50 Hypertens Res Vol. 29, No. 1 (2006)

~@- Amlodipine (n=10)
—O—  Nicardipine (n=10)
~\— Hydralazine {n=10)

200 + ¥ P<0.05
250
Q.
[as]
w
200
150
5 0 ® B O % % PP DS
B R g )
{bpm)
500 * P<0.05

200 i | | ! | i I | !

o@'*fb 5 S S 2 S o2 s q’@o’s\&o ﬁ‘@o@“\%o @j\o '5\Q?Q ”;{{’\o @{9
Fig. 1. Time course of changes in systolic blood pressure
(SBP) (A) and heart rate (HR) (B) induced by treatment with
amlodipine, nicardipine and hydralazine. p <0.05 compared
with the baseline values. *p <0.03 for the difference between
the two groups.

with coronary artery disease, which is probably due to arterial
baroreflex-mediated sympathoexcitation, particularly when
short-acting calcium channel blockers are used (3-3). How-
ever, recent large clinical trials have indicated that this is not
necessarily the case with long-acting dihydropyridine cal-
cium channel blockers, such as amlodipine (7, 2). In addition,
amlodipine has been demonstrated to have anti-atheroscle-
rotic and anti-inflammatory effects in animals (6-9) and
humans (70). The mechanisms involved are complex, and
include an increase in nitric oxide production (//) and a
decrease in oxidative stress (J2—14).

The reported effects of amlodipine on sympathetic nerve
activity vary among human studies, although it appears to
lower blood pressure (/5-17). Receptor binding sites for cal-
cium channel blockers have been identified in the brain (/8-
20). In conscious spontaneously hypertensive rats (SHR),
intracerebroventricular administration of nifedipine or amlo-
dipine decreases blood pressure, heart rate and renal sympa-
thetic nerve activity (27, 22). Furthermore, long-term 1i.v.
infusion of nifedipine or amlodipine decreases these variables
by inhibiting central sympathetic outflow (21, 22).

Increased nitric oxide levels and decreased oxidative stress
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Fig. 2. Urinary norepinephrine excretion for 24 h before
and during the last day of (after) treatment with amlodipine,
nicardipine and hydralazine. 'p<0.05 compared with the
values before treatment.

in the brain, particularly in the brainstem, inhibit sympathetic
nerve activity, thereby reducing blood pressure in stroke-
prone SHR (SHRSP) (23). Increased oxidative stress is also
involved in the pathogenesis of hypertension and hyperten-
sive vascular lesion formation (24). We demonstrated previ-
ously that oxidative stress in the brain is increased in SHRSP,
which is related to the increased sympathetic outflow in this
model (23). Amlodipine reduces oxidative stress in the vascu-
lature of hypertensive animals (25) and humans (26, 27).
However, the antioxidant effect of amlodipine in the brain of
hypertensive animals has not been reported previously.
Therefore, the aim of the present study was to determine
whether long-term oral treatment with amlodipine reduced
oxidative stress in the brain of SHRSP, and to examine the
associated changes in blood pressure, heart rate, and urinary
norepinephrine excretion. For this purpose, we measured
thiobarbituric acid-reactive substances (TBARS), which are
the end products of lipid peroxidation and markers of oxida-
tive stress (23). Electron spin resonance spectroscopy mea-
surements (23) were also performed to analyze the production
of reactive oxygen species.

Methods

General Preparation

This study was reviewed and approved by the Committee of
Ethics of Animal Experiments, Kyushu University Graduate
School of Medical Sciences, Japan. Male SHRSP/Izm (/4
weeks old; SLC Japan, Hamamatsu, Japan) were fed a stan-
dard diet with free access to drinking water. The animals
received amlodipine in their drinking water at doses (3 or 10
mg/kg body weight/day) that were chosen based on previous
studies (12, 28~30). Control groups were fed a standard diet
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Fig.3. A: Amlodipine-induced changes in systolic blood
pressure (ASBP) at doses of 3 or 10 mg/kg body weight/day.
B: Urinary norepinephrine excretion for 24 h before and
after amlodipine treatment. C: Levels of TBARS in the brain
(cortex, cerebellum, hypothalamus and brainstem) in non-
treated rats (control) and rats treated with amlodipine.
*p <0.05 compared with the baseline values. *p <0.05 for the
difference between the two groups.

and received nicardipine (10 mg/kg body weight/day) or
hydralazine (20 mg/kg body weight/day) in their drinking
water. The treatment commenced when the rats were 14
weeks of age and continued for 30 days. All drugs were dis-
solved in 45 mi of drinking water per day and, once this had
been consumed, additional water was made available ad libi-
tum.

Measurement of Blood Pressure, Heart Rate, and
Urinary Norepinephrine Excretion

Systolic blood pressure and heart rate evaluated using the tail-
cuff method were measured before and after treatment with
amlodipine and the other drugs in SHRSP, as described previ-
ously (3/). Urine was collected for 24 h in a metabolic cage.
Urinary norepinephrine concentrations were measured before
and after amlodipine, nicardipine or hydralazine freatment
using high-performance liquid chromatography. Urinary nor-
epinephrine excretion was calculated as a marker of sympa-
thetic nerve activity (23, 31).
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Measurement of TBARS

Brain tissue was homogenized in 1.15% KCI (pH 7.4), and
0.4% sodium dodecyl sulfate, 7.5% acetic acid adjusted to pH
3.5 with NaOH and 0.3% TBA were added to the homoge-
nate. The amounts of TBARS were determined by absorbance
with a molecular extinction coefficient of 156,000 and
expressed as fimol/g of wet weight tissue, as described previ-
ously (23, 32).

Electron Spin Resonance Spectroscopy Mea-
surements

Electron spin resonance spectroscopy measurements were
performed at room temperature with an X-band (9.45-GHz)
electron spin resonance spectrometer (JES-RE-1X; JEOL,
Tokyo, Japan) at the following settings: microwave power of
10 mW, an-external magnetic field range of 20 mT and a scan
rate of 10 mT/min. The amounts of reactive oxygen species
were quantified by monitoring the time-dependent decay of
the amplitude of the electron spin resonance spectra elicited
by the nitroxide radical 4-hydroxy-2,2,6,6-tetramethyl-piperi-
dine-N-oxy!l (hydroxy-TEMPO) as a spin probe. The tissue
was homogenized in 50 mmol/l phosphate-buffered saline
(PBS) containing the following protease inhibitors: leupeptin
(10 g/ml), phenylmethylsulfonyl fluoride (100 g/ml), dithio-
threitol (1 mmol/l) and trypsin inhibitor (10 pg/ml). The
homogenate was mixed rapidly with hydroxy-TEMPO (0.1
mmol/l) in PBS and drawn into glass tubes. The electron spin
resonance spectra were recorded for up to 10 min at 10-s
intervals, as described previously (23, 32, 33).

Continuous Intracisternal (i.c.) Infusion Experi-
ments with Amlodipine

The SHRSP were randomly divided into two groups, which
received either artificial cerebrospinal fluid vehicle (n=5) or
amlodipine (dissolved in artificial cerebrospinal fluid; 0.1
mg/kg body weight/day; n=6) by continuous i.c. infusion
(0.25 pl/h) for 2 weeks via an osmotic minipump (Alzet
model 1002; DURECT Corp., Cupertino, USA), as described
previously (34, 39). The treatment commenced when the rats
were 14 weeks of age and continued for 2 weeks. Systolic
blood pressure, heart rate, urinary norepinephrine concentra-
tions, and levels of TBARS were measured before and after
the infusion.

Drugs

Amlodipine was provided from Pfizer Japan Inc. Other drugs
were purchased from Sigma Chemical Co. (St. Louis, USA).
Statistical Analysis

All values are expressed as the mean+SEM). Two-way anal-
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Fig. 4. Levels of TBARS in the brain (cortex, cerebellum,
hypothalamus and brainstem) in non-treated rats (control)
and rats treated with amlodipine, nicardipine or hydralazine.
*p <0.05 compared with the values for non-treated rats.

ysis of variance (ANOVA) was used to compare the systolic
blood pressure and heart rate between the amlodipine-treated
and other groups. Comparisons between any two mean values
were performed using Bonferroni’s correction for multiple
comparisons. ANOVA was used to compare the amounts of
TBARS and the electron spin resonance signal-decay rates in
non-treated SHRSP and other rats in conjunction with a post
hoc test using Scheffe’s correction. A paired #-test was per-
formed to compare the urinary norepinephrine excretion
before and after treatment. Differences were considered to be
statistically significant when p was less than 0.05.

Results

Effects of Amlod‘ipine on Blood Pressure, Heart
Rate, and Urinary Norepinephrine Excretion

Systolic blood pressure was reduced to similar levels in the
high-dose amlodipine- and hydralazine-treated groups; the
values for amlodipine, nicardipine and hydralazine were
—40£12, —~45+7 and —43+8 mmHg, respectively (n=10 for
each; Fig. 1A). By contrast, heart rate was not significantly
affected by amlodipine treatment, but was increased by nica-
rdipine and hydralazine treatment (Fig. 1B). Urinary norepi-
nephrine excretion was significantly higher in SHRSP than in
WKY rats, with values of 1.38+0.10 and 0.76£0.03 ug/day,
respectively (n=6 for both; p<0.05). Furthermore, urinary
norepinephrine excretion was decreased in SHRSP after
amlodipine treatment, but was significantly increased after
nicardipine or hydralazine treatment; the values were
1.37+0.15 vs. 0.87%0.10 pg/day, 1.45+0.17 vs. 1.68%0.06
pg/day and 1.33+0.08 vs. 1.77£0.14 [ig/day for amlodipine,
nicardipine, and hydralazine, respectively (n=10; p<0.05;
Fig. 2). Treatment with a high dose of amlodipine decreased
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Fig. 5. Electron spin resonance analysis of hydroxy-
TEMPQO in the tissues. A: Sequential sample of electron spin
resonance spectra of hydroxy-TEMPO in brainsiem tissues
Jfirom SHRSP (middle spectra), SHRSP treated with amlo-
dipine (lower spectra) and WKY rats (upper spectra). B:
Summary data for the signal decay rate in the brain (cortex,
cerebellum, hypothalamus and brainstem) in WKY rats,
SHRSP and SHRSP treated with amlodipine. 'p <0.05 com-
pared with the values for non-treated SHRSP (control).

the systolic blood pressure to a greater extent than treatment
with a low dose, with values of —40+12 and — 187 mmHg,
respectively (p<0.05; Fig. 3A). Urinary norepinephrine
excretion was not significantly different before and after
treatment with a low dose of amlodipine (1.4410.25 vs.
1.38£0.15 pg/day; Fig. 3B).

Reactive Oxygen Species Generation in the Brain

Levels of TBARS in the cortex, cerebellum, hypothalamus
and brainstem were significantly higher in SHRSP than in
WKY rats (p<0.05; n=5 for both). Furthermore, levels of
TBARS in each area of the brain examined were significantly
reduced in the high-dose amlodipine-treated, but not in the
nicardipine- or hydralazine-treated, SHRSP (p<0.05; n=10
for each; Fig. 4). The levels of TBARS in all areas of the brain
examined were not significantly altered in the low-dose amlo-
dipine-treated SHRSP (Fig. 3C). The intensity of electron
spin resonance signals in each area of the brain decreased
more rapidly in SHRSP than in WKY rats (Fig. 5A). The rates
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Fig. 6. 4: Changes in systolic blood pressure (ASBP)
caused by continuous i.c. infusion with amlodipine or artifi-
cial cerebrospinal fluid (aCSF) for 2 weeks. B: Urinary nor-
epinephrine excretion for 24 h at days 0 and 14. C: Levels of
TBARS in the brain (cortex, cerebellum, hypothalamus and
brainstem) in non-treated rats and rats treated with amlo-
dipine at days 0 and 14. 'p <0.05 compared with the values
before treatment. *p <0.05 for the difference between the two
groups.

of signal decay in the cortex, cerebellum, hypothalamus and
brainstem, calculated from the slopes of the lines, were signif-
icantly higher in SHRSP than in WKY rats (p<0.05; n=5 for
each; Fig. 5B). Furthermore, the rates of signal decay in these
areas of the brain were significantly reduced in amlodipine-
treated SHRSP (p<0.05; n=>5 for each; Fig. 5B).

Effect of Continuous i.c. Infusion with Amlo-
dipine

The changes in systolic blood pressure after the i.c. infusion
of amlodipine for 2 weeks are shown in Fig. 6A. The changes
in systolic blood pressure were significantly greater after
treatment with amlodipine (—43£22 mmHg; #n=6) than after
treatment with artificial cerebrospinal fluid (-3+12 mmHg;
n=35; p<0.05). Figure 6B shows that urinary norepinephrine
excretion was significantly decreased in SHRSP after treat-
ment with amlodipine (1.45£0.10 vs. 0.67+0.11; n=6;
p<0.05), but was not significantly altered by treatment with
artificial cerebrospinal fluid (1.42+0.08 vs. 1.4820.20 ug/
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day; n=5). The levels of TBARS in all areas of the brain were
significantly reduced in amlodipine- but not artificial cere-
brospinal fluid-treated SHRSP (=6 and 5, respectively;
p<0.05; Fig. 6C).

Discussion

The major findings of the present study were that oral treat-
ment with amlodipine did not induce reflex tachycardia and
reduced sympathetic nerve activity. In addition, amlodipine
decreased oxidative stress in the brains of SHRSP, as evalu-
ated by the measurement of levels of TBARS. By contrast,
treatment with hydralazine induced sympathoexcitation and
reflex tachycardia, but did not alter levels of TBARS. Nicar-
dipine, which is another calcium channel blocker, also
induced sympathoexcitation and reflex tachycardia, but did
not alter TBARS levels. The electron spin resonance spec-
troscopy results indicated increased reactive oxygen species
production in SHRSP, which was attenuated after treatment
with amlodipine. These findings suggest that long-term anti-
hypertensive treatment with amlodipine does not cause
reflex-induced sympathoexcitation and reduces the increased
oxidative stress in the brains of SHRSP. In particular, the
decreased oxidative stress levels in the brainstem and hypo-
thalamus might be related to a decrease in sympathetic nerve
activity.

A gradual decrease in blood pressure was observed over
time in rats treated with amlodipine compared with those
treated with hydralazine or nicardipine, due to differences in
the pharmacokinetic profiles, plasma concentrations and lipo-
philicities of the drugs (16, 21-33, 36). Disrupted tight junc-
tions caused by endothelial dysfunction are fesponsible for
the increased permeability of tracers through the blood-brain
barrier in chronic hypertension (37). L-type voltage-gated
calcium channels in the central nervous system and dihydro-
pyridines act on these receptors (79, 20, 38—40). Thus, it is
possible that lipophilic dihydropyridines (such as nifedipine
and amlodipine) are able to cross the blood-brain barrier in
chronic hypertension (27, 22) and reduce the generation of
reactive oxygen species (4/-43). However, this might not
occur with all calcium channel blockers, as nicardipine did
not reduce the generation of reactive oxygen species.

We believe that treatment with the lower dose of amlo-
dipine in our study was not sufficient to reduce the oxidative
stress in the brain. In addition, urinary norepinephrine excre-
tion was not altered. By contrast, treatment with the higher
dose of amlodipine induced a greater reduction in blood pres-
sure, which was associated with a decrease in urinary norepi-
nephrine excretion. Oxidative stress in the brain was also
reduced. A greater reduction in blood pressure is thought to
elicit a greater reflex increase in sympathetic nerve activity.
Thus, these results suggest that treatment with amlodipine, at
a dose that is sufficient to decrease blood pressure, reduces
oxidative stress in the brain in association with sympatho-
inhibition.
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Brain cell membranes contain a high concentration of poly-
unsaturated fatty acids (44). These are targets of free radicals,
which cause chain reactions of lipid peroxidation (45).
TBARS, which are the end products of lipid peroxidation and
markers of oxidative stress, were increased in the brain of
SHRSP (23). In the present study, we examined levels of
TBARS in the cortex, cerebellum, hypothalamus and brain-
stem, and found that they were all increased in SHRSP com-
pared with WKY rats. This was consistent with the results of
our recent study, in which we compared levels of TBARS in
the whole brain, the rostral ventrolateral medulla and the
nucleus tractus solitarius of SHRSP and WKY rats (46).
These areas are important for autonomic cardiovascular regu-
lation (47, 48). The electron spin resonance spectroscopy
results further support the theory that there is increased gener-
ation of reactive oxygen species in the brain of SHRSP com-
pared with WK rats. Moreover, this increase was attenuated
by amlodipine.

Although variable effects on the sympathetic nervous sys-
tem have been reported in clinical studies in humans (/6-18,
26), lipophilic dihydropyridines (such as nifedipine and amlo-
dipine) are believed to have sympatho-inhibitory and depres-
sor effects through central nervous system mechanisms in
SHR (21, 22). During long-term i.v. infusion, nifedipine and
amlodipine cross the blood-brain barrier and, thereafter,
inhibit sympathetic nerve activity and reduce blood pressure
(21, 22). Furthermore, intracerebroventricular injection of
these calcium channel blockers reduces blood pressure, heart
rate, and renal sympathetic nerve activity (21, 22). In addi-
tion, direct microinjection of calcium channel blockers into
the nucleus tractus solitarius of the brainstem reduces blood
pressure and heart rate vig the inhibition of central sympa-
thetic outflow (49). In the present study, amlodipine adminis-
tered by i.c. infusion decreased blood pressure, urinary
norepinephrine excretion and oxidative stress in the brain,
further supporting the idea that it elicits these effects by act-
ing on the central nervous system. There were no effects on
blood pressure and heart rate when we intravenously admin-
istered the same concentration of amlodipine as used for the
intracisternal infusion for 1 h (data not shown). Although the
site of the sympatho-inhibitory actions of amlodipine in the
central nervous system is not known, we consider the hypo-
thalamus and brainstem to be likely candidates. In conjunc-
tion with the decrease in reactive oxygen species generation,
an increase in endothelial nitric oxide synthase activity might
be related to the decrease in oxidative stress and central sym-
pathetic outflow in SHRSP (31, 50-52). In fact, amlodipine
enhances endothelial nitric oxide synthase activity (33),
although we did not address this issue in the present study.
Increased nitric oxide production in the brainstem also pro-
duces a decrease in central sympathetic outflow (50-32).
Amlodipine may reduce reactive oxygen species by upregu-
lating Cu/Zn superoxide dismutase in SHRSP (54).

Several previous studies have suggested that the generation
of reactive oxygen species leads to hypertensive vascular-

lesion formation (55-60). Therefore, therapies aimed at
reducing the generation of reactive oxygen species might be
useful for hypertensive patients. In particular, the brain is the
organ that is most affected by hypertension (55). In the
present study, we demonstrated that oral treatment with amlo-
dipine reduced oxidative stress in the cortex and cerebellum,
as well as the hypothalamus and brainstem; the effects on the
latter might help reduce sympathetic nerve activity, thereby
preventing cardiovascular events, whereas the effects on the
former might help to protect brain function. Hypertension
accelerates age-related organ damage, which is also associ-
ated with sympathetic dysregulation (55, 56). In addition,
dementia might be related to hypertension (60). Further stud-
ies will be required to examine how treatment with amlo-
dipine leads to the reduction of reactive oxygen species. It is
possible that long-term treatment for hypertension, as well as
the reduction of oxidative stress in the brain, will resultin a
better quality of life for patients.

We cannot exclude the possibility that amlodipine might
act on the peripheral sympathetic nervous system, thereby
inhibiting the sympathetic nerve activity. In particular, amlo-
dipine has been shown to block both N-type Ca®* channels
and L-type Ca* channels (61, 62), although the extent of
these actions has not been clarified in vivo. Nicardipine has
also been reported to exhibit this blocking activity (62). How-
ever, we found different results between amlodipine and nica-
rdipine. Furthermore, the present study does not provide
direct evidence that an increase in oxidative stress in the brain
inhibits sympathetic nerve activity, thereby reducing blood
pressure. Thus, it remains unknown whether the decrease in
reactive oxygen species in the brain is a cause or an effect of
sympatho-inhibition or blood pressure reduction from the
results of the present study. The reduction of blood pressure
itself, however, did not decrease oxidative stress in the brain
when we administered hydralazine or nicardipine. Finally, we
used a high dose of amlodipine in the present study. Although
this dose of amlodipine (10 mg/kg/day) has been used in other
experimental studies (12, 28~30), it did require us to adjust
the level of blood pressure reduction among the treatments.

In conclusion, the results of the present study suggest that
long-term treatment with amlodipine decreases the generation
of reactive oxygen species in several areas of the brain,
including the hypothalamus and brainstem. This mechanism
might be associated with a reduction in sympathetic nerve
activity in SHRSP.
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Original Article

cAMP-Response Element-Binding Protein Mediates

Tumor Necrosis Factor-@-Induced Vascular Cell
Adhesion Molecule-1 Expression in Endothelial Cells

Hiroki ONOP, Toshihiro ICHIKIP, Hideki OHTSUBOY, Kae FUKUYAMAD,
Tkuyo IMAYAMADP, Naoko IINOY, Satoko MASUDADY, Yasuko HASHIGUCHI?,
Akira TAKESHITADY, and Kenji SUNAGAWAD

Hypertension causes endothelial dysfunction, which plays an important role in atherogenesis. The vascular
cell adhesion molecule-1 (VCAM-1) contributes to atherosclerotic lesion formation by recruiting leukocytes
from blood into tissues. Tumor necrosis factor-a (TNF e) induces endothelial dysfunction and VCAM-1
expression in endothelial cells (ECs). We examined whether the cAMP-response element binding protein
(CREB), a transcription factor that mediates cytokine expression and vascular remodeling, is involved in
TNF a-induced VCAM-1 expression. TNFa induced phosphorylation of CREB with a peak at 15 min of stim-
ulation in a dose-dependent manner in bovine aortic ECs. Pharmacological inhibition of p38 mitogen-acti-
vated protein kinase {p38-MAPK) inhibited TNFa-induced CREB phosphorylation. Adenovirus-mediated
overexpression of a dominant-negative form of CREB suppressed TNFa-induced VCAM-1 and c-fos expres-
sion. Although activating protein 1 DNA binding activity was attenuated by overexpression of dominant neg-
ative CREB, nuclear factor-xB activity was not affected. Our results suggest that the p38-MAPK/CREB
pathway plays a critical role in TNF a-induced VCAM-1 expression in vascular endothelial cells. The p38-

MAPKI/CREB pathway may be a novel therapeutic target for the treatment of atherosclerosis. (Hypertens Res
2006; 29: 39-47)

Key Words: endothelial factors, cytokine, gene expression, mitogen-activated protein kinase, signal trans-

duction

introduction

The initial step of atherogenesis involves attachment of
mononuclear leukocytes to endothelial cells (ECs) and migra-
tion into the subendothelial space (). Adhesion molecules
expressed in ECs play an important role in the attachment of
mononuclear leukocytes. Various cardiovascular risk factors

including hypertension have been shown to increase the lev-
els of soluble adhesion molecules, such as the vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion mol-
ecule-1 (ICAM-1) and E-selectin (2—4). Carotid intima-media
thickness has been positively correlated with the plasma level
of circulating soluble cellular adhesion molecules (35).
VCAM-1 is expressed in ECs predisposed to atherosclerotic
lesion formation (6) and contributes to recruitment of mono-
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Fig. 1. CREB is phosphorylated at Seri33 by TNFa. 4: Bovine ECs were stimulated with TNFa (1 ng/ml) for varying periods
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ng/ml (n=4). Phosphorylation of CREB was detected by Wesiern blot analysis using a phospho-specific CREB antibody. The
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nuclear leukocytes by binding to 04 1-integrin expressed on
leukocytes (7).

Tumor necrosis factor-o (TNFo) is a multifunctional
cytokine produced by activated macrophages, monocytes and
lymphocytes. The vascular EC is an important target of TNFo
(1, 8). A previous study demonstrated that in vivo blockade of
TNFo accelerated functional endothelial recovery after
angioplasty (9). TNFa is known to modulate the expression
of many genes involved in cytoadhesion, thrombosis, and
inflammatory response in ECs, resulting in the acquisition of
new functional capacities leading to atherosclerosis (10).
VCAM-1 is one of the molecules induced by TNFo (Z1).

cAMP-response element (CRE)-binding protein (CREB) is
a 43 kD nuclear transcription factor belonging to the CREB/
ATF family (12, 13). Phosphorylation of the serine residue at
133 (Ser133), which recruits a transcriptional coactivator,

CREB-binding protein (CBP) or p300, is necessary for tran-

scriptional activation. The phosphorylation of Serl33 is
mediated by a variety of protein kinase pathways, such as 1)
protein kinase A (PKA), 2) Ca®**/calmodulin-dependent pro-
tein kinase (CaMK) II (14), 3) extracellular signal-regulated
protein kinase (ERK) (I35, 16), 4) p38 mitogen-activated pro-
tein kinase (p38-MAPK) (/7), and 5) phosphatidylinositol 3-
kinase (PI3-K) (18).

Although TNFa is known to activate transcription factors

such as activating protein 1 (AP-1) and nuclear factor-xB
(NF-xB) (19, 20), it has not been examined whether TNFo.
activates CREB in ECs. We investigated whether CREB is
activated by TNFo in bovine ECs. We report in the present
study that TNFo phosphorylated CREB through p38-MAPK
and CREB mediated TNFor-induced VCAM-1 expression.

Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) was pur-
chased from GIBCO BRL (Gaithersburg, USA). Fetal bovine
serum (FBS) was purchased from BioWhittaker (Walkers-
ville, USA). Ionomycin, KN93 and SP60125 were purchased
from Sigma Chemical Co. (St. Louis, USA). Recombinant
human TNFo was a gift from Dainippon Pharmaceutical Co.
(Osaka, Japan). PD98059 and wortmannin were purchased
from BIOMOL Research Laboratories Inc. (Plymouth Meet-
ing, USA). SB203580 and FR167653, inhibitors of p38-
MAPK, were gifts from GlaxoSmithKline and Fujisawa Phar-
maceutical Co. (Osaka, Japan), respectively. H89 was pur-
chased from Seikagaku Co. (Tokyo, Japan). Horseradish
peroxidase conjugated second antibodies (anti-rabbit or anti-
mouse 1gG) were purchased from VECTOR Laboratories Inc.
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Fig. 3. AdCREB M1 inhibits TNFo-induced CREB phosphorylation. Bovine ECs were infected with AdCREB M1 (30 MOI) cr
AdEmpty (30 MOI) and stimulated with or without TNFa (1 ng/ml) for 15 min. INFo-induced CREB phosphorylation was
detected by Western blot analysis (n=4). The ratio of phosphorylated CREB to ortubulin in TNFo-stimulated cells is shown in
the right panel as the relative fold increase compared with that in unstimulated cells. The values are expressed as the
mean+SEM. **p<0.01 vs. AdCREB M1 TNFo. (+), ¥p<0.01 vs. control TNF o (-) or AdEmpty TNFo. (=).

(Burlingame, USA). Other antibodies used in the experiments
were obtained from Cell Signaling Technology (Danvers,
USA). Other chemical reagents were purchased from Wako
Pure Chemicals (Osaka, Japan) unless specifically men-
tioned.

Cell Culture

The bovine aortic ECs were the gift of Katsuya Hirano
(Kyushu University Graduate School of Medical Sciences)
and grown in a humidified atmosphere of 95% air/5% CO; at
37°C in DMEM with 10% FBS. Passages between 5 and 12
were used for the experiments. The investigation conformed
with the Guide for the Care and Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996).

Western Blot Analysis

Bovine ECs were lysed in a sample buffer (5 mmol/l EDTA,
10 mmol/l Tris-HCl, pH 7.6, 1% Triton X-100, 50 mmol/l
NaCl, 30 mmol/l sodium phosphate, 50 mmol/l NaF, 1%
aprotinin, 0.5% pepstatin A, 2 mmol/l phenylmethylsulfonyl
fluoride and 5 mmol/l leupeptin). Western blot analyses of
CREB, p38-MAPK and VCAM-1 were performed as
described previously (21).

Adenovirus Vector Expressing a Dominant Nega-

tive Form of CREB

A recombinant adenovirus vector expressing a mutant of
CREB (AdCREB M1) (2.2) in which the phosphorylation site

at Ser133 was changed to alanine was a gift from Anthony J.
Zeleznik (University of Pittsburgh, Pittsburgh, USA). Con-

" fluent bovine ECs were washed 2 times with PBS and incu-
bated with AdCREB M1 or adenovirus empty vector
(AdEmpty) under gentle agitation for 2 h at room tempera-
ture. Then the cells were washed 3 times, cultured in DMEM
with 10% FBS for 2 days and used for the experiments. The
multiplicity of infection (MOI) value indicates the number of
viruses per cell added to a culture dish.

Northern Blot Analysis

Total RNA was prepared according to an acid—guanidinium-—
thiocyanate—phenol-chloroform extraction method. Northern
blot analysis of c-fos, VCAM-1 and 18S rRNA was per-
formed as described previously (27). The radioactivity of
hybridized bands of c-fos and VCAM-1 mRNA, and 188
rRNA was quantified with a MacBAS Bioimage Analyzer
(Fuji Film Co., Tokyo, Japan).

Preparation of Nuclear Extracts and Gel Mobility
Shift Assay

The preparation of nuclear extracts and gel mobility shift
assay were performed as described previously (23). DNA
probes of AP-1 (5-CGCTTGATGAGTCAGCCGGAA-3")
and NF-xB (5-AGATGAGGGGACTTTCCCAGGC-3")
were end-labeled with 2P y-ATP. Ten micrograms of nuclear
extracts were incubated with 1 x 10° cpm of labeled DNA
probe for 30 min at room temperature and electrophoresed on
4% acrylamide gel. A fifty-fold molar excess of unlabeled
DNA was added as a competitor. After electrophoresis, the
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AdEmpty (30 MOI) and stimulated with or without TNFot (1 ng/ml) for 12 h. TNFor-induced VCAM-1 protein expression was
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gels were dried and exposed to X-ray films. Fisher’s test if appropriate. Values of p<0.05 were consid-
ered to indicate statistical significance. Data are shown as the

Statistical Analysis mean®SEM.

Statistical analysis was performed with 1-way ANOVA and



Results

Phosphory!ation. of CREB at Ser133 by TNFa

To examine whether CREB is phosphorylated in response to
TNFa, we performed Western blot analysis using an antibody
that only recognizes the phosphorylated form of CREB at
Ser133 (p-CREB). TNFu stimulated phosphorylation of
CREB with a peak at 15 min of stimulation (Fig. 1A). TNFo
dose-dependently increased phosphorylation of CREB at 15
min of stimulation (Fig. 1B).

The p38-MAPK Pathway Mediates TNFa-Induced
CREB Phosphorylation

Several protein kinases are reported to phosphorylate CREB.
We examined which pathway is responsible for TNFo-
induced CREB phosphorylation. SB203580 (10 pmol/l), a
p38-MAPK inhibitor, completely blocked TNFo-induced
CREB phosphorylation (Fig. 24). PD98059 (10 pumol/1), an
ERK kinase (MEK) inhibitor, wortmannin (50 nmol/l), an
inhibitor of PI3-K, KN93 (10 pmol/l), an inhibitor of
CAMKII, and H89 (1 pmol/1), an inhibitor of PXA, did not
affect TNFo-induced CREB phosphorylation (Fig. 2A).
SP600123, a ¢-junr N-terminal kinase inhibitor, also had no
effect on TNFo-induced CREB phosphorylation (data not
shown). SB203580 was first described as an inhibitor of p38-
MAPK activity that acts by competing with ATPfor binding;
however, it was later demonstrated that SB203580 also pre-
vents p38-MAPK  phosphorylation/activation  (24-26).
SB203580 dose-dependently inhibited TNFo-induced CREB
and p38-MAPK phosphorylation (Fig. 2B). To confirm the
role of p38-MAPK, we used another p38-MAPK inhibitor,
FR167653. FR167653 dose-dependently inhibited TNFo.-
induced CREB and p38-MAPK phosphorylation (Fig. 2C).
TNFo stimulated phosphorylation of p38-MAPK with a peak
at 5 min of stimulation, which is faster than phosphorylation
of CREB (Fig. 2D). PD98059 and wortmannin at the same
concentrations used in Fig. 2 inhibited TNFa-induced ERK
and Akt (a target molecule of PI3-K) activation, respectively
(data not shown). KN93 and H89 at the same concentrations
also inhibited ionomycin- and forskolin-induced CREB phos-
phorylation, respectively (data not shown). Therefore, the
concentrations of these protein kinase inhibitors were suffi-
cient. These data suggest that the p38-MAPK pathway is crit-
ical for TNFo-induced CREB phosphorylation.

Overexpression of a Dominant Negative Form of
CREB Inhibits TNFa-induced VCAM-1 Expres-
sion

To clarify the role of CREB in the TNFo signaling, we over-

expressed a dominant negative form of CREB by an adenovi- |

rus vector (AJCREB M1). We used AdEmpty as a negative
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control for the infection of adenovirus. Phosphorylation of
CREB by TNF 0. was attenuated by infection of AACREB M1,
but not by AdEmpty (Fig. 3). A previous study demonstrated
that TNFo stimulated VCAM-1 expression in ECs (/7). In
the present study, AACREB M1 but not AdEmpty suppressed
TNFo-induced VCAM-1 mRNA and protein expression (Fig.
4A, B). SB203580 also suppressed TNFo-induced VCAM-1
mRNA expression (Fig. 4C), suggesting that the p38-MAPK/
CREB pathway plays an important role. It is known that
TNFo induces VCAM-1 expression through activation of
NF-xB and AP-1 (27). AP-1 is a heterodimer of ¢-Fos and c-
Jun and CRE is one of the important cis-DNA elements regu-
lating c-fos gene expression. We therefore hypothesized that
dominant negative CREB may affect c-fos induction and AP-
1 activation. AdCREB M1 but not AdEmpty suppressed
TNFo-induced c-fos mRNA expression (Fig. 5A). Further-
more, AdCREB M1 suppressed AP-1 DNA binding activity
to the consensus sequence induced by TNFa, but it did not
affect NF-xB binding activity (Fig. 5B). The binding of AP-1
was specific because the band was eliminated by a 50 mol
excess of unlabeled competitor, and the band was super-
shifted by addition of an antibody against c-Jun. These data
suggest that ACREB M1 may suppress TNFo-induced
VCAM-1 gene expression through inhibition of not only
CREB but also AP-1 activity.

Discussion

In the present study, we showed that TNFo activated CREB
through p38-MAPK. Inhibition of CREB function by a dom-
inant negative molecule suppressed TNFo-induced AP-1
activity and VCAM-1 expression.

The results of a search for cis-DNA elements of the
VCAM-1 gene promoter by TFSEACH showed the presence
of a possible CRE site in the promoter of VCAM-1 at — 1686
bp. Therefore, our result suggests that the CRE site of the
VCAM-1 gene promoter may play an important role in
VCAM-1 expression induced by TNFo. A previous study
demonstrated that TNFo. stimulated VCAM-1 expression
through two NF-xB sites (present at —63 bp and —77 bp from
the transcription initiation site) (/7). Ahmad er al. reported
that the AP-1/NF-xB complex was induced by TNFo: and reg-
ulated VCAM-1 gene expression (27). AP-1 can interact with
other transcription factors and modulate their transcriptional
activity (28).The p65 subunit of NF-xB requires a co-factor
protein for transcriptional activity and can interact with ¢-Fos
and c-Jun through the Rel homology domain (29). CRE in the
promoter region of the c-fos gene plays an important role in
the induction of c-fos by many stimuli (30—32). We confirmed
that CRE mediates c-fos expression by TNFa. These data
suggest that inhibition of AP-1 activity by AJCREB M1 may
be involved in the suppression of TNFo-induced VCAM-1
expression. However, further study is necessary to confirm
the role of the AP-1 site of the VCAM-1 gene promoter in
response to TNFor.
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TNFo is known to activate the mitogen-activated protein
kinases (MAPKs), such as c-jun NH,-terminal kinase and
p38-MAPK in ECs (33, 34). A previous study demonstrated
that p38-MAPK mediated actin filament reorganization by
several stimuli, such as vascular endothelial growth factor or
oxidative stress, in human umbilical vein ECs (35). Another
study demonstrated that p38-MAPK negatively regulated cell
survival and proliferation by FGF-2 stimulation in bovine
capillary ECs (36). In the present study, we demonstrated that
p38-MAPK mediated TNFo-induced CREB phosphorylation
and could modulate the expression of cytoadhesion mole-
cules. The p38-MAPK family includes four isoforms, p38c,
p38B, p38yand p38d. Vascular EC expresses p380, p38f and
p388 (37). SB203580 inhibits p38a and p38f, and thus p38ct
or p38p may mediate TNFo-induced CREB phosphorylation.

Atherosclerotic lesion progression has been shown to
depend on persistent, chronic inflammation in the arterial
wall and is characterized by the recruitment of monocytes and
lymphocytes to the arterial wall (38). Adhesion molecules
and chemotactic factors mediate the entry of the lenkocytes
into the subendothelial space. The first step in adhesion, the
rolling of leukocytes along the endothelial surface, is medi-
ated by selecting which bind to carbohydrate ligands on leu-
cocytes (39, 40). The firm adhesion of monocytes and T
lymphocytes to endothelium is mediated by VCAM-1 on the
endotheliumn, which interacts with the integrin VLA-4 on
monocytes and T lymphocytes (7). Therefore, VCAM-1 is
assumed to be important for atherosclerogenesis, and knock-
out strategies have been attempted. Although VCAM-1-null
mice die during embryogenesis (47), it has been shown that
atherosclerotic lesion was reduced that the size of atheroscle-
rotic lesions is reduced in VCAM-1 domain 4-deficient mice
(42), suggesting that VCAM-1 is indeed an important gene
product directly involved in the formation of atherosclerotic
lesions. ‘

In the present study, we demonstrated the possible involve-

ment of CREB in TNFa-induced VCAM-1 expression. In
addition to TNFo, angiotensin II has been shown to stimulate
VCAM-1 expression (43, 44), and we and others previously
reported that angiotensin II stimulated phosphorylation of
CREB (32, 45). Inhibition of CREB may suppress not only
TNFo-induced but also angiotensin Il-induced VCAM-1
expression. Furthermore, it was previously reported that high
blood pressure activates MAPKs (46-48) and that p38-
MAPK activation induced by high blood pressure is involved
in endothelial dysfunction (48). Therefore, inhibition of the
p38-MAPK/CREB pathway may attenuate endothelial dys-
function in patients with hypertension. Our data suggest that
the p38-MAPK/CREB pathway could be a therapeutic target
for the prevention of atherosclerosis.
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Kawano, Shunichi, Toru Kubota, Yoshiya Monden, Takaki
Tsutsumi, Takahiro Inoue, Natsumi Kawamura, Hiroyuki Tsu-
tsui, and Kenji Sunagawa. Blockade of NF-kB improves cardiac
function and survival after myocardial infarction. Am J Physiol Heart
Circ Physiol 291: H1337-H1344, 2006. First published April 21,
2006; doi:10.1152/ajpheart.01175.2005.—NF-«B. is a key transcrip-
tion factor that regulates inflammatory processes. In the present study,
we tested the hypothesis that blockade of NF-xB ameliorates cardiac
remodeling and failure after myocardial infarction (MI). Knockout
mice with targeted disruption of the p50 subunit of NF-xB (KO) were
used to block the activation of NF-xB. MI was induced by ligation of
the left coronary artery in male KO and age-matched wild-type (WT)
mice. NF-kB was activated in noninfarct as well as infarct myocar-
dium in WT + MI mice, while the activity was completely abolished
in KO mice. Blockade of NF-kB significantly reduced early ventric-
ular rupture after MI and improved survival by ameliorating conges-
tive heart failure. Echocardiographic and pressure measurements re-
vealed that left ventricular fractional shortening and maximum rate of
rise of left ventricular pressure were significantly increased and
end-diastolic pressure was significantly decreased in KO + MI mice
compared with WT + MI mice. Histological analysis demonstrated
significant suppression of myocyte hypertrophy as well as interstitial
fibrosis in the noninfarct myocardium of KO + MI mice. Blockade of
NF-xB did not ameliorate expression of proinflammatory cytokines in
infarct or noninfarct myocardium. In contrast, phosphorylation of
c-Jun NHs-terminal kinase was almost completely abolished in
KO + MI mice. The present study demonstrates that targeted disrup-
tion of the p50 subunit of NF-kB reduces ventricular rupture as well
as improves cardiac function and survival after MI. Blockade of
NF-kB might be a new therapeutic strategy to attenuate cardiac
remodeling and failure after ML

cardiac remodeling; inflammation; mitogen-activated protein kinases

NUCLEAR FACTOR-kB (NF-kB) is a key transcription factor that
regulates inflammatory processes (1). Recent studies have
indicated that NF-xB may play important roles in cardiac
hypertrophy and remodeling besides promoting inflammation.
First, NF-«xB has been shown to be activated in the failing
human heart (5, 23), where expression of proinflammatory
cytokines is exacerbated (10, 22). Second, in vitro studies have
shown that activation of NF-«B is required for hypertrophic
growth of cardiomyocytes in response to G protein-coupled
receptor agonists, including phenylephrine, endothelin-1, and
ANG II (7, 18). Third, recent in vivo studies have demon-
strated that blockade of NF-«B ameliorates myocardial hyper-
trophy in response to aortic banding (12) and chronic infusion
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of ANG II (9). Finally, blockade of NF-«kB improves cardiac
function and survival without affecting myocardial inflamma-
tion in TNF-«-induced cardiomyopathy (8). Therefore, block-
ade of NF-kB may be a new therapeutic strategy for heart
failure by attenuating myocardial hypertrophy and remodeling.

Myocardial infarction (MI) is a major cause of heart failure
in most of the developed countries. NF-«kB has been shown to
be activated after myocardial ischemia. However, the role of
NF-«kB in MI remains controversial. Morishita et al. (15)
reported that blockade of NF-kB reduced the extent of Ml in a
rat model of ischemia-reperfusion injury (15), suggesting that
activation of NF-«B is cytotoxic in ischemia. The reduction of
MI size by NF-«B blockade was also observed in a murine
model of ischemia-reperfusion injury (2). In contrast, Misra et
al. (14) reported that blockade of NF-«B increased infarct size
in a murine model of permanent coronary ligation (14), sug-
gesting that the activation of NF-xB might promote cell sur-
vival in ML Furthermore, no study has investigated the long-
term effects of NF-«B blockade on cardiac remodeling and
failure late after MI. Therefore, the purpose of the present
study was to investigate the role of NF-«xB activation in early
and late phases of MI using a mouse model of permanent
coronary ligation. Mice with targeted disruption of the p50
subunit of NF-kB were used to confer chronic inhibition of
NFE-kB in vivo (19). The results demonstrated that blockade of
NF-«B prevented ventricular rupture early after MI and im-
proved survival by ameliorating cardiac dysfunction in the late
phase, suggesting that blockade of NF-«B might be a new
therapeutic strategy to attenuate ventricular rupture and remod-
eling after ML

MATERIALS AND METHODS

Animal model. Mice with targeted disruption of the pS0 subunit of
NF-«kB (19), backcrossed into the FVB background more than six
generations (8, 9), were used to block the activation of NF-kB. These
mice were born normally without any major defects. Homoknockout
mice (KO) were compared with age- and gender-matched wild-type
littermates (WT) in each analysis to minimize the effect of genetic
background variation. Male mice at the age of 8-14 wk were used
unless mentioned otherwise. We induced MI in both WT and KO mice
by ligating the left coronary artery at 2-3 mm from the tip of the left
auricle under pentobarbital sodium anesthesia (50 mg/kg ip) as pre-
viously reported (20). Sham operation without coronary artery ligation
was also performed in WT and KO mice. After the operation, mice
were housed under climate-controlled conditions and were provided
standard food and water ad libitum. During the study period of 12 wk,
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cages were inspected daily for animals that had died. All dead mice
were examined for the presence of pleural effusion and cardiac
rupture as well as ML The cause of death in each mouse was classified
as congestive heart failure when the presence of pleural effusion
(serous fluid within the chest wall cavity) and increased lung weight
were observed or ventricular rupture when the presence of a blood clot
within the pericardial sac was found. This experiment was reviewed
and approved by the Committee of the Ethics on Animal Experiment,
Kyushu University Graduate School of Medical Sciences and carried
out in compliance with the Guideline for Animal Experiment, Kyushu
University and the Law (No. 103) and Notification (No. 6) of the
Government. The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Electrophoretic mobility shift assay. Activation of NF-kB was
evaluated by electrophoretic mobility shift assays (EMSA) according
to the manufacturer’s instructions (Gel Shift Assay System E3300,
Promega, Madison, WI). Nuclear protein was isolated from the
myocardium as previously reported (8, 9). For supershift reactions, 1
il of anti-p50 or -p65 antibody (sc-114X or sc-472X; Santa Crug,
Paso Robles, CA) was added after 20 min of binding reaction, with
further incubation for 30 min on ice. Samples were resolved on a 5%
acrylamide gel in 0.25% Tris-borate-EDTA buffer.

Echocardiographic and hemodynamic measurements. Four weeks
after the operation, mice underwent physiological evaluation with
echocardiography and left heart catheterization as previously reported
(20). After anesthetization with pentobarbital sodium (30 mg/kg body
wt ip, Abbott), a mouse was positioned supine. A 7.5-MHz transducer
connected to a dedicated ultrasonographic system (SSD-5500
ALOKA) was applied to the left hemithorax. Two-dimensional tar-
geted M-mode imaging was obtained from the short-axis view at the
level of the greatest left ventricular (LV) dimension. After echocar-
diography, a 1.4-F micromanometer-tipped catheter (Millar Instro-
ments) was inserted into the right carotid artery and then advanced
into the LV for pressure measurement under additional anesthesia
with 2.5% Avertin (3 pl/g body wt ip, Aldrich Chemical).

Infarct size and myocardial histopathology. After hemodynamic
study, the heart was excised and fixed in 4% paraformaldehyde for the
evaluation of infarct size and histopathology. Infarct size was deter-
mined by methods described previously for rats (17) and also for mice
(16, 20). Briefly, the LV was cut from apex to base into four
transverse sections. Five-micrometer sections were sliced and stained
with Masson’s trichrome. Infarct length was measured along the
endocardial and epicardial surfaces from each of the LV sections, and
the values from all specimens were summed. Total LV circumference
was calculated as the sum of endocardial and epicardial segment
lengths from all LV sections. Infarct size (in percent) was calculated
as total infarct circumference divided by total LV circumference.
Cross-sectional area of cardiomyocytes and collagen volume fraction
of noninfarct myocardium were determined by quantitative morphom-
etry of tissue sections as previously reported (20).

RNase protection assay. Multiprobe RNase protection assay (RPA)
was performed according to the manufacture’s protocol (RiboQuant,
PharMingen) with 5 g of total RNA (8, 9). A custom template set

containing murine TNF-a; IL-18; IL-6; transforming growth factor

(TGF)-$1; regulated on activation, normal T cell expressed and
secreted (RANTES); monocyte chemoattractant protein (MCP)-1; and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was applied.
After RNase digestion, protected probes were resolved on denaturing
polyacrylamide gels and quantified by NIH image. The value of each
hybridized probe was normalized to that of GAPDH included in each
template set as an internal control.

Activity of MAPK. Western blotting analysis was performed by
methods described previously (9). Briefly, the noninfarct LV was
homogenized with a lysis buffer containing 25 mM Tris, pH 7.4, 150
mM NaCl, 5 mM EDTA, 1 mM NazVOs, 10 mM NaF, 1% (vol/vol)
Triton X-100, and 1% (vol/vol) glycerol. Equal amounts of the heart
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homogenate (30 jg) were separated by SDS-PAGE on 10% (wt/vol)
gels, transferred onto a nitrocellulose membrane (Trans-Blot Transfer
Medium, Bio-Rad Lab), and blocked with 5% skimmed milk at room
temperature for 60 min. The membranes were subjected to immuno-
blot analyses with anti-phospho-extracellular signal-regulated kinase
(ERK) antibody (no. 9106; Cell Signaling Technology), anti-phospho-
c-Jun NHp-terminal kinase (JNK) antibody (no. 9255; Cell Signaling
Technology), or anti-phospho-p38 antibody (no. 9211; Cell Signaling
Technology). Duplicate samples were subjected to immunoblot anal-
yses with anti-ERK antibody (no. 9102; Cell Signaling Technology),
anti-JNK1 antibody (sc-474; Santa Cruz Biotechnology), or anti-p38
antibody (no. 9212; Cell Signaling Technology). Immunodetection
was accomplished with a horseradish anti-rabbit or anti-mouse sec-
ondary antibody (1:2,000 dilution, Amersham) by using an enhanced
chemiluminescence kit (Amersham).

Evaluation of infarct size 24 h after coronary ligation. Evans blue
dye (1%) was perfused into the aorta and coronary arteries, and tissue
sections were weighed and then incubated with a 1.5% triphenyltet-
razolium chloride solution at 37°C for 20 min. The infarct area (pale
area), the area at risk (nonblue area), and the total LV area from each
section were measured, multiplied by the weight of the section, and
then totaled from all sections (20).

DNA ladder. Genomic DNA was isolated from the LV using a
proteinase K method as previously described (20). To visualize the
DNA laddering, fragmented DNA was amplified by ligation-mediated
PCR (Maxim Biotech, South San Francisco, CA). Briefly, after
overnight ligation with specially designed adapters, 25 ng of DNA in
50 pl of solution was amplified with 35 cycles of PCR and resolved
on a 1.5% agarose/ethidium bromide gel.

Statistics. Results are presented as means = SD. Survival anal-
ysis was performed by the Kaplan-Meier methods. ANOVA ‘with
Student-Newman-Keuls post hoc test or x? test was used for

statistical comparison. Differences were considered significant at a
value of P < 0.05.

RESULTS

Activation of NF-kB in infarct and noninfarct myocardium.
EMSA was performed with nuclear protein isolated from
infarct myocardium 24 h after MI and noninfarct myocardium
7 days after MI. Compared with WT + sham-operated mice,
NF-«B was further activated in infarct (Fig. 1A) and noninfarct
myocardium (Fig. 1B) of WT + MI mice. In contrast, activa-
tion of NF-kB was completely abolished in KO + sham-
operated and KO + MI mice. Most of NF-kB band in infarct
myocardium was supershifted with the anti-p50 antibody (Fig.
1C), suggesting that the majority of NF-«B was p50-p50
homodimers or p5S0-p65 heterodimers.

Improved survival after MI in NF-«kB KO mice. Within 24 h
after the operation, 44 of 119 WT + MI (37%) and 46 of 121
KO + MI mice (38%, P = 0.973) died of cardiogenic shock
without ventricular rupture or bleeding. In contrast, none of 16
WT + sham-operated and 20 KO + sham-operated mice died
after the operation. Survival analysis was performed up to 12
wk in these survived animals. Within 7 days after MI, 25 of 75
WT + MI (33%) and 19 of 75 KO + MI mice (25%, P =.
0.370) died. Although the total mortality was not different
statistically, the rate of ventricular rupture was significantly
lower in KO + MI mice (11 of 75) than WT + MI mice (22 of
75, P < 0.05). As shown in Fig. 2, the survival rate up to 12
wk after MI was significantly higher in KO + MI mice
(73.3%) than WT + MI mice (56.0%, P < 0.05). No ventric-
ular rupture was observed after 7 days. All the autopsied mice
exhibited marked cardiomegaly and pleural effusion, suggest-
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ing that they died of congestive heart failure. These results
suggest that blockade of NF-«B may prevent ventricular rup-
ture early after MI and improve the survival with ameliorating
congestive heart failure thereafter.

Attenuated cardiac dysfunction in KO + MI mice. Cardiac
function was evaluated 4 wk after the operation by using
echocardiography and left heart catheterization. The results are
summarized in Table 1. Echocardiography revealed no signif-
icant differences in cardiac morphology and function between
WT + sham-operated and KO + sham-operated mice. Al-
though. both WT + MI and KO + MI mice had significantly
larger LV dimensions and significantly lower fractional short-
ening than WT + sham-operated mice, LV systolic. dimension
was significantly smaller and fractional shortening was signif-
icantly higher in KO + MI mice than in WT + MI mice.
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Fig. 2. Kaplan-Meier survival curves of wild-type (WT) and NF-xB knockout
mice (KO) after MI.

Non-infarct myocardium

H1339

T supershift

- — NF-«xB “— NF-«xB

<—Non-specific «—Non-specific

fe

Infarct myocardium
(24 hours)

Fig. 1. Electrophoretic mobility shift assay for activated NF-«B after myocardial infarction (MI) in the presence (+) or absence (=) of the P30 subunit. Nuclear
proteins were isolated from infarct myocardium 24 h after MI (A) and noninfarct myocardium 7 days after MI (B). Nuclear proteins were isolated from the
corresponding myocardium in sham-operated mice. Supershift analysis was performed by using anti-p50 or -p63 antibody (Ab) to investigate the subunit
composition of activated NF-kB in infarct myocardium (C).

As in echocardiographic parameters, LV pressure parame-
ters were not significantly different between WT + sham-
operated and KO + sham-operated mice. LV systolic pressure,
maximum rate of rise of LV pressure (+dP/dfn.y), and peak
rate of LV pressure fall (—dP/dtin) were significantly lower
and LV end-diastolic pressure was significantly higher in
WT + MI mice than in WT + sham-operated mice. In con-

trast, there were no significant differences in LV systolic

pressure, +dP/dfn., —dP/dimim, and end-diastolic pressure
between KO + sham-operated and KO + MI mice. LV sys-
tolic pressure and +dP/dimax were significantly higher and LV
end-diastolic pressure was significantly lower in KO + MI
mice than WT + MI mice. These results suggest that LV
dysfunction after MI was significantly ameliorated in KO mice.

Infarct size was evaluated after hemodynamic evaluation in
each mouse. Because infarct size was not different between
WT + MI and KO + MI mice (Table 1), the differences in
cardiac function were not attributable to infarct size variation.

Amelioration of myocyte hypertrophy and interstitial fibrosis
in KO + MI mice. Table 2 summarizes the heart and Iung
weights 4 wk after the operation. Compared with WT <+ sham-
operated mice, there were significant increases in LV weight,
atrial weight, and lung weight in WT + MI mice, consistent
with the increased LV end-diastolic pressure after MI. No
differences in RV weight, L'V weight, atrial weight, and lung
weight were observed between WT + sham-operated and
KO + sham-operated mice. Compared with WT -+ MI mice,
there were significant decreases in atrial weight and lung
weight in KO + MI mice, in agreement with the attenuated
elevation of L'V end-diastolic pressure in KO + MI mice.

Cross-sectional area of cardiomyocytes and collagen volume
fraction of noninfarct myocardium were evaluated with Mas-
son-trichrome staining (Fig. 34). As summarized in Fig. 3B,
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Table 1. Left ventricular function and infarct size

BLOCKADE OF NF-kB AFTER MYOCARDIAL INFARCTION

WT + Sham KO + Sham
Operated " Operated WT + MI KO + MI
n 6 6 12 13
Echocardiographic data
Heart rate, beats/min 46449 467+58 444 +58 444+48
End-diastolic dimension, mm 3.38+0.31 3.20x0.30 5.09x0.50% 491+£0.48%
End-systolic dimension, mm 1.80=0.36 1.62+0.19 4.30£0.57* 3.86x0.46%t
Fractional shortening, % 46.7+59 49.0%1.7 15.843.8% 21.7£3.7%%
Infarct wall thickness, mm NA NA 0.41£0.07 0.48+0.08
Noninfarct wall thickness, mm 0.97x0.16 0.97x0.10 1.14x0.18 1.08+0.08
Hemodynamic data
Heart rate, beats/min 41421 399x35 40728 417+30
Systolic pressure, mmHg 94.8+5.3 95.7+7.0 86.09.0* 96.2+9.67
End-diastolic pressure, mmHg 1.8%2.1 2.1*+19 7.9+:4.9% 4.5+4.67
+dP/dtimax, mmHg/s 9,655+2,403 9,655+742 6,562+1,516% 8,231+1,8447
—dP/dtmin, mmHg/s 5,485%799 4,660736 3,814£865% 4378 +875%
Infarct size, % NA NA 44.9x6.1 45.3+6.9

Data are means = SD; » indicates no. of animals studied. NA, not applicable. KO, NF-kB knockout; +dP/dtmas, maximum rate of rise of left ventricular
pressure; —dP/dtmin, peak rate of left ventricular pressure fall. *P < 0.05 vs. wild type (WT) + sham operated; 1P < 0.05 vs. WT + myocardial infarction (MT).

the cross-sectional area of cardiomyocytes in noninfarct myo-
cardium was significantly increased in WT 4 MI mice. In
contrast, the cross-sectional area was not increased statistically
in KO + MI mice. As summarized in Fig. 3C, collagen volume
fraction was significantly increased in WT + MI mice com-
pared with WT + sham-operated mice and was smaller in
KO -+ MI mice. These results indicated that myocyte hyper-
trophy and interstitial fibrosis in noninfarct myocardium after
MI were attenuated in KO mice.

Myocardial expression of cytokines. Expression of proin-
flammatory cytokines was assessed by multiprobe RPA (Fig.
4). Proinflammatory cytokines and chemokines, including
RANTES, TNF-a, IL-13, IL-6, TGF-B, and MCP-1, were
upregulated in infarct myocardium 24 h after MI in KO mice
as well as in WT mice (Fig. 4, A and B). Although we had
expected that the expression of proinflammatory cytokines and
chemokines would be attenuated by NF-kB KO, there were no
differences in the expression of IL-18, IL-6, TGF-B, and
MCP-1 between WT + MI and KO + MI mice. On the con-
trary, the expression of RANTES and TNF-a was enhanced in
KO + MI mice.

As in the infarct myocardium, expression of proinflamma-
tory cytokines was evaluated in noninfarct myocardium 4 wk
after MI (Fig. 4, C and D). Compared with WT + sham-
operated mice, expression of TNF-« and IL-6 was significantly
increased in the noninfarct myocardium of WT + MI mice.
Blockade of NF-kB activation did not affect IL-6 but rather
enhanced TNF-a expression in KO + MI mice. These results

Table 2. Heart and lung weights

suggest that the induction of proinflammatory cytokines in
infarct and noninfarct myocardium was mediated by NF-xB-
independent pathways.

Phosphorylation of MAP kinases. Activation of MAP ki-
nases has been shown to play an important role in cardiac
hypertrophy and remodeling. As shown in Fig. 5, both ERK
and JNK, but not p38, were phosphorylated in noninfarct
myocardium 7 days after MI in WT mice. There were no
significant differences in the protein levels of ERK, JNK, or
p38 between WT and KO mice. However, NF-kB KO
almost completely abolished the phosphorylation of JNK,
although it did not affect that of ERK. The selective abro-
gation of JNK phosphorylation might play an important role
in the attenuation of cardiac remodeling and dysfunction
after MI in KO mice.

Infarct size and apoptosis 24 h after MI. Because the rate of
ventricular rupture was significantly lower in KO -+ MI mice,
another group of animals with WI'+MI (n = 3) and
KO + MI (n = 6) were evaluated at 24 h after MI to elucidate
the underlying mechanisms. As summarized in Table 3, the
infarct area in KO + MI mice was significantly lower than that
in WT + MI mice, which may suggest less myocardial damage
early after MI in KO mice. As indicated by the DNA ladder
assay, although apoptosis was increased in the infarct myocar-
dium at 24 h after MI, the extent of apoptosis was not different
between WT and KO mice (Fig. 6). Therefore, the difference in
infarct size may not be attributed to apoptosis.

WT + Sham KO + Sham
Operated Operated WT + MI KO + MI

n 6 6 13 13
BW, g 30.7x1.5 30.6%2.5 299%1.7 30.0x1.9
Heart weight/BW, mg/g 4.31+0.71 428+0.49 5.71x0.75% 4.99:0.49%

Left ventricular weight/BW, mg/g 2.89+0.49 2.80x=0.28 3.64x0.64% 3.23+042

. Right ventricular weight/BW, mg/g 0.75x0.18 0.85+0.20 0.76=0.25 0.78x0.12

Atrial weightBW, mg/g 0.68x0.23 0.63+0.24 1.30£0.37* 0.97x0.28
Lung weigh/BW, mg/g 491+0.55 5.02+0.77 6.62+1.37* 5.05+0.6271

Data are meaus = SD; n indicates no. of animals studied; BW, body weight. *P < 0.05 vs. WT + sham operated; 7P < 0.05 vs. WT + ML
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