Hydrogen peroxide is an endothelium-derived
hyperpolarizing factor in mice
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The endothelium plays an important role in maintaining vascular homeostasis by synthesizing and
releasing several endothelium-derived relaxing factors, such as prostacyclin, nitric oxide (NO), and the
previously unidentified endothelium-derived hyperpolarizing factor (EDHF). In this study, we examined
our hypothesis that hydrogen peroxide (H,O,) derived from endothelial NO synthase (eNOS) is an EDHF.
EDHF-mediated relaxation and hyperpolarization in response to acetylcholine (ACh) were markedly
attenuated in small mesenteric arteries from eNOS knockout (eNOS-KO) mice. In the eNOS-KO mice,
vasodilating and hyperpolarizing responses of vascular smooth muscle per se were fairly well preserved,
as was the increase in intracellular calcium in endothelial cells in response to ACh. Antihypertensive treat-
ment with hydralazine failed to improve the EDHF-mediated relaxation. Catalase, which dismutates
H,O; to form water and oxygen, inhibited EDHF-mediated relaxation and hyperpolarization, but it did
not affect endothelium-independent relaxation following treatment with the K* channel opener levcro-
makalim. Exogenous H,O; elicited similar relaxation and hyperpolarization in endothelium-stripped
arteries. Finally, laser confocal microscopic examination with peroxide-sensitive fluorescence dye demon-
strated that the endothelium produced H,O; upon stimulation by ACh and that the H,O, production
was markedly reduced in eNOS-KO mice. These results indicate that H,O, is an EDHF in mouse small

mesenteric arteries and that eNOS is a major source of the reactive oxygen species.

J. Clin. Invest. 106:1521-1530 (2000).

Introduction
It is widely accepted that endothelium-derived hyper-
polarizing factor (EDHF) plays an important role in
modulating vasomotor tone, especially in microvessels
(1-3). Although more than ten years have passed since
the first reports on the existence of EDHF (4, 5), its
nature still remains to be identified. In porcine and
bovine coronary arteries, epoxyeicosatrienoic acids
(EETs), metabolites of cytochrome P-450 monooxyge-
nase, were suggested to be EDHFs (6-8); however, con-
sensus has not been achieved yet (9-11). In rat hepatic
arteries, K* released from the endothelium was also
suggested to be an EDHF (12); however, this may not
be the case in most other blood vessels (13, 14). In some
arteries, it has been recently suggested that gap junc-
tions may also play a role to cause vasodilatation and
hyperpolarization of the underlying vascular smooth
muscle (15, 16). Thus, more than one EDHF appears to
exist, and the contribution of each EDHF to endothe-
lium-dependent relaxation may vary depending on the
species tested and the vessels used (1-3).

While EDHEF is clearly distinct from NO, previous
experimental and clinical studies suggested that these
two factors share some biological similarities. First, both

NO and EDHEF are synthesized by endothelial cells in a
Ca?*/calmodulin-dependent manner (17). Second, in sit-
uations where NO-mediated relaxation is reduced (e.g.,
hypertension and hyperlipidemia), EDHF compensates
for NO to cause endothelium-dependent relaxation,
while in advanced atherosclerosis, EDHF-mediated
relaxation is also impaired (2, 3). Third, correction of the
underlying risk factors improves the relaxation mediat-
ed by EDHF as well as that mediated by NO (2, 3). Based
on these observations, we hypothesized that a non-NO
factor derived from endothelial NO synthase (eNOS),
possibly a reactive oxygen species, may be an EDHF.
Indeed, it has been demonstrated that activated
eNOS can generate superoxide anions under the deple-
tion of tetrahydrobiopterin or L-arginine in the pres-
ence of L-arginine analogues (18). Production of super-
oxide anions leads to formation of hydrogen peroxide
(H20,) in the vascular endothelium via superoxide dis-
mutase (SOD). Vasoactive properties of reactive oxygen
species have been previously described by Rubanyi and
Vanhoutte in 1986 (19). Furthermore, H,O; has been
shown to elicit both hyperpolarization and relaxation
in porcine coronary arteries without endothelium (20)
and to activate Ca?*-activated K* (K¢,) channels on vas-
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cular smooth muscle (21, 22). In this study, we thus
tested our hypothesis that H,0, is an EDHF and also
examined a possible role of eNOS as a major source of
the reactive oxygen species, using control and eNOS
knockout (eNOS-KO) mice (23).

Methods

This study was reviewed by the Committee on Ethics in
Animal Experiments of the Kyushu University and was
carried out according to the Guidelines for Animal
Experiments of the Kyushu University and of the
Japanese government.

Animals and tissue preparation. Male eNOS-KO mice and
C57BL/6 mice, 10-16 weeks of age, were used. The
eNOS-KO mice were originally provided by P. Huang
and M. Fishman (Harvard Medical School, Boston,
Massachusetts, USA) (23) and maintained in the Labo-
ratory of Animal Experiments in the Kyushu Universi-
ty. The eNOS-KO mice were derived from a cross
between SV129] and C57BL/6 mice and were back-
crossed to C57BL/6 mice over ten generations. Thus,
C57BL/6 mice were used as a wild-type control; they
were also maintained in the Laboratory of Animal
Experiments in the Kyushu University. Some eNOS-KO
mice were treated with hydralazine in order to examine
the effect of mildly elevated blood pressure on the
EDHF-mediated responses. The treatment with
hydralazine hydrochloride (20 mg/kg/d) was performed
for 6 weeks from 10-16 weeks of age. Systolic blood
pressure was measured by tail-cuff method under con-
scious conditions before the animals were killed. The
aorta and small mesenteric arteries (200-240 HUm in
diameter) were excised and cut into rings for the meas-
urements of both isometric tensions and membrane
potentials. The aortic valvular leaflets were excised for
fura-2 experiments in which intracellular Ca?* levels in
endothelial cells were measured. To examine endotheli-
um-independent responses, some arterial rings were
stripped of the endothelium by gently rubbing the inner
surface with a cotton string (24, 25).

Organ chamber experiments. Experiments were per-
formed in 37°C Krebs solution bubbled with 95% O,
and 5% CO,. Isometric tension was recorded in isolated
arterial rings precontracted with prostaglandin Faq
(PGF3q) (3-10 pM) or KCl1 (20-60 mM). The extent of
precontraction was adjusted to 50-70% of the contrac-
tions induced by 62 mM KCI (24, 25). Endothelium-
dependent relaxation to ACh and endothelium-inde-
pendent relaxation to levcromakalim, sodium
nitroprusside (SNP), or H,O, were examined. The con-
tribution of vasodilator prostaglandins, NO, and EDHF
to ACh-induced endothelium-dependent relaxation was
determined by the inhibitory effect of indomethacin (10
M), N®-nitro-L-arginine (L-NNA, 100 uM), and KCI
(20-60 mM), respectively (24, 25). The concentration of
indomethacin was sufficient to inhibit the production
of vasodilator prostaglandins, as evidenced by the fact
that additional application of tranylcypromine (100
MM), an inhibitor of prostacyclin synthase, had no fur-

ther inhibitory effect on the indomethacin-resistant
relaxation (data not shown). The concentration of L-
NNA was sufficient to inhibit endothelial NO produc-
tion, as evidenced by the fact that additional application
of carboxy-PTIO (5 mM), a potent scavenger of NO, had
no further inhibitory effect on the L-NNA-resistant
relaxation (data not shown).

To determine the nature of EDHF and the mechanism
of EDHF-mediated relaxation, additional experiments
were performed in small mesenteric arteries, where
EDHF plays a primary role to cause endothelium-
dependent relaxation (24, 25). The following inhibitors
were used: apamin (1 PM, an inhibitor of small con-
ductance K¢, channels), charybdotoxin (CTx, 100 nM,
an inhibitor of large and intermediate conductance K¢,
channels), tetrabutyl-ammonium (TBA, 1 mM, a non-
specific inhibitor of Kc, channels), catalase (1250 U/ml,
an enzyme which dismutates H,O, to form water and
oxygen), 3-amino-1,2,4-triazole (amino-triazole, 50 mM,
an inhibitor of catalase), deferoxamine (1 mM, an
inhibitor of Fenton reaction-dependent formation of
hydroxyl radical), 17-octadecynoic acid (17-ODYA, 3
MM, a suicide substrate inhibitor of cytochrome P-450
monooxygenase) (9, 10), 183-glycyrrhetinic acid (18[3-
GA, 40 UM, an inhibitor of gap junctions) (15), ouabain
(1 mM, an inhibitor of Na/K pump), and barium (30
MM, an inhibitor of inward rectifier K* channels) (12).

Electrophysiological experiments. Electrophysiological
experiments were performed in small mesenteric arter-
ies, in which existence of EDHF-mediated responses
was confirmed by organ chamber experiments. The
rings of small mesenteric arteries from both strains
were placed in experimental chambers perfused with
37°C Krebs solution containing indomethacin (10 HtM)
and L-NNA (100 uM) bubbled with 95% O, and 5%
CO:.. A fine glass capillary microelectrode was impaled
into the smooth muscle cell from the adventitial side.
Changes in membrane potentials produced by ACh or
exogenous H,O, were continuously recorded (24, 25).

In situ measurement of intracellular Ca?* levels in endothe-
lial cells. Endothelial cells on aortic valvular leaflets were
used in order to exclude fluorescence signals from the
smooth muscle cells (26). Aortic valvular tissue was
loaded with acetoxymethyl esters of fura-2 (fura-
2/AM), a fluorescence Ca?* indicator dye, for 90 min-
utes at 37°C (26, 27). Fura-2 microfluorometry was
performed using a fluorescent microscope (TMD 56;
Nikon Co., Tokyo, Japan) equipped with a spectropho-
tometer (CAM 200; Japan Spectroscope Co., Tokyo,
Japan) (27). Fluorescence intensities at 348 and 380 nm
excitation were measured at 500 nm, and their ratio
(F348/F380) was recorded at 25°C. The changes in
F348/F380 upon stimulation by ACh were expressed in
percent, assuming the value obtained with normal
Krebs solution and the maximal value in the presence
of cyclopiazonic acid (CPA, 3 UM, an inhibitor of Ca?*
pump adenosine triphosphatase of the endoplasmic
reticulum) and ionomycin (25 pM, Ca?* ionophore) to
be 0% and 100%, respectively.

The Journal of Clinical Investigation |

December 2000

| Volume 106 | Number 12



Detection of H>0, production from endothelial cells. Small
mesenteric arteries of control and eNOS-KO mice were
cut into rings and then opened longitudinally. The vas-
cular strip was loaded with 5 UM dichlorodihydrofluo-
rescein diacetate (DCF), a peroxide-sensitive fluorescence
dye (28), for 10 minutes, then placed on a slide glass and
observed using a laser confocal microscope (LSM-GB200;
Olympus Optical Co., Tokyo, Japan) at an excitation
wavelength of 488 nm and an emission wavelength of
520 nm at 25°C. Fluorescence images of the endotheli-
um were obtained before and 3 minutes after the appli-
cation of ACh, which was achieved by dropping S pl
HEPES buffer containing 10 UM ACh onto the slide glass
using a micropipette. Relative fluorescence intensity was
calculated using images obtained under basal conditions
without ACh. The inhibitory effect of the pretreatment
with indomethacin (10 pM), L-NNA (100 M), catalase
(1250 U/ml), or calmodulin antagonists calmidazolium
(10 uM) and fendiline (100 uM) (17) on the ACh-induced
increase in fluorescence intensities was determined.

Drugs and solution. The ionic mM composition of Krebs
solution was as follows: Na* 144, K* 5.9, Mg?* 1.2, Ca?*
2.5, H,PO4 1.2, HCO;3™ 24, Cl- 129.7, glucose 5.5; and
that of HEPES buffer was as follows: Na* 143, K* 5.9,
Mg?* 1.2, Ca?* 1.6, H,PO4 1.2, CI- 150.9, glucose 11,
HEPES 5. ACh, indomethacin, L-NNA, catalase (catalog
no. C-9322), SNP, 18B-GA, 17-ODYA, apamin, CTx,
TBA, barium chloride, ouabain, hydralazine hydrochlo-
ride, CPA, ionomycin, calmidazolium, and fendiline were
obtained from Sigma Chemical Co. (St. Louis, Missouri,
USA). DCF and fura-2/AM were obtained from Molecu-
lar Probes Inc. (Eugene, Oregon, USA). Levcromakalim
was a kind gift from SmithKline Beecham Pharmaceuti-
cals (Philadelphia, Pennsylvania, USA). Indomethacin
was dissolved in 10 mM Na,CO;. 183-GA, 17-ODYA,
DCEF, fura-2/AM, ionomycin, calmidazolium, and fendi-
line were dissolved in DMSO. Levcromakalim was dis-
solved in 90% ethanol, and other drugs were dissolved in
distilled water. The solvent used did not affect the
mechanical or electrical responses at their final bath con-
centrations. The amount of endotoxin contaminated in
the catalase compound, which was determined by syn-
thetic chromogenic substrate method (SRL Inc., Tokyo,
Japan), was 24 ng/ml at final bath concentration.

Statistical analysis. Data are shown as mean + SEM.
Dose-response curves were analyzed by two-way
ANOVA followed by Scheffe’s post-hoc test for multi-
ple comparisons. Other variables were analyzed by
paired Student’s t-test or one-way ANOVA followed by
Fisher’s post-hoc test for multiple comparisons. P <
0.05 was considered to be statistically significant.

Results

Endothelium-dependent relaxation in control and eNOS-KO
mice. In the aortae of control mice, endothelium-
dependent relaxation to ACh was unaffected by
indomethacin but was almost abolished by L-NNA,
indicating that NO mainly mediates the relaxations to
ACh in the aorta (Figure la). By contrast, in small

mesenteric arteries, endothelium-dependent relaxation
to ACh was resistant to indomethacin and L-NNA but
was highly sensitive to KCI (Figure 1a). In the aortae
from eNOS-KO mice, endothelium-dependent relax-
ation to ACh was almost absent (Figure 1b). In small
mesenteric arteries from eNOS-KO mice, indomethacin
partially inhibited the ACh-induced relaxation, where-
as L-NNA did not alter indomethacin-resistant relax-
ation, indicating an absence of NO-mediated
relaxation. Importantly, EDHF-mediated relaxation
(observed in the presence of indomethacin and L-NNA)
was also markedly reduced in eNOS-KO mice as com-
pared with control mice (Figure 1b).
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Figure 1

Reduced EDHF-mediated endothelium-dependent relaxation and
hyperpolarization in eNOS-KO mice. (a) Endothelium-dependent relax-
ation to ACh of the aorta (left, n=11) and of small mesenteric arteries
(right, n = 9) in control mice. NO plays a primary role in the aorta,
whereas EDHF plays a primary role in small mesenteric arteries. AP <
0.01,BP < 0.05. (b) Endothelium-dependent relaxation to ACh of the
aorta (left) and of small mesenteric arteries (right, n = 10 each) in
eNOS-KO mice. The relaxation was absent in the aorta, whereas in
small mesenteric arteries those responses were partially compensated
by vasodilator prostaglandins with a marked reduction of EDHF-medi-
ated responses. AP < 0.01, 8P < 0.05. (c) Endothelium-dependent hyper-
polarization to ACh was also markedly reduced in small mesenteric
arteries of eNOS-KO mice (n = 5-6). AP < 0.01, BP < 0.05 vs. control.
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Endothelinm-dependent hyperpolarization in control and
eNOS-KO mice. Resting membrane potentials of smooth
muscle cells from small mesenteric arteries were signifi-
cantly less negative in eNOS-KO than in control mice
(-60.2 + 0.4 mVvs. -63.1 £ 0.6 mV, P < 0.01, n =7 each).
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Figure 2

Preserved endothelium-independent relaxation and increase in intra-
cellular Ca?* levels upon stimulation by agonists, and a failure of anti-
hypertensive therapy to improve the reduced EDHF-mediated respons-
es in eNOS-KO mice. (a) Endothelium-independent relaxation in small
mesenteric arteries to levcromakalim was preserved (left, n = 6 each)
while those to SNP were enhanced (right, n = 5-6) in eNOS-KO mice.
AP <0.01. (b) Direct measurement of the changes in intracellular Ca?*
levels in endothelial cells. ACh (1 nM-10 uM), CPA (3 uM), and ion-
omycin (25 UM) caused an increase, while EGTA (2 mM) caused a
decrease in intracellular Ca?* levels as shown by F348/F380 (left). The
increase in intracellular Ca?* levels, when normalized to ionomycin-
induced maximal F348/F380, were comparable between the two
strains (right, n = 5 each). (c) Although the antihypertensive therapy
with hydralazine for 6 weeks normalized blood pressure in eNOS-KO
mice (left), the treatment failed to improve the reduced EDHF-medi-
ated responses (KCl-sensitive component after the blockade of
cyclooxygenase with 10 UM indomethacin and the blockade of eNOS
with 100 UM L-NNA) in eNOS-KO mice (right, n = 8-10). AP < 0.01, 8P
<0.05 vs. control. sBP, systolic blood pressure.

Treatment with L-NNA had no significant effect on the
resting membrane potentials (data not shown). ACh (10
nM-10 pM) concentration-dependently elicited hyper-
polarization of blood vessels with intact endothelium in
control mice (Figure 1c). In eNOS-KO mice, the extent
of the hyperpolarization to ACh was again markedly
reduced (Figure 1c).

Endothelium-independent relaxation in control and eNOS-
KO mice. Levcromakalim, which opens ATP-sensitive K*
channels, and SNP, an NO donor, elicited relaxation in
endothelium-stripped small mesenteric arteries of mice
(Figure 2a). Endothelium-independent relaxation to
levcromakalim was comparable between the two
strains, whereas endothelium-independent relaxation
to SNP was rather significantly enhanced in eNOS-KO
mice (Figure 2a).

Intracellular Ca?* responses to ACh in endothelial cells. Intra-
cellular Ca?* responses to ACh were recorded in fura-
2-loaded endothelial cells on the aortic valves in order
to exclude fluorescence signals from smooth muscle
cells. Although EDHF-mediated responses are mainly
observed in mesenteric arteries, it is appropriate to
examine Ca?* signals in aortic endothelial cells, since
they also respond to ACh to cause NO production in a
Ca?*-dependent manner. ACh (1 nM-10 pM) concen-
tration-dependently increased intracellular Ca?* levels
in the endothelium of control and eNOS-KO mice (Fig-
ure 2b). Maximal intracellular Ca?* response was record-
ed after the addition of CPA (an inhibitor of Ca?* pump
adenosinetriphosphatase of the endoplasmic reticulum,
3 pM) and ionomycin (Ca?* ionophore, 25 UM). The
extent of intracellular Ca?* response, normalized to the
maximal response to CPA plus ionomycin, was compa-
rable between the two strains (Figure 2b).

Effect of antibypertensive treatment on EDHF-mediated relax-
ation in eNOS-KO mice. Mild hypertension was observed in
eNOS-KO mice (Figure 2c). Antihypertensive treatment
with oral hydralazine hydrochloride for 6 weeks effec-
tively lowered blood pressure in eNOS-KO mice (Figure
2¢). However, the antihypertensive treatment with
hydralazine failed to improve the EDHF-mediated com-
ponent in the ACh-induced relaxation (KCl-sensitive
component in the presence of indomethacin and L-NNA)
in eNOS-KO mice (Figure 2c).

Effects of K* channel inhibitors on the EDHF-mediated
responses. The combination of apamin (1 pM) and CTx
(100 nM), inhibitors of K¢, channels, significantly
inhibited the EDHF-mediated relaxation in small
mesenteric arteries of control mice (Table 1). Pretreat-
ment with TBA (1 mM), a nonspecific inhibitor of K¢,
channels, caused a slight (<30%) increase in basal ten-
sion in most arteries (five out of six arteries, data not
shown). TBA almost abolished the EDHF-mediated
relaxation in control mice (Table 1). Identical results
were obtained using eNOS-KO mice (data not shown).

Nature of EDHF in small mesenteric arteries of mice. The
contribution of H,0; in the EDHF-mediated relax-
ation was examined by the inhibitory effect of cata-
lase, an enzyme that dismutates H,O, to form water
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and oxygen. In control mice, catalase (1250 U/ml)
only slightly inhibited the relaxation in the presence
of indomethacin alone; however, in the presence of
both indomethacin and L-NNA, catalase markedly
inhibited the relaxation to ACh (Figure 3a). By con-
trast, catalase, when inactivated at its peroxide-bind-
ing site by aminotriazole (50 mM) (29), failed to
inhibit ACh-induced relaxation in the presence of
indomethacin and L-NNA (Table 1). These results sug-
gest that in the presence of indomethacin and cata-
lase, NO acts as the principal endothelium-derived
relaxing factor (EDRF). However, when the generation
of cyclooxygenase-derived products and NO is inhib-
ited, H,O; acts as the primary EDRF. Consistent with
this interpretation, in eNOS-KO mice where NO can-
not act as an EDRF, catalase in the presence of either
indomethacin alone or both indomethacin and L-
NNA almost completely blocked ACh-dependent
relaxation (Figure 3A). Membrane potential record-
ings demonstrated that catalase also inhibited the
ACh-induced endothelium-dependent hyperpolariza-
tion in control mice (Figure 3b). By contrast, catalase
did not affect the endothelium-independent hyper-
polarization (Figure 3b) or relaxation (n = 3, data not
shown) in response to levcromakalim. Deferoxamine
(1 mM), an inhibitor of Fenton reaction-dependent
formation of hydroxyl radical, had no inhibitory
effect on the EDHF-mediated relaxation (Table 1).
17-ODYA (an inhibitor of cytochrome P-450
monooxygenase, 3 UM) (9, 10) or 183-GA (an inhibitor
of gap junctional electrical communication, 40 UM)
(15) had no inhibitory effect on the EDHF-mediated
relaxation in the presence of indomethacin and L-NNA
(Table 1), although 18B-GA also decreased the sensi-
tivity to PGFaq in producing precontraction (data not
shown). It was shown that K* released from the
endothelium is an EDHF in rat hepatic arteries, caus-
ing relaxation and hyperpolarization of the smooth
muscle by activating Na/K pump and inward rectifier
K* channels, and that EDHF-mediated responses were
inhibited by the combination of ouabain plus barium,
inhibitors of Na/K pump and inward rectifier K* chan-
nels (12). In this study, treatment with ouabain (1 mM)
plus barium (30 UM) caused an increase in basal tone
associated with oscillations in five out of nine arterial
rings studied, making it difficult to analyze endotheli-
um-dependent relaxation (data not shown). In the
remaining arteries (in four out of nine rings), endothe-
lium-dependent relaxation was observed and the com-
bination of ouabain plus barium had no inhibitory
effect on the EDHF-mediated relaxation (Table 1).
Cumulative addition of KCl (5-20 mM), which may
cause hyperpolarization and relaxation (12), did not
cause any relaxation (n = 4, data not shown).
H,0induced relaxation and hyperpolarization. Vasoactive
properties of exogenous H,O, were examined in
endothelium-stripped small mesenteric arteries of con-
trol mice. Exogenous H,O; dose-dependently elicited
relaxation that was sensitive to high K* or TBA but resist-

ant to the combination of apamin plus CTx (Figure 3c).
Electrophysiological experiments revealed that exoge-
nous H,O; also elicited concentration-dependent hyper-
polarization of vascular smooth muscle cells in endothe-
lium-stripped small mesenteric arteries (Figure 3c).
H,0; production from endothelial cells. H,O, production
from endothelial cells was detected in the experiments
using a laser confocal microscope with DCF, a peroxide-
sensitive fluorescence dye. In this system the endothelial
monolayer was clearly distinguished from underlying
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Figure 3

Identification of the nature of EDHF in mouse small mesenteric arter-
ies. (a) Catalase (1250 U/ml) markedly inhibited the endothelium-
dependent relaxation to ACh in control mice (after the blockade of

cyclooxygenase and eNOS) (left, n = 5) and in eNOS-KO mice (

after

the blockade of cyclooxygenase) (right, n = 4). AP < 0.01. (b) Catalase
also inhibited the ACh-induced endothelium-dependent hyperpolar-
ization in small mesenteric arteries of control mice (left, n = 5), where-
as it did not affect the levcromakalim-induced (10 UM) hyperpolar-
ization (right, n=3). AP <0.01 vs. control. (c) H,O,, when exogenously
applied, caused endothelium-independent relaxation (left, n = 5) as
well as hyperpolarization (right, n = 4) in small mesenteric arteries of
control mice without endothelium. AP < 0.01 vs. control, BP < 0.05 vs.

resting membrane potentials. Experiments were performed in the
ence of indomethacin (10 pM) and L-NNA (100 pM) (b and ¢).
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Figure 4

ACh-induced production of H,O; by the endothe-
lium detected as an increase in fluorescence inten-
sity in the DCF-loaded endothelial cells in small
mesenteric arteries of mice. Fluorescence images
of the endothelium in small mesenteric artery of
a control mouse were obtained before (a) and 3
minutes after (b, d, and e) the application of ACh
(10 uM). (c) Fluorescence image of smooth mus-
cle layer of a control mouse obtained at the same
visual field as a and b. The direction and depth of
the smooth muscle layer were apparently different

.-
..

from those of the endothelial layer. (d) ACh-induced increase in flu-
orescence intensity was almost abolished by pretreatment with cata-

lase

(1250 U/ml) in a control mouse. (e) ACh-induced increase in

the fluorescence intensity was markedly reduced in an eNOS-KO

mou
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se. All experiments were performed in the presence of
methacin (10 pM) and L-NNA (100 pM).

smooth muscle cells (Figure 4, a-c). ACh caused a signif-
icant increase in the DCF fluorescence intensity in
endothelial cells 3 minutes after the application, espe-
cially at the cell membrane (Figure 4, a and b). This was
unaffected by pretreatment with indomethacin (10 uM),
L-NNA (100 pM), or both (Figure 5a). When the arterial
strip was pretreated with catalase (1250 U/ml), the ACh-
induced increase in the fluorescence intensity was almost
abolished (Figures 4d and Sb). The inhibitory effect of
catalase was more evident after the treatment with
indomethacin and L-NNA (Figure 5b). The extent of
ACh-induced increase in the DCF fluorescence intensity
was markedly reduced in the endothelium from eNOS-
KO mice (Figures 4e and Sc). Calmidazolium (10 M) or
fendiline (100 uM), structurally different calmodulin
antagonists, significantly inhibited the ACh-induced
increase in the DCF fluorescence intensity (Figure 5d).

Discussion

Endothelium-dependent relaxation and hyperpolarization in
control and eNOS-KO mice. Endothelium-dependent
relaxation to ACh was mainly mediated by EDHF in
small mesenteric arteries from control mice, whereas
that in the aorta was mainly mediated by NO, a finding
consistent with our previous observations in rats (24)
and humans (3, 25). Although it was reported that
EDHEF activity was absent in the main trunk of mouse
mesenteric arteries (30), we were able to consistently
document EDHF-mediated hyperpolarization and
relaxation in the second order of the artery (200-240
Mm in diameter). The discrepancy may be due to the

difference in vessel size studied. In eNOS-KO mice,
where NO-mediated relaxation was absent, vasodilator
prostaglandins were upregulated and partially com-
pensated endothelium-dependent relaxation, a finding
consistent with the previous reports (30, 31). EDHF-
mediated relaxation and hyperpolarization, which
might be enhanced in the absence of NO (32, 33), were
also markedly reduced in eNOS-KO mice.

The reduced EDHF-mediated responses in eNOS-KO
mice could be caused by mechanisms other than
reduced production of the factor. First, properties of
vascular smooth muscle might be altered in eNOS-KO
mice. However, in eNOS-KO mice, endothelium-inde-
pendent relaxation to levcromakalim was preserved and
endothelium-independent relaxation to SNP was rather
enhanced, a finding consistent with a previous report
(34). The slightly depolarized resting membrane poten-
tials of smooth muscle cells do not explain the reduced
ACh-induced hyperpolarization in eNOS-KO mice,
because depolarized cells generally tend to hyperpolar-
ize more upon opening of K* channels. Second, since
EDHF is produced by the endothelium in a
Ca?"/calmodulin-dependent manner (17), the reduced
EDHF-mediated responses to ACh in eNOS-KO mice
might be a result of reduced endothelial intracellular
Ca?" response to ACh. However, intracellular Ca?*
responses to ACh, recorded in the fura-2-loaded
endothelial cells, were comparable between the two
strains. Third, the reduced EDHF-mediated responses
in eNOS-KO mice might be a result of the elevated
blood pressure (35). However, this may not be the case,
since antihypertensive treatment with hydralazine failed
to improve the EDHF-mediated relaxation. Therefore,
in eNOS-KO mice, endothelial production of EDHF per
se is reduced in association with eNOS deficiency. Thus,
the above-mentioned results support our hypothesis
that eNOS may be one of the sources of EDHF.

H>0; mediates the EDHF responses in small mesenteric
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arteries of mice. In the present study, catalase inhibited
ACh-induced endothelium-dependent relaxation and
hyperpolarization attributed to EDHF. Catalase com-
pound may often be contaminated with endotoxin (29)
or other substances such as thymol and SOD, which
might alter endothelium-dependent vasodilatation (36).
However, catalase did not alter NO-mediated relaxation
nor levcromakalim-induced relaxation (data not shown)
and hyperpolarization, excluding a possibility of its
nonspecific effects on endothelial or smooth muscle
functions by contaminated substances. Furthermore,
catalase, when inactivated at its peroxide-binding site by
aminotriazole (29), lost its inhibitory effect on the
EDHF-mediated relaxation. These results indicate that
the inhibitory effects of catalase on the EDHF-mediat-
ed responses were indeed mediated by its enzymatic
effect on H,0,. Thus, H,O, appears to mediate the
EDHEF responses in small mesenteric arteries of mice.

It has been proposed that EETs, products of
cytochrome P-450 monooxygenase, may be an EDHF in
some vascular beds, including porcine and bovine coro-
nary arteries (6-8) and mouse gracilis muscle arterioles
(37). In our study, however, 17-ODYA, a specific
inhibitor of cytochrome P-450 monooxygenase (9, 10),
had no inhibitory effect on the EDHF-mediated relax-
ation, which thus excluded this possibility. It has also
been proposed that intercellular electrical communica-
tion between endothelial cells and vascular smooth mus-
cle cells through gap junctions could contribute to
endothelium-dependent relaxation in other blood ves-
sels, including mouse hindlimb arteries (15, 16, 38).
However, this mechanism may not play a central role in
mouse small mesenteric arteries, since gap junction
inhibitor 18B-GA (15) had no significant inhibitory
effect on the EDHF-mediated relaxation. It was also
shown that K* released from the endothelium is an
EDHEF in rat hepatic arteries, causing relaxation and
hyperpolarization of the smooth muscle by activating
Na/K pump and inward rectifier K* channels (12). In this
study, however, the combination of ouabain plus bari-
um failed to inhibit the EDHF-mediated relaxation, and
cumulative addition of KCl did not cause any relaxation.
Thus, the possibility that K* is an EDHF may also be less
likely in mouse mesenteric arteries. These results suggest
that different mechanisms may be involved in the
EDHF-mediated responses in different vascular beds
even within the mouse. However, it should be noted that
these studies have employed different methodologies,
including preparation of arteries (in vivo vs. ex vivo, pres-
surized vs. nonpressurized, and perfused vs. nonper-
fused) and a method to analyze the EDHF responses
(pharmacological vs. electrophysiological).

H;0; production and its sources in endothelial cells. Vascu-
lar endothelial cells have a capacity to produce super-
oxide anions and H,O, from several intracellular
sources, including eNOS, cyclooxygenase, lipoxygenase,
P-450 monooxygenase, and NAD(P)H oxidases (39).
eNOS-dependent production of superoxide and H,O,
from the endothelium in situ has been previously

Table 1

Pharmacological characteristics of ACh-induced EDHF-mediated
relaxation in small mesenteric arteries of control mice, and effect of
K* channel blockers and other inhibitors

Inhibitor(s) Absent Present n
ECso Max ECso Max

K* channel blockers

Apamin + CTx 6.9+0.2 77+8 68+03 48+8% 7
TBA 71+0.2 78+7 ND 18+74 3
Other inhibitors

Catalase 6.8+0.3 89+3 6.5+0.1 30+4%® 5
Inactivated catalase 72+01 90+4 72+0.2 93+3 5
Deferoxamine 71+0.2 832 72+0.2 80+t2 3
17-ODYA 72+02 79+6 76+04 70+x7 4
18B-GA 72+02 81+5 73+03 63+9 4
Quabain + barium 6.9+0.2 83+4 72+01 77+6 4

All experiments were performed in the presence of indomethacin (10 UM) and
L-NNA (100 pM). Data are shown as mean + SEM. Inactivated catalase, cata-
lase (1250 U/mL) inactivated with aminotriazole (50 mM); ECso, negative log-
arithm of half-maximal effective concentration of ACh; Max, maximal relax-
ation to ACh (%); ND, not determined because of abolition of the response.
AP <0.05,8P<0.01 vs. absent.

reported (40). Since eNOS can generate superoxide in
the presence of L-arginine analogues (18), the synthase
could serve as a source of superoxide as well as H,0O,
(the dismutation product of superoxide) in the pres-
ence of L-NNA. In the present study, we were able to
detect endothelial production of H,0,, which was
indeed unaffected by indomethacin or L-NNA and was
inhibited by calmodulin antagonists. eNOS appears to
be one of the sources of the ACh-induced H,O; pro-
duction from the endothelium, since ACh-induced
H,O; production was markedly reduced in blood ves-
sels from eNOS-KO mice. As catalase-sensitive EDHF
responses and H,O, production were still noted in
eNOS-KO mice, H,O, may also be generated by other
oxidases. Although cyclooxygenase-derived H,O, was
identified as a mediator of bradykinin-induced relax-
ation in rat cerebral arterioles (41), ACh-induced H,0,
production was insensitive to the blockade of cyclooxy-
genase in the present study. Previous studies also exam-
ined the possible role of cytochrome P-450-derived
H,0; as an EDHF in coronary arteries of rats (11) and
pigs (42), with negative results. In our study, 17-ODYA
had no inhibitory effect on the EDHF-mediated relax-
ation, excluding a possibility of cytochrome P-450 as a
source of EDHF or H,O5, a finding consistent with a
previous study (42). Thus, other sources of H,O; in
endothelial cells, which may be mediated by a
Ca?*/calmodulin-dependent process, remain to be
identified in a future study.

In the present study, ACh caused a significant
increase in catalase-sensitive peroxide-dependent fluo-
rescence in the intact endothelium, confirming the
production of H,O; by the endothelial cells. However,
we were unable to estimate the amounts of H,O, pro-
duced by the endothelium because it was difficult to
obtain a concentration-response curve of H,O,-
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Figure 5

ACh-induced production of H,O; by the endothelium. DCF-
dependent fluorescence intensities (determined 3 minutes after
application of ACh) are expressed as fold increase from that under
basal conditions. (a) ACh (10 UM) caused a significant increase
in fluorescence intensity. Pretreatment with indomethacin (10
HUM), L-NNA (100 pM), or both did not affect the responses (n =
5-7). NS, not significant. (b) Inhibitory effect of catalase on the
ACh-induced increase in fluorescence intensity (n = 4-7). (c) The
ACh-induced increase in fluorescence intensity was significantly
reduced in eNOS-KO mice (n = 4). Experiments were performed in
the presence of indomethacin (10 M) and L-NNA (100 pM). (d)
Inhibitory effect of calmodulin antagonists calmidazolium (10
UM) and fendiline (100 M) on the ACh-induced increase in flu-
orescence intensity (n = 5-6). Indo, indomethacin (10 uM); Cat,
catalase (1250 U/ml). AP < 0.05 by one-way ANOVA; BP < 0.05 vs.
basal condition by paired Student’s t test.

induced fluorescence for calibration, for the following
reasons. First, it was difficult to apply several doses of
H,0, in a cumulative manner on the same specimen,
because ACh or H,O, was applied directly onto the
slide glasses. Second, repeated scanning by laser itself
causes degradation of the fluorescence dye and may
affect the fluorescence intensity. The concentration of
H,0; needed to elicit significant hyperpolarization and
relaxation (10 M) was rather high in a physiological
situation (40); however, that of H,O; needed to act as
an EDHF may be overestimated, because exogenous
H,O; can be rapidly scavenged by endogenous peroxi-
dases when diffusing to smooth muscle cells.
Mechanism of H;Oz-induced hyperpolarization and relax-
ation. H,O, may cause hyperpolarization of vascular
smooth muscle by activating K¢, channels, both by

direct modulation of channels and by a cGMP-depend-
ent mechanism (22) or a lipoxygenase-mediated mech-
anism (21, 43), in porcine coronary arteries. H,O, may
also activate K¢, channels, resulting in vasorelaxation
in rat cerebral arterioles (41). By contrast, H,O; acti-
vates ATP-sensitive K* channels and causes vasorelax-
ation in cat cerebral arteriole (44). In the present study,
activation of TBA-sensitive K¢, channels on the smooth
muscle by H,O, should play a central role in causing
the relaxation and hyperpolarization, for the following
reasons. First, relaxation to H;O; and relaxation to
ACh were both inhibited by pretreatment with TBA, a
potent inhibitor of K¢, channels. Second, H,O, caused
relaxation and hyperpolarization in blood vessels with-
out the endothelium. Third, H,O, production by the
endothelium was directly confirmed by confocal
microscopy. The combination of apamin plus CTx par-
tially but significantly inhibited the ACh-induced
EDHF-mediated relaxation in endothelium-intact
mesenteric arteries, whereas the combination of the
two inhibitors did not affect H,O,-induced relaxation
in endothelium-stripped arteries. This combination of
apamin and CTx has been recently suggested to inhib-
it K, channels on the endothelium (12, 45), although
the role of K¢, channels on the endothelium remains to
be fully elucidated. Lack of the inhibitory effect of
apamin plus CTx on the H,O,-induced relaxation sug-
gests that this combination may affect K¢, channels on
the endothelium and may inhibit the production of
EDHEF. Indeed, a previous report suggests that depo-
larization of the endothelium (by a K¢, channel block-
er) decreases agonist-induced Ca?* influx (46), which is
essential for production of EDHF (47).

Itis also reported that H,O; elicits hyperpolarization
of human endothelial cells by activating their K¢, chan-
nels (48). H,0,-induced activation of K¢, channels on
the endothelium results in both hyperpolarization of
endothelial cells and K* release from those cells (12).
Hyperpolarization of the endothelium can lead to
hyperpolarization of the underlying smooth muscle via
myoendothelial gap junctions (16), whereas K* can elic-
it hyperpolarization by activating Na/K pump and
inward rectifier K* channels on the smooth muscle
(12). Thus, it is also conceivable that endothelium-
derived H,O; acts not only as a paracrine factor on the
underlying vascular smooth muscle but also as an
autocrine factor on the endothelium. However, this
autocrine mechanism may not play a central role in
mouse small mesenteric arteries, partly because inhibi-
tion of gap junctions by 18f3-GA had no significant
inhibitory effect on the EDHF-mediated relaxation and
partly because K* may not be involved in the EDHF-
mediated relaxation of this blood vessel.

Physiological and pathophysiological implications. In the
present study, a role for H,O, as an EDRF in small
mesenteric arteries was unmasked in control mice fol-
lowing the inhibition of NO production. Conversely,
NO acted as the primary EDRF when H,0, was
reduced by catalase. Thus, NO and H,0O, (as an EDHF)
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appear to compensate each other to cause endotheli-
um-dependent relaxation. Therefore, the notion that
H,O; is an endogenous EDHF may well explain the
redundancy of the endothelium-dependent relaxation
caused by NO and EDHF (1), as well as the inhibitory
effect of NO on the EDHF activity (32, 33). SOD may
play an essential role in mediating endothelium-
dependent relaxation, not only by prolonging the half-
life of NO but also by converting vasoconstrictor
superoxide into vasodilating H,O,, an endogenous
EDHF. It is controversial whether SOD is able to
improve endothelial vasodilator function (49, 50).
However, the enzyme might affect EDHF activity by
either accelerating the rate at which H,O, is generated
or affecting the yield of H,O; (i.e., by promoting super-
oxide dismutation) in microvessels, where EDHF oper-
ates as a major vasodilatory factor.

In summary, the present results indicate that
endothelium-derived H,O, is an EDHF in small mesen-
teric arteries of mice and that eNOS is a major source
of the reactive oxygen species. The present concept may
open a new research field on the importance and com-
plexity of EDRFs under physiological and pathophysi-
ological conditions.
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