
E�ects of oral propylthiouracil treatment on nitric oxide production
in rat aorta

1,2David J. Grieve, 1Sara Fletcher, 1Andrew A. Pitsillides, 1Kathleen M. Botham & *,1Jonathan Elliott

1Department of Veterinary Basic Sciences, Royal Veterinary College, Royal College Street, London NW1 0TU

1 The e�ects of oral propylthiouracil (PTU) treatment on vascular nitric oxide (NO) production
were studied in the rat aorta.

2 Rats were fed a standard low fat diet with or without 0.1% PTU, for 2 or 4 weeks, or for 2
weeks with additional thyroxine injections. Concentration response curves were then constructed to
phenylephrine (PE) in both endothelium-intact and denuded aortic rings from these animals and
after incubation with 0.1 mM L-NGnitroarginine (L-NOARG). In addition, expression of nitric oxide
synthase (NOS) was analysed in sections of aorta from PTU-treated and control rats using rabbit
polyclonal antibodies to both inducible NOS (iNOS) and endothelial NOS (eNOS).

3 Oral PTU treatment resulted in a signi®cant reduction in both the maximum response (control,
0.53+0.02; 2 week PTU, 0.20+0.07; 4 week PTU, 0.07+0.02 g mg71) and vessel sensitivity (EC50

values: control, 9.1061078+0.67; 2 week PTU, 7.4561077+1.15; 4 week PTU,
9.7361077+0.45 M) to PE in endothelium-intact vessel rings, as compared to controls (P50.05).
Both endothelial removal and incubation with L-NOARG restored the maximum response after 2,
but not 4 weeks, although, in general, vessel sensitivity was not altered by either treatment. Vessels
from PTU-treated rats given thyroxine injections showed no signi®cant di�erences between any of
the dose response curve parameters. Immunohistochemical analysis suggested that labelling for
eNOS may be increased after PTU treatment as compared to control animals, whereas iNOS
antibody immunoreactivity was not di�erent between the two groups.

4 These results suggest that the hyporesponsiveness to PE observed after oral PTU treatment is, in
part, due to enhanced nitric oxide (NO) production by the endothelium, and demonstrate for the
®rst time that thyroid hormones may play a role in the regulation of eNOS activity in the rat aorta.
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Introduction

Propylthiouracil (PTU) is used routinely in the treatment of
hyperthyroidism, a common endocrine condition, which may
result from various disorders of the thyroid gland, the most

prevalent of which is Graves disease (Klein et al., 1994). In
addition to the excessive thyroid hormone concentrations
associated with this condition, Graves disease has also been

found to result in increased stimulation of the adrenergic
nervous system. Conversely, PTU-induced hypothyroidism
causes decreased responsiveness to adrenoceptor agonists. It

has been well established that both cardiac b-adrenoceptor
density and responsiveness to agonists which exert their
actions via these receptors are decreased in hypothyroidism

(Nakashima & Hagino, 1972; Hawthorn et al., 1988), ®ndings
which account for the marked bradycardia observed in this
condition (Klein & Ojamaa, 1992). In addition, vascular
responsiveness to phenylephrine (PE) and other a-adreno-
ceptor agonists has been found to be decreased in
hypothyroidism (Rahmani et al., 1987; Brown et al.,
1994a), although the correlation between this disease state

and a-adrenoceptor density has not been well established.
The inhibitory e�ects of PTU on PE-induced contractions,
which are observed in the resulting hypothyroid state, were

found to be restored by thyroxine replacement therapy
(Rahmani et al., 1987; Brown et al., 1994b), which suggests
that the actions of PTU are dependent on induction of the

hypothyroid state and are not due to a direct action of the
drug or to other unrelated factors.

In the rat aorta, basal production of nitric oxide (NO)

by the endothelium has been found to modulate the
responses to a-adrenoceptor agonists, such as PE (Bullock
et al., 1986; Frew et al., 1993). However, few studies have

examined the e�ects of oral PTU treatment on NO
production. PTU-induced hypothyroidism has been shown
to cause marked downregulation of NO synthase (NOS)
gene expression in the rat hypothalamus, an e�ect which

was reversed by dietary supplementation with thyroxine
(Ueta et al., 1995). In addition, all three NOS isoforms
have been found to be expressed in the thyroid gland and

to be involved in the increased vascularity associated with
this organ in hyperthyroidism (Colin et al., 1995). However,
the actions of PTU on vascular NOS activity have not been

investigated.
The aim of this study was, therefore, to determine whether

the vascular L-arginine-NO pathway is involved in the vascular

hyporesponsiveness to a-adrenoceptor agonists which has been
shown to occur in PTU-induced hypothyroidism.
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The ®ndings of these experiments have been reported to the
British Pharmacological Society (Grieve et al., 1998a).

Methods

Preparation of PTU-supplemented diet

A standard low fat powdered diet (88.5% cereal products,
8.5% proteins, 0.5% soya oil energy source, 2.5% vitamins

and minerals) was mixed with 0.1% 6-n-propyl-2-thiouracil for
1 min and stored at 48C until required. Only small quantities

(500 g) were made up at any one time to ensure that the
animals were receiving freshly prepared diet.

Feeding protocol

Male Wistar rats (initial weights: control diet, 140 ± 160 g;
PTU-treated, 290 ± 310 g) were used throughout this study.

They were housed under constant climatic conditions
(temperature 21 ± 228C, relative air humidity 50+5%, constant
12 h daylength) with free access to water and a standard low

fat diet or the same diet supplemented with PTU, for a period
of 2 or 4 weeks. Animal weights and food consumption were
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Figure 1 Cumulative concentration contraction response curves to PE in (a) endothelium-intact, (b) endothelium-denuded and (c)
endothelium-intact rat aortic rings in the presence of 0.1 mM L-NOARG. The ordinate scale represents contraction expressed as g
tension produced per mg of tissue. Each data point represents the mean+s.e.mean; the s.e.means are only included when they
exceed the size of the symbol. The line has been drawn by interpolation through these mean values. The best ®t values for EC50,
maximum tension and Hill slope were derived by a computerized non-linear curve ®tting procedure for each vessel segment and
these mean values are presented in Table 1.

Propylthiouracil and nitric oxide production2 D.J. Grieve et al



recorded daily and fresh food and water provided. The PTU-
supplemented diet caused a signi®cant inhibitory e�ect on
animal growth rate, when compared to the control diet

(0.76+0.14 vs 7.27+0.62 g day71, n= 4; P50.05, unpaired
Student's t-test). However, food consumption was found to be
not signi®cantly di�erent between rats fed the PTU-
supplemented and control diets (32.0+1.0 vs 35.3+1.6 g

day71, n=4). As oral PTU treatment caused a marked
inhibition of growth rate, rats of di�ering initial weights were
used in order that the control and PTU-treated animals would

be approximately the same size at time of death. A baseline
blood sample was taken from the tail vein at time 0 and a
terminal blood sample taken by cardiac puncture after 2 or 4

weeks. Blood samples were allowed to clot for 30 min before
being centrifuged at 13,000 r.p.m. for 10 min. The serum was
harvested and thyroxine concentrations were determined as

described below.

Thyroxine replacement in PTU-treated animals

Replacement doses of thyroxine were given to PTU-treated
rats following the methods of Lee et al. (1990). Animals were
fed a standard low fat diet supplemented with 0.1% PTU for

2 weeks. For the ®nal 4 days, thyroxine replacement
injections (50 ng g71 body weight s.c.) were given. Serum
thyroxine concentrations were then measured to establish

whether the injected dose had restored the hormone to
control levels.

Measurement of serum thyroxine concentration

Serum thyroxine concentrations were determined using a
commercially available radioimmunoassay kit (Diagnostic

Products Corporation, Los Angeles, U.S.A.) based on the
method of Britton et al. (1975). Total [125I]-thyroxine
reagent (1.0 ml) was added to 25 ml serum in an anti-

body-coated plastic tube and mixed before being incubated
in a water bath at 378C for 1 h. All visible moisture was
then removed from the tubes by inverting and draining on

absorbant ®lter paper for 30 min. The tubes were then
assayed for radioactivity in a gamma counter (Packard
Cobra 5005) and values corrected for non-speci®c binding.
Thyroxine standards (0 ± 300 nM), prepared from stock

solutions were assayed in parallel with the serum samples
and the thyroxine concentration was calculated from the
standard curve obtained.

Isolated vessel studies

Rats (®nal weight 300 ± 350 g) fed the standard low fat

control diet or the same diet supplemented with 0.1% PTU
for 2 weeks or 4 weeks, or for 2 weeks with additional
thyroxine injections, were killed with sodium pentobarbitone
(200 mg kg71 body weight i.p.). The entire aorta was then

rapidly removed, cleared of any surrounding connective
tissue and thoracic portion cut into 3 mm ring segments,
taking care not to damage the endothelium. Three vessel

segments were taken from each rat, one of which was
denuded of endothelium (by gentle rubbing of the luminal
surface), and the other two left with an intact endothelium.

All rings were placed in organ bath chambers containing
10 ml modi®ed Krebs-Henseleit solution at 378C (KHS;
composition (mM): NaCl 118, KCl 4.57, CaCl2 1.27,

KH2PO4 1.19, MgSO4 1.19, NaHCO3 25, glucose 5.55) and
prepared for isometric tension recording as previously
described (Grieve et al., 1998b). The vessel segments were
held under 1 g resting tension and allowed to equilibrate for

1 h, before they were contracted by exchanging the KHS for
a depolarizing KHS, where the NaCl had been replaced
isotonically with KCl (118 mM). After 15 min, the depolaris-

ing KHS was replaced with KHS and resting tension re-
established, 0.1 mM L-NGnitroarginine (L-NOARG) was
added to the bathing solution of one of the endothelium-

intact rings for 30 min, before cumulative concentration
contraction response curves were constructed to PE (1 nM to
10 mM) in all three vessel segments.

NOS localization by immunocytochemistry

Expression of NOS was analysed in sections of aorta from

PTU-treated and control rats. In addition, a positive control
for inducible NOS (iNOS) was obtained by incubating control
vessel sections with 1 mg ml71 lipopolysaccharide (LPS) in

KHS at 378C for 24 h in a tissue culture incubator prior to
processing. Immediately after death (sodium pentobarbitone,
200 mg kg71 body weight i.p.), segments of aorta (10 ± 20 mm)

were excised and cleared of all surrounding connective tissue,
mounted in a 10% aqueous solution of polyvinylalcohol
embedding medium so that the lumen would remain patent,
and snap-chilled in n-hexane (grade low in aromatic

hydrocarbons at or below at 7708C), before being stored at
7708C until required. The segment was mounted in
embedding medium on a cork board, before transverse

Table 1 Best ®t values for concentration contraction response curves to PE in aortic rings taken from rats fed a PTU-supplemented
diet with or without thyroxine replacement injections

Experiment Diet Condition
EC50

(M)
Maximum tension

(g mg71) Hill slope

1
1
1
1
2
2
2
2
3
3
3
3

Control
2 weeks PTU
4 weeks PTU
2 weeks PTU+Thyroxine
Control
2 weeks PTU
4 weeks PTU
2 weeks PTU+Thyroxine
Control
2 weeks PTU
4 weeks PTU
2 weeks PTU+Thyroxine

Endothelium-intact
Endothelium-intact
Endothelium-intact
Endothelium-intact
Endothelium-denuded
Endothelium-denuded
Endothelium-denuded
Endothelium-denuded
L-NOARG treated
L-NOARG treated
L-NOARG treated
L-NOARG treated

9.1061078+0.67
7.4561077+1.15*
9.7361077+0.45*
1.0761077+0.24
5.2961078+2.39
3.0861077+0.58
7.8561077+1.42*
4.2561078+0.81
6.1361078+2.25
4.2561077+1.22*
7.4461077+0.79*
9.0561078+2.06

0.53+0.02
0.20+0.07*
0.07+0.02*
0.57+0.06
0.67+0.06
0.50+0.05
0.28+0.07*
0.71+0.05
0.74+0.03
0.69+0.09
0.37+0.07*
0.83+0.06

1.12+0.12
1.19+0.09
1.63+0.22
1.19+0.04
1.23+0.07
1.53+0.10
1.71+0.17
1.41+0.08
1.51+0.14
1.54+0.06
1.62+0.10
1.51+0.07

Each value represents the mean+s.e.mean for four experiments. *=signi®cant di�erence (P50.05; one way ANOVA with Dunnett's
comparison).
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sections (10 mm) were cut on a Model OTF cryostat (Bright
Instrument Company Limited, Huntingdon, U.K.) and
collected onto clean, glass, polylysine-coated microscope

slides. The sections were then dried at room temperature
under an extractor fan for 1 h, before the slides were placed,
face up, in a dark plastic box containing paper tissue which
had been saturated with distilled water. The aortic sections

were then ringed with a wax marker pen, to prevent spreading
of the overlying liquid, and covered with 20 ml of Tris-bu�ered
saline (TBS; control) or with the same volume of rabbit

polyclonal antibody to either iNOS or endothelial NOS
(eNOS; 2% in TBS). The lid was placed on the box and left
at room temperature for 18 h. After this incubation period, the

sections were washed by pouring o� excess liquid and
replacing with 3 changes of 20 ml TBS, each for 5 min. The
sections were then incubated with 2% FITC-conjugated anti-

rabbit immunoglobulin (20 ml; 80% TBS, 20% rat serum to
minimize non-speci®c binding) at room temperature for 1 h.
The slides were then washed with TBS, as described earlier,
and covered with ¯uorescent mounting medium and coverslip

before being viewed under a Zeiss LSM-510 confocal
microscope at 406 magni®cation.

Drugs and reagents

L-phenylephrine hydrochloride and L-NGnitroarginine were

purchased from Sigma Chemical Co. (Poole, U.K.) and were
initially dissolved in deionised water (at 10 mM) before being
diluted in 0.9%w v71 saline. All solutions were freshly prepared

on the day of the experiment. Concentrations are expressed as
the ®nal concentration of each drug in the organ bath. The
standard low fat powdered diet was obtained from Special Diet
Services Limited (Witham, U.K.), the 6-n-propyl-2-thiouracil,

thyroxine (sodium salt) and lipopolysaccharide (from Salmo-
nella typhimurium) from Sigma Chemical Co. (Poole, U.K.).
The tissue embedding medium was purchased from Bright

Instrument Company Limited (Huntingdon, U.K.), the ¯uor-
escent mounting medium and FITC-conjugated anti-rabbit

immunoglobulins from Dako Corporation (Carpintera,
U.S.A.) and the rabbit polyclonal antibodies to iNOS and
eNOS from Santa Cruz Biotechnology Inc. (Santa Cruz,

U.S.A.).

Statistical analysis

Data from organ bath experiments were expressed as increase
in tone calculated as g tension developed per mg tissue, and
were plotted against log agonist concentration. Cumulative

concentration contraction response curves for each vessel
segment were ®tted to the single site logistic equation:

Increase in tension � Emax An=�An � EC n
50 �

by a modi®ed Marquart procedure using Multi®t1 (Day
Computing, Cambridge, U.K.) running on a Macintosh 475.

E.max represents the maximum response, A is the concentration
of drug used and n is the Hill slope of the concentration
response curve. The best ®t values for EC50, E.max and Hill

slope for each vessel segment were used to calculate the
means+s.e.mean. Signi®cance limits were calculated using a
paired Student's t-test or a one way ANOVA with Dunnett's

comparison, where appropriate (P50.05 was taken to be
signi®cant).

Results

E�ects of oral PTU treatment on serum thyroxine
concentrations

The PTU-supplemented diet resulted in a signi®cant decrease

in serum thyroxine after both 2 and 4 weeks (from 37.2+4.7 to
43.2 nM, n=4; P50.05, one way ANOVA with Dunnett's
comparison). However, these values were signi®cantly in-

creased above control levels by injection of a replacement dose
of thyroxine (from 37.2+4.7 to 156.8+10.7 nM, n=4;
P50.05, one way ANOVA with Dunnett's comparison).

a b
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E�ects of oral PTU treatment on contractions to PE

Cumulative concentration contraction response curves to PE

of rings taken from animals fed a standard low fat diet or the
same diet supplemented with PTU with or without thyroxine
replacement injections are shown in Figure 1. The mean best ®t
dose response curve parameters derived from these curves are

presented in Table 1. Oral PTU treatment resulted in a
signi®cant reduction in both the magnitude of the maximum

response and vessel sensitivity to PE in endothelium-intact
vessel rings, as compared to values obtained from control rats.
Both endothelial removal and incubation with L-NOARG

restored the maximum response after 2, but not after 4 weeks
PTU treatment. In general, vessel sensitivity was not altered by
endothelial removal or treatment with L-NOARG. The EC50

values were still found to be signi®cantly higher than the

respective controls following endothelial denudation after 4
weeks, and following L-NOARG treatment after both 2 and 4

c d

e f

Figure 2 Photographs showing transverse sections of aorta from rats fed a standard low fat control diet or the same diet
supplemented with 0.1% PTU for 2 weeks. The vessel segments were frozen in hexane, mounted in embedding medium, and 10 mm
sections cut and incubated with TBS or rabbit polyclonal antibodies to iNOS or eNOS before being ¯uorescently labelled with anti-
rabbit immunoglobulin. The above photographs show rat aortic sections which were treated as follows: (a) negative control
incubated with TBS alone; (b) iNOS positive control obtained by incubating control vessel section with LPS (1 mg ml71) for 24 h in
tissue culture; (c) control vessel treated with iNOS antibody; (d) PTU-treated vessel incubated with iNOS antibody; (e) control
vessel treated with eNOS antibody; (f) PTU-treated vessel incubated with eNOS antibody. All photographs were taken under a Zeiss
LSM-510 confocal microscope at 406 magni®cation with the endothelial surface facing to the right of the section.
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weeks. When thyroxine replacement injections were given
together with the PTU-supplemented diet, no signi®cant
di�erences were found between any of the dose response curve

parameters of vessels from these animals and those taken from
rats fed the standard low fat control diet.

NOS localization by immunocytochemistry in vessels
from control and PTU-treated rats

Fluorescent images of sections of rat aorta incubated with TBS

and ¯uorescently labelled with anti-rabbit immunoglobulin are
shown in Figure 2a. The observed low-intensity image is due to
auto-¯uorescence of the collagen ®bres, and these did not

appear to di�er between control and PTU-treated animals.
The iNOS antibody immunoreactivity was con®rmed by
marked increases in iNOS expression evident in vessels pre-

incubated with LPS (Figure 2b). Immunolabelling for iNOS in
aortic tissue from both control and PTU-treated animals was
of a low level and there appeared to be no di�erence in
labelling intensity between the two groups (Figure 2c and d).

However, immunolabelling for eNOS showed clear endothelial
cell localization, and this appeared to be increased after PTU
treatment as compared to control animals (Figure 2e and f).

Discussion

This study found that oral PTU treatment resulted in a marked
hyporesponsiveness to PE in endothelium-intact vessel rings,

as compared to values from control animals. The diminished
magnitude of these contractile responses were reversed by
thyroxine supplementation, endothelial removal and by
treatment with exogenous L-NOARG, suggesting that the

e�ects were caused by the PTU-induced hypothyroid state and
that they may involve increased endothelial NO production.
These ®ndings were supported by our immunohistochemical

data which showed an apparent increase in endothelial cell
eNOS antibody labelling intensity following dietary treatment,
whereas immunoreactivity for iNOS was unchanged by PTU.

These results con®rm previous ®ndings that PTU-induced
hypothyroidism causes marked impairment of the contractile
responses seen to PE and other a-adrenoceptor agonists
(Rahmani et al., 1987; Brown et al., 1994a), and suggest that

this may, in part, be due to enhanced production of NO by the
endothelium.

The e�ectiveness of PTU was con®rmed in the present

study, as serum thyroxine concentrations were decreased to
below the detectable limits of the assay after 2 weeks of this
dietary regimen. The inhibition of PE-induced contraction

observed after 2 weeks PTU treatment was reversed when
thyroxine replacement injections were administered to the
animal for the ®nal 4 days. However, radioimmunoassay

showed that the dose of hormone used resulted in a signi®cant
elevation of serum thyroxine concentrations above control
levels, indicating that the animals were actually hyperthyroid
for the ®nal few days. This thyroxine replacement regime has

previously been used by other workers (Lee et al., 1990) and
represents the calculated daily secretion of thyroxine by the rat
thyroid gland, although this group did not measure the

resulting serum thyroxine concentrations. Nonetheless, these
®ndings indicate that the inhibitory e�ect of PTU on PE-
induced contractions could be reversed by thyroxine treatment

alone, suggesting that the observed e�ects were due to PTU-
induced hypothyroidism and not to a direct action of the drug
or to other unrelated factors. These results support previous
studies which have shown the inhibitory e�ects of hypothyr-

oidism on the cardiovascular system to be reversed by
thyroxine replacement therapy (0.1 mg kg71 day71) over both
short (2 days) and longer (8 weeks) time periods (Rahmani et

al., 1987; Brown et al., 1994b). In addition, previous published
data suggests that the hyperthyroid state does not in¯uence
vascular responsiveness to PE in any way (Sabio et al., 1994).

After 2 weeks of dietary PTU supplementation, the

resulting hyporesponsiveness to PE appeared to be produced,
at least in part, by endothelium-derived NO. Removal of the
endothelium partially restored maximum contraction to PE

and treatment with L-NOARG completely restored the
maximum response of these tissues, although vessel sensitivity
was still reduced (Figure 1b and c). These ®ndings suggest that

the hyporesponsiveness to PE is due to NO production, mainly
by the endothelium. The fact that L-NOARG treatment, but
not endothelial denudation, restored the maximum response to

PE completely was not surprising since L-NOARG treatment
is a more speci®c method of inhibiting NO production by the
vessel wall. Indeed, we have shown that 0.1 mM L-NOARG
provides maximal inhibition of basal NO production in rat

aorta (data not shown), a ®nding which has been con®rmed by
other workers (Frew et al., 1993; Mian & Martin, 1995). The
decreased sensitivity to PE exhibited by aortic rings from PTU-

treated animals might be explained by a reduction in the
number of a1-adrenoceptors present on the vascular smooth
muscle or a change in their coupling e�ciency, as this was not

a�ected by either endothelial denudation or incubation with L-
NOARG. However, although it has been established that
hypothyroidism causes a decrease in cardiac b-adrenoceptor
density (Hawthorn et al., 1988) and may modulate the
numbers of a-adrenoceptors present in cardiac (Zwaveling et
al., 1996; Zhang et al., 1997) and adipose tissue (Dicker et al.,
1992), there is currently no direct evidence to suggest that this

condition has a similar e�ect on vascular a-adrenoceptor
density.

After 4 weeks of PTU treatment, the maximum response to

PE tended to be further reduced. Both endothelial removal and
L-NOARG treatment markedly increased the maximum
response (by 400 ± 500%) to a much greater extent than that

observed in control tissues (by 25 ± 40%), but these treatments
failed to restore the maximum response to control levels. In
addition, vessel sensitivity to PE was further reduced after 4
weeks of PTU treatment and this was not a�ected by

endothelial removal or incubation with L-NOARG. These
data suggest that endothelium-derived NO contributes to the
vascular hyporesponsiveness observed after 4 weeks of PTU

supplementation, but that other endothelium-independent
mechanisms must also be involved. Again, changes in a-
adrenoceptor numbers or e�ciency of coupling would seem to

be the most likely potential mechanism responsible for the
observed e�ects.

In the present study, weight-matched control animals were

used whereas some previous studies investigating hypothyroid-
ism have used age-matched controls. A weight-matched
control group was considered appropriate in this study as
oral PTU treatment retards the development of these animals.

Furthermore, data on the in¯uence of age on the maximum
response to PE was collected, and showed no signi®cant e�ect
over the time course of the study (8 weeks, 0.53+0.02 g mg71;

10 weeks 0.51+0.08 g mg71, n=4). Indeed, over the age range
of the rats used in the experiments described in the present
study (up to approximately 10 weeks), previous published

work has shown that the potency of PE increases with age
(Takayanagi et al., 1989), suggesting that the present data
could actually be a slight underestimate of the e�ect of PTU on
vessel sensitivity to PE, the control rats being 2 ± 4 weeks
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younger than the PTU-treated animals. Furthermore, as no
di�erence in the maximum response to PE was found between
age-matched and weight-matched control animals, none of the

apparent e�ect on the maximum response to PE can be
attributed to the age di�erence between the PTU-treated and
control animals.

In addition to studying the e�ects of oral PTU treatment on

PE-induced contractions, another series of experiments was
performed to investigate the e�ect of PTU-induced hypothyr-
oidism on endothelium-dependent relaxations. It was found

that PTU supplementation alone did not signi®cantly impair
maximum per cent relaxations to carbachol (control,
85.5+1.2; 2 week PTU, 76.6+2.8; 4 week PTU, 77.5+1.7; 2

weeks PTU+thyroxine, 79.0+4.5%, n=4), although it was
di�cult to measure these relaxation responses accurately due
to the low level of pre-contraction developed in response to

PE, which thus complicated the interpretation of these results.
As the mechanism of PTU-induced hyporesponsiveness to
vasoconstrictor agents in the rat aorta appears to be due to
enhanced basal production of NO, it proved di�cult to

produce a degree of pre-contraction which was similar for all
treatment groups and against which NO-mediated relaxant
responses could be accurately measured. Therefore, the present

study concentrated on the e�ects of oral PTU treatment on
PE-induced contractions.

Immunohistochemical analysis of NOS expression was

performed on vessels taken from animals fed the PTU-
supplemented diet for 2 weeks. The results obtained supported
the pharmacological data demonstrating that enhanced eNOS-

derived NO production may cause the impaired maximum
response to PE in the PTU-treated rats. An apparent increase
in eNOS labelling intensity was evident in endothelium
following PTU treatment (Figure 2f), whereas immunolabel-

ling for iNOS in the aortic tissue was of a very low level and
was unaltered following PTU treatment (Figure 2c and d). This
suggests, therefore, that after 2 weeks, the PTU-induced

hyporesponsiveness to PE may indeed be due to increased
eNOS, but not iNOS-derived NO release, predominantly by
the endothelium. Thus, the immunohistochemical data support

the conclusions drawn from the pharmacological experiments
described in this study.

As mentioned earlier, there have been few studies which
have investigated the e�ects of PTU on NO production.

Previously, the e�ects of PTU-induced hypothyroidism on
NOS expression have only been studied in the rat hypothala-
mus and thyroid gland (Colin et al., 1995; Ueta et al., 1995).

The present study is, to our knowledge, the ®rst to investigate
the actions of PTU on vascular NOS expression. The ®ndings
described in this study support those of previous workers

showing that oral PTU treatment causes vascular hyporespon-
siveness to PE, but, for the ®rst time, indicate that this
hyporesponsiveness does not appear to involve increased iNOS

expression, but may be due, at least in part, to eNOS-derived
NO release from the endothelium. These results, therefore,
suggest that thyroid hormones may play a role in the
regulation of eNOS activity in the rat aorta.

From the results of the present study, it is not possible to
determine whether the observed e�ects of hypothyroidism were
the direct result of a reduction in circulating concentrations of

thyroid hormones or mediated by other changes in circulating
mediators occurring as a result of the hypothyroid state. For
example, hypothyroidism induces changes in the metabolism

and excretion of cortisol (Taniyama et al., 1993) and in the
responsiveness of the hypothalamic pituitary axis to stimuli
mediating the release of growth hormone (Edwards et al.,
1989). Further studies, using cultured endothelial cells, are

necessary in order to determine whether thyroid hormones
have a direct e�ect on the regulation of eNOS synthesis and
activity or produce their e�ects indirectly via the release of

other mediators.
It is possible that under normal conditions, thyroid

hormones, either directly or indirectly cause a tonic inhibition

of eNOS synthesis, which contributes to the basal tone of the
artery. In hypothyroidism, this inhibitory mechanism may be
removed, thus increasing the expression of eNOS by the

endothelium. The ®nding that oral PTU treatment appeared to
increase eNOS expression was somewhat unexpected as there
is a well documented association between hypothyroidism and
hypertension (Giannattasio et al., 1997). However, we chose to

study the e�ects of oral PTU treatment on the aorta, which is a
conductance vessel. The mechanism of control of eNOS
expression may di�er in resistance vessels, which are involved

in the regulation of blood pressure. The e�ects of hypothyr-
oidism on endothelium-dependent mediators of vascular tone
in these vessels is, therefore, an area which warrants further

study.
Another consideration is that as hypertension is a more

chronic e�ect of hypothyroidism, the increased expression of

eNOS observed in the present study may represent an e�ect of
hypothyroidism which precedes the development of hyperten-
sion. As the signalling pathways which regulate eNOS
activation are poorly understood (Forstermann et al., 1998),

the ®ndings of the present study may be important in the
understanding of the processes involved in the control of this
enzyme. eNOS does have important physiological functions

which are relevant to large conductance vessels such as
inhibition of platelet adhesion (Radomski et al., 1987a) and
aggregation (Radomski et al., 1987b) and inhibition of

leucocyte adhesion (Lefer & Ma, 1993) and smooth muscle
cell proliferation (Taguchi et al., 1993; Mooradian et al., 1995).
Further work is necessary to establish whether thyroid
hormones are indeed involved in the control of eNOS and to

investigate the mechanisms of this regulation.
In conclusion, this study found that oral PTU treatment

produced a marked inhibition of contractile responses to PE,

which were reversed by thyroxine supplementation and by
both endothelial denudation and inhibition of NO production.
Immunohistochemical analysis showed that immunoreactivity

for iNOS was unaltered, but that eNOS-derived NO
production may be increased following oral PTU treatment.
Taken together, these ®ndings indicate that PTU-induced

hypothyroidism may increase production of NO by the
endothelium, suggesting that thyroid hormones play a role in
the regulation of eNOS activity in rat aorta.
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