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Abstract

Brain abscesses arise from a focal parenchymal infection by various pathogens, particularly
Staphylococcus aureus. We have shown that astrocytes are activated upon exposure to S. aureus and
may contribute to the excessive tissue damage characteristic of brain abscess. Therefore, modulating
astrocyte activation may facilitate a reduction in brain abscess severity. Peroxisome proliferator
activated receptor-y (PPAR-y) agonists are potent inhibitors of microglial activation; however, the
effects of these compounds on S. aureus-dependent astrocyte activation have not yet been examined.
Here, we demonstrate that two chemically distinct PPAR-y agonists, 15-deoxy-A12-14-prostaglandin
J2 (15d-PGJ2) and ciglitazone, suppress the production of several pro-inflammatory molecules in
S. aureus-stimulated astrocytes including interleukin-1p and nitric oxide (NO). Interestingly, 15d-
PGJ2 attenuated Toll-like receptor 2 (TLR2) and inducible nitric oxide synthase expression, but
failed to modulate macrophage inflammatory protein-2 (MIP-2/CXCL2) production, suggesting that
15d-PGJ2 is not a global inhibitor of astrocyte activation. Another novel finding of this study was
the fact that both 15d-PGJ2 and ciglitazone were capable of attenuating pre-existing astrocyte
activation, indicating their potential benefit in a therapeutic setting. Importantly, 15d-PGJ2 and
ciglitazone were still capable of inhibiting S. aureus-induced pro-inflammatory mediator release in
PPAR-y-deficient astrocytes, supporting PPAR-y-independent effects of these compounds.
Collectively, these results suggest that 15d-PGJ2 and ciglitazone exert their anti-inflammatory
actions on astrocytes primarily independent of the PPAR-y pathway.
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Brain abscess represents a serious infectious disease, which is commonly caused by
Staphylococcus aureus and Streptococcal species (Kielian 2004). During brain abscess
evolution, a robust inflammatory response is initiated and directed towards the rapid
neutralization and elimination of infectious agents (Kielian et al. 2004a). However, recent
studies from our laboratory suggest that the immune response elicited upon infection is not
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precisely regulated and persists even beyond the infectious period (Baldwin and Kielian
2004). This dysregulated immune response is likely the cause of excessive neuronal damage
and toxicity as a result of the detrimental consequences of accumulated nitric oxide (NO),
cytokines and chemokines (Nguyen et al. 2002; Baldwin and Kielian 2004; Safieh-Garabedian
et al. 2004). Recently, we have reported that astrocytes, the most abundant glial cell type in
the CNS (Hansson and Ronnback 2003), express Toll-like receptor 2 (TLR2), a pattern
recognition receptor for gram-positive bacteria and various other invariant motifs associated
with a wide array of microbes (Yoshimura et al. 1999; Akira 2003; Bowman et al. 2003; Esen
et al. 2004). This receptor enables S. aureus recognition by astrocytes and the subsequent
production of numerous pro-inflammatory cytokines and chemokines (Esen et al. 2004),
suggesting a possible role of astrocytes in the pathogenesis of S. aureus-induced brain abscess.
Among the pro-inflammatory mediators produced by S. aureus-activated astrocytes include
NO, tumor necrosis factor a (TNF-a), interleukin-1f (IL-1), macrophage inflammatory
protein-2 (MIP-2/CXCL2), and monocyte chemoattractant protein-1 (MCP-1/CCL2; Esen et
al. 2004). With regard to their role in brain abscesses, IL-1p and TNF-a are essential for the
induction of a protective antibacterial immune response, as well as regulating blood—brain
barrier permeability (Mayhan 2002; Kielian et al. 2004a; Allan et al. 2005). Similar effects are
postulated to occur with the free radical NO (Nau and Bruck 2002). Similarly, MIP-2 and
MCP-1 are two chemoattractants released by S. aureus-activated astrocytes that are important
for the extravasation of neutrophils and monocytes/macrophages into brain abscesses,
respectively (Kielian et al. 2001). In this way, astrocytes participate in the early immune
response to S. aureus by releasing several chemokines, which further mediate the migration of
peripheral immune cells into the abscess site, thereby amplifying the inflammatory response
to infection (Kielian 2004). In the mouse experimental brain abscess model developed in our
laboratory using S. aureus, we have also found that astrocyte activation is a hallmark feature
that continues throughout the course of infection, suggesting that these cells may contribute to
the excessive tissue damage characteristic of brain abscess (Baldwin and Kielian 2004).
Therefore, therapeutic regimens aimed at suppressing chronic astrocyte activation following
effective bacterial neutralization may help reduce brain abscess severity.

Recently, several studies have suggested roles for ligand-activated peroxisome proliferator
activated receptors (PPARs) in transducing environmental, inflammatory, developmental and
metabolic signals into a defined cascade of cellular responses at the level of gene transcription
(Berger and Moller 2002; Gervois et al. 2004). This superfamily of receptors includes three
differentisoforms, PPAR-0,(NR1C1), PPAR-B/5 (NUC1; NR1C2) and PPAR-y (NR1C3), with
all three family members exhibiting a significant degree of homology in their DNA and ligand
binding domains despite being encoded by three distinct genes (Lemberger et al. 1996; Vidal
2005). Among the various PPAR isoforms, PPAR-y has been investigated most extensively,
partly because some of its ligands have been approved for the treatment of diabetes as well as
its suggested involvement in attenuating inflammation (Kielian and Drew 2003; YKki-Jarvinen
2004; Campbell 2005; Dumasia et al. 2005; Pegorier 2005; Staels and Fruchart 2005). PPAR-
vy can be activated by several ligands, including tyrosine derivatives, fibrates, docosa-hexaenoic
acid, linoleic acid, the anti-diabetic thiazolidinediones (TZDs), various lipids, eicosanoids,
prostanoids including the endogenous cyclopentenone prostaglandin 15-deoxy-A12:14-
prostaglandin J2 (15d-PGJ2), and certain non-steroidal anti-inflammatory drugs including
ibuprofen and indomethacin (Cabrero et al. 2002; Clark 2002; Daynes and Jones 2002;
Nencioni et al. 2003). Among the various PPAR-y ligands, 15d-PGJ2 and TZDs have been
shown to have potent immuno-modulatory effects on several cell types, including monocytes/
macrophages, microglia, astrocytes, neutrophils and lymphocytes (Ricote et al. 1999; Asada
et al. 2004; Buckingham 2005; Consoli and Devangelio 2005). Although TZDs have a higher
binding affinity for PPAR-y, several studies have revealed that 15d-PGJ2 is a more potent anti-
inflammatory compound (Jiang et al. 1998; Maggi et al. 2000; Storer et al. 2005a).
Furthermore, PPAR-y agonists including TZDs have been shown to exert anti-inflammatory
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and neuroprotective effects in animal models of neurological disease, including multiple
sclerosis (Feinstein et al. 2002), Alzheimer’s disease (Camacho et al. 2004; Heneka et al.
2005), and amyotrophic lateral sclerosis (Kiaei et al. 2005), suggesting potential therapeutic
uses for these drugs in neurological conditions (Feinstein 2003).

The present study demonstrates that 15d-PGJ2 and the TZD ciglitazone are potent but selective
inhibitors of pro-inflammatory mediator production by S. aureus-activated astrocytes.
Importantly, this study is the first to directly demonstrate that the action of these compounds
in astrocytes occurs primarily via a PPAR-y-independent manner, as revealed by studies using
PPAR-y-deficient primary astrocytes. Finally, both 15d-PGJ2 and ciglitazone were still
effective at attenuating S. aureus-dependent astrocyte activation when added as late as 6 h
following bacterial exposure, indicating that these compounds are effective at modulating
ongoing inflammation. Collectively, these findings demonstrate that 15d-PGJ2 and ciglitazone
primarily act independently of PPAR-y to suppress S. aureus-induced astrocyte activation. The
potent anti-inflammatory activity of this class of compounds may help attenuate chronic
inflammatory damage in the CNS during later stages of brain abscesses when bacterial burdens
are relatively minimal.

Materials and methods

Primary astrocyte cultures

Reagents

Primary astrocytes were derived from C57BL/6 pups (1-6 days of age) as previously described
(Esen et al. 2004). Briefly, when mixed glial cultures reached confluency (1-2 weeks), flasks
were shaken at 50 g overnight at 37°C to recover microglia. The supernatant containing
microglia was collected and fresh medium was added to the flasks and incubated for another
5-7 days. This was repeated 3—4 times, whereupon flasks were trypsinized and cells re-
suspended in astrocyte medium supplemented with 0.1 mM of the microglial cytotoxic agent
L-leucine methyl ester (Sigma, St Louis, MO, USA). Astrocytes were treated with L-leucine
methyl ester for at least 2 weeks prior to use in experiments. The purity of astrocyte cultures
was evaluated by immunohistochemical staining using antibodies against glial fibrillary acidic
protein (GFAP; Dako, Carpenteria, CA, USA) and CD11b (BD PharMingen, San Jose, CA,
USA) to identify astrocytes and microglia, respectively. The purity of primary astrocyte
cultures using this procedure was routinely greater than 95%.

PPAR-y-deficient astrocytes were prepared as above, from cerebral cortices of post-natal day
1 mice with conditional deletion of astrocyte PPAR-y. These mice were generated by crossing
PPAR-y f/f mice [in which PPAR-y exon 2 is replaced with exon 2 flanked by the 19-bp flox
sequence (Akiyamaetal. 2002)] with transgenic mice expressing the bacterial Cre recombinase
under control of the astrocyte-specific GFAP promoter (Zhuo et al. 2001). Pups were screened
for presence of the Cre gene, and backcrossed to PPAR-y f/f mice to generate mice homozygous
for the floxed PPAR-y gene and hemizygous for the Cre gene (PPAR-y f/f Cre %). Deletion of
PPAR-y exon 2 was confirmed by RT-PCR analysis of total astrocyte mRNA using PCR
primers (PPAR-y forward 91: 5-GCTGATGCACTGCCTATGAG-3’; and PPAR-y reverse
460: 5-TGATGCTTTATCCCCACAGAC-3'), which flank PPAR-y exon 2 and yield a 368-
bp product.

15d-PGJ2 and ciglitazone were purchased from Cayman Chemical (Ann Arbor, MI, USA).
Heat-inactivated S. aureus (strain RN6390, kindly provided by Dr Ambrose Cheung,
Dartmouth Medical School) was prepared as previously described (Kielian et al. 2001) and
verified to have endotoxin levels < 0.03 EU/mL as determined by Limulus amebocyte lysate
assay (Associates of Cape Cod, Falmouth, MA, USA). The concentrations of S. aureus and
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15d-PGJ2 used were selected based on previous studies demonstrating optimal immuno-
modulatory effects without any evidence of cytotoxicity (Esen et al. 2004; Storer et al.
2005a).

Nitrite (a metabolic breakdown product of NO) levels were determined by adding 50 pL of
astrocyte-conditioned culture medium with 50 pL of Griess reagent (0.1%
naphtyletylenediamine dihydrochloride, 1% sulfanilamide, 2.5% phosphoric acid, all from
Sigma) in a 96-well plate. The absorbance at 550 nm was measured on a plate reader (Spectra
Max 190; Molecular Devices, Sunnyvale, CA, USA), and nitrite concentrations calculated
using a standard curve with sodium nitrite (NaNO»; Sigma; level of sensitivity 0.4 uM).

Quantitation of cytokine and chemokine levels in astrocyte-conditioned medium was
performed using standard sandwich ELISA kits according to the manufacturer’s instructions
(OptEIA mouse IL-1p and TNF-a; BD PharMingen; DuoSet mouse MIP-2/CXCL2 and KC/
CXCL2, R & D Systems, Minneapolis, MN, USA). The level of sensitivity for all ELISAs was
15.6 pg/mL.

Cell viability assays

The effects of 15d-PGJ2 and ciglitazone on astrocyte cell viability were evaluated using a
standard MTT assay based upon the mitochondrial conversion of 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) into formazan crystals as previously described
(Esen et al. 2004).

Protein extraction and Western blotting

Protein extracts were prepared from primary astrocytes cultured in 6-well plates by lysing cells
in 200 pL of RIPA buffer (1% NP-40, 0.1% sodium dodecyl sulfate in phosphate-buffered
saline, pH 7.4) supplemented with a Complete™ protease inhibitor cocktail tablet (Roche
Molecular Biochemicals, Indianapolis, IN, USA). Lysates were allowed to incubate on ice for
30 min followed by centrifugation at 21 000 x g for 15 min at 4°C to pellet debris. Calculation
of total protein in astrocyte extracts was determined using a standard protein assay
[bicinchoninic acid (BCA) protein assay reagent; Bio-Rad Laboratories, Hercules, CA, USA].
PPAR-y 2 (Affinity Bioreagents, Golden, CO, USA), TLR2 (R & D Systems) and inducible
nitric oxide synthase (iNOS; Santa Cruz Biotechnology, Santa Cruz, CA, USA) expression
were evaluated in 15d-PGJ2 and ciglitazone-treated astrocytes by Western blot analysis.
Astrocyte protein extracts (ranging from 1 to 40 pg of total protein) were electrophoresed on
4-10% Tris HCI Ready Gels (Bio-Rad Laboratories) and transferred to a polyvinylidene
difluoride membrane (Immobilon-P; Millipore, Bedford, MA, USA) using a semi-dry transfer
apparatus (Bio-Rad Laboratories). Blots were probed using either PPAR-y 2, TLR2 or iNOS
antibodies followed by the appropriate IgG-horseradish peroxidase-conjugated secondary
antibody (Jackson Immunoresearch, West Grove, PA, USA). Subsequently, membranes were
stripped and re-probed with a rabbit anti-actin polyclonal antibody (Sigma) to verify uniformity
in gel loading. Blots were developed using the Immobilon western substrate (Millipore,
Billercia, MA, USA) and visualized by exposure to X-ray film.

RNA isolation and quantitative real-time RT-PCR (QRT-PCR)

Total RNA was isolated from primary astrocytes using the TriZol reagent and treated with
Dnasel (both from Invitrogen, Carlsbad, CA, USA) prior to use in gRT-PCR studies. The
experimental procedure was performed as previously described (Esen et al. 2004; Kielian et
al. 2005). Briefly, TLR2 and GAPDH primers and TAMRA TagMan probes were synthesized
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by Applied Biosystems (Foster City, CA, USA). ABI Assays-on-Demand™ Tagman Kits were
utilized to examine CD36, PPAR-y, and ATP-binding cassette (ABC) subfamily A1 transporter
(ABCAL) expression. The RT reaction was carried out using the iScript cDNA synthesis kit
(Bio-Rad Laboratories) according to the manufacturer’s instructions. Real-time PCR reactions
were performed in a total reaction volume of 25 pL using the iCycler kit (Bio-Rad Laboratories)
containing a final concentration of 400 nM of forward and reverse primers, 200 nM of Tagman
probe, and 1 uL of cDNA from the RT step, and analyzed using the iCycler 1Q multicolor real-
time PCR detection system (Bio-Rad Laboratories). Gene expression levels following the
various experimental treatments were calculated after normalizing cycle thresholds against the
housekeeping gene GAPDH and are presented as the fold-induction (22ACt) value relative to
unstimulated astrocytes. For all qRT-PCR studies, we calculate changes in mRNA levels (mean
+ SEM) using the mean of the fold-change in MRNA expression from three individual
experiments (representing independent culture preparations). While rigorous, this approach
leads to variance values that are larger than standard deviations often reported for gqRT-PCR
experiments which are calculated by taking the average of ‘technical replicates’, thus resulting
in tighter error bars. Although we made all attempts to maintain experimental consistency
throughout these studies, variations in the different cultures of primary astrocytes used (final
cell numbers, degree of confluency, time from last feeding) most likely accounts for the
interexperimental variations in mRNA levels. However, we consider this important to
demonstrate the validity of our findings.

Statistical differences between experimental groups were determined by the Student’s t-test at
the 95% confidence interval using Sigma Stat (SPSS Science, Chicago, IL, USA).

Primary mouse astrocytes express PPAR-y

Recently, Storer et al. (2005a) reported that primary mouse astrocytes express PPAR-y
constitutively, the level of which remained unchanged even following stimulation with
lipopolysaccharide (LPS). However, other reports have demonstrated alterations in PPAR-y
expression in disparate cell types, suggesting that the cell type and/or stimulus dictate the
degree of receptor regulation (Ricote et al. 1998a,b; Huang et al. 1999; Tanaka et al. 1999).
The effects of S. aureus stimulation on PPAR-y expression in astrocytes, and how 15d-PGJ2
may regulate receptor levels, have not yet been investigated. As shown in Fig. 1(a), PPAR-y
MRNA expression was increased in primary astrocytes following 15d-PGJ2 treatment. In
contrast, S. aureus stimulation led to a modest reduction in PPAR-y mRNA levels; however,
co-treatment with 15d-PGJ2 and S. aureus did not exert any additive or synergistic effects on
astrocytic PPAR-y mRNA expression compared with 15d-PGJ2 alone (Fig. 1a). Analysis of
PPAR-y protein levels by Western blotting demonstrated that primary astrocytes expressed
PPAR-y constitutively and receptor levels remained unchanged even upon stimulation with S.
aureus or treatment with the PPAR-y agonist 15d-PGJ2 (Fig. 1). Collectively, these results
indicate that 15d-PGJ2 (and to a lesser extent S. aureus) can influence PPAR-y mMRNA steady-
state levels; however, these changes were not apparent at the protein level, possibly reflecting
restricted translational processes or, in part, because of the decreased sensitivity of Western
blots compared with qRT-PCR. Nevertheless, expression of PPAR-y in astrocytes is suggestive
that these cells may be responsive to the immuno-modulatory effects of PPAR-y agonists.

The cyclopentenone prostaglandin 15d-PGJ2 selectively attenuates inflammatory mediator
production from S. aureus -stimulated astrocytes

S. aureus-induced astrocyte activation is typified by the production of numerous pro-
inflammatory mediators (Esen et al. 2004). In the current study, we investigated whether the
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cyclopentenone prostaglandin 15d-PGJ2 was capable of modulating the extent of pro-
inflammatory mediator release from stimulated astrocytes. Pre-treatment of astrocytes with
various concentrations of 15d-PGJ2 (5-20 uM) for 1 h prior to S. aureus exposure led to a
dose-dependent inhibition of IL-1f expression (Fig. 2a). Cell viability assays revealed that
15d-PGJ2 was not cytotoxic at any of the concentrations examined, indicating that the anti-
inflammatory effects observed were not as a result of overt cell death (Fig. 2c). In contrast to
its inhibitory effects on S. aureus-induced IL-1 production, 15d-PGJ2 had no effect on the
production of the CXC neutrophil chemoattractants MIP-2/CXCL2 or KC/CXCL2 (Fig. 2b
and data not shown, respectively). In summary, these findings reveal that 15d-PGJ2 modulates
the expression of select inflammatory mediators in S. aureus-stimulated astrocytes.

S. aureus -induced iNOS expression and NO production are attenuated by 15d-PGJ2 in

astrocytes

Nitric oxide is an important mediator in CNS inflammatory diseases (Bal-Price and Brown
2001, 2003; Mander and Brown 2004) and 15d-PGJ2 has previously been shown able to
attenuate iINOS expression as well as NO production in astrocytes in response to the gram-
negative cell wall component LPS (Giri et al. 2004; Storer et al. 2005a). However, the ability
of 15d-PGJ2 to modulate astrocytic iNOS expression in response to the gram-positive CNS
pathogen S. aureus has not yet been investigated. Western blot analysis demonstrated that S.
aureus is a potentinducer of INOS expression in primary astrocytes. Interestingly, pretreatment
with 15d-PGJ2 attenuated S. aureus-induced iNOS expression in a dose-dependent manner
(Fig. 3a). The reduction in iNOS levels directly correlated with the ability of 15d-PGJ2 to
attenuate NO production in response to S. aureus (Fig. 3b). Collectively, these findings suggest
that 15d-PGJ2 modulates NO production in S. aureus-stimulated astrocytes primarily by
altering iNOS expression.

15d-PGJ2 modulates S. aureus -induced TLR2 expression in astrocytes

Several groups have reported that cultured astrocytes express TLR2 (Bowman et al. 2003; Esen
etal. 2004; Carpentier et al. 2005; Owens 2005). In addition, recent studies from our laboratory
have established that TLR2 plays a pivotal role in triggering intracellular signaling cascades
involved in mediating immune responses against both S. aureus and PGN in astrocytes (Esen
et al. 2004; Kielian 2006). Recently, 15d-PGJ2 has been reported to modulate TLR2-mediated
dendritic cell maturation (Appel et al. 2005); however, it is not yet known whether 15d-PGJ2
can affect the expression of astrocytic TLR2 in response to S. aureus. To explore this question,
TLR2 mRNA and protein levels were examined in S. aureus-stimulated astrocytes in the
presence or absence of 15d-PGJ2 using gRT-PCR and Western blotting, respectively. As
expected, S. aureus exposure augmented TLR2 mMRNA expression, which was nearly abrogated
by 15d-PGJ2 at all time points examined (Fig. 4a). Similar changes in TLR2 were observed at
the protein level, where 15d-PGJ2 inhibited S. aureus-induced receptor expression in a dose-
dependent manner (Fig. 4b). These findings suggest that 15d-PGJ2 is able to modulate S.
aureus-induced astrocyte activation, in part, by down-regulating TLR2 expression.

The synthetic PPAR-y agonist ciglitazone attenuates pro-inflammatory mediator production
from S. aureus -stimulated astrocytes

Several members of the TZD family of compounds serve as ligands for PPAR-y and are able
to exertimmuno-modulatory effects on numerous classes of immune cells (Clark 2002; Daynes
and Jones 2002; Zingarelli and Cook 2005). We therefore compared the ability of the TZD
ciglitazone versus 15d-PGJ2 to affect inflammatory mediator production from S. aureus-
stimulated astrocytes. Ciglitazone attenuated NO and I1L-1p production by primary astrocytes
in a dose-dependent manner (Figs 5a and b). In contrast to 15d-PGJ2, ciglitazone was capable
of suppressing the production of the CXC chemoattractant MIP-2/CXCL2 (Fig. 5c).
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Importantly, the concentration of ciglitazone used in this study was not toxic to astrocytes at
any of the doses examined (Fig. 5d). Interestingly, 15d-PGJ2 was more potent than ciglitazone
in suppressing inflammation in S. aureus-stimulated astrocytes despite its lower affinity for
PPAR-y. The anti-inflammatory effects of ciglitazone occurred at concentrations much higher
than its Kq value for PPAR-y (approximately 3 uM; Willson et al. 1996), suggesting that its
effects may be receptor independent. These findings indicate that, similar to 15d-PGJ2,
ciglitazone also attenuates inflammatory mediator production in S. aureus-stimulated
astrocytes; however, the high concentrations required suggest that PPAR-y-independent events
may be involved in these effects.

15d-PGJ2 and ciglitazone induce PPAR-responsive element (PPRE)-containing genes in

astrocytes

Our data demonstrates that the PPAR-y agonists 15d-PGJ2 and ciglitazone are capable of
attenuating astrocytic expression of select pro-inflammatory mediators. However, it was
important to establish whether these compounds (at the concentrations used in this study) were
capable of modulating the expression of genes containing known PPREs, indicative of PPAR-
v-dependent activation. We therefore examined the ability of 15d-PGJ2 and ciglitazone to
modulate expression of two PPRE-driven genes in astrocytes, namely CD36 and the ATP-
binding cassette protein subtype A1 (ABCAL; Motojima et al. 1998; Akiyama et al. 2002).
Both 15d-PGJ2 and ciglitazone significantly increased CD36 and ABCAL mRNA levels in
primary astrocytes, although the kinetics of induction differed between the two genes (Fig. 6).
Treatment with 15d-PGJ2 augmented CD36 and ABCA1 mRNA levels in a time-dependent
manner, with maximal expression observed at 24 h exposure (Figs 6a and b). In contrast, the
increases as a result of treatment with ciglitazone peaked at 12 h, after which they significantly
decreased (Figs 6¢ and d).

Both 15d-PGJ2 and ciglitazone are capable of attenuating established astrocyte activation
in response to S. aureus

The results presented thus far have established that both 15d-PGJ2 and ciglitazone are effective
at inhibiting S. aureus-dependent astrocyte activation when administered prior to bacterial
stimulation. However, it is not yet known whether these compounds can modulate pre-existing
astrocyte activation. To address this clinically more relevant question, post-treatment studies
were performed, where primary astrocytes were first stimulated with heat-inactivated S.
aureus and subsequently treated with 15d-PGJ2 or ciglitazone at 6 h following bacterial
exposure. In these experiments, S. aureus was maintained in the culture medium throughout
the 24 h stimulation period, after which pro-inflammatory mediator expression was evaluated.
Interestingly, this post-treatment paradigm mirrored the effects observed when PPAR-y
agonists were administered prior to S. aureus stimulation. Specifically, both 15d-PGJ2 and
ciglitazone were capable of attenuating ongoing NO and IL-1f production from S. aureus-
treated astrocytes, whereas MIP-2 levels were only-influenced by ciglitazone (Figs 7a—c).
Similar to the pretreatment effects of 15d-PGJ2 on chemokine expression, post-stimulation
treatment had no effect on the production of the CXC chemoattractant MIP-2/CXCL2 (Fig.
7¢). Again, no toxic effects were observed with any of the concentrations of 15d-PGJ2 or
ciglitazone tested (Fig. 7d). Collectively, these findings indicate that 15d-PGJ2 and ciglitazone
are able to modulate pre-existing astrocyte activation which, to our knowledge, has not yet
been reported in the literature.

Both 15d-PGJ2 and ciglitazone attenuate S. aureus-dependent astrocyte activation primarily
through a PPAR-y-independent pathway

Currently, it remains unclear as to whether the anti-inflammatory effects of 15d-PGJ2 or other
PPAR-y agonists are mediated via receptor-dependent or -independent pathways (Clark
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2002; Daynes and Jones 2002; Feinstein et al. 2005; Zingarelli and Cook 2005). To more
definitively determine if 15d-PGJ2 and ciglitazone affect S. aureus-induced astrocyte
activation independently of PPAR-y, we investigated the ability of these compounds to
modulate inflammatory responses in PPAR-y-deficient astrocytes. Mice in which PPAR-y was
specifically deleted in astrocytes were generated using Cre-Lox technology where a human
GFAP-driven Cre recombinase mouse (Zhuo et al. 2001) was crossed to a mouse containing
a floxed PPAR-y gene (Akiyama et al. 2002), generating offspring where PPAR-y gene exon
2, necessary for activity, was deleted in astrocytes. Loss of PPAR-y exon 2 was confirmed by
PCR analysis of astrocyte mRNA using primers flanking this region (Fig. 8a). Interestingly,
constitutive expression of the PPRE-driven genes CD36 and ABCAL was not detected in
PPAR-y-deficient astrocytes, whereas both genes were constitutively expressed in wild type
cells, providing additional evidence to support the loss of PPAR-y activity in knockout (KO)
astrocytes (data not shown). PPAR-y-deficient astrocytes were still capable of producing NO
and IL-1p as well as augmenting TLR2 expression in response to S. aureus, indicating that
there were no global defects in the ability of these cells to recognize bacteria (Figs 8b and c,
and data not shown). Importantly, both 15d-PGJ2 and ciglitazone were still able to attenuate
S. aureus-dependent NO, IL-1p, and TLR2 expression (Figs 8b and c, and data not shown),
consistent with the idea that these compounds can exert anti-inflammatory effects independent
of PPAR-y.

Discussion

Although the immuno-modulatory effects of PPAR-y agonists on LPS-induced astrocyte and
microglial activation have been described (Petrova et al. 1999; Giri et al. 2004; Storer et al.
2005a), whether these compounds can affect astrocytic responses to S. aureus remained
unknown. This represents a question of clinical importance as S. aureus is a common CNS
pathogen and we have evidence to suggest in our model of experimental brain abscess that
chronic astrocytic activation may contribute to the excessive tissue damage characteristic of
this disease. In the present study, we found that the PPAR-y agonists 15d-PGJ2 and ciglitazone
attenuated S. aureus-induced astrocyte activation, and that these effects were largely
independent of the PPAR-y pathway. This was demonstrated by the finding that 15d-PGJ2 and
ciglitazone were still capable of attenuating S. aureus-induced NO and IL-1p release from
PPAR-y KO astrocytes. Interestingly, similar anti-inflammatory effects on S. aureus-induced
astrocyte activation were observed when drugs were applied as late as 6 h following
stimulation, suggesting that these compounds could be potential therapeutic agents even in
conditions of pre-existing inflammation.

One intriguing finding that surfaced during the course of these studies was related to the diverse
effects of 15d-PGJ2 and ciglitazone on the expression of the neutrophil chemokine MIP-2. In
fact, of all of the pro-inflammatory mediators examined, MIP-2 was the only example where
the actions of the two drugs differed. Specifically, 15d-PGJ2 did not attenuate MIP-2
production from S. aureus-stimulated astrocytes either in pre-treatment or post-treatment
paradigms, whereas ciglitazone inhibited MIP-2 expression under both conditions. This finding
is in agreement with previous reports suggesting that 15d-PGJ2 is not a global inhibitor, but
rather its actions are specific for a certain subset of inflammatory mediators (Zhang et al.
2001; Kielian et al. 2004b). Because 15d-PGJ2 has been reported as a potent inhibitor of nuclear
factor-xB (NF-xB) signaling (Rossi et al. 2000; Straus et al. 2000), and MIP-2 production is
primarily NF-xB-mediated (Kim et al. 2003; Zampetaki et al. 2004), the inability of 15d-PGJ2
to attenuate MIP-2 expression suggests the involvement of additional NF-xB-independent
mechanisms in mediating S. aureus-induced MIP-2 production in astrocytes. Moreover, in
agreement with studies demonstrating that 15d-PGJ2 induces IL-8 (functional human homolog
of murine MIP-2) production in human monocytic cells and T cells (Zhang et al. 2001; Harris
et al. 2002), we also observed a slight increase in MIP-2 expression in murine astrocytes.
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Interestingly, ciglitazone attenuated MIP-2 production from S. aureus-stimulated astrocytes
regardless of when the drug was administered. This finding suggests that multiple discrete
signaling pathways are targeted by 15d-PGJ2 and ciglitazone to modulate S. aureus-dependent
astrocyte activation; however, these differences remain to be defined.

Recent studies from our laboratory have established that the pattern recognition receptor TLR2
is pivotal for S. aureus recognition by astrocytes and subsequent pro-inflammatory mediator
release (Esen et al. 2004), suggesting that this receptor plays a central role in bacterial
recognition events in the CNS. S. aureus treatment led to an increase in TLR2 expression,
which was reversed with 15d-PGJ2 treatment, similar to that which we have reported in primary
microglia (Kielian et al. 2004b). This decrease in TLR2 expression following 15d-PGJ2
pretreatment could account for the partial non-responsiveness of astrocytes to subsequent S.
aureus stimulation. However, 15d-PGJ2 was also capable of attenuating pre-existing astrocyte
activation induced by S. aureus engagement of TLR2. Therefore, this finding suggests that, in
addition to regulating TLR2 levels, 15d-PGJ2 may also interfere with the signaling cascade
elicited following TLR2 stimulation by S. aureus. As TLR2 gene expression is driven primarily
through a NF-xB pathway (Musikacharoen et al. 2001; Wang et al. 2001b), the suppression
of TLR2 levels suggests that the anti-inflammatory effects of 15d-PGJ2 might involve NF-
kB inhibitory actions. This possibility is in agreement with recent reports where PPAR-y
agonists were found to modulate TLR2-mediated dendritic cell maturation by interfering with
the NF-xB/MAPK and PI3K/Akt pathways (Appel et al. 2005). Indeed, our findings with
PPAR-y-deficient astrocytes demonstrated that the receptor was not required for the inhibitory
effects of 15d-PGJ2 on astrocytic TLR2 expression, highly suggestive that the ability of 15d-
PGJ2 to modulate NF-xB and MAPK pathways is likely responsible for the observed effects.

Over the past few years, several attempts have been made to elucidate whether the anti-
inflammatory effects of PPAR-y agonists are receptor dependent or independent. Embryonic
lethality of PPAR-y homozygous KO animals prompted the development of PPAR-y
heterozygous KO mice as well as conditional KO animals (Clark 2002; Daynes and Jones
2002; Zingarelli and Cook 2005). Despite these advances, the precise molecular mechanisms
underlying the anti-inflammatory effects of PPAR-y ligands remain controversial. Several
studies have suggested that the anti-inflammatory activities of PPAR-y agonists are mediated
by PPAR-y-dependent mechanisms. For instance, it has been demonstrated that ligand-
activated PPAR-y hetrodimerizes with retinoic acid receptor (RXR) to compete with various
transcription factors, such as NF-«xB, activator protein-1 (AP-1), JAK-STAT - signal
transducer and activator of transcription and nuclear factor of activated T cells (NFAT) for
binding to limited co-activators like CBP, P300, TIF-2, AIB-1, TRAP220, DRIP205 and
SRC-1, culminating in cofactor deficiency-based transcriptional inhibition (Kodera et al.
2000). However, the inability of excess cofactors to reverse this repression led to alternative
explanations suggesting physical interaction-mediated antagonism between PPAR-y and other
transcription factors (De Bosscher et al. 2000). Recently, Pascual et al. (2005) demonstrated
that, in response to LPS, sumoylation of ligand-activated PPAR-y occurs, which then interacts
with the NCoR-HDAC3 co-repressor complex localized on the iNOS promoter, effectively
inhibiting its ubiquitination-dependent removal and eventually leading to sustained
transcriptional repression. More recently, several PPAR-y-independent actions have been
suggested to account for the anti-inflammatory effects of 15d-PGJ2 and TZDs. For example,
several studies have shown that 15d-PGJ2 can interfere with NF-xB and AP-1 signaling
pathways (Rossi et al. 2000; Straus et al. 2000; Castrillo et al. 2001; Wang et al. 2001a),
modulate extracellular-regulated kinase 1 and 2 (ERK-1 and -2), and induce IxBa expression
(Guyton et al. 2003), as well as affect suppressor of cytokine signaling 1 and 3 (SOCS1 and
SOCS3) expression in glial cells, which in turn inhibits the LPS-induced JAK-STAT - signal
transducer and activator of transcription signaling pathway (Park et al. 2003). Importantly, the
attenuation of inflammatory responses by a 15d-PGJ2 analog that possesses a cyclopentenone
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ring similar to 15d-PGJ2, but lacks PPAR-y binding moieties, is also supportive of receptor-
independent pathways (Guyton et al. 2001; Musiek et al. 2005; Storer et al. 2005b). With
regard to TZDs, only a few reports have demonstrated anti-inflammatory effects despite being
potent PPAR-y agonists (Vaidya et al. 1999; Li et al. 2000; Thieringer et al. 2000). Moreover,
the anti-inflammatory effects of TZDs are observed at concentrations significantly higher than
the Ky value for binding to PPAR-y (Buckingham 2005; Zingarelli and Cook 2005). These
findings, along with the observation that PPAR-y antagonists failed to reverse the anti-
inflammatory effects of PPAR-y agonists, also support the receptor-independent theory (Hinz
et al. 2003; Grau et al. 2004).

In the current study, the most direct evidence demonstrating that the anti-inflammatory effects
of 15d-PGJ2 and ciglitazone on S. aureus-induced astrocyte activation occur primarily through
a PPAR-y-independent pathway is derived from experiments using PPAR-y KO astrocytes.
Specifically, S. aureus-induced NO and IL-1p production was attenuated to nearly the same
degree by 15d-PGJ2 and ciglitazone in both PPAR-y wild type and KO astrocytes. These results
clearly demonstrate a PPAR-y-independent mechanism of action and are in agreement with a
recent report by Chawlaet al. (2001), demonstrating that 15d-PGJ2 and TZDs suppressed TNF-
a and IL-6 production in PPAR-y wild-type and KO macrophages to similar extents.
Importantly, the use of targeted PPAR-y gene inactivation in astrocytes using Cre-Lox
technology ensures that other CNS cell types express functional PPAR-y, which may be
important from a developmental standpoint and could conceivably influence the nature by
which astrocytes respond to pathologic stimuli ex vivo.

In summary, the present work demonstrates that 15d-PGJ2 and ciglitazone attenuate S.
aureus-induced astrocyte activation, which is mediated primarily through a PPAR-y-
independent pathway. The inhibitory effects of 15d-PGJ2 and ciglitazone were observed when
administered either prior to or subsequent to bacterial stimulation, suggesting the possible use
of this class of compounds for treating pre-existing inflammatory conditions. However, future
studies are warranted to obtain a better understanding of the anti-inflammatory effect of PPAR-
v agonists, which may help in the development of new treatment strategies aimed at modifying
the pathophysiological responses in brain abscess and other inflammation-mediated diseases.
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3-[4,5-di-methylthiazol-2-ylI]-2,5-diphenyltetrazolium bromide
NF-kB
nuclear factor-xB
NO
nitric oxide
PPAR-y
peroxisome proliferator activated receptor-y
PPRE
PPAR-responsive element
TNF-a
tumor necrosis factor-a
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Toll-like receptor 2
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Fig. 1.

Primary mouse astrocytes express PPAR-y. Primary astrocytes were seeded in 6-well plates at
1 x 108 cells per well. After 24 h, cells were pretreated with 15d-PGJ2 at the indicated
concentrations for 1 h prior to stimulation with 108 colony forming units (cfu) of heat-
inactivated S. aureus (SA). Astrocytes treated with vehicle (methyl acetate, MA) or 20 uM
15d-PGJ2 only are included as negative controls. In (a), total RNA was collected from cells at
6, 12 and 24 h following S. aureus stimulation and PPAR-y mRNA expression was quantified
by gRT-PCR as described in Materials and methods. Gene expression levels were calculated
after normalizing PPAR-y signals against the housekeeping gene GAPDH and are presented
as relative mRNA expression units (mean + SEM of three independent experiments).
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Significant differences between unstimulated astrocytes versus 15d-PGJ2 only or S. aureus
only are denoted with asterisks (*p < 0.05, **p < 0.001). In (b), protein extracts (1 ug) from
whole cell lysates were prepared at 24 h following S. aureus stimulation and assessed for
PPAR-y 2 expression by Western blotting as described in Materials and methods.
Subsequently, membranes were stripped and re-probed for -actin to verify uniformity in gel
loading. Results are representative of three independent experiments.
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15d-PGJ2 differentially modulates pro-inflammatory cytokine and chemokine production in
S. aureus-stimulated astrocytes. Primary astrocytes were seeded in 96-well plates at 1 x 10°
cells per well and incubated overnight. The following day astrocytes were pre-treated for 1 h
with various concentrations of 15d-PGJ2 (15d; 5-20 uM) followed by stimulation with 107
cfu heat-inactivated S. aureus (SA) for 24 h. Cell-free supernatants were collected and analyzed
for IL-1p (a) and MIP-2 (b). Astrocyte viability was assessed using a standard MTT assay and
the raw ODs7q absorbance values are reported (c). Results are reported as the mean + SD of
three independent wells for each experimental treatment. Significant differences between
astrocytes treated with S. aureus only versus cells exposed to various concentrations of 15d-
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PGJ2 + S. aureus are denoted with asterisks (*p < 0.05, **p < 0.001). Results are representative
of five independent experiments.
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Fig. 3.

15d-PGJ2 inhibits iINOS protein expression and subsequent NO production in S. aureus-
stimulated astrocytes. Astrocytes were seeded in 6-well plates at 1 x 10° cells per well. After
an overnight incubation, cells were pre-treated with 20 uM of 15d-PGJ2 only, or various
concentrations of 15d-PGJ2 for 1 h prior to stimulation with 108 cfu S. aureus (SA). In (),
Western blots were performed on astrocyte protein extracts (40 ug total protein) collected at
24 hfollowing S. aureus stimulation as described in Materials and methods. Following transfer,
membranes were probed with an iNOS-specific antibody and subsequently stripped and re-
probed for B-actin to verify uniformity in gel loading. In (b), cell-free supernatants were
analyzed for nitrite production (presented in uM). Results are reported as the mean + SD of
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three independent wells for each experimental treatment. Significant differences between
astrocytes treated with S. aureus versus cells exposed to the various concentrations of 15d-
PGJ2 + S. aureus are denoted with asterisks (*p < 0.05). Results are representative of five
independent experiments.

J Neurochem. Author manuscript; available in PMC 2008 June 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Phulwani et al. Page 22

(a)
g 5() - =mmm Unstim.
1) C— SA+MA
3 EE SA + 15D =
g 40 -
: |
< 30
(44
E
o 20 1
-
-
_g 10 -
'.—‘E *%k
& 0 m| |50 -l = = m =
3 6 12 24
Time following stimulation (h)
) > 8§ 8 9
< O O O
o o o o
N T T T
S
O 2 2 2
] = = =
o 3 3 =3
: - > o0 ©o o
& c N « -
= = 6 + + +
c o < < < <
=2 « w un u u
o —e == TLR2 (97 kDa)
m Actin (42 kDa)

Fig. 4.

15d-PGJ2 attenuates S. aureus-induced TLR2 expression in astrocytes. Astrocytes were seeded
in 6-well plates at 1 x 10% cells per well. After an overnight incubation, cells were pretreated
with 20 uM of 15d-PGJ2 (15D) or vehicle only (methyl acetate, MA) for 1 h prior to stimulation
with 108 cfu S. aureus (SA). In (a), total RNA was collected from cells at 3, 6, 12 and 24 h
following S. aureus stimulation and TLR2 expression was quantified by gRT-PCR as described
in Materials and methods. Gene expression levels were calculated after normalizing TLR2
signals against the housekeeping gene GAPDH and are presented as relative MRNA expression
units (mean + SEM of three independent experiments). Significant differences between S.
aureus-stimulated astrocytes pretreated with vehicle only (methyl acetate) versus S. aureus +
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20 uM of 15d-PGJ2 are denoted with asterisks (*p < 0.05, **p < 0.001). In (b) western blots
were performed on astrocyte protein extracts (40 ng total protein) collected at 24 h following
S. aureus stimulation as described in Materials and methods. Following transfer, membranes
were probed with a TLR2-specific antibody and subsequently stripped and re-probed for -
actin to verify uniformity in gel loading. Results are representative of three independent
experiments.
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Fig. 5.

Ciglitazone modulates pro-inflammatory cytokine and chemokine production from S.
aureus-stimulated astrocytes. Primary astrocytes were seeded in 96-well plates at 1 x 10° cells
per well and incubated overnight. The following day, astrocytes were pre-incubated for 1 h
with vehicle only (dimethylsulfoxide; DMSQ), or the indicated concentrations of ciglitazone
(cig; 10-100 uM) followed by treatment with 107 cfu heat-inactivated S. aureus (SA) for 24
h. Cell-free supernatants were collected and analyzed for nitrite (a), IL-1p (b) and MIP-2 (c)
production. Astrocyte viability was assessed using a standard MTT assay and the raw ODs7q
absorbance values are reported (d). Results are reported as the mean + SD of three independent
wells for each experimental treatment. Significant differences between S. aureus-stimulated
astrocytes versus S. aureus + ciglita-zone are denoted with asterisks (*p < 0.05). Results are
representative of five independent experiments.
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15d-PGJ2 and ciglitazone induce the expression of PPRE-responsive genes in astrocytes.
Astrocytes were seeded in 6-well plates at 1 x 10° cells per well. After an overnight incubation,
cells were treated with 20 uM of 15d-PGJ2 (15d) or 100 uM ciglitazone (cig) only. Total RNA
was collected from cells at 6, 12 and 24 h following S. aureus stimulation, whereupon CD36
(a, c) and ABCAL (b, d) expression was quantified by gRT-PCR as described in Materials and
methods. Gene expression levels were calculated after normalizing target signals against the
housekeeping gene GAPDH and are presented as relative mRNA expression units (mean +
SEM of three independent experiments). Significant differences between unstimulated versus
15d-PGJ2- or ciglitazone-treated astrocytes are denoted with asterisks (*p < 0.05, **p <0.001).
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Fig. 7.

15d-PGJ2 and ciglitazone are capable of attenuating ongoing pro-inflammatory mediator
expression in astrocytes. Primary astrocytes were seeded in 96-well plates at 1 x 10° cells per
well and incubated overnight. The following day, astrocytes were left untreated or stimulated
with 107 cfu heat-inactivated S. aureus (SA) for 6 h. Subsequently, astrocytes were treated
with the indicated doses of 15d-PGJ2 (15d), ciglitazone (cig; uM, final concentration), or
vehicle control (dimethylsulfoxide). At 24 h following bacterial stimulation, cell-free
supernatants were collected and analyzed for nitrite (a), IL-1p (b) and MIP-2 (c) expression.
Astrocyte viability was assessed using a standard MTT assay and the raw ODs7q absorbance
values are reported (d). Results are reported as the mean + SD of three independent wells for
each experimental treatment. Significant differences between S. aureus-stimulated astrocytes
treated with vehicle only versus cells exposed to the various concentrations of 15d-PGJ2 or
ciglitazone + S. aureus are denoted with asterisks (*p < 0.05, **p < 0.001). Results are
representative of five independent experiments.
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PPAR-y null astrocytes are sensitive to the anti-inflammatory effects of 15d-PGJ2 and
ciglitazone. (a) Primary astrocytes do not express full-length PPAR-y mRNA. Primary
astrocyte cultures were prepared from post-natal day 1 frontal cortices of astrocyte-
conditionally null mice or wild type (WT) littermates as described in Materials and methods.
After 2 weeks in culture, whole-cell RNA was isolated, converted to cDNA, and amplified
using primers specific for PPAR-y exon 2. Aliquots of the cDNA were also amplified using
primers for a-tubulin to confirm RNA and cDNA integrity. The gels depict PCR products
obtained from astrocyte RNA prepared from two individual WT and two PPAR-y null (KO)
mice. In (b), PPAR-y WT and KO astrocytes were seeded in 6-well plates at 1 x 106 cells per
well and incubated overnight. The following day, astrocytes were pre-incubated with 15d-PGJ2
(15d; 10-20 uM) or ciglitazone (cig; 30-100 uM) for 1 h and subsequently stimulated with
107 heat-inactivated S. aureus (SA). Cell-free supernatants were collected at 48 h following
S. aureus treatment and analyzed for nitrite production (mean = SD of four independent wells
per treatment). In (c), PPAR-y KO and WT astrocytes were pretreated with 15d-PGJ2 (20
uM) or ciglitazone (100 uM) for 1 h, followed by 107 heat-inactivated S. aureus (SA). Cell-
free supernatants were collected 48 h following S. aureus treatment and IL-1p levels were
quantified by ELISA. Results are reported as the mean + SD of four independent wells for each
experimental treatment. Significant differences between astrocytes treated with S. aureus only
versus cells exposed to the various concentrations of 15d-PGJ2 + S. aureus or ciglitazone +
S. aureus are denoted with asterisks (*p < 0.05, **p < 0.001). Results are representative of two
independent experiments.
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