) at 50mg/kg body weight daily for 5
consecutive days, while age-matched control mice received
multiple injections of the same sodium citrate buffer. Five
days after the last injection, mice with hyperglycemia (blood
glucose levels ≥ 250mg/dL) were defined as diabetes mellitus
(DM) as before [8]. Both wild-type and Nrf2-KO mice
were randomly allocated into four groups (𝑛 = 7 at least
per group): control, MG132, DM, and DM/MG132. Dose of
MG132 was used based on our previous study [6]. MG132
(Sigma-Aldrich, St. Louis, MO) was dissolved in dimethyl
sulfoxide at a concentration of 0.0025𝜇g/mL and diluted
with saline for injection. Both nondiabetic and diabetic mice
further received subcutaneous injection ofMG132 at 10𝜇g/kg
or vehicle daily for 4 months. At the end of the 4 months, the
mice were euthanized, and their kidneys were harvested for
analysis.

2.2. Mouse Urinary Albumin to Creatinine Ratio (UACR)
Detection. Urinary albumin and urinary creatinine were
measured according to manufacturers’ procedures provided
with these kits (Bethyl Laboratories Inc., Montgomery, TX;
BioAssay Systems, Hayward, CA, resp.). Mouse UACR was
calculated as UACR = urinary albumin/urinary creatinine
(𝜇g/mg).

2.3. Renal Histopathological Examination. Kidney tissues
were fixed immediately in 10% buffered formalin solution
after harvesting andwere embedded in paraffin and sectioned
into 5𝜇m-thick sections onto glass slides. The sections were
processed for PAS and Masson’s trichrome staining.

2.4. Isolation of Nuclei. The nuclei from kidney tissue were
isolated according to manufacturers’ procedures provided
with the nuclei isolation kit (Sigma-Aldrich). Renal tissue
from each mouse was homogenized in cold lysis buffer
containing dithiothreitol (DTT) and Triton X-100. Then,
Cushing solution (sucrose Cushion solution : sucrose Cush-
ion buffer : dithiothreitol = 900 : 100 : 1) was added and the
mixture was transferred to a new tube preloadedwith sucrose
Cushion solution followed by centrifugation at 13,000 rpm
for 45min. The supernatant fraction containing cytosolic
componentswas aspirated and the nuclei were visible as a thin
pellet at the bottom of the tube.

2.5. Real-Time PCR. Real-time PCR were performed as
previously described [9] using primers for NQO-1, Nrf2, and
actin (Life Technologies, Grand Island, NY).

2.6. Western Blotting Assay. Western blotting assay was con-
ducted as previously described [10]. The primary antibodies
were FN (1 : 200 dilution), TGF-𝛽 (1 : 1000 dilution), 3-NT
(1 : 1000 dilution), 4-HNE (1 : 1000 dilution), IL-6 (1 : 500
dilution), NF-𝜅B (1 : 1000 dilution), I𝜅B-𝛼 (1 : 1000 dilution),
Nrf2 (1 : 500 dilution), actin (1 : 3000 dilution), and 𝛼-tubulin
(1 : 2000 dilution), all of which were purchased from Santa
Cruz Biotechnology except for 3-NT (Millipore), 4-HNE
(AlphaDiagnostic), andTGF-𝛽, NF-𝜅B, I𝜅B-𝛼, and𝛼-tubulin
(Cell Signaling).

2.7. 20S Proteasome Activity Assay. The 20S proteasome, the
catalytic core of the 26S proteasome complex, is responsi-
ble for the degradation of short-lived regulatory proteins,
including Nrf2 and I𝜅B [7, 11, 12]. Since MG132 mainly
inhibits proteasome chymotrypsin (ChT)-like activity [13],
we detected 20S proteasome activity by quantifying the
hydrolysis of SLLVY-AMC, a fluorogenic substrate for the
ChT-like activity, according to themanufacturers’ procedures
of the 20S proteasome activity assay kit (Millipore). Detailed
operation procedures have been described in our early studies
[6].

2.8. Morphometric Analyses. Morphometric analyses were
conducted using Image-Pro Plus 6.0 software (Media Cyber-
netics, Bethesda, MD, USA). Areas to be photographed were
selected randomly by people blind to the identity of the
samples.

2.9. Statistical Analysis. Data were collected from at least
7 mice each group and presented as means ± SD. Image
Quant 5.2 was used to analyze western blotting. Comparisons
among different groupswere conducted by one-wayANOVA,
followed by Tukey’s post hoc test. In addition, a 𝑡-test was
performed to compare the amount of decrease by MG132
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Table 1: General changes after streptozotocin injection for 5 consecutive days.

Control MG132 DM DM/MG132
UACR

Wild type 25.21 ± 3.12 24.81 ± 3.12 28.65 ± 5.64 29.23 ± 5.87

Nrf2-KO 27.81 ± 3.76 27.32 ± 3.89 31.23 ± 5.92 30.89 ± 6.03

Blood glucose
Wild type 98.89 ± 10.32 100.65 ± 11.20 280.46 ± 32.23∗ 290.85 ± 35.03∗

Nrf2-KO 100.74 ± 12.32 96.15 ± 10.86 295.21 ± 35.23∗ 289.75 ± 34.98∗

Body weight
Wild type 19.65 ± 2.06 19.52 ± 2.16 19.32 ± 1.99 19.61 ± 2.03

Nrf2-KO 18.96 ± 1.96 19.32 ± 2.12 19.45 ± 2.15 19.1 ± 2.2

Notes. Data are presented as mean ± SD. ∗𝑝 < 0.05 versus wild type/control or Nrf2-KO/control correspondingly.

between wild-type and Nrf2-KO mice. Differences were
significant if 𝑝 < 0.05.

3. Results

3.1. General Changes after STZ Injection for 5 Consecutive
Days. After STZ injection for 5 consecutive days, diabetic
mice developed hyperglycemia. There was no significance in
UACR and body weight among the four groups (Table 1).

3.2. MG132 Retained Partial Protection against Diabetes-
Induced Albuminuria despite Deletion of the Nrf2 Gene. As
an important index of renal function, UACR was measured
at the end of the study. As shown in Figures 1(a) and 1(e),
compared to their respective controls, a 4.95-fold increase in
UACR for Nrf2-KO diabetic mice and a 3.38-fold increase in
UACR for wild-type diabetic mice were found. The results
revealed that streptozotocin-injected Nrf2-KO mice had a
higher level of UACR than wild-type mice, indicating the
essential role of Nrf2 in protecting against streptozotocin-
induced renal injury. Next, kidney weight/tibia length (Fig-
ures 1(b) and 1(e)), which indicates enlargement of kidney,
was calculated. The ratio was significantly increased in the
diabetic groups in both strains but was decreased by MG132
treatment. MG132 decreased UACR and kidney weight/tibia
length by 55.1% and 29.0% in wild-type diabetic mice and by
27.9% and 20.6% in Nrf2-KO mice, respectively; these effects
were significantly lower in Nrf2-KOmice (Figure 1(e)). It not
only confirmed the pivotal role of Nrf2 in MG132 protection,
but also proved an Nrf2-independent protection against
diabetes-induced renal injury. Blood glucose (Figure 1(c))
was increased in both wild-type and Nrf2-KO diabetic mice,
andMG132 had no significant impact on blood glucose in the
two genotypes. Diabetes reduced body weight in both wild-
type and Nrf2-KO diabetic mice (Figure 1(d)). Interestingly,
MG132 increased body weight in wild-type diabetic mice, but
not in Nrf2-KO diabetic mice.

3.3. MG132 Retained Partial Protection against Diabetes-
Induced Renal Fibrosis despite Deletion of the Nrf2 Gene.
To investigate the effect of MG132 on diabetes-induced
renal fibrosis, PAS staining (Figure 2(a)) was conducted
to detect glycogen deposition and Masson’s trichrome

staining was conducted to measure the expression of fi-
bronectin (FN) and collagens (Figure 2(b)). Diabetic kidney
showed enlarged glomeruli, mesangial matrix expansion,
and increased trichrome-positive area. MG132 significantly
attenuated these changes in wild-type mice and still provided
partial protection against diabetes-induced morphological
changes in Nrf2-KO mice. Mesangial matrix expansion
(Figure 2(c)) was quantified from PAS staining and fibrosis
accumulation (Figure 2(d)) was quantified from Masson’s
trichrome staining.

Both FN and TGF-𝛽, the two fibrosis indexes, were
measured by western blotting assay in total proteins. The
two kinds of protein were significantly increased in diabetic
kidneys in the two genotypes, yet they were reduced by
MG132 treatment. MG132 decreased FN (Figures 3(b) and
3(c)) and TGF-𝛽 (Figures 3(a) and 3(c)) by 51.2% and 48.9%
in wild-type diabetic mice and by 29.6% and 20.0% in Nrf2-
KO mice, respectively; these effects were significantly lower
in Nrf2-KO mice.

3.4. MG132 Alleviated Diabetes-Induced Oxidative Stress in
Wild-Type Diabetic Mice, but This Effect Was Completely Lost
in Nrf2-KO Diabetic Mice. As shown in Figure 4, diabetes-
induced oxidative damage was determined by 3-NT as an
index of nitrosative damage and 4-HNE as an index of lipid
peroxidation with western blotting assay in total proteins.
Both 3-NT (Figures 4(a) and 4(c)) and 4-HNE (Figures
4(b) and 4(c)) were increased in diabetic kidney in the
two genotypes, which was more obvious in Nrf2-KO mice.
MG132 treatment significantly reduced 3-NT and 4-HNE
accumulation in wild-type diabetic mice, but not in Nrf2-KO
diabetic mice.

3.5. MG132 Retained Partial Protection against Diabetes-
Induced Renal Inflammation despite Deletion of the Nrf2
Gene. As an important index of renal inflammation, IL-6
was determined by western blotting assay in total proteins,
while NF-𝜅B was determined by western blotting assay in
nuclear proteins. As shown in Figure 5, in both wild-type
and Nrf2-KO mice, diabetes increased the expression of
IL-6 (Figures 5(a) and 5(c)) and NF-𝜅B (Figures 5(b) and
5(c)) compared to control group, respectively. What is more,
Nrf2-KO diabetic kidney expressed higher levels of IL-6
and NF-𝜅B, compared to wild-type diabetic kidney. MG132
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Figure 1: MG132 retained partial protection against diabetes-induced albuminuria despite deletion of the Nrf2 gene. UACR (a), kidney
weight/tibia length (b), blood glucose (c), and body weight (d) were determined in all mice. Diabetes-induced pathological changes (fold)
between wild-type and Nrf2-KO mice and the decreased percentages of these pathological changes with MG132 between WT and Nrf2-KO
diabetic mice were compared (e). Data are presented as mean ± SD. ∗𝑝 < 0.05 versus WT/control or Nrf2-KO/control correspondingly;
#𝑝 < 0.05 versus WT/DM or Nrf2-KO/DM correspondingly; &𝑝 < 0.05 versus wild-type mice.

decreased IL-6 and NF-𝜅B by 48.2% and 52.9% in wild-type
diabetic mice and by 22.9% and 24.0% in Nrf2-KO mice,
respectively; these effects were significantly lower inNrf2-KO
mice.

3.6. Possible Mechanisms by Which MG132 Attenuates DN.
Diabetes increased renal proteasomal activity, which was
reduced by MG132. As shown in Figure 6(a), compared
to respective control group, renal proteasomal activity was

increased in diabetic group in the two genotypes and was
significantly reduced by MG132 treatment.

3.7. MG132 Inhibited Renal Proteasomal Activity, Resulting
in Upregulation of Nrf2. Ubiquitination and subsequent
degradation by the proteasome have been regarded as the
main mechanism responsible for Nrf2’s negative regulation.
MG132 inhibited proteasomal activity, which may result in
the reduction of Nrf2 degradation. Therefore, Nrf2 mRNA
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Figure 2: Effects of MG132 on diabetes-induced morphological changes were examined with PAS (a) and Masson’s trichrome staining (b,
×400) in all mice. Mesangial matrix expansion (c) was quantified from PAS staining and fibrosis accumulation (d) was quantified from
Masson’s trichrome staining. Data are presented as mean ± SD. ∗𝑝 < 0.05 versusWT/control or Nrf2-KO/control correspondingly; #𝑝 < 0.05
versus WT/DM or Nrf2-KO/DM correspondingly.
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Figure 3: Effects of MG132 on diabetes-induced renal fibrosis in wild-type mice (a) and Nrf2-KOmice (b) were determined by detecting the
expression of FN and TGF-𝛽with western blotting assay. Diabetes-induced fibrotic changes (fold) between wild-type and Nrf2-KOmice and
the decreased percentages of these changes with MG132 between WT and Nrf2-KO diabetic mice were compared (c). Data are presented as
mean ± SD. ∗𝑝 < 0.05 versusWT/control or Nrf2-KO/control correspondingly; #𝑝 < 0.05 versusWT/DM or Nrf2-KO/DM correspondingly;
&𝑝 < 0.05 versus WT mice.

(Figure 6(b)) and total protein levels (Figure 6(c)) were deter-
mined by real-time PCR and western blotting assay, respec-
tively. Besides, NQO-1 expression, one of Nrf2 downstream
genes, was also determined by real-time PCR (Figure 6(d)).
In wild-typemice, diabetes increased Nrf2 expression at both
mRNA and protein levels; MG132 treatment increased Nrf2
protein level, but notmRNA level. InNrf2-KOmice, Nrf2was
almost undetectable by real-time PCR and western blotting
assay. Consistent with Nrf2 protein levels, in wild-type mice,
both diabetes and MG132 increased NQO-1 mRNA levels.
However, Nrf2 deficiency disenabledMG132 to induceNQO-
1 transcription.

3.8. MG132 Inhibited Renal Proteasomal Activity, Resulting
in Upregulation of I𝜅B and Downregulation of NF-𝜅B. As a
transcription factor, NF-𝜅B can translocate into the nucleus
and transcriptionally upregulate inflammatory cytokines. I𝜅B

is its negative regulator. Under basal conditions, I𝜅B binds to
NF-𝜅B and retains NF-𝜅B in the cytoplasm, which reduced
the transcriptional activity of NF-𝜅B. In order to determine
the effect of MG132 on I𝜅B, we detected its protein level
by western blotting assay in total proteins. As shown in
Figure 6(e), in both wild-type and Nrf2-KO mice, diabetes
significantly reduced the expressions of I𝜅B, which were
significantly upregulated by MG132 treatment. This suggests
that MG132 inhibited renal proteasomal activity, resulting
in the reduction of I𝜅B degradation. Consequently, MG132
increased I𝜅B (Figure 6(e)) and reducedNF-𝜅B (Figure 5(b)).

4. Discussion

The present study is the first to demonstrate that MG132
attenuates DN via suppression of proteasomal activity of
diabetic kidney, which promotes degradation of Nrf2 and
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Figure 4: Effects ofMG132 on diabetes-induced renal oxidative damage were determined by detecting the expression of 3-NT (a) and 4-HNE
(b) with western blotting assay. Diabetes-induced changes of oxidative damage (fold) between wild-type andNrf2-KOmice and the decreased
percentages of these changes with MG132 between WT and Nrf2-KO diabetic mice were compared (c). Data are presented as mean ± SD.
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versus WT mice.
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Figure 5: Effects of MG132 on diabetes-induced renal inflammation were determined by detecting the expression of IL-6 (a) and NF-kB
(b) with western blotting assay. Diabetes-induced inflammatory changes (fold) between wild-type and Nrf2-KO mice and the decreased
percentages of these changes with MG132 between WT and Nrf2-KO diabetic mice were compared (c). Data are presented as mean ± SD.
∗𝑝 < 0.05 versus WT/control or Nrf2-KO/control correspondingly; #𝑝 < 0.05 versus WT/DM or Nrf2-KO/DM correspondingly; &𝑝 < 0.05
versus WT mice.

I𝜅B. We set up diabetic mouse model with multiple low-
dose streptozotocin in both wild-type and Nrf2-KO mice
and treated with MG132 for 4 months. In wild-type mice,
MG132 inhibited proteasomal activity, resulting in the sig-
nificant upregulation of Nrf2 and I𝜅B. Consequently, MG132
significantly attenuated diabetes-induced renal dysfunction,
fibrosis, inflammation, and oxidative damage. In Nrf2-KO
mice, MG132 also inhibited proteasomal activity, resulting in
the significant upregulation of I𝜅B. However, Nrf2 deficiency
resulted in partial loss of MG132 protection against DN.

DN is characterized by inflammation, oxidative stress,
enlarged glomeruli, expansion ofmesangialmatrix, glomeru-
lar basement membrane thickening, glomerulosclerosis, and

tubulointerstitial fibrosis. Inflammation and oxidative stress
are considered as main pathogenesis of DN. Increasing evi-
dence indicated that blocking oxidative stress could attenuate
diabetic complications, such as DN [14], diabetic retinopathy
[15], and diabetic cardiomyopathy [16]. As a transcription
factor, Nrf2 is a master regulator of cellular redox status.
Under unstressed conditions, Nrf2 is kept in the cytoplasm
by Kelch-like-ECH-associated protein 1 (Keap1) and Cullin
3 which induces ubiquitination of Nrf2 [17]. Once Nrf2 is
ubiquitinated, it is transported to the proteasome, where it is
degraded and its components are recycled. Under oxidative
conditions, oxidative stress disrupts critical cysteine residues
in Keap1, disrupting the Keap1-Cul3 ubiquitination system.
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Figure 6: Possible mechanisms under which MG132 attenuates DN. 20S proteasome activity (a), Nrf2 expression at both mRNA (b) and
protein levels (c), and Nrf2 downstream gene, NQO-1 mRNA (d) were examined in all mice. In addition, IkB-𝛼 protein level (e) was
determined by western blotting assay. Data are presented as mean ± SD. ∗𝑝 < 0.05 versus WT/control or Nrf2-KO/control correspondingly;
#𝑝 < 0.05 versus WT/DM or Nrf2-KO/DM correspondingly.
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Nrf2 is free from Keap1 and translocates from cytoplasm into
the nucleus. In the nucleus, it combines with a small Maf pro-
tein and binds to the ARE in the upstream promoter region
of genes encoding antioxidant enzymes and initiates their
transcription [18]. Emerging evidence showed that upregu-
lation of Nrf2 could alleviate oxidative injury and diabetic
complications [19, 20]. Nrf2 is degraded by proteasome [21–
24]; thus proteasomal inhibition might be a potent approach
to upregulate Nrf2. Since the approval of the first proteasome
inhibitor by the FDA [25], proteasome inhibitors have been
used to treat several diseases. Due to the side effects and
drug resistance, a new proteasome inhibitor without those
disadvantages, namely, MG132, was discovered. It is reported
that nontoxic concentrations of MG132 reduced Nrf2 pro-
teasomal degradation, resulting in the upregulation of Nrf2
and its downstream antioxidants [26, 27]. Our previous study
showed that MG132 prevents the development of DN in
OVE26mice via upregulation ofNrf2. Furthermore, silencing
Nrf2 gene with siRNA disenabled MG132 to prevent renal
tubule cells from high-glucose-induced profibrotic response.
It suggested that therapeutic effect of MG132 on DN may be
Nrf2-dependent.This present study also indicated the impor-
tant role of Nrf2 in MG132 protection from DN. MG132, the
proteasome inhibitor, upregulated Nrf2 and its downstream
antioxidant genes, such as NQO-1, resulting in the alleviation
of renal oxidative damage. In wild-type diabetic mice, MG132
reduced UACR by 55.1%. However, MG132 only reduced
UACR in Nrf2-KO diabetic mice by 29.0%, demonstrating
the beneficial effect of oxidative stress status alleviation on
the renal protection afforded byMG132. Interestingly, MG132
retained partial protection against diabetes-induced renal
injury in Nrf2-KO mice. That is, the renal protection of
MG132 might not be Nrf2-dependent. There may be another
mechanismunderlying the protective effect ofMG132 onDN.
This inconsistence may be due to the discrepancy between in
vivo and in vitro study. On one hand, exposure of renal tubule
cells to high-glucose cannot fully mimic diabetes-induced
renal injury. On the other hand, kidney is composed of
several different kinds of cells, such asmesangial cells, tubular
epithelial cells, endothelial cells, fibroblasts, and podocytes,
not just tubule cells.

Several studies showed that diabetes increased proteaso-
mal activity in vein endothelial cells, heart, and gastrocne-
mius muscles [28–32]. The present study also demonstrated
diabetes increased renal proteasomal activity, companied by
the decrease in I𝜅B and increase in NF-𝜅B. MG132 treatment
significantly inhibited proteasomal activity, companied by
the upregulation of I𝜅B and downregulation of NF-𝜅B. It
is widely accepted that inflammation contributes to the
pathogenesis and progression of DN. NF-𝜅B is a protein
complex that controls many genes involved in inflammation.
Several studies showed that MG132 inhibited the expression
of inflammatory cytokines [33, 34], but its mechanism was
not fully known. Under physiological conditions, NF-𝜅B is
sequestered in the cytoplasm by its inhibitor, called I𝜅B [35–
37]. When activated by signals, I𝜅B is phosphorylated and
ubiquitinated, which then leads them to be degraded by the
proteasome [38, 39]. With the degradation of I𝜅B, NF-𝜅B
complex is freed to enter the nucleus where it promotes the

MG132

Diabetes

Proteasome activity

Nrf2 I�휅B

NQO-1 and others NF-�휅B

Oxidant stress Inflammation

Kidney injury

Figure 7: Sketch map of possible mechanisms under which MG132
attenuates DN. MG132 inhibits proteasome activity, leading to the
upregulation of Nrf2 and I𝜅B. For one thing, antioxidant genes, such
as NQO-1, are activated due to the upregulation of Nrf2; therefore,
renal oxidative damage is reduced. On the other hand, NF-𝜅B is
downregulated secondary to the upregulation of I𝜅B, resulting in the
reduction of inflammation. Consequently, MG132 alleviates diabetic
nephropathy.

expression of specific genes that encodes proinflammatory
cytokines. In the present study, MG132, the proteasome
inhibitor, increased I𝜅B and decreased NF-𝜅B.Thus, it is rea-
sonable to assume thatMG132 inhibited proteasomal activity,
resulting in the decrease in I𝜅B degradation. Consequently,
NF-𝜅B was retained in the cytoplasm, which prevented NF-
𝜅B activation. Finally,MG132 suppressed renal inflammation.
The possible mechanisms by which MG132 ameliorated DN
were shown in Figure 7.

Current study showed that MG132 decreased TGF-𝛽
expression in diabetic mice. It is widely accepted that both
oxidative stress and inflammation lead to TGF-𝛽 activation
and fibrosis. In addition, in current study, we hypothe-
sized that MG132 suppressed both oxidative stress via Nrf2
upregulation and inflammation via NF-𝜅B downregulation
(Figure 7). Therefore, MG132 mediated oxidative stress and
inflammation inhibition may explain the phenomenon of
TGF-𝛽 reduction. In a recent study, Huang et al. suggested
that MG132 alleviated DN by inhibiting TGF-𝛽 signaling and
this effect was associated with the ability of MG132 to reduce
the degradation of SnoN protein [40]. This might be another
mechanism by which MG132 decreased TGF-𝛽.

In summary, the present study demonstrates for the first
time that proteasome inhibitor MG132 at low dose amelio-
rates DN by both induction of Nrf2 and inhibiting NF-𝜅B via
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upregulation of I𝜅B. As we reported before [6], the dosage
of MG132 in current study (10 𝜇g/kg/day) was the lowest
dosage reported in the literature in vivo. Since proteasome
activity increased in diabetic kidney, whether increasing
MG132 dosage (nontoxic) can enhance its effectiveness needs
to be further investigated in DN models.
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Intracellular Ca2+ mishandling is an underlying mechanism in hypoxia/reoxygenation (H/R) injury that results in mitochondrial
dysfunction and cardiomyocytes death. These events are mediated by mitochondrial Ca2+ (mCa2+) overload that is facilitated
by the mitochondrial calcium uniporter (MCU) channel. Along this line, we evaluated the effect of siRNA-targeting MCU in
cardiomyocytes subjected to H/R injury. First, cardiomyocytes treated with siRNA demonstrated a reduction of MCU expression
by 67%, which resulted in significant decrease in mitochondrial Ca2+ transport. siRNA treated cardiomyocytes showed decreased
mitochondrial permeability pore opening and oxidative stress trigger by Ca2+ overload. Furthermore, after H/R injury MCU
silencing decreased necrosis and apoptosis levels by 30% and 50%, respectively, and resulted in reduction in caspases 3/7, 9, and 8
activity. Our findings are consistent with previous conclusions that demonstrate that MCU activity is partly responsible for cellular
injury induced by H/R and support the concept of utilizing siRNA-targeting MCU as a potential therapeutic strategy.

1. Introduction

Coronary heart disease (CHD) is the leading cause of death
in industrialized and third-world countries [1]. The effects
of CHD are associated with the negative effects of ischemia-
reperfusion. Ischemia-reperfusion injury normally arises in
patients presenting myocardial infarction with acute ST-
segment elevation in which timely and effective myocardial
reperfusion is limiting the infarct size and death. However,
several events that appear during myocardial reperfusion
can induce further cell damage in a phenomenon known as
reperfusion injury [2].

Numerous experimental studies have identified some
critical factors that act in concert to mediate the unfavorable
effects of reperfusion injury. First, intracellular and mito-
chondrial Ca2+ (mCa2+) overload are exacerbated during

reperfusion due to oxidative stress-induced disruption of
the sarcolemma and sarcoplasmic reticulum membranes [3].
Second, mitochondrial reenergization during reoxygenation
allows the recovery of the membrane potential that drives
the Ca2+ uptake into the mitochondria through the mito-
chondrial Ca2+ uniporter (MCU) channel and subsequently
induces mCa2+ overload [4]. These events result in mito-
chondrial dysfunction, leading to cardiomyocyte death by the
opening of the mitochondrial transition pore (𝑚PTP) [5].
Accordingly, targeting oxidative stress and/ormodulating the
activity of MCU by a selective blocker such as Ru360 [6, 7]
or the inhibition of 𝑚PTP opening by cyclosporine A (CsA)
provide specific targets for intervention [8].

The role of MCU in the regulation of mCa2+ overload
is supported by the observations that, in a model of cardiac
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ischemia-reperfusion, treatment with Ru360 decreased the
[Ca2+]𝑚 and maintained mitochondrial ATP synthesis [6].
Ru360-treated hearts following in vivo reperfusion were less
prone to undergo mitochondrial permeability transition
(𝑚PTP) and apoptosis [9, 10]. The recent description of the
molecular identity of the MCU channel [11, 12] and several
subunits that are crucial for mCa2+ uptake allowed for the
development of adult heart-specific transgenic models [13].
In this regard, conditional cardiac-specific MCU−/− mice
subjected to reperfusion resulted in significant reduction
of mCa2+ overload that disabled the activation of 𝑚PTP
and inhibited cardiomyocytes apoptosis and necrosis [14,
15]. These data together provide experimental rationale to
develop strategies to target MCU activity with the purpose
of preventing ischemic-reoxygenation injury.

On the other hand, small interfering RNA- (siRNA-)
based treatments provide a potential therapeutic strategy
to block MCU activity. Of interest, several phases I and II
clinical studies involving patients with hepatitis, hypercholes-
terolemia, macular degeneration, and solid tumors have been
completed [16] and appear to be safe strategy for gene therapy
in humans [17].

Therefore, the purpose of this study was to explore the
potential use of siRNA-targeting MCU in an in vitro model
of hypoxia/reoxygenation (H/R) injury. Our results confirm
previous observations that define the MCU as an essential
modulator of the detrimental effects of reperfusion injury and
suggest that MCU silencing using siRNA has the therapeutic
potential to be used as a cardioprotective strategy.

2. Materials and Methods

2.1. Reagents. All chemical reagents, cell culture media and
supplements, siRNA, and fluorescent probes were purchased
from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise
stated.

2.2. MCU siRNA Sequence. To silence MCU, specific siRNA
sequence was designed using RNAi siDirect v2.0 with the
lowest predicted off-target potentials and 100% homol-
ogy with the rat gene (NCBI Reference Sequence NM
001106398.1). Then, we used siRNA-MCU Calcium1, nt 761–
779 of the corresponding mRNA, sense strand sequence:
5-CGGCUUACCUGGUGGGAAU-3. siRNA duplex was
synthesized by Sigma-Aldrich (St. Louis, MO, USA). The
nontargeting siRNA sequence is the MISSION� siRNA Uni-
versal Negative Control #1 (SIC001) named as siRNA-Neg.

2.3. Cell Culture and siRNA Transfection. Rat ventricular
myocardial H9c2 cell line (CRL-1446�) was obtained from
ATCC� (Manassas, VA, USA). Cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (D7777) and
supplemented with 10% fetal bovine serum (FBS) Invitrogen
(Carlsbad, CA, USA) and 1x penicillin-streptomycin (P4333)
in a humidified incubator at 37∘C with 5% CO2 and 95% air.
For MCU silencing, H9c2 cells were seeded at 2.5 × 104 cells
per well in 12-well plates and 24 h later were transfected with
18.8, 112.5, or 225 nMof siRNA-MCUdesigned or siRNA-Neg

using the HiPerFect� Transfection Reagent (Qiagen�, Venlo,
Netherlands), according to the manufacturer’s protocols.

2.4. RNA Extraction, Reverse Transcription, and Gene Expres-
sion Analysis by Quantitative PCR. For the gene expres-
sion analysis of MCU silencing, after 96 h of transfec-
tion, total RNA was isolated from H9c2 cells by homoge-
nization in TriReagent� following manufacturer’s instruc-
tions. The RNA quantification and purity assessment was
performed with a Take3� Micro-Volume plate used in
the microplate spectrophotometer Synergy� HT (BioTek�
Instruments, Winooski, VT, USA). From one microgram
of total RNA of each sample, cDNA was synthesized with
the ImProm-II� Reverse Transcription System (Promega�,
Madison, WI, USA) and 5 ng was analyzed by qRT-PCR
SensiFast� SYBR� Lo-Rox Kit (Bioline�, London, UK).
The housekeeping gene 𝛽-actin was used to normalize
all data. Real-time PCR primer sequences to amplify
a fragment of 158 bp of CCDC109A (MCU) gene are
the following: fw, 5-CACACAGTTTGGCATTTTGG-3,
and rv, 5-TGTCTCTGGCTTCAGGATAA-3. The primer
sequences to amplify a fragment of 110 bp of 𝛽-actin
are fw, 5-GAAAAGATGACCCAGATCATG-3, and rv,
5-ATCACAATGCCAGTGGTAC-3. Comparing expression
analysis in siRNA-MCU cells to siRNA-Neg cells was per-
formed using 2−ΔΔCt method.

2.5. Western Blot Assay. Cell proteins were extracted after
96 h of H9c2 transfection, as previously described [18].
Briefly, after being washed with cold PBS, cell cultures were
scraped, harvested, and resuspended in RIPA buffer. The
samples were vortexed and sonicated on rounds of 10 sec
sonication/10 sec rest and centrifuged at 15000×g 10min.The
protein concentration of the lysate was determined by Lowry
protein assay. Protein lysates (30𝜇g/lane) were resolved on
SDS-PAGE gel 10%, transferred onto PVDF membrane at
150mA, 50min, and incubated with anti-MCU antibody
ab121499 (Abcam, Cambridge, MA, USA) 1 : 500 and washed
three times for 10min with PBS-Tw 0.5% and subsequently
probed with secondary antibody anti-rabbit IgG conjugated
with HRP (Millipore, Billerica, MA, USA) 1 : 5000 for 2 h
at room temperature (RT). After washing three times for
10min, protein-antibody blots were developed with Clarity�
Western ECL (Bio-Rad, Hercules, CA) and quantified by
using a BioSpectrum 415 Image Acquisition System (UVP�,
Upland, CA, USA). Anti-𝛽-actin antibody (ab8229) 1 : 500 or
anti-GAPDH antibody (ab9484) 1 : 500 (both of them from
Abcam, Cambridge,MA,USA)was used as a loading control.
The level of MCU expression was the ratio of intensities of
the MCU-signal/𝛽-actin signal normalized versus siRNA-
Neg signal.

2.6. Measurement of the Mitochondrial Ca2+ Uptake. Cytoso-
lic-freeCa2+ wasmonitored in digitonin-permeabilizedH9c2
transfected cells. Briefly, 5 × 104 cells were washed three
times in Tyrode solution (in mM: 128 NaCl, 0.4 NaH2PO4,
5 glucose, 5.4 KCl, 0.5 MgCl-6H2O, and 25 HEPES, pH
7.4) without Ca2+ and resuspended in 50𝜇L of respiration
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buffer containing in mM the following: 150 sucrose, 50
KCl, 2 KH2PO4, 20 Tris-HCl pH 7.3, 5 succinate, 2 𝜇g/mL
rotenone, 40 𝜇M digitonin, 0.5 𝜇M thapsigargin (TG), 1 𝜇M
CsA, 0.3𝜇M Calcium Green-5N (CG-5N) salt-free (Thermo
Fisher Scientific, Waltham, MA, USA). CG-5N fluorescence
(𝜆ex485 nm/𝜆em528 nm) was monitored at 25∘C at basal
conditions and after 15𝜇M Ca2+ addition with constant
agitation using a microplate fluorescence spectrophotometer
Synergy HT (BioTek Instruments, Winooski, VT, USA).

2.7. Mitochondrial Membrane Potential (Δ𝜓𝑚) and 𝑚PTP
Measurements. Safraninwas used to assessΔ𝜓𝑚 in digitonin-
permeabilized transfected cardiomyocytes as previously
described by Oliveira et al. [19], with some modifications.
Briefly, 5 × 104 H9c2 transfected cells were washed and
resuspended as already stated in 50 𝜇L of respiration media
with 2𝜇M safranin. Safranin fluorescence was recorded at
𝜆ex485 nm and 𝜆em590 nm using a microplate fluorescence
reader. After 5min, 10mM succinate was added as substrate
until steady state was reached. A Ca2+ pulse of 7.5 or
15 𝜇Mwas added to induce permeability transition, and 1 𝜇M
cyclosporin A (CsA) or 0.5 𝜇MRu360 was used as pharmaco-
logical inhibitors of 𝑚PTP opening and MCU, respectively.
Cyanide m-chlorophenyl hydrazone (CCCP, 20𝜇M) was
added when indicated to dissipate Δ𝜓𝑚. Depolarization was
measured after 13min of Ca2+ addition. Experimental data
were normalized to the maximum safranin fluorescence
(100% Δ𝜓), calculated as the difference between the steady
state fluorescence and after addition of CCCP.

To support that Ca2+ induces 𝑚PTP opening, with 5 × 10
4

H9c2 permeabilized transfected cardiomyocytes in respira-
tion media, we carried out a Ca2+ retention experiment with
a single 50𝜇M Ca2+ bolus using CG-5N as a Ca2+ indicator.
The experiment was performed with (1 𝜇M) or without CsA.

2.8. Flow Cytometry Measurements. Transfected cardiomy-
ocytes were stained and analyzed in a FACSCanto II�
Flow Cytometer (BD Bioscience, San Jose, CA), and each
time point analysis consisted of 5,000 recorded events. Cell
morphology was assessed by analyzing the Forward Scatter
(FSC) and Side Scatter (SSC) parameter and we excluded
doublets by FSC-A/FSC-W gating. Debris was discarded by
its distinct low Forward and Side Scatter. Samples were run
uncompensated and the FMI analysis was performed using
the FlowJo� vX.07 (Tree Star, Ashland, OR, USA).

2.8.1. Measurements of ROS Production. To assess mitochon-
drial ROS (superoxide) production, transfected cardiomy-
ocytes were stained with MitoSOX Red (Thermo Fisher
Scientific), as previously reported by Mukhopadhyay et al.
[20]. Briefly, cells were allowed to load MitoSOX for 30min
at 37∘C. After staining, the cells were washed with Tyrode
solution. Finally, each sample was stimulated with TG at
a concentration of 5𝜇M. Before TG addition, siRNA-Neg
cardiomyocytes were incubated with or without 5 𝜇M Ru360
for 30min or 1 𝜇M CsA during 10min as pharmacological
inhibitors of superoxide production. Serial analysis of the
samples was performed at different time points (0.5, 15, 30,
60, and 120min). The data of the MitoSOX are presented as

the fold increase of median intensity fluorescence against the
siRNA-Neg controls.

2.8.2. Cytotoxicity Assay. Cell viability and apoptotic and
necrotic cell death were measured by Annexin V/PI staining
followed by flow cytometry analysis. Briefly, after normoxy
(Nxy), hypoxia, and 1.5 and 3 h reoxygenation conditions,
H9c2 transfected cells were washed, resuspended in 195𝜇L
Tyrode + 2.5mM CaCl2 solution, and stained with 5𝜇L of
Annexin V Apoptosis Detection Set PE-Cy7 88-8103 (eBio-
science, San Diego, CA, USA) for 10min. Later, cells were
washed and resuspended in 195 𝜇L Tyrode + 2.5mM CaCl2
solution and incubated with 100 ng of PI (P4170) to discard
necrotic cells. Stained cells were immediately analyzed by
flow cytometry. The assay was performed with a two-color-
analysis of PE-Cy7-labeled Annexin V binding and PI dye
excited with 488 nm laser. To evaluate the proportions of
viable, apoptotic, and necrotic cells, we performed fluores-
cence compensation. After discarding doublets, the living
cells (Annexin V−/PI−, Q4), early apoptotic cells (Annexin
V+/PI−, Q3), late apoptotic cells (Annexin V+/PI+, Q2), and
necrotic cells (Annexin V−/PI+, Q1) were distinguished.

2.9. Measurement of ATP Content. Intracellular ATP content
was measured in 96 h transfected cardiomyocytes, using
the CellTiter-Glo� Luminescent Assay (Promega, Madison,
USA), according to the manufacturer’s protocol. The ATP
content is expressed as luminescence relative units (LRU).

2.10. In Vitro Hypoxia/Reoxygenation Model. For hypoxic
challenges, H9c2 transfected cells were trypsinized, washed
with Tyrode without glucose, and incubated with a modified
Tyrode solution simulating ischemic conditions (IT) (inmM:
135 NaCl, 8 KCl, 0.5 MgCl2, 0.33 NaH2PO4, 5 HEPES, 1.8
CaCl2, and 20 Na+-lactate, pH 6.8) [21] and transferred into
an anaerobic chamber with an oxygen level <1% at 37∘C.
After 3 h hypoxia, cells were washed and incubated with
Tyrode (plus 5mM glucose, 1.8mM CaCl2) and transferred
into an incubator in normoxic conditions (37∘Cwith 5%CO2
and 95% air) for 1.5 and 3 h for reoxygenation and analyzed
for apoptosis and necrosis at each time. During hypoxia,
an experimental group remained in normoxic conditions. A
schematic representation of hypoxia/reoxygenation model is
shown in Figure 1.

2.11. Caspase Activity Measurements. For caspase activity
measurements, H9c2 were seeded at 1.5 × 103 cells per well
in 96-well plates and 24 h later were transfected as described
previously. After 96 h of transfection, the cells were washed
with Tyrode, incubated with IT solution, and transferred into
an anaerobic chamber with an oxygen level <1% at 37∘C.
After 3 h hypoxia, IT solution was removed and cells were
incubated with DMEM at normoxic conditions (37∘C with
5% CO2 and 95% air) for 0, 1.5, and 3 h reoxygenation and
analyzed for caspases 3 and 7 and caspases 8 and 9 activity at
each time. During hypoxia, an experimental group remained
in normoxic conditions. The activity of caspases 3 and 7 and
caspase 9 and caspase 8 wasmeasured using Caspase-Glo 3/7,
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Hypoxia/reoxygenation protocol

H9c2 siRNA-Neg Normoxy
H9c2 siRNA-MCU

Nxy 0 1.5

O2 < 1%

3h

3h

Hypoxic conditions Reoxygenation

Assessment of cell death:
(i) Necrosis

(ii) Apoptosis
(iii) Caspases 3/7, 8, and 9 activity

Figure 1: Schematic representation showing the hypoxia/reoxygenation (H/R) protocol applied to each experimental group. At normoxic
conditions, siRNA-Neg (control group) and siRNA-MCU cardiomyocytes were subjected to 3 h of normothermic hypoxia (H) with an
ischemic Tyrode solution (IT) followed by 3 h of reoxygenation (R). Transfected cardiomyocytes were harvested when indicated by arrows:
measurements of necrosis and apoptosis by flow cytometrywere performed and caspases 3 and 7 and caspases 9 and 8 activitywere determined
as described in Materials and Methods. Nxy, normoxy.

9, and 8 assay (Promega, Madison, WI, USA), respectively,
according to the manufacturer’s protocols.

2.12. Statistical Analysis. Statistical data are presented as
mean ± SEM. Comparisons between means were made
by unpaired Student’s 𝑡-test or one-way ANOVA followed
by Dunnett’s, Tukey’s, or Bonferroni’s post hoc tests when
appropriate to compare experimental groups. Differences
were considered significant when 𝑃 < 0.05. Data processing,
graphs, and statistical analysis were performed with Graph-
Pad Prism (V.5.01, La Jolla, CA, USA) and OriginPro 8.1 SR3
v8.1 (OriginLab Corporation, Northampton, MA, USA).

3. Results

3.1. siRNA-Targeting MCU Efficiently Decreases Mitochon-
drial Ca2+ Transport in Cardiomyocytes. Rat cardiomyocytes
were transfected with specificMCU-targeted siRNA (siRNA-
MCU) or nonsilencing siRNA (siRNA-Neg) to investigate
the role of MCU in cell death. Using qPCR assays, we
determined that there was a 70%±5 (𝑃 < 0.001) reduction in
MCU mRNA expression levels up to 96 h after transfection
(Figure 2(a)). Next, our silencing effects were verified using
western blot assays. In cardiomyocytes transfected with the
siRNA-MCU, MCU expression was lower than that in those
transfected with siRNA-Neg cells. This effect showed a time-
dependent response with a ∼50% silencing at 48 and 72 h
(Figure 2(b)). Moreover, at 96 h of transfection, we found
significantly lower MCU protein levels by 67% ± 8 (𝑃 <
0.001). In addition, under this condition the concentration
of MCU siRNAs used (225 nM) did not adversely affect the
number of viable cells or the cardiomyocyte morphology and
ATP production (Suppl. Figure 1A–E, Supplementary Mate-
rial available online at https://doi.org/10.1155/2017/5750897).
Based on these results, we used siRNAs at 225 nM for 96 hrs
in the remainder of our experiments, in which we obtained
themaximal silencing ofMCUmRNAandprotein expression
(Figures 3(a) and 3(b)). In addition, siRNA-MCU did not

modify the relative expression of other uniplex components,
such as MICU1, MICU2, EMRE, and MCUR1 (Figure 2(c)).

Figure 3(c) shows representative mCa2+ uptake traces
for the control and MCU-silenced cardiomyocytes. Perme-
abilized transfected cardiomyocytes were challenged with a
15 𝜇M Ca2+ addition in the presence of 1𝜇M CsA to deter-
mine themaximumMCU activity [9]. In control cells, a rapid
mCa2+ entry was observed (completely abolished by Ru360,
data not shown); however, in siRNA-MCU treated cells, the
Ca2+ transport was drastically reduced. Mitochondrial Ca2+
uptake time to its 50% (T50%) provides a quantitative index
of MCU activity. For the control cardiomyocytes, T50% was
1.08 ± 0.22min, while, in MCU-silenced cells, it was 2.02 ±
0.4min (𝑃 < 0.05) (Figure 3(d)). These results indicate a
significant reduction in the rate of mitochondrial transport
in our MCU-silenced cardiomyocytes.

3.2. MCU Silencing Reduces Mitochondrial Ca2+ Overload,
Permeability Transition Pore, and Oxidative Stress in Car-
diomyocytes. Since excessive Ca2+ accumulation in the mito-
chondrial matrix leads to the collapse of the mitochondrial
potential, transfected cardiomyocytes were challenged with
Ca2+ overload following their effects on the membrane
potential. At a steady state, the membrane potential did not
show a difference in Δ𝜓𝑚 between the control and MCU-
silenced cardiomyocytes (Suppl. Figure 1C-D). Nevertheless,
after a Ca2+ pulse, the control cardiomyocytes showed a
significant Ca2+-dependent depolarization compared with
MCU-silenced cardiomyocytes (Figure 4(a)). At the same
time, MCU-silenced cells were able to maintain Δ𝜓𝑚 in ∼
75% (𝑃 < 0.05) (Figure 4(b)). Ru360 and CsA treatment
protected against Ca2+-inducedmembrane depolarization by
∼95% (Figures 4(c) and 4(d) and Suppl. Figure 2A).

Moreover, in Ca2+ retention experiments with a 50𝜇M
Ca2+ bolus, we observed an early and dramatic release of
Ca2+ from control cardiomyocytes compared with theMCU-
silenced cells (Suppl. Figure 2B). Ca2+ release was inhibited

https://doi.org/10.1155/2017/5750897
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Figure 2: Dose-response analysis of MCU expression in cardiomyocytes transfected with a specific siRNA designed targeting MCU (siRNA-
MCU). (a) MCU mRNA expression by qRT-PCR normalized versus 𝛽-actin using 18.7, 112.5, or 225 nM of siRNA at 0, 48, 72, and 96 h of
transfection. We obtained EC50 ∼67.2 nM at 96 h of transfection, mean ± SEM, 𝑛 = 3. (b) Representative protein expression analysis of MCU
in cardiomyocytes silenced with 225 nMof siRNA-MCU at 48 h (∗∗𝑃 < 0.01); at 72 h (∗∗𝑃 < 0.01); and at 96 h of transfection. GAPDH served
as a loading control (∗∗∗𝑃 < 0.001), mean ± SEM, 𝑛 = 3–6. (c) Relative mRNA abundance of associated regulatory genes in MCU-silenced
cardiomyocytes using 225 nM of siRNA-MCU at 96 h of transfection, mean ± SEM, 𝑛 = 4.MICU1, mitochondrial calcium uptake 1; MICU2,
mitochondrial calcium uptake 2; MCUR1, mitochondrial calcium uniporter regulator 1; EMRE, essential mitochondrial calcium uniporter
regulator.

by CsA, indicating the involvement of 𝑚PTP as a trigger of
membrane potential collapse.

Oxidative stress and Ca2+ overload are known to have
detrimental effects on mitochondrial membrane integrity
since both are inducers of 𝑚PTP opening [22]. Figure 5(a)
shows the time-course analysis of superoxide production in
response to TG-induced Ca2+ overload. At basal conditions,
the control and MCU-silenced cardiomyocytes showed a
similar fluorescence intensity of MitoSOX. After 60 and
120min of TG treatment,MitoSOX intensity was significantly
higher in siRNA-Neg transfected cells than inMCU-deficient
cardiomyocytes (Figure 5(a)). Therefore, MCU-deficient car-
diomyocytes showed a 51% (𝑃 < 0.001) reduction in
Ca2+ overload-induced superoxide production (Figure 5(b)).
Under these conditions, the Ru360 and CsA treatment also
decreases ROS production by 22% (ns) and 49% (𝑃 < 0.001),
respectively (Figure 5(c)). In accordance with these findings,

MCU silencing might exert protective effects by reducing
oxidative stress induced by Ca2+ overload.

3.3. MCU Silencing Reduces Cardiomyocyte Cell Death in
Hypoxia/Reoxygenation Injury. Transfected cardiomyocytes
were incubated for 3 h in a hypoxic chamber for O2
(1%) in combination with glucose-deprivation, serum-free,
and acidosis (pH 6.8) conditions to induce hypoxia. A
schematic model of hypoxia/reoxygenation is shown in
Figure 1. Cell viability and apoptosis were determined by
Annexin V/PI staining and analyzed by flow cytometry at
specific time points during Nxy and during reoxygenation:
at the beginning (0 h), after 1.5 h, and after 3 h. Represen-
tative flow cytometry dot plots showing the populations
of viable (Annexin V−, IP−) and apoptotic cells (Annexin
V+/IP− and Annexin V+/IP+) are shown in Figures 6(a) and
6(b) at Nxy and 1.5 h of reoxygenation. Cell viability was
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Figure 3: MCU silencing reduces mitochondrial Ca2+ transport. (a) MCU mRNA expression by semiquantitative qRT-PCR in silenced
cardiomyocytes, ∗∗∗𝑃 < 0.001 versus siRNA-Neg, mean ± SEM, 𝑛 = 7. (b) MCU protein expression, with 𝛽-actin used as a loading control.
∗∗∗
𝑃 < 0.001 versus siRNA-Neg, mean ± SEM, 𝑛 = 6. (c) Representative traces of mitochondrial Ca2+ uptake in permeabilizedMCU-silenced

cardiomyocytes using CG-5N Ca2+ indicator after 15 𝜇M Ca2+ addition. The experiment was performed in the presence of 1 𝜇M CsA. AFU,
arbitrary fluorescence units. (d) Time to 50% decay analysis (T50%) of mitochondrial Ca2+ transport. ∗𝑃 < 0.05 versus siRNA-Neg, mean ±
SEM, 𝑛 = 6. MCU silencing conditions were using 225 nM of siRNA-MCU at 96 h of transfection.

∼90% (Suppl. Figure 1A) and apoptosis was ∼3–5% in both
transfected cardiomyocytes at normoxic conditions. At the
onset of reoxygenation, we did not find any changes in cell
death between the controls (12.6%) and the MCU-silenced
cardiomyocytes (8.2%), as shown in Figure 6(c). However,
after 1.5 h of reoxygenation, necrosis increased by 46% in
the control cardiomyocytes compared to the MCU-silenced
cardiomyocytes (16.7%,𝑃 < 0.05). After 3 h of reoxygenation,
the viable cells were preserved in MCU-silenced cardiomy-
ocytes in 60.3 ± 8% and then dropped by 30.5 ± 3.6%
(𝑃 < 0.01) in the control cardiomyocytes. Apoptotic cell
death measurements showed similar results; no significant
changes were observed in the level of apoptosis at Nxy or
the beginning of reoxygenation between the experimental
groups. Nevertheless, we found a twofold decrease in MCU-
deficient (4.3 ± 1.1) versus siRNA-Neg cardiomyocytes (8.4 ±
0.67) after 1.5 h of reoxygenation (𝑃 < 0.01). In the same
way, after 3 h of reoxygenation, the apoptosis level increased

1.5-fold in siRNA-Neg cardiomyocytes (9.12 ± 0.94 versus
6.04 ± 0.5, 𝑃 < 0.05). Accordingly, caspases 3 and 7
activities increased by 2-fold at the onset of reoxygenation
in the control cardiomyocytes (6.86 ± 0.18) compared to
the MCU-deficient cardiomyocytes (3.38 ± 0.7, 𝑃 < 0.001).
At the same time, caspase 9 activity increased significantly
(𝑃 < 0.001) in both experimental groups, but, after
1.5 h of reoxygenation, the activation levels of caspase 9
dropped 1.5-fold in the MCU-deficient cardiomyocytes (𝑃 <
0.01). In fact, the activation of caspase 9 and caspases 3
and 7 persisted until 3 h after reoxygenation in siRNA-
Neg cells compared to the MCU-silenced cardiomyocytes.
Additionally, we observed an 18-fold increase in activation
of caspase 8 at the onset of reoxygenation in control cells.
Nevertheless, we observed a 40% reduction in caspase 8
activity in MCU-silenced cells compared with control cells
(4.95 ± 0.7 versus 8.36 ± 1.6, RLU⋅mg−1). Overall, these
results demonstrate that MCU silencing in cardiomyocytes
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Figure 4: MCU silencing reduces significantly mitochondrial permeability transition by calcium overload. (a) Representative mitochondrial
Δ𝜓𝑚 traces in permeabilized MCU-silenced cardiomyocytes using 2𝜇M safranin, after 7.5 𝜇M Ca2+ addition. siRNA-Neg cardiomyocytes
show no difference in Δ𝜓𝑚 compared to MCU-silenced cells at baseline. MCU-silenced cardiomyocytes were able to maintain significantly
Δ𝜓𝑚 after 7.5 𝜇M Ca2+ addition. Upon completion of the traces, 20 𝜇M CCCP was added as uncoupling. (b) Semiquantitative analysis of
Δ𝜓𝑚 after Ca

2+ addition in transfected cardiomyocytes. ∗𝑃 < 0.05 versus siRNA-Neg, mean ± SEM, 𝑛 = 3. (c) Representative mitochondrial
safranin Δ𝜓 recordings in siRNA-Neg cardiomyocytes treated with 5 𝜇M Ru360 or 1 𝜇M CsA before 7.5𝜇M Ca2+ pulse. (d) Semiquantitative
analysis of Δ𝜓𝑚 in siRNA-Neg cardiomyocytes treated with Ru360 or CsA.

∗∗
𝑃 < 0.01 versus siRNA-Neg, mean ± SEM, 𝑛 = 5-4. Upon

completion of the registers, 20 𝜇MCCCP was added as uncoupling. All semiquantitative data is normalized to 100% of untreated siRNA-Neg
cardiomyocytes at basal conditions. AFU, arbitrary fluorescence units. ∗∗∗𝑃 < 0.001 versus siRNA-Neg.

reduces necrosis and apoptosis of the hypoxia/reoxygenation
injury.

4. Discussion

In the heart, mCa2+ uptake can shape cytosolic calcium
signals to regulate some physiological processes, principally
matching workload and energy production [23]. Neverthe-

less, an excessive uptake of Ca2+ triggers mitochondrial
dysfunction through 𝑚PTP opening, leading to cell injury
by apoptosis and necrosis [5]. In this regard, several studies
have suggested that dysregulation of cytosolic Ca2+ which
leads tomCa2+ overload is present in the physiopathology of
ischemia/reperfusion (I/R) injury and heart failure (HF) [24].
The MCU channel, the principal mCa2+ transport system,
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Figure 5: MCU silencing reduces mitochondrial oxidative stress. (a) Time-response curve of mitochondrial ROS (superoxide) production
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carries out this mechanism. However, the precise role in the
regulation of Ca2+ handling and its consequences on heart
disease remain controversial [25]. Not until recently has the
molecular characterization of the MCU been made possible
[11, 12], allowing for the study of its univocal role in the
physiopathology of myocardial diseases. This finding led us
to explore the possibility of modulating MCU expression in
knockout mice or using a siRNA technology. In this regard,
we tested a specific siRNA design to knock down MCU

expression in the cardiomyocyte line for an in vitro MCU
target validation. After being challenged to amCa2+ overload,
MCU-deficient cells were able to largely sustain Δ𝜓𝑚 and
retain Ca2+ similarly to those pharmacologically treated with
CsA, as expected. Altogether, these findings indicate that
MCU silencing confers resistance to 𝑚PTP opening [6, 14].
Furthermore, MCU-silenced cardiomyocytes treated with
TG (a SR-Ca2+/ATPase (SERCA) inhibitor), which promotes
a burst of cytosolic Ca2+ and later ROS, failed to increase
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Figure 6: MCU silencing markedly reduced cardiomyocyte cell death in hypoxia/reoxygenation injury. (a and b) Representative dot-plot
diagrams of flow cytometry viability/apoptosis analysis of siRNA-Neg and MCU-silenced cardiomyocytes in Nxy, after hypoxia and 1.5 h
reoxygenation time. Viability and apoptosis were determined by PI and Annexin V PE-Cy7 conjugated staining, respectively. Q4 quadrant
represents the viable cells, Q2 and Q3 represent the apoptotic cells, while Q1 and Q2 are the necrotic population. (c and d) Reoxygenation-
time dependent cardiomyocyte viability and apoptosis at 0, 1.5, and 3 h reoxygenation, respectively. ∗∗𝑃 < 0.01; mean ± SEM; 𝑛 = 7. Data
is presented as percentage of Nxy conditions. (d) Apoptosis was ∼twofold and 1.5-fold increase in siRNA-Neg cardiomyocytes with respect
to MCU-silenced cells at 1.5 and 3 h reoxygenation, respectively. Apoptosis is normalized to Nxy and expressed as fold change. ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, versus siRNA-Neg cardiomyocytes, mean ± SEM, 𝑛 = 7. (e) Time-dependent activation of caspases 3 and 7 and (f) caspase 9

during reoxygenation. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, versus siRNA-Neg cells, mean ± SEM, and 𝑛 = 7; Nxy, normoxic conditions.
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superoxide radical production. Also, after H/R protocol,
siRNA-MCU-silenced cardiomyocytes reduced 𝑚PTP open-
ing and activation of caspases 8 and 9. In accordance with our
results, caspase 8 might initiate the execution phase of cell
apoptosis, after which mitochondrial dysfunction induces
activation of caspase 9. One potential explanation for this
finding is that caspase 8 activation cleaves Bid [26], and then
the cleaved Bid activates mitochondrial Bax/Bak and con-
tributes tomultiplemitochondrial dysfunction, including the
release of the intramembrane space proteins, and activation
of apaf-1, which in turn cleaves the proenzyme of caspase
9 into the active form. These observations are similar to
those reported when Ru360-MCU was inhibited in in vivo
and ex vivo models of I/R [9, 10], confirming that partial
or acute MCU inhibition could be a therapeutic strategy to
reduce cell death [27]. Moreover, this cardioprotective effect
has been linked to MCU as an ischemic preconditioning
(IPC) mediator [6, 28]. The mechanisms implicated in IPC
are not fully understood; however, low levels of mCa2+-
generatedROS are involved as a trigger of IPCby activation of
survival kinases [29]. Since a large production of ROS during
reperfusion contributes importantly to 𝑚PTPopening induc-
ing cardiomyocyte death, the controlled ROS production
by MCU silencing mimics the IPC cardioprotective effects.
Therefore, our findings are in accordance with the observed
protection in conditional cardiac-specific MCU−/− mice [14,
15]. In this transgenic model, deletion of MCU in adult
cardiomyocytes leads to protection from cell death induced
by acute damage such as ischemia-reperfusion injury. How-
ever, the results in MCU-knockout constitutive animals are
still controversial. For instance, during reperfusion injury,
MCU-knockout hearts were similar to control hearts, and
CsA did not exert a protective effect. This suggests that
Ca2+-independent death pathways take place in the absence
of MCU and that alternative mechanisms exist for Ca2+
entry [30]. Of note, inbred MCU-knockout mice are not
viable because they are embryonically lethal; only mixed-
strain MCU-knockout mice are viable [31]. In addition to
this controversy, recent results in MCU overexpressing mice
are more resistant to reperfusion injury in part due to an
enhanced activity of survival kinases [32].

In addition to defining the contribution of MCU activity
in pathologies, the discovery of therapeutic strategies that
modulate MCU activity will be extremely important for the
future development of putative MCU-targeting therapies.
Here, using siRNA or several pharmacological strategies
(such as Ru360 or CsA), we attempted to diminish 𝑚PTP
opening or reduce mCa2+ overload in order to decrease
the likelihood of arrhythmias and postmyocardial infarction
cardiac dysfunction [2]. In this regard, in vitro and ex
vivo studies of cytosolic Ca2+ overload and IR injury have
shown that CsA is a potent inhibitor of 𝑚PTP, protecting
against reperfusion cardiomyocyte death [8, 33]. Indeed, CsA
application in small animalmodels at the onset of reperfusion
has demonstrated a reduction of the myocardial infarct area
by ∼45% [34] by suppressing Δ𝜓𝑚 loss, NADH oxidation,
Ca2+ release, and mitochondrial swelling [35]. Accordingly,
some clinical trials have been performed to determine its

protective effect from reperfusion injury in patients with
myocardial infarction [36]. Nevertheless, a recent meta-
analysis of randomized controlled trials reveals that CsA
could not have protective effects towards reperfusion injury
in clinical patients [37]. The cause of these effects is not
yet clear, but it could be because CsA is an immunosup-
pressive agent that has multiple targets such as cyclophilins
and calcineurin [38]. Additionally, CsA only increases the
threshold of 𝑚PTP inducers, so it would be desirable to
explore another strategy to prevent the formation of 𝑚PTP
and reperfusion injury. On the other hand, the use of Ru360
as a specific inhibitor of the MCU has been used in intact
cardiac cells [7], isolated hearts [6, 10], and murine models
[9] which provided protection against reperfusion injury,
improving mechanical parameters, and decreasing infarct
size and intracellular enzymes release [9, 39]. However, their
pharmacokinetic parameters, bioavailability, and side effects
have not been completely described.

Moreover, these therapeutic strategies that reduce
ischemic injury could be beneficial to slow the progression of
HF. In this regard, Santulli et al. [40] recently demonstrated
that an intracellular Ca2+ leak could cause mitochondrial
Ca2+ overload and dysfunction in HF murine models. In
particular, a sarcoplasmic reticulum Ca2+ leak can estab-
lish a pathological feedback with mitochondria in which
mitochondrial dysfunction increases ROS production, which
consequently leads to oxidation/nitrosylation of some imp-
ortant sarcoplasmic reticulum channels such as RyR2, enhan-
cing the diastolic Ca2+ leak and affecting cell contractility.
Moreover, we found that selective MCU inhibition has the
therapeutic potential to prevent catecholamine-induced
toxicity as observed in HF [41]. In this regard, Anderson’s
group using MCU dominant-negative transgenic mice
confirmed our findings of MCU’s role on catecholamine
response, because their mice were incapable of reaching
catecholamine response [14, 27]. These novel data provide
experimental rationale to explore the role of MCU during
HF development.

At present, knockdown of gene expression by siRNA
technologies offers a potent therapeutic approach to specific
modulation of gene targeting [42]. siRNA therapeutics is
suitable for drug use because it does not require genome
integration and can be inexpensive and easily synthesized.
Since a rational design of siRNA can specifically inhibit
endogenous gene expression, it can modulate any disease-
related gene expression [43]. Because of their great thera-
peutic potential, at least 20 siRNA-based drugs have now
entered clinical trials in humans [43]. However, siRNA
molecules are unstable in the serum and have shown poor
cellular uptake and immunogenicity [44]. In this regard,
the successful application of siRNA for therapy requires the
development of effective drug delivery systems, in particular,
nanovectors [45]. Recently, endothelial dysfunction present
in HF has been explored as a novel avenue for the deliv-
ery of nanovectors, and the resulting endothelial perme-
ability opens the field to nanotechnology-based therapies
that could reach the myocardium through dysfunctional
permeable endothelium [46]. In a murine model of HF, a
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passive intracardiac accumulation of high concentrations of
nanocarriers occurred after a single application. Compared
to the normal heart tissues, the accumulation of nanovectors
was 12 times higher in HF animals [47]. This approach
should be used as a potential avenue for siRNA-MCU
therapy in reperfusion injury or HF, potentially translating
towards novel therapies that might improve patient out-
comes.

5. Conclusion

In summary, as the first proof of concept, we have shown
that MCU silencing by specific siRNA reduces in vitro H/R
injury as seen by cardiomyocyte death abatement. Therefore,
this knowledge will allow for the development of a suitable
delivery system to test the therapeutic potential of this siRNA
in an in vivo model of mitochondrial calcium overload and
dysfunction as those present in HF. In this context, the novel
MCU druggability should be a fertile area of research in the
future.
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Silvia Cárdenas Rodŕıguez, M.D., and Miguel A. Flores, B.S.,
for exceptional technical assistance. They also thank Valeria
Oropeza for editing the figures. This work was partially
supported by Endowed Chair in Cardiology (Tecnológico
de Monterrey, 0020CAT131) as well as CONACYT Grants
151136, 133591, and 269399 and Fronteras de la Ciencia
grant (0682) and Xignus Research Fund. Postdoctoral fel-
lowship (CONACYT to Eduardo Vázquez-Garza and Héctor
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[6] G. D. J. Garćıa-Rivas, A. Guerrero-Hernández, G. Guerrero-
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Background. Mitral valve prolapse (MVP) is the most common cause of severe mitral regurgitation. Besides echocardiography, up
to now there are no reliable biomarkers available for the identification of this pathology. We aim to generate a predictive model,
based on circulating biomarkers, able to identify MVP patients with the highest accuracy. Methods. We analysed 43 patients who
underwent mitral valve repair due toMVP and compared to 29matched controls.We assessed the oxidative stress status measuring
the oxidized and the reduced form of glutathione by liquid chromatography-tandem mass spectrometry method. Osteoprotegerin
(OPG) plasma levels were measured by an enzyme-linked immunosorbent assay. The combination of these biochemical variables
was used to implement several logistic regressionmodels.Results. Oxidative stress levels andOPG concentrations were significantly
higher in patients compared to control subjects (0.116 ± 0.007 versus 0.053 ± 0.013 and 1748 ± 100.2 versus 1109 ± 45.3 pg/mL,
respectively; 𝑝 < 0.0001). The best regression model was able to correctly classify 62 samples out of 72 with accuracy in terms of
area under the curve of 0.92. Conclusions. To the best of our knowledge, this is the first study to show a strong association between
OPG and oxidative stress status in patients affected by MVP with severe regurgitation.

1. Introduction

Myxomatous mitral valve prolapse (MVP) is the most com-
mon indication for mitral valve surgery due to severe mitral
regurgitation (MR).The prevalence ofMVP is estimated at 2-
3%with approximately 144million people affectedworldwide
[1]. Echocardiographically, MVP is defined as a single or
bileaflet prolapse, at least 2mm beyond the long-axis annular
plane, while the assessment of valve regurgitation takes into
account the effective regurgitant orifice area (EROA) [2].
Interestingly, the pathology is equally distributed between
men and women [3] and patients with prolapse have signif-
icantly lower body-mass index (BMI) and waist-to-hip ratio
than those without prolapse [1].

Despite the pathology was first described in the late 1800s
[3], no major risk factor has been identified yet [4] and the
triggering mechanisms of MVP are not fully understood. In

this context, a very recent study byDeroyer et al. [5] showed a
negative association between severity ofMRandhigh-density
lipoproteins (HDL) levels. Interestingly, HDL concentrations
and levels of Apo-A1, the major protein component of
HDL, which participates in the reverse cholesterol transport,
decreased according to the severity of MR. In addition, MVP
patients showed an alteration in the antioxidant defence
systems and an increase in lipid peroxidation markers [6].

Given the background, we investigated Osteoprotegerin
(OPG), a well-known protein linked to oxidative stress
status [7] and to endothelial mesenchymal transition on
endothelial cells isolated from MVP patients [8]. OPG is a
secretory glycoprotein of the tumour necrosis factor receptor
superfamily involved in calcification, apoptosis, proliferation,
and migration processes [9]. It possesses high affinity to
receptor activator of nuclear factor-kb (RANKL), to tumour
necrosis factor-related apoptosis-inducing ligand (TRAIL),
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Table 1: Patient demographics.

Control (𝑁 = 29) MVP (𝑁 = 43) 𝑝 value
Variable
Age (years) 57.3 [53.2, 61.4] 60.1 [56.8, 63.5] 0.291
Sex (male) 19 (65.5%) 29 (67.4%) 0.865
Diabetes 3 (10.3%) 3 (7.0%) 0.685
Hypertension 14 (48.3%) 16 (37.2%) 0.660
Hypercholesterolemia 14 (48.3%) 25 (58.1%) 0.688
Smokers 6 (20.7%) 5 (11.6%) 0.514
BMI 27.4 ± 0.76 24.8 ± 0.43 0.005
Total cholesterol (mg/dL) 216.1 ± 7.4 215.2 ± 6.6 0.973
Triglycerides (mg/dL) 111.2 ± 9.0 110.3 ± 6.7 0.690
HDL (mg/dL) 55.8 ± 3.2 51.3 ± 1.9 0.249
LDL (mg/dL) 138.0 ± 7.1 132.4 ± 6.5 0.658
NYHA class 0.001

I 29 (100%) 19 (44.2%)
II — 17 (39.5%)
III — 7 (16.3)
IV — —

Drug therapies
Antiplatelets (%) 1 (3%) 2 (5%) 1.00
Angiotensin receptor blockers (%) 4 (14%) 3 (7%) 0.429
Converting enzyme inhibitors (%) 5 (17%) 14 (32%) 0.295
Calcium channel blockers (%) 3 (10%) 3 (7%) 0.679
Beta-blockers (%) 1 (3%) 16 (37%) 0.007
Nitrates (%) 0 (0%) 1 (2%) 1.00
Statins (%) 6 (21%) 6 (14%) 0.527
BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; NYHA: New York Heart Association. [minimum, maximum];
(percentage); mean ± standard error.

and to syndecan family receptors (SDC). This molecule has
been associated with cardiometabolic disorders [9], as well
as increased cardiovascular and overall mortality [10, 11]. In
addition, it has been shown that transforming growth factor
beta (TGF-𝛽), a well-known player in myxomatous MVP
pathogenesis [12], increases oxidative stress status [13] as well
as OPG production and secretion directly stimulating OPG
promoter activity [14].

In this study, we aim to generate a predictive model able
to identify MVP patients with the highest accuracy with the
combination of biochemical parameters easily quantifiable.

2. Patients and Methods

2.1. Patient Demographics. This observational study was
approved by the Institutional ReviewBoard and by the Ethical
Committee of CentroCardiologicoMonzino (CCM), IRCCS.
The investigation conformed to the principles outlined in the
Declaration of Helsinki (1964).

A total of 51 consecutive patients that underwent mitral
valve repair, at CCM, due to MVP were enrolled. Based
on exclusion criteria (presence of bicuspid aortic valve,
premature menopause, and/or osteoporosis, prior aortic or
mitral valve surgery, rheumatic heart disease, endocarditis,
active malignancy, chronic liver failure, calcium regulation

disorders, and chronic or acute inflammatory states), we
selected and analysed 43 patients matched by age, sex,
diabetes, hypertension, hypercholesterolemia, and smoking
habits with 29 control subjects from those attending the clinic
for global control of cardiovascular risk at CCM. The demo-
graphic and clinical features of the two study groups are listed
in Table 1. The subjects were assessed with detailed medical
history, physical examination, and echocardiography. In all
patients, blood collection was performed before coronary
angiography and surgery, with the exception of controls,
which underwent samples collection at a scheduled visit.

2.2. Blood Sampling and Biochemical Measurements

Whole Blood. Peripheral blood sample was drawn from
patients and controls while fasting into tubes containing
EDTA (9.3mM; Vacutainer Systems, Becton Dickinson,
Franklin Lakes,NJ,USA) kept on ice and immediately precip-
itatedwith 10% trichloroacetic acid (Sigma-Aldrich, St. Louis,
MO, USA) in 1mM EDTA solution. After centrifugation at
10,000𝑔 for 10min at 4∘C, the supernatant was stored at
−80∘C until analysis.

Plasma. EDTA anticoagulated blood was centrifuged at
3,000𝑔 for 10min at 4∘C within 30min after being drawn.
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Plasma was separated and aliquots were stored at −80∘C until
analysis.

2.3. Oxidative Stress Measurement. For oxidative stress eval-
uation whole blood concentrations of the oxidized (GSSG)
and reduced (GSH) form of glutathione, whose ratio
(GSSG/GSH) is a well-recognized index, were assessed by a
previously developed and validated LC-MS/MS method [15].

2.4. Osteoprotegerin Evaluation. Plasma levels of soluble
OPGweremeasured with an enzyme-linked immunosorbent
assay (ELISA) kit (DuoSet, R&D) following manufacturer
instructions. The standard of this particular kit is similar to
full-length OPG, making this ELISA kit more representative
of circulating OPG molecule [9].

2.5. Statistical Analysis. Continuous variables are summa-
rized as mean ± standard error, except for age, which is rep-
resented as mean [minimum, maximum], while categorical
variables are summarized as frequency and percentage.

For data analysis, Mann–Whitney test has been per-
formed between MVP and control classes on continuous
variables, while Fisher’s exact test has been performed on
discrete ones.

Finally, taking into account OPG measurement and
GSSG/GSH ratio, we have implemented several logistic
regression procedures in order to identify a classification rule,
able to predict outcomes with the highest accuracy.

The logistic model is

𝑝 (𝑌𝑖 = “MVP”) = 1

1 + 𝑒−(𝛽0+𝛽1𝑥1+𝛽2𝑥2)
, (1)

where 𝑝 is probability to have MVP, 𝑥1 is OPGmeasurement
(in pg/mL), and 𝑥2 is GSSG/GSH ratio.

A receiver operating characteristic (ROC) curve has been
plotted for eachmodel andperformances have been evaluated
by comparing areas under the ROC Curve (AUC).

3. Results

3.1. Patient Characteristics. In this study we analysed 43
patients and 29 controls matched by age, sex, diabetes, hyper-
tension, hypercholesterolemia, and smoking habits. The two
groups were comparable for all the clinical and demographic
features considered, except for BMI, which was significantly
lower in MVP patients than in controls (𝑝 = 0.005), and as
expected,NewYorkHeart Association (NYHA) class that was
significantly higher in MVP patients (𝑝 < 0.001, Table 1).
Drug therapies were not significantly different betweenMVP
and controls, apart from beta-blockers, mostly taken by
patients. However, up to now, no data are available about
any influence of this drug class on oxidative stress levels. In
Table 2 the qualitative and quantitative echocardiographic
characteristics of mitral valves are reported. As expected the
peak E velocity and the ratio between peak E and peak A
velocity (E/A ratio) were significantly different between the
two groups (𝑝 < 0.001).

Table 2: Echocardiography evaluation.

Echocardiography
parameters Control (𝑁 = 29) MVP (𝑁 = 43) 𝑝 value

LVEF (%) 65.9 ± 1.6 63 ± 1.6 0.416
Peak 𝐸 velocity (cm/s) 72.8 ± 3.8 103 ± 4.2 <0.001
Deceleration 𝐸 (ms) 229 ± 13.4 199 ± 7.7 0.094
Peak 𝐴 velocity (cm/s) 79.1 ± 4.8 68.9 ± 2.8 0.111
𝐸/𝐴 ratio 0.96 ± 0.07 1.6 ± 0.1 <0.001
EROA (cm2) — 0.6 ± 0.04

LVEF: left ventricular ejection fraction; EROA: effective regurgitant orifice
area. Mean ± standard error.

3.2. Osteoprotegerin Levels and Oxidative Stress Status. The
assessment of OPG levels revealed that this protein was
significantly higher in MVP patients when compared to
controls (1748±100.2 versus 1109±45.3 pg/mL, respectively;
𝑝 < 0.0001, Figure 1(a)). Since it has already been shown that
OPG concentration increases with age [9], we implemented
an adjustedmodel for this variable and the difference between
the groups maintains its significance (𝑝 < 0.0001). In
addition, we adjusted for NYHA class as well as BMI and
the difference in OPG levels remained significant between
the two groups (𝑝 < 0.01). Finally, we confirmed that
the oxidative stress status, represented by GSSG/GSH ratio,
was higher in MVP patients compared to control subjects
(0.116 ± 0.007 versus 0.053 ± 0.013, respectively; 𝑝 < 0.0001,
Figure 1(b)) and remained significant even after NYHA class
and BMI adjustment (𝑝 < 0.01). Notice that no correlation
has been found between NYHA class and OPG levels or
GSSG/GSH ratio.

3.3. Binary Logistic Regression Model. To assess if OPG
or GSSG/GSH ratio could be used as potential circulating
markers of MVP, we implemented a step-wise binary logistic
regression model. To further improve the specificity and
sensibility, we took OPG and GSSG/GSH ratio alone and
then together. We also evaluated their possible interaction;
however, it was not statistically significant (𝑝 = 0.243) and
therefore we did not include it in the regression model. The
regression parameters obtained from estimation procedure
were 𝛽0 = −7.590, 𝛽1 = 0.005, and 𝛽2 = 24.493. The logistic
model implemented is described in Section 2.5. This model
was able to correctly classify 62 samples out of 72 (Figure 2).
In addition, the logistic regressionmodel pointed out an odds
ratio of 38.5 (95% CI: 9.9–150.6; 𝑝 < 0.0001) to haveMVP for
subjects with 𝑝(𝑌𝑖 = “MVP”) > 0.5.

3.4. Combination of Osteoprotegerin and Oxidative Stress
as Potential Circulating Marker of MVP. Receiver operator
characteristic curve (ROC) was performed to determine if
OPG or GSSG/GSH ratio alone or together could be used
to identify MVP patients. As shown in Figure 3, OPG and
GSSG/GSH ratio had an area under ROC curve (AUC) of
0.83 and 0.79, respectively (𝑝 < 0.0001). However, if we
considered OPG combined with GSSG/GSH we observed



4 Oxidative Medicine and Cellular Longevity

0

1000

2000

3000

4000

5000
O

PG
 (p

g/
m

L)

p < 0.0001

MVPCTRL
(a)

0.0

0.1

0.2

0.3

0.4

0.5

G
SS

G
/G

SH
 ra

tio

p < 0.0001

MVPCTRL
(b)

Figure 1: Osteoprotegerin and oxidative stress levels. (a) Osteoprotegerin (OPG) enzyme-linked immunosorbent assay (ELISA) on plasma
samples from control subjects (CTRL) and mitral valve prolapse (MVP) patients. (b) Ratio between oxidized (GSSG) and reduced (GSH)
form of glutathione as oxidative stress status index.
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Figure 2: Binary logistic regression model. Graph representing the
prediction of the best binary logistic regression model.

accuracy in terms of AUC of 0.92 with 95%CI: 0.86–0.98 and
𝑝 < 0.0001 (red thick line; Figure 3).

4. Discussion

Myxomatous mitral valve prolapse (MVP) with severe regur-
gitation (MR) is the most common cause for mitral valve
surgery. The MVP diagnosis is some of the most challenging
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Figure 3: Osteoprotegerin combinedwith oxidative stress, as poten-
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(ROC) curves and area under the curve (AUC) of Osteoprote-
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patients 𝑛 = 43; 𝑝 < 0.0001).
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aspects in clinical cardiology and, up to now, echocardio-
graphy is the only clinical reliable tool. No biomarkers are
available for this pathology and, to the best of our knowledge,
only a comparative proteomic study on plasma samples
from 24 pooled MVP patients with moderate to severe MR
revealed reduced levels of haptoglobin, platelet basic protein,
and complement component C4b in the MVP/MR patients
as compared to the 24 pooled matched control cases [16].
However, the clinical applicability is unclear, in part because
most of the identified biomarkers had low AUC. In addition,
Thalji et al. [12] and Sainger et al. [17] identified novel
players that could be involved in myxomatous mitral valve
degeneration and their data offer novel insights into the
pathogenesis of MVP but no circulating biomarkers have
been evaluated.

Results of the present work show that circulating OPG
and oxidative stress status are positively associated with
severe MR due to MVP. Based on these premises, we devel-
oped a multivariable logistic regression model with OPG and
GSSG/GSH levels.Thismodel is able to correctly identify 86%
of MVP patients and 86% of control subjects.

Since all patients, in the MVP group, were the ones
who underwent surgery due to symptoms, we evaluated and
excluded that left ventricular ejection fraction (LVEF) and
heart failure (NYHA classes) were the causes that increased
OPG plasma levels and oxidative stress status. Therefore,
our data supports that severe MR caused by myxomatous
MVPcould be identify through amultivariable binary logistic
regression model.

The analyses of OPG as well as oxidative stress alone are
not disease specific; indeed OPG has already been linked to
coronary artery syndromes [18], aortic valve stenosis [19],
myocardial infarction [20], and cardiovascular postoperative
outcome [21].However, the combination of these biochemical
parameters allowed us to identify these patients with high
accuracy.

Recently, we showed that OPG was involved in mitral
valve endothelial to mesenchymal transition and plasma
OPG levels permitted to identify MVP patients with an AUC
of 0.92 [8]. However, all the selected MVP patients had only
posterior MVP. It is known that two-thirds of MVP patients
present the posterior prolapse, while the remaining third
show anterior or bileaflet prolapse [22, 23]. Considering this,
to obtain a model able to discriminate MVP from healthy
subjects, in primary screening, wemust use a populationwith
not only posterior but also anterior and bileaflet prolapse.
Thus, in the present study we enrolled 43 MVP patients: 28
with posterior MVP (65%) and 15 with anterior or bileaflet
MVP (35%). In this population, OPG had an AUC of 0.83
that was brought back to 0.92 when OPG was combined with
GSSG/GSH ratio; meaning that OPG alone is not sufficient to
discriminate with high accuracy the MVP mixed population
(posterior, anterior, and bileaflet) from healthy subjects.

The present study has some limitations: first, the exiguous
number of patients enrolled and the lack of strong disease-
specificity ofOPG and oxidative stress withMVP. In addition,
in our cohorts we had only two cases with mitral annulus
calcification (MAC). Since OPG is involved in many cellular
processes, in particular calcification, further studies need to

address also the possible implication of thismolecule not only
in patients with MAC but also in those who have mitral valve
stenosis. Lastly, patients with severe regurgitation compose
the MVP cohort and further studies are needed to evaluate
if this model is able to discriminate mild or moderate mitral
valve regurgitation in the presence or absence of prolapse.

5. Conclusion

In conclusion, considering the prevalence of this disease (over
6% ≥65 years old [1]), the aging population, and the price
of the echocardiographic evaluation, the health system costs
may rise if no pharmacological treatment or cheaper diagno-
sis tools will be identified. In particular, circulatingmolecular
signatures could be used in primary screening to identify
possible MVP patients and then a confirmatory echocardio-
graphy could be performed only in these subjects. Thus, the
study of new circulating markers and the combination of
already known ones involved in MVP progression could lead
to novel insights and possibly new therapeutic targets. To
the best of our knowledge, this is the first study to show a
strong association between OPG and oxidative stress status.
In addition, thesemolecules could bemeasured in the clinical
setting by the implementation and validation of diagnostic
enzyme-linked immunosorbent assay (ELISA) for OPG and
colorimetric assay for GSH andGSSG. Finally, since it is quite
hard to believe that one single protein could discriminate two
populations with high specificity and sensitivity, we believe
that this approach could improve the identification of several
signatures not only in mitral valve disease. However, the
mechanisms explaining these correlations are still unclear;
further molecular studies along with clinical validations will
be necessary to confirm our findings.
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Hypertension-associated endothelial dysfunction is largely due to the exaggerated vasoconstrictor generation by cyclooxygenase-
2 (COX-2). COX-2 is induced under inflammatory condition. Demethoxycurcumin (DMC) is a major component of Curcuma
longa L, which possesses anti-inflammatory action. This study aimed to examine whether DMC protects endothelial function in
hypertension by modulating COX-2. Changes in isometric tension showed that in vivo and ex vivo treatment with DMC rescued
the attenuated endothelium-dependent relaxations (EDRs) and elevated endothelium-dependent contractions (EDCs) in the renal
arteries of SHR, which were also corrected by acute usage of the COX-2 inhibitor celecoxib.The restoration of renovascular activity
by DMC was accompanied by the normalization of COX-2 expression. The enhanced COX-2 expression observed in the renal
arteries of hypertensive patientswas suppressed by incubation of excised arterieswithDMC for 12 hrs. In the renal arteries ofWistar-
Kyoto rats (WKY), DMC prevented the endothelial dysfunction caused by angiotensin II. The reduction in the generation of nitric
oxide (NO) and expression of eNOS phosphorylation (Ser1177) in human umbilical vein endothelial cells caused by angiotensin
II (Ang II) were restored by DMC or celecoxib. Our findings suggest that DMC may decrease COX-2 expression and improve
endothelial function in hypertension.

1. Introduction

Healthy endothelium is essential tomaintain normal vascular
tone by releasing vasodilators and vasoconstrictors [1, 2].
Endothelial dysfunction, owing to the imbalance between dil-
ating and constricting factors, is often encountered in the
common setting of cardiovascular risk factors such as hyper-
tension [3].

Disturbed COX-2 metabolism contributes largely to the
development of hypertension-associated endothelial dys-
function through overgeneration of vasoconstrictors [4].
Under physiological conditions, a minimal amount of COX-
2 is expressed in the vascular wall. A striking upregula-
tion of COX-2 is observed in the inflamed vascular tissue,
which was also documented extensively in hypertension
[5]. Experimental and clinical findings have implicated the
striking generation of COX-dependent endothelium-derived
contracting factors in the initiation and development of

endothelial dysfunction in hypertension. Vasoconstrictors
and reactive oxygen species (ROS) produced by COX-2 result
in disturbed endothelial dysfunction [6].

Animal studies have provided solid evidence that COX-
2 inhibitors can prevent cardiovascular disease [3]. The
growing recognition of the critical role of COX-2 in the
pathogenesis of endothelial function, and the reported seri-
ous side effects of COX-2 inhibitors make the development
of a new anti-inflammatory drug urgent.

Plants are the main sources of naturally occurring anti-
inflammatory agents. The rich source and potential safety
make plant-derived inflammatory agents advantageous over
synthetic compounds. Many extracts from plants pos-
sess anti-inflammatory activity either directly or indirectly.
Demethoxycurcumin (DMC) is a natural derivative of cur-
cumin, a major component of Curcuma longa L [7].The anti-
inflammatory and anticancer effects of curcumin have been
widely demonstrated, but its medical utility has been limited
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because of rapid plasma clearance. The growing evidence of
the stronger effectiveness and higher stability of DMC com-
pared with curcumin indicates DMC as an attractive and
promising replacement for curcumin in the treatment of
cancer and inflammation-associated diseases [8]. Several
studies have also suggested the anti-inflammatory action of
DMC [9]. In addition, a recent study showed the beneficial
action of DMC in pulmonary hypertension by inhibiting the
PDE5 [10]. However, it remains uncertain whether DMC can
provide benefits against endothelial dysfunction in hyperten-
sion, depending on its anti-inflammatory action. The aim
of the present study was to test whether DMC protects
renovascular function, and if so, whether COX-2 serves as a
downstream effector.

2. Methods

2.1. Animals and Treatment Protocols. The animal experi-
mental protocols in the present study were approved by the
animal care and use committees of the Southeast University
and were conducted according to the US National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals. Thirty-week-old male Wistar-Kyoto rats (WKY) and
spontaneous hypertensive rats (SHR) were supplied by the
Laboratory Animal Services Centre, Southeast University. All
the animals were housed in a temperature-controlled room
(22–24∘C) with a 12-h light/dark cycle and supplied with
standard diet and water. The rats were assigned to one of
the following three groups: (1) WKY control, (2) SHR treated
with vehicle dimethylsulfoxide (DMSO; SHR + vehicle), and
(3) SHR treatedwithDMCat 10mg/kg per day (SHR+DMC)
by intraperitoneal injection for 3 weeks.

2.2. Blood Pressure Measurement. Blood pressure was mea-
sured using the tail-cuff electrosphygmomanometer system
(AD Instruments, Sydney, Australia). Blood pressure mea-
surement was performed after the rats remained stable and
quiescent. The average of 3 readings was considered the
systolic blood pressure of each animal.

2.3. Preparation of Human Arteries. The use of human renal
arteries in the present study was approved by the Clinical
Research Ethics Committee of the Southeast University. The
arteries were obtained from normotensive and hypertensive
patients undergoing radical nephrectomy with their consent.
The patients received radical nephrectomy for renal carci-
noma. Hypertension was defined as systolic pressure above
140mmHg and diastolic pressure above 90mmHg.Themean
age of the six hypertensive patients was 52 years (ranging
between 51 and 69 years) and that of the six normotensive
patients was 55 years (ranging between 48 and 70 years).
Renal arteries from hypertensive patients were cultured
for 12 hrs in the presence or absence of DMC (10 𝜇mol/L)
in Dulbecco’s Modified Eagle Medium (DMEM, GIBCO,
Gaithersburg, MD, USA) with the addition of 10% fetal
bovine serum (FBS, GIBCO) and 1% penicillin/streptomycin
(GIBCO) at 37∘C.

2.4. Preparation of Animal Renal Arteries. Normotensive
WKY rats and SHR were sacrificed by carbon dioxide
inhalation. After careful dissection, intralobal renal arteries
were placed in Krebs solution of the following composition:
(mmol/L) 119 NaCl, 4.7 KCl, 2.5 CaCl

2
, 1 MgCl

2
, 25 NaHCO

3
,

1.2 KH
2
PO
4
, and 11 D-glucose. After removal of the sur-

rounding connective tissue, the arteries were cut into 4–6
ring segments of ∼1.6mm length for functional assessment
of endothelial function in a Multi Myograph System (610M,
Danish Myo Technology A/S, Aarhus N, Denmark). Briefly,
the artery was fixed to the jaws of the myograph by two
stainless steel wires, which passed through the arterial lumen.
The myograph chamber was filled with 5mL Krebs solution
that was continually supplied with 95% O

2
and 5% CO

2
and

kept at a pH level of ∼7.4 at 37∘C. After being subjected
to an optimal resting tension of 2.5mN, the arteries were
equilibrated for 60min for the following experiments.

2.5. Isometric Tension Assessment. After the contraction
evoked by 1 𝜇mol/L phenylephrine was stable, concentration-
dependent relaxations induced by increasing concentra-
tions of acetylcholine (ACh 0.003–10 𝜇mol/L) were recorded.
Endothelium-dependent relaxation (EDR) was described as
the percentage reduction in phenylephrine-induced con-
traction. When endothelium-dependent contraction (EDC)
was tested, the arteries were preincubated with NG-nitro-
L-arginine methyl ester (L-NAME, 100 𝜇mol/L) to block
the vasodilating effect of nitric oxide (NO). Cumulative
concentrations of ACh (0.03–100𝜇M) were added to trigger
contractions. ACh-induced tension changes in the renal
arteries were expressed as the tension recorded divided by the
tension evoked by 60mmol/LKCl. COX-2 inhibitor celecoxib
(3 𝜇mol/L), when used, was added for 30min prior to the
addition of ACh.

2.6.Western Blot Assay. After treatment, renal arteries or hu-
manumbilical vein endothelial cells (HUVECs)were homog-
enized in RIPA lysis buffer (1 𝜇g/mL leupeptin, 5 𝜇g/mL
aprotinin, 100 𝜇g/mL PMSF, 1mmol/L sodium orthovana-
date, 1mmol/L EGTA, 1mmol/L EDTA, 1mmol/L NaF, and
2mg/mL 𝛽-glycerophosphate). The homogenates were then
centrifuged at 20000𝑔 for 20min at 4∘C after incubation on
ice. The supernatants were harvested and stored at −80∘C.
Before western blot assay, the protein concentration was det-
ermined using the Lowry method (Bio-Rad Laboratories,
Hercules, CA, USA). Equal amounts of protein samples were
electrophoresed on a 10% SDS-polyacrylamide gel and then
transferred onto an immobilon-P polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). Non-
specific binding sites were blocked by 5% nonfat milk or 1%
bovine serum albumin (BSA) in 0.05% Tween-20 phosphate-
buffered saline (PBST) for 1 h and then probed overnight
at 4∘C with primary antibodies against COX-2, P-eNOS
(Ser1177) or eNOS (Abcam, Cambridge, MA, USA) at a dil-
ution of 1 : 500. The membranes were washed three times
in PBST before incubation with the appropriate secondary
antibodies at a 1 : 3000 dilution for 1 h at room temperature.
Finally, the membranes were washed and developed with
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an enhanced chemiluminescence detection system (ECL
reagents, Millipore, Billerica, MA, USA) and exposed to
X-ray films. Equal protein loading was confirmed using a
housekeeping anti-GAPDH antibody (Ambion, Austin, TX,
USA).

2.7. Immunofluorescence Microscopy. Changes in the expres-
sion of COX-2 in the renal arteries fromhypertensive patients
after DMC administration for 12 hrs were visualized using
immunofluorescence microscopy. The arteries were embed-
ded in OCT compound (Sakura Finetek, the Netherlands),
snap frozen, and cut into 10-𝜇m-thick cryostat sections,
which were then fixed in 4% paraformaldehyde for 30min,
and treatedwith 0.05%TritonX in PBS for 1min.The sections
were blocked with 5% normal donkey serum for 1 h at room
temperature and incubated with primary antibodies against
COX-2 (Abcam, Cambridge, MA, USA) overnight at 4∘C.
After several washes in PBS, the sections were incubated with
the appropriate Alexa Fluor 546 IgG (Invitrogen, Molecu-
lar Probes, California, USA) for 1 h at room temperature.
After coverslipping, the sections were observed under an
Olympus Fluoview FV1000 confocal microscope. Images
were first acquired with the Olympus Fluoview software
(version 1.5; FV10-ASW1.5) and thenmerged using the SPOT
advanced software (Version 4.6, Diagnostic Instruments,
Sterling Heights, MI, USA).

2.8. Confocal Microscopy for Real-Time NO Production in
Endothelial Cells. HUVECs were cultured in the endothelial
cell growth medium (Lonza, Basel, Switzerland), which was
supplemented with 20% fetal bovine serum and 1% peni-
cillin/streptomycin (GIBCO). Endothelial cells were plated
on coverslips. Upon treatment with angiotensin II (Ang
II; 1 𝜇mol/L) with or without DMC for 12 hrs, cells were
treated with 1mmol/L DAF-FM diacetate (Molecular Probes,
Invitrogen, Carlsbad, CA), a fluorescent probe used to detect
intracellular changes in NO, for 10min at room temperature.
Then, the cells were excited at 495 nm with an emission
wavelength of 515 nm, with the use of the Olympus confocal
system (Tokyo, Japan). The A23187 (1 𝜇mol/L) induced real
time changes in NO generation were recorded at 1-min
intervals for 20min. A23187 serves as a calcium ionophore
to stimulate the phosphorylation of eNOS. Results were
expressed as a ratio of the fluorescence relative to the initial
intensity (time 0 before the use of A23187).

2.9. Chemicals. ACh, phenylephrine, celecoxib, and DMSO
were purchased from Sigma-Aldrich. Ang II, losartan, and
A23187 were purchased from Tocris Bioscience (Avonmouth,
UK), and DMC was purchased from ChengduMansite Phar-
maceutical Company, China (>98% purity). ACh, phenyle-
phrine, and Ang II were dissolved in distilled water, and
others were prepared in DMSO.

2.10. Statistical Analysis. The data are expressed as mean
± SEM of four to six experiments. Data were analyzed
using one-way ANOVA followed by Bonferroni post hoc
tests whenever appropriate (GraphPad Software, San Diego,

California). 𝑃 values less than 0.05 were accepted to indicate
statistically significant differences.

3. Results

3.1. In Vivo Treatment with DMC Reduces Blood Pressure of
SHR and Improves the Deteriorated Renovascular Endothe-
lial Function. The elevated blood pressure in SHR was
reduced after 3-week treatment withDMC (10mg/kg/day) via
intraperitoneal injection (187.0±2.5mmHg before treatment
versus 161.8 ± 1.8mmHg after treatment, 𝑃 < 0.05; Fig-
ure 1(a)). Blunted ACh-induced relaxation and pronounced
ACh-induced contractionswere observed in the renal arteries
of the vehicle-treated SHR compared with the normotensive
WKYcontrols (Figures 1(b) and 1(c)). Chronic treatmentwith
DMC enhanced the relaxations and inhibited contractions.
In contrast, sodiumnitroprusside-induced relaxationwas not
changed in hypertension (Figure 1(d)).

3.2. InVivo Treatment withDMCCorrects theDownregulation
of P-eNOS (Ser1177) Expression and the Upregulation of COX-
2 in the Renal Arteries Isolated from Vehicle-Treated SHR.
Western blot assays revealed decreased P-eNOS (Ser1177)
expression and elevated COX-2 expression in the renal arter-
ies from vehicle-treated hypertensive animals. The observed
changes in these proteins were normalized by chronic treat-
ment with DMC (Figures 2(a) and 2(b)).

3.3. In Vitro Treatment with DMC Enhanced the Attenu-
ated Endothelium-Dependent Relaxation and Inhibited the
Augmented Endothelium-Dependent Contraction in the Renal
Arteries of SHR, by Reducing the Elevated COX-2 Expres-
sion. Renal arteries from SHR exhibited attenuated EDR
induced by ACh (Figure 3(a)). Furthermore, ACh induced
contractions in the presence of the nitric oxide synthase
(NOS) inhibitor L-NAME, whereas such contractions were
small in the renal arteries of WKY rats (Figure 3(b)). In
vitro exposure to 10 𝜇mol/L DMC for 12 hrs corrected the
attenuated relaxation and the elevated contractions, with
similar effects afforded by the acute use of the COX-2
inhibitor celecoxib (Figures 3(a) and 3(b)). In addition, acute
treatment with L-NAME abolished EDR. The improvement
in endothelial function by treatment withDMC for 12 hrs was
followed by the reduction in COX-2 expression (Figure 3(c)).

3.4. Ex Vivo Treatment with DMC Decreases the Elevated
Expression of COX-2 in Renal Arteries from Hypertensive
Patients. Western blot measurement (Figure 4(a)) and imm-
unofluorescence assessment (Figure 4(b)) detected higher
expression of COX-2 in the renal arteries from hypertensive
patients compared to those of the normotensive patients.The
enhancedCOX-2 expressionwas depressed by treatmentwith
DMC for 12 hrs (Figures 4(a) and 4(b)).

3.5. In Vitro DMC Preadministration in WKY Renal Arter-
ies Prevents Ang II-Induced Renovascular Dysfunction, Nor-
malizing the Increased COX-2 Expression. Incubation with
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Figure 1: In vivo treatment with DMC reduces blood pressure in SHR and improves the deteriorated renovascular endothelial function.
WKY rats exhibited blood pressure of 124.8 ± 1.8mmHg. Higher blood pressure in SHR was reduced after 3-week treatment with DMC
(downregulation of 13.48% after treatment, 𝑃 < 0.05; (a)). Blunted ACh-induced relaxation and pronounced ACh-induced contractions were
observed in the renal arteries of vehicle-treated SHR compared to the normotensive WKY controls ((b)-(c)). Chronic oral treatment with
DMC (10mg/kg/day for 3 weeks) enhanced the relaxations and inhibited contractions. Relaxation induced by SNP remained similar among
the three groups. Data are means ± SEM of 7-8 experiments. ∗𝑃 < 0.05 versus WKY; #𝑃 < 0.05 SHR + vehicle.

Ang II (100 nmol/L) for 12 hrs resulted in impaired ACh-
induced relaxation and increased EDC (Figures 5(a) and
5(c)). Pretreatment with DMC and celecoxib prevented the
impairment in EDR and abolished the contractions (Figures
5(b) and 5(d)). Ang II also promoted the overexpression of
COX-2 and the elevated COX-2 expression was abrogated
by preincubation with either DMC or Ang II type 1 receptor
blocker losartan (3 𝜇mol/L) (Figure 5(e)).

3.6. DMC Augments Nitric Oxide Generation in HUVECs.
Treatment with Ang II (1𝜇mol/L) for 12 hrs led to a decrease
in the A23187-stimulated NO production (Figure 6(a)).

The presence of DMC, losartan (3 𝜇mol/L) or celecoxib
(3 𝜇mol/L) restored the NO generation (Figures 6(b) and
6(c)). Similarly, the addition of DMC, losartan, or celecoxib
reversed the downregulation of P-eNOS (Ser1177) expression
in cells treated with Ang II for 12 hrs (Figure 6(d)).

4. Discussion

Although the anti-inflammatory and anticancer activities
of DMC have been reported, its effect on vascular activity
is unknown. Our present study provides evidence showing
the beneficial effect of DMC on the renovascular function
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Figure 2: In vivo treatment withDMC corrects the downregulation of P-eNOS expression and the upregulation of COX-2 in the renal arteries
isolated from vehicle-treated SHR.Western blot assay reveals decreased P-eNOS (Ser1177) expression and elevated COX-2 expression, which
were corrected by DMC treatment for 3 weeks ((a)-(b)). Data are means ± SEM of 5-6 experiments. ∗𝑃 < 0.05 versus WKY; #𝑃 < 0.05 SHR
+ vehicle.

in hypertension. Acting as an activating site, the phos-
phorylation sites 1177 on eNOS were used as a marker
in endothelium dysfunction [11, 12]. Our major findings
include (1) intraperitoneal injection of DMC in vivo for 3
weeks lowered blood pressure in the SHR. The attenuated
EDR and elevated EDC in renal arteries from hypertensive
animals were reversed by treatment with DMC for 3 weeks;
(2) matched with the changes in vascular activity, reduced
P-eNOS (Ser1177) expression in SHR renal arteries was
increased by treatment with DMC in vivo for 3 weeks; (3)
western blot assay and immunofluorescence measurement
exhibited the upregulation of COX-2 in the renal arteries
of hypertensive animals and patients, which was inhibited
by DMC in vivo administration for 12 hrs; (4) in the renal
arteries from normotensive patients, in vitro treatment with
DMC prevented the Ang II-induced upregulation of COX-
2 and the subsequent delayed renovascular function; (5) in
vitro treatment with DMC reversed the reduction of NO
production and P-eNOS (Ser1177) expression in HUVECs
exposed to Ang II for 12 hrs.

The occurrence of endothelial dysfunction in hyperten-
sion has been well documented. COX-2 is positively respon-
sible for the endothelial dysfunction under hypertensive
conditions [6, 13]. This is related to the excessive production
of vasoconstrictors and ROS derived from overactivation
of COX-2 [14]. These agents disturb EDR and facilitate
contraction. The pivotal role of COX-2 upregulation in the
development of endothelial dysfunction in hypertension is
being increasingly recognized. Here, we also demonstrated

that it is likely that the proinflammatory enzyme COX-2 is
a major contributor to endothelial dysfunction in hyperten-
sion, as evidenced by the protective action of COX-2 inhibitor
and the upregulated COX-2 expression in SHR. Subsequent
observations revealed the beneficial effect of DMC against
endothelial dysfunction through downregulation of COX-2
expression.

COX-2 has been described as “inducible” owing to its
upregulation under inflammatory conditions. Inhibition of
COX-2 activity by celecoxib reverses the attenuation of
vascular function [15, 16]. In addition to the functional
studies, western blot assay and immunofluorescence mea-
surement confirmed the positive involvement of COX-2 in
the disordered renovascular function in hypertension, not
only in animal but also in human specimen. In contrast,
no change was detected in COX-1 expression (data not
shown). The positive contribution of COX-2 to endothelial
dysfunction lends credence to the concept that inhibition of
COX-2 activity, or decreasing its abnormal over expression,
could be a target to alleviate impaired vascular function.
The serious side effects of these agents, owing to thorough
depletion of COX-derived prostaglandins due to COX-2
activity inhibition [17], which led to the withdrawal of one of
the widely used COX-2 inhibitors, Vioxx, from the market,
suggest that remedies targeting the enhancement of COX-
2 expression will be a more attractive and promising choice
[18].

In this study, it was observed that in vitro treatment
with DMC for 12 hrs normalized the blunted EDR and the
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Figure 3: Ex vivo DMC treatment enhances the attenuated endothelium-dependent relaxation and decreases the elevated endothelium-
dependent contractions in the renal arteries from SHR, reducing the upregulated COX-2 expression in the renal vascular wall. Renal arteries
fromWKY rats showed high relaxation and small contractions evoked by Ach, whereas renal arteries from SHR showed impaired relaxation
and huge contractions ((a)-(b)). Treatment of cultured renal arteries from SHR with DMC (10𝜇mol/L) for 12 hrs was followed by improved
relaxation and inhibited contractions ((a)-(b)). Compared to the renal arteries fromWKY, the arteries from SHR exhibited elevated COX-2
expression and DMC (10𝜇mol/L) treatment for 12 hrs reversed the higher COX-2 expression (c). Data are means ± SEM of 5-6 experiments.
∗
𝑃 < 0.05 versus WKY; #𝑃 < 0.05 versus SHR control.

augmented EDC in hypertension, reducing the upregulated
COX-2 expression. Furthermore, previous studies using can-
cer cells and N9 microglial cells validated the safety of
DMC at 10 𝜇mol/L [19, 20]. In vivo treatment with DMC
had the effect to reduced IL-1𝛽 in the ischemic brain.
Additionally, recent evidence indicated that DMC serves as a

phosphodiesterase-5 inhibitor and delayed the development
of pulmonary hypertension [10]. Our study showed the
lower-blood pressure effect of DMC. In Kruangtip et al.
findings, they exhibited the direct specifically dilating effect of
DMC on pulmonary artery by inhibiting PDE5, which inacti-
vate guanosine cyclicmonophosphate (cGMP) via hydrolysis.
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Figure 4: In renal arteries from hypertensive patients ex vivo treatment with DMC for 12 hrs normalizes the altered expression of COX-2
observed by western blot assay and immunofluorescence microscopy. The renal arteries from hypertensive patients exhibited altered COX-2
expression levels bywestern blotmeasurement (a) and immunofluorescencemicroscopy (b).The elevation of COX-2 expressionwas corrected
with the addition of DMC for 12 hrs ((a)-(b)). Yellowish-green autofluorescence represents elastin in the internal and external elastic laminae
(b). Higher level of arterial COX-2 expression, suggested by the intense reddish orange color, was reduced by DMC. Photomicrographs are
representative images from experiments performed on samples from four to five different patients. The scale bar indicates length (200 𝜇m).
Data are means ± SEM of 5-6 experiments. ∗𝑃 < 0.05 versus NT; #𝑃 < 0.05 versus HT control.

PDE accumulation has been proposed in the development
of pulmonary artery hypertension (PAH), indicating the
potentially anti-PAH effect of DMC.

As a key agent in the pathogenesis of hypertension,
Ang II contributes largely to renovascular dysfunction and
kidney dysfunction [21]. Mimicking hypertension in which
circulating levels of Ang II were enhanced, renal arteries sub-
jected to Ang II challenge showed augmented expression of
COX-2. The impaired EDR, pronounced EDC, and excessive
COX-2 expression were also normalized by cotreatment with
DMC. Coupled with the upregulation of COX-2, lowered
renovascular functionwas detected, whichwas restoredwhen
exposed to DMC. This result reinforced the beneficial action
ofDMC in vascular function in hypertension. Further experi-
ments usingHUVECs also showed that DMCnormalized the
reduction of NO and P-eNOS expression in Ang II–treated
cells.

Endothelial dysfunction is recognized as an early feature
in vascular disease. The assessment of endothelial function
is essential in the evaluation of treatment effect in vascu-
lar disease [2, 22]. Notably, endothelial dysfunction is of
significant use to predict the cardiovascular events due to
its precedence of more serious cardiovascular attacks [23].
Hence, the present study offered solid evidence concerning
the benefits of DMC against renovascular dysfunction. With

regard to the inhibitory effect on COX-2 expression in the
renal arteries of SHR, the effect of DMC may originate from
the inhibition of NF-𝜅B, which may secondarily downreg-
ulate COX-2 expression. A limitation of the present study
is how DMC modulates COX-2 expression and whether the
effect of DMC is dose-dependent.

5. Conclusion

In conclusion, the present study demonstrated for the first
time that COX-2 is at least a downstream effector in the pro-
tection of DMC on renovascular function in hypertension. In
addition, these findings provide constructive evidence for the
development of DMC for therapeutic applications.
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Figure 5: Combined exposure to DMC prevents Ang II-induced vascular dysfunction in the renal arteries from WKY, with normalization
of increased COX-2 expression. Ang II (100 nmol/L, 12 hours) results in impaired relaxations to ACh and unmasked contractions to ACh in
the renal arteries from WKY rats ((a) and (c)). Combined administration of DMC (10𝜇mol/L) rescued the impaired vascular function and
COX-2 inhibitor celecoxib offered similar protection ((b) and (d)).The overexpression of COX-2 by Ang II was also reversed by coincubation
with DMC (e). Data are means ± SEM of 5-6 experiments. ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus Ang II.
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Figure 6: The effect of DMC treatment on nitric oxide generation in HUVECs Ang II (1 𝜇mol/L) treatment for 12 hrs reduced the A23187-
evoked NO production (a). Cotreatment with DMC, losartan or celecoxib restored the NO generation ((b)-(c)). Consistently, P-eNOS
expression was downregulated in 12 hrs-Ang II-treated cells, which was reversed in the presence of DMC, losartan, or celecoxib (d). Data
are means ± SEM of 5-6 experiments. ∗𝑃 < 0.05 versus control; #𝑃 < 0.05 versus Ang II.
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Although the nucleotide-binding oligomerization domain- (NOD-) like receptor pyrin domain containing 3 (NLRP3) inflamma-
some has been recently detected in the heart, its role in cardiac ischemia/reperfusion (IR) is still controversial. Here, we investigate
whether a pharmacological modulation of NLRP3 inflammasome exerted protective effects in an ex vivo model of IR injury.
Isolated hearts from male Wistar rats (5-6 months old) underwent ischemia (30min) followed by reperfusion (20 or 60min) with
and without pretreatment with the recently synthetized NLRP3 inflammasome inhibitor INF4E (50𝜇M, 20min before ischemia).
INF4E exerted protection against myocardial IR, shown by a significant reduction in infarct size and lactate dehydrogenase release
and improvement in postischemic left ventricular pressure. The formation of the NLRP3 inflammasome complex was induced
by myocardial IR and attenuated by INF4E in a time-dependent way. Interestingly, the hearts of the INF4E-pretreated animals
displayed amarked improvement of the protective RISK pathway and this effect was associated increase in expression of markers of
mitochondrial oxidative phosphorylation. Our results demonstrate for the first time that INF4E protected against the IR-induced
myocardial injury anddysfunction, by amechanism that involves inhibition of theNLRP3 inflammasome, resulting in the activation
of the prosurvival RISK pathway and improvement in mitochondrial function.

1. Introduction

Ischemic heart disease is one of the main culprits of illness
and death [1, 2]. The main outcome of a transient cardiac
ischemia is the progressive decline of the left ventricle
contractile function, frequently paralleled by impairment
of the mitochondrial energy metabolism [3, 4]. During
the reperfusion phase the sudden mitochondrial oxygen
overload induces oxidative stress and further worsens the
metabolic derangement [4], thus paradoxically exacerbating
myocardial injury and inducing pyroptosis [2, 5]. Pyroptosis

is a caspase-1-dependent process leading to cell lysis, which
has been demonstrated to be strongly regulated by the mul-
tiprotein platform complex nucleotide-binding oligomeriza-
tion domain- (NOD-) like receptor pyrin domain contain-
ing 3 (NLRP3) inflammasome. The NLRP3 inflammasome
comprises (a) NLRP3, (b) an apoptosis-associated speck-like
protein containing a caspase activation recruitment domain
(ASC), and (c) procaspase-1. In response to a wide range
of danger signals, including oxygen-free radicals, K+ efflux,
or mitochondrial stress [6–8], NLRP3 recruits the adaptor
protein ASC which in turn interacts with procaspase-1.
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Inflammasome oligomerization promotes the autocatalytic
activation of procaspase-1 and the processing of prointer-
leukin- (IL-) 1𝛽 [2]. More recently, a new protein has been
identified as member of the NLRP3 inflammasome com-
plex, the Gasdermin D (GSDMD), which is recruited with
kinetics similar to those required for caspase-1 activation.
The proteolytic cleavage of GSDMD by caspase-1 detaches
its N-terminal fragment, which contributes to mediate IL-
1𝛽 secretion and pyroptosis [9]. Since NLRP3 is detectable in
many cardiac cell types, including cardiofibroblasts (themost
important cell type in the heart in terms of number of cells)
and cardiomyocytes (the most important cell type in terms of
cell volumes), it is likely that it may play a pivotal role in acute
myocardial infarction [10, 11]. Indeed, we and others have
shown that NLRP3 is upregulated by ischemia/reperfusion
(IR) injury and its myocardial activation is exacerbated by
metabolic derangements [12, 13]. Interestingly, genetic mod-
ulation of NLRP3 has been reported to reduce myocardial
infarct sizes upon IR [13]. However, a very recent study failed
to find any role of NLRP3 in determining myocardial IR
injury [14] and another investigation supported cardiopro-
tective effects due to NLRP3 inflammasome activation, thus
highlighting that the interpretation of NLRP3 inflammasome
role in myocardial IR injury is far from clear. Nevertheless,
a cross-talk between NLRP3 and mitochondria, the main
player of IR injury, has been described, with NLRP3 being
able to sense the presence of reactive oxygen species (ROS)
produced by normal or dysfunctional mitochondria [15].
Thus, the present study aimed to investigate the effects of a
newly synthesized NLRP3 inflammasome inhibitor, named
INF4E [16], in an ex vivo model of myocardial IR injury.
We deepened our investigation evaluating its ability, in
the rat heart, (i) to interfere with the IR-induced NLRP3
inflammasome activation and pyroptotic cascade and (ii) to
improve the mitochondrial metabolic response to IR insult.

2. Materials and Methods

2.1. INF4E Preparation. INF4E was dissolved at 200mM
concentration in DMSO. Stock solution was then diluted at
a final concentration of 50𝜇M in the perfusion buffer (see
below). The description of the synthesis and the specificity
of the inhibitor is included in the Supplemental Material
(available online at http://dx.doi.org/10.1155/2016/5271251),
according to previous publications [16, 17].

2.2. Animals Protocol and Ex Vivo Ischemia/Reperfusion (IR)
Injury. Male Wistar rats (Harlan Laboratories, Udine, Italy)
5-6 months old, reaching a body weight of 450–550 g, were
cared in compliance with the EuropeanDirective 2010/63/EU
on the protection of animals used for scientific purposes.The
animal protocols followed in this study were approved by the
local “Animal Use and Care Committee.” After one week of
quarantine, with drink and food ad libitum, rats were anes-
thetized and killed. The hearts were rapidly perfused. A con-
stant flow was maintained to obtain a typical coronary perfu-
sion pressure of about 80mmHg by the Langendorff tech-
nique with Krebs-Henseleit bicarbonate buffer containing

(mM) NaCl 118, NaHCO3 25, KCl 4.7, KH2PO4 1.2, MgSO4
1.2, CaCl2 1.25, and Glucose 11. The buffer was gassed with
95% O2 : 5% CO2. The temperature of the perfusion system
was maintained at 37∘C. The hearts underwent 30min stabi-
lization and then were exposed to 30min of global no-flow,
normothermic ischemia followed by a period of 20 or 60min
of reperfusion. Hearts from a subgroup of rats (IR+INF4E)
were pretreatedwith 50𝜇MINF4E in the perfusate for 20min
before ischemia (after the first 10min of stabilization). Hearts
from sham animals were exposed to 60min perfusion only
and served as reference group in Western blot analysis.

The hearts were electrically paced at 280–300 bpm and
kept in a temperature-controlled chamber (37∘C). Pacing
was stopped at the beginning of the ischemia and restarted
after the third min of reperfusion. Left ventricular pressure
(LVP) and coronary perfusion pressure (CPP) were recorded
and monitored with two electromanometers placed within
the left ventricle and along the perfusion line, respectively.
Coronary flow, CPP, and LVP were used as indices of
preparation conditions. Moreover, end diastolic LVP was
recorded as index of contracture development during I/R and
developed ventricular pressure as index of contractile activity
throughout the experiment using PowerLab data acquisition
system and analyzed using Chart software (ADInstruments,
Oxford, UK).

The perfusate flowing out of the heart was collected for
measurement of lactate dehydrogenase (LDH) release 5min
immediately before ischemia and for the entire reperfusion
period. To assess the conditions of experimental preparation
the coronary flow rate was determined by the amount of
perfusate measured in a specific time period. The heart was
then cut in two parts by a coronal section (perpendicular to
the long axis). The apical part (less than 1/3 of ventricular
mass) was used for molecular analysis and, thus, frozen
rapidly in liquid nitrogen and stored at −80∘C. Infarct
size assessment was performed by using the basal part of
ventricle.

2.3. Measurement of the Infarct Size. Infarct mass was eval-
uated at the end of the reperfusion with the nitro-blue-
tetrazolium (NBT) technique by using a gravimetric method
[18]. The basal part of the ventricles was dissected by trans-
verse sections into two/ three slices, which were incubated
for 20min with a solution of NBT (0.1%) in phosphate buffer.
Two independent and blind observers carefully separated and
then weighted both stained and unstained tissues. Total mass
of necrosis was then calculated and expressed as percentage
of ventricular mass. Since the ischemia was global and since
we analyzed only the basal part of the ventricles the necrotic
mass was expressed as a percentage of the analyzed ischemic
tissue.

2.4. LDH Assay. Spectrophotometric analysis at 340 nm was
performed on the collected perfusion effluent to measure
LDH released from the heart.

2.5. Preparation of Tissue Extracts. Total proteins extracts
were obtained from 10% (w/v) apex homogenates in RIPA

http://dx.doi.org/10.1155/2016/5271251
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buffer (0.5% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 10mmol/l EDTA, and protease inhibitors) as previously
described [19]. Protein concentrations were measured by
Bradford assay (BioRad, Hercules, CA, USA) and samples
were then stored at −80∘C for subsequent analysis.

2.6. Determination of IL-1𝛽 in Hearts Homogenates. Com-
mercially available ELISA kit (R&D Systems, Abingdon,
UK) was used to measure concentrations of IL-1𝛽 in tissue
homogenates, according to the manufacturer’s instructions.

2.7. Western Blot Analysis. Total proteins extracts were sep-
arated by SDS-PAGE and blotted to nitrocellulose mem-
brane (GE-Healthcare Europe, Milano, Italy). Membranes
were incubated with rabbit anti-NLRP3 (Abcam, Cam-
bridge, UK), rabbit anti-caspase-1 (Santa Cruz Biotech-
nology, Dallas, TX, USA), mouse anti-GSDMDC1 (Santa
Cruz Biotechnology), rabbit anti-IL-1𝛽 (Santa Cruz Biotech-
nology), rabbit anti-caspase-1 (Santa Cruz Biotechnology,
Dallas, TX, USA), mouse anti-Tyr204 ERK1/2 (Cell Sig-
naling Technology), rabbit anti-total ERK1/2 (Cell Signal-
ing Technology), mouse anti-Ser473 Akt (Cell Signaling
Technology), rabbit anti-total Akt (Cell Signaling Technol-
ogy), rabbit anti-Ser9 GSK-3𝛽 (Abcam, Cambridge, UK),
anti-total GSK-3𝛽 (Cell Signaling Technology), rabbit anti-
mitochondrial transcription factor A (mtTFA) (Novus Bio-
logicals, Cambridge, UK), mouse anti-nuclear respiratory
factor-1 (NRF-1) (Santa Cruz Biotechnology), and mouse
anti-sarcomeric mitochondrial creatine kinase (sMtCK)
(Santa Cruz Biotechnology) and then probed with proper
HRP-conjugated secondary antibodies (BioRad). Clarity
Western ECL substrate (BioRad) was used for protein detec-
tion and quantification was performed by densitometric
analysis (Quantity-One, Bio-Rad software). Data were nor-
malized according to the related antitubulin densitometric
values.

2.8. Real-Time PCR. Total RNA was extracted from heart
samples using the AllPrep� DNA/RNA/protein kit (Qiagen,
Hilden, Germany), according to the manufacture instruc-
tions.The total RNA concentration (𝜇g/mL) was determined
by the fluorometer Qubit and the Quant-iT� RNA Assay
Kit (Invitrogen, Milano, Italy). A total of 500 ng of RNA was
reverse-transcribed using QuantiTect Reverse Transcription
Kit (Qiagen). The synthesized cDNA was used for real-
time polymerase chain reaction (RT-PCR). The cDNA was
amplified by real-time PCR using SsoFast� EvaGreen (Bio-
Rad,) and primers specific for cytokine IL-1𝛽 (Mm Il1b 2 SG,
cat. number QT01048355, Qiagen). The PCR reaction was
performed at 95∘C for 30 s followed by 40 cycles of 95∘C
for 5 s, 55∘C for 10 s. All samples were run in duplicate.
At least two nontemplate controls were included in all
PCR. The transcript of the reference gene ribosomal RNA
18S (Mm Rn18s 3 SG, cat. number QT02448075, Qiagen)
was used to normalize mRNA data, and the quantification
data analyses were performed by using the Bio-Rad CFX
Manager Software, version 1.6 (Bio-Rad) according to the
manufacturer’s instructions.

2.9. Materials. Compounds here used were obtained from
the Sigma-Aldrich Company Ltd., unless otherwise stated.

2.10. Statistical Analysis. Data described in the text and
figures are presented as means ± standard error of the mean
(s.e.m.) of 𝑛 observations, where 𝑛 represents the number
of animals studied. Statistical analysis was performed using
ANOVA test followed by Bonferroni's posttest. A 𝑃 value of
less than 0.05 was considered to be statistically significant.

3. Results

3.1. INF4E Pretreatment Limits Infarct Size and Improves
Contractility Recovery. Rat hearts exposed to a 30min global
ischemia and 60min reperfusion developed a 60 ± 3%
infarct size in the basal portion of ventricle evaluated by
NBT staining. When hearts were pretreated (20min prior
to ischemia) with INF4E in the perfusate, the infarct size
was significantly reduced compared to untreated hearts (IR)
(Figure 1(a)). Importantly, LDH release in the perfusate was
almost halved by drug treatment (Figure 1(b)). In addition,
the INF4E pretreated hearts showed a twofold increase in
contractile recovery after IR, as assessed by left ventricular
pressure monitoring (Figure 1(c)).

Of note, IR caused an impairment of the mechanical
performance, as evidenced by the dramatic reduction of
developed LVP (DLVP) immediately after ischemia and the
incomplete recovery during reperfusion. In fact, developed
LVP fell from about 80mmHg in the preischemic condition
to about 25mmHg after 10min of reperfusion and then
recovered to only 50mmHg at 60min reperfusion, thus
reaching only less than 65% of the preischemic value (Figures
1(c) and 1(d)). The pretreatment with the NLRP3 inhibitor
did not modify the recovery of DLVP at early reperfusion
time (10 and 20min), whereas an improvement starts to be
detectable after 40min, reaching values up to 85mmHg at
60min, corresponding to over 100% of the preischemic value
at the end of reperfusion.The end diastolic LVP (EDLVP)was
about 5mmHg during stabilization; then, the 30min global
ischemia and the subsequent reperfusion caused a sustained
increase of this parameter in both the IR and IR+INF4E
groups (Figure 1(e)). Actually, an increase of EDLVP was
appreciated immediately after the end of ischemia and con-
tinued during the first 20min of reperfusion. Then EDLVP
further increased in the IR group reaching values over
30mmHg, while in the group pretreated with the NLRP3
inhibitor it decreased progressively to about 20mmHg after 1
hour of reperfusion.The increase in EDLVP was significantly
(𝑃 < 0.05) attenuated by the NLRP3 inhibitor only at 60min
reperfusion.

3.2. INF4E Pretreatment Prevents NLRP3 Inflammasome Acti-
vation and Downstream Signaling. To confirm the ability
of INF4E to interfere with NLRP3 inflammasome complex
formation and activation in our experimental model, the
expression level and the activation of the downstream sig-
naling of NLRP3 inflammasome were assessed by Western
blotting analysis in protein extracts obtained from the apical
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Figure 1: Infarct area, LDH release, and contractility recovery in hearts from rats exposed to 30min of ischemia plus 60min of reperfusion,
pretreated or not with 50𝜇M INF4E in the perfusate 20min before ischemia. (a): infarct size after IR exposition is expressed as a percentage
of ischemic tissue (% IS/IT). (b): LDH release in the perfusion effluent during the IR was expressed as units per mg of wet tissue weight.
(c)–(e): monitoring of left ventricular pressure (LVP) was used to assess the contractility response to ischemia reperfusion injury. (c) shows
the percentage of contractility recovered at the end of 60min reperfusion. (d) and (e) show the entire time-course of developed LVP (DLVP)
and end diastolic LVP (EDLVP), respectively. Data are means of 6 rats ± SEM. §𝑃 < 0.05 versus IR. §§𝑃 < 0.01 versus IR.

portion of hearts pretreated or not with INF4E and exposed
to IR (Figure 2). Besides, rat hearts were exposed to two
different periods of reperfusion, short and long (20min
and 60min, resp.) to better elucidate the kinetics of the
pharmacological modulation of NLRP3 inflammasome and
related pathways. As shown in Figure 2, the protein level of
NLRP3 was increased in a time-dependent manner, reaching
statistical significance only after the 60min reperfusion.
Notably, the INF4E pretreatment effectively reduced its
upregulation. Western blotting analysis with an antibody
recognizing the C-terminal region of caspase-1 allowed the

identification of two bands corresponding to the procaspase-
1 and the cleaved active p10 subunit of caspase-1. After 20min
of reperfusion the active form of caspase-1 was markedly
increased, without significant changes in the expression of
procaspase-1, although the INF4E-pretreated hearts showed
a slight nonsignificant trend towards reduced procaspase
cleavage. After 60min of reperfusion, both precursor and
active forms of caspase-1 were dramatically increased in
the untreated IR group, whereas the INF4E-pretreatment
significantly prevented procaspase cleavage. As shown in
Figure 2(c), caspase-1 activation is associated with cleavage
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Figure 2: Inflammasome expression and activation in the rat heart exposed to 30min ischemia plus 20 or 60min reperfusion, pretreated or
not with INF4E. Representative Western blotting showing cardiac levels of NLRP3 and of downstream activation of caspase-1, GSDMDC1,
and IL-1𝛽 cleavage assessed on heart extracts. Histograms report densitometric analysis normalized for the corresponding tubulin content.
Data are means of 6 rats ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus Sham; §§𝑃 < 0.01, §§§𝑃 < 0.001 versus IR.
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Figure 3: IL-1𝛽 concentrations evaluated by ELISA (a) and mRNA levels of IL-1𝛽measured by RT-PCR (b) in extracts of rat hearts exposed
to 30min ischemia plus 20 or 60min reperfusion, pretreated or not with INF4E. Data are means of 6 rats ± SEM. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001
versus Sham; §§§𝑃 < 0.001 versus IR.

of theGSDMDC1 component of the inflammasome platform,
detectable only after the longest reperfusion time. Interest-
ingly, INF4E pretreatment significantly reduced GSDMCD1
cleavage. Accordingly, the protein levels of the active form of
IL-1𝛽 showed a robust increase after the 60min reperfusion,
as demonstrated by Western blot analysis (Figure 2) and
confirmed by ELISA (Figure 3(a)). The INF4E pretreatment
prevented the slight increase in IL-1𝛽 production due to
20min of reperfusion and strongly reduced the massive
IL-1𝛽 release recorded after 60min of reperfusion (Figures
2 and 3(a)). Interestingly, neither the IR injury nor the
drug treatment affected the mRNA levels of IL-1𝛽 (Fig-
ure 3(b)), thus confirming a selective effect of INF4E on
NLRP3 inflammasome-dependent IL-1𝛽 cleavage rather than
expression.

3.3. INF4E Pretreatment Enhances RISK Pathway Protective
Activity. Very recently, a role for NLRP3 inflammasome
activation in the modulation of the Reperfusion Injury
Salvage Kinase (RISK) pathway has been suggested [20].
Thus, we quantified expression and activity (in terms of
phosphorylation) of the key members of this pathway. After
20min of reperfusion no modulation of the activity and/or
expression level of members of the RISK pathway was
recorded (Figure 4). On the contrary, the longer IR challeng-
ing induced increased phosphorylation rate of both ERK1/2
(Figures 4(a) and 4(b)) and GSK-3𝛽 (Figures 4(a) and 4(d)),
while phosphorylation of Akt tended to increase, without
reaching statistical significance, in untreated hearts exposed
to either short or long IR protocol (Figures 4(a) and 4(c)).
Interestingly, the INF4E pretreatment further increased the
phosphorylation rate of ERK1/2, Akt, and GSK-3𝛽 induced
by the 60min reperfusion in untreated hearts (Figures 4(b)
and 4(c)), suggesting an enhancement of the activation of this
protective pathway by the pharmacological intervention.

3.4. INF4E Pretreatment Improves Mitochondrial Biogenesis
and Energy Metabolism. Since mitochondrial metabolism

is highly involved in the myocytes response to ischemic
insult, and a cross-talk betweenmitochondria andNLRP3has
been described [21], we analyzed markers of mitochondrial
biogenesis after 30min ischemia and 60min reperfusion.
The MtTFA and the NRF-1 were markedly downregulated
by IR. Conversely, mitogenesis was significantly preserved
by INF4E pretreatment (Figures 5(a)–5(c)). A crucial phys-
iological reaction of cardiac myocytes to oxygen deprivation
is the enhancement of mitochondrial energy production, as
suggested in ourmodel by the increased expression of sMtCK
after IR (Figures 5(a) and 5(d)). Intriguingly, the INF4E
pretreatment further stimulated the expression of sMtCK by
25% with respect to untreated rat hearts (Figures 5(a) and
5(d)).

4. Discussion

The present study improves our understanding on the effects
of the NLRP3 inflammasome targeting in acute myocardial
infarction. Here we confirmed that myocardial IR induces
transcription of all the inflammasome components in a time-
dependent way, with slight effect detectable when hearts were
exposed to 20min reperfusion and robust overexpression
and activation at the longest reperfusion time (60min).
These data are in agreement with previous papers showing
increased expression levels of NLRP3 and procaspase-1 in the
infarcted and noninfarcted areas in both cardiomyocytes and
nonmyocyte cell, associated with augmentation of caspase-
1 activity [13, 22]. We also previously demonstrated that an
enhanced susceptibility to a myocardial ischemic insult, due
to metabolic derangements, is paralleled by greater NLRP3
inflammasome activation in the heart [12]. However, the
potential role of the innate immune NLRP3 protein complex
as therapeutic target for cardiac infarction is ill defined.This is
mainly due to the contrasting results so far obtained with tar-
geted deletion of the inflammasome components. Few studies
demonstrated that the depletion of even one of the inflam-
masome complex components, either the sensor (NLRP3)
or the effector enzyme (caspase-1), can prevent its activation
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Figure 4: Prosurvival RISK pathway activation in the rat hearts exposed to 30min ischemia plus 20 or 60min reperfusion, pretreated or
not with INF4E. (a) Representative Western blotting for cardiac levels of total ERK1/2 expression and Thr202/Tyr204 and Thr185/Tyr187
phosphorylation, respectively, total Akt protein expression and Ser473 phosphorylation, and total GSK-3𝛽 protein expression and Ser9
phosphorylation, performed on heart extracts. (b)–(d) Histograms report densitometric analysis of the phosphorylated-to-total form ratio.
Data are means of 6 rats ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.005, and ∗∗∗𝑃 < 0.001 versus Sham; §𝑃 < 0.05, §§𝑃 < 0.005, and §§§

𝑃 < 0.001 versus IR.

and protect the heart preventing ischemic injury and adverse
cardiac remodelling [22–24]. In contrast, Sandanger et al.
[20] showed that absence of NLRP3 results in increased
myocardial infarct size after in vivo IR, whereas Jong et al.
[14] concluded that NLRP3 plays no role in acute myocardial
infarction due to low cardiac expression. As stated by the
same authors, significant differences in the used method-
ologies as well as in the specific endpoint of interest may
help to explain this inconsistency [25]. Besides, a discrepancy
in the outcome between NLRP3−/− and ASC−/− mice after

cardiac IR has been previously observed [13, 26], suggest-
ing the existence of important inflammasome-independent
effects related to targeted genetic deficiency. Thus, only the
evaluation of small molecules able to selectively inhibit the
NLRP3 inflammasome may allow ultimate elucidation of
the potential of NLRP3 inflammasome as pharmacological
target for therapeutic intervention in myocardial IR injury.
Unfortunately, the lack of highly selective pharmacological
inhibitors limits the investigation. INF4E is one of the few
compounds that has been demonstrated to directly target



8 Oxidative Medicine and Cellular Longevity

mtTFA

Sham IR IR+INF4E

60 min reperfusion

NRF-1

Sham IR IR+INF4E

60 min reperfusion

Tubulin

sMtCK

Sham IR IR+INF4E

60 min reperfusion

0.0

0.5

1.0

1.5

m
tT

FA
fo

ld
s t

o 
sh

am
 (O

D
)

§§

∗∗∗

∗∗∗

Sham
60 min reperfusion

IR+INF4EIR

0.00

0.25

0.50

0.75

1.00

1.25

N
RF

-1
fo

ld
s t

o 
sh

am
 (O

D
)

§
∗∗∗

∗∗∗

Sham
60 min reperfusion

IR+INF4EIR

0.0

0.5

1.0

1.5

2.0

2.5

sM
tC

K
fo

ld
s t

o 
sh

am
 (O

D
)

§§§
∗∗∗

∗∗∗

Sham
60 min reperfusion

IR+INF4EIR

(b)

(c)

(d)(a)

Figure 5: Mitochondrial biogenesis and energy metabolism evaluated in the rat hearts exposed to 30min ischemia plus 20 or 60min
reperfusion, pretreated or not with INF4E. (a) Representative Western blotting for cardiac levels of MtTFA, NRF-1, and sMtCK performed
on heart extracts. (b)–(d) Histograms report densitometric analysis normalized for the corresponding tubulin content. Data are means of 6
rats ± SEM. ∗∗∗𝑃 < 0.001 versus Sham; §𝑃 < 0.05, §§𝑃 < 0.005, and §§§

𝑃 < 0.001 versus IR.

the NLRP3 inflammasome and inhibit the ATPase activity of
NLRP3 required for its activation. Although there are clear
indications that this drug exerts a specific effect on NLRP3
inflammasome independently of the activating stimulus, the
exact mechanism of action has still to be clarified [16].
Here we demonstrate, for the first time, that administration
of the NLRP3 inflammasome inhibitor INF4E in a single
dose significantly reduces infarct size, the main endpoint to

target in cardioprotective studies.Moreover, the pretreatment
with INF4E preserves systolic function, an index of reduced
myocardial stunning. To the best of our knowledge, so far,
only another small molecule acting as NLRP3 inflammasome
inhibitor has been tested in models of acute myocardial
injury, showing protective effects similar to those recorded
in our ex vivo model of myocardial IR injury [27, 28].
Interestingly, this compound did not reduce infarct size at
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3 h of reperfusion, while it significantly reduced infarct size at
24 h, if administered at the beginning of reperfusion, but not
after 3 h reperfusion [29], thus confirming the importance of
the first period of reperfusion for IR injury development and
the efficacy of pharmacological strategies [5]. Here we docu-
mented significant reduction of infarct size even after 60min
of reperfusion, with INF4E administered as pretreatment. It
has to be noted that our ex vivo model of IR injury may
allow excluding the involvement of infiltrating inflammatory
cells that usually may affect the reperfusion-related injury
as documented in the previous studies investigating the
effects of NLRP3 inhibitors when given during reperfusion
[28, 29]. Thus, our data further extend the previous findings
suggesting that the continuous pharmacological inhibition of
NLRP3 inflammasome pathway already during the ischemic
period may significantly contribute to the beneficial effects
recorded at the end of reperfusion. The kinetics of the
reperfusion injurymay also affect the entity of the drug target
expression and, thus, protection. In fact, when comparing
the 20min reperfusion and the 60min reperfusion models
we observed a progressive expression and activity of NLRP3
inflammasome complex, thus confirming previous findings
on the timing of NLRP3 inflammasome formation in the
heart during ischemia reperfusion [29].

Very recently, a role for NLRP3 inflammasome activa-
tion in the cardioprotective RISK pathway has been faintly
suggested, but not convincingly demonstrated [20]. Here
we measured the entire RISK pathway, which includes
Akt and ERK1/2 activation and GSK3𝛽 inhibition through
phosphorylation [30]. Our data demonstrate that the acti-
vation of ERK/Akt/GSK-3𝛽 signaling is further enhanced
by pharmacological inhibition of the NLRP3 inflammasome
complex and this effect may significantly contribute to its
cardioprotective effects. These data confirm our previous
findings, showing that pharmacological inhibition of NLRP3
inflammasome significantly potentiates the activity of the
prosurvival Akt pathway [31]. Besides, the cross-talk between
NLRP3 inflammasome and RISK pathways is further con-
firmed by the comparative analysis of the expression/activity
of members of both pathways, which show robust increase
only in the 60min reperfusion model in both cases.

Although we demonstrated a direct effect of the tested
compound on NLRP3 inflammasome activation, we cannot
rule out the potential interactions of INF-4E with other sig-
naling pathways, including those involved in the regulation
of the expression of NLRP3 and/or activation of the RISK
pathway. Thus, a further rigorous evaluation of effects of the
tested compound on other signaling pathways affected by IR
is needed to better elucidate its pharmacodynamics profile.

The effects of the pharmacological inhibition of NLRP3
inflammasome on the RISK pathway are closely related
to those recorded on mitochondrial metabolic response.
Indeed, the mitochondrial metabolic dysfunction is crucial
for cardiac damage development, as both the block of mito-
chondrial ATP-sensitive potassium channel (mitoKATP) and
the opening of the mitochondrial permeability transition
pore (mPTP) are common end effectors of the IR injury.
Accordingly, pharmacological strategieswhich aimed to open
the mitoKATP and inhibit mPTP opening effectively reduce

myocardial IR injury and improve cardiomyocytes energy
homeostasis via modulation of the activity of members of
the RISK pathway [32–35].We and others have demonstrated
that the Akt-mediated inactivation of GSK-3𝛽 is critical
for the prevention of myocardial IR injury, being a key
event in the regulation of apoptosis and the enhancement
of mitochondrial biogenesis [36–38]. Besides, the use of
selective GSK-3𝛽 inhibitors evokes protection against IR
injury and promotes cell survival by limiting mPTP opening
[39, 40]. In agreement with the above-mentioned observa-
tions, the INF4E-induced amplification of the RISK pathway
activation here described positively impacted on mitochon-
drial metabolism. In fact, our data clearly demonstrate that
markers of mitochondrial biogenesis, suppressed by IR, were
significantly upregulated by INF4E administration. Besides,
the administered compound enhancedmitochondrial energy
metabolism, shown in terms of reinforced expression of the
sMtCK, which is a marker of increased mitochondrial ATP
production.

Unfortunately, our study does not allow identifying the
specific cell types involved in NLRP3-mediated responses.
Cardiomyocytes are the most prominent cell type in the
heart and loss of contractile tissue is the most important
consequence of a myocardial infarction. However, in car-
diomyocytes, the activation onNLRP3 inflammasome evokes
caspase-1 activation and pyroptosis, but not relevant release
of mature IL-1𝛽 [22, 41]. In contrast, NLRP3 inflammasome
activation inmyocardial fibroblasts induces the production of
large amounts of mature IL-1𝛽, causing a rapid amplification
of the inflammatory response [13, 23, 42]. As cardiomy-
ocytes are crucial target for the IL-1𝛽 produced by resident
fibroblasts, which impairs contractile function and induces
apoptotic cell death, we may speculate that the beneficial
effects of INF4E are due, at least in part, to an indirect
improvement in cardiomyocytes functionality.

5. Conclusion

Taken together, our results strengthen the crucial role of
NLRP3 inflammasome activation even in the early step of
myocardial injury caused by IR and show, for the first time,
that its pharmacological inhibition by INF4E reduced the
organ injury/dysfunction. Preservation of cardiac function by
INF4E is, at least in part, attributable to a cardioprotective
effect mediated by the activation of the RISK survival path-
ways and the improvement inmitochondrial function, which,
in turn, may improve cardiac function and postischemic
outcome. It has to be stressed, however, that the lack of
long-term evaluation as well as data on drug effects when
administered during reperfusion limit the interpretation of
the clinical transferability of our findings. Thus, further rig-
orous evaluations are needed to gain a better understanding
of both efficacy and the mechanism of action of INF4E in the
settings of acute myocardial infarction.
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Objective. Transplant arteriosclerosis is considered one of the major factors affecting the survival time of grafts after organ
transplantation. In this study, we proposed a hypothesis of whether lycopene can protect grafted vessels through regulating key
proteins expression involved in arteriosclerosis. Methods. Allogeneic aortic transplantation was performed using Brow-Norway
rats as donors and Lewis rats as recipients. After transplantation, the recipients were divided into two groups: the allograft group
and the lycopene group. Negative control rats (isograft group) were also established. Histopathological staining was performed
to observe the pathological changes, and the expression levels of Ki-67, caspase-3, Rho-associated kinases, intercellular adhesion
molecules (ICAM-1), and eNOS were assessed. Western blotting analysis and real-time PCR were also performed for quantitative
analysis.Results.Thehistopathological staining showed that vascular stenosis and intimal thickeningwere not evident after lycopene
treatment. The Ki-67, ROCK1, ROCK2, and ICAM-1 expression levels were significantly decreased. However, eNOS expression in
grafted arteries and plasma cGMP concentration were increased after lycopene treatment. Conclusions. Lycopene could alleviate
vascular arteriosclerosis in allograft transplantation via downregulatingRho-associated kinases and regulating key factor expression
through the NO/cGMP pathways, which may provide a potentially effective method for transplant arteriosclerosis in clinical organ
transplantation.

1. Introduction

Although significant advances in the application of immuno-
suppressants have significantly increased the success rate of
organ transplantation [1], transplant arteriosclerosis (TA) is
also considered as one of the major causes of graft failure
in a number of transplant patients [2]. Vascular injuries
mainly include ischemia-reperfusion injury, the long-term
use of immunosuppressive drugs, infiltration of inflamma-
tory cytokines, and acute or chronic graft rejections. In the
early stage, these injuries can damage the vascular endothe-
lium, impair the vascular endothelial function, and promote
the migration and proliferation of vascular smooth muscle
cell (VSMC), which can ultimately lead to arteriosclerosis

occlusion [3]. Therefore, vessel protection in grafts has been
considered crucial treatment after organ transplantation,
which will effectively prevent the occurrence of transplant
arteriosclerosis [4].

Lycopene is a natural carotenoid that exists in tomatoes
and tomato products. It is considered as one of the most
effective singlet oxygen species in carotenoids [5]. Its inac-
tivation capacity is twice that of beta carotene and 100 times
that of vitamin E. The study has reported that lycopene can
increase the activity and expression level of nitric oxide (NO)
[6]. Furthermore, cGMP-dependent protein kinase-I (PKG-
I) is considered a criticalmediator of theNO/cGMPpathways
[7]. It is widely known that lycopene can maintain the
normal function of the vascular endothelium by regulating
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relevant factors expression through the NO/cGMP pathways.
Several studies have found that lycopene has an inhibitory
effect on thickening of the intima and media of people
who smoke. In addition, lycopene can inhibit the adhesion
of inflammatory factors in the vascular intima, reducing
damage to the vascular intima [8]. Furthermore, activation
of Rho-associated kinases (ROCKs) also plays an important
role in vascular arteriosclerosis [9]. Therefore, the detection
of ROCKs expression levels was performed in this study to
demonstrate the mechanisms involved in the progression of
transplant arteriosclerosis.

The aim of this study was to investigate the protective
effects of lycopene on grafted vessels. A hypothesis was
also proposed: whether lycopene protects grafted vessels
after vasotransplantation through regulating the NO/cGMP
pathways and Rho-associated kinases expression involved
in arteriosclerosis. The results demonstrated that lycopene
could alleviate the vascular sclerosis of the transplanted arter-
ies, regulate the expression of key factors in relevant signaling
pathways of the blood vessels, and reduce the infiltration
of inflammatory factors through its antioxidant effects. This
may provide a potentially effective treatment approach for
transplant arteriosclerosis in clinical organ transplantation.

2. Materials and Methods

2.1. Animals. Sixteen male Brow-Norway (BN) rats and 32
male Lewis rats at 8 weeks of age (200–220 g) were provided
by Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). All rats were housed with a 12-hour light
and 12-hour dark cycle at 24∘C ± 1∘C, and they were fed ad
libitum for a week before the experiments started. All animal
procedures were based on the international guidelines and
were approved by the Wenzhou Medical University Animal
Policy and Welfare Committee.

2.2. Aorta Transplantation. Aorta transplantation was per-
formed based on the previously described methods [10].
Syngeneic aortic transplantation was performed in Lewis
rats, and allogeneic aortic transplantation was performed
using Brow-Norway (BN) rats as donors and Lewis rats as
recipients. These rats were anesthetized by intraperitoneal
injection of pentobarbital (60mg/kg). The abdominal aorta
(10–15mm) was harvested from donors after intravenous
heparin injection. After sufficient perfusion with saline, the
aortic grafts were transplanted into recipients and anasto-
mosed end to end with the abdominal aorta using noninter-
rupted 10-0 nylon sutures. The total operation ischemic time
was consistently limited to 30 minutes. The operation was
considered successful when there was complete patency of
the grafted arteries without significant anastomotic bleeding.
Then, the recipients were divided into 3 groups. The first
group (𝑛 = 8) was treated for 8 weeks with saline vehicle
after an isograft (1ml/day, isograft group); the second group
(𝑛 = 8) was treated for 8 weeks with saline vehicle after an
allograft (allograft group); the third group (𝑛 = 8) was treated
for 8 weeks with lycopene (30mg/kg/d, lycopene group) after
an allograft. After the operations, all recipients were treated
with ceftazidime (100mg/kg) for 3 consecutive days.

2.3. Histopathology. All grafts were harvested 8 weeks after
transplantation. Graft vessel tissues were fixed overnight in
4% paraformaldehyde for histopathological staining. After
gradient dehydration in ethanol and xylene, the vessel tissues
were embedded in paraffin and cut into 5 𝜇m sections by
a microtome. After deparaffinization and rehydration, the
sections were stained with hematoxylin and eosin (HE stain-
ing) for general morphological examination and pathological
analysis. The intima area was calculated by subtracting the
lumen area from the area enclosed by the internal elastic
lamina lining. The degrees of neointimal hyperplasia and
arterial stenosis weremeasured under the optical microscope
(original magnification ×200) and analysed by Image-Pro
Plus 6.0 image analysis software (Media Cybernetics, Silver
Spring, MD). More than 10 fields were evaluated from each
section in each group and the mean value was used. All the
measurements were performed on blinded slides.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). Blood
samples were collected 8 weeks after transplantation in each
group. Rats’ plasma cGMPconcentrationswere quantitatively
measured by using an ELISA kit (R&D Systems, Inc., Min-
nesota, USA) according to the manufacturer’s instructions
described previously [11]. All the ELISA experiments were
repeated at least three times.

2.5. Real-Time Quantitative Reverse Transcription-Polymerase
Chain Reaction (Real-Time RT-PCR). According to the pro-
tocol that was previously described by Lin et al. [12], total
RNA was extracted from the vessel specimens using TRIzol
reagent. The primer sequences were as follows: ROCK1, for-
ward 5-TGGTTGGGACGTACAGTAAAA-3 and reverse
5-GTAAGGAAGGCACAAATGAGA-3; ROCK2, forward
5-AATGGGTTAGTCGGTTGG-3 and reverse 5-CTT-
GGTTTGTTTGGAGCA-3; eNOS, forward 5-GCCAAA-
CAGGCCTGGCGCAA-3 and reverse 5-GTGCTGTCC-
TGCAGTCCCGA-3; PKG-I, forward 5-CTTGGAGTG-
GGAGGTTTC-3 and reverse 5-AATGTGTCGTTTCTT-
GAGG-3; ICAM-1, forward 5-TATCCATCCATCCCA-
CAG-3 and reverse 5-GTTCGTCTTTCATCCAGTTAGT-
3; 𝛽-actin, forward 5-TACAACTCCTTGCAGCTCC-3
and reverse 5-ATCTTCATGAGGTAGTCAGTC-3. The
ROCK1, ROCK2, eNOS, PKG-I, and ICAM-1 levels were
normalized to that of 𝛽-actin. The gene expression was
determined by real-time quantitative monitoring of PCR
reactions with LightCycler System (Roche, Indianapolis, IN,
USA). All PCR experiments were performed in at least three
independent treatments.

2.6. Immunohistochemistry. The paraffin tissue sections were
dewaxed in xylene and rehydrated in gradient alcohol. Then,
the sections were washed with distilled water, and endoge-
nous peroxidase was blocked by 3% hydrogen peroxide. The
heat-mediated antigen retrieval was performed with citrate
buffer at pH 6 before starting the IHC staining protocol.
Then, the sections were blocked for 60min with 5% goat sera.
Indirect immunoperoxidase staining of tissue sections was
performed, and the samples were incubated overnight with
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primary antibodies against Ki-67, ICAM-1, (Cambridge, MA,
USA), eNOS, activated caspase-3 (Sigma-Aldrich, USA), and
ROCK1 and ROCK2 (Proteintech, USA) at 4∘C. Then, the
tissue sections were washed with phosphate-buffered saline
(PBS, 0.01M), incubated with secondary antibodies, and
visualizedwith diaminobenzidine (DAB, brown color, ZSGB-
BIO, Beijing, China) and hematoxylin counterstaining under
amicroscope.The intensity of positive stainingwasmeasured
by IOD/area with Image-Pro Plus 6.0 image analysis software
(Media Cybernetics, Silver Spring, MD).

2.7. Western Blot Analysis. The protein expression of PKG-I
was examined by Western blot assays. Briefly, vessel tissues
were homogenized in lysis buffer, and the supernatants
were collected by centrifugation at 12000 rpm for 15min
at 4∘C. After determining the total protein concentration,
50 micrograms of protein per specimen was run on 10%
SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. After blocking with 5% skimmilk
for 1 h at room temperature, the membranes were incu-
bated with primary antibodies at 4∘C overnight. Then, the
membraneswerewashedwith Tris-buffered saline containing
0.05% Tween 20, and they were incubated with secondary
horseradish peroxidase-conjugated antibody for 1 h at room
temperature. Antigen-antibody complexes were then visual-
ized using an enhanced chemiluminescence kit (Amersham,
USA), and the intensity of the protein bands was quantified
with Quantity One software (version 4.6.2, Bio-Rad, USA).
Rabbit polyclonal antibody PKG-I and mouse monoclonal
antibody 𝛽-actin were purchased from Abcam (Cambridge,
MA, USA).

2.8. Statistical Analysis. SPSS software (version 19.0; SPSS,
Chicago, IL, USA) was used for statistical analyses. All
statistical data are presented as the means ± standard error
of the mean (SEM). Statistical analyses were performed using
one-way analysis of variance.The differences between groups
were considered significant at 𝑃 < 0.05.

3. Results

3.1. Model Building. The aortic transplantation model was
considered successfully established when there was complete
patency of the grafted arteries without significant anas-
tomotic bleeding 3 days after transplantation. The mean
operative duration of surgical vascular transplantation was
41.5± 7.5min.The ischemic timewas consistently less than 30
minutes. An abdominal longitudinal incision was performed
to observe the grafted vessels 3 days after surgery. In this
study, the surgical success percentage was 87.5% (21/24).
Eight weeks after transplantation, the blood flow at both the
proximal and the distal anastomotic sites was observed. The
patency of all successful grafted vessels was adequate.

3.2. Lycopene Ameliorated Allograft Arteriosclerosis and
VSMCs Proliferation. Lycopene could remarkably alleviate
neointimal hyperplasia and arteriosclerosis of the aortic
grafts. As shown in Figures 1(a1)–1(a3), the HE staining of

grafted vessels in each group showed that vascular stenosis
and intimal thickening were significant in the allograft group
(Figure 1(a2)) compared with the isograft group (a1). This
pathological staining also revealed that the inflammatory
cells accumulation and leukocyte infiltration were evident in
the allograft group. We also measured the degree of vessel
stenosis in each group and found that it was more significant
in the allograft group. However, these features were not
obvious in the lycopene group (Figure 1(a3)). The thickness
of the intima in the lycopene group (89.09 ± 4.13 𝜇m) was
significantly decreased compared with the allograft group
(131.01 ± 5.69 𝜇m; 𝑃 < 0.05). Furthermore, the Ki-67
expression (Figures 1(b1)–1(b3)) in VSMCs was also signifi-
cantly decreased in the lycopene group compared with that in
the allograft group. This indicated that VSMCs proliferation
was reduced in grafted vessels after lycopene treatment.
However, there was no obvious improvement in the caspase-
3 expression (Figures 1(c1)–1(c3)), which indicated that the
proapoptosis effects of lycopene were not significant in this
study.The ratio of Ki-67/caspase-3 positive cells was analysed
to evaluate the proliferation and apoptosis levels of the
intimal cells.The ratio in the lycopene group (3.41±0.21) was
significantly lower than in the allograft group (7.16 ± 0.29).

3.3. Downregulation of ROCK1 and ROCK2 Expression Lev-
els in Allograft Vessels after Lycopene Treatment. ROCKs
activation was also critical in the progression of vascular
arteriosclerosis. The ROCK1 and ROCK2 immunohisto-
chemical stainingwas performed in our study to demonstrate
the link between the upregulated ROCKs expression and
arteriosclerosis. As shown in Figures 2(a1)–2(a3) and 2(b1)–
2(b3), the ROCK1 and ROCK2 expression levels in VSMCs
were significantly decreased in the lycopene group ((a3) and
(b3)) compared with the allograft group ((a2) and (b2)). The
decreased IOD/area means (integrated optical density/area)
of ROCK1 and ROCK2 in the lycopene group ((a4) and (b4))
coincided with the immunohistochemical staining results.
Real-time quantitative PCR analysis also revealed that the
relative mRNA expression of ROCK1 and ROCK2 ((a5) and
(b5)) was significantly lower than that in the allograft group
(both 𝑃 values < 0.05).

3.4. Lycopene Inhibited ICAM-1 Expression in AllograftVessels.
We assessed whether lycopene inhibited inflammation in
the grafted vessels, which was also considered to play a
key role in the progress of allograft arteriosclerosis. In this
study, immunohistochemical staining of grafted vessels was
performed, and the results are shown as the IOD/area means
(Figure 3(a4)). As shown in Figure 3, there is a significant
decrease in the ICAM-1 expression in the lycopene group
(a3) compared with the allograft group vessels (a2). The real-
time quantitative PCR results (a5) also demonstrated that the
relative mRNA expression of ICAM-1 in the lycopene group
was significantly lower than that in the allograft group.

3.5. Lycopene Increased eNOS and PKG-I Protein Expression
in Aortic Allografts. eNOS is an important factor which has
a protective function in the cardiovascular system and is
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Figure 1: Histopathological staining of grafted vessels and analysis of cell proliferation and apoptosis under light microscopy (original
magnification ×200). (a1)–(a3) Hematoxylin-eosin (HE) staining of grafted aortic specimens obtained 8 weeks after transplantation. (b1)–
(b3) Immunohistochemical staining of Ki-67 in arterial grafts. (c1)–(c3) Immunohistochemical staining of caspase-3 in grafted arteries.
(d1) Thickness of intima in each group (𝜇m, original magnification ×200), ∗𝑃 < 0.001, allograft group compared with the isograft group;
#𝑃 = 0.017, lycopene group compared with the allograft group. (d2) The positive cells ratio of Ki-67/caspase-3 in each group, ∗𝑃 < 0.001,
#𝑃 < 0.001. ((a1), (b1), and (c1)) Isograft group; ((a2), (b2), and (c2)) allograft group; ((a3), (b3), and (c3)) lycopene group.

attributed to the production of NO in vascular endothelial
cells. In this study, eNOS expression level was measured
by immunohistochemical staining of grafted vessels in each
group (Figures 3(b1)–3(b3)). The positive staining was evi-
dent in the isograft group (b1) and lycopene group (b3), while,

in the allograft group (b2), it was significantly decreased.The
IOD/areameans analysis (Figure 3(b4)) and real-time quanti-
tative PCRmeasurements (b5) both demonstrated the results
of the immunohistochemical staining. All these data revealed
that eNOS expression level in arterial transplantation
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Figure 2: Expression of ROCK1 and ROCK2 in each group. ((a1)–(a3) and (b1)–(b3)) Immunohistochemical staining of ROCK1 and ROCK2
in grafted arteries (original magnification ×200). ((a4) and (b4))The mean of the IOD/area of ROCK1 and ROCK2 in each group. IOD/area:
integrated optical density/area; themean of the IOD/area of positive staining was used to accurately measure the degree of positive expression
in immunohistochemical staining. ∗𝑃 < 0.01 for the isograft group compared with the allograft group; #𝑃 < 0.05 for the lycopene group
compared with the allograft group. ((a5) and (b5)) Real-time quantitative PCR analysis of ROCK1 and ROCK2 mRNA expression in each
group. ∗𝑃 < 0.001 and #𝑃 < 0.05. ((a1) and (b1)) Isograft group; ((a2) and (b2)) allograft group; ((a3) and (b3)) lycopene group.

could be increased after lycopene treatment. Meanwhile,
PKG-I plays a critical role in regulating vascular smooth cells
by regulatingRhoA activation.Western blot analysis was per-
formed to evaluate the protein expression of PKG-I in grafted
vessels. As shown in Figure 4(a), the results of Western blot
analysis revealed the different expression of PKG-I protein
in aortic grafts between the 3 groups. In the lycopene group,
the PKG-I expressionwasmarkedly increased comparedwith
the allograft group (𝑃 < 0.05). The result also coincided
with the real-time quantitative PCR analysis of PKG-ImRNA
expression in the grafted vessels (Figure 4(b)).

4. Discussion

Transplant vasculopathy is one of the major causes of graft
failure in organ transplantation. The protection of trans-
plant vessels has become an important issue in maintaining
the normal functions of the grafts [13, 14]. In this study,
we investigated the preventive and therapeutic effects of
lycopene in treating transplant vasculopathy. The results of
our study demonstrated that intimal hyperplasia and smooth
muscle cell proliferation were remarkably reduced by the
administration of lycopene at 8 weeks after allogeneic aortic
transplantation. Furthermore, we also found that lycopene

could increase the expression of PKG-I and eNOS, downreg-
ulate the expression of ROCK1, ROCK2, and ICAM-1, and
inhibit the infiltration of inflammatory cell in allograft ves-
sels.However, in the vascular intima andmedia, the immuno-
histochemical staining showed that there was no significant
increase in the cell apoptosis after lycopene treatment. This
indicated that the proapoptosis effect of lycopene was not
obvious in this study, and its ameliorative effects on the trans-
plant arteriosclerosis were not based on the proapoptosis
mechanisms. Furthermore, the plasma cGMP concentration
was also detected in this study to evaluate the expression
levels of cGMP signaling pathways. After lycopene treatment,
it exhibited a significant increase when compared with the
allograft group. All the data in this study demonstrated that
arteriosclerosis in vascular allograft transplantation could
be ameliorated by lycopene through regulating NO/cGMP
pathways and Rho-associated kinases expression.

Endothelial cells are extremely important in regulating
vascular tone and maintaining vascular structure [15]. How-
ever, the immune and nonimmune injuries that chronically
occur in endothelial cells (ECs) may trigger endothelial
activation and dysfunction in patients after organ transplan-
tation [16]. These can result in intimal hyperplasia, smooth
muscle cell (SMC) proliferation, and extracellular matrix
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Figure 3: Expression levels of ICAM-1 and eNOSwere determined by immunohistochemical staining and real-time quantitative PCRanalysis.
((a1)–(a3) and (b1)–(b3)) Immunohistochemical staining of ICAM-1 and eNOS in grafted arteries (original magnification ×200). ((a4) and
(b4))The mean of IOD/area of ICAM-1 and eNOS immunohistochemical staining in each group. (a4) ∗𝑃 = 0.001, allograft group compared
with the isograft group; #𝑃 = 0.019, lycopene group compared with the allograft group. (b4) ∗𝑃 < 0.001, #𝑃 < 0.001. ((a5) and (b5)) Real-
time quantitative PCR analysis of ICAM-1 and eNOS mRNA expression in each group. (a5) ∗𝑃 < 0.001, #𝑃 = 0.003. (b5) ∗𝑃 < 0.001 and
#𝑃 < 0.001. ((a1) and (b1)) Isograft group; ((a2) and (b2)) allograft group; ((a3) and (b3)) lycopene group.

synthesis, which is accompanied by resulting gradual decline
in graft function. Nitric oxide (NO) is the primary mediator
of endothelial function, and it can cause vasodilation by
upregulating guanylyl cyclases on subjacent vascular SMC
and inhibiting vascular SMC proliferation and migration [17,

18]. However, ischemia-reperfusion (I/R) injury, oxidative
stress, and immunosuppressive drugs can generate excessive
O
2

−, which can rapidly inactivate NO in allografts and lead
to the occurrence and progression of graft vasculopathy
[19]. In this study, the eNOS immunohistochemical staining
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Figure 4: Analysis of PKG-I protein expression in grafted arteries and plasma cGMP concentration detection in each group. ((a) and (b))
Western blot analysis of PKG-I protein expression in each group; ∗𝑃 < 0.05, allograft group compared with the isograft group; #𝑃 < 0.001,
lycopene group compared with the allograft group. (c) Real-time quantitative PCR analysis of PKG-I mRNA expression; ∗𝑃 < 0.001; #𝑃 <
0.001. (d) Determination and analysis of the plasma cGMP concentration in each group; ∗𝑃 < 0.05; #𝑃 < 0.001.

was performed in grafted vessels to analyse the expression
levels of NO in vivo. eNOS has a protective effect on the
cardiovascular system and is considered to be attributed
to NO production in the vascular endothelial cell. Its acti-
vation and expression play important roles in regulating
the NO production. Lycopene is the most potent single
oxygen quencher among the natural carotenoids. Di Tomo
et al. demonstrated that lycopene suppresses reactive oxygen
species (ROS) generation and increases the NO expression
level and bioavailability in human umbilical vein endothelial
cells [6].The authors also reported that lycopene regulates the
NO expression level and bioavailability by directly reducing
molecules. The results of our study showed that neointimal
hyperplasia was alleviated, and the Ki-67 expression was
downregulated in the lycopene group. In addition, these
results coincided with the experimental design proposed in
this study that lycopene can improve the graft vasculopathy
by antioxygenation. Cells apoptosis dysfunction of vascular
smooth muscle cell is considered another important factor
that causes neointimal hyperplasia and intimal thickening
during the progression of vascular atherosclerosis [20]. The
proapoptosis effect of lycopene was not obvious in our
study which indicated that lycopene ameliorated vascular
atherosclerosis through regulating other signaling pathways,
and this is in agreement with our experimental hypothesis.

Migration of vascular smooth muscle cell from the
media to intima plays a crucial role during the formation
of atherosclerotic plaques and vascular restenosis in graft
vasculopathy. Rho-associated kinases (ROCKs) are typical
downstream effectors of the small GTPase Rho family [21].
ROCKs can be activated by upstream regulator Rho A,
phosphorylating and inactivating myosin light chain (MLC)
phosphatase, and subsequently enhancing MLC phosphory-
lation, resulting in vasoconstriction [22, 23]. Additionally,
ROCKs can regulate the actin cytoskeleton reorganization
of endothelial cells (ECs) and SMC, which is associated
with vascular remodeling [9]. In a porcine model, long-
term inhibition of Rho kinase results in regression of the
arteriosclerotic lesions [24]. ROCK1 and ROCK2 are two
representative subtypes of the ROCK family. They have high
homology, and 65 percent of the amino acid sequences are the
same. In addition, both help regulate many important basic
functions of cells, such as cell adhesion, migration, prolifera-
tion, apoptosis, and transcription regulation.Theupregulated
ROCK1 and ROCK2 expression levels are considered to
play an important role in the progression of transplant
vascular atherosclerosis [24]. The results of our study also
demonstrated that ROCK1 and ROCK2 expression levels
were significantly decreased after lycopene treatment, which
improved the grafted vessels. Piera-Velazquez et al. showed
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that ROCK1 inhibition can decrease foam cell formation
and inhibit the pathological process of atherosclerosis [25].
However, the specific regulatory mechanisms of ROCK1 and
ROCK2 in ameliorating graft atherosclerosis remain unclear.
In addition, PKG-I is a critical mediator of the NO/cGMP
pathway that plays an important role in regulating vascular
smooth cell by regulating Rho A activation [26]. PKG-I
phosphorylates RhoA at Ser188, which inhibits itsmembrane
association and prevents the activation of Rho kinases [27].
Our data showed that lycopene could increase the PKG-I
level and downregulate ROCK1 and ROCK2 expression in
grafted vessels. The increased plasma cGMP concentration
also indicated the upregulated expression of cGMP signaling
pathway after lycopene treatment.

Vessel inflammation is also an early and important event
in the process of allograft atherosclerosis [28]. It is nowwidely
accepted that both the production of intercellular adhesion
molecules (ICAM-1) and their shedding onto endothelial
and leukocytic surfaces play a pivotal role in mediating the
interaction between endothelial cells and blood constituents
at the early stage of atherosclerosis [29, 30]. In addition,
ICAM-1 increased the thrombotic potential by influenc-
ing the migration and proliferation of SMCs in the vessel
blood. In addition, it is reported that TNF-𝛼 can upregulate
ICAM-1 expression on the endothelium during atherogenesis
via NF-𝜅B binding to the promoter. It has been reported
that lycopene can inhibit TNF-𝛼-induced ICAM-1 protein
expression through affecting the NF-𝜅B signaling pathway
[31], which explains how lycopene has protective effects on
allograft atherosclerosis through anti-inflammatory activity.

In conclusion, the results of our study demonstrated that
lycopene had significant therapeutic effects on the occurrence
and progression of transplant vascular atherosclerosis. It
could ameliorate allograft atherosclerosis by regulating the
expression of the NO/cGMP pathway and affecting many
critical factors. This may provide new possibilities for pre-
venting the formation of grafts atherosclerosis during clinical
organ transplantation.
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