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Abstract Interleukin 13 (IL-13) has been shown to
induce the death of activated microglia. We observed that
IL-13, but not IL-4 or IL-10, significantly enhanced
endoplasmic reticulum (ER) stress induction, apoptosis and
death in microglia activated by lipopolysaccharide (LPS).
IL-13 enhanced ER stress-regulated calpain activation and
calpain-II expression in LPS-activated microglia. Calpain-
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II siRNA effectively reversed the IL-13 + LPS-activated
caspase-12 activation. Expression of heme oxygenase-1
(HO-1) and peroxisome proliferator-activated receptor-y
(PPAR-y) was also increased in activated microglia, and
this was effectively blocked by IL-13 and recombinant
calpain. Both HO-1 inhibitor and PPAR-y antagonist aug-
mented, but calpain inhibitor and PPAR-y agonists
reversed, apoptosis induction in activated microglia.
Transfection of PPAR-y siRNA effectively inhibited HO-1
protein expression in activated microglia. LPS stimulated
transcriptional activation of HO-1 via an increase in
PPAR-y DNA binding activity, which was reversed by
IL-13. These results indicate that an ER stress-related
calpain-down-regulated PPAR-y/HO-1 pathway is involved
in the IL-13-enhanced activated death of microglia.

Keywords Microglia - Interleukin-13 - Calpain -
PPAR-y - Heme oxygenase-1

Introduction

Inflammation in the central nervous system (CNS) is a
mechanism that contributes to neuronal cell death in, for
example, traumatic brain damage and stroke, and is impli-
cated in chronic neurodegenerative diseases [I, 2].
Activated microglial cells play an important role in brain
inflammatory responses. These cells normally respond to
neuronal damage and remove the damaged cells by phago-
cytosis [3]. The activation of microglia may in turn cause
neuronal damage through the release of potentially cytotoxic
molecules such as cytokines, reactive oxygen species, pro-
teinases and complement proteins [2, 4]. Moreover, previous
studies have shown that interleukin 13 (IL-13), an anti-
inflammatory cytokine, enhances cyclooxygenase-2 (COX-
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2) expression and production of PGE2 and 15-deoxy-A'*"*-
PGJ2 (15d-PGJ2)] in microglia activated by lipopolysac-
charide (LPS), which in turn may induce the death of
activated microglia, and this may also lead to the termination
of the process of brain inflammation [5, 6]. However, the
molecular mechanism of the IL-13-triggered response in
activated microglia still remains unclear.

Endoplasmic reticulum (ER) stress is defined as the
accumulation of misfolded/unfolded proteins in the lumen
of the ER [7, 8]. Neurodegenerative disorders are often
characterized by the accumulation of aggregations of
misfolded proteins (e.g. Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis) [9, 10]. ER stress
has also been found to be involved in the degeneration of
Purkinje cells, and activation of microglia accelerates
Purkinje cell death in Purkinje cell degeneration mice [11].
Murphy and colleagues have also shown that increased
macrophage colony-stimulating factor levels in Alzhei-
mer’s disease can magnify the production of f-amyloid
peptide-induced microglial inflammatory cytokine and
nitric oxide (NO), which in turn can intensify the cerebral
inflammatory state [12]. However, it has not been eluci-
dated whether IL-13-enhanced death of activated microglia
correlates with ER stress-related signaling.

Heme oxygenase-1 (HO-1) is known to be a cytoprotec-
tive protein that is strongly induced by oxidative, nitrosative,
osmotic, and hemodynamic stresses in CNS disorders [13—
16]. HO-1 has also been found to stabilize the blood—spinal
cord barrier and limit neutrophil infiltration through modu-
lation of oxidative stress and white matter injury in the
acutely injured spinal cord [17]. It has previously docu-
mented that HO-1 is markedly induced in activated microglia
during LPS-induced brain inflammation [18]. Moreover,
peroxisome proliferator-activated receptor-y (PPAR-y)
agonists have been suggested to be potential neuroprotective
agents [19-21]. HO-1 has been identified as a target gene for
PPARs in vascular cells [22]. We hypothesized that
depression of PPAR-y-regulated HO-1 expression by IL-13
through the induction of ER stress-related signaling in acti-
vated microglia may exacerbate the death of microglia. The
present study showed that IL-13-enhanced ER stress-related
calpain activation plays an important role in the downregu-
lation of PPAR-y-regulated HO-1 expression in activated
microglia, suggesting a potentially beneficial preventative
and therapeutic strategy in brain inflammation.

Materials and methods

Chemicals and materials

LPS from Escherichia coli 0111:B4 prepared by phenolic
extraction and gel filtration chromatography was obtained

from Sigma-Aldrich. IL-13, IL-4, IL-10, and were pur-
chased from PeproTech. The inhibitors of calpain were
purchased from BIOMOL. Recombinant calpain,
GW39662, 15dPGJ2, and Znpp were obtained from
Merck Biosciences. GRP78, GRP94, GADDI153, calpain
I, calpain II, HO-1 PPAR-y, and GAPDH were purchased
from Santa Cruz Biotechnology. Antibodies agonist cas-
pase-12, f-actin, elf2-o were obtained from Cell
Signaling Technology. Lipofectin transfection reagent
was purchased from Invitrogen. Specific small interfering
RNA (siRNA) and scramble siRNA control were syn-
thesized by Dharmacon (Boulder, CO, USA). Other
chemicals were of the best grade available from com-
mercial sources.

Cell culture

Microglia was cultured from the cerebral cortices of
Sprague-Dawley rats aged 1-3 days as previously
described [6, 23]. Briefly, the cortices were triturated
into single cells in DMEM containing 10% fetal bovine
serum and plated into 75 cm” T-flasks (0.5 hemispheres
per flask) for 2 weeks. Microglia were detached from the
flasks by mild shaking and applied to a nylon mesh to
remove astrocytes and cell clumps. Cells were plated
into 24-well plates (5><104 cells/well). Plates were
washed 1 h later with medium to remove unattached
cells. In some experiments, an immortalized microglial
cells of cell line BV-2 were cultured and maintained in
DMEM medium containing 10% heat-inactivated low
endotoxin FBS (Life Technologies) and streptomycin/
penicillin (Life Technologies) in a humidified atmosphere
containing 5% CO,.

Cell proliferation assay (MTS assay)

Cell proliferation was measured using a nonradioactive
cell proliferation assay kit (CellTiter 96 AQueous; Pro-
mega, Madison, WI). The assay used a solution of
tetrazolium compound [3,4-(5-dimethylthiazol-2-yl)-5-
(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt (MTS)] and an electron coupling
reagent (phenazine methosulfate). The assay is based on
the cellular conversion of the colorimetric reagent MTS
into soluble formazan by dehydrogenases found only
in metabolically active cells. Microglia (1x10°/ml) in
96-well cell culture dishes were incubated for 24 h as
indicated and then combined MTS/phenazine methosulfate
solution was added. After 1 h of incubation at 37°C in a
humidified atmosphere containing 5% CO,, absorbance at
490 nm was measured using an enzyme-linked immuno-
sorbent assay microplate reader. All MTS assays were
repeated at least threes times in duplicate.



IL-13 enhances activated microglia death

1467

Transmission electron microscopy

Cells were treated with or without drugs for 18 h, and were
then harvested. Cells were fixed with 4% glutaraldehyde and
2.5% paraformaldehyde dissolved in 0.1 M sodium cacodyl-
ate. Sections were prepared with a LKB Ultracut microtome
(Leica, Deerfield, IL). Sections were stained with uranyl
acetate and lead citrate in a LKB Ultrostainer, and examined in
a JEM 1200 EX transmission electron microscope (JEOL,
Peabody, MA) at an accelerating voltage of 80 kV.

Immunoblotting analysis

Protein levels were determined by Western blotting. Proteins
(60 ng) were separated by SDS-PAGE, electrophoretically
transferred to nitrocellulose membranes, and blocked for 1 h
in phosphate-buffered saline containing Tween 20 (0.1%)
and nonfat milk (5%). Blots were incubated with the HO-1,
GRP78, GRP94, phospho-elF20, procaspase-12, GAD
D153, PPAR-y, or ff-actin antibody for 1 h. Membranes were
then incubated for 1 h with horseradish peroxidase-conju-
gated secondary antibody. After further washing with
phosphate-buffered saline, blots were incubated with
commercial chemoluminescence reagents (Amersham
Biosciences).

HO-1 mRNA analysis

HO-1 mRNA levels were determined by Northern blotting.
Total RNA (30 pg) was fractionated by electrophoresis, blot-
transferred to Gene Screen Plus membranes (PerkinElmer
Life Sciences), and prehybridized for 4 h at 68°C in hybrid-
ization buffer (Rapid-hyb buffer; Amersham Biosciences).
Membranes were hybridized overnight at 68°C in hybrid-
ization buffer containing [**PIDNA probes (1x 108 cpm) for
HO-1, glyceraldehyde-3-phosphate dehydrogenase, or 18S
RNA. DNA probes were generated by RT-PCR and labeled
with [o->*P]dCTP using a random priming kit (Amersham
Biosciences). After hybridization, membranes were washed
and then exposed to X-ray film at —70°C in the presence of
intensifying screens.

Electrophoretic mobility shift assay

The electrophoretic mobility shift assay was performed as
described previously [24]. The consensus oligonucleotide
probes were end-labeled with [y-**P]ATP according to the
manufacturer’s recommendations. For the binding reaction,
2ng of the labeled oligonucleotide (approximately
20,000 cpm) and 2 pg of poly dIdC (Amersham Pharmacia
Biotech) carrier were incubated with 2 pg of nuclear pro-
tein in a binding buffer (10 mM HEPES, 60 mM KCI,
1 mM DTT, 1 mM EDTA, 7% glycerol, pH 7.6) for

30 min at room temperature. Protein-DNA complexes
were separated by electrophoresis on a nondenaturing 6%
polyacrylamide gel and visualized by autoradiography. For
competition experiments, a 100-fold excess of the unla-
beled oligonucleotides was added 15 min before incubation
of nuclear extracts with the end-labeled oligonucleotides.

Immunofluorescence staining

The cells were exposed for 60 min, then fixed in 4% para-
formaldehyde in PBS, pH 7.4, for 15 min at4°C, washed with
PBS, blocked for 1 h at room temperature with 5% BSA in
PBS, then reacted overnight at 4°C with anti-mouse mono-
clonal antibody (1:1,000 dilution in PBS; Santa Cruz
Biotechnology). After washing, the slides were incubated for
1 h at room temperature with mouse-immunoglobulin/RPE
and then viewed on a fluorescent microscope.

Calpain activity assays

Calpain activity assay was performed as described previ-
ously [24]. N-Succinyl-Leu-Tyr-AMC is a calpain
substrate. Quantitation of 7-amino-4-methylcoumarin
(AMC) fluorescence permits the monitoring of enzyme
hydrolysis of the peptide—AMC conjugate and can be used
to measure enzyme activity. Cells were prepared and
treated on 12-well Corning/Costar plates. Prior to addition
of inhibitors cells were loaded with 10 uM fluorogenic
substrate (BIOMOL) and treated with LPS or IL-13 for the
indicated times at 37°C in an incubator under a humidified
atmosphere containing 5% CO,. Proteolysis of the fluo-
rescent probe was monitored using a fluorescent plate
reading system (HTS-7000 Plus Series BioAssay, Perkin
Elmer) with filter settings of 360420 nm for excitation and
460=£20 nm for emission.

RNA interference and transfection assays

The delivery of siRNA pools into microglia was performed
using lipofectin (Invitrogen). The pooled siRNA duplexes
were dissolved in buffer (20 mM KCl, 6 mM HEPES, pH 7.5,
and 0.2 mM MgCl,) to a concentration of 20 pM. Cell
transfection was carried out for 24 h at a final siRNA con-
centration of 100 pM, followed by normal growth medium.
Control cells were mock-transfected without siRNA, and all
experimental results were confirmed using scrambled siRNA.

Annexin-V FITC and propidium iodide (PI) double
staining

The annexin V/PI (BD Clontech) was used to quantify the
numbers of apoptotic cells as described previously [24-26].
Cells were washed twice with PBS and stained with annexin V
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and PI for 20 min at room temperature. The level of apoptosis
was determined by measuring the fluorescence of the cells by
flow cytometer (Becton—Dickinson). Data acquisition and
analysis were performed by the CellQuest program.

Nitrite assay

Nitrite, an end-product of NO oxidation, was used as an
indicator of NO production. Nitrite in conditioned medium
was determined using the Griess reagent. Absorbency was
determined at 550 nm using a Thermo microplate reader
(Molecular Devices).

Statistical analyses

The results of this study are presented here as means+=SEM.
All analyses were performed by analysis of variance followed
by a Fisher’s least significant difference test. P values less
than 0.05 were viewed as statistically significant.

Results

IL-13 enhances the expressions of ER stress-related
markers in activated microglia

We first examined the ER stress-related unfolded protein
response in activated microglia in the presence or absence

Fig. 1 IL-13 enhances ER
stress markers in activated

A

Primary microglia

of IL-13. As shown in Fig. I, LPS increased the expres-
sions of phospho-elF2a, GRP94, GRP78, and GADD153 in
primary and BV-2 microglial cells. IL-13 markedly
enhanced the expression of these ER stress markers in
activated microglia, whereas IL-13 per se had no effect on
the induction of ER stress markers. Moreover, we further
found that IL-13, but not IL-4 or IL-10, enhanced the
phosphorylation of elF2« in activated microglia (Fig. 1c).

To more directly assess the enhancement of IL-13 on ER
stress induction in activated microglia, we examined ER
morphology by transmission electron microscopy. As
shown in Fig. 2, there was ER dilation in LPS-treated cells.
The combination of IL-13 and LPS induced serious ER
dilation with increased distention and fragmented organ-
elles, which was consistent with the observation in
microglia undergoing thapsigargin treatment (as a positive
control for ER stress induction; Fig. 2e).

IL-13 enhances apoptotic cell death in activated
microglia

ER stress-specific apoptosis and cytotoxicity have been
shown to be involved in neurodegenerative disorders [27,
28]. We next measured cell viability and apoptosis in
activated microglia. As shown in Fig. 3a, LPS significantly
decreased cell viability in BV-2 microglia. IL-13 signifi-
cantly enhanced, but IL-4 and IL-10 effectively reversed,
the LPS-induced decrease in cell viability. In addition,
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A Control

Fig. 2 IL-13 exacerbates LPS-induced ER stress examined by
transmission electron microscopy. Microglial cells were treated with
LPS (0.1 pg/ml) in the presence or absence of IL-13 (20 ng/ml) for
18 h. Cells were collected and visualized by electron microscopy as
described in “Materials and methods”. The results shown are
representative of three independent experiments. a Control cell;

apoptosis was determined by annexin-V and PI dual
staining following ER stress induction in activated
microglia. As shown in Fig. 3b and c, the percentage of
apoptotic cells was increased in LPS-treated microglial
cells. IL-13 significantly increased apoptosis in activated
microglia. Moreover, the combination of IL-13 and LPS
also markedly activated caspase-12 (cleavage of pro-cas-
pase-12) in microglia (Fig. 3d). These results indicate that
IL-13 enhances apoptotic cell death in activated microglia.

Induction of calpain protein and calpain activity
in activated microglia

Calpain has been demonstrated to be involved in ER stress-
induced apoptotic neurodegeneration [27, 29]. We next
investigated the induction of calpain activity and calpain
protein expression in activated microglia. As shown in
Fig. 4a and b, LPS increased the protein expression of
calpain II, but not calpain I, in primary and BV-2
microglia. IL-13 (20 ng/ml) markedly enhanced calpain II
protein expression in activated microglia. LPS also
increased calpain activity in microglia, and this was sig-
nificantly enhanced by IL-13 (Fig. 4c). Moreover, as
shown in Fig. 4d, apoptosis was induced in LPS-activated
microglia, and this was reversed by calpain inhibitor
Z-Leu-Leu-CHO (10 uM).

We next explored the role of calpain in IL-13-enhanced
ER stress-induced apoptosis in LPS-activated microglia.

b LPS-treated cell displays ER dilation; ¢ cells treated with IL-13
alone; d combination of IL-13 and LPS induces serious ER dilation
with increased distention and a fragmented organelle; e thapsigargin
(1 uM) as a positive control for ER stress induction. Arrows indicate
dilated ER. Original magnifications: x800K

As shown in Fig. 5, silencing of specific calpain-II by
siRNA, but not calpain-I siRNA, effectively reversed the
activation of caspase-12 induced by the combination of
IL-13 and LPS. These results indicate that apoptosis is
induced in activated microglia by calpain-II activation
under conditions of ER stress induction, and this can be
enhanced by IL-13 treatment.

IL-13 inhibits LPS-induced expression of HO-1 mRNA
and protein

HO-1 has been reported to be induced in activated
microglia during LPS-induced brain inflammation [18]. We
next investigated the effect of IL-13 on HO-1 expression in
activated microglia. LPS markedly induced the expression
of HO-1 mRNA (Fig. 6a) and protein (Fig. 6b) in
microglia in a dose- and time-dependent manner. When the
cells were pretreated with the transcription inhibitor acti-
nomycin D or the protein synthesis inhibitor
cycloheximide, expression of HO-1 mRNA and protein
was decreased dramatically (Fig. 6¢). IL-13 effectively
inhibited the induction of HO-1 mRNA and protein
expression in LPS-activated microglia (Fig. 6¢c and d).
Moreover, the HO-1 inhibitor zinc protoporphyrin IX
(Znpp) effectively enhanced LPS-induced cell apoptosis in
microglia (Fig. 3c). These results indicate that HO-1
induction plays a protective role in inflammation-activated
microglia.



1470 S. H. Liu et al.
A - control - LPS
A\ = =4
E Nyl — g
o~ o |25 g z° ]
& S |2 S .
T | e > 3
[a] o LT . g ¢ = F 7 p
g E 107 10 FI]?H 10° 10 FII?-H 107 10
> 5|, LPS+IL3 o LPS +Znpp
8 S| %y X
n g' B 3 ]
= ol 221,
=19 = P14
T 10! sz LT AR i e
R RO N RV R I = . >
GOQSQ,\\’ Rt Yo Annexin V
C D
40 -
R * LPS (20 ng/ml) - -+ o+
< 304 ey ¥ IL-13(20ng/ml) -+ -+
T’; ’
g WSS\« Procaspase 12
-.‘_.;’ 20 1 * ¥ |« Cleaved caspase 12
g
<°- 10 1 — wt wet |« GAPDH
1 1 13 25
0 -
C -- IL-13 Znpp IL-13 Znpp
LPS

Fig. 3 IL-13 enhances apoptosis and cytotoxicity in activated
microglia. BV-2 microglial cells were treated with LPS (0.1 pg/ml)
in the presence or absence of IL-14, IL-10 or IL-13 (20 ng/ml) or HO-
1 inhibitor ZnPP (10 pM) for 24 h. a Cell viability was measured.
b Apoptosis was analyzed by annexin V/PI staining as described in
“Materials and methods”. ¢ Apoptotic cells were quantified by
densitometric analysis. Data are presented as meanstSEM (n=5).

IL-13 inhibits LPS-induced PPAR-y induction

PPAR-y agonists have been suggested to be potential
neuroprotective agents [20, 21]. We next investigated the
role of PPAR-y in activated microglia with or without
IL-13 treatment. LPS-activated microglia showed a marked
PPAR-y nuclear translocation on analysis of immunofluo-
rescence staining (Fig. 7a) and Western blotting (Fig. 7b).
IL-13 and the PPAR-y antagonist GW9662 effectively
reversed LPS-induced PPAR-y nuclear translocation
(Fig. 7a, b). 15dPGlJ,, as a positive control for PPAR-y
activation, also increased PPAR-y nuclear translocation.
Moreover, LPS markedly increased PPAR-y DNA binding
activity in microglial cells, and this was effectively
reversed by IL-13 (Fig. 7c). Addition of wunlabeled
consensus PPAR-y oligonucleotide (100-fold excess)
completely abolished the mobility shift band, demonstrat-
ing the specificity of the protein/DNA interaction (data not
shown). On the other hand, preincubation of the PPAR-y
antagonist GW9662 effectively enhanced the increase in

#P<0.05 as compared with control; *P<0.05 as compared with LPS
alone. d Rat primary microglia were treated with LPS (20 ng/ml) in
the presence or absence of IL-13 (20 ng/ml) for 24 h. Caspase-12
cleavage was measured by Western blotting. The results shown are
representative of at least three independent experiments. The numbers
below represent the fold increase in proteins relative to the untreated
group after normalization to the loading control

annexin V binding following treatment with LPS in
microglia, while the PPAR-y agonists 15dPGJ, and ciglit-
azone reversed the LPS-induced apoptosis in microglia
(Fig. 7d).

We further examined the regulatory role of calpain in
the expression of PPAR-y and HO-1 and the regulatory
relationship between PPAR-y and HO-1 signals. As
shown in Fig. 8, treatment of microglia with LPS resulted
in an increase in the expression of PPAR-y and HO-1
protein. IL-13 effectively decreased the expression of
PPAR-y and HO-1, while calpain inhibitor Z-Leu-Leu-
CHO markedly enhanced the expression (Fig. 8a). Puri-
fied recombinant calpain II protein was also able to
cleave PPAR-y protein in the presence of CaCl,
(Fig. 8b). Moreover, transfection of siRNA targeting
PPAR-y in activated microglia led to a significant
reduction in HO-1 protein expression (Fig. 8b). These
results imply that the calpain-downregulated PPAR-y-
regulated HO-1 signaling pathway is involved in IL-13-
enhanced LPS-triggered microglial death.
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Fig. 4 Induction of calpain protein and calpain activity and apoptosis
in activated microglia. Primary microglia (a) and BV-2 microglia (b)
were cultured in serum-free medium for 18 h in the presence or
absence of LPS (a 5-20 ng/ml; b 0.1 pg/ml) with or without IL-13
(20 ng/ml). Cell lysates were blotted and immunostained with
antibodies for calpain I and II. ¢ BV-2 microglia were treated with
LPS (0.1 pg/ml) with or without IL-13 (20 ng/ml) for 12-48 h.
Calpain activity was measured with the fluorescent calpain substrate

Fig. 5 IL-13 increases ER- A
associated caspase-12 activation
in activated microglia. BV-2
microglia were cultured in
serum-free medium for 18 h in
the presence or absence of LPS
(0.1 pg/ml) with or without
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Suc-LLVY-AMC. d BV-2 microglial cells were treated with LPS
(0.1 pg/ml) with or without calpain inhibitor Z-Leu-Leu-CHO
(10 uM) for 24 h. Apoptosis was analyzed by annexin V/PI staining.
In a and b, the results shown are representative of at least four
independent experiments. In ¢ and d, data are presented as
means+SEM (n=6). *P < 0.05 as compared with control; #P<0.05
as compared with LPS alone
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Discussion

Malfunction of the ER stress response can result in var-
ious diseases such as diabetes, inflammation, and

neurodegenerative disorders including Alzheimer’s dis-
ease, Parkinson’s disease and bipolar disorder [8]. Several
studies have shown that perturbation in ER calcium
homeostasis plays a prominent role in the pathogenesis of
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Alzheimer’s disease [9, 30-32]. A previous study has also
shown that calpain, which is activated following disrup-
tion of ER calcium homeostasis as a result of ischemic
injury or amyloid-f peptide cytotoxicity, may induce
apoptosis through calpain-mediated caspase-12 activation
[28]. To our knowledge, the current study is the first to
examine the anti-inflammatory mechanism of action of
IL-13 on the process of brain inflammation through the
enhancement of ER stress-triggered cell apoptosis and
death in activated microglia. Our major findings are that:
(1) IL-13, but not IL-4 or IL-10, augments ER stress-
evoked calpain activity, which is involved in the
enhancement of cell apoptosis and death in activated
microglia; (2) the induction of PPAR-y-regulated HO-1
expression plays a protective role in activated microglia;
(3) IL-13 induces a downregulation of PPAR-y-regulated
HO-1 expression in activated microglia through a calpain-
activated pathway.

In primary microglia, it has been reported that IL-4,
IL-10, and IL-13 differentially regulate microglial
responses to f-amyloid peptides and LPS, and may play
a role in the observed inflammatory pathology sur-
rounding senile plaques [33]. IL-4, IL-10, and IL-13 are
crucially involved in the development of anti-inflamma-
tory responses through their induction of T helper 2
(TH2) cells. However, Yang et al. [6] have reported that
IL-13 augments COX-2 expression in activated microglia
and enhances microglial death, which also leads to the
termination of brain inflammation . The authors further
indicated that IL-4 shares receptors with IL-13 and
produces similar effects, but IL-10 and TGF-f neither

enhance COX-2 expression nor induce death of activated
microglia [6]. Both IL-4 and IL-13 have also been
shown to induce death of activated microglia, which will
prevent tissue damage caused by chronic inflammation
[23]. Nevertheless, it has been suggested that IL-4 and
IL-13 can induce distinct functional responses through
identical type II IL-4/IL-13 receptor heterodimers [34].
LaPorte et al. [35] have also shown that this type II
IL-4/IL-13 receptor heterodimer (IL-4Ro/IL-13Ra1) signals
with different potencies and kinetics in response to IL-4
and IL-13. In the present work, we found that IL-13, but
not IL-4 or IL-10, enhances the phosphorylation of elF2«
and cell viability in LPS-activated microglia. These
findings imply that these anti-inflammatory cytokines
may have opposite reactivity in response to microglial
activation during brain inflammation. On the other hand,
we found that IL-13, but not IL-4 or IL-10, enhances cell
death in activated microglia; however, Yang et al. have
shown that both IL-13 and IL-4 induce cell death
in activated microglia. The major difference in experi-
mental procedures between these two studies seems to be
the source of LPS. LPS used in the study of Yang et al.
was isolated from Salmonella enteritidis, but we used
LPS from E. coli. Some studies have shown that Sal-
monella LPS and E. coli LPS may show differences
in cytokine secretion [36] and cytokine-mediated lethal
effect [37].

Calpain is a Ca*'-activated neutral cysteine protease.
There are two ubiquitous calpain isoforms: u-calpain
(calpain I, activated by micromolar concentrations of
Ca’") and m-calpain (calpain II, activated by millimolar
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Fig. 7 IL-13 attenuates LPS-induced PPAR-y activity. a Microglial
cells grown on cover slips were treated with 15dPGJ2 (5 pM) and
LPS (0.1 pg/ml) with or without IL-13 (20 ng/ml) for 1 h, and then
fixed and incubated with monoclonal antibodies against PPAR-y.
Immunofluorescence staining for PPAR-y was examined as described
in “Materials and methods”. Most of the nuclei in 15dPGJ2 or LPS-
treated primary (a) or BV-2 (b) microglia were PPAR-y staining
positive. b BV-2 microglia were exposed to LPS with or without
PPAR-y antagonist GW9662 (10 uM) or agonist 15dPGJ2 (5 pM) for
1 h. The translocation of nuclear PPAR-y protein was analyzed by
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Western blotting. ¢ BV-2 microglial cells were treated with LPS
(0.1 pg/ml) in the presence or absence of IL-13 (20 ng/ml) for
30 min, and nuclear PPAR-y DNA binding activity was analyzed by
an electrophoretic mobility shift assay. The results shown are
representative of at least three experiments. d The effects of PPAR-
y antagonist GW9662 (10 pM) and agonists 15dPGJ, and ciglitazone
(5 M) on apoptosis in activated microglial cells were also investi-
gated. Annexin V binding was determined by flow cytometry. Data
are presented as means£SEM (n=5). *P<0.05 as compared with
control; *P<0.05 as compared with LPS alone
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Fig. 8 The role of calpain in PPAR-y-regulated HO-1 expression
in activated microglia. Microglia were treated with LPS (0.01-0.1
pg/ml) in the presence or absence of calpain inhibitor Z-Leu-Leu-CHO
(5 and 10 uM) and IL-13 (20 ng/ml) for 24 h, and the expression of
PPAR-y and HO-1 protein (a, b) was determined by Western blotting.

In some experiments, BV-2 cells were transfected with siRNA-PPAR-y
or treated with purified recombinant calpain II protein plus CaCl, for
24 h in the presence or absence of LPS (10 and 100 ng/ml), and the
expression of PPAR-y and HO-1 protein was measured (b). The results
shown are representative of at least four independent experiments
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concentrations of Ca®"). Calpain has been implicated in
neurodegeneration in disorders including Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclero-
sis, spinal cord injury, experimental allergic
encephalomyelitis, and multiple sclerosis [38—40]. Inhi-
bition of calpains has been shown to prevent neuronal
and behavioral deficits in an MPTP mouse model of
Parkinson’s disease, which indicates an important role of
calpain proteolytic activity in neuronal loss in Parkin-
son’s disease [41]. Franco et al. [42] have shown that
calpain II, but not calpain I, is required for proteolysis of
the cytoskeletal and focal adhesion proteins FAK, pax-
illin, spectrin, and talin; they further suggested that
calpain II plays an important role in limiting membrane
protrusions and in regulating lamellipodial dynamics at
the leading edge of migrating cells. Calpain has also been
demonstrated to be involved in ER stress-induced apop-
totic neurodegeneration [27, 29]. In vitro biochemical and
calpain inhibitor studies in glial cells have shown that m-
calpain (calpain II) is responsible for the cleavage of
caspase-12 during ER stress, which mediates an ER-
specific apoptosis pathway and may contribute to amy-
loid-f neurotoxicity [28]. Tan et al. [43] have also shown
that calpain deficiency caused by genetic disruption of
the calpain-related capn4 gene correlates with resistance
to ER stress-induced apoptosis in embryonic fibroblasts,
indicating a role for calpain in ER stress-induced apop-
tosis. In the present work, we found that IL-13 enhances
ER stress, cleavage of caspase-12, and apoptotic cell
death in LPS-activated microglia. 1L-13 also induced
calpain protein and activity in activated microglia. The
calpain inhibitor Z-Leu-Leu-CHO effectively reversed
apoptosis in activated microglia. Calpain-II siRNA, but
not calpain-I siRNA, effectively reversed activation of
caspase-12 enhanced by IL-13 in activated microglia.
These results provide evidence that calpain activation-
triggered apoptosis is induced in activated microglia
under ER stress induction, which can be enhanced by
IL-13 treatment.

HO-1 is a phase 2 enzyme, which is upregulated in
response to electrophilic xenobiotics, oxidative stress,
cellular injury and disease. The upregulated HO-1
expression helps mediate the resolution of neuroinflam-
mation and brain disorders [44]. A recent study has
shown that animals treated with sulforaphane, which
elicits an antioxidant response mediated by Nrf2, display
a two- to threefold increase in HO-1, a reduced abun-
dance of microglial cells in the hippocampus and an
attenuated production of inflammation markers (inducible
NO synthase, IL-6, and TNF-a) in response to LPS [18].
It has also been found that there is a significantly greater
degradation of myelin basic protein, an indicator of
white matter damage, in HO-1-deficient mice with spinal

cord injury, indicating that HO-1 modulates oxidative
stress and white matter injury in an acutely injured
spinal cord [17]. However, intracerebral hemorrhage-
induced early brain injury and neurological deficits have
been found to be reduced in HO-1 knockout mice,
implying that HO-1 induction exacerbates intracerebral
hemorrhage-induced early brain injury [45]. ER stress
has been shown to be an inducer of HO-1 gene
expression in several cell types and HO-1 acts in an
autocrine fashion to inhibit cell apoptosis [46, 47]. On
the other hand, PPAR-y plays a role in regulating a
myriad of biological processes in virtually all brain cell
types. PPAR-y agonist-induced neuroprotection has been
shown in the chronic mouse model of Parkinson’s dis-
ease and Alzheimer’s disease, indicating that PPAR-y
agonists may possess therapeutic potential in inflamma-
tory brain diseases [20, 21, 48-51]. It has been
demonstrated that HO-1 expression is transcriptionally
regulated by PPAR-o and PPAR-y in vascular cells [22].
Recently, the PPAR-y agonist rosiglitazone has been
shown to enhance antioxidative activity of superoxide
dismutase and glutathione, and to decrease expression of
HO-1 in the hippocampus of epileptic rats [52]. It has
also been found that 15d-PGJ2 and rosiglitazone at low
concentrations suppress H,O,-induced rat and human
neuronal apoptosis and necrosis and induce PPAR-y and
HO-1 expression [53]. However, the regulatory relation-
ship between PPAR-y and HO-1 signaling in brain
inflammatory processes still remains unclear. In the
present study, we found that the expression of PPAR-y
and HO-1 was increased in LPS-activated microglia, and
this was reversed by both IL-13 and recombinant cal-
pain. Transfection of siRNA targeting PPAR-y
effectively inhibited HO-1 protein expression in activated
microglia. Both calpain inhibitor and PPAR-y agonists
reversed, but PPAR-y antagonist enhanced, apoptosis
induction in activated microglia. Moreover, under the
present experimental conditions, PPAR-) was inhibited at
higher levels of calpain activation, indicating that calpain
activation may need to be above a certain threshold in
order to initiate PPAR-y activation. These findings sug-
gest that IL-13 aggravates inflammation-induced
microglia apoptosis through a calpain-downregulated
PPAR-y-regulated HO-1 signaling pathway.

In conclusion, increasing microglial activation turned
out to exacerbate brain damage. The present study pro-
vides a new insight into the amelioration of chronic
brain inflammation. These results indicate that an cal-
pain-downregulated PPAR-y-regulated HO-1 pathway
associated with ER stress is involved in IL-13-enhanced
apoptosis in activated microglia, and this may play a role
in reducing chronic brain inflammation by enhancing
apoptosis of activated microglia.
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