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Abstract

Chronic treatment with angiotensin receptor blockers is largely accepted for protecting cerebral circulation during
hypertension, but beneficial effects of short-term treatments are questionable, as highlighted by the recent SCAST trial. We
compared the impact of 10 days treatment with candesartan (as SCAST) versus telmisartan (previously described to reverse
arteriolar remodeling, chronic treatment) on pial arterioles of spontaneously hypertensive rats (SHR). We explored whether
PPAR-gamma agonist activity or AT, receptor blockade are involved in their differential effects. In the first study, 4-month-
old male SHR were treated with telmisartan (TELMI, 2 mg/kg per day) or candesartan cilexetil (CANDE, 10 mg/kg per day)
and compared to vehicle treated SHR and normotensive WKY. In a second study, SHR were treated with CANDE,
pioglitazone (a PPAR-gamma agonist, PIO 2.5 mg/kg per day) or CANDE+PIO, compared to TELMI. Internal diameter of pial
arterioles (ID, cranial window) was measured at baseline, during hemorrhage-induced hypotension, or following suffusion of
Ang Il (10® mol/L) or EDTA inactivation of smooth muscle cells (passive ID). PPAR-gamma and eNOS (target gene of PPAR-
gamma) mRNA were evaluated in brain microvessels. For similar antihypertensive effects, TELMI (+44% versus SHR), but not
CANDE, increased baseline ID. During hemorrhage, ID in TELMI group was similar to WKY, while ID in SHR and CANDE
remained lower. In the second study, TELMI (+36%, versus SHR) and CANDE+PIO (+43%) increased baseline ID, but not
CANDE or PIO alone. TELMI (—66%) and CANDE+PIO (—69%), but neither CANDE nor PIO alone, decreased Ang ll-induced
vasoconstriction. CANDE+PIO, but not CANDE, increased passive ID. In both studies, PPAR-gamma and eNOS expressions
were higher in TELMI than CANDE. Short-term treatment with TELMI, but not with CANDE, reverses narrowing of pial
arteriolar ID in SHR. This may involve PPAR-gamma related mechanisms, since CANDE+PIO treatment induced similar effects,
and a better blockade of AT, receptors.
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present study was thus conducted to clarify the short-term impact
of ARBs.

On the basis of the above, we compare in SHR, short-term
treatments with CANDE (as in SCAS'T trial [6]) versus telmisartan

Introduction

Clinical studies show that chronic treatment with angiotensin II
(Ang II) receptor blockers (ARBs) affords protection against

cerebrovascular complications [1,2]. Protective actions of chronic
treatment with ARBs on cerebral circulation have been extensively
studied in preclinical models. Chronic Ang II blockade reverses
hypertension-induced pial arteriolar remodeling in spontaneously
hypertensive rats (SHR, a rat model of human hypertension) and
exerts strong anti-inflammatory actions [3-5].

A chronic treatment with ARBs is largely accepted for
protecting cerebral circulation during hypertension and preventing
stroke, although beneficial effects of short-term treatments remain
questionable as highlighted by the conclusion of the recent
SCAST trial [6]. In this trial, 7 days with candesartan cilexetil
(CANDE) did not improve post-stroke outcome of hypertensive
patients. Thus, short-term treatment with CANDE during the
brief post-stroke period does not appear to be beneficial [6]. This
highlights a discrepancy between the lack of effect of ARBs after
short-term treatment and the beneficial chronic effects. The
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(TELMI), an ARB with previously demonstrated chronic cere-
broprotective effects [4]. To our knowledge, comparisons between
short-term treatments with ARBs on cerebral arteries are scarce in
preclinical studies. We established a 10-day treatment with ARBs
on the basis of SCAST trial (7-day treatment with CANDE) and
the first observed functional remodeling in cerebral circulation
appearing in SHR between 7 to 14 days of treatment [7]. The
doses used for CANDE and TELMI were chosen to produce
similar anti-hypertensive effects.

In a first study, we compared their impacts on baseline internal
diameter (ID) of pial arterioles in SHR (cranial window) and
changes of pial arteriolar ID during a hemorrhage-induced fall in
arterial pressure. This highlighted a beneficial effect of TELMI but
not of CANDE. As TELMI exerts a PPAR-gamma agonist activity
[8,9], we evaluated PPAR-gamma and eNOS expressions (eNOS
is a target gene for PPARgamma activity [10,11]) in brain
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microvessels. With TELMI, PPAR-gamma expression was main-
tained at the level of SHR and the eNOS tended to increase. This
was not the case with CANDE.

We thus conducted a new set of experiments in order to
elucidate the mechanisms involved in the short-term beneficial
cerebrovascular effect of TELMI. One explanation could be
related to the PPAR-gamma agonist activity. Such activity has
been described for TELMI at plasma concentrations achieved
with similar conventional antihypertensive dosing as in the present
studies [8]. PPAR-gamma activity is responsible for structural and
functional remodeling of extra-cerebral vessels [12,13] and could
exert beneficial actions at the cerebrovascular level together with
anti-oxidative properties [14,15]. Such PPAR-gamma activity
cannot be induced by CANDE [8]. We thus initiated a strategy
based on supplementation of CANDE with the PPAR-gamma
agonist pioglitazone (PIO). We analyzed the effects of CANDE
and PIO alone or in combination on structure and vasoreactivity
of pial arterioles of SHR, and on glutathione content (marker of
oxidative status) of brain microvessels of SHR. TELMI was used
as a positive control.

A second explanation could be related to a difference in AT,
receptor blockade. As this may participate to the different effects of
treatments, we studied vasoreactivity of pial arterioles to Ang II.
We analyzed levels of angiotensin receptors expression together
with plasmatic concentrations of ARBs.

Methods

Ethics Statement

All experiments were performed in accordance with the
European Community guidelines (2010/63/EU) for the use of
experimental animals, the respect of the 3 Rs’ requirements for
Animal Welfare (I. Lartaud permit number n° 54-5, F. Dupuis n°
54-105, French Ministry of Agriculture, Paris, France). The
protocols and procedures applied were similar to those approved
by an advisory Regional Ethical Committee on Animal Experi-
ments (CREEA Nancy — Lorraine — Nord-Est, Dr. J. Barrat, June
2, 2008) for another study [16].

Animals and treatments

The experiments were conducted on 4 to 5-month-old male
SHR and normotensive Wistar-Kyoto rats (WKY, Janvier, Le
Genest-Saint-Isles, France). Rats of the first study were treated for
10 days by daily gavage with CANDE (10 mg/kg per day, 10 mL/
kg, in 5% arabic gum suspension) or TELMI (2 mg/kg per day)
dissolved in drinking water containing mannitol 8.10™* mol/
LA+NaOH 6.10"° mol/L [4].

In the second study, rats received CANDE, or PIO (2.5 mg/kg
per day, 5 mL/kg, in 0.5% carboxymethyl cellulose solution) [12]
alone or in combination (CANDE+PIO, 10 mg/kg per day
+2.5 mg/kg per day). Another group receiving TELMI served as
positive control.

Fluid intake and body weight were recorded twice a week in
order to adapt concentrations of TELMI and its solvents. Control
SHR, WKY and TELMI were treated by gavage with water
(10 mL/kg) and all the groups received drinking water with
solvents for TELMI.

The doses of ARBs were chosen to induce an equal reduction in
systemic mean arterial pressure [4,17], the dose of PIO on the
basis of a protective effect on the aortic wall with no change in
arterial pressure [12]. The present doses of PIO and TELMI were
previously shown to activate PPAR-gamma i vivo [18,19].
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Maintenance of anesthesia (cranial window experiment)

Anesthesia was maintained by continuous infusion of sodium
pentobarbitone (20 mg/kg per hour). The local ethic committee
evaluated that pain was low (grade 1 of the classification of the
Swiss Federal Veterinary Office) in such experimental protocols
and that the use of pentobarbitone was adequate for the
management of anesthesia. We assessed the adequacy of
anesthesia every 15 minutes by (i) loss of the corneal reflex when
touching the cornea, (i) loss of the withdrawal reflex of the limb
when pinching the toe, indicating whether the animal feels pain or
not, and (iil) continuous monitoring of systemic arterial pressure
(blood pressure should be stable even when testing the withdrawal
reflex). If a change in blood pressure or one of the reflexes
occurred, a bolus of pentobarbitone was immediately administered
intravenously (30 mg/kg) and the flow of infusion adapted (20 to
30 mg/kg per hour).

Hemodynamics and measurement of reactivity of pial
arterioles

Systemic mean arterial blood pressure (femoral artery, MAP,
mmHg) and heart rate (bpm) were measured in anesthetized
(sodium pentobarbitone, see above) and artificially ventilated
animals (for initial values of pH and arterial blood gases, please see
online supplement, Table S1). ID of pial arterioles (6-7th order
from middle cerebral artery) was measured using an open cranial
window technique [4,16,20,21]. Baseline systemic MAP (mmHg),
heart rate (bpm), ID (um), pH and blood gases were measured
thirty minutes after completion of the 2-hour surgery. pH and
blood gases did not change during the 3-hour experiment (data not
shown).

In the first study, ID changes in response to low input blood
pressure were evaluated using stepwise hypotension induced by
withdrawal of blood from baseline systemic MAP in 10 mmHg
steps down to 30 mmHg. Cerebral arteriolar ID increased at each
stepwise fall in pressure, consistent with the autoregulation
properties [22]. After the final step, rats were sacrificed (sodium
pentobarbitone, 250 mg/kg, i.v.).

In the second study, responses to Ang II (10~° mol/L) were
evaluated as changes in ID measured after 15-min peri-arteriolar
application [16,20]. Responses to serotonin (5-HT, 10~° mol/L)
and adenosine diphosphate (ADP, 10™* mol/L) in presence of
serotonin were evaluated after 5-min peri-arteriolar application.
Drugs were applied directly in the cranial window at sub-maximal
concentrations [16,20,23]. The cranial window was washed with
artificial cerebrospinal fluid for 15 min between each substance,
allowing ID to return to baseline values (results not shown). We
used Ang IT at 107°% mol/L as it induces 80% of maximal effect as
previously shown on a complete concentration response curve
(CRC) in normotensive Wistar rats [20]. We did not check
whether CRC may differ in SHR, however, as the objective of this
protocol was to evaluate changes in response when the arterioles
come from rats previously treated with ARBs, complete CRC
would not give further information.

Both studies were performed in a simple-blind approach. The
researcher was blind to the group when performing the cranial
window.

Mechanics and structure of pial arterioles

Mechanics and structure of pial arterioles were investigated
(second study) following inactivation of vascular smooth muscle
cells (EDTA 67 mmol/L) [4,16,21]. Pial arteriolar blood pressure
(PiAP) was continuously measured with a servo-null pressure-
measuring device (model 5A, Vista Electronics Company,
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Ramona, California). Arteriolar pressure-diameter relationships
were evaluated during a hemorrhage-induced hypotension. Blood
was reinfused after the last arteriolar pressure step and arterioles
were fixed with glutaraldehyde (2.25% v/v in 0.1 mol/L
cacodylate buffer). After sacrifice (sodium pentobarbitone,
250 mg/kg), the arteriolar segment was set in resin and cross
sectional area (CSA, im?) measured in 1 um thin sections. Wall
thickness (WT) and the slope of the stress-strain curve i.e. slope of
the tangential elastic modulus (ET), which reflects distensibility of
the arteriolar wall, were calculated for each pressure step using
values of ID obtained during hemorrhage and CSA [4,16,21].

Isolation of brain microvessels

In both studies, brain microvessels were isolated from anesthe-
tized rats (sodium pentobarbitone, 60 mg/kg, i.p.), in which brain
was perfused with saline solution. Rats were then sacrificed
(sodium pentobarbitone, 250 mg/kg, i.v.), their brain removed,
rinsed and homogenized in isotonic sucrose buffer at 4°C [24].
Homogenate was submitted to successive homogenisation/centri-
fugation cycles. The degree of purification of the microvessels was
checked by microscope and gamma-glutamyl transpeptidase
(GGT) activity, a marker enzyme mainly localized to endothelial
cells of brain microvessels. According to Yamakawa et al., [25], the
GGT activity should be at least 10 times higher in brain
microvessels than in whole brain homogenates for highly purified
brain microvessels. Microscopic observation revealed tubular
structures, representing well preserved vascular complexes with
diameters ranging from that of capillaries to small arterioles. The
microvessel preparations were free of contamination by neuronal
cells or other cell fragments and, as expected, their GGT activity
was higher than in whole brain homogenates (WKY 11*1, SHR
10£1, p>0.05).

Measurement of reduced glutathione

Glutathione plays a major antioxidant role in the brain [24,26]
and its decrease constitutes a marker of oxidative stress. We
previously described an assay based on the use of 2,3-naphtha-
lenedicarboxyaldehyde (NDA), a GSH-selective fluorogenic probe,
and inhibition of GGT [24], allowing to measure reduced
glutathione in very small samples rich in GGT activity such as
brain microvessels. Each aliquot of sample (n = 5 rats per group) or
GSH standard was measured in triplicate. The fluorescence
intensity of GSH-NDA adduct was measured at A =528 nm [24].
The GSH content in samples was calculated from the equation of
the calibration curve, and expressed as nmol GSH per mg of
protein (protein content determination by the Lowry method).

Measurement of AT, and AT, receptor protein levels
Microvessels were lysed for 20 min at 4°C in 3 mM HEPES,
pH 7.4, containing 1% sodium dodecyl sulfate, protease inhibitor
cocktail (Complete Mini, Roche Diagnostics, Indianapolis, USA)
and 0.04 U/mL aprotinin. After homogenisation and centrifuga-
tion at 1000 g for 5 min at 4°C, 20 pg of proteins (BCA assay)
were separated on 12% SDS-PAGE gel electrophoresis, then
transferred onto polyvinyl difluoride membranes (GE Healthcare
Life Sciences, Uppsala, Sweden). The membranes were incubated
with anti-AT; receptor (1:1000, 1 h, N10, Santa Cruz Biotech-
nology, Santa Cruz, USA), anti-ATy receptor (1:200, 2 h, H143,
Santa Cruz) or anti-B-actin (1:5000, 1 h, Sigma) polyclonal
antibodies, followed by incubation (1 h) with the anti-rabbit IgG
horseradish peroxidase antibody (1:5000, Santa Cruz) at room
temperature. Immunoreactive proteins were visualized on a
Chemidoc apparatus (Biorad, Hercules, CA, USA) by chemilu-
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Figure 1. Blood pressure and basal pial arteriolar diameters. A:
Systemic mean arterial blood pressure (mmHg) and B: baseline internal
diameter of pial arterioles (ID, um) in 4-5 month-old normotensive rats
(WKY, empty bars), hypertensive rats that where vehicle-treated (SHR,
full bars) or treated for 10 days with telmisartan (TELMI, 2 mg/kg per
day, horizontal hatched bars) or candesartan cilexetil (CANDE, 10 mg/kg
per day, left-sloping hatched bars). n=5-7 per group, m=sem; p value
for one-way ANOVA <0.0001; Newman-Keuls, *: p<<0.05 vs WKY, 8
p<0.05 vs SHR, $ p<<0.05 vs CANDE.
doi:10.1371/journal.pone.0042469.g001

minescence (peroxidase enzymatic reaction, ECL Western Blot
detection system, GE Healthcare Life Sciences).

The amount of proteins was quantified (Quantity One, BioRad)
and reported relatively to B-actin (n =5 rats per group, duplicate).
Measurement of AT, and AT, receptors protein levels has been
validated in a previous study [16]. Representative Western-blots
are provided on supplemental data online (Figure S1).

Measurement of PPAR-gamma, eNOS and AT, and AT,
receptors mRNA levels

Expressions of PPAR-gamma, eNOS and AT, and AT,
receptors mRNA (n =15 rats per group, duplicate) were measured
following total RNA isolation of cerebral microvessels using Trizol
Reagent (Sigma Aldrich). Quality of RNA extraction was
determined by spectrophotometry (BioSpec-Nano, Shimadzu,
Columbia, MD, USA) and RNA Nanochip (Agilent 2100
Bioanalyzer, Santa Clara, CA, USA). Reverse transcription (RT)
was performed by standard methods (RNA to cDNA kit,
Invitrogen, Cergy Pontoise, France). The quantitative polymerase
chain reaction with synthetic gene-specific primers for PPAR-
gamma, eNOS, AT, and AT, (sequences available on supple-
mental data online, Table S2, primers for AT} and ATy have been
previously validated [16]), was performed using MESA GREEN
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A gPCR MasterMix Plus for SYBR® Assay Low ROX (Eurogentec,
Angers, France). The amplification was performed at 95°C for
10 min, followed by 50 cycles at 95°C for 15 s and 60°C for 30 s

80 1 (Stratagene Mx3005P, Agilent Technologies, Santa Clara, CA,
70 USA). To obtain a calibration curve, serial dilutions of rat kidney
Tt %’C} {3@ cDNA were used. The individual targets for each sample were
Z 60 - o quantified by determining the cycle threshold (Ct) and by using a
= o . .
g 50 %{ { % %5 00 o WKY calibration curve. .The optlrr}al set of housekeeping genes Wer(g
g 0 % selecte_d from a series of Fandldate reference genes after geNorm
o 40 - % i ; é i i ASHR analysis. Two housekeeping genes selected, YWHAZ and HPRT1,
o 30 - A were used for the determination of a normalization factor [27].
g The level of expression of each gene was thus normalized and
ol 20 - expressed relatively to WKY (study 1) or to SHR (study 2).
c

10
Measurement of plasma ARB concentrations

0 ‘ ' ‘ ‘ 1 At the end of the treatment periods and before sacrifying the

0 20 40 60 80 100 120 140 160 18 animals, plasma was collected from arterial blood on EDTA tube

Mean arterial blood pressure (mmHg) and frozen at —80°C until analysis. TELMI and candesartan

B (active form of CANDE) were determined in rat plasma using an
isocratic reversed-phase HPLC technique coupled with spectro-

80 fluorimetric detection. After protein precipitation with 1%

70 | acetonitrile (v/v in 1 M HCI), the resulting supernatant (20 uL)

— ) L{J was loaded on the Spherisorb ODS (125x4 mm 1.D.; 5-pm
g_ 60 [IJ Eﬁ EE' particle size) column and eluted at a flow rate of I mL/min and at
E 50 | ++ * i a temperature of 40°C with (i) acetonitrile — 100 mmol/L
g + + Oo O OTELMI phosphate buffer pH 6.0 (30:70, v/v) for TELMI, (i1) acetonitrile
E 40 - * + — 0.74 mmol/L triethylammonium phosphate buffer pH 2.9
a 3p " * CANDE (30:70, v/v) for candesartan. Detection was operated at
© hexc=305 nm and Aem=365nm for TELMI, and at
E 20 1 hexc =259 nm and Aem =392 nm for candesartan. Retention
g 10 - times were 5.2 and 8.4 min for TELMI and candesartan,

respectively. Full selectivity versus endogenous compounds was
‘ T ‘ T T : T ‘ 1 observed. Recoveries were 96£9% for TELMI and 84*+4% for
0 20 40 60 80 100 120 140 160 180 candesartan. Linearity was tested in the range of 10 to 200 ng/mL
Mean arterial blood pressure (mmHg) for TELMI and 50 to 1000 ng/mL for candesartan. Intra-day
relative standard deviation was 5.9% at a concentration of 50 ng/
Figure 2. Hypotension-induced changes in pial arteriolar mL of TELMI (n=5) and 5.3% at 500 ng/mL of candesartan
diametel;s. Intern'al diameters. of pial arterioles (ID, um) (}iuring (n=6).
decrease in systemic mean arterial blood pressure (mmHg), A: in 4-5
month-old normotensive rats (WKY, empty circles) and hypertensive
vehicle-treated rats (SHR, full triangles); and B: in hypertensive rats Substances used

treated for 10 days with telmisartan (TELMI, 2 mg/kg per day, empty TELMI was provided by Bochringer Ingelheim Pharma GmbH
squares) or candesartan cilexetil (CANDE, 10 mg/kg per day, full & Co. KG (Ingelheim am Rhein, Germany), candesartan
squares). n=4-8 per group, m=sem. (standard for HPLC) and CANDE by the Astra Zeneca Company

doi:10.1371/journal.pone.0042469.9002 (Mslndal, Sweden) and PIO by Takeda (Chemicals Industries Ltd,

Osaka, Japan). Sodium pentobarbitone was purchased from
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Figure 3. Levels of PPAR-gamma and eNOS mRNA expression. A: PPAR-gamma and B: eNOS mRNA expression in brain microvessels of 4-5
month-old normotensive rats (WKY, empty bars), hypertensive rats that where vehicle-treated (SHR, full bars) or treated for 10 days with telmisartan
(TELMI, 2 mg/kg per day, horizontal hatched bars) or candesartan cilexetil (CANDE, 10 mg/kg per day, left-sloping hatched bars). n =4-5, m*sem; 1-
way ANOVA; Newman-Keuls *: p<<0.05 vs WKY, $: p<<0.05 vs CANDE.

doi:10.1371/journal.pone.0042469.9g003
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Sanofi-Aventis (Libourne, France) and all other reagents from
Sigma Chemical Company (St Louis, MO, USA). For application
in the cranial window, all drugs were dissolved in artificial
cerebrospinal fluid [16,20,21,23].

Statistical analysis

Statistical analyses were performed using GraphPad Prism
version 5 for Windows, (GraphPad Software, La Jolla California
USA, www.graphpad.com). Results are expressed as means *
s.e.m.

Study 1. Four groups of rats were compared: normotensive
rats WKY, vehicle-treated hypertensive rats SHR, SHR treated
with CANDE and SHR treated with TELMI (TELMI). Signif-
icant differences between the groups were determined by a one-
way ANOVA followed by a post-hoc Newman-Keuls test.

Study 2. Our groups of SHR were compared: vehicle-treated
SHR, SHR treated with CANDE, PIO or a combination of both
(CANDEAPIO). TELMI (TELMI) served as a positive control for
AT, receptor blockade combined with PPAR-gamma activity.
Significant differences between SHR, CANDE, PIO and CAN-
DE+PIO were determined by a two-way ANOVA (variables:
“cande” and “pio”) followed by a post-hoc Bonferroni test. An
interaction between cande and pio was considered significant if p
value of interaction (Pineraction) Was <0.05. TELMI was compared
to SHR, CANDE or CANDE+PIO using a two-tailed Student t-
test. The null hypothesis was rejected at p<<0.05.

Results

Study 1

Systemic MAP was 36% higher in SHR. TELMI and CANDE
restored MAP to the level of normotensive WKY rats (Figure 1A).
Baseline ID was 39% lower in SHR than in WKY. TELMI
(+44%), but not CANDE, increased baseline ID versus vehicle-
treated SHR (Figure 1B).

For all steps of the hemorrhage-induced hypotension, ID of
SHR and CANDE remained below those of WKY and TELMI
(Figure 2).

PPAR-gamma mRNA expression was 33% higher in SHR than
in WKY, remained higher in TELMI than in CANDE (Figure 3A).
eNOS mRNA expression was not significantly different between
groups (Figure 3B).

Study 2

At the end of the treatment period, plasma concentration of
candesartan was 170%£15 ng/mL in CANDE and 175%18 ng/
mL in CANDE+PIO, and that of TELMI was 54*2 ng/mL in
TELMI. CANDE alone or in combination decreased systemic
MAP and PiAP versus SHR, as did TELMI (Figure 4A, B). PIO
had no antihypertensive effect.

CANDE+PIO (+43%) but neither CANDE nor PIO alone
increased baseline ID of SHR (Figure 4C). Baseline ID in TELMI
was greater than SHR (+36%) and CANDE (+20%) but not
different from that of CANDE+PIO.

At 30-35 mmHg of intra-arteriolar pressure, CANDE+PIO but
neither CANDE nor PIO alone, increased passive ID versus SHR
(Table 1). CANDE, PIO and CANDE+PIO did not changed WT.
Slope of the tangential elastic modulus versus stress was lower in
CANDEAPIO than in CANDE (Table 1). Passive ID, WT and
slope of the tangential elastic modulus versus stress in TELMI were
not different from those of CANDEA4PIO, CANDE or SHR
(Table 1).
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Vasoconstrictor responses to 5-HT were similar in all groups, as
were vasodilation responses to ADP in the presence of 5-HT
(Table 1).

PPAR-gamma mRINA expression was not significantly different
in SHR, CANDE, PIO and CANDE+PIO. PPAR-gamma
expression in TELMI was higher than in CANDE (Table 2).
Expression of eNOS mRINA remained stable in all groups, but not
in TELMI (+20%). Treatments did not change reduced glutathi-
one contents in brain microvessels (Table 2).

Vasoconstrictor responses to Ang II were similar in SHR, PIO
and CANDE. Only CANDE+PIO decreased this response when
compared to SHR (Figure 5, pinteraction = 0.018). TELMI was as
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Figure 4. Blood pressure and baseline pial arteriolar diameters.
A: Systemic mean arterial blood pressure (mmHg), B: mean intra-
arteriolar blood pressure (mmHg) and C: baseline internal diameter of
pial arterioles (ID, um) in 4-5 month-old SHR that where vehicle-treated
(SHR, full bars) or treated for 10 days with candesartan cilexetil (CANDE,
10 mg/kg per day, left-sloping hatched bars), pioglitazone (PIO, 2.5 mg/
kg per day, right-sloping hatched bars) or both (CANDE+PIO,
10+2.5 mg/kg per day, double-sloping hatched bars), or telmisartan
(TELMI, 2 mg/kg per day, horizontal hatched bars); m=sem. p values for
two-way ANOVA: - A: mean arterial blood pressure (n=13-18) Pinteraction
0.051, Peande<<1.107%, Ppioc 0.180 - B: mean intra-arteriolar blood
pressure (N =10-12) Pinteraction 0456, Pcande<<1.10"%, Ppio 0.389 - C: ID
(n=12-13) Pinteraction 0017, Pcande<<1.10"%, Ppio 0.107 Bonferroni post-
test: * p<<0.05 vs SHR, T p<<0.05 vs PIO, §: p<<0.05 vs CANDE t-tests for
TELMI: * p<<0.05 vs SHR, $: p<<0.05 vs CANDE.
doi:10.1371/journal.pone.0042469.9004
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Table 1. Structure and vasoactivity of pial arterioles.

SHR CANDE PIO CANDE+PIO 2 way Anova TELMI
Pinteraction Pcande Ppio

Structure
Passive IDso_35, M 77+5 85+4 73+5 100=6*t 0.087 0.004 0.345 89+4
WT30_35, tm 2.8+03 26%0.1 24+03 22+03 0.88 0.65 0.27 2.1+02
Er 53+05 7.4+0.8 6.0%0.5 46+048 0.008 0.56 0.11 58+0.7
Vasoactivity
5-HT 1076 M,% 101 —11%2 —11%1 —~10+2 0.76 0.96 0.95 101
5-HT 10~5+ADP 17+1 221 16=3 20+2 0.64 0.06 038 17+2

107 M,%

Passive internal diameter (passive ID, um) and wall thickness at the arteriolar pressure range of 30-35 mmHg (WT3_35, um) and slope of the elastic modulus versus
stress (Ey), responses of pial arterioles to serotonin and ADP (percentage of change in baseline ID) of 4-5 month-old SHR that where vehicle-treated (SHR) or treated for
10 days with candesartan cilexetil (CANDE, 10 mg/kg per day), pioglitazone (PIO, 2.5 mg/kg per day) or both (CANDE+PIO, 10+2.5 mg/kg per day), or telmisartan (TELMI,
2 mg/kg per day).

n=6-15, m=*sem, Bonferroni post-test:

*p<<0.05 vs SHR,

fp<0.05 vs PIO,

$: p<0.05 vs CANDE.

t-tests for TELMI: ! p<<0.05 vs SHR, £: p < 0.05 vs CANDE, ¥: p < 0.05 vs CANDE+PIO.

doi:10.1371/journal.pone.0042469.t001

effective as CANDEAPIO to reduce Ang II-induced vasoconstric-
tion. None of the treatments had any significant impact on AT,
and ATy receptors mRNA and protein expressions in brain
microvessels (see data on the online supplementary file, Figure S2).

Discussion

For similar antihypertensive effects, short-term treatment with
TELMI or CANDE in combination with PIO, but not CANDE
alone, reverses hypertension-induced narrowing of pial arteriolar
ID. This may involve a synergistic action between AT, receptor
blockade and PPAR-gamma actions, and also a better AT,
receptor blockade.

Functional remodeling

Ten-day treatment with TELMI, but not with CANDE,
restored bascline ID to the level of normotensive rats. This
suggests an early reversal effect of the chronic hypertension-

induced remodeling of pial arterioles by TELMI. During
hemorrhage, ID in TELMI and WKY reached similar values,
while those of SHR and CANDE remained lower. Compared to
CANDE, the effect of TELMI could constitute a major protective
mechanism for maintenance of cerebral blood flow during
hypotensive situations such as ischemic stroke. In another study
in SHR, CANDE progressively normalized cerebral autoregula-
tion with a better cerebral blood flow than vehicle-treated SHR,
but this appeared only after 14 days of treatments [7]. In the
present studies, functional remodeling did not contribute to
changes in ID, as responses to vasoactive agents were not changed
(except that to Ang II) by any of the treatments.

Structural remodeling and role of blood pressure
reduction

For similar antihypertensive effect (restoration to WKY level),
similar reversal of hypertension-induced structural remodeling
would be expected in all groups treated with ARBs. This was not

Table 2. Levels of PPAR-gamma and eNOS expression and glutathione content in brain microvessels.

2 way Anova

SHR CANDE PIO CANDE +PIO TELMI
Plnterac(ion Pcande Pplo
PPAR-gamma 1.00+0.04 0.80*0.03 1.0%0.1 0.9*0.1 0.57 0.22 0.35 0.96+0.04£
mRNA
eNOS mRNA 1.00%+0.05 0.99+0.07 1.00%+0.03 1.00%+0.05 0.97 0.94 0.91 1.18+0.03!£¥
GSH, nmol/mg 25*04 23*0.1 27*03 3204 0.39 0.73 0.20 26+23
protein

PPAR-gamma and eNOS mRNA expression in brain microvessels and glutathione (GSH) content of brain microvessels of 4-5 month-old SHR that where vehicle-treated
(SHR) or treated for 10 days with candesartan cilexetil (CANDE, 10 mg/kg per day), pioglitazone (PIO, 2.5 mg/kg per day) or both (CANDE+PIO, 10+2.5 mg/kg per day),
or telmisartan (TELMI, 2 mg/kg per day).

n=6-15, m*sem, Bonferroni post-test: $: p<<0.05 vs CANDE.

t-tests for TELMI:

'p<0.05 vs SHR,

£, p<0.05 vs CANDE,

¥: p<0.05 vs CANDE+PIO.

doi:10.1371/journal.pone.0042469.t002
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Figure 5. Vasoreactivity of pial arterioles to Ang Il. Vasoactive
response of pial arterioles (percentage of change in baseline ID) to
suffusion of Ang Il (107° M) in 4-5 month-old SHR that where vehicle-
treated (SHR, full bars) or treated for 10 days with candesartan cilexetil
(CANDE, 10 mg/kg per day, left-sloping hatched bars), pioglitazone
(PIO, 2.5 mg/kg per day, right-sloping hatched bars) or both
(CANDE+PIO, 10+2.5 mg/kg per day, double-sloping hatched bars), or
telmisartan (TELMI, 2 mg/kg per day, horizontal hatched bars) ; m*sem.
p values for two-way ANOVA (n =7-9) pPinteraction 0.018, Pcande 0.012, Ppio
0.009 Bonferroni post-test: * p<<0.05 vs SHR, 1 p<<0.05 vs PIO, $: p<0.05
vs CANDE t-tests for TELMI: * p<<0.05 vs SHR, T p<<0.05 vs PIO, $: p<<0.05
vs CANDE.

doi:10.1371/journal.pone.0042469.9005

the case in the present study, as only CANDE+PIO changed
passive ID versus SHR.

First, the ten-day reduction in arteriolar pressure is probably too
short to allow significant structural changes. Moreover, blood
pressure reduction may not be sufficient by itself to increase ID.
For example an antihypertensive dose of beta-blocker did not
prevent pial arteriolar remodeling [28] and, in the present study,
CANDE decreased arteriolar pressure but failed to increase ID.
The latter is associated with a lack of blockade of the angiotensin II
response at the pial arteriolar level. Several reports show that
chronic blockade of the renin angiotensin system is a major
determinant of the reversal of cerebrovascular remodeling.
Increases in ID have been observed with non-antihypertensive
low doses of perindopril [28] or TELMI [29]. Our previous report
with low dose of TELMI [21] showed no remodeling effect.
However, this low dose did not block Ang II response at the pial
arteriolar level. Altogether, these results suggest that AT receptor
blockade is required to prevent hypertension-induced remodeling.
For short-term treatments, this seems further amplified by PPAR-
gamma agonist activity as CANDE+PIO significantly increased
passive ID.

Besides, the pial arteriolar wall in CANDEA+PIO was more
distensible than in CANDE alone. This was mainly due to the
increase in E1 in CANDE as compared to the other groups, rather
than to a beneficial effect of CANDE+PIO. Even if the impact on
baseline ID is questionable, such sustained distensibility in
CANDEAPIO could afford a better adaptive capacity under
major dilatory stimuli.

Role of PPAR-gamma agonistic action

Our first hypothesis to explain the differential effects between
short-term treatment with TELMI and CANDE relies on the level
of PPAR-gamma activation produced by TELMI [8]. To
demonstrate this hypothesis, we initially supplemented TELMI
with bisphenol A diglycidyl ether, a PPAR-gamma antagonist
(BADGE, Sigma D3415, [30]). However, we had to stop as
BADGE slowly decreased arterial pressure (data not shown),
making results difficult to interpret. We thus used the other
strategy to combine CANDE, described to have no PPAR-gamma
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properties [8], and PIO. This combination revealed a synergistic
action on baseline ID.

Brain microvessels from SHR showed an increased PPAR-
gamma expression compared to WKY in study 1. This has been
reported in blood vessels as a compensatory mechanism. Indeed,
pleiotropic actions of PPAR-gamma reduce cell growth, inflam-
mation, oxidative stress and endothelial dysfunction related to
hypertension [31-33]. This protective expression of PPAR-gamma
was maintained in TELMI but not in CANDE, whereas both
treatments suppressed hypertension. In parallel, TELMI, but not
CANDE, increased eNOS expression, a target gene for PPAR-
gamma activity in vascular tissues [10,11]. However, the increase
of eNOS expression was not associated with any improvement of
endothelial function (evaluated e ADP reactivity) in TELMI.
This may be due to the lack of endothelial dysfunction in SHR in
the present study (ADP responses: SHR 17*x1 wversus WKY
17%£3%, p>0.05) as previously reported [34]. In order to clarify
the implication of PPAR-gamma activity, CANDE was combined
with PIO. We observed the same beneficial effect on pial arteriolar
ID as in TELMI, but with some discrepancies. First, PIO did not
modify PPAR-gamma nor eNOS expressions in PIO and
CANDEAPIO. Such an absence of modification in eNOS
expression has been already observed following a longer treatment
with another PPAR-gamma agonist [35]. Furthermore, we did not
observed any impact of PIO on the remodeling of pial arterioles in
SHR. This is in contrast with previously observed beneficial effects
on structure and extracellular matrix composition in larger arteries
[12,36]. This could be related to (i) the low severity of the present
model (SHR wversus SHR-SP [34] or a rat model of strong
arteriosclerosis induced by elastocalcinosis [12]) and (ii) the short
duration of treatment (10 days treatment versus 6 or 4 weeks
[12,36]). Finally, in the present study, oxidative stress (or its
reversion) did not contribute to the hypertension- or treatment-
induced changes in ID as we did not find any changes in reduced
glutathione content inside of brain microvessels.

Role of AT, receptor blockade

A second hypothesis to explain the effect of TELMI or
CANDEA+PIO on baseline ID may rely on a differential blockade
of AT receptors. Inhibition of the vasoconstrictor response to Ang
II in TELMI and CANDE+PIO, but not in CANDE alone,
despite similar plasma concentrations of candesartan in CANDE
and CANDE+PIO, supports this hypothesis. As the mRNA and
protein expressions of both AT, and AT, receptors did not
change, this cannot be responsible for the differences in
vasoreactivity to Ang II. The other possibility may be a lower
penetration of the blood brain barrier and a lower concentration
of CANDE reaching the arteriolar smooth muscle cells compared
to TELMI. CANDE is known to induce cerebral effects [37], but it
has not been detected in cerebral tissues when administered at a
similar dose and duration as in this study [38]. The lower
lipophilic properties of CANDE as compared to TELMI may play
a role in blood brain barrier crossing ability (logP.anqe =4.6=0.7
versus 10gP e1mi = 7.120.9; evaluated by ALOGPS 2.1 program,
Virtual Computational Chemistry Laboratory http://www.vcclab.
org). As the PPAR-gamma agonistic activity is implied in blood
brain barrier permeability [39,40], this might be involved (through
an unknown mechanism) in the improvement of crossing
properties of the drugs in CANDEA4PIO, and explain why
CANDEAPIO is more effective than CANDE to inhibit Ang II
This, however, remains to be tested on a blood brain barrier
model. The PPAR-gamma agonist activity of TELMI could also
explain why TELMI is as effective as CANDE+PIO.
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In summary, we initiated a short-term treatment in young adult
SHR in which hypertension already induced structural remodeling
without strong vasoactive dysfunction. Despite the low severity of
the model and a short-term period of treatment, combination of
CANDE and PIO allowed reversal of pial arteriolar remodeling,
as TELMI. This synergistic action between AT receptor blockade
and PPAR-gamma actions may result from the important degree
of crosstalk between the renin angiotensin and PPAR-gamma
systems [41-43]. Therefore, ten-day treatment with TELMI or a
combination of CANDE and PIO, but not CANDE alone,
reverses the hypertension-induced narrowing of pial arterioles
despite a similar reduction in blood pressure. This could be related
to both (1) PPAR-gamma activation and (i) differences in the
degree of AT, receptor blockade at the pial arteriolar level. Our
results suggest that addition of PPAR-gamma activation to AT,
blockade could exert or accelerate the effect of ARBs on
hypertension-induced narrowing of pial arteriolar diameter. This
differential effect of short-term treatment according to ARBs could
be of particular interest in post-stroke situations where a rapid
effect is required to improve the outcome of patients.

Supporting Information

Figure S1 Representative Western-blots. Representative
Western-blots of proteins from brain microvessels with A: anti-
actin antibody; B: anti-AT; receptor antibody; C: anti-AT,
receptor antibody. W: WKY; S: SHR; T: TELMI; C: CANDE;
CP: CANDEAPIO; +': lysates from NIH/3T3 cells in which AT,
receptors are highly expressed (positive control for AT, receptor
expression); +°: lysates from KNRK cells in which AT, receptors
are highly expressed (positive control for AT receptor expression).
Image acquisition of immunoreactive proteins was performed on a
Chemidoc apparatus (Biorad, Hercules, CA, USA).

(TIFF)

Figure S2 Levels of AT and AT, receptors expression in
brain microvessels. mRNA and protein expressions of AT,
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