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Abstract

Acetylcholine releases a non-prostanoid endothelium-derived hyperpolarizing factor (EDHF) and nitric oxide from physiological salt
solution perfused rat mesenteric arteries. This study reports an impairment in EDHF-mediated vasodilation in deoxycorticosterone acetate
(DOCA)-salt hypertensive versus control normotensive rats. Nitric oxide-mediated vasodilation to acetylcholine was not altered in the
animals. We hypothesize that free radical species generated as by-products of arachidonic acid metabolism contribute to impaired EDHF-
mediated dilation in DOCA-salt hypertension. With or without reduced nicotinamide adenine dinucleotide phosphate (NADPH) as co-factor,
arterial microsomes generate free radical species upon incubation with arachidonic acid. The production of free radicals was significantly
higher in DOCA-salt versus control rat microsomes, and was totally eliminated by addition of cyclooxygenase-2 inhibitors NS-398 or
celecoxib at 30 pM. Treatment of DOCA-salt rats with tempol (an antioxidant; 15 mg/kg, i.p., 21 days) alleviates hypertension; improves
acetylcholine-induced EDHF-mediated vasodilation in DOCA-salt rats, and decreases arachidonic acid-driven microsomal free radical
production. Serum level of 8-isoprostanes is elevated in DOCA-salt hypertension versus control or sham-salt rats, and the increase was
reversed by tempol treatment. These results show that EDHF-mediated dilation of rat mesenteric arteries is impaired in DOCA-salt induced
hypertension. Our data also suggest that cyclooxygenase-2 mediates free radical production, and that free radicals modulate the EDHF-

mediated vascular response in DOCA-salt induced hypertension.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Endothelium-derived hyperpolarizing factor; DOCA-salt hypertension; Tempol; Free radical species; Mesenteric vascular bed

1. Introduction

Endothelium-dependent vasodilation is impaired in hu-
man (Miyoshi et al., 1997; Shimokawa, 1998; Lind et al.,
2000) and animal forms of hypertension (Fujii et al., 1992;
Kimura and Nishio, 1999), including deoxycorticosterone
acetate (DOCA)-salt-induced hypertension (Millette et al.,
2000). The mechanisms proposed include: altered nitric
oxide synthase activity (Sullivan et al., 2002); increased
production of endothelium-derived prostanoid contracting
factors and endothelins (Luscher, 1990); increased genera-
tion/availability of superoxide anions (Somers et al., 2000);
and decreased influence of endothelium-derived hyperpola-
rizing factor (EDHF) (Fujii et al., 1992). These mechanisms

* Corresponding author. Tel.: +1-502-852-7561; fax: +1-502-852-
6239.
E-mail address: asadea0l@louisville.edu (A.S.O. Adeagbo).

0014-2999/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2003.09.005

vary in importance with different types of blood vessels and
with different forms of hypertension. In the spontaneously
hypertensive rats (SHR), for example, blunted endothelium-
dependent relaxation found in the aorta is due to increased
formation of contractile endoperoxide products (Luscher,
1990; Cordellini, 1999), while in rat mesenteric arteries,
blunted hyperpolarization (Fujii et al., 1992) and/or altered
nitric oxide synthase 3 distribution (Sullivan et al., 2002)
accounts for impaired endothelium-dependent vasodilation.

Acetylcholine elicits dilation of perfused rat mesenteric
arterial bed by releasing two distinct, non-prostanoid relax-
ing factors (Adeagbo and Triggle, 1993). The first, described
as endothelium-derived hyperpolarizing factor (EDHF), is
insensitive to nitric oxide synthase inhibitors, and vaso-
dilates by opening K¢, channels. The second can be
inhibited by nitric oxide synthase inhibitors when extracel-
lular K concentration is raised to about 25 mM and is
characterized as endothelium-derived nitric oxide (EDNO).
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In the present study, we first determined the influence of
DOCA-salt induced hypertension on EDHF- and EDNO-
mediated components of acetylcholine-induced vasodilation.

Elevated production of free radical species contributes to
the onset or progression of spontaneous (Kerr et al., 1999),
Dahl salt-sensitive (Swei et al., 1999) and mineralocorticoid-
salt-induced (Somers et al., 2000; Beswick et al., 2001a,b)
hypertension in rats, as well as development of hypertension
in humans (Kumar and Das, 1993; Lacy et al., 2000). Free
radical species are generated as by-products during the
oxidative metabolism of either arachidonic acid by cyclo-
oxygenases, lipoxygenases and cytochrome P450 enzymes
(Puntarulo and Cederbaum, 1998), or L-arginine by nitric
oxide synthases (Porasuphatana et al., 2003), and during
activation of NADH/NADPH-dependent oxidases by hyper-
tension (Beswick et al., 2001a; Li et al., 2003). Since
endothelium-dependent vasodilation of perfused rat mesen-
teric bed is accompanied by the release of arachidonic acid
(Adeagbo etal., 2001), which we presume as the precursor for
EDHF synthesis, we hypothesize that free radical by-prod-
ucts of cytochrome P450-mediated metabolism of arachi-
donic acid contribute to endothelium dysfunction during
DOCA-salt-induced hypertension. We tested this hypothesis
by investigating the effects of a broad spectrum antioxidant,
tempol (Mitchell et al., 1990; Laight et al., 1997; Zhang et al.,
1998), on blood pressure and on EDHF-mediated vasodila-
tion of DOCA-salt treated rats, and by measuring microsomal
generation of free radical species from arachidonic acid under
different experimental paradigms.

2. Methods
2.1. General animal care

Our experimental procedures conform to “Guiding Prin-
ciples for Research Involving Animals and Human Beings”
of the American Physiological Society (2002). Male
Sprague—Dawley rats (Harlan, Indianapolis) were main-
tained on standard rat diet and water ad libitum for at least
1 week in Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC)-approved facilities
before use for experiments. The project was approved by
the Institutional Animal Care and Use Committee (IACUC)
of the University of Louisville. Acute experiments were
started in the morning on rats (225-305 g) that had been
fasted overnight.

2.2. Experimental hypertension

Experiments were performed on four groups of age-
matched, male Sprague—Dawley rats. Group I (control):
rats with two kidneys; fed normal rat chow and water drink.
Groups II, IIT and IV rats were uninephrectomized surgically
under pentobarbital (50 mg/kg; i.p) anesthesia. Group II
(sham-salt): implanted s.c with placebo pellets, and fed high

NaCl+K diet. Group III (DOCA-salt): implanted s.c with
DOCA (100 mg) 21-day-release pellets and fed with high
NaCl+K diet. Group IV (DOCA-salt/Tempol): implanted
s.c with DOCA (100 mg) 21-day-release pellets and fed
with high NaCl+K diet plus daily intra-peritoneal admin-
istration of tempol (15 mg/kg) for 21 days prior to use in
experimental protocols. Blood pressures of all groups of rats
were measured indirectly by a digital tail cuff plethysmog-
raphy (Letica; model 5001).

2.3. Vascular perfusion studies

Mesenteric vascular beds of rats were excised under
pentobarbitone (60 mg/kg, i.p.) anesthesia and perfused (5
ml/min; Masterflex peristaltic pump) in vitro with physio-
logical salt solution at 37 °C. The physiological salt solution
is composed of the following (in mM): NaCl, 118; KCl, 4.7,
CaCl,, 2.5; KH,POy, 1.2; MgSOy, 1.2; NaHCOs3, 12.5 and
glucose, 11.1. Excess (25 mM) K" depolarizing physiolog-
ical salt solution was prepared by substituting an equimolar
amount of K" for Na"; the pH of all physiological salt
solution after bubbling with 95% O,, 5% CO, gas mixture
was 7.4. Vascular beds were routinely perfused with phys-
iological salt solution, which in EDHF protocols contained
nitro-L-arginine methyl ester (L-NAME; 100 uM) plus indo-
methacin (5 pM) to block endogenous syntheses of nitric
oxide and prostanoid, respectively. For experimental proto-
cols involving endothelium-derived nitric oxide (EDNO)
investigations, high (25 mM) K" physiological salt solution
was used to perfuse the vascular beds. Perfusion pressures
were recorded with Statham pressure transducers coupled to
a Grass polygraph (model 7H).

In all relaxation studies, we generated vascular tone by
infusion of an «;-adrenoceptor selective agonist, cirazoline
(0.2-0.5 pM). Acetylcholine, 1-ethyl-2-benzimidazolinone
(1-EBIO) or 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)
phenyl]-2H-benzimidazol-2-one (NS-1619) was injected into
the perfused vascular beds in bolus doses and the dilator
responses (expressed as % of prevailing tonus) were com-
pared in the groups of rats used. The effects of the dilator
agonists were also examined in the absence or during infusion
of apamin (0.5 uM) plus charybdotoxin (0.1 pM) in order to
ascertain the dependence or otherwise of the responses on the
opening of K¢, channels.

2.4. Preparation of arterial microsomes

Mesenteric vessels were minced with a sharp pair of
scissors in a beaker containing 20-ml 0.1 M phosphate plus
0.15% KCI buffer (homogenization buffer; pH 7.4). The
buffer contained phenylmethylsulfonyl fluoride and a cock-
tail of six other protease inhibitors with broad specificity
for the inhibition of aspartic, cysteine, and serine proteases
as well as aminopeptidases. The homogenates were centri-
fuged for 15 min at 20,000 x g (4 °C); the supernatant
layer was retained while the tissue debris (bottom) and
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floating fat (top) layers were discarded. The supernatant
was centrifuged further for 1 h at 100,000 x g (4 °C). The
cytosolic (top) layer was discarded while the microsomal
pellets (bottom portion) were reconstituted in 0.5-ml ho-
mogenization buffer containing 15% glycerol (to preserve
their functional integrity). This was eventually dispersed
evenly with a glass pestle and aliquots made according to
the desired experiments, or stored at B80 °C. The total
protein content of the microsomal fractions was estimated
(Bradford, 1976). Microsomes were prepared from arteries
of control, sham-salt, and DOCA-salt rats in most cases,
but in some experiments, we also used microsomes
obtained from rats treated with DOCA-salt plus tempol
(15 mg/kg, i.p.) for 21 days. In the latter cases, microsomes
were isolated as described above.

2.5. Microsomal production and spectrofluorimetric
determination of free radicals

Arachidonic acid-dependent free radical production was
investigated with microsomes obtained from control, sham-
salt or DOCA-salt arteries. Reaction cuvettes contained 2
mg of microsomal protein in 2-ml 40 mM potassium
phosphate buffer (pH 7.4) plus 1 mM sodium azide. The
reaction mixtures were set up as follows: (1) 2-mg boiled
microsomal protein plus or minus 0.5 mM NADPH plus
0.1 mM arachidonic acid [negative control]; (2) 2-mg
microsomal protein plus or minus 0.5 mM NADPH plus
0.1 mM arachidonic acid [control microsomes], and (3) 2-
mg microsomal protein plus or minus 0.5 mM NADPH
plus 0.1 mM arachidonic acid [DOCA-salt microsomes].
We evaluated the potential role of cytochrome P450 and
cyclooxygenase enzyme systems in mediating arachidonic
acid-dependent free radical production in arterial micro-
somes. In such cases, we studied the influence of a P450
inhibitor miconazole (100 uM), and cyclooxygenase inhib-
itors mefenamic acid (nonselective; 100 uM) or NS-398
and celecoxib (cyclooxygenase-2 selective; 30 pM) on free
radical production in DOCA-salt arterial microsomes. The
desired concentration of a particular inhibitor under study
was added to the reaction cuvettes, and allowed to equil-
ibrate with the microsomes prior to addition of arachidonic
acid.

Generally, reaction cuvettes were incubated for 10 min at
37 °C in a final volume of 2 ml and in the presence of
2',7-dichlorofluorescein diacetate (DCFDA; 5 puM). Fol-
lowing 2—3-min incubation, arachidonic acid (0.1 mM) was
added to each cuvette, and the fluorescence generated by
the reaction mixture was monitored in a Perkin Elmer
Luminescence Spectrometer (LS50B) at excitation and
emission wavelengths of 488 and 525 nm, respectively.
Fluorescence was quantified as the changes in formation
rate of arachidonic acid-dependent fluorescent product(s).
Corrections for autofluorescence were made by inclusion of
parallel blanks (i.e., assay mixture without microsomes, or
without arachidonic acid) in each experiment.

2.6. Measurement of serum 8-isoprostane levels

8-Isoprostane (8-epi-prostaglandin F,,) is produced non-
enzymatically via superoxide anion radical-mediated tissue
oxidation of membrane phospholipids (Banerjee et al.,
1992). The levels of this lipid derivative in sera harvested
from control, DOCA-salt and DOCA-salt plus tempol
groups of rats were measured with a commercially available
enzyme immunoassay kit (Cayman Chemical, Ann Arbor,
MI). The assays were performed on freshly harvested sera.
Samples and standards were assayed in triplicate and
blanked according to the manufacturer’s instructions, and
as previously reported (Krysztopik et al., 2000). Polynomial
regession of standard curves demonstrated a strong correla-
tion (#*=0.988) between concentration (ng/ml) and mea-
sured absorbance (405 nm).

2.7. Drugs

Acetylcholine hydrobromide, arachidonic acid, reduced
nicotinamide adenine dinucleotide phosphate NADPH), N*-
nitro-L-arginine methyl ester, indomethacin, 1-ethyl-2-benzi-
midazolinone (1-EBIO), 1,3-dihydro-1-[2-hydroxy-5-(tri-
fluoromethyl) phenyl]-2H-benzimidazol-2-one (NS-1619),
charybdotoxin, apamin, NS-398 [N-(2-cyclohexyl-4-nitro-
phenyl)-methane sulfonamide] and mefenamic acid were
purchased from Sigma (St. Louis, MO, USA). Cirazoline
hydrochloride was purchased from Research Biochem.
(Natick, MA, USA). The Protease Inhibitor Cocktail Set III
and phenylmethylsulfonyl fluoride were purchased from
Calbiochem-Novabiochem (La Jolla, CA, USA). Tempol-4-
hydroxy-[2,2,6,6-tetramethylpiperidine-1-oxyl] was pur-
chased from Aldrich-Sigma, Milwaukee, WI, USA. The
stock solutions of compounds were made in distilled water
except indomethacin, NS-398 and celecoxib, which were
dissolved in dimethyl sulfoxide (DMSO).

2.8. Data analysis

Changes in perfusion pressure were expressed as a
percentage of the arterial perfusion pressure before the
administration of a vasodilator agent. Values are expressed
as mean + S.E.M., and differences between the mean values
were compared using either Student’s ¢ test for paired
observations, or the Repeated Measures Analysis of Variance
(ANOVA; multiple comparisons). The Dunnett’s multiple
comparison test was used to determine differences between
the means of individual groups. The difference between
means was considered significant when P was less than 0.05.

3. Results

The systolic as well as diastolic blood pressures were
significantly (P<0.05) higher in uninephrectomized rats
that received subcutaneous implants of DOCA (100 mg; 21
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Table 1

Blood pressure, heart mass, body mass and heart-to-body mass ratio in 3-
week DOCA-salt-treated rats and age-matched salt-treated sham and control
untreated rats

Parameters Control Sham-salt DOCA-salt
Systolic/diastolic 125 +£7/108 £3 137 +3/106 £6 194 + 5/166 + 4*
blood pressure (n=37) (n=30) (n=32)
(mm Heg)
Heart mass (mg) 1398 + 28 1440 + 40 1860 + 32°
(n=37) (n=30) (n=32)
Body mass (g) 3506 358+ 10 301 +9°¢
(n=37) (n=30) (n=32)
Heart/body mass 3.99 + 0.50 4.024+0.48 6.18 +0.22¢
ratio (mg/g) (n=37) (n=30) (n=32)
a, b, ¢

Data represent the mean + S.E.M.; n in parentheses. and ¢ denote
statistical difference (p<0.05) from corresponding control and sham-salt
values.

day-release) pellets and fed with potassium-supplemented
high sodium chloride diet, and 1% saline drink. The age-
matched control and sham-salt treated rats did not develop
high blood pressure (Table 1). The body mass of DOCA-salt
rats was significantly less than those of control and sham-
salt rats; the heart mass and the heart mass-to-body mass
ratios were significantly (P <0.05) higher in DOCA-salt
treated rats versus control and sham-salt rats (see Table 1).

3.1. Vasodilation in control versus DOCA-salt hypertensive
rat vessels

The basal perfusion pressures of physiological salt
solution-perfused mesenteric vascular beds were statisti-
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cally similar for all groups of rats: 20.8 £ 0.5 mm Hg
(control), 22.0 £ 0.8 mm Hg (sham-salt), and 21.6 = 0.4
mm Hg (DOCA-salt). We characterized EDHF-mediated
responses in vascular beds perfused with physiological salt
solution containing L-NAME (100 uM) plus indomethacin
(5 uM) to block nitric oxide synthase and cyclooxygenases,
respectively. Conversely, perfusion of vascular beds with 25
mM K" physiological salt solution minimizes EDHF-relat-
ed mechanisms and such tissues were used to characterize
nitric oxide-dependent mechanisms. The continuous infu-
sion of cirazoline (0.5—1.0 uM and 0.1-0.3 pM) produced
sustained, statistically similar increases in perfusion pres-
sure for control/sham-salt, and DOCA-salt vessels, respec-
tively. Cirazoline-induced tone under EDHF- or nitric
oxide-dependent conditions was sustained for a period of
over 5 h. Bolus applications of acetylcholine (1 x 10~ °—
1 x 10~ > mol) elicited dose-dependent decreases in perfu-
sion pressure (index of vasodilation). Acetylcholine-in-
duced EDHF responses were abolished by a combination
of apamin (0.5 pM) with charybdotoxin (0.1 uM) while
EDNO-mediated vasodilation during high K" physiological
salt solution perfusion was markedly blocked by L-NAME
(100 uM) (Fig. 1). EDHF-, but not EDNO-mediated dila-
tions elicited by acetylcholine were significantly blunted in
DOCA-salt-induced hypertensive, compared to sham-salt
and control vascular beds (Fig. 2). However, acetylcholine
pD, values (index of tissue sensitivity) were statistically
similar for vessels of all groups: 9.87 £0.13 (control),
9.86 = 0.13 (sham-salt) and 9.56 &+ 0.15 (DOCA-salt) rats,
respectively.
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Fig. 1. EDHF- (left panel) and nitric oxide- (right panel) mediated dilator responses elicited by acetylcholine in PSS-perfused rat mesenteric vascular beds.
EDHF responses were recorded during combined blockade of nitric oxide synthase and cyclooxygenases with L-NAME (100 uM) plus indomethacin (5 pM),
respectively, while nitric oxide-mediated responses (EDNO) were recorded in vascular beds perfused with 25 mM K'PSS. Each data point on the graphs
represents the mean £ S.E.M. (n=38). The asterisks (*) denote statistically significant differences (p<0.05).
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Fig. 2. Acetylcholine-induced EDHF- (left panel) and nitric oxide- (right panel) mediated responses in perfused mesenteric beds of control (kidneys;
normal feed and water drink), sham-salt (high-salt diet plus 1% salt drink) and DOCA-salt (high salt diet, 1% salt drink plus DOCA implants) rats. Each
data point on the graphs represents the mean = S.EIM. (n=9). The asterisk (*) denotes statistically significant difference (p<0.05) from control or sham-
salt curves.

1-EBIO (1x10"°~1x10"% mol) and NS-1619 responses of mesenteric arteries from all three groups of
(1 x 107> mol), endothelial and vascular smooth muscle rats, but the responses were not significantly different
Kca channel activators, respectively, also elicited dilator (Fig. 3).
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Fig. 3. Dose-responses to 1-EBIO in control (CTL), sham-salt (Sham) and DOCA-salt rat vascular beds. The bar graph (insert) indicates vasodilator responses
to NS-1619 (1 x 10~ * mol) in vascular beds isolated from the three groups of rats. Each data point on the graph represents the mean + S.E.M. (n=5); each bar
column represents the mean = S.E.M. (n=4).
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Table 2

Influence of tempol (15 mg/kg, i.p., 21 days) treatment on blood pressure,
and serum isoprostanes levels in age-matched control, sham-salt and
DOCA-salt rats

Parameters Control Sham-salt DOCA-salt

Systolic/diastolic 122 +4/104 £ 6 140 &+ 12/108 = 8 188 + 9/152 £ 6%
blood pressure (n=28) (n=28) n=28)

Serum isoprostane 0.15 + 0.09 0.20+0.08 0.77 + 0.025"
(ng/ml) (n=9) (n=5) (n=38)

Control/tempol  Sham-salt/tempol DOCA-salt/tempol
Systolic/diastolic 119 £ 6/101 =8 136 £ 8/110 £ 6 146 + 10/112 + &°

blood pressure (n=5) (n=5) (n=06)
Serum isoprostane 0.19 & 0.02 0.26 + 0.06 0.36 +0.14¢
(ng/ml) (n=5) (n=5) (n=6)

Data represent the means + S.E.M.; n in parentheses.

 Statistical difference (P<0.05) from corresponding control and
sham-salt values.

® Statistical difference (P<0.05) from corresponding control and
sham-salt values.

¢ Statistical difference (P<0.05) from ?, i.e., DOCA-salt values.

4 Statistical difference (P <0.05) from °, i.e., DOCA-salt values.

3.2. Modulation of EDHF-mediated vasodilation by tempol

Daily treatment of DOCA-salt rats with tempol (15
mg/kg, i.p) for 21 days significantly lowered elevated
blood pressure of DOCA-salt rats (Table 2), and also
restored EDHF-mediated vasodilation (Fig. 4). Tempol
treatment did not significantly alter blood pressure or
EDHF-mediated vasodilation of control or sham-salt rats
(see Table 2).

Vasodilation
(% cirazoline-induced tone)

=l CONTROL
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10° 10 107 10°¢ 10°% 10+

Acetylcholine, log mole

Fig. 4. Effects of treatment with an antioxidant, tempol (15 mg/kg, i.p., 21
days), on EDHF-mediated dilation of mesenteric arterial bed elicited by
acetylcholine. Each data point on the graph represents the mean + S.E.M.
(n="17). The asterisk (*) denotes statistically significant difference (p <0.05)
between DOCA-salt and DOCA-salt+tempol curve.

3.3. Microsomal production of free radical species

The dye DCFDA enters the cells or microsomes and
becomes de-esterified by intramicrosomal esterases to
dichlorofluorescein (DCF), which oxidize and fluoresce in
the presence of free radicals (LeBel and Bondy, 1990; Bondy
and Naderi, 1994). Our initial experiments indicate that
addition of arachidonic acid to microsomes caused an
increase in the rate of DCF oxidation and fluorescence,
which is an index of arachidonic acid-dependent increases
in free radical production. There were no significant
increases in DCF oxidation in the absence of arachidonic
acid, or microsomes, and in reaction mixtures containing
only DCFDA plus phosphate buffer over many hours. It took
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Fig. 5. Arachidonic acid-dependent free radical production in arterial
microsomes of rats. A—Control (C; + NADPH), Control (C; — NADPH),
DOCA-salt (D; + NADPH) and DOCA-salt (D; — NADPH) microsomes,
respectively. B—Control (C), sham-salt (Sham), DOCA-salt (D), and boiled
DOCA-salt microsomes. All experiments in panel B were performed
without NADPH. Each bar column represents the mean + SEM. (n=6
rats). The asterisks (*) denote statistically significant differences ( £ <0.05):
DOCA plus or minus NADPH versus Controls plus or minus NADPH (A);
DOCA versus Control, Sham or boiled microsomes (B).
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the presence of viable microsomes of control, sham-salt or
DOCA-salt arteries, and arachidonic acid to emit fluores-
cence from the addition of DCFDA to reaction cuvettes.
Denaturing arterial microsomes (control or DOCA-salt) by
boiling for 5 min completely prevented arachidonic acid-
dependent free radical production (Fig. 5). Mesenteric arte-
rial microsomes of DOCA-salt rats produced significantly
stronger fluorescence compared to those of control and
sham-salt rats (see Fig. 5). Microsomal free radical produc-
tion decreased by 62.7 + 5.0% in DOCA-salt/tempol, but
remained unchanged in control/tempol or sham-salt/tempol
rats.

Incubation of DOCA-salt arterial microsomes with either
NS-398 or celecoxib at 30 uM completely prevented arach-
idonic acid dependent free radical production (Fig. 6).
Mefenamic acid (100 uM), a nonselective cyclooxygenase
inhibitor, significantly reduced the rate of free radical
production while miconazole (100—-300 pM) was totally
ineffective (see Fig. 6).

3.4. Serum levels of 8-isoprostanes

Serum 8-isoprostane (8-epi-prostaglandin F,,) level is
significantly (threefold) higher in DOCA-salt versus control
or sham-salt rats (see Table 2). As with systolic and diastolic
blood pressures, 8-isoprostanes levels also significantly
decreased in tempol (15 mg/kg; i.p, 21 days)-treated
DOCA-salt rats. Tempol treatment did not alter isoprostane
levels in control or sham-salt rats.
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Fig. 6. The effects of inhibitors of cyclooxygenases and cytochrome P450
on arachidonic acid-dependent free radical production. Microsomes from
DOCA-salt mesenteric arteries were incubated with buffer plus mefenamic
acid (D+MFA; 100 pM), NS-398 (D +NS; 30 uM), celecoxib (D+CBX;
30 pM) and miconazole (MCZ; 100 uM), respectively, before the addition
of arachidonic acid. NADPH was not added to reaction mixtures. Each bar
column represents the mean + S.E.M. (n =6 rats). The asterisk (*) denotes
statistically significant difference (P <0.05): D+MFA versus DOCA; #
denotes statistical difference (P <0.05): DOCA versus D+ NS, or D+ CBX
values.

4. Discussion

The principal findings of the present study are threefold:
(1) EDHF- but not EDNO-mediated dilation in response to
acetylcholine is attenuated in vascular beds of DOCA-salt
hypertensive rats compared to control and sham-salt rat
vessels. Vasodilation elicited by K¢, channel activators, 1-
EBIO and NS-1619, is not altered. (2) Arterial microsomes
incubated with arachidonic acid produce free radical species
in the presence or absence of a co-factor, NADPH; micro-
somes of DOCA-salt hypertensive vessels produce signifi-
cantly more free radicals versus those from control,
normotensive vessels. Serum isoprostane levels also in-
creased significantly in DOCA-salt versus control rats. (3)
Treatment of DOCA-salt rats with an antioxidant, tempol,
alleviates hypertension, improves acetylcholine-induced
EDHF-mediated vasodilation, and lowers serum isoprostane
levels.

Endothelium-dependent relaxation is impaired in many
forms of experimental (Mombouli and Vanhoutte, 1999) as
well as in human hypertension (Panza et al., 1990; Treasure
et al., 1992; Miyoshi et al., 1997; Houghton et al., 1998).
Endothelium dysfunction in hypertension has been attribut-
ed to decreased endothelium-derived nitric oxide (EDNO)
levels in Dahl salt-sensitive rats exposed to high salt intake,
due to a deficiency in substrate for nitric oxide synthesis
(Chen and Sanders, 1991). However, using vasoconstrictor
responses to intra-arterial infusion of N®-monomethyl-L-
arginine as an index of endothelial function does not reveal
an impairment of EDNO in salt-sensitive and salt-resistant
patients (Miyoshi et al., 1997). The present study reveals an
impairment of EDHF-, but not EDNO-mediated component
of vasodilation elicited by acetylcholine during DOCA-salt
induced hypertension. This finding agrees with those
reported for mesenteric arteries of the spontaneously hyper-
tensive rat (Fujii et al., 1992) and in salt-sensitive hyper-
tensive patients (Miyoshi et al., 1997).

The mechanisms for endothelium dysfunction vary with
the type of blood vessel/vascular bed, and with forms of
hypertension. Reduction in EDHF-mediated vasodilation
can occur if agonist receptor function, or the transmembrane
K" channel that EDHF opens, is altered. Such alterations are
not evident in the present study. Acetylcholine pD, values,
index of tissue sensitivity, were statistically similar for
vascular beds of control, sham-salt and DOCA-salt groups
of rats. Also, vasodilation resulting from either the opening
of endothelial K¢, by 1-EBIO (Adeagbo, 1999) or smooth
muscle K¢, by NS-1619 (Devor et al., 1996) was statisti-
cally similar in vascular beds of DOCA-salt, compared to
sham-salt and control rats. Thus, it is unlikely that the
dysfunction in EDHF-mediated vasodilation occurred at
the muscarinic receptors, or at the vascular K¢, channel
levels.

We tested an alternative hypothesis that the reduction in
an agonist-induced, EDHF-mediated vasodilation in
DOCA-salt hypertension is due to enhanced free radical
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status, which instigates a diversion of precursor arachidonic
acid toward the formation of vasoconstrictors, e.g., iso-
prostanes. This hypothesis is founded on our observations
that treatment of DOCA-salt rats with tempol, a hydrophil-
ic nitroxide antioxidant (Mitchell et al., 1990), alleviates
hypertension, restores acetylcholine-induced EDHF vaso-
dilation, and reduces serum isoprostanes. These observa-
tions are intriguing and suggest that free radical species
modulate EDHF-mediated dilation of rat mesenteric arterial
bed.

The alleviation by tempol of DOCA-salt induced hyper-
tension, as observed in this study, agrees conceptually with a
role for free radical species in the pathogenesis of the
disease. Tempol can influence vascular reactivity by mod-
ulating the direct or indirect actions of free radical species
on the vasculature. In the present study, tempol did not alter
the vasodilator response elicited by 1-EBIO, thus negating a
direct influence of free radical species on K¢, channels. 1-
EBIO elicits arterial smooth muscle hyperpolarization by
opening endothelial K, (Adeagbo, 1999), notably, the
intermediate-conductance or 1K, channels (Bychkov et
al., 2002). Treatment with tempol has been demonstrated
to normalize blood pressure and renal vascular resistance in
the spontaneously hypertensive rat (SHR; Schnackenberg
and Wilcox, 1999; Schnackenberg et al., 1998), and also to
attenuate elevated systolic blood pressure, as well as sup-
press renal NF-xB-binding activity and aortic superoxide
accumulation in mineralocorticoid induced hypertension
(Beswick et al., 2001b). More recently, chronic treatment
with tempol was shown to prevent vascular remodelling and
progression of hypertension in salt-loaded stroke prone
SHRs (Park et al., 2002). The latter authors attributed the
blood-pressure-lowering effects of tempol to decreased
generation of superoxide anions (O5).

Endothelium-dependent vasodilation of rat mesenteric
arteries is accompanied by the release of arachidonic acid
(Adeagbo et al., 2001), and enzymatic metabolism of this
fatty acid by cyclooxygenases, lipoxygenases or cytochrome
P450s generates free radical species including lipid (L),
lipid alkoxyl (LOO™), lipid peroxides and superoxide
anions (Fleming et al., 2001; O’Donnell, 2003). These
radical species are also all produced during lipid peroxida-
tion. We established arachidonic acid as the source of free
radical species by measuring the fluorescence emitted by
dichlorofluorescein or DCF, the oxidation product of a non-
fluorescent dye, dichlorofluoresceine diacetate or DCFDA.
This dye, DCFDA, enter cells or microsomes, becomes de-
esterified by intramicrosomal esterases to DCF, which is
then oxidized by free radical species to give measurable
fluorescence (LeBel and Bondy, 1990; Bondy and Naderi,
1994). Viable microsomes and arachidonic acid are obliga-
tory for measurable fluorescence to occur. No fluorescence
was observed with the dye DCFDA in phosphate buffer
without microsomes, or with boiled microsomes. Thus, the
source of free radical species that is modulated by the
antioxidant tempol to bring about alleviation of high blood

pressure and restoration of EDHF vasodilation is arachido-
nate metabolism.

Cyclooxygenases and CYPs are relevant to the present
because they, unlike lipoxygenases, are microsomal
enzymes. However, CYPs but not cyclooxygenases require
NADPH as co-factor for activity. Since arachidonic acid-
dependent free radical production (1) occurs with/without
NADPH, and (2) is not affected by miconazole, a nonse-
lective CYP inhibitor, it is unlikely that CYPs mediate their
production. However, in DOCA-salt induced hypertension,
there is an up-regulation of inflammatory mediators
(Ammarguellat et al., 2002) as well as increased expression
of cyclooxygenase-2 (Fitzgerald and Patrono, 2001), and
products of this pathway contribute to endothelial dysfunc-
tion in hypertension (Widlansky et al., 2003). Data from
human studies showing improved endothelium-dependent
dilation after treatment with nonselective cyclooxygenase
inhibitors (Taddei et al., 1997) or with a selective inhibitor
of cyclooxygenase-2, celecoxib (Widlansky et al., 2003)
support the putative role of cyclooxygenase(s) in endothe-
lium dysfunction. In the present study, we found that NS-
398 and celecoxib, two structurally distinct cyclooxygenase-
2 selective inhibitors, depressed free radical production in
DOCA-salt microsomes. Thus, our data strongly implicate
cyclooxygenase-2-mediated catabolism of arachidonic acid
as the probable source of free radicals in microsomes of
mesenteric arteries of rats.

An elevated production of free radical species such as
evident from the present study contributes to the onset or
progression of mineralocorticoid-salt induced hypertension
in rats (Somers et al., 2000; Beswick et al., 2001a,b) as
well as development of hypertension in humans (Kumar
and Das, 1993; Lacy et al., 2000). Free radicals can initiate
the peroxidation of arachidonic acid resulting in the pro-
duction of vasoconstrictors such as isoprostanes (Banerjee
et al., 1992; Takahashi et al., 1992) and/or attack the heme
moiety of cytochrome P450s to induce a suicide inactiva-
tion of the hemoprotein (Serbinova et al., 1992) to decrease
the formation of vasodilator epoxyeicosatrienoic acids (or
the putative EDHF). Our study shows a significant increase
in serum isoprostane levels during DOCA-salt hyperten-
sion, which was significantly lowered by tempol treatment.
Therefore, the cellular mechanisms underlying the actions
of tempol in lowering serum isoprostanes/improving
EDHF-mediated vasodilation and in attenuating DOCA-salt
hypertension may be due to inhibition of peroxidation
processes. Tempol can react with these radicals to terminate
the chain reactions associated with lipid peroxidation
(Zhang et al., 1998).

We conclude that EDHF-mediated dilation of rat mesen-
teric arteries is impaired in DOCA-salt induced hyperten-
sion. The impairment is apparently unrelated to receptor or
K¢, channel function. Second, treatment with an antioxi-
dant, tempol, alleviates DOCA-salt induced hypertension
and significantly improves EDHF-mediated vasodilation.
Both of these effects appear to be related to lowering of
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the free radical induced formation of isoprostanes. These
data suggest that free radical species, probably emanating
from cyclooxygenase-2-mediated lipid metabolism and/or
lipid peroxidation, modulates EDHF-mediated vascular reg-
ulation in DOCA-salt induced hypertension.
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