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Abstract

Whole-brain irradiation (WBI) can lead to cognitive impairment several months to years after
irradiation. Studies on rodents have shown a rapid and sustained increase in activated microglia (brain
macrophages) following brain irradiation, contributing to a chronic inflammatory response and a
corresponding decrease in hippocampal neurogenesis. Thus, alleviating microglial activation
following radiation represents a key strategy to minimize WBI-induced morbidity. We hypothesized
that pre-treatment with peroxisomal proliferator-activated receptor (PPAR)a agonists would
ameliorate the pro-inflammatory responses seen in the microglia following in vitro radiation.
Irradiating BV-2 cells (a murine microglial cell line) with single doses (2-10 Gy) of 137Cs y-rays led
to increases in 1] the gene expression of IL-1f and TNFa, 2] Cox-2 protein levels and 3] intracellular
ROS generation. In addition, an increase in the DNA-binding activity of redox-regulated pro-
inflammatory transcription factors AP-1 and NF-kB was observed. Pre-treating BV-2 cells with the
PPARa agonists, GW7647 and Fenofibrate significantly inhibited the radiation-induced microglial
pro-inflammatory response, in part, via decreasing i] the nuclear translocation of the NF-xB p65
subunit and ii] phosphorylation of the c-jun subunit of AP-1 in the nucleus. Taken together, these
data support the hypothesis that activation of PPARa can modulate the radiation-induced microglial
pro-inflammatory response.
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INTRODUCTION

Brain metastases represent a significant cause of morbidity and mortality, and are the most
common intracranial tumors in adults, occurring in 10% to 30% of adult cancer patients [1,
2]. The annual incidence appears to be rising as a result of an aging population, improved
treatment of systemic disease and the use of advanced imaging techniques such as magnetic
resonance imaging to detect smaller metastases in asymptomatic patients [1]. Radiation
therapy, administered in the form of large-field partial or whole brain irradiation (WBI), is the
primary mode of treatment for brain metastases; over 170,000 patients will receive WBI/year
inthe US [3,4]. However, late delayed effects of brain irradiation characterized by a progressive
cognitive impairment occur in up to 50% of brain tumor patients who are long-term survivors
[5] (>6 months post-irradiation). Currently there are neither long- term treatments nor any
preventive strategies to alleviate this radiation-induced morbidity [1].

Although the exact pathogenic mechanisms of radiation-induced brain injury are not known,
a growing body of data suggests that oxidative stress/pro-inflammatory responses might play
arole [6]. An acute molecular response characterized by increased expression of
proinflammatory cytokines such as tumor necrosis factor alpha (TNFa), interleukin 1 beta
(IL-1p), intracellular adhesion molecule-1 (ICAM-1), cyclooxygenase-2 (Cox-2) and
activation of transcription factors such as nuclear factor kappa B (NF-«xB) is observed within
hours of irradiating the rodent brain [7-9]. In addition, a chronic elevation of TNFa has been
observed in the mouse brain up to 6 months post-irradiation [10].

Microglia, the immune cells of the brain, are one of the key mediators of neuroinflammation.
They represent about 10% of the total glial population in the central nervous system [11]. In
the ramified state, microglia actively survey the microenvironment and ensure normal central
nervous system activity by secreting neurotrophic factors such as neuronal growth factor (NGF)
[12]. However, they can become activated by a variety of stimuli and release a host of pro-
inflammatory cytokines, chemokines and reactive oxygen/nitrogen oxide species (ROS/
RNOS) [13]. Although microglial activation plays an important role in phagocytosis of dead
cells in the central nervous system, prolonged activation leads to a sustained inflammatory
status in the central nervous system [14]. Microglial activation has been implicated in several
neurodegenerative diseases such as multiple sclerosis, Alzheimer’s disease and Parkinson’s
disease [14].

In vitro studies suggest that irradiating microglia leads to a marked increase in expression of
proinflammatory genes including TNFa, IL-1p, IL-6 and Cox-2 [15-17]. Radiation-induced
expression of microglial TNFa and IL-1f has been shown to enhance ICAM-1 expression in
non-irradiated astrocytes [16]. These studies are supported by in vivo experiments in rodents
which indicate that brain irradiation leads to a marked increase in microglial activation
associated with both a concomitant decrease in neurogenesis in the sub-granular zone (SGZ)
of the hippocampus and spatial memory retention deficits [18,19]. Further, administration of
the antiinflammatory drug indomethacin decreased radiation-induced microglial activation and
was associated with an improvement in hippocampal neurogenesis [20]. These data suggest
that the efficacy of anti-inflammatory therapies to mitigate radiation-induced brain injury may
involve inhibition of radiation-induced microglial activation.

Peroxisomal proliferator-activated receptor alpha (PPARa) is one of the three nuclear receptor
subtypes belonging to the PPAR family [21]. Following activation, PPARs regulate gene
transcription by binding to specific consensus sequences termed PPAR response elements
(PPRES) in the promoter regions of genes as a heterodimer with the retinoid X receptor (RXR)
[21]. PPARa is activated by both natural ligands such as certain long-chain fatty acids and
eicosanoids and synthetic ligands such as hypolipidemic fibrates [22]. PPARa is predominantly
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expressed in tissues that catabolize high amounts of fatty acids such as the liver, kidney and
heart [23], and regulates many metabolic pathways, including activation of fatty acid p-
oxidation and apolipoprotein expression [22,24,25]. More recently, PPARa has been shown
to play a major role in regulating inflammatory processes. Administration of fibrates to patients
with a moderate hyperlipidemia decreased plasma concentrations of pro-inflammatory
mediators such as IL-6, TNF-a, interferon-y (IFNy), fibrinogen, and C-reactive protein [25].
PPARa ligands can negatively impact atherogenesis and vascular thrombus formation, in part,
by repressing Tissue factor and TNF-a expression in T lymphocytes and macrophages [26,
27]. In addition, PPARa has been shown to mediate its anti-inflammatory activities, in part,
via downregulation of activator protein-1 (AP-1) and NF-«xB signaling pathways [28].

In the brain, PPARGa is expressed in multiple cell types including the microglia [27]. PPAR«
agonists have been shown to inhibit the production of nitric oxide and secretion of
proinflammatory cytokines including TNFa, IL-1B and IL-6 in both cytokine and LPS-
stimulated microglia [29-31]. The role of PPARa. in radiation-induced brain injury is unknown.
We hypothesized that activation of PPARa could modulate the inflammatory and/or oxidative
stress responses of the microglia following radiation. In the current study, we report that pre-
treatment of microglial cells with PPAR« agonists prevented the radiation-induced increases
in TNFo and IL1 gene expression and Cox-2 protein levels, in part, by modulating the activity
of AP-1 and NF-xB transcription factors.

MATERIALS AND METHODS

Cell culture and reagents

Irradiation

The immortalized BV-2 murine microglial cell line was cultured in high glucose DMEM
(Invitrogen, Carlsbad, CA) containing 5% fetal bovine serum (Sigma-Aldrich, St. Louis, MO),
2 mM L-glutamine, 100 IU/mL penicillin and 100 mg/mL streptomycin. These cells display
phenotypic and functional properties of reactive microglial cells and resemble non-activated
primary microglial cells [32]. Cells were maintained at 37°C with 10% CO»/90% air mixture
and the culture medium was replaced with serum-free media 24 h prior to irradiation. The
PPARa agonists GW7647 and Fenofibrate were purchased from Sigma-Aldrich. The INK
inhibitor, SP 600125, the NF-xB inhibitors Bay-117082 and 6-Amino-4-(4-
phenoxyphenylethylamino) quinazoline were purchased from Calbiochem (EMD Biosciences,
La Jolla, CA). All drugs were dissolved in Me,SO,4 (DMSO); for some experiments,
Fenofibrate was dissolved in N, N-Dimethyl formamide (DMF). Goat anti-Cox-2 was
purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Rabbit anti-p65 was purchased
from Cell Signaling (Danvers, MA).

Cells were irradiated using a 137Cs irradiator (J.L. Shepherd and Associates, San Fernando,
CA) at a dose rate of ~ 4.0 Gy/min. All irradiations were performed at room temperature;
control cells received sham-irradiation. After irradiation, the culture dishes were returned to
the incubator and maintained at 37°C in a 10% CO2/90% air mixture.

Measurement of intracellular ROS generation

2'7'-dichlorofluorescein diacetate (DCFH-DA) was used as an indicator of intracellular
formation of ROS as described previously [33]. DCFH-DA is a cell-permeant probe that enters
the cell followed by cleavage of the diacetate molecules by cellular esterases. The probe
becomes fluorescent when it is oxidized in cells by ROS. In brief, BV-2 cells were plated onto
24-well plates at a density of 45,000 cells/well. Twenty four hours after plating, cells were
washed twice with 1X PBS+ (1X PBS with 0.14 g/L CaCl, and 0.1 g/L of MgCl,) and
subsequently incubated in PBS+ containing 10 uM DCFH-DA (Invitrogen, CA/Molecular
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Probes, Eugene, OR) for 45 min. The cells were rinsed twice with 1X PBS+ to wash off the
probe and then treated with a single dose of 2, 4, 6, 8 or 10 Gy of 137Cs y rays ; controls were
sham-irradiated. As a positive control, cells were treated with either 100 uM or 1 mM H,0,
for 1 h prior to fluorescence measurement. ROS generation was measured 1 h post-irradiation
as relative fluorescent intensity using a FLUOstar OPTIMA multimodal plate reader (BMG
LabTech, Germany) at excitation wavelength 485 nm and emission wavelength 530nm. Ten
micromolar carboxy-DCFH-DA (Invitrogen/Molecular Probes) was used as a negative control
for ROS assays. C-369 is a non-oxidizable fluorescent probe that does not change its
fluorescence in the presence of ROS. For experiments with GW7647, cells were incubated
with 10 uM GW?7647 or vehicle (DMSO) for 24 h prior to being incubated with DCFH-DA.
For experiments with Fenofibrate, cells were incubated with DCFH-DA for 45 min and
subsequently treated with 100 uM Fenofibrate or vehicle (DMF) for 1 h prior to irradiation.
Irradiation and fluorescence measurements were carried out as outlined above.

RNA isolation and Real-time qPCR

RNA was isolated from cells using Trizol reagent (Invitrogen) according to manufacturer’s
specifications. DNA contamination from RNA was removed by subjecting it to Acid-Phenol
Chloroform extraction (pH 4.6, 125:24:1, Ambion Inc., Austin, TX) followed by RQ1 DNase
treatment (Promega, Madison, WI). The PCR amplifications were done in 25 pL reaction
volume containing 2 uL. cDNA, 12.5 uL of Platinum® Quantitative PCR SuperMix-UDG w/
ROX (Invitrogen), unlabeled antisense primer, FAM-labeled sense primer and nuclease-free
water. The PCR reaction was carried out in a ABI Prism® 7000 at 50° C for 2 min, 95 ° C for
2 min and 45 cycles of 95°C for 15 min, 55 ° C for 30 sec and 72 ° C for 30 sec. The fold
changes in gene expression of TNFo and IL-1p were calculated using the comparative C; (cross
threshold) method. Briefly, the C; of the housekeeping gene B-actin was subtracted from the
Cof TNFa or IL-1p to get A C;. The A C; value of sham-irradiated sample was then subtracted
from the A C; of the rest of the treatments to get the AA C; value. Fold differences compared
to sham-irradiated sample are obtained by calculating 2"2ACt for each treatment group. Data
represent the Mean = S.E.M of three independent experiments.

Electromobility shift assay (EMSA)

Cells were lysed with cold Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl,,10 mM KClI, 0.5
mM DTT) followed by homogenization using a Dounce homogenizer (B type pestle). Lysed
cells were centrifuged at 12,000 rpm for 2 min to isolate nuclei. Nuclear protein was isolated
by treating the nuclear pellet with Buffer C (5 mM HEPES pH 7.9, 1.5 mM MgCl,, 25% v/v
Glycerol, 400 mM NaCl, 1 mM EDTA 0.5 mM DTT, 0.5 mM PMSF, 2 pug/mL aprotinin, 2
pg/mL leupeptin and 1 mM NagVOy,) for 30 min in ice followed by centrifugation at 12000
rpm for 2 min. Protein concentrations were calculated using the Bradford Assay (Bio-Rad,
Hercules, CA) by measuring the absorbance at 595 nm. The EMSA procedure was carried out
using the Promega Gel-Shift Core Assay System according to the manufacturer’s instructions.
Briefly, 10 pg of nuclear protein in sterile water were incubated with 2 uL of Binding Buffer
(Promega) for 10 min. Consensus NF-«xB binding sequence: 5’-
AGTTGAGGGGACTTTCCCAGG C-3’and 3’-TCA ACTCCCCTGAAAGGGTCCG-5’and
AP-1 binding sequence: 5’-CGCTTGATGAGTCAGCCGGAA-3’ and 3’-
GCGAACTACTCAGTCGGCCTT-5" were labeled with 20 uCi y-P32 (GE Healthcare,
Piscataway, NJ) and T4 polynucleotide kinase (Promega) and subsequently incubated with the
nuclear protein samples for 20 min and electrophoresed on a 4% non-denaturing
polyacrylamide gel. The gel was subsequently stained in 7% acetic acid, washed twice with
water, and vacuum dried (Thermo Scientific, Waltham, MA) for 20 min. An X-ray film was
placed on top of the dried gel and the image allowed to develop at -80° C. The X-ray film was
processed using a Kodak Processing System. Films were scanned and densitometry was
performed to quantify the intensity of the signal (Scion Image, Frederick, MD). For supershift
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experiments, nuclear proteins were incubated with 2 pg of either anti-p65 or anti-c-Jun
antibodies for 20 min after addition of radiolabeled probes. For competition assays, 1 puL of
either NF-xB or AP-1 unlabelled oligos was added to the nuclear extracts prior to addition of
radiolabeled probes.

Luciferase assay

8 x 104 BV-2 cells were plated on 24-well plates. Twenty four hours later, cells were co-
transfected with 0.2 pg of either PPRE-ACOX (consensus PPRE for the rat acyl-CoA oxidase
gene, akind gift from Dr. Thomas Mclntyre, Univ. of Utah) or control vector (pGL3, Promega)
and a renilla plasmid (0.02 pg, pRL-SV40, a kind gift from Dr. Lee Yong Woo, Univ. of
Virginia) using Effectene Reagent (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. Transfected cells were treated after 24 h with either vehicle or the PPARa agonists.
Luciferase activity was then measured 24 h post-drug treatment using the Dual Luciferase assay
kit (Promega) according to the manufacturer’s instructions. The change in luciferase activity
is depicted as fold change in luminescence calculated as RLU of firefly/RLU of renilla
luciferase.

Immunoblotting

Total cellular protein extraction was carried out using M-PER reagent (Thermo Scientific).
Briefly, cells were washed and subsequently scraped in 1 mL of 1X PBS. Cell pellets were
lysed and collected using M-PER mammalian lysis buffer (Pierce Biotechnology, Inc.
Rockford, IL) containing 1 mg/mL aprotinin, 1 mg/mL leupeptin (Sigma-Aldrich), and 10 mg/
mL phenylmethylsulfonyl fluoride (PMSF). Protein was quantified using the Bio-Rad DC
protein assay kit (Bio-Rad). Thirty to 50 ug of protein were separated by SDS-PAGE. Proteins
were transferred to a polyvinylidene fluoride (PVVDF) membrane for 12-16 h at 30 V, and
blocked in 5% skim milk in TBST (0.02 M Tris, 0.15 M NaCl, 0.05% Tween 20, pH 7.5).
Following this, membranes were incubated with the respective primary antibodies diluted in
2% BSA in TBST overnight. Proteins were visualized using the ECL detection system (GE
Healthcare, NJ) after incubation with the respective HRP-conjugated secondary antibodies.
Films were scanned and densitometry was performed to quantify the intensity of the signals
(Scion Image). Signal intensities were normalized using those of housekeeping gene products
(B-actin for total cell lysates and total c-jun for nuclear protein extracts).

Statistical Analysis

RESULTS

All analyses were performed using SAS software (Cary, NC). Though the sample size within
each treatment group is not large, we believe that the distribution for the outcome measure
(e.g., ratio) is normally distributed in the population. Using our data, we also examined the
distribution of the measures and the need for any transformations in order to minimize
heterogeneity of variance. As deemed appropriate, either one-sample t test or the analysis of
variance (ANOVA) was used for determining statistical significance between the experimental
groups. Bonferroni and Tukey’s studentized range tests were used for the pair wise
comparisons. The constant variance assumption was tested using Levene’s test for
homogeneity of variance. If and when the assumption of constant variance was not valid, the
Kruskal-Wallis test was performed.

BV-2 cells possess a functional PPARa

In order to confirm the suitability of the BV-2 cells for our studies, we co-transfected these
cells with a PPRE-driven reporter plasmid construct along with a renilla vector and performed
luciferase activity assays 24 h after treatment with the PPARa agonists GW7647 and
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Fenofibrate. Incubating BV-2 cells with GW7647 (1 uM and 10 uM) and Fenofibrate (100
M) increased the luciferase activity 2-fold suggesting that PPARa is functional in these cells
(data not shown). Since GW7647 and Fenofibrate were able to significantly activate PPARa
at 1 uM and 100 pM, respectively, we chose these concentrations for the remainder of our
studies.

Radiation leads to increases in intracellular ROS generation and induces a pro-inflammatory
response in the microglia

Although several studies suggest that microglial cells show enhanced ROS generation
following various inflammatory stimuli such as H,O, [34] and lipopolysacharride [35], a
radiation-induced increase in ROS generation has not been reported. When BV-2 cells were
incubated with DCFH-DA for 45 min and then irradiated, we observed a dose-dependent
increase in the intracellular ROS generation 1 h after irradiation (*p<0.05 vs. 0 Gy, Fig. 1A).
The non-oxidizable control probe, carboxy-DCF (C369) did not show any radiation-induced
difference in fluorescence (Fig. 1A)

Irradiating BV-2 cells with a single dose of 10 Gy led to significant, biphasic increases in gene
expression of the pro-inflammatory cytokines TNF-o and IL-1p at 1 and 24 h post-irradiation
(Fig. 1B). A radiation-induced increase in protein levels of COX-2 was also observed, with
peak levels being seen at 7 h post-irradiation (Fig. 1C). Since ionizing radiation has been shown
to increase the activity of proinflammatory transcription factors such as NF-xB [17] and AP-1
[36], we determined their radiation response in the BV-2 cells. As shown in Figs. 2A and D,
we observed marked increases in the DNA binding of NF-kB and AP-1 as early as 30 min post-
irradiation; maximal increases were seen 1 h post-irradiation.

When nuclear extracts from irradiated BV-2 cells were incubated with a-p65 or a-c-jun
antibodies, we observed a marked decrease in the DNA binding of the nuclear proteins to the
NF-kB (Fig. 2B) and AP-1 (Fig. 2E) consensus oligos indicating that the antibodies interfered
with the binding of p65 and c-jun to the radiolabeled consensus DNA probe. These findings
suggest that the p65 subunit of NF-xB and c-jun subunit of AP-1 are involved in the radiation
response. Consistent with these results, we observed a significant increase in p65 nuclear
translocation and nuclear c-jun phosphorylation at site Ser63 following irradiation (data not
shown).

Regulation of radiation-induced proinflammatory responses in the microglia by AP-1 and NF-

KB

Although the expression of TNFa, Cox-2 and IL-1p in the microglia is known to be regulated
by AP-1 and NF-«xB [37-41], a direct link between the pro-inflammatory transcription factors
and the pro-inflammatory mediators has not been established in the context of ionizing
radiation. To test this, we treated the BV-2 cells with either a specific c-jun kinase inhibitor,
SP600125 (SP; 5 uM)) or two NF-«B activation inhibitors, 6-Amino-4-(4-
phenoxyphenylethylamino) quinazoline (Q; 100 nM)) and Bay-117082 (Bay; 5 uM) and
determined the radiation-induced pro-inflammatory response in the microglia. As anticipated,
pre-treating BV-2 cells with the Q or SP inhibitor prevented the radiation-induced increase in
NF-xB and AP-1 DNA binding, respectively (Figs. 3A and B) Similar inhibition of the
radiation-induced activation of NF-xB was observed with the Bay inhibitor (data not shown).
Further, treatment of BV-2 cells with SP inhibited the radiation-induced increase in TNFa,
IL-1B and Cox-2 expression (Fig. 3C). In contrast, treating BV-2 cells with the Q inhibitor led
to inhibition of the radiation-induced increase in IL-1p expression but failed to inhibit the
radiation-induced increases in either Cox-2 or TNFa (Fig. 3C). Similar results were obtained
using the Bay, NF-«B inhibitor (data not shown). To rule out the possibility that the INK
inhibitor had a non-specific effect on the NF-xB pathway, BV-2 cells were treated with SP for
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1 h, irradiated and 1 h later, nuclear proteins were collected and subjected to EMSA. The SP
compound did not alter the radiation-induced increase in NF-xB DNA binding (Fig. 3A)
suggesting that the effect of SP on TNFa, IL-1p and Cox-2 is independent of the NF-«xB
pathway. Together, these data suggest that in the BV-2 cells, the radiation-induced increases
in TNFa and Cox-2 are regulated primarily by the AP-1 pathway, while IL-1f expression is
controlled by both AP-1 and NF-kB pathways.

Activation of microglial PPARa prevents the radiation-induced pro-inflammatory responses

Next we tested whether activation of PPARa could prevent the radiation-induced microglial
pro-inflammatory responses. BV-2 cells were pre-treated with either 100 uM Fenofibrate or 1
uM GW7647 and the pro-inflammatory responses of the cells were measured following
irradiation. Both PPARa agonists significantly inhibited the radiation-induced increase in
TNFa and IL-1f gene expression (Fig. 4A). Similarly, the radiation-induced increase in Cox-2
protein was significantly inhibited when the cells were pre-treated with Fenofibrate (# p< 0.05
vs. 10 Gy, Fig. 4B) and GW7647 (Supplemental Fig. S1A). These data indicate that PPARa
activation modulates the radiation-induced microglial pro-inflammatory response, in part, by
inhibiting the radiation-induced increases in TNFa, IL1p and Cox-2.

PPARa activation does not alter the radiation-induced increase in microglial intracellular
ROS generation

Studies have shown that the ROS generated by microglial cells following inflammatory insults
such as thrombin [42] and LPS [43] play a role as second messengers in increasing the
expression of several pro-inflammatory factors. Thus, we hypothesized that the modulation of
the microglial pro-inflammatory responses by PPARa agonists could be due, in part, to
inhibition of radiation-induced intracellular ROS generation. Using the DCFH-DA assay, we
observed that incubating BV-2 cells with either Fenofibrate (100 puM) or GW7647 (1 and 10
uM) prior to irradiation did not affect ROS generation (Figs. 5A and 5B). These data suggest
that in the BV-2 cells, PPARa ligands modulate the radiation-induced microglial pro-
inflammatory response without altering the radiation-induced increase in intracellular ROS
generation. This led us to hypothesize that inhibition of the radiation-induced increases in
TNFa, IL-1p and Cox-2 by PPARa agonists might be through regulation of signaling events
downstream of ROS generation.

Fenofibrate inhibits NF-kB and AP-1 transactivation properties, in part, by inhibiting p65
translocation and c-jun phosphorylation, respectively

Since we observed that the radiation-induced microglial pro-inflammatory response is
regulated, in part, by NF-xB and AP-1, we wanted to determine whether the ability of
PPARa agonists to prevent the radiation-induced increases in TNFa, IL-1p and Cox-2 was via
inhibiting activation of these two transcription factors. Indeed, we observed a significant
inhibition of NF-xB and AP-1 DNA binding activity when the BV-2 cells were pre-treated
with Fenofibrate (# p<0.05vs. 10 Gy, Figs. 6A and 7A) and GW7647 (Supplemental Fig. S1B).

Exploring further into the inhibition of NF-«xB, we tested whether phosphorylation of the
inhibitor of NF-xB, IxBo was affected by Fenofibrate treatment. Irradiating the BV-2 cells led
to an approximately 2.5-fold increase in phosphorylation of IkBa at Ser 32 which appeared to
be unaffected by Fenofibrate treatment (Fig. 6B). Next we asked whether PPARGa. activation
inhibits NF-xB DNA binding by decreasing the nuclear translocation of p65. Indeed, we
observed that Fenofibrate treatment inhibited the radiation-induced increase in nuclear p65
levels (Fig. 6C). These data suggest that Fenofibrate modulates the radiation-induced
expression of NF-xB dependent pro-inflammatory genes such as IL-1p, in part, by inhibiting
p65 translocation into the nucleus.
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To gain further insight into the signaling mechanism(s) involved in the inhibition of AP-1 DNA
binding by PPARa agonists, we examined the phosphorylation status of c-jun in the nucleus
following Fenofibrate treatment. We observed a marked increase in phosphorylation of nuclear
c-jun at Ser63 residue which was inhibited when BV-2 cells were pre-treated with Fenofibrate
(Fig. 7B). In order to determine the kinase responsible for the c-jun phosphorylation, we
examined the effect of the JNK inhibitor, SP, on radiation-induced $¢'63¢-jun phosphorylation.
SP abrogated the phosphorylation of Ser63 of c-jun (# p< 0.05 vs. 10 Gy, Fig. 7C) suggesting
that the radiation-induced activation of c-jun/AP-1 is mediated predominantly by JNK. Overall,
these data suggest that Fenofibrate modulates the radiation-induced microglial pro-
inflammatory response, in part, by preventing the activating phosphorylation of c-jun in the
nucleus.

DISCUSSION

These studies indicate that irradiating BV-2 cells leads to an increase in intracellular ROS
generation. Increases in ROS levels could amplify the pro-inflammatory responses of the
microglia though effects on kinase signaling pathways and transcription factor activation
[44]. Consistent with this, we also observed increased TNFa and IL-1p gene expression and
Cox-2 protein levels following irradiation, extending previous reports [15-17]. Further, the
current data not only confirm that irradiating microglial cells can increase the DNA binding
activity of NF-xB [17] but demonstrate a similar radiation-induced increase in AP-1 activation.
We hypothesized that pre-treatment of the microglial cells with PPARa agonists would prevent
the radiation-induced pro-inflammatory responses. Indeed, PPARa. activation effectively
prevented the radiation-induced increases in TNFa, IL-1p and Cox-2, in part, by negatively
regulating NF-xB and AP-1. To our knowledge, this is the first report examining the role of
PPARa in modulating radiation-induced changes in microglial cell phenotype.

Previous studies have demonstrated that irradiating either primary murine microglial cells or
immortalized murine BV-2 microglial cells led to increases in the gene expression of TNFa,
IL-1B and Cox-2 [15-17]. However, these studies were limited, using either a single dose of
25 Gy [15,16], one or two time points following irradiation, or analysis of changes in gene
expression using semi-quantitative RT-PCR [15-17]. The current studies confirm and extend
considerably these previous findings. Thus, we observed increases in gene expression of
TNFa and I1L-1p using quantitative real-time PCR in addition to an increase in Cox-2 protein
levels in the BV-2 cells following irradiation. Of interest, the increase in TNFa and IL-1 gene
expression demonstrated a biphasic pattern following radiation. However, the biological
importance of this biphasic response remains to be determined. Cox-2 mediated production of
Prostaglandin E,, TNFa and IL-1p from the conditioned media of irradiated BV-2 cells has
been shown to be important for alterations in astrocyte phenotype in vitro [17]. Radiation-
induced increases in microglial TNFo and IL-1f have been proposed to be responsible for the
increase in leukocyte adhesion in the brain via upregulation of ICAM-1 in astrocytes [16]. In
vivo, brain irradiation leads to increases in gene expression of TNFa, IL-1p and Cox-2 acutely
(4-24 h) [9,15] and that of TNFa chronically (6 months) [8].

While the exact role of these pro-inflammatory mediators in the pathogenesis of radiation-
induced brain injury is still under investigation, a hint to their function is suggested by studies
with other brain injury models. Increased levels of pro-inflammatory cytokines have been
associated with a number of neuro-inflammatory conditions such as Alzheimer’s disease
[45], Parkinson’s disease [46] and multiple sclerosis [47]. Transgenic overexpression of
TNFa, IL-1p and Cox-2 has been shown to induce behavioral and memory impairments in
rodents [48-50]. TNFa and IL-1pB have been shown to be potent inducers of apoptosis in
oligodendrocytes and neural progenitor cells [51-53]. Thus, inhibiting the pro-inflammatory
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response following radiation appears a promising strategy to minimize radiation-induced brain
injury.

PPARGa, while classically known to be involved in fatty acid oxidation, has recently been
demonstrated to be an important anti-inflammatory mediator [21]. PPARa ligands have been
shown to inhibit both cytokine- and LPS-induced increases in pro-inflammatory mediators
such as TNFa, IL-1B, Cox-2 and IL-6 in a variety of cell types including microglia [28-31].
Thus, we hypothesized that activation of PPARa in the microglia would inhibit the radiation-
induced proinflammatory response. Indeed, we demonstrated that the radiation-induced
increases in TNFa, IL-1P gene expression and Cox-2 protein were significantly inhibited by
the PPARa agonists, GW7647 and Fenofibrate. Our findings emphasize the pleiotropic effects
of PPARGa. agonists in response to inflammation as they target multiple pro-inflammatory
microglial cytokines that might be involved in the development and progression of radiation-
induced brain injury.

The promoter regions of TNFa, IL-1p and Cox-2 contain numerous transcription factor binding
sites including AP-1 and NF-kB and several reports suggest that their expression in the
microglia is regulated by these transcription factors [37-41]. Consistent with this, we observed
marked increases in the DNA binding activity of AP-1 and NF-kB as early as 30 min post-
irradiation in the microglial cells. Inhibiting JNK activation prevented the radiation-induced
increase in microglial TNFa, IL-1p and Cox-2; inhibiting NF-xB prevented only the radiation-
induced increase in IL-1p expression. These data indicate that, in the context of the radiation
response of BV-2 cells, the expression of TNFa, and Cox-2 appears to be regulated by AP-1
and that IL-1p expression is regulated by both NF-xB and AP-1. Overall, these results highlight
the importance of these two transcription factors in mediating the microglial pro-inflammatory
response following radiation. This led us to hypothesize that the mechanism by which
PPARa prevented the radiation-induced increases in TNFa, IL-1p and Cox-2 could involve,
in part, inhibition of AP-1 and NF-«B activation.

Several lines of evidence suggest that PPARa mediates its anti-inflammatory effects via
negative regulation of NF-«kB. In human aortic smooth muscle cells (HASMCs), PPARa has
been shown to inhibit NF-«xB transactivation function via direct interaction with the Rel
homology domain of the p65 subunit, which mediates its DNA binding and dimerization
activity [28]. In addition, PPARa ligands upregulated the expression of the NF-«B inhibitor
protein IkBa in both HASMCs and microglial cells leading to decreased DNA binding of NF-
kB and p65-mediated gene expression [31,54]. We observed that the PPARa ligands
significantly diminished the radiation-induced increase in NF-xB DNA binding. This negative
regulation of NF-«xB appears to be downstream of IkBa degradation; Fenofibrate did not
affect Se32|xBa phosphorylation following irradiation, consistent with previous findings
[54]. A number of post-translation events such as acetylation and phosphorylation activate p65
following its release from IxBa [55]. Thus, it is possible that Fenofibrate might negatively
impact such modifications thereby leading to the retention of inactive p65 in the cytoplasm.

In addition to NF-xB, PPAR« has been shown to downregulate the pro-inflammatory response
by interfering with components of the AP-1 signaling pathway [28]. In the liver, Fenofibrate
inhibited IL-6- induced acute phase gene expression by decreasing both total c-jun

and Ser"3phosphorylated c-jun (activating phosphorylation) in the nucleus [56]. In HASMCs,
PPARu inhibited c-jun transactivation by directly binding to its c-jun kinase (JNK)
phosphorylation domain [28]. The transactivation function of c-jun has been shown to depend
on the phosphorylation of residues Ser73 and Ser63 [57]. Our studies indicate that in the
microglial cells, the PPARGa. ligands significantly inhibited the radiation-induced increase in
AP-1 DNA binding, in part, by inhibiting the phosphorylation of c-jun at Ser63 in the nucleus.
Whether c-jun phosphorylation is affected due to direct binding of PPARa. to ¢c-jun or inhibition
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of upstream signaling events such as JNK activation remains to be determined in future
research.

Previous studies indicate that the promoter regions of primary antioxidant enzymes including
catalase and CuZnSOD possess PPREs [58,59]. WY-14643, a PPARa ligand, has been shown
to protect neurons from Ap-induced toxicity, in part, by upregulating catalase protein levels
[60]. However, we failed to detect any changes in the expression of antioxidant enzymes in
BV-2 cells incubated with PPARo agonist (data not shown). Indeed, PPARa activation also
failed to inhibit the increase in intracellular ROS determined in irradiated BV-2 cells. Thus,
PPAR« appeared to modulate the radiation-induced pro-inflammatory responses in microglial
cells primarily by inhibiting AP-1 and/or NF-xB signaling.

To start to determine the specific ROS involved in the increased DCF oxidation following
radiation, we incubated the BV-2 cells with L-NAME (a nitric oxide inhibitor, 1mM) for 1h
prior to radiation. We observed that the radiation-induced increase in intracellular ROS was
not inhibited by L-NAME (Supplemental Fig. S2). These results are consistent with previous
observations that nitrite levels and inducible nitric oxide synthase gene expression were
unchanged in the BV-2 cells following radiation [17]. Recently, we have shown that the
radiation-induced ROS generation and subsequent pro-inflammatory response in rat brain
microvascular endothelial cells is dependent, in part, on NADPH oxidase-dependent
superoxide generation [61]. Whether NADPH oxidase is one of the key players involved in
the radiation-induced microglial ROS generation is currently being studied in our laboratory.

Based on the current findings, we propose a working model for the role of PPARa. in modulating
the radiation-induced microglial inflammation as outlined in Figure 8. Radiation, through the
generation of intracellular ROS, leads to activation of NF-kB and AP-1 in the microglia. These
transcription factors increase the gene expression of TNFa, IL-1f and Cox-2 all of which
contribute to the neuro-inflammatory phenotype of the microglia. Activation of PPARa by
Fenofibrate and GW7647 appears to prevent the radiation-induced pro-inflammatory response,
in part, by inhibiting the transactivation functions of NF-xB and AP-1. Mechanistically,
inactivation of these transcription factors by PPARa agonists appears to be via decreased
nuclear translocation of NF-xB/p65 subunit and reduced phosphorylation of nuclear c-jun/
AP-1.

Insummary, our data indicate that PPARa agonists can prevent the pro-inflammatory responses
of the microglia following radiation. While this study addresses the response of the microglia
to radiation in vitro, it does not adequately represent the in vivo scenario in which multiple
cells types in the brain are irradiated and likely contribute to the pathogenesis of radiation-
induced brain injury. Given the reports that PPARa ligands inhibit the proinflammatory
responses of astrocytes [62] and are also neurotrophic [63], PPARa may mediate its anti-
inflammatory effects in vivo in more than one cell type. Moreover, these in vitro studies utilize
microglial cells grown under conditions of 21% oxygen concentration, a value much higher
than would occur in vivo. The impact of “physiological” oxygen concentrations on the
radiation-induced inflammatory response of microglial cells remains to be determined.
However, animal studies have shown clearly that PPARa ligands can cross the blood-brain
barrier and appear to be neuroprotective following ischemia-reperfusion [64], experimental
autoimmune encephalomyelitis [65] (EAE) and stroke [66]. Overall, our in vitro data suggest
that PPARa ligands offer promise as potent agents that could prove efficacious in the treatment
and/or prevention of radiation-induced brain injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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peroxisomal proliferator activated receptor alpha
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tumor necrosis factor alpha
IL-1B

Interleukin 1 beta
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ROS
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Gy

Gray
NF-kB

nuclear factor kappa B
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Figure 1. Irradiating BV-2 cells leads to increases in intracellular ROS generation, TNFa and
IL-1p gene expression as well as an increase in Cox-2 protein levels

A, BV-2 cells were plated on 24-well plates. Twenty-four h later, cells were incubated with 10
uM DCFH-DA for 45 min. The probe was then washed off the cells using 1X PBS+ and the
cells irradiated with a single dose of 2-10 Gy of 137Cs v rays; control cells received sham-
irradiation. Intracellular ROS were measured 1 h post-irradiation as described in Materials and
methods. Results are presented as arbitrary fluorescence units for irradiated and sham-
irradiated cells. Mean £ S.E.M; *, p< 0.05 vs. sham-irradiated cells; n = 3. C-369 served as a
negative control for DCFH experiments. BV-2 cells were incubated with 10 uM carboxy-
DCFDA (C-369), a non-oxidizable analog of DCFH and then were either treated with a single
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dose of 10 Gy or sham-irradiated. Mean + S.E.M; n = 3. B and C, BV-2 cells were irradiated
with a single dose of 10 Gy and RNA (B) or total cell lysates (C) were collected at the indicated
times. Quantitative real-time PCR was used to detect changes in TNFa and IL-1p (B) gene
expression. Results were calculated using the 2-AACt method (see Materials and Methods) and
presented as fold changes compared to sham-irradiated cells after normalization with B-actin
expression levels. Cox-2 levels (C) were measured using immunoblotting and normalized with
B-actin protein levels. Mean = S.E.M; *, p< 0.05 vs. sham-irradiated cells; n = 3.
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Figure 2. Irradiating BV-2 cells leads to increases in NF-kB and AP-1 activation

BV-2 cells were irradiated at indicated times using a single dose of 10 Gy and nuclear proteins
were collected. Ten micrograms of nuclear extracts were incubated with either y-32P-labelled
NF-kB (A) or AP-1 (D) oligonucleotides (see Materials and Methods). Electro-mobility shift
assay was performed as described in Materials and methods. For supershift assays (B and E),
nuclear extracts from irradiated samples was incubated with 2 pg of anti-p65 or anti-c-jun
antibodies for 20 min after addition of the radiolabeled probe. For competition assays (C and
F), nuclear extracts were incubated with either unlabelled NF-xB or AP-1 oligonucleotides
prior to addition of radiolabeled probe; CC= Cold competitor, NSC= Non-specific competitor.
Blots are representative of three independent experiments (n=3).
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Figure 3. The radiation-induced pro-inflammatory response is regulated, in part, by NF-kB and
AP-1

A and B, BV-2 cells were treated with either SP 600125 (SP) or 6-Amino-4-(4-
phenoxyphenylethylamino) quinazoline (Q) for 1 h, and then irradiated with a single dose of
10 Gy. Nuclear extracts were collected 1 h post-irradiation and subjected to EMSA. Data are
presented as fold changes in DNA-binding of NF-xB (A) and AP-1 (B) compared to sham-
irradiated cells. Mean = S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n.s,
non-significant vs. 10 Gy; n = 3. C, BV-2 cells were treated with the inhibitors as above.
TNFa (black bars) and IL-1p (dotted bars) gene expression was measured using real-time qPCR
1 h and 24 h post-irradiation, respectively. Cox-2 (checked bars) protein expression was
measured 7 h post-irradiation. Data are presented as fold changes compared to sham-irradiated
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cells. Mean + S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n.s, non-
significant vs. 10 Gy, n = 3.
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Figure 4. PPARa agonists ameliorate radiation-induced microglial pro-inflammatory responses
A, BV-2 cells were treated with either vehicle, GW7647 (1 uM) for 24 h or Fenofibrate (100
uM) for 1 h, irradiated and RNA was isolated for gPCR analysis of TNFa (black bars) and
IL-1B (white bars) gene expression 24 h post-irradiation. Mean + S.E.M; *, p< 0.05 vs. sham-
irradiated cells; #, p< 0.05 vs. 10 Gy; n = 3. B, BV-2 cells were treated with Fenofibrate as
above; total cell lysates were collected 7 h post-irradiation and subject to immunoblotting for
Cox-2 and B-actin. B, upper panel shows representative blot of three independent experiments;
lower panel shown densitometric analysis. Results are shown as fold changes compared to
sham-irradiated cells. Mean + S.E.M; *, p< 0.05; #, p< 0.05 vs. 10 Gy; n = 3.
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Figure 5. PPARa agonists do not inhibit the radiation-induced increase in intracellular ROS

generation

BV-2 cells were treated with either vehicle, Fenofibrate (A; 100 uM, 1 h) or GW7647 (B; 1
and 10 uM, 24 h) and intracellular ROS were measured as described above. As a positive
control, cells were treated for 1 h with either ImM (A) or 100 uM (B) H,0, prior to ROS
measurement. Results are presented as arbitrary fluorescence units for non-irradiated and
irradiated samples. Mean £ S.E.M; *, p< 0.05 vs. sham-irradiated cells; n.s, non-significant vs.

10Gy; n=3.
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Figure 6. PPARa activation in the microglia leads to negative regulation of the NF-kB pathway
A, BV-2 cells were treated with vehicle or 100 uM Fenofibrate, irradiated and nuclear proteins
were collected 1 h post-irradiation and used for EMSA using radiolabeled NF-xB consensus
oligos. Results are presented as fold changes compared to sham-irradiated cells. Mean + S.E.M;
*, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n = 3. B, BV-2 cells were treated as
above and total cell lysates were collected 1 h post-irradiation and subject to immunoblotting
for p-1xBa. B-actin was used as the loading control. Results are presented as fold changes
compared to sham-irradiated cells; and are representative of two independent experiments (n
=2). C, Nuclear extracts from BV-2 cells treated with Fenofibrate and/or radiation were subject
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to immunoblotting for p65 subunit of NF-«kB. B-actin was used as the loading control. Results
are representative of two independent experiments (n = 2).
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Figure 7. PPARa activation in the microglia leads to negative regulation of the AP-1 pathway

A, BV-2 cells were treated with vehicle or 100 uM Fenofibrate, irradiated and nuclear proteins
were collected 1 h post-irradiation and used for EMSA using radiolabeled AP-1 consensus
oligos. Results are presented as fold changes compared to sham-irradiated cells. Mean £ S.E.M;
*, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n = 3. B, Nuclear extracts from A
were subject to western blotting for phospho-c-jun. Total c-jun was used as the loading control.
Results are representative of two independent experiments (n = 2). C, BV-2 cells were treated
with vehicle or 5 pM SP600125 for 1 h, irradiated using a single dose of 10 Gy and nuclear
proteins isolated and subjected to immunoblotting for phospho-c-jun. Total c-jun was used as
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the loading control; results are presented as fold changes compared to sham-irradiated cells.
Mean + S.E.M; *, p< 0.05 vs. sham-irradiated cells; #, p< 0.05 vs. 10 Gy; n = 3.
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Figure 8. Proposed model outlining the role of PPARa in the modulation of radiation-induced
microglial pro-inflammatory response

In the microglial cells, radiation leads to an increase in expression of pro-inflammatory
mediators TNFa, IL-1p and Cox-2 all of which might contribute to augmented
neuroinflammation. In addition, these mediators appear to be regulated by the increased
activities of NF-xB and AP-1 following radiation. Pre-treating the microglial cells with
PPARa ligands, Fenofibrate and GW 7647, inhibit the radiation-induced increase in TNFa,
IL-1f and Cox-2, in part, by preventing the activation of NF-xB and AP-1. Thus, PPARa
ligands represent a novel class of agents that could inhibit the radiation-induced microglial
pro-inflammatory response and the resulting neuroinflammation.
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