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Abstract
The endothelium plays an important role in maintaining vascular homeostasis by synthesizing and releasing several vasodilating substances, including vasodilator prostaglandins, nitric oxide (NO), and endothelium-derived hyperpolarizing factor (EDHF). Since the first
report for the existence of EDHF, several substances/mechanisms have been proposed for the nature of EDHF, including epoxyeicosatrienoic
acids (metabolites of arachidonic P450 epoxygenase pathway), K ions, and electrical communications through myoendothelial gap junctions.
We have recently demonstrated that endothelium-derived hydrogen peroxide (H2O2) is an EDHF in mouse and human mesenteric arteries and
in porcine coronary microvessels. For the synthesis of H2O2 as an EDHF, endothelial Cu,Zn-superoxide dismutase plays an important role in
mesenteric arteries of mice and humans. We also have demonstrated that EDHF-mediated responses are attenuated by several arteriosclerotic
risk factors, including diabetes mellitus and hyperlipidemia and their combination in particular. Recent studies have indicated that endotheliumderived H2O2 plays an important protective role in coronary autoregulation and myocardial ischemia/reperfusion injury in vivo. Indeed, our
H2O2/EDHF theory demonstrates that endothelium-derived H2O2, another reactive oxygen species in addition to NO, plays an important role
as a redox signaling molecule to cause vasodilatation as well as cardioprotection. In this review, we summarize our knowledge on H2O2/EDHF
regarding its identification, mechanisms of synthesis, and clinical implications.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction
The endothelium synthesizes and releases several vasodilator substances, including vasodilator prostaglandins, nitric
oxide (NO), and endothelium-derived hyperpolarizing factor
(EDHF) [1,2]. Although the nature of EDHF has not been
fully elucidated, different EDHFs could exist depending on
species, blood vessels, and the size of blood vessels with different hyperpolarizing mechanisms involved [1,2]. Since the
first report for the existence of EDHF [3,4], several candidates have been proposed for the nature of EDHF. Currently,
the major candidates for EDHF include epoxyeicosatrienoic
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acids (EETs), metabolites of arachidonic P450 epoxygenase
pathway [5,6], K ions [7,8], and electrical communication
through myoendothelial gap junctions [9,10] (Fig. 1). We have
demonstrated that endothelium-derived hydrogen peroxide
(H2O2) is an EDHF in mouse [11] and human [12] mesenteric arteries and in porcine [13] and canine [14] coronary
microvessels (Fig. 1). Although not universally accepted, other
investigators also have reported that H2O2 may be an EDHF
in the human coronary microvessels [15] and piglet pial arterioles [16]. We also have recently demonstrated that endothelial Cu,Zn-superoxide dismutase (SOD) plays an important role in the synthesis of H2O2 as an EDHF synthase in
mouse [17] and human [18] mesenteric arteries. In this review,
we will summarize the latest knowledge on our H2O2/EDHF
theory, in terms of the identification, mechanisms of synthesis and clinical implications.
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Fig. 1. Hypothesis on the nature of EDHF. Agonist stimulation and shear stress activate calcium–calmodulin complex and eNOS to produce NO, and also
activate phospholipase A2 to release arachidonic acid. NO activates soluble guanylate cyclase, produces cGMP, and relaxes vascular smooth muscle. Cyclooxygenase (COX) produces prostacyclin (PGI2) from arachidonic acid and PGI2 relaxes vascular smooth muscle in a cAMP-dependent manner. EDHF hyperpolarizes vascular smooth muscle by opening K channels and then elicits vasodilatation. Major candidates for the nature of EDHF include (1) epoxyeicosatrienoic
acids (EETs), metabolites of arachidonic P450 epoxygenase pathway, (2) K ions released from the endothelium through endothelial KCa channels that activates
Na,K-ATPase of vascular smooth muscle, and (3) electrical communication through myoendothelial gap junctions. We also have identified that (4) endotheliumderived H2O2 is an EDHF, for which eNOS is an important source.

2. History
It was known that acetylcholine induces hyperpolarization of vascular smooth muscle of rabbit mesenteric arteries
[19] and that those hyperpolarizations are achieved in an
endothelium-dependent manner [20]. In 1988, Feletou and
Vanhoutte [3] and Chen et al. [4] independently demonstrated that a diffusible substance released by the endothelium causes hyperpolarization of underlying vascular smooth
muscle, thus proposing the existence of EDHF [3,4].
2.1. Nature of EDHF
NO mediates vascular relaxation of relatively large, conduit arteries (i.e. aorta and epicardial coronary arteries), while
EDHF plays an important role in modulating vascular tone in
small, resistance arteries in vitro [21,22] and in human forearm microcirculation in vivo [23]. EDHF causes vascular
relaxation by opening K channels and then hyperpolarizes
membrane of vascular smooth muscle [1,2,22]. EDHF is synthesized not only upon stimulation by agonists but also by
shear stress [24] and its synthesis and release are stimulated
by increase in intracellular calcium in the endothelium [2,25],
although calcium-independent endothelial cell hyperpolarization has also been reported [26]. Although NO and vasodilator prostaglandins elicit hyperpolarization of underlying vascular smooth muscle and NO may activate BKCa channels in
some blood vessels [27], those responses to NO and vasodi-

lator prostaglandins are largely inhibited by the inhibition of
ATP-sensitive potassium (KATP) channels [2]. Importantly,
substantial endothelium-dependent hyperpolarization exists
even after the blockade of the synthesis of NO and vasodilator prostaglandins [2]. Thus, EDHF is apparently different
from vasodilator prostaglandins or NO, and EDHF-mediated
responses are classically defined as the endotheliumdependent responses (relaxations and hyperpolarizations) after
the blockade of the synthesis of vasodilator prostaglandins
and NO [2,25].
2.2. Vasodilating effect of reactive oxygen species (ROS)
Both NO- and EDHF-mediated responses are attenuated
by various atherosclerotic risk factors [1,28], and the treatment of those risk factors improve both NO- and EDHFmediated responses [1,29]. In various pathological situations, the production of ROS is increased while NO-mediated
relaxations are attenuated. EDHF-mediated relaxations are
temporarily enhanced to compensate the reduced NOmediated relaxations, however, the EDHF-mediated responses
also are subsequently reduced during the pathological process [1]. The endothelial synthesis of NO via eNOS activation is calcium/calmodulin-dependent and a similar requirement for calcium/calmodulin has been described for the
EDHF-mediated response in the canine coronary artery [30].
These lines of evidence led us to hypothesize that EDHF is a
non-NO vasodilator substance (possibly ROS) mainly derived
from endothelial NO synthase (eNOS) [11].
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The endothelium produces several kinds of ROS, including superoxide, hydrogen peroxide (H2O2), NO, peroxynitrite, and hydroxyl radicals [31,32]. ROS modulate vascular
tone by several mechanisms, including alteration in K channels conductance [33]. Superoxide itself attenuates
endothelium-dependent relaxations by scavenging NO [34],
while it also causes relaxations of cat cerebral arteries [35].
Peroxynitrite, a potent ROS produced by the reaction of NO
with superoxide, acts as a relaxing factor at its lower concentrations by activating sarco/endoplasmic reticulum Ca-ATPase
(SERCA) in rabbit carotid arteries [36] and by activating
cGMP pathway in canine coronary arteries [37]. Peroxynitrite also inhibits KCa channels activity of vascular smooth
muscle [38]. H2O2 exerts a direct hyperpolarizing effect on
vascular smooth muscle [39]. H2O2 elicits hyperpolarization
of porcine coronary microvessels by opening large conductance KCa channels [40] and relaxes bovine pulmonary arteries by activating guanylate cyclase [41]. We examined each
ROS as a possible candidate for EDHF and demonstrated that
endothelium-derived H2O2 is an EDHF [11].
2.3. Vasodilator effect of H2O2
H2O2 has been reported to cause vasodilatation by several
mechanisms, including cGMP in bovine pulmonary arteries
[41], cyclooxygenase and cyclic AMP in canine cerebral arteries [42], and phospholipase A2 in porcine coronary microvessels [43]. Exogenous H2O2 also causes vasodilatation by opening several K channels, including KATP channels in cat
cerebral [35] and rabbit mesenteric arteries [44] and KCa channels in rat cerebral arteries [45]. It has been reported that H2O2
is a relaxing factor distinct from EDHF in rabbit femoral arteries [46] and that H2O2 stimulates the release of a chemically
distinct EDHF in human submucosal intestinal microvessels
[47]. H2O2 has also been reported to induce endotheliumdependent vasodilation through COX-1-mediated release of

727

PGE2 and to directly relax smooth muscle by hyperpolarization through KCa channel activation [48].

3. Identification of endothelium-derived H2O2 as
an EDHF
We have demonstrated that EDHF-mediated relaxations
and hyperpolarizations are inhibited by catalase, a specific
inhibitor of H2O2, in mesenteric arteries of normal mice
(Fig. 2) and are significantly reduced in eNOS–/– mice [11].
The specific inhibitory effect of catalase on H2O2 was confirmed as it lost its inhibitory effect when inactivated by aminotriazole [11]. We also have demonstrated that exogenous
H2O2 elicits relaxations and hyperpolarizations of vascular
smooth muscle of mouse mesenteric arteries by opening KCa
channels and that acetylcholine causes endothelial H2O2 production in mouse mesenteric arteries [11]. Thus, we confirmed that H2O2 fulfills the criteria for an EDHF in mouse
mesenteric arteries [11] (Fig. 2). We subsequently confirmed
that H2O2 is an EDHF in human mesenteric arteries [12] and
porcine [13] and canine [14] coronary microvessels (Fig. 2).
We were able to directly demonstrate endothelial H2O2 production in porcine coronary microvessels by using electron
spin resonance imaging [13]. The estimated concentration of
endothelium-derived H2O2 is in micro molar order, which is
consistent to its concentrations to cause EDHF-mediated
responses [11,13]. Subsequently, other investigators reported
that endothelium-derived H2O2 also is an EDHF in human
coronary microvessels [15] and piglet pial arterioles [16],
although other mechanisms for endothelium-dependent and
endothelium-independent relaxation in response to H2O2 have
been reported [46–48]. We also have recently demonstrated
that endothelium-derived H2O2 plays an important cardioprotective role in coronary autoregulation [14] and myocardial
ischemia/reperfusion injury in dogs in vivo [49]. Thus, we

Fig. 2. Endothelium-derived H2O2 as an EDHF. EDHF-mediated relaxations in the presence of indomethacin and L-NNA are significantly attenuated by
pretreatment with catalase, a specific scavenger of H2O2, in mouse (A, N = 5, Ref. [12]) and human (B, N = 4, Ref. [13]) mesenteric arteries and in porcine
coronary microvessels (C, N = 5, Ref. [14]). I; indomethacin, L; L-NNA, ACh; acetylcholine, BK; bradykinin. * P < 0.05 ** P < 0.01 (Modified from Refs.
[12–14] with permissions from American Society for Clinical Investigation (A), Elsevier (B) and American Heart Association, Inc. (C)).
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have confirmed that endothelium-derived H2O2 acts as an
EDHF, especially in microvessels [25], although the mechanisms for the endothelial production of H2O2/EDHF remains
to be elucidated.

4. Mechanisms for endothelial synthesis of H2O2/EDHF
Several previous studies have addressed the mechanisms
for the synthesis of EDHF (Fig. 1). In porcine epicardial coronary arteries, cytochrome P450 2C has been reported to act
as an EDHF synthase to synthesize EETs as an EDHF [5].
cAMP is reported to enhance gap junctional electrical communication for EDHF-mediated responses [50]. It also is
reported that agonist stimulation opens endothelial KCa channels with resultant release of K ion into myoendothelial space
as an EDHF [8].
In the endothelium, H2O2 is synthesized by either spontaneous dismutation from superoxide or dismutation of superoxide by SOD [51]. In blood vessels, there are three SOD
isoforms that dismutate superoxide into H2O2 [51] (Fig. 3).
Cu,Zn-SOD (SOD1) is located mainly in cytosol, nucleus,
and, to a lesser extent, in mitochondria [52], and dismutates
superoxide derived from eNOS and prolongs the half life of
NO [53] (Fig. 3). The Cu,Zn-SOD activity approximately
accounts for 50–80% of all SOD activities in vascular wall
[54]. Mn-SOD (SOD2) is located in mitochondria and dismutates superoxide derived from respiratory chains [51]
(Fig. 3). Extracellular-SOD (ecSOD, SOD3) is located extracellularly and dismutates extracellular superoxide to protect
the diffusion of NO [55] (Fig. 3). As mentioned above, we
have demonstrated that eNOS is one of the major contributor
for the synthesis of H2O2 as an EDHF [11]. eNOS produces
superoxide when it synthesizes NO from L-arginine, while
Cu,Zn-SOD dismutates those superoxide anions into H2O2

[56]. Since heparin, which inhibits ecSOD activities, had no
effect on EDHF-mediate response, we excluded ecSOD as a
source of EDHF [17]. Mn-SOD is located in mitochondria
and does not seem to be involved in EDHF synthesis because
in mouse mesenteric arteries, endothelium-derived H2O2 is
mainly derived from membrane, where Cu,Zn-SOD is located
[17] (Fig. 3). Therefore, we hypothesized that endothelial
Cu,Zn-SOD plays an important role for the synthesis of H2O2
as an EDHF synthase [17].
In Cu,Zn-SOD–/– mice, EDHF-mediated relaxations and
hyperpolarizations are markedly attenuated in mesenteric
arteries and coronary microvessels compared with control
mice without alteration in vasodilator properties of vascular
smooth muscle [17]. In addition, supplement of SOD mimetics, Tempol [57], restores EDHF-mediated responses [17].
These results may reflect the restoration of contribution of
H2O2 as an EDHF and/or improved myoendothelial communication as a result of a reduction in ROS generation [58].
Similarly, in human mesenteric arteries, supplement of another
SOD mimetics, Tiron [59], enhances EDHF-mediated relaxations and hyperpolarizations [18]. H2O2 also is an EDHF in
porcine coronary microvessels, where the EDHF-mediated
relaxations are enhanced by the pretreatment with Tiron [13].
In human isolated coronary arterioles, it was suggested that
H2O2 derived from mitochondria is involved in flow-mediated
dilatation [60].
Abnormalities of Cu,Zn-SOD are known to be involved in
various pathological conditions. In Cu,Zn-SOD–/– mice,
endothelium-dependent relaxations of carotid artery is attenuated [54]. In those mice, the size of myocardial infarction
after coronary ligation is larger than in normal mice [61] and
cerebral injury after transient global ischemia is enhanced
[62]. When maintained on Cu-deficient diet, rats have reduced
Cu,Zn-SOD activity and NO-mediated relaxations [63]. By
contrast, overexpression of Cu,Zn-SOD protects cerebral

Fig. 3. SOD isoforms in the endothelium. In the endothelium, three SOD isoforms are known to be present, including Cu,Zn-SOD, Mn-SOD and ecSOD.
Cu,Zn-SOD is located mainly in cytosol and membrane, and is known to dismutate superoxide derived from eNOS and other oxidases and prolongs the half life
of NO. Mn-SOD is located in mitochondria and dismutates superoxide derived from respiratory chains. ecSOD is located extracellularly. H2O2, which is
dismutated from superoxide anions by Cu,Zn-SOD, acts as an EDHF.
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injury after transient ischemia [64]. Cu,Zn-SOD mutation is
observed in patients with familial amyotrophic lateral sclerosis and Parkinson’s disease [65]. Mn-SOD–/– mice are
embryo-lethal, and develop dilated cardiomyopathy and neurodegeneration [66,67]. ecSOD is upregulated by exercise
training [68], and gene transfer of ecSOD reduces cerebral
vasospasm after subarachnoid hemorrhage [69] and decreases
arterial blood pressure in spontaneously hypertensive rats
(SHR) [70]. Thus, each SOD isoform has its important physiological role. Our H2O2/EDHF theory has uncovered the new
and important role of endothelial Cu,Zn-SOD as an EDHF
synthase, in addition to its classical role to scavenge superoxide to prolong the half life of NO [17].
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in cerebral circulation of ovariectomized animals [74,75]. In
apolipoprotein E-deficient (ApoE–/–) mice, EDHF-mediated
responses of mesenteric arteries are fairly preserved, whereas
in streptozotocin-induced diabetic mice, the responses are significantly attenuated [76]. In streptozotocin-induced diabetic
ApoE–/– mice, EDHF-mediated responses are markedly
reduced while NO-mediated relaxations are rather enhanced
[76]. Thus, the combination of diabetes mellitus and hyperlipidemia significantly attenuates EDHF-mediated responses
[76] (Fig. 4). The detailed mechanisms for the reduced EDHFmediated responses, including eNOS and Cu,Zn-SOD function, remain to be examined in future studies.
5.2. Treatment of impaired EDHF-mediated responses

5. Clinical implications
5.1. Influence of atherosclerotic risk factors
on EDHF-mediated responses
Atherosclerotic risk factors, such as hypertension, diabetes mellitus, hyperlipidemia, smoking, and aging, cause endothelial dysfunction [1]. Especially, NO-mediated relaxations
are prone to be attenuated by various risk factors [1]. Importantly, EDHF-mediated relaxations also are attenuated by various risk factors [28,29]. Indeed, in mesenteric arteries of SHR
[71] and those of streptopzotocin-induced diabetic rats,
EDHF-mediated responses are attenuated [29,72]. EDHFmediated responses also are attenuated with aging and hyperlipidemia in human mesenteric arteries [28]. Acetylcholineinduced relaxations and hyperpolarizations are attenuated in
mesenteric arteries of ovariectomized female rats [73]. On
the other hand, EDHF-mediated relaxations were enhanced

Several treatments are known to improve endothelial dysfunction, including impaired EDHF-mediated responses
[1,25,29]. Estrogen replacement therapy significantly improves EDHF-mediated responses in ovariectomized female
rats [77]. Estrogen also has an acute enhancing effect on both
NO-mediated and EDHF-mediated responses of forearm circulation of postmenopausal women [78]. In mesenteric arteries of SHR rats, reduced EDHF-mediated responses are significantly ameliorated by long-term administration of ACE
inhibitors [71]. Recently, we have demonstrated that this
enhancing effect of ACE inhibitors on EDHF-mediated
responses are indeed mediated by endothelium-derived H2O2
as an EDHF [79]. In diabetic rats, insulin therapy significantly ameliorates EDHF-mediated responses [72]. Longterm administration of eicosapentaenoic acid (EPA), a major
component of fish oil, improves both NO-mediated and
EDHF-mediated relaxations in humans [80,81]. Nifedipine,
a Ca2+ channel blocker, improves EDHF-mediated responses

Fig. 4. Identification, mechanisms of synthesis, and influence of risk factors of EDHF. Endothelium-derived H2O2 dismutated from superoxide by Cu,Zn-SOD
acts as an EDHF in animals and humans. Atherosclerotic risk factors significantly attenuate EDHF-mediated responses. The mechanisms involved in the
reduced EDHF-mediated responses remain to be examined in detail in future studies.
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in porcine coronary arteries [82]. Exercise training also significantly enhances both NO-mediated and EDHF-mediated
responses [83,84]. Thus, several drugs and life-style modification (e.g. dietary EPA, exercise) improve EDHF-mediated
responses, contributing to the maintenance of vascular homeostasis.

[9]

[10]

[11]

6. Conclusion
Endothelium-derived H2O2 is an EDHF in animals and
humans, and endothelial Cu,Zn-SOD plays an important role
for the synthesis of H2O2 as an EDHF (Fig. 4). Several risk
factors significantly attenuate EDHF-mediated responses,
while their combination markedly attenuate the responses
(Fig. 4). Several drugs (e.g. ACE inhibitors and estrogen) and
life-style modification (e.g. dietary EPA and exercise) effectively improve EDHF-mediated responses (Fig. 4).

[12]

[13]

[14]

[15]

Acknowledgments
The authors wish to thank the following collaborators for
their cooperation: Dr. L. Urakami-Harasawa, Dr. T. Matoba,
Dr. T. Fujiki, Dr. M.A.H. Talukder, Dr. H. Tagawa, Dr. T.
Tagawa, Dr. A. Masumoto, Dr. Y. Hirooka, and Dr. A.
Takeshita, Ms. M. Sonoda, I. Kunihiro, and E. Gunshima,
and Mr. H. Kubota, and M. Hatanaka at Kyushu University,
Dr. T. Yada and Dr. F. Kajiya at Kawasaki University and Dr.
T. Akaike and Dr. H. Maeda at Kumamoto University. The
authors’ works were supported in part by the grant for the
21st Century COE Program and the grants-in-aid (Nos.
13307024, 13557068, 15256003, 16209027) from the Japanese Ministry of Education, Science, Sports, and Culture,
Tokyo, Japan.

References
[1]
[2]
[3]
[4]

[5]

[6]
[7]

[8]

Shimokawa H. Primary endothelial dysfunction: atherosclerosis. J
Mol Cell Cardiol 1999;31:23–37.
Vanhoutte PM. Endothelium-dependent hyperpolarizations: the history. Pharmacol Res 2004;49:503–8.
Feletou M, Vanhoutte PM. Endothelium-dependent hyperpolarization
of canine coronary smooth muscle. Br J Pharmacol 1988;93:515–24.
Chen G, Suzuki H, Weston AH. Acetylcholine releases endotheliumderived hyperpolarizing factor and EDRF from rat blood vessels. Br J
Pharmacol 1988;95:1165–74.
Fisslthaler B, Popp R, Kiss L, Potente M, Harder DR, Fleming I, et al.
Cytochrome P450 2C is an EDHF synthase in coronary arteries.
Nature 1999;401:493–7.
Fleming I. Cytochrome P450 epoxygenases as EDHF synthase(s).
Pharmacol Res 2004;49:525–33.
Edwards G, Dora KA, Gardener MJ, Garland CJ, Weston AH. K+ is an
endothelium-derived hyperpolarizing factor in rat arteries. Nature
1998;396:269–72.
Edwards G, Weston AH. Potassium and potassium clouds in
endothelium-dependent hyperpolarizations. Pharmacol Res 2004;49:
535–41.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

Taylor HJ, Chaytor AT, Evans WH, Griffith TM. Inhibition of the gap
junctional component of endothelium-dependent relaxations in rabbit
iliac artery by 18-alpha glycyrrhetinic acid. Br J Pharmacol 1998;125:
1–3.
Griffith TM, Chaytor AT, Edwards DH. The obligatory link: role of
gap junctional communication in endothelium-dependent smooth
muscle hyperpolarization. Pharmacol Res 2004;49:551–64.
Matoba T, Shimokawa H, Nakashima M, Hirakawa Y, Mukai Y,
Hirano K, et al. Hydrogen peroxide is an endothelium-derived hyperpolarizing factor in mice. J Clin Invest 2000;106:1521–30.
Matoba T, Shimokawa H, Kubota H, Morikawa K, Fujiki T, Kunihiro I, et al. Hydrogen peroxide is an endothelium-derived hyperpolarizing factor in human mesenteric arteries. Biochem Biophys Res
Commun 2002;290:909–13.
Matoba T, Shimokawa H, Morikawa K, Kubota H, Kunihiro I,
Urakami-Harasawa L, et al. Electron spin resonance detection of
hydrogen peroxide as an endothelium-derived hyperpolarizing factor
in porcine coronary microvessels. Arterioscler Thromb Vasc Biol
2003;23:1224–30.
Yada T, Shimokawa H, Hiramatsu O, Kajita T, Shigeto F, Goto M,
et al. Hydrogen peroxide, an endogenous endothelium-derived hyperpolarizing factor, plays an important role in coronary autoregulation
in vivo. Circulation 2003;107:1040–5.
Miura H, Bosnjak JJ, Ning G, Saito T, Miura M, Gutterman DD. Role
for hydrogen peroxide in flow-induced dilation of human coronary
arterioles. Circ Res 2003;92:e31–e40.
Lacza Z, Puskar M, Kis B, Perciaccante JV, Miller AW, Busija DW.
Hydrogen peroxide acts as an EDHF in the piglet pial vasculature in
response to bradykinin. Am J Physiol Heart Circ Physiol 2002;283:
H406–H411.
Morikawa K, Shimokawa H, Matoba T, Kubota H, Akaike T,
Talukder MA, et al. Pivotal role of Cu,Zn-superoxide dismutase in
endothelium-dependent hyperpolarization. J Clin Invest 2003;112:
1871–9.
Morikawa K, Fujiki T, Matoba T, Kubota H, Hatanaka M, Takahashi S, et al. Important role of superoxide dismutase in EDHFmediated responses of human mesenteric arteries. J Cardiovasc Pharmacol 2004;44:552–6.
Kuriyama H, Suzuki H. The effects of acetylcholine on the membrane
and contractile properties of smooth muscle cells of the rabbit superior
mesenteric artery. Br J Pharmacol 1978;64:493–501.
Bolton TB, Lang RJ, Takewaki T. Mechanisms of action of noradrenaline and carbachol on smooth muscle of guinea-pig anterior mesenteric artery. J Physiol 1984;351:549–72.
Shimokawa H, Yasutake H, Fujii K, Owada MK, Nakaike R, Fukumoto Y, et al. The importance of the hyperpolarizing mechanism
increases as the vessel size decreases in endothelium-dependent relaxations in rat mesenteric circulation. J Cardiovasc Pharmacol 1996;28:
703–11.
Busse R, Edwards G, Feletou M, Fleming I, Vanhoutte PM,
Weston AH. EDHF: bringing the concepts together. Trends Pharmacol
Sci 2002;23:374–80.
Inokuchi K, Hirooka Y, Shimokawa H, Sakai K, Kishi T, Ito K, et al.
Role of endothelium-derived hyperpolarizing factor in human forearm circulation. Hypertension 2003;42:919–24.
Takamura Y, Shimokawa H, Zhao H, Igarashi H, Egashira K,
Takeshita A. Important role of endothelium-derived hyperpolarizing
factor in shear stress-induced endothelium-dependent relaxations in
the rat mesenteric artery. J Cardiovasc Pharmacol 1999;34:381–7.
Shimokawa H, Matoba T. Hydrogen peroxide as an endotheliumderived hyperpolarizing factor. Pharmacol Res 2004;49:543–9.
Takano H, Dora KA, Spitaler MM, Garland CJ. Spreading dilatation
in rat mesenteric arteries associated with calcium-independent endothelial cell hyperpolarization. J Physiol 2004;556:887–903.
Bolotina VM, Najibi S, Palacino JJ, Pagano PJ, Cohen RA. Nitric
oxide directly activates calcium-dependent potassium channels in
vascular smooth muscle. Nature 1994;368:850–3.

H. Shimokawa, K. Morikawa / Journal of Molecular and Cellular Cardiology 39 (2005) 725–732
[28] Urakami-Harasawa L, Shimokawa H, Nakashima M, Egashira K,
Takeshita A. Importance of endothelium-derived hyperpolarizing factor in human arteries. J Clin Invest 1997;100:2793–9.
[29] Feletou M, Vanhoutte PM. EDHF: new therapeutic targets? Pharmacol Res 2004;49:565–80.
[30] Nagao T, Illiano S, Vanhoutte PM. Calmodulin antagonists inhibit
endothelium-dependent hyperpolarization in the canine coronary
artery. Br J Pharmacol 1992;107:382–6.
[31] Li JM, Shah AM. Endothelial cell superoxide generation: regulation
and relevance for cardiovascular pathophysiology. Am J Physiol
Regul Integr Comp Physiol 2004;287:R1014–R1030.
[32] Ellis A, Triggle CR. Endothelium-derived reactive oxygen species:
their relationship to endothelium-dependent hyperpolarization and
vascular tone. Can J Physiol Pharmacol 2003;81:1013–28.
[33] Gutterman DD, Miura H, Liu Y. Redox modulation of vascular tone.
focus of potassium channel mechanisms of dilation. Arterioscler
Thromb Vasc Biol 2005.
[34] Rubanyi GM, Vanhoutte PM. Oxygen-derived free radicals, endothelium, and responsiveness of vascular smooth muscle. Am J Physiol
1986;250:H815–H821.
[35] Wei EP, Kontos HA, Beckman JS. Mechanisms of cerebral vasodilation by superoxide, hydrogen peroxide, and peroxynitrite. Am J
Physiol 1996;271:H1262–H1266.
[36] Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov VS, Schoneich C, et al. S-glutathiolation by peroxynitrite activates SERCA during arterial relaxation by nitric oxide. Nat Med 2004;10:1200–7.
[37] Liu S, Beckman JS, Ku DD. Peroxynitrite, a product of superoxide
and nitric oxide, produces coronary vasorelaxation in dogs. J Pharmacol Exp Ther 1994;268:1114–21.
[38] Liu Y, Terata K, Chai Q, Li H, Kleinman LH, Gutterman DD. Peroxynitrite inhibits Ca2+-activated K+ channel activity in smooth muscle
of human coronary arterioles. Circ Res 2002;91:1070–6.
[39] Beny JL, von der Weid PY. Hydrogen peroxide: an endogenous
smooth muscle cell hyperpolarizing factor. Biochem Biophys Res
Commun 1991;176:378–84.
[40] Barlow RS, White RE. Hydrogen peroxide relaxes porcine coronary
arteries by stimulating BKCa channel activity. Am J Physiol 1998;
275:H1283–H1289.
[41] Burke TM, Wolin MS. Hydrogen peroxide elicits pulmonary arterial
relaxation and guanylate cyclase activation. Am J Physiol 1987;252:
H721–H732.
[42] Iida Y, Katusic ZS. Mechanisms of cerebral arterial relaxations to
hydrogen peroxide. Stroke 2000;31:2224–30.
[43] Barlow RS, El-Mowafy AM, White REH. H2O2 opens BKCa channels
via the PLA2-arachidonic acid signaling cascade in coronary artery
smooth muscle. Am J Physiol Heart Circ Physiol 2000;279:H475–
H483.
[44] Hattori T, Kajikuri J, Katsuya H, Itoh T. Effects of H2O2 on membrane
potential of smooth muscle cells in rabbit mesenteric resistance artery.
Eur J Pharmacol 2003;464:101–9.
[45] Sobey CG, Heistad DD, Faraci FM. Mechanisms of bradykinininduced cerebral vasodilatation in rats. Evidence that reactive oxygen
species activate K+ channels. Stroke 1997;28:2290–4 (discussion
2295).
[46] Chaytor AT, Edwards DH, Bakker LM, Griffith TM. Distinct hyperpolarizing and relaxant roles for gap junctions and endotheliumderived H2O2 in NO-independent relaxations of rabbit arteries. Proc
Natl Acad Sci USA 2003;100:15212–7.
[47] Hatoum OA, Binion DG, Miura H, Telford G, Otterson MF, Gutterman DD. Role of hydrogen peroxide in ACh-induced dilation of
human submucosal intestinal microvessels. Am J Physiol Heart Circ
Physiol 2005;288:H48–H54.
[48] Thengchaisri N, Kuo L. Hydrogen peroxide induces endotheliumdependent and -independent coronary arteriolar dilation: role of
cyclooxygenase and potassium channels. Am J Physiol Heart Circ
Physiol 2003;285:H2255–H2263.

731

[49] Yada T, Shimokawa H, Hiramatsu O, Goto M, Ogasawara Y, Kajiya F.
Cardioprotective role of hydrogen peroxide, an endogenous EDHF, on
ischemia–reperfusion injury in canine coronary microcirculation in
vivo. Circulation 2004;110(Suppl III):77 (Abstract).
[50] Griffith TM, Chaytor AT, Taylor HJ, Giddings BD, Edwards DH.
cAMP facilitates EDHF-type relaxations in conduit arteries by
enhancing electronic conduction via gap junctions. Proc Natl Acad
Sci USA 2002;99:6392–7.
[51] Faraci FM, Didion SP. Vascular protection: superoxide dismutase
isoforms in the vessel wall. Arterioscler Thromb Vasc Biol 2004;24:
1367–73.
[52] Okado-Matsumoto A, Fridovich I. Subcellular distribution of superoxide dismutases (SOD) in rat liver: Cu,Zn-SOD in mitochondria. J
Biol Chem 2001;276:38388–93.
[53] Mugge A, Elwell JH, Peterson TE, Harrison DG. Release of intact
endothelium-derived relaxing factor depends on endothelial superoxide dismutase activity. Am J Physiol 1991;260:C219–C225.
[54] Didion SP, Ryan MJ, Didion LA, Fegan PE, Sigmund CD, Faraci FM.
Increased superoxide and vascular dysfunction in Cu,ZnSODdeficient mice. Circ Res 2002;91:938–44.
[55] Fukai T, Folz RJ, Landmesser U, Harrison DG. Extracellular superoxide dismutase and cardiovascular disease. Cardiovasc Res 2002;55:
239–49.
[56] Stuehr D, Pou S, Rosen GM. Oxygen reduction by nitric-oxide synthases. J Biol Chem 2001;276:14533–6.
[57] Krishna MC, Grahame DA, Samuni A, Mitchell JB, Russo A. Oxoammonium cation intermediate in the nitroxide-catalyzed dismutation of
superoxide. Proc Natl Acad Sci USA 1992;89:5537–41.
[58] Griffith TM, Chaytor AT, Bakker LM, Edwards DH. 5-Methyltetrahydrofolate and tetrahydrobiopterin can modulate electrotonically mediated endothelium-dependent vascular relaxation. Proc Natl
Acad Sci USA 2005;102:7008–13.
[59] Ledenev AN, Konstantinov AA, Popova E, Ruuge EK. A simple assay
of the superoxide generation rate with Tiron as an EPR-visible radical
scavenger. Biochem Int 1986;13:391–6.
[60] Liu Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC, Gutterman DD.
Mitochondrial sources of H2O2 generation play a key role in flowmediated dilation in human coronary resistance arteries. Circ Res
2003;93:573–80.
[61] Yoshida T, Maulik N, Engelman RM, Ho YS, Das DK. Targeted
disruption of the mouse Sod I gene makes the hearts vulnerable to
ischemic reperfusion injury. Circ Res 2000;86:264–9.
[62] Kawase M, Murakami K, Fujimura M, Morita-Fujimura Y, Gasche Y,
Kondo T, et al. Exacerbation of delayed cell injury after transient
global ischemia in mutant mice with CuZn superoxide dismutase
deficiency. Stroke 1999;30:1962–8.
[63] Lynch SM, Frei B, Morrow JD, Roberts 2nd LJ, Xu A, Jackson T, et al.
Vascular superoxide dismutase deficiency impairs endothelial vasodilator function through direct inactivation of nitric oxide and increased
lipid peroxidation. Arterioscler Thromb Vasc Biol 1997;17:2975–81.
[64] Murakami K, Kondo T, Epstein CJ, Chan PH. Overexpression of
CuZn-superoxide dismutase reduces hippocampal injury after global
ischemia in transgenic mice. Stroke 1997;28:1797–804.
[65] Noor R, Mittal S, Iqbal J. Superoxide dismutase—applications and
relevance to human diseases. Med Sci Monit 2002;8:RA210–RA215.
[66] Li Y, Huang TT, Carlson EJ, Melov S, Ursell PC, Olson JL, et al.
Dilated cardiomyopathy and neonatal lethality in mutant mice lacking
manganese superoxide dismutase. Nat Genet 1995;11:376–81.
[67] Lebovitz RM, Zhang H, Vogel H, Cartwright Jr. J, Dionne L, Lu N,
et al. Neurodegeneration, myocardial injury, and perinatal death in
mitochondrial superoxide dismutase-deficient mice. Proc Natl Acad
Sci USA 1996;93:9782–7.
[68] Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G, Harrison DG. Regulation of the vascular extracellular superoxide dismutase by nitric oxide and exercise training. J Clin Invest 2000;105:
1631–9.

732

H. Shimokawa, K. Morikawa / Journal of Molecular and Cellular Cardiology 39 (2005) 725–732

[69] Watanabe Y, Chu Y, Andresen JJ, Nakane H, Faraci FM, Heistad DD.
Gene transfer of extracellular superoxide dismutase reduces cerebral
vasospasm after subarachnoid hemorrhage. Stroke 2003;34:434–40.
[70] Chu Y, Iida S, Lund DD, Weiss RM, DiBona GF, Watanabe Y, et al.
Gene transfer of extracellular superoxide dismutase reduces arterial
pressure in spontaneously hypertensive rats: role of heparin-binding
domain. Circ Res 2003;92:461–8.
[71] Onaka U, Fujii K, Abe I, Fujishima M. Antihypertensive treatment
improves endothelium-dependent hyperpolarization in the mesenteric
artery of spontaneously hypertensive rats. Circulation 1998;98:175–
82.
[72] Fukao M, Hattori Y, Kanno M, Sakuma I, Kitabatake A. Alterations in
endothelium-dependent hyperpolarization and relaxation in mesenteric arteries from streptozotocin-induced diabetic rats. Br J Pharmacol 1997;121:1383–91.
[73] Liu MY, Hattori Y, Fukao M, Sato A, Sakuma I, Kanno M. Alterations
in EDHF-mediated hyperpolarization and relaxation in mesenteric
arteries of female rats in long-term deficiency of oestrogen and during
oestrus cycle. Br J Pharmacol 2001;132:1035–46.
[74] Golding EM, Kepler TE. Role of estrogen in modulating EDHFmediated dilations in the female rat middle cerebral artery. Am J
Physiol Heart Circ Physiol 2001;280:H2417–H2423.
[75] Xu HL, Santizo RA, Baughman VL, Pelligrino DA. Nascent EDHFmediated cerebral vasodilation in ovariectomized rats is not induced
by eNOS dysfunction. Am J Physiol Heart Circ Physiol 2003;285:
H2045–H2053.
[76] Morikawa K, Matoba T, Kubota H, Hatanaka M, Fujii K, Takahashi S,
et al. Influence of diabetes mellitus, hypercholesterolemia, and their
combination on EDHF-mediated responses in mice. J Cardiovasc
Pharmacol 2005;45:485–90.
[77] Sakuma I, Liu MY, Sato A, Hayashi T, Iguchi A, Kitabatake A, et al.
Endothelium-dependent hyperpolarization and relaxation in mesenteric arteries of middle-aged rats: influence of oestrogen. Br J Pharmacol 2002;135:48–54.

[78] Tagawa H, Shimokawa H, Tagawa T, Kuroiwa-Matsumoto M,
Hirooka Y, Takeshita A. Short-term estrogen augments both nitric
oxide-mediated and non-nitric oxide-mediated endotheliumdependent forearm vasodilation in postmenopausal women. J Cardiovasc Pharmacol 1997;30:481–8.
[79] Fujiki T, Shimokawa H, Morikawa K, Kubota H, Hatanaka M,
Talukder MA, et al. Endothelium-derived hydrogen peroxide
accounts for the enhancing effect of an angiotensin-converting
enzyme inhibitor on endothelium-derived hyperpolarizing factormediated responses in mice. Arterioscler Thromb Vasc Biol 2005;25:
766–71.
[80] Tagawa H, Shimokawa H, Tagawa T, Kuroiwa-Matsumoto M,
Hirooka Y, Takeshita A. Long-term treatment with eicosapentaenoic
acid augments both nitric oxide-mediated and non-nitric oxidemediated endothelium-dependent forearm vasodilatation in patients
with coronary artery disease. J Cardiovasc Pharmacol 1999;33:633–
40.
[81] Tagawa T, Hirooka Y, Shimokawa H, Hironaga K, Sakai K, Oyama J,
et al. Long-term treatment with eicosapentaenoic acid improves
exercise-induced vasodilation in patients with coronary artery disease.
Hypertens Res 2002;25:823–9.
[82] Fisslthaler B, Hinsch N, Chataigneau T, Popp R, Kiss L, Busse R,
et al. Nifedipine increases cytochrome P4502C expression and
endothelium-derived hyperpolarizing factor-mediated responses in
coronary arteries. Hypertension 2000;36:270–5.
[83] Mombouli JV, Nakashima M, Hamra M, Vanhoutte PM.
Endothelium-dependent relaxation and hyperpolarization evoked by
bradykinin in canine coronary arteries: enhancement by exercisetraining. Br J Pharmacol 1996;117:413–8.
[84] Yen MH, Yang JH, Sheu JR, Lee YM, Ding YA. Chronic exercise
enhances endothelium-mediated dilation in spontaneously hypertensive rats. Life Sci 1995;57:2205–13.

