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Changes in vascular reactivity following administration of
isoproterenol for 1 week: a role for endothelial modulation
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1 The aim of this study was to assess the effects of treatment with isoproterenol (ISO,
0.3mgkg'day~, s.c.) for 7 days on the vascular reactivity of rat-isolated aortic rings. Additionally,
potential mechanisms underlying the changes that involved the endothelial modulation of contractility
were investigated.

2 Treatment with ISO induced cardiac hypertrophy without changes in haemodynamic parameters.
Aortic rings from ISO-treated rats showed an increase in the contraction response to phenylephrine
(PHE) and serotonin, but did not change relaxations produced by acetylcholine or isoproterenol.
Removal of the endothelium increased the responses to PHE in both groups. However, this procedure
was less effective in ISO-treated as compared with control rats. Endothelial cell removal abolished the
increase in the response to PHE in [SO-treated rats. The presence of N”-nitro-L-arginine methyl ester
shifted the concentration—response curve to PHE to the left in both groups of rats. However, this
effect was more pronounced in the ISO group. In addition, aminoguanidine (50 uM) potentiated the
actions of PHE only in the ISO group. ISO treatment increased nitric oxide synthase (NOS) activity
and neuronal NOS and endothelial NOS protein expression in the aorta.

3 Neither losartan (10 uM) nor indomethacin (10 uM) abolished the effects of ISO on the actions
of PHE. Superoxide dismutase (SOD, 150 Uml™") and L-arginine (5mM), but neither catalase
(300 Uml™") nor apocynin (100 uM), blocked the effect of ISO treatment. In addition, we observed an
increase in superoxide anion levels as measured by ethidium bromide fluorescence and of copper and
zinc superoxide dismutase protein expression in ISO-treated rats.

4 In conclusion, our data suggest that ISO treatment alters the endothelial cell-mediated modulation
of the contraction to PHE in rat aorta. The increased maximal response of PHE seems to be due to
an increase in superoxide anion generation, which inactivates some of the basal NO produced and
counteracts NO-mediated negative modulation even in the presence of high NO production and

antioxidant defence.
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AT,, angiotensin type 1 receptor; BH,, 5,6,7,8-tetrahydrobiopterin; COX, cyclooxygenase; Cu/Zn-SOD, copper
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concentrations producing 50% of maximum response; PHE, phenylephrine; SDS-PAGE, sodium dodecyl

sulphate—polyacrylamide gel electrophoresis

Introduction

An increased sympathetic tone resulting in sustained stimula-
tion of adrenoceptors has been associated with cardiovascular
diseases, such as essential hypertension, cardiac hypertrophy
and heart failure (Bristow, 2000; Esler & Kaye, 2000). In these
situations, it is believed that elevated levels of circulating and
tissue catecholamines produce chronic stimulation of cardiac
p-adrenoceptors that might result in desensitisation, downregula-
tion and signalling abnormalities in cardiac myocytes (Castellano
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& Bohm, 1997; Badenhorst et al., 2003). However, little is
known about the effects of chronic stimulation of f-adrenocep-
tors on vascular function and its endothelial modulation.

In smooth muscle cells, f-adrenoceptor agonists, such as
isoproterenol (ISO), promote vasodilatation by activation of
an adenylyl cyclase-cAMP-PKA pathway that causes hyper-
polarisation and decreases the sensitivity of myofilaments
to Ca?* (Rembold & Chen, 1998). In addition, activation of
p-adrenoceptors on the endothelium produces vasodilatation
(Gray & Marshall, 1992; Brawley et al., 2000) that is mediated
by the synthesis of nitric oxide (NO) (Ferro et al., 1999). It
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is possible that chronic f-adrenergic stimulation could induce
adaptive alterations of vascular fS-adrenoceptor signalling
pathways resulting in endothelial dysfunction, impaired per-
ipheral vasodilatation and/or inappropriate vasoconstriction.

Treatment with ISO for several days is used as a model for
prolonged f-adrenoceptor stimulation. This treatment results
in ventricular hypertrophy (Rona et al., 1959; Taylor & Tang,
1984), increased ventricular collagen content (Benjamin et al.,
1989) and a reduced inotropic response to ISO (Chang et al.,
1982; Kenakin & Ferris, 1983; Vassallo et al., 1988).

However, the effects of chronic f-adrenergic stimulation on
vascular function have not been studied as extensively as those
on the heart. Hayes er al. (1986) demonstrated that ISO
infusion (400 ugkg='h~") for 4 days attenuates S-adrenocep-
tor-mediated vasodilatation without altering the vasoconstric-
tion produced by norepinephrine in the rat aorta and portal
vein. In a subsequent study from that laboratory, Cohen &
Schenck (1987), using the same treatment with ISO, reported
that vascular f§;-adrenoceptor subtype seems to be more sus-
ceptible to downregulation than are f,-adrenoceptors. How-
ever, the effects of the treatment with ISO upon endothelial
function were not evaluated.

The purpose of the present study was to assess the effect of
treatment for 7 days with ISO on the vasodilator responses to
acetylcholine and ISO, and on the contractile response to PHE
and serotonin. Additionally, we evaluated the potential role
of the endothelium and of the vasoactive factors NO, cyclo-
oxygenase (COX)-derived products, angiotensin II and super-
oxide anions on the response to phenylephrine (PHE).

Methods
Animals

Male Wistar rats (270-300g) were obtained from colonies
maintained at the Animal Quarters of the Programa de Pos-
Graduagdo em Ciéncias Fisiologicas of the Universidade Federal
do Espirito Santo. Rats were housed at a constant room
temperature and light cycle (12:12h light-dark), with free
access to standard rat chow and tap water. All experimental
procedures complied with the guidelines for biomedical
research as stated by the Brazilian Societies of Experimental
Biology. The rats were randomly assigned to one of the
following groups: (1) ISO-treated rats (n=23) that received
(—)-ISO (0.3mgkg'day™', s.c.), once daily, suspended in
0.1 ml of soy bean oil, for 7 days and (2) Control rats (n=24)
that received only the vehicle (0.1 ml, s.c.) for 7 days.

Haemodynamic and morphologic index

On the 6th day of treatment, rats were anaesthetised with
sodium pentobarbital (60mgkg~"', i.p.) and the right carotid
artery was cannulated to determine arterial pressure and heart
rate. These measurements were obtained 24 h later in conscious
animals. Animals were then anaesthetised with ether and killed
by exsanguination. The heart and thoracic aorta were remo-
ved. The right and left ventricles of the heart were weighed,
and normalised to body weight (mg g~"'). This ratio was used as
an index of ventricular hypertrophy.

Thoracic aortas were carefully dissected out and cleaned
of connective tissue. For reactivity experiments, the aortas

were divided into cylindrical segments 4 mm in length. For the
analysis of nitric oxide synthase (NOS) activity and NOS and
copper and zinc superoxide dismutase (Cu/Zn-SOD) protein
expression, arteries were rapidly frozen in liquid nitrogen and
kept at —70°C until the day of analysis. For the analysis of
superoxide anion production thoracic aortic segments were
first immersed in an embedding medium (TBS Tissue Freezing
Medium) and then frozen and kept at —70°C until superoxide
anion was measured.

Vascular reactivity experiments

Segments of thoracic aorta (4mm in length), free of fat and
connective tissue, were mounted in an isolated tissue chamber
containing Krebs—Henseleit solution (in mM: NaCl 118; KCl
4.7, NaHCO; 25; CaCl,-2H,0 2.5; KH,PO, 1.2; MgSO,~7H,0O
1.2; glucose 11 and ethylenediamine-tetraacetic acid (EDTA)
0.01), gassed with 95% O, and 5% CO, and maintained at
a resting tension of 1 g at 37°C. Isometric tension was recorded
using an isometric force transducer (GRASS FTO03, RI,
U.S.A.) connected to an acquisition system (MP100 Biopac
Systems, Inc., Santa Barbara, CA, U.S.A.).

Experimental protocols

After a 45min equilibration period, all aortic rings were
initially exposed twice to 75mM KCl, the first time to check
their functional integrity and the second time to assess the
maximal tension developed. Afterwards, endothelial integrity
was tested by the action of acetylcholine (10 uM) in segments
previously contracted with PHE (~ 10 uM). A relaxation equal
to or greater than 90% was considered as demonstrative of
the functional integrity of the endothelium. After a washout
period, increasing concentrations of PHE (0.1 nM—30 uM) or
serotonin (10 nM-30 uM) were applied, and concentration—
response curves to these contractile agonists were obtained. In
other aortic rings previously contracted with PHE (~ 10 um),
concentration-response curves to ISO (0.1nM-3uM) or
acetylcholine (0.01 nM—100 uM) were obtained.

The influence of the endothelium on the response to PHE was
investigated after its mechanical removal performed by rubbing
the lumen with a needle. The absence of endothelium was
confirmed by the inability of 10 uM acetylcholine to produce
relaxation. The role of some local vasoactive factors on the PHE-
elicited contractile response was investigated. In order to do this,
the effects of the following drugs were evaluated: (1) the
nonselective NOS inhibitor N”-nitro-L-arginine methyl ester (L-
NAME, 100 uM); (2) the inducible NO synthase (iNOS) inhibitor
aminoguanidine (50 uM); (3) the COX inhibitor indomethacin
(10 uM); (4) the angiotensin type 1 receptor (AT),)-receptor
blocker losartan (10 uM); (5) the superoxide anion scavenger
superoxide dismutase (SOD, 150Uml™"); (6) the hydrogen
peroxide scavenger catalase (300 Uml™"); (7) the NAD(P)H
oxidase inhibitor apocynin (100 uM) and (8) the NO precursor
L-arginine (5mM). These drugs were added 30 min before the
construction of the concentration-response curve to PHE.

NOS activity

NOS activity was measured by the [*H]L-citrulline assay
method as previously described (McKee et al., 1994) with
slight modifications for the aortic tissue. This assay is based on
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the biochemical conversion of L-arginine to L-citrulline by
NOS. Isolated thoracic aortas with and without endothelium
were suspended in hydroxyethylpiperazine ethanesulphonic
acid (HEPES) buffer (in mM: HEPES 20, sucrose 320, DTT 1,
EDTA 1, PMSF 1) and lysed with the aid of a sonifier
(Thorton). The homogenates were centrifuged at 500 x g for
10 min at 4°C. Aliquots of the supernatant were incubated with
hydroxyethylpiperazine ethanesulphonic acid buffer (30 mMm
HEPES, pH =7.4) containing 1 mM EDTA, 1.25mM CaCl,,
4uM FAD, 4umM FMN, 25uM 5,6,7,8-tetrahydrobiopterin
(BH,), 1mM NADPH, 10ugml~' calmodulin, 120 nM
L-arginine and 0.5 uCi [*H]L-arginine for 60 min at 37°C in a
total volume of 200 ul. The reactions were stopped by the
addition of 1ml of a solution containing 20mM HEPES,
pH=5.5. These samples were applied to a 0.3ml DOWEX
50WX8-400 (Na* form) column and [*H]L-citrulline was
eluted with 1 ml HEPES buffer (20mM, pH 5.5). Citrulline,
ionically neutral at pH 5.5, passes through the column
completely. The radioactivity corresponding to [*H]L-citrulline
in the eluate was measured by liquid scintillation counting.
Protein was determined by the Bio-Rad protein assay.

Western blot analysis for eNOS, nNOS and iNOS
and Cu/Zn-SOD

Proteins from homogenised aorta (100ug) and prestained
molecular sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) standards were separated by 7.5%
(endothelial nitric oxide synthase (eNOS), neuronal nitric
oxide synthase (nINOS) and inducible nitric oxide synthase
(AINOS)) or 12% (Cu/Zn-SOD) SDS-PAGE. The proteins were
then transferred to polyvinyl difluoride membranes overnight
at 4°C by using a Mini Trans-Blot Cell system (Bio-Rad)
containing 25mM Tris, 190mM glycine, 20% methanol and
0.05% SDS. Human endothelial cells, stimulated mouse
macrophages and rat brain were used as the positive controls
for eNOS, iNOS, and for Cu/Zn-SOD and nNOS, respectively.

The membrane was blocked for 60 min at room temperature
in Tris-buffered solution (10mM Tris, 100mM NaCl and
0.1% Tween 20) with 5% powdered nonfat milk. Then, the
membrane was incubated for 1h at room temperature with
a rabbit polyclonal antibody for eNOS (1:1000 dilution), or
mouse monoclonal antibody for nNOS (1:1000 dilution),
or iNOS (1:2000 dilution), or Cu/Zn-SOD (1:1000 dilution).
After washing was completed, the membrane was incubated
with a 1:1500 dilution of anti-mouse or anti-rabbit IgG
antibody conjugated to horseradish peroxidase.

The membrane was thoroughly washed, and the immuno-
complexes were detected by using an enhanced horseradish
peroxidase-luminol chemiluminescence system (ECL Plus,
Amersham International; Little Chalfont, U.K.) and subjected
to autoradiography (Hyperfilm ECL, Amersham International).
Signals on the immunoblot were quantified with the Scion
Image software. The same membrane was used to determine
a-actin protein expression using a monoclonal antibody anti
a-actin (1:1500 dilution), and its content was used to normalize
NOS and SOD protein expression in each sample.

Superoxide anion measurement in aorta

The oxidative fluorescent dye hydroethidine was used to
evaluate the in situ production of superoxide anions as

described previously (Hernanz et al., 2004). Hydroethidine
permeates cells freely and, in the presence of superoxide
anions, is oxidized to ethidium bromide, which is trapped by
intercalation into DNA.

Transverse aortic sections (14 um) were obtained on a
cryostat from previously frozen aorta and collected on glass
slides and equilibrated for 30 min at 37°C in Krebs—Henseleit
buffer. Fresh buffer containing hydroethidine (2uM) was
topically applied to each tissue section and coverslipped.
Slides were incubated in a light-protected, humidified chamber
at 37°C for 30 min. Control sections received the same volume
of Krebs—Henseleit buffer. Images were obtained with a Nikon
E1000 microscope equipped for epifluorescence (excitation at
488 nm; emission 610nm). Fluorescence was detected with
a 585-nm long-pass filter.

Drugs and reagents

All chemicals used to prepare the Krebs—Henseleit solution
(KHS) and losartan were purchased from Merck & Co., Inc.
(Whitehouse Station, NJ, U.S.A.). (—)-Isoproterenol, (+)-iso-
proterenol hydrochloride, acetylcholine hydrochloride, pheny-
lephrine hydrochloride, 5-hydroxytryptamine hydrochloride,
L-NAME dihydrochloride, aminoguanidine hemisulphate,
L-arginine, indomethacin, superoxide dismutase (bovine ery-
throcyte), catalase (bovine liver), apocynin, HEPES, EDTA,
nicotinamide adenine dinucleotide phosphate (NADPH),
riboflavin monophosphate (FMN), flavin adenine dinucleotide
(FAD), tetrahydrobiopterin (BH,), dithiothreitol (DTT),
phenylmethanesulphonyl fluoride (PMSF), were purchased
from Sigma Chemical (St Louis, MO, U.S.A.). TBS Tissue
Freezing Medium was from Triangle Biomedical Sciences
(Durhan, NC, U.S.A.). [PH]L-Arginine was from NEN
Products (Boston, MA, U.S.A.). Liquid scintillation Ultima
Gold was from Packard (Meriden, CT, U.S.A.) and Tween 20,
Tris, SDS and acrylamide from Bio-Rad (Hercules, CA,
U.S.A.). Anti-NOS was purchased from Transduction Labo-
ratories (Lexington, U.K.); anti-Cu/Zn-SOD and monoclonal
antibody anti-o-actin from Sigma (Steinheim, Germany); anti-
mouse or anti-rabbit IgG antibody conjugated to horseradish
peroxidase from Bio-Rad (Hercules, CA, U.S.A.). Hydro-
ethidine was from Polysciences Inc. (Warrington, PA, U.S.A.).

Data analysis

Results are presented as means +s.e.m. ‘n” denotes the number
of animals used in each experiment. Vasoconstrictor responses
to PHE and serotonin are expressed as a percentage of the
contraction produced by 75mM KCI for each ring. Relax-
ation responses to acetylcholine and ISO are expressed as the
percentage of relaxation relative to the maximum contractile
response. The maximum response (E... values) and the
negative log of the agonist concentrations producing 50% of
maximum response (pD, values) were estimated by an iterative
nonlinear regression analysis of each individual concentration—
response curve using GraphPad Prism Software (San Diego,
CA, U.S.A.). To compare the effect of different drugs on the
response to PHE in segments from control or ISO-treated rats,
some results were expressed as ‘differences of area under the
concentration—response curves’ (dAUC) in control and experi-
mental situations. AUCs were calculated from the individual
concentration-response curves and the differences were
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expressed as a percentage of the AUC of the corresponding
control. NOS activity results are presented as picomoles of
citrulline per milligram protein per minute. Protein expression
results are expressed as the ratio between signals on the
immunoblot corresponding to each NOS isoform or Cu/
Zn-SOD bands and the corresponding o-actin band.

The data were analysed statistically by Student’s #-test and
by one- or two-way analyses of variance (ANOVA) followed
by Tukey’s post hoc test. P<0.05 was considered significant.

Results

Blood pressure, heart rate and ventricular weight
in control and ISO-treated rats

Treatment with ISO for 7 days resulted in hypertrophy of
both right (control: 0.49+0.02 vs ISO-treated rats: 0.68+
0.05mgg~', P<0.05) and left ventricles (control: 1.88+0.08 vs
ISO-treated rats: 2.45+0.08 mgg~!, P<0.05). There were no
statistically significant differences of body weight gain in either
group. Control animals gained 3+ 1g while ISO-treated rats
gained 2+2g (P>0.05). At the end of the treatment, no
significant changes were observed for mean arterial pressure
(control: 108 +3 vs ISO-treated rats: 109+2mmHg, P> 0.05)
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or heart rate (control: 33249 vs ISO-treated rats: 362+
11b.p.m., P>0.05).

Vascular reactivity in isolated aorta from control
and ISO-treated rats

The contraction induced by 75mM KCIl was smaller in aortas
from ISO-treated rats when compared to control rats (control:
2.1940.07 vs ISO-treated rats: 1.85+0.07g; P<0.05). In
contrast, the E,.. for PHE increased in rings obtained from
rats treated with ISO. This occurred without significant
changes in the pD, for PHE (Figure la and Table 1). The
increased E,,, was also observed when the contraction was
expressed in absolute values (control: 1.39+0.10 vs ISO-
treated rats: 1.74+0.11g, P<0.05). The contractile response
to serotonin in the aortas from ISO-treated rats was also
enhanced as compared to its action in aortas from control rats
(Figure 1b and Table 1).

In aortic rings contracted with PHE, ISO produced a
concentration-dependent relaxation in both control and ISO-
treated rats. ISO treatment did not induce significant changes
in E.,, or sensitivity to ISO in isolated aortas (Figure Ic and
Table 1). The endothelium-dependent relaxation to acetyl-
choline was similar between the two groups (Figure 1d and
Table 1).
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Figure 1 Concentration—response curves to PHE (a), serotonin (b), isoproterenol (c) and acetylcholine (d) in endothelium-intact
segments of thoracic aortas from control and isoproterenol-treated rats. Contraction responses are expressed as a percentage of the
response to 75 mM KCl and relaxation responses are expressed as percentage of precontraction induced by PHE (~ 1 uM). Number
of rats is indicated in parentheses. The values are means +s.e.m. 2-way ANOVA; *P<0.05 vs Control.
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Table 1 Effects of the treatment with isoproterenol for 7 days on sensitivity (pD,) and maximal response (E,,.,) values to
phenylephrine, serotonin, isoproterenol and acetylcholine in intact rat thoracic aortic rings

Control

pD; Epax (%) pD;

Isoproterenol-treated rats
Epax (%)

Phenylephrine 6.68+0.07 63.1+4.9 (24) 6.68+0.08 90.9+3.4% (23)
Serotonin 5.16+0.08 54.94+5.3 (6) 4.9440.08 82.8+4.3* (6)
Isoproterenol 7.70+0.12 98.9+2.7 (9) 7.49+0.21 88.2+2.3 (8)
Acetylcholine 9.16+0.47 97.7+1.9 (6) 9.01+0.38 98.6+1.5 (6)

Values are mean +s.e.m.; number of animals is indicated in parentheses. E,,,, is expressed as a percentage of the response to 75 mM KCI.

Student’s r-test, *P<0.05 vs Control.
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Figure 2 Effects of endothelium removal (E—) on concentration—-response curves to PHE in thoracic aortic rings from control (a)
and isoproterenol-treated rats (b). Contraction responses are expressed as a percentage of the response to 75mM KCIl. Number
of rats is indicated in parentheses. The values are means +s.e.m. 2-way ANOVA, * P<0.05 vs E +. Inset, dJAUC to PHE in E— and
E + aortic rings from control and isoproterenol-treated rats; dAUC are expressed as a percentage of the corresponding AUC for

E + aortic rings. Student’s z-test, ¥ P<0.05 vs Control.

Table 2 Pathways involved in the contraction induced by phenylephrine in thoracic aortic rings from control and rats

treated with isoproterenol for 7 days

Control Isoproterenol-treated rats
pDZ Epax (0/0) [’Dz Epax (0/0)

E+ 6.68+0.07 63.1+4.9 (26) 6.86+0.08 90.9+3.4% (28)
E— 7.76+0.13" 121.14+5.6" (8) 7.704+0.11" 126.845.2% (15)
E+ /L-NAME 7.48+0.08" 134.7+12.9" (8) 8.69+0.21"* 176.4+10.37* (8)
E + /Aminoguanidine 6.66+0.08 65.8+7.4 (12) 7.2240.08" 117.247.27%* (6)
E + /Indomethacin 6.63+0.12 65.4+4.1 (10) 6.814+0.12 95.84+5.7* (8)
E + /Losartan 6.40+0.26 40.2+5.3% (12) 6.67+0.17 69.9+8.67* (7)
E+/SOD 6.26+0.07" 40.3+9.4% (9) 6.1940.06" 46.6+7.6" (8)
E + /Catalase 6.16+0.08" 52.0+6.1 (7) 6.31+0.07" 77.3+4.2% (7)
E + /Apocynin 6.67+0.10 53.6+3.7 (7) 6.74+0.11 82.9+3.0% (7)
E + /L-arginine 6.47+0.11 72.0+8.6 (10) 6.67+0.09 72.1+6.4" (7)

Values are mean +s.e.m.; number of animals is indicated in parentheses. E +, intact endothelium; E—, endothelial denudation; L-NAME,
N®-nitro-L-arginine methyl ester; SOD, superoxide dismutase; pD,, negative log of the agonist concentration producing 50% of maximum
response, E,.., maximal response expressed as percentage of the response to 75mM KCIl. One-way ANOVA, *P<0.05 vs Control;

+P<0.01 vs E+.

Effect of endothelium removal on the vasoconstrictor
response to phenylephrine

Removal of the endothelium enhanced E,,, and pD- values for
PHE in aortas from control and ISO-treated rats (Figure 2a
and b and Table 2). After endothelial denudation, the
contraction to PHE was similar in both groups. As indicated
by the comparison of dAUC values in rings without endo-
thelium, the negative endothelial modulation in the PHE-

induced contraction is impaired in arteries from the ISO-
treated rats (Figure 2).

Evaluation of endothelial pathways involved in the
vasoconstrictor response to PHE in aortic rings from
ISO-treated rats

The nonselective NOS inhibitor L-NAME increased pD, and
E...x values for PHE in intact thoracic aortic rings from both
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groups (Figure 3a and b and Table 2). dAUCs (Figure 3a
and b) showed higher values in arteries from ISO-treated rats
than in those from the control group. At the concentration
of L-NAME wused in these experiments, the vasorelax-
ation produced by acetylcholine was abolished (data not
shown).

In the presence of the selective iNOS inhibitor amino-
guanidine, there was no significant alteration of the concen-

tration—response curve for PHE in aortic rings from control
animals (Figure 3a and Table 2). In contrast, aminoguanidine
was able to shift to the left the concentration—response curves
for PHE in aortic segments from ISO-treated animals,
increasing the maximal response to this vasoconstrictor
(Figure 3b and Table 2). At the concentration of amino-
guanidine used, there was no significant inhibition of the
vasorelaxation produced by acetylcholine (data not shown).
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Figure 3 Effects of L-NAME (100 uM) or aminoguanidine (AG, 50 uM) (a and b) or SOD (150 Uml™") or catalase (CAT,
300 Uml™") (c and d) or L-arginine (L-arg, SmM) (e and f) on concentration-response curves to PHE in intact (E +) thoracic aortic
rings from control and isoproterenol-treated rats. Contraction responses are expressed as a percentage of the response to 75mM
KCI. Number of rats is indicated in parentheses. The values are means+s.e.m. Two-way ANOVA, * P<0.05 vs E +. Inset, dAUC
to PHE in E + /treatments and E + aortic rings from control and isoproterenol-treated rats; dAUC are expressed as a percentage of
the corresponding AUC for E + aortic rings. Student’s z-test, *P <0.05 vs Control.
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Indomethacin did not significantly modify the concentra-
tion-response curves to PHE in vascular rings obtained from
both groups of rats (Table 2). Pretreatment with losartan
reduced E,.. for PHE in both groups of rats, but the E,.
value for PHE was still higher in aorta from rats treated with
ISO (Table 2).

SOD incubation was able to reduce the E,,,, and pD, values
for PHE in aortic rings from both control and ISO-treated rats
(Figure 3c and d, and Table 2). However, in the presence
of SOD, there was no significant difference between the
concentration—response curves for PHE between both groups
of rats (Table 2). In addition, there was a greater reduction
in the dAUC for PHE in rings obtained from ISO-treated rats
in the presence of SOD (Figure 3¢ and d).

On the other hand, in the presence of catalase, there was a
reduction in pD, values for PHE in both groups, with no
changes in E,,, (Figure 3c and d and Table 2). A comparison
of dAUCs indicated that the effect of catalase was similar
in aortic rings from control and ISO-treated rats (Figure 3c
and d).

To investigate if NAD(P)H oxidase was a source of elevated
superoxide anion production in ISO-treated rats, aortic rings
with intact endothelium were incubated with apocynin. This
inhibitor did not change significantly either E,., or pD, for
PHE in both groups of rats. Thus, the contractile response of
the ISO group was still significantly higher than the response
of the control group (Table 2).

L-Arginine did not induce significant changes in the
concentration-response curve for PHE in aortic rings from
control animals (Figure 3e and Table 2). In contrast, it was
able to shift to the right the concentration—response curves for
PHE in aortic segments from ISO-treated animals by reducing
the E,.. (Figure 3f and Table 2). In addition, there was a
greater reduction in the dAUC for PHE in rings obtained from
ISO-treated rats in the presence of L-arginine (Figure 3e and f).

It is important to emphasize that in all experiments in which
enzyme inhibitors or receptor blockers were used, the basal
tone of aortic rings obtained in both groups of rats did not
change (results not shown).

Activity and protein expression of NOS

As shown in the Figure 4a, NOS activity was increased in
aortic segments with and without endothelium from ISO-
treated rats. In agreement with this finding, we also observed
an increase in the protein expression for the endothelial and
neuronal isoforms of NOS (Figure 4b). We did not detect
protein expression for the inducible isoform of NOS in aortas
from either group of rats (data not shown).

Superoxide anion generation and antioxidant defence
mechanisms in isolated aorta from ISO-treated rats

An increase of ethidium bromide fluorescence was observed in
aortas from ISO-treated rats as compared with control rats,
reflecting an increased superoxide anion generation induced
by ISO treatment (Figure 5a). To assess antioxidant defense
mechanisms in these vessels, we analysed the Cu/Zn-SOD
protein expression. Cu/Zn-SOD protein expression was
detected in arteries from both groups and its expression was
higher in aortas from ISO-treated rats (Figure 5b).
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Figure 4 (a) NOS activity (pmolmgmin~') in isolated aortas from
control (CT, n=7) and isoproterenol-treated rats (ISO, n=6) with
(E+4) and without (E—) endothelium. (b) Top: representative
Western blot of nNOS and eNOS protein expression in thoracic
aorta of control (CT) and ISO. Left lane, corresponding positive
control for each protein (rat brain and human endothelial cells,
respectively). Expression of o-actin is also shown as a loading
control. Bottom: quantitative analysis of Western blot for eNOS and
nNOS protein expression in thoracic aortas of control (CT, n="7)
and isoproterenol-treated rats (ISO, n=7). Results (means+s.e.m.)
are expressed as the ratio between signal for the NOS protein and
signal for o-actin in the corresponding aorta. Student’s z-test,
*P<0.05 vs Control.

Discussion

In the present study, we evaluated the effects of chronic
p-adrenergic stimulation produced by seven daily injections
of ISO on the vascular reactivity of isolated aortas. Isolated
aortas obtained from treated animals had an increased
reactivity to the vasoconstrictor actions of PHE and serotonin,
but not to the relaxant actions of acetylcholine and ISO.
Our results suggest that the changes in the reactivity to the
vasoconstrictors are due to an alteration of endothelial
modulation of the contractile responses associated with NO
and superoxide anion imbalance.

ISO treatment produced right and left ventricular hyper-
trophy but no significant changes in heart rate, mean arterial
pressure and body weight. Previous studies from our group
also reported that this treatment produced ventricular
hypertrophy with no changes in left ventricular systolic and
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Figure 5 (a) Representative fluorescence photomicrographs of
microscopic sections of thoracic aorta from control (a, n=3) and
isoproterenol-treated rats (b, n=3). Vessels were labelled with the
oxidative dye hydroethidine, which produces a red fluorescence
when oxidized to ethidium bromide by superoxide anion. AC,
adventitial cells; SMC, smooth muscle cells. (b) Representative
Western blot (Top) and quantitative analysis (Bottom) for Cu/Zn-
SOD protein expression in thoracic aortas of control (CT, n=4) and
isoproterenol-treated rats (ISO, n=4). Results (means+s.e.m.) are
expressed as the ratio between signal for the Cu/Zn-SOD protein
and signal for a-actin in the corresponding aorta. Student’s z-test,
*P<0.05 vs Control.

end diastolic pressures, mean arterial pressure, heart rate or
body weight (Vassallo er al., 1988; Busatto et al., 1999). These
results suggest that the treatment used in the present study did
not produce cardiac failure.

The lack of change in the vasorelaxation produced by ISO
administration to the aortas from rats treated with isoproter-
enol for 7 days was unexpected because previous reports have
shown that a continuous stimulation of f-adrenoceptors
induces desensitisation followed by downregulation of these
adrenoceptors (Harden, 1983; Kimura et al., 1993). On the
heart, this effect results in reduced inotropic and chronotropic
effects evoked by f;-adrenoceptor stimulation (Chang et al.,

1982; Kenakin & Ferris, 1983; Hayes et al., 1986). Hayes et al.
(1986) and Cohen & Schenck (1987) demonstrated that
prolonged infusion of ISO impaired the vasodilator response
to ISO in isolated aortas. In the present study we did not
observe this effect, despite the fact that the dose of ISO that we
used was 32-fold smaller than that used by those authors. It
has been shown that f,-adrenoceptors, which are the main
p-adrenoceptor subtype responsible for the vasodilator
response induced by nonspecific f-agonists (O’Donnell &
Wanstall, 1984), are less susceptible than f,-adrenoceptors
to downregulation (Cohen & Schenck, 1987). In addition,
fi-adrenoceptors can be upregulated when f3,- and f3,-adreno-
ceptor subtypes are downregulated (Rohrer et al., 1999;
Moniotte et al., 2001). Moreover, it is known that high doses
of ISO and other catecholamines can induce toxic effects
(Balta et al., 1995; Banerjee et al., 2003). These toxic effects
could mask the vascular changes present in aortic rings after
chronic f-adrenergic stimulation. Together, the relative
resistance of f,-adrenoceptors to downregulation, a possible
upregulation of f;-adrenoceptors, and the smaller dose of ISO
might explain the differences between our results and those
obtained by Hayes et al. (1986) and Cohen & Schenck (1987).

The increased vasoconstrictor response to PHE and seroto-
nin described in the present work is in agreement with previous
reports from our group. This effect was observed when the
contractile responses to PHE were normalized to the KCI
response and expressed in grams of tension. These reports,
using the same ISO treatment protocol, including the dose
range as used in the current protocol, showed an increase
in the pressor responses to a-adrenergic agonists in vivo, in
rats (Trindade er al., 1992) and mice (Gava et al., 2004).
In contrast, previous reports have demonstrated no changes in
vasoconstrictor responses to norepinephrine and serotonin in
aorta and portal vein isolated from ISO-treated rats (Hayes
et al., 1986). Again, these discrepant results might be related to
the higher dose of ISO used by those authors (9.6mg kg™'
day~') as compared with the dose used in the present study and
by Trindade et al. (1992) and Gava et al. (2004). However, we
could not exclude a possible limitation of the present results
using contractile responses to PHE normalised by KCI res-
ponse, since this parameter varies between aortas from control
and ISO-treated groups in the presence of the endothelium.

The removal of the endothelium enhanced the pD, and the
E..x to PHE in aortas from both groups. However, after
endothelium denudation, there were no differences in the
contractile response to PHE between control and ISO-treated
groups. This result suggests an impairment of the negative
endothelial modulation of z-adrenoceptor-mediated contrac-
tion in aortas from ISO-treated rats. The possible factors
involved in this altered endothelial modulation of PHE-
induced contraction were investigated including products
derived from the COX-pathway, the local renin—angiotensin
system, NO and reactive oxygen species (ROS). The experi-
ments with inhibitors of COX and with AT)-receptor
antagonist suggested that neither of these pathways or
mechanisms were involved in the enhanced response to PHE.
However, our results showed that ISO treatment altered NO
availability and ROS generation in rat aorta.

An increased NOS activity and protein expression was
observed. The higher nonspecific NOS activity appeared to
occur in both endothelial and nonendothelial portions of the
aorta. Previous reports have demonstrated an activation of
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eNOS in isolated endothelial cells (Ferro et al., 1999, Isenovic
et al., 2002) and iNOS in cultured vascular smooth cells (Koide
et al., 1993) following f-adrenoceptor stimulation. In addition,
we found a significant increase in protein concentrations for
both eNOS and nNOS in aortas from ISO-treated rats. This
change induced by ISO treatment was greater for nNOS
compared with eNOS (percentage increase in protein concen-
trations: eNOS: 27% vs nNOS: 157%). In addition, there was
no measurable protein expression for iNOS in arteries from
either control or ISO-treated rats.

More pronounced activity and protein concentrations of
NOS might be translated into greater NO production. This
should be substantiated by the greater capacity of L-NAME to
enhance the contraction to PHE when compared with controls.
We also showed that pretreatment with aminoguanidine
increased the contraction to PHE only in aortas from ISO-
treated rats. However, this effect was less than that observed
in the presence of L-NAME and does not seem to be explained
by greater basal NO modulation induced by iNOS; however,
it can be explained by an aminoguanidine action on nNOS.
Boer et al. (2000) support this idea as they have shown that
aminoguanidine is about nine times more potent at iNOS than
at eNOS and almost equipotent at iNOS and nNOS. There are
reports showing that the effect of aminoguanidine in endotoxic
shock and in aortic rings from ouabain-induced hypertensive
rats is most likely due to the inhibition of nNOS (Gocan et al.,
2000; Rossoni et al., 2002). In addition, it was postulated that
cultured aortic smooth muscle cells might have a marked
expression of nNOS but not of iNOS (Papadaki ez al., 1998).
Together, these results suggest that the increase in the levels of
eNOS and nNOS isoforms could be involved in the higher
total NOS activity observed in aortic rings with intact
endothelium from ISO-treated rats. On the other hand, the
nNOS, but not the iNOS isoform seems to be involved in
the higher total NOS activity observed in endothelium-free
aortic rings from these animals.

Although the evidence suggests that there is an increased
basal NO release in arteries from ISO-treated rats, this was not
translated into a reduced contractile response to PHE or
serotonin. It is interesting to note that the increase in the E,.
to both vasoconstrictors was almost identical (i.e. increases of
27 and 28%). This indicates that the contractile response by
itself is important to release endothelial factors that counteract
a high basal NO production for aortic tissue as proposed by
others authors (Kim & Greenburg, 2001). It is well established
that NO can be destroyed by the superoxide anion, a ROS.
Thus, an increase in superoxide anion concentrations might
result in enhanced NO inactivation, which decreases its
bioavailability, despite an increased release of NO in arteries
(Gryglewski et al., 1986). This mechanism has been associated
with endothelial dysfunction and appears to be a common
feature of many cardiovascular diseases such as heart failure
(Bauersachs et al., 1999).

In the present study, SOD administration reduced the
contraction to PHE in aortas from ISO-treated rats to control
levels. In addition, an increase in superoxide anion levels was
observed in isolated aortas from ISO-treated rats as indicated
by the ethidium bromide fluorescence. These results confirm
the involvement of superoxide anions in the increased response
to PHE in these preparations. An important source of super-
oxide anion in the vasculature is the enzyme NAD(P)H
oxidase. However, pretreatment with apocynin did not modify

the PHE-induced contraction in either group of rats, indicating
that this pathway of superoxide anion generation is not
affected by treatment with ISO. Some studies employing
very high doses of ISO suggested that the autooxidation of
ISO might be a source of superoxide anions that can induce
oxidative stress damage to the myocardium (Balta et al., 1995;
Banerjee et al., 2003). Whether or not this is the case with the
relatively low dose of ISO used in the present study remains to
be determined.

However, if superoxide is able to inactivate NO, it is
expected that L-NAME should have a smaller effect on PHE
contraction in arteries from ISO-treated rats. However,
L-NAME has a greater effect on PHE-induced contractions
in arteries from ISO-treated rats. This contradictory effect
can be explained by the dual role of NOS producing NO
and superoxide anion. Superoxide generation by a purified
preparation of nNOS and eNOS has been demonstrated.
Superoxide is generated from the dissociation of the heme
ferrous—dioxygen complex in the oxygenase domain of eNOS
(Vasquez-Vivar et al., 1998) and nNOS (Pou et al., 1992;
1999). For both isoforms, the efficacy of inactive L-arginine
analogues, such as L-NAME, to inhibit superoxide production
is contradictory. L-NMMA did not inhibit superoxide anion
production by eNOS and a similar lack of effect was reported
for L-NMMA on nNOS. L-NAME was able to inhibit
superoxide production by nNOS only in higher concentrations
(>1mM). In our study, incubation with L-NAME inhibited
NO production by NOS. However, it was probably not able
to inhibit superoxide anion production by this enzyme.

Superoxide generation by NOS can be regulated by the
substrate for NOS, L-arginine, and by cofactors, mainly BH,.
In the absence of L-arginine, O, accepts an electron from NOS,
generating superoxide (Pou et al., 1992). In the present study,
we incubated L-arginine for 30 min before the concentration—
response curves to PHE. L-arginine was able to normalize the
hyper-reactivity to PHE in ISO group to control levels. These
results suggest that NOS can be a source for increased
superoxide anions generation in aortas from ISO-treated
animals. Thus, despite the inhibition of NO production, the
maintained increase of superoxide anion production might be
responsible for the increased contractile response to PHE after
L-NAME incubation in ISO arteries compared with controls.
This effect was probably mediated by the nNOS and eNOS
isoforms, since there were no detectable levels of iNOS in these
vessels. However, other sources of superoxide might mediate
oxidative ISO effects and cannot be excluded.

When superoxide anion is dismutated by SOD, H,O, is
generated, and this could also participate in the vascular
effects induced by ISO. Nevertheless, the H,O, scavenger
catalase did not show a selective effect on the actions of PHE
in aortic rings from ISO-treated animals, suggesting that it
does not play a role in reducing NO bioavailability.

Although we observed an increased effect of superoxide
anion on the contractile response to PHE in aortic rings from
ISO-treated rats, there was a lack of effect of ISO treatment on
the endothelium-dependent relaxation to acetylcholine and the
partially endothelium-dependent relaxation response to ISO.
These apparently contradictory findings might be explained by
the greater sensitivity of basal vs agonist-stimulated activity of
NO to destruction by superoxide anions (Mian & Martin,
1995; Laight et al., 1998). It is hypothesized that basal NO is
more sensitive to inactivation because SOD is more effective to
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preserve agonist-mediated NO release (Mian & Martin, 1995).
Here, we observed an increase of Cu/Zn-SOD protein
expression in segments of aorta from ISO-treated rats. Thus,
enhanced SOD in the ISO group might selectively preserve
agonist-mediated NO responses. However, despite increased
SOD levels, superoxide generation still appears enhanced and
the PHE-induced contraction remained elevated. Thus, the
SOD protein expression change may be an ineffective response
to enhanced oxidant generation.

In conclusion, our results suggest that a prolonged treat-
ment with a low dose of ISO produces an alteration of the
endothelial modulation on the actions of PHE in thoracic
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