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Abstract Two of the most potent vasoconstrictors, endo-
thelin-1 (ET-1) and angiotensin II (Ang II), are upregulated
in fructose hypertensive rats. It is unknown whether an
interrelationship exists between these peptides that may
contribute to the development of fructose-induced hyper-
tension. The objective of this study was to investigate the
existence of an interaction between the endothelin and renin
angiotensin systems that may play a role in the development
of fructose-induced hypertension. High fructose feeding and
treatment with either bosentan, a dual endothelin receptor
antagonist, or with L-158,809, an angiotensin type 1
receptor antagonist, were initiated simultaneously in male
Wistar rats. Systolic blood pressure, fasted plasma param-
eters, insulin sensitivity, plasma Ang II, and vascular ET-1-
immunoreactivity were determined following 6 weeks of
high fructose feeding. Rats fed with a high fructose diet
exhibited insulin resistance, hyperinsulinemia, hypertri-
glyceridemia, hypertension, and elevated plasma Ang II.
Treatment with either bosentan or L-158,809 significantly
attenuated the rise in blood pressure with no effect on insulin
levels or insulin sensitivity in fructose-fed rats. Bosentan
treatment significantly reduced plasma Ang II levels, while
L-158,809 treatment significantly increased vascular ET-1-
immunoreactivity in fructose-fed rats. Thus, treatment with
the endothelin receptor antagonist prevented the develop-
ment of fructose-induced hypertension and decreased
plasma Ang II levels. These data suggest that ET-1 contrib-
utes to the development of fructose-induced hypertension
through modulation of Ang II levels.
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Introduction

The metabolic syndrome is a clustering of cardiovascular
risk factors. Key components of this syndrome include
abdominal obesity, dyslipidemia, insulin resistance, and
hypertension. The most accepted and unifying hypothesis
proposes that insulin resistance is the major common
underlying metabolic abnormality that contributes to the
pathogenesis of the metabolic syndrome [1, 2]. In both
humans and animal models, insulin resistance/hyperinsu-
linemia has been suggested to contribute causally toward
the development of hypertension [3].

The fructose hypertensive rat (FHR) represents a model of
acquired systolic hypertension in which starch present in
standard laboratory rat chow is substituted with fructose.
Rats fed with a high fructose diet exhibited several features
observed in the metabolic syndrome, such as insulin resistance,
hyperinsulinemia, hypertriglyceridemia, and hypertension
[4]. This animal model is utilized to study the relationship
between the metabolic disturbances and hypertension
independent of obesity or genetic contributions. Increased
production and/or activity of vasoactive mediators, such as
endothelin-1 (ET-1) [5-7], angiotensin II (Ang II) [8-10],
and thromboxane A, (TxA,) [11], have been proposed as
mechanisms that may mediate the link between insulin
resistance/hyperinsulinemia and hypertension.

The endothelin (ET) system and the renin angiotensin
system (RAS) are two of the most potent vasopressor
mechanisms identified to date [12]. The ET system consists
of 21 amino acid ET peptides and their receptors, ET, and
ETg. ET-1 is the major peptide primarily produced by
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endothelial cells and is preferentially released toward
vascular smooth muscle cells to produce sustained increases
in vascular tone [13]. The RAS maintains cardiovascular
homeostasis by regulating fluid and electrolyte balance, as
well as vascular tone. The active component of the RAS is
Ang II, a potent vasoconstrictor, which exerts its actions
through AT, or AT, receptors. Most of the well-known
functions of Ang II are mediated through AT, receptors
[14].

In conditions where both systems are activated, inter-
relationships between them have been proposed to
contribute to the development of hypertension. For
instance, chronic infusion of subpressor doses of both Ang
II and ET-1 induced significant increases in systolic blood
pressure (SBP), whereas a subpressor dose of either Ang II
or ET-1 had no effect in conscious rats, leading the authors
to suggest that the combined actions of both peptides may
be involved in blood pressure regulation [15]. In fructose-
fed rats, it has been reported that blood pressure was
reduced by a greater degree in the presence of a combi-
nation treatment consisting of an ACE inhibitor,
trandolapril, and an ET receptor antagonist, LU-135252, as
compared to either treatment alone [16]. However, whether
an interrelationship exists between these systems that
contribute to the development of hypertension in fructose-
fed rats is currently unknown.

The aim of this study was to investigate and define the
existence of an interaction between the ET system and
RAS that may play a role in the development of hyper-
tension in insulin resistant fructose-fed rats. We determined
the effects of a dual ET receptor antagonist, bosentan, or an
AT, receptor antagonist, L-158,809, on plasma levels of
insulin, glucose, triglycerides, SBP, and insulin sensitivity.
In addition, we assessed the effect of bosentan treatment on
plasma Ang II levels and the effect of L-158,809 treatment
on vascular ET-1-immunoreactivity (ET-1-ir). We
hypothesized that both the ET system and RAS contribute
to the development of hypertension in fructose-fed rats and
that these systems are interconnected. Our data suggest that
fructose-induced hypertension is dependent on the ability
of ET-1 to modulate Ang II levels.

Materials and methods
Animals and experimental design

Forty-eight male Wistar rats were obtained from Charles
River Laboratories (St-Constant, Quebec) at 5 weeks of
age and randomly divided into six experimental groups:
control vehicle-treated (C, n = 8), control bosentan-treated
(CB, n =8), control L-158,809-treated (CL, n = 8),
fructose vehicle-treated (F, n = 8), fructose bosentan-
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treated (FB, n = 8), and fructose L-158,809-treated (FL,
n = 8).

At 6 weeks of age, fasted (5 h) plasma parameters
(glucose, insulin and triglycerides) and SBP were measured
in all groups. At 7 weeks of age, rats in fructose-fed groups
(F, FB, and FL) were started on a 60% fructose diet
(Teklad Laboratory Diets, Madison, WI) for 6 weeks,
whereas rats in control groups (C, CB, and CL) were
maintained on standard laboratory rat chow containing
30% carbohydrate in the form of starch for the same per-
iod. Bosentan (CB and FB) or L-158,809 (CL and FL)
treatment was initiated concurrently at a dose of 100 mg/kg
or 1 mg/kg, respectively, suspended in 1% gum arabic
administered via daily oral gavage for the duration of the
study. The dose of bosentan and L-158,809 was chosen
based on effective blood pressure lowering as reported in
previous studies [5, 17-19]. Rats were housed on a 12-h
light—dark cycle and received food and water ad libitum.
At the end of the study, rats from all groups were eutha-
nized with an overdose of pentobarbital (65 mg/kg, i.p.).
Superior mesenteric arteries were isolated, cleaned of
adherent connective tissue, and fixed in formalin to assess
vascular ET-1-ir. This investigation conforms to the
Canadian Council on Animal Care Guidelines on the Care
and Use of Experimental Animals. All protocols were
approved by the University of British Columbia Animal
Care Committee.

Blood pressure measurement

Prior to obtaining blood pressure measurements, rats were
preconditioned to the procedure. SBP was measured in
conscious rats using the indirect non-invasive tail-cuff
method without external preheating as previously descri-
bed [4].

Oral glucose tolerance test and insulin sensitivity index

Following 6 weeks of study, all rats were fasted overnight
(15 h) and subjected to an oral glucose tolerance test
(OGTT). A 40% glucose solution was prepared and
administered by oral gavage (1 g/kg) to conscious animals.
Blood samples were obtained at 0, 10, 20, 30, 60, and
90 min following the glucose challenge. Plasma was sep-
arated and stored at —20°C until further analysis. The
insulin sensitivity index (ISI) was calculated for each ani-
mal using data obtained from the OGTT and applied to the
formula of Matsuda and DeFronzo [20], where ISI = 100/
square root [(mean plasma glucose x mean plasma insu-
lin) x (fasting plasma glucose x fasting plasma insulin)].
Values obtained with this methodology correlate highly
with results obtained from the euglycemic hyperinsuline-
mic clamp technique [20].
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Blood collection

Five hour fasted blood samples were collected from the tail
vein for determination of plasma glucose, insulin, and tri-
glyceride levels. Plasma samples were separated, aliquoted,
and stored at —20°C until further analysis. At termination,
blood was collected via cardiac puncture and placed into
plastic tubes containing 0.44 mM o-phenanthroline, 25 mM
EDTA, 1 mM p-hydroxymercuribenzoic acid, and 0.12 mM
pepstatin A for determination of plasma Ang I levels. Plasma
samples were separated and stored at —20°C until analysis.

Immunohistochemistry and image analysis

Superior mesenteric arteries were embedded in paraffin and
cut into 10-pm thick sections on a vibratome. Sections were
mounted on slides, deparaffinized, and immunostained for
ET-1-ir. Briefly, sections were incubated in 5% normal goat
serum for 1 h at room temperature. Sections were incubated
overnight in a humid atmosphere at 4°C with a rabbit anti-
ET-1 antibody (1:500, Peninsula Laboratories; T4495, San
Carlos, CA) diluted in phosphate buffered saline (PBS)
containing 1% normal goat serum. Following three washes
in PBS, sections were incubated with an Alexa 594-conju-
gated goat anti-rabbit IgG antibody (1:1600 diluted in PBS,
Molecular Probes; A11037, Eugene, OR) for 90 min at
room temperature. Negative controls were stained by
omitting the primary antibody incubation. Immunoreactiv-
ity was not detected in the absence of primary antibody.
Fluorescent images were captured using an Olympus Flu-
oview BX61 confocal microscope and analyzed using the
Image Pro Analyzer 6.2 software. For semi-quantitative
analysis of vascular ET-1-ir, the area of interest was chosen
by outlining the intimal and medial layers of each section.
Vascular ET-1-ir was evaluated within the area of interest
and was based on the amount of immunopositive staining
expressed as a proportion of the total area of interest.

Biochemical measurements

Plasma glucose levels were determined using a Beckman
Glucose Analyzer II (Beckman, Fullerton, CA). Plasma

triglycerides were measured using an enzymatic calori-
metric assay from Boehringer Mannheim (Germany).
Plasma insulin levels were determined using a radioim-
munoassay kit from Linco Research (St. Charles, MO).
Plasma Ang II levels were measured using an enzyme
immunoassay kit from Cedarlane (Hornby, Ontario).

Reagents

All chemicals were of reagent grade and were purchased
from Sigma (St. Louis, MO). Bosentan was a generous gift
from Actelion Ltd. (Allschwil, Switzerland). L-158,809
was a generous gift from Merck Research Laboratories
(Rahway, NIJ).

Statistical analysis

All data are expressed as mean = SEM. Statistical analysis
of all data was performed using the Number Cruncher
Statistical Software 2000 (NCSS, Kaysville, UT). Data
with multiple time points were analyzed by General Linear
Model ANOVA and inter-group comparisons of dependent
variables were analyzed by one-way ANOVA. Given that
we were interested in comparing either bosentan or
L-158,809 treatment against vehicle-treated animals and
not bosentan treatment against L-158,809 treatment, ani-
mals from the C and F groups were used to analyze the
effects of bosentan treatment against vehicle-treatment, as
well as the effects of L-158,809 treatment against vehicle-
treatment. For all results, the Newman—Keuls test for post-
hoc analysis was applied. A value of P < 0.05 was taken as
the level of significance.

Results

General characteristics

General characteristics of rats following 6 weeks of bos-
entan or L-158,809 treatment are summarized in Tables 1

and 2, respectively. Body weight did not differ among the
experimental groups. Food intake was slightly, but

Table 1 General characteristics and fasted plasma parameters of rats following 6 weeks of bosentan treatment

C CB F FB
Body weight (g) 545 £ 17 550 £ 13 547 £ 18 566 + 26
Food intake (g/day) 348 £ 09 323 +038 29.3 £ 0.7* 29.3 £ 1.3*
Plasma insulin (ng/ml) 1.42 + 0.20 1.44 + 0.17 2.16 + 0.14 2.14 £ 0.42
Plasma glucose (mmol/l) 7.24 £ 0.13 7.38 £ 0.11 7.99 £+ 0.14* 8.11 £ 0.25%
Plasma triglycerides (mmol/l) 0.85 + 0.13 0.48 + 0.10 2.27 £ 0.21%* 0.87 + 0.15

Values are expressed as mean + SEM, n = 8
* P < 0.05 versus C, CB; **P < 0.05 versus C, CB, and FB
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Table 2 General characteristics and fasted plasma parameters of rats following 6 weeks of L-158,809 treatment

C CL F FL
Body weight (g) 545 + 17 541 £ 12 547 + 18 564 £+ 20
Food intake (g/day) 348 £ 09 319 £ 0.2* 29.3 £ 0.7%* 29.3 £ 0.8%*
Plasma insulin (ng/ml) 1.42 + 0.20 1.19 + 0.16 2.16 £+ 0.16%* 2.72 £ 0.30%*
Plasma glucose (mmol/l) 7.24 £ 0.13 7.36 £ 0.16 7.99 £ 0.14%* 8.09 £ 0.30%*
Plasma triglycerides (mmol/l) 0.85 £0.13 0.42 £ 0.05 227 £ 0.21%* 1.91 £ 0.34%*

Values are expressed as mean + SEM, n = 8
* P < 0.05 versus C; ** P < 0.05 versus C, CL

significantly, reduced in fructose-fed (F, FB, and FL)
animals as compared to control (C, CB, and CL) animals.
In addition, food intake was significantly reduced in the
CL group as compared to the C group. Fasted plasma
insulin levels of the F and FL groups were significantly
elevated as compared to the C and CL groups. Fasted
plasma glucose levels were slightly, but significantly,
elevated in fructose-fed animals as compared to control
animals. Treatment with either bosentan or L-158,809 had
no effect on glucose or insulin levels in either fructose-fed
or control animals. Fasted plasma triglycerides were sig-
nificantly elevated in the F group. Chronic bosentan
treatment significantly reduced elevated levels of triglyc-
erides in fructose-fed rats, while chronic L-158,809
treatment had no effect.

Blood pressure

SBP was significantly elevated in the F group following
6 weeks of high fructose feeding (Fig. 1). Chronic treat-
ment with either bosentan or L-158,809 significantly
attenuated the increase in blood pressure in fructose-fed
rats. Treatment with either bosentan or L-158,809 had no
effect on blood pressure in the control rats.

OGTT responses

Plasma glucose and insulin profiles following an oral glu-
cose challenge are shown in Figs. 2 and 3, respectively.
High fructose feeding or treatment with either bosentan or
L-158,809 had no effect on the glucose area under the
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Fig. 2 Effect of chronic a bosentan or b L-158,809 treatment on plasma glucose response and AUC (inset) during an OGTT in control and

fructose-fed rats. Values are expressed as mean = SEM, n = 8
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Fig. 3 Effect of chronic a bosentan or b L-158,809 treatment on plasma insulin response and AUC (inset) during an OGTT in control and
fructose-fed rats. Values are expressed as mean £+ SEM, n = 8. tp < 0.05 versus C, CL

curve (AUC). The insulin AUC of the F and FL groups
were significantly elevated as compared to the C and CL
groups. Comparisons of the ISI demonstrated that high
fructose feeding significantly impaired insulin sensitivity
(Fig. 4). Chronic treatment with either bosentan or
L-158,809 did not alter insulin sensitivity in either control
or fructose-fed animals.

Plasma Ang II

Plasma Ang II levels were significantly elevated following
6 weeks of high fructose feeding (Fig. 5). Chronic bosen-
tan treatment completely prevented the increase in plasma
Ang II levels in fructose-fed rats, while it had no effect in
control animals. In contrast, treatment with L-158,809
resulted in significantly elevated plasma Ang II levels in
both control and fructose-fed rats.

Fig. 4 Insulin sensitivity index 15 -

values obtained from OGTT
data following 6 weeks of

a bosentan or b L-158,809
treatment in control and
fructose-fed rats. Values are
expressed as mean + SEM,
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CB; *P < 0.05 versus C, CL
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ET-1-ir microscopy and semi-quantitative analysis

Semi-quantitative analysis of vascular ET-1-ir in superior
mesenteric arteries revealed significant elevations in the
proportion of ET-1-ir in animals in the CL and FL groups
as compared to arteries from the C and F groups (Fig. 6).
Vascular ET-1-ir was slightly increased in arteries from
fructose-fed rats, although this difference did not reach the
statistical significance.

Discussion

In this study, treatment with either a dual ET receptor
antagonist or an AT; receptor antagonist prevented the
development of hypertension, indicating that both the ET
system and RAS play important roles in the development
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Fig. 6 a Representative fluorescence images of immunohistochem-
ical expression of ET-1 in superior mesenteric arteries from animals
following 6 weeks of L-158,809 treatment. Arrows indicate positive
immunostaining for ET-1 within the intimal and medial layers.
b Semi-quantitative analysis of vascular ET-1-ir from animals
following 6 weeks of L-158,809 treatment. Values are expressed as
mean + SEM, n = 8. AP < 0.05 versus C, F

of fructose-induced hypertension. Chronic blockade of the
ET system normalized Ang II levels, while blockade of the
RAS increased ET-1-ir. These data suggest there is an
interaction between the ET system and RAS, and that ET-1
may exert its effect through the RAS. To the best of our
knowledge, this is the first study that has concurrently
investigated the role of both the ET system and RAS in
hypertension in fructose-fed rats. We have demonstrated
that ET-1 contributes to the development of fructose-
induced hypertension through modulation of Ang II levels.

The results of this study extend previous reports show-
ing that blood pressure regulation is dependent on an
interrelationship between the ET system and RAS. Studies
in normotensive [21] and hypertensive dogs [22] and var-
ious rat models of experimental hypertension [23-25] have
shown a greater hypotensive effect under conditions where
both the ET system and RAS were antagonized as com-
pared to the effect seen with antagonists of either system
alone. Furthermore, treatment of rats with an ET receptor
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antagonist prevented the development of hypertension
induced by Ang II infusion [26, 27], while treatment with
an ACE inhibitor prevented the development of hyperten-
sion induced by ET-1 infusion [28]. Although these studies
provide evidence for a potential link between the ET sys-
tem and RAS in the maintenance of normal or elevated
blood pressure, the nature of this interaction has been
unclear. Our data suggest that in the setting of fructose-
induced hypertension, elevations in Ang II are dependent
on the actions of ET-1.

Recently, we demonstrated that bosentan treatment
prevented the increase in cyclooxygenase 2 expression and
normalized elevated levels of plasma thromboxane B,,
a stable metabolite of TxA,, in fructose-fed rats [29]. These
findings suggest that ET-1 also acts upstream of TxA,,
a concept that has been previously suggested [30]. Further
evidence suggests that ET-1 stimulates oxidative stress,
another mediator thought to contribute to the pathogenesis
of hypertension [31]. In DOCA-salt hypertension, selective
blockade of ET 4 receptors normalized vascular superoxide
production [32] and decreased plasma thiobarbituric acid
reacting substances, a marker of systemic oxidative stress
[33]. Given that oxidative stress is another proposed
mechanism of fructose-induced hypertension [34],
a potential role for ET-1 in stimulating oxidative stress in
fructose-fed rats remains to be clarified.

INSULIN RESISTANCE
HYPERINSULINEMIA

'}

TET-1

T Ang Il

_

T BLOOD PRESSURE

Superior mesenteric arteries from animals in the CL and
FL groups showed significant increases in vascular ET-1-ir
as compared to arteries from animals in the C and F groups.
As expected, chronic blockade of the AT, receptor resulted
in significant elevations in plasma Ang II. As well, sig-
nificant increases in vascular ET-1-ir were observed in both
control and fructose-fed rats treated with L-158,809, sug-
gesting a potential positive feedback loop between Ang II
and ET-1. We believe that during chronic blockade of the
AT receptor, elevations in Ang II result in a compensatory
increase in ET-1 (inset). Arteries from animals in the F
group showed a slight increase in vascular ET-1-ir as
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compared to arteries from animals in the C group, although
this increase did not reach the statistical significance, per-
haps due to the sample size and larger variability observed
in the F group. Taken together, our results provide further
evidence that ET-1 may play a central role in the develop-
ment of fructose-induced hypertension through modulation
of various vasoactive mediators.

Interestingly, we did not observe improvements in
insulin sensitivity in fructose-fed rats treated with
L-158,809, a finding that differs from previously published
reports. Treatment with either an ACE inhibitor or AT,
receptor antagonist have previously been reported to
reduce elevated insulin levels and/or improve insulin sen-
sitivity in fructose-fed rats [9, 10]. The reasons for this
discrepancy are unclear, but may be due to differences in
the duration of fructose feeding/drug treatment or due to
dose-dependent effects of the various drugs used.

Hypertriglyceridemia, and not insulin resistance/hyper-
insulinemia, has been proposed to be a causal link in the
development of fructose-induced hypertension [35]. Our
data do not support this hypothesis given that the devel-
opment of hypertension was attenuated in fructose-fed
animals chronically treated with either bosentan or
L-158,809, despite the presence of hypertriglyceridemia in
fructose-fed animals treated with L-158,809. Similar
observations have been made in fructose-fed rats treated
with the AT, receptor antagonists, losartan [36] or TCV-
116 [37], or thromboxane synthase inhibitor, dazmegral
[11]. Furthermore, a reduction in elevated triglycerides
levels did not reduce the elevated blood pressure in fruc-
tose-fed rats [38, 39], supporting the concept of a
triglyceride-independent component involved in the
development of fructose-induced hypertension.

Conflicting reports exist on the interrelationship
between ET-1 and Ang II. These differences may be due to
the use of in vitro versus in vivo experiments, the use of
different animal models of experimental hypertension, the
duration of treatment, acute versus chronic effects of
receptor blockade, or species differences that may exist in
the regulation of the ET system and/or RAS. Although we
were able to demonstrate a relationship between these two
systems, this study was limited in its ability to determine
whether the ET system affects the RAS through direct or
indirect mechanisms. Bosentan may act to suppress Ang Il
levels by preventing the actions of ET-1 on ACE activity
and aldosterone production given that previous reports
demonstrated that ET-1 stimulates ACE activity [40, 41]
and increases aldosterone production [42]. Alternatively,
bosentan may indirectly affect Ang II levels by decreasing
blood pressure and subsequently reducing the activation of
the RAS. The compensatory increase in Ang II, secondary
to L-158,809 treatment, may regulate vascular ET-1
expression at various levels of the RAS. Ang II has been

shown to stimulate transcription of the prepro-ET-1 gene
[12], increase the activity of the ET converting enzyme
[40], and the release of ET-1 from vascular smooth muscle
cells [43] and endothelial cells [44]. As it remains unclear
where the specific site(s) of interaction(s) may occur, fur-
ther investigation on the exact nature of this relationship is
required.

In conclusion, results from this study demonstrate that
either dual ET receptor antagonism or AT; receptor
blockade prevented the development of fructose-induced
hypertension with no effects on insulin levels or insulin
sensitivity. Chronic blockade of ET receptors resulted in
normalized Ang II levels, while AT, receptor blockade
upregulated the levels of vascular ET-1. These data suggest
that both the ET system and RAS are crucial players in the
development of fructose-induced hypertension, with ET-1
contributing its effects through modulation of Ang II.
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