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Pioglitazone treatment
increases COX-2-derived
prostacyclin production and
reduces oxidative stress in
hypertensive rats: role in
vascular function
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BACKGROUND AND PURPOSE
PPARg agonists, glitazones, have cardioprotective and anti-inflammatory actions associated with gene transcription
interference. In this study, we determined whether chronic treatment of adult spontaneously hypertensive rats (SHR) with
pioglitazone alters BP and vascular structure and function, and the possible mechanisms involved.

EXPERIMENTAL APPROACH
Mesenteric resistance arteries from untreated or pioglitazone-treated (2.5 mg·kg-1·day-1, 28 days) SHR and normotensive
[Wistar Kyoto (WKY)] rats were used. Vascular structure was studied by pressure myography, vascular function by wire
myography, protein expression by Western blot and immunohistochemistry, mRNA levels by RT-PCR, prostanoid levels by
commercial kits and reactive oxygen species (ROS) production by dihydroethidium-emitted fluorescence.

KEY RESULTS
In SHR, pioglitazone did not modify either BP or vascular structural and mechanical alterations or phenylephrine-induced
contraction, but it increased vascular COX-2 levels, prostacyclin (PGI2) production and the inhibitory effects of NS 398, SQ
29,548 and tranylcypromine on phenylephrine responses. The contractile phase of the iloprost response, which was reduced
by SQ 29,548, was greater in pioglitazone-treated and pioglitazone-untreated SHR than WKY. In addition, pioglitazone
abolished the increased vascular ROS production, NOX-1 levels and the inhibitory effect of apocynin and allopurinol on
phenylephrine contraction, whereas it did not modify eNOS expression but restored the potentiating effect of
N-nitro-L-arginine methyl ester on phenylephrine responses.

CONCLUSIONS AND IMPLICATIONS
Although pioglitazone did not reduce BP in SHR, it increased COX-2-derived PGI2 production, reduced oxidative stress, and
increased NO bioavailability, which are all involved in vasoconstrictor responses in resistance arteries. These effects would
contribute to the cardioprotective effect of glitazones reported in several pathologies.
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Abbreviations
dAUC, differences of area under the concentration–response curves; KHS, Krebs Henseleit solution; L-NAME, N-nitro-L-
arginine methyl ester; MDA, malondialdehyde; MRA, mesenteric resistance artery; NS 398, N-(2-cyclohexyloxy-4-
nitrophenyl)-methanesulfonamide; O2

•-, superoxide anion; PGI2, prostacyclin; RO 1138452, 1H-imidazol-2-amine,4,
5-dihydro-N-[4-{[4-(1-methylethoxy)phenyl]methyl}phenyl]; ROS, reactive oxygen species; SC 19220, 8-chloro-
dibenz[b,f][1,4]oxazepine-10(11H)-carboxy-(2-acetyl)hydrazide; SHR, spontaneously hypertensive rats; SOD, superoxide
dismutase; SQ 29,548, {1S-[1a,2a(Z),3a,4a]}-7-{3-[{2-[(phenylamino)carbonyl]hydrazino]methyl}-7-oxabicyclo[2.2.1]hept-
2-yl}-5 heptenoic acid; VSMC, vascular smooth muscle cells; WKY, Wistar Kyoto

Introduction

PPARg are ligand-activated transcription factors belonging to
the nuclear hormone receptor superfamily that have an
important role in adipocyte differentiation and carbohydrate
homeostasis (Leff et al., 2004). PPARg is expressed in all com-
ponents of the vascular system including endothelial cells,
vascular smooth muscle cells (VSMC) and monocytes/
macrophages (Touyz and Schiffrin, 2006; Matsumoto et al.,
2008), raising the possibility of direct effects of PPARg activa-
tion on vascular tone and BP. PPARg agonists such as piogli-
tazone and rosiglitazone have a BP lowering action in
patients or animal models in which hypertension is associ-
ated with diabetes or with other factors of metabolic syn-
drome, such as obese Zucker fatty rats, high fat diet-induced
obesity or fructose-fed rats (Sarafidis and Nilsson, 2006; Chen
et al., 2008). However, results on BP in patients or animal
models that do not have either diabetes or other symptoms of
metabolic syndrome are controversial (Diep et al., 2002;
Wakino et al., 2005; Llorens et al., 2007; Nakamura et al.,
2007; Shinzato et al., 2007; Chan et al., 2010; Zhang et al.,
2010). Interestingly, much evidence has been obtained
indicating that these agents are able to interfere with the
pathophysiology of target organ damage in hypertension
(Dormandy et al., 2005; Nakamura et al., 2007; Shinzato et al.,
2007). On the other hand, the correction of vascular struc-
tural abnormalities, associated with a reduction in BP, has
also been described (Diep et al., 2002; Ledingham and
Laverty, 2005; Zhang et al., 2010).

The mechanisms responsible for the beneficial effects of
PPARg agonists remain elusive. One attractive hypothesis pro-
posed is that these drugs act as direct anti-inflammatory
agents, regulating the production of immunomodulatory and
inflammatory mediators. Thus, PPARg is able to regulate gene
expression in a DNA-independent fashion by interfering with
pro-inflammatory transcription factors, such as NF-kB, acti-
vator protein-1 (AP-1) or signal transducer and activator of
transcription (STAT) (Touyz and Schiffrin, 2006). Inflamma-
tion is a key feature in the initiation, progression and clinical
implications of cardiovascular disorders, including essential
hypertension. Thus, increased blood levels of pro-
inflammatory cytokines, vascular COX-2 expression and
oxidative stress together with reduced NO availability are
well-established hallmarks of hypertension (Briones et al.,
2002; Alvarez et al., 2005; Paravicini and Touyz, 2006; Savoia
and Schiffrin, 2007; Virdis et al., 2009). PPARg activation in
the vascular wall inhibits among others, cytokine production,
expression of adhesion molecules and metalloproteinases,
and proliferation and migration of VSMC (Touyz and Schif-

frin, 2006). In addition, PPARg agonists inhibit the expression
of several components of the NADPH oxidase, the main
source of superoxide anion (O2

•-) at the vascular level, and the
subsequent production of reactive oxygen species (ROS), thus
contributing to the anti-inflammatory and the vascular pro-
tective effects of these drugs (Hwang et al., 2005; Nakamura
et al., 2007). In different inflammatory models, it has been
shown that the anti-inflammatory effect of PPARg agonists is
associated with a reduction in the increased COX-2 expres-
sion (Sánchez-Hidalgo et al., 2005; Collino et al., 2006),
although increased COX-2 expression has also been observed
after PPARg activation (Meade et al., 1999; Ye et al., 2006;
Kang et al., 2008).

In the present study we investigated the effect of the
treatment of spontaneously hypertensive rats (SHR) with
pioglitazone on BP and on the structural, mechanical and
functional properties of mesenteric resistance arteries (MRAs).
In addition the role of COX-2-derived prostanoids, NO and
ROS in phenylephrine responses was also examined.

Methods

Animals
All animal care and experimental procedures conformed to
the current Spanish and European laws on animal use (RD
223/88 MAPA and 609/86). Six-month-old male normoten-
sive Wistar Kyoto (WKY) rats (n = 30) and SHR rats (n = 83),
obtained from colonies maintained at the Animal Quarters of
the Facultad de Ciencias de la Salud of the Universidad Rey
Juan Carlos (ES280920000023), were used. During the treat-
ment, the rats were housed with constant room temperature,
humidity and light cycle (12-h light/dark). Rats had free
access to tap water and were fed with standard rat chow
ad libitum.

The SHR rats were divided into two groups: control
(received vehicle) and rats treated with the PPARg agonist
pioglitazone (2.5 mg·kg-1·day-1, for 28 days suspended in
0.5% methylcellulose and administered in drinking water).
This dose has been reported to achieve a concentration
equivalent to that reported in humans who were adminis-
tered a 15 mg dose of pioglitazone (Ishibashi et al., 2002).
Systolic BP was measured weekly using tail cuff plethysmog-
raphy. Rats were killed by decapitation and the mesenteric
arcade was removed and placed in Krebs Henseleit solution
(KHS) of the following composition (in mM): NaCl 115.0; KCl
4.7; CaCl2 2.5; KH2PO4 1.2; MgSO4.7H2O 1.2; NaHCO3 25.0;
glucose 11.1 and Na2EDTA 0.01, maintained at 4°C and con-
tinuously gassed with 95% O2 and 5% CO2. Segments of
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third-order branches of the mesenteric artery were dissected
free of fat and connective tissue and used for vascular struc-
ture and function studies as well as O2

•- production. The
second- and third-order branches were used to analyse
the production of prostanoids, mRNA levels and protein
expression.

Blood samples were collected in tubes containing 15%
K3EDTA as anticoagulant (BD Vacutainer Systems, Preanalyti-
cal Solutions, Plymouth, UK) and placed on ice. Blood
samples were centrifuged at 1500¥ g for 15 min at 4°C. The
plasma obtained was frozen at -20°C and kept at -70°C until
used to determine malondialdehyde (MDA) concentration.

Pressure myography
The structural and mechanical properties of MRA were
studied with a pressure myograph (Danish Myo Tech, Model
P100, J.P. Trading I/S, Aarhus, Denmark). Vessels were placed
on two glass microcannulae and secured with surgical nylon
suture. After any small branches were tied off, vessel length
was adjusted so that the vessel walls were parallel without
stretch. Intraluminal pressure was then raised to 140 mmHg
and the artery was unbuckled by adjusting the cannulae. The
segment was then set to a pressure of 70 mmHg and allowed
to equilibrate for 60 min at 37°C in calcium-free KHS (0 Ca2+;
omitting calcium and adding 1 mM EGTA) intra- and
extravascular perfused, gassed with a mixture of 95% O2 and
5% CO2. Intraluminal pressure was reduced to 3 mmHg. A
pressure-diameter curve was obtained by increasing intralu-
minal pressure in 20 mmHg steps between 3 and 140 mmHg.
Internal and external diameters were continuously measured
under passive conditions (Di0Ca, De0Ca) for 3 min at each
intraluminal pressure. The final value used was the mean of
the measurements taken during the last 30 s when the mea-
surements reached a steady state. Finally, the artery was set to
70 mmHg in 0 Ca2+-KHS, pressure-fixed with 4% paraformal-
dehyde (PFA; in 0.2 M phosphate buffer, pH 7.2–7.4) at 37°C
for 60 min and kept in 4% PFA at 4°C for confocal micros-
copy studies.

Calculation of passive structural and mechanical parameters.
From internal and external diameter measurements in passive
conditions the following structural and mechanical para-
meters were calculated:

Wall thickness WT D De Ca i Ca( ) = −( )0 0 2

Cross-sectional area CSA D De Ca i Ca( ) = ( ) × −( )π 4 0
2

0
2

Wall lumen D D De Ca i Ca i Ca: = −( )0 0 02

Incremental distensibility represents the percentage of
change in the arterial internal diameter for each mmHg
change in intraluminal pressure and was calculated according
to the formula:

Incremental distensibility D D Pi Ca i Ca= ×( ) ×Δ Δ0 0 100.

Circumferential wall strain (e) = (Di0Ca - D00Ca)/D00Ca, where
D00Ca is the internal diameter at 3 mmHg and Di0Ca is the

observed internal diameter for a given intravascular pressure
both measured in 0 Ca2+ medium.

Circumferential wall stress (s) = (P ¥ Di0Ca)/(2WT), where
P is the intraluminal pressure (1 mmHg = 1.334 ¥
103 dynes·cm-2) and WT is wall thickness at each intraluminal
pressure in 0 Ca2+-KHS.

Arterial stiffness independent of geometry is determined
by the Young’s elastic modulus (E = stress/strain). The stress-
strain relationship is non-linear; therefore, it is more appro-
priate to obtain a tangential or incremental elastic modulus
(Einc) by determining the slope of the stress-strain curve (Einc =
ds/de). Einc was obtained by fitting the stress-strain data from
each animal to an exponential curve using the equation: s =
sorigebe, where sorig is the stress at the original diameter (diam-
eter at 3 mmHg). Taking derivatives on the equation pre-
sented earlier, we see that Einc = bs. For a given s-value, Einc is
directly proportional to b. An increase in b implies an
increase in Einc, which means an increase in stiffness.

Confocal microscopy study of nuclei distribution. Pressure-fixed
intact arteries were incubated with the nuclear dye Hoechst
33342 (Hoechst, Frankfurt, Germany) (0.01 mg·mL-1) for
15 min. After being washed, the arteries were mounted on
slides with a well made of silicon spacers to avoid artery
deformation. They were viewed using a Leica TCS SP5 confo-
cal system (Leica Microsystems, Wetzlar, Germany) fitted
with an inverted microscope and argon and helium-neon
laser sources with oil immersion lens (¥40) (Ex 351–364 nm
and Em 400–500 nm). At least two serial optical sections
(stacks of images) of 0.5 mm thick serial optical slices were
taken from the adventitia to the lumen in different regions
along the artery length. Thereafter, individual projections of
the vessel were reconstructed with Metamorph image analy-
sis software (Molecular Devices Corp., Downingtown, PA,
USA) and a transversal view of the stack was obtained.

The total WT occupied by the different cell types was
measured in the z-axis, as previously described (Arribas et al.,
1997) with some modifications. Briefly, by using Metamorph
software we measured the fluorescence intensity of stained
nuclei. We then considered the first plane of the adventitia as
the one with the maximum intensity on the first adventitial
cell. Similarly, the last plane of the intima was considered to
be that which showed the last endothelial nucleus at its
maximum intensity.

Reactivity experiments
Ring segments, 2 mm in length, were mounted in a small
vessel dual chamber myograph for measurement of isometric
tension (Briones et al., 2002). Segment contractility was
tested by an initial exposure to a high K+ solution (120 mM
K+-KHS, which was identical to KHS except that NaCl was
replaced by KCl on an equimolar basis). The response to
K+-KHS was similar (P > 0.05) in arteries from the three groups
(WKY: 3.3 � 0.2 mN·mm-1, n = 30; SHR: 3.2 � 0.1 mN·mm-1,
n = 45; SHR pioglitazone: 3.1 � 0.1 mN·mm-1, n = 38). The
presence of endothelium was determined by the ability of
10 mM ACh to relax arteries precontracted with phenyleph-
rine at a concentration that produce approximately 50% of
the contraction induced by K+-KHS in each case. Thereafter, a
cumulative concentration–response curve to phenylephrine
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(0.1–30 mM) was performed. The effects of NS 398, SQ 29,548,
SC 19220, RO 1138452, SQ 29,548 plus RO 1138452, furegre-
late, tranylcypromine, apocynin, allopurinol and N-nitro-L-
arginine methyl ester (L-NAME) were analysed by their
addition 30 min before the phenylephrine concentration–
response curve. In some experiments, the endothelium was
mechanically removed and the concentration–response curve
to phenylephrine was performed in the absence and the
presence of NS 398 and SQ 29,548. Endothelium removal was
assessed by the inability of 10 mM ACh to produce vasodila-
tation. In another set of experiments, iloprost (1 mM) was
added to arteries precontracted with phenylephrine at a con-
centration that produce approximately 50% of the contrac-
tion induced by K+-KHS in each case. The effects of SQ 29,548,
SC 19220 and RO 1138452 on the iloprost-induced response
were analysed by their addition 30 min before iloprost.

Vasoconstrictor responses were expressed as a percentage
of the tone generated by K+-KHS. Vasodilator responses were
expressed as a percentage of the previous tone in each case. To
compare the effect of drugs on the response to phenylephrine
in segments from different groups, results are expressed as
differences of area under the concentration–response curves
(dAUC) in control and experimental situations. AUCs were
calculated from the individual concentration–response curve
plots using a computer program (GraphPad Prism Software,
San Diego, CA, USA); the differences were expressed as
a percentage of the AUC of the corresponding control
situation.

Protein expression determined by Western
blot analysis
Protein expression was determined in homogenates from the
mesenteric arteries obtained in ice-cold Tris-EDTA buffer (in
mM: Tris-50, EDTA-1.0, pH = 7.4). Proteins [5 mg protein for
Cu/Zn- and Mn-superoxide dismutase (SOD), 20 mg protein
for EC-SOD and endothelial NOS (eNOS) and 40 mg protein
for COX-2] were separated by 7.5% (eNOS), 10% (COX-2) or
12% (Cu/Zn-, Mn- and EC-SOD) SDS-PAGE. Proteins were
transferred to polyvinyl difluoride membranes that were
incubated with rabbit polyclonal antibodies for COX-2
(1:200; Cayman Chemical, Ann Arbor, MI, USA), Cu/Zn-SOD
(0.1 mg·mL-1, StressGen Bioreagents Corp., Victoria, Canada),
Mn-SOD (0.05 mg·mL-1, StressGen Bioreagents Corp.) or
EC-SOD (10 mg·mL-1, StressGen Bioreagents Corp.) and with
mouse monoclonal antibody (1:1000) for eNOS detection
(Transduction Laboratories, Lexington, UK). After being
washed, membranes were incubated with anti-rabbit (1:2000,
Bio-Rad, Laboratories, Hercules, CA, USA) or antimouse
(1:5000, StressGen Bioreagents Corp.) IgG antibody conju-
gated to horseradish peroxidase. The immunocomplexes
were detected using an enhanced horseradish peroxidase-
luminol chemiluminiscence system (ECL Plus, Amersham
International, Little Chalfont, UK) and subjected to autorad-
iography (Minolta Film, Konica Minolta, Wayne, NJ, USA).
Signals on the immunoblot were quantified using the NIH
Image computer program (NIH, Bethesda, MD, USA, version
1.56). The same membrane was used to determine a-actin
expression using a mouse monoclonal anti-a-actin-antibody
(1:300 000, Sigma Chemical Co., St. Louis, MO, USA).

Data of protein expression are expressed as the ratio
between signals on the immunoblot corresponding to the

protein studied and that of a-actin. To compare the results for
protein expression, we assigned a value of 1 to its expression
in arteries from WKY rats.

mRNA levels determined by qRT-PCR assay
COX-2, IP receptor, TP receptor, NOX-1, NOX-2, p47phox,
catalase and PPARg mRNA levels were determined in mesen-
teric arteries. Total RNA was obtained by using TRIzol (Invit-
rogen Life Technologies, Carlsbad, CA, USA). A total of 1 mg of
DNAse I treated RNA was reverse-transcribed into cDNA using
the High Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA, USA) in a 50 mL reaction. PCR was performed
in duplicate for each sample using 0.5 mL of cDNA as tem-
plate, 1 ¥ TaqMan Universal PCR Master Mix (Applied
Biosystems) and 20 ¥ of Taqman Gene Expression Assays
(Applied Biosystems, COX-2: Rn00568225_m1; IP receptor:
Rn01764022_m1; TP receptor: Rn00690601_m1; NOX-1:
Rn00586652_m1; p47phox: Rn00586945_m1; catalase:
Rn00560930_m1; PPARg: Rn00440945_m1) or specific
primers for NOX-2: (forward CCAGTGAAGATGTGTTCAGCT;
reverse GCACAGCCAGTAGAAGTAGAT), purchased to Sigma-
Aldrich, and Fast Start Universal SYBR Green Master (Rox) in
a 20 mL reaction. For quantification, quantitative RT-PCR was
carried out in an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, from the CAT of Universidad Rey
Juan Carlos) using the following conditions: 2 min 50°C,
10 min 95°C and 40 cycles: 15 s 95°C, 1 min 60°C. As a
normalizing internal control we amplified b2 microglobulin
(Rn00560865_m1). To calculate the relative index of gene
expression, we used the 2-DDCt method (Livak and Schmittgen,
2001) using WKY or untreated SHR as the control.

Measurement of PGF2a, prostacyclin and
8-isoprostane production
The levels of 13,14-dihydro-15-keto-PGF2a, the metabolite of
PGF2a, 6-keto-PGF1a, the metabolite of prostacyclin (PGI2),
and 8-isoprostane were measured in the incubation medium
after completion of the phenylephrine concentration–
response curves, using commercial enzyme immunoassay kits
(Cayman Chemical). The medium was frozen in liquid nitro-
gen, kept at -70°C until analysis and processed following the
manufacturer’s instructions.

In situ detection of vascular O2
•- production

The oxidative fluorescent dye dihydroethidium was used to
evaluate O2

•- production in situ, as described previously
(García-Redondo et al., 2009). Fourteen-micrometre frozen
cross-sections were incubated in a humidified chamber for
30 min in Krebs HEPES solution (in mM: 119 NaCl, 20 HEPES,
1 MgSO4, 0.15 Na2HPO4, 4.6 KCl, 0.4 KH2PO4, 5 NaHCO3, 1.2
CaCl2, 11.1 glucose, pH 7.4) at 37°C, and then incubated for
30 min in Krebs HEPES solution containing dihydroethidium
(10 mM) in the dark. Each day of the experiment, images of
the three different experimental conditions (WKY and
pioglitazone-treated and untreated SHR) were taken with a
fluorescent laser scanning confocal microscope (Leica TCS
SP2) using a ¥40oil objective with the 568 nm/600–700 nm
excitation/emission filter always using the same imaging
settings.
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Measurement of MDA production
Plasma MDA levels were measured by a modified thiobarbi-
turic acid (TBA) assay, as described previously (Alvarez et al.,
2007).

Statistical analysis and drugs
All values are expressed as mean � SEM; n represents the
number of animals used in each experiment. The maximum
response (Emax) and pD2 values were calculated by a non-
linear regression analysis of each individual concentration–
response curve using GraphPad Prism Software. Results were
analysed by using Student’s t-test or two-way ANOVA followed
by a Bonferroni’s post hoc test. A probability value of less than
5% was considered significant.

Phenylephrine, ACh, SC 19220, furegrelate, tranyl-
cypromine, L-NAME were obtained from Sigma Chemical,
Co. NS 398 was obtained from Calbiochem-Novabiochem
GmbH (Bad Soden, Germany), allopurinol from Research Bio-
chemicals Incorporated (Natick, MA, USA), apocynin from
Fluka-Sigma Chemical (Seelze, Germany) and SQ 29,548, RO
1138452 and iloprost from Cayman Chemical. Pioglitazone
was generously supplied by Takeda-Lilly, Madrid, Spain.

Results

Pioglitazone treatment (2.5 mg·kg-1·day-1, 28 days) of SHR
did not modify either systolic BP (before: 200.9 � 3.2, after:
199.9 � 1.7 mmHg, n = 17; P > 0.05) or body weight (results
not shown).

Effect of pioglitazone treatment on vascular
remodelling and stiffness
MRAs from hypertensive rats showed lower external
(Figure 1A) and internal (Figure 1B) diameters compared with
normotensive rats; pioglitazone treatment did not affect any
of these parameters (Figure 1). Similar results were obtained
when internal diameter was measured using the wire myo-
graph; MRA from SHR showed a reduced internal diameter
(WKY: 270.2 � 4.8 mm, n = 30; SHR: 241.2 � 2.9 mm, n = 45;
P < 0.05), which was not modified by pioglitazone treatment
(243.8 � 1.2 mm, n = 38; P > 0.05). However, the wall : lumen
ratio was greater in arteries from SHR and unaffected by
pioglitazone (Figure 1C). Transversal confocal projections of
the whole vascular wall of arteries also showed increased WT
in the SHR vessels (WKY: 30.42 � 1.47 mm, n = 5; SHR: 37.94
� 1.47 mm, n = 5; P < 0.05) that was unaffected by pioglita-
zone treatment (39.72 � 3.72 mm, n = 6; P > 0.05; Figure 1D).

Vessels from SHR rats showed decreased elasticity, as
shown by the larger value of b (WKY: 4.75 � 0.20, n = 8; SHR:
8.57 � 1.02, n = 8; P < 0.05), and a leftward shift of the
stress-strain relationship (Figure 1E). Incremental distensibil-
ity was also smaller in MRA from SHR (Figure 1F). Pioglita-
zone treatment did not affect any of the parameters studied
(Figure 1E, F). Thus, the b value was similar in arteries from
pioglitazone-treated (8.36 � 0.71; n = 9; P > 0.05) and
untreated SHR rats.

Effect of pioglitazone treatment on the
participation of COX-2-derived prostanoids in
phenylephrine contraction
The mRNA levels of PPARg were lower in mesenteric arteries
from hypertensive than normotensive rats; after pioglitazone
treatment of SHR, these levels were greatly increased
(Figure 2A). We had previously demonstrated that COX-2
protein expression is greater in MRA from SHR than WKY
(Briones et al., 2002); these results were confirmed and we
also observed increased COX-2 mRNA levels in SHR com-
pared with WKY (Figure 2B). After pioglitazone treatment,
both COX-2 protein and mRNA levels were increased
(Figure 2B).

The endothelium-dependent vasodilator response
induced by ACh (10 mM) was reduced in MRA from SHR
(WKY: 91.4 � 0.9%, n = 30; SHR: 78.3 � 1.1%, n = 45; P <
0.05); the treatment with pioglitazone improved this
response, although it was still less than that observed in
arteries from normotensive rats (83.1 � 1.9%, n = 38, P < 0.05
vs. SHR and vs. WKY). Phenylephrine (0.1–30 mM) induced
concentration-dependent contractile responses in MRA that
were similar in arteries from normotensive and hypertensive
rats; pioglitazone treatment did not modify the response to
phenylephrine in SHR (Figure 3A). The selective COX-2
inhibitor NS 398 (1 mM) did not modify the phenylephrine-
induced contraction in arteries from WKY and SHR
(Figure 3B, C, Table 1). However, in endothelium-intact
arteries from pioglitazone-treated SHR, NS 398 inhibited the
phenylephrine response (Figure 3D, Table 1). These results
suggest that pioglitazone treatment increases the participa-
tion of COX-2-derived contractile prostanoids in phenyleph-
rine responses.

After endothelium removal, the concentration–response
curve to phenylephrine observed in segments from
pioglitazone-treated rats was shifted leftward (Emax: 115.2 �

2.1% vs. 130.9 � 2.6 for E+, n = 38, and E-, n = 8, respectively,
P < 0.05; pD2: 5.51 � 0.02 vs. 5.74 � 0.03 for E+ and E-,
respectively, P < 0.05), to a similar extent to that observed in
untreated SHR (data not shown). In endothelium-denuded
segments from pioglitazone-treated rats, NS 398 (1 mM)
inhibited the contractile response to phenylephrine
(Figure 3E); however, this inhibitory effect was much smaller
than that observed in endothelium-intact segments, as
shown by the comparison of dAUC values (Table 1).

Involvement of prostacyclin in phenylephrine
responses through TP receptor
The EP1/EP3 receptor antagonist SC 19220 (10 mM), the TP
receptor antagonist SQ 29,548 (1 mM), the TXA2 synthase
inhibitor furegrelate (1 mM) and the PGI2 synthase inhibitor
tranylcypromine (10 mM) did not modify the concentration–
response curve to phenylephrine in arteries from SHR
(Table 1). In pioglitazone-treated rats, neither SC 19220 nor
furegrelate affected the phenylephrine-induced contraction;
this response was reduced by SQ 29,548 in endothelium-
intact but not in endothelium-denuded segments (Figure 4).
Tranylcypromine, but not the IP receptor antagonist RO
1138452 (1 mM), reduced the responses to phenylephrine.
The combination of SQ 29,548 and RO 1138452 reduced the
vasoconstrictor response (Figure 4) to a similar extent to that
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Figure 1
External and internal diameter-intraluminal pressure (A, B) and wall : lumen-intraluminal pressure (C) in MRA from WKY rats and SHR untreated
or treated with pioglitazone incubated in 0 Ca2+-KHS. (D) Representative transversal confocal projections of the vascular wall of MRA from WKY,
SHR and pioglitazone-treated SHR. Vessels were pressure-fixed at 70 mmHg, stained with Hoechst 33342 and mounted intact on a slide.
Projections were obtained from serial optical sections captured with a fluorescence confocal microscope (x40oil immersion objective, zoomX2).
Metamorph Image Analysis software was used to produce the transversal projection of the artery. Stress-strain relationship (E) and incremental
distensibility-intraluminal pressure curves (F) in MRA from WKY, SHR and pioglitazone-treated SHR rats. *P < 0.05 versus WKY rats by two-way
ANOVA and Bonferroni post-test. n = 8–9 animals. Data are expressed as mean � SEM.
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of SQ 29,548 alone, as shown by the comparison of dAUC
values (Table 1). These results suggest that endothelium-
derived prostanoids other than TXA2, probably PGI2, by
acting on the TP receptor, contribute to the vasoconstrictor
effect of phenylephrine on MRA from pioglitazone-treated
SHR rats.

The production of 6-keto-PGF1a was lower in the incuba-
tion medium of MRA from hypertensive than normotensive
rats after stimulation with phenylephrine; these levels were
greater in pioglitazone-treated rats (Figure 5A). 8-Isoprostane
and PGF2a are also COX-derived products that may induce
contraction by acting on TP receptors. The levels of
8-isoprostane were similar in arteries from WKY (0.062 �

0.022 pg·mg-1 protein, n = 6) and SHR (0.061 � 0.008 pg·mg-1

protein, n = 5, P > 0.05), and pioglitazone treatment did
not modify these levels (0.046 � 0.013 pg·mg-1 protein, n = 5,
P > 0.05 vs. SHR). The levels of 13,14-dihydro-15-keto-PGF2a

were similar in arteries from WKY (2.92 � 0.59 pg·mg-1

protein, n = 6) and SHR (3.92 � 1.19 pg·mg-1 protein, n = 5,
P > 0.05 vs. WKY) and pioglitazone treatment did not modify
these levels (5.92 � 1.39 pg·mg-1 protein, n = 5, P > 0.05 vs.
SHR).

In segments precontracted with phenylephrine, the pros-
tacyclin analogue iloprost (1 mM) induced a biphasic response
consisting of a fast contraction followed by a slow relaxation
(Figure 5B). The contractile phase was greater in arteries from
SHR than WKY and remained unaltered after pioglitazone
treatment (Figure 5C). In MRA from pioglitazone-treated rats,
the contractile response elicited by iloprost was not modified
by either RO 1138452 or SC 19220, but was reduced by SQ
29,548 (Figure 5C); similar results were obtained in untreated
SHR (data not shown). The vasodilator phase of the response
to iloprost was slower in arteries from SHR than WKY, as
shown by the time–response curve (Figure 5D); pioglitazone
treatment did not modify this response (Figure 5D). In MRA
from pioglitazone-treated rats the relaxation induced by ilo-
prost was almost abolished by RO 1138452 but unaffected by
SC 19220; after incubation with SQ 29,548 this relaxing
phase was faster (Figure 5D); in untreated SHR, similar results

were observed (data not shown). All together, these results
suggest that iloprost may act as a vasoconstrictor through TP
receptors. The mRNA levels of both TP and IP receptors were
greater in arteries from SHR than from WKY (Figure 5E);
pioglitazone reduced these levels (Figure 5E).

Effect of pioglitazone treatment on
the participation of ROS in
phenylephrine contraction
The involvement of ROS was evaluated using the NADPH
oxidase inhibitor apocynin and the xanthine oxidase inhibi-
tor allopurinol. In MRA from both WKY and SHR rats, apo-
cynin (0.3 mM) reduced the contractile response induced by
phenylephrine (Figure 6A), although the inhibitory effect was
greater in arteries from hypertensive rats, as shown by the
analysis of dAUC (Table 1). Allopurinol (0.3 mM) reduced the
response to phenylephrine only in segments from hyperten-
sive rats; pioglitazone treatment abolished the effect of both
apocynin and allopurinol (Figure 6A, Table 1).

Effect of pioglitazone on vascular O2
•-

production, mRNA levels of NADPH oxidase
subunits and plasma MDA levels
As previously found (García-Redondo et al., 2009), O2

•- pro-
duction was greater in MRA from hypertensive than normo-
tensive animals (Figure 6B). In agreement, vascular mRNA
levels of NOX-1 were also greater in arteries from SHR than
from WKY (Figure 6C). Pioglitazone treatment normalized
the increased O2

•- production and NOX-1 mRNA levels
(Figure 6B, C). In addition, pioglitazone also reduced the
mRNA levels of both NOX-2 (relative expression; SHR: 1.12 �

0.25, n = 6; SHR-treated: 0.47 � 0.10, n = 7, P < 0.05) and
p47phox (relative expression; SHR: 1.14 � 0.21, n = 8; SHR-
treated: 0.25 � 0.06, n = 7, P < 0.05).

Plasma MDA levels were also higher in SHR than in WKY
rats, as previously reported (Alvarez et al., 2007). This differ-
ence was not affected by pioglitazone treatment of SHR
(Figure 6D).

Figure 2
(A) Quantitative RT-PCR assessment of PPARg mRNA levels in mesenteric arteries from WKY rats and SHR untreated and treated with pioglitazone.
(B) Representative Western blot with densitometric analysis for the inducible isoform of COX-2 protein expression (upper panel) and quantitative
RT-PCR assessment of COX-2 mRNA levels (lower panel) in arteries from WKY rats and SHR untreated and treated with pioglitazone. *P < 0.05
versus WKY rats, #P < 0.05 versus untreated SHR by Student’s t test. n = 5–12 animals. Data are expressed as mean � SEM.
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Effect of pioglitazone on vascular expression
of detoxification enzymes
Western blot analysis revealed lower expression of Cu/Zn-,
Mn- and EC-SOD in MRA from SHR than from WKY
(Figure 7A). Pioglitazone-treatment did not modify the

expression of Cu/Zn- and Mn-SOD, although it further
reduced the EC-SOD expression (Figure 7A). The catalase
mRNA levels were similar in arteries from normotensive and
hypertensive rats (Figure 7B); after pioglitazone treatment,
arteries from SHR show increased catalase mRNA levels
(Figure 7B).

Figure 3
(A) Concentration–response curve to phenylephrine (Phe) in endothelium-intact (E+) MRA from WKY rats and SHR untreated or treated with
pioglitazone. Effect of 1 mM NS 398 on the response to Phe in endothelium-intact (E+) MRA from WKY rats (B) and SHR untreated (C) or treated
with pioglitazone (D) and in endothelium-denuded segments (E-) of MRA from pioglitazone-treated SHR (E). *P < 0.05 versus control by two-way
ANOVA and Bonferroni post-test. n = 6–10 animals. Data are expressed as mean � SEM.
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Effect of pioglitazone treatment on
the participation of NO in
phenylephrine contraction
The NOS inhibitor L-NAME shifted the concentration–
response curve to phenylephrine leftward, in segments from
both WKY and SHR (Figure 8A); however, this effect was
greater in normotensive rats, as shown by the dAUC analysis
(Table 1). In pioglitazone-treated rats, L-NAME also increased
the vasoconstrictor response to phenylephrine (Figure 8A)
and this effect was greater than that observed in arteries from
untreated SHR rats (Table 1).

eNOS expression was similar in MRAs from normotensive
and hypertensive rats; pioglitazone treatment did not modify
the expression of this enzyme (Figure 8B).

Discussion

The present study shows the complex effect of PPARg agonists
on the modulation of vasoconstrictor responses. Thus, piogli-
tazone reduces ROS production and its contribution to phe-
nylephrine contraction whereas it increases the contribution
of NO to this response. Additionally, pioglitazone increases
the production of COX-2-derived PGI2, which acts as a vaso-
constrictor through TP receptors and is involved in the phe-
nylephrine response. These effects, together with its lack of
effect on vascular remodelling, might explain why pioglita-
zone does not affect BP in established hypertension, although
it would contribute to the cardioprotective effect of glita-
zones widely reported.

The antihypertensive effects of PPARg agonists are well-
documented in patients and animal models of diabetes
and/or metabolic syndrome (Sarafidis and Nilsson, 2006;
Chen et al., 2008). However, when the hypertension is not

associated with diabetes or with other factors of metabolic
syndrome, the results are controversial. Glitazones prevent
hypertension development (Sarafidis and Nilsson, 2006), but
in established hypertension they have no effect on BP
(Llorens et al., 2007; Nakamura et al., 2007; Shinzato et al.,
2007), unless long-term treatment (Zhang et al., 2010) or
high doses of glitazones (Wakino et al., 2005; Chan et al.,
2010) are used. In adult SHR, with well-established hyperten-
sion, treatment for 28 days with 2.5 mg·kg-1·day-1 pioglita-
zone did not modify systolic BP.

The effects of glitazones on vascular structure are also
debatable. In association with their preventative effect on the
development of hypertension, glitazones also prevent vascu-
lar structural abnormalities (Diep et al., 2002; Ledingham and
Laverty, 2005). In addition, long-term treatment with a high
dose of rosiglitazone attenuated aortic remodelling and the
rise in systolic BP in young SHR (Zhang et al., 2010). Further-
more, when glitazone treatment was started before or early
after hypertension onset, only the attenuation of vascular
remodelling was observed with no accompanying antihyper-
tensive effect (Ishibashi et al., 2002; Nakamura et al., 2007;
Cipolla et al., 2010). In contrast, in adult Zucker diabetic fatty
rats, rosiglitazone did not modify the altered mechanical and
structural properties despite the vascular function improve-
ment (Lu et al., 2010). In MRA from 6 month-old SHR, which
had been hypertensive for a long time, pioglitazone did not
affect the reduced external and internal diameters, the
increased wall : lumen ratio and vascular stiffness or the
changes in distensibility. Differences in the time that rats
have been hypertensive before treatment, which might result
in remodelling variation, as well as in the duration and
dosage of treatment, would explain such discrepancies.

Glitazones improve the impaired endothelium-
dependent relaxation (Diep et al., 2002; Nakamura et al.,
2007; Matsumoto et al., 2008) and reduce vascular contractil-

Table 1
dAUC to phenylephrine response between control and experimental situations in endothelium-intact (E+) MRAs from WKY rats and SHR untreated
or treated with pioglitazone and in endothelium-denuded segments (E-) of arteries from pioglitazone-treated SHR

WKY E+ SHR E+
SHR + Pio

E+ E-

NS 398 ~0 ~0 34.5 � 6.9# 13.2 � 3.7+

SQ 29,548 ND ~0 19.5 � 3.1# ~0+

SC 19220 ND ~0 ~0 ND

RO 1138452 ND ND ~0 ND

SQ 29,548 + RO 1138452 ND ND 23.5 � 5.8 ND

Furegrelate ND ~0 ~0 ND

Tranylcypromine ND ~0 16.0 � 1.6# ND

Apocynin 14.2 � 4.2 29.3 � 4.3* ~0# ND

Allopurinol ~0 15.0 � 2.2* ~0# ND

L-NAME 51.9 � 5.4 32.4 � 4.9* 53.6 � 4.2# ND

AUCs were calculated from the individual concentration–response curve plots using a computer program (GraphPad Prism Software); the
differences are expressed as a percentage of the AUC of the corresponding control situation. ND, not determined.
*P < 0.05 versus WKY rats, #P < 0.05 versus SHR untreated rats, +P < 0.05 versus endothelium-intact arteries by Student’s t-test. n = 5–10
animals. Data are expressed as mean � SEM.
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ity, although pioglitazone increased phenylephrine responses
in SHR aorta (Llorens et al., 2007). In MRA from SHR, piogli-
tazone treatment slightly improved the impaired ACh-
induced vasodilatation. Moreover, the phenylephrine
contraction was similar in MRA from WKY and SHR, and
remained unmodified after pioglitazone treatment; this
result, which agrees with that found in isoprenaline-treated
rats (Fukuda et al., 2008), apparently excludes an effect of the
glitazone on vasoconstrictor responses.

A decrease in the expression of vascular PPARs might
participate in the exacerbated proliferation, migration and
inflammation observed in hypertension (Chan et al., 2010; Li
et al., 2010; Zhang et al., 2010). Accordingly, MRA from SHR
showed lower PPARg mRNA levels than WKY. This reduction
in PPARg might be associated with the increased COX-2
expression in SHR, as COX-2 is regulated by transcription
factors, the activation of which is reduced by PPARg (Touyz
and Schiffrin, 2006). Pioglitazone treatment increased MRA

Figure 4
Effect of 10 mM SC 19220, 1 mM SQ 29,548, 1 mM furegrelate, 10 mM tranylcypromine, 1 mM RO 1138452 and the combination of SQ 29,548
and RO 1138452 on the concentration–response curve to phenylephrine (Phe) in endothelium-intact (E+) MRA from SHR treated with pioglitazone
and effect of 1 mM SQ 29,548 on the response to Phe in endothelium-denuded segments (E-) of MRA from SHR treated with pioglitazone.
*P < 0.05 versus control by two-way ANOVA and Bonferroni post-test. n = 7–10 animals. Data are expressed as mean � SEM.
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Figure 5
(A) Levels of 6-keto-PGF1a in the incubation medium after completion of the phenylephrine concentration–response curve in MRA from WKY rats
and SHR untreated and treated with pioglitazone. (B) Representative record of the biphasic response elicited by iloprost (1 mM) in MRA
precontracted with phenylephrine (Phe). (C) Contractile phase of the response to iloprost in MRA from WKY rats and SHR untreated or treated
with pioglitazone and effect of 1 mM SQ 29,548, 1 mM RO 1138452 and 10 mM SC 19220 on the contraction induced by iloprost in
pioglitazone-treated SHR. (D) Vasodilator phase of the response induced by iloprost in MRA from WKY rats and SHR untreated or treated with
pioglitazone and effect of SQ 29,548, RO 1138452 and SC 19220 on the relaxation induced by iloprost in pioglitazone-treated SHR. (E)
Quantitative RT-PCR assessment of TP and IP receptor mRNA levels in arteries from WKY rats and SHR untreated and treated with pioglitazone.
*P < 0.05 versus WKY rats or versus control, #P < 0.05 versus SHR untreated rats by Student’s t-test or by two-way ANOVA and Bonferroni post-test.
n = 5–7 animals. Data are expressed as mean � SEM.
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Figure 6
(A) Effect of 0.3 mM apocynin and 0.3 mM allopurinol on the concentration–response curve to phenylephrine (Phe) in MRA from WKY rats and
SHR untreated and treated with pioglitazone. *P < 0.05 versus control by two-way ANOVA and Bonferroni post-test. n = 7–12 animals. (B)
Representative fluorescent photomicrographs of confocal microscopic sections of MRA from WKY rats and SHR untreated and treated with
pioglitazone. Vessels were labelled with the oxidative dye dihydroethidium. Image size 375 ¥ 375 mm. (C) Quantitative RT-PCR assessment of
vascular NOX-1 mRNA levels and (D) plasma MDA levels in WKY rats and SHR untreated and treated with pioglitazone. *P < 0.05 versus WKY rats,
#P < 0.05 versus SHR untreated rats by Student’s t-test. n = 5–9 animals. Data are expressed as mean � SEM.
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PPARg levels, similarly to those found using rosiglitazone and
pioglitazone in SHR aorta and rostral ventrolateral medulla
(Chan et al., 2010; Zhang et al., 2010), suggesting that
up-regulated PPARg may contribute to the anti-inflammatory
properties of glitazones. Despite this, pioglitazone treatment
increased COX-2 expression in MRA from SHR. PPARg ago-
nists have been shown to decrease (Sánchez-Hidalgo et al.,
2005; Collino et al., 2006) but also to increase COX-2 (Meade
et al., 1999; Ye et al., 2006; Kang et al., 2008); the presence of
a functional PPAR response element (PPRE) in the promoter
region of COX-2 (Meade et al., 1999) would explain this
increase. The augmented COX-2 expression after pioglitazone
treatment had functional consequences, as a selective COX-2
inhibitor reduced phenylephrine responses, suggesting that
COX-2-derived vasoconstrictor prostanoids are involved in
the effects of pioglitazone treatment.

We next attempted to determine the prostanoid which is
increased after pioglitazone treatment. The TP receptor
antagonist reduced the phenylephrine responses, whereas
the TXA2 synthase inhibitor furegrelate had no effect, sug-
gesting that prostanoids other than TXA2, by acting on TP
receptors, contribute to these responses. These prostanoids
seem to be mainly of endothelial origin as endothelium
removal greatly reduced the inhibitory effect of NS 398 and
abolished that of SQ 29,548. PGF2a, isoprostanes and PGH2

would induce contraction by activating TP receptors (Félétou
et al., 2009). However, the levels of PGF2a and 8-isoprostane
were similar in samples from all groups, excluding the

involvement of these compounds in the pioglitazone effect.
Unfortunately, PGH2 levels are difficult to measure due to its
short half-life and still need to be evaluated more precisely to
determine their contribution to vascular responses (Félétou
et al., 2009).

Prostacyclin, which acts on IP receptors, is the main
vasodilator prostanoid generated by COX. However, there is
growing evidence indicating that PGI2 acts as an
endothelium-derived vasoconstrictor factor able to activate
TP receptors in conditions such as hypertension or aging
(Gluais et al., 2005; Gomez et al., 2008; Xavier et al., 2008;
Félétou et al., 2009). Accordingly, the prostacyclin analogue
iloprost induced a biphasic response with greater contractile
effect in SHR than WKY, in agreement with reports using PGI2

(Gluais et al., 2005; Xavier et al., 2008). Additionally, the
vasodilator phase was slower in SHR than WKY. Interestingly,
pioglitazone treatment did not modify any of the two phases.
The iloprost-induced vasoconstriction was reduced by the TP
receptor antagonist in MRA from SHR. Furthermore, the
relaxing phase was almost abolished by the IP receptor
antagonist but increased by SQ 29,548 in MRA from both
treated and untreated SHR, in agreement with the results of
Gomez et al. (2008), suggesting that activation of TP recep-
tors, even by a weak and partial agonist such as PGI2, can
markedly blunt vascular relaxation. Whether changes in the
expression of receptors would explain differences in the ilo-
prost response between WKY and SHR remains elusive. Thus,
Tang and Vanhoutte (2008) demonstrated that hypertension

Figure 7
(A) Representative Western blot and densitometric analysis for Cu/Zn-, Mn- and EC-SOD protein expression and (B) quantitative RT-PCR
assessment of catalase mRNA levels in mesenteric arteries from WKY rats and SHR untreated and treated with pioglitazone. *P < 0.05 versus WKY
rats, #P < 0.05 versus SHR untreated rats by Student’s t-test. n = 5–6 animals. Data are expressed as mean � SEM.
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did not modify the genomic expression of either IP or TP
receptors, whereas Numaguchi et al. (1999) found the expres-
sion of IP receptors was reduced in SHR. In MRA from SHR,
we found that TP receptor levels were increased, in agreement
with the higher contraction to iloprost observed and the
increased response to the thromboxane analogue U46619
previously described (Xavier et al., 2008). Additionally, the IP
receptor levels were greater in SHR, despite the slower
iloprost-induced vasodilatation. Dysfunction of this receptor
and possible alterations in the adenylate cyclase pathway has
been described in SHR (Gluais et al., 2005; Gomez et al.,
2008). Furthermore, pioglitazone treatment reduced TP and
IP receptor levels. In this context, Sugawara et al. (2002)
found that PPARg activation reduced TP gene transcription.
Despite this reduction in receptors expressed, the biphasic
response to iloprost was similar in MRA from pioglitazone-
treated and untreated rats. Similar contractile responses to
U46619 were also observed (R. Hernanz, unpubl. results).
Differences in the cellular mechanisms from the genomic
expression to the presence of functional receptors in the
membrane would explain such discrepancies.

Prostacyclin levels after phenylephrine stimulation were
lower in samples from SHR than WKY, as demonstrated pre-
viously (Soma et al., 1985). Interestingly, pioglitazone treat-

ment augmented these levels, in agreement with the findings
of Ye et al. (2006), who established a relationship between
these increased levels and the protective effect of pioglitazone
in myocardial-reperfusion injury. Furthermore, the PGI2 syn-
thesis inhibitor, but not the IP receptor antagonist, reduced
the phenylephrine response only in segments from
pioglitazone-treated rats. Overall, these results suggest that
pioglitazone increases prostacyclin levels, which by acting on
TP receptors are involved in the phenylephrine response.

Increased O2
•- production from different origins, includ-

ing NADPH oxidase, participates in contractile responses in
hypertension (Alvarez et al., 2008; García-Redondo et al.,
2009). Accordingly, increased expression of NOX-1, one of
the catalytic subunits of NADPH oxidase, has been demon-
strated in SHR (Briones et al., 2011). Additionally, reduced
antioxidant defences might contribute to the increased oxi-
dative stress described in this pathology (Redón et al., 2003).
This increased oxidative stress would contribute to the altered
vascular responses by reducing NO availability (Virdis et al.,
2009). Our results support this hypothesis because compared
with WKY, SHR showed: (i) greater inhibitory effect of apo-
cynin and allopurinol on phenylephrine responses; (ii)
increased O2

•- production and MDA plasma levels; (iii)
increased NOX-1 mRNA levels; (iv) reduced Cu/Zn-, Mn- and

Figure 8
(A) Effect of 0.1 mM L-NAME on the concentration–response curve to phenylephrine (Phe) in WKY rats and SHR untreated and treated with
pioglitazone. *P < 0.05 versus control by two-way ANOVA and Bonferroni post-test. n = 6–7 animals. (B) Representative Western blot and
densitometric analysis for eNOS protein expression in mesenteric arteries from SHR untreated and treated with pioglitazone. n = 5–6 animals. Data
are expressed as mean � SEM.
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EC-SOD expression, whereas the catalase levels were similar
in both strains; and (v) lower leftward shift of the phenyle-
phrine concentration–response curve after NO inhibition.
Glitazones reduce oxidative stress by inhibition of NADPH
oxidase activity (Bagi et al., 2004; Hwang et al., 2005); this
contributes to their anti-inflammatory effect and protective
action against hypertension-induced cerebrovascular injury
(Nakamura et al., 2007). In our conditions pioglitazone treat-
ment also displayed antioxidant properties as: (i) it abolished
the apocynin and allopurinol effects on the phenylephrine
response; (ii) normalized the increased O2

•- production; and
(iii) reduced the NOX-1, NOX-2 and p47phox mRNA levels.
Moreover, despite the lack of an effect on Cu/Zn- and
Mn-SOD and the decreased EC-SOD, catalase mRNA levels
were increased by pioglitazone treatment, in agreement with
the results of Bagi et al. (2004); this would be explained by the
existence of a PPRE in the catalase promoter region (Girnun
et al., 2002). Apocynin might reduce ROS availability through
its antioxidant properties independent of NADPH oxidase
inhibition (Heumüller et al., 2008). Interestingly, we found
that the increased ROS production in SHR was reduced after
pioglitazone treatment, although we do not know the exact
mechanism of action of apocynin in our conditions.

The antioxidant effect of glitazones might have a very
important functional consequence, that is increased NO
availability. The effects of glitazone on NO generation are
unclear. Although some studies have found that glitazones
increase NO release and/or NO synthase activity (Calnek
et al., 2003; Wakino et al., 2005; Llorens et al., 2007), others
have found they have no effect (Ye et al., 2006; Li et al., 2010).
In our study, pioglitazone treatment improved the impaired
ACh-induced vasodilatation in SHR and L-NAME greatly
potentiated the phenylephrine responses without affecting
eNOS protein expression. Similarly, Calnek et al. (2003)
showed increased NO release by endothelial cells without
increased eNOS mRNA or protein levels.

In conclusion, in resistance arteries several factors contrib-
ute to the phenylephrine response and, although pioglitazone
does not have antihypertensive effects, it modifies the levels
of different mediators involved in this response. Thus, piogli-
tazone increased PGI2 production, probably by increasing
COX-2 activity. Although in our experimental conditions
PGI2 seems to act as a vasoconstrictor, increased levels of this
prostanoid would be beneficial; through its inhibition of
platelet aggregation and pleiotropic effects on vascular
smooth muscle, PGI2 has an important cardioprotective role.
Further investigations are needed to address this issue. In
addition, the reduction in oxidative stress, which can increase
NO bioavailability, would also contribute to the protective
effect of glitazones widely reported in several pathologies.
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