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Abstract

It has been shown that calcitonin gene-relate peptide plays an extensive role in cardiovascular system. CGRP is a potent vasodilator and plays
an important role in mediation of nitroglycerin-induced vascular relaxation. Recently, calcitonin gene-relate peptide is emerging as a potential
player in nitroglycerin tolerance. There is increasing evidence that the decreased depressor effect of nitroglycerin in tolerant states is closely
related to a decrease in calcitonin gene-relate peptide release. The reduced release of calcitonin gene-relate peptide in nitroglycerin tolerance is
associated with the decreased nitroglycerin biotransformation due to the mitochondrial dysfunction. Recent work has been shown that the
inhibited activity of mitochondrial isoform of aldehyde dehydrogenase and the upregulation of phosphodiesterase 1A1 are the key factors that lead
to the decreased nitroglycerin biotransformation in nitroglycerin tolerance, with a subsequently reduced release of calcitonin gene-relate peptide.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Nitroglycerin remains one of the foremost drugs in the treatment
of angina pectoris. When given in the short term, nitroglycerin has
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clear benefits for the treatment of angina pectoris, congestive heart
failure and myocardial infarction due to its potent vasodilator
capacities on arteries, veins, and coronary collateral vessels.
Nitroglycerin induces vasorelaxation by releasing NO, which
activates soluble guanylyl cyclase and subsequently increases
cGMP. cGMP in turn activates a cGMP-dependent protein kinase
that has been shown tomediate vasorelaxation via phosphorylation
of proteins that regulate intracellular calcium (Munzel et al., 2005).
The chronic efficacy of nitrates, however, is blunted because of the
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development of nitrate tolerance. The mechanisms underlying this
phenomenon are still poorly defined. Several mechanisms have
been proposed to account for this phenomenon including
neurohormonal counterregulatory mechanisms, increases in activ-
ity of the phosphodiesterase 1A1, desensitization of the sGC,
increases in production of reactive oxygen species, and impairment
of nitroglycerin biotransformation, which have been intensively
discussed by others (Csont and Ferdinandy, 2005; Gori and Parker,
2002; Kim et al., 2001; Munzel et al., 1996; Rutherford, 1995).
Calcitonin gene-related peptide (CGRP), a very potent vasodilator,
which plays an extensive role in cardiovascular system, is recently
emerging as a potential player in nitroglycerin tolerance (Ghatta
andO'Rourke, 2006;Munzel et al., 2005; Oroszi et al., 1999; Zhou
et al., 2001b; Zhou et al., 2002). The present reviewmainly focused
on the evidence for the role of CGRP involved in nitroglycerin
tolerance and its possible mechanisms.

2. The biological properties of CGRP

CGRP is a 37-amino acid residue vasoactive neuropeptide.
There are two isoforms named α-CGRP and β-CGRP. Alpha-
CGRP was cloned in the early 1980s from the gene encoding
calcitonin. The second CGRP homologue, β-CGRP, was later
characterized, bearing high sequence homologies with α-CGRP
but it derived from a different gene. The two CGRP isoforms, α
and β in rats and I and II in humans, differ in their peptide
sequences by one and three amino acids, respectively, and the
biological activities of the two peptides are quite similar in most
vascular beds (Bell and McDermott, 1996; Li and Peng, 2002).

CGRP is widely distributed in the nervous and cardiovas-
cular systems. In the peripheral nervous system, the prominent
site of CGRP synthesis is the dorsal root ganglion (DRG),
which contains the cell bodies of capsaicin-sensitive sensory
neurons. The peripheral processes of these sensory neurons
terminate on blood vessels and transport CGRP to the nerve
endings. Most blood vessels are surrounded by a dense
perivascular CGRP neural network, which plays an important
role in modulation the tension of resistance vessels (Bell and
McDermott, 1996). By interaction with its receptors, CGRP
produces physiological functions, such as positive inotropic
actions, vasorelaxation. There are two CGRP receptors, CGRP1
and CGRP2, have been identified so far. The receptors belong to
the rhodopsin-like superfamily of G-protein-coupled receptors.
Cardiovascular effects of CGRP are mediated by the CGRP1
receptor, which can be blocked by the CGRP receptor
antagonist, CGRP-(8–37). Circulating CGRP is thought to be
from the perivascular nerve terminals via a spillover manner to
promote vasodilation or other functions. The half-life of CGRP
in mammalian plasma is approximately 10 min, where it is
cleaved and then inactivated by the neutral endopeptidase,
tryptase and chymotrypsin (Bell and McDermott, 1996; Deng
and Li, 2005; Dennis et al., 1990).

3. The role of CGRP in modulation of vascular tone

It is well known that resistance vessels play a key role in
regulation of blood pressure and local organ blood flow. The
blood vessels are widely innervated both by sympathetic and
capsaicin-sensitive sensory nerves, which play significant roles
in controlling the resistance vascular tone through the release of
two classes of vasoactive neurotransmitters, vasoconstrictors
and vasodilators (Bevan and Brayden, 1987). CGRP is the most
potent vasodilator to date. It is approximately 100–1000 times
more potent than other vasodilators such as adenosine, sub-
stance P or acetylcholine (Brain et al., 1985; DiPette et al.,
1989). There is plenty of evidence suggest that CGRP plays an
important role in regulating vascular resistance and regional
organ blood flow under both physiological and pathophysiolo-
gical conditions (Maggi and Meli, 1988). Intracerebroventri-
cular administration of CGRP evokes a transient elevation of
mean arterial pressure and sustained tachycardia in rats (Bell
and McDermott, 1996). In contrast, systemic administration of
CGRP decreases blood pressure in a dose-dependent manner,
coupled with a more sustained tachycardia, in normotensive
animals and humans or hypertensives (Wimalawansa, 1996).
The primary mechanisms underlying the depressor effect of
CGRP are peripheral arterial dilation through: (1) reducing
intracellular Ca2+ via inhibition of Ca2+ influx and Ca2+ release
from sarcoplasmic reticulum; (2) reducing the sensitivity of
contractile unit response to Ca2+; (3) increasing intracellular
cyclic adenosine monophosphate (cAMP); (4) activating ATP-
activated potassium channels; and (5) releasing nitric oxide
(NO). The vasodilator response mediated by NO is endothelium
dependent, whereas the other mechanisms directly affect the
vascular smooth muscle (Bell and McDermott, 1996; Popescu
et al., 1985; Wimalawansa, 1996). The mechanisms by which
CGRP dilates blood vessels through endothelium-dependent
and/or -independent manners are varied in different vascular
beds (Bell and McDermott, 1996).

4. The role ofCGRP in themediation of nitroglycerin-induced
vascular relaxation

It is thought that nitroglycerin induces vasorelaxation by
generating NO. NO activates soluble guanylyl cyclase and
subsequently increases cGMP. cGMP in turn activates a cGMP-
dependent protein kinase that has been shown to mediate
vasorelaxation via phosphorylation of proteins that regulate
intracellular Ca2+ levels (Munzel et al., 2005). It has been shown
that capsaicin-sensitive sensory nerve terminals can release
CGRP in response to multiple autocoids including NO (Garry
et al., 2000; Hughes and Brain, 1994). There is evidence that
nitroglycerin activates sensory nerves fibers to release CGRP in
both central and periphery vascular tissues (Booth et al., 2000;
Wei et al., 1992). Vasodilator responses to nitroglycerin in feline
cerebral arterioles or in rat aortas were associated with
endogenous CGRP (Booth et al., 1997, 2000; Wei et al., 1992).
Others have reported that L-arginine, a substrate of NO synthase
(NOS), enhances the release of CGRP evoked by endotoxin in the
isolated mesenteric arterial bed, an effect which is attenuated by
NG-nitro-L-arginine, a selective inhibitor of NOS (Wang et al.,
1996). The capsaicin or sodiumnitroprusside (NOdonor) induced
the release of CGRP from the spinal cord was markedly reduced
by inhibitors ofNOS or hemoglobin, an extracellular scavenger of
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NO (Garry et al., 1994, 2000). Clinical studies have shown that in
nitroglycerin-induced cluster headache, plasma concentrations of
CGRP in the extracerebral circulation were markedly increased
(Fanciullacci et al., 1995). During spontaneous migraine attacks,
early activation of the L-arginine/NO pathway which accom-
panies the release of vasoactive peptides (including CGRP) from
trigeminal ending may intervene in maintaining the headache
phase (Sarchielli et al., 2000).

The aforementioned role of NO in regulating CGRP release
is consistent with our recent studies. In the isolated rat aorta,
preincubation with nitroglycerin induced significantly release of
CGRP and led to vascular relaxation in a concentration-
dependent manner, and the effect was attenuated by pretreat-
ment with CGRP-(8–37), a selective CGRP receptor antagonist,
or by capsaicin, which specifically depletes the transmitter
content of sensory nerves (Booth et al., 2000; Zhou et al., 2002).
In agreement with the studies in vitro, studies in vivo have also
shown that nitroglycerin caused a significant decrease in blood
pressure concomitantly with an increase in the plasma
concentration of CGRP. However, desensitizing sensory nerves
with capsaicin significantly impaired the depressor effect of
nitroglycerin (Zhou et al., 2001a). Collectively, these results
support the conclusion that CGRP mediates, at least in part, the
nitroglycerin-induced vascular relaxation.

5. The role of CGRP in nitroglycerin tolerance

As mentioned above, nitroglycerin can evoke the release of
CGRP from the capsaicin-sensitive sensory nerves throughwhich
to exert the depressor effect and vasodilation. It is reasonable to
speculate that CGRP may also involve in nitroglycerin tolerance.
There is increasing evidence to support the role of endogenous
CGRP in nitroglycerin-induced tolerance (Ghatta and O'Rourke,
2006; Oroszi et al., 1999; Zhou et al., 2001b, 2002). It has been
shown that tolerance developed after repeated administration of
nitroglycerin characterized by a diminished depressor effect
concomintantly with a decrease in plasma concentrations of NO
and CGRP in rats. The nitroglycerin-induced depressor effect in
the tolerant rat was restored after removal of the drug
accompanying the elevation of NO and CGRP content, suggest-
ing that the diminished depressor effect of nitroglycerin may be
secondary to a reduction of CGRP release (Zhou et al., 2001b). In
isolated rat aortic rings, nitroglycerin caused a greater than
twofold increase over basal levels in CGRP release in nontolerant
rings, which was abolished in rings treated with capsaicin and in
nitroglycerin tolerant rings. These results suggest that nitrogly-
cerin releases CGRP from sensory nerves in response to vascular
relaxation, and that interferencewith either the release or action of
endogenousCGRPmay enhance the extent towhich nitroglycerin
tolerance occurs (Ghatta and O'Rourke, 2006).

Both the sulfhydryl donor N-acetylcysteine and thiol-contain-
ing angiotensin converting enzyme inhibitor captopril have been
shown to partially reverse the development of tolerance to
nitroglycerin in vivo and in vitro (Boesgaard et al., 1994;
Kukovetz and Holzmann, 1990; Salvemini et al., 1993). The
mechanism for thiols reversing tolerance to nitroglycerin may be
associated with the increased formation of NO and in turn the
increased release of CGRP. Our recent results have shown that the
thiol-containing compounds N-acetylcysteine or captopril can
partially restore nitroglycerin tolerance and enhanced the plasma
content of NO and CGRP (Zhou et al., 2002), suggesting that
reversal of tolerance to nitroglycerin with N-acetylcysteine or
captopril is related to the increased release of CGRP, and further
supporting the conclusion that CGRP plays an important role in
vasorelaxation of nitroglycerin.

6. Mechanisms underlying the reduced CGRP release in
nitroglycerin tolerance

It is well recognized that the mechanisms underlying the nitrate
tolerance are multifactorial and the impairment of nitroglycerin
biotransformation is responsible for the so calledmechanism-based
or classical tolerance. There is evidence that the mitochondrial
isoform of aldehyde dehydrogenase (ALDH-2) plays a central role
in nitroglycerin biotransformation (Chen and Stamler, 2006). In
mitochondrial, ALDH-2 catalyzes the conversion of nitroglycerin
to 1,2-glyceryl dinitrate and nitrite (Chen et al., 2002; Daiber et al.,
2004). Inhibitors of ALDH-2 blocked the vasorelaxation by
nitroglycerin that is dependent on cGMP both in vitro and in vivo.
Recently, Sydow et al. reported that development of nitroglycerin
tolerance was due to the inhibition of ALDH-2 activity
concomitantly with the impaired nitroglycerin biotransformation
and the increased production of reactive oxygen species by
mitochondria (Sydow et al., 2004). In addition, this study has
demonstrated that increases in cGMP in response to nitroglycerin
were severely blunted in cultured endothelial cells deficient in
mitochondria. These findings provide a new paradigm for under-
standing nitrate tolerance and suggest that mitochondrial dysfunc-
tion may be a central step in evolution of nitroglycerin tolerance.

We and others have shown that the decreased depressor effect
of nitroglycerin in tolerant states is related to a decrease in CGRP
release. Since ALDH-2 plays a key role in nitroglycerin bio-
transformation, it is likely that the decreased release of CGRP in
nitroglycerin tolerance is associated with the reduced ALDH-2
activity. In our recent study, pretreatment with ALDH-2 inhibitors
and nitroglycerin significantly attenuated vasodilator responses to
nitroglycerin concomitantly with a decrease in the release of
CGRP from the isolated thoracic aorta (Chen et al., 2007). In vivo,
pretreatment with an inhibitor of ALDH-2 or nitroglycerin for
8 days produced the similar impaired depressor effect accompany-
ing a decrease in plasma concentrations of CGRP (Chen et al.,
2007), indicating there is a positive correlation between ALDH-2
activity and CGRP release.

There is plenty evidence that nitroglycerin induces vasorelaxa-
tion by activating the target enzyme soluble guanylyl cyclase
(sGC) and in turn increasing tissue levels of the secondmessenger
cGMP, and the cGMP-dependent vasodilator effects are sig-
nificantly attenuated in nitroglycerin tolerance. In the study of
Sydow et al., they found that inhibition of ALDH-2 significantly
reduced vascular cGMP levels in response to acute nitroglycerin
challenge (Sydow et al., 2004). Another study reported that the
activity of phosphodiesterase 1A1 (PDE 1A1), which preferen-
tially hydrolyzes cGMP, was significantly increased in nitrate
tolerance, and that inhibition of PDE1A1 with vinpocetine, a



Fig. 1. Schematic showing the role of the calcitonin gene-related peptide
(CGRP) in nitroglycerin-induced tolerance. In the state of nitrate tolerance, the
production of reactive oxygen species is increased. On one hand, the increased
production of reactive oxygen species inhibits the activity of the mitochondrial
isoform of aldehyde dehydrogenase (ALDH-2), which in turn leads to the
impaired biotransformation of nitroglycerin. On another hand, the increased
production of reactive oxygen species may activate phosphodiesterase 1A1
(PDE 1A1), which accelerates the degradation of cGMP. Both the reduced
biotransformation of nitroglycerin and the accelerated degradation of cGMP
lead to the impairment of NO/cGMP signal, which results in the decrease in
CGRP release and in turn the attenuation of vasorelaxation. However, the
reduction of nitroglycerin biotransformation through directly inhibiting soluble
guanylyl cyclase (sGC) by reactive oxygen species could not be ruled out.
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selective inhibitor of PDE 1A1, in tolerant vessels restored
vasorelaxation and cGMP response to subsequent nitroglycerin
exposure (Kim et al., 2001). Our previous work showed that the
depressor effect and elevated concentrations of CGRP with
nitroglycerin were significantly reduced by methylene blue, an
inhibitor of the soluble guanylate cyclase (Zhou et al., 2001a).
Interestingly, in our recent study, we have found that decreased
depressor and vasodilator effects and the attenuated release of
CGRP after nitroglycerin tolerance were restored in the presence
of vinpocetine (Nie et al., in press). Taken together, these findings
suggest that long-term nitroglycerin treatment decreases the
release of CGRP either through the decreased production
(reduced ALDH-2 activity leads to reduced biotransformation
of nitroglycerin) or increased hydrolyzation (upregulation of PDE
1A1) of cGMP, resulting in attenuation of the hypotensive effect.

Considerable evidence shows that nitrate tolerance is closely
related to oxidative stress induced by an increased production of
reactive oxygen species. It is probable that nitroglycerin induces
the production of reactive oxygen species, with a subsequent
decrease in mitochondrial ALDH-2 activity and CGRP release,
resulting in nitrate tolerance. In a recent study with cultured
endothelial cells, N-acetylcysteine or captopril, which has
antioxidant activity, reversed the tolerance to nitroglycerin
concomitantly with an increase in the release of CGRP and an
increase in the activity of mitochondrial ALDH-2 by decreasing
reactive oxygen species production (Chen et al., 2007), supporting
a direct contribution of oxidative stress to nitroglycerin tolerance
via oxidative inhibition of ALDH-2, with a subsequently reduced
CGRP release.However, themechanisms underlying the increased
activity of PDE 1A1 in nitrate tolerance is not clear. Most recently,
it has been shown that nicotine and TNF-alpha upregulate
phosphodiesterase expression in vascular smooth muscle cells
through formation of superoxide (Hotston et al., 2007). In both
studies mentioned above (Kim et al., 2001; Nie et al., in press),
nitroglycerin-induced tolerance was restored by administration of
vinpocetine, the selective inhibitor of PDE 1A1. There are reports
that vinpocetine can exert neuroprotection by its antioxidant
property through preventing the formation of reactive oxygen
species and lipid peroxidation (Pereira et al., 2000; Santos et al.,
2000). It is likely that inhibition of PDE 1A1 by vinpocetine to
reverse the nitrate tolerance may be at least partially due to its
antioxidant activity. Taken together, we hypothesize that the
increased production of reactive oxygen species in nitrate tolerance
may account for, at least in part, the increased activity of PDE 1A1
(Fig. 1). However, further studies are needed before drawing a firm
conclusion. It is worth to mention that reactive oxygen species
have been reported a direct inhibitory effect on sGC level and
function in rat aortic smooth muscle cells (Gerassimou et al.,
2007). Therefore, it could not rule out the possibility that the
impairment of nitroglycerin biotransformation in nitrate tolerance
is related to the decrease in sGC activity due to the overproduction
of reactive oxygen species.

7. Summary

Due to its vasodilator property and wide distribution in
cardiovascular system, it is not surprising that CGRP is a major
player in regulation of vascular tension under physiological and
pathophysiological conditions. It not only participates in the
mediation of nitroglycerin-induced vascular relaxation but also
plays an important role in nitroglycerin tolerance. The reduced
release of CGRP in nitroglycerin tolerance is closely associated
with the decreased nitroglycerin biotransformation because of
mitochondrial dysfunction. Two key factors here are proposed
to contribute to the reduced nitroglycerin biotransformation and
CGRP release (Fig. 1). First, the increased production of
reactive oxygen species by mitochondrial during nitroglycerin
tolerance may have a decisive role in inhibition of vascular
ALDH-2, which in turn leads to the decrease in nitroglycerin
biotransformation in mitochondrial, with a consequently
reduced release of CGRP. Secondly, the increased production
of reactive oxygen species may also increase the hydrolyzation
of cGMP via upregulation of PDE1A1, which in turn indirectly
attenuates nitroglycerin biotransformation. We believe that the
new insights into the role of CGRP in nitroglycerin tolerance
may provide a clue in searching the novel approach to the
prevention of nitroglycerin tolerance.

Acknowledgement

This work was supported by a grant from the National
Natural Science Foundation of China, No: 30430740.



13J. Peng, Y.-J. Li / European Journal of Pharmacology 586 (2008) 9–13
References

Bell, D., McDermott, B.J., 1996. Calcitonin gene-related peptide in the
cardiovascular system: characterization of receptor populations and their
(patho)physiological significance. Pharmacol. Rev. 48, 253–288.

Bevan, J.A., Brayden, J.E., 1987. Nonadrenergic neural vasodilator mechan-
isms. Circ. Res. 60, 309–326.

Boesgaard, S., Iversen, H.K., Wroblewski, H., Poulsen, H.E., Frandsen, H.,
Kastrup, J., Aldershvile, J., 1994. Altered peripheral vasodilator profile of
nitroglycerin during long-term infusion of N-acetylcysteine. J. Am. Coll.
Cardiol. 23, 163–169.

Booth, B.P., Nolan, T.D., Fung, H.L., 1997. Nitroglycerin-inhibited whole blood
aggregation is partially mediated by calcitonin gene-related peptide — a
neurogenic mechanism. Br. J. Pharmacol. 122, 577–583.

Booth, B.P., Tabrizi-Fard, M.A., Fung, H., 2000. Calcitonin gene-related
peptide-dependent vascular relaxation of rat aorta. An additional mechanism
for nitroglycerin. Biochem. Pharmacol. 59, 1603–1609.

Brain, S.D., Williams, T.J., Tippins, J.R., Morris, H.R., MacIntyre, I., 1985.
Calcitonin gene-related peptide is a potent vasodilator. Nature 313, 54–56.

Chen, Y.R., Nie, S.D., Shan, W., Jiang, D.J., Shi, R.Z., Zhou, Z., Guo, R.,
Zhang, Z., Li, Y.J., 2007. Decrease in endogenous CGRP release in
nitroglycerin tolerance: role of ALDH-2. Eur. J. Pharmacol. 571, 44–50.

Chen, Z., Stamler, J.S., 2006. Bioactivation of nitroglycerin by the
mitochondrial aldehyde dehydrogenase. Trends Cardiovasc. Med. 16,
259–265.

Chen, Z., Zhang, J., Stamler, J.S., 2002. Identification of the enzymatic
mechanism of nitroglycerin bioactivation. Proc. Natl. Acad. Sci. U. S. A. 99,
8306–8311.

Csont, T., Ferdinandy, P., 2005. Cardioprotective effects of glyceryl trinitrate:
beyond vascular nitrate tolerance. Pharmacol. Ther. 105, 57–68.

Daiber, A., Oelze, M., Coldewey, M., Bachschmid, M., Wenzel, P., Sydow, K.,
Wendt, M., Kleschyov, A.L., Stalleicken, D., Ullrich, V., Mulsch, A.,
Munzel, T., 2004. Oxidative stress and mitochondrial aldehyde dehydro-
genase activity: a comparison of pentaerythritol tetranitrate with other
organic nitrates. Mol. Pharmacol. 66, 1372–1382.

Deng, P.Y., Li, Y.J., 2005. Calcitonin gene-related peptide and hypertension.
Peptides 26, 1676–1685.

Dennis, T., Fournier, A., Cadieux, A., Pomerleau, F., Jolicoeur, F.B., St Pierre,
S., Quirion, R., 1990. hCGRP8-37, a calcitonin gene-related peptide
antagonist revealing calcitonin gene-related peptide receptor heterogeneity
in brain and periphery. J. Pharmacol. Exp. Ther. 254, 123–128.

DiPette, D.J., Schwarzenberger, K., Kerr, N., Holland, O.B., 1989. Dose-
dependent systemic and regional hemodynamic effects of calcitonin gene-
related peptide. Am. J. Med. Sci. 297, 65–70.

Fanciullacci, M., Alessandri, M., Figini, M., Geppetti, P., Michelacci, S., 1995.
Increase in plasma calcitonin gene-related peptide from the extracerebral
circulation during nitroglycerin-induced cluster headache attack. Pain 60,
119–123.

Garry, M.G., Richardson, J.D., Hargreaves, K.M., 1994. Sodium nitroprusside
evokes the release of immunoreactive calcitonin gene-related peptide and
substance P from dorsal horn slices via nitric oxide-dependent and nitric
oxide-independent mechanisms. J. Neurosci. 14, 4329–4337.

Garry, M.G., Walton, L.P., Davis, M.A., 2000. Capsaicin-evoked release of
immunoreactive calcitonin gene-related peptide from the spinal cord is
mediated by nitric oxide but not by cyclic GMP. Brain Res. 861, 208–219.

Gerassimou, C., Kotanidou, A., Zhou, Z., Simoes, D.C., Roussos, C.,
Papapetropoulos, A., 2007. Regulation of the expression of soluble guanylyl
cyclase by reactive oxygen species. Br. J. Pharmacol. 150, 1084–1091.

Ghatta, S., O'Rourke, S.T., 2006. Nitroglycerin-induced release of calcitonin
gene-related peptide from sensory nerves attenuates the development of
nitrate tolerance. J. Cardiovasc. Pharmacol. 47, 175–181.

Gori, T., Parker, J.D., 2002. Nitrate tolerance: a unifying hypothesis. Circulation
106, 2510–2513.

Hotston, M.R., Jeremy, J.Y., Bloor, J., Koupparis, A., Persad, R., Shukla, N.,
2007. Sildenafil inhibits the up-regulation of phosphodiesterase type 5
elicited with nicotine and tumour necrosis factor-alpha in cavernosal
vascular smooth muscle cells: mediation by superoxide. BJU Int. 99,
612–618.

Hughes, S.R., Brain, S.D., 1994. Nitric oxide-dependent release of vasodilator
quantities of calcitonin gene-related peptide from capsaicin-sensitive nerves
in rabbit skin. Br. J. Pharmacol. 111, 425–430.

Kim, D., Rybalkin, S.D., Pi, X., Wang, Y., Zhang, C., Munzel, T., Beavo, J.A.,
Berk, B.C., Yan, C., 2001. Upregulation of phosphodiesterase 1A1
expression is associated with the development of nitrate tolerance.
Circulation 104, 2338–2343.

Kukovetz, W.R., Holzmann, S., 1990. Mechanisms of nitrate-induced
vasodilatation and tolerance. Eur. J. Clin. Pharmacol. 38 (Suppl 1), S9–S14.

Li, Y.J., Peng, J., 2002. The cardioprotection of calcitonin gene-related peptide-
mediated preconditioning. Eur. J. Pharmacol. 442, 173–177.

Maggi, C.A., Meli, A., 1988. The sensory-efferent function of capsaicin-
sensitive sensory neurons. Gen. Pharmacol. 19, 1–43.

Munzel, T., Kurz, S., Heitzer, T., Harrison, D.G., 1996. New insights into
mechanisms underlying nitrate tolerance. Am. J. Cardiol. 77, 24C–30C.

Munzel, T., Daiber, A., Mulsch, A., 2005. Explaining the phenomenon of nitrate
tolerance. Circ. Res. 97, 618–628.

Nie, S.D., Hu, C.P., Chen, Y.R., Wang, S., Deng, H.W., Li, Y.J., in press.
Reversal of tolerance to nitroglycerin with vinpocetine: a role of calcitonin
gene-related peptide. Int. J. Cardiol.

Oroszi, G., Szilvassy, Z., Nemeth, J., Ferdinandy, P., Szolcsanyi, J., Tosaki, A.,
1999. Interaction between capsaicin and nitrate tolerance in isolated guinea-
pig heart. Eur. J. Pharmacol. 368, R1–R3.

Pereira, C., Agostinho, P., Oliveira, C.R., 2000. Vinpocetine attenuates the
metabolic dysfunction induced by amyloid beta-peptides in PC12 cells. Free
Radic. Res. 33, 497–506.

Popescu, L.M., Panoiu, C., Hinescu, M., Nutu, O., 1985. The mechanism of
cGMP-induced relaxation in vascular smooth muscle. Eur. J. Pharmacol.
107, 393–394.

Rutherford, J.D., 1995. Nitrate tolerance in angina therapy. How to avoid it.
Drugs 49, 196–199.

Salvemini, D., Pistelli, A., Mollace, V., 1993. Release of nitric oxide from
glyceryl trinitrate by captopril but not enalaprilat: in vitro and in vivo
studies. Br. J. Pharmacol. 109, 430–436.

Santos, M.S., Duarte, A.I., Moreira, P.I., Oliveira, C.R., 2000. Synaptosomal
response to oxidative stress: effect of vinpocetine. Free Radic. Res. 32,
57–66.

Sarchielli, P., Alberti, A., Codini, M., Floridi, A., Gallai, V., 2000. Nitric oxide
metabolites, prostaglandins and trigeminal vasoactive peptides in internal
jugular vein blood during spontaneous migraine attacks. Cephalalgia 20,
907–918.

Sydow, K., Daiber, A., Oelze, M., Chen, Z., August, M., Wendt, M., Ullrich, V.,
Mulsch, A., Schulz, E., Keaney Jr., J.F., Stamler, J.S., Munzel, T., 2004.
Central role of mitochondrial aldehyde dehydrogenase and reactive oxygen
species in nitroglycerin tolerance and cross-tolerance. J. Clin. Invest. 113,
482–489.

Wang, X., Wu, Z.X., Tang, Y.M., Han, Q.D., 1996. Endotoxin causes release of
calcitonin gene-related peptide (CGRP) from the isolated mesenteric arterial
bed in rat. Sheng. Li. Xue. Bao. 48, 37–42.

Wei, E.P., Moskowitz, M.A., Boccalini, P., Kontos, H.A., 1992. Calcitonin gene-
related peptide mediates nitroglycerin and sodium nitroprusside-induced
vasodilation in feline cerebral arterioles. Circ. Res. 70, 1313–1319.

Wimalawansa, S.J., 1996. Calcitonin gene-related peptide and its receptors:
molecular genetics, physiology, pathophysiology, and therapeutic potentials.
Endocr. Rev. 17, 533–585.

Zhou, Z.H., Deng, H.W., Li, Y.J., 2001a. The depressor effect of nitroglycerin is
mediated by calcitonin gene-related peptide. Life Sci. 69, 1313–1320.

Zhou, Z.H., Deng, H.W., Li, Y.J., 2001b. Involvement of calcitonin gene-related
peptide in the development of tolerance to nitroglycerin in the rat. Eur.
J. Pharmacol. 427, 137–141.

Zhou, Z.H., Jiang, J.L., Peng, J., Deng, H.W., Li, Y.J., 2002. Reversal of
tolerance to nitroglycerin with N-acetylcysteine or captopril: a role of
calcitonin gene-related peptide. Eur. J. Pharmacol. 439, 129–134.


	New insights into nitroglycerin effects and tolerance: Role of calcitonin gene-related peptide
	Introduction
	The biological properties of CGRP
	The role of CGRP in modulation of vascular tone
	The role of CGRP in the mediation of nitroglycerin-induced vascular relaxation
	The role of CGRP in nitroglycerin tolerance
	Mechanisms underlying the reduced CGRP release in nitroglycerin tolerance
	Summary
	Acknowledgement
	References


