
Vascular relaxation response to hydrogen peroxide is impaired in

hypertension

1Yu-Jing Gao, 2Yongde Zhang, 2Simon Hirota, 2Luke J. Janssen & *,1Robert M.K.W. Lee

1Smooth Muscle Research Program, Department of Anaesthesia, McMaster University, Hamilton, Ontario, Canada and 2Smooth
Muscle Research Program, Department of Medicine, McMaster University, Hamilton, Ontario, Canada

1 In phenylephrine (1 mM)-precontracted rat superior mesenteric arteries (MA), hydrogen peroxide
(H2O2, 0.3 and 1mM) caused a biphasic response: a transient contraction followed by a relaxation. In
the presence of thromboxane A2/prostaglandin H2 (TP) receptor antagonist (SQ 29548), the
contractile component of the biphasic response was abolished. The relaxation response to H2O2 was
smaller in spontaneously hypertensive rats (SHR) when compared with normotensive Wistar–Kyoto
rats (WKY).

2 The mechanisms for the attenuated relaxation to H2O2 in the SHR were studied. KCl (40mM)
prevented the relaxation response. Calcium-dependent Kþ channel (KCa) blockers (tetraethylammo-
nium chloride, TEA; iberiotoxin, and charybdotoxin) showed a greater inhibition of H2O2 relaxation
in SHR than in WKY, whereas voltage-dependent Kþ -channel (Kv) blocker 4-aminopyridine was
more effective in inhibiting the relaxation in WKY than in SHR.

3 H2O2 (1mM) greatly enhanced the frequency and intensity of the spontaneous transient outward
Kþ currents in SHR MA, and the effects of H2O2 were inhibited by iberiotoxin, while in WKY MA
the Kþ currents induced by H2O2 were mainly of the Kv type. The consequence of the activation of
different types of Kþ channel was that the net increase in mean outward Kþ current density in
response to H2O2 was smaller in SHR than in WKY, which may account for the attenuated relaxation
response to H2O2 in the SHR.

4 The contractile responses of MA to TEA, iberiotoxin, and charybdotoxin were greater in SHR
than in WKY.

5 In summary, an attenuated relaxation response to H2O2 was found in SHRMA when compared to
WKY. In contrast to the activation of Kv channels in WKY, H2O2 markedly enhanced KCa activity in
SHR, resulting in an attenuation of the increase in mean outward Kþ current density in response to
H2O2. These results suggest that alteration in Kþ channel activation by reactive oxygen species may
play a role in the development of hypertension in SHR.
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Introduction

The role of reactive oxygen species (ROS) in hypertension is

gaining increasing attention. Patients with uncontrolled

hypertension showed a higher level of ROS (superoxide and

hydrogen peroxide, H2O2), and effective control of high blood

pressure also lowered the high level of ROS to normal level

(Prabha et al., 1990). Even among the normotensives, persons

with a family history of hypertension exhibited a higher plasma

H2O2 level than those without such a family history (Lacy et al.,

1998). In the spontaneously hypertensive rats (SHR), a widely

used animal model of human essential hypertension, a higher

level of ROS and lipid peroxidation in mesenteric arterioles

and myocardium was reported (Ito et al., 1992; Suzuki et al.,

1995). Polymorphonuclear leukocytes of SHR produced more

superoxide than that of WKY (Ohmori et al., 2000). In other

hypertensive animal models, a higher production of ROS was

found in deoxycorticosterone acetate-salt hypertensive rats,

Dahl hypertensive rats, and in angiotensin II- or renovascular

ligation-induced hypertensive rats (Rajagopalan et al., 1996;

Swei et al., 1997; Harrison et al., 1999; Somers et al., 2000).

These results suggest that ROS may participate in the

development or maintenance of hypertension.

Functional alterations in the artery of hypertensive subjects

are characterized by an enhanced contractile response, or a

blunted relaxation response, or both, to certain vasoactive

agents. A combination of an augmented contraction and a

weakened relaxation may contribute to an elevation of

vascular tone, which in turn can result in an increase in

peripheral arterial resistance and therefore high blood
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pressure. It is well known that ROS affect vascular function.

Studies on the involvement of ROS in hypertension have

focused on the contractile reactivity to ROS. SHR aorta

showed a higher contractile response to exogenously applied

H2O2 or superoxide or lipid peroxides (Auch-Schwelk et al.,

1989; Rodriguez-Martinez et al., 1998; Hibino et al., 1999;

Garcia-Cohen et al., 2000). In smaller vessels, we have

previously found that H2O2 induces a greater contraction in

SHR mesenteric artery (MA) than WKY (Gao & Lee, 2001).

Vasomotor effects of ROS are not limited to vasoconstric-

tion, because some ROS can also relax precontracted arteries.

Activation of Kþ channels has been suggested as one of the

mechanisms for the relaxation response. For example, H2O2

was found to induce a relaxation response in porcine coronary

artery by opening calcium-dependent Kþ channels (KCa)

(Barlow & White, 1998), and in feline cerebral artery by

activating ATP-dependent Kþ channels (KATP) (Wei et al.,

1996). In the MA from normotensive rats, we have found that

relaxation response to H2O2 was through the activation of

voltage-dependent Kþ channels (Kv) (Gao et al., 2003). The

relaxation response to H2O2 in the arteries of hypertensives

such as SHR remains unknown.

In hypertension, a decreased Kþ channel activity may

contribute to an increase in vessel contractility (Martens &

Gelband, 1998). In SHR, an impaired Kv activity was found in

the aorta (Cox, 1996) and an impaired KCa and KATP activity

was found in the MA (Ohya et al., 1996; Borges et al., 1999).

Since ROS have emerged as a significant determinant of Kþ

channel activity (Liu & Gutterman, 2002) and production of

ROS is higher in hypertension, we hypothesized that the

vascular relaxation response to H2O2 is altered in SHR MA,

and that this alteration is related to changes in Kþ channel

activity. In this study, we have used a combined pharmaco-

logical and electrophysiological approach to examine the

relaxation response to H2O2 in SHR MA and the underlying

mechanisms related to this response.

Methods

Animals

Male SHR and Wistar–Kyoto rats (WKY) 6–8 months old

were obtained from the rat colonies maintained at the

McMaster University Central Animal Facilities. These colo-

nies originated from the Charles River strains, and we have

maintained these inbred colonies at our institute for more than

20 years. The care and the use of these animals were in

accordance with the guidelines of the Canadian Council on

Animal Care.

Reactivity experiments

The detailed procedure for preparing mesenteric arterial rings

and the components of Krebs solution have been described in

our previous reports (Gao & Lee, 2001; Gao et al., 2003).

Briefly, the rats were anaesthetized with sodium pentobarbitol

(50mg kg�1, i.p.) and then exanguinated by bleeding from the

abdominal aorta. Following the dissection of the MA,

the endothelium was mechanically removed by rubbing the

internal surface of the ring with a fine wooden stick, and

successful removal of endothelium was verified by the absence

of relaxation response to 1mM carbamycholine chloride. After

1 h of equilibration (resting tension 1.5 g), the MA ring

(approximately 4mm long) was precontracted with pheny-

lephrine (PHE, 1mM, to 70–80% of the maximal contraction)

in the presence or absence of thromboxane A2/prostaglandin

H2 (TP) receptor antagonist (SQ 29548, 30mM, 25min). H2O2

was added when the precontraction to PHE had reached a

plateau. In the experiments without TP receptor antagonist,

each ring was exposed to one concentration of H2O2; in the

presence of TP receptor antagonist, each ring was exposed to

one cumulative series (0.1, 0.3, and 1mM) of H2O2. Catalase,

superoxide dismutase, or dimethylsulphoxide (DMSO) was

introduced for 5–10min, whereas Kþ channel blockers were

added 20–25min before exposure to H2O2. Maximal contrac-

tion and/or relaxation response to H2O2 was expressed as a

percentage of the precontraction value by PHE. The inhibitory

effect of Kþ channel blockers was expressed as a percentage of

the control. The contractile response to Kþ channel blockers

was expressed as a percentage of KCl contraction (which is not

different between SHR and WKY, data not shown).

Patch clamp experiments

Membrane Kþ currents were recorded at room temperature

using the perforated whole cell patch clamp with conventional

configuration as previously described (Gao et al., 2003).

Access resistance ranged from 11 to 44MO (70% compen-

sated), and whole cell capacitance ranged from 8 to 33 pF. The

electrode solution contained (in mM) 140 KCl, 1 MgCl2, 0.4

CaCl2, 20 HEPES, 1 EGTA and 0.3mgml�1 nystatin (pH 7.2).

Membrane currents were filtered at 1 kHz and sampled at

2 kHz. Drug was applied using a micropuffer (Picospritzert II,

General Valve Corp, Fairfield, NJ, U.S.A.). Currents were

standardized according to the membrane area (using cell

capacitance). There was no significant difference in cell

capacitance between SHR and WKY (data not shown). The

mean outward Kþ current density was calculated using

Axopatch 200B and pCLAMP8 software (Axon Instrument,

Foster City, CA, U.S.A.) by integrating the currents over a

fixed time interval (170–340ms following onset of voltage

pulse) and dividing by cell capacitance.

Chemicals

The following chemicals were used: H2O2 and DMSO (BDH

Inc., Toronto, Canada); 4-AP, charybdotoxin, catalase,

iberiotoxin, PHE, superoxide dismutase, tetraethylammonium

chloride (TEA, Sigma, U.S.A.); SQ 29548 (RBI, Sigma,

U.S.A.). SQ 29548 was dissolved in absolute ethanol and

diluted in 50% ethanol; charybdotoxin and iberiotoxin were

dissolved in oxygen-free water. All other agents were dissolved

in deionized water and prepared freshly before use.

Statistical analysis

The results are expressed as mean7s.e.m., where n represents

the number of rats. Statistical analysis was performed using

one-way ANOVA and unpaired Student’s t-test. The differ-

ences are considered significant when Po0.05.

144 Y.-J. Gao et al Attenuated relaxation to hydrogen peroxide in SHR

British Journal of Pharmacology vol 142 (1)



Results

At 6–8 months of age, body weight of SHR (38074 g n¼ 28)

was lighter than WKY (40177 g, n¼ 19; Po0.05). Systolic

blood pressure measured with the tail-cuff compression

method was significantly higher in the SHR (19574mmHg)

than in WKY (13073mmHg; Po0.01).

H2O2 (1mM) induced a biphasic response in WKY and SHR

MA: a transient contraction followed by a relaxation (which is

endothelium independent) in PHE-precontracted tissues (Fig-

ure 1a,b). Removal of endothelium did not affect the

contractile component to 1mM H2O2 (e.g. maximal contractile

response in SHR as % of PHE precontraction in the presence

or absence of endothelium was 31.571.4 versus 32.173.8,

n¼ 6–7, P40.05). In the presence of thromboxane A2/

prostaglandin H2 (TP) receptor antagonist (SQ 29548,

30 mM), only the relaxation response was present because the

contractile response was inhibited (Figure 1c,d). SQ 29548 did

not affect PHE precontraction (data not shown) or the

relaxation to H2O2 (maximal relaxation to 1mM H2O2 in

the absence or presence of SQ 29548 : 69.975.1% versus

76.171.9%, P40.05). In endothelium-denuded MA of WKY

Figure 1 Typical tracings showing the response to H2O2 in PHE (10–6M)-precontracted mesenteric arteries from WKY and SHR.
In the absence of the TP receptor antagonist SQ 29548, H2O2 induced a biphasic response: a transient contraction followed by a
relaxation in WKY (a) and SHR (b). In the presence of SQ 29548, only the relaxation response was present (c, d). Mean
concentration–response relationship for H2O2 (in the presence of SQ 29548) and for nitroprusside are given in (e) and (f),
respectively (n¼ 4–6 rats). Arteries were denuded of endothelium. *Po0.05, **Po0.01 compared with respective WKY.

Figure 2 Effects of catalase (1000Uml�1), superoxide dismutase
(SOD, 150Uml�1), and dimethylsulphoxide (DMSO, 5mM), on the
biphasic response to H2O2 (10–3M) in PHE-precontracted MA of
SHR (without TP receptor antagonist). Endothelium was removed
in all the arteries. Contraction (upward bars) and the following
relaxation response (downward bars) were expressed as a percentage
of PHE-precontraction. Results (mean7s.e.) were from four to six
rats. Catalase almost eliminated the H2O2 response, while SOD or
DMSO had no effects. **Po0.01 compared with control.
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and in the presence of SQ 29548, the relaxation response to

H2O2 was concentration dependent, with a large relaxation

response at 300mM (Figure 1c). In SHR, 300mM H2O2 only

induced a small relaxation response and maximal relaxation to

1mM H2O2 was also significantly smaller than that in WKY

(Figure 1d,e). The relaxation response to sodium nitroprusside

was similar between SHR and WKY (Figure 1f). We also

examined the effects of free radical scavengers on H2O2-

induced response in the SHR MA without TP receptor

antagonist SQ 29548. Catalase (H2O2 scavenger, 1000 uml�1)

abolished the biphasic response to H2O2, while superoxide

dismutase (superoxide scavenger, 150 uml�1) and DMSO

(hydroxyl radical scavenger, 5mM) had no effects (Figure 2).

The mechanisms for the attenuated relaxation response to

H2O2 were studied. The relaxation response to 0.3mM H2O2

was abolished and that to 1mM H2O2 was greatly inhibited (by

97.6712%) in SHR by 40mM KCl, indicating that activation

of Kþ channels may be responsible for the relaxation

response. In the following experiments, we examined the

inhibitory effects of Kþ channel blockers on the relaxation

response to 1mM H2O2. KCa channel blockers (TEA,

iberiotoxin, and charybdotoxin) showed a greater inhibition

of the H2O2-induced relaxation in SHR than in WKY, while

Kv channel blocker 4-AP exhibited a higher inhibition of

relaxation in WKY than in SHR (Figure 3).

Whole cell patch clamp studies were carried out using single

smooth muscle cells freshly isolated from the artery. In tissues

from WKY, stepwise depolarizing pulses mainly induced Kv

currents; H2O2 significantly enhanced these currents. In tissues

from SHR, stepwise depolarization evoked multiple sponta-

neous transient outward Kþ currents (STOCs) superimposed

on the sustained Kv currents, and H2O2 markedly increased the

frequency and intensity of the STOCs (Figure 4a–c). The

consequence of the activation of different Kþ channels by

H2O2 was that the net increase in mean outward Kþ current

density was smaller in SHR than in WKY (in pA/pF; SHR:

1173.5; WKY: 22.574.4; n¼ 4 rats for each strain; Po0.05),

which may account for the attenuated relaxation response to

H2O2 in the SHR. The H2O2-induced increment of Kþ

currents in SHR was inhibited by the selective large

conductance KCa channel blocker iberiotoxin (0.1 mM) (Figure

5a,b,c).

Figure 3 Inhibitory effects of KCa blockers (tetraethylammonium
chloride (TEA), iberiotoxin (IBTX), and charybdotoxin (CHTX))
and Kv blocker (4-AP) on H2O2-induced relaxation in the mesenteric
arteries of SHR and WKY in the absence of SQ 29548. Results
(mean7s.e.) are from five to seven rats. *Po0.05, **Po0.01 versus
respective WKY.

M
em

br
an

e 
cu

rr
en

t (
pA

)

0

200

400

600

800

1000

M
em

br
an

e 
cu

rr
en

t(
pA

)

0

200

400

600

800

1000

S
T

O
C

s 
pe

r
sw

ee
p

0

1

2

3

4

5

6

7

+H 2O 2

+H 2 O2

0 1 3 4 5 7
Time (min)

i ii

i

ii

a

b
c

62

Figure 4 H2O2 (1mM) augmented STOCs in freshly isolated smooth muscle cells from SHRMA. Depolarizing pulses (to þ 40mV,
1 s duration, from a holding potential of �70mV), delivered at 15-s intervals, evoked voltage-dependent Kþ currents upon which
STOCs were superimposed. An average representation of the voltage-dependent Kþ currents was obtained and subtracted digitally
off-line from all the traces, leaving primarily the STOCs shown in panel a. Application of H2O2 (1mM) markedly increased the
amplitude and the frequency of the STOCs. Panel b shows representative current sweeps obtained before and during application of
H2O2 (indicated in panel a). Panel c indicates the number of STOCs obtained per sweep (as determined by crossing of the dotted line
in panel a).
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Concentration–contraction relation to TEA was constructed

in arteries at resting tension. TEA (1mM) caused a significant

contraction in SHR but not in WKY arteries (Figure 6a).

Although higher concentrations of TEA (X3mM) contracted

WKY MA, the amplitude of contraction was much lower than

that of SHR. 4-AP induced a similar contraction in the two

strains (data not shown). Contraction to a single concentration

of iberiotoxin (10–6M) and charybdotoxin (10–7M) was also

higher in SHR MA than in WKY (Figure 6b).

Discussion

In this study, we found that SHR MA showed an enhanced

contractile response and an attenuated relaxation response to

H2O2 as compared with WKY. Since we have already reported

the possible mechanism underlying the enhanced contractile

response of SHR MA to H2O2 (Gao & Lee, 2001), we have

concentrated on the study of the relaxation component of

SHR MA response to H2O2 in this study. Thus, we found that

Kþ channel activation was responsible for the relaxation to

H2O2 in both SHR and WKY, but the main subtype of Kþ

channels activated by H2O2 was KCa in SHR versus Kv in

WKY. Furthermore, the overall increase of mean current

density by H2O2 was significantly smaller in SHR tissues

compared to WKY (making SHR tissues more excitable),

which might account for the attenuated relaxation to H2O2 in

SHR MA.

We have also established that the attenuated relaxation

response to H2O2 in SHR MA was not due to the enhanced

contractile response that preceded the relaxation response,

because the relaxation response was still smaller when the
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contractile component was inhibited with TP receptor

antagonist. The attenuated relaxation to H2O2 was also not

due to an altered myogenic property of SHR MA, because

sodium nitroprusside produced a similar relaxation response in

MA from both SHR and WKY. Therefore, the attenuated

relaxation response to H2O2 was specific to SHR MA.

Furthermore, the response to H2O2 was induced by H2O2

itself because catalase abolished this response, while super-

oxide dismutase and DMSO did not.

The finding that KCl prevented H2O2-induced relaxation in

SHR MA suggests that the Kþ channels are involved. Our

patch clamp study results clearly showed that the main type of

Kþ channels activated by H2O2 was different between SHR

and WKY: KCa predominated in SHR in contrast to Kv in

WKY. The consequence of the activation of different Kþ

channels between SHR and WKY was a significantly smaller

increment in mean outward Kþ current density in SHR than

in WKY, which may account for the attenuated relaxation in

SHR MA to H2O2. To our knowledge, this is the first report to

show that H2O2-induced relaxation was attenuated in SHR

MA when compared with WKY.

The contribution of KCa channels in SHR MA was also

assessed pharmacologically using muscle organ baths. The

contractions evoked by TEA, iberiotoxin, or charybdotoxin

were significantly higher in SHR MA than in WKY,

suggesting an increased functional activity of KCa channels in

the SHR vessels. This is consistent with the report by Rusch

et al. (1992) in SHR aorta and that by Asano and Nomura

(2002) in SHR femoral, mesenteric, and carotid artery, and in

SHR aortic smooth muscle cells (England et al., 1993). In a

separate study, we have performed a Western blot analysis of

the large conductance KCa channel protein in the MA from

SHR and WKY, and found that KCa was increased in SHR

(unpublished data), similar to a previous report using SHR

aorta (Liu et al., 1997). Therefore, the increased KCa current

may be a result of both an increased number and an enhanced

activity of KCa channels in SHR MA.

In recent years, ROS have been recognized as a significant

determinant of Kþ channel function (Liu & Gutterman, 2002).

H2O2 certainly activated different types of Kþ channel in SHR

and WKY, based on the results from this study. The

mechanisms underlying this difference may involve increased

number and activity of KCa channels, altered Ca2þ handling,

and/or a high cytosolic Ca2þ concentration (Nomura et al.,

1997; Asano & Nomura, 2002). ROS may also increase the

sensitivity of endoplasmic reticulum Ca2þ stores to some

signaling molecules such as inositol 1,4,5-triphosphate, which

generates Ca2þ oscillations (Hu et al., 2002), and may thus

affect KCa channel function.

Although plasma level of H2O2 is usually at the nanomolar

level (Lacy et al., 1998), local vascular concentration of H2O2

may be much higher. According to Schraufstatter & Cochrane

(1997), local concentration of superoxide (which can be rapidly

converted to H2O2 by superoxide dismutase) can reach 5–

10mM when polymorphonuclear leukocytes are stimulated.

Vascular tissues are also a rich source of ROS including H2O2.

In SHR, polymorphonuclear leukocytes are more capable of

producing superoxide than those from WKY rats (Ohmori

et al., 2000), and vascular tissues including mesenteric

arterioles have a higher level of ROS (Suzuki et al., 1995;

Wu et al., 2002). Therefore, local H2O2 might reach a level that

can initiate Kþ channel activation in the vasculature.

At low concentration (10�6–10�4
M), H2O2 only contracts

vessels. This contraction was higher in SHR than in WKY at

this range. We hypothesized that this may be one of the

contributing mechanisms for ROS in SHR hypertension. At

higher concentrations of H2O2 (0.3–1mM), a transient

contraction followed by a prolonged relaxation response was

seen in precontracted vessels. The relaxation to higher

concentrations of H2O2 is probably a compensatory means

to prevent the vessel from overcontraction by H2O2 when a

large amount of H2O2 is generated locally. This vasodilation

may also help to flush out local accumulation of H2O2 by

increasing blood flow. However, the dilation response to H2O2

is less in SHR than in normotensive rat WKY. We therefore

speculated that the attenuated relaxation response to high

concentration of H2O2 represents an impaired compensatory

defense mechanism against oxidative stress in SHR.

In summary, we have found that a blunted relaxation

response to H2O2 mediated through KCa activation was present

in SHR MA. This blunted relaxation response to H2O2 may

represent another defect in the handling of oxidative stress in

SHR vessels. An understanding of the mechanisms of the

attenuated relaxation to ROS in SHR may be helpful in the

development of new therapeutic initiatives, such as antiox-

idants or specific channel blockers, in the management of

hypertension.
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Figure 6 Contractile responses evoked by KCa channel blockers in
SHRMA at resting tension. (a) Concentration–contraction response
curve for TEA; (b) contraction to iberiotoxin and to charybdotoxin
in SHR and WKY mesenteric arteries. Results (mean7s.e.) were
from four to 12 rats. *Po0.05, **Po0.01 compared with WKY.
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