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1 Cilnidipine is a dual blocker of L-type voltage-gated Ca2þ channels in vascular smooth muscle and
N-type Ca2þ channels in sympathetic nerve terminals that supply blood vessels. However, the clinical
benefits of cilnidipine and underlying mechanisms are incompletely understood. This study was
designed to compare the time course of relaxant responses to cilnidipine and nifedipine, and to
examine the role of endothelial NO and [Ca2þ ]i in the vasorelaxation.

2 Porcine left circumflex coronary arteries were isolated and isometric tension was measured with
Grass force transducers. Endothelial [Ca2þ ]i in intact arteries was determined by a calcium
fluorescence imaging technique. The free radical scavenging capacity was also assayed.

3 Cilnidipine and nifedipine induced concentration-dependent relaxations in high KCl-precontracted
artery rings, while the former-induced relaxation was slower as compared to the latter. Treatment with
L-NAME or ODQ reduced relaxations to cilnidipine or nifedipine to the same extent as in rings
without endothelium. Indomethacin or o-conotoxin had no effects. L-Arginine antagonized the effect
of L-NAME on cilnidipine-induced relaxations. Cilnidipine did not affect sodium nitroprusside-
induced relaxation in rings with and without endothelium.

4 Cilnidipine and nifedipine caused extracellular Ca2þ -dependent increases in endothelial [Ca2þ ]i in
intact arteries and cilnidipine’s action had a slower onset, similar to that of cilnidipine-induced
relaxation.

5 Neither cilnidipine nor nifedipine exhibited a free radical scavenging property.

6 The present results demonstrate that cilnidipine can produce endothelium-dependent relaxation in
porcine coronary arteries in vitro in addition to blocking Ca2þ channels. Like short-acting nifedipine,
cilnidipine-dependent relaxation, albeit to a slower onset, is partly mediated by endothelial NO but
not by prostacyclin. The increased release or bioavailability of NO may causally result from elevated
endothelial [Ca2þ ]i in arteries. The Ca2þ channel-independent effect suggests the usefulness of
cilnidipine in the treatment of cardiovascular diseases associated with diminished NO release, such
as atherosclerosis.
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Introduction

Dihydropyridine (DHP) Ca2þ antagonists, including nifedi-

pine, are frequently used in the treatment of hypertension,

stable angina pectoris and cerebrovascular disease by blocking

L-type voltage-gated Ca2þ channels. These therapeutic agents

relax coronary arteries, cause peripheral vasodilatation, and

decrease left ventricular contraction, thereby reducing the

myocardial oxygen demand. The clinical studies and meta-

analysis, however, have questioned the long-term safety of

nifedipine regimen that actually increases the risk of myocar-

dial infarction and mortality in patients with coronary artery

disease (Furberg et al., 1995; Psaty et al., 1995; Stason et al.,

1999). The deleterious mechanism for this fatal adverse effect

of nifedipine is unclear. Rapid hypotensive action of short-

acting DHPs causes an elevation in vascular sympathetic tone

and reflex tachycardia. The increased release of noradrenaline

may represent a coronary risk factor in hypertensive patients

(Julius, 1993).

In contrast to nifedipine, a short-acting first generation

DHP that exclusively blocks L-type Ca2þ channels, cilnidipine

is a new, long-acting second generation DHP that blocks both

L- and N-type Ca2þ channels. Cilnidipine is a slow-onset

vasodilator and antihypertensive drug as revealed in clinical

and animal studies (Yoshimoto et al., 1991; Tominaga et al.,*Author for correspondence; E-mail: yu-huang@cuhk.edu.hk
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1997). Cilnidipine blocks L-type Ca2þ channels in vascular

smooth muscle at concentrations that do not inhibit protein

kinase C (Lohn et al., 2002), while nifedipine is a potent

inhibitor of protein kinase C (Hempel et al., 1999). Besides,

cilnidipine also inhibits T-type Ca2þ currents in guinea-pig

ventricular myocytes (Takeda et al., 2004).

Cilnidipine attenuates vascular sympathetic neurotransmis-

sion (Hosono et al., 1995) probably by blocking the N-type

Ca2þ channels (Fujii et al., 1997). With this unique dual L/N-

type blocking property, cilnidipine may have clinical advan-

tages over nifedipine with respect to cardiovascular protection.

Indeed, cilnidipine effectively lowers blood pressure with much

less influence on heart rate and sympathetic nerve activity than

nifedipine in hypertensive patients (Minami et al., 1998; 2000).

Cilnidipine is also demonstrated to reduce blood pressure in

animal studies (Nakajima et al., 2002; Varagic et al., 2002).

The endothelium regulates the vascular tone and blood

pressure. Endothelial dysfunction characterized by impaired

endothelium-dependent vasodilatation has been described in

both human and animal hypertension (Mombouli & Van-

houtte, 1999). Some DHPs exhibit Ca2þ channel-independent

vascular effects leading to improved endothelial function

(Taddei et al., 1997; Krenek et al., 2001). Recent in vitro

studies have shown that nifedipine enhances NO release via the

upregulation of eNOS expression (Ding & Vaziri, 2000) and

possesses antioxidant or free radical scavenging effects (Lesnik

et al., 1997).

As compared with nifedipine, it is, however, unknown

whether cilnidipine exerts similar benefits on the endothelium

by releasing relaxing substances. The present study tested the

hypothesis that cilnidipine produces endothelium-dependent

relaxation in porcine coronary arteries in vitro in addition to

its known Ca2þ channel-blocking property. Specifically, this

study examined (i) whether cilnidipine induces endothelium-

dependent relaxation and what endothelium-derived vaso-

active factors are involved, (ii) whether cilnidipine stimulates

an increase in endothelial [Ca2þ ]i in situ in freshly isolated

arteries, and (iii) whether cilnidipine possesses a free radical-

scavenging activity. For comparison, we studied the arterial

effects of nifedipine, the clinically relevant prototype of DHP

Ca2þ antagonists in the same preparations.

Methods

All experiments were in accordance with institutional guide-

lines. This investigation conformed to the Guide for the Care

and Use of Laboratory Animals published by the US National

Institute of Health (NIH Publication No. 85-23, revised 1996).

Vessel preparation

Fresh pig hearts were obtained from a local slaughterhouse in

Hong Kong. The hearts were placed on a dissecting plate filled

with ice-cold Krebs solution. Krebs solution contained (in

mM): 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1 MgCl2, 25 NaHCO3, 1.2

KH2PO4, and 11 D-glucose. After fatty connective tissues were

removed, the left circumflex coronary artery was cut into

several rings (3mm length). Rings were suspended in 10-ml

organ baths and bathing solution was oxygenated with 95%

O2–5% CO2 and maintained at 371C (pH: 7.3–7.5). Each ring

was stretched to an optimal tension of 15mN and then allowed

to equilibrate for 90min before the start of the experiment.

In some rings, the endothelial layer was disrupted by gently

rubbing the luminal surface with forceps tip. Removal of a

functional endothelium was accepted if no relaxation to 50 nM

bradykinin was obtained. Each experiment was carried out on

rings prepared from different pigs.

Force measurement

At 30min after setting up in organ baths, each ring was

initially contracted by 30 nM U46619 and subsequently relaxed

by 50 nM bradykinin to confirm the presence of a functional

endothelium. Rings were then washed in pre-warmed Krebs

solution until baseline tone was returned. High KCl solution

was prepared by substituting an equivalent amount of NaCl

with KCl in order to maintain the same ionic strength.

The first series of experiments examined the relaxant effects

of different concentrations of cilnidipine (3–100 nM) or

nifedipine (3–100 nM) in 60mM KCl-contracted rings with

endothelium. The relaxant responses were allowed to reach a

steady-state level. The second series of experiments used 30mM

KCl solution, an ionic condition that eliminates the involve-

ment of endothelium-derived hyperpolarizing factors (EDHF)

in porcine coronary arteries since a small relaxation to

bradykinin in 30mM KCl-contracted rings was abolished by

L-NAME (a NOS inhibitor). Since reduced relaxations to both

DHP agents in the absence of endothelium were obtained, the

role of endothelium-derived NO or prostacyclin was studied.

Rings with endothelium were incubated for 30min with

L-NAME (100mM), ODQ (guanylate cyclase inhibitor, 3mM),

or indomethacin (inhibitor of prostacyclin biosynthesis, 3mM)

prior to contraction by 30mM KCl. The effect of o-conotoxin

(a N-type Ca2þ channel blocker, 100 nM) was also tested. Once

a steady tone was obtained, cilnidipine or nifedipine (each

at 30 nM) was added to induce relaxation. In order to test

whether treatment with L-arginine could antagonize the effect

of L-NAME, rings with endothelium were exposed to 500 mM
L-arginine 10min before the addition of L-NAME. The third

group of experiments examined the relaxant effects of

cilnidipine and nifedipine in L-NAME-treated rings without

endothelium. The role of the endothelium in DHP-induced

relaxation was also examined in rings contracted by 60mM

KCl. The presence of endothelium did not affect high KCl-

induced vessel tone (30mM KCl contraction: 35.972.8mN

with endothelium and 35.572.0mN without endothelium,

P40.05; 60mM KCl contraction: 41.772.9mN with endo-

thelium and 41.372.6mN without endothelium, P40.05).

Finally, effects of cilnidipine (10 nM, 30-min exposure) were

tested on endothelium-independent relaxation to NO donor,

sodium nitroprusside (200mM), in the presence and absence of

endothelium.

In situ endothelial [Ca2þ]i imaging

Porcine left circumflex coronary artery rings were labeled

fluorescently by the incubation with 10 mM Fura-2 AM,

0.025% pluronic F-127, and 1mM probenacid (to prevent

Fura-2 secretion) in Krebs solution for 1 h at 221C. Extra-

cellular Fura-2 AM was washed in Krebs solution. The

endothelial cells were then perfused for 20min with Krebs

solution at 2mlmin�1 (371C) to permit intracellular esterases

to cleave intracellular Fura-2 AM into active Fura-2.
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The basic setup for endothelial [Ca2þ ]i imaging was

modified as first described by Huang et al. (2000). Briefly,

after the Fura-2 loading, the rings were longitudinally cut open

and pinned down onto a block of silicone elastomer, which

was fixed onto a base plate of the custom-made flow chamber.

The base plate was then covered with a gasket and cover glass

(24� 32mm), and affixed by screws. There was a 1-mm gap

between the vessel lumen and cover glass for fluid flow

passage. After mounting, the flow chamber was placed on an

inverted microscope and perfused with Krebs solution at 371C

at 2mlmin�1 maintained by a six-channel perfusion pump.

The specimen was illuminated on the stage of the IX70

Olympus microscope, fitted with an � 20 Olympus water

immersion objective by using a Polychrome IV light source.

Fura-2 loaded vascular tissues were alternately excited at 340

and 380 nm, and images of the respective 510-nm emissions

were collected in 1-s intervals using MetaFluor v4.6 software

(Universal Imaging Corp., Downingtown, PA, U.S.A.). The

emitted light was transmitted to the collecting device and then

to a cooled charge coupled device (CCD) camera. Illumination

through the Polychrome IV light source and acquisition by the

CCD camera were controlled by MetaFluor software v4.6.

Video frames containing images of cell fluorescence were

digitized at a resolution of 512 horizontal� 480 vertical pixels.

Imaging analysis was performed with a MetaFluor imaging

system (Universal Imaging Corp.). After background subtrac-

tion, the fluorescence ratio (F340/F380) was obtained by

dividing, pixel by pixel, the 340 nm image by the 380 nm image.

Changes in this ratio reflected changes in [Ca2þ ]i to eliminate

potential artifacts caused by variations in cell thickness,

intracellular dye distribution, or photobleaching.

Free radical scavenging assay

Possible free radical scavenging effects of DHPs were

examined as described previously (Blois, 1958). a-Tocopherol

(vitamin E) was used as a reference antioxidant. In brief, 0.5ml

of methanol containing different concentrations (10–100 nM)

of DHPs was mixed in a test tube with 2.5ml of methanol

containing 75mM 2,2-diphenyl-1-picrylhydrazyl (DPPH).

DPPH is a stable free radical with a deep purple color in

ethalonic solution and a typical absorbance at 517 nm, but

becomes pale yellow when trapped by an antioxidant. The

reaction mixture was kept in dark at room temperature for

90min and the absorbance at 517 nm was thereafter measured.

The free radical scavenging activity was approximated using

the following equation:

DPPH scavenging activityð%Þ ¼ ½Aa � ðAb � AcÞ�=Aa�100

where Aa is the absorbance of the incubation DPPH solution

without DHP, Ab is the absorbance of the incubation mixture

containing DPPH and DHP, and Ac is the absorbance of the

blank solution (methanol) with DPPH.

Chemicals

Bradykinin, U46619, L-NAME, ODQ, L-arginine, indometha-

cin, nifedipine, o-conotoxin, sodium nitroprusside, and DPPH

were purchased from Sigma-Aldrich (St Louis, MO, U.S.A.).

Cilnidipine was a gift from Fujirebio (Tokyo, Japan). Stock

solution was prepared in DMSO for DHPs and kept at �201C.

Desired dilution was made before experiments. DMSO (0.1%,

v v�1) did not cause vasorelaxation.

Data analysis

Results are mean7s.e.m. and n refers to the number of pigs.

Several rings prepared from the same artery were studied in

parallel. Time-dependent relaxant effects of DHPs were

investigated after various pharmacological interventions. The

relaxation was expressed as percentage reduction in high KCl-

induced tone and relaxation curves were analyzed and time

(t1/2) required for producing 50% of the maximal relaxation

was calculated using Graphpad software (Version 3.0). Time-

dependent relaxation curves were analyzed by two-way

ANOVA followed by Bonferroni post-tests. P-values less than

0.05 were regarded as statistically significant.

Results

Relaxant responses

Both cilnidipine and nifedipine relaxed 60mM KCl-contracted

rings with endothelium in a concentration-dependent manner

(Figure 1a and c). There was little difference in relaxing

potency of both blockers as determined by steady-state

relaxation (Figure 1b and d). The onset of relaxation was,

however, much faster for nifedipine than cilnidipine at each

concentration tested (Figure 1a and c). Nifedipine at 100 nM

induced a rapid relaxation, which reached a plateau within

10min after drug application (Figure 1c). In contrast,

cilnidipine at the same concentration induced slowly develop-

ing relaxation and the steady-state maximum effect was

obtained 80min after drug application (Figure 1a). Figure 1e

shows differences in the t1/2 values for relaxations induced by

both DHP agents.

Role of the endothelium

In 30mM KCl-contracted rings with endothelium, cilnidipine

at 30 nM caused relaxation and the peak response was obtained

after 120min and this relaxation was attenuated upon removal

of the endothelium (Figure 2a). Likewise, nifedipine at 30 nM

induced less relaxation in rings without endothelium than in

rings with endothelium (Figure 3a).

Effect of inhibitors of NO-dependent relaxation

Treatment of rings with endothelium by L-NAME (Figure 2b)

or ODQ (Figure 2c) attenuated cilnidipine-induced relaxation.

L-NAME and ODQ reduced cilnidipine-dependent relaxation

to a similar extent as seen in rings without endothelium.

Preincubation with L-arginine, the precursor of NO biosynth-

esis, abolished the inhibitory effect of L-NAME (Figure 2b and

d). Likewise, L-NAME and ODQ reduced relaxation induced

by nifedipine (30 nM) and L-arginine antagonized the effect of

L-NAME (Figure 3b and c). In contrast, L-NAME did not

affect relaxations to cilnidipine or nifedipine in rings without

endothelium (n¼ 5, data not shown). Relaxation induced by

cilnidipine or nifedipine in 60mM KCl-contracted rings was

the same in the presence and absence of endothelium

(Figure 4). Bradykinin (50 nM) induced only a small relaxation
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(21.274.6%) in 30mM KCl-contracted rings with endothe-

lium, which was abolished by 100 mML-NAME and bradykinin

did not relax 60mM KCl-contracted rings with endothelium

(n¼ 4).

Effect of indomethacin and o-conotoxin

Indomethacin did not modify relaxations to cilnidipine or

nifedipine (n¼ 5), thus ruling out the involvement of relaxing

prostanoids in the endothelium-dependent effects for both

DHPs. o-Conotoxin (100 nM) did not affect 30mM KCl-

induced tone nor cilnidipine-induced relaxation (n¼ 4, data

not shown).

Effect of cilnidipine on sodium nitroprusside-induced
relaxation

Cilnidipine (10 nM, 30-min incubation) inhibited 30mM KCl-

induced contraction of rings with endothelium (35.872.8mN

in control and 21.073.2mN in cilnidipine). However, cilnidi-

pine did not affect relaxations to 200 mM sodium nitroprusside

in the presence and absence of endothelium (Figure 5).

Effects on endothelial [Ca2þ]i in isolated endothelium-
intact coronary arteries

Fluorescence images from individual living endothelial cells

in intact cut-open rings were clearly visible and signals were

absent upon removal of the endothelium. An increase in

[Ca2þ ]i was induced by bradykinin only in endothelium-intact

arteries (Figure 6a). Figure 6b shows that perfusion of 30 nM

cilnidipine caused a slow increase in [Ca2þ ]i. The increase in

[Ca2þ ]i was long-lasting (80min) and completely abolished in

the absence of extracellular Ca2þ (plus 300 mM Na2-EGTA).

Likewise, addition of 30 nM nifedipine induced a similar but

faster effect in raising endothelial [Ca2þ ]i, which was also

dependent on the presence of extracellular Ca2þ ions

(Figure 6c).
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Figure 1 Concentration-dependent relaxant responses to cilnidipine (a) or nifedipine (c) in 60mM KCl-contracted porcine
coronary artery rings with endothelium. The percentage relaxation recorded at 160min (b) after application of cilnidipine
(3–100 nM) or at 100min (d) after application of nifedipine (3–100 nM). (e) The time taken for cilnidipine or nifedipine to produce
half (t1/2) of the maximal relaxant effect. Results are mean7s.e.m. of 6–7 experiments. Statistical difference is indicated by **Po0.01
or ***Po0.001 from controls.

58 H.S. Leung et al Cilnidipine and vasorelaxation

British Journal of Pharmacology vol 147 (1)



0 40 80 120

0

50

100

0

50

100

+ Endo
- Endo 

Time (min)

0 40 80 120
Time (min)

0 40 80 120
Time (min)

%
 R

el
ax

at
io

n
(o

f 3
0 

m
M

 K
+
 to

ne
)

0

50

100

%
 R

el
ax

at
io

n
(o

f 3
0 

m
M

 K
+
 to

ne
)

%
 R

el
ax

at
io

n
(o

f 3
0 

m
M

 K
+
 to

ne
)

30 nM Cilnidipine

Control
L-NAME
L-Arg
L-Arg + L-NAME

30 nM Cilnidipine

Control

30 nM Cilnidipine

ODQ

Con
tro

l

L-
NAM

E
L-

Arg

L-
Arg

+L
-N

AM
E

ODQ
0

50

100

%
 R

el
ax

at
io

n
(3

0 
nm

 c
iln

id
ip

in
e)

*a
*b

**a

a b

c d

*

*

*

Figure 2 (a) Reduced relaxation to 30 nM cilnidipine in rings without endothelium compared to rings with endothelium.
Attenuated cilnidipine-induced relaxation following treatment with L-NAME (b) or ODQ (c) in rings with endothelium. Treatment
with L-arginine reversed the effect of L-NAME (b). The relaxant effect recorded at 30min after application of cilnidipine (d).
All these experiments were performed on 30mM KCl-contracted rings. Statistical difference is indicated by (a) between treatment
and control groups and by (b) between treatment and L-NAME groups (*Po0.05, **Po0.01). Results are mean7s.e.m.
of 6–8 experiments.

0

50

100

+ Endo
- Endo  

%
 R

el
ax

at
io

n
(t

of
 3

0 
m

M
 K

+
 to

ne
)

0

50

100

%
 R

el
ax

at
io

n
(t

of
 3

0 
m

M
 K

+
 to

ne
)

0

50

100

%
 R

el
ax

at
io

n
(t

of
 3

0 
m

M
 K

+
 to

ne
)

30 nM Nifedipine

Control
L-NAME
L-Arg
L-Arg + L-NAME

30 nM Nifedipine

0 40 80 120

Control
ODQ

30 nM Nifedipine

Time (min)

0 40 80 120
Time (min)

0 40 80 120
Time (min)

0

50

100

%
 R

el
ax

at
io

n
(3

0 
nM

 n
ife

di
pi

ne
)

***a

*a
*b

a b

c d

*

*

*

Con
tro

l

L-
NAM

E
L-

Arg

L-
Arg

+L
-N

AM
E

ODQ

Figure 3 (a) Reduced relaxation to 30 nM nifedipine in rings without endothelium compared to rings with endothelium. Attenuated
nifedipine-induced relaxation in the presence of L-NAME (b) or ODQ (c) in rings with endothelium. Treatment with L-arginine
reversed the effect of L-NAME (b). The relaxant effect recorded at 30min after application of nifedipine (d). All these experiments
were performed on 30mM KCl-contracted rings. Statistical difference is indicated by a between treatment and control groups and by
b between treatment and L-NAME groups (*Po0.05, ***Po0.001). Results are mean7s.e.m. of 6–8 experiments.

H.S. Leung et al Cilnidipine and vasorelaxation 59

British Journal of Pharmacology vol 147 (1)



Free radical scavenging effect

As compared with a known antioxidant, vitamin E, cilnidipine,

and nifedipine at concentrations (1–100 nM) that relaxed

porcine coronary arteries did not possess significant free

radical-scavenging activity (Figure 7).

Discussion

It is known that some DHPs can augment NO release from

endothelial cells either in cultured cells or noncoronary arteries

(Zhang & Hintze, 1998; Berkels et al., 2001) probably through

the upregulation of the eNOS activity (Ding & Vaziri, 2000) or

antioxidation (Berkels et al., 2001). The main findings of the

present study include he following: (i) porcine coronary artery

relaxations to cilnidipine and nifedipine are partly endothe-

lium-dependent and involve NO/cyclic GMP signaling. (ii) The

onset of cilnidipine’s action is much slower as compared to

that of nifedipine, but both DHPs showed similar relaxing

potency. (iii) Like nifedipine, cilnidipine raises [Ca2þ ]i in native

endothelial cells in intact coronary arteries in situ, with similar

onset as to that of cilnidipine-induced relaxation. (iv) Neither

cilnidipine nor nifedipine possesses a free radical-scavenging

effect.

NO, one of the most prominent endothelium-derived

regulators of arterial tone, relaxes vascular smooth muscle

cells via cyclic GMP-mediated signaling (Murad, 1994).

Several DHPs including nifedipine (short-acting, first genera-

tion) and lacidipine (long-acting, second generation) increase

the release of NO in endothelial cells, which is sensitive to

inhibition by NOS inhibitors (Ding & Vaziri, 2000; Berkels

et al., 2001; Krenek et al., 2001). The present results

demonstrate that like nifedipine, cilnidipine (30 nM)-induced

relaxation is partly endothelium-dependent and the L-NAME

(an NOS inhibitor)- or ODQ (a guanylate cyclase inhibitor)-

0 40 80 120 160 200

0

50

100

+ Endo

- Endo

+ Endo

- Endo

Cilnidipine

Time (min)

%
 R

el
ax

at
io

n
(o

f 6
0 

m
M

 K
+

 to
ne

)
%

 R
el

ax
at

io
n

(o
f 6

0 
m

M
 K

+
 to

ne
)

0 40 80 120

0

50

100

Nifedipine

Time (min)

a

b

Figure 4 Lack of influence of the endothelium on relaxation to
30 nM cilnidipine (a) or 30 nM nifedipine (b) in 60mM KCl-
contracted rings. Results are mean7s.e.m. of five experiments.

0 10 20 30 40

0

50

100

Control (+ E)

Cilnidipine (+ E)

Control (- E)

Cilnidipine (- E)

Time (min)

%
 R

el
ax

at
io

n
(%

 3
0 

m
M

 K
+
 to

ne
)

200 µM SNP

Figure 5 Lack of the effect of cilnidipine (10 nM, 30-min incuba-
tion) on relaxation to 200mM sodium nitroprusside in 30mM KCl-
contracted rings with and without endothelium. Results are
mean7s.e.m. of five experiments.

Control Bradykinin
1.5

0

a Cilnidipine

↑[Ca2+]i

0 20 40 60 80 100

0.0

0.2

0.4
Cilnidipine
DMSO

30 nM Cilnidipine
BK

*

*

Time (min)

R
at

io
 (

F
34

0/
F

38
0)b

c

0 20 40 60 80

0.0

0.2

0.4

Nifedipine
DMSO

30 nM Nifedipine
BK

Time (min)
R

at
io

 (
F

34
0/

F
38

0)
Figure 6 The stimulatory effects of cilnidipine (30 nM, a, b) and
nifedipine (30 nM, c) on endothelial calcium levels in situ in cut-open
rings with endothelium. The addition of bradykinin further
increased the endothelial [Ca2þ ]i. Statistical difference between two
curves is indicated by *Po0.05. Results are mean7s.e.m. of 4–5
experiments from different pigs.
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sensitive component accounts for approximately 30% of the

total relaxation. Treatment of arteries with L-arginine pre-

vented L-NAME-induced inhibition of relaxation. Further-

more, L-NAME did not alter the relaxant effects of cilnidipine

or nifedipine in rings without endothelium. The results suggest

that the endothelium-dependent relaxation to cilnidipine is

mediated by NO/cyclic GMP-dependent mechanisms in

porcine coronary arteries. The lack of an effect on relaxation

induced by sodium nitroprusside indicates that cilnidipine does

not interact with NO/cyclic GMP-mediated signaling pathway

in vascular smooth muscle. The endothelium-dependent

relaxation to either cilnidipine or bradykinin was observed

only in 30mM KCl- but not in 60mM KCl-contracted rings,

suggesting that the presence of 60mM extracellular KCl

abolishes endothelium-dependent relaxation in porcine cor-

onary arteries. This may explain why a significantly less

relaxation to cilnidipine was obtained in rings contracted by

60mM KCl (61.674.5% relaxation) than in rings contacted by

30mM KCl (88.974.5% relaxation). High KCl-induced

contractions were comparable in rings with and without

endothelium, indicating that the endothelium is unlikely to

contribute tonically to DHP-induced relaxation. The present

results indicate that the reported N-type Ca2þ channel-

blocking activity in sympathetic nerves does not influence

cilnidipine-induced relaxation since o-conotoxin (an potent

inhibitor of N-type Ca2þ channel blocker on sympathetic

nerves) (Brock & Cunnane, 1999) was without effect.

The biosynthesis of NO by eNOS from L-arginine is a Ca2þ -

dependent process. Various endothelial NO-dependent vaso-

dilators stimulate the release of NO by increasing endothelial

[Ca2þ ]i. Like nifedipine, cilnidipine acutely increased [Ca2þ ]i in

native endothelial cells of coronary arteries and this stimula-

tory effect relied on the presence of extracellular Ca2þ ions. A

long-lasting time course of increases in [Ca2þ ]
i (up to 80min,

Figure 6b) correlate well with the slowly developing relaxation

to cilnidipine (Figure 2a). Likewise, 20min is required for the

steady response to nifedipine (30 nM) in both vessel tension

and [Ca2þ ]i (Figures 3a and 6c). A stimulatory effect of

cilnidipine on [Ca2þ ]i is unlikely to be related to L/N-type

Ca2þ channels since these channels are not expressed in

endothelial cells (Adams et al., 1989).

The acute endothelium-dependent effect of cilnidipine or

nifedipine may not involve the upregulation of expression

of eNOS mRNA and/or protein, since nifedipine starts to

stimulate the release of NO 20min after its application and

prolonged treatment (48 h) did not affect eNOS protein levels

(Berkels et al., 2001). However, long-term treatment (5–6

weeks) with lacidipine (Krenek et al., 2001) or cilnidipine

(Kobayashi et al., 2001) was reported to elevate the eNOS

mRNA levels in hypertensive rats. In addition, chronic

nifedipine therapy (6 months) restored coronary endothelial

function in patients with coronary artery disease (ENCORE

Investigators, 2003). The present data together with others

suggest that the mechanisms underlying the acute and chronic

effects of DHPs on endothelial NO function may differ. The

former is more likely coupled to an elevated endothelial

[Ca2þ ]i (Berkels et al., 1999), while the latter is associated

with chronically increased eNOS expression and/or activity

(Kobayashi et al., 2001; Krenek et al., 2001). However, we

cannot discount the possibility that DHP Ca2þ antagonists

induce vasorelaxation also by inhibiting the production and/or

effects of endothelial vasoconstrictors.

Finally, some but not all DHP Ca2þ antagonists were

reported to have an antioxidant activity (Lesnik et al., 1997;

Berkels et al., 2001; Cominacini et al., 2003). Nifedipine (48 h

treatment) increased the bioavailability of endothelial NO

through reducing the production of reactive oxygen species

(ROS) (Berkels et al., 2001), while shorter treatment (6 h) with

nifeidpine or nimodipine did not affect the ROS formation

(Cominacini et al., 2003). Although we cannot exclude a

possible acute inhibition of the ROS production by cilnidipine

in intact porcine coronary arteries, the present results show

that cilnidipine or nifedipine displayed little or no free radical-

scavenging effect. Therefore, the increased bioavailability of

NO by removal of free radicals may not contribute to the

endothelium-dependent effect of cilnidipine.

In summary, this study has provided evidence for one

additional mechanism by which cilnidipine exerts its action on

porcine coronary arteries, for example, stimulation of Ca2þ -

dependent NO release in endothelial cells, apart from its

blockade of Ca2þ channels in arterial smooth muscle and

sympathetic nerves as demonstrated by other investigators.

The increased bioavailability of NO may exert additional
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Figure 7 The free radical scavenging activity of DHPs, cilnidipine
(a), nifedipine (b), and vitamin E (c). Results are mean7s.e.m. of six
experiments.
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antithrombotic, antiproliferative, and antiatherosclerotic

effects. The N-type Ca2þ channel-blocking property of cilnidi-

pine may offer clinical benefits by attenuating the reflex

tachycardia due to sympathetic stimulation, a potentially fatal

side effect resulting from nifedipine therapy in patients with

coronary artery disease (Furberg et al., 1995; Stason et al.,

1999) and by retaining Ca2þ channel-independent vascular

benefits of nifedipine as shown in the present study. Indeed,

recent clinical studies show that cilnidipine is effective as a

once-daily antihypertensive drug without reflex tachycardia

and increases in the sympathetic nerve activity in essential

hypertensive patients (Minami et al., 2000; Kitahara et al.,

2004). It has yet to be determined whether cilnidipine’s

stimulation of endothelial NO release is clinically relevant,

for example, in the treatment of coronary artery disease and

other chronic vascular diseases. Further studies are needed on

the effects of chronic cilnidipine treatment on coronary

endothelial dysfunction in hypertension.
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