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Effects of azelnidipine (Azel) on stent-associated neointimal formation
by intravascular ultrasound analysis. (a) An intravascular ultrasound

cross-sectional image in the treatment groups. Dot lines and solid lines
show endothelial and internal elastica lamina, respectively. Bar 1 mm.
(b) Effect of azelnidipine on neointimal area (n =.8-10 each).

*P < 0.05 versus vehicle group. Each value represents mean + SEM.

stent-associated neointimal formation in clinically

relevant conditions. Effects of azelnidipine (Azel) on proliferation of human coronary artery

smooth muscle cells (a) and on the migration of rat aortic smooth
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blood pressure in cynomolgus monkeys (Table 3).
Furthermore, azelnidipine did not affect serum lipid
levels (Table 1). Therefore, the beneficial effect of high dose of azelnidipine, which was higher than the
azelnidipine on stent-associated neointimal formation  clinical dose in respect of plasma concentrations (Cp.,),
was independent of its effects on serum lipid or  did' not reduce arterial blood pressure, it might be
arterial blood pressure. Although the reason why the  explained by a species difference. In addition, the fact

Table 3 Mean heart rate and blood pressure in conscious cynomolgus monkeys treated with or without azelnidipine

Vehicle control Azelnidipine 3 mg/kg per day Azelnidipine 10 mg/kg per day
Heart rate (beats/min) 128+ 11 148+ 12 147 £ 10
Systolic blood pressure (mmHg) 101 £5 10044 98+ 3
Diastolic blood pressure (mmHg) 703 682 642

Data are expressed as mean & SEM. Cynomolgus monkeys (three males and three females) were sedated with intramuscular ketamine. A telemetry transmitter system with
a catheter-type pressure manometer (TL11M2-D70-PCT; Data Sciences International, Arden Hills, Minnesota, USA) was implanted at the subcutaneous space of the
abdomen, and the tip of the manometer was placed in the abdominal aorta through the femoral artery. After the animals recovered from the surgery and stabilized, arterial
blood pressure and heart rate were continuously measured for at least 48 h by a telemetry receiver system (Data Sciences International) before and 7 days after the oral
administration of azelnidipine at 3 or 10 mg/kg per day. Mean systolic blood pressure, diastolic blood pressure, and heart rate were examined with a computer-based
analysis system equipped with a telemetry system (Primetech Inc., Tokyo, Japan).
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that normotensive monkeys were used in the present study
can be explored.

Toinvestigate the potential mechanisms of the beneficial
action of azelnidipine, we examined the systemic and
local oxidative stress markers. Azelnidipine at 10 mg/kg
slightly but significantly reduced the systemic marker
(urine isoprostanes) 24 weeks after stent implantation.
However, the effect of azelnidipine on systemic oxidative
stress is not conclusive because of the variability of
baseline values. In contrast, a representative local marker
(fluorescent dihydroethidium staining) was reduced in
neointimal cells (VSMC), but not in medial cells by
azelnidipine at 10 mg/kg. These data support the notion
that local oxidative stress in activated neointimal smooth
muscle cells is important as one of the major mechanisms
underlying the vasculoprotective action of azelnidipine
seen in the present study.

It is now known that the oxidative stress-induced inflam-
matory and proliferative process is a centre stage of
neointimal formation after vascular injury [24,25]. We
and others have demonstrated that increased monocyte-
mediated inflammation is associated with greater neoin-
timal formation after stenting [26,27], and anti-MCP-1
gene therapy [12,14,28,29] or the administration of block-
ing antibody against the MCP-1 receptor [30] markedly
reduced neointimal formation after vascular injury. In the
present study, we therefore examined MCP-1 expression
and showed a reduction in serum MGCP-1 levels and
MCP-1 immunoreactivity in the neointima by azelnidi-
pine at 10 mg/kg. These data suggest that the vasculo-
protective effects of azelnidipine may be attributable to
the inhibition of the oxidative stress-induced upregula-
tion of MCP-1. However, because there were no signifi-
cant differences in the inflammation score, injury score,
and neovascularization between the three groups, it
is suggested that the beneficial effects of azelnidipine
cannot be explained solely by its anti-inflammatory
actions.

Emerging evidence, however, suggests that MCP-1 not
only mediates monocyte-related inflammation, but also
mediates the transformation, proliferation, and migration
of VSMC [31-33]. We therefore hypothesized that azel-
nidipine inhibits the proliferation/migration of VSMGC
induced by MCP-1. Our present data with VSMC in
culture suggest that azelnidipine might attenuate
stent-associated neointimal formation at least partly by
inhibiting the proliferation and migration of VSMC
induced by MCP-1.

Our present data suggest that azelnidipine attenuated
the proliferation and migration of VSMC in the neoin-
tima and thus decreased the production of inflammatory
cytokines and growth factors after stent intervention,
which in turn led to reduced neocintimal formation. It has

been suggested that azelnidipine might be used for
the prevention or treatment of atherosclerotic vascular
disease after stenting procedures as a ‘vasculoprotective
calcium antagonist’. A drug-eluting stent is now becom-
ing a major therapeutic device for patients with flow-
limiting vascular stenosis. It is expected that oral
azelnidipine treatmentin addition to a drug-eluting stent
would further decrease resténosis and clinical outcomes
in patients. ’

In conclusion, this study provided experimental evidence
suggesting that oral treatment with azelnidipine attenu-
ates stent-associated neointimal formation in non-human
primates. The beneficial effects were associated with
reduced local oxidative stress, MCP-1 expression and
smooth muscle cell proliferation/migration in the neoin-
tima. These data in non-human primates suggest the
potential clinical benefits of azelnidipine as a ‘vasculopro-
tective calcium antagonist’ in patients undergoing vascular
interventions. However, further clinical research is needed
‘to support this notion, because the effective dose of
azelnidipine was higher than the clinical dose range.
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Oxidative stress plays an important role in the structural and func-
tional abnormalities of diabetic heart, Glutathione peroxidase
(GSHPx) is a critical antioxidant enzyme that removes H,O; in both
the cytosol and mitochondia. We hypothesized that the overexpression
of GSHPx gene could attenuate left ventricular (LV) remodeling in
diabetes mellitus (DM). We induced DM by injection of streptozoto-
cin (160 mg/kg ip) in male GSHPx transgenic mice (TG+DM) and
nontransgenic wildtype littermates (WT-+DM). GSHPx activity was
higher in the hearts of TG mice compared with WT mice, with no
significant changes in other antioxidant enzymes. LV thiobarbituric
acid-reactive substances measured in TG+DM at 8 wk were signifi-
cantly lower than those in WT+DM (58 = 3 vs. 71 = 5 nmol/g, P <
0.05). Heart rate and aortic blood pressure were comparable between
groups. Systolic function was preserved normal in WT--DM and
TG+DM mice. In contrast, diastolic function was impaired in
WT-+-DM and was improved in TG+DM as assessed by the deceler-
ation time of peak velocity of transmitral diastolic flow and the time
needed for relaxation of 50% maximal LV pressure to baseline value
(tau; 13.5 = 1.2 vs. 8.9 = 0.7 ms, P < 0.01). The TG+DM values
were comparable with those of WT-+Control (tau; 7.8 * 0.2 ms).
Improvement of LV diastolic function was accompanied by the
attenuation of myocyte hypertrophy, interstitial fibrosis, and apopto-
sis. Overexpression of GSHPx gene ameliorated LV remodeling and
diastolic dysfunction in DM. Therapies designed to interfere with
oxidative stress might be beneficial to prevent cardiac abnormali-
ties in DM.

oxidative stress; diabetes mellitus; heart failure; antioxidant; hyper-
trophy; glutathione peroxidase

DIABETES MELLITUS OFTEN LEADS to congestive heart failure, even
in the absence of any other risk factors such as coronary artery
disease or hypertension, suggesting that diabetes itself causes a
specific form of cardiomyopathic state, independent of vascu-
lar complications (3). Specifically, diastolic dysfunction has
been regarded as a hemodynamic hallmark seen in diabetes and
ultimately contributes to the development of heart failure (1,
21). Diabetes causes myocardial structural remodeling charac-
terized by myocyte hypertrophy and apoptosis as well as
interstitial fibrosis (7), which increases cardiac muscle stiffness
and may contribute to impaired diastolic function. Although
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the features of diabetic heart disease have been well identified,
its pathogenesis and, in particular, the mechanisms underlying
myocardial remodeling process have not been fully elucidated.

The excess production of reactive oxygen species (ROS),
resulting in oxidative stress, is widely considered to be a cause
of tissue damage associated with diabetes (2, 23). Our previous
studies have demonstrated that H,O» and hydroxyl radical
(-OH), generated via superoxide anion (O3 *), play an important
role in the development and progression of myocardial remod-
eling in the pacing-induced heart failure as well as in the
postinfarct heart failure model (10, 28). Furthermore, in vitro
studies demonstrated that ROS could directly induce hypertro-
phy and apoptosis in cardiac myocytes (30). Therefore, oxida-
tive stress may contribute to the development of myocardial
remodeling seen in diabetes (27). In fact, previous studies
reported that antioxidants could attenuate myocardial damage
in experimental diabetes (24, 36).

The first line of defense against ROS-mediated cardiac
injury comprises several antioxidant enzymes including super-
oxide dismutase (SOD), catalase, and glutathione peroxidase
(GSHPx). SOD, including mitochondrial Mn-SOD and cyto-
solic Cu/Zn-SOD, could provide antioxidant protection by
inactivating O5*, sparing nitric oxide from destruction, and
preventing O3+ from forming more destructive ROS such as
peroxynitrite and its reaction products, including ‘OH. How-
ever, greater dismutation of O+ by SOD results in an increase
of Hz0,. Therefore, among these antioxidants, GSHPx is an
important enzyme that performs several vital functions (28).
GSHPX not only functions by removing H,O, formed after the
SOD-catalyzed dismutation reaction, but also detoxifies the
lipid hydroperoxides. In several in vitro studies, GSHPx alone
was demonstrated to confer greater protection against oxidative
damage than either SOD or catalase or the combination of SOD
and catalase (31). The great efficiency of GSHPx as an anti-
oxidant may be attributable to-the fact that it is located in both
the cytosol and the mitochondrial matrix and that it can utilize
lipid peroxides as well as H>O» for substrates. These beneficial
characteristics make GSHPx an important candidate for ther-
apy against myocardial remodeling and failure due to increased
ROS production. Our previous studies have demonstrated that
GSHPx overexpression can attenuate oxidative stress as well as
postinfarct cardiac remodeling and failure (28). Therefore, the
purpose of this study was to determine whether overexpression
of GSHPx could attenuate the structural remodeling and func-
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tional decline in the hearts with diabetes using GSHPx trans-
genic (TG) mice (20).

MATERIALS AND METHODS

TG mice. This study was approved by our Institutional Animal
Research Committee and conformed to the animal care guidelines of
the American Physiological Society. We used the progeny of het-
erozygous breeding pairs of the C57BL/6 XCBA/J hybrid mice with
the overexpression of the human GSHPx! gene (20). The coding
region of the human GSHPx gene was inserted into the unique BamHI
site of the pHMG cassette vector. To generate TG mice, No frag-
ments of recombinant plasmids were microinjected into the pronuclei
of the C57BL/6XCBA/] hybrid. Mouse strain 23 (containing 200
copies of the human GSHPx gene) was used for further studies. To
obtain TG animals and their normal littermates for experiments, TG
founders (kindly provided by Drs. Oleg Mirochnitchenko and Ma-
sayori Inouye, University of Medicine and Dentistry of New Jersey)
were bred with (C57BL/6 X CBA/I)F, mice. Tail clips and a PCR
protocol to confirm the genotype were performed by a group of
investigators.

Induction of diabetes. Diabetes was induced in 8-wk-old male
mice, weighing 26-32 g, by injection with streptozotocin (STZ; 160
mg/kg ip). Tail vein blood glucose samples were measured 5 days
after injection to insure induction of diabetes. As a control, vehicle
(0.1 mol/1 citrate buffer, pH 4.5) was injected in wild-type (WT) and
TG mice. This assignment procedure was performed with the use of
numeric codes to identify the animals. .

Echocardiographic and hemodynamic measurements. After 8 wk
of injection, echocardiographic studies were performed under light
anesthesia with tribromoethanol-amylene hydrate (Avertin; 2.5% wt/
vol, 8 wl/g ip) and spontaneous respiration. Two-dimensional targeted
M-mode tracings were recorded at a paper speed of 50 mm/s (28).

To assess diastolic cardiac function, two-dimensional guided
Doppler flow measurements of mitral inflow were obtained. Mitral
inflow velocities were recorded only after extensive scanning from
multiple vantage points to ensure that the maximal velocity was
obtained. In most situations, this was an apical window corresponding
to an “off-axis” apical window (displaced toward the parasternal
window). Early and late mitral inflow velocity (E wave and A wave,
respectively) and E wave deceleration time were measured from the
Doppler recordings in the standard fashion, and the E-to-A ratio was
calculated (17).

Under the same anesthesia with Avertin, a 1.4-Fr micromanometer-
tipped catheter (Millar Instruments) was inserted into the right carotid
artery and then advanced into the left ventricle (LV) to measure LV
pressures. The following indexes of cardiac performance were mea-
sured and averaged from three consecutive beats; LV systolic pres-
sure, LV end-diastolic pressure (EDP), the maximum and minimum
values of the first derivative of LV pressure (ILVdP/dfm.x and LVAP/
dfmin, respectively), and the time needed for relaxation of 50%
maximal LV pressure to baseline value (tau). One subset of investi-
gators, who were not informed of the experimental groups, performed
in vivo LV function studies.

Plasma glucose. After completion of the cardiac function measure-
ments performed after 2 h of fasting, blood samples were collected for
the determination of plasma glucose.

Mpyocardial histopathology. After in vivo studies, the heart was
excised and dissected into the right and left ventricles, including the
septum. The LV was cut into three transverse sections: apex, middle
ring, and base. From the middle ring, 5-pm sections were cut and
stained with Masson’s trichrome. Myocyte cross-sectional area was
determined by quantitative morphometry of tissue sections from the
mid-LV (28). Collagen distribution was also determined by using
picrosirius red (0.1% Sirius Red F3BA in picric acid)-stained sections.
Slides were left in 0.2% phosphomolybdic acid for 5 min, washed, and
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left in picrosirius red for 90 min and then in 1 mmol/l HCI for 2 min
and 70% ethanol for 45 s.

To detect apoptosis, tissue sections from the mid-LV were stained
with terminal deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) staining. The number of TUNEL-positive cardiac
myocyte nuclei was counted, and the data were normalized per 10°
total nuclei identified by hematoxylin-positive staining in the same
sections (28).

Antioxidant enzyme activities and lipid peroxidation. The enzy-
matic activities of GSHPX, catalase, and total SOD were measured in
the LV according to the methods described previously (28).

Lipid peroxidation is a major biochemical consequence of ROS
attack on biological tissue. We therefore determined the degree of
lipid peroxidation in the myocardial tissue through biochemical assay
of thiobarbituric acid reactive substances (TBARS) (28). In brief, LV
myocardial tissue was homogenized (10% wt/vol) in 1.15% KCI
solution (pH 7.4). The homogenate was mixed with 0.4% SDS, 7.5%
acetic acid adjusted to pH 3.5 with NaOH, and 0.3% thiobarbituric
acid. Butylated hydroxytoluene (0.01%) was added to the assay
mixture to prevent autoxidation of the sample. The mixture was kept
at 5°C for 60 min and was heated at 100°C for 60 min. After cooling,
the mixture was extracted with distilled water and n-butanol-pyridine
(15:1, vol/vol) and centrifuged at 1,600 g for 10 min. The absorbance
of the organic phase was measured at 532 nm. The amount of TBARS
was determined by absorbance with the molecular extinction coeffi-
cient of 156,000 (and expressed as pwmol/g wet wt).

To further assess the lipid peroxidation by histochemical analysis,
LV myocardial sections were immunolabeled with an antibody raised
against 4-hydroxy-2-nonenal (HNE)-modified protein, an aldehydic
byproduct of lipid peroxidation (10). In brief, paraffin-embedded
tissue sections (3-pun thick) were deparaffinized with xylene and
refixed with Bouin’s solution for 20 min and immersed in 70, 90, and
100% ethanol to remove picric acid. To inhibit endogenous peroxi-
dase, the sections were incubated with 0.3% H;0> in methanol for 30
min. After a rinsing in 0.01 mol/l PBS, the sections were incubated
with normal goat serum (diluted to 1:10) to inhibit nonspecific binding
of antibodies. The sections were further incubated with polyclonal
antiserum raised against an HNE-modified histidyl peptide (Gly3-His-
Gly3) conjugated with keyhole-limpet hemocyanin, After a rinsing
with 0.01 mol/l PBS, the sections were incubated with biotin-labeled
mouse anti-mouse IgG antiserum (diluted 1:100; Nihonyushi N213220)
for 60 min and then with avidin-biotin complex (Vectastain ABC kit;
1:100) for 60 min. After a rinsing, the sections were finally incubated
with 0.02% 3,3'-diaminobenzidine and 0.03% H:O, in deionized
water for 6-9 min. As a negative control, the sections were also
incubated with normal rabbit serum.

A morphometric analysis of HNE-positive myocardial area was
performed with tissue sections stained with HNE. Each section was
photographed under a microscope and magnified (final magnification,
X200). Three to four fields were randomly selected from one or two
coronal sections in each animal. As a result, the HNE-positive areas
were measured at approximately five to seven fields for each animal.
Within each field, myocardial segments that stained positively with
anti-HNE antibody were identified and were manually traced by use
of a digitizing pad with a computer to calculate the traced area.

Matrix metalloproteinases, transforming growth factor-8, and con-
nective tissue growth factor. We further determined the alterations of
profibrotic mediators including matrix metalloproteinases (MMPs),
transforming growth factor (TGF)-B, and connective tissue growth
factor (CTGF) in this model.

First, the myocardial MMP levels, including MMP-2 and MMP-9,
were determined in the LV using gelatin zymography (10). The LV
myocardial samples were homogenized (~30-s bursts) in 1 ml of an
ice-cold extraction buffer containing cacodylic acid (10 mmol/l),
NaCl (0.15 mol/1), ZnCl> (20 mmol/1), NaN3 (1.5 mmol/l), and 0.01%
Triton X-100 (pH 5.0). The homogenate was then centrifuged (4°C,
10 min, 10,000 g), and the supernatant was decanted and saved on ice.
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The pH levels of the samples were adjusted to 7.5 by use of Tris (1
mol/l). The final protein concentration of the myocardial extracts was
determined using a standardized colorimetric assay. The extracted
samples were then aliquoted and stored at —80°C until the time of
assay. The myocardial extracts were then directly loaded onto elec-
trophoretic gels (SDS-PAGE) containing 1 mg/ml gelatin under non-
reducing conditions. The myocardial extracts at a final protein content
of 5 g were loaded onto the gels using a 3:1 sample buffer (10%
SDS, 4% sucrose, 0.25 mol/l Tris-Cl, and 0.1% bromophenol blue, pH
6.8). The gels were run at 15 mA/gel through the stacking phase (4%)
and at 20 mA/gel for the separating phase (10%), while the running
buffer temperature was maintained at 4°C. After SDS-PAGE, the gels
were washed twice in 2.5% Triton X-100 for 30 min each, rinsed in
water, and incubated for 24 h in a substrate buffer at 37°C (50 mmol/l
Tris*HCI, 5 mmol/l CaCl,, and 0.02% NaN3, pH 7.5). After incuba-
tion, the gels were stained with Coomassie brilliant blue R-250. The
zymograms were digitized, and the size-fractionated bands, which
indicated the MMP proteolytic levels, were measured by integrated
optical density in a rectangular region of interest.

Next, the mRNA levels of myocardial MMPs including MMP-1,
-2, -3, -8, and -9 as well as tissue inhibitors of MMPs (TIMPs)
including TIMP-1, -2, -3, and -4 were determined by multiprobe
ribonuclease protection assay (RPA RiboQuant, PharMingen). Each
value was normalized to that of glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) in each template set as an internal control,
followed by calculation as a ratio to WT+-Control.

The expression level of genes incliding the TGF-B gene was
determined by ribonuclease protection assay. The value of each
hybridized probe was normalized to that of GAPDH in each template
set as an internal control. CTGF protein levels were quantified by
Western blot analysis using a specific antibody against recombinant
mouse CTGF. To confirm the amount of loaded proteins, total pro-
teins were also visualized by Coormassie brilliant blue staining. Within
a given experiment, the densitometric values were normalized, using
standards concurrently run within the same gel, and the value for each
WT-+diabetes mellitus (DM) or TG+DM was calculated as a ratio of
WT-+Control.

Statistical analysis. Data are expressed as means = SE. Between-
group comparison of means was performed by one-way ANOVA,
followed by r-tests. The Bonferroni’s correction was done for multiple
comparisons of means. P < 0.05 was considered to be statistically
significant.

RESULTS

Antioxidant enzymes and TBARS. The baseline differences
in antioxidant enzyme activities between WT and TG mice
were determined (Table 1). In TG mice, there was a significant
increase in GSHPx activities in the LV, Importantly, catalase
and SOD activities were not altered in the TG hearts, indicating
no effects of GSHPx overexpression on other antioxidant

Table 1. Antioxidant enzymes

WT+Control ~ TG+Control ~ WT+DM TG+DM
(n=9) (n=9) (n=9 (=19
GSHPx,
nmol'min~“mg
protein™! 449125  68.1£3.0%F 456%3.1 68.8x8.3%}
Catalase, nmol/mg
protein 67.8+7.5 89.5+154 64470 90.0x10.1
Total SOD, U/mg
protein’ 146213 157x16 192+24 19.0%x1.8

Values are means * SE; n is number of mice. GSHPx, glutathione perox-
idase; SOD, superoxide dismutase; WT, wildtype; TG, transgenic; DM, dia-
betes mellitus. *P < 0.05 vs. WT'+Control. TP < 0.05 vs. WT+DM.
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enzymes. Similar results have been reported in the brain,
liver, kidney, and lung obtained from the same series of
mice (11, 22). The changes of antioxidant enzyme activities
by the presence of diabetes were compared between WT and
TG mice. GSHPx activities were comparable between
WT+Control and WT+DM (Table 1). More importantly, as
expected, GSHPx activities were significaritly higher in
TG+DM compared with WT+DM (Table 1). SOD and cata-
lase activities were not altered in WT+DM or TG+DM
compared with WT+Control.

TBARS measured in the LV obtained from WT+DM tended
to be greater compared with WT+DM, which, however, did
not reach statistical significance (P = 0.05). Importantly,
TBARS from TG+DM were significantly lower than those
from WT+DM (Fig. 14). In accordance with TBARS, an
immunohistochemical analysis of HNE-modified protein re-
vealed the lipid peroxides to be positively stained in myocytes
from WT+DM mice, whereas only faint labeling was observed
in the WT+Control, TG+Control, and TG+DM (Fig. 1B).
The myocardial area stained positively with HNE was signif-
icantly smaller in TG+DM than in WT+DM.

Body weight and plasma glucose, There was no death in any
group of mice. DM animals gained less body weight than
control mice, which, however, did not differ between
WT+DM and TG+DM (Table 2). At 5 days and 8 wk, DM
mice had increased plasma glucose levels compared with
control animals, which was not altered by GSHPx gene over-
expression (Table 2).

Echocardiography and hemodynamics. The echocardio-
graphic and hemodynamic data of mice at 8 wk are shown in
Table 3. There was no significant difference in heart rate and
aortic blood pressure among four groups of mice. Systolic
function, as assessed by echocardiographic fractional shorten-
ing and LVdP/dtn.., was preserved as normal in both
WT+DM and TG+DM mice. In contrast, diastolic function,
as assessed by the deceleration time of peak wvelocity of
transmitral diastolic flow (Dct) and the time needed for relax-
ation of 50% maximal LV pressure to baseline value (tau), was
impaired in WT+DM, which was significantly attenuated in
TG+DM (Table 3). LVdP/dtni tended to be decreased in
WT+DM compared with WT-+Control (P = 0.05) and in-
creased in TG+DM compared with WT+DM (P = 0.09), both
of which, however, did not reach statistical significance.
LVEDP was slightly, but significantly, elevated in WT-+DM,
which was attenuated in TG+DM. .

Myocardial histomorphometry and apoptosis. Increased car-
diac myocyte size, indicating hypertrophy, was evident in
WT+DM, and this increase was significantly attenuated in
TG+DM (Fig. 2). Collagen volume fraction, indicating inter-
stitial fibrosis, in the WT+DM group was greater than in the
control groups (Fig. 2). These fibrotic changes in the heart were
significantly reduced in the TG+DM group.

The number of TUNEL-positive cells in the L'V from the
TG+DM group was significantly decreased compared with the
WT-+DM group and held constant relative to the control
groups (Fig. 3).

Mpyocardial MMPs, TGF-B, and CTGF. To further assess
the alterations of profibrotic mediators to be involved in inter-
stitial fibrosis, myocardial levels of MMPs, TGF-B, and CTGF
were determined.
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Fig. 1. A: lipid peroxidation as indicated by
thiobarbituric  acid  reactive  substances
(TBARS) in the myocardial tissue from T
WT+Control, TG+Control, WI'+DM, and 50 -

TG+DM hearts (n = 14 for each). WT, wild-
type; TG, transgenic; DM, diabetes mellitus.
Each assay was performed in triplicate. Values
are means * SE, {P < 0.05, difference from
‘WT-+DM value. B: representative immunohis-
tochemical micrograph analysis and summary
data for 4-hydroxy-2-nonenal (HNE)-modified
histidine peptide in the myocardial tissue sections
from WT+Control, TG+Control, WT+DM,
and TG4+DM mice (n = 3 for each). *P <
0.05, difference from the WT+Control value.
P < 0.05, difference from the WT+DM 20
value.
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Myocardial MMP-2 zymographic levels were increased in
WT-+DM, and this increase was significantly attenuated in
TG+DM (Fig. 4). MMP-9 protein levels, although they were
faint, were not altered in WT-+DM or TG+DM. Other MMPs
including MMP-1, -3, and -8 and TIMPs including TIMP-1, -2,
-3, and -4 were not altered in the hearts from four groups of
mice (Fig. 5).

Myocardial TGF-B gene expression was increased in
WT+DM, which was significantly attenuated in TG-+DM
(Fig. 6A). In parallel with TGF-B3, CTGF protein levels were
increased in WT+DM, which, however, was not attenuated in
TG+DM (Fig. 6B).

DISCUSSION

The present study demonstrated that overexpression of
GSHPx attenuated oxidative stress in the myocardial tissue and
concurrently improved LV diastolic function as well as re-
duced myocyte hypertrophy, apoptosis, and interstitial fibrosis.
Although the beneficial effects of various antioxidants on the
diabetic heart have been demonstrated already by previous
studies (6, 24, 36), the present study specifically provided
direct evidence for the protective role of GSHPx against
myocardial remodeling and dysfunction in this disease state.

Table 2. Body weight and blood glucose data

WT+Control TG+Control  WT+DM TG+DM
(n = 16) (n=14) (n=13) n=13)
Body weight, g 33.5+1.1 31710 272x07% 274+0.7%
Glucose, mg/dl (5
days after injection) 119%5 114x4 3324241 350%36%
Glucose, mg/dl (8 wk
after injection) 127x8 125x6 431x36%  420x7%

Values are means = SE; n is number of mice. P < 0.01 vs. WT+Control.
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The most effective way to evaluate the contribution of the
specific antioxidant and obtain the direct evidence for a role of
oxidative stress is through gene manipulation instead of the
administration of antioxidants. Therefore, the novel finding of
the present study from the point of view of understanding the
pathophysiology and treatment of maladaptive myocardial re-
modeling in response to diabetes mellitus is that H,O, is
critically involved in this disease process and may be a poten-
tial therapeutic target. Although the present study does not
support the notion that the alterations in GSHPx are involved
in oxidative stress in the diabetic heart, the overexpression of
this gene can prevent the increase of oxidative stress as well as
cardiac remodeling in diabetes mellitus. '

A growing body of evidence suggests that the production of
ROS is increased in the diabetic heart (14). Specifically, ROS
are produced within the mitochondria of these hearts (15, 23).
Furthermore, antioxidants have been shown to prevent the
structural and functional alterations of the diabetes heart (6, 24,
36). Therefore, the present study not only extends the previous
observation that employed antioxidants but also reveals the
major role of ROS in the pathophysiology of cardiac remod-
eling associated with diabetes.

GSHPx is a key antioxidant that catalyzes the reduction of
H,0, and hydroperoxides. It not only scavenges HaO» but also
prevents the formation of other more toxic radicals such as
‘OH. GSHPx possesses a higher affinity for H>O; than catalase.
Furthermore, it is present in relatively high amounts within the
heart, especially in the cytosolic and mitochondrial compart-
ments (18). These lines of evidence imply the primary impor-
tance of GSHPx as a defense mechanism within the heart
compared with catalase. Moreover, GSHPx is expected to exert
greater protective effects against oxidative damage than SOD
because greater dismutation of O3 - by SOD may result in an
increase of H,O,. Therefore, compared with SOD or catalase,
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Table 3. Echocardiographic and hemodynamic data

WT+Control TG+Control WT+DM TG+DM

Echocardiographic data
n 16 14 i3 13
Heart rate, beats/min 46612 448=7 417x6 4207
LV EDD, mm 3.7x0.1 3.6=0.1 3501 3.520.1
LV ESD, mm - 24=0.1 23x0.1 2.3%0.1 2.2x0.1
Fractional shortening, % 35.1x0.5 35508 34.1x0.7 36.1%20.6
IVS thickness, mm 0.71=0.02 0.70=0.02 0.68x0.02 0.68=0.02
PW thickness, mm 0.74=0.02 0.74=0.03 0.72x0.02 0.73%0.02
E/A ratio 1.49%0.06 1.60%0.12 1.28x0.06 1.3120.07
Dct, ms 33.6=0.6 346%13 453x1.6% 37.5£0.9%
Hemodynamic data

n 13 13 i3 13
Heart rate, beats/mia 438=12 439x13 413x4 43117
Systolic aortic pressure, mmHg 983 101 %4 1025 1016
Diastolic aortic pressure, mmHg 663 72x4 72x4 71£5
Mean aortic pressure, mmHg 76%3 32x4 835 82+6
LVEDP, mmHg 1.7x20.2 22x04 4.4+0.63 1.2+0.4§
LVAP/dtnex, mmHg/s 7,376%912 9.816+758 5,742 +663 8.646 649
LVdP/dt i, mmHg/s 6,996 822 7,052+700 4,458+330 6,036x547
Tau, ms 7.8+0.2 8.2x04 13.5x1.2% 8.9+0.7§

Values are means *= SE; n, number of mice. LV, left ventricular; EDD, end-diastolic diameter; ESD, end-systolic diameter; IVS, interventricular septal; PW,
posterior wall; E, peak velocity of early mitral flow: A, peak velocity of late mitral flow; Det, deceleration time; EDP, end-diastolic pressure; dP/dr, change in
pressure over time; tau, time needed for relaxation of 50% maximal LV pressure to baseline value. 2P < 0.01 vs. WT+Control. §P < 0.01 vs, WT+DM.
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Fig. 2. A: representative photomicrographs of Masson’s trichrome-stained left ventricular (LV) cross section obtained from 4 groups of mice. B: summary data
for myocyte cross-sectional area and collagen volume fraction in WT+Control (n = 11), TG+Control {n = 8), WT+DM (n = 12), and TG+DM (n = 1) mice.

Values are means = SE. *P < .05, difference from the WT+Control value. 1P < 0.05, difference from the WT+DM value.
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Fig. 3. A: representative photomicrographs of
TUNEL-stained cells (arrows) within LV cross-
sections obtained from WT+DM and TG+DM
mice. B: no. of TUNEL-positive myocytes in the
LV from WT-Control, TG+Control, WT+DM,
and TG+DM mice (2 = S each). Values are
means £ SE. *P < 0.03, difference from the
WT-Control value, TP < 0.05, difference from
the WT+DM value.

GSHPx is thought to be more effective in protecting cells,
tissues, and organs against oxidative damage (5, 31). In fact,
our previous studies demonstrated that the mice with GSHPx
gene overexpression were more resistant to myocardial oxida-
tive stress as well as remodeling and failure after myocardial
infarction (28). Thus the present study extends the previous
observation by demonstrating that they can attenuate not only
post-myocardial infarction failure but also diabetes-associated
cardiac dysfunction.

The beneficial effects of GSHPx overexpression shown in
the present study were primarily due to its scavenging action
on H,0; (Table 1). However, we could not completely exclude
the possibility that altered expression of other antioxidant
enzymes is involved. LV total SOD activities tended to be
higher in WT and TG mice with diabetes; however, they did
not reach statistical significance. Total SOD may be induced in
the presence of DM, even though its pathophysiological sig-
nificance remains uncertain. In addition, GSHPx TG mice
tended to have higher levels of catalase (Table 1), which did
not reach statistical significance. Nevertheless, we could not
exclude the possibility that there were synergistic antioxidant
effects between GSHPx and catalase against H,O,, because

A

Control
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both possess a high affinity for H2O;. Furthermore, the bene-
ficial effects of GSHPx overexpression were not due to the
effects on diabetes itself, because body weight and plasma
glucose levels were comparable between WT+DM and
TG+DM mice (Table 2). Importantly, the effects were not
attributable to those of GSHPx overexpression on hemodynam-
ics, because blood pressure and heart rate were not altered
(Table 3).

Diabetes mellitus causes both diastolic and systolic cardiac
dysfunction (27, 37), but an impairment of diastolic function
usually occurs before systolic dysfunction develops. The im-
pairment of diastolic function despite normal systolic function
is thought to result from an increased myocardial stiffness. The
present study has clearly demonstrated that the attenuation of
myocardial oxidative stress by GSHPx overexpression (Fig. 1)
is associated with the attenuation of diastolic dysfunction
(Table 3), myocyte hypertrophy, and interstitial fibrosis (Fig.
2) in diabetes. Previous studies have demonstrated that diabe-
tes induced by STZ leads to an increased collagen deposition
(25), resulting in an increased myocardial stiffness and a
decrease in LV compliance (19, 24). Although we did not
directly assess the diastolic function by using the stress-

w
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Fig. 4. A: representative gelation zymogra- WT TG

phy indicating myocardial matrix metallopro-
teinase (MMP)-2 activity in WT+Control,
TG+ Control, WT+DM, and TG+DM mice.
B: summary data for myocardial MMP-2 activ-
ity in 4 groups of mice (2 = 9 each). Data were
expressed as the ratio to WT-+Control values
concurrently run on the same gel. Values are
means * SE. *P < 0.05, difference from the
WT+Control value. TP <0.03, difference from
the WT+DM value.
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Fig. 5. A: representative image of myocardial gene expression of MMPs/tissue inhibitors of MMPs (TIMP). B: densitometric analysis of MMP and TIMP gene
expression from WT-+DM (n = 4) and TG+DM mice (n = 4). Each value was normalized to that of GAPDH in each template set as an internal control and
expressed as the ratio to WT+Control (2 = 4). Values are means * SE.

strain relations and therefore could not comment on the ical improvement of diastolic properties in these mice. In
contribution of myocardial stiffness to LV function in the fact, prior studies have generally shown an association
present study, the decline in myocardial fibrosis in TG+DM  between increased cardiac fibrosis and diastolic chamber
mice can well be considered to contribute to the physiolog-  stiffening (35).
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Fig. 6. Myocardial transforming growth fac-
tor (TGF)-B (A) and connective tissue growth
factor (CTGF; B) levels in WT+Control,
TG+Control, WT+DM, and TG+DM mice
(n = 6 each). Data were expressed as the
ratio to WT+Control values concurrently run
on the same gel. Values are means * SE.

#P < 0.05, difference from the WT+Control
o value, 1P <0.05, difference from the
WT+DM value.
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The present results are consistent with previous studies
demonstrating that ROS are involved in the structural alter-
ations of the extracellular matrix collagens. The increase in
collagens and myocardial stiffness in STZ-induced diabetic
rats was prevented by treatment with aminoguanidine (24) and
antioxidants (26, 34).

‘There may be several factors whereby oxidative stress con-
tributes to myocardial remodeling in diabetes. First, oxidative
stress is involved in cardiac myocyte hypertrophy and apopto-
sis (Figs. 2 and 3). It has been demonstrated that a subtle
increase in ROS caused by partial inhibition of SOD results in
hypertrophy and apoptosis in isolated ¢ardiac myocytes (30),
both of which are thought to contribute to diabetic myocardial
damage. Specifically, recent studies show that the incidence of
apoptosis is increased in the diabetic heart (4, 7), which may
cause loss of contractile myocytes, compensatory hypertrophy
of myocytes, and interstitial infibrosis (6). Myocyte necrosis
also may be involved in the increased fibrosis from the diabetic
heart. Second, oxidative stress induces the activation of
MMP-2 seen in diabetes (Fig. 4). Our previous studies have
demonstrated that MMP-2 activation plays an important role in
the pathophysiology of cardiac remodeling (16). Moreover,
MMPs have been shown to be activated by ROS in cardiac
fibroblasts (29). On the basis of these findings, it is conceivable
to hypothesize that increased ROS contribute to the activation
of MMP and thus to the development of interstitial fibrosis in
diabetes. Third, a possible role for growth factors in diabetes-
related end-organ complications is increasingly being recog-
nized. TGF-B and CTGF can induce the production of collagen
and fibronectin from cardiac fibroblasts and myocytes, and
increased expression of both factors has been documented in
the diabetic heart (12, 32). CTGF has a unique TGF-f response
element in its promoter region (8) and acts downstream of
TGF-B. The present study demonstrated that the attenuation of
cardiac fibrosis by GSHPx overexpression was associated with
the decrease in TGF-B expression, but not with CTGF, sug-
gesting that TGF- mainly contributed to cardiac fibrosis in
this model. Nevertheless, we could not completely exclude the
contribution of other growth factors such as VEGF, FGF, or
PDGF in our model.

Approximately 20-40% of patients with heart failure have
preserved systolic function and are thought to have an impair-
ment of diastolic function as the primary mechanism leading to
symptomatic heart failure (33). Diabetes is recognized as one
of the major risk factors associated with diastolic heart failure
(13). Despite the high prevalence of diabetes among patients
with this type of heart failure, the treatment of diastolic heart
failure remains empirical (9). There are currently few clinical
data to support the efficacy of any particular class of drugs for
diastolic heart failure. Therefore, the present study should help
clarify the potential that antioxidants may play in the treatment
of diastolic heart failure.

There are several limitations to be acknowledged in this
study. First, the echocardiographic assessment of LV diastolic
function in mice is somewhat difficult. However, intra- and
interobserver variabilities of our echocardiographic measure-
ments were small, and measurements were highly reproduc-
ible. Therefore, our technique was capable of noninvasively
assessing the LV structure and function in mice. Second, the
relationships between cardiac function and structural alter-
ations were analyzed only at 8 wk after the induction of

GSHPx AND DIABETIC HEART

diabetes. Longer follow-up must be performed to establish
whether cardiac remodeling including myocyte hypertrophy,
interstitial fibrosis, and apoptosis due to hyperglycemia may
eventually lead to clinical heart failure in diabetes. Third, we
employed myocyte cross-sectional area as an index of myocyte
hypertrophy. Although this has been commonly used, we need
to be cautious in interpreting these data, because increased
myocyte cross-sectional area is not equivalent to myocyte
hypertrophy, and the length of the cell is an equally important
determinant of myocyte volume.

In conclusion, GSHPx overexpression inhibited the devel-
opment of LV remodeling and diastolic dysfunction associated
with diabetes. These beneficial effects of GSHPx were associ-
ated with the attenuation of myocyte hypertrophy, apoptosis,
and interstitial fibrosis. Therapies designed to interfere with

oxidative stress could be beneficial to prevent diabetic heart
disease.
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Thyroid Hormone Inhibits Vascular Remodeling Through
Suppression of cAMP Response Element Binding
Protein Activity

Kae Fukuyama, Toshihiro Ichiki, Ikuyo Imayama, Hideki Ohtsubo, Hiroki Ono, Yasuko Hashiguchi,
Akira Takeshita, Kenji Sunagawa

Objective—Although accumulating evidences suggest that impaired thyroid function is a risk for ischemic heart disease,
the molecular mechanism of anti-atherosclerotic effects of thyroid hormone is poorly defined. We examined whether
thyroid hormone affects signaling pathway of angiotensin II (Ang II), which is critically involved in a broad aspect of

cardiovascular disease process.

Methods and Results—3,3',5-triiodo-L-thyronine (T3) did not show a significant effect on Ang I-induced activation of
extracellular signal-regulated protein kinase or p38 mitogen-activated protein kinase in vascular smooth muscle cells
(VSMCs), whereas T3 inhibited Ang II-induced activation of cAMP response element (CRE) binding protein (CREB),
a nuclear transcription factor involved in the vascular remodeling process. Coimmunoprecipitaion assay revealed the
protein-protein interaction between thyroid hormone receptor and CREB. T3 reduced an expression level of interleukin
(IL)-6 mRNA, CRE-dependent promoter activity, and protein synthesis induced by Ang II. Administration of T3 (100
1g/100 g for 14 days) to rats attenuated neointimal formation after balloon injury of carotid artery with reduced CREB

activation and BrdU incorporation.

Conclusion—These results suggested that T3 inhibits CREB/CRE signaling pathway and suppresses cytokine expression
and VSMCs proliferation, which may account for, at least in part, an anti-atherosclerotic effect of thyroid hormone.

(Arterioscler Thromb Vasc Biol. 2006;26:2049-2055.)

Key Words: angiotensin Il m cAMP response element binding protein @ thyroid hormone & vascular remodeling

hyroid hormone has various effects on the cardiovascular
system. Hypothyroidism is known to be associated with
accelerated atherosclerosis and coronary artery disease.!?
The Rotterdam study showed that subclinical hypothyroidism
is a risk factor for atherosclerosis and myocardial infarction
independently of total cholesterol level.? It was shown that
more angiographic progression of coronary atherosclerosis
was documented in patients with the lower serum thyroid
hormone level after 2 years of observation.2* These results
suggest that thyroid hormone is protective against atheroscle-
rosis; however, the molecular mechanism of anti-
atherosclerotic effects has remained to be elucidated.
3,3,5-triiodo-L-thyronine (T3) is an active form of thyroid
hormone, which binds to thyroid hormone receptor (TR). The
activated TR recruits transcriptional co-activators and in-
duces gene expression through binding to thyroid hormone
response element (TRE) in the promoter region of thyroid
hormone responsive genes.’
Angiotensin II (Ang II) has multiple biological functions and
is involved in a broad aspect of cardiovascular disease process.

There are 2 isoforms for Ang II receptor designated type 1
receptor (AT\R) and type 2 receptor (AT:R). AT\R mediates
most of the traditional biological effects of Ang 11, including
vasoconstriction, water and sodium retention, and hypertrophy
and hyperplasia of vascular smooth muscle cells (VSMCs). We
previously reported that Ang II induced IL-6 expression and
vascular hypertrophy through cAMP response element-binding
protein (CREB).®7 CREB is a 43-kDa nuclear transcription
factor bound to cAMP response element (CRE).3° The func-
tional state of CREB is regulated by phosphorylation of serine
residue at 133 (Serl33), which promotes . association with
transcriptional co-activator proteins, CREB-binding protein
(CBP) and p300. Overexpression of dominant negative CREB,
of which serine 133 is replaced with alanine, attenuated neoin-
timal formation after balloon injury of rat carotid artery.1©

A recent study showed a physical interaction between TR
and CREB!! in fibroblasts. However, it is not clear whether
this novel signaling cross talk affects the vascular remodeling
process. We examined the effect of T3 on Ang II signaling
pathway and the vascular remodeling process.
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Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum was purchased from GIBCO BRL. Bovine serum albumin, T3
and an anti-e tubulin antibody were purchased from Sigma-Aldrich,
Inc. Ang II was purchased from Peninsula Laboratories, Inc. [*H]-
lencine and [¥P]a-dCTP were purchased from PerkinElmer Life
Sciences. Horseradish peroxidase-conjugated secondary antibodies
(anti-rabbit and anti-mouse IgG) were purchased from VECTOR
Laboratories Inc. An anti thyroid hormone receptor (anti-TR) anti-
body that recognizes both TRa and TR were purchased from Santa
Cruz Biotechnology, Inc. Other antibodies used in the experiments
were obtained from Cell Signaling Technology. Other chemical
reagents were purchased from Wako Pure chemicals unless
specifically mentioned.

Cell Culture

VSMCs were isolated from the thoracic aorta of Sprague-Dawley
rats (Kyudo Co; Kamamoto, Japan). Passages between 5 and 13 were
used for the experiments as described previously.¢

Animals
All procedures and care were approved by the Committee on Ethics
of Animal Experiments, Kyushu University, and were conducted
according to animal care guidelines of the American Physiological
Society. Adult male, 12 to 13-week-old Sprague-Dawley rats (350 to
400 g) were anesthetized by intraperitoneal injection of pentobarbital
sodium. The left common carotid artery was denuded of the
endothelium with a 2-Fr Fogarty balloon catheter (Baxter) that was
introduced through the external carotid artery. Inflation and retrac-
tion of the balloon catheter were repeated 3 times. Then rats received
intraperitoneal injection of T3 (100 1g/100 g body weight suspended
in 0.02 N NaOH) every other day for 2 weeks (Hyperthyroid group).
Control group received injection of 0.02 N NaOH. Systolic blood
pressure and heart rate were measured using tail-cuff method
(UR-5000, UEDA). After 2 weeks, rats were euthanized under
pentobarbital anesthesia. Carotid arteries were quickly removed
and blood samples were collected. Serum concentrations of T3,
T4 and thyroid-stimulating hormone (TSH) were measured by
radioimmunoassay.

Common carotid artery was ligated just proximal of the bifurca-
tion. The extent of neointimal formation in the just proximal portion
of the ligation was examined histologically.

Morphometry and Immunohistochemistry

Serial cross-sections of the carotid rings were stained with hematox-
ylin and eosin and subjected to morphometry for assessing the
intima-media area ratio (I/M ratio) and to immunohistochemistry
with the use of the denoted primary antibody and a commercially
available detection system as described previously.!?

Detection of Apoptosis and DNA Synthesis In Vivo
Apoptotic cells were detected by the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)
method with an apoptosis in situ detection kit (Wako Pure Chemi-
cals) as described previously.’® In vivo labeling with BrdU (0.5
mg/kg), a thymidine analogue that was injected intraperitoneally 3
hours before preparation of the artery, was performed to identify
replicating cells by detection of DNA synthesis. The incorporated
BrdU was detected immunohistochemically with an anti-BrdU anti-
body (Cell proliferation kit, Amersham Pharmacia Biotech) as
described previously.!? i

Western Blot Analysis

VSMCs were lysed and Western blot analyses of CREB, extracel-
ular signal-regulated protein kinase (extracellular signal regulated
kinase [ERK]) and p38 mitogen-activated protein kinase (p38-
MAPK) were performed as described previously.”
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Immuneoprecipitations

VSMCs were lysed in NP-40 lysis buffer'? and immunoprecipitated
with a primary antibody (specific for TR or CREB). Immunopre-
cipitated proteins were electrophoresed on 12% SDS-PAGE as
described previously.!2 An antibody against CREB or TR was used
for immunoblotting.

Northern Blot Analysis

Total RNA was prepared according to an acid guanidinium-
thiocyanate-phenol-chloroform extraction method. Northern blot
analysis for IL-6 and 18S rRNA were performed as described
previously.!?

Measurement of CRE-Dependent
Promoter Activity

VSMCs (5% 10%) were prepared in a 6-cm tissue culture dish; 5 pg
of CRE (3 copies) /luciferase fusion DNA construct with thymidine
kinase (TK) promoter and 2 g of LacZ gene (driven by simian virus
40 promoter-enhancer sequence) were introduced to VSMCs with
the DEAE-dextran method according to the manufacturer’s instruc-
tion (Promega Corporation). VSMCs were cultured in DMEM with
10% fetal bovine serum for 24 hours, and then incubated with T3 for
30 minutes and stimulated with Ang II (1moV/L) for 24 hours in
DMEM containing 0.1% bovine serum albumin. The luciferase
activity was measured and normalized by B-galactosidase activity as
described previously.!?

Measurement of Protein Synthesis

VSMCs were preincubated with T3 for 30 minutes and stimulated
with Ang II for 1 hour. Then the medium was changed to a fresh
DMEM with 0.1% bovine serum albumin and incubated for addi-
tional 23 hours. The cells were labeled with [*H]-leucine during the
last 12 hours. Incorporation of [*H}-leucine was measured by a liquid
scintillation counter as described previously.!*

Statistical Analysis

Statistical analysis was performed with 1-way ANOVA and Fisher
test if appropriate. Data are shown as mean=SEM. P<0.05 was
considered to be statistically significant.

Results

T3 Suppressed Ang II-Induced Phosphorylation of
CREB at Ser133

We previously reported that Ang I induced CREB activation
with a peak at 5 minutes.” VSMCs were preincubated with T3
for 30 minutes and stimulated with Ang II for 5 minutes.
Western blot analysis using an antibody against phosphory-
lated form of CREB at Ser133 (P-CREB) was performed. T3
suppressed Ang Il-induced phosphorylation of CREB in a
dose-dependent manner (Figure 1A). Expression level of total
CREB (lower panel) was not affected either by Ang II or T3.

T3 Suppressed CRE-Dependent Transcription
Induced by Ang II

A luciferase reporter construct driven by 3 copies of CRE and
TK promoter (Figure 1B, left) was introduced VSMCs and
luciferase activity was examined. Ang II increased CRE-
dependent promoter activity after 24 hours of stimulation, and
T3 suppressed the effect of Ang II (Figure 1B).

T3 Had Minimal Effect on Ang II-Induced
MAPKs Activation

Ang II induced CREB activation is dependent on ERK and
p38MAPK.” T3 slightly inhibited the Ang IT-induced ERK or
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Figure 1. T3 suppressed Ang ll-induced phosphorylation of CREB at Ser133. A, VSMCs were preincubated with T3 for 30 minutes at
concentrations varying from 1079 to 1075 mol/L and stimulated with Ang il (1077 mol/L) for 5 minutes (n=10). Phosphorylation of CREB
was detected by Western biot analysis using a phospho-specific CREB antibody. Density of the specific band was scanned and quan-
tified with an imaging analyzer. The ratio of phosphorylated CREB to total CREB is shown in the right panel. The values (mean=SEM)
are expressed as a percent of controf (100%). **£<0.01 vs control, #P<0.01 vs Ang li-stimulated cell, #°<0.5 vs Ang ll-stimulated cell.
B, CRE (3 copies) /luciferase fusion DNA construct with thymidine kinase promoter (TK) is shown in left panel. The construct and LacZ
gene were introduced to VSMCs with the DEAE-dextran method. VSMCs were preincubated with T3 (10™® mol/L) for 30 minutes and
stimulated with Ang 1f (107® mol/L) for 24 hours (n=4). The luciferase activity was normalized by the p-galactosidase activity. Relative
luciferase activity of unstimulated VSMCs (control) was set as 100%. Mean=SEM, *P<0.01, *P<0.05, ##P<0.01 vs Ang lI-stimulated

cell.

p38MAPK phosphorylation as shown in figure 2A and 2B.
However, densitometric analysis revealed that inhibition of
MAPK phosphorylation by T3 is statistically insignificant
(Ang II versus T3+Ang II, pERK; P=0.182, p38MAPK;
P=0.135). Therefore, it was suggested that MAPK does not
play a pivotal role in the T3-induced inhibition of CREB
phosphorylation.

CREB Interacts With Thyroid Hormone Receptor
Recently, it has been suggested that T3 induced a direct
protein—protein interaction between TR and CREB.!! Immu-
noprecipitation analysis revealed that CREB was coimmuno-
precipitated with TR and vice versa (Figure 2C). However,
the amount of associated protein was almost the same
between T3-stimulated cells (T3) and nonstimulated cells (C),
suggesting that CREB and TR are constitutively interacting.

T3 Suppressed Angiotensin II-Induced

1L.-6 Expression

It was examined whether T3-induced inhibition of CREB
results in the suppression of Ang II-induced gene expression.
Preincubation with T3 for 30 minutes reduced the expression
level of Ang II-induced IL-6 mRNA, which is dependent on
CRE and CREBS (Figure 3A).

T3 Inhibited Angiotensin II-Induced Protein
Synthesis in VSMCs

The effect of T3 on Ang Il-induced incorporation of [*HJ-
leucine was examined. We previously reported that prolonged
expose (>3 hours) to T3 reduced AT,R expression level in
VSMCs.'® To exclude the possible effect of T3 inhibition of
ATR expression on Ang Il-induced leucine incorporation,
the medium was changed to a fresh serum free medium after
VSMCs were preincubated with T3 for 30 minutes and
stimulated with Ang II for additional 1 hour. Ang II weakly
but significantly increased protein synthesis with 1 hour of
stimulation and T3 inhibited Ang I-induced protein synthesis
(Figure 3B).

Neointimal Formation of Balloon-Injured Artery
Was Suppressed in Hyperthyroid Rats

We previously showed that inhibition of CREB function
attenuated neointimal formation after vascular injury.1® We
assumed that T3 might show the same effect if T3 inhibits
CREB function in vivo. We treated rats with T3 after balloon
injury (Table). After 14 days of balloon injury of rat carotid
artery, the cross-section of carotid artery showed a substantial
neointimal formation (Figure 4A, left). Administration of T3
significantly suppressed the neointimal formation (Figure 4A,
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tion. VSMCs were preincubated with T3 {10~® mol/L) for 30 min-
utes and stimulated with Ang [l (107 mol/L) for 5 minutes. West-
ern blot analysis of (A) phosphorylated ERK (P-ERK) and ERK
{n=6), (B) phosphorylated p38-MAPK (P-p38), and p38-MAPK
{n=7) were performed as described in the legend to Figure 1.
Density of the specific band was scanned and quantified with
an imaging analyzer. The ratio of phosphorylated ERK to total
ERK and phosphorylated p38-MAPK to total p38-MAPK are
shown. *P<0.05, NS=not significant. C, VSMCs were stimu-
lated with T3 (107® mol/L) for 30 minutes, lysed and immunopre-
cipitated (IP) with an antibody specific to TR (left panel) or an
antibody specific to CREB (right panel). Both TR and CREB
were detected by immunoblot analysis (IB) as described in the
legend to Figure 1. A representative autoradiograph is shown.
(n=8)

right and, 4B). CREB-positive and phosphorylated CREB-
positive cells were detected in the neointima of the carotid
arteries (Figure 4C). T3 reduced the ratio of phosphorylated
CREB positive cells to total cells (Figure 4C upper right
panel), whereas the ratio of CREB positive cells to total cells
was not changed (Figure 4C lower right panel).

To examine whether T3 induces apoptosis in neointima of
balloon-injured artery or not, we detected apoptotic cells with
TUNEL method. Although TUNEL index (the ratio of
TUNEL positive cells to total cells) were slightly increased in
T3-treated rats compared with control, the increase was not
statistically significant (Figure 5A). BrdU positive cells were
increased in the neointima after 7 days of vascular injury. In
T3-treated rats, BrdU labeling index was lower than control
group (5.27%1.46% versus 9.73=1.89% in control, P<0.05),
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Figure 3. Effects of T3 on Ang ll-induced IL-6 mRNA expres-
sion and protein synthesis. A, VSMCs were preincubated with
T3 (107® mol/L) for 30 minutes and stimulated with Ang Il
(107® mol/L) for another 30 minutes. IL-8 mMRNA expression
was detected by Northern blot analysis. The radioactivity of
the band of IL-6 mRNA was counted by a Bioimage Analyzer
and was normalized by that of rRNA. The ratio of radioactivity
of IL-6 mRNA to that of rRNA is shown (n=6). The values are
expressed as mean=SEM. *P<0.01, *P<0.05. B, VSMCs
were preincubated with T3 (10 mol/L) for 30 minutes and
stimulated with Ang Il (1077 mol/L) for 1 hour. The medium
was changed to fresh serum free medium and incubated for
additional 23 hours. The protocol is shown in the upper
panel. Incorporation of PH]-leucine was measured by a liquid
scintillation counter. Results are expressed as mean+=SEM.
[PH]-leucine incorporation of unstimulated cells was set as
100%. n=9, *P<0.01.

which suggests that T3 decreased cell proliferation in the
neointima of balloon-injured artery (Figure 5B). To exclude
the possible effect of high blood flow on the neointimal
formation in hyperthyroid state, we examined the extent of
neointimal formation in a carotid artery ligation model. The
I/M ratio of hyperthyroid rats was also decreased compared
with that of control rats in this model (Figure I, available
online at http://atvb.ahajournals.org), suggesting that thyroid
hormone inhibits neointimal formation, at least in part,
through a direct effect on the blood vessel.

Discussion
Ang II plays an important role in atherosclerotic cardiovas-
cular disease and is known to accelerate atherogenesis
through vascular hypertrophy, cytokine production, and cell
growth.!6-1% Many reports have shown that MAPKs are
critically involved in these processes.”'® We previously
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Physiological Characteristics and Serum Hormone Concentration

Control T3-Treated

0 Days 14 Days 0 Days 14 Days
Body wéight, g 320£11.9 365%+53* 332+99 297+76%%
Blood pressure, mmHg 130+3.5  127%34 123x42 134=29
Heart rate, beat/min 367x12.7 378+13.7 363=8.9 522+104t%

TSH, ng/mL 7.68+0.48 5.45+0.16§
Free 13, pg/mL 0.78x0.02 6.85:£5.79
Free T4, ng/dL 3.34+0.24 1.67=0.08§

TSH indicates thyroid stimulating hormone; T3, triiodothyronine; T4, thyrox-
ine.

n=8. *P<0.05, tP<0.01 vs 0 day, $P<0.01 vs control, §P<0.01 vs
control.

demonstrated that Ang II induced CREB activation through
ERK and p38-MAPK pathways.? In this study, we reported
an inhibitory effect of T3 on Ang Il-induced CREB phos-
phorylation (Figure 1). T3, however, showed insignificant
effects on ERK or p38-MAPK activation. Although we could
not exclude the possibility that the T3-induced mild attenua-
tion of MAPK phosphorylation affect CREB phosphoryla-
tion, the coimmunoprecipitation assay suggests that protein-
protein interaction between CREB and TR may play a role
(Figure 3). To our knowledge, this is the first report to show
an existence of crosstalk between Ang II signaling and T3
signaling in VSMC.

Contradicting results are reported in terms of the effect of -

thyroid hormone on intracellular cAMP level. Marchal et al20
reported that T3 increased cAMP production in myoblasts. In
contrast, it was reported that T3 or T4 inhibited basal and
corticotropin  (ACTH)-stimulated levels of intracellular
cAMP in adrenal cells.?! Incubation with T3 alone did not
affect the phosphorylation level of CREB (data not shown) or
CRE-dependent gene transcription (Figure 1B) in our
VSMCs. These data may suggest that cAMP level is not
affected by T3 in VSMCs and the effect of thyroid hormone
on cAMP level may be cell type-dependent.

Ang II is involved in vascular remodeling after balloon
injury. It is reported that AT,R mediates the progression of
neointimal thickening after balloon-injured artery in rat.22:23
We showed that hyperthyroidism downregulated AT|R in the
aorta in the previous study.!> It was also demonstrated that T3
suppressed CREB phosphorylation and decreased cell prolif-
eration in the neointima of balloon-injured artery. Therefore
the decreased AT\R level may be responsible for the de-
creased CREB phosphorylation and neointimal formation.
However, in vitro study clearly demonstrated that T3 inhib-
ited CREB phosphorylation with 30 minutes’ of preincuba-
tion, which is insufficient to downregulate AT,R. It may be,
therefore, plausible to assume that both downregulation of
AT,R and inhibition of CREB phosphorylation are responsi-
ble for the reduced neointimal formation in T3-treated rats.
However, it is difficult to examine these two effects sepa-
rately in vivo.

We previously reported that overexpression of dominant
negative CREB in injured rat carotid artery attenuated neo-
intimal formation'® with increased apoptosis and decreased
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Figure 4. Neointimal formation of balloon-injured artery was
suppressed in hyperthyroid rats. A, Representative microphoto-
graphs of hematoxylin-eosin staining of carotid arteries after 14
days of balloon injury (Bl) are shown. In the right panel, rats
received intraperitoneal injection of T3 (100 rg/100 g body
weight suspended in 0.02 N NaOH) every other day for 2 weeks
after B (BI+T3). In the left panel, Bl group received injection of
0.02 N NaOH only. B, A bar graph shows I/M ratic in the Bl and
BI+T3 groups. C, Representative microphotographs of immuno-
histochemistry for CREB and phosphorylated CREB in injured
carotid artery at 14 days after injury are shown at left panel. The
ratio of phosphorylated CREB-positive or CRER-positive cell
number to total cell number is shown in the right panel (n=7).

proliferation. Although we expected that T3 has the same
effect on injured artery, a significant increase in TUNEL
index was not observed. This is probably because thyroid
hormone has other effects than inhibiting CREB activity on
blood vessel. And incubation of VSMCs with T3 for 24 hours
failed to inhibit Ang II-induced CREB phosphorylation (data
not shown). Further study is needed to clarify the mechanisms
of these differences.

There are several réports describing that nuclear receptors
can modulate gene expression by mechanism of protein—
protein interaction with other transcription factors. Tagami et
al reported an involvement of CREB in negative regulation of
TSHa promoter activity by T3.»* They suggests that T3
induces release of the co-repressor/histone "deacetylase.
(HDAC) complex from: TR and recruits co-activators such as
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Figure 5. Effect of T3 on apoptosis and cell proliferation after
balloon injury. A, TUNEL was performed in the cross-section of
carotid arteries after 14 days of balloon injury with (BI+T3) or
without (Bl) T3 treatment (n=7). Representative microphoto-
graphs are shown in left panef and TUNEL index of intima or
media is indicated in right panel. B, Representative microphoto-
graphs of BrdU labeling in the cross sections of carotid arteries
after 7 days of balloon injury with (BI+T3) or without (Bl) T3
treatment are shown in left panel. BrdU labeling index of intima

or media is indicated in right panel. Results are expressed as
mean=SEM (n=6). *P<0.05. NS=not significant.

CBP to TR, which competes CBP away from the CREB on
the promoter, causing repression of CREB-dependent tran-
scription. It is also reported that the co-repressor complex
containing HDAC released from TR binds to other transcrip-
tion factors such as Octamer transcription factor-1 (Oct-1)%°
and nuclear factor-«B (NF-«B),26 and inhibits the Oct-1—
dependent or NF-kB—dependent gene transcription. Tricosta-
tin A (TSA), an inhibitor of HDAGC, is reported to restore
co-repressor-induced suppression of IL-2 gene expression
that is activated by NF-«B. We examined whether TSA
abolishes T3-dependent suppression of Ang II-induced IL-6
expression. However, TSA did not affect T3 iphibition of
Ang H-induced IL-6 mRNA expression (data not shown),
suggesting that corepressor complex may not be involved.
Recently, Mendez-Pertuz et al reported a transcriptional
cross-talk between CREB and TR signaling pathways.!! They
showed that overexpression of CREB reduced T3-dependent
transcriptional activation. To clarify the role of CREB, we
took an advantage of overexpression of wild-type CREB by
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an adenovirus vector. Overexpression of CREB, however, did
not restore an inhibitory effect of T3 on Ang II-induced IL-6
mRNA expression and Ang I-induced protein synthesis (data
not shown). This may suggest that CREB is abundantly
expressed in VSMCs. Actually, CREB is a ubiquitously
expressed transcription factor and one report suggested that
all the CRE sites in the genome are saturated by endogenous
CREB.7

In this report, we showed a ligand-independent interaction
between CREB and TR. T3 did not change the amount of
association of CREB with TR but inhibited Ang II-induced
CREB phosphorylation, which suggests that T3 may cause
conformational change of TR resulting in the inhibition of
CREB phosphorylation.

In the present study, we used a relatively high concentra-
tion of T3 to stimulate VSMCs. However, Mizuma et al®8
have shown the presence of an iodothyronine deiodinase in
human VSMCs. This suggests that VSMCs are able to
convert T4 to T3 and that intracellular concentration of T3 in
blood vessel may be higher than the serum concentration. In
addition, plasma concentration of T3 was not so high and
TSH was weakly suppressed in our hyperthyroid model
(Table), indicating that neointimal formation was signifi-
cantly reduced in the mild hyperthyroid state. We therefore
believe that our results are clinically relevant.

In summary, T3 inhibited Ang II-induced CREB activation
without affecting MAPK activation. T3 attenuated Ang II-
induaced cytokine expression and protein synthesis. Neointi-
mal formation of balloon-injured artery was suppressed in
T3-treated rats with reduced CREB activation and cell pro-
liferation. These results may suggest that an anti-
atherosclerotic effect of thyroid hormone is, at least in part,
dependent on the inhibition of AT,R signaling and
expression.
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Original Article

Amlodipine-Induced Reduction of Oxidative
- Stress in the Brain Is Associated with
Sympatho-Inhibitory Effects in Stroke-Prone
Spontaneously Hypertensive Rats

Yoshitaka HIROOKAP*, Yoshikuni KIMURAD*, Masatsugu NOZOEY, Yoji SAGARAD,
Koji ITOY, and Kenji SUNAGAWAD

Amlodipine is a dihydropyridine calcium channel blocker that is widely used for the treatment of hyperten-
sive patients and has an antioxidant effect on vessels in vitro. The aim of the present study was to examine
whether treatment with amlodipine reduced oxidative stress in the brains of stroke-prone spontaneousiy
hypertensive rats (SHRSP). The animals received amlodipine, nicardipine or hydralazine for 30 days in their
drinking water. Levels of thiobarbituric acid-reactive substances (TBARS) in the brain (cortex, cerebelium,
hypothalamus, and brainstem) were measured before and after each treatment. Systolic blood pressure
decreased to similar levels in the amlodipine-, nicardipine-, and hydralazine-treated groups. Urinary norepi-
nephrine excretion was significantly reduced in SHRSP after treatment with amlodipine, but not with nicar-
dipine or hydralazine. Levels of TBARS in the cortex, cerebellum, hypothalamus, and brainstem were
significantly higher in SHRSP than in Wistar-Kyoto rats (WKY), and were reduced in amlodipine-treated, but
not in nicardipine- or hydralazine-treated, SHRSP. Electron spin resonance spectroscopy revealed increased
levels of reactive oxygen species in the brains of SHRSP, which were reduced by treatment with amlodipine.
Intracisternal infusion of amlodipine also reduced systolic blood pressure, urinary norepinephrine excretion,
and the levels of TBARS in the brain. These results suggested that oxidative stress in the brain was
enhanced in SHRSP compared with WKY rats. In addition, antihypertensive treatment with amlodipine
reduced oxidative stress in all areas of the brain examined and decreased blood pressure without a reflex
increase in sympathetic nerve activity in SHRSP. (Hypertens Res 2006; 29: 49-56)

Key Words: blood pressure, heart rate, hypertension, oxidative stress, sympathetic nervous system

that is widely used for the treatment of hypertension. Large

Introduction clinical trials have confirmed its usefulness for preventing
cardiovascular events by lowering blood pressure (7, 2). Con-
Amlodipine is a dihydropyridine calcium channel blocker cern remains over the risk of cardiovascular events in patients
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