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The Synthetic Peroxisome Proliferator-Activated Receptor-�

Agonist Ciglitazone Attenuates Neuroinflammation and

Accelerates Encapsulation in Bacterial Brain Abscesses1

Tammy Kielian,2 Mohsin Md. Syed, Shuliang Liu, Nirmal K. Phulwani, Napoleon Phillips,

Gail Wagoner, Paul D. Drew, and Nilufer Esen

Brain abscesses result from a pyogenic parenchymal infection commonly initiated by Gram-positive bacteria such as Staphylo-

coccus aureus. Although the host immune response elicited following infection is essential for effective bacterial containment, this

response also contributes to the significant loss of brain parenchyma by necrosis that may be reduced by modulating the inflam-

matory response. Ciglitazone, a PPAR-� agonist with anti-inflammatory properties, was evaluated for its ability to influence the

course of brain abscess development when treatment was initiated 3 days following infection. Interestingly, abscess-associated

bacterial burdens were significantly lower following ciglitazone administration, which could be explained, in part, by the finding

that ciglitazone enhanced S. aureus phagocytosis by microglia. In addition, ciglitazone attenuated the expression of select inflam-

matory mediators during brain abscess development including inducible NO synthase, TNF-�, IL-1�, CXCL2, and CCL3. Un-

expectedly, ciglitazone also accelerated brain abscess encapsulation, which was typified by the heightened expression of fibronectin

and �-smooth muscle actin-positive myofibroblasts. Collectively, through its ability to attenuate excessive inflammation and accelerate

abscess encapsulation, ciglitazone may effectively sequester brain abscesses and limit bacterial dissemination. The Journal of Immu-

nology, 2008, 180: 5004–5016.

P
yogenic bacterial infections in the CNS parenchyma of-

ten lead to the development of abscesses. Common

pathogens associated with brain abscesses in humans

include streptococcal strains and Staphylococcus aureus (1, 2).

Because of its frequent association with brain abscesses, our

laboratory has developed an experimental brain abscess model

in the mouse using S. aureus (3–5). This model accurately re-

capitulates the sequence of events and pathological sequelae

that occur during brain abscess progression in humans, provid-

ing an excellent platform to investigate potential therapeutic

interventions to minimize the extensive damage to the brain

parenchyma that is characteristic of infection.

Brain abscesses evolve through a series of well-defined stages

(6, 7). The initial phase is acute cerebritis, which is typified by

extensive edema and the significant influx of neutrophils into

the infected parenchyma. This edematous response occurs

within the first few hours after infection and continues until �3

days following pathogen exposure, while neutrophil influx per-

sists throughout the entire course of disease. Microglial and

astrocyte activation can also be visualized along the interface

between the infected and neighboring tissue during the acute

cerebritis phase. The intermediate stage of brain abscess devel-

opment occurs around days 3–7 postinfection and is associated

with a large accumulation of macrophages along the margin of

necrotic tissue and surrounding uninfected brain parenchyma.

The final stage, also referred to as late cerebritis, spans from

day 7 onward and is associated with the formation of a fibrotic

wall surrounding the abscess in an attempt to protect neighbor-

ing parenchyma from infection. This fibrotic wall is associated

with the appearance of myofibroblasts and the deposition of

extracellular matrix components including fibronectin and col-

lagen (7). A significant vascular response is also observed along

the developing wall in conjunction with the clustering of acti-

vated macrophages/microglia. Interestingly, over time the ab-

scess cavity regresses in size, which may be attributed to the

contractile nature of myofibroblasts (8, 9). The presence of bac-

teria and the vigorous inflammatory cell infiltrate that ensues to

contain the infection lead to liquifactive necrosis of the affected

brain parenchyma and exudate formation. As the infection re-

solves, a significant portion of brain tissue has been perma-

nently lost and is typically too expansive for a regenerative

response. As a consequence, patients suffering from brain ab-

scesses often experience permanent neurological deficits that

are lesion site-dependent including seizures, cognitive decline,

or hemiparesis (10). Therefore, therapies aimed at reducing the

extent of parenchymal damage following infection could lead to

significant improvements in clinical outcomes and quality of

life for patients recovering from brain abscesses (11).

A group of compounds with reported anti-inflammatory effects

in several models of inflammation, including the CNS, are ligands
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that interact with peroxisome proliferator-activated receptor-�

(PPAR-�)3 (12, 13). PPAR-� is a member of the nuclear hormone

receptor superfamily of ligand-activated transcription factors that

regulate the expression of genes involved in reproduction, metab-

olism, development, and immune responses (13, 14). A wide

array of both natural and synthetic agonists for PPAR-� have

been identified including the naturally occurring prostaglandin

metabolite 15-deoxy-�12,14-PGJ2 (15d-PGJ2), thiazoladinedio-

nes a group of synthetic PPAR-� agonists used for the treatment

of diabetes, polyunsaturated fatty acids, and certain high-affin-

ity tyrosine derivatives. With regard to the CNS, several

PPAR-� agonists have been documented for their ability to at-

tenuate both microglial and astrocyte activation in response to

a diverse array of stimuli as well as their ability to impact the

course of several neurodegenerative diseases (12, 15–17). Per-

tinent to brain abscesses, our group has recently shown that the

natural and synthetic PPAR-� ligands 15d-PGJ2 and ciglita-

zone, respectively, are effective inhibitors of S. aureus-depen-

dent activation of both microglia and astrocytes (18, 19).

Based on the capacity of PPAR-� agonists to attenuate inflam-

mation, the synthetic thiazoladinedione ciglitazone was evaluated

for its ability to modulate the course of brain abscess development.

Ciglitazone exerted anti-inflammatory effects in a post-treatment

paradigm in which animals received the drug beginning at 3 days

following brain abscess induction, as typified by the attenuated

production of numerous proinflammatory mediators, including in-

ducible NO synthase (iNOS), TNF-�, IL-1�, CXCL2 (MIP-2), and

CCL3 (MIP-1�). In addition, the degree of microglial/macrophage

activation associated with brain abscesses of ciglitazone-treated

mice was reduced compared with vehicle control animals, which

was in agreement with the ability of the drug to inhibit microglial

proinflammatory mediator expression when administered either

prior or subsequent to S. aureus exposure in vitro. Brain abscess

bacterial burdens were significantly lower following ciglitazone

administration, which could be explained, in part, by the ability of

ciglitazone to augment S. aureus phagocytosis by microglia. Un-

expectedly, ciglitazone accelerated brain abscess encapsulation,

which was typified by the heightened expression of fibronectin and

�-smooth muscle actin-positive myofibroblasts. Collectively, these

results suggest that ciglitazone may represent a potential adjunc-

tive therapy with antibiotics for the clinical management of brain

abscesses through its ability to accelerate abscess encapsulation

and potentially restrict bacterial dissemination.

Materials and Methods
Bacteria and reagents

The S. aureus strain RN6390 was used as previously described (20, 21).
The synthetic PPAR-� agonist ciglitazone was purchased from Cayman
Chemical and recombinant mouse IFN-� was obtained from BD
Biosciences.

Generation of experimental brain abscesses

Brain abscesses were induced in 6- to 8-wk-old C57BL/6 mice using a
stereotaxic approach as previously described (3, 4). For all studies, an equal
number of age-matched males and females were used as previous work has
established that both genders exhibit qualitatively similar inflammatory
profiles following bacterial challenge (3, 4, 20, 21). The animal use pro-
tocol has been approved by the University of Arkansas for Medical Sci-
ences Animal Care and Use Committee and is in accord with the National
Institutes of Health guidelines for the use of rodents.

For evaluating the potential therapeutic effects of ciglitazone during
brain abscess development, mice were subjected to a post-treatment para-

digm in which the drug was examined for its ability to modulate ongoing
CNS inflammation. For these studies, ciglitazone was administered 3 days
following S. aureus infection, a time point at which bacterial burdens have
nearly peaked (21, 22). After this initial treatment, injections continued
daily until the termination of the study. Ciglitazone was initially examined
at three concentrations (2, 10, and 50 mg/kg/day); however, in subsequent
studies one dose was selected (50 mg/kg/day), which was determined to
exert optimal effects on the ensuing host CNS antibacterial response. For
all experiments, one group of animals received treatment with the highest
concentration of ciglitazone alone to assess any effects of the drug inde-
pendently of S. aureus infection. Animals receiving ciglitazone alone did
not demonstrate any overt adverse effects to the drug (i.e., no significant
alterations in body weight). The doses of ciglitazone tested are represen-
tative of PPAR-� agonist concentrations used in previously published re-
ports of disparate CNS neurodegenerative models (23–25).

Simultaneous collection of RNA, protein, and quantitation of

viable bacteria from brain abscesses

Brain abscesses were visualized by the stab wound created during injec-
tions, sectioned within 2–3 mm on all sides, and homogenized in PBS
supplemented with protease and RNase inhibitors. Subsequently, RNA,
protein, and bacterial titers were obtained as previously described (4).

Quantitation of brain abscess area

Brain abscess sizes in ciglitazone- and vehicle-treated mice were calculated
as previously described (26).

Immunofluorescence staining and confocal microscopy

The effects of ciglitazone on microglial/macrophage activation and myo-
fibroblast accumulation during brain abscess development were evaluated
by immunofluorescence staining using Iba-1 and �-smooth muscle actin,
respectively. In addition, PPAR-� localization and fibronectin deposition in
brain abscesses was also examined. Brain abscess tissues were collected at
the indicated time points following ciglitazone treatment, and 10-�m cry-
ostat sections were mounted onto SuperFrost Plus slides (Fisher Scientific),
air dried, and stored at �80°C until use. For the majority of experiments
presented, fresh frozen tissues were analyzed; however, to detect Iba-1
immunoreactivity, tissues fixed in 4% paraformaldehyde were used be-
cause strong staining with this Ab was not detected in fresh frozen sections.
Regardless of the fixation procedure, staining was initiated by equilibrating
slides at room temperature for 15 min followed by incubation in ice-cold
methanol. Following numerous rinses in PBS, tissues were incubated with
PBS/10% normal donkey serum to minimize nonspecific staining. Brain
abscess tissue was reacted with either goat anti-mouse Iba-1 (Abcam),
rabbit anti-mouse fibronectin (Affinity Bioreagents), rabbit anti-mouse
�-smooth muscle actin (Epitomics), or rabbit anti-mouse PPAR-� (Cay-
man Chemicals) Abs overnight at 4°C in a humidified chamber. Following
numerous rinses in PBS, tissues were incubated with either donkey anti-
goat IgG-FITC (for Iba-1) or biotinylated donkey anti-rabbit IgG (for fi-
bronectin, �-smooth muscle actin, and PPAR-�) Abs for 1 h at room
temperature. All secondary Abs were purchased from Jackson Immuno-
Research Laboratories. Fibronectin, �-smooth muscle actin, and
PPAR-� expression were visualized by the addition of a streptavidin-
Alexa Fluor 568 conjugate (Molecular Probes). Upon completion of the
staining protocol, slides were cover slipped using the Prolong anti-fade
reagent (Molecular Probes) and sealed using nail polish. Slides were
imaged using a LSM 510 laser scanning confocal microscope (Carl
Zeiss Microimaging). Specific staining of Abs was confirmed by ab-
sence of fluorescence signal following incubation of brain abscess tis-
sues with secondary Abs alone (data not shown).

Western blotting

Determination of iNOS expression in brain abscesses of ciglitazone-
and vehicle-treated mice was performed by Western blotting with a
polyclonal Ab against iNOS (Santa Cruz Biotechnology) as previously
described (4).

ELISA

Murine IL-1� and CXCL2 were quantified in brain abscess homogenates
or primary microglial supernatants using commercial ELISA kits (DuoSet;
R&D Systems). Results were normalized to the amount of total protein
extracted from tissues to correct for differences in sampling size as previ-
ously described (3, 22).

3 Abbreviations used in this paper: PPAR-�, peroxisome proliferator-activated recep-
tor-�; iNOS, inducible NO synthase; PGN, peptidoglycan; 15d-PGJ2, 15-deoxy-
�

12,14-PGJ2; EAE, experimental autoimmune encephalomyelitis.

5005The Journal of Immunology
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Multianalyte microbead array to detect proinflammatory

mediator expression

To expand the analysis of inflammatory mediators modulated by ciglita-
zone during brain abscess development, a mouse 20-plex cytokine mi-
crobead array system was used according to the manufacturer’s instruc-
tions as previously described (catalog no. LMC0006; BioSource
International) (5). Results were analyzed using a Bio-Plex Workstation
(Bio-Rad) and adjusted based on the amount of total protein extracted from
abscess tissues for normalization. The level of sensitivity for each mi-
crobead cytokine standard curve ranged from 1 to 35 pg/ml.

Preparation of primary microglia

Primary microglia were isolated from neonatal C57BL/6 mice (postnatal
day 2–4) as previously described (27). To investigate the effects of cigli-
tazone on microglial activation, primary microglia were seeded into 96-
well plates at 2 � 105 cells/well and incubated overnight. The following
day, cells were treated with various doses of ciglitazone for 1 h before
stimulation with either heat-inactivated S. aureus (107 CFU; strain
RN6390) or 10 �g/ml peptidoglycan (PGN; InvivoGen). Cell-conditioned
supernatants were collected at 24 h following bacterial exposure, and IL-1�

and CXCL2 production were evaluated by ELISA. In experiments de-
signed to examine whether ciglitazone was capable of modulating pre-
existing microglial activation, cells were exposed to ciglitazone 6 h fol-
lowing bacterial stimulation, and proinflammatory mediator expression
was quantitated by ELISA. The doses of bacterial stimuli used were based
on our previous studies that established optimal cytokine responses without
any evidence of toxicity (19, 28).

Nitrite assay

Nitrite, a stable end product of resulting from the reaction of NO with
molecular oxygen, was used to quantitate NO levels in microglial-condi-
tioned supernatants as previously described (19).

Phagocytosis assay

The effect of ciglitazone on microglial phagocytosis of S. aureus was per-
formed as previously described (29). Briefly, C57BL/6 primary microglia
were seeded onto 12 mm coverslips (2 � 105 cells/coverslip) placed in
24-well plates and incubated overnight. The following day, cells were pre-
treated with either medium alone or 50 �M ciglitazone for 24 h to allow
sufficient time for PPAR-� response element-driven changes in gene ex-
pression to be manifested at the protein level. After the 24-h period, mi-
croglia were incubated with a heat-killed S. aureus isolate that constitu-
tively expresses GFP, provided by Dr. A. Cheung (Dartmouth Medical
School, Hanover, NH) for 2 h. Cells were washed extensively with PBS
and incubated with 0.05% crystal violet in 0.15 M NaCl for 45 s to quench
any fluorescence signal from residual extracellular bacteria. Coverslips
were mounted onto glass slides using the Prolong anti-fade reagent (Mo-
lecular Probes), sealed using nail polish, and imaged using an LSM 510
laser scanning confocal microscope (Carl Zeiss Microimaging).

Cell viability assays

The effects of ciglitazone on microglial viability were evaluated using a
standard assay based upon the mitochondrial conversion of MTT into
formazan crystals as previously described (18).

Statistics

Significant differences between experimental groups were determined us-
ing the unpaired Student’s t test at the 95% confidence interval with Sigma
Stat (SPSS Science). This analysis was determined to be most appropriate
because, although we are evaluating changes in proinflammatory mediator
expression over time, repeated measurements are not made on the same
animal (mice are sacrificed to collect abscess homogenates at each time
point), precluding ANOVA and posthoc analysis of the data.

In this study, we performed a minimum of two independent replicates of
each in vivo experiment to confirm the results obtained. The reporting of
our results as representative of x number of independent experiments was
required because it is difficult to achieve identical bacterial burdens in mice
between independent brain abscess studies with distinct bacterial prepara-
tions. As a result, the absolute concentrations of the various proinflamma-
tory mediators detected within brain abscesses of ciglitazone- and vehicle-
treated mice differed between individual experiments; however, the trends
were consistent. This required us to report results from a single experiment
in which at least four to six mice per time point per group were analyzed
and statistical analysis conducted.

Results
The synthetic PPAR-� agonist ciglitazone is effective at

reducing inflammation when administered subsequent

to bacterial infection

Previous studies in the brain abscess model have demonstrated that

the proinflammatory mediators IL-1, TNF-�, and CXCL2 play an

important role in the host immune response to infection (3, 21, 30).

However, the sustained production of these same mediators can

also negatively impact cellular survival as demonstrated by others

(31–36). Based on the fact that proinflammatory mediator expres-

sion continues during the later stages of brain abscess in the face

of relatively few surviving bacteria (22), we propose that this per-

sistent cytokine response is deleterious, possibly confounding dis-

ease through the exaggerated destruction of normal brain paren-

chyma surrounding the abscess. Therefore, the synthetic PPAR-�

agonist ciglitazone was tested for its ability to modulate the ensu-

ing host inflammatory response for optimal bacterial killing with

minimal bystander destruction to brain tissue.

We first sought to determine whether ciglitazone could affect

established inflammation during brain abscess evolution because

this strategy represents a plausible clinical approach to modulate

infection. In these studies, mice received single daily doses of

ciglitazone beginning at day 3 post-infection, a time point at which

bacterial burdens have nearly peaked (21, 22). Animals were sac-

rificed at 1 and 3 days following ciglitazone treatment for analysis,

which corresponded to days 4 and 6 post-infection, respectively.

Ciglitazone significantly attenuated the expression of several

proinflammatory mediators including TNF-�, IL-1�, CXCL2, and

CCL3 (Fig. 1).

NO is a reactive nitrogen intermediate with potent antimicrobial

and immune modulatory effects. It is produced by any one of three

enzyme isoforms termed NO synthases. Expression of iNOS is

stimulated in glia and mononuclear phagocytes by a variety of

inflammatory cytokines and bacterial products, including LPS, S.

aureus, and PGN (27, 37). Quantitation of iNOS levels is routinely

used to reflect NO production in vivo because the free radical itself

is highly unstable and difficult to measure accurately in tissue ex-

tracts. To determine whether iNOS expression in brain ab-

scesses was modulated by ciglitazone, we compared iNOS lev-

els in lesions from ciglitazone- and vehicle-treated mice.

Similar to TNF-�, IL-1�, CXCL2, and CCL3, iNOS expression

was markedly reduced in brain abscesses of ciglitazone-treated

animals at all time points examined (Fig. 2). Interestingly, not

all molecules evaluated were affected by ciglitazone treatment

as evident by the inability of the drug to modulate IL-12 p70,

IL-23 p19, KC, or IL-10 expression (data not shown). Another

important finding was that ciglitazone was only capable of par-

tially attenuating proinflammatory mediator production (Figs. 1

and 2), because total blockade of these responses would likely

lead to adverse effects from an inability to completely clear

bacteria from the brain parenchyma.

Surprisingly, despite the fact that the expression of several

proinflammatory mediators considered to be key for effective an-

tibacterial immunity were reduced by ciglitazone administration,

bacterial burdens in brain abscesses of ciglitazone treated mice

were significantly lower compared with vehicle-treated animals

(Fig. 3). This finding may be explained by the reported ability of

ciglitazone to influence key components of the phagocytic path-

way including augmenting the scavenger receptor CD36 as well as

catalase expression (38, 39) because this PPAR-� agonist does not

possess any direct antimicrobial activity.

5006 CIGLITAZONE MODULATES BRAIN ABSCESS
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Ciglitazone administration accelerates brain abscess

encapsulation, fibronectin deposition, and myofibroblast

accumulation

Brain abscesses progress through a series of well-defined histo-

logical changes with a rather predictable time course (6, 7). There-

fore, we were interested in determining whether ciglitazone ex-

erted any effects on the nature of abscess evolution. Unexpectedly,

administration of ciglitazone beginning at day 3 postinfection led

to a heightened fibrotic reaction typified by accelerated abscess

encapsulation (Fig. 4). In addition, fibronectin deposition was sig-

nificantly augmented by ciglitazone along the abscess margins in

the immediate vicinity of the developing wall (Fig. 5). In contrast,

vehicle-treated animals demonstrated a less extensive network of

fibronectin-positive cells (Fig. 5).

Another hallmark of the brain abscess wall is the appearance of

myofibroblasts characterized by their expression of �-smooth mus-

cle actin (40, 41). Within the normal CNS, �-smooth muscle actin

is restricted to arteries/arterioles and the meninges. However,

�-smooth muscle actin expressing myofibroblasts have been re-

ported to organize along the developing brain abscess wall around

days 9–10 following infection (7). To determine whether ciglita-

zone led to the accelerated appearance of myofibroblasts, immu-

nofluorescence staining was performed. Similar to fibronectin dep-

osition, �-smooth muscle actin expression was dramatically

increased in ciglitazone-treated animals compared with controls

(Fig. 6). In addition, �-smooth muscle actin myofibroblasts were

more highly ordered following ciglitazone exposure, forming a

compact network compared with vehicle-treated animals where

FIGURE 1. Delayed ciglitazone administration is capable of attenuating proinflammatory mediator expression in brain abscesses. Mice (n � 4–6 per

group) received i.p. injections of PBS or ciglitazone at the indicated concentrations (10 or 50 mg/kg/day) beginning at 3 days following an intracerebral

infection with S. aureus, with treatment continuing daily until termination of the experiment. Animals were sacrificed at either 1 or 3 days after ciglitazone

treatment (corresponding to days 4 and 6 post-infection), whereupon TNF-� (A), IL-1� (B), CXCL2 (C), and CCL3 (D) expression were evaluated by

ELISA or multiplex bead arrays and results normalized to the amount of total protein recovered from abscesses to correct for differences in tissue sampling

size. �, p � 0.05; ��, p � 0.001 represent significant differences between infected mice treated with vehicle (PBS) vs ciglitazone. Results are representative

of two independent experiments.

5007The Journal of Immunology
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cells exhibited a sparse and ill-defined organization. The relative

immaturity of the abscess wall in infected vehicle-treated mice at

these early time points is expected given the time course of brain

abscess evolution. Despite the ability of ciglitazone to enhance

brain abscess encapsulation and fibrosis, lesion sizes were not sig-

nificantly different between ciglitazone-treated and control animals

at the time points examined (data not shown). Collectively, the

coordinated increase in fibronectin and �-smooth muscle expres-

sion along the abscess margins by ciglitazone is indicative of ac-

celerated myofibroblast organization and suggests that this

PPAR-� agonist prematurely redirects the host fibrotic response.

PPAR-� immunoreactivity is localized along the developing

brain abscess wall

Our results thus far have demonstrated that ciglitazone accel-

erates brain abscess encapsulation and formation of the fibrotic

FIGURE 2. Ciglitazone attenuates iNOS expression in evolving brain

abscesses. Mice received i.p. injections of PBS or 50 mg/kg ciglitazone

beginning at 3 days following an intracerebral infection with S. aureus,

with treatment continuing daily until termination of the experiment. Ani-

mals were sacrificed at either 1 or 3 days after ciglitazone treatment (cor-

responding to days 4 and 6 post-infection), whereupon iNOS expression

was evaluated by Western blotting (40 �g total protein/sample). Blots were

stripped and reprobed with an Ab specific for �-actin to verify uniformity

in gel loading. Results represent n � 3–4 individual animals per treatment

group (with the exception of normal brain) and are representative of two

independent experiments.

FIGURE 3. Ciglitazone significantly reduces bacterial burdens during

brain abscess development. Mice (n � 4–6 per group) received i.p. injec-

tions of PBS or ciglitazone (10 or 50 mg/kg/day) beginning at 3 days

following an intracerebral infection with S. aureus, with treatment con-

tinuing daily until termination of the experiment. Animals were sacrificed

at either 1 or 3 days after ciglitazone treatment (corresponding to days 4

and 6 post-infection) for quantitation of viable bacteria within abscesses.

�, p � 0.05 reflects significant differences between infected PBS- and cigli-

tazone-treated animals. Results are representative of two independent

experiments.

FIGURE 4. Ciglitazone leads to accelerated brain abscess encapsulation.

Mice (n � 4–6 mice per group) received i.p. injections of PBS or ciglitazone

(50 mg/kg/day) beginning at 3 days following an intracerebral infection with

S. aureus, with treatment continuing daily until termination of the experiment.

Animals were sacrificed at day 3 following ciglitazone treatment (correspond-

ing to day 6 post-infection), whereupon brain tissues were flash frozen on dry

ice for subsequent cryostat sectioning. Serial sections were prepared through-

out the entire abscess to ensure that the maximal cross-sectional area was

identified and H&E staining performed to demarcate the histological appear-

ance of lesions. A series of microscopic images at magnification �4 were

assembled for each individual vehicle- or ciglitazone-treated animal (lesions

from n � 4 individual animals are presented) to demonstrate the extent of

abscess formation. The fibrotic wall (along arrows) is more highly organized

and extensive in ciglitazone-treated mice compared with controls (PBS). Re-

sults are representative of three independent experiments.

FIGURE 5. Fibronectin deposition along the developing brain abscess

wall is enhanced by ciglitazone. Mice (n � 5–7 per group) received i.p.

injections of PBS or ciglitazone (50 mg/kg/day) beginning at 3 days fol-

lowing an intracerebral infection with S. aureus, with treatment continuing

daily until termination of the experiment. Animals were sacrificed at either

1 or 3 days after ciglitazone treatment (corresponding to days 4 and 6

post-infection), whereupon brain tissues were flash frozen on dry ice for sub-

sequent cryostat sectioning. Serial 10-�m thick sections were prepared

throughout the entire abscess, subjected to immunofluorescence staining for

fibronectin (red), and imaged by confocal microscopy at a magnification �10.

Fibronectin immunoreactivity is shown along the peri-abscess area in the vi-

cinity of the developing wall, where the dark areas represent necrotic regions.

Results are representative of three independent experiments.

5008 CIGLITAZONE MODULATES BRAIN ABSCESS

 b
y
 g

u
est o

n
 A

u
g
u
st 4

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


wall, which likely serves to limit bacterial dissemination. How-

ever, co-localizing the receptor for ciglitazone’s action,

PPAR-�, to the developing brain abscess wall would further

strengthen the region-dependent effects of this compound.

Therefore, immunofluorescence staining was performed to de-

lineate PPAR-� expression in the infected brain parenchyma.

Importantly, PPAR-� immunoreactivity was primarily associ-

ated along the developing abscess wall (Fig. 7). We did not

detect any significant differences in the frequency or intensity of

PPAR-� staining in brain abscesses of ciglitazone- or vehicle-treated

mice, suggesting that ligand treatment does not significantly modulate

PPAR-� expression during infection (data not shown). Demonstration

of robust PPAR-� reactivity along the developing abscess wall pro-

vides strong evidence to suggest that this region is highly sensitive to

the effects of PPAR-� ligands such as ciglitazone.

Effects of ciglitazone on microglial/macrophage activation

In addition to examining changes associated with the develop-

ing brain abscess wall, we also investigated whether ciglitazone

treatment influenced microglial/macrophage activation in vivo

because previous studies from our laboratory have demon-

strated that PPAR-� agonists are potent inhibitors of S. aureus-

dependent microglial activation (18). Examination of microgli-

al/macrophage staining with Iba-1 revealed a progressive

increase in staining over time, both along the peri-abscess mar-

gin and extending into the surrounding parenchyma, which is in

agreement with the temporal activation and accumulation of

these cells (7, 22). Interestingly, microglial/macrophage activa-

tion was attenuated by ciglitazone as revealed by a reduction in

Iba-1 staining in the parenchyma neighboring the abscess,

which was most prominent at 3 days following ciglitazone treat-

ment (i.e., day 6 post-infection) (Fig. 8). In addition, higher

magnification revealed that the morphology of Iba-1-positive

cells was more ramified in brain abscesses of ciglitazone-treated

mice suggestive of a less reactive state. In contrast, microglia/

macrophages in vehicle-treated animals appeared more rounded

and assumed a highly reactive phenotype (Fig. 8, image mag-

nification with a 63X oil immersion confocal scanner). This

finding is in agreement with the ability of ciglitazone to par-

tially inhibit S. aureus-dependent microglial activation in vitro

(Figs. 9 and 10).

FIGURE 6. Ciglitazone accelerates the appearance and organization of

�-smooth muscle actin-positive myofibroblasts. Mice (n � 5–7 per group)

received i.p. injections of PBS or ciglitazone (50 mg/kg/day) beginning at

3 days following an intracerebral infection with S. aureus, with treatment

continuing daily until termination of the experiment. Animals were sacri-

ficed at 3 days following ciglitazone treatment (corresponding to day 6

post-infection), whereupon brain tissues were flash frozen on dry ice for

subsequent cryostat sectioning. Serial 10-�m thick sections were prepared

throughout the entire abscess, subjected to immunofluorescence staining

for �-smooth muscle actin (red), and imaged by confocal microscopy.

�-smooth muscle actin immunoreactivity is shown along the peri-abscess

area in the vicinity of the developing wall, where the dark areas represent

necrotic regions. Enlarged zoom image represents a 63X oil immersion

confocal scan. Results are representative of two independent experiments.

FIGURE 7. PPAR-� immunoreactivity is localized along the develop-

ing brain abscess wall. Serial 10-�m thick sections were prepared through-

out brain abscesses collected at day 6 post-infection, subjected to immu-

nofluorescence staining for PPAR-� expression (red), and imaged by

confocal microscopy at a magnification of �10. PPAR-� immunoreactivity

was detected within the peri-abscess tissue, where the developing abscess

wall is demarcated (arrows). Results are representative of two independent

experiments using a total of n � 10–12 individual mice.

FIGURE 8. Microglia/macrophage activation within the peri-abscess

tissue is reduced by ciglitazone. Mice (n � 5–7 per group) received i.p.

injections of PBS or ciglitazone (50 mg/kg/day) beginning at 3 days fol-

lowing intracerebral infection with S. aureus, with treatment continuing

daily until termination of the experiment. Animals were sacrificed at either

1 or 3 days after ciglitazone treatment (corresponding to days 4 and 6

post-infection), whereupon animals were perfused with 4% paraformalde-

hyde and fixed tissues were processed for cryostat sectioning. Serial 10-�m

thick sections were prepared throughout the entire abscess, subjected to

immunofluorescence staining for the microglial/macrophage marker Iba-1

(green), and imaged by confocal microscopy. Iba-1 immunoreactivity is

shown along the peri-abscess area in the vicinity of the developing wall and

extending into the surrounding parenchyma. Left and middle panels are at

a magnification of �10. High power images were taken to better visualize

alterations in cellular morphology. Right panels use a 63X oil immersion

confocal scan. Results are representative of one experiment evaluating at

least n � 5–6 individual animals per group.
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Ciglitazone attenuates microglial proinflammatory mediator

production in response to S. aureus and its cell wall

product PGN

Microglia are the resident innate immune cells in the CNS pa-

renchyma and are uniquely poised to immediately respond to

bacterial infections by producing numerous cytokines and che-

mokines (42– 44). Previous studies by our laboratory and others

have revealed that PPAR-� agonists are potent inhibitors of

glial activation (18, 19, 45– 48). However, our prior studies

with microglia only examined responses to the endogenous

PPAR-� ligand 15d-PGJ2 (18). Therefore, the ability of synthetic

PPAR-� agonists, such as ciglitazone, to modulate microglial re-

sponses to S. aureus has not yet been evaluated. Ciglitazone sig-

nificantly reduced microglial IL-1� and CXCL2 production in re-

sponse to S. aureus when administered before bacterial exposure,

although considerable levels of each mediator remained (Fig. 9, A

and B). Importantly, ciglitazone was still capable of attenuating S.

aureus- and PGN-dependent microglial activation even when ad-

ministered as late as 6 h following bacterial challenge (Fig. 10, A

and B). The ability of ciglitazone to inhibit ongoing inflammation

FIGURE 9. Ciglitazone attenuates

S. aureus- and PGN-induced proin-

flammatory mediator expression in

microglia. Primary microglia were

seeded in 96-well plates at 2 � 105

cells per well and incubated overnight.

The following day, cells were pre-

treated with the indicated doses of

ciglitazone (final concentrations) or

vehicle control (DMSO) for 1 h before

stimulation with heat-inactivated S.

aureus (107 CFU/well) or PGN (10 �g/

ml). At 24 h following bacterial stimula-

tion, cell-free supernatants were collected

and analyzed for IL-1� (A) and CXCL2

(B) expression. Microglial viability was

assessed using a standard MTT assay,

and the raw OD570 readings are reported

(C). Results are reported as mean � SD

of three independent wells for each ex-

perimental treatment. ��, p � 0.001 sig-

nificant differences between microglia

exposed to S. aureus or PGN compared

with unstimulated cells. #, p � 0.01;

##, p � 0.001 significant differences be-

tween microglia exposed to S. aureus or

PGN only vs cells pretreated with the

various concentrations of ciglitazone plus

S. aureus or PGN. Results are represen-

tative of four independent experiments.
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is important from a clinical standpoint because patients receiving

treatment would already be experiencing overt CNS inflammatory

responses. The reduction in proinflammatory mediator expres-

sion following ciglitazone treatment was not the result of overt

cell death because MTT viability assays revealed that ciglita-

zone was not toxic to primary microglia at any of the doses

examined (Figs. 9C and 10C). In fact, S. aureus exposure led to

a significant increase in MTT readings regardless of ciglitazone

treatment, suggestive of microglial proliferation. Collectively,

these findings indicate that ciglitazone is able to modulate pre-

existing microglial activation, which to our knowledge, has not

yet been reported in the literature.

Recent studies from our laboratory have demonstrated that brain

abscesses are typified by a predominant Th1 response in an immu-

nocompetent host (T. Kielian, J. Nichols, and N. Esen, manuscript in

preparation). To determine whether ciglitazone may counteract the

FIGURE 10. Ciglitazone is capable

of attenuating ongoing proinflamma-

tory mediator expression in microglia.

Primary microglia were seeded in 96-

well plates at 2 � 105 cells per well and

incubated overnight. The following

day, cells were left untreated or stimu-

lated with heat-inactivated S. aureus

(107 CFU/well) or PGN (10 �g/ml) for

6 h. Subsequently, microglia were

treated with the indicated doses of

ciglitazone (final concentrations) or ve-

hicle control (DMSO). At 24 h follow-

ing bacterial stimulation, cell-free su-

pernatants were collected and analyzed

for IL-1� (A) and CXCL2 (B) expres-

sion. Microglial viability was assessed

using a standard MTT assay and the

raw OD570 absorbance values are re-

ported (C). Results are reported as

mean � SD of three independent

wells for each experimental treatment.

��, p � 0.001 significant differences be-

tween microglia exposed to S. aureus or

PGN compared with unstimulated cells.

#, p � 0.01; ##, p � 0.001 significant

differences between microglia exposed to

S. aureus or PGN only vs cells treated

with the various concentrations of cigli-

tazone plus S. aureus or PGN. Results

are representative of three independent

experiments.
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downstream effects of Th1 cytokines, we examined its ability to in-

terfere with the immune potentiating effects of IFN-�, a major product

of Th1 cells. IFN-� priming of primary microglia induced NO pro-

duction in response to S. aureus or PGN stimulation, whereas neither

bacterial stimulus alone was capable of eliciting detectable NO release

(Fig. 11, A and C). Ciglitazone led to a significant reduction in NO

production in response to IFN-� plus S. aureus or PGN, suggesting

that this PPAR-� agonist may impact the nature of Th1-dependent

responses during brain abscess development (Fig. 11, A and C). Cell

viability assays revealed that the reductions in NO expression result-

ing from ciglitazone treatment were not due to cytotoxic effects (Fig.

11, B and D).

S. aureus phagocytosis by microglia is enhanced by ciglitazone

Phagocytosis of several particulate Ags, such as RBC and apopto-

tic cells, is enhanced by PPAR-� agonists in microglia and mac-

rophages (38, 39, 49). However, the ability of PPAR-� agonists to

modulate bacterial phagocytosis by microglia has not yet been

investigated. Treatment of primary microglia with ciglitazone for a

24-h period before S. aureus exposure resulted in enhanced bacterial

FIGURE 11. Ciglitazone interferes with the priming effects of IFN-� in S. aureus-stimulated microglia. Primary microglia were seeded in 96-well plates

at 2 � 105 cells per well and incubated overnight. The following day, cells were first pretreated with the indicated doses of ciglitazone (final concentrations)

for 1 h followed by 100 ng/ml recombinant mouse IFN-� for 1 h. Subsequently, microglia were stimulated with heat-inactivated S. aureus (107 CFU/well)

(A and B) or PGN (10 �g/ml) (C and D). At 24 h following bacterial exposure, cell-free supernatants were collected and analyzed for NO expression (A

and C). Microglial viability was assessed using a standard MTT assay and the raw OD570 readings are reported (B and D). Results are reported as mean �

SD of three independent wells for each experimental treatment. ��, p � 0.001 significant differences between microglia exposed to S. aureus or PGN only

compared with cells treated with bacterial stimuli plus IFN-�. #, p � 0.05 significant differences between microglia exposed to S. aureus or PGN plus IFN-�

vs cells pretreated with the various concentrations of ciglitazone plus S. aureus or PGN plus IFN-�. Results are representative of three independent

experiments.

FIGURE 12. Ciglitazone enhances microglial phagocytosis of S. au-

reus. Primary microglia were seeded onto 12-mm coverslips at 2 � 105

cells per coverslip and incubated overnight in 24-well plates. The following

day, cells were pretreated with 50 �M ciglitazone or vehicle (DMSO) for

24 h to influence PPAR-� response element-driven gene expression. Sub-

sequently, microglia were incubated with 4 � 106 heat-inactivated S. au-

reus-GFP (green) for 2 h, and visualization of intracellular bacteria was

detected using confocal microscopy at a magnification �40. Results are

representative of three independent experiments.
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uptake (Fig. 12). The ability of ciglitazone to augment S. aureus

phagocytosis may explain, in part, why fewer viable bacteria were

associated with brain abscesses of ciglitazone-treated mice

(Fig. 3).

Discussion
There is no question that the host immune response elicited in the

CNS parenchyma during brain abscess development is essential

for effective bacterial containment. However, this response also

contributes to the significant loss of brain tissue by necrosis. In

addition, we have evidence to suggest that the immune response to

bacteria during brain abscess evolution persists beyond the effec-

tive elimination of viable organisms from the parenchyma (22).

This prolonged immune activation may be a consequence of con-

tinual triggering of pattern recognition receptors, such as TLRs

(50, 51), by bacterial debris associated with the necrotic milieu

including cell wall fragments and bacterial DNA. In essence, the

CNS immunologically senses an infection without the presence of

viable organisms. Under these conditions, we propose that the host

immune response is deleterious, possibly confounding disease

through the exaggerated destruction of noninfected brain paren-

chyma surrounding the abscess. Therefore, modulating the host

CNS immune response to achieve effective bacterial neutralization

while minimizing damage to surrounding tissue may be a useful

strategy to improve the long-term prognosis for brain abscess sur-

vivors. Along these lines, our laboratory has recently demonstrated

that minocycline, an antibiotic with anti-inflammatory properties,

was capable of attenuating inflammation during brain abscess de-

velopment independently of its bactericidal properties, culminating

in a reduction in brain abscess size (26). To continue along this line

of work, we next examined the ability of the PPAR-� agonist

ciglitazone to normalize the ensuing host inflammatory response

for optimal bacterial killing with minimal bystander destruction to

brain tissue.

The main finding of our study was that ciglitazone dramatically

accelerated the development of the fibrotic brain abscess wall. This

finding was revealed by enhanced fibronectin deposition and the

earlier appearance of myofibroblasts expressing �-smooth muscle

actin. This finding is at direct odds with other literature demon-

strating that PPAR-� agonists attenuate myofibroblast differentia-

tion or fibrosis in models of pathological fibrosis such as sclero-

derma or pulmonary/hepatic fibrosis (52–56). However, it is

important to acknowledge a fundamental difference between these

models of excessive fibrosis vs brain abscess in which a highly

regulated fibrotic wall forms in a region-specific manner. This fact,

coupled with the well-known differences in tissue microenviron-

ment between the brain and peripheral tissues (57, 58), may ex-

plain the pro-fibrotic effects of ciglitazone in the CNS compart-

ment. However, because brain abscess is one of the few CNS

insults that resolve by fibrosis rather than gliosis, it is likely that

the pro-fibrotic effects of ciglitazone demonstrated in this study are

specific to infection. This tenant is supported by a lack of evidence

for pro-fibrotic responses in other CNS disorders in which PPAR-�

treatment has been used (15, 23–25). Another distinction between

the regulated fibrosis that occurs during brain abscess development

and pathological fibrosis is that the latter is typically associated

with a Th2 cytokine environment (59, 60), which is not the case

during brain abscess development where a Th1 response predom-

inates (T. Kielian, unpublished observations). Indeed, IFN-�, a

major cytokine product of Th1 cells, is capable of potentiating NO

release by S. aureus- or PGN-stimulated microglia and ciglitazone

was found to interfere with the priming effects of IFN-�. This

difference in cytokine milieu also supports the argument that the

reported effects of PPAR-� agonists on inhibiting fibrosis in patho-

logical models of disease are not reminiscent of what occurs dur-

ing the controlled fibrosis associated with brain abscess wall for-

mation. In addition, in terms of disease chronicity, brain abscesses

typically last for weeks before treatment and resolution, which is

quite distinct from the chronic disorders that PPAR-� agonists

have been reported to inhibit fibrosis (i.e., scleroderma, idiopathic

pulmonary fibrosis, hepatic cirrhosis, and others) (55), which

present themselves over months or years. Finally, another impor-

tant concept to consider is that fibrotic responses typically ensue

when inflammation is reduced (55). This relationship is in agree-

ment with our findings, in that through its ability to attenuate

proinflammatory mediator expression and bacterial burdens, cigli-

tazone enhances brain abscess encapsulation and fibrosis. There-

fore, an alternative explanation to account for our results is that

ciglitazone may not play an active role in fibrosis per se but rather,

an indirect effect stemming from an earlier resolution of the host

inflammatory response.

In models of wound healing in the skin, PPAR-� is located in

regions of active proliferation (i.e., along wound edges after in-

jury) (61). Interestingly, the brain abscess wall is also located at

the periphery of the lesion and demonstrates a great deal of vas-

cular proliferative activity (7), theoretically making it a target re-

gion for ciglitazone action. Indeed, PPAR-�-positive cells were

clustered along the outer margins of the abscess and this finding

provides strong correlative evidence that the effects of PPAR-� on

the developing abscess wall are mediated by the drug’s action

on this cell type. The identity of these PPAR-�-positive cells re-

mains to be demonstrated; however, based on cellular morphology

and the characteristic pattern of microglial/macrophage aggrega-

tion along the abscess wall (7, 22), it is highly likely that these

PPAR-�-positive cells represent activated microglia/macrophages.

Additional evidence demonstrating the impact of ciglitazone on

this population was the ability of the drug to attenuate microglial/

macrophage activation in brain abscesses as well as partially in-

hibit proinflammatory mediator expression in vitro. However,

ciglitazone did not uniformly exert inhibitory actions on microglia

as drug treatment enhanced S. aureus phagocytosis, which corre-

lated with a reduction in bacterial burdens associated with brain

abscesses. Therefore, our results indicate that ciglitazone has sev-

eral immune modulatory effects on microglia/macrophages and

may redirect their activation profile from proinflammatory to pro-

fibrotic. Indeed, both microglia and macrophages are capable of

producing several fibrosis-promoting factors including TGF-�1

(62, 63). Although we did not detect any differences in PPAR-�

expression along the brain abscess wall in ciglitazone- vs vehicle-

treated mice, there is one important distinction that requires clar-

ification in comparison to other reports. Namely, we did not ex-

amine PPAR-� expression in animals receiving a sterile sham

injection vs those harboring brain abscesses because the objective

of the current study was to localize PPAR-� expression in the

inflamed brain. It is likely that PPAR-� levels are considerably

increased following bacterial infection compared with the normal

CNS as has been observed in other models of CNS inflammation

(23). Therefore, our results simply provide an explanation for the

localized actions of ciglitazone on the evolving brain abscess wall

because PPAR-� expression clusters in this region.

It is important to note that many anti-inflammatory actions of

PPAR-� agonists have been reported to occur via a receptor-inde-

pendent manner through mechanisms such as transrepression of

target genes and interference with signal transduction cascades

(12, 19, 64–66). In contrast, in models of fibrosis, the actions of

PPAR-� ligands have, in large part, been shown to be receptor-

dependent (52–54). Therefore, it is highly likely that ciglitazone

may exert both receptor-dependent and -independent effects in

5013The Journal of Immunology
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brain abscesses through its ability to accelerate fibrosis and inhibit

inflammatory responses, respectively. It is not possible to investi-

gate the role of PPAR-� directly during brain abscess development

because homozygous deletion of the PPAR-� gene results in em-

bryonic lethality (67, 68).

Flaris and Hickey (7) reported in a rat model of experimental

brain abscess that the abscess wall was composed primarily of

myofibroblasts based on their expression of type II collagen, fi-

bronectin, and �-smooth muscle actin, in part similar to our find-

ings in this study. Myofibroblasts can arise from the transdiffer-

entiation of many different cell types including fibroblasts, smooth

muscle cells, endothelial cells, and fibrocytes (8, 9). In peripheral

organs such as the liver, kidney, and lung, myofibroblasts are

thought to originate, in large part, from the transdifferentiation of

resident fibroblasts under the control of cytokines, in particular

TGF-� (8, 9, 60). However, the derivation of myofibroblasts from

a fibroblast precursor during brain abscess development remains

an enigma because the brain parenchyma is relatively devoid of

fibroblasts, with the exception of those associated with the cerebral

vasculature and the meninges. It is unlikely that meningeal fibro-

blasts contribute to the fibrotic reaction associated with brain ab-

scesses because lesions are not contiguous with the meninges. In

addition, a sterile stab wound injury to the brain parenchyma,

which also perforates the meninges, does not lead to fibrosis (7,

22). Alternative possibilities to account for the origin of myofi-

broblasts along the developing brain abscess wall include trans-

differentiation from smooth muscle cells, endothelial cells, or fi-

brocytes. The latter is a distinct population of blood-derived

fibroblast-like progenitor cells that possess plasticity to differenti-

ate along mesenchymal lineages, including commitment to myo-

fibroblasts, adipocytes, and osteoblasts (69–72). Fibrocyte to myo-

fibroblast transdifferentiation is an attractive possibility to account

for the accumulation of myofibroblasts along the developing brain

abscess wall because the extravasation of peripheral blood cells is

a hallmark feature of brain abscess development, which continues

out to at least 4 wk following infection (7, 22). The origin of

myofibroblasts in the brain abscess model is currently being in-

vestigated in our laboratory.

Our findings describing the effects of ciglitazone on proinflam-

matory mediator expression in the brain abscess model differ

slightly from previous studies investigating the role of PPAR-�

agonists in experimental autoimmune encephalomyelitis (EAE).

Namely, we did not observe any alterations in IL-12 expression in

brain abscesses with ciglitazone treatment, whereas others have

reported that this compound is capable of reducing IL-12 levels

during EAE (73). However, it is important to acknowledge several

differences in the nature of inflammatory insults between these

infectious (brain abscess) and noninfectious (i.e., EAE) disease

models. For example, brain abscesses are typified by a robust neu-

trophil infiltrate (7, 21, 22), whereas these cells are not normally

considered a hallmark of EAE. In addition, the voracity of the

inflammatory response differs because a rapid, vigorous innate im-

mune response is needed to contain bacterial replication during

brain abscess development (3, 21, 30), whereas the intensity of the

inflammatory response in EAE is limited to discrete foci. Based on

the fundamental differences between these models of neuroinflam-

mation, direct comparisons between the two paradigms are difficult

at best. In addition to differences in model systems, other variables

including the dose of PPAR-� agonist administered and the inter-

val when responses are measured (i.e., acute vs chronic inflam-

mation) may influence the results obtained. It is important to note

that in previous studies from our laboratory using purified micro-

glia, we demonstrated that PPAR-� agonists attenuated IL-12 p40

production in response to S. aureus stimulation (18). In addition,

we noted that PPAR-� agonists either had no effect or exacerbated

CXCL2 production in primary microglia and astrocytes following

S. aureus treatment, respectively (18, 19), the latter finding in

agreement with other reports (74, 75). In summary, we propose

that although PPAR-� agonists have demonstrable effects on pu-

rified cell populations, these differences do not necessarily trans-

late to the in vivo situation where a complex array of cell popu-

lations are encountered. Indeed, both CNS resident and several

infiltrating immune cell types are associated with brain abscesses

including microglia, astrocytes, macrophages, neutrophils, and T

cells (6, 7, 22, 30, 76). Therefore, it appears reasonable that the

effects observed with PPAR-� agonists using purified cell popu-

lations may not always mimic the complex inflammatory milieu

encountered during neuroinflammatory conditions such as brain

abscess.

Another intriguing finding of this study was the ability of cigli-

tazone to augment S. aureus phagocytosis by microglia. We ini-

tially suspected that this effect may be mediated, in part, by the

ability of PPAR-� ligands to increase expression of the phagocytic

class B scavenger receptor CD36 (38, 39). With regard to bacterial

infection, CD36 has been shown to mediate the phagocytic uptake

of S. aureus by macrophages (77). However, analysis of CD36

expression by quantitative RT-PCR did not reveal any significant

alterations in receptor levels following ciglitazone treatment, in-

dicating that the ability of this PPAR-� agonist to augment S.

aureus phagocytosis by microglia in unlikely to be explained by

increased CD36 expression. Identifying the molecule(s) responsi-

ble for enhanced bacterial uptake is beyond the scope of this initial

study characterizing the effects of ciglitazone on brain abscess de-

velopment. Indeed, phagocytosis is a complex process involving

many parallel signaling pathways and it is likely that multiple as-

pects of this process may be affected by ciglitazone. Future studies

using microarray analysis could facilitate the identification of a

candidate gene(s) involved in the phagocytic pathway that may be

responsible for augmenting bacterial uptake in response to cigli-

tazone treatment.

In summary, our results provide evidence to suggest that the

PPAR-� agonist ciglitazone is capable of accelerating brain ab-

scess encapsulation typified by the earlier appearance and compact

organization of fibronectin as well as the rapid emergence of myo-

fibroblasts associated with the developing abscess wall. This result

could represent a protective drug response to control bacterial dis-

semination in the brain, an effect that is magnified by the ability of

ciglitazone to significantly reduce abscess-associated bacterial bur-

dens. Therefore, it is envisioned that combinational therapy with

antibiotics and PPAR-� agonists may achieve maximal benefit for

the treatment of brain abscess patients by effectively reducing bac-

terial burdens and accelerating the protective encapsulation of

abscesses.
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