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Cardioprotective effects of atrasentan, an endothelin-A receptor
antagonist, but not of nitric oxide in diabetic mice with myocyte-
specific overexpression of endothelial nitric oxide synthase
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1 We investigated the roles of nitric oxide (NO) and endothelin-1 (ET-1) in organ dysfunction in
diabetic mice with normal genotype (wild-type, WT) or myocyte-specific overexpression of endothelial
NO synthase (eNOS) (transgenic, TG) after chronic oral treatment with the endothelin-A (ET,)
receptor antagonist atrasentan.

2 Mice were rendered diabetic by injection of 200mgkg™" streptozotocin (STZ). Experimental
groups were: untreated WT diabetic (n=9), untreated TG diabetic (n=9), atrasentan-treated WT
diabetic (n =9), atrasentan-treated TG diabetic (n = 8) and the four corresponding nondiabetic groups
(n=1>5). Atrasentan was administered orally via drinking water at 3mgkg~"' per day over 28 days. All
diabetic mice developed similar hyperglycaemia (27-30 mmol1™").

3 Atrasentan treatment significantly improved left ventricular systolic and diastolic function in
response to exogenous norepinephrine, but there were no differences between genotypes.

4 Atrasentan antagonized the diabetic impairments in endothelium-dependent coronary relaxation
and thromboxane-receptor mediated aortic constriction. Further, it improved cardiac and renal
oxidant status as evident from reduced tissue malondialdehyde levels.

5 Atrasentan reduced diabetic urine flow, proteinuria and plasma creatinine levels, but creatinine
clearance was not significantly altered.

6 These results suggest that in experimental type 1 diabetes, blocking ET, receptors ameliorates
myocardial, coronary and renal function and improves tissue oxidant status, whereas raising
myocardial NO levels has neither beneficial nor deleterious effects on diabetic cardiomyopathy in this
transgenic model.
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Introduction

The establishment of hyperglycaemia as a key initiating factor
for the development of chronic diabetic complications has
been a milestone in diabetes research. Vascular endothelial
cells, cardiac myocytes and the kidneys are important targets
of hyperglycaemic damage in patients with type 1 and type 2
diabetes (Sheetz & King, 2002). Hyperglycaemia is known
to impair endothelium-dependent regulation of vascular tone,
to promote the development of diabetic cardiomyopathy with
impaired systolic and diastolic function, and to exacerbate
end-stage renal disease (Mékimattila et al., 1996; Ritz & Orth,
2000; Tang & Young, 2001). The biochemical abnormalities
occurring secondary to hyperglycaemia include oxidative stress
reactions and activation of protein kinase C (Koya & King,
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1998). These changes may contribute significantly to increased
morbidity in the diabetic population.

Recent evidence has indicated the importance of the
endothelin (ET) system in the pathogenesis of diabetic
complications. High glucose induces ET-1 expression in
endothelial cells and the diabetic state is associated with
altered ET-1 action and impaired Ca®*-dependent endothelial
responses (Hopfner & Gopalakrishnan, 1999). In hearts from
experimental animals with STZ-induced diabetes, ET-1 re-
ceptor binding is elevated and ET-1 mRNA and protein
expression are enhanced (Hileeto et al., 2002). The increased
expression of mRNA encoding for ET-1 and ET receptors
is associated with distinct myocardial injury and increased
expression of extracellular matrix proteins (Chen ez al., 2000).
Hence, cardiac alterations and renal structural changes may be
amenable to ET receptor antagonism (Dhein et /., 2000; Ding
et al., 2003).
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The role of nitric oxide (NO) in diabetic complications is
controversial. Long-term administration of the NOS substrate,
L-arginine, to diabetic rats reduces the alterations in myocar-
dial structure and function (Okruhlicova et al., 2002), implying
that cardiac myocyte NOS is dysregulated in the course of
diabetes and that the bioavailability of NO may be reduced
due to oxidative stress factors (Esberg & Ren, 2003; Ye et al.,
2003). NO also has been implicated in impaired endo-
thelium-dependent vascular relaxation in diabetic animals
and humans (Pieper, 1998). The mechanism of endothelial
dysfunction may relate to impaired vascular NO synthesis or
enhanced inactivation of NO by oxygen free radicals (Pieper,
1998). In addition, enhanced formation and action of ET-1
may contribute to vascular endothelial dysfunction (Kanie
& Kamata, 2002). Whether in the diabetic heart myocardial
ET-1 activity is augmented as a result of impaired formation
or action of myocardial NO, similar to the reciprocal
interaction of NO and ET-1 in endothelial cells (Warner,
1999), is not known.

In this study, we investigated the effects of chronic ET,
receptor antagonism and of endogenous NO on diabetic organ
dysfunctions. In contrast to previous approaches using NO
donor drugs or NOS inhibitors, which have yielded contra-
dictory results (Smith et al., 1997; Joffe et al., 1999), we used a
transgenic mouse model recently developed in our laboratory
that features myocyte-specific overexpression of eNOS (Brunner
et al., 2001). In view of recent evidence that myocyte-specific
eNOS modulates in vivo autonomic cardiac function (Champion
et al., 2004), this model appears ideally suited to test the
importance of myocardial NO in the cardiac complications of
diabetes as the transgene is permanently overexpressed specifi-
cally in the heart. In addition, it allows to differentiate between
the respective roles of NO abundance (high NO levels in TG
hearts) and ET, receptor activation in diabetic cardiomyo-
pathy. In addition, the effect of ET receptor antagonism on
vascular and renal diabetic dysfunction was also studied.
Diabetes mellitus was induced with STZ and ET receptors were
antagonized with atrasentan, a highly potent (K;=0.034nM)
and selective (1800-fold) ETA receptor antagonist currently in
late stage clinical development for the treatment of hormone
refractory prostate cancer (Nelson, 2005).

Methods
Animals and materials

TG mice over-expressing eNOS in cardiomyocytes were bred
as previously described (Brunner et al., 2001). TG line 23 that

overexpresses the eNOS gene ~ 60-fold (see Table 1) and WT
littermates were used. All animals were derived from at least 13
back-crosses of TG mice with C57BIl/6 mice obtained from the
Medical University of Vienna (Austria) and housed in a
dedicated facility in approved cages. They received autoclaved
food and water ad libitum. Animals aged 67 months and of
either sex were used. Atrasentan (ABT-627) was provided by
Abbott Pharmaceuticals (Abbott Park, MI, U.S.A.). All
reagents were obtained from Sigma (Vienna, Austria) unless
specified otherwise.

Mouse protocols

The following experimental groups were studied: (i) WT
diabetic untreated (n=29); (ii) TG diabetic untreated (n=9);
(iii)) WT diabetic atrasentan-treated (n=9), and iv.) TG
diabetic atrasentan-treated (n=38). In order to judge the
severity of pathology due to diabetes, four more groups of
non-diabetic animals were used: (v) WT non-diabetic un-
treated; (vi) TG non-diabetic untreated; (vii) WT non-diabetic
atrasentan-treated, and viii) TG non-diabetic atrasentan-
treated (n=5). All protocols used were in accordance with
institutional guidelines.

Diabetes induction and atrasentan treatment

Type 1 diabetes was induced by a single i.p. injection of
STZ (200 mg kg™") dissolved in citrate buffer (pH 4.5). Animals
did not receive supplemental insulin injections and were
maintained on normal chow (1324 Forti standard diet;
Altromin, Lage, Germany). Atrasentan (3mgkg™' per day)
was applied to diabetic groups iii, iv and non-diabetic groups
vii and viii with the drinking water starting immediately after
STZ treatment. The adequacy of this dose was tested by i.p.
injecting 2nmolkg™" ET-1 in separate mice which raised
blood pressure by 52+ 5mmHg (tail cuff method; TSE, Bad
Homburg, Germany), while prior atrasentan treatment for
4 days completely abolished this effect (n=3). Diabetes was
confirmed by the presence of hyperglycaemia (see Results).
After 28 days of drug dosing, non-fasted blood glucose was
measured early in the morning using OneTouch Ultra glucose
test strips (Lifescan, Neckargemiind, Germany), animals were
heparinized (500i.u.), anaesthetized with urethane (1 gkg™')
and blood, heart, aorta and kidneys were collected and
investigated on the same day (heart, aorta) or frozen (plasma,
kidney) at —20°C.

Table 1 NOS catalytic activity in wild-type (WT) and eNOS transgenic (TG) nondiabetic and diabetic mice

Nondiabetic (n=4)

wT
Total activity 0.154+0.04
L-NNA (100 gmol1™") —0.0140.01
1400W (10 umol17") 0.0940.03
EDTA (5mmoll~") 0.04+0.0

Diabetic (n=3)

TG wT TG
9.03+1.64 0.19+0.06 8.19+3.64
0.14+0.02 —0.01+0.01 0.09+0.04
7.25+1.30 0.11+£0.04 7.194£3.09
—0.01+0.01 0.0+0.0 0.0+0.0

Enzyme activity is given as pmol [*’H]L-citrulline formation per min and mg protein. Data are mean+s.e.m. (for EDTA group, n=3 per
genotype and condition). Activities obtained in the presence of 1400 W were not significantly different from total activity (P=NS). In
experiments with WT hearts, typical count rate per assay was ~250c.p.m., in those with TG hearts, ~ 12,000 c.p.m. above blank count

rate (~150c.p.m.).
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NOS catalytic activity

NOS catalytic activity was measured by assaying the conver-
sion of [*H]L-arginine to [*H]L-citrulline. Hearts (~ 100 mg;
n=23-4) were harvested, rinsed in saline and homogenized
in a microdismembrator (Braun, Melsungen, Germany) using
650ul of 50mmoll~" Tris buffer (pH 7.4) containing
10mmoll~" 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonate, 0.5mmoll™' EDTA, 1% (vv'!) 2-mercap-
toethanol and 1 tablet of Complete Protease Inhibitor Cocktail
(Roche Diagnostics, Mannheim, Germany). The homogenate
was subjected to three cycles of freezing and thawing, spun
at 10,000 x g for 10min at 4°C, and 20ul of the resulting
supernatant was added to 80 ul of reaction buffer containing
1 umol1~" L-arginine, ~50,000cpm [*H]L-arginine (American
Radiolabeled Chemicals, St Louis, MO, U.S.A.), 10 ygml™'
calmodulin, 10 gumoll~" tetrahydrobiopterin (Schircks Labora-
tories, Joan, Switzerland), 5umoll™" flavin adenine dinucleo-
tide, Spmoll™' flavin  mononucleotide, 200 umoll~'
nicotinamide adenine dinucleotide and 500 umoll~! CaCl,.
Assays were incubated for 20 min at 37°C and terminated by
the addition of 1ml of stop buffer (pH 5.0) containing
2mmoll~' EDTA, 20mmoll~! sodium acetate and 1 mmoll™!
L-citrulline and applied to 0.5-ml columns of Dowex AGS0WX-
8/Na* followed by a wash with 1ml distilled water. [PH]L-
citrulline was quantitated by liquid scintillation counting of the
eluate for 10min. Samples were combined with szintillation
fluid and allowed to stand at room temperature for at least 2h
prior to counting. Control assays were done in the presence of
100 umol1™' L-NNA (NOS subtype-nonselective inhibitor),
5mmoll~! EDTA (Ca®*-free condition, blocking constitutive
(=endothelial + neuronal) NOS activity) or 10 yumoll™" N-(3-
(aminomethyl)benzyl)acetamidine (1400 W) (Garvey et al.,
1997), blocking inducible NOS (iNOS) activity. The enzyme
inhibitors L-NNA, 1400 W and EDTA (or distilled water in
assays measuring total activity) were added to the supernatant
for 15min at 37°C prior to starting the assay.

Cardiac function

Heart perfusion experiments were performed as previously
described (Brunner et al., 2001). Hearts were excised under
anesthesia, mounted in a perfusion apparatus (Hugo
Sachs Elektronik/Harvard Instruments, March-Hugstetten,
Germany) and retrogradely perfused with Krebs-Henseleit
buffer containing 1.25mmoll~! Ca?>* and 11 mmoll~! glucose
at 2.2mlmin~" (pH 7.4, 37°C). A fluid-filled balloon (~ 50 ul)
made of polyethylene film was inserted into the left ventricle
and connected to a pressure transducer. The following cardiac
parameters were monitored in unpaced hearts: left ventricular
developed pressure (LVDevP; via a pressure transducer), left
ventricular end-diastolic pressure (LVEDP; set at 5SmmHg
at the beginning of the experiment), maximal rate of rise and
fall of left ventricular pressure (4 dP/d¢t, —dP/d¢), coronary
perfusion pressure (an index of arterial function) and heart
rate (electronically derived from the pressure signal). After
mounting hearts were allowed to equilibrate for 30min,
baseline parameters were recorded and the following test
compounds were added in succession via sideline: norepi-
nephrine (NE) (3-3000nmoll~"; non-cumulative dosing),
followed by washout; acetylcholine (1-1000 nmol17"), followed
by washout; and acetylcholine in the presence of 3nmoll~! NE

(total duration of the experiment 125min). Hearts were
weighted, frozen immediately and stored at —70°C pending
analysis of TBARS levels (see below).

Isometric aortic contraction and relaxation

The descending aorta was removed, cleaned and cut into 4
rings of 3-4 mm width and mounted in 5ml-organ baths filled
with oxygenated Krebs—Henseleit solution (95% oxygen, 5%
carbon dioxide). Care was taken to retain the endothelium for
relaxation experiments. Tissues were equilibrated for 60 min by
repeatedly adjusting tension to 1.0g and changing the bath
solution. The ability of tissues to contract was tested with
30nmoll~! of the thromboxane mimetic 9,11-dideoxy-110,9a-
epoxymethanoprostaglandin F,, (U 46619). After reaching
a stable contraction (30-50min), rising concentrations of
acetylcholine (0.03—1 umoll~') were added in noncumulative
fashion, with each successive dose added shortly after the
maximal effect obtained with the previous dose. After
washout, tissues were contracted a second time with U 46619
and the relaxation response of 100 umoll™" of the endothe-
lium-independent relaxant diethylamine NONOate (Sampson
et al., 2001) was tested. Tissue responses were recorded
isometrically using standard force transducers.

Antioxidant effects of atrasentan

Total antioxidant status of plasma was measured with a
commercial kit (Randox, Crumlin, U.K.). The assay relies on
the ability of antioxidants in the plasma to inhibit oxidation of
2,2'azino-bis-[3-ethylbenz-diazoline-6-sulfonic acid] (ABTS) to
ABTS ™" by metmyoglobin. This assay uses 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) as reference.
Results were expressed as Trolox equivalents (mmoll™!).
Levels of thiobarbituric acid reactive substances (TBARS)
were measured in homogenates of heart and kidney tissues
using a commercial kit (Oxitek, ZeptoMetrix Corporation,
Buffalo, NY, U.S.A.). Hearts that had been used in the
functional experiments as well as kidneys (after thawing) were
homogenized in phosphate buffered saline (pH 7.4) and 100 ul
of protein suspension (~ 1 mgml~") were combined with 2.5 ml
of thiobarbituric acid from the assay kit, incubated for 1 h at
95°C, cooled to room temperature and centrifuged at 1000 x g.
The supernatant was analyzed sprectrofluorometrically for the
reaction product between thiobarbituric acid and malondial-
dehyde, which latter results from lipid peroxidation. TBARS
levels were expressed as nmol malondialdehyde per milligram
protein. The standard curve comprised 0-8 nmolml™' mal-
ondialdehyde.

Renal studies

Urine was collected over 24h on day 27 after STZ adminis-
tration using a Nalgene metabolism cage for rats. The cage was
modified to minimize urine loss due to evaporation or mixing
with feces. Renal protein excretion was determined using
the Bradford method. Blood was collected under urethane
anesthesia from the abdominal aorta at the end of day 28 and
plasma (~0.45ml) was separated and frozen. Creatinine levels
in plasma and urine were measured using a validated HPLC
method (Marsilio er al., 1999). HPLC methods give reliable
values that are considerably lower than those using the Jaffé
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picric acid method (Meyer et al., 1985). Plasma and urine
samples were thawed, impurities removed and 40 ul combined
with 8 ul of internal standard (= cimetidine, 25 ugml™') and
200 ul of acetone to precipitate proteins. The samples were
vortexed and kept at 4°C for 10 min before centrifugation at
13,000 r.p.m. for 5min. The supernatant was transferred in
a clean vial and evaporated in a stream of nitrogen.
The sediment was reconstituted with 40 ul of 100 mmoll~!
NaH,PO, (pH 3.0) and 20 ul aliquots were analyzed by HPLC
using a LiChrospher 100 RP-18 column with 5-um particle size
(Merck, Darmstadt, Germany). The mobile phase consisted of
62% buffer (100mmoll~" NaH,PO, and 30 mmoll~' sodium
lauryl sulfate adjusted to pH 3.0 with o-phosphoric acid) and
38% acetonitrile. The chromatographic separation was carried
out at room temperature at 225nm and took about 15min at
a flow rate of 0.8mlmin~'. The concentration of creatinine
was determined from an external standard regression line
(4 points) without weighting.

Statistics

All values are given as mean +s.e.m. of the number of animals
or tissues indicated. Statistical analysis was performed using
analysis of variance (ANOVA-2) with genotype and atrasentan
treatment as factors and the parameter measured as depen-
dent variable. If ANOVA indicated significant differences,
Student’s z-test for unpaired observations was performed.
Probability values of P<0.05 were considered significant. Stat
view (version 5.0) software on an Apple MaclIntosh computer
was used for analyses.

Results
Model characteristics

STZ administration resulted in similar hyperglycaemia in all
experimental groups (28.7+1.44, 29.6+1.28, 28.6+1.70 and
27.340.94mmol1~!; P =NS); body weights were not different
between the 4 diabetic groups, both at the start of experiments
(combined mean: 24.6+1.1g; n=35) and after 4 weeks
(combined mean: 21.5+1.2 g; n=35; P=NS). In the non-diabetic
groups, mean final glucose concentrations were 5.8+0.28,
5.940.17, 6.0+0.44 and 6.0+0.11 mmoll~' (n=5 per group;
P=NS) and body weights were 23.6+1.8 g (combined mean;
n="20) at the start of the protocol, and 24.4+ 1.2 g after 4 weeks
(combined mean; n=20; P=NS). Heart weights were un-
changed after 4 weeks of diabetes (combined mean: 118+
1.7mg; n=35) compared to non-diabetic animals (combined
mean: 120+3.5mg; n=20) (P=NS). In the following heart
studies, the protective actions of atrasentan on myocardial
function were judged by comparing the diabetic atrasentan-
treated group with the diabetic untreated group, both for the
WT and TG genotype, whereas the role of NO was inferred
from comparing the WT diabetic untreated group with the TG
diabetic untreated group.

NOS catalytic activity
We measured NOS activity in the hearts of all groups by

assaying the conversion of [’H]L-arginine to [*H]L-citrulline
in tissue homogenates (Table 1). Both WT and TG hearts

contained detectable amounts of catalytic activity that is
wholly blocked by N“-nitro-L-arginine (L-NNA) or in the
absence of Ca>* 1400 W, an iNOS-selective antagonist, had no
significant effect (P =NS vs total activity). Thus, the bulk of
NOS activity in hearts from non-diabetic and diabetic animals
is due to the constitutive isoform.

Diabetic myocardial dysfunction — NE effects

The autonomic transmitter, NE, increased LVDevP, +dP/d¢
and —dP/dt in concentration-dependent manner (Figure 1).
For all three parameters, the maximally achieved effects were
lower in diabetic compared to non-diabetic hearts, reflecting
diabetic cardiomyopathy. In hearts from diabetic mice treated
with atrasentan, NE partially restored LVDevP (Figure la and
b), +dP/d¢ (Figure 1c and d) and —dP/d¢ (Figure le and f) to
the level observed in non-diabetic hearts. Atrasentan treatment
had no effect in non-diabetic animals (Figure la—f). To
uncover a role of NO in diabetic ventricular dysfunction, the
net effects of NE were compared between the WT and TG
genotypes (Figure 2). The agonist was similarly effective in WT
and TG diabetic hearts (Figure 2a-—c, third and fourth
column), implying that local myocyte NO had no discernable
effects on contraction and relaxation parameters. This was
also true for non-diabetic hearts (first and second column in
Figure 2a—c).

Diabetic myocardial dysfunction — acetylcholine effects

We also determined the myocardial reactivity of hearts
to acetylcholine, the other autonomic agonist. In the absence
of prestimulation, acetylcholine had no significant effects on
systolic and diastolic function in untreated or atrasentan-
treated diabetic animals (not shown). When hearts were
prestimulated with 3nmoll™' NE to test for ‘accentuated
antagonism’ of acetylcholine (Balligand, 1999), this sympa-
thetic stimulation in part unmasked a significant improvement
in basal contractile function in hearts from atrasentan-treated
animals (LVDevP in WT and —dP/d¢ in TG; see B* in abscissa
of Figure 3). After pre-stimulation, acetylcholine dose-
dependently reduced LVDevP (Figure 3a and b), +dP/d¢
(Figure 3c and d) and —dP/d¢ (Figure 3e and f). In all three
cases, the concentration—effect curves were parallel, reflecting
the differences in baseline values. In TG hearts (Figure 3b, d
and f), STZ had no significant deleterious action on systolic
function (LVDevP and + dP/dr), whereas it worsened diastolic
function (—dP/df). Accordingly, atrasentan significantly ame-
liorated only —dP/dr.

Autonomic effects on heart rate

The effects of NE and acetylcholine on heart rate are shown
in Table 2. In both genotypes, NE raised heart rate and
acetylcholine reduced heart rate. Similarly, following presti-
mulation with NE, acetylcholine reduced heart rate with-
out significant differences between genotypes or experimental
groups.

Diabetic microvascular dysfunction

Endothelium-dependent arterial relaxation is disturbed in
human diabetes and in many experimental models of the
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Figure 1 Myocardial effects of NE in the absence or presence of atrasentan in hearts from WT (a, c, €) or TG (b, d, f) non-diabetic
and diabetic animals. Data are mean +s.e.m. derived from five (non-diabetic) and eight to nine (diabetic) hearts. *P<0.05 vs non-
diabetic untreated group; #P <0.05 vs non-diabetic atrasentan-treated group; "P<0.05 vs diabetic untreated group (ANOVA). The

baseline values (b) were compared by unpaired z-test.

disease (Pieper, 1998). We determined the relaxant effects of
acetylcholine and NE which dilate coronary microvessels via
activation of endothelial muscarinic (Brunner ez al., 1991) and
a-adrenergic receptors (Nyborg, 1990), respectively. Both
agonists reduced coronary perfusion pressure, indicating
coronary dilatation (Figure 4). As eNOS overexpression is
restricted to myocytes, perfusion pressure reduction was
similar in WT and TG hearts. Atrasentan treatment greatly
improved endothelial function as evident from the much
greater drop in perfusion pressure following NE (Figure 4a)
or acetylcholine (Figure 4b) administration, compared to
untreated diabetic hearts. Atrasentan had no effect in non-
diabetic WT or TG (Figure 4a and b). When hearts from
diabetic untreated or atrasentan-treated animals were presti-
mulated with 3nmoll™" NE, acetylcholine had no effect on
coronary perfusion pressure, indicating a preferential loss of
endothelium-dependent relaxation potential under adrenergic
stimulation (not shown).

Diabetic macrovascular dysfunction

In organ bath experiments, constriction induced by the
thromboxane mimetic U 46619 was reduced by 29+3% in
aortas from diabetic mice, and atrasentan completely reversed
the impairment (Table 3). On the other hand, aortic relaxation
induced by acetylcholine (an endothelium-dependent agonist) or
diethylamine NONOate (an endothelium-independent agonist)
(Sampson et al., 2001), were not changed by diabetes, explaining
the lack of effect of atrasentan in these relaxations (Table 3).

Antioxidant effects of atrasentan

As diabetic complications are associated with exacerbated
tissue oxidation, we determined plasma and tissue oxidant
status using standard methods. Plasma antioxidants were
quantified as Trolox equivalents in heparinized mouse plasma
(Figure 5a). Plasmas from WT and TG hearts had a similar

British Journal of Pharmacology vol 148 (5)
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dfmax (¢) induced by NE at 3-3000 nmol1~! in hearts from WT (open
columns) and TG (solid columns) animals, all untreated. Data are
mean +s.e.m. derived from five (non-diabetic) and eight to nine
(diabetic) hearts. *P<0.05; NS =nonsignificant.

antioxidant capacity, and atrasentan treatment had no effect.
This was also true for plasmas from non-diabetic animals. In
contrast, tissue content of malondialdehyde equivalents, which
reflects oxidant-induced lipid peroxidation reactions, was
significantly increased in the heart and kidney of diabetic
animals (Figure 5b and c). In both tissues, atrasentan
significantly improved the oxidant status as evident from the

reduction of malondialdehyde concentrations to the level
observed in non-diabetic organs. As expected, there was not
difference between genotypes, and in tissues from non-diabetic
animals atrasentan had no effect.

Renal function

Diabetic animals produced ~ six-times as much urine over 24 h
as non-diabetic animals, and atrasentan significantly reduced
polyuria (Figure 6a). Urinary protein excretion was about
twice as high in diabetic compared to non-diabetic animals
(P<0.05), but atrasentan had no significant effect (Figure 6b).
In view of improved renal tissue oxidant status following
atrasentan treatment (Figure 5c), we measured creatinine levels
in plasma and urine. Plasma levels were close to 10 umoll™!
(0.1mgdI™") in all groups. Atrasentan slightly decreased
creatinine in plasma (P <0.05), but not in urine of the diabetic
group (Figure 6¢ and d) so that calculated creatinine clearance
was not significantly augmented (Figure 6e) Thus, atrasentan
had modest protective effects on renal parameters at this early
stage of diabetes.

Discussion

The present study addresses the hypothesis that cardiovas-
cular complications of type 1 diabetes are partly conse-
quences of an activated ET system which, in conjunction with
an altered NO/cGMP pathway, could lead to myocardial and
vascular dysfunction. We showed that oral application of the
endothelin ET, receptor antagonist atrasentan for 4 weeks
ameliorated myocardial function, microvascular coronary
function, tissue oxidant status and some aspects of renal
function. Unlike the ET system, myocardial NO appears to
play a minor role in diabetic ventricular dysfunction, because
TG hearts with eNOS overexpression behaved identically to
WT hearts.

We observed substantial hyperglycaemia and a small
weight loss along with cardiac dysfunction at 4 weeks after
diabetes induction, both in WT and TG mice. ET-1 is strongly
implicated in the observed functional aberrations because
systolic myocardial contractile parameters as well as diastolic
relaxation in response to adrenoceptor stimulation were
consistently improved by ET, receptor blockade. These data
support the view that the contraction of cardiac myocytes in
early type 1 diabetes is intrinsically abnormal (Severson, 2004)
and that the aberrations can be substantially alleviated by
blocking ET. receptors. The mechanism of the beneficial
effects of atrasentan on diabetic heart function is unknown
at present. Under normal circumstances, ET-1 has positive
inotropic and chronotropic actions on cardiac myocytes (Kelly
et al., 1990), but under conditions of f-adrenergic stimulation
ET-1 exerts a potent inhibitory effect mediated through
an ET, receptor/G;-mediated pathway (Thomas et al., 1997).
In agreement with the latter proposition, ET-1 is reported
to inhibit cAMP formation, also via a G; protein-related
mechanism, in response to isoprenaline and forskolin in adult
cardiac myocytes (Jones, 1996). Thus, endogenous ET-1
attenuates intrinsic cardiac responses to adrenergic activation
leading to cardiac dysfunction in diabetic hearts.

On the other hand, Figure 2 clearly shows that the beneficial
effects of atrasentan are of similar magnitude in WT and TG
hearts, implying that supplemental myocardial NO has no
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Figure 3 Myocardial effects of acetylcholine in the absence or presence of atrasentan in hearts from WT (a, c, ) or TG (b, d, f)
non-diabetic and diabetic animals. Hearts were pre-stimulated with 3nmoll~' NE (indicated as B* on the abscissa). Data are
mean+s.e.m. derived from five (non-diabetic) and eight to nine (diabetic) hearts; *P<0.05 vs non-diabetic untreated group;
#P <0.05 vs non-diabetic atrasentan-treated group; P <0.05 vs diabetic untreated group (ANOVA). The baseline values (B*) were
compared by unpaired z-test.

Table 2 Effects of maximum concentrations of NE (3 umoll™"), acetylcholine (100nmoll~") and of acetylcholine
(1 umol1™") in the presence of NE (3 nmoll~") on spontanous heart rate in WT or TG animals

Baseline

NE

Acetylcholine
Acetylcholine + NE

Nondiabetic untreated

wT

397+12
575423
30949
37348

Nondiabetic atrasentan-treated Diabetic untreated Diabetic atrasentan-treated
TG wT G wT G wT G
399+ 14 392+17 394+5 39149 396+7 387+7 386+8
568 +22 560+8 562+22 547+10  568+13 574+ 10 563+9
320+15 318+18 308+9 301+7 29948 29645 29446
352420 370+ 14 35445 387+7 386+6 384+9 385+7

Heart rates are given in beats min~'. Data are mean+s.e.m. derived from five (nondiabetic) and eight to nine (diabetic) hearts. There were
no significant effects between groups. NE: norepinephrine.

discernable protective role in diabetic cardiac dysfunction.
High levels of NO are known to exert negative inotropic and
lusitropic actions, mainly as a result of desensitization of
contractile proteins (Shah et al., 1994; Brunner ef al., 2001). As

a consequence, basal ventricular function was somewhat less
in TG compared to WT hearts (Figure 1). However, the
quantitation of the net NE effects clearly showed that the
inotropic transmitter was as active in TG as in WT diabetic
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hearts, suggesting NO activity is not a limiting factor in
diabetic WT hearts. In view of the ~60-fold increased NO
formation in myocytes of TG hearts (Table 1), these direct
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Figure 4 Coronary relaxant effects of NE (a) and acetylcholine (b)
in hearts from non-diabetic and diabetic WT (open symbols) or non-
diabetic and diabetic TG (solid symbols) animals either untreated
(squares and circles) or treated with atrasentan (triangles and
diamonds). Data are mean +s.e.m. derived from five (non-diabetic)
and eight to nine (diabetic) hearts; *P<0.05 vs non-diabetic
untreated group; *P<0.05 vs non-diabetic atrasentan-treated group;
TP <0.05 vs diabetic untreated group (ANOVA). The baseline values
(b) were compared by unpaired z-test. There was no difference
between WT and TG groups.

functional comparisons suggest that a reduction of NO
formation or NO activity suggested previously (Résen et al.,
1998), is unlikely to cause the myocardial impairment observed
in WT diabetic hearts (compared to non-diabetic hearts).
Therefore, the present results do not support the notion that
increasing NO availability may be a useful strategy to prevent
the development of diabetic myocardial complications in
insulin-deficient states.

Some authors have suggested that local overproduction,
rather than a lack of NO plays a role in diabetic complications.
A deleterious role of NO is supported by studies in myocytes
exposed for 24h to high glucose which showed functional
abnormalities that were abrogated or attenuated by a NOS
inhibitor, tetrahydrobiopterin, superoxide dismutase or urate,
suggesting that NO, superoxide and their reaction product
peroxynitrite could play a role in glucose toxicity-induced
myocyte dysfunction (Esberg & Ren, 2003). The increased NO
formation was attributed to enhanced expression of eNOS,
but not iNOS, because protein abundance of the latter isoform
was not altered. Inducible NOS was, however, implicated in
diabetes-related dysfunctions in several other studies: In rats,
in vivo inhibition of iNOS by W1400 reduced the activity of
this isoform in the heart and partially restored the inotropic
and coronary constrictor responses to NE at the acute phase of
STZ-induced diabetes (Cheng et al., 2004). Neither expression
nor activity of Ca?*-dependent NOS was altered in these rats
at 4 weeks of diabetes induction (Cheng et al., 2004). In STZ-
induced diabetic mice the targeted deletion of the gene for
iNOS improved cardiac outcome, suggesting that the presence
of a functional iINOS gene during hyperglycaemia might
worsen myocardial damage during ischaemia/reperfusion
injury (Marfella er al., 2004). In the present study, 1400W
had no consistent inhibitory effect on NOS catalytic activity,
suggesting that the bulk of NO formed both in non-diabetic
and diabetic hearts is attributable to constitutive NOS activity.
Taken together, the present study does not support a
cardiomyopathic role of NO at this early stage of diabetes
induction.

Besides myocardial function, coronary function was sig-
nificantly improved by atrasentan in the present study. It is
widely accepted that the impairment of endothelium-depen-
dent relaxation seen in diabetes may involve inactivation of
NO by oxygen-derived free radicals, particularly vascular
superoxide anions (Kojda & Harrison, 1999). In support, the
dismutation of free radicals has generally been found to
improve impaired endothelium-dependent relaxation in experi-
mental models of diabetes mellitus (Cohen, 1993). As direct

Table 3 Aortic responses of untreated or atrasentan-treated nondiabetic and diabetic animals

Nondiabetic Nondiabetic Diabetic untreated Diabetic atrasentan-
untreated (n=30) atrasentan-treated (n=25) treated (n=30)
(n=30)
(a) Increase in aortic tone (g)
U 46619 (30nmol1~") 0.96+0.05 0.95+0.03 0.68+0.03* 0.93+0.057
(b) Aortic relaxation (% of precontraction)
Acetylcholine (1 umoll~") 2342 24+3 26+3 2542
DEA/NO (100 umol1~") 4142 4042 4143 4442

Data are mean +s.e.m. derived from four to five WT and three to six TG animals. Relaxation is expressed as percent of pre-contraction
induced by U 46619 which amounted to 1.06+0.05 g (nondiabetic untreated group), 1.00+0.05 g (nondiabetic atrasentan-treated group),
0.8540.04 g (diabetic untreated) and 0.94+0.04 g (diabetic atrasentan-treated), respectively. *P<0.05 vs nondiabetic untreated group;

"P<0.05 vs diabetic untreated group (z-test).
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Figure 5 Antioxidant status of plasma (a), and malondialdehyde
(MDA) levels in heart (b) and kidney (c). Data are mean+s.e.m.
derived from six plasmas and five (non-diabetic) and eight to nine
(diabetic) organs derived from WT and TG animals, respectively.
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measurements of NO synthesis or release from the murine
coronary endothelium are not feasible, the NO-oxidant
balance within coronary endothelial cells is not known.
However, in view of the antioxidant effects of atrasentan
observed in cardiac homogenates (which comprise myocytes
and vascular cells; Figure 5), the improved coronary relaxation
(Figure 4) may be related to a reduced oxidant load within the
coronary endothelium. This interpretation is in line with
evidence suggesting that antioxidant defenses may be lower
in diabetes (Laight et al., 2000). In addition, atrasentan may
reduce diabetic vascular oxygen radical generation by inhibit-
ing the ET-1-mediated activation of radical generating
enzymes such as NAD(P)H oxidase and uncoupled eNOS
(Hink et al., 2001). Thus, current evidence supports the notion
that the beneficial functional effects of atrasentan may partly
result from its anti-oxidant properties.

The absence of a significant effect of atrasentan on aortic
relaxation (Figure 4) is not unexpected because there was no
significant macrovascular impairment at 4 weeks of diabetes
compared to non-diabetic animals. In fact, time of evaluation
after onset of disease is critical to demonstrating macrovas-
cular endothelial dysfunction in chemically-induced diabetes
(Pieper, 1999). Recently, we made similar observations in
diabetic Goto-Kakizaki rats (a model of type 2 diabetes),
where an activated ET pathway contributed to elevated blood
pressure, but not to vascular aortic dysfunction (Witte et al.,
2003).

The diabetic phenotype also impaired renal function in
that diabetic animals had polyuria and proteinuria, whereas
creatinine clearance was not yet affected. Proteinuria is
commonly observed in different nephropathies including late-
stage diabetic nephropathy leading to renal failure (Ritz &
Orth, 2000). Hence, slowing the progression of renal protein
excretion is an accepted marker for an improvement of chronic
renal disease. Atrasentan reduced 24 h urine production and
plasma creatinine levels, but not renal creatinine clearance.
Previous investigations have linked the ET system to renal
diabetic complications on the basis of alterations in cellular
ET-1 mRNA and receptor levels or favorable changes in
extracellular matrix components found in diabetic animals
treated with ET receptor blockers (Benigni et al., 1998; Dhein
et al., 2000; Chen et al., 2002). In these cases, the antagonists
were usually applied over 6 months or more, suggesting that
ET receptor antagonists might be particularly effective in more
advanced diabetic glomerulopathy.

Besides, affecting diabetic organ dysfunction, endogenous
ET-1 also causes detrimental effects on glucose homeo-
stasis that could be improved by ET antagonism. Thus, when
administered to genetically obese Zucker rats (a model of
insulin resistance) atrasentan reduced basal (fasting) insulin
levels and the rise of plasma glucose and insulin after a meal
challenge, indicating an improvement in glucose tolerance and
possibly in insulin sensitivity (Berthiaume et al., 2005).

In conclusion, we have shown that the ET,-selective
receptor antagonist atrasentan alleviates the reduced cardio-
vascular performance and renal dysfunction observed in mice
with STZ-induced diabetes mellitus. On the other hand, the
provision of supplemental myocardial NO as a result of
myocyte-specific overexpression of eNOS had no beneficial or
deleterious effects on cardiac performance, implying that NO
deficiency plays no role in the development of diabetic
cardiomyopathy in chemically-induced diabetes.
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