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Abstract The comparative long-term antianginal efficacy
of long-acting nitrates versus calcium channel antagonists
remains unclear. The goal of the present study was to
compare the coronary endothelial cell function and coro-
nary artery vasoconstriction between patients with normal
or mildly diseased coronary arteries treated with long-acting
nitrates or calcium channel antagonists. Forty-two patients
suspected to have angina pectoris and with normal or mildly
diseased coronary arteries underwent Doppler flow study
of the left anterior descending coronary artery. All patients
were suspected to have angina pectoris and were receiving
either long-acting nitrates (n =18; Nitrates group) or calcium
channel antagonists (n = 24; Ca-antagonists group) for at
least 1 year. Vascular reactivity was assessed by intracoro-
nary administration of papaverine, acetylcholine (Ach),
and nitroglycerin using a Doppler guidewire. Segments that
showed the greatest constrictive response to Ach were used
for assessment of vasoconstriction. The percent increase in
coronary blood flow (CBF) and coronary artery diameter
(CAD) induced by Ach was significantly smaller in the
Nitrates group than in the Ca-antagonists group (33% +
74% vs 83% *+ 77%, P < 0.05; =3% + 16% vs 11% + 12%,
P < 0.01, respectively). The percent diameter reduction
in the region of greatest constrictive response to Ach was
significantly greater in the Nitrates group than in the Ca-
antagonists group (44% £ 39% vs 15% * 32%, P < 0.02).
Long-term treatment with long-acting nitrates may produce
less favorable effects on coronary endothelial function and
the constrictive response to Ach when compared with long-
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acting calcium channel antagonists in patients with normal
or mildly diseased coronary arteries.

Key words Nitrates - Endothelial function - Shear stress -
Vasoconstriction

Introduction

Nitrates are widely used for the treatment of angina pecto-
ris, and their ability to reduce left ventricular remodeling
and cardiac mortality during acute myocardial infarction
has been well described.'” Recent large mega-trials (GISSI-
3 and ISIS-4) failed to demonstrate any benefit for nitro-
glycerin on mortality in patients with acute myocardial
infarction. Since these studies utilized populations that
received nitrates for 5-6 weeks, the effect of long-term
administration of - nitrates remains unclear.*® However,
Ishikawa et al’ suggested that long-term use of nitrates
increased cardiac events in patients with previous myocar-
dial infarction. The pharmacologic and physiologic mecha-
nisms of this unfavorable result remain unknown, but may
involve neurohormona! counter-regulatory mechanisms,
impaired nitrates biotransformation, or intrinsic changes in
the vasculature.**

Calcium (Ca) channel antagonists have also been used
for the treatment of angina pectoris. The negative cardio-
vascular impact of some short-acting formulations of Ca
channel antagonists was described in the 1990s and has led
to the reduced use of Ca channel antagonists.”"' However,
several recent randomized studies have suggested that long-
acting Ca channel antagonists are safe and beneficial for the
treatment of coronary artery disease.'*™

Many patients were suspected to have angina pectoris
based on clinical history of chest pain symptoms elicited by
their physicians rather than by objective findings on cardiac
catheterization, and these patients were treated with either
nitrates or calcium channel antagonists. Many studies have
demonstrated that endothelial dysfunction is one of the
earliest markers in patients with atherogenic risk factors
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(e.g., male gender, aging, hypertension, diabetes mellitus,
smoking, family history) in the absence of angiographic evi-
dence of atherosclerosis.””" Further, statins, angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers,
and long-acting Ca-antagonists have been reported to alle-
viate endothelial dysfunction.™’ Therefore, patients with
normal or mildly diseased coronary arteries were selected
as the study population with the goal of comparing coronary
endothelial cell function and coronary artery vasoconstric-
tion between the patients treated with long-acting nitrates
and those treated with calcium channel antagonists. More-
over, to explore the hypothesis that shear stress may be
associated with impairments in coronary endothelial func-
tion, this study investigated shear stress and endothelial
function in patients undergoing treatment with long-acting
nitrates or calcium channel antagonists.

Subjects and methods
Study population

Forty-two patients with suspected angina pectoris (15
women, 27 men; 63 £ 12 years) and normal coronary caliber
or mildly stenotic coronary lesions (% diameter stenosis
<30%) were enrolled in this study. All participants were
receiving long-acting nitrates (Nitrates groups) or calcium
channel antagonists (Ca-antagonists group) and underwent
Doppler flow study of the left anterior descending coronary
artery. The Nitrates group consisted of 18 patients undergo-
ing nitrate therapy for at least 1 year (average of 2.5 years),
and the Ca-antagonists group consisted of 24 patients
undergoing treatment with Ca channel antagonists for at
least 1 year (average of 2.3 years). Inclusion criteria were:
(1) angiographically smooth arteries; (2) mild irregularities
with no coronary artery lesion >30% lumen diameter
stenosis by visual assessment in major epicardial vessel;
and (3) proximal coronary arteries >2.0mm. Patients with
previous myocardial infarction, previous coronary revascu-
larization, valvular heart disease, vasospastic angina, cardio-
myopathy, or myocarditis were excluded from study. Nitrates
or Ca channe! antagonists were administered orally during
the study, in continuous dosing; patients in the Nitrates
group received long-acting isosorbide dinitrate (40mg/day)
or long-acting isosorbide mononitrate (40mg/day), while
patients in Ca-antagonists group received long-acting amlo-
dipine besylate (Smg/day), or long-acting nifedipine (20mg/
day). Written informed consent was obtained from all
patients before catheterization in accordance with guide-
lines established by the Committee for the Protection of
Human Subjects in our institution.

Study protocol

Diagnostic coronary angiography was performed using a 6-
F Judkins catheter with a standard femoral percutaneous
approach. Five thousand units of heparin were administered
at the beginning of the procedure. Nonionic contrast mate-

rial was used for all patients. No nitroglycerin was given
prior to the diagnostic procedure.

Coronary blood flow response to papaverine, acetylcho-
line (Ach), and nitroglycerin was studied according to
previous reports.®?# After completion of the diagnostic
catheterization, interventions were performed as follows:
(1) a 0.014-inch Doppler guidewire (Cardiometrics, Santa
Anna, CA, USA) was introduced into the left anterior
descending coronary artery; (2) after obtaining a stable
Doppler signal, a bolus of papaverine (an endothelium-
independent vasodilator in resistance coronary arteries)
(12.5mg/5ml) was injected through a catheter; (3) infusion
of Ach (an endothelium-dependent vasodilator in resis-
tance and epicardial coronary arteries) (0.5ml/min) at
dosages of either 3 or 30pg/min for 2min was performed
via the catheter;** and (4) a bolus of nitroglycerin (an
endothelium-independent vasodilator in epicardial coro-
nary arteries) (200pg/Sml) was administered. Drugs were
infused at least Smin apart. Coronary angiography was per-
formed before and 2 min after each dose of Ach and after
administration of nitroglycerin. The infusion of Ach was
terminated either when a significant vessel constriction
occurred or when the dose of 30 ug/min was reached. Phasic
coronary blood flow velocities, arterial blood pressure, and
heart rate were monitored continuously and recorded. Mea-
surements obtained during steady state conditions were
used as control values for later analysis.

Quantitative coronary angiographic images

Technically suitable single-plane angiograms were selected
for computer analysis. Quantitative coronary angiographic
images (DBAC-1000; MID, Fukuoka, Japan) were recorded
using validated densitometric analysis, as previously
reported” Endothelium-dependent and -independent
vasodilation of the epicardial coronary artery was estimated
by measuring the coronary artery luminal diameter at the
tip of the Doppler guidewire. Segments showing the great-
est constrictive response to Ach in the left anterior descend-
ingcoronary artery were used for analysis of vasoconstriction.
The degree of vasoconstriction induced by Ach was normal-
ized by the diameter obtained at baseline and is presented
as the percent diameter reduction.

Assessment of coronary blood flow

Doppler flow velocity spectra were analyzed on-line to
determine time-averaged peak velocity. Volumetric coro-
nary blood flow (CBF) was determined using the formula:
CBF = cross-sectional area x average peak velocity x 0.5.%
Coronary flow reserve (CFR) to papaverine was calculated
as the ratio of maximal CBF induced by papaverine to basal
CBF, which reflects the endothelium-independent function
of the resistance coronary artery. Endothelium-dependent
function was calculated as the percent increase of CBF
or coronary artery diameter (CAD) in response to Ach.
Endothelium-independent vasodilation of the epicardial

—216—



coronary artery was assessed by the percent increase of
CAD in response to nitroglycerin.”**

Coronary wall shear stress

The Doppler guidewire tip was placed at the target lesion
to record average peak velocity at baseline. All parameters
were calculated on a beat-to-beat basis for 30s and aver-
aged. Aortic blood was then collected to measure blood
viscosity. Coronary wall shear stress (in dynes per centime-
ter squared) was cstimated by the Higen—Poiseuille formula
(4pQ)/(nr'), where Q is coronary blood flow, p is the blood
viscosity, and r is the radius of the lumen. Dynamic viscosity,
1, was calculated from the shear rate, hematocrit, and total
protein, according to the regression equations described by
de Simone et al.”

Statistical analysis

Values are expressed as the mean + SD. Statistical signifi-
cance was accepted when the P value was less than 0.05. The
relationship between two parameters was evaluated with a
linear regression analysis. Comparison of the baseline car-
diovascular risk variables between the two groups was per-
formed using Pearson’s chi-square test, and comparisons of
hemodynamic and echocardiographic data between the
study groups were performed using one-way analysis of
variance.

Results

A total of 42 patients were evaluated. Patient characteristics
of both groups are summarized in Table 1. Gender distribu-
tion, age, body mass index (BMI), New York Heart Associa-

Table 1. Patient characteristics
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tion (NYHA) classification, and additional cardiovascular
drugs were similar when comparing the two groups. The
prevalence of hypertension and smoking were significantly
higher in the Ca-antagonists group than in the Nitrates
group, whereas the prevalence of hyperlipidemia and
diabetes were similar when comparing the two groups.
Total-cholesterol, triglycerides, HDL-cholesterol, LDL-
cholesterol, fasting plasma sugar, left ventricular dimension
at diastole and systole, intraventricular septum thickness,
left ventricular (LV) posterior wall thickness, LV mass, and
systolic, diastolic, and mean arterial pressure were also
similar when comparing the two groups (Table 2).

Coronary wall shear stress

Comparisons of coronary wall shear stress are shown in Fig.
1. Coronary wall shear stress at baseline was significantly
greater in the Nitrates group than in the Ca-antagonists
group (109 + 54 vs 76 + 30 dynes/cm?, P < 0.02). Both coro-
nary artery diameter (CAD) and coronary blood flow
(CBF) at baseline were similar when comparing the Nitrates
group and the Ca-antagonists group (2.9 + 0.4 vs 3.2 +
0.6mm; 88 + 46 vs 83 + 58 ml/min, respectively).

Changes in coronary blood flow

The percent change in CBF induced by papaverine and
Ach is shown in Fig. 2. The percent increase in CBF induced
by Ach was significantly smaller in the Nitrates group than
in the Ca-antagonists group (33% + 74% vs 83% * 77%,
P < 0.05). The percent change in CBF induced by papav-
erine tended to be smailer in the Nitrates group than in
the Ca-antagonists group (195% + 93% vs 230% * 94%),
but this difference did not reach the level of statistical
significance.

Nitrates group

Ca-antagonists group

(n=18) (n=24)

Men 10/18 (56%) 17/24 (11%) NS
Age (years) 63+ 17 6318 NS
BMI (kg/m?) 240+4.1 240435 NS
Hyperlipidemia 7/18 (39%) 8/24 (33%) NS
Diabetes 4/18 (22%) 5/24 (21%) NS
Hypertension 7/18 (39%) 19/24 (79%) P<0.01
Smoking 3/18 (17%) 11/24 (46%) P<0.05
NYHA classification

Class 1 7/18 (39%) 14/24 (58%) NS

Class 11 11/18 (61%) 10/24 (42%) NS
Medication .

ACE inhibitor 4/18 (22%) 8/24 (33%) NS

AT-II antagonist 718 (39%) 724 (29%) NS

B-blocker 3/18 (17%) 3/24 (13%) NS

Nicorandil 1/18 (6%) 3/24 (13%) NS

Statin 2/18 (11%) 3/24 (13%) NS

Aspirin 8/18 (44%) 9/24 (38%) NS

Values are mean + SD

BMI, body mass index: ACE, angiotensin converting enzyme; AT-I1, angiotensin 1I; NS, not

significant
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Table 2. Patient characteristics

Nitrates group

Ca-antagonists group

(n=18) (n=24)
Laboratory data
Total cholesterol (mg/dl) 187 £ 32 186 + 32 NS
Triglyceride (mg/dl) 119+ 45 108 + 39 NS
HDL-cholesterol (mg/dl) 48+ 14 53+12 NS
LDL-cholesterol (mg/di) 116 £ 26 115+24 NS
Fast plasma sugar (mg/dl) 99+ 23 105+ 18 NS
Echocardiographic data
LVDd (mm) 52+9 5249 NS
LVDs (nm) 37+13 34+10 NS
1VS (mm) 147 14+6 i NS
LVPW (mm) 112 11+4 NS
LVMI (g} 265 £ 92 260 + 109 NS
Hemodynamics data
Systolic BP {mmHg) 122+£20 132117 NS
Diastolic BP (mmHg) 73+ 14 80+12 NS
Mean BP (mmHg) 89+16 98 +12 NS

Values are mean *+ SD

HDL and LDL, high- and low-density lipoprotein cholesterol; LVDd, left ventricular dimension
at diastole; LVDs, left ventricular dimension at systole; IVS, interventricular septum thickness;
LVPW, left ventricular post wall thickness: LVMI, left ventricular mass index; BP, blood pressure;

NS, not significant
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Changes in coronary artery diameter

The percent change of CAD induced by Ach and nitroglyc-
erin is shown in Fig. 3. Baseline CAD did not differ when
comparing the two groups. The percent change in CAD
induced by Ach was significantly smaller in the Nitrates
group than in the Ca-antagonists group (-3% +16% vs 11%
+12%, P < 0.01). The percent change in CAD induced by
nitroglycerin tended to be smaller in the Nitrates group
than in the Ca-antagonists group (15% * 13% vs 21% *
22%), but this difference did not reach the level of statistical
significance.
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Fig. 2. Percent change in coronary blood flow (CBF) induced by
papaverine and the percent change in CBF induced by acetylcholine
{Ach) in the two study groups. Mean £ SD. *P < 0.05 vs Ca-antagonists

group

Coronary vasoconstriction induced by Ach

Constrictor responses to Ach were quantified as percent
reduction in luminal diameter relative to the luminal diam-
eter obtained at baseline (Fig. 4). The percent reduction in
luminal diameter was significantly greater in the Nitrates
group than in the Ca-antagonists group (44% +39% vs 15%
1 32%, P < 0.05).

Discussion

This study may show that endothelium-dependent vasodila-
tion of the resistance and epicardial coronary arteries are
more impaired and that epicardial coronary arteries are
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more vulnerable to Ach-induced coronary spasm in patients
undergoing long-term treatment with nitrates when com-
pared with those undergoing long-term treatment with Ca
channel antagonists. This study may also demonstrate that
long-term treatment with nitrates result in impaired endo-
thelium-dependent coronary artery vasodilation, possibly
via increases in wall shear stress.

Effect of long-term nitrate therapy

Recently, the GISSI-3 study failed to demonstrate any
beneficial effect of 6 weeks of transdermal nitroglycerin
therapy on mortality rate following acute myocardial
infarction, and the ISIS-4 study failed to demonstrate any
survival benefit in the first 5 weeks following a 1-month
course of nitrate treatment.™ Further, Ishikawa et al.’ sug-
gested that long-term treatment with nitrates increased
cardiac events in patients with previous myocardial infarc-
tion. Nakamura et al.”*® performed prospective analysis of
data acquired in a large, observational study involving 1042

87

patients enrolled in the MSMI study and 1779 patients
enrolled in the MDPIT, and demonstrated that nitrate
therapy was associated with a significantly increased risk
of mortality in patients that had recovered from an acute
coronary event.”™ However, these reports were different
from our study because most of their subjects were patients
with previous myocardial infarction who received short-
term nitrates treatment. Caramori et al* demonstrated
exaggerated coronary vasomotor response after nitrate
treatment and also described in detail impaired endothelial
dysfunction elicited by long-term nitrate therapy. However,
the period of nitrate therapy in that study was only 5 days,
and nitrates were administered continuously via transder-
mal patch. In our study, patients with suspected angina
pectoris received oral nitrate treatment for at least 1 year
(average of 2.3 years). Furthermore, Parker and Gori®
described in detail impaired endothelial dysfunction elic-
ited by long-term nitrates treatment and suggested caution
with this regimen.

Potential mechanisms underlying nitrate therapy
and poor outcomes

Mechanisms that may account for the unfavorable effect of
nitrate therapy on long-term outcomes in patients with
coronary artery disease include nitrate tolerance and activa-
tion of the neurohumoral system.”™ Endothelial nitric
oxide synthase (eNOS) is constitutively expressed and acti-
vated by cell surface receptors or mechanical forces such as
shear stress and stretch.* Nitric oxide released by vascular
endothelial cells mediates relaxation of vascular smooth
muscle, inhibition of platelet activation, and modulation
of migration and growth of vascular smooth muscle.
Several reports suggest that alterations in the NO pathway
might be involved in endothelial dysfunction and
atherosclerosis.” ™

Shear stress is the principal fluid-mechanical signal that
regulates flow-mediated remodeling and therefore provides
functional assessment of the adequacy of flow-mediated
remodeling.*** Shear stress-mediated signal transduction is
endothelium-dependent, and, in the present study, wall
shear stress at baseline was greater in the Nitrates group
than in the Ca-antagonists group.”* Further, intracoronary
Ach-induced endothelium-dependent vasodilation in
conduit and resistance coronary arteries was lower in the
Nitrates group than in the Ca-antagonists group.

Nitric oxide production can be stimulated by mechanical
forces, such as shear stress, or by signal transduction path-
ways activated by Ach.” In the present study, the Nitrates
group demonstrated impaired response to Ach and a greater
response to shear stress when compared with the Ca-antag-
onists group. Thus, it is possible that NO overproduction in
response to shear stress results in downregulation of Ach-
activated signal transduction elements. Indeed, Griscavage
et al.“ reported that NO inhibits the activity of nitric oxide
synthase. Therefore, NO generated from exogenous nitrate
therapy may also suppress Ach-induced synthesis of NO. In
the present study, shear stress was greater in the Nitrates
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group than in the Ca-antagonists group. Thus, suppression
of Ach-induced NO synthesis may result in less Ach-induced
vasodilation in the Nitrates group than in the Ca-
antagonists group.

Association between coronary endothelial function and
coronary events

In this study, the prevalence of atherogenic risk factors {e.g.,
hypertension and smoking) were significantly higher in the
Ca-antagonists group than in the Nitrates group. However,
long-term treatment with long-acting nitrates was more
closely associated with impaired endothelium-dependent
vasodilation. Thus, the higher prevalence of hypertension
and smoking in the Ca-antagonists group did not affect the
results in this study.

Since the endothelium is regarded as an atheroprotective
cell line, loss of endothelial cell function would logically
be associated with progression of atherosclerotic disease.
Indeed, Suwaidi et al.”’ reported that patients with mild
coronary artery disease and severe endothelial dysfunction
are at increased risk for cardiac events, and Schachinger et
al.® demonstrated that coronary endothelial dysfunction
predicted long-term atherosclerotic disease progression and
cardiovascular events. These patient population of this study
comprised patients without coronary artery disease. There-
fore, our study suggests that treatment of patients with
normal or mildly diseased coronary arteries with long-acting
nitrates may be associated with cardiovascular events due
to coronary endothelial dysfunction.

Abnormal vascular responses to acetylcholine, as dem-
onstrated in the present study, may represent a reduction in
NO bioavailability.” A decrease in NO bioavailability is
associated with accelerated atherogenesis and increased
monocyte—endothelial cell adhesion, which may result in
local inflammation of the vascular wall and promote plaque
rupture. ™ Further, absence of an appropriate increase in
blood flow secondary to endothelial cell dysfunction may
lead to relative myocardial ischemia even in the absence of
coronary artery disease.”*

Limitations

This study possesses several limitations. First, the calcula-
tions used for shear stress assumed a steady laminar flow in
a circular, rigid, nontapering tube. Therefore, the current
study investigated hemodynamic in circular, discrete, and
mildly stenotic target lesions while excluding marked cur-
vatures and bifurcations of the coronary arteries when mea-
suring coronary blood flow and wall shear stress. Second,
this study was not performed in a prospective and random-
ized fashion. A randomized, placebo-controlled trial would
be of benefit in confirming the unfavorable effects of long-
term nitrate therapy on coronary endothelial function and
coronary vasoconstriction. Third, only patients with normal
or mildly diseased coronaries were studied. Thus, the find-
ings of this study cannot be applicable to the patients with

significant coronary artery disease. Finally, the response to
papaverine, acetylcholine, and nitroglycerin was tested
without withdrawal of nitrates or calcium antagonists.
However, we performed coronary catheterization in combi-
nation with a Doppler flow study without stopping these
medications for the following reasons. First, the prevalence
of coronary spastic angina is apparently higher in Japanese
patients with coronary heart disease than in their Caucasian
counterparts.” Thus, we were afraid that if we stopped these
medications, a coronary spasm would occur during control
coronary angiography and disturb the exact estimation of
coronary function. Second, we were interested in the direct
effect of nitrates and calcium channel antagonists on coro-
nary endothelial function and coronary artery vasoconstric-
tion at the time when the patients were under the effect of
these medications.

Conclusions

‘When compared with long-term treatment with long-acting
Ca channel antagonists, long-term treatment with long-
acting nitrates may be more closely associated with impaired
endothelium-dependent vasodilation in conduit and resis-
tance coronary arteries and with an exaggerated vasocon-
strictive response in conduit coronary arteries in patients
with normal or mildly diseased coronary arteries, poten-
tially via increases in wall shear stress.
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ARTICLE INFO ABSTRACT

Article history: Aims: The purpose is to elucidate the mechanism by which a newly developed tacrolimus-eluting stent
Received 30 October 2008 (TES) prevents neointimal hyperplasia after stenting.

Received in revised form 8 July 2009 Methods and results: The three major coronary arteries in juvenile swine were randomized to implan-
Accepted 15 July 2009

tation of either a TES or bare metal stent (BMS). Twelve weeks after stenting, the TES showed 29% less
neointimal area than the BMS. Immunohistochemical staining showed that the expression of calcineurin
was up-regulated in the neointima and media after stenting, and the TES inhibited this up-regulation.

Available online 28 July 2009

?;i':’) ‘l’irr‘:lsl; s-eluting stent Western blotting demonstrated that the expression of calcineurin, nuclear factor of activated T cell (NFAT),
Calcineurin and interleukin-2 (IL-2) was lower with the TES than with the BMS. To confirm the effect of tacrolimus

NFAT on vascular smooth muscle cells (VSMCs) and its mechanism, cultured rat VSMCs were incubated with
12.5 uM of tacrolimus (tacrolimus group) or without tacrolimus (control group). The cell number of the
tacrolimus group was significantly lower than that of the control group at 48 h of incubation. Western
blotting demonstrated that tacrolimus decreased the expression of calcineurin, NFATc4, and IL-2 of cul-
tured VSMCs. We confirmed that calcineurin small-interfering RNA (siRNA) decreased cell proliferation
and the expression of NFATc4 and IL-2 in cultured VSMCs compared with negative control-siRNA.

Conclusion: The newly developed TES inhibited neointimal hyperplasia after stenting via the
calcineurin/NFAT/IL-2 signaling pathway, which is one of several mechanisms through which TES inhibits

Smooth muscle cell
Neointimal hyperplasia

restenosis. Calcineurin may be an important molecular target to prevent restenosis after stenting.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Percutaneous coronary intervention (PCI) is a useful procedure
for the treatment of coronary stenosis. Restenosis has been called
the “Achilles heel” of coronary stenting and is caused by a combi-
nation of factors, including neointimal proliferation, elastic recoil,
reorganization of thrombus, remodeling, and inflammation [1,2].
Currently, a number of drug-eluting stents (DES) have been devel-
oped, including different carrier stents, coatings and drugs; and
these new DES are under evaluation for their effectiveness and
safety [3,4] and [5]. Sirolimus-eluting stents (SESs) and paclitaxel-
eluting stents (PESs) strongly reduced the incidence of restenosis
compared with bare metal stents (BMSs) [6,7]. Recently, many kinds
of drug-eluting stents have been investigated in the clinical setting.
Positive clinical data on drug-eluting stents come from trials exam-
ining SESs in the SIRIUS Trial [8] and PESs in TAXUS-series Trial
[9]. A pooled analysis demonstrated that both SESs and PESs were
associated with a marked reduction in target-lesion revasculariza-

* Corresponding author. Tel.: +81 99 275 5318; fax: +81 99 265 8447.
E-mail address: miyatam@m3.kufm.kagoshima-u.ac.jp (M. Miyata).

0021-9150/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2009.07.040

tion. However, stent thrombosis after 1-year was more common
with both SESs and PESs than with BMSs [10]. A systematic autopsy
study reported that both SESs and PESs caused significant delay in
arterial healing characterized by persistent fibrin deposition and
delayed re-endothelialization when compared with sites of BMS
implantation [11,12].

To reduce the risk of in-stent restenosis and interference with
the natural healing response, Kaneka Corporation (Osaka, Japan)
has developed a new drug-eluting stent. The new stent is a
combination of a cobalt chrome (CoCr) stent, a biodegradable poly-
mer and a pharmaceutical agent, tacrolimus [13]. Tacrolimus is
a water-insoluble macrolide cytostatic immunosuppressant with
both anti-proliferative and anti-inflammatory activity [14]. It has
been used clinically to prevent renal and liver transplant rejection.
Tacrolimus binds to the intracellular FK-binding protein (FKBP) and
forms a complex that binds to calcineurin. This binding inhibits
the activation of calcineurin and disrupts the dephosphorylation of
nuclear factor of activated T cell (NFAT) in T cells [15]. In addition,
cell culture experiments indicated that tacrolimus inhibited the
proliferation of vascular smooth muscle cells (VSMCs) [16]. How-
ever, the mechanism of the anti-proliferative effect of tacrolimus
on VSMCs has not yet been clarified.
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The purpose of this study is to elucidate the precise mechanism
by which the newly developed tacrolimus-eluting stent (TES) pre-
vents hyperplasia after stenting, using a porcine coronary model
and cultured human VSMCs.

2. Materials and methods
2.1. Stent characteristics

The stent platform of this product is the balloon-expandable
stent developed by the Kaneka Corporation and is made of CoCr
alloy. CoCr has been successfully used for human implants such
as artificial joints and dental implants. The stent is made by cut-
ting an alloy tube with a laser and consists of two helical coils
intercrossed with two phase-different links on each turn. The stent
strength in the radial direction, recoil ratio, and stent shortening
(the percentage change in length between the mounted condition
and the expanded condition) is a medium level compared with
other stents (Additional Fig. 1A). The whole surface of the stent
platform is coated with a layer of a biodegradable polymer and
tacrolimus. As shown in Additional Fig. 1B and C, the surface is
generally smooth and there are no cracks or peelings caused by
expansion. A cross-section on transmission electron microscopy
shows that the drug is uniformly distributed in the polymer layer
(Additional Fig. 1D).

2.2. Animal model

All experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals (NIH publication no.
85-23, revised 1996). The protocol for the animal research was
approved by a local ethics review board.

Female juvenile swine LWD with a body weight of 40-60 kg
were used. Swine were pre-sedated with intramuscular injection
of ketamine (5 mg/kg) and xylazine (2 mg/kg). Anesthesia was ini-
tiated by 5% isoflurane, followed by orotracheal intubation and
ventilation with 1.0-3.0% isoflurane, 70% N0, and 30% oxygen.
After surgical exposure, the right femoral artery was punctured
and a 6 Fr sheath was placed. The animals then received 200 IU/kg
intravenous heparin. The coronary arteries were imaged using a
standard angiographic technique. Target segments were selected in
the right (RCA), the left anterior descending (LAD) and the left cir-
cumflex (LCX) coronary arteries. After stent implantation, cefazolin
sodium (0.5 g/day) was administered by intramuscular injection for
3 days after the surgical procedure. Oral aspirin (330 mg/day) and
ticlopidine (250 mg/day) were administered starting 1-day before
the procedure and continuing until sacrifice. Stents (3.5mm in
diameter and 15 mm in length) were implanted in coronary arteries
with a diameter of 2.8 mm (stent-to-vessel ratio of 1.25:1). Coro-
nary vessels were randomized to receive a bare metal stent (BMS)
or a TES (two TESs in two RCAs, two TESs in two LADs, two TESs in
two LCxs, two BMSs in two RCAs, two BMSs in two LADs, two BMSs
in two LCxs). There is no structural difference between the TES and
the BMS, or differences in the delivery/deployment of the stent. The
animals were euthanized and the stented coronary arteries were
harvested at 2, 4, or 12 weeks after stent implantation for immuno-
histochemistry, at 12 weeks for morphometry, and at 4 weeks for
Western blot analysis.

2.3. Quantitative coronary angiography (QCA)

Coronary imaging was performed using a GE Healthcare OEC
9800. An experienced investigator who was blinded to the ran-
domization assignment measured the reference diameter and the
minimal luminal diameter of the stented segments at follow-up
angiography. The % diameter stenosis was calculated as follows: %

diameter stenosis = (reference diameter — minimal luminal diame-
ter)/reference diameter x 100.

2.4. Morphometric measurements

For the morphometric analysis, the heart was excised, and
the coronary arteries were fixed with 10% buffered formalin and
embedded in resin and cut into 5 pwm-thick cross-sections. Each
cross-section was stained by hematoxylin-eosin (HE). After digi-
talizing, histomorphometric measurements were performed with
Scion Image (Scion Corporation, Frederick, MD) [17]. The vessel area
and neointimal area in each proximal, middle and distal stented
region were measured, and the % area stenosis was calculated as
follows: % area stenosis = neointimal area/vessel area x 100. The %
area stenoses in the three parts (proximal, middle and distal) were
averaged. Researchers were blinded to the stent type.

2.5. Immunohistochemistry
For immunohistochemistry, the stent sites were dissected into
blocks, and the stent wires were carefully removed. Immunohisto-

chemical staining was carried out on paraffin-embedded sections
as described previously [18]. After deparaffinization and hydration
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Fig. 1. Quantitative coronary angiography (QCA). (A) Representative coronary
angiography 12 weeks after stent implantation shows implantation of a bare metal
stent (BMS) in the left anterior descending coronary artery (LAD) and implantation
of a tacrolimus-eluting stent (TES) in the left circumflex coronary artery (LCX). (B)
The % diameter stenosis measured by QCA 4 weeks after stent implantation. The %
diameter stenosis of the TES was significantly smaller than that of the BMS (n=6).
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of specimens, endogenous peroxidase activity was blocked and the
specimens were fixed by immersion in 0.3% H,0, in methanol
for 20 min. Immunohistochemical staining was performed with
a goat polyclonal antibody against human calcineurin; PP2B-Aq,
von Willebrand factor (VWF), and endothelial nitric oxide synthase
(eNOS) (Santa Cruz Biotechnology, Santa Cruz, CA), by the use of the
labeled streptavidin biotin complex method (Simple-stain MAX-PO
kit, Nichirei, Tokyo, Japan). After blocking with 10% rabbit or goat
serum, slides were incubated overnight with a primary antibody at
4°Cin a moisture chamber. Slides were washed with Tris-buffered
saline (TBS) and incubated with a biotinylated secondary antibody
atroom temperature for 30 min. After washing with TBS, slides were
incubated with streptavidin at room temperature for 30 min and
visualized with 3,3’-diaminobenzidine.

2.6. Western blot analysis

Protein was extracted from the neointima and media of porcine
coronary arteries using the Protein and RNA Isolation System
(Ambion Inc., Austin, TX). Insoluble matter was removed by cen-
trifugation, and the protein concentration was measured by a
bicinchoninic acid assay (PIERCE Biotechnology Inc., Rockford, IL).
Western blotting was performed with a NuPAGE™ Electrophore-
sis System (Invitrogen, Carlsbad, CA) as reported previously [19].
Briefly, 10-.g protein samples were resuspended in reduced sam-

ple buffer, and then electrophoresed on a 4-12% Bis-Tris gel
(Invitrogen, Carlsbad, CA) with MOPS running buffer, blotted to a
nitrocellulose membrane. The protein sample was then sequen-
tially probed with a goat polyclonal antibody against human
calcineurin (PP2B-Aa), a rabbit polyclonal antibody against human
NFATc4 (Santa Cruz Biotechnology), a rabbit polyclonal antibody
against human interleukin-2 (IL-2) (Santa Cruz Biotechnology),
and a rabbit polyclonal antibody against human actin (Santa Cruz
Biotechnology). Horseradish peroxidase-conjugated rabbit anti-
goat antibody (Santa Cruz Biotechnology) or donkey anti-rabbit
antibody (Santa Cruz Biotechnology) were then added, and the sec-
ondary antibody was detected by autoradiography using enhanced
chemiluminescence (ECL Plus, GE Healthcare UK Ltd., Little Chal-
font, UK). Densitometric analysis was performed to quantitate
calcineurin, NFATc4, IL-2, and actin protein using NIH image soft-
ware. Actin protein was used as a reference for quantitation of
calcineurin, NFATc4, and IL-2 protein.

2.7. Cell experiments

VSMCs were isolated from the media of rat aorta. Cell cul-
ture experiments were performed as reported previously [20]. Rat
VSMCs (5000) cells were seeded into 48 wells (AGC Techno Glass
Co., Ltd., Chiba, Japan) in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 1% fetal
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Fig. 2. Morphometric analysis at 12 weeks after stent implantation. (A and B) HE staining of cross-sections of coronary arteries implanted with a bare metal stent (BMS)
(A) and a tacrolimus-eluting stent (TES) (B). (C) The neointimal area was significantly smaller with a TES than with a BMS (n=6). (D) The % area stenosis measured by

histomorphometry was significantly smaller in TES compared with BMS (n=6).
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bovine serum (FBS; SAFC Biosciences, Wicklow, Ireland), and
100U/mL of penicillin and gentamicin. VSMCs used for experi-
ments were from the fifth to the ninth passages. After 24h, we
exchanged the DMEM containing 1% FBS with or without the addi-
tion of 12.5 wM of tacrolimus. The cells without tacrolimus served
as a control group. At 48 h of incubation, the cells were harvested by
tripsinization and counted in a CDA-500 Particle Analyzer (Sysmex
Corporation, Hyogo, Japan).

(A)

10um

©)

(E)

For Western blotting, rat VSMCs were cultured in 25 cm? plates
(Agc Techno Glass Co., Ltd., Chiba, Japan) with DMEM containing 1%
FBS. After 24 h, we exchanged the DMEM containing 1% FBS with
or without the addition of 12.5 WM of tacrolimus. The cells without
tacrolimus served as the control group. At 48 h of incubation, cyto-
plasmic and nuclear proteins were extracted from cultured VSMCs
using a Protein and RNA [solation System. We examined the expres-
sion of calcineurin, NFATc4, and IL-2 as described in Section 2.6.

(B)

10pm

Fig. 3. Immunohistochemical staining for calcineurin in porcine coronary arteries after stenting. Calcineurin was up-regulated in the medial and neointimal smooth muscle
cells (SMCs) at 2 (A), 4 (C), and 12 (E) weeks after stenting with a bare metal stent (BMS). In contrast, after stenting with a tacrolimus-eluting stent (TES), the expression of
calcineurin was suppressed in the medial and neointimal SMCs at 2 (B), 4 (D) and 12 (F) weeks after stenting. Arrows demonstrate the internal elastic lamina, (*) the space

of the stent. Bar, 10 um.
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2.8. Small-interfering RNA transfection

We used small-interfering RNA (siRNA) to suppress the expres-
sion of calcineurin. Calcineurin-siRNA (Cat #4390815) and negative
control-siRNA (control-siRNA), a 21-nucleotide RNA duplex with
no known sequence homology (Cat #4635), were purchased from
Ambion (Austin, TX). For siRNA transfection, rat VSMCs (density,
4 x 103 /well) were cultured on 48 well plates with medium con-
taining 5% FBS. Transfection of siRNA into cells was achieved by
the use of siPORT NeoFX transfection agent and Opti-MEM (Invit-
rogen) according to the manuals. We mixed the diluted siPORT
NeoFX transfection agent and the diluted calcineurin-siRNA, dis-
pensed into cultured wells, and added DMEM containing 5% FBS.
72 h after transfection, we analyzed cell number and isolated pro-
tein for Western blotting as described in Section 2.7.

2.9. Statistical analysis

All calculated data are presented as the mean + SD. Statistical
significance was evaluated using unpaired Student’s t-test for com-
parisons between two groups. A probability value of P<0.05 was
considered to indicate statistical significance.

3. Results
3.1. Quantitative coronary angiography

The coronary arteries of juvenile swine were subjected to
implantation of either a BMS or a TES (Fig. 1A). At 12 weeks after
stenting, QCA demonstrated that % diameter stenosis of the TES was
significantly smaller than that of the BMS (TES: 48.4 + 13.6% versus
BMS: 82.5+16.2%, P<0.005, n=6 in each group) (Fig. 1B).

3.2. Morphometric measurement

Fig. 2A and B shows representative photographs of cross-
sections of coronary arteries implanted with a BMS and TES and
stained with HE. The histomorphometric measurement showed
that the neointimal area was significantly smaller with the TES than
with the BMS (TES: 3.87 + 1.18 mm? versus BMS: 5.81+0.70 mm?,
P<0.05, n=6 in each group, Fig. 2C). The % area stenosis measured
by histomorphometry was significantly smaller in the TES than the
BMS (TES: 45.3+7.2% versus BMS: 64.44+14.7%, P<0.05, n=6 in
each group, Fig. 2D).

3.3. Immunohistochemical analysis

Fig. 3 shows the immunohistochemical staining of calcineurin in
each group at 2,4, and 12 weeks after stenting. Immunohistochemi-
cal staining demonstrated that calcineurin was not expressed in the
medial VSMCs of non-injured coronary arteries (data not shown);
it was up-regulated in the medial and neointimal VSMCs at 2, 4,
and 12 weeks after stenting with a BMS. In contrast, in coronary
arteries implanted with a TES, the protein expression of calcineurin
was suppressed in the medial and neointimal VSMCs at 2, 4 and 12
weeks after stenting.

We compared the effect of TES and BMS on re-endothelialization
and endothelial function 4 weeks after stenting. To investigate the
degree of re-endothelialization, the percentage of VWF-positive
length of luminal side was measured [21]. There was no significant
difference in the percentage of vWF-positive length between TES
and BMS (Additional Fig. 3A). In addition, we evaluated endothelial
cell function using immunohistochemistry for eNOS. The expres-
sion of eNOS in the endothelial cells was similar with TES and BMS
(Additional Fig. 3B).

) BMS TES
calcineurin | < eee——
NFATcd | S
IL-2 | — -
actin | eum— —
(B)
P<0.05 P<0.05 P<0.05
-g 1.0 —
g
2 0.75 —
p T
8 0.5 =
‘®
g 0.25 — T T

BMS TES
calcineurin

BMS  TES BMS TES
NFATc4 IL-2

Fig. 4. Western blot analysis for calcineurin, nuclear factor of activated T cell (NFAT),
interleukin-2 (IL-2), and actin in neointima of porcine coronary arteries at 4 weeks
after implantation of a tacrolimus-eluting stent (TES) or a bare metal stent (BMS).
(A) Representative Western blot analysis for calcineurin, NFATc4, IL-2, and actin in
BMS and TES. (B) Densitometric analysis of Western blotting demonstrated that the
expression of calcineurin, NFATc4, and IL-2 with the TES was significantly lower
compared with the BMS.

3.4. Western blot analysis

We isolated protein from porcine coronary arteries at 4 weeks
after stenting and used it for Western blotting to analyze the expres-
sion of calcineurin, NFATc4, and IL-2. Densitometric analysis of
Western blotting demonstrated that the expression of calcineurin,
NFATc4, and IL-2 with the TES was significantly lower compared
with the BMS (Fig. 4). These results suggested that tacrolimus
inhibited the expression of the calcineurin/NFAT/IL-2 pathway
that was up-regulated by stenting.

3.5. Cell experiments

In order to confirm the effect of tacrolimus on anti-proliferation
of VSMCs and the expression of calcineurin, NFATc4, and IL-2,
we performed cell culture experiments. The cell number of the
tacrolimus group was significantly lower than that of the control
group at 48 h of incubation (tacrolimus group: 12533 + 176 cells
versus control group: 15833 + 384 cells, P<0.05, Fig. 5A). Densito-
metric analysis of Western blotting demonstrated that tacrolimus
significantly decreased the expression of calcineurin, NFATc4, and
IL-2 of cultured VSMC (Fig. 5B and C). We confirmed that tacrolimus
inhibited VSMC proliferation and the calcineurin/NFAT pathway in
vitro.

We confirmed that calcineurin-siRNA but not control-siRNA
decreased the protein expression of calcineurin, NFATc4, and IL-
2 of cultured VSMC, and demonstrated that the cell number of the
VSMCs transfected with calcineurin-siRNA was significantly lower
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Fig.5. Cell proliferation at 48 h of incubation with or without tacrolimus and Western blotting for calcineurin, nuclear factor of activated T cell (NFAT), and interleukin-2 (IL-2)
of cultured vascular smooth muscle cells (SMCs). (A) The cell number of the tacrolimus group was significantly lower than that of the control group. (B) Representative Western
blot analysis for calcineurin, NFATc4, IL-2, and actin in the tacrolimus or control group. (C) Densitometric analysis of Western blotting demonstrated that the expression of
calcineurin, NFATc4, and IL-2 in the tacrolimus group was significantly lower compared with the control group.

than that ofthe VSMCs transfected with control-siRNA (calcineurin-
siRNA: 4731+106 cells versus control-siRNA: 7411 +233 cells,
P<0.005, Additional Fig. 2).

4. Discussion

In this porcine coronary model, the histomorphometric analysis
demonstrated that the newly developed TES reduced the neointi-
mal area by 29% compared with a BMS at 12 weeks after stenting.
Immunohistochemical staining showed that the expression of cal-
cineurin was up-regulated in neointima and media after stenting,
and TES inhibited this up-regulation. In addition, Western blot-
ting demonstrated that the expression of calcineurin, NFATc4, and
IL-2 with the TES was lower than with the BMS. Furthermore,
in cell culture experiments, we confirmed that tacrolimus and
calcineurin-siRNA decreased cell growth and the expression of cal-
cineurin, NFATc4, and IL-2 of cultured VSMCs. It was reported that

cyclosporine A suppressed balloon injury-induced neointima for-
mation in a rat carotid artery model by blocking NFAT activation
[22]. To the best of our knowledge, this is the first report demon-
strating that TES inhibited neointimal formation after stenting via
the calcineurin/NFAT signaling pathway.

Intimal thickening and constrictive remodeling are the main
elements responsible for restenosis after PCI, and excessive prolifer-
ation of VSMCs plays a key role in this process [23]. A previous study
reported that tacrolimus inhibited VSMC proliferation [16]. Our
cell culture experiments also demonstrated the anti-proliferative
effect of tacrolimus on VSMCs. Therefore, we believe that the anti-
proliferative effect of tacrolimus on VSMCs results in a reduction of
neointimal hyperplasia after stenting.

In activated T cells, tacrolimus and FKBP forms a pentameric
complex with calmodulin and calcineurin. Then, this complex
inhibits NFAT that is required for activation of the IL-2 gene [14].
Our results of Western blotting demonstrated for the first time that
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TES decreased the expression of calcineurin, NFATc4, and IL-2 in
the neointima after stenting. Cell culture experiments also revealed
that tacrolimus and calcineurin-siRNA decreased the expression
of these molecules in cultured VSMCs, Although both tacrolimus
and sirolimus bind to FKBP12, the tacrolimus—FKBP complex has
been shown to target calcineurin, whereas the sirolimus—-FKBP
complex targets mammalian target of rapamycin (mTOR) [24].
Therefore, calcineurin may be an important molecular target to
prevent restenosis after stenting.

Delayed endothelialization after implantation of a SES or PES
may lead to myocardial infarction and death as a result of late
stent thrombosis [25,26]. Tacrolimus was reported to have less anti-
proliferative effect on cultured endothelial cells compared with
sirolimus [16]. Therefore, a TES may demonstrate less inhibition
of re-endothelialization after implantation than a SES or PES. In our
porcine coronary model, the degree of re-endothelialization was
similar with TES and BMS. Therefore, tacrolimus is suggested to be
a promising compound for the next generation of DESs.

Clinical studies of DESs sometimes show resuits that are differ-
ent from the experimental results of long-term porcine studies. The
main difference can be explained on the basis of preclinical studies
performed in juvenile animals without underlying atherosclerosis
[27]. Therefore, a prospective clinical study should be performed in
order to evaluate the effect of the newly developed TES on human
coronary stenosis,

As the drug is uniformly distributed in the polymer layer in the
TES, tacrolimus will be released continuously for several months
and completely disappear concomitantly with poly pL-lactate-co-
glycolide degradation. The coating method of the TES is completely
different from a TES that was developed previously (Janus™, Sorin
Biomedica Cardio s.r.l., Saluggia, Italy). The Janus™ stent does
not have any polymer vehicle, but has deep reservoirs containing
tacrolimus on the external abluminal stent surface; and thus, con-
trolled drug release is difficult. Consequently, the vessel wall may
acutely be exposed to an extremely high concentration of the drug,
leading to excessive inflammation in the vascular wall. An animal
study showed that the tacrolimus concentration in the arterial wall
peaked afew days after Janus™ stentimplantation and then steeply
fell to steady values. These release kinetics may partially explain
why the Janus™ stent had a neutral effect on restenosis as shown
in the jupiter II trial [28] and a prospective two-center registry in
high-risk patients [29]. Although the same drug was used, the TES
may be more useful than the Janus™ stent, because the stent design
results in controlled drug release [13].

In conclusion, tacrolimus decreased the proliferation of VSMCs
and reduced the expression of calcineurin, NFATc4, and IL-2 in
VSMCs. In addition, the newly developed TES inhibited neointimal
hyperplasia after stenting via the calcineurin/NFAT/IL-2 signaling
pathway, which is one of several mechanisms through which TES
inhibits restenosis. Calcineurin may be an important molecular tar-
get to prevent restenosis after stent implantation,
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Abstract

Background: Hyperglycemia upon hospital admission in patients with acute myocardial infarction is associated with the no-reflow
phenomenon after successful reperfusion, and increased mortality. However, the mechanism underlying this phenomenon remains unclear.
Therefore, the aim of this study was to characterize coronary hemodynamics in a homogenous group of non-diabetic patients without
coronary artery disease.

Methods and Results: A total of 104 consecutive non-diabetic patients (mean age, 62+ 14 years) without coronary artery disease underwent
Doppler flow study of the left anterior descending coronary artery. Vascular reactivity was examined by intra-coronary administration of
papaverine, acetylcholine (Ach), and nitroglycerin using a Doppler guidewire, Corenary vascular resistance (CVR) was calculated as the
mean arterial pressure divided by coronary blood flow (CBF). Baseline CVR was shown as CVR at control and minimal CVR was shown as
CVR with papaverine administration. Fasting plasma glucose (FPG) level had a significant, positive correlation with baseline CVR and
minimal CVR (r=0.24, p<0.02 and r=0.21, p<0.05, respectively). Hemoglobin Alc (HbAIc) also had a significant, positive correlation
with baseline CVR and minimal CVR (r=0.31, p<0.01 and »=0.32, p<0.01, respectively). The percent change in CBF induced by Ach was
inversely correlated with HbAlc but not with FPG (r=0.22, p<0.05 and r=0.06, p=0.57, respectively). By contrast, neither FPG nor
HbA ¢ had significant correlation with coronary flow reserve to papaverine.

Conclusion: These data demonstrate that elevated glucose levels are associated with increases in baseline and minimal coronary vascular
resistance. These changes may contribute to unfavorable coronary hemodynamics in non-diabetic patients without coronary heart disease.
© 2008 Published by Elsevier Ireland Ltd.

Keywords: Coronary vascular resistance; FBS; HbA1; Hyperglycemia

1. Introduction reflow phenomenon after successful reperfusion [1],
resulting in larger infarct size and worse functional

Hyperglycemia upon hospital admission in patients with recovery. Further, hyperglycemia in patients with ST-
acute myocardial infarction (AMI) is associated with the no- segment elevation acute myocardial infarction is an

important predictor of impaired epicardial flow before
reperfusion therapy [2], and hyperglycemia in patients with
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Table 1
Clinical characteristics of the study paticnts.

Age (years) 62+14 (17-85)
Malc gender 69 (66%)
Risk factors
Hypertension 57 (55%)
Hyperlipidemia 35 (34%)
Smoker 27 (26%)
Laboratory data
FPG (mg/di) 9418 (74-120)
HbAlc (%) 52204 (4.1-6.3)

Total-cholesterol (mg/dl)
Triglycerides (mg/dl)

HDL-cholesteral (mg/dl)
LDL-cholesterol (mg/dl)

HDL: high density lipoprotein; LDL: low density lipoprotein; Values are
mecanxSD.

197£37 (114-314)
122464 (40-368)
57415 (28-98)
11328 (53-211)

homogenous group of non-diabetic patients without cor-
onary artery disease.

2. Methods
2.1. Study population

A total of 187 consecutive non-diabetic patients who had
been referred for cardiac catheterization to exclude coronary
artery disease were considered for enrollment in this study. Of
these, 104 patients met the following inclusion criteria:
1) angiographically smooth arteries; 2) mild irregularities,
<30% lumen diameter stenosis by visual assessment in any
major conduit vessel; 3) proximal coronary arteries >2.0 mm in
diameter; and 4) lacking a history of previous myocardial
infarction, previous coronary revascularization, valvular heart
disease, variant angina, cardiomyopathy, or myocarditis.

Patients meeting the following criteria were considered to
have obvious diabetes and excluded: 1) previous diagnosis
of diabetes, 2) current treatment by oral hypoglycemic agents
or insulin, or 3) concentration of fasting plasma glucose
(FPG) >126 mg/dl or hemoglobin Alc (HbAlc) >6.5% at
admission [8].
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Informed consent was obtained from each patient and the
study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki as reflected in a priori approval by
the institution’s human research committee.

2.2. Study protocol

Diagnostic coronary angiography was performed using a
6F Judkins catheter with a standard femoral percutaneous
approach. Heparin (5000 units) was administered at the
beginning of the procedure. Non-ionic contrast material was
used for all patients. No nitroglycerin was given prior to the
diagnostic procedure. Coronary blood flow (CBF) response
to papaverine, acetylcholine (Ach), and nitroglycerin was
studied according to previous reports [9,10]. After controi
coronary angiograms, interventions were performed as
follows: 1) a 0.014-inch Doppler guidewire (Cardiometrics,
Santa Anna, CA, USA) was introduced into the Ieft anterior
descending coronary artery; 2) after obtaining a stable
Doppler signal, a bolus of papaverine (an endothelium-
independent vasodilator in resistance coronary arteries)
(12.5 mg/5 ml) was injected through a catheter; 3) infusion
of Ach (an endothelium-dependent vasodilator in resistance
and conduit coronary arteries) (0.5 ml/min) at a dose of 3 ug/-
min for 2 min was performed via the catheter [11,12,4] a
bolus of nitroglycerin (an endothelium-independent vasodi-
lator in conduit coronary arteries) (200 pg/5 ml) was
administered. Drugs were infused with a minimum 5-min
interval. Coronary arteriography was performed before and
2 min after each dose of Ach and after administration of
nitroglycerin. Phasic CBF velocities, arterial blood pressure,
and heart rate were monitored continuously and recorded.
Measurements obtained during steady state conditions were
used as control values for later analysis.

Doppler flow velocity spectra were analyzed on-line to
determine time-averaged peak velocity. Volumetric CBF was
determined from the formula: CBF=cross-sectional areax -
average peak velocityx0.5 [13]. Coronary flow reserve to
papaverine was calculated as the ratio of maximal CBF
induced by papaverine to basal CBF, which was equivalent to

n=104
r=022

HbAlc (95)

Fig. 1. Scattergram illustrating the corrclation between percent change in CBF induced by Ach and FPG (left pancl) and HbAlc (right panel).
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Fig. 2. Scattcrgram illustrating the correlation between bascline CVR and FPG (left panel) and HbAlc (right panel).

the endothelium-independent function of the resistance
coronary artery. Endothelium-dependent function was calcu-
lated as the percent increase of CBF in response to Ach [9,14].

Coronary vascular resistance (CVR) was calculated by
mean arterial pressure divided by CBF. Baseline CVR is
shown as CVR at control, and minimal CVR is shown as
CVR with papaverine administration.

2.3. Statistics

All data are expressed as the mean value+SD. One-way
analysis of variance (ANOVA) was used for comparison of
continuous variables, and significance of difference was
calculated using the Scheffe F test. Differences were considered
significant at p<0.05. Statistical analysis was performed with
Statview, ver. 5.0 (SAS Institute Inc., Cary, NC).

3. Results

A total of 104 patients were evaluated. Patient character-
istics are shown in Table 1. All patients enrolled in this study
had concentrations of FPG <126 mg/dl and HbA1c<6.5%.
3.1. Changes in coronary blood flow

The relationship between FPG, HbAlc, and percent

change in CBF induced by Ach are shown in Fig. 1. Percent
change in CBF induced by Ach (i.e., namely endothelium-
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dependent vasodilatation in resistance arteries) was inversely
correlated with HbAlc but not with FPG, which suggests
that chronically higher levels of glucose concentration are
associated with impaired endothelial function in resistance
coronary arteries in non-diabetic patients. Coronary flow
reserve to papaverine (i.c., endothelium-independent vaso-
dilatation in resistance arteries) did not correlate with FPG or
HbAlc (r=0.08, p=0.42; r=0.02, p=0.85, respectively) in
non-diabetic patients.

3.2. Changes in coronary artery diameter

Neither FPG nor HbAlc was correlated with percent
change in coronary artery diameter (CAD) induced by Ach
(i.e., namely endothelium-dependent vasodilatation in epi-
cardial arteries) (r=0.01, p=0.97 and r=0.03, p=0.82,
respectively). Similarly, percent change in CAD induced by
nitroglycerin (i.e., namely endothelium-independent vasodi-
latation in epicardial arteries) did not correlate with FPG or
HbAlc (r=0.01,p=0.94 and r=0.06, p=0.57, respectively).
Thus, neither FPG nor HbAlc were correlated with
endothelium-dependent and -independent vasodilation of
the epicardial coronary arteries in non-diabetic patients.

3.3. Coronary vascular resistance

The relationship between baseline CVR and minimal CVR
to FPG and HbAlc are shown in Figs. 2 and 3, respectively.
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Fig. 3. Scattergram illustrating the correlation between minimal CVR and FPG (left panel) and HbA I¢ (right panel).
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FPG and HbA1l had a significant, positive correlation with
baseline CVR and minimal CVR. These results suggest that
acute and chronic high glucose concentrations are associated
with increased vascular resistance in coronary arteries at
baseline and at a hyperemic state in non-diabetic patients.

4, Discussion

The present study demonstrated that chronic exposure to
high glucose concentrations is associated with coronary
endothelial dysfunction and that baseline and minimal CVR
are elevated in the context of acute and chronic hypergly-
cemia in non-diabetic patients without coronary artery
disease. These data suggest that elevated blood glucose
concentrations may contribute to impaired coronary flow in
non-diabetic patients.

4.1. Hyperglycemia and coronary endothelial function

Previous studies have reported that chronic hyperglycemia
results in impairments in endothelium-dependent coronary
artery vasodilation [15,16], which is consistent with results
from the present study. Further, other studies have demon-
strated that acute hyperglycemia results in impaired coronary
flow via aftenuation of mitochondrial ATP—sensitive potas-
sium channel (K srp channel) activation and via promotion of
platelet-dependent thrombus formation [17,18). By contrast,
other investigators have reported that hyperglycemia-induced
vascular damage is mediated by increased production of
oxygen free radicals, including superoxide anion, from
endothelial cells [19-21]. Increased superoxide anion can
inactivate nitric oxide and result in enhanced contractility and
proliferation of vascular smooth muscle cells with increased
vasomotor tone, platelet hyper-reactivity [22], alteration of the
adhesive properties of the endothelium [23], and increased
production of cytokines [24].

4.2. Hyperglycemia and coronary vascular resistance

Farouque et al. [25] suggested that Karp channels
contribute to basal CVR by demonstrating that inhibition
of these channels resulted in impairments in resting CVR.
Further, acute hyperglycemia prevents the positive effect of
ischemic preconditioning, probably through the attenuation
of mitochondrial K s channel activity. Barbagallo et al. [26]
reported that glucose increased intracellular calcium content
in vascular smooth muscle, while other investigators
reported that FPG and HbA 1¢ levels are both closely related
to fasting basal cytosolic free calcium levels [27]. These
observations are consistent with results from the present
study and may provide a mechanistic link between why acute
hyperglycemia and impaired coronary flow.

In this study, patients with obvious diabetes were
excluded. Kawano et al. [28] demonstrated glucose-
induced impairments in endothelium-dependent vasodila-
tion in patients with IGT, even when FRG levels were

within a normal limit. Further, this effect persisted at 2 h
after glucose loading. Thus, repeated exposure to post-
prandial hyperglycemia may play an important role in the
vascular dysfunction, even in our patients without obvious
diabetes.

4.3. Limitations

This study possesses several limitations. First, the study
population included only patients with normal or mildly
diseased coronary arteries. Thus, the present findings may
not be applicable to patients with advanced coronary artery
disease. Second, the present study was based on a retro-
spective analysis of the patients and was only a descriptive
study in which we established an association between
elevated blood glucose concentrations and an increase of
CVR; a more prospective study is required to determine the
effect of glycemic control on CVR.

5. Conclusion

Increases in baseline and minimal CVR in association with
acute or chronic hyperglycemia may contribute to unfavorable
coronary hemodynamics and mortality in non-diabetic patients.
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