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Abstract Aims/hypothesis: Increased oxidative stress in
vascular smooth muscle cells (VSMCs) has been implicated
in the pathogenesis of accelerated atherosclerosis in patients
with diabetes mellitus. Uncoupling protein 2 (UCP-2) is an
important regulator of intracellular reactive oxygen species
(ROS) production. We hypothesised that UCP-2 functions
as an inhibitor of the atherosclerotic process in VSMCs.
Methods: Overexpression of human UCP-2 was performed
in primary cultured human VSMCs (HVSMCs) via adeno-
virus-mediated gene transfer. Its effects on ROS production,
AP-1 activity, plasminogen activator inhibitor 1 (PAI-1) gene

expression, and cellular proliferation and migration were
measured in response to high glucose and angiotensin II
(Ang II) concentrations, two major factors in the pathogen-
esis of atherosclerosis in patients with diabetes and hyper-
tension. Mitochondrial membrane potential and NAD(P)H
oxidase activity were also measured. Results: High glu-
cose and Ang II caused transient mitochondrial membrane
hyperpolarisation. They also significantly stimulated ROS
production, NAD(P)H oxidase activity, mitochondrial mem-
brane potential, AP-1 activity, PAI-1 mRNA expression, and
proliferation and migration of HVSMCs. Adenovirus-me-
diated transfer of the UCP-2 gene reversed all of these
effects. Conclusions/interpretation: The present studydem-
onstrates that UCP-2 can modify atherosclerotic processes in
HVSMCs in response to high glucose and Ang II. Our data
suggest that agents increasing UCP-2 expression in vascular
cells may help prevent the development and progression of
atherosclerosis in patients with diabetes and hypertension.
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Introduction

The risk of cardiovascular disease is increased in patients
with diabetes mellitus, especially when diabetes is com-
bined with hypertension [1, 2]. The proliferation and migra-
tion of vascular smooth muscle cells (VSMCs), leading to
excessive accumulation of VSMCs within the arterial inti-
ma layer, are key processes in atherosclerosis [3, 4]. VSMCs
within the intima produce various atherogenic mediators in-
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cluding plasminogen activator inhibitor 1 (PAI-1) [5]. This
protein is the main physiological inhibitor of tissue-type
plasminogen activator and is considered to be the most im-
portant inhibitor of fibrinolysis [6]. Moreover, in VSMCs,
PAI-1 promotes neointimal formation after vascular injury
[7, 8].

It is now well established that an increase in oxidative
stress in vascular cells plays a key role in the pathogenesis of
atherosclerosis [9, 10].Highglucose andangiotensin II (Ang
II) concentrations, which contribute to the pathogenesis of
atherosclerosis in patients with diabetes and hypertension
respectively, lead to intracellular oxidative stress [11, 12].
In previous studies, we demonstrated that oligodeoxynu-
cleotide (ODN)-mediated inhibition of the redox-sensitive
transcription factor activator protein 1 (AP-1) decreased
high-glucose- and Ang-II-induced proliferation and PAI-1
gene expression in human VSMCs (HVSMCs) [13, 14].
These results support the concept that relatively high levels
of oxidative stress in vascular cells induce atherogenic genes
via redox-sensitive signalling pathways and transcription
factors [10].

Although the relative contribution of the individual re-
active oxygen species (ROS)-generating systems in the vas-
culature is still ambiguous, both cell membrane NAD(P)H
oxidase and themitochondrial electron-transport chain have
been shown to play significant roles in the overproduction
of ROS byAng II [12, 15] and high glucose [16, 17]. UCP-2
is a newly identified member of the mitochondrial anion
carrier family and shares 60% sequence identity with the
well-known thermogenic UCP-1 from brown adipose tissue
[18]. Several lines of evidence suggest that UCP-2 is in-
volved in the control of ROS production by mitochondria
[19–21]. More recently, a direct role for UCP-2 in the reg-
ulation of atherogenesis has been suggested by the observa-
tion that bonemarrow transplantation fromUCP-2-deficient
mice to LDL-receptor-deficient mice markedly increased
atherosclerotic lesion size [22]. However, there has been
no previous investigation of UCP-2 function in VSMCs.
Therefore, the aim of this study was to investigate the pos-
sible role of UCP-2 in the regulation of atherogenesis in
VSMCs.

Materials and methods

Cell culture HVSMCs were isolated from the thoracic aorta
of organ transplantation donors by the explant method as
described previously [14]. Tissue collection was approved
by the ethics committee of the institution. Cells were cul-
tured in DMEM (Gibco BRL, Gaithersburg, MD, USA)
containing 20% fetal bovine serum (Hyclone, Logan, UT,
USA). In each preparation, HVSMC purity was determined
by positive staining with smooth-muscle-specific α-actin
monoclonal antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). All the cells were used within passages 5
and 6. After reaching 90% confluency in 100-mm dishes,
cells were serum starved for 24 h and exposed to either
control, normal glucose (DMEM containing 10% serum

and 5.5 mmol/l D-glucose) or conditioned medium (DMEM
containing 10% serum and 22 mmol/l D-glucose).

Preparation of recombinant adenovirus The cDNA en-
coding the full-length human UCP-2 was inserted into the
HindIII/BamHI site of the pAd-YC2 shuttle vector [23].
Shuttle vectors containing human UCP-2 cDNA and the res-
cue vector pJM17 [24, 25] were co-transfected into human
embryonic kidney 293 (HEK-293) cells, whichwere cultured
on 24-well plates the day before transfection. After 12 to 15
days, recombinants were identified by PCR [23], following
which they were amplified in HEK-293 cells, and purified
and isolated using CsCl (Sigma, St Louis, MO, USA). The
preparations were collected and desalted and titres were de-
termined by measuring plaque counts. Control adenovirus
not containing UCP-2 (Ad-Null) was prepared and identi-
fied by the same method.

Measurement of intracellular H2O2 production HVSMCs
were seeded into six-well plates containing cover glasses.
After reaching 90% confluency, HVSMCs were incubated
in serum-free media for 24 h. Cells treated with 6×106

plaque-forming units of adenovirus containing the UCP-2
gene (Ad-UCP-2) or Ad-Null were cultured for 48 h in
media containing 2% fetal bovine serum. After exposure to
Ang II (100 nmol/l; Sigma) for 4 h, 10 μmol/l 2′,7′-di-
chlorofluorescein diacetate (Sigma), a H2O2-sensitive fluo-
rescent probe, were added and HVSMCs were cultured for
30 min. H2O2 production was quantified using Zeiss LSM
410 confocal scanning laser microscopy at an excitation
wavelength of 488 nm and an emission wavelength of
515 nm. Under the same imaging conditions, six images
were analysed for each condition using the NIH program.

Measurement of NAD(P)H oxidase activity HVSMCswere
washed twice with PBS, then lysed with lysis buffer
(50 mmol/l Tris–HCl, 150 mmol/l NaCl, 1 mmol/l EDTA,
1% Triton X-100, 10% glycerol, 1 mmol/l PMSF, 1 mg/ml
aprotinin, 1 mg/ml leupeptin) and incubated for 1 h on ice.
The lysate was centrifuged at 12,000 g for 20 min and the
supernatant was saved. Protein content was determined
using the Bradford method (Bio-Rad, Hercules, CA, USA).
NAD(P)H oxidase activity was measured by lucigenin
chemiluminescence [26].

Measurement of mitochondrial membrane potential The
degree of polarisation of the mitochondria was determined
by loading with tetramethylrhodamine (TMRM; Molecular
Probes, Eugene, OR, USA) as described previously [27].
Forty-eight hours after infecting cells with Ad-UCP-2 or
Ad-Null, cells were seeded to 96-well culture plates and
exposed to either control, Ang II (100 nmol/l) or high glu-
cose (22 mmol/l D-glucose) conditions for the given time
periods. Cells were incubated with 50 nmol/l TMRM for
20 min at 37°C and then rinsed with Hanks’ balanced salt
solution (10 mmol/l HEPES, pH 7.4, 150 mmol/l NaCl,
5 mmol/l KCl, 1 mmol/l MgCl2, 1.8 mmol/l CaCl2). The
plate was immediately placed in a microplate spectrofluo-
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rometer (SPECTRAmaxGEM-INI-XS;MolecularDevices,
Sunnyvale, CA, USA), and the absorbance of TMRM was
determined by 485-nm excitation and 590-nm emission.

Electrophoretic mobility shift assay Nuclear extracts were
prepared from HVSMCs. DNA probes were labelled using
[γ-32P]ATP and T4 polynucleotide kinase. Following end-
labelling, 32P-labelled ODNs were purified using a NAP-5
column. Protein–DNA binding reactions were performed
as described previously [14]. Experimental conditions for
competition studies were identical, except that appropriate
competitor ODNs were added to the reaction mixtures in
50- to 100-fold molar excess before nuclear extracts were
added.

RT-PCR Aliquots of total RNA (1 μg) from each sample
were reverse-transcribed into cDNA according to the in-
structions of the First Strand cDNA Synthesis Kit manu-
facturer (MBI, Vilnius, Lithuania). Equal amounts of the
reverse transcriptional products were subjected to PCR
amplification. The primers used for amplification of human
UCP-2 were 5′-ATCTCCTGGGACGTAGCAG-3′ (forward)
and 5′-CCAGCTCAGCACAGTTTGAC-3′ (reverse). The
mRNA levels were normalised with β-actin mRNA levels.

Northern blot analysis The radiolabelled probes used for
northern blot analysis were prepared by random primer la-
belling with [α-32P]dCTP using a random primer labelling
kit (Amersham, Arlington Heights, IL, USA). Northern blot
analysis was performed as described previously [14].

Cell growth assay HVSMCs were seeded on 96-well tissue
culture plates. At 30% confluency, they were rendered qui-
escent by incubation for 24 h in serum-free medium. After
treatment with 6×106 plaque-forming units of Ad-UCP-2 or
Ad-Null, Ang II (100 nmol/l) was added to the wells and
cells were incubated at 37°C for a further 4 h. The cell
proliferation rate was determined using a WST cell count-
ing kit (Wako, Osaka, Japan).

Cell migration assay HVSMCs were seeded on six-well
plates at 90% confluency and were incubated in serum-
free medium for 24 h. They were then treated with 6×106

plaque-forming units of Ad-UCP-2 or Ad-Null and were
wounded by razor scraping. After rinsing with PBS, Ang
II (100 nmol/l) was added to the wells. Cells were allowed
to migrate for 48 h and were then stained with haematox-
ylin and eosin. The extent of migration was calculated by
direct cell counting.

Statistical analysis Results are expressed as means±SEM.
Analysis of variance with a subsequent Duncan’s test was
used to determine statistical significance in multiple com-
parisons. A p value of less than 0.05 was considered sta-
tistically significant. All experiments were performed at
least three times.

Results

Expression of UCP-2 mRNA in HVSMCs and up-regula-
tion by angiotensin II and high glucose We initially ex-
amined whether UCP-2 mRNA is basally expressed in
HVSMCs and whether the level of expression changes in
response to high glucose and Ang II. RT-PCR indicated that
primary cultured HVSMCs do express UCP-2 mRNA, and
that its expression level was increased by both Ang II and
high glucose (Fig. 1a, p<0.01 and p<0.001 respectively).

Adenovirus-mediated UCP-2 gene overexpression in
HVSMCs To determine whether UCP-2 reduces the produc-
tion of ROS, we used adenoviral infection to overexpress
UCP-2 in HVSMCs. HVSMCs infected with adenoviruses
containing UCP-2 (Ad-UCP-2) cDNA at doses of 3, 6 and
12×106 plaque-forming units/ml exhibited four-, 42- and

Fig. 1 Expression of UCP-2 mRNA (a) and adenovirus-mediated
overexpression of UCP-2 (b) in HVSMCs. a NG, normal glucose
(5.5 mmol/l); HG, high glucose (22 mmol/l); Ang II, angiotensin II
(100 nmol/l). **p<0.01 vs NG; ***p<0.001 vs NG; #p<0.05 vs HG.
b Null, Ad-Null; p.f.u., plaque-forming units. *p<0.05 vs Null;
**p<0.01 vs Null
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69-fold increases in UCP-2 mRNA, respectively, compared
with cells infected with Ad-β-gal (Fig. 1b). We used 6×106

plaque-forming units/ml of Ad-UCP-2 in subsequent
experiments.

Suppression of H2O2 production by Ad-UCP-2 Ang II
(100 nmol/l) and high glucose (22 mmol/l) increased the
production of H2O2 compared with that observed under
normal glucose (5.5 mmol/l) conditions (p<0.01 for each).
Transfection of Ad-UCP-2 significantly reduced H2O2 pro-
duction induced by Ang II or high glucose, whereas trans-
fection of Ad-Null did not influence this parameter (Fig. 2).

Effect of Ad-UCP-2 on NAD(P)H oxidase Both high glu-
cose and Ang II increased the NAD(P)H oxidase activity
compared with that observed under normal glucose con-
ditions (p<0.05 for each). Transfection of Ad-UCP-2 sig-
nificantly reduced NAD(P)H oxidase activity (Fig. 3a).

Effect of Ad-UCP-2 on the mitochondrial membrane po-
tential The changes in the membrane potential in response
to high glucose and Ang II were determined over a 24- or

3-h period respectively. There was a rapid increase in the
membrane potential, which peaked at 3 h following ex-
posure to glucose (Fig. 3b). The membrane potential in
response to Ang II also increased and peaked at 30 min
(Fig. 3c). The membrane potentials then decreased and
were lower than those of the control cells. Overexpression
of UCP-2 completely prevented glucose- and Ang-II-in-
duced changes in the membrane potential observed in Ad-
Null-infected cells (Fig. 3b, c).

Effect of Ad-UCP-2 on AP-1 activity Intracellular oxidative
stress activates the redox-sensitive transcription factor AP-1
to influence various cellular functions. IncreasedAP-1DNA
binding activity in response to high glucose, in the presence
or absence of Ang II, was significantly decreased by Ad-
UCP-2, whereas Ad-Null had no effect (Fig. 4, p<0.01).

Fig. 2 Effect of Ad-UCP-2 on H2O2 production in response to high
glucose and Ang II. Quiescent HVSMCs were infected with 6×106

of Ad-Null or Ad-UCP-2. Cells were maintained in media contain-
ing normal glucose or high glucose with 2% FBS for 2 days, after
which they were processed for confocal microscopic examination
using the oxidant-sensitive probes 2′,7′-dichlorofluorescein diace-
tate. Fully confluent fields of HVSMCs were randomly chosen and
fluorescence was quantified using the NIH Image program. a NG+
Ad-Null; b NG+Ang II+Ad-Null; c NG+Ang II+Ad-UCP-2; d HG+
Ad-Null; e HG+Ang II+Ad-Null; f HG+Ang II+Ad-UCP-2. NG,
normal glucose (5 mmol/l); HG, high glucose (22 mmol/l); Ang II,
angiotensin II (100 nmol/l). Values are means±SEM of three inde-
pendent experiments (g). **p<0.01 vs NG; §§p<0.01 vs NG+Ang II;
#p<0.05 vs HG; ##p<0.01 vs HG+Ang II

Fig. 3 Effects of Ad-UCP-2 on NAD(P)H oxidase activity (a) and
mitochondrial membrane potential in response to high glucose (b)
and Ang II (c). a HVSMCs were infected with 6×106 of Ad-Null or
Ad-UCP-2 for 44 h under normal glucose or high glucose conditions,
with or without Ang II for 4 h.NG, normal glucose (5.5 mmol/l);HG,
high glucose (22 mmol/l); Ang II, angiotensin II (100 nmol/l); Null,
Ad-Null; UCP-2, Ad-UCP-2. Values are means±SEM of three inde-
pendent experiments. *p<0.05 vs NG; §p<0.05 vs NG+Ang II;
#p<0.05 vs HG; ##p<0.01 vs HG+Ang II. b, cHVSMCs were infected
with 6×106 of Ad-Null or Ad-UCP-2 for 48 h and exposed to high
glucose or Ang II. *p<0.05 vs basal; §p<0.05 vs Ad-Null
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Effect of Ad-UCP-2 on PAI-1 mRNA expression Ang II and
high glucose significantly increased PAI-1 mRNA expres-
sion (Fig. 5a, p<0.01 for each). Increased PAI-1 mRNA
expression by Ang II or high glucose was reduced to the
level observed under normal glucose conditions by the
transfer of Ad-UCP-2, whereas Ad-Null did not affect PAI-
1 mRNA expression. The reduction of PAI-1 mRNA ex-
pression was dose dependent (Fig. 5b).

Fig. 4 Effect of Ad-UCP-2 on AP-1 DNA binding activity. 6 μg of
nuclear extract were incubated with radiolabelled AP-1 probe. a A
typical example of a gel shift assay is shown for HVSMCs trans-
fected with Ad-UCP-2. b Bars represent fold increase compared
with normal glucose. NG, normal glucose (5.5 mmol/l); HG, high
glucose (22 mmol/l); Ang II, angiotensin II (100 nmol/l); Null, Ad-
Null; UCP-2, Ad-UCP-2 for adenoviral vector treatment. Values are
means±SEM of three independent experiments. **p<0.01 vs NG;
§§p<0.01 vs HG; ###p<0.001 vs NG; ##p<0.01 vs HG+Ang II

Fig. 6 Effect of Ad-UCP-2 on cell proliferation (a) and migration
(b) in HVSMCs. NG, normal glucose (5 mmol/l); HG, high glucose
(22 mmol/l); Ang II, angiotensin II (100 nmol/l). Values are means±
SEM of three independent experiments. a Cells were infected with
6×106 of Ad-Null or Ad-UCP-2. Three days after infection, growth
was measured using a WST kit. Optical density (OD) values indicate
growth activity of cells. **p<0.01 vs NG; §§p<0.01 vs NG+Ang II;
##p<0.01 vs HG; ++p<0.01 vs HG+Ang II. b Cells were infected with
6×106 of Ad-Null or Ad-UCP-2. Two days after infection, migration
was measured by direct cell counting. **p<0.01 vs NG; §§p<0.01 vs
NG+Ang II; #p<0.05 vs HG; ##p<0.01 vs HG+Ang II

Fig. 5 Effect of Ad-UCP-2 on PAI-1 expression. NG, normal glu-
cose (5.5 mmol/l);HG, high glucose (22 mmol/l); Ang II, angiotensin
II (100 nmol/l). Values are means±SEM of three independent ex-
periments. aHVSMCs were infected with either 6×106 of Ad-Null or
Ad-UCP-2. HVSMCs were stimulated with Ang II or high glucose,
with or without Ang II. Total RNA was extracted from HVSMCs.
10 μg of total RNAwere hybridised with PAI-1 probe. RNA quantity

was normalised by 18S rRNA. **p<0.01 vs NG; ***p<0.001 vs NG+
Ang II; #p<0.05 vs HG; ##p<0.01 vs HG+Ang II. b Dose-dependent
effect of Ad-UCP-2 on PAI-1 expression. HVSMCs were infected
with indicated dose ofAd-UCP-2. **p<0.01 vs NG; *p<0.05 vs NG+
Ang II; §§p<0.01 vs NG+Ang II; ##p<0.01 vs HG. p.f.u., plaque-
forming units
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Effect of Ad-UCP-2 on proliferation and migration of
HVSMCs Ang II and high glucose stimulated the prolifer-
ation of primary cultured HVSMCs (p<0.01 for each).
Transfection of Ad-UCP-2 significantly inhibited Ang-II-
or high-glucose-mediated cell proliferation (Fig. 6a, p<0.01
for each).
Similarly, Ang II and high glucose stimulated the mi-

gration of cultured primary HVSMCs compared with that
observed under normal glucose conditions (p<0.01 for
each). This increase in HVSMC migration in response to
Ang II or high glucose was markedly decreased by Ad-
UCP-2 but not affected by Ad-Null (Fig. 6b, p<0.01 for
each).

Discussion

We demonstrate here that UCP-2 is expressed in HVSMCs
and is up-regulated by Ang II and/or high glucose. Adeno-
viral transfer of the UCP-2 gene to HVSMCs profoundly
reduced ROS generation, AP-1 activity and mRNA expres-
sion of PAI-1, and also inhibited proliferation and migration
of HVSMCs in response to high glucose and Ang II.

Hyperglycaemia and high-plasma Ang II concentra-
tions are thought to play major roles in the pathogenesis
of atherosclerosis in patients with diabetes and hyperten-
sion. Accumulating evidence indicates that high glucose
and Ang II increase intracellular ROS production [12, 16,
17]. Consistent with these previous results, we found that
high glucose andAng II increase ROS generation, as well as
the activity of the redox-sensitive transcription factor AP-1,
and PAI-1 expression in HVSMCs. We also found that high
glucose and Ang II increase proliferation and migration of
HVSMCs. We previously demonstrated that inhibition of
AP-1 by a sequence-specific decoy ODN inhibited high-
glucose- and Ang-II-induced cell proliferation and PAI-1
gene expression in primary cultured HVSMCs [13, 14].
When these results are combined with our current observa-
tions, it appears that high glucose and Ang II stimulate ROS
generation in HVSMCs and that subsequent activation of
AP-1 is responsible for increased PAI-1 expression as well
as cellular proliferation and migration.

In this study, overexpression of theUCP-2 gene inhibited
high-glucose- and Ang-II-stimulated AP-1 activity, PAI-1
expression, and proliferation and migration of HVSMCs.
These results suggest that the effects of UCP-2 on HVSMC
function are via the inhibition of AP-1 activity. However,
direct inhibition of AP-1 byUCP-2 is less likely. The human
UCP-2 promoter region has AP-1 binding sites near the
transcription initiation site [28], which strongly suggests
that transcription of UCP-2 is induced through activation of
AP-1. High glucose and Ang II may increase UCP-2 ex-
pression by intracellular ROS-induced activation of AP-1.
Increases in UCP-2 may in turn decrease intracellular ROS
and AP-1 activity and may limit cellular proliferation and
PAI-1 gene expression of HVSMCs. In this regard, high-
glucose- orAng-II-inducedUCP-2 overexpressionmay be a
compensatory mechanism for reducing intracellular ROS
and limiting detrimental cellular effects of AP-1.

In cultured neuronal cells, high glucose induces initial
hyperpolarisation followed by depolarisation of the inner
mitochondrial membrane potential, which is associated
with increased generation of ROS [27, 29]. Consistent with
these studies, we found that high glucose and Ang II caused
mitochondrial membrane hyperpolarisation followed by
depolarisation. As expected, UCP-2 overexpression pre-
vented these processes as well as ROS production [27]. Cell
membrane NAD(P)H oxidase is another major source of
ROS generation in VSMCs. Consistent with previous ob-
servations [12, 15, 26], both high glucose and Ang II in-
creased NAD(P)H oxidase activity. Quite unexpectedly, we
also found that UCP-2 overexpression significantly de-
creased high-glucose- and Ang-II-induced increases in
NAD(P)H oxidase activity. The mechanism by which UCP-
2 overexpression decreases NAD(P)H oxidase activity is
presently unknown, but may be due to its effect on the
cellular NADH/NAD+ redox state. Bassenger et al. reported
that reduction of the NADH concentration : NAD+ concen-
tration ratio (NADH : NAD+ redox) by pyruvate infusion
dose-dependently inhibited NAD(P)H oxidase activity and
ROS generation in perfused guinea pig hearts [30]. There-
fore, it can be assumed that high-glucose- and Ang-II-in-
duced mitochondrial membrane hyperpolarisation, which
reflects impairment of mitochondrial electron transfer and
respiration, would increase NAD(P)H oxidase activity by
increasing the cytosolic NADH : NAD+ ratio. Conversely,
normalisation of mitochondrial membrane potential by
UCP-2 overexpression would decrease NAD(P)H oxidase
activity by reducing the cytosolic NADH : NAD+ ratio. The
mechanism by which Ang II induces mitochondrial mem-
brane hyperpolarisation is yet to be investigated.

In summary, the present study shows that Ang-II- and
high-glucose-induced ROS production up-regulates UCP-2
expression in HVSMCs. Adenovirus-mediated transfer of
theUCP-2 gene diminished the expression of PAI-1 mRNA
as well as cell proliferation and migration under high glu-
cose and Ang II conditions. This study presents the possi-
bility that the agents increasing UCP-2 expression in the
vasculature may help prevent the development and pro-
gression of atherosclerosis in patients with diabetes and
hypertension.
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