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Lisardo Boscá, PhD, José Vivancos, MD, PhD, Florentino Nombela, MD, Juan C. Leza, MD, PhD,

Pedro Lorenzo, MD, PhD, Ignacio Lizasoain, MD, PhD, and Marı́a A. Moro, PhD

Abstract
Some agonists of the peroxisome proliferator-activated receptor g

(PPARg) belonging to the thiazolidinedione (TZD) family, as well as

the cyclopentenone prostaglandin 15-dPGJ2, have been shown to

cause neuroprotection in animal models of stroke. We have tested

whether the TZD-unrelated PPARg agonist L-796,449 is neuro-

protective after permanent middle cerebral artery occlusion (MCAO)

in the rat brain. Our results show that L-796,449 decreases MCAO-

induced infarct size and improves neurologic scores. This protection

is concomitant to inhibition of MCAO-induced brain expression of

inducible NO synthase (iNOS) and the matrix metalloproteinase

MMP-9 and to upregulation of the cytoprotective stress protein heme

oxygenase-1 (HO-1). Analysis of the NF-kB p65 monomer and the

NF-kB inhibitor IkBa protein levels as well as gel mobility shift

assays indicate that L-796,449 inhibits NF-kB signaling, and that it

may be recruiting both PPARg-dependent and independent pathways.

In summary, our results provide new insights for stroke treatment.
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INTRODUCTION
The inflammatory cascade triggered by the ischemic

injury, in both the occluded blood vessels and brain paren-
chyma, is an important feature of the pathophysiological
response to the ischemic injury. Therefore, anti-inflammatory
strategies may be a useful therapy for treatment of acute stroke,
one of the leading causes of death and disability worldwide
but whose acute therapeutic management is limited to
thrombolysis.

The peroxisome proliferator-activated receptors (PPAR)
are ligand-dependent nuclear transcription factors, belonging
to the nuclear hormone receptor superfamily of nuclear
receptors, that have been implicated in diverse biologic pro-
cesses such as early development, cell proliferation, differen-
tiation, apoptosis, lipid and glucose metabolism, and cancer
(1–5). Several members of this family have been described
such as PPARa, PPARg, and PPARd. PPARg agonists have
been shown to inhibit proinflammatory and inflammatory
mediators such as iNOS and MMP9 and NFkB signaling (6, 7)
and to exert antiinflammatory effects in several settings, in-
cluding the central nervous system (reviewed in [8–10]).
Compounds belonging to the thiazolidinedione (TZD) family
such as pioglitazone, troglitazone, and rosiglitazone, known to
activate PPARg, have been shown to possess neuroprotective
properties in animal models of stroke. Such effects seem to be
mediated through antiinflammatory as well as antioxidant
mechanisms (11–13). Another PPARg agonist, the endogenous
cyclopentenone prostaglandin 15-deoxy-D12,14-prostaglandin J2

(15d-PGJ2), is also neuroprotective after experimental stroke
(11); in addition, increased plasma 15d-PGJ2 concentration
has been associated with good neurologic outcome and smaller
infarct volume after atherothrombotic ischemic stroke in
humans, suggesting a neuroprotective effect of 15-dPGJ2 in
this setting (14).

Because antiinflammatory actions of the TZD-unrelated
PPARg synthetic agonist L-796,449 (3-chloro-4-(3-(3-phenyl-
7-propylbenzofuran-6-yloxy) propylthio) phenyl acetic acid)
have been demonstrated in macrophages (15), we have decided
to investigate its effects on stroke outcome in a rodent model
of cerebral ischemia by permanent occlusion of the middle
cerebral artery (MCAO).

MATERIALS AND METHODS

Materials
L-796,449 was donated by Merck Sharp Dohme (Rahway,

NJ). The other reagents were obtained from Sigma (Madrid,
Spain) or as indicated in the text.

Animals
Adult male Fischer rats weighing approximately 250 g

were used. Rats were housed individually under standard con-
ditions of temperature and humidity and a 12-hour light/dark
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cycle (lights on at 8:00 AM) with free access to food and water.
All experimental protocols adhered to the guidelines of the
Animal Welfare Committee of the Universidad Complutense
(following DC 86/609/EU and 2003/65/CE).

Middle Cerebral Artery Occlusion
Animals were anesthetized with 1.5% halothane in a

mixture of 70% nitrogen/30% oxygen, and body temperature
was maintained at physiological levels using a heating pad
throughout the surgery procedure and during postsurgery
recovery. Permanent focal cerebral ischemia was induced by
occlusion of the ipsilateral middle cerebral artery (MCA) as
described (16). Rats in which the MCA was exposed but not
occluded served as sham-operated controls (SHAM). After
surgery, subjects were returned to their cages and allowed free
access to water and food.

Experimental Groups
Several groups were used for determinations of infarct

size, neurologic assessment, and determination of biochemical
and molecular parameters: MCAO 10 minutes before an in-
traperitoneal (IP) injection of saline (MCAO; n = 10) or DMSO
(vehicle; 10% in saline; n = 10) and MCAO 10 minutes before
IP injection of the thiazolidinedione-unrelated PPARg agonist
L-796,449 1mg/kg (MCAO 1 L-796,449; n = 10). An addi-
tional group consisted of SHAM-operated animals 30 minutes
before IP injection of saline (SHAM; n = 6). Injection volume
was # 400 mL/250 g body weight. Animals were killed from
1 hour to 7 days after surgery and samples were collected.

Infarct Size
Infarct outcome was assessed 2 and 7 days after the

occlusion with an overdose of sodium pentobarbitone. Ani-
mals were killed and brain was removed and cut into 6 2-mm-
thick coronal slices, which were stained with 1% TTC (2,3,5-
triphenyl-tetrazolium chloride) in 0.1 M phosphate buffer.
Infarct volumes were measured by sampling each side of the
stained sections with a digital camera (Nikon Coolpix 990;
Nikon Corp., Tokyo, Japan), and the image of each section
was analyzed by an image analyzer (Scion Image for Windows
2000; Scion Corp., Frederick, MD). To exclude brain edema
effects, infarct area was corrected by the ratio of the entire area
of the ipsilateral hemisphere to that of the contralateral hemi-
sphere. Infarct volumes (in mm3) were integrated from the
infarct areas over the extent of the infarct calculated as an
orthogonal projection.

Neurological Characterization After Middle
Cerebral Artery Occlusion

Before death, a neurologic test was made by 2 inde-
pendent observers as previously described (17). According to
the test, animals were scored as follows: 0 points, no deficit;
1 point, failure to extend right forepaw fully; 2 points, de-
creased grip of right forelimb while tail pulled; 3 points, spon-
taneous circling or walking to contralateral side; 4 points, walks
only when stimulated with depressed level of consciousness;
and 5 points, unresponsive to stimulation.

Protein Expression in Brain Homogenates
and in Cytosolic and Nuclear Extracts

Rats were killed by an overdose of sodium pentobar-
bitone and ipsilateral cortex was dissected from the MCA
territory corresponding to the infarct and surrounding area. For
determination of iNOS, COX-2, MMP-9, and HO-1 protein
expression levels, rats were killed 18 hours after MCAO.
Brain samples were homogenized by sonication for 10 sec-
onds at 4�C in 4 volumes of homogenization buffer contain-
ing 320 mM sucrose, 1 mM DL-dithiothreitol, 10 mg/mL
leupeptin, 10 mg/mL soybean trypsin inhibitor, 2 mg/mL
aprotinin, and 50 mM Tris brought to pH 7.0 at 20�C with
HCl. The homogenate was centrifuged at 4�C at 12,000 g for
20 minutes and the pellet was discarded.

Cytosolic and nuclear extracts were prepared as described
(18). Determination of p65 was performed in nuclei obtained
from brains of rats killed 1 hour after MCAO, whereas for
PPARg, rats were killed 2 and 18 hours after MCAO. For
IkBa, cytosolic extracts were obtained from brains of rats
killed 5 hours after MCAO.

Determination of Caspase-3 Activity
Caspase-3 activity was determined as an indicator of

apoptosis in brain homogenates. Caspase-3 activity was
measured in a fluorometric assay by measuring the extent of
cleavage of the fluorescent peptide substrate with a commercial
kit (Molecular Probes, Eugene, OR) following the manufac-
turer�s recommendations. The fluorescence of the rhodamine
110-labeled caspase-3 product was determined in a fluores-
cence microplate reader (Fluoroskan Ascent FL; Labsystems,
Helsinki, Finland).

Western Blot Analysis
Laemmli electrophoresis sample buffer was added to

samples containing 30 mg protein and denatured by heating at
94�C for 10 minutes. Proteins were size-separated in 7% SDS-
polyacrylamide gel electrophoresis (120 mA), transferred to
a PVDF membrane (HybondTM-P; Amersham Biosciences
Europe GmbH, Freiburg, Germany), and incubated with spe-
cific primary antibodies against iNOS (Santa Cruz Bio-
technology, Santa Cruz, CA; 1:500), COX-2 (Santa Cruz,
1:1000), MMP-9 (Chemicon, Temecula, CA; 1:2000), HO-1
(Labo; 1:5000, Stressgen Biotechnologies Corp., Victoria, BC,
Canada), p65 (Santa Cruz; 1:1000), and IkBa (Santa Cruz;
1:1000). Proteins recognized by the antibody were revealed
by ECLTM-kit following the manufacturer�s instructions
(Amersham Biosciences Europe GmbH). b-actin and Sp1
levels were used as loading controls for total cytosolic and
nuclear protein expression, respectively.

Gelatin Zymography
Gelatin zymography was performed as previously de-

scribed (19) using 8% SDS-PAGE with copolymerized gelatin
(2 mg/mL). Sample homogenates were subjected to electro-
phoresis. After electrophoresis, gels were washed in 2.5%
Triton X-100 for 1 hour (3 times, 20 minutes each) and
incubated for 24 hours in enzyme assay buffer (25 mM Tris,
pH 7.5, 5 mM CaCl2, 0.9% NaCl, 0.05% Na3N). The
gelatinolytic activities were detected as transparent bands
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against the background of Coomassie blue-stained gelatin.
MMP-9 was identified by its molecular weight when compared
with standards.

Gel Mobility Shift Assays
A complementary 20-nucleotide primer containing the

PPAR response element (PPRE) consensus sequence, corre-
sponding to Acyl CoA oxidase promoter, was used and labeled
with 32P (GGGGACCAGGACAAAGGTCA). For gel shift
analysis, probe and nuclear protein extract were incubated in
a binding buffer. Protein complexes were separated by 5%
nondenaturing polyacrylamide gel electrophoresis. Excess of
unlabeled oligonucleotide was added as competitor in the
nuclear protein-PPRE labeled probe mixture, demonstrating
the binding specificity.

NOx
2 (Nitrite2

2 and Nitrate3
2) Assay

NO release was estimated from the amounts of nitrite
(NO2

2) and nitrate (NO3
2) in brain homogenates. NO3

2 was
calculated by first reducing NO3

2 into NO2
2 in the presence of

Cd and NO2
2 was determined by a colorimetric assay based on

the Griess reaction as described (20).

Statistical Analysis
Results are expressed as mean 6 standard error of mean

of the indicated number of experiments; statistical analysis in-
volved one-way analysis of variance (ANOVA; or the Kruskal-
Wallis test when the data were not normally distributed)
followed by individual comparisons of means (Student-New-
man-Keuls or Dunn�s method when the data were not normally
distributed). p , 0.05 was considered statistically significant.

RESULTS

Effect of L-796,449 on Infarct Outcome after
Permanent Middle Cerebral Artery Occlusion

The administration of the PPARg ligand L-796,449
10 minutes after the occlusion decreased MCAO-induced
infarct size (Fig. 1A) determined 2 and 7 days after the
ischemic injury. The neuroprotective effect of L-796,449 on
infarct areas 2 days after the occlusion is evident in most slices
(Fig. 1B). In addition, the animals treated with this compound
also showed better scores in a neurologic assessment scale
after MCAO (Table).

Moreover, permanent MCAO induced an increase in the
activity of the apoptotic parameter caspase 3 when measured
5 hours but not 18 hours after the occlusion (Fig. 2). The
increase in caspase-3 activity was inhibited in those animals
treated with L-796,449 (Fig. 2).

Effect of L-796,449 on Inducible NO Synthase
and Cyclooxygenase-2 (COX-2) Expression and
Nitrite/Nitrate (NOx

2) Levels After Middle
Cerebral Artery Occlusion

Occlusion of the MCA caused the expression of the
inflammatory enzymes inducible NO synthase (iNOS) and
COX-2 in rat brain, as shown by the levels of these proteins
found 18 hours after the ischemic insult (Fig. 3A, B). The
administration of L-796,449 inhibited MCAO-induced ex-

pression of iNOS but did not affect COX-2 levels at the time
examined (Fig. 3A, B).

Levels of NOx
2 18 hours after MCAO were determined

as an indicator of NO synthesis. Permanent MCAO caused an
increase in brain NOx

2 (379.4 6 9.0 and 815.0 6 8.2 pmol/mg
prot in control and MCAO groups, respectively, n = 5, p ,
0.05), which was decreased by L-796,449 (438.2 6 32.1
pmol/mg prot, n = 5, p , 0.05).

Effect of L-796,449 on Matrix
Metalloproteinase 9 Expression after
Middle Cerebral Artery Occlusion

Occlusion of MCA caused an increase in the protein
levels of matrix metalloproteinase 9 (MMP-9), a matrix

FIGURE 1. Neuroprotective effect of L-796,449 in experimental
stroke. L-796-449 (1 mg/kg) reduces infarct volume (A) and
infarct areas (B) after permanentmiddle cerebral artery occlusion
(MCAO). Data aremean6 standard error of mean, n = 10, *, p,
0.05 versus MCAO (see ‘‘Materials and Methods’’ for details).
Photographs of brain slices from representative experiments.
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metalloproteinase that is induced by and causes damage in
cerebral ischemia. L-796,449 decreased the levels of this
matrix metalloproteinase after experimental stroke (Fig. 3C).
Zymography studies showed that L-796,449 caused a decrease
in the active form of MMP-9, but not in the proform of this
enzyme (Fig. 3D).

Effect of L-796,449 on Heme Oxygenase-1
Expression After Middle Cerebral
Artery Occlusion

Occlusion of the MCA caused the induction of heme
oxygenase-1 (HO-1) when measured 18 hours after the
ischemic insult. The levels of expression of this enzyme were
greater in those animals treated with L-796,449 (Fig. 4).

Effect of L-796,449 on NF-kB Nuclear Levels
After Middle Cerebral Artery Occlusion

As a sign of NF-kB activation, the nuclear levels of its
subunit p65 were determined 1 hour after MCAO. Experi-
mental ischemia caused activation of NFkB as revealed by the
nuclear translocation of the NF-kB subunit p65. MCAO-
induced p65 translocation was decreased in animals treated
with L-796,449 (Fig. 5A).

Effect of L-796,449 on IkBa Cytosolic Levels
After Middle Cerebral Artery Occlusion

Because IkB itself is a NF-kB-dependent gene, late IkB
levels were determined as an indicator of NF-kB transcrip-
tional activity induced after its nuclear translocation. Cytosolic
IkBa levels increased 5 hours after the ischemic insult when
compared with control brains (Fig. 5B). L-796,449 abolished
the increase in IkBa levels induced 5 hours after MCAO.

Expression of PPARg in Nuclear Extracts
after Middle Cerebral Artery Occlusion:
Effect of L-796,449

Western blot analysis showed the presence of PPARg in
nuclear extracts obtained from control animals (Fig. 6A).
MCAO either in the absence or presence of L-796,449 did not
significantly modify the expression of this receptor when
measured 2 and 18 hours after the ischemic insult (Fig. 6A).

Effect of L-796,449 on the Binding of Nuclear
Proteins to the PPAR Response Element

We studied by gel shift analysis whether L-796,449
increased the binding of PPAR isoforms to the PPAR response
element. When studied 2 hours after the MCAO, binding of
nuclear elements to the probe containing the PPRE was
not significantly detected, either in absence or presence of
L-796,449 (Fig. 6B). Eighteen hours after the ischemic insult,
L-796,449 increased the amount of nuclear protein bound to
the PPRE probe (Fig. 6B). The binding was specific as
addition of excess amount of cold oligonucleotide blocked the
binding (Fig. 6B).

DISCUSSION
We have found that a synthetic nonthiazolidinedione

PPARg agonist, L-796,449, significantly improves infarct
outcome after MCAO in rats, as shown by a decrease in
infarct size induced by MCAO and also by an improvement in
the neurologic score of these animals. Our results also
demonstrate that L-796,449 inhibits MCAO-induced expres-
sion of inflammatory mediators such as iNOS and MMP-9
and upregulates HO-1 expression, and that these effects
are likely to be mediated through both PPARg-dependent and
-independent mechanisms.

The PPARg agonist used in this study, L-796,449, is a
TZD-unrelated potent PPARg synthetic agonist with an appar-
ent Kd for this receptor of 2 nM (21). Additionally, L-796,449
has been shown to possess important actions independent of
PPARg binding (15, 21).

L-796,449 caused a significant improvement in the
outcome of experimental stroke in these animals, as shown
by a reduction of MCAO-induced infarct volume and by
a recovery in the neurologic deficit induced by MCAO both
2 and 7 days after the occlusion. In addition, L-796,449 showed
an antiapoptotic effect when determined 5 hours after the is-
chemic insult. Given that this compound was administered
after the onset of the ischemic damage, our findings provide
clues for the therapeutic management of acute ischemic stroke.
Although it might be argued that access to the central nervous
system is limited in a healthy brain, this is overcome in stroke

TABLE L-796,449 Improves Neurologic Status of Rats Exposed
to Middle Cerebral Artery Occlusion

Neurologic Score (points) MCAO MCAO + L-796,449

0 0 0

1 0 2/6

2 1/6 2/6

3 5/6 2/6

4 0 0

Total 2.83 2.00*

Data are shown as number of animals showing each neurologic score versus total
number of animals per group. *, p , 0.05 versus vehicle, n = 6.

FIGURE 2. Effect of L-796,449 (1 mg/kg) on caspase-3 activity
in brain homogenates 5 and 18 hours after middle cerebral
artery occlusion (MCAO). Data are mean 6 standard error of
mean, n = 4, *, p , 0.05 versus control; #, p , 0.05 versus
MCAO.

800 q 2005 American Association of Neuropathologists, Inc.

Pereira et al J Neuropathol Exp Neurol � Volume 64, Number 9, September 2005



as a result of the disruption of the blood–brain barrier that
occurs in cerebral ischemia (reviewed in [22]).

In the search for mechanisms involved in this neuro-
protective effect, we found that L-796,449 inhibits both MCAO-
induced iNOS expression and increase in the levels of NO2

2

and NO3
2, the stable metabolites of NO, in rat brain. Because

iNOS mediates cytotoxicity in many cell systems, including
the ischemic brain (reviewed in [23]), its inhibition may ex-
plain at least part of the neuroprotective effect of this com-
pound. Inhibition of iNOS expression with PPARg ligands has
been similarly described in central nervous system cells after
an inflammatory challenge with lipopolysaccharide (24–27)
and after experimental stroke (11–13).

The inducible cyclo-oxygenase COX-2 also participates
in the ischemic inflammatory cascade (28–30). Our results
confirm that MCAO induces COX-2 expression in the rat
brain, although L-796,449 did not affect its levels at the time
studied. In this context, there are controversial results in the
literature; whereas inhibition of COX-2 expression by PPARg
ligands has been shown (31, 32), other reports also dem-
onstrate that PPARg activation does not affect (33) or possibly
increases the expression of COX-2 (34, 35).

The matrix metalloproteinase 9 (MMP-9; gelatinase B)
is another inflammatory mediator that contributes to ischemic
cerebral damage (36) because it participates in extracellular
matrix degradation (37); we and others have shown that MMP-9

participates in the hemorrhagic transformation in acute
ischemic stroke in humans (38, 39). Our data confirm that
experimental stroke increases the expression of this metal-
loproteinase. More importantly, MCAO-induced MMP-9
expression was inhibited by L-796,449. When studied by
zymography, the effect of L-796,449 was more evident on the
active form of this metalloprotease. It has been reported that
increased NO production is necessary for MMP-9 activation
(40–42), which might constitute a potential extracellular pro-
teolysis pathway to neuronal cell death in cerebral ischemia.
Given the relevance of both interrelated signaling for cell
damage, the dual inhibition of iNOS and MMP-9 expression
after MCAO is likely to be one of the main mechanisms
responsible for the neuroprotective effect of these compounds.

Heme oxygenase-1 is a stress-related protein of 32 kDa
that catalyzes the rate limiting step in heme degradation,
yielding equimolar quantities of biliverdin, CO, and iron (43).
HO-1 is induced by a wide variety of stimuli that cause oxi-
dative stress (44, 45), including cerebral ischemia (46, 47),
a setting in which the main actions of this enzyme are
neuroprotective (48, 49), as also demonstrated in other central
nervous system pathophysiological conditions (50). Our re-
sults confirm the expression of HO-1 after experimental
stroke; in addition, we also show that L-796,449 enhances
MCAO-induced HO-1 expression. In this context, other PPARg
agonists such as 15-deoxy-D12,14-prostaglandin J2 (15-dPGJ2)

FIGURE 3. L-796,449 inhibits middle
cerebral artery occlusion- (MCAO) -
induced inducible NO synthase and
MMP-9 but not COX-2 expression
after experimental stroke. Effect of L-
796,449 (1 mg/kg) on iNOS (A),
COX-2 (B), and MMP-9 (C, D) after
permanent MCAO. Panels (A–C)
show Western blot analyses and
panel (D) shows a representative
zymogram from brain homogenates,
and the corresponding lower panels
show the densitometric analysis of
bands. Data are mean 6 standard
error of mean, n = 5, *, p , 0.05
versus control; #, p , 0.05 versus
MCAO.
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have been shown to reduce myocardial infarct size concom-
itantly to the induction of HO-1 in human cardiac myoblasts
(51) and to exert antiinflammatory actions through a mecha-
nism that involves the action of HO-1 and its product CO (52).
Similar antiinflammatory mechanisms may take place after
administration of L-796,449 in our model. Interestingly, sev-
eral data on the literature strongly support the notion that such
actions of 15d-PGJ2 on HO-1 are not shared by TZDs, are
independent of PPARg-activation, and are very likely mediated
by oxidative stress caused by the production of reactive ox-
ygen species (51, 53-55). Because we have previously shown
that L-796,449 increases the synthesis of reactive oxygen
species after inflammatory stimuli (15), this effect could
account for the increased expression of HO-1 as a result of an
enhanced oxidative environment and suggests that L-796,449-
induced upregulation of HO-1 is PPARg-independent.

As suggested previously, there is a great deal of con-
troversy on the role of PPARg to explain the anti-inflammatory
actions of its agonists. Our results show the presence of
PPARg in brain nuclear extracts in agreement with early work
describing its mRNA and protein patterns in brain (56, 57).
More importantly, gel shift analysis aimed to determine
whether PPARg is activated by L-796,449 in our setting
showed that this compound increases the amount of protein
bound to a PPRE only at the latest time studied, strongly
suggesting that at those times, PPARg is activated by L-
796,449 and may mediate at least some of the antiinflamma-
tory effects of this drug.

It has been proposed that transrepressional inhibition
of the transcriptional activity of NF-kB, a transcription
factor that plays a key role in the activation of inflammatory
response genes such as iNOS and COX-2 (58), mediates the

FIGURE 4. Effect of L-796,449 (1 mg/kg) on heme oxygenase-
1 (HO-1) expression after middle cerebral artery occlusion
(MCAO). HO-1 was determined by Western blot analysis in
brain homogenates. Lower panel show the densitometric
analysis of bands. Data are mean6 standard error of mean, n =
5, *, p , 0.05 versus control; #, p , 0.05 versus MCAO.

FIGURE 5. Effect of L-796,449 on NFkB activation and
transcriptional activity. Effect of L-796,449 (1 mg/kg) on
nuclear p65 levels 1 hour (A) and cytosolic IkBa protein levels
5 hours (B) after exposure to permanent middle cerebral artery
occlusion (MCAO), determined by Western blot analysis in
brain homogenates. Lower panel shows the densitometric
analysis of bands. Data are mean6 standard error of mean, n =
5, *, p , 0.05 versus control; #, p , 0.05 versus MCAO.
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anti-inflammatory actions of PPARg agonists (6, 7, 59). In rest-
ing cells, NF-kB is sequestered in the cytoplasm by associa-
tion with an inhibitory protein IkB. In response to signaling by
certain stimuli, IkB kinase (IKK) is activated and phosphor-
ylates IkB on 2 serine residues. IkB is then ubiquinated and
degraded by the proteasome, freeing NF-kB to migrate into the
nucleus and activate gene expression (58). At this step, PPARg
activation is able to antagonize NF-kB-mediated transcrip-
tional activity by an effect that does not appear to involve

direct DNA binding, but through the recruitment of co-
activators required for NF-kB signaling (6, 7, 59). Alterna-
tively, as commented previously in this article, it has been
shown that antiinflammatory actions of at least some PPARg
agonists occur through PPARg-independent mechanisms
(reviewed in [60]). In this context, we and others have demon-
strated that L-796,449 is able to inhibit NF-kB activation in
macrophages in a PPARg-independent manner (15) by
inhibiting IkB kinase activity and therefore obstructing its
nuclear translocation. Our present results show that MCAO
induces NF-kB activation, as shown by the translocation of
p65 to the nucleus at early times, and that this effect is reduced
by L-796,449, thus indicating a direct inhibitory action of
L-796,449 on NFkB translocation independent of PPARg. In
addition, we studied the levels of the inhibitory protein IkBa,
which is rapidly induced after NF-kB activation (61, 62), thus
constituting an indicator of NF-kB transcriptional activity. Our
results show that IkBa is remarkably increased in the brain of
MCAO-exposed animals 5 hours after the occlusion, indicat-
ing prior NF-kB activation, and that this effect is completely
blocked by L-796-449 demonstrating that this compound
efficiently inhibits NF-kB signaling. Taking together, the data
obtained from both gel shift assays and NF-kB activity we
may suggest that, at early times, L-796,449 exerts PPARg-
independent effects by direct inhibition of NF-kB activation,
whereas at later times, PPARg activation is likely to be
implicated.

In summary, our results show that synthetic, TZD-
unrelated PPARg agonists such as L-796,449, through inhi-
bition of the inflammatory iNOS and MMP-9 and upregulation
of the cytoprotective HO-1, may be effective in management
of acute stroke.
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16. De Cristóbal J, Moro MA, Davalos A, et al. Neuroprotective effect of
aspirin by inhibition of glutamate release after permanent focal cerebral
ischemia in rats. J Neurochem 2001;79:456–59

17. Hunter AJ, Hatcher J, Virley D, et al. Functional assessments in mice and
rats after focal stroke. Neuropharmacology 2002;39:806–11

18. Cárdenas A, Moro MA, Hurtado O, et al. Implication of glutamate in the
expression of inducible nitric oxide synthase after oxygen and glucose
deprivation in rat forebrain slices. J Neurochem 2000;74:2041–48

19. Alonso-Escolano D, Strongin AY, Chung AW, et al. Membrane type-1
matrix metalloproteinase stimulates tumour cell-induced platelet aggre-
gation: Role of receptor glycoproteins. Br J Pharmacol 2004;141:241–52

20. Cortas NK, Wakid NW. Determination of inorganic nitrate in serum
and urine by a kinetic cadmium-reduction method. Clin Chem 1990;36:
1440–43

21. Berger J, Leibowitz MD, Doebber TW, et al. Novel peroxisome
proliferator-activated receptor (PPAR) g and PPARd ligands produce
distinct biological effects. J Biol Chem 1999;274:6718–25

22. Rubin LL, Staddon JM. The cell biology of the blood–brain barrier. Annu
Rev Neurosci 1999;22:11–28

23. del Zoppo G, Ginis I, Hallenbeck JM, et al. Inflammation and stroke:
Putative role for cytokines, adhesion molecules and iNOS in brain
response to ischemia. Brain Pathol 2000;10:95–112

24. Petrova TV, Akama KT, Van Eldik LJ. Cyclopentenone prostaglandins
suppress activation of microglia: Down-regulation of inducible nitric
oxide synthase by 15-deoxy-D12,14-prostaglandin J2. Proc Natl Acad Sci
USA 1999;96:4668–73

25. Bernardo A, Levi G, Minghetti L. Role of peroxisome proliferator-
activated receptor-g (PPAR-g) and its natural ligand 15-deoxy-D12,14-
prostaglandin J2 in the regulation of microglial functions. Eur J Neurosci
2000;12:2215–23

26. Heneka MT, Klockgether T, Feinstein DL. Peroxisome proliferator-
activated receptor-g ligands reduce neuronal inducible nitric oxide
synthase expression and cell death in vivo. J Neurosci 2000;20:6862–67

27. Kim EJ, Kwon KJ, Park J-Y, et al. Effects of peroxisome proliferator-
activated receptor agonists on LPS-induced neuronal death in mixed
cortical neurons: Associated with iNOS and COX-2. Brain Res 2002;
941:1–10

28. Planas AM, Soriano MA, Rodriguez-Farré E, et al. Induction of
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