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Abstract.
Background: Neuroinflammation is a recognized aspect of Alzheimer’s disease (AD) and other neurological illnesses.
Interleukin 1 receptor antagonist (IL-1Ra) is an anti-inflammatory molecule, which inhibits inflammatory molecules in
different cells including brain cells. However, mechanisms for upregulating IL-1Ra in brain cells are poorly understood.
Objective: Since aspirin is a widely available pain reliever that shows promise beyond its known pain-relieving capacity, we
examined whether aspirin could upregulate the IL-1Ra in the brain.
Methods: We employed PCR, real-time PCR, western blot, immunostaining, chromatin immunoprecipitation (ChIP), and
lentiviral transduction in glial cells. 5xFAD mice, an animal model of AD, were treated with aspirin orally via gavage.
Results: Aspirin increased the expression of IL-1Ra mRNA and protein in primary mouse astrocytes and mouse BV-2
microglial cells. While investigating the mechanism, we found that the IL-1Ra gene promoter harbors peroxisome proliferator
response element (PPRE) and that aspirin upregulated IL-1Ra in astrocytes isolated from peroxisome proliferator-activated
receptor-beta knockout (PPAR�–/–), but not PPAR�–/–, mice. Moreover, we observed that aspirin bound to tyrosine 314
residue of PPAR� to stimulate IL-1Ra and that aspirin treatment also increased the recruitment of PPAR� to the IL-1Ra
promoter. Accordingly, aspirin increased IL-1Ra in vivo in the brain of wild type and PPAR�–/–, but not in PPAR�–/– mice.
Similarly, aspirin treatment also increased astroglial and microglial IL-1Ra in the cortex of 5xFAD, but not 5xFAD/PPAR�–/–

mice.
Conclusion: Aspirin may reduce the severity of different neurological conditions by upregulating IL-1Ra and reducing the
inflammation.
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INTRODUCTION

Inflammation is a recognized aspect of neurode-
generative diseases such as Alzheimer’s disease (AD)
and Parkinson’s disease [1]. Inflammation in the brain
is mediated by two distinct glial cell types, astrocytes
and microglia [2–4]. Astrocytes fulfill numerous roles
in the central nervous system (CNS) and maintain
neuronal homeostasis by providing nutrients and by
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the production of neurotrophic factors [5, 6]. On the
other hand, microglia are CNS-derived macrophages
that provide the immune support responding to
pathogens and other insults [7, 8].

The interleukin-1 receptor antagonist (IL-1Ra),
encoded by the IL1RN gene, is a member of the
interleukin 1 cytokine family [9]. IL-1Ra is known
to compete with interleukin 1-alpha (IL-1�) and
interleukin 1-beta (IL-1�) while binding to the IL-1
receptor (IL-1R) thereby reducing inflammatory sig-
naling and preventing IL-1� and IL-1� from inducing
the expression of other pro-inflammatory molecules
[10]. Additionally, these cytokines induce IL-1Ra
expression that acts as a negative feedback regula-
tor for limiting its effects. However, mechanisms by
which IL-1Ra could be stimulated in brain cells are
poorly understood.

Acetylsalicylic acid commonly known as aspirin
is a member of the nonsteroidal, anti-inflammatory
drugs (NSAIDs) [11]. NSAIDs are widely available
and frequently used to treat fevers and pain. Aspirin
is effective in the treatment of pain by inhibiting the
pro-inflammatory enzyme cyclooxygenase. While
aspirin has been used for millennia as a pain reduc-
tion agent, current research is increasingly finding
new uses for it. There is emerging research indi-
cating that aspirin has beneficial effects on various
cancers, cardiovascular diseases, and atherosclerosis
[12]. Aspirin also combats neurodegenerative dis-
orders such as Parkinson’s disease and AD [13].
Recent research has found that aspirin improves hip-
pocampal plasticity and increases lysosomal activity
effectively, increasing the clearance of toxic protein
aggregates from the brain and improving memory
[14, 15]. Aspirin protects mice from experimental
autoimmune encephalomyelitis via IL-11-mediated
upregulation of regulatory T cells [16, 17]. We have
also demonstrated that low-dose aspirin stimulates
dopamine production from dopaminergic neurons
[18]. Here, we examined the efficacy of aspirin in
upregulating the expression of IL-1Ra. We demon-
strate for the first time that aspirin is capable of
elevating the expression of IL-1Ra in glial cells via
the activation of peroxisome proliferator-activated
receptor � (PPAR�).

MATERIALS AND METHODS

Animals

We obtained B6SJL-Tg(APPSwFlLon,PSEN1∗
M146L∗L286V)6799Vas/J transgenic (5 × FAD)

mice from The Jackson Laboratory. These mice
exhibit glial activation and widespread plaque
pathology to serve as a mouse model of AD
[19–21]. 5 × FAD/PPAR�–/– (5 × FAD mice lack-
ing PPAR�) were generated in our laboratory as
described [22]. Animals were maintained and exper-
iments were conducted in accordance with National
Institutes of Health guidelines and were approved by
the Rush University Medical Center Institutional Ani-
mal Care and Use Committee. Six-month-old male
and female 5xFAD mice were treated with low-dose
(2 mg/kg body weight/d) aspirin (solubilized in 0.1%
methyl cellulose) via gavage for 30 d.

Reagents

Cell culture materials (DMEM/F-12, L-glutamine,
Hanks’ balanced salt solution, 0.05% trypsin, and
antibiotic/antimycotic) were purchased from Ther-
moFisher. Fetal bovine serum (FBS) was obtained
from Atlas Biologicals. Aspirin and all molecular
biology-grade chemicals were obtained from Sigma-
Aldrich Inc. Sources of primary antibodies used in
this study are mentioned in Table 1. Alexa-fluor
antibodies used in immunostaining were obtained
from Jackson Immuno Research and IR dye-labeled
reagents used for immunoblotting were from Li-Cor
Biosciences.

Isolation of primary mouse astroglia

Astroglia was isolated from 2- to 3-day-old mouse
pups as described by us in several studies [23, 24].
Briefly, on day 9, the mixed glial cultures were sub-
jected to shaking at 240 rpm for 2 h at 37◦C on a rotary
shaker to remove microglia followed by another
round of shaking on day 11 at 180 rpm for 18 h to
remove oligodendroglia and residual microglia. The
adherent cells were washed and seeded onto new
plates for further studies.

BV-2 microglial cells

Mouse BV-2 microglial cells (kind gift from Vir-
ginia Bocchini of University of Perugia) were also
maintained in DMEM/F-12 as described by us in
many studies [25, 26].

Semi-quantitative RT-PCR analysis

To remove any contaminating genomic DNA, total
RNA was digested with DNase. Semi-quantitative
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Table 1
Antibodies, sources, applications, and dilutions used in this paper

Target Antibody (Clone) Immunogen Application/Dilution Source; Catalog

�-Actin Mouse monoclonal
(AC-15)

a.a. 1–15 of Xenopus laevis
�-actin

WB – 1:5000 Abcam; ab6276

IL-1Ra Rabbit monoclonal
[EPR6483] to IL-1RA

Synthetic peptide within
Human IL-1RA aa 150 to
the C-terminus (C
terminal). The exact
sequence is proprietary.

WB – 1:10000
IF – 1:100

Abcam; ab124962

GFAP Rabbit polyclonal Synth peptide to cow GFAP IHC – 1:2000 Dako; z0334
Iba-1 Goat polyclonal A synthetic peptide

corresponding to Human
Iba1 aa 135–147 (C
terminal)

IF – 1:1500 Abcam; ab5076

PPAR� Mouse monoclonal (3B6) Recombinant full-length
protein

ChIP – 1:200 Abcam; ab2779

PPAR� Mouse monoclonal (F-10)
X TransCruz antibody

Amino acids 2–75 of
PPAR� of mouse origin

ChIP – 1:50 Santa Cruz Biotechnology
Inc, sc-74517

PPAR� Rabbit monoclonal
(81B8)

A synthetic peptide
corresponding to residues
surrounding His494 of
human PPAR�

ChIP – 1:100 Cell signaling
Technology, 2443S

IL-1Ra, interleukin 1 receptor antagonist; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor molecule 1; PPAR,
peroxisome, proliferator-activated receptor; WB, western blot; IF, immunofluorescence; ChIP, chromatin immunoprecipitation.

RT-PCR was carried out as described earlier using
an RT-PCR kit from Zymo Research [27]. Two �g of
total RNA was reverse-transcribed using oligo(dT) as
a primer and Moloney murine leukemia virus reverse
transcriptase (Invitrogen). The resulting cDNA was
appropriately diluted and amplified [28, 29]. Ampli-
fied products were electrophoresed on 1.5% agarose
gels and visualized by ethidium bromide staining.
The primers used are:

IL-1Ra (mouse): Sense, 5′-GCAGCACAGGCT
GGTGAATGAC-3′

Antisense, 5′-TGCCCCCGTGGATGCCCAAG-
3′

IL-1� (mouse): Sense, 5′-ATGGCAACTGTTC
CTGAACTCAACT-3′

Antisense, 5′-CAGGACAGGTATAGATTCTTT
CCTTT-3′

IL-1R (mouse): Sense, 5′-GGTGCCTCTGCTGT
CGCTGG-3′

Antisense, 5′-CGCTGTGGGAAGGTGGCCTG-
3′

GAPDH (mouse): Sense 5′-GGTGAAGGTCG
GTGTGAACG-3′

Antisense 5′-TTGGCTCCACCCTTCAAGTG-3′

Real-time PCR analysis

It was performed using the ABI-Prism7700
sequence detection system (Applied Biosystems) as
described earlier. The mRNA expressions of the

respective genes were normalized to the level of
GAPDH mRNA. Data were processed by the ABI
Sequence Detection System 1.6 software and ana-
lyzed by analysis of variance [28, 29].

Western blotting

Western blotting was conducted as described
before with modifications [28, 30]. Briefly, cells were
scraped in 1X RIPA buffer, the protein was measured
using Bradford reagent and sodium dodecyl sul-
fate (SDS) buffer was added and electrophoresed on
NuPAGE® Novex® 4–12% Bis-Tris gels (Life Tech-
nologies, Grand Island, NY) and proteins transferred
onto a nitrocellulose membrane (Bio-Rad) using the
Thermo-Pierce Fast Semi-Dry Blotter. The mem-
brane was then washed for 15 min in TBS plus Tween
20 (TBST) and blocked for 1 h in TBST containing
BSA. Next, membranes were incubated overnight at
4◦C under shaking conditions with primary antibod-
ies. The next day, membranes were washed in TBST
for 1 h, incubated in secondary antibodies against for
1 h at room temperature, washed for one more hour,
and visualized under the Odyssey® Infrared Imaging
System (Li-COR, Lincoln, NE).

Immunofluorescence analysis

The analysis was performed as described [31].
Briefly, coverslips containing 100–200 cells/mm2
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were fixed with (100%) methanol followed by treat-
ment with cold ethanol and two rinses in phosphate-
buffered saline (PBS). Samples were blocked with
3% bovine serum albumin (BSA) in PBS/Tween 20
(PBST) for 30 min and incubated in PBST containing
1% BSA, anti-IL-1Ra, and anti-GFAP antibodies. For
dilutions of primary antibodies, please see Table 1.
After three washes in PBST (15 min each), slides
were further incubated with Cy2 or Cy5 (Jackson
ImmunoResearch). The samples were mounted and
observed under an Olympus BX-41 fluorescence
microscope.

Immunostaining of tissue was performed by fix-
ing the brains in 4% paraformaldehyde followed
by 30% sucrose [32]. Tissue was sealed into OCT
and sectioned every 40 microns on a Leica Cryo-
stat CM3050 S and kept in cryoprotectant. Frozen
sections were treated with cold ethanol (–20◦C), fol-
lowed by two rinses in PBS, blocking with 2% BSA
in PBST, and double-labeling with two primary anti-
bodies (Table 1). After three washes in PBST, sections
were further incubated with Cy2 and Cy5 (Jackson
ImmunoResearcdh Laboratories). The samples were
mounted and observed under an Olympus BX-41
fluorescence microscope. Counting analysis was per-
formed using Olympus Microsuite V software with
the help of a touch counting module.

Chromatin immunoprecipitation (ChIP)

Recruitment of PPRE to the IL-1Ra gene pro-
moter was determined by using the ChIP assay
as described [33]. Briefly, 1 × 106 astrocytes were
treated with aspirin, and after 30 min of stimula-
tion, cells were fixed, and cross-linked adducts were
resuspended and sonicated. ChIP was performed on
the cell lysate by overnight incubation at 4◦C with
2 �g of antibodies against PPAR�, PPAR�, PPAR�,
RNA Polymerase II and IgG followed by overnight
incubation with protein G-agarose. The beads were
washed and incubated with elution buffer. Reversing
the cross-linkages and purifying the DNA, precipi-
tates were incubated in a 65◦C incubator overnight
and digested with proteinase K. DNA samples were
then purified and precipitated, and precipitates were
washed with 75% ethanol, air-dried, and resuspended
in Tris/EDTA buffer. The following primers were
used to amplify the IL-1Ra gene promoter region
spanning the PPRE:

Sense: 5′-CCACAGGCAGGACTAAGTCAGAA
T-3′

Antisense: 5′-AGGCGTGACTCAGTCTAGCAG
AAGC-3′

PCR products were electrophoresed on 2% agarose
gels.

Statistical analysis

Statistical analyses were performed with Student’s
t test (for two-group comparisons) and one-way
ANOVA, followed by Tukey’s multiple-comparison
tests, as appropriate (for multiple groups compar-
ison), using Prism 7 (GraphPad Software). Data
represented as mean ± SD or mean ± SEM as stated
in figure legends. A level of p < 0.05 was considered
statistically significant.

RESULTS

Aspirin upregulates IL-1Ra in primary mouse
astrocytes

Our first step was to determine if IL-1Ra was
upregulated by aspirin. Therefore, primary mouse
astrocytes were cultured from C57BL/6 mice. The
astrocytes were then treated with increasing dosages
of aspirin (Fig. 1A, B). It was found that aspirin could
upregulate IL-1Ra mRNA in a dose-dependent man-
ner with maximum induction seen at 5 �M. Next,
a time course was performed using 5 �M aspirin
(Fig. 1C, D). The 5 �M dose of aspirin induced IL-
1Ra mRNA in a time-dependent manner peaking at
120 min (2 h) and then receding. The next step was to
evaluate IL-1Ra protein expression by western blot-
ting (Fig. 1E, F) and we found that IL-1Ra protein
levels increased in a time-dependent manner after
treatment with 5 �M of aspirin. IL-1Ra protein levels
increased beginning at two hours post-treatment with
the highest point at 4 h and then the levels gradually
decreased over time. Even at 24 h post-treatment there
was still significantly increased IL-1Ra levels indi-
cating that the beneficial effect of aspirin on IL-1Ra
levels is more than a short-term effect. Immunostain-
ing for IL-1Ra in astrocytes further confirmed that
aspirin increased the level of IL-1Ra (Fig. 1G). This
indicates that aspirin increases mRNA and protein
levels IL-1Ra in astroglial cells.

Aspirin upregulates IL-1Ra in mouse BV-2
microglial cells

Next, we determined if IL-1Ra was upregulated
in microglial cells by aspirin. Therefore, BV-2
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Fig. 1. Aspirin upregulates IL-1Ra in mouse primary astrocytes. A, B) WT mouse astrocytes were treated with 1, 2, 5, and 10 �M of aspirin
for 2 h under serum-free condition. An increase in IL-1Ra mRNA was significant with p < 0.001. However, increase in either IL-1� or
IL-1R was not significant. C, D) Time course of WT astrocytes beginning with 15 min to 240 min using 5 �M of aspirin. All treatments
after 120 min were significant at the p < 0.001 level by one-way ANOVA. E, F) Time course and related quantification of IL-1Ra protein
immunoreactivity showing IL-1Ra with significance at the p < 0.001 level and the p < 0.01 level by one-way ANOVA. G) Representative
images of immunostaining of astrocytes showing an increase in IL-1Ra immunoreactivity after aspirin treatment. Results are mean ± SEM
of three experiments. ∗∗∗p < 0.001.
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Fig. 2. Aspirin upregulates IL-1Ra in mouse BV-2 microglial cells. A, B) BV-2 cells were treated with 1, 2, 5, and 10 �M of aspirin for 2 h
under serum-free condition. An increase in IL-1Ra mRNA was significant with p < 0.001 by one-way ANOVA. C, D) An increase in IL-1Ra
protein by aspirin was significant at 2 �M with p < 0.01 by one-way ANOVA. E, F) Immunostaining and quantification of IL-1Ra showed
significance at the p < 0.001 level with 2 and 5 �M aspirin by one-way ANOVA. On the other hand, no change in Iba-1 was observed at these
doses of aspirin. Results are mean ± SEM of three experiments. ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.

microglial cells were treated with increasing dosages
of aspirin (Fig. 2A, B). It was found that aspirin upre-
gulated IL-1Ra mRNA in a dose-dependent manner
with 5 �M of aspirin increasing IL-1Ra mRNA 2 h
after treatment (Fig. 2). Western blotting analysis
(Fig. 2C, D) also showed that IL-1Ra protein levels
increased in response to aspirin in a dose-dependent
manner. IL-1Ra protein levels increased at 2 �M at
the highest point at 4 h and then the levels grad-
ually decreased in BV-2 cells. Immunostaining for

IL-1Ra in microglia further confirmed that aspirin co-
uld increase the level of IL-1Ra (Fig. 2E). Therefore,
similar to astroglia, aspirin could also increase the
mRNA and protein level of IL-1Ra in microglial cells.

Aspirin upregulated IL-1Ra via PPARα, but not
PPARβ

Our next step was to determine the mechanism by
which IL-1Ra is upregulated by aspirin. Therefore,
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Fig. 3. Aspirin-mediated increase in IL-1Ra mRNA is dependent on PPAR�, but not PPAR�. Map of the IL-1Ra gene promoter harboring
two PPREs at –363 to –340 bp (A). Cultured primary mouse astrocytes from wild type, PPAR�–/– and PPAR�–/– treated with increasing
doses of aspirin (2 and 5 �M) show increasing induction of IL-1Ra mRNA in wild type and PPAR�–/–, but not PPAR�–/–, astrocytes (B-G).
Additionally, there were no significant changes in levels of IL-1� or IL-1R mRNA. Results are mean ± SD of three experiments. ∗p < 0.05,
∗∗p < 0.01 and ∗∗∗p < 0.001 by one-way ANOVA.

the genomic database was searched for known tran-
scriptional activators that are located in front of the
IL-1Ra gene. We found the presence of a consensus
peroxisome proliferator response element (PPRE) in
the promoter of IL-1Ra gene (Fig. 3A), indicating that
PPAR could be involved in aspirin-mediated upreg-
ulation of IL-1Ra. Therefore, primary astrocytes
isolated from C57BL/6, PPAR�–/–, and PPAR�–/–

mouse pups were treated with 2 �M or 5 �M of
aspirin for 2 h. It was found by both RT-PCR and
quantitative real-time PCR that aspirin upregulated
IL-1Ra mRNA in wild type and PPAR�–/– astro-
cytes, but not PPAR�–/– astrocytes (Fig. 3B-G).
The relative expression of IL-1Ra was significant
at the p < 0.001 level in wild type and PPAR�–/–

astrocytes, but in PPAR�–/– astrocytes there was no
change IL-1Ra mRNA expression upon aspirin treat-
ment. This indicates that aspirin upregulates IL-1Ra
via PPAR� and that functional PPAR� is required
for aspirin to activate IL-1Ra. Again, we did not

find any expression of either IL-1� or IL-1R in WT,
PPAR�–/–, and PPAR�–/– astrocytes upon aspirin
treatment (Fig. 3B-G).

Aspirin induces IL-1Ra in PPARα–/– astrocytes
that are transduced by full length PPARα, but not
Y314D mutated PPARα

Recently, we have described that aspirin is a lig-
and of PPAR� and that aspirin binds to tyrosine
314 of the ligand-binding domain of PPAR�. There-
fore, to confirm that aspirin binds to PPAR� to
stimulate IL-1Ra, mouse PPAR�–/– astrocytes were
transduced with lentivirus containing empty vector
GFP, FL-PPAR�, or Y314D-PPAR� for 48 h fol-
lowed by the treatment with 1 and 2 �M aspirin for
2 h. Interestingly, treatment with aspirin (Fig. 4A, B)
stimulated the expression of IL-1Ra when PPAR�–/–

astrocytes were transduced with lenti-FL-PPAR�. In
contrast, aspirin remained unable to stimulate IL-1Ra
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Fig. 4. Aspirin induces IL-1Ra in PPAR� null mouse astrocytes
transduced by full length PPAR�, but not Y314D mutated PPAR�.
PPAR�-null mouse astrocytes were transduced with lentivirions
containing GFP (vector), FL-PPAR�, and Y314D- PPAR� for 48 h
followed by treatment with 1 and 2 �M Aspirin for 2 h. Then check
the mRNA expression in aspirin treated PPAR� -null astroglial cell
transduced with lentivirions containing FL-PPAR� (FL-PPAR�)
and Y314D- PPAR�. A, B) An increase in IL-1Ra, mRNA was
significant in FL-PPAR� transduced astrocytes with p < 0.001, but
not lentivirions containing GFP or Y314D-PPAR�. Significance
of mean between control and aspirin-treated cells was analyzed by
a two-tailed paired t-test.

mRNA in PPAR�–/– astrocytes transduced with
either lenti-GFP or lenti-Y314D-PPAR� (Fig. 4A,
B). These results suggest that aspirin interacts with
Y314 residue of PPAR� for the upregulation of IL-
1Ra in astrocytes.

Aspirin treatment induces the recruitment of
PPARα to the IL-1Ra gene promoter

Since aspirin upregulated IL-1Ra in glial cells
via PPAR�, next to understand whether PPAR� was
directly involved in aspirin-mediated transcription of
IL-1Ra gene, we examined the recruitment of PPAR�
to the IL-1Ra gene promoter by ChIP assay. Using
Mat-Inspector V2.2 search machinery, we found one
consensus PPRE in the IL-1Ra promoter (Fig. 5A).
After immunoprecipitation of aspirin-treated astro-
cytic chromatin fragments using antibodies against
PPAR�, we were able to amplify 183 bp fragment
from the IL-1Ra promoter (p < 0.001 versus control)
corresponding to the PPRE (Fig. 5B, C). In con-
trast, we did not find any amplification for either
PPAR� or PPAR� (Fig. 5B, C), indicating that

aspirin induces the recruitment of PPAR�, but neither
PPAR� nor PPAR�, to the PPRE of the IL-1Ra gene
promoter. Consistent to the recruitment of PPAR�
to the PPRE, aspirin was able to recruit RNA poly-
merase II (p < 0.001 versus control) to the PPRE
(Fig. 5B, C). However, we did not find any ampli-
fication with control IgG, indicating the specificity.

Oral administration of aspirin upregulates
IL-1Ra in vivo in the cortex of WT and
PPARβ–/–, but not PPARα –/–, mice

Next, we examined whether our cell culture finding
was replicated in vivo in the brain. Therefore, WT,
PPAR�–/– and PPAR�–/– mice were treated with
aspirin at a dose of 2 mg/kg/d for 7 days followed
by monitoring the level of IL-1Ra in the cortex by
western blot. While aspirin treatment led to about
three-fold increase in IL-1Ra protein in the cortex
of WT mice, aspirin remained unable to increase IL-
1Ra in the cortex of PPAR�–/– mice (Fig. 6A, B).
On the other hand, the level of induction of IL-1Ra
in the cortex of aspirin-treated PPAR�–/– mice was
almost similar to that seen in WT mice (Fig. 6A, B).
These results suggest that aspirin increases the level
of IL-1Ra in vivo in the brain of mice via PPAR�.

Oral administration of aspirin upregulates
IL-1Ra in vivo in the cortex of 5xFAD mice via
PPARα

Our next step was to determine if aspirin treat-
ment was capable of increasing the level of IL-1Ra
in vivo in the brain of 5xFAD mice, an animal
model of AD. Since we found the involvement
of PPAR� in aspirin-mediated upregulation of IL-
1Ra, we generated 5xFAD mice lacking PPAR�.
Therefore, 5xFAD and 5xFAD/PPAR�–/– mice were
subdivided into groups and some of them were
fed aspirin. Aspirin-fed 5xFAD mice had increased
levels of IL-1Ra immunoreactivity, indicating upreg-
ulation of IL-1Ra in the cortex of aspirin-fed
5xFAD mice (Fig. 7A). Double-labeling immunoflu-
orescence showed that aspirin-induced IL-1Ra was
present in both GFAP-positive astrocytes (Fig. 7) and
Iba-1-positive microglia (Fig. 8). Mean fluorescence
intensity (MFI) was performed to quantify the level
of immunostained IL-1Ra (Fig. 7B). The MFI value
difference between the 5xFAD and 5xFAD+ aspirin
groups was significant at p < 0.001. Next, the num-
ber of IL-1Ra-positive cells per millimeter square
was counted (Fig. 7C) and it was found that the
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Fig. 5. Aspirin induces the recruitment of PPAR� to the IL-1Ra gene promotor. A) MAP of the PPRE in the IL-1Ra gene promoter and
the region to be amplified for ChIP assay. Primary astrocytes isolated from WT mice were treated with different concentrations of aspirin
for 30 min under serum-free condition followed by monitoring the recruitment of PPAR�, PPAR�, PPAR�, and RNA Polymerase II to the
PPRE by ChIP assay (B, PCR; C, real-time PCR). Results are mean ± SD of three independent cell preparations. ∗∗∗p < 0.001 versus control.
Significance of mean between control and aspirin-treated cells was analyzed by a two-tailed paired t-test.

number of IL-1Ra-positive cells was significantly
(p < 0.001) higher in aspirin-treated 5xFAD mice than
normal 5xFAD mice. In contrast, aspirin treatment
remained unable to upregulate IL-1Ra in the cortex
of 5xFAD/PPAR�–/– mice, indicating that aspirin
increases IL-1Ra in the brain of 5xFAD mice via
PPAR�.

Consistent to that seen in different neurodege-
nerative disorders including AD and associated
animal models, we found increased number of astro-
cytes (Fig. 7A and 8B) and microglia (Fig. 8A,
C) in the cortex of 5xFAD mice as compared to
age-matched non-transgenic mice. Knockdown of
PPAR� from 5xFAD mice did not modulate the num-
ber of either GFAP-positive astrocytes (Fig. 7A and
8B) or Iba-1-positive microglia (Fig. 8A, C) between
5xFAD and 5xFAD/PPAR�–/– groups, suggesting
that gliosis in 5xFAD mice may be independent on
PPAR�. However, despite upregulating IL-1Ra, oral
aspirin remained unable to modulate either GFAP-
positive astrocytes (Fig. 7A and 8B) or Iba-1-positive
microglia (Fig. 8A, C) in the cortex of 5xFAD mice.

DISCUSSION

Interleukin 1 receptor antagonist (IL-1Ra) is a
member of the interleukin 1 (IL-1) cytokine fam-
ily that acts as a modulator of IL-1-related immune
and inflammatory responses. IL-1Ra exerts anti-
inflammatory activity by blocking IL-1 receptors and
thereby preventing signal transduction from proin-
flammatory IL-1� and IL-1� [34]. IL-1Ra proteins
exert their function by receptor blockers and other
possible functions may exist [34]. Most intracel-
lular components are participating in the cellular
response to IL-1 as well as in the response to other
cytokines like IL-18 and IL-33, which activate the
heterodimeric IL-18�/� [35]. By inhibiting “danger”
signals that activate the innate immune system, in
particular, attenuate the inflammatory response pre-
venting it from being sustained and damaging to
nearby healthy tissue [36]. Therefore, it is important
to study the pathway for the upregulation of IL-1Ra.

Salicylic acid has been used for millennia as a treat-
ment for pain and its modern formulary of aspirin
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Fig. 6. Oral aspirin increases IL-1Ra protein in vivo in the cortex via PPAR�. WT, PPAR�–/–, and PPAR�–/– mice (n = 6 in each group;
8–10 week old) were treated with aspirin (2 mg/kg/day) orally for 7 days via gavage followed by monitoring the protein level of IL-1Ra in
the cortex by western blot (A). Actin was run as a loading control. Bands were scanned and values (IL-1Ra/Actin) presented as relative to
untreated control in each group (B). Results are mean ± SEM of six mice per group. ∗∗∗p < 0.001; NS, not significant. Significance of mean
between control and aspirin-treated groups was analyzed with a two-tailed paired t-test.

has widespread availability and utility for several
ailments beyond pain management. A multitude of
research has found that aspirin has the potential to
combat neurodegenerative disorders including AD
[37]. There are several possible therapeutic pathways
that aspirin utilizes to protect against neurodegener-
ation [38]. Here we show that aspirin upregulates
IL-1Ra in astrocytes and microglia. By increas-
ing anti-inflammatory signaling it may reduce the
inflammatory response that is found in different
neurodegenerative disorders. In neurodegenerative
conditions, the inflammatory response is sustained
and prolonged leading to a multitude of secondary
effects that are detrimental including accelerated
cell death, aberrant cell signaling, and exaggerated
oxidative stress [39]. When inflammation occurs,
it is normally in response to an adverse event and
then relaxes as the event is limited. In neurodegen-
erative disorders, the inflammatory response does
not subside and continuously acts as if responding
to a foreign pathogen. Microglia that are the resi-
dent macrophage-derived cells in the brain release
cytokines and chemokines such as IL-1� and TNF�,

among others [40]. Additionally, there is increased
infiltration of peripheral monocytes and macrophages
that exacerbate the inflammatory state [41]. Upregu-
lation of IL-1Ra would act as a counter to the pro-
inflammatory signaling released by activated mic-
roglia and astrocytes.

Signaling pathways required for the induction
of IL-1Ra are poorly defined. The prototype func-
tion of peroxisome proliferator-activated receptor �
(PPAR�) is to regulate fatty acid metabolism. Most
of the genes (e.g., acyl-CoA oxidase, thiolase, etc.)
responsible for the �-oxidation of fatty acid harbor
peroxisome proliferator response element (PPRE) for
transcriptional regulation by PPAR� [42, 43]. Here,
we have demonstrated that aspirin increases IL-1Ra
via PPAR�. Our conclusion is based on the following:
First, the IL-1Ra gene promoter harbors one consen-
sus PPRE. Second, aspirin upregulates the expression
of IL-1Ra in WT and PPAR�–/– astrocytes, but
not PPAR�–/– astrocytes. Third, oral administration
of aspirin increases IL-1Ra in vivo in the cortex
of WT and PPAR�–/–, but not PPAR�–/–, mice.
Fourth, aspirin treatment upregulated the expression
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Fig. 7. Aspirin treatment increases IL-1Ra in vivo in cortical astrocytes of 5XFAD mice via PPAR�. Six-month old 5xFAD and
5xFAD/PPAR�–/– mice (n = 5 or 6 per group) were treated with aspirin (2 mg/kg body weight/d) orally via gavage for 30 d followed
by double-labeling of cortical sections for IL-1Ra and GFAP (A). Mean Fluorescence Intensity (MFI) of IL-1Ra was calculated in one
section (two images per section) of each of five or six mice per group (B). IL-1Ra positive cells were counted in one section (two images
per section) of each of five or six mice per group (C) and results were analyzed by one-way ANOVA. ∗∗∗p < 0.001.
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Fig. 8. Aspirin upregulates IL-1Ra in vivo in cortical microglia of 5XFAD mice via PPAR�. Six-month old 5xFAD and 5xFAD/PPAR�–/–

mice (n = 5 or 6 per group) were treated with aspirin (2 mg/kg body weight/d) orally via gavage for 30 d followed by double-labeling of
cortical sections for IL-1Ra and Iba1 (A). GFAP positive cells (B) and Iba1 positive cells (C) were counted in one section (two images per
section) of each of five or six mice per group and results were analyzed by one-way ANOVA. ∗∗∗p < 0.001.
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of IL-1Ra in vivo in the cortex of 5xFAD, but
not 5xFAD/PPAR�–/–, mice. Fifth, aspirin treat-
ment induced the recruitment of PPAR�, but neither
PPAR� nor PPAR�, to the PPRE of the IL-1Ra gene
promoter in astrocytes. This is the first demonstration
that the lipid-lowering transcription factor PPAR�
could be involved in the transcription of IL-1Ra gene.

Although aspirin is a century old medication,
there was no known receptor for this widely-used
drug. Recently, we have seen that aspirin is capa-
ble of activating PPAR� and that aspirin binds to
the ligand-binding domain of PPAR� for its activa-
tion [14, 44]. Further analysis showed that binding
to tyrosine 314 residue of PPAR� plays the criti-
cal for aspirin-mediated activation of PPAR� [14].
In this study, upregulation of IL-1Ra by aspirin in
lenti-FL-PPAR�-transduced, but not lenti-Y314D-
PPAR�-transduced, PPAR�–/– astrocytes indicates
the importance of Y314 residue of PPAR� in aspirin-
mediated upregulation of IL1-Ra. Since aspirin
upregulates IL-1Ra via PPAR�, it would be inter-
esting to see if aspirin exhibits its prototype function
of suppressing inflammation via PPAR�.

Recent epidemiological investigations have shown
a beneficial role for aspirin in AD [45, 46]. People
who regularly take high doses of aspirin exhibit bet-
ter cognition and lower incidence rates of AD [37]. A
systematic investigation found that aspirin can lower
the risk of getting AD later in life [47, 48]. Using
aspirin as a treatment for AD also produced protective
effects despite not reaching statistical significance
[49, 50]. These findings are not without controversy.
Other investigations have reported that aspirin has is
no effect on cognition and does not lower the risk
for AD [51]. While it remains an openly debated
topic, there are limitations such as reporting inaccu-
racies and frequent comorbidities alongside AD that
complicate and impair treatment.

Although mouse results are not always translated
to humans, our studies indicate that low-dose aspirin
can increase IL-1Ra in the brain via PPAR� and that
that low-dose aspirin may be considered to stimulate
anti-inflammation in the CNS of patients with AD
and other neurodegenerative disorders.
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