
The PPAR-c agonist, darglitazone, restores
acute inflammatory responses to cerebral
hypoxia–ischemia in the diabetic ob/ob mouse

Rashmi Kumari1, Lisa B Willing1, Shyama D Patel1, J Kyle Krady1, William J Zavadoski2,
E Michael Gibbs2, Susan J Vannucci3 and Ian A Simpson1

1Department of Neural and Behavioral Sciences, College of Medicine, Hershey Medical Center, Pennsylvania
State University, Hershey, Pennsylvania, USA; 2Department of Cardiovascular, Metabolic, and Endocrine
Diseases, Pfizer Global Research & Development, Groton, Connecticut, USA; 3Department of Pediatrics/
Newborn Medicine, Weill Cornell Medical College, New York, New York, USA

Diabetes is an increased risk factor for stroke and results in increased brain damage in experimental
animals and humans. The precise mechanisms are unclear, but our earlier studies in the db/db mice
suggested that the cerebral inflammatory response initiating recovery was both delayed and
diminished in the diabetic mice compared with the nondiabetic db/ + mice. In this study, we
investigated the actions of the peroxisome proliferator-activated receptor (PPAR)-c agonist
darglitazone in treating diabetes and promoting recovery after a hypoxic-ischemic (H/I) insult in
the diabetic ob/ob mouse. Male ob/ + and ob/ob mice received darglitazone (1 mg/kg) for 7 days
before induction of H/I. Darglitazone restored euglycemia and normalized elevated corticosterone,
triglycerides, and very-low-density lipoprotein levels. Darglitazone dramatically reduced the infarct
size in the ob/ob mice at 24 h of recovery compared with the untreated group (30±13% to 3.3±1.6%,
n = 6 to 8) but did not show any significant effect in the ob/ + mice. Microglial and astrocytic
activation monitored by cytokine expression (interleukin-1b and tumor necrosis factor-a) and in situ
hybridization studies (bfl1 and glial fibrillary acidic protein) suggest a biphasic inflammatory
response, with darglitazone restoring the compromised proinflammatory response(s) in the diabetic
mouse at 4 h but suppressing subsequent inflammatory responses at 8 and 24 h in both control and
diabetic mice.
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Introduction

Stroke is the third leading cause of death and
disability in the United States and diabetes is a
major risk factor for stroke. Both type I and type II
diabetic patients are two to six times more likely
to experience a stroke than nondiabetic patients
(Bonow and Gheorghiade, 2004); both morbidity and
mortality after stroke are greatly enhanced, although
the underlying mechanisms are still unknown.
Initially, it was considered that preischemic hyper-

glycemia and consequent cerebral lactoacidosis were
the primary cause (Folbergrova et al, 1992), however,
we and others have indicated that additional factors
have a significant role in the compromised recovery
(Kumari et al, 2007; Nedergaard, 1987; Nedergaard
and Diemer, 1987; Vannucci et al, 2001b; Zhang et al,
2004). Recently, we proposed that there is impair-
ment in the acute inflammatory response in the
diabetic db/db mouse after a unilateral cerebral
hypoxic-ischemic (H/I) insult (Kumari et al, 2007;
Zhang et al, 2004). This was manifested by a
suppressed microglial and astrocytic activation
coupled with a reduced and delayed expression of
pro- and anti-inflammatory cytokines during the
initial 12 h of recovery.

Thiazolidinediones (TZDs) such as rosiglitazone
and pioglitazone are PPAR-g agonists that are
commonly prescribed for the treatment of type II
diabetes, as they enhance insulin sensitivity and
lower blood glucose levels and HbA1c (Stumvoll and
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Haring, 2002). In separate studies, beneficial effects
of PPAR-g agonists have been reported in rodent
models of cerebral ischemic injury (Luo et al, 2006;
Sundararajan et al, 2005). In these studies, rosiglita-
zone, troglitazone, and pioglitazone appeared to
suppress the activation of microglia and infiltration
of macrophages, and reduce the infarct size after
cerebral ischemia by reducing levels of proinflam-
matory cytokines (Culman et al, 2007; Sundararajan
et al, 2005). Only one such study was conducted in
diabetic mice, showing a suppression of proinflam-
matory gene expression and reduction in infarct size
(Tureyen et al, 2007). Darglitazone is a TZD that is 20
to 150 times more g-receptor-selective than either
rosiglitazone or pioglitazone, and is almost 10 times
more orally potent in restoring euglycemia (Aleo
et al, 2003; Oakes et al, 2001). Thus, the objectives of
the current study were to investigate the effects of
darglitazone treatment on H/I insult in the diabetic
ob/ob mice with specific attention to the acute
inflammatory response(s). We treated diabetic ob/ob
mice with darglitazone (a generous gift from Pfizer,
Groton, CT, USA) for 1 week before inducing a
unilateral, cerebral H/I insult and then monitored the
subsequent acute microglial and astrocytic inflam-
matory responses. We show that darglitazone nor-
malized blood glucose and reduced circulating
triglycerides (TG) and very-low-density lipoproteins
(VLDL) in diabetic ob/ob mice without having any
effect in the nondiabetic mice. Moreover, darglita-
zone treatment restored acute cerebral inflammatory
responses that were absent in the diabetic mice and
profoundly improved their recovery from H/I insult.

Materials and methods

Animal Procedures

Male diabetic ob/ob mice and their heterozygous control
ob/ + mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) at 6 weeks of age. After quarantine, mice
were fed a powdered chow diet for a week. Food intake
was monitored to calculate appropriate dosage of drug.
Mice were then switched to powdered chow mixed with
darglitazone (1 mg/kg) or vehicle. Earlier studies indicated
that this level of darglitazone results in a 100% normal-
ization of blood glucose in the ob/ob mouse (Hulin et al,
1996a, b). Blood glucose was measured on alternate days
during treatment. After 1 week of treatment, cerebral
hypoxia–ischemia was induced as reported earlier (Kumari
et al, 2007; Vannucci et al, 2001a). Briefly, the right carotid
artery was exposed and permanently ligated. After a 3-h
recovery, animals were exposed to 8% oxygen balanced
with nitrogen for 24 mins at 35.51C. In this model,
reperfusion commences with return to normoxia. At 4, 8,
and 24 h of recovery/reperfusion, mice were anesthetized
with isoflurane and blood was collected by cardiac
puncture for serum or plasma. The mice were decapitated
and the brains were quickly frozen in cold isopentane
(�401C) and stored at �801C until analysis.

Measurement of Blood Glucose and Lipid Profile

Blood for glucose determination was obtained by tail prick
and analyzed by glucose test strips (Nova Biomedical,
Waltham, MA, USA) and BD Logic Monitors (Becton
Dickson, Franklin Lakes, NJ, USA). To minimize daily
variation in the results, the analysis was carried out
between 0900 and 1000 hours. For measurement of
cholesterol, TG, and VLDL, blood was collected by heart
puncture in a Na-heparinized tube (BD Vacutainer, BD,
Franklin Lakes, NJ, USA). The samples were centrifuged at
3,000g for 10 mins at 41C and plasma was stored at �801C
until the analysis. Triglycerides and cholesterol were
measured using VITROS Chemistry TRIG DT and CHOL
DT Slides (Ortho-Clinical Diagnostics, Johnson & Johnson
Company, Rochester, NY, USA) in a blood chemistry
analyzer (DT60 II, Vitros Chemistry System, Ortho Clinical
Diagnostics, Johnson & Johnson), according to the manu-
facturer’s instructions. The VLDL value was calculated
based on the corresponding TG measurement.

Corticosterone Measurement

Blood samples were collected by heart puncture at specific
intervals of recovery times. Serum was obtained by centri-
fugation at 16,000g for 10 mins at room temperature and
stored at �801C until the analysis. Serum corticosterone
(CORT) was measured by radioimmunoassay using Immu-
Chem Double Antibody Corticosterone 125I RIA Kit (MP
Biomedicals, LLC Diagnostic Division, Orangeburg, NY),
according to the manufacturer’s instructions. Corticosterone
values were calculated from a standard curve, which was
generated using 0 to 1,000 ng/mL CORT standards.

Histologic Analysis

Coronal cryosections (16mm) were cut at regular intervals
from the striatum to the posterior hippocampus for histolo-
gic analysis and in situ hybridization. From the same brains,
4� 60mm coronal sections were collected and divided into
contralateral and ipsilateral hemispheres, and stored sepa-
rately for RNA isolation. To determine the infarct size at 24 h,
cryosections were stained with hematoxylin and eosin. The
area of infarction was measured using Scion Image analysis
program (Scion Corp., Frederick, MD, USA) and calculated
as a percentage of the ratio of the damaged area to the area of
total hemisphere, with correction of hemisphere swelling
due to edema as described earlier (Zhang et al, 2004).

In Situ Hybridization

The expression and localization of glial fibrillary acidic
protein (GFAP) and bfl1 were analyzed by in situ
hybridization. A 663-bp mouse bfl cDNA and 1,159 bp
plasmid for GFAP were labeled with 35S for in situ
hybridization, as previously described (Kumari et al,
2007). The 16 mm cryosections were hybridized with
35S-CTP- and 35S-UTP-labeled riboprobes in a humidified
chamber at 591C for 16 h and visualized using autoradio-
graphy (Vannucci et al, 1997).
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Real-Time PCR

The samples for RNA isolation were obtained from
ipsilateral and contralateral hemisphere cryosections
(4� 60 mm) of the brain at different time points of H/I
recovery. The total RNA was isolated for each hemisphere
using TRI reagent (Invitrogen Life Technology, Molecular
Research Center, Cincinnati, OH, USA), according to the
manufacturer’s protocol. Single-stranded cDNA template
was prepared using Omniscript RT Kit (Qiagen, Valencia,
CA, USA). Different dilutions of cDNA were prepared, 1:20
for 18S internal control and 1:2 for cytokine primers. A
volume of 2 mL of the 1:20 diluted cDNA template was
treated with FAM-labeled 18S as an internal control and
2 mL of the 1:2 diluted cDNA were treated with mouse-
specific cytokine primers (tumor necrosis factor-a (TNFa),
interleukin-1b (IL-1b), and IL-6) (TaqMan Primers, Applied
Biosystems, Foster City, CA, USA) to obtain the concentra-
tion of 250 nmol/L for probe and 900 nmol/L for primer.
TaqMan Universal PCR Master Mix was used according to
the manufacturer’s protocol. Reactions of all samples,
treated and nontreated ob/ob and ob/ + at a specific time
point, were analyzed in 384-well plates to avoid plate-to-
plate variations. The reaction plate was placed in Applied
Biosystems 7900 HT PCR System and programmed for
real-time PCR (RT-PCR). Data were analyzed using

Sequence Detection System (SDS) 2.2.2 software (Applied
Biosystems).

Statistical Analysis

Data were analyzed by one-way analysis of variance followed
by Tukey’s multiple comparisons using GraphPad Prism 2.01
(GraphPad Software Inc., San Diego, CA, USA). Relative
Expression Software Tool (REST, Göteborg, Sweden) was
used to analyze RT-PCR data. Significance was set at P < 0.05.

Results

PPAR-c Regulation of Blood Glucose, Lipids, and
Corticosterone

Blood glucose was measured in all diabetic ob/ob
and control ob/ + mice immediately before darglita-
zone administration, during the ensuing week, before
H/I, and at 4, 8, and 24 h of recovery. As illustrated in
Figure 1A, blood glucose was significantly higher in
the diabetic ob/ob (358±35 mg/dL) mice compared
with their nondiabetic ob/ + littermates (166±9 mg/
dL). Euglycemia in the ob/ob mice was restored and
maintained by 48 h of darglitazone treatment,

Figure 1 Effect of darglitazone on blood glucose, triglyceride, cholesterol, and very-low-density lipoprotein (VLDL) levels in ob/ + and
ob/ob mice. (A) Blood glucose was measured by tail prick before treatment (�7 day), 3 days after the treatment onset (�4 day), before
hypoxia/ischemia (H/I) (day 0), and at different intervals of H/I recovery (4, 8, and 24h). (B to D) Darglitazone reduced triglycerides and
VLDL but not cholesterol in ob/ob mice during recovery. Hypoxia/ischemia decreased triglyceride and VLDL values at all time points in
both groups compared with their baseline values; ob/ + : triglycerides (80±7 mg/dL) and VLDL (16±2 mg/dL) and ob/ob: triglycerides
(94±5 mg/dL) and VLDL (19±1 mg/dL). Cholesterol did not change in either group compared with baseline: ob/ + (88±6 mg/dL)
or ob/ob (128±6 mg/dL). Results are expressed as mean±s.e.m (n = 8). *P < 0.05 versus ob/ + (effect of gene), **P < 0.05 versus
0 (effect of H/I), and #P < 0.05 versus darglitazone (D) treatment (effect of drug). , ob/ + ; , ob/ + -D; , ob/ob; ’, ob/ob-D.
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whereas glucose levels remained elevated in un-
treated ob/ob. Darglitazone had no effect on blood
glucose level in the ob/ + mice. At 4 h after H/I, blood
glucose levels were significantly elevated above the
baseline (i.e., day 0 pre-H/I) in both treated and
untreated ob/ + mice. In contrast, in the untreated
ob/ob mice, blood glucose was significantly reduced
relative to baseline, whereas the darglitazone-treated
ob/ob mice remained normoglycemic throughout the
entire experiment. At 8 and 24 h of recovery, eugly-
cemia was restored in both groups of ob/ + mice.

Hypoxia–ischemia decreased TG and VLDL values
at all time points in both groups compared with their
baseline values (Figures 1B and 1C)—ob/ + : TG
(80±7 mg/dL), VLDL (16±2 mg/dL); ob/ob: TG
(94±5 mg/dL) and VLDL (19±1 mg/dL). Cholesterol
did not change in either group compared with
baseline—ob/ + : 88±6 or ob/ob: 128±6. Consistent
with the observations of Li et al (2005), cholesterol
levels were significantly higher in the ob/ob mice
compared with the ob/ + mice, but were unaffected
by H/I or darglitazone.

As indicated in the legend of Figure 2, the baseline
levels of circulating CORT were elevated in the ob/ob
mice relative to the ob/ + mice (395±40 versus
92±13 ng/mL). These data are consistent with pre-
vious observations in both db/db and ob/ob mice
(Bernotiene et al, 2004; Liu et al, 2005). Figure 2
illustrates that H/I induced a profound, transient
elevation of CORT in the ob/ + mice at 4 h of
recovery, which was significantly reduced by dargli-
tazone treatment (471±65 versus 273±63 ng/mL);
the elevated levels rapidly declined at 8 h and

remained the same at 24 h of recovery. In contrast,
H/I had no effect on CORT levels in the untreated
ob/ob mice at any time point of recovery. However, as
with the ob/ + mice, darglitazone significantly
reduced CORT levels in the ob/ob mice at 4 h of
recovery, but they progressively returned to baseline
at 8 and 24 h.

We have previously observed increased tissue
damage after H/I in the diabetic, db/db, mouse
relative to their normoglycemic control (Kumari
et al, 2007; Vannucci et al, 2001a; Zhang et al,
2004). The same effect of diabetes was observed in
the ob/ob mouse as illustrated in Figure 3A. Of the
original eight diabetic mice subjected to H/I, two
died during the initial 24-h interval and were
excluded from the analysis and two of the remaining
six did not show any damage, yielding the standard
error depicted in Figure 3B. However, darglitazone
dramatically reduced the area of infarction in the

Figure 2 Effects of darglitazone treatment on serum corticoster-
one (CORT) levels during stroke recovery. Corticosterone was
measured by radioimmunoassay in serum before darglitazone
treatment and at indicated time points during (H/I) recovery.
Hypoxia–ischemia induced a significant increase in CORT levels
in ob/ + but not in ob/ob group compared with the baseline
values (92±13 and 395±40 ng/mL, respectively). Results are
expressed as mean±s.e.m. (n = 8). *P < 0.05 versus ob/ +
(effect of gene) and #P < 0.05 versus darglitazone (D) treatment
(effect of drug). , ob/ + ; , ob/ + -D; , ob/ob; ’, ob/ob-D.

Figure 3 Effects of darglitazone on the infarct area. (A)
Representative hematoxylin and eosin (H&E) stained 16mm
cryosections from control and diabetic, treated and untreated,
mice at 24 h of recovery from hypoxia–ischemia (H/I). (B)
Sections from all animals were analyzed by Scion Image and the
results calculated as the area of infarction as a percentage of the
ipsilateral hemisphere relative to the contralateral hemisphere;
mean±s.e.m. (n = 6 to 8 per group). *P < 0.05 versus ob/ +
(effect of gene) and #P < 0.05 versus darglitazone (D) treatment
(effect of drug). , ob/ + ; , ob/ + -D; , ob/ob; ’, ob/ob-D.
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diabetic mice from 30% to 2%. Although darglita-
zone did appear to also protect the ob/ + mice, the
damage in both nondiabetic populations was small
and the effect did not reach statistical significance
(Figures 3A and 3B).

Activation of PPAR-c and Response of Microglia and
Astrocytes

As we previously showed that the increased damage
in the db/db mouse was associated with a reduced
and delayed cerebral inflammatory response (Kumari
et al, 2007), we next asked the question as to whether
darglitazone treatment had any effect on this acute
response in the ob/ob mouse. In this study, RNA was
isolated from both contralateral and ipsilateral hemi-
spheres and mRNA levels for the proinflammatory
cytokines TNFa, IL-1b, and IL-6 were measured by
RT-PCR. The results are expressed as a ratio of
ipsilateral to contralateral hemisphere, as presented
in Figure 4. Similar to previous results in the db/ +
mice, H/I resulted in increased TNFa and IL-1b
expression at 4 h in the ob/ + mice, with no effect of
darglitazone (Figures 4A and 4B). However, by 8 h,
the levels of both cytokines were significantly
reduced in darglitazone-treated ob/ + mice, which
then returned to nontreatment levels by 24 h (data
not shown). Interleukin-6 expression (Figure 4C) was
reduced at 8 h of recovery in the darglitazone group
of ob/ + mice, and then returned to control levels at
24 h (data not shown).

Furthermore, similar to previous reports in the db/
db mice, the early cytokine responses were delayed
in the ob/ob mouse, being completely absent at 4 h
and elevated at 8 h. However, as seen in Figures 4A
and 4B, darglitazone treatment normalized this early
response in the diabetic ob/ob mice, with signifi-
cantly increased TNFa and IL-1b expression at 4 h,
whereas at 8 h, TNFa and IL-1b mRNA levels were
suppressed by darglitazone in both ob/ + and ob/ob
mice and this suppression persisted to 24 h (data not
shown). IL-6 gene expression in the ob/ob mice was
suppressed by darglitazone at 4 and 8 h of recovery
compared with their nontreated controls, but
returned to control levels at 24 h (data not shown)
(Figure 4 C).

Activation of microglia and astrocytes and the
release of numerous proinflammatory cytokines,
such as TNFa, IL-1b, and IL-6, have been seen in
many neurodegenerative diseases and are believed to
be an integral component in the neuropathology of
stroke (O’Connor et al, 2006). To determine the effect
of darglitazone on microglia and astrocyte activation
in the control and diabetic mice, we carried out in
situ hybridization for GFAP mRNA as a marker of
activated astrocytes and bfl1 mRNA, an antiapoptotic
protein, as a marker for microglial activation (Zhang
et al, 2004).

Our previous study showed that activation of
microglia and astrocytes in nondiabetic db/ + mice
could be detected as early as 4 h of recovery and

progressively increased over 24 h. However, in the
db/db mice, activation of either microglia or astro-
cytes was barely detectable at 12 h of recovery and
never reached control levels. Moreover, the expres-
sion was predominantly surrounding the infarct
(Zhang et al, 2004). In this study, we observed a
similar response in the normoglycemic ob/ + mice,
that is, clear bfl1 expression at 4 and 8 h with
increases in the striatum at 24 h. However, there was
no effect of darglitazone at 4 h with transient
suppression at 8 h, consistent with the TNFa
response. Furthermore, similar to db/db mice, micro-
glial activation was absent at 4 h in the diabetic ob/ob
mice compared with the ob/ + control. However,

Figure 4 Effects of darglitazone on cytokine mRNA expression at
early time points of hypoxic–ischemic (H/I) recovery: RT-PCR
(real-time PCR) analysis. Proinflammatory cytokines tumor
necrosis factor-a (TNFa), interleukin (IL)-1b, and IL-6 mRNA
were measured by RT-PCR in both contralateral and ipsilateral
hemispheres of untreated and darglitazone-treated ob/ + and
ob/ob mice brain at 4 and 8 h of H/I recovery. The results are
expressed as the ratio of ipsilateral to contralateral hemisphere
(n = 6 to 8). $P < 0.05 versus ob/ob and #P < 0.05 versus
ob/ + . , ob/ + ; , ob/ + -D; , ob/ob; ~, ob/ob-D.
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darglitazone treatment clearly normalized the bfl1
response in the diabetic ob/ob mice, such that the
pattern of bfl1 expression was comparable with
control mice. Darglitazone also appeared to suppress
the bfl1 response in the ob/ob mice at 8 h of recovery
(Figure 5).

Figure 6 illustrates GFAP expression in the
adjacent sections from the same animals as depicted
in Figures 3A and 5. Glial fibrillary acidic protein
mRNA was minimally altered in the ob/ + mice, with
slightly increased expression in the ipsilateral
hippocampus at 8 and 24 h. This is a pattern seen

in the context of little to no damage after H/I (Zhang
et al, 2004) and was unaffected by darglitazone. The
pattern of GFAP expression in the ob/ob mice, that is,
initial reduction in expression suggestive of early
astrocytic death, followed by intense signal in the
area surrounding the infarct, is also similar to what
has been observed before in the diabetic brain in the
context of extensive damage (Rosenson, 2007; Zhang
et al, 2004). Darglitazone treatment completely
normalized this response, apparently protecting the
astrocytes from ischemic death (Figure 6).

Discussion

This study confirms and extends our previous
observations on the impact of stroke (H/I) on the
diabetic brain. The results presented here in the
ob/ob mice replicate what we have reported for the
comparably diabetic db/db mouse. Both sets of
diabetic mice show enhanced damage associated
with a loss of the early microglial inflammatory
response, followed by a delayed and diminished
response. In addition, we have now measured CORT
in these animals and observed that despite the
somewhat elevated baseline CORT levels, the dia-
betic mice are not able to mount an appropriate
CORT response to H/I and further, this response is
delayed for 24 h after the insult. In addition, new to
this study is the investigation of the role of the PPAR-g
agonist, darglitazone, which belongs to a class of
TZD compounds commonly used to treat patients
with type II diabetes. Overall, darglitazone treatment
restored euglycemia and reduced circulating TG and
VLDL in the ob/ob mice, but was without effect in
the ob/ + mice. After H/I, darglitazone treatment of
diabetic mice resulted in significant neuroprotection
associated with a complete restoration of the initial
microglial response observed in control mice, as
evidenced by increased TNFa, IL-1b, and bfl1
expression in the diabetic brain at 4 h of recovery.

Thiazolidinedione compounds selectively bind
and activate PPAR-g receptors that are ligand-acti-
vated transcription factors of the nuclear hormone
receptor superfamily, which modulate target genes
involved in the regulation of glucose and lipid
metabolism, cell growth and differentiation, and
various inflammatory responses, both peripherally
and in the central nervous system (Bernardo and
Minghetti, 2008; Drew et al, 2006; Kapadia et al,
2008; Rosenson, 2007). Several studies have reported
a TZD-mediated neuroprotection after middle cere-
bral artery occlusion (MCAO) in normal rats (Pereira
et al, 2006; Shimazu et al, 2005; Sundararajan et al,
2005; Zhao et al, 2006) and mice (Luo et al, 2006;
Tureyen et al, 2007). These reports suggest that
PPAR-g activation in brain suppresses microglial
activation and macrophage accumulation, and re-
duces overexpression of neurodegenerative target
genes such as inducible nitric oxide synthase and
cyclooxygenase-2. It also promotes neuronal survival

Figure 5 Time course of bfl1 mRNA expression in darglitazone-
treated ob/ + and ob/ob mice: In situ hybridization analysis.
Brains were collected and rapidly frozen at indicated time points
of recovery. Cryosections (16mm) from control and darglitazone-
treated ob/ + and ob/ob mice brains were analyzed by in situ
hybridization using 35S-labeled riboprobes. Darglitazone acti-
vated the microglial response in ob/ob diabetic mice at 4 h of
hypoxic–ischemic recovery, and initiated comparable responses
with that observed in ob/ + mice throughout 24 h recovery.

Figure 6 Time course of glial fibrillary acidic protein (GFAP)
mRNA expression in control and darglitazone-treated ob/ + and
ob/ob mice: In situ hybridization. Astrocytes response was
measured by in situ hybridization using GFAP 35S-labeled
riboprobe. Darglitazone did not significantly change the GFAP
expression in ob/ + mice compared with untreated group. The
pattern of GFAP expression in the darglitazone-treated ob/ob
mice was comparable with both untreated and darglitazone-
treated ob/ + mice and was consistent with minimal damage.
The expression pattern seen in the control ob/ob mice was
predominantly penumbral and reflected pronounced ischemic
damage.
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by decreasing the rates of neuronal apoptosis and
reducing glutamate release, and subsequently N-
methyl-D-aspartic acid agonist-mediated neuronal
death (Culman et al, 2007; Sundararajan et al, 2005;
Zhao et al, 2006). Various PPAR-g agonists have been
shown to suppress the proinflammatory response
mediated by microglia/macrophage after cerebral
ischemic–reperfusion injury (Luo et al, 2006; Woster
and Combs, 2007).

Consistent with the suppression of microglial
activation, several studies have reported the reduc-
tion of proinflammatory cytokines by PPAR-g ago-
nists. Troglitazone treatment reduced IL-1b mRNA in
rat brain after 24 h of reperfusion in the MCAO
model (Sundararajan et al, 2005). Pioglitazone has
been shown to reduce TNFa in the rat MCAO model
after 24 h of recovery (Zhao et al, 2006). It is
interesting that, despite their extensive use in the
treatment of type II diabetes and several reviews
indicating their efficacy in improving stroke outcome
in diabetic patients (Culman et al, 2007; Kapadia
et al, 2008), only one study examined the effects of
PPAR-g agonists on stroke recovery in an animal
model of diabetes (Tureyen et al, 2007). In this study,
long-term oral administration (21 days) of rosiglita-
zone reduced infarct volume equally in db/db and
db/ + mice (47 and 50%, respectively), whereas
acute administration, immediately before or after
MCAO, reduced infarct volumes by only 21% in db/
db, but by 54% in the db/ + mice (Tureyen et al,
2007). Surprisingly, chronic rosiglitazone treatment
reduced only the blood glucose levels in the db/db
mice by 32% (433 versus 303 mg/dL), and thus the
animals would still be considered diabetic. The
duration of the MCAO procedure had to be substan-
tially reduced from the standard 2 h of occlusion to
45 mins, as the former condition resulted in 75%
mortality in the db/db mice. Within the same study,
metformin, another commonly prescribed diabetic
medication, reduced blood glucose levels by the
same percentage as rosiglitazone but was not neuro-
protective. Tureyen et al (2007) also reported a
reduced inflammatory gene expression such as IL-6
and IL-1b by rosiglitazone in db/ + and db/db mice
after 45 mins of ischemia and 6 h of reperfusion,
which represents the earliest time point investigated
in any of the TZD studies.

As reported in our previous studies, there is a
delay in the onset of proinflammatory cytokines
TNFa and IL-1b after H/I. It is therefore somewhat
intriguing to observe that darglitazone treatment in
the ob/ob mice, rather than further suppressing the
microglial activation, initiates an early upregulation
of proinflammatory cytokine expression, especially
TNFa, which is comparable with that observed in
control mice. Tumor necrosis factor-a is unusual
among stroke mediators, as it appears to be involved
in every facet of stroke and has been considered an
alarm hormone in response to stress, associated with
both cell death and cell survival depending on the
induction of inflammation or control and resolution

of inflammation (Hallenbeck, 2002). Tumor necrosis
factor-a knockout mice have shown a relatively
normal cytokine response to lipopolysaccharide,
but subsequently show a disorganized immune
response that leads to cell death, whereas other
studies have shown that TNFa is cytoprotective in
acute brain ischemia (Bruce et al, 1996; Marino et al,
1997).

Interleukin-1b expression was also upregulated at
4 h of H/I recovery in darglitazone-treated diabetic
mice. Earlier observations have indicated that IL-1b
is necessary for the induction of growth factors such
as ciliary neurotrophic factor (CNTF) and insulin
growth factor-1 (IGF-1) (Herx et al, 2000; Mason et al,
2001). In our previous report, we also noted a delay
in the CNTF expression but not in IGF-1 in db/db
mice compared with db/ + after H/I (Kumari et al,
2007). Thus, the early activation of cytokines by
darglitazone and the reduction in stroke size high-
light a potential role of these proinflammatory
cytokines to provide trophic support and protect
the brain from ischemic cell death. It is important to
note that darglitazone has no suppressive effect on
the initial cytokine responses (4 h) in the control
mice, but their subsequent expression in both control
and diabetic mice is markedly reduced at 8 h, as is
the microglial bfl1 response. These observations
suggest a biphasic microglial response, with the
early response essential to promote recovery and
only the latter suppressed by the TZD, which is
consistent with the studies cited above where the
earliest recovery time point was 6 h.

At present, we do not know how PPAR-g activation
controls the microglial activity. Studies in cultured
microglia and peripheral macrophages have sug-
gested that PPAR-g agonists, in addition to reducing
TNFa and IL-1b expression, reduced Toll receptor
(TLR2 and TLR4) expression and corresponding
ligand-induced nuclear factor-kB activity (Dasu
et al, 2009; Hounoki et al, 2008; Murakami et al,
2007; Woster and Combs, 2007). In all of the in vivo
studies with the various PPAR-g agonists, it is not
clear whether there is a direct interaction with the
microglia or whether they are mediated through an
intermediate; however, they are consistent with that
observed with in vitro and peripheral effects. In
addition, in this study, the extent to which resto-
ration of euglycemia and lipid balance with dargli-
tazone treatment might influence the inflammatory
response in the diabetic animals has yet to be
determined. In the study by Tureyen et al (2007),
the observation that rosiglitazone exerts a dimin-
ished acute neuroprotective response when given
immediately before 2 h after occlusion suggests that
both restoration of euglycemia and specific micro-
glial interactions are important.

It has long been appreciated that the inhibition of
leptin signaling that results from the mutations in the
ob/ob mice and db/db mice leads to an elevation of
CORT levels, which in turn have been linked to the
suppression of inflammatory responses (Butcher and
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Lord, 2004; Fiuza and Suffredini, 2001). Therefore, it
is important to note that accompanying the reduced
blood glucose and lipid-lowering effect, darglitazone
significantly decreased the CORT level in both
control and diabetic ob/ob mice after 4 h of H/I
recovery, but this effect was lost at later time points
of H/I recovery. A similar reduction in CORT level
was earlier reported in db/db mice after 2 weeks
of treatment with rosiglitazone and muraglitazar
(Harrity et al, 2006). Interestingly, the PPAR-g
agonist, rosiglitazone, markedly attenuated 11b hy-
droxysteroid dehydrogenase (11bHSD-1) gene ex-
pression in adipose tissue of db/db mice. 11bHSD-1
is responsible for the conversion of inactive gluco-
corticoids into active cortisol and CORT in the
periphery, thus reducing the levels of this enzyme,
which leads to reduced circulating levels CORT
(Berger et al, 2001). If such a mechanism occurs in
our ob/ob mice in response to darglitazone, it is
tempting to speculate that restoration of near-normal
CORT levels at 4 h of recovery promotes the proin-
flammatory cytokine secretion and enhanced micro-
glial response that leads to improved recovery.

The review by Glezer and Rivest (2004) suggests
that microglia are the primary sensors to changes in
the microenvironment in the brain and their activa-
tion is believed to have a beneficial role in the host
defense. They also proposed that ‘the identification
of molecules having the ability to make the differ-
ence between beneficial and detrimental outcome
will have a major impact for the treatment of
neurodegenerative disease’ (Glezer and Rivest,
2004). Darglitazone could be a potential candidate
as it enhances the initial microglial response that
initiates the inflammatory cascade in the diabetic
mice to levels seen in control mice, but subsequently
suppresses the inflammatory response as recovery
progressed. Darglitazone is also clearly effective in
controlling blood glucose and lipid metabolism, and
in reducing CORT in diabetic ob/ob mice. The extent
to which the actions of darglitazone are mediated by
restoring metabolic homeostasis or by direct neural
interaction remains to be determined.
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