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Synergistic vascular protective effects of combined
low doses of PPARa and PPARY activators in
angiotensin ll-induced hypertension in rats

C De Ciuceis'*, F Amiri'#, M Iglarz', JS Cohn? RM Touyz® and EL Schiffrin®

YWascular and Hypertension Research Unit, Lady Davis Institute for Medical Research, Sir Mortimer B Davis-Jewish General Hospital,
Montreal, Quebec, Canada; *Hyperlipidemia and Atherosclerosis Research Group, Clinical Research Institute of Montreal, University
of Montreal, Montreal, Quebec, Canada and 3Kidney Research Centre, Ottawa Health Research Institute, University of Ottawa,
Ottawa, Ontario, Canada

Background and Purpose: Protective cardiovascular effects of peroxisome proliferator activated receptor (PPAR)a and PPARy
activators have been demonstrated. If used as vasoprotective agents in high risk vascular patients rather than for their
metabolic benefits, these agents could be associated with unwanted side effects. As a proof of concept to support the use of
combined low doses of PPARa and PPARy as vascular protective agents in high risk vascular patients, we tested the hypothesis
that combined low doses of PPAR« (fenofibrate) and PPARy (rosiglitazone) activators would provide vascular protective benefits
similar to full individual doses of these PPAR agonists.

Experimental Approach: Male Sprague-Dawley rats infused with Ang Il (120ngkg ™" min~") were treated with rosiglitazone
(1 or 2mgkg~" day~") alone or concomitantly with fenofibrate (30 mgkg ™' day ") for 7 days. Thereafter, vessels was assessed
on a pressurized myograph, while NAD(P)H oxidase activity was determined by lucigenin chemiluminescence. Inflammation
was evaluated using ELISA for NFkB and Western blotting for adhesion molecules.

Key Results: Ang ll-induced blood pressure increase, impaired acetylcholine-induced vasorelaxation, altered vascular structure,
and enhanced vascular NAD(P)H oxidase activity and inflammation were significantly reduced by low dose rosiglita-
zone + fenofibrate.

Conclusions and Implications: Combined low doses of PPARx and PPARy activators attenuated development of hypertension,
corrected vascular structural abnormalities, improved endothelial function, oxidative stress, and vascular inflammation. These
agents used in low-dose combination have synergistic vascular protective effects. The clinical effects of combined low-dose
PPARa and PPARY activators as vascular protective therapy, potentially with reduced side-effects and drug interactions, should
be assessed.
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Introduction

Hypertension is a major risk factor in the development of
atherosclerosis and cardiovascular disease and frequently
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occurs together with disorders of carbohydrate and lipid
metabolism as part of the metabolic syndrome (Schiffrin,
2004). The renin-angiotensin system is recognized as an
important contributor to vascular remodeling, endothelial
dysfunction and insulin resistance, by inducing vascular
growth and apoptosis, low-grade inflammation, and
increased oxidative stress (Intengan and Schiffrin, 2001;
Schiffrin and Touyz, 2003). Furthermore, angiotensin (Ang)
II increases redox-sensitive and proinflammatory mediators
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such as nuclear factor kappa beta (NFxB) and vascular cell
adhesion molecule-1 (VCAM-1), which play critical roles in
the progression of atherosclerosis (Pueyo et al., 2000).

Peroxisome proliferator activated receptors (PPAR) are a
family of ligand-activated transcription factors that regulate
gene expression by heterodimerizing with retinoid X
receptors and binding to PPAR-response elements (Willson
et al., 2000). Three PPAR isoforms, encoded by separate
genes, have been demonstrated. PPARx is predominantly
expressed in tissues exhibiting high-fatty acid catabolism
such as liver, heart, kidney and skeletal muscle, whereas
PPARy is most abundantly expressed in adipose tissue, large
intestine and cells of the monocyte lineage. PPARy is
implicated in adipocyte differentiation, cellular energy
homeostasis and regulation of genes that affect insulin
activity (Willson et al., 2000; Schiffrin et al., 2003) whereas
PPARB/o is expressed ubiquitously and is involved in fatty
acid oxidation (Gilde et al., 2003). PPAR« is activated by
natural ligands (fatty acids and eicosanoids) and synthetic
ligands (fibrates such as fenofibrate). PPARy can be activated
by the insulin-sensitizing thiazolidinediones (TZD or glita-
zones) such as rosiglitazone and pioglitazone (Forman et al.,
1997; Schiffrin et al., 2003).

We and others have shown that both PPARx and PPARy
activators have therapeutic effects, which extend beyond
their lipid and metabolic properties, such as attenuation of
atherosclerosis and vascular remodeling, inflammation and
reactive oxygen species (ROS) generation (Diep et al., 2002b,
2004; Plutzky, 2003). Based on these and other findings, dual
PPARx and PPARy activators have been developed (Chakra-
barti et al., 2003; Guo et al., 2004). However, both PPAR« and
PPARy activators individually have side effects (Francis et al.,
2003; Hsueh and Bruemmer, 2004) and attention has been
called recently to undesirable effects of some dual PPARx and
PPARy activators (Nissen et al., 2005). Glitazones generate
fluid retention and edema and may trigger heart failure.
Using half or less of the therapeutic dose of a glitazone may
avoid or reduce this side effect, and as well potentially avoid
hypoglycemia in non-diabetic patients who do not need
glucose control but require cardiovascular protection. Dual
PPAR activators in development, on the other hand, may
have too much PPAR« activity, which might be carcinogenic.
Many patients requiring cardiovascular protection, because
they are at high-risk, need a statin. However fibrates (PPAR«
activators) interact with statins, which may lead to the
myopathy and rarely to myoglobinuria, potentially fatal.

We hypothesized that lower doses of PPARo and PPARy
activators administered together would result in beneficial
cardiovascular effects. We used the experimental hyperten-
sion and vascular damage paradigm of the Ang II-infused rat
to test whether combined low-dose administration of the
PPARx and PPARy activators, fenofibrate and rosiglitazone,
respectively, would prevent development of hypertension,
vascular remodeling, endothelial dysfunction and vascular
oxidative stress/inflammation of resistance arteries as we
previously found with full doses of either PPAR« (Diep et al.,
2002a) or PPARy agonists (Diep et al., 2002b). Translating this
strategy to the clinic may have potentially important
therapeutic significance as high-risk vascular patients who
do not necessarily need a fibrate for triglyceride lowering
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and/or a glitazone for metabolic control of type II diabetes
may benefit from the vascular protective actions of low-dose
combined PPARa and PPARjy activators, at the same time
potentially avoiding or mitigating unwanted side effects and
drug interactions.

Methods

Animal experiments

The study was approved by the Animal Care Committee of
the Clinical Research Institute of Montreal and performed
according to guidelines of the Canadian Council for Animal
Care. Under anesthesia with 5% isoflurane, radio-telemetry
transmitters (TA11PA-C40; Data Sciences International, St
Paul, MN, USA) were surgically implanted in male Sprague-
Dawley rats (200-225g) and systolic blood pressure (BP),
diastolic BP, mean BP and heart rate were measured, as
described previously (Touyz et al., 2002). One week thereafter
(which represents day 0), six groups of 6-8 animals, fed
standard Purina rat chow (0.28% sodium content, Ralston
Purina Co., Richmond, IN, USA) were housed under 12-h
day/night cycle under constant room temperature of 22°C
and studied for 7 days: the groups comprised controls, Ang II
(120ngkg 'min~'s.c.), Ang II+fenofibrate (30mgkg™!
day™' p.o, Ang-+Feno), Ang II +rosiglitazone (2mgkg™"
day ! p.o, Ang + Rosi-2), Ang II + rosiglitazone + fenofibrate
(Ang + Rosi-2 + Feno), and rosiglitazone + fenofibrate (Rosi-
2+ Feno). Fenofibrate and rosiglitazone were administered,
respectively, at one third and half of the doses used in our
previous studies (Diep et al., 2002b; Iglarz et al., 2003). In
a parallel set of experiments, a lower dose of rosiglitazone
(1mgkg ' day™' p.o, Rosi-1) was given alone or in combina-
tion with fenofibrate (Rosi-1+ Feno) in Ang II- or vehicle-
infused rats. Ile>-Ang II (Peninsula, Palo Alto, CA, USA) was
infused s.c. with Alzet osmotic minipumps (Alza Corp., Palo
Alto, CA, USA), whereas rosiglitazone (GlaxoSmithKline,
Montreal, QC, Canada) and fenofibrate (Sigma Chemicals,
Mississauga, ON, Canada) were given in food. At the end of
the experiment, animals (not fasted overnight) were killed
by decapitation.

Measurement of plasma lipids and glucose

Plasma was assayed for total (free and esterified) cholesterol
and triglycerides with a COBAS MIRA-S automated analyzer
with enzymatic reagents (Roche, Basel, Switzerland) and for
glucose with OneTouch Ultra (LifeScan, Milpitas, CA, USA).
Glucose was measured in plasma, which had been snap-
frozen and previously stored at —80°C.

Preparation and study of mesenteric arteries

Third-order branches of mesenteric artery (~2mm in length
with internal diameter of 150-250 um) were dissected and
mounted on a pressurized myograph as described previously
(Diep et al., 2002b). Briefly, vessels were equilibrated (60 min,
45mm Hg of intraluminal pressure) in warmed oxygenated
(95% air-5% CO,) physiological salt solution (PSS, pH 7.4)
containing (mM): sodium chloride (NaCl) 120, sodium
hydrogen carbonate 25, potassium chloride (KCl) 4.7,



potassium dihydrogen phosphate 1.18, magnesium sulfate
1.18, calcium chloride 2.5, ethylenediaminetetraacetic acid
0.026, and glucose 5.5. Vessels were considered viable when
they constricted >60% of their resting lumen diameter
in response to extraluminal application of 125mMm KCl
+10°M noradrenaline (Sigma Chemicals). Endothelium-
dependent relaxation was assessed by measuring the dilatory
response to acetylcholine (ACh, 1071°-10~*m) in noradrena-
line precontracted vessels (10->M). The role of oxidative
stress was assessed by dose-response curve to ACh after
incubation with vitamin C (10~*M) and/or the nitric oxide
synthase (NOS) inhibitor, N®-nitro-L-arginine methyl ester
(L-NAME, 10 *M). Endothelium-independent relaxation
was assessed with sodium nitroprusside (SNP, 107°-10"3Mm)
in precontracted vessels. Concentration-response curves to
noradrenaline (10 8-10"*M) and Ang II (10 °-10"%M) were
performed to evaluate vascular contractility.

Vessels were then deactivated by perfusion with Ca®*-free
PSS containing 10mM ethylene glycol tetraacetic acid
(EGTA) for 30 min and vascular morphology was evaluated
by measuring lumen and media thickness at 45 mm Hg as
described previously (Intengan and Schiffrin, 2001). Media
cross-sectional area (MCSA) was evaluated as described
previously (Iglarz et al., 2003).

Immunohistochemistry

Immunohistochemistry was performed on sections of aorta
as described previously (Amiri et al., 2004). Briefly, paraffin-
embedded 5 pum sections were rehydrated and endogenous
peroxidase activity was quenched by incubation in phos-
phate-buffered saline containing 3% hydrogen peroxide
(Fisher Scientific, Fair Lawn, NJ, USA) and were stained with
hematoxylin-eosin. Media and lumen dimensions were
quantified by imaging (Northern Eclipse program, EMPIX
Imaging Inc, Mississauga, ON, Canada).

Vascular NAD(P)H oxidase activity

Nicotinamide adenine dinucleotide phosphate (NAD(P)H)
oxidase activity was assessed in mesenteric arteries using
lucigenin enhanced chemiluminescence as described pre-
viously (Virdis et al., 2004).

NF«B activation assay

Proteins were extracted from frozen tissue as described above
(Amiri et al., 2004). Thereafter, NFxB activation was quanti-
fied by using TransAM kit (Active Motif, Carlsbad, CA, USA)
to measure activated p50 subunit of nuclear factor-xB (NF«xB)
as described previously (De Ciuceis et al., 2005).

Western blotting

Proteins were extracted from previously frozen tissue as
already described (De Ciuceis et al., 2005). Thereafter,
samples were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred to nitro-
cellulose membranes, and incubated with specific antibody
to VCAM-1 (Santa Cruz Biotechnology, Santa Cruz, CA,
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USA). Signals were revealed with chemiluminescence, visua-
lized autoradiographically and subsequently membranes
were stripped (Pierce Biotechnology, Rockford, IL, USA) and
re-probed with f-actin (Sigma Chemicals) to verify equal
loading. Optical density of bands was quantified by AlphaEase
(Alpha Innotech Corporation, San Leandro, CA, USA), and
expressed as arbitrary units of VCAM-1/f-actin ratio.

Data analysis

Results are means+s.e.m., with » indicating the number
of animals. Comparisons between groups for physiological
parameters, day 7 of BP data, vascular morphological
characteristics, NAD(P)H oxidase activity and vascular
inflammation (NFxB activation and VCAM-1 expression)
were analyzed by one-way analysis of variance (ANOVA)
followed by Newman-Keuls post hoc test. Dose-response
curves to ACh were analyzed by one-way repeated-measures
ANOVA followed by Newman-Keuls post hoc test and role
of oxidative stress data (obtained with L-NAME alone or in
combination with vitamin C) was assessed by two-way
ANOVA followed by Newman-Keuls test. P<0.05 was
considered as statistically significant.

Results

Physiological characteristics

Mean BP was significantly increased (P<0.001) by 7 days
of Ang II infusion, compared with controls (Figure 1). This
increase in mean BP was unaffected by fenofibrate or
rosiglitazone (1 or 2mgkg 'day ') alone but was slightly
lowered, albeit not significantly, when fenofibrate and
rosiglitazone were administered concomitantly.

No differences in body weight were observed among
groups (Table 1). Ang II induced cardiac hypertrophy
(assessed by heart-to-body weight ratio, Table 1), which was
prevented only when the 2mgkg~'day ' dose of rosiglita-
zone was coadministered with the PPARa activator, feno-
fibrate, and not by the lower dose of rosiglitazone
(1mgkg 'day!) alone (Table 1). There were no differences
in plasma cholesterol and triglycerides between control and
Ang Il-infused rats (Table 1). Plasma cholesterol was
significantly reduced in all groups receiving fenofibrate
(P<0.01). Plasma triglycerides were significantly decreased
by all doses of fenofibrate and rosiglitazone (Table 1). Plasma
glucose did not change significantly in any group (Table 1).

Arterial structure

Ang Il-induced increase in the MCSA of aorta was not
affected by PPARx and PPARy activators administered alone
or in combination (Table 2). Ang II caused a significant
increase in the media-to-lumen (M/L) ratio of mesenteric
resistance arteries compared with control rats. The combina-
tion of fenofibrate and rosiglitazone (1 or 2mgkg 'day ')
reduced the M/L ratio of resistance arteries whereas no
effects were observed when either drug was given individu-
ally (Table 2).
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Function of resistance arteries

Vasodilatation to ACh was significantly impaired (P<0.01)
in rats receiving Ang II compared with control rats (Figure 2).
Although 1mgkg 'day™! rosiglitazone treatment alone
improved but did not completely prevent endothelial
dysfunction, the latter was completely prevented with the
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Figure 1 Radio-telemetry analysis of mean BP over 7 days. Values
are means+s.e.m., n=6 animals per group. Mean BP shown in (a)
are from rats treated with saline (Ctrl), Anq Il, fenofibrate (Feno) and
different combinations of 2mgkg ™" day~ of rosiglitazone (Rosi-2).
Mean BP shown in (b) are from rats treated with saline (Ctrl), Ang Il,
Feno and different combinations of 1 mgkg ™" day™"' of rosiglitazone
(Rosi-1). *P<0.05 Ang Il vs CTRL, Rosi-2 4 Feno and Ang + Rosi-2 +
Feno on day 7; "P<0.05 Ang Il vs. CTRL and Rosi-1 + Feno on day 7
(one-way ANOVA followed by Newman—Keuls test).

2mgkg ! day ! dose of rosiglitazone (Figure 2). Administra-
tion of both PPARwo and PPARy activators together prevented
Ang Il-induced endothelial dysfunction. Endothelium-
independent relaxation responses to sodium nitroprusside
(SNP) were similar in all groups (data not shown).

In Ang Il-infused rats, the inhibitory effect exerted by
the NOS inhibitor L-NAME on ACh (maximal ACh dose,
724+ 17% relaxation; with L-NAME, inhibition of 41 +18%,
with 30+7% remaining relaxation) was significantly lower
than that in all other groups (ACh, 110 +4% relaxation; with
L-NAME, 96+ 7% inhibition, 14 +4% remaining relaxation,
Figures 2 and 3), which indicates the presence of more
available NO in all other groups than in Ang II-infused rats.
L-NAME inhibition of ACh-induced relaxation was exagger-
ated (more NO) by individual PPARx and PPARy activation,
and more prominently (albeit not significantly) when both
agents were administered in combination (Figure 3), indicat-
ing that these agents increased NO bioavailability. Vitamin C
administration significantly improved the response to
ACh in Ang Il-infused rats (by 65+12%, P<0.01) and
restored the inhibitory effect of L-NAME (from 30+7
to 76+13% inhibition; 11+3% remaining relaxation,
Figure 3). As observed with L-NAME, the effect of vitamin
C on ACh-induced relaxation was improved by PPAR«
and PPARy activation whether alone or in combination
(data not shown).

Vascular NAD(P)H oxidase activity

NAD(P)H oxidase activity in mesenteric arteries was sig-
nificantly increased (P<0.01) in Ang II-infused compared
with control animals (Figure 4). This increase was prevented
by either 2mgkg ' day ! rosiglitazone administered alone
or combined with fenofibrate, but was unaffected by
rosiglitazone 1mgkg 'day ' administered alone or in
combination with fenofibrate (Figure 4).

Vascular inflammation

Ang II-induced activation of NFxB in mesenteric arteries and
aorta compared with control rats (Figure 5a and b). Vascular
NFxB activation was unaffected by fenofibrate. NFxB activa-

Table 1 Physiological parameters and plasma cholesterol and triacylgylcerol of all experimental groups
Parameter CTRL Ang Il Ang Il Ang Il Ang Il Rosi-2 Ang Il Ang Il Rosi-1

+ Rosi-2 + Feno + Rosi-2 + Feno + Feno + Rosi-1 + Rosi-1 + Feno + Feno
BW (g) 25145 243+8 228+3 236+6 23145 225+10 23246 23345 239+8
HW (mg) 887+36 992+43 926+27 924+10 987 +34 846+27 936+35 946+ 34 872425
RHW (mgg~') (x100) 35349 4094137 406+11° 392+8° 380+10 378+ 11 4044122 406+11° 367+10
Plasma cholesterol (M) 1.6+0.1 1.6+0.1 1.7+0.1 1.240.1° 1.4+40.1° 1.240.1°  1.5+0.1 1.340.1° 1.140.1°
Plasma triglycerides (M) 1.6+0.2 1.440.1 0.7+0.1° 0.9+0.1¢ 0.5+0.1¢ 0.6+0.1° 0.9+0.1¢ 0.7+0.1¢ 0.6+0.1¢
Plasma glucose (M*) 121+0.4 11.840.6 10.8+0.5 12.4+0.6 13.6+0.8 12.6+1.0 11.3+0.7 13.34+0.8 12.14+0.6

Abbreviations: BW, body weight; CTRL, control; Feno, fenofibrate; HW: heart Weight; RHW, relative HW.

Rosi-2 and Rosi-1, rosiglitazone 2mgkg ' -day '

Values are means+s.e.m.

and 1mgkg "' day ', respectively.

*Plasma glucose was measured in samples that had been snap-frozen and stored at —80°C.

#P<0.05 vs CTRL, Rosi-2 + Feno, Rosi-1 + Feno.
PP<0.01 vs Ang + Rosi-2, Ang Il, CTR.
‘P<0.01 vs CTRL, Ang II; one-way ANOVA followed by Newman—Keuls test.
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Table 2 Morphological characteristics of aorta and mesenteric resistance arteries

Parameter CTRL Ang Il Ang Il Ang Il Ang I+ Rosi-2 ~ Rosi-2 Ang Il Ang I+ Rosi-1  Rosi-1
+ Rosi-2 + Feno + Feno + Feno + Rosi-1 + Feno + Feno
Aorta (histology)
Lumen, (um) ( x 10%) 124403 13.0+£0.2 13.0+0.2 13.8+0.3 14.5+0.7 13.4+04 11.840.3 13.7+0.7 13.9+0.4
Media, (um) 97.7+3.6 127.5+10.3%120.6+5.9133.14+6.2" 1253+7.4 104.0+0.9 125.0+3.8" 117.34+5.6 95.8+3.2
M/L, % 79403 9.8+0.7" 9.340.5% 9.6+04" 8.6+0.2 7.840.3 10.5+0.2° 8.9+0.1 6.940.1
MCSA, (um?) (x 10% 46.2+1.3 56.8+4.4° 531+1.1° 57.6+1.5° 53.1+1.0° 47.8+1.6 52.9+1.2° 529+1.2° 47.0+1.8
Mesenteric arteries (myograph)
Lumen (um) 234+18  205+13 254+13 245+24 250+19 267+15 236+9 252+13 249+19
Media, (um) 19.9+0.5 225408 23.5+1.3 20.5+23 248+1.6 21.0+2.2 220+1.1 227+1.0 17.2+2.7
M/L (%) 81409 10.7+0.5* 8.6+0.7 7.9+0.6 9.24+1.3 7.240.7 93104 9.24+0.6 71411
MCSA, (um?) (x 103) 17.6+1.2 169+13 203+1.4 19.1+40 21.1+1.1 19.3+£2.6 18.0+1.3 19.6+1.1 141+2.0

Abbreviations: CTRL, control; Feno, fenofibrate; MCSA: media cross-sectional area; M/L, media-to-lumen ratio.

Rosi-2 and Rosi-1, rosiglitazone 2mgkg ™' day ™'

Values are means+s.e.m.
?P<0.05 vs CTRL, Rosi-2 + Feno and Rosi-1 + Feno.
PP<0.05 vs CTRL; two-way ANOVA followed by Newman-Keuls test.
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Figure 2 Endothelial function in mesenteric resistance arteries.
Concentration-response curves to acetylcholine (ACh). Relaxation
responses are % increase in lumen after noradrenaline precontrac-
tion. Values are means+s.e.m., n=5-6 animals/group. Concentra-
tion response curves shown in (a) are from rats treated with saline,
Ang I, fenofibrate (Feno) and different combinations of
2mgkg 'day™' of rosiglitazone (Rosi-2). Concentration response
curves shown in (b) are from rats treated with saline, Ang I,
fenofibrate (Feno) and different combinations of 1mgkg ="' day~' of
rosiglitazone (Rosi-1). *P<0.05 vs Ang+ Feno, Ang + Rosi-1, Rosi-
2 +Feno and Rosi-1+Feno; "P<0.01 vs CTRL (one-way repeated-
measures ANOVA followed by Newman—Keuls test).
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Figure 3 Role of oxidative stress in ACh-induced relaxation.
Inhibition exerted by L-NAME on maximal relaxing response of
mesenteric resistance arteries to ACh in the absence (saline, white
bars) and in the presence of vitamin C (black bars). Values are
means+s.e.m., n=6—7 animals per group. *P<0.05 vs saline of all
other groups; "P<0.05 vs saline Ang Il (two-way ANOVA followed
by Newman—Keuls test).

tion in Ang Il-infused animals was prevented by rosiglita-
zone 2mgkg 'day ' administered alone or combined with
fenofibrate, but was unaffected when rosiglitazone 1mg
kg 'day' was given alone or combined with fenofibrate
(Figure 5a and b).

VCAM-1, a downstream target of NFxB, was significantly
increased in the vasculature following Ang II infusion (Figure
Sc and d). Increased expression of VCAM-1 in Ang II-infused
rats was prevented by rosiglitazone 2mgkg ' day ! adminis-
tered alone or with fenofibrate but was unaffected by
rosiglitazone 1mgkg 'day ' alone or with fenofibrate
(Figure 5c and d).
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Discussion and conclusions

PPARx and PPARy activators may possess pleiotropic vascular
beneficial effects unrelated to insulin sensitization or lipid
lowering. With the recent clinical interest in dual PPARay
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activators (Mulvany, 2002; Chakrabarti et al., 2003; Nissen
et al., 2005), the importance of these potent agents in
cardiovascular conditions such as hypertension requires
further clarification. In the present study, we tested whether
low doses of PPAR« and PPARy activators, when administered
together, would prevent development of hypertension,
vascular remodeling, endothelial dysfunction and vascular
oxidative stress/inflammation of resistance arteries in Ang II-
infused rats as we have previously found with full doses of
either PPARx (Diep et al., 2002a) or PPARy agonists (Diep
et al., 2002b) given individually.

Our in vivo study demonstrates for the first time that
combined administration of low doses of PPARx and PPARy
activators was as, or even more, beneficial than individual
administration of PPARo or PPARy activators on the com-
bined endpoint of vascular remodeling, oxidative stress and
vascular inflammation induced by Ang II. We opted to use
lower doses of PPARa or PPARy activators than in our
previously published studies (Diep et al 2002a, b) because of
their potential for additive or even synergistic pleiotropic
effects when used in combination. The beneficial effects of
dual PPAR« and PPARy activation were obtained with a small
but significant reduction of Ang Il-induced BP increase.
Furthermore, the PPARy activator rosiglitazone at the
2mgkg 'day~! dose combined with the PPARu activator
fenofibrate (30mgkg ' day '), prevented all of the Ang II-
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Figure 5 NF«B activity (a and b) and VCAM-1 expression (c and d) in mesenteric arteries and aorta, respectively, of all groups. Top panels are
representative blots, whereasile bottom panels are values represented as means+s.e.m., n=6-8 animals per group. *P<0.01 vs controls, Rosi-
1+ Feno and Rosi-2 + Feno; TP<0.05 vs. Ang Il; P<0.05 vs controls (one-way ANOVA followed by Newman-Keuls test).
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induced vascular effects, whereas an even lower dose of
rosiglitazone (1 mgkg 'day™') combined with fenofibrate
was only partially effective, affecting only endothelial
function and mesenteric artery VCAM-1 expression.

Vascular changes in hypertension are associated with
humoral and mechanical factors that modulate signaling
events, resulting in abnormal function, media growth,
extracellular matrix deposition and inflammation (Intengan
and Schiffrin, 2001; Mulvany, 2002). Ang II-mediated effects
on the vasculature are well established and include impaired
endothelial function, increased generation of ROS through
the activation of NAD(P)H oxidase, and induction of
proinflammatory molecules (Schiffrin and Touyz, 2003).
Our findings extend our previous results showing beneficial
effects of PPAR«z and PPARy activators administered alone on
the deleterious effects of Ang II on vascular tissue, including
improvement of impaired endothelial function, reduced ROS
generation and inflammation (Diep et al 2002a,b), by
demonstrating an additive or even synergistic effect of
combined low doses of PPARx and PPARy activators.

As expected, both PPAR activators had beneficial effects
on plasma cholesterol and triglyceride levels, which were
unaltered by Ang II infusion as, documented previously
(Diep et al., 2002a, b). On the other hand, no effects
on glucose control could be demonstrated in this study in
non-diabetic rats.

Ang II induced vascular hypertrophy of both aorta and
mesenteric resistance arteries as demonstrated by increased
M/L ratio and/or MCSA (Virdis et al., 2002). Both PPARx and
PPARy agonists inhibit Ang II-stimulated vascular growth, as
suggested by in vitro studies (Kintscher et al., 2002; Benkirane
et al., 2006a). At reduced doses, PPARx and PPARy activators
completely prevented vascular remodeling of mesenteric
resistance vessels only when administered in combination.
The effect on aorta was only partial, suggesting hetero-
geneous effects of PPAR activators on these vessels with their
different structure and function. Differential regulation of
these vascular beds is in agreement with our previous results
with rosiglitazone on vascular Ang II signaling (Benkirane
et al., 2006b).

Ang Il-treated rats exhibited impaired endothelial function
in mesenteric resistance vessels as demonstrated by reduced
relaxation to ACh but normal response to SNP (Diep et al.,
2002b). Correction of endothelial dysfunction by rosiglita-
zone alone or in combination with fenofibrate, suggests that
even at low doses, PPARx and PPARy activators have additive
effects that allow them to prevent hypertension-induced
endothelial dysfunction and supports the use of these agents
in combination (Diep et al., 2002a, b; Nissen et al., 2005).
NO-induced relaxation was impaired in Ang Il-infused rats
and the inhibitory relaxation response to L-NAME was
restored when vessels were co-incubated with vitamin C
suggesting that reduced NO bioavailability was possibly
owing to increased oxidative stress (Kintscher et al., 2002;
Virdis et al., 2003). All combinations and doses of PPAR«x
and PPARy agonists were able to prevent the impairment of
vascular relaxation induced by Ang II (Halabi and Sigmund,
2005; Schiffrin, 2005). As both PPAR« and PPARy activators
elicited slight effects on the lipid profile, this could
contribute in a minor way to the improvement of endothe-
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lial function. However, treatment with the combination of
both PPARx and PPARy agonists resulted in greater beneficial
effect on vascular damage than individual administration,
despite similar lipid-lowering effects.

Vascular NAD(P)H oxidase activity was enhanced follow-
ing Ang II infusion and this increase was prevented only in
animals treated with the higher dose of rosiglitazone alone
or in combination with fenofibrate while the lower dose of
rosiglitazone was ineffective, in agreement with our previous
results with higher doses of these agents given alone (Diep
et al., 2002a, b). These findings extend those of Dobrian et al.
who demonstrated that administration of glitazones attenu-
ates the activation and expression of NAD(P)H oxidase
subunits (Dobrian et al., 2004).

In addition to their metabolic effects, both PPARx and
PPARy activators have anti-inflammatory actions on the
vasculature (Diep et al., 2002a, b). We investigated whether
combined low-dose PPAR«/y activation would have inhibi-
tory effects on Ang Il-induced vascular inflammation.
Indeed, Ang Il-activated vascular NFxB and its downstream
regulated adhesion molecule, VCAM-1, were attenuated
more effectively by the combination of fenofibrate with
rosiglitazone at the higher dose of rosiglitazone
(2mgkg'day™!) than the lower dose (1mgkg 'day!).
The anti-inflammatory effects of PPARy have been attributed
in part to its ability to negatively modulate inflammatory
cytokine expression by interacting with a receptor for the
CCAAT/enhancer-binding protein (C/EBP)-9, which is pre-
sent in tandem repeats in the PPARy gene promoter and
is responsible for transcription of inflammatory cytokines
(Takata et al., 2002). As for PPARq, it interferes with the
inflammatory response by antagonizing NF«xB signaling by
several mechanisms, such as the formation of inactive p65
complexes and induction of IkB«, a major inhibitor of NFxB
signaling (Poynter and Daynes, 1998; Delerive et al., 1999).
As with vascular remodeling, we found differential effects
of PPARx and PPARy activators on aorta and mesenteric
resistance arteries. Although PPAR« activation alone had
the ability to decrease NFxB activity in mesenteric arteries,
it was unable to do so in aorta, further demonstrating the
heterogeneous effects of PPAR activators on these vessels
with different structure and function. Differential regulation
of these vascular beds is in agreement with our previous
results with rosiglitazone on Ang II signaling (Benkirane
et al., 2006b). Thus, both PPAR« and PPARy have the ability
in the present study to improve vascular function and
inflammation at doses that were ineffective in lowering BP.
Furthermore, these effects could not be solely attributed to
their metabolic actions. These findings indicate that the
association of combined low-dose PPARx and PPARy activa-
tors is beneficial which would appear to contradict recent
findings with the dual PPAR«/y activator muraglitazar, which
was found to be associated with major adverse effects on
cardiovascular events in type II diabetic patients (Nissen
et al., 2005). Such deleterious actions may not be common to
all dual PPAR«/y activators, as suggested by other investiga-
tors (Fagerberg et al.,, 2005; Verreth et al., 2006). More
recently, Zadelaar et al. (2006). showed that another dual
PPARa/y activator tesaglitazar, reduced atherosclerotic lesions
and vascular inflammation by decreasing NF«B activity in
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the vascular wall Zadelaar et al. (2006). Thus, depending
on the relative proportion of PPARx and PPARy activator
effects within each dual activator, side effects may vary. We
previously showed that PPAR« or PPARy activators adminis-
tered alone protected against hypertension-induced vascular
damage (Diep et al 2002a,b; Iglarz et al., 2003; Benkirane
et al., 2006b). Consequently, we have here a proof of concept
demonstrating that the beneficial cardiovascular effects of
dual PPARx and PPARy activation can be achieved when they
are administered concomitantly at low doses in a non-
diabetic experimental paradigm representing elevated cardio-
vascular risk. Most dual agents have very potent PPARo«
action. It may be preferable to take advantage of the
synergistic/additive effect demonstrated in the present work
and combine low doses of PPARx and PPARy activators,
which could be given to high-risk vascular patients, even in
the absence of dyslipidemia, type II diabetes or the metabolic
syndrome, in order to reduce cardiovascular risk. It is hoped
that these low doses may avoid the interaction of fibrates
with statins, which most patients would probably be
receiving according to current guidelines, and the glycemic
effects, fluid retention and body weight increase that occur
with full doses of PPARy agonists. This concept is supported
by Seber et al. (2006) who showed that concomitant
administration of rosiglitazone and fenofibrate improved
metabolic parameters of type II diabetic patients. We hereby
suggest that the present data should be translated into
randomized clinical trials of the combination of low doses of
a fibrate and a glitazone in high-risk cardiovascular patients
independently of dyslipidemia or impaired glucose metabo-
lism to establish whether indeed improved cardiovascular
outcomes may result from using this combination for
vascular protection.

In summary, the present study provides the first in vivo
evidence of beneficial effects of combined administration of
PPARx and PPARy activators at low doses to prevent vascular
changes induced by a hypertensive dose of Ang II. These
effects were associated with prevention of remodeling,
endothelial dysfunction, oxidative stress generation and
inflammation in the vasculature. Our findings suggest that
dual activation of PPARo and PPARy may be potentially
beneficial in the prevention of hypertension-induced cardio-
vascular damage, and by using low doses of each activator,
might result in a reduced side effect profile, which remains to
be demonstrated. Translating these findings to patients may
have important clinical significance, especially in high-risk
vascular patients who do not have metabolic abnormalities
requiring the use of these agents, yet who may benefit from
the vasoprotective effects of PPARx and PPARy activators.
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