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ABSTRACT

Vascular hyporeactivity is one of the major causes responsible for refractory
hypotension and associated mortality in severe hemorrhagic shock. Mitochondrial
permeability transition (mPT) pore opening in arteriolar smooth muscle cells (ASMCs)
is involved in the pathogenesis of vascular hyporeactivity. However, the molecular
mechanism underlying mitochondrial injury in ASMCs during hemorrhagic shock is
not well understood. Here we produced an in vivo model of severe hemorrhagic shock
in adult Wistar rats. We found that sirtuin (SIRT)1/3 protein levels and deacetylase
activities were decreased in ASMCs following severe shock. Immunofluorescence
staining confirmed reduced levels of SIRT1 in the nucleus and SIRT3 in the
mitochondria, respectively. Acetylation of cyclophilin D (CyPD), a component of mPT
pore, was increased. SIRT1 activators suppressed mPT pore opening and ameliorated
mitochondrial injury in ASMCs after severe shock. Furthermore, administration of
SIRT1 activators improved vasoreactivity in rats under severe shock. Our data suggest
that epigenetic mechanisms, namely histone post-translational modifications, are
involved in regulation of mPT by SIRT1/SIRT3- mediated deacetylation of CyPD.
SIRT1/3 is a promising therapeutic target for the treatment of severe hemorrhagic

shock.

INTRODUCTION from insufficient delivery of nutrients and oxygen,
but also from cytopathic hypoxia involving damage to
Severe or irreversible hemorrhagic shock is a life- and dysfunction of mitochondria in arteriolar smooth
threatening situation associated with significant morbidity muscle cells (ASMCs) [2, 3]. Growing evidence suggests
and mortality directly due to massive blood loss or that mitochondrial dysfunction plays a key role in the
occurs indirectly to secondary multiple organ failure. pathogenesis of tissue ischemia and reperfusion injury [4-
Persistent low perfusion and refractory hypotension are 6]. However, the cellular and molecular mechanisms of
the two major events associated with the pathogenesis mitochondria-derived cytopathic hypoxia underlying the
of irreversible shock [1]. Previous studies have shown progression of refractory hypotension during severe shock

that ATP depletion in severe shock not only results remain elusive.
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Recently, histone deacetylase sirtuin 1 (SIRT1)
emerged as a crucial regulator of mitochondrial biogenesis
and function [7, 8]. Mammalian SIRT1 is homologous
to the yeast silent information regulator 2 and belongs
to class III histone deacetylates including seven sirtuins
(SIRT1-7). Sirtuins have unique functions due to their
structure and specific subcellular location. SIRTI is
mainly localized to the nucleus, but is also found in
other cellular compartments, such as the cytosol and the
mitochondria [9]. The pharmaceutical agent SRT1720
has been reported to activate SIRT1, resulting in PGC-1a
activation, increased mitochondrial fatty acid oxidation in
the muscle, and improved running performance, muscle
strength and coordination [10]. However, overexpression
of SIRT1 decreases PGC-1a acetylation, PGC-1a activity,
and mitochondrial proteins levels in C2C12 myotubes
[11]. Resveratrol (Res), a SIRT1 activator, has been shown
to restore SIRT1 activity and mitochondrial complex
function in the liver, kidney and heart during injury or
stress [12-14].

SIRT3 is a major mitochondrial deacetylase that
regulates mitochondrial metabolism. Mitochondrial
proteins are hyperacetylated in SIRT3 knockout mice,
but not in SIRT4 or SIRTS knockout mice [15]. It has
been demonstrated that cyclophilin D (CyPD), which
is localized to the mitochondrial matrix, modulates
the mitochondrial permeability transition (mPT) pore
opening [16, 17]. SIRT3-induced inactivation of
CyPD by deacetylation is necessary for mitochondrial
function in cancer cells [18]. Based on these data, we
hypothesized that SIRT 1/3 may play an important role
in the protection against hemorrhagic shock injury by
modulating mitochondrial function. To test our hypothesis,
we determined whether the expression and activity of
SIRT1 and SIRT3 were altered during severe shock,
and investigated the role of SIRT1 and SIRT3 in the
regulation of mitochondrial permeability transition and
mitochondrial ATP production. Finally, we evaluated the
protective effects of SIRT1 and SIRT3 against vascular
hyporeactivity and refractory hypotension during severe
hemorrhagic shock.

RESULTS

Mitochondrial injury and mPT pore opening in
ASMCs are associated with down-regulation
of both SIRT1 and SIRT3 during severe
hemorrhagic shock

To determine the changes in mitochondrial
phenotype and function during severe hemorrhagic shock,
we examined mitochondrial ultrastructural morphology
and ATP production in ASMCs isolated from rats with
severe hemorrhagic shock. We found partly fragmentation,

disorganization/disorientation, clumping, and/or loss
of mitochondrial cristac at 2 h following hemorrhage.
After resuscitation, we could not observe normal cristae
in the longitudinal/linear pattern and found swollen
mitochondria, instead (Figure 1A). Flameng score analysis
showed significant mitochondrial injury in the ASMCs
at 10 min and 2 h after resuscitation (Figure 1A). After
resuscitation, ATP levels were decreased in ASMCs in a
time-dependent manner (Figure 1B). Furthermore, calcein-
AM quenching assay showed calcein fluorescence inflow
following mPT pore opening in a time-dependent fashion,
especially at 10 min and 2 h after resuscitation (Figure
10).

We determined protein levels and deacetylase
activity of SIRT1 and SIRT3 in ASMCs during severe
shock. Western blot analysis showed that SIRT1 and
SIRT3 protein levels were reduced during severe
hemorrhagic shock (Figure 1D). In parallel with decreased
SIRT1 and SIRT3 levels, the deacetylase activities
of SIRT1 and SIRT3 were decreased (Figure 1E).
Furthermore, immunofluorescence analysis showed that
endogenous SIRT1 was located mostly in the nucleus, but
nuclear localization of SIRT1 was decreased after 2 h of
resuscitation (Figure 1F). Similarly, SIRT3 levels in the
mitochondria were reduced in ASMCs isolated from shock
animals (Figure 1F). Further, we found that acetylation of
CyPD was increased in ASMCs of shock animals (Figure
1G).

SIRT1/SIRT3 suppresses mPT pore opening and
mitochondrial injury in ASMCs during shock

To further determine the role of SIRT1/3 in
mitochondrial phenotype and function, we exposed
ASMC:s to resveratrol (Res) and SRT1720, potent SIRT1
activators. We found that Res and SRT1720 relieved
shock-caused reduction of SIRT1 deacetylase activity as
assessed by fluorometric assay (Figure 2). However, the
inhibition of SIRT1 activity by EX 527 suppressed the
effects of Res and SRT1720 on deacetylase activities of
SIRT1 and SIRT3 (Figure 2). Importantly, activation of
SIRT1/3 by Res and SRT1720 attenuated shock-induced
mitochondrial injury (Figure 3A) and decrease in ATP
production (Figure 3A). In contrast, inhibition of SIRT1/3
activity enhanced mitochondrial damage (Figure 3A).

Opening of mPT pore results in subsequent swelling
of mitochondria due to the influx of water and ions,
leading to the dissipation of mitochondrial membrane
potential (A¥m), uncoupling of oxidative phosphorylation
and loss of ATP [20]. To better understand the protective
effects of SIRT1 and SIRT3 on the mitochondria after
shock, we determined the effects of Res and SRT1720 on
mPT pore opening and AYm in ASMCs. We found that
Res and SRT1720 suppressed the shock-associated mPT
pore opening and AWm depolarization, while the inhibition
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Figure 1: Mitochondrial injury in ASMCs of shock animals is associated with down-regulation of SIRT1/3. A.
Representative transmission electron microscopic images show progressive mitochondria swelling with cristae disruption (50,000x
magnification). Flameng’s score analysis confirmed mitochondrial swelling during severe shock. B. ATP levels are decreased in ASMCs
at different time points during hemorrhagic shock. C. MPT pore alterations during severe shock are analyzed by staining the cells with
calcein-AM/CoCI2. A shift of the curves to the left indicates progressive decrease in the mean fluorescence intensity (MFI) of calcein.
D. MFI of calcein is decreased especially at the time points of 10 min and 120 min after resuscitation in severe shock, suggesting the
opening of mPT pore at the onset of resuscitation. E. SIRT1/3 protein expression and activities are reduced in mesenteric artery following
severe shock. Representative immunoblots of 4 separated experiments and quantitative analysis showed that the expression of SIRT1
and SIRT3 was decreased in ASMCs. F. Deacetylase activities of SIRT1 and SIRT3 are decreased in ASMCs during severe shock.
Representative immunofluorescence staining images show that SIRT1 is located in the nucleus of ASMCs but nuclear localization of SIRT1
is decreased following severe shock. The localization of SIRT3 in the mitochondria is decreased following severe shock. G. Representative

immunofluorescence staining images show that acetylation of CyPD (white) is increased in ASMCs following severe shock. Scale bar =10
pum. n =6 or 7; *P < 0.05 vs. sham group. Hs=hemorrhagic shock; Re=resuscitation.
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of SIRT1/3 activity promoted mPT pore opening and A¥m
depolarization after shock (Figure 3B and 3C). These
results suggest that SIRT1/SIRT3 regulates mitochondrial
phenotype and function primarily through the inhibition of
mPT pore opening.

SIRT1 activation improves microcirculation and
mean arterial blood pressure (MAP) during shock

Our previous study demonstrated that mitochondrial
injury in vascular cells plays an important role in the
impaired vasoreactivity and microcirculation during shock
[2]. To determine whether SIRT1/SIRT3 have protective
effects in improving microcirculation, MAP and survival
after severe hemorrhagic shock, we examined the effects
of Res and SRT1720 on NE threshold concentration
and MAP in the rats during severe shock. We found
that Res decreased NE concentration from 5.69+1.67
pg/ml to 2.08+0.24 pg/ml but increased MAP from
42.5144.69 mmHg to 68.57+3.64 mmHg at 2 h after
resuscitation (Figure 4A). Similarly, SRT1720 decreased
NE concentration to 1.20+£0.46 pg/ml but increased MAP
to 81.91+£3.62 mmHg (Figure 4A). Furthermore, EX 527
suppressed the effects of Res and SRT1720 in improving
low vasoreactivity and hypotension (Figure 4B). These
data suggest that the activation of SIRT1 protects against
low vasoreactivity and hypotension in vivo during severe
shock.

DISCUSSION

Severe or irreversible hemorrhagic shock causes
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high morbidity[21]. Our recent studies have demonstrated
that mitochondrial injury and dysfunction in ASMCs
play an important role in the pathogenesis of severe
hemorrhagic shock. Regulation of mitochondrial
biogenesis has recently emerged as a potential therapeutic
strategy for the amelioration of ischemic cardiovascular
diseases [22, 23]. In this study, we found that decreased
levels and deacetylase activity of SIRT1/3 in mesenteric
arteriolar SMCs of shock animals promote persistent
opening of mPT pore and mitochondrial injury. Activation
of SIRT1/3 by Res or SRT1720 restores SIRT1/3 activity,
and attenuated mitochondrial injury. Importantly,
administration of SIRT1 activator at 2 h post bleeding
improves vasoresponse to noradrenaline. Taken together,
our findings suggest that SIRT1/3 play a protective role
during severe hemorrhagic shock.

Hemorrhagic shock causes global ischemic stress
[24]. Much of the tissue damage following hemorrhagic
shock is a result of hypoperfusion (during bleeding) and
the restoration of perfusion (following resuscitation)
[25]. During the compensatory stage (shock 10-60 min),
various protection mechanisms in the body respond to
the decline of blood volume, and there is no significant
damage in the mitochondrial ultrastructure and function.
However, autoregulation may be temporary during
the process of severe shock when blood pressure is
lower than a threshold for a long time. The period of
50-70 min most likely corresponds to the turning point
from compensatory to decompensated stage [26],
since mPT pore opening, mitochondrial swelling and
cristae disruption are observed at 2 h after bleeding and
at 2 h after resuscitation. Similarly, intracellular ATP
level is progressively decreased, especially at 2 h after
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Figure 2: Modulation of SIRT1 activity leads to changes in SIRT3 deacetylase activity in ASMCs during severe shock.
A. The shock-associated reduction of SIRT1 deacetylase activity, as assessed by a commercially available fluorometric assay, is inhibited
by resveratrol (Res) and SRT1720, a potent SIRT1 activator. EX 527, a selective SIRT1 inhibitor, inhibits the effects of Res and SRT1720.
B. Res and SRT1720 enhance SIRT3 deacetylase activity in ASMCs during severe shock. Inhibition of SIRT1 activity suppresses the effects
of Res and SRT1720 on SIRT3 deacetylase activity. n = 4; *P < 0.05 vs. sham group; “P < 0.05 vs. shock group; P < 0.05 in shock +Res
group or shock +SRT1720 group vs. shock +Ex527+Res group or shock +Ex527 + SRT1720 group.
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Figure 3: SIRT1/3 regulates mitochondrial energy production machinery by modulation of mPT in ASMCs during
severe shock. A. Activation of SIRT1/3 by resveratrol (Res) and SRT1720 suppresses the shock-associated mitochondrial injury and
decrease in ATP production. Inhibition of SIRT1/3 activity enhances mitochondrial phenotype and functional damage. B. Mitochondrial
membrane potential (MMP) and PTP opening are analyzed by flow cytometry with JC-1 and calcein-AM/COCI,, respectively. Representative
FCM images and quantification data show that Res and SRT1720 suppress the shock-associated AYm depolarization. C. Bar graph shows
that Res and SRT 1720 enhance the calcein fluorescence decreased by shock. n =4 or 5; “P < 0.05 vs. sham group; *P < 0.05 vs. shock group;
AP < 0.05 shock + Res vs. shock +EX527+Res group; shock +SRT1720 group vs. shock +EX527+SRT1720 group.

resuscitation. In accordance with our previous studies, the
present study provides further evidence in support of the
notion that mitochondria injury plays an important role in
the pathogenesis of hemorrhagic shock.

The dissection of the pathways that regulate
mitochondrial biogenesis and energy metabolism provides
new insights into the mechanisms of mitochondrial
damage in cardiovascular diseases [27, 28]. Histone
deacetylases have been demonstrated to dramatically
improve survival following lethal hemorrhagic shock
in the rat [14, 29]. Recently, it has been reported that
the activity of SIRT1/3 deacetylase is correlated with
mitochondrial function [8]. In the present study, we
investigated whether changes in SIRT1/3 levels and
activity contribute to the severity of hemorrhagic shock.
Our results revealed significant decreases in SIRT1 and
SIRT3 levels and activity following hemorrhagic shock
and indicate that such changes in SIRT1/3 worsens
hemorrhagic shock by exacerbating mitochondria injury
in vascular smooth muscle cells. These findings are
consistent with previous reports on myocardial injury
following ischemia-reperfusion [30, 31].

In agreement with most studies, we observed that
SIRT1 is present both in the nucleus and in the cytoplasm
with dominant expression in the nucleus [32]. SIRT3 is
localized both in the nucleus and in the mitochondria
[33, 34]. However, both nuclear localization of SIRT1
and mitochondrial localization of SIRT3 are reduced in
ASMCs during hemorrhagic shock. Altered mPT is a key
mechanism of ischemia-reperfusion injury and severe
shock [20, 35, 36], and CypD is an important regulator

of mPT pore [17, 37]. Recently, it was found that
posttranslational modification of mitochondrial proteins
via the acetylation/deacetylation of protein lysine residues
plays an important role in the regulation of mitochondrial
function [19, 38]. SIRT3 is the most robust mitochondrial
deacetylase and its activity is necessary to prevent
mitochondrial dysfunction by modulating the acetylation
and activity of CyPD. Thus, the deacetylation of CyPD
may be a control point for mPT pore regulation [15]. We
found that acetylation of CyPD is enhanced in ASMCs
following severe shock. To our knowledge, this is the
first study to demonstrate acetylation-related epigenetic
regulation of SIRT1/3 in the mitochondria during severe
shock.

SIRT1 can be activated by resveratrol, and
SIRT1 activity is necessary for resveratrol-mediated
mitochondrial biogenesis [13, 32, 41]. Resveratrol
treatment can restore SIRT1 activity, and improve SIRT3
deacetylase activity in ASMCs during severe hemorrhagic
shock. In addition, inhibition of SIRT1 with EX527
abrogates the effect of Res on SIRT3 deacetylase activity,
indicating a critical role of SIRT1 in the regulation of
SIRT3 activity in vascular cells. Indeed, the results in the
experiments where the specific SIRT1 activator SRT1720
is applied confirmed the role of SIRT1 in the regulation
of SIRT3 activity. Further investigation is required to
determine whether SIRT1 directly targets SIRT3 to
regulate mitochondrial function or indirectly via other
mediators. Activation of SIRT1 also prevents persistent
opening of mPT pore and the decline of intracellular
ATP, and improves vasoreactivity and MAP. Our results
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Figure 4: Modulation of SIRT1/3 regulates vasoreactivity and mean arterial pressure in the rats during severe shock.
Vasoreactivity and mean arterial pressure are measured before bleeding and at the end of a period including 2 h post-hemorrhage with or
without different treatments. A. and B. Activation of SIRT1/3 by resveratrol (Res) and SRT1720 restores low vasoreactivity and improves
the hypotension following severe shock. C. D. and E. Inhibition of SIRT1/3 activity relieves hypotension during severe shock. n =5 or 6;
“P < 0.05 vs. sham group; “P <0.05 vs. shock group; P < 0.05, shock+Res group vs. shock+EX527+Res group; shock+SRT1720 group vs.

shock+EX527+SRT1720 group.
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are consistent with previous findings that resveratrol
treatment protects against mitochondrial injury and
improves survival in rats with severe hemorrhagic shock
and other cardiovascular conditions [42, 43]. Based on
these data, we propose that SIRT1/3 play a protective role
against mitochondria injury and dysfunction in ASMCs
and thereby preserves vasoreactivity during severe
hemorrhagic shock (Figure 5).

In summary, we have provided evidence
that mitochondrial injury in ASMCs during severe
hemorrhagic shock is associated with decreased protein
levels and attenuated deacetylase activity of SIRT1/3.
Modulation of mPT by SIRT1/3-mediated deacetylation
of CyPD in vascular smooth muscle cells is required for
the preservation of vasoreactivity. These novel findings
suggest that SIRT1/3 is a promising therapeutic target
for refractory hypotension following severe hemorrhagic
shock.

MATERIALS AND METHODS

Animals

238 male and female rats of Wistar strain (180-
220 g, 8-10 weeks old) were purchased from the

Experimental Animal Center of the Southern Medical
University (Guangzhou, China) and housed individually
under controlled environmental conditions with a 12-
hour light/dark cycle and ad libitum access to pellet food
and water throughout the study. All animal experiments
were conducted in the Key Laboratory of Shock
and Microcirculation (Southern Medical University,
Guangzhou, China), in accordance with the Chinese
National Guidelines for the Use and Care of Experimental
Animals, and the protocols were approved by
Experimental Animal Ethics Committee of the Southern
Medical University.

Severe hemorrhagic shock model

The rats were anesthetized by the administration
of a mixture of 13.3% urethane and 1% chloralose (0.6
ml/100 g i.p.). Severe hemorrhagic shock was induced as
previously described [24]. Briefly, both sides of femoral
arteries were cannulated using polyethylene catheters
(PE-50) to measure mean arterial pressure and withdraw
blood, and the left femoral vein was cannulated for the
administration of drugs and resuscitation. To induce severe
hemorrhagic shock with a target mean arterial pressure
(MAP) of 30 mmHg, blood was withdrawn from the
arterial catheter within a 10-min period under continuous
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blood pressure monitoring.

The spinotrapezius muscles were isolated from rats
and prepared for intravital microscopy using the technique
described by Gray [44]. Briefly, unbranched, third-order
arterioles (diameter range 20-30 pum) were selected
at random and videotaped at 2000 frames/s using a
CR5000X2 high-speed camera (Optronis, Germany). The
vasoreactivity was determined by topical application of
norepinephrine (NE) until the threshold concentration was
reached, i.e., the concentration that produced complete
cessation of arteriolar blood flow in no less than 20 s.
This threshold concentration was used as a measure of
arteriolar reactivity. Throughout the surgical preparation
and experimental procedures, the exposed muscle was
continuously superfused with balanced Krebs solution
containing 132 mM NaCl, 5 mM KCI, 2 mM CacCl2, and
1.2 mM MgSO4 (pH adjusted to 7.4 with NaHCO3 at 37
°0).

Res (30 mg/kg) and SRT1720 (20 mg/kg, body
weight, iv) were administered 2 h post bleeding with or
without the administration of EX-527 before bleeding.

Transmission electron microscopy

Freshly isolated mesenteric arterioles were quickly
fixed with 2.5% glutaraldehyde for 24 h. After three 10-
min washes with 0.13 M PBS, the tissue was postfixed in
1% Os04 for 2 h, dehydrated in a graded series of ethanol
(50%, 70%, 80%, 90%, and 100% for 10 min each), and
then incubated with tert-butoxide for 10 min. Samples
were dried with CO,, coated with gold (Au) using ion
sputter coater, and viewed and imaged with a transmission
electron microscope (H-7500, Hitachi Company, Japan).

The extent of ultrastructural damage was quantified
by using Flameng’s score [45]. For each sample, 5 field
views were randomly selected and 20 mitochondria were
selected per field view. The criteria for mitochondrial
damage are shown in supplemental Table 1.

ASMC isolation

Arteriolar smooth muscle cells (ASMCs) were
isolated from mesenteric arterioles (the second A2 branch)
of the rats [2]. Briefly, after the dissociation with 0.3 mg/
ml papain and 1 mg/ml collagenase, cells were maintained
at 4°C in HPSS buffer (130 mM NaCl, 5 mM KCI, 1.2
mM MgCl,, 0.1 mM CaCl,, 10 mM HEPES, and 10 mM
glucose). The dissociated cells were identified as smooth
muscle cells under inverted phase contrast microscopy
and indirect immunohistochemical staining with a-smooth
muscle actin monoclonal antibody [46].

Measurement of intracellular ATP

ASMC ATP levels were measured by a luciferase-
based assay (CellTiter-Glo, Promega, Madison, WI,
USA) according to the manufacturer’s protocols. The
luminescence was recorded in an automatic microplate
reader (SpectraMax M5; Molecular Devices, Sunnyvale,
CA, USA).

Western blotting

Total protein was isolated from arterioles or
ASMCs by homogenization in cold RIPA lysis buffer
containing protease inhibitors and phosphatase inhibitors
(Roche). Equal amounts of proteins were separated
by SDS-PAGE and transferred to a polyvinylidene
difluoride membrane. After blocking in 5% bovine serum
albumin (BSA) in Tris-buffered saline/Tween-20 (50
mM Tris, pH 7.5, 500 mM sodium chloride, and 0.05%
Tween-20) for 1 h at room temperature, the membranes
were incubated overnight at 4°C with primary antibodies
against SIRT1 or SIRT3 (Cell Signaling Technology,
Danvers, MA, USA), and GAPDH or B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). After incubation
with a secondary antibody conjugated to horseradish
peroxidase (Santa Cruz Biotechnology) for 1 h at room
temperature, immunoreactivity signals were detected
by chemiluminescence using ECL detection reagent
(Advansta Westernbright ECL, USA), visualized using
a chemiluminescence detection system (Image Station
4000R, KODAK, USA), and analyzed using Quantity One
software (version 4.52).

SIRT1/3 deacetylase activity assay

SIRT1 deacetylase activity was detected using
the Cyclex SIRTI1/SIRT2 and SIRT3 Deacetylase
Fluorometric Assay Kit (Cyclex, Nagano, Japan).
Briefly, mesenteric arterioles (100 mg) or ASMCs were
homogenized in 500 pL of immunoprecipitation buffer
(T-PER® Tissue Protein Extraction Reagent 78510, Pierce,
USA). After immunoprecipitation of SIRT1/3, the final
reaction mixtures (50 pL) contained 50 mM Tris-HCL
(pH 8.8), 4 mM MgCL,, 0.5 mM DTT, 0.25 mA/mL Lysyl
endopeptidase, 1 uM Trichostatin A, 200 uM NAD" and 5
pL of extraction. The fluorescence intensity (ex. 340 nm,
em. 460 nm) was measured using an automatic microplate
reader (SpectraMax MS5; Molecular Devices, Sunnyvale,
CA, USA).

Immunofluorescence

Freshly isolated cells were plated on the Petri dish
and stained with MitoTracker Red dye CMXRos (300

www.impactjournals.com/oncotarget

37008

Oncotarget



nM) at room temperature for 15 min. Next, the cells were
fixed in 4% paraformaldehyde, permeabilized in blocking
solution (5% BSA in PBS) containing 0.2% triton X-100
for 1 h, and then incubated with primary antibody for
SIRT1 or SIRT3 overnight at 4°C. Cells were washed with
PBS and incubated with secondary antibodies (Invitrogen
Alexa Fluor® 488 goat anti-rabbit IgG or Alexa Fluor 647
goat anti-mouse IgG) for 2 h at room temperature. The
nuclei were counterstained with DAPI (1 pg/ml). Stained
cells were examined under confocal microscope (LSM710,
ZEISS, Germany). All data presented are representative of
six independent rats.

Determination of mitochondrial permeability
transition pore opening

Mitochondrial permeability transition (mPT) pore
opening was directly assessed by co-loading cells with
calcein-AM and CoCl, as previously described [47]. The
changes in calcein-AM fluorescence signal were analyzed
by flow cytometry (excitation filter 488 nm and emission
filter 515 nm).

Determination of mitochondrial membrane
potential

Mitochondrial membrane potential (MMP) was
determined by monitoring fluorescence aggregates
of JC-1 (tetrachloro-1, 1°, 3, 3’ - tetracthyl - 6°, 6,
5’, 5- benzamidazolocarbocyanin iodide). Regions
of high mitochondrial polarization were indicated by
red fluorescence due to J-aggregate formation by the
concentrated dye. Depolarized regions were indicated by
the green fluorescence of the JC-1 monomers. Freshly
isolated ASMCs were incubated with 5 pg/ml JC-1 for 20
min at 37°C in a humidified incubator, then washed twice
with PBS, and the fluorescent ratios (for red fluorescence:
excitation at 490 nm and emission at 590 nm; for green
fluorescence: excitation at 490 nm and emission at 527
nm) were detected by flow cytometry (BD FACSverse,
USA).

Statistical analysis

Statistical analyses were performed using SPSS
(version 17.0). All values were presented as mean and
standard error (SE). One-way or two-way analysis of
variance (ANOVA) was used to compare the differences
between two groups or among multiple groups,
respectively, followed by Tukey’s post hoc tests. P values
less than 0.05 were considered statistically significant. n
represented the number of animals.

CONFLICTS OF INTEREST

None disclosed.

FUNDING

This study was supported by the National Science
Foundation of China (No. 81200234) and National
Special Large and Important Foundation for Science and
Technology (2011Z2X09101-002-08).

REFERENCES

1. Zhao KS, Huang X, Liu J, Huang Q, Jin C, Jiang Y, Jin J,
Zhao G. New approach to treatment of shock--restitution of
vasoreactivity. Shock. 2002;18:189-192.

Song R, Bian H, Wang X, Huang X, Zhao KS.
Mitochondrial injury underlies hyporeactivity of arterial

smooth muscle in severe shock. Am J Hypertens.
2011;24:45-51.

3. Villarroel JP, Guan Y, Werlin E, Selak MA, Becker
LB, Sims CA. Hemorrhagic shock and resuscitation
are associated with peripheral blood mononuclear cell
mitochondrial dysfunction and immunosuppression. J
Trauma Acute Care Surg. 2013;75:24-31.

Lumini-Oliveira J, Magalhaes J, Pereira CV, Moreira AC,
Oliveira PJ, Ascensao A. Endurance training reverts heart
mitochondrial dysfunction, permeability transition and
apoptotic signaling in long-term severe hyperglycemia.
Mitochondrion. 2011;11:54-63.

5. Woodman OL, Long R, Pons S, Eychenne N, Berdeaux
A, Morin D. The cardioprotectant 3°,4’-dihydroxyflavonol
inhibits opening of the mitochondrial permeability
transition pore after myocardial ischemia and reperfusion
in rats. Pharmacol Res. 2014;81:26-33.

6. Burks TN, Marx R, Powell L, Rucker J, Bedja D, Heacock
E, Smith BJ, Foster DB, Kass D, O’Rourke B, Walston JD,
Abadir PM. Combined effects of aging and inflammation
on renin-angiotensin system mediate mitochondrial

dysfunction and phenotypic changes in cardiomyopathies.

Oncotarget. 2015;6:11979-11993.

7. Imai S, Guarente L. NAD+ and sirtuins in aging and
disease. Trends Cell Biol. 2014;24:464-471.

8. Ou X, Lee MR, Huang X, Messina-Graham S, Broxmeyer
HE. SIRT!1 positively regulates autophagy and mitochondria
function in embryonic stem cells under oxidative stress.
Stem Cells. 2014;32:1183-1194.

9. Agquilano K, Baldelli S, Pagliei B, Ciriolo MR. Extranuclear

localization of SIRT1 and PGC-lalpha: an insight into

possible roles in diseases associated with mitochondrial
dysfunction. Curr Mol Med. 2013;13:140-154.

Feige JN, Lagouge M, Canto C, Strehle A, Houten SM,

Milne JC, Lambert PD, Mataki C, Elliott PJ, Auwerx

J. Specific SIRT1 activation mimics low energy levels

10.

www.impactjournals.com/oncotarget

37009

Oncotarget



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

and protects against diet-induced metabolic disorders by
enhancing fat oxidation. Cell Metab. 2008;8:347-358.

Higashida K, Kim SH, Jung SR, Asaka M, Holloszy JO,
Han DH. Effects of resveratrol and SIRT1 on PGC-1alpha
activity and mitochondrial biogenesis: a reevaluation. PLoS
Biol. 2013;11:e1001603.

Jian B, Yang S, Chaudry IH, Raju R. Resveratrol improves
cardiac contractility following trauma-hemorrhage by
modulating Sirtl. Mol Med. 2012;18:209-214.

Jian B, Yang S, Chaudry IH, Raju R. Resveratrol restores
sirtuin 1 (SIRT1) activity and pyruvate dehydrogenase
kinase 1 (PDK1) expression after hemorrhagic injury in a
rat model. Mol Med. 2014;20:10-16.

Powell RD, Swet JH, Kennedy KL, Huynh TT, McKillop
IH, Evans SL. Resveratrol attenuates hypoxic injury in
a primary hepatocyte model of hemorrhagic shock and
resuscitation. J Trauma Acute Care Surg. 2014;76:409-417.
Lombard DB, Alt FW, Cheng HL, Bunkenborg J,
Streeper RS, Mostoslavsky R, Kim J, Yancopoulos G,
Valenzuela D, Murphy A, Yang Y, Chen Y, Hirschey
MD, et al. Mammalian Sir2 homolog SIRT3 regulates
global mitochondrial lysine acetylation. Mol Cell Biol.
2007;27:8807-8814.

Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H,
Hambleton MA, Brunskill EW, Sayen MR, Gottlieb RA,
Dorn GW, Robbins J, Molkentin JD. Loss of cyclophilin
D reveals a critical role for mitochondrial permeability
transition in cell death. Nature. 2005;434:658-662.

Giorgio V, Soriano ME, Basso E, Bisetto E, Lippe G,
Forte MA, Bernardi P. Cyclophilin D in mitochondrial
pathophysiology. Biochim Biophys Acta. 2011;1797:1113-
1118.

Shulga N, Wilson-Smith R, Pastorino JG. Sirtuin-3
deacetylation of cyclophilin D induces dissociation
of hexokinase II from the mitochondria. J Cell Sci.
2010;123:894-902.

Shulga N, Pastorino JG. Ethanol sensitizes mitochondria
to the permeability transition by inhibiting deacetylation
of cyclophilin-D mediated by sirtuin-3. J Cell Sci.
2010;123:4117-4127.

Miura T, Tanno M. The mPTP and its regulatory proteins:
final common targets of signalling pathways for protection
against necrosis. Cardiovasc Res. 2012;94:181-189.

Morrison CA, Carrick MM, Norman MA, Scott BG,
Welsh FJ, Tsai P, Liscum KR, Wall MJ, Jr., Mattox KL.
Hypotensive resuscitation strategy reduces transfusion
requirements and severe postoperative coagulopathy in
trauma patients with hemorrhagic shock: preliminary results
of a randomized controlled trial. J Trauma. 2011;70:652-
663.

Agarwal B, Stowe DF, Dash RK, Bosnjak ZJ, Camara AK.
Mitochondrial targets for volatile anesthetics against cardiac
ischemia-reperfusion injury. Front Physiol. 2014;5:341.

Walters AM, Porter GA, Jr., Brookes PS. Mitochondria as

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

a drug target in ischemic heart disease and cardiomyopathy.
Circ Res. 2012;111:1222-1236.
Zhao KS. Hemorheologic events in severe shock.
Biorheology. 2005;42:463-477.

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur
M, Telser J. Free radicals and antioxidants in normal
physiological functions and human disease. Int J Biochem
Cell Biol. 2007;39:44-84.

Krizbai IA, Lenzser G, Szatmari E, Farkas AE, Wilhelm I,
Fekete Z, Erdos B, Bauer H, Bauer HC, Sandor P, Komjati
K. Blood-brain barrier changes during compensated and
decompensated hemorrhagic shock. Shock. 2005;24:428-
433.

Szczepanek K, Chen Q, Derecka M, Salloum FN, Zhang
Q, Szelag M, Cichy J, Kukreja RC, Dulak J, Lesnefsky
EJ, Larner AC. Mitochondrial-targeted Signal transducer
and activator of transcription 3 (STAT3) protects against
ischemia-induced changes in the electron transport chain
and the generation of reactive oxygen species. J Biol Chem.
2011;286:29610-29620.

Camara AK, Bienengraeber M, Stowe DF. Mitochondrial
approaches to protect against cardiac ischemia and
reperfusion injury. Front Physiol. 2011;2:13.

Pantazi E, Zaouali MA, Bejaoui M, Serafin A, Folch-Puy
E, Petegnief V, De Vera N, Ben Abdennebi H, Rimola A,
Rosello-Catafau J. Silent information regulator 1 protects
the liver against ischemia-reperfusion injury: implications
in steatotic liver ischemic preconditioning. Transpl Int.
2014;27:493-503.

Jian B, Yang S, Chen D, Chaudry I, Raju R. Influence of
aging and hemorrhage injury on Sirtl expression: possible
role of myc-Sirtl regulation in mitochondrial function.
Biochim Biophys Acta. 2011;1812:1446-1451.

Yang Y, Duan W, Lin Y, Yi W, Liang Z, Yan J, Wang
N, Deng C, Zhang S, Li Y, Chen W, Yu S, Yi D, et al.
SIRT1 activation by curcumin pretreatment attenuates
mitochondrial oxidative damage induced by myocardial
ischemia reperfusion injury. Free Radic Biol Med.
2013;65:667-679.

Gurd BJ, Yoshida Y, McFarlan JT, Holloway GP, Moyes
CD, Heigenhauser GJ, Spriet L, Bonen A. Nuclear SIRT1
activity, but not protein content, regulates mitochondrial
biogenesis in rat and human skeletal muscle. Am J Physiol
Regul Integr Comp Physiol. 2011;301:R67-75.

Scher MB, Vaquero A, Reinberg D. SirT3 is a nuclear
NAD+-dependent histone deacetylase that translocates
to the mitochondria upon cellular stress. Genes Dev.
2007;21:920-928.

Iwahara T, Bonasio R, Narendra V, Reinberg D. SIRT3
functions in the nucleus in the control of stress-related gene
expression. Mol Cell Biol. 2012;32:5022-5034.

Boengler K, Hilfiker-Kleiner D, Heusch G, Schulz R.
Inhibition of permeability transition pore opening by
mitochondrial STAT3 and its role in myocardial ischemia/

WWW

.impactjournals.com/oncotarget

37010

Oncotarget



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

reperfusion. Basic Res Cardiol. 2010;105:771-785.

Morciano G, Giorgi C, Bonora M, Punzetti S, Pavasini R,
Wieckowski MR, Campo G, Pinton P. Molecular identity
of the mitochondrial permeability transition pore and its
role in ischemia-reperfusion injury. J Mol Cell Cardiol.
2015;78C:142-153.

Alam MR, Baetz D, Ovize M. Cyclophilin D and myocardial
ischemia-reperfusion injury: A fresh perspective. ] Mol Cell
Cardiol. 2015;78C:80-89.

Wu YT, Wu SB, Wei YH. Roles of sirtuins in the
regulation of antioxidant defense and bioenergetic function
of mitochondria under oxidative stress. Free Radic Res.
2014;48:1070-1084.

Giralt A, Hondares E, Villena JA, Ribas F, Diaz-Delfin J,
Giralt M, Iglesias R, Villarroya F. Peroxisome proliferator-
activated receptor-gamma coactivator-lalpha controls
transcription of the Sirt3 gene, an essential component of
the thermogenic brown adipocyte phenotype. J Biol Chem.
2011;286:16958-16966.

Huang B, Cheng X, Wang D, Peng M, Xue Z, Da Y, Zhang
N, Yao Z, Li M, Xu A, Zhang R. Adiponectin promotes
pancreatic cancer progression by inhibiting apoptosis via
the activation of AMPK/Sirtl/PGC-1lalpha signaling.
Oncotarget. 2014;5:4732-4745.

Li H, Xia N, Forstermann U. Cardiovascular effects and
molecular targets of resveratrol. Nitric Oxide. 2012;26:102-
110.

Wang H, Guan Y, Widlund AL, Becker LB, Baur JA,
Reilly PM, Sims CA. Resveratrol ameliorates mitochondrial
dysfunction but increases the risk of hypoglycemia
following hemorrhagic shock. J Trauma Acute Care Surg.
2014;77:926-933.

Li YG, Zhu W, Tao JP, Xin P, Liu MY, Li JB, Wei M.
Resveratrol protects cardiomyocytes from oxidative stress
through SIRT1 and mitochondrial biogenesis signaling
pathways. Biochem Biophys Res Commun. 2013;438:270-
276.

Gray SD. Rat spinotrapezius muscle preparation for
microscopic observation of the terminal vascular bed.
Microvasc Res. 1973;5:395-400.

Flameng W, Borgers M, Daenen W, Stalpaert G.
Ultrastructural and cytochemical correlates of myocardial
protection by cardiac hypothermia in man. J Thorac
Cardiovasc Surg. 1980;79:413-424.

Zhao Y, Wu ZH, Zhao GL. [Isolation and physiological
characterization of mesenteric arterial smooth muscle cells].
Nan Fang Yi Ke Da Xue Xue Bao. 2006;26:954-958.

Petronilli V, Miotto G, Canton M, Colonna R, Bernardi
P, Di Lisa F. Imaging the mitochondrial permeability
transition pore in intact cells. Biofactors. 1998;8:263-272.

Song R, Zeng Q, Ao L, Yu JA, Cleveland JC, Zhao KS,
Fullerton DA, Meng X. Biglycan induces the expression
of osteogenic factors in human aortic valve interstitial cells
via Toll-like receptor-2. Arterioscler Thromb Vasc Biol.

2012;32:2711-2720.

WWW

.impactjournals.com/oncotarget

37011

Oncotarget



