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Aims: Cyclosporine (CSA) elevates blood pressure (BP) and alters arterial baroreflex sensitivity (BRS) and
vasoreactivity. In this study we determined whether the renin-angiotensin system (RAS) interplays with other
vasopressor pathways in mediating the CSA actions.
Materials andmethods:Whole animal and isolated vascular preparationswere employed to determine the effects
of pharmacologic interruption of angiotensin II (Ang II), endothelin (ET), or thromboxane (TXA2) signaling on
the adverse cardiovascular effects of CSA.
Key findings: CSA (25 mg/kg/day i.p. for 7 days) caused significant increases in BP that were paralleled with
(i) reduced BRSmeasured by phenylephrine (BRSPE) or sodium nitroprusside (BRSSNP), (ii) enhanced aortic con-
tractile responses to Ang II and U-46619 (thromboxane analogue), and (iii) reduced aortic eNOS expression and
acetylcholine, but not SNP, vasorelaxations. Except for the reduced BRSSNP, the CSA effects disappearedupon con-
current administration of losartan (angiotensin AT1 receptor antagonist), captopril (angiotensin converting en-
zyme inhibitor), or their combination. Moreover, CSA augmentation of Ang II contractions was abolished after
cyclooxygenase inhibition (indomethacin) or endothelin ETA/ETB receptor blockade (atrasentan/BQ788). By con-
trast, the blockade of thromboxane receptors (terutroban) failed to alter the CSA-evoked facilitation of Ang II re-
sponsiveness.
Significance: The facilitation of baroreflex control and inhibition of vascular responsiveness to Ang II and throm-
boxane contribute to the BP lowering effect of RAS inhibitors in CSA-treated rats. Further, endothelin receptors
and vasoconstrictor prostanoids contribute to the CSA-evoked exaggeration of Ang II vascular responsiveness
and hypertension.
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1. Introduction

The renin-angiotensin system (RAS) is an important regulator of BP
and fluid homeostasis. Ang II, a key product of RAS, causes vasoconstric-
tion and consequent rises in systemic and local BP, stimulates aldoste-
rone release from the adrenal gland, and enhances renal sodium and
water retention [1,2]. Pathophysiologically, Ang II is a fundamental eti-
ology factor of hypertension as well as several other cardiovascular dis-
orders [3]. Ang II exerts AT1 receptor-mediated inhibitory influences on
baroreceptor reflex control of HR [4]. AT1 receptors are expressed at
SNP, sodium nitroprusside; Ang
d pressure; MAP, mean arterial
NOS, endothelial nitric oxide
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multiple sites throughout the baroreceptor reflex pathway including
the sensory afferent neurons and their terminals in the nucleus of the
solitary tract [5,6] and play a critical role in the processing of the cardiac
baroreflex depressant effect of circulating Ang II [4].

The immunosuppressant drug CSA is a calcineurin/protein phospha-
tase 2B inhibitor that is used in organ transplantation to reduce the in-
cidence and severity of graft rejection [7,8]. Moreover, CSA produces
favorable outcomes in autoimmune conditions such as psoriasis, atopic
dermatitis, rheumatoid arthritis, and glomerular disorders [9]. Clinical
practice showed that CSA use is associated with serious cardiovascular
events such as hypertension [10]. Among several other mechanisms,
vascular abnormalities [11,12] and upregulation of RAS activity [13,14]
are possiblemechanisms for the hypertensive effect of CSA. Ang II levels
[15], angiotensin converting enzyme activity [16] and angiotensin AT1
receptor expresssion [17] are all elevated by CSA. CSA also augments
angiotensin-induced vasoconstriction in isolated arterioles [13]. Clinical
studies showed that treatment with ACE inhibitors or AT1 receptor
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antagonists reduce BP in hypertensive CSA-treated renal transplant re-
cipients [14,18].

The current experimental study addresses several questions related
to the mechanism by which RAS facilitates the hypertensive effect of
CSA. First, given the inverse relationship between BP and arterial baro-
reflex gain [19,20] and the inhibitory effect of CSA on baroreflex activity
[21,22], we tested the hypothesis that the counteraction of CSA hyper-
tension evoked by individual or combined administration of captopril
(angiotensin converting enzyme inhibitor) and losartan (angiotensin
AT1 receptor antagonist) is coupled with normalization of arterial baro-
reflex activity. Second, tension studies in isolated aortaswere employed
to investigate (i) whether vasopressor pathways of endothelin, throm-
boxane, and prostanoids contribute to the enhancing effect of CSA on
Ang II vasoreactivity, and (ii) modulatory effects of vasopressor and
vasodepressor pathways of thromboxane and acetylcholine, respective-
ly, on the CSA-RAS interaction.

2. Materials and methods

Male Sprague-Dawley rats (240–280 g; Animal Facility, American
University of Beirut Medical Center) were employed in the present
study. Rats were housed in standard plastic cages and allowed free ac-
cess towater and rat chow. All experimentswere approved by the insti-
tutional animal care and use committee.

2.1. Intravascular cannulations

As described in our previous studies [23,24], rats were anesthetized
with thiopental (50 mg/kg, i.p.) and catheters were placed in the ab-
dominal aorta and vena cava via the femoral artery and vein for mea-
surement of BP and intravenous 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).
HRwas computed from BPwaveforms by a Grass tachograph. Catheters
were tunneled subcutaneously, exteriorized at the back of the neck be-
tween the scapulae, flushedwith heparin, and plugged by stainless steel
pins. Each rat received intramuscular injection of 60,000 IU of
benzathine benzyl penicillin (Retarpen®) and 2 mg/kg ketorolac
tromethamine and was housed individually. The measurements of BP,
HR, and baroreflex function were performed 48 h later in conscious
freely moving rats.

2.2. Isolated aortic ring preparations

Rats were euthanized by exposure to 100% CO2 to produce deep an-
esthesia [25], then rapidly decapitated. The aortawas isolated and aortic
ring segments (3–4 mm long) were mounted in an individual 15 ml
organ bath filled with Krebs' solution (119 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2·H2O, 1.17 mM MgSO4·7H2O, 1.18 mM KH2PO4, 25 mM
NaHCO3, 11.1 mM glucose) by means of two stainless steel wire hooks
[26–28]. One wire was attached to a fixed support at the bottom of
the organ bath, and the secondwirewas connected to amovable holder
supporting an isometric force displacement transducer (FORT10,World
Precision Instruments, Inc., USA) that was connected to a multichannel
polygraph (Transbridge 4M,World Precision Instruments, Inc., USA) for
recording isometric contractions. Tissues were continuously bubbled
with a mixture of 95% O2 and 5% CO2 and kept at 37 °C with an outer
water jacket and a circulating heat pump. A resting tension of 2 g was
placed on the tissue and an equilibriumperiod of 1 hwas allowed before
the start of the experiment. A dose of PE (1 μM), which was found in
preliminary experiments to produce ~60% of the maximum response
[28], was added to the organ bath on two separate occasions during
the 1 h equilibration to acclimatize the preparation to the PE effect.
Data were analyzed using data acquisition software, AcqKnowledge
3.9.1., Biopac Systems, Inc., USA for Windows XP.

2.3. Western blotting

Snap-frozen aortas were pulverized with mortar and pestle under
liquid nitrogen. The powder was dissolved in 150 μl 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 5 s for five cycles. Samples
were incubated for 10 min at room temperature and then centrifuged
for 12 min at 18,000 ×g at 4 °C. The protein concentration in the super-
natants wasmeasured using Bradford method. A total of 100 μg protein
samples were run on a 10% acrylamide gel and electroblotted to nitro-
cellulose 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 3washeswith TBS/Tween buffer, the blotswere incu-
bated for 1 h at room temperature with the secondary antibody (Don-
key Anti-Rabbit Polyclonal IgG-HRP, 1:5000, Jackson Immunoresearch
Labs Inc., USA.). After 3 washes with the TBS/Tween buffer, immunore-
active 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 β-actin primary
antibody (Sigma Chemical Co., USA). Densitometric analysis of the
Western bands was performed using the Image J software (Version
1.42). Data were normalized in relation to β-actin, and expressed as a
percent of control values as in our previous studies [28,29].

2.4. Arterial baroreflex testing

BRSwas assessed by the vasoactive (Oxford)method [30–32], which
measures HR responses to increments or decrements in BP evoked by
random bolus injections of i.v. doses (1–16 μg/kg) of PE and SNP at 5-
min intervals. PE or SNP was dissolved in saline, and the injection vol-
umewas kept constant at 0.05ml/100 g of bodyweightwith a flush vol-
ume 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 (ΔMAP and
ΔHR) were used for construction of the baroreflex curves. The regres-
sion coefficient (slope of the regression line) expressed as beats/min/
mmHg was taken as an index of BRS.

2.5. Experimental groups and protocols

2.5.1. Effect of RAS inhibitors on CSA-evoked hypertension and baroreflex
dysfunction

Eight groups of male rats (n=6)were allocated to receive one of the
following i.p. drug regimens for 7 consecutive days: (i) vehicle
(cremophor EL, 1 ml/kg/day), (ii) CSA (25mg/kg/day) [28], (iii) captopril
(ACE inhibitor, 10mg/kg/day, [33]), (iv) captopril+ losartan, (v) losartan
(selective AT1 receptor antagonist, 10 mg/kg/day, [33]), (vi)
CSA + captopril, (vii) CSA + losartan, (viii) CSA + captopril + losartan.
Intravascular cannulationwas performedonday 5of drug administration.
Two hours after drug 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 HRwere recorded and baroreflex testing was per-
formed as described above by the vasoactive method.

2.5.2. Role of vasopressor pathways in CSA interaction with Ang II aortic
contractions

The first part of this experiment investigated the effect of chronic
CSA treatment on Ang II contractions in isolated aortas and themodula-
tion of these responses by concurrent administration of RAS inhibitors.



Fig. 1. Effects of 7-day treatment with CSA (25 mg/kg/day), captopril (ACE inhibitor,
10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day) or their combination on
mean arterial pressure (MAP, panel A) and heart rate (HR, panel B) in conscious rats.
Values are means ± S.E.M. of 6 observations. ⁎P b 0.05 vs. control values, + P b 0.05 vs.
CSA values.
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Eight groups of male rats (n = 7–9 each) were employed and received
the same drug treatments employed in the preceding experiment. Rats
were sacrificed on day 7 and their thoracic aortas were isolated and pre-
pared for tension studies as described earlier. Aortic segments were
mounted in a 15-ml organ bath filled with Krebs' solution. After 1 h ac-
climatization, dose-contractile response curves to cumulative concen-
trations of Ang II (1 × 10−10–3 × 10−7 M) were established. Each
concentration of Ang II was added after the response to the previous
concentration had plateaued. Contractile responses to cumulative
doses of Ang II were measured as themaximum increase in the isomet-
ric force above the baseline and were expressed in grams.

Because the results showed that Ang II contractions were enhanced
by CSA, 5 more groups of rats (n=6 each) were used to determine the
role of vasoconstrictor pathways of endothelin, prostanoids, or throm-
boxane in the CSA-angiotensin interaction. The rats in these groups re-
ceived i.p. CSA together with one of the following treatments for 7
consecutive days: (i) atrasentan (ETA receptor blocker, 10 mg/kg/day
[34]), (ii) BQ 788 (ETB receptor blocker, 0.1 mg/kg/day [35]), (iii)
atrasentan + BQ788 (iv) indomethacin (cyclooxygenase inhibitor,
5 mg/kg/day [36]), or (v) terutroban (selective thromboxane receptor
antagonist, 10 mg/kg/day [28]). At the conclusion of treatment period,
tissue bath studieswere conducted in aortic rings tomeasure the cumu-
lative contractile responses to Ang II as detailed above.

2.5.3. Effect of RAS inhibitors on CSA interaction with vasoreactivity to
thromboxane, acetylcholine, sodium nitroprusside

Some aortic rings obtained from rats employed in the preceding ex-
periments were used to determine the effects CSA on cumulative aortic
vasocontractions caused by U-46619 (thromboxane analogue,
1 × 10−10–3 × 10−6 M) or vasorelaxations induced by acetylcholine
(1 × 10−9–1 × 10−5 M) or sodium nitroprusside (1 × 10−10–
3 × 10−6 M) in the absence and presence of captopril, losartan, or
both. For the assessment of vasorelaxations, aortic rings were precon-
tracted with a submaximal concentration of phenylephrine (1 μM).
Once the steady state tonic response was attained, acetylcholine or ni-
troprusside concentrations were added cumulatively; one concentra-
tion was added when the relaxant response to the previous
concentration reached its peak response. Vasorelaxant responses to in-
dividual concentrations of acetylcholine or nitroprusside were
expressed as a percentage of the phenylephrine contractile response
[28].

2.5.4. Drugs
Losartan potassium (Pharmaline S.A.L., Lebanon), phenylephrine hy-

drochloride (Pharmadex, S.A.L., Lebanon), Sandimmune® ampoules
(50 mg/ml, Novartis Pharma, AG, Basel, Switzerland), atrasentan (Ab-
bott Laboratories, Illinois, USA), terutroban (Servier, Paris, France), U-
46619 (Cayman chemical Co, USA), angiotensin II, captopril, cremophor
EL (Sigma Chemical Co., U.S.A.), acetylcholine chloride, indomethacin
(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). Capto-
pril, losartan, indomethacin, acetylcholine, and Ang II were dissolved
in saline, Terutroban and BQ788 were dissolved in 0.055 N NaOH and
0.001 N NaOH, respectively. U-46619 was supplied as a 1% solution in
methyl acetate; a stock solution of 1 × 10−2 M U-46619 was prepared
by simply evaporating 0.1 ml U-46619 solution, equivalent to 1 mg U-
46619, under a gentle stream of nitrogen and immediately adding
92.72 μl dimethylsulfoxide and 192.58 μl saline.

2.5.5. Statistical analysis
Values are expressed asmeans ± S.E.M. Nonlinear regression analy-

sis was used to fit sigmoidal curves to individual dose-response curves
to determine the agonist maximum effect (Emax) and potency (the
dose giving half themaximumvasocontractor or vasorelaxant response,
EC50) [37]. Analysis of variance (ANOVA) followed by the Tukey's post-
hoc analysis was used for multiple comparisons with the level of signif-
icance set at P b 0.05.

3. Results

3.1. RAS inhibitors blunt the hypertensive and baroreflex depressant effects
of CSA

Figs. 1–3 depict the effect of ACE inhibition and/or angiotensin AT1
receptor antagonism on hemodynamic and baroreflex responses elicit-
ed by chronic CSA administration in conscious freely moving rats. He-
modynamic measurements in rats fitted with femoral indwelling
catheters showed that compared with control (cremophor-treated)
rats, treatment with CSA (25 mg/kg/day i.p.) for 7 days caused signifi-
cant increases in MAP and HR by approximately 25 mm Hg and 125
beats/min, respectively (Fig. 1). The hypertensive, but not the
tachycardic, effect of CSA was significantly ameliorated in rats treated
concurrently with captopril (ACE inhibitor, 10 mg/kg/day), losartan
(AT1 receptor antagonist, 10 mg/kg/day), or their combination. While
the use of losartan alone had no effect on BP, the treatment with capto-
pril alone or combined with losartan caused modest but significant re-
ductions in MAP (Fig. 1A).

Analysis of the baroreflex curves relatingMAP changes elicited by PE
or SNP to the associated reciprocal reflex changes in HR showed that
CSA produced upward and downward shifts in the PE and SNP curves,
respectively (Fig. 2), suggesting reduced reflex HR responsiveness. The
slopes of the linear regression lines, which represented the BRSPE and
BRSSNP, were significantly (P b 0.05) smaller in CSA comparedwith con-
trol values (Fig. 3). These effects of CSAwere variably affected after con-
current administration of RAS inhibitors. The CSA-evoked upward shifts
in the baroreflex curves generated by PE (Fig. 2A) and the associated re-
ductions in BRSPE (Fig. 3A) were similarly abolished in rats co-treated
with the captopril, losartan, or both. By contrast, none of these regimens
affected the shifts in the SNP baroreflex curves caused by CSA (Fig. 2B)



Fig. 2. Baroreflex curves relating increases and decreases inmean arterial pressure (MAP)
caused by phenylephrine (panel A) and sodium nitroprusside (panel B), respectively, and
associated reciprocal changes in heart rate (HR) in conscious rats treated with CSA
(25 mg/kg/day), captopril (ACE inhibitor, 10 mg/kg/day), losartan (AT1 receptor blocker,
10 mg/kg/day) or their combination for 7 consecutive days. Values are means ± S.E.M.
of 6 observations.

Fig. 3. Effects of 7-day treatment with CSA (25 mg/kg/day), captopril (ACE inhibitor,
10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day) or their combination on
the baroreflex sensitivity measured by phenylephrine (BRSPE, panel A) and sodium
nitroprusside (BRSSNP, panel B) in conscious rats. Values are means ± S.E.M. of 6
observations. ⁎ P b 0.05 vs. control values, + P b 0.05 vs. CSA values.
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or the concomitant reductions in reflex tachycardic responses (Fig. 3B).
BRSPE was slightly increased in rats receiving the captopril plus losartan,
regimen, but this increase was not statistically different from respective
control values. Representative tracings of the BP and HR responses
evoked by bolus i.v. injections of PE or SNP in rats treated with CSA or
the vehicle are shown in Figs. 4 and 5, respectively.

3.2. Role of vasopressor pathways in CSA interaction with angiotensin
vasoreactivity

This experiment investigated the effect of chronic CSA on aortic
contractions induced by Ang II and the modulation of this interaction
by vasoconstrictor pathways of RAS, endothelin, prostanoids, or throm-
boxane. Cumulative additions of Ang II (1 × 10−10–3 × 10−7M) elicited
concentration-dependent contractions of aortic smoothmuscles (Figs. 6
and 7).While the contractile responses elicited by Ang II were notmod-
ified in aortas isolated from rats treated chronically with captopril (ACE
inhibitor, 10 mg/kg/day, i.p., 7 days) compared with respective control
values, theywere significantly reduced in aortas isolated from rats treat-
edwith the AT1 receptor antagonist losartan (10mg/kg/day, i.p., 7 days)
or the combined losartan plus captopril regimen (Fig. 7A). The reduced
responsiveness to Ang II in the presence of losartanwas associated with
decreases and increases in the Emax and EC50 of Ang II, respectively,
while those observed with losartan plus captopril treatment were asso-
ciated with decreases in the Emax only (Fig. 7B–D).

Compared with control (vehicle-treated) values, aortic contractile
responses to Ang II were significantly augmented in aortas obtained
fromCSA-treated rats (Fig. 7C). The Emax and EC50 values of Ang II curves
were increased anddecreased, respectively, in CSA-treated preparations
(Fig. 7B–D). The enhancing effect of CSA on Ang II responses (Fig. 7B)
and the associated alterations in Emax and EC50 (Fig. 7B–D) were elimi-
nated in aortas obtained from rats concurrently treated with captopril,
losartan or their combination. Likewise, Fig. 7E shows that cyclooxygen-
ase inhibition by indomethacin (5 mg/kg/day) or combined endothelin
ETA/ETB receptor blockade by atrasentan (10 mg/kg/day) plus BQ788
(0.1 mg/kg/day) abolished the augmented Ang II contraction in CSA-
treated rats. By contrast, the individual blockade of ETA (atrasentan)
or ETB (BQ788) receptors (data not shown) or the blockade of
Phenylephrine (µg/kg)
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Fig. 4. Representative tracings showing the effects of i.v. bolus injections of phenylephrine
on blood pressure and heart rate in conscious freely moving rats treated with CSA
(25 mg/kg/day, i.p., 7 days) or the vehicle.
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Fig. 5. Representative tracings showing the effects of i.v. bolus injections of sodium
nitroprusside on blood pressure and heart rate in conscious freely moving rats treated
with CSA (25 mg/kg/day, i.p., 7 days) or the vehicle.
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thromboxane receptors by terutroban (10 mg/kg/day; Fig. 7E) failed to
alter the augmented Ang II responses in CSA-treated preparations.

3.3. Vasoreactivity to thromboxane modulates the CSA-RAS interaction

The effects of CSA in the absence and presence of RAS inhibitors or
thromboxane receptor antagonist terutroban on aortic contractile re-
sponses caused by the thromboxane analogue U-46619 are illustrated
in Fig. 8. Cumulative additions of U-46619 (1× 10−10–3× 10−6M) elic-
ited concentration-dependent contractions of aortic smooth muscle
that were significantly reduced in rats treated concurrently with
terutroban (Fig. 8A). Compared with control values, CSA caused no
changes in the maximum contraction (Emax) of U-46619 (Fig. 8B) but
resulted in leftward shifts of the dose-response curves and significant
decreases in EC50 (Fig. 8D). The decreases in EC50 values caused by
CSA were abolished in preparations obtained from rats treated concur-
rently with captopril or losartan plus captopril, suggesting a reduced
sensitivity to U-46619 in these preparations (Fig. 8D). Further, Emax
Fig. 6.Representative tracings of the contractile responses caused by cumulative additions
of Ang II in aortas obtained from male rats treated with CSA (25 mg/kg/kg, i.p.) or the
vehicle for 7 days.
values of the U-46619 dose-response curves generated in rats receiving
the combined CSA+ losartan, and CSA+ losartan+ captopril regimens
were significantly smaller than respective CSA-treated values (Fig. 8B).
On the other hand, losartan alone or combined with captopril signifi-
cantly attenuated U-46619 contractions and Emax of the U-46619 re-
sponse (Fig. 8A-B). However, EC50 was significantly increased in
preparations isolated from losartan- or captopril-treated rats (Fig. 8D).

3.4. RAS inhibitors fail to normalize CSA inhibition of endothelium-
dependent relaxations

The individual or combined effects of captopril and losartan on the
interaction of CSA with endothelium-dependent (acetylcholine) and
-independent (SNP) relaxations in rat aortas were investigated. Under
conditions of sustained elevations in vascular tone induced by PE
(1 μM), cumulative additions of acetylcholine (1 × 10−9–1 × 10−5 M)
elicited concentration-dependent relaxations that were significantly
smaller in aortas obtained from CSA-treated compared with control
values (Fig. 9A–C). Further, Emax and EC50 values of the acetylcholine
dose-response curves were decreased and increased, respectively, by
CSA (Figs. 10A–C). Western analysis showed that CSA significantly re-
duced the protein expression of eNOS in aortic tissues compared with
vehicle-treated rats (Fig. 11). The CSA-induced reductions in acetylcho-
line responses were not affected by the co-administration of losartan,
captopril, or their combination (Figs. 9 and 10). The reduction in aortic
eNOS expression caused by CSAwasmaintained in rats treated simulta-
neously with captopril (Fig. 11). In rats treated with losartan or capto-
pril alone, the relaxant responses elicited by acetylcholine (Fig. 9A)
and the Emax of the acetylcholine dose-response curve (Fig. 10A) were
augmented compared with control values. On the other hand, aortic
vasorelaxations caused by SNP (1× 10−10-3 ×10−6M)were not affected
byCSA or individual RAS inhibitors (Fig. 9A-B). The combined regimens of
CSA+captopril, CSA+ losartan, and CSA+captopril+ losartan resulted
in rightward shifts in the SNP curve (Fig. 9D) with subsequent significant
increases in EC50 values compared to that of CSA-treated preparations,
suggesting reduced SNP potency (Fig. 10D).

4. Discussion

The present study provides several novel observations regarding the
roles of arterial baroreceptors and vasopressor and vasodepressor path-
ways in the protective effect of RAS inhibitors against CSA hypertension.
First, the counteraction of CSA hypertension seen after concurrent treat-
ment with captopril, losartan or their combination was coupled with
preferential facilitation of reflex bradycardia but not tachycardia.
Second, the CSA-evoked enhancement of aortic Ang II contractility dis-
appeared in rats co-treated with RAS inhibitors or blockers of vasocon-
strictor prostanoids synthesis or endothelin receptors. Third, CSA
augmentation of Ang II contractility was preserved in terutroban-
treated rats, implying no role for thromboxane receptors in CSA-Ang II
interaction. Nonetheless, RAS inhibitors reduced the vasoconstrictor ac-
tivity of the thromboxane analogue U-46619 in CSA-treated rats,
highlighting the potential contribution of reduced thromboxane re-
sponsiveness in the vasculoprotective and antihypertensive effects of
RAS inhibitors in the CSA model. Fourth, vascular endothelium does
not seem to contribute to the protective effect of RAS inhibitors because
the latter failed to reverse the reduced aortic acetylcholine relaxation or
eNOS expression induced by CSA.

The current study is the first to report on the individual and com-
bined effects of ACE inhibition and AT1 receptor blockade by captopril
and losartan, respectively, on baroreflex dysfunction caused by chronic
CSA in conscious rats. The vasoactive method of baroreflex measure-
ment revealed that RAS inhibitors abolished the CSA-evoked downward
shifts in the PE baroreflex curves and decreases in the slopes of the re-
gression lines (BRSPE), suggesting a favorable effect for RAS inhibition
on reflex bradycardia. These findings together with the lack of effect of



Fig. 7. Effects of 7-day treatment with CSA (25 mg/kg/day), captopril (ACE inhibitor, 10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day), losartan plus captopril, or their
combination on the contractile responses to cumulative doses of Ang II (1 × 10−10–3 × 10−7 M) in rat thoracic aortic rings (panels A–D). Panel E illustrates the effect of CSA on Ang II
responses in rats treated concurrently with (i) atrasentan (ETA receptor blocker, 10 mg/kg/day) plus BQ788 (ETB receptor blocker, 0.1 mg/kg/day), (ii) indomethacin (cyclooxygenase
inhibitor, 5 mg/kg/day), or (iii) terutroban (thromboxane receptor blocker, 10 mg/kg/day). Values are means ± S.E.M. of 6 observations. ⁎ P b 0.05 vs. control values, + P b 0.05 vs. CSA
values.
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RAS inhibitors on reflex increases in HR response to baroreceptor
unloading (by SNP) reflect the preferential ability of RAS inhibitors to
rectify the CSA-evoked attenuation of reflex bradycardic, but not
tachycardic, responses. Given that Ang II correlates negatively and
positively with baroreflex and BP control [1,4], respectively, it is con-
ceivable that the inhibition of Ang II signaling by captopril or losartan
might underlie the capacity of these drugs to blunt the hypertensive
and baroreflex depressant effects of CSA. Notably, one limitation of
the current study was the use of single daily doses of individual
RAS inhibitors and measuring BP and baroreflexes 2 h after the last
dosing. That said, it is not clear whether the favorable effect of
these drugs would be maintained for a 24 h period. Morgan et al.
[33] reported that captopril at a dose similar to that used here caused
significant BP reductions in spontaneously hypertensive rats for 8 h
and this effect disappeared after 24 h. Therefore, twice a day dosing
might have been necessary to ensure adequate full-day BP lowering
effect.

Other mechanisms, however, may contribute to the advantageous
hemodynamic action of RAS inhibitors. For example, the elevations in
angiotensin-(1–7) and bradykinin levels that follow ACE inhibition
might contribute to the antihypertensive [38,39] and baroreflex facilita-
tory actions of ACE inhibitors [40]. Moreover, under conditions of AT1
receptor blockade, Ang II activates AT2 receptors that lower BP [41]
and augment baroreflexes [42]. Based on the current findings, it is likely
that enhanced reflex bradycardia, which reflects increased cardiac
vagomotor activity and parasympathetic dominance [21,22,43], may
explain the BP lowering effect caused by RAS inhibition. The concept
that baroreflex dysfunction predisposes to hypertension has been
established both clinically [44] and experimentally [45]. The impair-
ment of baroreceptor function precedes the development of



Fig. 8. Effects of 7-day treatment with CSA (25 mg/kg/day), captopril (ACE inhibitor, 10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day), losartan plus captopril, or their
combination on the contractile responses to cumulative doses of U-46619 (thromboxane analogue, 1 × 10−10–3 × 10−6 M) in rat thoracic aortic rings. Values are means ± S.E.M. of 6
observations. ⁎ P b 0.05 vs. control values, + P b 0.05 vs. CSA values.

Fig. 9. Effects of 7-day treatment with CSA (25 mg/kg/day), captopril (ACE inhibitor, 10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day), losartan plus captopril, or their
combination on vasorelaxant responses to cumulative doses of acetylcholine (1 × 10−9–1 × 10−5 M) or sodium nitroprusside (1 × 10−10–3 × 10−6 M) in rat thoracic aortic rings.
Values are means ± S.E.M. of 6 observations. ⁎ P b 0.05 vs. control values, + P b 0.05 vs. CSA values.
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Fig. 10. Emax (panels A–B) and EC50 (panels C–D) of the vasorelaxant effects of acetylcholine (1× 10−9–1× 10−5M) or sodiumnitroprusside (1× 10−10–3× 10−6M) in rat thoracic aortic
rings of rats treated for 7 days with CSA (25 mg/kg/day), captopril (ACE inhibitor, 10 mg/kg/day), losartan (AT1 receptor blocker, 10 mg/kg/day), losartan plus captopril, or their
combination. Values are means ± S.E.M. of 6 observations. ⁎ P b 0.05 vs. control values, + P b 0.05 vs. CSA values.
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hypertension in Dahl salt-sensitive rats [46] and high-fat-fed rats [45].
Therefore, it is conceivable that the counteraction by RAS inhibitors of
CSA hypertension is mediated, in part, by the enhanced reflex
chronotropism.
Fig. 11.Aortic eNOSprotein expression in rats treated for 7 dayswith CSA (25mg/kg/day),
captopril (10 mg/kg/day), or their combination. Illustrative gels depicting aortic eNOS
expression are shown. Values are means ± S.E.M. of 5 observations. ⁎ P b 0.05 vs. vehicle
values.
It is also important to comment on the role of calcineurin in the CSA-
RAS hemodynamic interaction. The contention that calcineurin inhibi-
tion and hypertension are causally related is supported by the observa-
tions that: (i) calcineurin inhibition in extra-lymphoid tissues mediates
the hypertensive effects of CSA and tacrolimus [47], (ii) hypertension is
less common in organ transplant patients receiving sirolimus, a
calcineurin-independent immunosuppressant drug [48], and (iii) the
hypertension induced by CSA or tacrolimus in rats with liver fibrosis is
improved upon switching to the calcineurin-independent immunosup-
pressants such as sirolimus and everolimus [49]. Paradoxically, other
studies have shown that the antihypertensive action of AT1 receptor
blockade or ACE inhibition is coupled with reduced calcineurin activity
[50,51]. In view of these contradictory reports, more studies are appar-
ently required to precisely define the role of calcineurin in BP control
and in the CSA-RAS interaction.

Data of the current tension studies performed in isolated aortas sug-
gest key roles for the interplay of Ang II and other vasopressor pathways
in the hypertensive action of CSA. Consistent with previous reports [13],
Ang II vasoconstrictionwas augmented by CSA as indicated by increases
in Emax and decreases in EC50 of Ang II dose-response curves in isolated
aortas. This has been attributed to CSA-evoked upregulation of AT1 re-
ceptor mRNA synthesis or stability or rise in intracellular Ca2+ [17].
The CSA-induced increases in Ang II contractions were abrogated after
concomitant treatment with losartan, captopril, or their combination.
While the effect of losartan as an antagonist at AT1 receptors was antic-
ipated, the ability of ACE inhibition by captopril to offset the augmented
Ang II contractions might probably relate to increases in the
vasodilatory actions of Ang-(1–7) and bradykinin known to be pro-
duced as a consequence of ACE inhibition [52].

Considering the importance of vasopressor pathways of ET-1,
thromboxane, and prostaglandins in the vascular effects of Ang II [53,
54], we hypothesized that these vasoactive molecules might be
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involved in the CSA-Ang II interaction. This postulate receives support
from the observation that the augmented Ang II responsiveness in aor-
tas of CSA-treated rats disappeared after simultaneous treatment with
indomethacin, thereby highlighting the importance of vasoconstrictor
prostanoids in mediating the CSA/Ang II interaction. Alternatively, the
CSA-evoked enhancement of Ang II aortic contractionsweremaintained
after concurrent treatment with atrasentan, BQ788, or terutroban, pre-
cluding the involvement of their respective receptor sites (ETA, ETB, or
thromboxane) in the CSA effect. Unlike the individual targeting of
these receptors, the combined blockade of endothelin ETA/ETB receptors
by atrasentan/BQ788 regimen virtually abolished the CSA augmentation
of Ang II responsiveness. These data corroborate that the co-existence of
functional ETA and ETB receptors is pivotal for the CSA-Ang II interaction
tomanifest. Notably,whereas ETA receptors exist in smoothmuscle cells
and mediate vasoconstriction, ETB receptors locate in endothelial cells
and cause vasodilation via releasing NO and prostacyclin [55]. Contrary
to the vasodilator capability of ETB receptors, evidence is also available
that the activation of ETB receptors, like ETA, might elicit vasoconstric-
tion depending on the animal species and vascular bed [56]. It is tempt-
ing, therefore, to speculate that both ETA and ETB receptors evoke
vasoconstriction upon activation and mediate the facilitated Ang II
vasoreactivity in our model system. More studies are needed to resolve
this possibility.

We demonstrated that CSA caused leftward shifts of the U-46619
aortic dose-response curves and significant decreases in EC50, indicating
increased sensitivity of thromboxane receptors to U-46619. Nonethe-
less, themaximum contractile response toU-46619 remained unaltered
after CSA treatment compared with control preparations, which may
explain the inability of terutroban to offset the hypertensive response
elicited by CSA in rats in this study or others [57]. That said, the remark-
able capability of terutroban to reduce Emax of the U-46619 dose-
response curves and U-46619 potency (greater EC50) confirm the ade-
quate blocking of thromboxane receptors by terutroban. This finding to-
gether with the observation that RAS inhibition (by losartan, captopril,
or their combination) negatively influenced the contraction characteris-
tics of U-46619 (decreasing Emax and/or increasing EC50, Fig. 8) indicate
that Ang II acts downstream of thromboxane signaling to provoke CSA
vasculotoxicity.

The ability of CSA to reduce aortic acetylcholine relaxations and
eNOS expression are consistent with earlier studies, which suggested
a causal relationship between impaired endothelial activity and CSA hy-
pertension [29,54]. The lack of effect of CSA on endothelium-
independent relaxation induced by sodiumnitroprusside argues against
a direct interaction of CSA with vascular guanylate cyclase and down-
stream substrates. Unexpectedly, we found that the use of CSA along
with captopril (ACE inhibitor) or losartan (AT1 receptor antagonist), in-
terventions that attenuated the hypertension and baroreflex dysfunc-
tion caused by CSA as discussed earlier, failed to improve the CSA-
induced decreases in aortic acetylcholine vasorelaxation or eNOS ex-
pression. In fact, the increases in acetylcholine relaxations observed in
aortas of rats treated with captopril or losartan alone (Fig. 9A) disap-
peared after simultaneous administration of CSA (Fig. 9C). These results
are not in line with the observation that valsartan or enalapril improves
CSA impairment of endothelium-dependent relaxations [58]. This dis-
crepancy between current and reported studies may relate to differ-
ences in the dose of the protective drugs (10 mg/kg/day vs.
30 mg/kg/day), regimen duration (7 vs. 42 days), hypertension model
(CSA vs. spontaneously hypertensive rats).

The current findings that the co-administration of CSA and RAS in-
hibitors caused rightward shifts in the aortic dose-relaxant response
curves of Ach and SNP and increased the EC50 value of either relaxant
(Figs. 9 and 10) indicate impaired signaling pathways downstream of
NO (e.g. cGMP). One possible underlying mechanism might relate to
the exaggerated smooth muscle oxidative injury that might be evoked
by this combined regimen. Indeed, the increased generation of bradyki-
nin that follows ACE inhibition [52] or AT1 receptor blockade [1] is
believed to boost reactive oxygen species generation [59]. Such oxida-
tive effect of RAS inhibitors could be accentuated by the oxidative dam-
age induced by CSA [29] and results in enhanced scavenging of NO
released from endogenous (e.g. vascular endothelial) or exogenous
(e.g. SNP) sources. More studies are needed to ascertain the role of vas-
cular oxidative stress and perhaps endothelial biomarkers (e.g. phos-
phorylated eNOS expression, NO metabolites) in the RAS modulation
of CSA vasculotoxicity.

In summary, theparallelismbetween the hypertensive and impaired
reflex bradycardic effects of CSA and the alleviation of both effects upon
simultaneous administration of RAS inhibitors suggest a predisposing
role for RAS in CSA effects. The enhancement of Ang II vasoreactivity in-
duced by the upregulation of endothelin and vasoconstrictor prostanoid
signaling pathways is another mechanism that might contribute to the
RAS-dependent hypertensive effect of CSA. More mechanistic studies
are required, however, to investigate theways by which these vasocon-
strictor pathways crosstalk in modulating CSA hypertension and
vasculopathy.
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