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In vitro modulating effects of glutathione on vascular tension 
and involvement of extracellular calcium
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A B S T R A C T:  T h i s  s t u d y  i n v e s t i g a t e d  t h e 
involvement of endothelium and extracellular 
calcium on the vasorelaxant activity of glutathione 
(GSH) using in vitro model of isolated rat aorta. 
The aortic tensions upon treatment with GSH 
in the presence and absence of endothelium 
w e re  c o m p a re d  i n  v a r i o u s  c o n d i t i o n s .  I n 
phenylephrine-precontracted aortic rings, GSH 
(2-8 mM) significantly induced vasorelaxation in 
concentration-dependent manner. The influence of 
endothelium was demonstrated in determining the 
responses of aortic muscle toward GSH treatment. 
GSH (up to 5 mM) caused a higher loss of vascular 
tensions in the endothelium-intact aortic rings than 
those in the endothelium-denude preparations. 
The vasorelaxant effect of GSH in endothelium-
intact rings was inhibited by glibenclamide (3 μM), 
methylene blue (10 μM) and N-nitro-L-arginine 
methyl ester (10 μM), indicating the involvement 
of membrane K+ channels and NO-cGMP pathway. 
In the endothelium-denude preparations, only 
glibenclamide inhibited the modulating effect 
of GSH on aortic tension. Furthermore, the 
endothelium-dependent vasorelaxation of GSH was 
abolished in Ca2+-free medium containing EGTA, 
but not in the medium containing BAPTA-AM (10 
μM). Taken together, our findings suggested that 
vasorelaxant activity of GSH depended on influx 
of extracellular Ca2+ to activate NO production 
in endothelium cells. In addition, other possible 
mechanisms included its hyperpolarizing actions in 
vascular muscle cells.
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1. Introduction

Glutathione (GSH), a known endogenous sulfhydryl 
redox agent, has been demonstrated its roles for 
protecting endothelium functions and regulating 
vascular tone (1,2). Several studies have linked the 
vascular protective effects of GSH to its antioxidative 
activities, resulting in an increase of nitric oxide 
(NO) bioavailability and vasodilatation (3-5). It was 
demonstrated that the vasorelaxing activity of aortic 
preparations isolated from spontaneous hypertensive 
rats (SHR) improved in the GSH treatment group, 
possibly via endothelium-dependent mechanisms 
(6). Moreover, in vivo depletion of GSH enhanced 
contraction and attenuated endothelium-dependent 
relaxation (7,8). Beyond the antioxidative mechanisms, 
an alteration of redox status of endothelium or smooth 
muscle membrane might directly affect the vascular 
tension through several mechanisms including 
oxidative modification of receptors and ion channels. 
In particular, it was demonstrated that GSH could 
relax tension of isolated guinea pig tracheas due to 
activation of potassium (K+) channels, not to the NO-
mediated mechanism (9). Furthermore, the vasorelaxant 
effects of other sulfhydryl reducing agents such as 
N-acetylcysteine (NAC) were linked to the activities of 
membrane K+ channels (10).
 The change in intracellular Ca2+ concentration is 
very crucial for the regulation of vascular tension. 
Rising of intracellular Ca2+ in endothelium triggers 
several mechanisms of vasorelaxation including 
synthesis and release of NO as well as K+ channel-
activating endothelium-derived hyperpolarizing factors 
(11-13). Generally, the sources of Ca2+ could be from 
internal stores as well as from extracellular Ca2+ 
pool. To this end, we investigated the vasorelaxing 
action of extracellular GSH and its involvement 
with Ca2+ handling in the blood vessels. In addition, 
we further elucidated the influence of endothelium 
and mechanisms of GSH-induced vasorelaxation in 
endothelium-intact and endothelium-denude blood 
vessels, using the functional analysis model of isolated 
rat thoracic aorta.
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2. Materials and Methods

2.1. Chemicals

Glutathione (GSH) and other principal compounds 
such as phenylephrine (PE), acetylcholine (Ach), 
glibenclamide, methylene blue, sodium nitroprusside 
(SNP), N-nitro-L-arginine methyl ester (L-NAME), 
bis(o-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid 
(BAPTA-AM), ethyleneglycol-bis-(β-aminoethylether)-
N,N'-tetraacetic acid (EGTA) were purchased from 
Sigma Chemical Company (St. Louis, MO, USA). All 
other chemicals were reagent grade or the highest-grade 
commercial available.

2.2. Preparations of isolated aorta

The experiments were approved by the Institutional 
A n i m a l  E t h i c  C o m m i t t e e  o f  t h e  F a c u l t y  o f 
Pharmaceutical Sciences, Chulalongkorn University, 
Thailand. The thoracic aorta were excised from male 
Wistar rats (250-300 g), and cut into segments of 
approximately 0.3 cm long. The aortic rings were 
mounted with an isotonic force transducer (Model 
MLT 050/A, AD Instruments, Australia) under a resting 
tension of 1.0 g in Krebs-Henseleit solution (KHS) 
(content in mM; NaCl 118, KCl 4.7, CaCl2 2.52, 
MgSO4 1.64, KH2PO4 1.18, NaHCO3 7, and glucose 
5.5) at 37°C and bubbled with 95% O2/5% CO2. The 
tension was recorded through the computerized system 
equipped with software Chart 5.0 of Powerlab 4/SP 
data acquisition (AD Instruments, Australia).
 The presence of functional endothelium were 
tested by priming the aortic rings with PE (10 μM), 
followed by addition of Ach (10 μM) when the 
contraction reached the plateau state.  The relaxation 
response of at least 60% was considered endothelium-
intact rings for further experiments. In certain 
experiments, endothelium was removed by gentle 
rubbing the lumen with cotton swab. The absence 
of the endothelium was suggested by less than 10% 
relaxation response to Ach.

2.3. Vasorelaxant effects of glutathione

The contraction of aortic rings was provoked by PE (1 
μM). When the contraction reached plateau state, GSH 
was added cumulatively to produce relaxation. The 
tension was recorded and expressed as the percentage 
of the maximum contraction induced by PE. In our 
studies, L-valine (at the equal concentrations to those of 
GSH) was applied as the control group.
 In addition, the vasorelaxant property of GSH 
was further investigated with the uses of known 
vasorelaxant inhibitors including ibuprofen (10 μM), 
propranolol (10 μM), atropine (10 μM), L-NAME (10 
μM), methylene blue (10 μM), and glibenclamide (10 

μM). These inhibitors were incubated with the rings for 
30 min prior to the relaxation experiment as described 
above.

2.4. Potentiation effects of GSH on the Ach- or SNP-
induced vasorelaxation

After the resting tension of the endothelium-intact 
rings was stable, the contraction was provoked by 
addition of KCl (60 mM). When the contraction 
reached a plateau state, Ach (0.01-100 μM) or SNP 
(0.001-10 μM) were added cumulatively to induce 
relaxation. The potentiation effects of GSH were 
tested by pre-incubating the rings with GSH for 5 min 
prior to addition of KCl. The relaxation responses 
were calculated as a percentage in relative to the 
contraction provoked by KCl (60 mM) in the absence 
of GSH.

2.5 .  Involvement  of  calc ium in  GSH-induced 
vasorelaxation

The involvement of extracellular Ca2+ in GSH-
induced vasorelaxation was functional determined in 
the endothelium-intact aortic rings, using the method 
previously described by Yang et al. (14). In these 
studies, either BAPTA-AM (10 μM) or EGTA (0.2 M) 
was employed to chelate Ca2+ during the relaxation 
process. In brief, when the PE-induced contraction 
reached the plateau state, BAPTA-AM (10 μM), a 
known permeable Ca2+ chelating agent, was added and 
incubated with the tissue for 15 min prior to cumulative 
addition of GSH. In another experiment, the aortic rings 
were equilibrated in Ca2+-free KHS containing EGTA 
(0.2 M) for 90 min before addition of PE to start the 
experiment as described above.

2.6. Statistical analysis

Results were presented as the mean ± S.E.M., obtained 
from 6 separated experiments (n = 6). Statistic 
comparisons were performed either by Student's t-test 
or one-way ANOVA followed by a post-hoc Dunnett 
t-test where appropriate. Signifi cances were considered 
at p < 0.05.

3. Results

3.1. Vasorelaxant effects of GSH

As shown in Figure 1, GSH caused vasorelaxation in 
concentration-dependent manner on both endothelium-
intact and -denude rat aortic rings, but with different 
degree of relaxation. GSH at the low concentrations 
of 2 and 4 mM induced relaxation of the intact 
preparations at higher degree than those of the denude 
preparations (Figure 2). Interestingly, it appeared that 
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the modulating effect of GSH on vascular tension 
could be saturated in the presence of endothelium. 
Removal of endothelium allowed the vascular smooth 
muscle to further relax beyond the initial resting 
tension in response to the high concentration of GSH (8 
mM).
 The single treatment of GSH (5 mM) was able to 
suppress PE-induced contraction by 20% and 80% 
in endothelium-denude and -intact preparations, 
respectively (Figure 3). Pretreatment with either 
L-NAME, methylene blue or glibenclamide, but not 
ibuprofen, atropine, and propranolol, significantly 
inhibited the tension modulating effects of GSH in 
endothelium-intact rings. On the other hand, only 
glibenclamide elicited its inhibitory effect on GSH-
mediated relaxation in the endothelium-denude rings. 
These findings suggested that the relaxation effects 
of GSH involved the NO-cGMP and hyperpolarizing 
signaling pathways in endothelium-dependent 
mechanisms. In addition, the activation of K+ channel-
mediated hyperpolarizing effect was linked to 
endothelium-independent mechanism.

Figure 1. The representative tracing of GSH-induced relaxation in endothelium-denude (A) and endothelium-intact (B) 
rat aortic rings. The aortic rings were precontracted with PE (1 μM), followed by addition of GSH cumulatively.

Figure 2. The vasorelaxant effects of GSH in endothelium-
intact and endothelium-denude aortic rings. Data are mean 
± S.E.M. (n = 6), expressed as the percentage of the vascular 
tension induced by PE 1 μM.  * p < 0.05 vs. the endothelium-
denude group.
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3.2. Potentiation effects of GSH on the Ach- or SNP-
induced relaxation

As known, Ach and SNP induced vasorelaxation via 
an increase of cGMP in the NO-cGMP pathway. Ach 
increased production of NO in endothelium cells 
whereas SNP directly activated guanylate cyclase in 
smooth muscle cells. Our result demonstrated that the 
presence of GSH increased the sensitivity of aortic 
preparations toward Ach treatment. As seen in Figure 
4A, the concentration-response curve of Ach shifted 
leftward in the presence of GSH. The calculated 
concentration of Ach that caused 50% relaxation (IC50) 
decreased approximately 10 folds from 77 μM to 7.3 
μM in the presence of GSH. On the contrary, GSH 
had no effects on SNP-mediated vasorelaxation in 
this study (Figure 4B). These fi ndings suggested that 
GSH could enhance the function of endothelium in 
production of NO. The lack of potentiating effect in 
SNP-induced vasorelaxation might reflect that GSH 
had no influence on guanylate cyclase activity or 
contractile elements. 
 It was noteworthy to mention that the effects of 
GSH on Ach-induced relaxation depended on the 
amount of intact endothelium cells. The more numbers 
of endothelium intacted, the less potentiative effect of 
GSH on Ach-induced relaxation was observed. In the 
preparations with 80-90% of intact endothelium, GSH 

had no signifi cant potentiative effect of Ach-induced 
relaxation. However, in those with 60-70% of intact 
endothelium, GSH elicited its potentiative relaxation 
signifi cantly.

3 .3 .  Involvement  of  calc ium in  GSH-induced 
endothelium-dependent vasorelaxation

An increase of intracellular Ca2+ in the endothelium 
could activate the NO synthase activity and increased 
production of NO, resulting in vasorelaxation (11,12). 
Hence, this study was to examine the influence of 
intracellular Ca2+ on the GSH-induced relaxation by 
applying Ca2+-free environment to the experiment 
condition. Upon changing medium from Ca2+-
containing solution to Ca2+-free KHS containing 
EGTA, the contractile response to PE decreased by 
80%. However, the PE-induced contraction was still 
sustainable. Under this condition, the vasorelaxation 
effects of GSH were compromised signifi cantly (Figure 

22

Figure 3. The effects of various vasorelaxant inhibitors 
on the GSH-induced relaxation in the endothelium-
denude (A) and endothelium-intact (B) preparations. 
IBU, ibuprofen; PP, propranolol; ATP, atropine; L-NAME, 
N-nitro-L-arginine methyl ester; MB, methylene blue; 
GLIBEN, glibenclamide. Data are mean ± S.E.M. (n = 6), 
expressed as the percentage of the vascular tension induced 
by PE 1 μM. * p < 0.05 vs. control group.

Figure 4. Concentration-response curves for the 
vasorelaxing action of acetylcholine (Ach) (A) and sodium 
nitroprusside (SNP) (B) in the presence of GSH (5 mM). 
Data are mean ± S.E.M. (n = 6), expressed as the percentage 
of the vascular tension induced by KCl 60 mM. * p < 0.05 vs. 
control group.
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5A). On the contrary, BAPTA-AM (10 μM) had no 
markedly influence on either PE-induced contraction 
or the degree of GSH-induced relaxation (Figure 5B).
These finding suggested that extracellular Ca2+ was 
more critical than intracellular Ca2+ in GSH-induced 
vasorelaxation in the endothelium intact preparation. 
GSH might affect processes of Ca2+ influx, without 
any interference on activation of Ca2+ release from the 
cellular storage.

4. Discussion and Conclusion

In this study, we were able to demonstrate the 
vasomotion effects of extracellular GSH in the model 
of isolated rat thoracic aorta. As known, endothelium 
protected cells from chemical insults and also control 
vascular tension. In addition, endothelium may buffer 
a swift change of vascular tone by balancing between 
secretion of vasoconstrictors and vasodilators (15). 
In this study, endothelium certainly contributed its 
influence in determining the responses of aortic 
muscle toward GSH treatment. Our results suggested 
that GSH exerted its vasorelaxant activity through 
both endothelium-dependent and -independent 
mechanisms. Removal of endothelium from the aortic 
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preparations caused the tissue less sensitive to GSH-
induced vasorelaxation. However, the removal of 
endothelium also caused a loss of protective barrier 
and regulatory control of muscle tension (16,17). 
Consequently, because of the loss of endothelium 
buffering system, GSH at high concentration (8 
mM) effectively decreased vascular tension of the 
PE-precontracted aortic smooth muscle beyond the 
maximum developed tension (> 100%).
 The presence of L-NAME and methylene blue, 
which were inhibitors of nitric oxide synthase (NOS) 
and guanylate cyclase, respectively, could attenuate 
GSH-mediated endothelium-dependent vasorelaxation. 
In agreement with other reports, extracellular GSH 
exerted its relaxant effects on endothelium cells 
mainly through activation of the NO-cGMP pathway 
(2,18,19). In addition, glibenclamide, a known K+ 
channel blocker, also inhibited the effect of GSH, 
although with a lesser degree than L-NAME and 
methylene blue. Other inhibitors of endothelium-
dependent  vasorelaxat ion including atropine, 
propranolol and ibuprofen had no infl uence on GSH-
induced relaxation. It has been established that an 
opening of K+ channels in smooth muscle cells results 
in membrane hyperpolarization, leading to close of 
Ca2+ channels, and vasodilatation (20,21). Moreover, 
the inhibitory effect of glibenclamide against 
GSH-induced vasorelaxation was also observed 
in endothelium-denude aortic preparations. Taken 
together, in addition to the NO-cGMP pathway, we 
suggested that GSH exerted its vasorelaxant activity 
via membrane hyperpolarization as a minor pathway. 
Furthermore, the vasorelaxant effects of GSH were 
unlikely to involve with production of PGI2, or 
activation of β2-adrenergic and cholinergic receptors 
(muscarinic receptor).
 GSH could potentiate the aortic relaxation induced 
by acetycholine (Ach) but not those induced by 
sodium nitropusside (SNP). This observation was 
in agreement with other reports that GSH had no 
influence on endothelium-independent relaxation 
induced by NO donors (6,7). Hence, vasorelaxant 
effects of GSH were unlikely to involve with 
endothelium-independent activation of guanylate 
cyclase and cGMP availability. Moreover, methylene 
blue could not inhibit the GSH-induced relaxation of 
the endothelium-denude rat aortic rings.
 The NO-cGMP pathway could be divided into 
two sequential steps. The initial step involved the NO 
production in endothelium and subsequently followed 
by the cGMP production in vascular smooth muscle 
cell to induce relaxation. The initial step of NO-cGMP 
pathway was activated by a rising of intracellular 
Ca2+. The major source of cytosolic Ca2+ are from 
an influx of extracellular Ca2+ and from a release 
Ca2+ of internal stored Ca2+ (22,23). In this study, 
the relationship between the source of Ca2+ and the 

Figure 5 . Inf luence of extracel lu lar Ca 2+ on the 
vasorelaxant effects of GSH. The GSH-induced relaxation 
was determined in the Ca2+-free medium containing 0.2 mM 
EGTA (A) or in the medium containing 10 μM BAPTA-
AM (B). Data are mean ± S.E.M. (n = 6), expressed as the 
percentage of the vascular tension induced by PE 1 μM. * p < 
0.05 vs. control group.
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mechanism of GSH-induced relaxation in endothelium 
cells were determined. We were able to show that the 
relaxant effects of GSH were related to inhibition of 
the Ca2+-free medium containing EGTA but were not 
inhibited after rapid buffering of intracellular Ca2+ in 
endothelial cell with a membrane-permeable chelator 
(BAPTA-AM). Hence, the effects of GSH were clearly 
extracellular Ca2+-dependent.
 The  s i t es  o f  ex t race l lu la r  GSH ac t ion  on 
endothelium cells have not been reported. It was 
very unlikely that GSH was rapidly transported into 
the cells and elicited its actions (24,25). Hence, 
GSH might affect specific target proteins on plasma 
membrane which were consequently connected to the 
process in NOS activation. We were quite certain that 
GSH had no effect on an increase of intracellular Ca2+ 
through activation of muscarinic receptor because 
treatment of atropine could not abolish GSH-induced 
vasorelaxation. It was likely that GSH initiated 
Ca2+ influx from extracellular source to activate NO 
production in endothelial cells. In addition, a rising of 
intracellular Ca2+ in the endothelium cells could trigger 
the release of endothelium-derived hyperpolarizing 
factors, leading to relaxation of vascular smooth 
muscle (13,26).
 In conclusion, the mechanisms of GSH-induced 
relaxation might involve with the NO-cGMP pathway 
through an increase in Ca2+ infl ux and NO production 
in endothelial cells, but not the cGMP production 
in vascular smooth muscle cell. In addition, other 
possible mechanisms included the activation of 
membrane K+ channels.

Acknowledgements

This work was supported by Graduate Research Fund 
of Chulalongkorn University, Bangkok, Thailand.

References

1. Zhu H, Cao Z, Zhang L, Trush MA, Li Y. Glutathione 
and glutathione-linked enzymes in normal human 
aortic smooth muscle cells: chemical inducibility and 
protection against reactive oxygen and nitrogen species-
induced injury. Mol cell Biochem. 2007; 301:47-59.

2. Prasad A, Andrews NP, Padder FA, Husain M, Quyyumi 
AA. Glutathione reverses endothelial dysfunction and 
improves nitric oxide bioavailability. J Am Coll Cardiol. 
1999; 34:507-514.

3. Sommer SP, Gohrbandt B, Fischer S, Hohlfeld JM, 
Warnecke G, Avsar M, Struber M. Glutathione improves 
the function of porcine pulmonary grafts stored for 
twenty-four hours in low-potassium dextran solution. J 
Thorac Cardiovasc Surg. 2005; 130:864-869.

4. Kim HR, Kim JW, Park JY, Je HD, Lee SY, Huh IH, 
Sohn UD. The effects of thiol compounds and ebselen 
on nitric oxide activity in rat aortic vascular responses. J 
Auton Pharmacol. 2001; 21:23-28.

5. Vaziri ND, Wang XQ, Oveisi F, Rad B. Induction of 

24

oxidative stress by glutathione depletion cause severe 
hypertension in normal rats. Hypertension. 2000; 
36:142-146.

6. Akpaffiong MJ, Taylor AA. Antihypertensive and 
vasodilator actions of antioxidants in spontaneously 
hypertensive rats. Am J Hypertens. 1998; 11:1450-1460.

7. Ford RJ, Denniss SG, Graham DA, Quadrilatero J, Rush 
WE. Glutathione depletion in vivo enhances contraction 
and attenuates endothelium-dependent relaxation 
of isolated rat aorta. Free Radical Biol Med. 2006; 
40:670-678.

8. Wang R, Meng QH, Yan SK, Chang T, Wang H, Wu L. 
Effects of hydrogen sulfide on homocysteine-induced 
oxidative stress in vascular smooth muscle cells. 
Biochem and Biophys Res Commun. 2006; 351:485-491.

9. Kloek J, Ark I, Blodsma N, Clerck FD, Nijkamp FP, 
Folkerts G. Glutathione and other low-molecular-weight 
thiols relax guinea pig trachea ex vivo: interactions with 
nitric oxide? Am J Physiol Lung Cell Mol Physiol. 2002; 
283:L403-L408.

10. Han WQ, Zhu DL, Wu LY, Chen QZ, Guo SJ, Gao PJ. 
N-acetylcysteine-induced vasodilation involves voltage-
gated potassium channels in rat aorta. Life Sci. 2009; 
84:732-737.

11. Dudzinski D, Michel T. Life history of eNOS: partners 
and pathways. Cardiovasc Res. 2007; 75:247-260.

12. Buluc M, Demirel-Yilmaz E. Resveratrol decreases 
calcium sensitivity of vascular smooth muscle and 
enhances cytosolic calcium increase in endothelium. 
Vascul Pharmacol. 2006; 44:231-237.

13. Chen GF, Suzuki H. Calcium dependency of the 
endothelium-dependent hyperpolarization in smooth 
muscle cells of the rabbit carotid artery. J Physiol. 1990; 
421:521-534.

14. Yang ZW, Zhang A, Altura BT, Altura BM. Hydrogen 
peroxide-induced endothelium-dependent relaxation of 
rat aorta. Gen Pharmacol. 1999; 33:325-336.

15. Bonetti PO, Lerman LO, Lerman A. Endothelial 
dysfunction a marker of atherosclerotic risk. Arterioscler 
Thromb Vasc Biol. 2003; 23:168-175.

16. Kalinowski L, Malinski T. Endothelial NADH/NADPH-
dependent enzymatic sources of superoxide production: 
relationship to endothelial dysfunction. Acta Biochimica 
Polonica. 2004; 51:459-469.

17. Guerci B, Kearney-Schwartz A, Bohme P, Zannad F, 
Drouin P. Endothelial dysfunction and type 2 diabetes. 
Diabetes Metab. 2001; 27:425-434.

18. Kugiyama K, Miyao Y, Sakamoto T, Kawano H, Soejima 
H, Miyamoto S, Yoshimura M, Ogawa H, Sugiyama S, 
Yasue H. Glutathione attenuates coronary constriction to 
acetylcholine in patients with coronary spastic angina. 
Am J Physiol Heart Circ Physiol. 2001; 280:H264-H271.

19. Cheung PY, Schulz R. Glutathione causes coronary 
vasodilation via a nitric oxide and soluble guanylate 
cyclase-dependent mechanism. Am J Physiol. 1997; 273:
H1231-H1238.

20. J ackson WF. Ion channe l s and vascu la r tone . 
Hypertension. 2000; 2:173-178.

21. Kühberger E, Kukovetz WR, Groschner K. Cromakalim 
inhibits multiple mechanisms of smooth muscle 
activation with similar stereoselectivity. J Cardiovasc 
Pharmacol. 1993; 21:947-954.

22. Ungvari Z, Sun D, Huang A, Kaley G, Koller A. Role of 
endothelial [Ca2+]i in activation of eNOS in pressurized 
arterioles by agonists and wall shear stress. Am J Physiol 



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2010; 4(1):19-25. 

Heart Circ Physiol. 2001; 281:H606-H612.
23. Dora KA, Doyle MP, Dul ing BR. Elevat ion of 

in t racel lular calc ium in smooth muscle causes 
endothelial cell generation of NO in arterioles. Proc Natl 
Acad Sci U S A. 1997; 94:6529-6534.

24. Raftos JE, Whillier S, Chapman BE, Kuchel PW. 
Kinetics of uptake and deacetylation of N-acetylcysteine 
by human erythrocytes. Inter J Biochem Cell Biol. 2007; 
39:1698-1706.

25. Kugiyama K, Hirashima O, Misumi K, Motoyama T, 
Ogawa H, Ohgushi M, Soejima H, Sugiyama S, Yasue H. 

Intracoronary infusion of reduced glutathione improves 
endothelial vasomotor response to acetylcholine 
in human coronary circulation. Circulation. 1998; 
97:2299-2301.

26. Fukao M, Hattori Y, Kanno M, Sakuma I, Kitabatake A. 
Sources of Ca2+ in relation to generation of acetylcholine-
induced endothelium-dependent hyperpolarization in rat 
mesenteric artery. Br J Pharmacol. 1997; 120:1328-1334.

 (Received January 4, 2010; Accepted January 28, 2010)

25


