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The impairment of arterial baroreceptor and vasodilator functions are two major contributors to the
hypertensive action of cyclosporine (CSA). In this study, in vivo and in vitro pharmacological studies were
performed to investigate whether these effects of CSA are differentially modulated by endothelin and
thromboxane signaling. The treatment of rats with CSA (25 mg/kg/day i.p.) for 7 consecutive days caused
significant increases in blood pressure (BP), attenuated reflex heart rate (HR) responses to vasopressor
(phenylephrine, PE) and vasodepressor (sodium nitroprusside, SNP) agents, and reduced cumulative
vasorelaxant responses elicited by acetylcholine (Ach, 1 x 10~°-1 x 10> M) in PE-precontracted isolated
aortas. These effects of CSA were blunted after concurrent i.p. administration of atrasentan (selective ETp
blocker, 10 mg/kg/day), but not terutroban (thromboxane receptor blocker, 10 mg/kg/day). Moreover,
atrasentan reversed the reductions in aortic protein expression of eNOS caused by CSA whereas
terutroban was without effect. We also report that the favorable effect of atrasentan on CSA-evoked
impairment in aortic Ach responsiveness disappeared in rats treated simultaneously with L-NAME (NOS
inhibitor, 10 mg/kg/day) but not BQ 788 (ETp receptor blocker, 0.1 mg/kg/day) or indomethacin (cyclox-
ygenase inhibitor, 5 mg/kg/day). Together, the data implicate endothelin ET, receptors in baroreflex and
vascular derangements which predispose to the hypertensive effect of CSA. Moreover, the facilitation of NOS,
but not ETg receptors or cycloxygenase-derived prostanoids, signaling is pivotal for advantageous effect of
atrasentan on the aortic CSA-Ach interaction.
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also showed that CSA attenuates the arterial baroreceptor gain (El-
Mas et al., 2002) and vascular endothelial dysfunction (EI-Mas

1. Introduction

CSA is widely accepted as a immunosuppressive drug of choice
in human organ transplantation (David and Johnston, 2001) and in
the treatment of autoimmune diseases (Nishiyama et al., 2003).
However, the clinical use of cyclosporine is often associated with
serious cardiovascular disorders such as hypertension (Hoorn
et al,, 2012). The underlying mechanism of CSA-induced hyperten-
sion is multi-faceted and includes activation of the renin-
angiotensin system (Nishiyama et al., 2003) and sympathetic tone
(Lyson et al., 1994) and disruption of nitric oxide/carbon mon-
oxide/cGMP pathways (El-Mas et al., 2012). Further, our studies
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et al., 2003a, 2004), which might contribute to the hypertensive
action of CSA. Notably, baroreceptor and endothelial dysfunctions
are independent predictors of cardiac mortality (De Ferrari et al.,
2007; Fischer et al., 2005).

Endothelin-1 (ET-1) and thromboxane A, are endogenous
vasoactive molecules that are released mostly from vascular
endothelial cells and platelets, respectively (Thorin and Webb,
2010; Sellers and Stallone, 2008). Both substances play important
roles in the local regulation of vascular tone and BP (Sellers and
Stallone, 2008; Thorin and Webb, 2010) and the facilitation of their
activities contributes to the development of hypertension (Dhaun
et al.,, 2008; Nakahata, 2008). Experimental (Bokemeyer et al., 1994)
and clinical (Cauduro et al,, 2005) studies suggest the involvement
of ET-1 in the pathogenesis of CSA-evoked hypertension and
endothelial dysfunction (Ramzy et al., 2006). Nonselective blockade
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of ET-1 receptors with bosentan (Bartholomeusz et al., 1996) or
selective blockade of endothelin ET4 receptors with BQ-123 (Phillips
et al., 1994) abrogates the hypertensive response elicited by CSA. On
the other hand, whether thromboxane is causally related to the
development of the CSA-induced hypertension is still a matter of
debate. In some studies, elevated urine thromboxane has been
detected after acute or chronic administration of CSA (Oriji, 2003).
Moreover, thromboxane synthase inhibitors (Perico et al., 1986),
thromboxane receptor antagonists (Hardy et al., 2000) and indo-
methacin (cyclooxygenase inhibitor) (Mathieu et al., 1996) attenuate
CSA-mediated vasoconstriction. On the contrary, Tresham et al.
(1990) showed no evidence of increased serum thromboxane in
response to CSA and that thromboxane synthase inhibition mini-
mally affected the rise in BP caused by CSA.

In this study, we tested the hypothesis that pharmacologic
elimination of signaling pathways of ET, and/or thromboxane-A,
/prostaglandin-endoperoxide (TP) receptors abrogates the depres-
sant effects of CSA on two major modulators of the hypertensive
effect of CSA, the arterial baroreflex control and vascular endothe-
lial function. Therefore, in vivo and in vitro experiments were
conducted in rats to investigate the effect of CSA given alone or
combined with selective blockers of endothelin ET, (atrasentan) or
TP receptors (terutroban) on: (i) hemodynamics (BP and HR), (ii)
aortic vasorelaxations caused by acetylcholine, and (iii) arterial
baroreflex gain measured by the Oxford (vasoactive) method. The
potential involvement of the NOS-derived NO, arachidonic acid
metabolites, or endothelin ETg receptors in the aortic CSA-ETa
receptor interaction was also investigated.

2. Materials and methods

Male Sprague-Dawley rats (250-300 g; Animal Care facility,
American University of Beirut Medical Center) were employed in
the present study. Rats were housed in standard plastic cages and
allowed free access to water and rat chow. All experiments were
approved by the institutional animal care and use committee.

2.1. Intravascular cannulations

The method described in our previous studies for cannulations
of the femoral vessels was employed (El-Mas and Abdel-Rahman,
1999; El-Mas et al., 2012). Briefly, rats were anesthetized with
thiopental (50 mg/kg, i.p.). Catheters (each consisted of a 5cm
polyethylene10 tubing glued to a 15 cm polyethylene-50 tubing)
were placed in the abdominal aorta and vena cava via the femoral
artery and vein for measurement of blood pressure and intrave-
nous administration of drugs, respectively. The arterial catheter
was connected to a pressure transducer (Model PT300, Grass
Technologies, Warwick, RI, USA) with an amplifier (Model P11T,
Grass Technologies, Warwick, RI, USA), and arterial BP was
displayed and analyzed by Grass Polyview16 data acquisition and
analysis system (Version 1.0, Grass Technologies, Warwick, RI,
USA). The HR was computed from BP waveforms by a Grass
tachograph and was displayed on another channel of the recording
system. Finally, the catheters were tunneled subcutaneously and
exteriorized at the back of the neck between the scapulae. The
catheters were flushedwith100 U/ml heparin and plugged by
stainless steel pins. Each rat received intramuscular injections of
60,000 IU of benzathine benzyl penicillin (Retarpen®™) and 2 mg/kg
ketorolac tromethamine and was housed in a separate cage. The
measurements of BP, HR, and baroreflex function were performed
48 h later in conscious freely moving rats.

2.2. The isolated rat aortic ring preparation

Rats were euthanized by exposure to 100% CO, to produce deep
anesthesia (Glen and Scott, 1973), then rapidly decapitated. Isola-
tion of the rat aorta was described by (ElI-Mas et al., 1997a, 1997b,
2003b). The thorax was opened and the internal viscera were
pulled aside. The thoracic aortas were dissected out, trimmed free
of connective tissue and cut into ring segments 3-4 mm in length.
Aortic rings were mounted in an individual 15 ml organ bath filled
with Krebs' solution (119 mM NaCL, 4.7mM KCl, 2.5 mM
CaCl,-H,0, 117 mM MgS04-7H,0, 118 mM KH,PO4 25 mM
NaHCOs3, 11.1 mM glucose) by means of two stainless steel wire
hooks inserted through the lumen of the ring. One wire was
attached to a fixed support at the bottom of the organ bath, and
the second wire was connected to a movable holder supporting an
isometric force displacement transducer (FORT 10, World Precision
Instruments, Inc., USA) which was connected to a multichannel
polygraph (Transbridge 4M, World Precision Instruments, Inc,
USA) for recording isometric contractions of the aorta. All data
recordings were analyzed using the data acquisition software,
AcqgKnowledge 3.9.1., Biopac Systems, Inc., USA for Windows XP.
The tissue was continuously bubbled with a mixture of 95% O, and
5% CO, and kept at 37 °C all through the experiment with an outer
water jacket and a circulating heat pump. An optimum resting
tension of 2 g was placed on the tissue and an equilibrium period
of 1 h was allowed before the start of the experiment, with the
bath fluid being replaced every 15 min. A dose of PE (1 uM), which
was found in preliminary experiments to produce about 60% of the
maximum response, was added to the organ bath on two separate
occasions during the 1 h equilibration to acclimatize the prepara-
tion to the PE effect.

2.3. Western blotting

Snap-frozen aortas were pulverized with mortar and pestle under
liquid nitrogen. The powder was dissolved in 150 pl of RIPA buffer
(50 mM TrisHCl, 150 mM NaCl, 1% IGEPAL CA-630, 0.1% SDS, 1% Na
deoxycholate) supplemented with a proteinase inhibitor cocktail. The
samples were vortexed and sonicated for 5s for five cycles. The
samples were incubated for 10 min at room temperature and then
centrifuged for 12 min at 18,000 x g at 4 °C. The protein concentration
in the supernatants was measured using Bradford method. A total of
100 pg protein samples were run on a 10% acrylamide gel and
electroblotted to nitrocellulose membranes. Blots were blocked for
1 h rat room temperature in 5% bovine serum albumin in TBS/Tween.
They were then incubated overnight at 4 °C with rabbit polyclonal
eNOS antibody (1:1000 Abcam, UK). After 3 washes with TBS/Tween
buffer, the blots were incubated for 1 h at room temperature with the
secondary antibody (Donkey Anti-Rabbit Polyclonal IgG-HRP, 1:5000,
Jackson Immunoresearch Labs Inc, USA.). After 3 washes with the TBS/
Tween buffer, immunoreactive sites were detected by enhanced
chemiluminescence system and exposed to an X-ray film, which were
processed by Kodak RP X-omat processor (Model M6B). Equal loading
and transfer was achieved by probing the corresponding slice of the
membrane for p-actin primary antibody (Sigma Chemical Co., USA).
Densitometric analysis of the Western bands was performed using the
Image ] software (Version 1.42). Data were normalized in relation to p-
actin, and expressed as a percent of control values as in our previous
studies (El-Mas et al., 2008, 2011).

2.4. Experimental groups and protocols

2.4.1. Effect of atrasentan or terutroban on the hypertensive and
baroreflex depressant actions of CSA

A total of six groups of male rats (n=6) was used and designed
to receive one of the following treatments: (i) vehicle (cremophore
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EL; 1 ml/kg/day), (ii) CSA (25 mg/kg/day; Oriji, 2003), (iii) atrasen-
tan (selective ET, receptor antagonist, 10 mg/kg/day; Jarvis et al.,
2000), (iv) terutroban (selective TP receptor antagonist, 10 mg/kg/
day; Sebekova et al., 2007), (v) CSA plus atrasentan, or (vi) CSA
plus terutroban. Drugs were administered intraperitoneally in
single daily doses for 7 consecutive days. Intravascular cannulation
was performed on day 5 of drug administration. Two hours after
dose administration on day 7, the arterial catheter was connected
to a pressure transducer for hemodynamic measurements. A
period of 30 min was allowed for hemodynamic stabilization, after
which baseline BP and HR were recorded. Baroreflex testing was
then performed by the vasoactive method as previously described
(EI-Mas et al., 2002), which involves measuring HR responses to
increments or decrements in BP evoked by consecutive injections
of i.v. doses (1-16 pg/kg) of PE and SNP at 5-min intervals. This
time interval was adequate for BP and HR to regain baseline levels.
Each of PE and SNP was dissolved in saline, and the injection
volume was kept constant at 0.05 ml/100 g of body weight with a
flush volume of approximately 0.1 ml of saline. The mean arterial
pressure (MAP) and HR values before and after PE and SNP
administration were measured, and the peak changes in both
variables (AMAP and AHR) were used for construction of the
baroreflex curves. Rats were then sacrificed and their aortas were
isolated, trimmed clean of connecting tissue and stored at —80 °C
for western blot assessment of eNOS protein expression.

2.4.2. Effect of atrasentan or terutroban on CSA-evoked impairment
of acetylcholine aortic vasorelaxations

Six groups of male rats (n=7-9) were employed and allocated
to receive the same drug treatments indicated in the preceding
experiment. Rats were sacrificed on day 7 and their thoracic aortas
were isolated and cut into small rings, 3-4 mm each, as described
previously. A single aortic segment of each rat was mounted in a
15 ml organ bath filled with Krebs' solution. After 1 h acclimatiza-
tion, the aortic rings were contracted with a submaximal concen-
tration of PE (1 pM). Once the steady state tonic response was
attained, cumulative increasing concentrations of Ach (1 x 10~°-
1 x 107> M) were added to the organ bath in such a way that one
concentration was added only after the response to the previous
concentration had plateaued. Vasorelaxant responses to individual
concentrations of Ach were expressed as a percentage of maximal
contraction produced by PE (EI-Mas et al., 2003b).

Because the results of this experiment showed that the CSA-
evoked attenuation of acetylcholine relaxations disappeared in
preparations co-treated with atrasentan, more tissue bath experi-
ments were performed to characterize the mechanism underlying
the favorable effect of atrasentan. Three additional groups (n=6)
of rats were employed that received the i.p. CSA+atrasentan
regimen in addition to one of the following treatments for
7 consecutive days: (i) BQ 788 (ETg receptor blocker, 0.1 mg/kg/
day, Camara et al., 2012), (ii) L-NAME (NOS inhibitor, 10 mg/kg/day,
Ebrahim et al, 2001), or (iii) indomethacin (cyclooxygenase
inhibitor, 5 mg/kg/day, Bischoff et al., 1998). At the conclusion of
treatment period, tissue bath studies were conducted in aortic
rings to measure the cumulative vasorelaxant responses to acet-
ylcholine as detailed above.

2.5. Drugs

Phenylephrine hydrochloride (Pharmadex, S.A.L., Lebanon), San-
dimmune® ampoules (50 mg/ml, Novartis Pharma, AG, Basel, Swit-
zerland), atrasentan (Abbott Laboratories, Illinois, USA), terutroban
(Servier, Paris, France), Cremophore EL (Sigma Chemical Co., USA),
acetylcholine chloride, indomethacin, L-NAME (Fluka Biochemika,
Italy), BQ 788 sodium (Peptides International, Inc., USA), Retarpen™

(October Pharma S.A.E., Egypt), Heparin® ampoules (5000 IU/ml,
Nile pharmaceutical Co. Egypt), Ketorolac® (Amriya Pharm. Ind. Co.,
Alex., Egypt), sodium nitroprusside (Nipruss®, Schwarz pharma,
Germany) and thiopental® (Rotexmedica, Germany).

2.6. Statistical analysis

Values are expressed as mean + S.E.M. The relationships
between changes in mean arterial pressure evoked by PE or SNP
and associated reciprocal changes in heart rate were assessed by
regression analysis for individual animal (EI-Mas et al., 2012). The
regression coefficients (slopes of the regression lines, BRSpg and
BRSsnp) expressed as beats/min/mmHg were taken as an index of
BRS. Vasorelaxant responses to Ach, measured as the maximum
decreases in the isometric force in aortas precontracted with PE,
were expressed as a percentage of PE precontraction. Nonlinear
regression was used to fit sigmoidal curves to individual Ach dose-
response curves to determine agonist potency (ECsg), the dose of
Ach giving half the maximum vasodilation, and maximum effect
(Emax) (El-gowilly et al., 2008). Analysis of variance (ANOVA)
followed by a Newman-Keuls post-hoc analysis was used for
multiple comparisons with the level of significance set at P < 0.05.

3. Results

3.1. Atrasentan, but not terutroban, abolishes the hypertensive and
baroreflex depressant actions of CSA

The effects of selective blockade of endothelin ET, or TP
receptors by atrasentan and terutroban, respectively, on the
hemodynamic effects of CSA in conscious rats are depicted in
Fig. 1. CSA (25 mg/kg/day i.p., 7 days) resulted in a significant
(P <0.05) rise in MAP (123.8 + 3.0 vs. 95.7 + 2.8 mmHg) and HR
(512.6 +16.9 vs. 384.4 4+ 10.7 beats/min) compared with control
(cremophore-treated) rats. Concurrent treatment with atrasentan
(10 mg/kg/day, i.p.) abolished the hypertensive effect of CSA with-
out affecting the associated elevation in HR (Fig. 1). When
administered alone, atrasentan caused a significant reduction in
MAP compared to control values but had no effect on HR (Fig. 1).
Unlike atrasentan, the blockade of TP receptors by terutroban
(10 mg/kg/day, i.p.) failed to modify the hypertensive response
elicited by concurrently administered CSA (Fig. 1). The tachycardic
effect of CSA was significantly reduced in presence of terutroban
but the HR of the CSA/terutroban group remained significantly
higher than the corresponding control value (Fig. 1).

Figs. 2 and 3 show the baroreflex curves relating changes in
MAP elicited by PE and SNP, respectively, to the associated
reciprocal reflex changes in HR in rats treated with CSA, atrasen-
tan, terutroban or their combinations. Analysis of the baroreflex
curves showed that CSA produced upward and downward shifts in
the PE and SNP curves, respectively (Figs. 2 and 3), suggesting
blunted reflex HR responsiveness. The slopes of the linear regres-
sion lines, which represented the BRSpg (—0.82 + 0.07 vs. —1.33 +
0.11 beats/min/mmHg) and BRSsnp (—1.77 +0.16 vs. —4.28 +
0.45 beats/min/mmHg), were significantly (P < 0.05) smaller in
CSA compared with control values (Fig. 4). The percentage reduc-
tions in BRSpg and BRSsnp elicited by CSA amounted approximately
to 40% and 60%, respectively. The depressant effects of CSA on
reflex chronotropic responses disappeared in rats treated simulta-
neously with atrasentan. Exposure of rats to the CSA/atrasentan
combination resulted in shifting the baroreflex curves towards
those of control rats (Figs. 2 and 3). Furthermore, the slopes of
regression lines in rats treated with the combined CSA/atrasentan
regimen were similar to those of the vehicle group (Fig. 4). On the
contrary, the simultaneous treatment with the TP receptor blocker
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Fig. 1. Effects of 7-day treatment with CSA (25 mg/kg/day), atrasentan (10 mg/kg/
day), terutroban (10 mg/kg/day) or their combination on mean arterial pressure
and heart rate in Sprague-Dawley rats. Values are means + S.E.M. of 6 observations.
*P < 0.05 vs. vehicle values; and #P < 0.05 vs. CSA values.

terutroban had no effect on the shifts in baroreflex curves and BRS
reductions caused by CSA (Figs. 2-4).

Regression analysis of the relationship between BRS and basal
MAP in various rat preparations showed an inverse relationship
(Fig. 5). The regression coefficient, a measure of linear association
between the two variables, revealed a significant relationship with
“r” values of 0.81 (BRSpe—~MAP) and 0.64 (BRSsnp—MAP).

3.2. eNOS upregulation mediates the favorable effect of atrasentan
on the CSA-evoked impairment of Ach vasorelaxations

Under conditions of sustained elevations in vascular tone
induced by PE in isolated aortas, cumulative additions of Ach
(1x107°-1x10">M, Fig. 6) elicited concentration-dependent
relaxations of aortic smooth muscle. The relaxant responses to
Ach were significantly attenuated in aortas obtained from CSA-
treated compared with respective vehicle-treated values. Further,
the Enax and ECsq values of Ach curves were decreased and
increased, respectively, in CSA-treated preparations (Fig. 6). The
attenuating effect of CSA on Ach responses and the associated
reductions in E;,.x completely faded out in aortas obtained from
rats concurrently treated with atrasentan. The treatment with
atrasentan alone significantly augmented the relaxant responses
elicited by Ach (Fig. 6). On the other hand, terutroban failed to
alter the relaxant effects of Ach or the attenuation of these
responses caused by CSA (Fig. 6). Likewise, Western analysis
showed that the protein expression of eNOS in aortic tissues was
significantly decreased in CSA-treated compared with vehicle-
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Fig. 2. Baroreflex curves relating decrements in heart rate to increments in mean
arterial pressure evoked by phenylephrine in conscious, freely moving Sprague-
Dawley rats treated with atrasentan (10 mg/kg/day) (panel A) or terutroban
(10 mg/kg/day) (panel B) in absence or presence of CSA (25 mg/kg/day) for
7 consecutive days. Values are means + S.E.M. of 6 observations.

treated rats (Fig. 7) and the eNOS effect of CSA was abolished in
the presence of atrasentan but not terutroban (Fig. 7).

The inhibition of NOS activity by L-NAME (10 mg/kg/day, for
7 days) abolished almost completely the relaxant effects of Ach in
aortas obtained from rats treated simultaneously with the CSA/
atrasentan regimen, indicating a major role for the NOS-derived
NO in the CSA-atrasentan interaction on Ach responses (Fig. 8). By
contrast, Fig. 8 shows that the enhanced Ach relaxations observed
in aortas obtained from CSA/atrasentan-treated rats remained
unaltered after the inhibition of prostaglandin synthesis by indo-
methacin (5 mg/kg/day) or the blockade of endothelin ETy recep-
tors by BQ788 (0.1 mg/kg/day).

4. Discussion

The present study reports on the potential modulatory roles of
signaling pathways of ET-1 and thromboxane A, on the hyperten-
sive effect of CSA and related baroreflex and endothelial dysfunc-
tions. The major findings of the study can be summarized as
follows: (i) CSA elevated BP and reduced reflex chronotropic
responses, aortic acetylcholine vasorelaxations, and aortic eNOS
expression (ii) such undesirable effects of CSA were abolished after
selective blockade of ET, (atrasentan), but not TP (terutroban),
receptors (iii) NOS inhibition abolished the favorable effect of
atrasentan on the CSA-evoked endothelial dysfunction in contrast
to no effect for ETg receptor blockade or cyclooxygenase inhibition.
These findings suggest a pivotal role for NOS upregulation in the
protection offered by selective ET, receptor blockade against the
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Fig. 3. Baroreflex curves relating increments in heart rate to decrements in mean
arterial pressure evoked by SNP in conscious, freely moving Sprague-Dawley rats
treated with atrasentan (10 mg/kg/ day) (Panel A) or terutroban (10 mg/kg/day)
(Panel B) in absence or presence of CSA (25 mg/kg/day) for 7 consecutive days.
Values are means + S.E.M. of 6 observations.

hypertensive effect of CSA and associated baroreflex and vascular
endothelial dysfunctions.

Regression analyses of the current data established a significant
correlation between the hypertensive and baroreflex depressant
effects of CSA, highlighting the potential of a causal relationship
between the two hemodynamic effects of CSA. Similar blood
pressure elevation and baroreflex dysfunction in response to CSA
have been previously reported (Gerhardt et al., 1999; El-Mas et al.,
2012). The concept that baroreflex impairment predisposes to
hypertension has been established in clinical (Goldstein, 1983) and
experimental studies (Fardin et al., 2012). In the Dahl salt-sensitive
rat, the impairment of baroreceptor function precedes the develop-
ment of hypertension (Gordon and Mark, 1983). Similarly, DiCarlo
and Bishop (2001) demonstrated that the resetting of the operating
point of arterial baroreceptors towards higher pressures results in
sympathoexcitation and hypertension. Therefore, it is conceivable
that the hypertensive action of CSA is provoked, at least partly, by
the impaired reflex control of chronotropism.

ET-1 and thromboxane are potent vasoconstrictors that are
produced by endothelial cells and blood platelets, respectively
(Sellers and Stallone, 2008; Thorin and Webb, 2010; Bourque et al.,
2011). Whereas the putative role of endothelin in the pathogenesis
of CSA hypertension has been documented (Bartholomeusz et al.,
1996; Cauduro et al., 2005; Phillips et al., 1994), the involvement of
thromboxane remains controversial (Mathieu et al., 1996; Tresham
et al.,, 1990). The prime objectives of the present research were to
re-evaluate the possible contribution of endothelin and/or throm-
boxane pathways in the hemodynamic effect of CSA and, more
importantly, the potential contribution of the arterial baroreceptor
and vascular endothelial functions to the interaction. Interestingly,
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Fig. 4. Effects of 7-day treatment with CSA (25 mg/kg/day), atrasentan (10 mg/kg/
day), terutroban (10 mg/kg/day) or their combination on the BRS measured by the
phenylephrine pressor (panel A) and the SNP depressor (panel B) test in Sprague—
Dawley rats. Values are means + S.E.M. of 6 observations. *P < 0.05 vs. vehicle
values; and #P < 0.05 vs. CSA values.

the data showed that both the hypertensive and baroreflex
depressant effects of CSA were preserved in rats treated simulta-
neously with the TP receptor antagonist terutroban, but they were
virtually abolished after pharmacologic blockade of ET, receptors
with atrasentan. The favorable effect of atrasentan on reflex
chronotropic responses was evidenced by the shifts of the barore-
flex curves generated by PE and SNP in response to the combined
CSA/atrasentan regimen towards those of vehicle-treated animals
and significant increases in the slopes of the AHR/AMAP relation-
ships. Because the sole use of atrasentan failed to modify the
baroreflex gain, the possibility of a tonic role for ET, receptors in
the baroreflex control is unlikely. Although some reports suggest a
depressant effect for ET-1 on baroreceptor discharge via stimulat-
ing ETa receptors (Souza et al.,, 2008), others described a dual
dose-dependent baroreflex effect for ET-1, facilitation by low doses
of ET-1 and inhibition by high doses (Chapleau et al., 1992).
Together, the current findings suggest a preferential favorable
effect for ET,, but not TP, receptor antagonism in the control of
the hypertensive action of CSA and related impairment of reflex
circulatory control. Moreover, the maintenance of the inverse
relationship between the BP and baroreflex profiles in different
experimental settings (CSA/atrasentan and CSA/terutroban) rein-
forces the causal link between baroreflex dysfunction and hyper-
tension. Importantly, the lack of effect of terutroban cannot be
attributed to inadequate blockade of TP receptors because
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Fig. 5. Inverse relationship between baroreflex sensitivity measured by pheny-
lephrine (BRSpg) or sodium nitroprusside (BRSsyp) and basal mean arterial pressure
(MAP) in rats treated for 7 days with i.p. CSA (25 mg/kg/day) or its vehicle in the
absence or presence of atrasentan (ETA receptor blocker, 10 mg/kg/day) or
terutroban (TP receptor blocker, 10 mg/kg/day). The relationships were significant
(BRSpe—MAP, r=0.81; and BRSsnp—MAP, r=0.64).

terutroban at doses similar to those used in the current study
(10 mg/kg/day) or even lower has been to effectively counteract
the TP receptor-mediated effects (Sebekova et al., 2007; De La Cruz
et al,, 2012).

Vascular endothelium plays an important role in modulating
vasomotor tone and discharge characteristics of arterial barorecep-
tors (Munch, 1994; Singh et al., 2010). Studies showed that vascular
stretch that accompanies the rise in arterial pressure not only
activates baroreceptors but also stimulates the endothelium to
release various substances, which would modify baroreceptor
responsiveness (Salgado et al., 2006). The NOS-derived NO is one
of these endothelial factors which functions to reduce vascular tone
(Bryan et al., 2005; Bourque et al., 2011) and enhance baroreceptor
gain (Spieker et al., 2000). In the current study, we report two
important findings that suggest a key role for endothelial NOS in the
hemodynamic interaction between CSA and atrasentan. First, the
impairment caused by CSA in aortic cholinergic vasorelaxations
disappeared in preparations treated concurrently with atrasentan.
The vasorelaxant effect of acetylcholine is widely believed to be
mediated via releasing NO from the vascular endothelium (Bryan
et al., 2005). The second finding emerged from Western studies,
which showed that atrasentan virtually abolished the reductions in
eNOS protein expression caused by CSA in aortic tissues. Therefore,
functional and biochemical evidence obtained from the current
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Fig. 6. Effect of 7-day treatment with CSA (25 mg/kg/day), atrasentan (10 mg/kg/
day), terutroban (10 mg/kg/day) or their combination on the vasorelaxant
responses to cumulative doses of Ach in rat thoracic aortic rings precontracted
with 1 uM phenylephrine. Values are means + S.E.M. of 7-9 observations. *P < 0.05
vs. vehicle values; and #P < 0.05 vs. CSA values.

studies suggests a prominent role for endothelial NOS in mediating
the beneficial effect of ET, receptor blockade on vascular dysfunc-
tion caused by CSA in the rat aorta. Given the importance of NO in
vascular and baroreflex control (Spieker et al., 2000; Bryan et al.,
2005), it is possible that the improving effect of atrasentan on
endothelial dysfunction triggered by CSA could also explain the
concomitant amelioration of baroreflex dysfunction and hyperten-
sion seen in the same model system. It is worth mentioning that
unlike atrasentan, the blockade of TP receptors by terutroban failed
to reverse the CSA-evoked reductions in aortic acetylcholine relaxa-
tions and eNOS protein expression, which paralleled the lack of
effect of terutroban on the hypertensive and baroreflex depressant
effects of CSA.

The precise cellular mechanism by which atrasentan improves
vascular endothelial function is not clear. It is believed, however,
that the effect of ET-1 on vascular tone is mediated via two
receptor sites, ET, and ETg, which differ in their anatomic locations
and exert directionally opposite effects on vascular control.
Whereas ET, receptors have been characterized in smooth muscle
cells and cause vasoconstriction upon stimulation, ETg receptors
exist mainly in vascular endothelial cells and, contrary to ET, sites,
their activation causes vasodilation via the release of NO and
prostacyclin (Bourque et al., 2011). Based on this, we reasoned that
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Fig. 7. The protein expression of constitutive eNOS isoform in abdominal aortas of
male Sprague-Dawley rats treated atrasentan (10 mg/kg/ day) (Panel A) or
terutroban (10 mg/kg/day) (Panel B) in absence or presence of CSA (25 mg/kg/
day) for 7 consecutive days. Illustrative gels depicting aortic eNOS protein
expression are shown. Values are means + S.E.MM. of 3-4 observations. *P < 0.05
vs. vehicle values; and #P < 0.05 vs. CSA values.
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observations. *P < 0.05 vs. vehicle values; #P < 0.05 vs. CSA values; and *P < 0.05
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under conditions of selective ET, receptor blockade by atrasentan,
enhancement of endothelial NOS activity might develop due to the
unopposed vasodilator capacity of ETg receptors. Consequently, we
asked if the loss of ETg-dependent vasodilation would compromise
the boosted endothelial activity caused by atrasentan. Contrary to
our expectations, the blockade of ETg receptors (BQ788) or the
inhibition of cyclooxygenase (indomethacin) failed to alter the
atrasentan-evoked enhancement of acetylcholine vasorelaxations
(Fig. 6), thus precluding a possible role for ETg receptors or

downstream prostanoid derivatives in the CSA-atrasentan aortic
interaction. Alternatively, the notion that aortic acetylcholine
relaxations in CSA/atrasentan-treated rats were almost abolished
after the inhibition of NOS activity by L-NAME implies the
involvement of ETg receptor-independent NOS pathways in the
CSA-atrasentan aortic interaction.

In conclusion, the present study provides novel observations
regarding the role of ET-1 receptors in cardiovascular abnormal-
ities associated with CSA use. Antagonist studies showed that the
presence of intact and functional ET,, but not TP, receptors seems
necessary for the manifestation of the hypertensive action of CSA
and predisposing factors such as the impairment of arterial
baroreceptor and vascular endothelial functions. Apparently, the
selective ET, antagonist atrasentan acts through NOS-dependent,
ETp receptor-independent mechanisms to alleviate the detrimen-
tal cardiovascular effects of CSA. Clinically, the study highlights
that atrasentan and similar pharmacological interventions might
be utilized for the control of the hypertensive effect of CSA and
perhaps other clinical conditions, such as transplant vasculopathy
(Ramzy et al., 2006), atherosclerosis (Cai et al., 2005) and coronary
artery disease (Sykora et al., 2009), that might be precipitated by
disturbances in vascular and reflex autonomic control.
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