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Abstract:

Background: The goal of this study was to investigate the modulation of the contraction-relaxation effects in isolated human tho-

racic artery samples of three calcium-channel antagonists, amlodipine (CAS [88150-42-9]), cerebrocrast (CAS [118790-71-9]) and

diltiazem (CAS [42399-41-7]), and two calcium-channel agonists, CGP 28392 (CAS [89289-93-0]) and benzimidazole derivative.

To estimate the endothelial function of the artery samples, carbachol, an agonist of muscarinic receptors, was used.

Methods: The experiments were conducted on isolated human thoracic artery samples, and their isometric contractions were re-

corded using an i-FOT10 force transducer. Cumulative concentration-contraction curves of the tested agents (10�7 to 10�4 M) were

established.

Results: Carbachol at concentrations of 10�7 to 10�6 M did not cause any relaxation of artery rings precontracted by 10�4 M phenyl-

ephrine, and at concentrations of 10�5 and 10�4 M, isometric contractions increased by 7% and 20%, respectively. In response to am-

lodipine, cerebrocrast and CGP28392, the contraction of artery samples increased significantly, whereas diltiazem and

benzimidazole derivative caused their relaxation by ~55%.

Conclusion: The obtained data indicate that the endothelium of the thoracic artery, which is used for coronary artery bypass grafting,

is damaged by and may have some influence on the inadequate response of 1,4-dihydropyrine type calcium-channel antagonists.
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Introduction

We recently observed that both calcium-channel ago-

nists and antagonists significantly relaxed isolated hu-

man saphenous vein samples precontracted with

phenylephrine in a dose-dependent fashion [7], al-

though the mechanism of action underlying their

vasodilatation effects was different. In addition, the

endothelial response to carbachol at concentrations of

10–7 to 10–4 M only partially relaxed vascular smooth

muscle; therefore, we supported the idea that the en-

dothelium of the vena saphena magna used for coro-

nary artery bypass grafting would be damaged. Con-

sequently, endothelium dysfunction breaks the bal-

ance between vasoconstrictors and vasodilators and

initiates a number of processes that stimulate or exac-
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erbate the course of arteriosclerosis. Because the dif-

ferences between the impact of arteriosclerosis on the

artery endothelium for arterial blood composition and

that for venous blood composition are present, we

continued with an experimental study on the thoracic

artery, which is also widely used for coronary artery

bypass surgery.

The goal of this study was to investigate the modula-

tion of contraction-relaxation effects on isolated human

thoracic artery samples of two 1,4-dihydropyridine type

calcium-channel blockers, amlodipine (CAS [88150-

42-9]) and another 4-aryl derivative of 1,4-dihydro-

pyridine called cerebrocrast (CAS [118790-71-9]); the

benzodiazepine-type calcium-channel blocker diltiazem

(CAS [42399-41-7]); the 1,4-dihydropyridine type cal-

cium-channel agonist CGP 28392 (CAS [89289-

93-0]); and a benzimidazole derivative, 1-acetyl-5,6-

dimethoxy-2-methylthiobenzimidazole. The latter

compound, as a possible inhibitor of the enzyme

phosphodiesterase fraction III (PDE-III), has shown

positive inotropic properties in experimental studies

[8]. To estimate the endothelial function of the artery

samples, carbachol, an agonist of muscarinic recep-

tors, was used at a concentration of 10�7 to 10�4 M.

Materials and Methods

The experiments were conducted on isolated human

thoracic artery samples taken during conventional

myocardial revascularization operations from 62 pa-

tients who underwent coronary artery bypass grafting

in the Department of Cardiothoracic and Vascular

Surgery at the Lithuanian University of Health

Sciences. The age of the patients was between 33–86

years and the average age was 66.8 ± 9.75 years;

30.0% were women (n = 19), and 70.0% (n = 43) were

men. All patients signed a letter of informed consent,

and the study was approved by the Regional Ethics

Committee of Biomedical Research on 05/11/2010,

license No BE-2-64, in Kaunas, Lithuania.

For the investigations of blood vessel segments, the

system obtained from the Global Town Microtechnol-

ogy Company (Sarasota, FL, USA) was used. Human

thoracic artery samples were carefully cleaned of con-

nective tissue, cut into 3–4 mm long rings, hung on

a vascular holder, the upper hook of which was at-

tached to an isometric force transducer (i-FOT10),

and dipped in 5-ml tissue baths filled with Tyrode’s

solution, which was warmed (37°C) and continuously

bubbled with 100% O2. The solution had the follow-

ing composition (in mM): NaCl, 137; KCl, 5.4; CaCl2,
1.8; MgCl2, 0.9; Tris HCl, 10; glucose, 5; and pH =

7.4. The preparations were allowed to equilibrate for

at least 45–60 min. During the investigation period,

the vessels were washed every 15 min with fresh

Tyrode’s solution. A vasoconstrictor (10�4 M phenyl-

ephrine) or the tested agents were then added to the

solution to study the activity of the vessel samples.

The function of the endothelium in the vessel rings

was evaluated by investigating the relaxation re-

sponse to carbachol. The relaxation time course was

recorded continuously and expressed as a percentage

of the vasoconstrictor-induced precontraction. Cumu-

lative concentration-contraction curves of the tested

agents (10�7 to 10�4 M) were established. According

to our previous studies carried out on the guinea pig’s

papillary muscles and on isolated human vena sa-

phena magna [7], such concentrations were suffi-

ciently effective and answered the objectives of the

experiment.

Drugs and chemicals

The dihydropyridine derivatives amlodipine, cerebro-

crast and CGP 28392 were synthesized at the Latvian

Institute of Organic Synthesis in Riga, Latvia, and the

benzimidazole compound (1-acetyl-5,6-dimethoxy-

2-methylthiobenzimidazole) was synthesized in the

Department of Chemistry at Vilnius University in

Vilnius, Lithuania. Carbamylcholine chloride (car-

bachol) and diltiazem were obtained from Sigma-

Aldrich Chemie (Taufkirchen, Germany). The test

compounds were prepared as stock solutions of 0.1 M

in dimethyl sulfoxide; phenylephrine dihydrochloride

was dissolved in deionized water to make a stock so-

lution of 0.1 M. All stock solutions were stored in

a refrigerator.

Statistics

Data are presented as the means ± SE. The signifi-

cance of the difference between the means was ana-

lyzed using Student’s t-test. A level of p < 0.05 was

adopted to indicate statistical significance.
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Results and Discussion

It is well known that carbachol, as an agonist of mus-

carinic acetylcholine receptors, induces endothelium-

and dose-dependent relaxation of the blood vessel

smooth muscles [18]. The data presented in Figure 1

show that carbachol in our experimental conditions at

concentrations of 10–7 to 10–6 M did not cause any re-

laxation of thoracic artery rings precontracted by 10–4 M

phenylephrine. Meanwhile, under the influence of

10–5 M, we recorded a weak contraction (~7%) of ar-

tery samples, which increased 1.2 times at a concen-

tration of 10–4 M. Our previous investigation of the

same artery rings showed that acetylcholine, used at

concentrations of 10–8 to 10–5 M, also induced their

contraction, and at a concentration of 10–5 M,

contraction force exceeded by 1.5 times (p < 0.05) the

contraction generated by 10–4 M phenylephrine alone

(data not published). Therefore, judging by that inade-

quate response of the smooth muscle to the native

vasodilators, we could suggest that the endothelium of

the studied thoracic artery samples was injured, and

thus, its key function, i.e., endothelium-dependent

vasodilation, was not properly performed [15]. There

are many experimental and clinical studies confirm-

ing that endothelial dysfunction contributes to the de-

velopment of impaired coronary and systemic perfu-

sion and to reduced exercise capacity in patients with

congestive heart failure, which has an impact on mor-

bidity and mortality [1, 4, 24]. In addition to its influ-

ence on vascular tone, endothelial dysfunction has

a major impact on the bioavailability (reduces it) of

nitric oxide (NO) and other endothelium-derived va-

soactive factors, on platelet function and on the abun-

dant formation of reactive oxygen species in the vas-

cular wall, which in turn leads to more severe endo-

thelial dysfunction [3, 23]. As the endothelium plays

a major role in the regulation of vascular homeostasis,

i.e., it maintains the balance between vasodilatation

and vasoconstriction, it is likely that endothelial dys-

function would condition the blood vessels to an in-

adequate response to the various vasoactive drugs

used in clinical practice, for instance, to calcium-

channel antagonists/agonists.

As shown in Figure 1, the 1,4-dihydropyridine cal-

cium antagonists, amlodipine and cerebrocrast, rather

than the expected relaxation of the artery samples,

caused their marked contraction, which was more pro-

nounced in comparison to carbachol and to another

dihydropyridine compound, CGP 28392, which is

a known calcium agonist [10]. Therefore, at a concen-

tration of 10�4 M, the isometric contractions increased

by ~1.45, 1.5 and 1.2 times the influence of amlodip-

ine, cerebrocrast and CGP 28392, respectively.

Meanwhile, in response to the other calcium an-

tagonist diltiazem, the artery rings considerably re-

laxed, and this relaxation ranged from 26% to 55% at

concentrations of 10�7 and 10�4 M, respectively. The

influence of the benzimidazole derivative on the re-

laxation of the artery samples was identical to that of

diltiazem. Benzimidazole derivative was slightly less

effective at a concentration of 10�7 M, as compared to

diltiazem. In the benzimidazole group, the blood-

vessel rings relaxed by 15.6%, and in the diltiazem

group, they relaxed by 26.0% (p > 0.05).

The contractile activity of vascular smooth muscle

is regulated by control over the cytoplasmic calcium

concentration. The calcium is supplied from sarco-

plasmic reticulum (SR) and the extracellular space
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Fig. 1. Relaxation-contraction responses induced by benzimidazole
derivative (n = 12: 10 male, 2 female); by the 1,4-dihydropyridine de-
rivatives amlodipine (n = 15: 12 male, 3 female), cerebrocrast (n =
13: 10 male, 3 female) and CGP 28392 (n = 10: 8 male, 2 female); by
diltiazem (n = 12: 9 male, 3 female); and by carbachol (n = 22:
18 male, 4 female) in isolated human thoracic artery rings precon-
tracted by 10�4 M phenylephrine; n is the number of artery samples.
Results are expressed as the means ± SE; * p < 0.05 vs. carbachol



and a minor component from the inner surface of the

plasmolemma. The main intracellular messenger re-

sponsible for the Ca2+ release and its involvement in

the contraction process is IP3 (inositol triphosphate)

and to lesser extent Ca2+ entering the smooth muscle

cells from the extracellular space. SR acts as a “cal-

cium buffer” and it is probably the major system con-

trolling free [Ca2+]i concentration in vascular smooth

muscle [12]. The more Ca2+ accumulates in SR,

the more it will be released during the contraction

through ryanodine receptors closely related to cal-

cium-dependent potassium channels involved in the

hyperpolarization as well as in relaxation process.

Numerous studies have demonstrated that relaxa-

tion of the blood vessels is closely associated with

membrane hyperpolarization of both endothelial and

vascular smooth-muscle cells, which are induced by

an efflux of potassium ions (K+) through the calcium-

activated K+ channels of small (SKCa), intermediate

(IKCa) and large (BKCa) conductance [2, 9, 20].

According to Ichida et al. [10] and Feletou [5], two

types of KCa channels, SKCa, and IKCa, predominate in

endothelial cells, while BKCa is endothelium-

independent, is expressed in virtually all smooth mus-

cles, predominates there and represents a significant

proportion of all potassium channels [9, 11]. Experi-

mental studies have shown that BKCa channels are

activated by calcium sparks or follow a global in-

crease in smooth-muscle intracellular Ca2+ [20]. Oth-

erwise, by regulating the activity of Ca2+ channels

(L-type), the smooth-muscle cells are able to modu-

late [Ca2+]i, blood-vessel diameter and blood flow.

The mode of action of 1,4-dihydropyridine calcium

antagonists is related to their blocking action on the

L-type Ca2+ channels located in the sarcolemma of ar-

terial smooth-muscle cells and the corresponding re-

duction in [Ca2+]i. Therefore, as stated above, we sug-

gest that the studied amlodipine and cerebrocrast re-

ductions [Ca2+]i in the artery samples, as well as their

accumulation in the internal sources (such as the

sarcoplasmic reticulum) and their simultaneous re-

duction of Ca2+ release events (Ca2+ sparks) trigger

the activation of large-conductance Ca2+-activated

K+-channels, which hyperpolarize and relax vascular

smooth-muscle cells, causing vasodilatation. Based

on study [25], analyzing the mechanisms of vascular

wall relaxation by using the method of isometric ten-

sion in isolated blood vessels, calcium in a concentra-

tion up to 30 mM is responsible for the relaxation of

the arteries and the relaxation of vascular smooth

muscle cells is due to Ca2+-activated potassium chan-

nels. The tests carried out with carbachol showed that

endothelial cells of artery samples are damaged. So, it

is possible that overall metabolism of endothelial and

smooth muscle cells is altered toward decreasing [4].

As a result, the intracellular Ca2+ homeostasis can be

defective, including depressed Ca2+ uptake, decreased

storage and release of the SR associated with de-

creased, for example, in the SR Ca2+ – ATPase or

phospholamban [16]. Taken together, the higher con-

centration of the studied agent (amlodipine and cere-

brocrast) used, the smaller the amount of Ca2+ that

passes into the cells and gradually diminishes their in-

tracellular accumulation. As a result, Ca2+ sparks de-

crease, conditioning the activity of the BKCa channels.

Finally, instead of the expected relaxation of the ar-

tery samples, we recorded their contraction. Further-

more, it should be noted that other factors by modu-

lating phenylephrine’s sensitivity to a1-adrenoceptors

may influence the distribution of [Ca2+]i as well [14].

At the same time, the other Ca2+ antagonist, dilti-

azem, significantly relaxed the artery rings in a con-

centration-dependent fashion, and that effect enables

us to suggest that its mechanism of action with respect

to Ca2+ distribution in smooth-muscle cells, as well as

with respect to KCa channel activity, is different com-

pared to amlodipine and cerebrocrast. To answer this

question, appropriate investigations are needed. On

the other hand, diltiazem, as it was shown in our pre-

vious study [7], relaxes venous samples more signifi-

cantly at concentrations of 10�5 and 10�4 M as com-

pared to arteries samples (65% and 83% vs. 44% and

55%, respectively, p < 0.05). It is likely that this could

be related to endothelial cells because venous endo-

thelial damage was only partial.

The well-known Ca2+ agonist CGP 28392 stimu-

lated Ca2+ entry in cardiac and in smooth-muscle cells

through the slow Ca2+ channels and induced Ca2+ re-

lease from the sarcoplasmic reticulum [13]. This ef-

fect leads to increased contraction force in the myo-

cardium and to the contraction of the blood vessels by

increasing Ca2+ on the contractile apparatus, both in

the myocardium and in the vascular smooth muscle.

In our experimental conditions, CGP 28392 caused

a mild contraction of blood vessel samples in

a concentration-dependent manner, very similar to the

response of carbachol. It should be noted that the iso-

metric contraction of the artery rings in response to

CGP 28392 was less pronounced compared to amlo-

dipine and cerebrocrast (~26% and 34%, respec-
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tively). It is likely that the influence of CGP 28392 on

the amount of Ca2+ increases in the endothelium, lead-

ing to additional K+ efflux through SKCa and IKCa
channels [21, 22]. Ultimately, it could reduce the

overload by calcium ions in the endothelium, as well

as in smooth-muscle cells.

Benzimidazole derivatives, in some experimental

studies, have demonstrated positive inotropic and re-

laxing properties, and based on their action on the

guinea pig’s cardiac muscles and on aorta samples,

some authors have come to the conclusion that the

studied compound could be characterized as a PDE-

III inhibitor [8]. Although the precise mechanism un-

derlying the relaxation of smooth muscle by inhibi-

tion of PDE-III is not well-enough known, the grow-

ing evidence indicates that the stimulation of the

cAMP-signal transduction pathway can increase en-

dothelial NO production from the blood vessels and

cause endothelium-dependent vasodilatation [6, 17,

19, 23]. According to Zhang et al. [26], cAMP-signal

transduction stimulates endothelial NO generation by

inducing the phosphorylation of endothelial NO-

synthase through cAMP-dependent protein kinase A.

On the other hand, cAMP could act to dilate artery

samples by increasing Ca2+ spark frequency from the

sarcoplasmic reticulum through ryanodine-sensitive

Ca2+ channels, which leads to the increased activity of

BKCa, membrane potential hyperpolarization, de-

creased arterial-wall Ca2+ and, ultimately, vasodilata-

tion [3, 5, 23].

Conclusion

The results presented in this study have shown that,

by the action of the 1,4-dihydropyridine derivatives

amlodipine and cerebrocrast, the isometric contrac-

tion in isolated human thoracic artery samples precon-

tracted by 10–4 M phenylephrine further increases,

and at a concentration of 10–4 M, the isometric con-

traction reaches 1.45 to 1.5 times above the baseline.

The phenylalkylamine derivative diltiazem and the

benzimidazole derivative (1-acetyl-5,6-dimethoxy-2-

methylthiobenzimidazole) significantly relaxed the

smooth muscles in a concentration-dependent manner.

Carbachol used in a concentration-dependent fashion

did not relax the artery samples, and at a concentra-

tion of 10–4 M, their isometric contraction was even

increased by ~20%. These data suggest that 1,4-di-

hydropyridine type calcium-channel antagonists are

not able in the all cases effectively to relax the vascu-

lar smooth muscles and this should encourage the

synthesis and study of the new active substances like

PDE inhibitors and/or KCa agonists (preferentially

IKCa and SKCa).

It should be noted that the human endothelial func-

tion of the blood vessels could be tested comprehen-

sively only in the clinical studies, i.e., in vivo, whereas

in vitro, the environment of the endothelial cells is

very different, for instance, lacking many neurohumo-

ral factors that are able to change the feedback of the

endothelial cells to various agents and to our investi-

gated compounds as well.
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