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a b s t r a c t

Endothelial dysfunction plays a key role in the pathogenesis of diabetic vascular disease. Herein, we

have analyzed if the peroxisome proliferator-activated receptor-b/-d (PPARb/d) agonist GW0742 exerts

protective effects on endothelial function in type 1 diabetic rats. The rats were divided into 4 groups:

control, control-treated (GW0742, 5 mg kg�1 day�1 for 5 weeks), diabetic (streptozotocin injection),

and diabetic-treated. GW0742 administration in diabetic rats did not alter plasma glucose, systolic

blood pressure, or heart rate, but reduced plasma triglyceride levels. The vasodilatation induced by

acetylcholine was decreased in aortas from diabetic rats. GW0742 restored endothelial function,

increasing eNOS phosphorylation. Superoxide production, NADPH oxidase activity, and mRNA expres-

sion of prepro endothelin-1, p22phox, p47phox, and NOX-1 were significantly higher in diabetic aortas,

and GW0742 treatment prevented these changes. In addition, GW0742 prevented the endothelial

dysfunction and the upregulation of prepro endothelin-1and p47phox after the in vitro incubation of

aortic rings with high glucose and these effects were prevented by the PPARb/d antagonist GSK0660.

PPARb/d activation restores endothelial function in type 1 diabetic rats. This effect seems to be related

to an increase in nitric oxide bioavailability as a result of reduced NADPH oxidase-driven superoxide

production and downregulation of prepro endothelin-1.

& 2012 Elsevier Inc. All rights reserved.
Introduction

Endothelial dysfunction plays a key role in the pathogenesis of
diabetic vascular disease and is an independent risk factor of bad
cardiovascular prognosis [1–3]. It has been suggested that ele-
vated plasma glucose, LDL cholesterol, and reactive oxygen
species (ROS) occurring in diabetes are causally involved in the
development of this dysfunction [4,5]. Thus, endothelium- and
nitric oxide (NO)-dependent relaxation may be impaired in
ll rights reserved.
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diabetes by an excess generation of the ROS superoxide (O2
�)

which inactivates NO [2]. Increased levels of O2
� are mainly

attributable to NADPH oxidase activation within the vascular
system [3,6–8], and/or to a decrease in antioxidant defense
mechanisms, such as superoxide dismutase (SOD) [9,10].

The peroxisome proliferator-activated receptors (PPARs) PPARa,
PPARb/d, and PPARg are members of the nuclear hormone receptor
superfamily. PPARs were initially believed to regulate genes
involved only in lipid and glucose metabolism [11]. However,
multiple evidence suggests that activation of PPARa or PPARg
may exert cardiovascular protective effects beyond their metabolic
effects [12] including a reduction in blood pressure [13,14],
reduced generation of ROS and proinflammatory mediators [14],
and restoration of endothelial function [15–18]. Interestingly,
PPARa and PPARg are downregulated in diabetic states and this
was associated with an increased expression of prepro endothelin-
1 (ppET-1) mRNA which may trigger endothelial dysfunction [15].
In addition, PPAR-g activators may prevent the deleterious ET-1-
dependent proinflammatory vascular effects in hypertension [19].

Activation of the ubiquitously expressed PPARb/d also exhibits
anti-inflammatory properties in the vessel wall by inhibiting the
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expression of vascular cell adhesion molecule-1 (VCAM-1) and
monocyte chemoattractant protein-1 (MCP-1) [20]. The PPARb/d
agonist GW0742 reduced atherosclerosis in LDL receptor knockout
(LDLR-/-) mice [21], and substantially attenuated angiotensin
II-accelerated atherosclerosis and the associated arterial inflam-
matory and atherosclerotic gene expression [22]. Moreover,
GW0742 improved endothelial function in aortas from sponta-
neously hypertensive rats (SHR), which may be related to an
interference with the intracellular signaling pathway induced by
angiotensin II in the vascular wall [23]. Acute PPARb/d activation
also protected the kidney against ischemia/reperfusion injury in
diabetic rats [24], and chronic PPARb/d activation inhibited strep-
tozotocin (STZ)-induced diabetic nephropathy through anti-inflam-
matory mechanisms [25], without altering blood glucose levels.

Notably, the potential protective effects on endothelial func-
tion of PPARb/d activation have not been tested in an animal
model of type 1 diabetes. We hypothesized that the highly
selective PPARb/d agonist GW0742 [26] would improve endothe-
lial function in STZ-induced diabetic rats.
Material and methods

Animals and experimental groups

The experimental protocol followed the European Union
guidelines for animal care and protection. Male Wistar rats,
280–320 g in weight, were maintained at a constant temperature
(2471 1C), with a 12-h dark/light cycle and on standard rat chow.
The animals were randomized to four experimental groups:
untreated control group (vehicle, 1 ml of 1% methylcellulosa),
untreated diabetic (vehicle), GW0742-treated control group
(5 mg kg�1 per day, mixed in 1 ml of 1% methylcellulose, by oral
gavage), and GW0742-treated diabetic group. Diabetic rats
received a single injection via tail vein of STZ (50 mg kg�1

dissolved in a citrate buffer at pH, 4.5). Age-matched control rats
were injected with the buffer alone. Three days after STZ injec-
tion, blood glucose levels were determined in 18 h fasted rats
using an Accu-Check Aviva glucometer (Roche Diagnostics S.L.,
Barcelona, Spain). Rats with blood glucose levels of 200 mg dl�1

or above [27] and polyuria were considered to be diabetic.
GW0742 treatment was started 3 day after STZ or citrate buffer
injection, and the treatment continued for 5 weeks. GW0742 is a
highly potent and selective PPARb/d agonist with an EC50 value of
50 nmol/L for PPARb/d. The plasma concentration of GW0742 was
not determined in the present study; however, it has been shown
that mice treated with 1 and 10 mg/kg GW0742 for 4 weeks
showed plasma concentrations of 440.7 and 2270 nmol/L, respec-
tively [22], and LDLR-/- mice treated with 6 mg/kg for 16 weeks
showed concentrations in the range of 805–1250 nmol/L [21].
Notably, the plasma concentration of the ligand at the 5 mg/kg
dose would be expected to specifically activate PPAPb without any
cross-reactivity with other PPAR isoforms because the expected
levels (o2210 nmol/L) are bellow the reported EC50 values for
murine PPARa (8900 nmol/L) and PPARg (410,000 nmol/L) [21].
During the experimental periods rats had free access to tap water
and chow. Body weight was measured every week. Systolic blood
pressure (SBP) was measured every week in conscious rats by tail-
cuff plethysmography [28].

Cardiac and renal weight indices, and plasma determinations

At the end of the experimental period, 18 h fasting animals
were anesthetized with 2.5 ml/kg equitensin (ip) and blood was
collected from the abdominal aorta. The heart and kidneys were
excised, cleaned, and weighed. The atria and the right ventricle
were then removed and the remaining left ventricle was weighed.
The cardiac, left ventricular, right ventricular, and renal weight
indices were calculated by dividing the heart, left ventricle, and
kidney weight by the body weight. The Fulton index was
calculated by dividing the right ventricular weight by the left
ventricular plus septum weight. Plasma glucose, triglycerides,
HDL, and total cholesterol concentrations were measured by
colorimetric methods using Spinreact kits (Spinreact, S.A., Spain).
Vascular reactivity studies

Descending thoracic aortic rings (3 mm) and the third
branch of the mesenteric artery (1.7–2 mm) were dissected from
animals and were mounted in organ chambers and in a wire
myograph (Model 610M, Danish Myo Technology, Aarhus, Den-
mark), respectively, filled with Krebs solution as previously
described [29]. After equilibration, aortic rings were contracted
by phenylephrine to obtain similar precontraction among groups
(10�6 mol/L in control and both GW0742-treated groups and 3 �
10�7 mol/L in diabetic group) and concentration–relaxation
response curves to acetylcholine (ACh) (10�9–10�5 mol/L) were
performed by cumulative addition in the absence or presence of
the NO synthase (NOS) inhibitor NG-nitro-L-arginine methyl ester
(L-NAME, 10�4 mol/L). The concentration–relaxation response
curves to sodium nitroprusside (10�9–10�5 mol/L) were per-
formed in the dark in rings without endothelium precontracted
by 10�6 mol/L Phe. In some rings, a concentration–response curve
to phenylephrine (10�9–10�5 mol/L) was carried out by cumula-
tive addition of the drug. The relaxant responses to ACh were also
studied in intact-small mesenteric artery precontracted by phe-
nylephrine (10�5 mol/L) in control or L-NAME-treated segments,
or precontracted to KCl 80 mmol/L.

In another set of experiments, endothelium intact aortic rings
were mounted in an organ bath, filled with normal Krebs solution.
After testing the functionality of endothelium with ACh, rings
were incubated in low (5 mmol/L) or high (44 mmol/L) glucose
Krebs solution [30] for 6 h with or without PPARb/d agonists,
GW0742 (10�6 mol/L) or L165041 (10�6 mol/L), and with or
without prior (1 h) incubation with the PPARb/d antagonist,
GSK0660 (10�6 mol/L). Then, after washing the preparation, the
relaxant responses to ACh were studied in phenylephrine pre-
contracted rings. Then, these rings were frozen (�80 1C) until
quantitative RT-PCR analysis.
In situ detection of vascular ROS production

Unfixed thoracic aortic rings were cryopreserved (phosphate
buffer solution 0.1 mol/L, PBS, plus 30% sucrose for 1–2 h),
included in optimum cutting temperature compound medium
(Tissue-Tek; Sakura Finetechnical, Tokyo, Japan), frozen (�80 1C),
and 10-mm cross sections were obtained in a cryostat (Microm
International Model HM500 OM). Sections were incubated for
30 min in Hepes-buffered solution containing dihydroethidium
(DHE, 10�5 mol/L), counterstained with the nuclear stain 4,6-
diamidino-2-phenylindole dichlorohydrate (DAPI, 3�10�7 mol/L),
and in the following 24 h examined on a fluorescence microscope
(Leica DM IRB, Wetzlar, Germany). Sections were photographed
and ethidium and DAPI fluorescence was quantified using ImageJ
(version 1.32j, NIH, http://rsb.info.nih/ij/). ROS production was
estimated from the ratio of ethidium/DAPI fluorescence [28]. In
preliminary experiments, before incubation with DHE, serial sec-
tions were treated with either the O2

� scavenger tiron (10 mM), or
pegylated superoxide dismutase (PEG-SOD, 250 U ml�1) for
30 min at 37 1C.

http://rsb.info.nih/ij/
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NADPH oxidase activity

The lucigenin-enhanced chemiluminescence assay was used to
determine NADPH oxidase activity in intact aortic rings, as pre-
viously described [4]. Aortic rings from all experimental groups
were incubated for 30 min at 37 1C in Hepes-containing physiologi-
cal salt solution (pH 7.4) of the following composition (in mmol/L):
NaCl 119, Hepes 20, KCl 4.6, MgSO4 1, Na2HPO4 0.15, KH2PO4 0.4,
NaHCO3 1, CaCl2 1.2, and glucose 5.5. Aortic production of O2

� was
stimulated by addition of NADPH (100 mmol/L). Rings were then
placed in tubes containing physiological salt solution, with or
without NADPH, and lucigenin was injected automatically at a final
concentration of 5�10�6 mol/L to avoid known artifacts when used
at a higher concentration. NADPH oxidase activity was determined
by measuring luminescence over 200 s in a scintillation counter
(Lumat LB 9507, Berthold, Germany) in 5-s intervals and was
calculated by subtracting the basal values from those in the
presence of NADPH. Vessels were then dried, and dry weight was
determined. NADPH oxidase activity is expressed as relative lumi-
nescence units (RLU) per minute per milligram dry aortic tissue.

Immunohistochemical analysis

Unfixed thoracic aortic rings sections, included in optimum
cutting temperature compound media, were incubated with a
sodium citrate buffer (10 mM sodium citrate and 0,05% Tween 20,
pH 6) at 95 1C for 20 min to retrieve the antigens. Endogenous
peroxidase activity was inhibited with 1% H2O2 in PBS for 20 min.
CD68 staining was performed using an anti-CD68 (EDI, 1:500
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
InmunoCruz mouse ABC Staining System (Santa Cruz Biotechnol-
ogy). Sections were counterstained with hematoxylin.

Myeloperoxidase activity assay

Myeloperoxidase (MPO) activity was measured in frozen aorta,
homogenized, and centrifuged. Pellets were resuspended and
subjected to three cycles of freezing and thawing prior to a final
centrifugation step. The supernatants generated were assayed in
triplicate for MPO activity using kinetic readings over 6 min at
460 nm (10 ml sample with 90 ml reaction buffer containing
50 mM potassium phosphate buffer, 0.167 mg ml�1 of odianisi-
dine dihydrochloride and 0.0006% H2O2). The results are
expressed as MPO units per gram of wet tissue.

Western blotting analysis

Aortic homogenates were run on a sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis. Proteins were transferred
Table 1
Oligonucleotides for real-time RT-PCR.

mRNA targets Descriptions

p47phox p47phox subunit of NADPH oxidase

p22phox p22phox subunit of NADPH oxidase

caveolin-1 caveolin-1

eNOS Endothelial nitric oxide synthase

Actb Beta actin

PDK-4 pyruvate dehydrogenase kinase, isozyme 4

CPT-1 carnitine palmitoyltransferase 1

NOX-1 NOX-1 subunit of NADPH oxidase

NOX-4 NOX-1 subunit of NADPH oxidase

ppET-1 Prepro-endotelin-1

PPAR-a peroxisome proliferator-activated receptor alpha

PPAR-b/-d peroxisome proliferator-activated receptor beta/delta

PPAR-g peroxisome proliferator-activated receptor gamma
to polyvinylidene difluoride membranes (PVDF), incubated with
primary monoclonal mouse anti-eNOS, rabbit antiphospho-eNOS
(Ser 1177), anti-caveolin-1(Transduction Laboratories, San Diego,
CA, USA), rabbit polyclonal antiphospho-caveolin-1 (Tyr14), mono-
clonal mouse anti-p22phox, monoclonal mouse anti-NOX-2 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), polyclonal rabbit anti-
p47phox (Upstate Cell Signaling, Temecula, CA, USA), or polyclonal
rabbit anti-NOX-1 (Novus Biologicals, Cambridge, UK) antibodies
overnight and with the corresponding secondary peroxidase-con-
jugated antibodies. Antibody binding was detected by an ECL system
(Amersham Pharmacia Biotech, Amersham, UK) and densitometric
analysis was performed using Scion Image-Release Beta 4.02 soft-
ware (http://www.scioncorp.com) [23,28]. Samples were reprobed
for expression of smooth muscle a-actin.
Reverse transcriptase–polymerase chain reaction (RT-PCR) analysis

Total RNA was extracted from aorta by homogenization and
converted to cDNA by standard methods. Polymerase chain reaction
was performed with a Techgene thermocycler (Techne, Cambridge,
UK). A quantitative real-time RT-PCR technique was used to analyze
mRNA expression of PPARa, PPARg, PPARb/d, and PPARb/d-target
genes, such as PDK4 and CPT-1, caveolin-1, eNOS, p22phox, p47phox,
NOX-1, NOX-4, and ppET-1. The sequences of the sense and
antisense primers used for amplification are described in Table 1.
Quantification was performed using the DDCt method. The house-
keeping gene b-actin was used for internal normalization.
Drugs

GW0742 was purchased by Tocris Bioscence (Bristol, UK). All
other drugs used were obtained from Sigma (Alcobendas, Madrid,
Spain). All drugs and chemicals were dissolved in distilled
deionized water.
Statistical analysis

Results are expressed as means7SEM of measurements.
Statistical differences were determined by one-way analysis
followed by a post hoc Bonferroni’s test for multiple comparisons.
Individual cumulative concentration–response curves were fitted
to a logistic equation. The maximal drug effect (Emax) and the
negative log molar drug concentration producing 50% of the Emax

(� log IC50 or � log EC50) were calculated from the fitted curves
for each ring. Po0.05 was considered significant.
Sense Antisense

ATGACAGCCAGGTGAAGAAGC CGATAGGTCTGAAGGCTGATGG

GCGGTGTGGACAGAAGTACC CTTGGGTTTAGGCTCAATGG

TCTACAAGCCCAACAACAAGG AGGAAAGAGAGGATGGCAAAG

ATGGATGAGCCAACTCAAGG TGTCGTGTAATCGGTCTTGC

AATCGTGCGTGACATCAAAG ATGCCACAGGATTCCATACC

AGGTCGAGCTGTTCTCCCGCT GCGGTCAGGCAGGATGTCAAT

TTCACTGTGACCCCAGACGGG AATGGACCAGCCCCATGGAGA

TCTTGCTGGTTGACACTTGC TATGGGAGTGGGAATCTTGG

ACAGTCCTGGCTTACCTTCG TTCTGGGATCCTCATTCTGG

CTCGCTCTATGTAAGTCATGG GCTCCTGCTCCTCCTGATG

TGTGACTGGTCAAGCTCAGG CTTCCGGAACTCTCCTCTCC

CATTGAGCCCAAGTTCGAGT GGTTGACCTGCAGATGGAAT

AAGAACCATCCGATTGAAGC CCAACAGCTTCTCCTTCTCG

http://www.scioncorp.com
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Results

Effects of GW0742 on blood pressure, morphological variables, and

plasma determinations

The plasma glucose and triglyceride levels were higher in
diabetic rats while plasma HDL cholesterol levels, SBP, and HR were
similar in diabetic compared to nondiabetic. Long-term GW0742
administration did not alter the levels of glucose, SBP, and HR, but
reduced plasma triglyceride levels in diabetic rats and produced a
not significant change in HDL cholesterol levels (Table 2).

Body weight was lower and heart weight/body weight, right
ventricular weight/body weight, and kidney weight/body weight
were higher in diabetic as compared to nondiabetic rats. The
Fulton index, i.e., the right ventricular weight relative to left
ventricular plus septum weight, an index of right ventricular
hypertrophy was significantly increased in diabetes. Treatment
with GW0742 lowered the right heart hypertrophy without
affecting body weight, heart weight/body weight, and kidney
weight/body weight (Table 3).

Effects of GW0742 on PPAR and PPARb/d-target genes in aorta

The gene expression of PPARa (Fig. 1A), PPARg (Fig. 1B), and
PPARb/d (Fig. 1C) was reduced, unchanged and increased, respec-
tively, in the aorta from diabetic as compared with control rats.
Chronic treatment with GW0742 increased mRNA of PPARb/d in
diabetic rats without affecting the expression of PPARa and
PPARg. In diabetic control rings the mRNA levels of two well-
known PPARb/d-target genes, pyruvate dehydrogenase kinase 4
(PDK4, Fig. 1D) and carnitine palmitoyltransferase 1 (CPT-1,
Fig. 1E), were higher than in nondiabetic rats. As expected, the
PPARb/d agonist significantly increased the expression of both
genes in diabetic rats.

GW0742 prevents endothelial dysfunction in diabetic rats

Aortas from diabetic rats showed significant reduced endothe-
lium-dependent vasodilator responses to ACh (considered as an
index of endothelial function) as compared with aortas from the
Table 2
Systolic blood pressure (SBP), heart rate (HR), and plasma determinations in all experi

Group Control (n¼10) Control-treate

SBP initial (mm Hg) 15773 15574

SBP final (mm Hg) 15874 15775

HR initial (bpm) 429712 415716

HR final (bpm) 397716 410720

Cholesterol (mg/dl) 54.373.4 58.274.6

Triglycerides (mg/dl) 67.375.7 43.475.7

HDL (mg/dl) 41.772.8 43.973.6

Glucose (mg/dl) 115.877.4 130.776.0

Values are expressed as mean7SEM of n rats. nPo0.05 and yPo0.01 diabetic vs cont

Table 3
Body and organ weights and cardiac and renal indices.

Groups BW final (g) HW (mg) RVW (mg) KW (mg) H

Control 33376 721717 16474 750715 2

Control-treated 31774 715712 15875 745712 2

Diabetic 247727y 603755n 158719 822741n 2

Diabetic-treated 254718 635733 13877 883728 2

BW, body weight; HW, heart weight; RVW, right ventricle weight; KW, kidney weight,

rats. nPo0.05 and yPo0.01 diabetic vs control; zPo0.05 GW0742-treated diabetic vs
control group (Fig. 2A). The analysis of the concentration–
response curve indicated that diabetes induced a change in the
maximal relaxant response (Emax values were 6974 and 8774%
in the diabetic and control groups, respectively, Po0.01) without
significant changes in the concentration of ACh required for half-
maximal relaxation (� log IC50 values were 6.9670.18 and
7.2970.08 in the diabetic and control groups, respectively,
P40.05). GW0742 produced a significant increase in the maximal
relaxation induced by ACh in diabetic rats (Emax 8673%, Po0.01
vs diabetic group), being without effect in nondiabetic control rats
(Emax 8573%). The concentration–response curve to the a-adre-
noceptor agonist phenylephrine showed an increased maximal
response in the diabetic group compared with the control one
(Fig. 2B, Emax 1.3070.14 vs 0.8470.10 g/g tissue, respectively,
Po0.05) without changes in the concentration of the vasocon-
strictor required for half-maximal activation (� log EC50 values
were 6.8870.06 and 6.8170.06 in the diabetic and control
groups, respectively, P40.05). GW0742 treatment prevented
the increase in the maximal vasoconstrictor response to pheny-
lephrine in diabetic rats (Emax¼0.9270.13 g/g tissue) without
affecting control rats (Emax¼0.8270.09 g/g tissue).

In mesenteric arteries precontracted with phenylephrine
(10�5 mol/L) the concentration–relaxation curves to ACh were
shifted to the right in arteries from diabetic rats compared to
those from nondiabetic controls (� log IC50 7.5970.12 vs
7.1470.11, respectively, Po0.05), but the Emax was not different
and complete relaxation of Phe-induced contraction was achieved
in both groups. GW0742 significantly restored the ACh-induced in
diabetic rats (� log IC50 7.4870.07, Po0.05) being without effect
in nondiabetic controls (� log IC50 7.5870.12, Po0.05, Fig. 2C).
Role of endothelium-derived relaxing factors in the vascular effects of

GW0742

In mesenteric arteries, the NOS inhibitor L-NAME (10�4 mol/L)
produced a significant rightward shift of ACh-induced relaxation
in both diabetic and control rats (data in Fig. 2D vs Fig. 2C).
However, in the presence of this inhibitor, rings from diabetic
animals were still significantly more resistant to relax in response
to ACh and GW0742 treatment failed to restore this impaired
mental groups.

d (n¼8) Diabetic (n¼8) Diabetic-treated (n¼8)

16475 15673

15375 15674

445720 412711

426734 426743

68.774.2 75.2710

103.9714.7n 68.1711.8z

38.472.5 48.273.9

206.3728.4y 225.3723.6

rol; zPo0.05 GW0742-treated diabetic vs nontreated diabetic rats.

W/BW mg/g) RVW/BW (mg/g) RV/(LVþS) (mg/mg) KW/BW(mg/g)

.1770.03 0.4970.01 0.29670.006 2.2670.03

.2570.05 0.4970.01 0.29170.007 2.3570.06

.4770.11n 0.6670.09n 0.36370.045n 3.4470.24y

.5470.13 0.5670.04 0.27970.009z 3.5970.31

LVþS, left ventricle plus septum. Values are expressed as mean7SEM of n¼8–10

nontreated diabetic rats.



Fig. 1. Effects of GW0742 on PPAR and PPARb/d-target genes in aorta. mRNA levels of PPARa (A), PPARg (B), PPARb/d (C), pyruvate deshydrogenase kinase 4 (PDK4) (D),

and carnitine palmitoyltransferase 1 (CPT-1) (E) in nondiabetic and diabetic aortas. Results are shown as mean7SEM, derived from 8 to 10 separate experiments.
nPo0.05, diabetic vs control; #Po0.05, GW0742-treated vs its respective untreated group.

Fig. 2. Effects of GW0742 on endothelial function. Vascular relaxant responses induced by acetylcholine (ACh) in aortas (A) precontracted by phenylephrine (Phe), and

contractile responses induced by Phe (B) in nondiabetic and diabetic rats. Vascular relaxant responses induced by ACh in mesenteric arteries precontracted by 10�5 mol/L

Phe in the absence (C) and presence (D) of L-NAME (10�4 mol/L) and relaxant responses induced by ACh in mesenteric arteries precontracted by 80 mmol/L KCl (E) in

nondiabetic and diabetic rats. Values are expressed as mean7SEM (n¼8–10 rings from different rats). n Po0.05 and nnPo0.01 indicate, respectively, diabetic vs control.
# Po0.05 and ##Po0.01 indicate, respectively, GW0742-treated diabetic vs nontreated diabetic rats.

A. M. Quintela et al. / Free Radical Biology and Medicine 53 (2012) 730–741734
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NO-independent relaxant response (Fig. 2D). When mesenteric
arteries where precontracted by 80 mmol/L KCl, which depo-
larizes vascular smooth muscle and suppresses the effect of
endothelium-derived hyperpolarizing factor (EDHF) [31], the Emax

induced by ACh was strongly reduced as compared to Phe-
precontracted rats (data in Fig. 2E vs Fig. 2C). This relaxation
was abolished be L-NAME (data not shown). In KCl-stimulated
arteries, the concentration–relaxant curve to ACh was also shifted
to the right in diabetic as compared to control rats (� log IC50

7.6770.06 vs 7.2070.14, respectively, Po0.01), with similar
Emax values (36.077.1 vs 40.472.4, respectively, P40.01)
(Fig. 2E). Chronic GW0742 restored the impaired NO-mediated
relaxant responses to ACh in KCl-precontracted mesenteric
arteries from diabetic rats, increasing also the Emax (� log IC50

7.4170.06 and Emax 57.273.4).
In aorta, the relaxant response induced by ACh was fully

inhibited by L-NAME in all experimental groups (Fig. 3A), show-
ing that in this vessel ACh-induced relaxation in both control and
diabetic rats was entirely dependent on endothelium-derived NO.
Moreover, when the rings were incubated previously with the NO
synthase inhibitor L-NAME, no differences were found among all
experimental groups in the concentration–contractile response
induced by phenylephrine in intact aortic rings (Fig. 3B). To
analyze whether the impaired response to endothelial-derived
NO is due to a reduced bioavailable NO or due to a defect in the
signaling of NO in vascular smooth muscle, we analyzed the
effects of nitroprusside, which directly activates soluble guanylyl
cyclase in vascular smooth muscle, mimicking the effects of
endogenous NO. The endothelium-independent vasodilator
responses to nitroprusside were not different among groups
(Fig. 3C). Endothelial NO synthase (eNOS, Fig. 3D and E) and
caveolin-1 (Fig. 3F and G), an allosteric negative regulator of
eNOS, gene, and protein expression in the aorta, were markedly
Fig. 3. Effects of GW0742 on the NO pathway in the rat aorta. Vascular relaxant res

phenylephrine (B) in the presence of L-NAME (10�4 mol/L). Relaxation induced by sodi

expressed as mean7SEM (n¼8–10 rings from different rats). Expression of eNOS (D an

by Western blot (E and G) in control and diabetic rats. Results are shown as mean7S

values protein band normalized to the corresponding a-actin. Panels show representat
higher in diabetic rats as compared with control animals.
GW0742 did not affect the gene or protein expression of either
eNOS (Fig. 3D and E) or caveolin-1 (Fig. 3F and G). We also found
lower levels of phosphorylation of eNOS and caveolin-1 in
diabetic animals as compared to control rats (Supplementary
Fig. 1). GW0742 increased the levels of phosphorylation in protein
in diabetic rats and also increased eNOS phosphorylation in
control animals.

Effects of GW0742 on ROS and NADPH oxidase

To characterize and localize ROS levels within the vascular
wall, ethidium red fluorescence was analyzed in sections of aorta
incubated with DHE. Positive red nuclei could be observed in
adventitial, medial, and endothelial cells from sections of aorta
incubated with DHE (Fig. 4A). Staining was almost abolished by
the O2

� scavenger tiron and PEG-SOD (Fig. 4A). Nuclear red
ethidium fluorescence was quantified and normalized to the blue
fluorescence of the nuclear stain DAPI, allowing comparisons
between different sections. Rings from diabetic rats showed
marked increased staining in adventitial, medial, and endothelial
cells as compared with WKY rats which was significantly reduced
by GW0742 (Figs. 4A and B).

Since NADPH oxidase is the major source of ROS in the
vascular wall, we investigated the effect of GW0742 on NADPH
activity and gene expression of the main subunits in aorta from all
experimental groups. NADPH oxidase activity was increased in
aortic rings from diabetic as compared with control rats (Fig. 4C)
and this was prevented by chronic treatment with GW0742.
Significant mRNA overexpression of the NADPH oxidase subunits
p22phox (Fig. 4D and H), p47phox (Fig. 4E, I), NOX-1 (Figs. 4F and J)
was detected in rings from diabetic as compared to control rats
without changes in NOX-4 mRNA (Fig. 4G) and NOX-2 protein
ponses induced by acetylcholine (ACh) (A) and contractile responses induced by

um nitroprusside (SNP) (B) in aortas precontracted by 10�6 mol/L Phe. Values are

d E) and caveolin-1 (F and G) at the level of mRNA by RT-PCR (D and F) and protein

EM, derived from 8 to 10 separate experiments. Data presented as densitometric

ive bands (n¼4–6). nPo0.05, diabetic vs control.



Fig. 4. Effects of GW0742 on ROS production and NADPH oxidase pathway. (A) Left pictures show arteries incubated in the presence of DHE which produces a red

fluorescence when oxidized to ethidium by ROS. Right pictures show blue fluorescence of the nuclear stain DAPI (�400 magnification). Before incubation with DHE, serial

sections were treated with pegylated superoxide dismutase (PEG-SOD, 250 U ml�1) for 30 min. (B) Averaged values, mean7SEM (n¼8–10 rings from different rats), of the

red ethidium fluorescence normalized to the blue DAPI fluorescence. NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence (C) (n¼6–10), and

expression of NADPH oxidase subunits p22phox (D, H) and p47phox (E, I), NOX-1 (F, J), NOX-4 (G), and NOX-2 (K) at the level of mRNA by RT-PCR (D, E, F, and G) and protein

by Western blot (H, I, J, and K) in nondiabetic and diabetic rats. Data presented as a ratio of arbitrary units of mRNA (2-DDCt) or densitometric protein band normalized to

the corresponding a-actin. Results are shown as mean7SEM, derived from 9 to 10 rings. n Po0.05 and nnPo0.01 indicate, respectively, diabetic vs control. # Po0.05 and
## Po0.01 indicate, respectively, GW0742-treated diabetic vs nontreated diabetic rats.
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(Fig. 4K). Again, GW0742 treatment reduced mRNA overexpres-
sion of these subunits in diabetic rats.
Effects of GW0742 on macrophage infiltration

We analyzed the MPO activity in aortic tissue homogenates
as a marker of neutrophil and macrophage infiltration. MPO
activity was similar in all experimental groups (Supplementary
Fig. 2A). Immunohistochemistry to CD68-positive macrophages
also demonstrated no macrophages infiltration in aorta from all
experimental groups (Supplementary Fig. 2B).

Effects on ET-1

ET-1 plays an important role in the endothelial dysfunction
seen in diabetic state, and PPARs normalizes this dysfunction by
improving the abnormal ET-1 system [17]. In order to determine
if there is a relationship between PPARb/d and ET-1 in vascular
wall, we investigated the expression of ppET-1 mRNA after



Fig. 5. Effect of GW0742 on mRNA expression of ppET-1. mRNA levels of ppET-in

nondiabetic and diabetic aortas. Results are shown as mean7SEM, derived from

8 to 10 separate experiments. nn Po0.01, diabetic vs control. ## Po0.01, GW0742-

treated diabetic vs nontreated diabetic rats.

Fig. 6. Effects of GW0742 on endothelial dysfunction induced by high glucose in aortic

rings contracted by 10-5 mol/L phenylephrine after 6 h of incubation in vitro in low (5 m

mmol/L) and in the absence (A) or the presence (B) of the PPARb/d antagonist GSK0660 (1

Values are expressed as mean7SEM (n¼8–10 rings from different rats). n Po0.05 and nn

glucose vs nontreated high glucose arteries. y Po0.05, GSK0660 plus GW0742-treated v
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GW0742 treatment. The expression of ppET-1 mRNA was
increased in diabetic rats and this increase was completely
normalized by chronic GW0742 treatment (Fig. 5).
Role of the PPARb/d in endothelial dysfunction induced by High

glucose in vitro

To further analyze the involvement PPARb/d activation on the
protective effects of GW0742 in endothelial function a series of
experiments were carried out in aortic rings incubated in vitro in
low (5 mmol/L) or high (44 mmol/L) glucose medium for 6 h in
the presence or the absence of GW0742 (1 mmol/L) and/or the
PPARb/d antagonist GSK0660 (1 mmol/L). Aortas incubated with a
high concentration of glucose exhibited a significantly weaker
relaxation to ACh than aortas incubated under low glucose
conditions (Fig. 6A). The same concentration of mannitol
(5 mmol/L glucoseþ39 mmol/L mannitol) had no effect on the
endothelium-dependent relaxation to ACh (not shown), indicat-
ing that the high glucose damage was not due to a hyperosmotic
effect. Coincubation with the PPARb/d ligand GW0742 had no
effect on the relaxant responses to ACh in low glucose medium,
but increased this relaxant response under high glucose condi-
tions (Fig. 6A). Previous incubation with GSK0660 did not modify
the relaxation to ACh under low or high glucose conditions, but
prevented the increase induced by GW0742 in high glucose
rings in vitro. Vascular relaxant responses induced by acetylcholine (ACh) in aortic

mol/L, LG) or high (44 mmol/L, HG) glucose medium with or without GW0742 (1

mmol/L). Effect of GW0742 on mRNA expression of ppET-1 (C) and and p47phox (D).

Po0.01 indicate, respectively, high vs low glucose. # Po0.05, GW0742-treated high

s GW0742-treated.
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medium (Fig. 6B). Moreover, the mRNA ppET-1 (Fig. 6C) and
p47phox (Fig. 6D) upregulation induced by high glucose was also
suppressed by GW0742, and this protective effect was abolished
by coincubation with GSK0660.
Discussion

Our study provides the first evidence that chronic treatment
with the highly selective PPARb/d agonist GW0742 restores the
endothelium-dependent relaxation in aorta and small mesenteric
arteries in type 1 diabetes. We chose the well established model
of type 1 diabetes induced by STZ which shows: (1) an impair-
ment of ACh-induced endothelium-dependent relaxation in sev-
eral vascular beds [1,4,5,9,15,17,32,33], (2) reduced production of
NO [6,34], and cGMP [1,17], (3) defective vascular response to
EDHF in resistance arteries [31,35] (4) an increment in the
generation of O2

� [6,9,17,32–34], and (5) decreased expression
of the mRNAs for PPAR-a and PPAR-g and increased mRNA
expression for PPARb/d in the aorta [15].

We previously found that GW0742 had a beneficial effect in
endothelial function in SHR, which was related to improved
glucose tolerance, increased HDL, and a direct effect in the
vascular wall, reducing O2

� production stimulated by angiotensin
II [23]. In diabetic rats, the plasma lipids and glucose concentra-
tions are increased [5,6,15,17,32],present results. In the present
study GW0742 reduced plasma triglycerides without affecting
plasma glucose and total cholesterol and with a borderline
significant increase in HDL levels. Since, high triglycerides [36]
and low HDL [37] are associated with impaired endothelial
function, the changes induced by GW0742 in these parameters
could account for the improved endothelial function in diabetic
rats. However, most diabetic complications result from the
increased plasma glucose and the increased generation of ROS,
which may in turn lead to endothelial dysfunction [9,38]. More-
over, in our study, GW0742 also prevented both the endothelial
dysfunction and the upregulation of ppET-1 and p47phox induced
by high glucose in vitro, suggesting that both hyperglycemia and
GW0742 exert direct effects in the vascular wall, independent of
changes in lipid levels. In addition, these protective effects
induced by GW0742 seem to be related to PPARb/d activation
since they were suppressed by the PPRAb antagonist GSK0660.
Furthermore, we found that chronic GW0742 increased the
vascular expression of two well-known PPARb/d-target genes,
PDK4, which suppresses glucose oxidation by its inhibitory effects
on the pyruvate deshydrogenase complex leading to an increase
in fatty acid utilization, and CPT-1, which is involved in fatty acid
b-oxidation [39]. The in vitro studies in isolated aortic rings are
problematic because of the exceedingly high concentration of
glucose used (44 mM), much higher than levels reached in vivo in
STZ-diabetic rats. It is difficult to know to what extent the
changes seen in vitro in arteries incubate in high glucose during
a 6 h replicate those obtained in vivo in chronic diabetic animals.

Several studies from different laboratories have demonstrated
that blood pressure is altered in animal models of diabetes.
However, the results have not been consistent, since increase
[16], decrease [40], and no change [41] in blood pressure have
been described. The reasons for this discrepancy are not clear, but
such variability is generally attributed to differences in the
diabetogen used, the sex, species, and/or strain of the animals,
the animal breeder, the duration of the hyperglycemia, and/or the
blood pressure-measuring techniques and the experimental con-
ditions. In the present study SBP was similar in STZ-diabetic rats
than in the age-matched controls, and was unaltered by PPARb/d
activation, an observation supported by previous reports showing
that GW0742 treatment does not influence SBP in normotensive
rats [42], but reduced blood pressure in hypertensive animals
[23]. Pulmonary artery endothelial dysfunction, elevated pulmon-
ary arterial pressure, and the subsequent right ventricular hyper-
trophy have been found in rats treated with STZ [33,43]. In the
present study we also found right ventricular hypertrophy in
diabetic rats, which was reduced by chronic GW0742 treatment,
suggestive of improved pulmonary artery function. This is con-
sistent with the therapeutic benefit of GW0742 in pulmonary
arterial hypertension in a rat model of chronic hypoxia [42].

The contribution of vasoactive factors to the endothelial
regulation of blood vessel tone varies depending on the vessel,
age, sex, and animal species. In the rat aorta, NO is the major
factor accounting for endothelium-dependent relaxation [44] as
denoted by the full inhibitory action of L-NAME in this study.
Thus, the diminished ACh-induced relaxation indicates an
impaired agonist-induced NO bioactivity. Moreover, the increased
contractile response to phenylephrine in the aorta from diabetic
rats was suppressed by the presence of L-NAME, indicating that
basal NO bioactivity was also impaired in the aorta from diabetic
rats. Chronic GW0742 treatment prevented the altered responses
to ACh and phenylephrine observed in diabetic aortas, indicating
a protective role of this drug on both basal and agonist-induced
NO bioactivity.

In mesenteric arteries both NO and EDHF contribute to
endothelium-dependent relaxation while COX derived metabo-
lites do not play any apparent role [2,35,45]. This is consistent
with the inhibitory effects of the NOS inhibitor L-NAME and high
K (standard pharmacological tools to inhibit NO and EDHF,
respectively) in this study. ACh-induced relaxation is also reduced
in mesenteric arteries from diabetic rats [46],presentresults, but
the mechanisms involved are controversial. Thus, a selective
impairment of the NO [45] or the EDHF [35] pathways or both
simultaneously [47] has been reported. The present results,
showing that in the presence of either L-NAME or high K the
residual vasodilatations were still reduced in diabetes, are con-
sistent with the view that both pathways are impaired. Chronic
GW0742 enhanced ACh relaxation in the absence or in the
presence of high K in mesenteric arteries. In contrast, this
PPARb/d agonist had no effect after eNOS inihibition, indicating
that it preserves the NO but does not affect the EDHF component
of ACh-induced vasodilation.

Activation of endothelium- and NO-dependent pathways by
ACh to induce relaxation requires: (1) Ca2þ-dependent activation
of eNOS in endothelial cells leading to NO synthesis, (2) NO
diffusion to the adjacent smooth muscle cells, (3) NO-induced
activation of soluble guanylyl cyclase leading to cyclic GMP
synthesis, and (4) activation of protein kinase G. All these steps
in the signaling pathway of NO in systemic vessels have been
reported to be impaired by high glucose in vitro and/or in type
1 and type 2 diabetes in vivo [3,34,48]. In the present study, the
relaxant response to the activator of soluble guanylyl cyclase
nitroprusside was similar in aorta from control and diabetic rats,
treated or untreated with GW0742, indicating that alterations in
the latter two steps noted above do not seem to contribute to
endothelial dysfunction in diabetes or its prevention by GW0742.
Thus, the functional changes observed in endothelium-dependent
relaxation in the diabetic aorta should be attributed to an
alteration in NO synthesis or its bioavailability. On the other
hand, changes in the expression of eNOS in STZ-diabetic rats are
controversial. Thus, increased, unchanged and decreased expres-
sion of eNOS in different systemic vessels has been reported
[6,17,34,48]. Our data show that both mRNA and protein levels of
eNOS were upregulated in aorta from diabetic animals compared
with controls. However, the increase in its negative allosteric
regulator caveolin-1 might collaborate to explain the reduced
NO production found by others in diabetic aortic rings [6,34].
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Again, GW0742 was unable to change eNOS and caveolin-1
expression. We also found lower levels of phosphorylation of
eNOS and caveolin-1 in diabetic animals as compared to control
rats. GW0742 increased the levels of phosphorylation in protein
in diabetic rats and also increased eNOS phosphorylation in
control animals. Increased eNOS phosphorylation would be
involved in increased NO production. Moreover, activation of
eNOS promotes Src-dependent caveolin-1-Tyr14 phosphorylation
and eNOS/caveolin-1 binding, that is, eNOS feedback inhibition
[49]. In our experiments, when the bioavailability of NO is
limited, as occurs in diabetic rats, the levels of phospho-caveo-
lin-1 are also lower as compared to control. GW0742, which
increased NO in diabetic animals, also increased caveolin-1
phosphorylation.

A key mechanism of endothelial dysfunction involves the
vascular production of ROS, particularly O2

� , which reacts rapidly
with and inactivates NO [50]. A considerable body of evidence
suggests that the impairment of endothelium-dependent relaxa-
tion seen in diabetes involves inactivation of NO by O2

� [2,3,10]. In
aorta from diabetic rats incubated with DHE there was a marked
increase in red fluorescence. DHE can react with O2

� and other
cellular oxidants to generate the two fluorescent products
2-hydroxyethidium and ethidium, respectively [51]. Whether
the red fluorescence derived from 2-hydroxyethidium or ethi-
dium cannot be fully ascertained. However, the inhibitory effect
of the O2

� scavengers tiron and PEG-SOD suggests that the
primary source of oxidant stress is likely to be O2

� . Chronic
GW0742 abolished this increase in diabetic animals. The NADPH
oxidase, a multienzymatic complex formed by gp91phox or its
vascular homologous NOX-1 and NOX-4, rac, p22phox, p47phox,
and p67phox, is considered the major source of O2

� in the vascular
wall. Accumulating evidence suggests that vascular NADPH oxi-
dase is the main source of increased ROS by high glucose in vitro
[52], in animal models of diabetes [6,33] and in diabetic
patients [7]. We found a marked increase in mRNA of p22phox,
p47phox, and NOX-1, associated with a significant increase in the
NADPH oxidase activity in aortas from diabetic rats, and also an
increase in p47phox in the aortic ring incubated under high
glucose conditions. GW0742 inhibited the upregulation of these
subunits and the increase in NADPH oxidase activity in diabetic
animals and had no effect in control rats. Dysregulation of eNOS
activity under conditions associated with oxidative stress has also
been related to eNOS uncoupling through loss of tetrahydrobiop-
terin [53]. Thus, it could be possible that the primary site of
regulation is not the smooth muscle layer but the endothelium
where NOX-2 in fact might also be dysregulated. However, we
found no significant changes in NOX-2 protein expression in aorta
from all experimental groups, excluding this possibility. Taken
together the results suggest that the reduction of O2

� derived from
NADPH oxidase activity in vascular wall, and the subsequent
prevention of NO inactivation, constitute the main mechanism
involved in its protective effects on endothelial function.

Previous reports have involved ET-1 in the development of O2
�

production and endothelial dysfunction in diabetic rats. This is
based on the following facts: (1) the plasma ET-1 levels are
increased in STZ-induced diabetic rats, most likely due to an
overexpression of the mRNA for ppET-1 [31,54], (2) the over-
production of ET-1 seen in STZ-induced diabetes results from the
hyperglycemia, not from any increase in LDL cholesterol or
triglyceride [40], (3) the increased expression of p22phox mRNA
observed in STZ-induced diabetic rats is completely prevented by
the chronic administration of J-104132 (a potent orally active
mixed antagonist of ETA and ETB receptors) [32], and (4) pro-
longed treatment with ET-1 impairs endothelial function in the
aorta both in nondiabetic rats and in rats with established STZ-
induced diabetes, an effect that may be related to O2

� generation
[17,55]. In the present study, we also found an overexpression of
the mRNA for ppET-1 in the STZ-induced diabetic aorta, which was
suppressed by chronic GW0742. Downregulation of PPARa and
PPARg in the aorta contributes, through the ET-1 system, to the
endothelial dysfunction seen in STZ-diabetic rats. In fact, chronic
administration of bezafibrate (a PPARa agonist) to STZ-induced
diabetic rats increased the expression PPARa and PPARg, normal-
ized both the mRNA for ppET-1 and the plasma concentration of
ET-1, while improving endothelium-dependent relaxation [15].
Similarly, chronic pioglitazone (a PPARg agonist) normalizes this
dysfunction by improving the abnormal ET-1 system [17]. In our
paper, GW0742, which increased PPARb/d, but not PPARa or PPARg
expression in aorta, also normalized ppET-1 expression, indicating
that PPARb/d activation could also regulate vascular ET-1 produc-
tion. Moreover, the upregulation of ppET-1 induced by high
glucose in vitro was abolished by GW0742 in a PPARb/d-depen-
dent manner, since this effect was also suppressed by the PPARb/d
GSK0660. Thus, our results suggest that GW0742 normalizes
diabetic endothelial dysfunction by improving the abnormal ET-1
system. However, other changes in diabetes, including increased
local and systemic production of angiotensin, increased protein
kinase C activity, decreased SOD, increased production of mito-
chondrial ROS, etc., have also been suggested to increase NADPH
oxidase activity and/or ROS production. The potential contribution
of these other factors and possible effects of GW0742 have not
been established here.

In conclusion, our study demonstrates that in established STZ-
diabetic rats, chronic PPARb/d treatment improves endothelium-
dependent relaxation, essentially by preserving the NO-mediated
component. This protective effect may be attributable to a
decrease in the vascular ET-1 level, reducing oxidative stress by
normalizing NADPH oxidase subunit expression. We believe that
our findings should stimulate further interest in PPARb/d agonists
as potential therapeutic drugs against diabetes-associated vascu-
lar disease.
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guez-Gómez, I.; Zarzuelo, A.; Gálvez, J.; Tamargo, J.; Pérez-Vizcaı́no, F.;
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