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Mechanism of uncoupling protein 2-mediated myocardial
injury in hypothermic preserved rat hearts
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Abstract. In the present study, the alterations in uncoupling
protein 2 (UCP2) expression following hypothermic preserva-
tion in rat hearts were investigated. Isolated rat hearts were
preserved in Celsior solution for 3-12 h followed by 60 min
of reperfusion. The cardiac function was evaluated using the
Langendorff perfusion system. UCP2 and silent mating type
information regulation 2 homolog 1 (SIRT1) proteins were
detected by western blot analysis. The ATP production and
mitochondrial reactive oxygen species (ROS) levels were
assessed. Subsequent to preservation in ice-cold Celsior
solution for 3-12 h, the UCP2 protein expression in rat hearts
was observed to increase in a time-dependent manner. The
UCP?2 inhibitor genipin inhibited the hypothermic preserva-
tion-induced cardiac dysfunction, prevented a decline in ATP
production induced by 9 h of preservation, however had no
effect on the hypothermic preservation-induced increase in
mitochondrial ROS levels. Compared with the control group,
the SIRT1 protein expression in rat hearts reduced following
hypothermic preservation. Compared with the 9-h preserva-
tion group, Celsior solution supplemented with the SIRT1
activator resveratrol (20 or 40 pmol/l) inhibited UCP2 protein
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overexpression, prevented the decline in ATP production and
resulted in an improvement cardiac function. The SIRT1
inhibitor EX-527 abolished the resveratrol-induced inhibi-
tion of UCP2 overexpression and cardiac protection in the
hypothermic preserved rat heart. These observations suggest
that downregulation of UCP2 expression in the hypothermic
preserved rat heart in part initiated the protective mechanism
via the SIRT1 pathway.

Introduction

Primary graft dysfunction due to ischemia/reperfusion injury
is a major cause of cardiac dysfunction and high mortality (1,2).
Mitochondrial dysfunction serves a crucial role in the pathogen-
esis of several cardiac diseases including ischemia/reperfusion
injury. In response to stress, mitochondria are able to rapidly
shut off the energy supply, produce vast amounts of toxic
oxygen species and release a mixture of death-inducing
proteins into the cellular milieu (3). Mitochondrial uncoupling
proteins (UCPs), which promote proton leak across the inner
mitochondrial membrane, have emerged as essential regula-
tors of mitochondrial membrane potential, respiratory activity
and reactive oxygen species (ROS) generation. UCP2 is able to
reduce mitochondrial ROS generation and thereby ameliorate
myocardial function by promoting mild uncoupling (4). UCPs
contribute to the elevation of cardiomyocyte tolerance against
hypoxia and re-oxygenation, and promote cellular resistance
to oxidative stress (4). UCP2 levels have been reported to be
upregulated in parallel with infarct size reduction in precon-
ditioned hearts (5). UCP2 gene expression is increased in the
left ventricle in response to chronic hypobaric hypoxia (6). In
the cytoprotective hierarchy, UCP2 appears to serve a role in
modulating ischemia/anoxia tolerance in heart-derived cells.
Therefore, mitochondrial UCPs are necessary components of
ischemia tolerance and function as components of the cellular
antioxidant defense program.

The pathophysiological role of UCP2 on influencing
post-operative outcomes following heart transplantation
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remains to be fully elucidated. Considering its pivotal role
in the pathogenesis of the organs post-ischemia/reperfusion
injury, further investigation on cardiac UCP2 activity and
regulation will facilitate the development of novel and more
efficient organ preservation. In the present study, the role of
UCP2 following hypothermic preservation in rat hearts was
investigated using the Langendorff perfusion system. Due
to the fact that SIRT1 is an important regulators of UCP2
expression in numerous physiological and pathophysiological
conditions, the role of SIRT1 in the alterations of UCP2
expression was additionally investigated in the current study.

Materials and methods

Animals. Male Sprague-Dawley rats (n=88; age, 8-10 weeks;
weight, 250-300 g) were purchased from the Experimental
Animal Center of Zhejiang University (Hangzhou, China) and
cared for in compliance with the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of
Health (7). Rats were housed at five rats per cage in a controlled
environment at 21-23 °C, with 40-60% humidity and 12/12-h
light/dark cycle. The rats were allowed free access to water
and food. All experimental protocols were approved by the
Ethics Committee on Animal Experimentation of Zhejiang
University.

Reagents. Genipin, resveratrol, EX-527, ethylene
glycol-bis(f-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA) and monoclonal mouse fB-actin antibody (cat.
no. A5316) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The rabbit polyclonal UCP2 antibody (cat.
no. 11081-1-AP) was purchased from Proteintech Group, Inc.
(Chicago,IL,USA).Rabbit polyclonal SIRT1 (cat. no. sc-15404)
and mouse monoclonal prohibitin (cat. no. sc-377037) anti-
bodies were purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). Krebs-Henseleit (KH) solution
(pH 7.4) consisted of: NaCl 118.0 mmol/I, KCI 4.7 mmol/I,
K,PO, 1.2 mmol/l, MgSO, 1.2 mmol/l, NaHCO; 25.0 mmol/l,
CacCl, 1.25 mmol/l and glucose 10.0 mmol/I. Celsior solution
(pH 7.4) consisted of: NaOH 100 mmol/I, KCI 15 mmol/Il,
MgCl, 13 mmol/l, CaCl, 0.25 mmol/l, mannitol 60 mmol/I,
lactobionate 80 mmol/l, histidine 30 mmol/l, gluta-
mate 20 mmol/I.

In vitro hypothermic heart preservation model. Male
Sprague-Dawley rats were anesthetized with 60 mg/kg sodium
pentobarbital (intraperitoneal). The hearts were rapidly excised
and washed in ice-cold KH solution, and mounted for retro-
grade perfusion using a modified Langendorff method (8).
Following equilibration perfusion with KH solution (37°C) for
30 min, the left ventricular end-diastolic pressure (LVEDP),
left ventricular developed pressure (LVDP), maximal systolic
velocity of left ventricular pressure (+dP/dt,,,), maximal
diastolic velocity of left ventricular pressure (-dP/dt,,,,) and
heart rate were recorded as the basal value. Ice-cold Celsior
solution was perfused into the aorta to induce cardiac arrest,
then the rat hearts were subjected to 3-12 h of preservation
in ice-cold Celsior solution followed by reperfusion with KH
solution (37°C) for 60 min. Coronary flow was recorded during
the equilibration and reperfusion.
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Animal grouping. Rat hearts were divided into the following
groups (n=8): 1) Control group, not preserved in Celsior solu-
tion; ii) Celsior group, preserved in Celsior solution for 3-12 h;
iii) genipin group, preserved in Celsior solution containing
genipin (10 gmol/l) for 9 h; iv) resveratrol group, stored in
Celsior solution containing resveratrol (10, 20 and 40 M) for
9 h; v) resveratrol + EX-527 group, stored in Celsior solution
containing resveratrol (40 uM) and EX-527 (10 gmol/I) for 9 h;
and vi) EX-527 group, stored in Celsior solution containing
EX-527 (10 gmol/l) for 9 h.

Isolation of mitochondria. Cardiac mitochondria were
prepared from rat hearts as previously described (9). Briefly,
rat ventricular myocardium was excised and homogenized
in an ice-cold isolation buffer with EGTA (1 mmol/l). The
homogenates were centrifuged at 1,000 x g for 10 min at
4°C, then the supernatants were collected and centrifuged at
10,000 x g for 20 min at 4°C. The resulting pellet was washed
by resuspension in isolation buffer without EGTA and centri-
fuged again at 10,000 x g for 20 min at 4°C. The final pellet
resuspended in the isolation buffer was used for further assay.
Mitochondrial purity was assessed by western blot analysis
with the mitochondrial marker prohibitin and the cytosolic
marker 3-actin.

Measurement of reactive oxygen species. ROS produc-
tion in the cardiac mitochondria was determined using
2,7-dichlorodihydro fluorescent diacetate (DCFH-DA;
Beyotime Institute of Biotechnology, Haimen, China) (10).
Briefly, mitochondria (10 pg) were suspended in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer
and were incubated with 10 xM DCFH-DA at 37°C for 20 min
in the darkness. The fluorescence intensity was measured
using a microplate reader (Infinite M200; Tecan Group, Ltd.,
Minnedorf, Switzerland), at excitation and emission wave-
lengths of 485 nm and 530 nm, respectively.

Myocardial adenosine triphosphate (ATP) content measure-
ment. Myocardial ATP content was measured using the ATP
assay kit (Beyotime Institute of Biotechnology) based on the
luciferin-luciferase reaction. Bioluminescence intensity was
determined using a microplate reader (Infinite M200). The
protein concentration of each sample was determined using
the Bicinchoninic Acid Protein Assay kit (Beyotime Insti-
tute of Biotechnology). Total ATP levels were expressed as
nmol/mg protein.

Western blotting. Left ventricular myocardium was homog-
enized in radioimmunoprecipitation assay lysis buffer
(Beyotime Institute of Biotechnology). Proteins were sepa-
rated by 10% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and then blotted onto a nitrocellulose
membrane (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). For the detection of proteins, the
membrane was incubated with the UCP2 (1:1,000), SIRT1
(1:200) or p-actin (1:5,000) primary antibodies overnight at
4°C, and then incubated with goat anti-mouse (sc-2005) and
goat anti-rabbit (sc-2004) horseradish peroxidase-conjugated
secondary antibodies (1:2,000; Santa Cruz Biotechnology,
Inc.) for 1 h at room temperature. The proteins were visualized
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Figure 1. Expression of UCP2 protein, ATP production and ROS levels in hypothermic preserved rat hearts. (A) A representative immunoblot obtained using
UCP2 and f-actin antibodies. (B) Densitometric analysis indicating the protein levels of UCP2. Data are expressed as the mean =+ standard error of three
experiments. (C) ATP production, data are expressed as the mean + standard error, n=8. (D) ROS levels, data are expressed as the mean + standard error,
n=8. "'P<0.05, “P<0.01 vs. control group (not preserved in Celsior solution). UCP2, uncoupling protein 2; ATP, adenosine triphosphate; ROS, reactive oxygen

species.

using an enhanced chemiluminescence kit (Beyotime Institute
of Biotechnology). The band density was determined using
Quantity One software (version 4.62; Bio-Rad Laboratories,
Inc., Hercules, CA, USA) and normalized to that of (3-actin.

Statistical analysis. Data were expressed as the mean =+ stan-
dard error and analyzed using a one-way analysis of variance
with Newman-Keuls' post hoc test as required. P<0.05 was
considered to indicate a statistically significant difference.

Results

Alterations in UCP2 protein levels in rat hearts following
hypothermic preservation. Subsequent to preservation in
ice-cold Celsior solution for 3-12 h, the UCP2 protein expres-
sion levels in hypothermic preserved rat hearts were increased
in a time-dependent manner (Fig. 1). The LVEDP was signifi-
cantly increased, the LVDP, +dP/dt,,,,, heart rate and coronary
flow were significantly reduced in rat hearts undergoing 9 h
of hypothermic preservation followed by 60 min of reperfu-
sion (P<0.01; Fig. 2A-F). Celsior solution supplemented
with the UCP2 inhibitor genipin reversed the hypothermic
preservation-induced cardiac dysfunction (P<0.01; Fig. 2A-F).
The decline in ATP production induced by 9 h of preserva-
tion was also prevented by the supplement of genipin (P<0.01;
Fig. 2G). However, genipin had no effect on the hypothermic
preservation-induced increase in mitochondrial ROS levels
(Fig. 2H).

Effect of SIRTI activation on hypothermic
preservation-induced injury of rat hearts. Compared with the
control group, the SIRT1 protein expression in rat hearts was
reduced following preservation for 6-12 h (Fig. 3). The SIRT1
activatorresveratrol (20 or40 gmol/l)inhibited the UCP2 protein
overexpression induced by 9 h of hypothermic preservation,

and prevented the hypothermic preservation-induced decline
in ATP production (P<0.01; Fig. 4). Compared with 9 h of
preservation rat hearts, Celsior solution supplement with
resveratrol (20 or 40 ymol/l) additionally prevented the hypo-
thermic preservation-induced increase in LVEDP, improved
the LVDP and +dP/dt,,,, recovery, enhanced the heart rate and
coronary flow (Fig. 5).

Effect of SIRTI inhibitor on resveratrol-induced improve-
ment of cardiac function in hypothermic preserved rat hearts.
Compared with the Celsior group, the SIRT1 inhibitor EX-527
did not significantly effect the UCP2 protein expression and
cardiac function in hypothermic preserved rat hearts. However,
EX-527 was able to prevent the resveratrol-induced inhibition
of UCP2 overexpression (P<0.01; Fig. 6), and abolish the
resveratrol-induced protection against cardiac dysfunction in
the hypothermic preserved rat heart (P<0.01; Fig. 7).

Discussion

Successful organ preservation is imperative to reduce the
ischemia-reperfusion injury in clinical heart transplantation.
Cardiac mitochondrial dysfunction is deemed as one of the
key challenges limiting heart preservation. UCP2, as an inner
mitochondrial membrane proton carrier that uncouples ATP
synthesis, is able to facilitate proton leak into the mitochon-
drial matrix to promote partial uncoupled respiration; however
if in excess, will facilitate mitochondrial and cellular damage.
In the present study, the UCP2 protein expression in rat
hearts was observed to increase in a time-dependent manner
following cold preservation. The UCP2 inhibitor genipin
inhibited the hypothermic preservation-induced cardiac
dysfunction, prevented decline in ATP production, indicating
that overexpression of UCP2 serves a negative role in myocar-
dial ischemic injury.
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Figure 2. Effect of the UCP2 inhibitor genipin on (A) LVEDP, (B) LVDP, (C) +dP/dt
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The exact role of upregulation of UCP2 in rat heart mito-
chondria remains to be determined. UCP2 has been suggested
to protect cardiomyocytes against oxidative stress by dissi-
pating the mitochondrial proton gradient and mitochondrial
membrane potential, thereby reducing mitochondrial ROS
generation. McLeod er al (5) reported that preconditioning
in rat cardiac derived myoblasts is abolished following
UCP2 depletion by RNA-interference. However, in apparent
conflict with its uncoupling role, UCP2 has additionally been
hypothesized to be essential for mitochondrial Ca** uptake,
which has a protective action by stimulating mitochondrial
ATP production. UCP2 overexpression attenuates Ca**
overload and the production of ROS in mitochondria (11).
UCP2 additionally increases sensitivity of adult rat cardiac
myocytes to hypoxia-reoxygenation via ATP depletion
and acidosis (12). In the present study, the UCP2 inhibitor
genipin inhibited the hypothermic preservation-induced
cardiac dysfunction, prevented decline in ATP production
induced by 9 h of preservation, however had no effect on the
hypothermic preservation-induced increase in mitochondrial
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Figure 3. Expression of SIRT1 protein in hypothermic preserved rat hearts.
(A) Representative immunoblot obtained using SIRT1 and f$-actin anti-
bodies. (B) Densitometric analysis for SIRT1 levels. Data are expressed
as the mean = standard error of three experiments. “P<0.01 vs. control
group. Celsior group. SIRT1, silent mating type information regulation 2
homolog 1.
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ROS level, suggesting that elevated UCP2 in the heart during
hypothermic preservation UCP2 may result in mitochondrial
damage and consequently the attenuation of ATP production.
As reported, diminution of ATP synthesis is able to trigger
the closing of the mitochondrial ATP-sensitive potassium
channel, which is aim in cellular protection. In previous

studies, Celsior solution supplemented with diazoxide
significantly enhanced the LVDP recovery rate and reduced
the apoptotic index (9).

There are various mechanisms whereby mitochondrial
UCPs can be evoked in the context of cardiac ischemia and
reperfusion (13). ROS (14), beta-adrenergic stimulation (15),
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free fatty acids (16) and SIRTI1 have been reported as
regulators of UCP2 expression. SIRT1, an nicotine adenine
dinucleotide(+)-dependent deacetylase, is a regulator
responsible for various biological effects, predominantly
in metabolism and aging (17-21). SIRT1 is essential for
the maintenance of cardiac mitochondrial integrity and
normal postnatal myocardium development (22). In hearts
from SIRTI-deficient mice, morphological and functional
mitochondrial abnormalities were observed. The expres-
sion of SIRT1 is downregulated in advanced heart failure
samples compared with healthy control cardiomyocytes (23).
SIRTI1-dependent lysine deacetylation occurs during
ischemic preconditioning and may serve a role in cardio-
protective signaling (24). Downstream targets of SIRT1
include peroxisome proliferator-activated receptor (PPAR)-v,
PPARYy coactivator-lo. and UCP2 (25). Resveratrol is a
natural polyphenolic compound that has cardioprotective,
anticancer and anti-inflammatory properties (26,27), through
a SIRT1-dependent (28) or independent pathway (29). It was
identified that the SIRT1 protein expression in rat hearts
reduced following hypothermic preservation, while Celsior
solution supplemented with the SIRT1 activator resveratrol
inhibited the UCP2 protein overexpression, prevented the
decline in ATP production, improving cardiac function. The
SIRT1 inhibitor EX-527 abolished the resveratrol-induced
inhibition of UCP2 overexpression and cardiac protec-
tion in the hypothermic preserved rat heart. Thus, it was
suggested that SIRT1 is required for cardioprotection against
ischemia-reperfusion injury, and reduction of SIRTI is
associated with overexpression of UCP2. In the kidney and
brain, SIRT1 is suggested to regulate the mitochondrial
UCP2 via the peroxisome proliferator-activated receptor-y
coactivator-1o/PPARa signaling pathway (30,31).

In conclusion, these results suggest that downregulation
of UCP2 expression in the hypothermic preserved rat heart
in part initiated the protection mechanism via the SIRT1
pathway.
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