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Combination Therapy with Cerivastatin and Nifedipine
Improves Endothelial Dysfunction After Balloon Injury
in Porcine Coronary Arteries
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Abstract: HMG-CoA reductase inhibitors and calcium channel
blockers have antiatherogenic effects; however, their mechanisms
remain to be elucidated. This study examined the effect of cerivastatin
and/or nifedipine on the endothelial dysfunction in porcine balloon-
injured coronary arteries. Normal male pigs were randomly divided
into the following four groups: control, cerivastatin (1 mg/kg/d PO),
nifedipine (4 mg/kg/d PO), and their combination (n = 10 each). We
started the treatments 3 days before balloon injury in the proximal left
coronary arteries and continued for 4 weeks after the procedure.
Then, we examined endothelial vasodilator functions ex vivo in organ
chambers and in vitro by Western blotting for eNOS expression.
Endothelium-dependent relaxations to serotonin, but not those to
bradykinin or the calcium ionophore A23187 or endothelium-
independent relaxations to sodium nitroprusside, were significantly
impaired by balloon injury. The monotherapy with cerivastatin or
nifedipine partially improved, and their combination supernormalized
the relaxations to serotonin without affecting those to bradykinin or
A23187 or endothelium-independent relaxations to sodium nitro-
prusside. The expression of eNOS was significantly reduced by
balloon injury and normalized by the combination therapy. These
results indicate that the combination therapy improves endothelial
dysfunction after balloon injury, in which the up-regulation of eNOS
may be involved.
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ercutaneous coronary intervention (PCI) is widely per-

formed for the treatment of coronary artery disease';
however, endothelial injury of the coronary arteries is inev-
itable. We have previously demonstrated that endothelial
vasodilator function is impaired in the regenerated state after
balloon injury.>” The healthy endothelium plays a key role
in maintaining vascular homeostasis by synthesizing and
releasing several vasodilators, including prostacyclin, nitric
oxide (NO), and endothelium-derived hyperpolarizing factor
(EDHF).** NO, which is synthesized from L-arginine
by endothelial nitric oxide synthase (eNOS), exerts antiathero-
genic effects, such as the suppression of proliferation/migration
of vascular smooth muscle cells (VSMC) and aggregation/ad-
hesion of platelets.*> Thus, it is important to maintain endo-
thelial function in the regenerated state to inhibit the progression
of atherosclerosis in general and the restenosis after PCI in
particular.*?

Recent studies have shown that HMG-CoA reductase
inhibitors (statins) reduce the incidence of coronary artery
disease and cardiac death.®’ Indeed, statins improve endothe-
lial vasodilator function,® up-regulate eNOS expression,’ and
stabilize atherosclerotic plaques.'®'" Calcium channel block-
ers are also effective in patients with coronary artery disease,’
especially in those with vasospastic angina, which can dilate
vascular smooth muscle. The calcium channel blockers could
also up-regulate eNOS expression in vitro'? and improve
endothelial dysfunction in hypercholesterolemic patients."?

However, it remains to be examined whether statins
and/or calcium channel blockers improve vasodilator functions
of regenerated endothelial cells after balloon injury, and if so,
what mechanism is involved. Thus, the present study was
designed to examine whether monotherapy with cerivastatin or
nifedipine or their combination therapy improves endothelial
dysfunction after balloon injury in porcine coronary arteries.

METHODS
This experiment was reviewed by the Ethics Committee
on Animal Experiment at the Kyushu University and was
carried out in accordance with the Guidelines for Animal
Experiment at the Kyushu University and The Law (No. 105)
and Notification (No. 6) of the Japanese Government.

Animal Preparation
Male domestic pigs (Nihon Crea Inc, Tokyo; 2 to 3
months old; weight 25 to 30 kg) were used. The animals were
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housed individually at a controlled room temperature. They
were randomly divided into the following four groups: control
(placebo), cerivastatin (1 mg/kg/d, PO), nifedipine (4 mg/kg/d,
PO), and both of them (at the same dose as in the
monotherapy). Because 3 days are needed to achieve the
plateau plasma levels of the drugs, the drug treatments were
started 3 days before the balloon injury and were continued for
4 weeks until the end of the experiments. In a preliminary
study, we confirmed that the present drug treatments do not
significantly lower blood pressure in normal pigs (data not
shown). On the day of balloon injury, the animals were sedated
with ketamine hydrochloride (12.5 mg/kg IM) and were then
anesthetized with sodium pentobarbital (20 mg/kg IV).'*'
The animals were then intubated and ventilated with room air,
and oxygen was supplemented via a positive-pressure res-
pirator (Shinano Inc).'*!'> Arterial pH, Po,, and Pco, were kept
within normal ranges. A catheter was inserted into the right
carotid artery, and heparin (5000 U) was administered
intravenously. Coronary arteriography was performed in a left
anterior oblique view, using the Toshiba cineangiography
system. ECGs along with mean arterial pressure and heart rate
were continuously monitored. The diameter of the balloon was
chosen so that it was ~1.3 times greater than that of the
coronary segment.'® The balloon was inflated at a pressure of
8 atm for 30 seconds 5 times.'® The balloon injury was per-
formed in the middle portion of the left anterior descending
and the left circumflex coronary artery. We have previously
confirmed that there is no difference in endothelium-dependent
responses or responses to balloon endothelial injury among the
coronary arteries.>?

Organ Chamber Experiments

Four weeks after the endothelial injury, the coronary
artery segments from the balloon-injured left coronary artery
and the normal right coronary artery were isolated, cleaned of
any perivascular tissue, and cut into rings 4 mm in length. In
some rings, the endothelium was removed by gentle rubbing of
the luminal surface with a cotton swab.?> The rings were fixed
vertically between hooks in an organ bath of 20 mL capacity
containing Krebs solution of the following composition
(mmol/L): NaCl 121, KCI 4.7, NaHCO; 24.7, MgS0, 12.2,
CaCl, 2.5, KH,PO, 1.2, and glucose 5.8, which was main-
tained at 37°C and aerated with a mixture of 95% 0,-5%
CO; in cold physiological salt solution (PSS). PSS was aerated
with 95% O, and 5% CO,. The hook anchoring the upper end
of the strip was connected to the lever of a force transducer
(Nihon-Kohden Kogyo). The resting tension was adjusted
to 5 g. KCI solution (62 mmol/L) was applied every
15-20 minutes until the amplitude of the contraction reached
a constant value. The developed tension was expressed as
a percentage of the tension attained in the last precontraction
with 62 mmol/L KCI, the extent of which was comparable
among the treatment groups (data not shown). The presence or
absence of the endothelium was confirmed by the presence or
absence of the relaxation to bradykinin (10”7 mol/L) during
a stable contraction evoked by prostaglandin F,, (PGF,,) (1-3
X 107° mol/L, adjusted to 50% of maximal contraction to
KCI).>* Endothelium-dependent relaxations to serotonin
(107° to 10~° mol/L), bradykinin (107'° to 10~7 mol/L),
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and the calcium ionophore A23187 (10~° to 10~° mol/L) were
examined in rings from the balloon-injured and control sites
in parallel during a stable contraction evoked by PGF,,
(2 X 107° mol/L). Serotonin, bradykinin, and A23187 were
chosen because they are G;-protein-, G,-protein-, and receptor-
independent agonists, respectively.”® The endothelium-
dependent relaxations to serotonin were examined in the pre-
sence of ketanserin 10~¢ mol/L, a SHT,-serotonergic receptor
antagonist, to inhibit the direct vasocontracting effect of
the monoamine on the vascular smooth muscle.>® The
endothelium-independent relaxation to sodium nitroprusside
was also examined in rings without endothelium.

After the experiments, the rings were fixed with
formalin. We have previously confirmed that the use for
organ chamber experiment does not significantly change the
histological characteristics of blood vessels.>*2° Tissue sam-
ples were embedded in paraffin, sectioned into slices 5 wm
thick, mounted on glass slides, and stained with hematoxylin
and eosin (H&E) and Verhoeff-van Gieson elastin (VVG)
stain."® The degree of the intimal thickening was analyzed as
follows. The intimal area (Ai) was calculated by the formula
Ai = Ae — Al, where Ae and Al are the areas within the
internal elastic lamina and the internal border of the vessel,
respectively. The degree of the neointimal formation was
expressed as percentage of intimal area (Ai/Ae X 100)."

Blood Analysis

Blood samples were collected from each pig from the
aorta with heparin before and 4 weeks after drug administra-
tion. The samples were centrifuged at 3000 rpm at 4°C for 15
minutes, and the plasma was frozen at —80°C. They were
analyzed for lipid profiles, liver transaminases, and creatinine
kinase in SRL Co Ltd (Tachikawa, Tokyo, Japan) to examine
the potential side effects of the drug treatments.

Western Blotting

The expression of eNOS was measured by SDS-PAGE
followed by electrophoretic transfer of the proteins to a
nitrocellulose membrane.'® The coronary segments from the
balloon-injured site and the normal right coronary artery were
used. The vessels were homogenized with 200 wL of SDS-
PAGE sample buffer [Tris(hydroxymethyl) aminomethane
25.0 mM, glycine 192.0 mM, and SDS 288.4 mM]. The buffer
was centrifuged at 15,000 rpm for 15 minutes, the supernatant
was extracted, and its density was measured. An equal volume
of sample was subjected to SDS-PAGE immunoblot analysis,
using a specific antibody against eNOS'® by an ECL Western
blotting luminol reagent, and the density of the blots was
measured by densitometry. The influence of the background
density was excluded.

Drugs

The following drugs were used; ketamine hydrochloride,
5-hydroxytryptamine (serotonin), bradykinin, sodium nitro-
prusside, the calcium ionophore A23187, L-NNA (Sigma
Chemical Co), PGF,, (Ono Pharmaceutical Co), and anti-
bodies to eNOS (N30020, Transduction Laboratory, Lexing-
ton, KY).
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Data Analysis

All results are expressed as the mean = SEM. Statistical
analysis was performed by ANOVA followed by Fischer post-
hoc test for multiple comparisons. A value of P < 0.05 was
considered to be statistically significant.

RESULTS
Coronary Arteriography

When we performed coronary balloon injury, the
balloon/artery ratio and percentage dilatation (the coronary
diameter after balloon injury divided by that before the pro-
cedure) were comparable among the four groups, indicating
that the coronary artery was equally balloon-injured. Four
weeks after the balloon injury, coronary angiography dem-
onstrated that mild stenotic lesion was developed at the
previously injured site (15.2 = 3.4%) but not at the uninjured
site (0%). The combination therapy with cerivastatin and
nifedipine significantly inhibited the development of the cor-
onary stenotic lesion as compared with other three groups
(control, 15.2 % 3.4%; cerivastatin, 7.0 £ 2.1%; nifedipine,
15.9 = 5.6%; and combination, 4.9 £ 1.9%) (P < 0.05 versus
other three groups).

Organ Chamber Experiments

Endothelium-dependent relaxations to serotonin (G-
protein-mediated) were significantly impaired at the balloon-
injured site compared with the uninjured site (Fig. 1). The
monotherapy with cerivastatin or nifedipine improved the
impaired relaxations to serotonin at the balloon-injured site
(Fig. 1). The combination therapy with cerivastatin and nifed-
ipine markedly improved (supernormalized) the relaxations
to serotonin (Fig. 1). By contrast, endothelium-dependent re-
laxations to bradykinin (Gg4-protein-mediated) and A23187
(receptor-independent) were preserved at the balloon-injured
site (Fig. 2). The endothelium-independent relaxations to
sodium nitroprusside were not affected by balloon injury or
any drug treatments (Fig. 3).

—O— Control
—aA— Cerivastatin

Injured site (n=5~10)

Histologic Examination

Histologic examination demonstrated that monolayer
cells covered all inner surface of the vascular wall and that they
were immunohistologically positive for eNOS (data not
shown). The coronary vascular lesion formations after balloon
injury (as expressed by pecentage intima) were not signif-
icantly different among the four groups; control, 55 £ 8%;
cerivastatin, 44 £ 12%; nifedipine, 32 = 12%; combination,
33 = 15%. No intimal lesion was noted at the uninjured site.

Blood Sample Analysis

Blood sample analysis showed no significant differences
in lipid profiles, liver transaminases, or creatinine kinase before
and 4 weeks after the balloon injury in each group (data not
shown). There were also no significant differences in those
values among the four groups. The plasma concentrations of
cerivastatin and nifedipine peak 1 hour after oral administration.
The peak plasma concentrations of cerivastatin and nifedipine
were 0.1 = 0.06 pM and 2.7 £ 1.1 uM, respectively.

Western Blotting

The expression of eNOS was significantly reduced by
balloon injury (Fig. 4). The monotherapy with cerivastatin or
nifedipine tended to increase the eNOS expression, and the
combination therapy with cerivastatin and nifedipine normal-
ized the expression at balloon-injured site (Fig. 4).

DISCUSSION

The novel finding of the present study is that the combi-
nation treatment with cerivastatin and nifedipine improves en-
dothelial dysfunction in the regenerated state after balloon
injury. We have previously demonstrated that the regenerated
endothelial cells have selective impaired endothelium-dependent
responsiveness to serotonin but not to bradykinin or A23187,%*
which has been confirmed in the present study. The reduced
expression and/or function of endothelial G; protein may be one
of the important molecular mechanisms for the dysfunction of
regenerated endothelim.**!"!8

—4— Nifedipine % P <0.05 vs uninjured site
—@— Cerivastatin
+Nifedipine 1t P <0.05 vs Control group

Uninjured site (n= 4~9)

FIGURE 1. Endothelium-dependent
relaxations to serotonin in porcine
coronary arteries. The relaxations
were significantly impaired at the
balloon-injured site compared with
the uninjured site. Although the
treatment with cerivastatin or nifed-
ipine alone improved the relaxa-
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A23187 in porcine coronary arteries. g °
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impaired at balloon-injured site com-
pared with the uninjured site. The 100

treatments with cerivastatin or nifed- 9 ' 8
ipine alone, or their combination, did
not significantly alter the responses.

It is important to maintain endothelial vasodilator func-
tion in the regenerated state. We have previously demonstrated
that fish oil and its major component, eicosapentaenoic acid,
improve endothelial dysfunction in animals and humans.'* It
also has been reported that lipid-lowering therapy by diet or
statin improves eNOS expression in atherosclerotic rabbits.?
Indeed, statins can up-regulate eNOS expression in vivo and
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: 100
7 6
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in vitro, independent of lipid-lowering effects.?*2® Calcium
channel blockers could also enhance eNOS expression in vivo
and in vitro, independent of blood pressure—lowering
effects'12,13,27729

There have been several reports regarding the beneficial
effects of the combination therapy with statins and calcium
channel blockers. The REGRESS trial was the first to
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FIGURE 4. Western blotting analyses of eNOS protein
expression in porcine coronary arteries. The balloon injury
significantly reduced the eNOS expression, whereas the
combination therapy with cerivastatin and nifedipine normal-
ized its expression.

demonstrate the inhibitory effect of the combination therapy
with pravastatin and calcium channel blockers on the pro-
gression of coronary atherosclerosis in humans.*® The benefi-
cial effects of the combination therapy have been confirmed in
mouse models of atherosclerosis.*'? It was reported that the
combination of amlodipine and lovastatin has a higher inhib-
itory effect on the atherogenicity of low-density lipoprotein as
compared with amlodipine or lovastatin alone in cultured
vascular smooth muscle cells.*® Furthermore, amlodipine has
been reported to improve arterial compliance and fibrinolytic
balance in hypertensive and hyperlipidemic patients, while the
addition of atorvastatin showed further beneficial effects than
those with amlodipine alone.***’

The ENCORE I study has recently examined the effects
of cerivastatin or nifedipine GITS alone and their combination
for 6 months on coronary endothelial functions in patients with
coronary artery disease. The results demonstrated that nifed-
ipine significantly improved coronary endothelial function in
the most constricted segments, whereas the combination
therapy with cerivastatin and nifedipine did not show addi-
tional benefits.>® Recently, the ENCORE II study has further
confirmed that nifedipine GITS for 2 years is useful to improve
coronary endothelial function and suppress the progression of
coronary atherosclerosis in patients with coronary artery
disease.”’

Our present study has demonstrated that the mono-
therapy with cerivastatin or nifedipine alone can only partially
improve the impaired endothelium-dependent relaxation to
serotonin and tends to improve eNOS protein expression,
whereas their combination can supernormalize the relaxation
responses and normalize the eNOS protein expression without
affecting lipid profiles or blood pressure. Endothelium-dependent
relaxations to serotonin are largely mediated by NO.*'® Thus,
it is conceivable that the improvement of eNOS expression
may be involved in the mechanisms for the improved
endothelial vasodilator function achieved by the combination
for the normalization of the relaxation responses to serotonin
by the combination therapy remains to be elucidated. Al-
though the extent of the coronary stenotic lesion at the pre-

© 2005 Lippincott Williams & Wilkins

viously injured site was very mild in all four groups, it was
significantly less in the combination therapy group as com-
pared with the other three groups. This result coincides with
those of endothelial function and eNOS expression. We
consider that the summed effects of cerivastatin and nifedipine
are involved in the effects of the combination therapy.

Several limitations should be mentioned for the present
study. First, although we evaluated functional involvement of
NO in the endothelium-dependent relaxations and eNOS ex-
pression, we did not measure NO production from the endo-
thelium or NO bioavailability (eg, NO, and cGMP). However,
the increase in functional contribution of NO associated with
increased eNOS expression suggests that endothelial NO
production is improved by the combination therapy with
cerivastatin and nifedipine. Second, only one dose of each drug
was used in this study. However, the present study includes
a long-term treatment of large animals (pigs) with a relatively
higher dose of cerivastatin (1 mg/kg/d or 25-30 mg/d/animal)
and nifedipine (4 mg/kg/d or 100120 mg/d/animal). Thus, we
believe that we were able to examine the effect of the
monotherapy with each drug.

In summary, we were able to demonstrate that the
combination therapy with cerivastatin and nifedipine improves
endothelial dysfunction in the regenerated state after balloon
injury, independent of lipid profiles or blood pressure,
suggesting a usefulness of the combination therapy for the
treatment of coronary artery disease.
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