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Neurobiology of Disease

Aspirin Induces Lysosomal Biogenesis and Attenuates
Amyloid Plaque Pathology in a Mouse Model of Alzheimer’s
Disease via PPAR«

Sujyoti Chandra,' Malabendu Jana,'2 and ““Kalipada Pahan'>
'Department of Neurological Sciences, Rush University Medical Center, Chicago, Illinois 60612 and 2Division of Research and Development, Jesse Brown
Veterans Affairs Medical Center, Chicago, Illinois 60612

Lysosomes play a central role in cellular homeostasis by regulating the cellular degradative machinery. Because aberrant lysosomal
function has been associated with multiple lysosomal storage and neurodegenerative disorders, enhancement of lysosomal clearance has
emerged as an attractive therapeutic strategy. Transcription factor EB (TFEB) is known as a master regulator of lysosomal biogenesis and,
here, we reveal that aspirin, one of the most widely used medications in the world, upregulates TFEB and increases lysosomal biogenesis
in brain cells. Interestingly, aspirin induced the activation of peroxisome proliferator-activated receptor alpha (PPAR«) and stimulated
the transcription of Tfeb via PPARc. Finally, oral administration of low-dose aspirin decreased amyloid plaque pathology in both male
and female 5X familial Alzheimer’s disease (5XFAD) mice in a PPAR«a-dependent fashion. This study reveals a new function of aspirin in
stimulatinglysosomal biogenesis via PPAR« and suggests thatlow-dose aspirin may be used in lowering storage materials in Alzheimer’s

disease and lysosomal storage disorders.
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ignificance Statement

Developing drugs for the reduction of amyloid 3 containing senile plaques, one of the pathological hallmarks of Alzheimer’s
disease (AD), is an important area of research. Aspirin, one of the most widely used medications in the world, activates peroxisome
proliferator-activated receptor alpha (PPAR«) to upregulate transcription factor EB and increase lysosomal biogenesis in brain
cells. Accordingly, low-dose aspirin decreases cerebral plaque load in a mouse model of Alzheimer’s disease via PPARc. These
results reveal a new mode of action of aspirin that may be beneficial for AD and lysosomal storage disorders.
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Introduction

Alzheimer’s disease (AD), which is clinically characterized by
progressive cognitive impairment, is the most common neurode-
generative disorder. At present, there is no effective treatment for
preventing or halting the disease (Goedert and Spillantini, 2006;
Querfurth and LaFerla, 2010; Huang and Mucke, 2012). The ma-
jor defining neuropathological features of AD are deposition of
extracellular senile plaques composed of toxic amyloid beta (Af3)
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aggregates and the formation of intracellular neurofibrillary tan-
gles originated from hyperphosphorylation of the microtubule-
associated protein tau (Querfurth and LaFerla, 2010; Yoon and
Kim, 2016). The early onset familial forms of AD have genetic
origins characterized by mutations in the gene encoding the
amyloid precursor protein (APP), a neuronal transmembrane
protein, and the presenilins PS1 and PS2, the catalytic subunit of
the gamma secretase complex (Whyte et al., 2017). Although the
familial forms of AD are rare, the major AD occurrences are
sporadic in nature with etiology that remains elusive. Mounting
evidence has identified impaired A clearance as the underlying
mechanism in patients with sporadic AD (Mawuenyega et al.,
2010). Therefore, stimulation of the cellular degradative machin-
ery for the efficient removal of AP has emerged as a growing field
in AD research.

Attempts to enhance the lysosomal function and restore nor-
mal autophagy by modulating transcription factor EB (TFEB),
the essential regulator of the lysosome system, have generated
promising therapeutic results in rescuing the amyloid pathogen-
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esis in AD. Enhancing lysosomal function with TFEB leads to
increased lysosomal degradation of holo-APP in the neurons and
thus reduces the amyloidogenic processing of APP and Af3 genera-
tion (Xiao et al., 2015). Recent studies have demonstrated TFEB
overexpression can alleviate AD pathology by regulation of the
autophagy-lysosome pathway (Zhang and Zhao, 2015). Targeted
TFEB expression in astrocytes mediated by viral gene transfer
promotes attenuation of the amyloid pathology by enhancing
lysosomal biogenesis and facilitating A uptake and lysosomal
degradation by astrocytes (Xiao et al., 2014). Given the capability
of astrocytic lysosomal stimulation in mitigating A pathology,
we explored the role of drug-mediated lysosomal biogenesis in
astrocytes and its therapeutic effect in the 5X familial Alzheimer’s
disease (5XFAD) model of AD.

Acetylsalicylic acid, commonly known as aspirin, is one of the
most frequently used pharmaceutics in medical practice and is
available over the counter (Green, 2001). As a member of the
nonsteroidal anti-inflammatory drug group, aspirin is known to
exert its anti-inflammatory effects by inhibiting cycloxygenases
and thereby suppressing the generation of proinflammatory mol-
ecules such as prostaglandins (Vane, 1971; Vane and Botting,
2003). Other than its extensive use as an analgesic and antipyretic,
aspirin has also been demonstrated to have beneficial effects for
atherosclerosis, cardiovascular disease, and several cancers (Moyad,
2001; Dai and Ge, 2012; Rothwell et al., 2012; Berk et al., 2013).
Earlier studies have explored the neuroprotective effect of aspirin
under different disease conditions. Aspirin was shown to have
protective effects in an animal model of Parkinson’s disease in-
dependent of its cycloxygenase inhibitory properties (Aubin et
al., 1998). The memory-enhancing effects of aspirin was observed
in an AlCl;-induced mouse model of neurotoxicity (Rizwan et al.,
2016). In AD, epidemiological studies have shown that high-dose
aspirin users exhibit lower prevalence of AD and better mainte-
nance of cognitive functions (Nilsson et al., 2003). Another study
investigating the role of low-dose aspirin treatment revealed
promising effects (Kern et al., 2012). However, although epide-
miological results point toward a potential role of aspirin in AD
prevention and treatment, its therapeutic potential and the un-
derlying molecular mechanism need further investigation. In this
study, we tested the effect of aspirin in an AD mouse model.
Previously, we found that activation of peroxisome proliferator-
activated receptor alpha (PPAR«) by its agonists can induce
lysosomal biogenesis (Ghosh et al., 2015). Here, we reveal that
aspirin induces lysosomal biogenesis in cultured mouse brain
cells via activation of PPARa. We also describe a role for PPAR«
in aspirin-mediated attenuation of the amyloid plaque burden in
the 5XFAD mouse model.

Materials and Methods

Reagents. Cell culture materials (DMEM/F-12, 1-glutamine, Hank’s bal-
anced salt solution, 0.05% trypsin, and antibiotic—antimycotic) were
from Mediatech. FBS was from Atlas Biologicals. Aspirin and all molec-
ular biology-grade chemicals were obtained from Sigma-Aldrich. Pri-
mary antibodies, their sources, and the concentrations used are listed in
Table 1. Alexa Fluor antibodies used in immunostaining were from Jack-
son ImmunoResearch Laboratories and IR-dye-labeled reagents used for
immunoblotting were from Li-Cor Biosciences.

Isolation of primary mouse astroglia. Astroglia were isolated from 7- to
9-d-old mouse pups as described previously (Brahmachari et al., 2006;
Ghosh and Pahan, 2012; Khasnavis et al., 2012). Briefly, on day 9, the
mixed glial cultures were subjected 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 190 rpm for 18 h to remove oligodendroglia and
residual microglia. The attached cells were washed and seeded onto new
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Table 1. List of antibodies used in this study

Application/
Target and antibody Source (atalog no. dilution
LAMP2 Millipore MABC40 WB/1:1000
1CC/1:500
IHC/1:250
TPP1 Abcam ab96498 WB/1:1000
GFAP DAKO 15524 1CC/1:1000
IHC/1:1000
(athepsin D Santa Cruz Biotechnology  sc-6487 1CC/1:500
TFEB Abcam ab2636 WB/1:500
1CC/1:500
IH(/1:500
MAP2 Millipore AB5622 1CC/1:750
PPAR« Santa Cruz Biotechnology  sc-398394 1CC/1:500
IH(/1:250
ChiP/1:100
PPARB Santa Cruz Biotechnology ~ sc-7197 ChIP/1:100
PPARy Santa Cruz Biotechnology ~ sc-7273 ChIP/1:100
(BP Santa Cruz Biotechnology ~ sc-369 ChiP/1:100
RNA Pol Millipore 05-623 ChIP/1:200
B-Amyloid
Mouse monoclonal (6E10)  BioLegend 803001 WB/1:1000
IHC/1:500
Mouse monoclonal (4G8)  Anaspec S1G-39220-100  WB/1:1000
NeuN Invitrogen 702022 IHC/1:1000
B-Tubulin Santa Cruz Biotechnology ~ sc-9104 WB/1:1500
B-Actin Abcam ah6276 WB/1:10000

WB, Western blot; ICC, immunocytochemistry; IHC, immunohistochemistry.

plates for further studies. Approximately 98% of this preparation was
found to be positive for GFAP, a marker of astrocytes.

LysoTracker staining. It was performed as described previously (Ghosh
et al., 2015; Chandra et al., 2018). Briefly, after treatments, cells were
incubated with 75 nm LysoTracker Red DND99 (Life Technologies) for
45 min. Cells were then washed thoroughly with filtered PBS, mounted
on glass slides, and viewed under a BX41 fluorescence microscope.

Electron microscopy and counting of lysosomes. After treatment, cells
were fixed with a paraformaldehyde (2%) and glutaraldehyde (2.5%)
mixture. After primary fixation, samples were prepared in the electron
microscopy core facility of the University of Illinois at Chicago Research
Resources Center. To stabilize cell components, samples were treated
with 1% osmium tetroxide in phosphate buffer. Next, the samples were
dehydrated through an increasing concentration of ethanol, passed
through propylene oxide, and then infiltrated and embedded in a liquid
resin. The resin block was then sectioned by ultramicrotomy with 50-70
nm thickness and collected on metal mesh grids, which were stained with
electron-dense stains before observation in the TEM (JEOL JEM-1220).
Electron microscopy images of primary astrocytes were analyzed for the
presence of autophagic vesicles and lysosomes using the cell counter pro-
gram in Image]. Data are shown as the mean number of vesicles = SEM per
cell. At least 20 images per condition were quantified for the analysis.

RT-PCR analysis. RT-PCR was performed using the ABI-Prism7700
sequence detection system (Applied Biosystems) as described previously
(Corbett et al., 2012; Ghosh and Pahan, 2012; Khasnavis et al., 2012). The
mRNA expressions of respective genes were normalized to the level of
GAPDH mRNA.

Immunoblotting. Western blotting was conducted as described previ-
ously (Corbett et al., 2012; Ghosh and Pahan, 2012). Briefly, cells were
scraped in PBS, transferred to microfuge tubes, and spun into pellets,
followed by lysis in RIPA buffer or CHAPS buffer. The supernatant was
collected and analyzed for protein concentration via the Bradford
method (Bio-Rad). SDS sample buffer was added to 40—60 pg of total
protein and boiled for 5 min. Denatured samples were electrophoresed
on NuPAGE Novex 4-12% Bis-Tris gels (Invitrogen) and proteins trans-
ferred onto a nitrocellulose membrane (Bio-Rad) using the Thermo-
Pierce Fast Semi-Dry Blotter. The membrane was then washed for 15 min
in TBS plus Tween 20 (TBST) and blocked for 1 h in TBST containing
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BSA. Next, membranes were incubated overnight at 4°C under shaking
conditions with primary antibodies. The next day, membranes were
washed in TBST for 1 h, incubated in secondary antibodies for 1 h at
room temperature, washed for an additional 1 h, and visualized under
the Odyssey Infrared Imaging System (Li-COR).

Densitometric analysis. Protein blots were analyzed using Image] and
bands were normalized to their respective 3-actin loading controls. Data
are representative of the average fold change with respect to control for
three independent experiments.

Immunofluorescence analysis. Immunofluorescence analysis was per-
formed as described previously (Brahmachari et al., 2009; Khasnavis and
Pahan, 2012). Briefly, coverslips containing 100-200 cellsymm? were
fixed with 4% paraformaldehyde, followed by treatment with cold etha-
nol and two rinses in PBS. Samples were blocked with 3% BSA in PBS-
Tween-20 (PBST) for 30 min and incubated in PBST containing 1% BSA
and primary antibodies. After three washes in PBST (15 min each), slides
were further incubated with Cy2 (Jackson ImmunoResearch Laborato-
ries). For negative controls, a set of culture slides was incubated under
similar conditions without the primary antibodies. The samples were
mounted and observed under an Olympus IX81 fluorescence microscope.

Lysosomal enzyme [tri-peptidyl-peptidase 1 (TPP1) and Cathepsin B
and D] assays. Cultured mouse primary astrocytes were treated with
different doses (2, 5, and 10 um) of aspirin for 24 h, after which the cells
were pelleted down. For the TPP1 assay, the cell pellet was homogenized
in a buffer containing 0.15 M NaCl and Triton X-100. The supernatant
was incubated with 200 um of the substrate Ala-Ala-Phe 7-amido-4-
methylcoumarin (Sigma-Aldrich) in a 100 ul reaction at pH 4. The plate
was measured at excitation/emission of 360 nm/460 nm in a Victor X2
microplate reader (Perkin-Elmer). Data are shown as the relative fluo-
rescence unit (RFU) fold change of the treated groups with respect to the
control at 20 min. For cathepsin B and D assays, the cells were lysed in a
homogenization buffer (pH 5.5; 2.5 mm EDTA, Triton X-100, 2.5 mMm
DTT). For Cathepsin B, the supernatant was incubated with 100 um of
the substrate Z-Arg-Arg-7-amido-4-methylcoumarin hydrochloride at
pH 6. The plate was measured at excitation/emission of 355/460 nm. For
Cathepsin D, the supernatant was incubated at pH 4 with the 10 um of the
substrate 7-methoxycoumarin-4-acetyl-Gly-Lys-Pro-Ile-Leu-Phe-Phe-
Arg-Leu-Lys(DNP)-p-Arg-amide (Enzo Life Sciences). The plate was
measured for every 10 min for 90 min at excitation/emission of 320/420
nm. Data are shown as the RFU fold change of the treated groups com-
pared with the control at 30 min.

Electrophoretic mobility shift assay (EMSA). The DNA-binding activity
of PPARa was analyzed by nonradioactive EMSA as described previously
(Corbett et al,, 2012; Ghosh and Pahan, 2012) using the peroxisomal
proliferator-response element (PPRE) of the Tfeb promoter. After treat-
ment, cells were washed with PBS, scraped into 1.5 ml tube,s and centri-
fuged in 4°C for 5 min at 500 rpm. The supernatant was aspirated and the
pellet was resuspended in a membrane lysis buffer composed of HEPES,
pH 8.0, MgCl,, KCl, DTT, and protease/phosphatase inhibitors (Sigma-
Aldrich), vortexed, and centrifuged in 4°C at 720 X g for 5 min. Again,
the supernatant was aspirated and the pellet was resuspended in a high-
salt nuclear envelope lysis buffer composed of HEPES, pH 8.0, MgCl,,
glycerol, NaCl, EDTA, DTT, and protease/phosphatase inhibitors, ro-
tated vigorously in 4°C for 15 min, and centrifuged in 4°C at 13,000 rpm
for 15 min. The resultant supernatant was complexed with a mixture of
binding buffer (Tris-HCI, KCl, EDTA, DTT, 10X TGE, glycerol, and
Triton X-100), custom-designed fluorescent PPRE-specific probe (Li-
Cor Biosciences), and salmon sperm DNA (Invitrogen) for 15 min at
room temperature and electrophoresed on custom-cast 6% polyacrylamide-
TGE gels in 1 X TGE for 2 h. The shift was visualized under the Odyssey
Infrared Imaging System (Li-COR).

Construction of mouse Tfeb promoter-driven reporter construct. The
construct was made as described previously (Ghosh et al., 2015).

Cloning of Tfeb promoter and site-directed mutagenesis. Cloning and
mutagenesis were performed as described previously (Ghosh et al., 2015).

Assay of Tfeb promoter-driven reporter activity. Cells plated at 50—60%
confluence in 12-well plates were cotransfected with 0.25 g of
pTFEB(WT)-Luc, pTFEB(Mu)-Luc and using Lipofectamine Plus (Life
Technologies). After 24 h of transfection, cells were stimulated with dif-
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ferent agents under serum-free conditions for 6 h. Firefly luciferase ac-
tivities were analyzed in cell extracts using the Luciferase Assay System kit
(Promega) in a TD-20/20 Luminometer (Turner Designs) as described
previously (Jana et al., 2007; Jana and Pahan, 2012; Ghosh et al., 2015).

Assay of transcriptional activities. Cells plated at 70—80% conflu-
ence in 12-well plates were cotransfected with 0.25 ug of PPRE-Luc
(an PPAR-dependent reporter construct) and 12.5 ng of pRL-TK
using Lipofect AMINE Plus (Corbett et al., 2012; Ghosh and Pahan,
2012). After 24 h of transfection, cells were treated with aspirin for 4 h,
followed by measuring firefly and Renilla luciferase activities.

ChIP. Recruitment of PPARa to the Tfeb gene promoter was deter-
mined using the EZ ChIP kit from Millipore as described previously
(Corbett et al., 2012; Ghosh and Pahan, 2012; Ghosh et al., 2012). Briefly,
1X10° astrocytes were treated with aspirin and, after 1 h of stimulation,
fixed by adding formaldehyde (1% final concentration, and cross-linked
adducts were resuspended and sonicated. ChIP was performed on the cell
lysate by overnight incubation at 4°C with 2 ug of Abs against PPAR«,
PPARR, PPARY, CBP, and RNA polymerase, followed by overnight in-
cubation with protein G-agarose (Santa Cruz Biotechnology). The beads
were washed and incubated with elution buffer. To reverse the cross-
linking and purify the DNA, precipitates were incubated in a 65°C incu-
bator overnight and digested with proteinase K. DNA samples were then
purified and precipitated and the precipitates were washed with 75%
ethanol, air-dried, and resuspended in Tris-EDTA buffer. The following
primers were used to amplify the PPRE-containing fragment of the
mouse Tfeb promoter: sense: 5'-GAA CAT TCC AGG TGG AGG CA-3/,
antisense: 5'-CCC CCA ACA CAT GCT TCT CT-3'. PCR products were
electrophoresed on 2% agarose gels.

Amyloid B uptake and degradation assay. Mouse primary astrocytes
were cultured in 96-well plates (Thermo Fisher Scientific) and treated
with 5 uMm aspirin for 24 h. Next, the cells were incubated in medium
containing 500 nM oligomeric FAM-tagged AB(1-42) (Anaspec) for 2 or
4 h. For the degradation assay, after 4 h of FAM-Af incubation, the cells
were allowed to grow in AB-free medium for an additional 6 h and
fluorescence was measured. Next, the cells were washed in regular me-
dium and the extracellular signal was quenched using Trypan blue solu-
tion. After another media wash, the fluorescence was read at excitation/
emission of 485/535 in Perkin-Elmer Victor X2. Next, the cells were
incubated with Hoechst and the fluorescence was measured at excitation/
emission of 360/465 nm. FAM-AR fluorescence was normalized with
Hoechst. The data are shown as the fold change of the aspirin-treated
cells with respect to the controls.

AP uptake and degradation immunocytochemistry. Mouse primary as-
trocytes, grown on coverslips, were treated with 5 uM aspirin for 24 h,
followed by incubation with 500 nm Hilyte Fluor 647-tagged AB(1-42)
(Anaspec) for 4 h. For monitoring the degradation, the cells were washed
in normal AB-free medium for an additional 6 h. Next, the cells were
fixed using chilled methanol. DAPI was used for staining nuclei. Finally,
the coverslips were mounted using Fluoromount (Sigma-Aldrich).

Animals and aspirin treatment. B6SJL-Tg(APPSwFILon,PSEN1*
M146L*1L286V)6799Vas/] transgenic (5XFAD) mice were from The
Jackson Laboratory. Animals were maintained and experiments were
conducted in accordance with National Institutes of Health guidelines
and were approved by the Rush University Medical Center Institutional
Animal Care and Use Committee. Six- to seven-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.

Immunohistochemistry. Mice were anesthetized with ketamine—xyla-
zine injectables and perfused with PBS, followed by dissection of half of
the brain from each mouse for biochemical assays and half for immuno-
histochemistry (Ghosh et al., 2007; Khasnavis et al., 2014). Briefly, half
brains were incubated in 4% paraformaldehyde (w/v), followed by 30%
sucrose overnight at 4°C. Brains were then embedded in optimal cutting
temperature medium (Tissue Tech) at —80°C and processed for conven-
tional cryosectioning. Frozen sections (30 um) were treated with cold
ethanol (—20°C), followed by two rinses in PBS, blocking with 2% BSA
in PBST, and double-labeling with two primary antibodies. After three
washes in PBST, sections were further incubated with Cy2 and Cy5 (Jack-
son ImmunoResearch Laboratories). The samples were mounted and
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Figure 1. Aspirin induces lysosomal biogenesis in mouse primary astrocytes. A, Mouse primary astrocytes from WT (57BL/6 pups were treated with different concentrations of aspirin (2, 5, and
10 um) under serum-free conditions for 24 h, followed by staining with LysoTracker Red to selectively label the lysosomes and acidic organelles in live cells. DAPI was used to stain the nuclei. Scale
bar 10 em. B, Quantification of the number of LysoTracker-positive puncta per cell. Data are shown as mean == SEM for fold change with respect to the untreated control for at least 15 images per
group from three independent set of experiments quantified using Imgael. €, Astrocytes treated with 5 wm aspirin were subjected to TEM to monitor authophagic (Figure legend continues.)
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observed under an Olympus IX81 fluorescence microscope. Counting
analysis was performed using Image]J software.

Experimental design and statistical analysis. Statistical analyses were
performed with Student’s ¢ test (for two-group comparisons) and one-
way ANOVA followed by Tukey’s multiple-comparison tests as appro-
priate (for multiple groups comparison) using Prism 7 (GraphPad
Software). Data are represented as mean * SD or mean * SEM as stated
in figure legends. p < 0.05 was considered statistically significant. Sample
sizes were similar to those described previously (Corbett et al., 2015;
Rangasamy et al., 2015) and are provided in the figure legends. No sta-
tistical method was used to predetermine sample size.

Results

Induction of lysosomal biogenesis by aspirin in mouse
primary astrocytes

First, we investigated whether aspirin could induce lysosomal
biogenesis in mouse primary astrocytes. To determine the lyso-
some content of the cell, astrocytes were treated with different
doses of aspirin and further stained with LysoTracker Red, which
selectively stains the acidic lysosomal organelles. We observed
that aspirin treatment was able to significantly increase the lyso-
somal abundance, with 5 uM showing the highest effect (Fig.
1A, B). Electron microscopy study further confirmed the pres-
ence of increased number of lysosomes and different stages of
autophagic vesicles in aspirin-treated astrocytes (Fig. 1C,D) com-
pared with the control, indicating that aspirin was able to pro-
mote lysosomal biogenesis and autophagy in these cells. Next, we
investigated the effect of aspirin on different lysosomal markers
by quantitative RT-PCR and observed elevated mRNA expres-
sion of genes encoding lysosomal membrane proteins such as
LAMP2, LIMP2, NPC1, as well as the lysosomal enzyme TPP1-
encoding gene CLN2 (Fig. 1E). These results were further sup-
ported by Western blot analysis for LAMP2 and TPP1, which
showed a similar pattern of increase in the expression of these
proteins (Fig. 1 F,G). Aspirin treatment was also found to aug-
ment the expression of LAMP2 mRNA in a time-dependent man-
ner (Fig. 1H). The time point analysis showed an increase in the
protein expression levels of both LAMP2 and TPP1 (Fig. 11, J).
Furthermore, immunofluorescence analysis showed a distinct in-
crease in the expression of LAMP2 in primary astrocytes (Fig.
1K). Next, we tested whether aspirin could augment the activity
of the lysosomal enzyme TPP1, dysfunction of which causes a
lysosomal disorder known as late-infantile neuronal ceroid lipo-
fuscinosis. Data showed that different doses of aspirin markedly
upregulated TPP1 activity in primary astrocytes, suggesting that

<«

(Figure legend continued.) and lysosomal vesicles. Scale bar, 1 m. D, Quantitative analysis of
autophagic vesicle per cell represented as mean == SEM; 20 images per condition were quan-
tified using ImageJ. E~G, Mouse primary astrocytes treated with different doses (2, 5, and 10
) of aspirin followed by mRNA expression analysis at 8 h for the lysosomal genes Lanp2,
Limp2, Npc1, and (In2 by quantitative RT-PCR (E); immunoblot analysis at 24 h for LAMP2 TPP1
(F); and densitometric analysis of LAMP2 TPP1 protein expression (G). Data are shown as fold
change (mean == SD) with respect to untreated controls. H—J, Astrocytes treated with 5 m
aspirin for different time points (2, 6, 12, and 24 h), followed by determining mRNA expression
for Lamp2 by quantitative RT-PCR analysis (H) and protein levels for LAMP2 TPP1 by Western
blot analysis (/). Graph represents fold change (mean = SD) relative to untreated controls.
K, Immunofluorescence analysis of astrocytes treated with 5 m aspirin for 24 h, followed by
double labeling with LAMP2 and the astrocytic marker GFAP. Scale bar, 20 wm. L, TPP1 enzyme
activity in astrocytes treated with different doses of aspirin for 24 h. Data are shown as mean =
SEM for the RFU fold change with respect to control. M, N, Cathepsin B and Cathepsin D enzyme
activity in primary astrocytes treated with 2, 5, and 10 wum aspirin for 24 h. Data are shown as
mean == SD for the RFU fold change with respect to untreated controls. 0, Inmunocytochem-
istry analyzing Cathepsin D levels in astrocytes treated with 5 aspirin for 24 h. Al statistical
analysis were performed using Student’s ¢ test. *p << 0.05, **p << 0.001.
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aspirin could increase the functionality of lysosomal enzyme (Fig.
1L). We further investigated the activity of Cathepsin B, a cysteine
protease, and Cathepsin D, an aspartyl protease important for
lysosomal proteolysis. Different doses of aspirin treatment re-
markably upregulated the activity of Cathepsin B and D in pri-
mary astrocytes (Fig. 1 M, N'). Next, we analyzed the expression of
Cathepsin D in astrocytes by double labeling Cathepsin D and
GFAP. We observed a profound increase in the level of Cathepsin
D after 5 uM aspirin treatment (Fig. 10). Together, these results
indicate that aspirin can stimulate lysosomal biogenesis and aug-
ment lysosomal functionality in astrocytes.

Aspirin stimulates lysosomal biogenesis via upregulation

of TFEB

Next, we investigated whether aspirin treatment could augment
the expression of TFEB, the master regulator of lysosomal bio-
genesis. Given that induction of TFEB transcriptionally upregu-
lates other lysosomal genes and causes lysosomal biogenesis, we
explored whether aspirin-mediated stimulation of lysosomal bio-
genesis requires TFEB. Mouse primary astrocytes were treated
with different doses of aspirin and analyzed for TFEB expression.
Expression of Tfeb mRNA increased in a dose-dependent manner
after aspirin treatment, with the highest increase obtained with 5
uM aspirin (Fig. 2A). Western blot analysis also showed elevated
levels of TFEB with different doses of aspirin (Fig. 2 B, C). Fur-
thermore, a time course study showed that aspirin increased the
expression of Tfeb mRNA and TFEB protein with the peak in-
crease seen at 12 h after aspirin treatment (Fig. 2D-F). Next, we
performed immunocytochemistry in mouse primary astrocytes
and cortical neuronal culture and observed that aspirin could
markedly augment the overall expression of TFEB in these cells
(Fig. 2G,H). In addition, TFEB immunoreactivity was more lo-
calized in and surrounding the nucleus in treated cells compared
with the control group. This nuclear translocation of TFEB with
treatment further indicated that TFEB was activating transcrip-
tion. To further ascertain whether TFEB induction by aspirin is
necessary for stimulating lysosomal biogenesis, we knocked
down TFEB in astrocytes using Tfeb-specific siRNA and deter-
mined the expression of LAMP2 under different treatment con-
ditions. Western blot analysis showed that the upregulation of
LAMP?2 by aspirin was abolished after TFEB silencing, whereas
aspirin was still able to increase LAMP2 expression in scrambled
siRNA-transfected cells (Fig. 21,]). Collectively, these results dem-
onstrate that aspirin induces lysosomal biogenesis via upregulating
the central regulator of the lysosomal machinery, TFEB.

Activation of PPAR« by aspirin transcriptionally regulates
TFEB expression

Given the evidence that aspirin can stimulate TFEB expression,
we intended to characterize the upstream factors that can regulate
TFEB. The presence of a PPRE site on the Tfeb promoter 480 bp
upstream of the transcription start site prompted us to determine
the activation status of PPAR« after aspirin treatment. In a pre-
vious study, stimulation of PPAR«a by gemfibrozil resulted in
lysosomal biogenesis in brain cells (Ghosh et al., 2015). There-
fore, we hypothesized that activation of the PPRE on Tfeb pro-
moter by aspirin could be the underlying mechanism by which
aspirin mediated lysosomal biogenesis. Therefore, we monitored
whether aspirin was capable of activating PPARa. First, we inves-
tigated whether aspirin treatment could induce nuclear transloca-
tion of PPARa. Mouse astrocytes were treated with 5 M aspirin for
different time points and analyzed by immunocytochemistry. Dou-
ble labeling of PPAR« and GFAP showed increased localization of
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Figure 2.

Aspirin stimulates lysosomal biogenesis via upregulating TFEB. A-C, Mouse primary astrocytes were treated under serum-free conditions with different doses of aspirin, followed by

monitoring of Tfeb mRNA expression at 8 h (4) and protein levels of TFEB at 24 h (B) of treatment and subsequent densitometric analysis of TFEB protein expression (€). Data are shown as fold change
(mean == SD) with respect to untreated control. D—F, Time point analysis for TFEB expression with 5 M aspirin treatment by monitoring mRNA levels by quantitative RT-PCR (D), protein expression
byimmunoblot (E), and densitometry of TFEB protein levels (F). Data are shown as fold change (mean == SD) with respect to untreated control. G, Mouse primary astrocytes treated with 5 maspirin
for 24 h, followed by double labeling with TFEB and GFAP. Scale bar, 20 wm. H, Primary cortical neurons were treated under the same conditions and stained for TFEB and neuronal marker MAP2.
Scale bar, 10 m. 1, J, Primary astrocytes were transfected with Tfeb siRNA or scrambled siRNA for 48 h and subsequently treated with 5 um aspirin for 24 h, followed by Western blot (/) and
densitometric (J) analysis for LAMP2 protein levels. All data are shown as mean == SD. Statistical analysis was conducted using Student’s ¢ test; ns, nonsignificant; *p << 0.05, **p << 0.001.

PPARa in the nucleus and the surrounding perinuclear space, in-
dicating activation of PPAR« at 30 and 60 min after aspirin treat-
ment (Fig. 3A). Further, we determined the DNA-binding
activity of PPARa by EMSA. Wild-type astrocytes were treated
with 5 uMm aspirin for 15, 30, 60, and 120 min and a probe against
the Tfeb gene PPRE was used for analyzing DNA-binding activity
by PPARa. Data showed a shift with respect to the free probe and
increased DNA binding of PPAR« upon treatment with aspirin
(Fig. 3B). Next, we tested whether activation of PPARa by aspirin
could transcriptionally regulate Tfeb expression. WT astrocytes
were transfected with pPPRE-luciferase construct for 24 h, fol-
lowed by treatment with different doses of aspirin (2, 5, 10, and 20

uM) for 8 h. We observed a marked increase in the PPRE-driven
luciferase activity in the aspirin-treated groups, with 5 uM show-
ing the highest activity (Fig. 3C). Furthermore, astrocytes isolated
from WT, Ppara-null, and Pparb-null mice were treated with
aspirin and subjected to the pPPRE-luciferase assay. We observed
a profound increase in the luciferase activity with aspirin treat-
ment in WT and Pparb-null, but not Ppara-null, astrocytes, con-
firming that aspirin specifically activates PPAR« (Fig. 3D). Next,
we cloned the Tfeb promoter consisting of the PPRE site, denoted
PTFEB(WT) (Fig. 3G), and observed that aspirin treatment re-
markably induced TFEB-driven luciferase activity in WT and
Pparb-null, but not Ppara-null, astrocytes, indicating the involvement
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Figure 3.

Activation of PPARcx by aspirin transcriptionally modulates TFEB expression. A, Primary astrocytes were treated with 5 pum aspirin for 30 min and 60 min, followed by double labeling

for PPARcx and GFAP. Scale bar, 20 .um. DAPI was used for staining nuclei. B, DNA-binding activity of PPAR« after 15, 30, 60, and 120 min treatment of astrocytes with 5 um aspirin as demonstrated
by EMSA. FP, Free probe. C, WT astrocytes were transfected with pPPRE-luciferase construct for 24 h, followed by treatment with different doses of aspirin (2, 5, and 10 tum) for 8 h and were examined
by luciferase assay. WT, Ppara-null, and Pparb-null astrocytes transfected with pPPRE-luciferase (D) or pTFEB(WT)-luciferase (E) construct for 24 h were treated with 2, 5, and 10 wum aspirin for 8 h
and analyzed by luciferase assay. F, WT mouse astrocytes transfected with pTFEB(WT)-luciferase for 24 h were pretreated with different doses of PPAR«x antagonist G\W6471 (100, 200, and 300 nm),
PPAR 3 antagonist GSK0660 (100, 200, and 300 nu), and PPAR-y antagonist GW9662 (5, 10, and 15 nw) for 1 h, followed by 5 pum aspirin treatment and subsequently subjected to luciferase assay.
G, WT astrocytes transfected with pTFEB(WT)-luciferase or pTFEB(mutant)-luciferase construct for 24 h were treated with 5 um aspirin for 8 h and analyzed by luciferase assay. H, Primary astrocytes
treated with 5 pum aspirin for 2 h were analyzed for the recruitment of PPARcx, PPAR3, PPARy, (BP, and RNA polymerase to the conserved PPRE site on Tfeb promoter by performing ChIP, followed
by semiquantitative RT-PCR (/) and quantitative RT-PCR (J). All values were normalized with input and are represented as fold change with respect to untreated controls. Data are shown as mean =
SD. IP, Immunoprecipitation; CBP, CREB binding protein. Statistical analysis was conducted using Student’s ¢ test; **p << 0.001.
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of PPARa in activation of the Tfeb promoter (Fig. 3E). Moreover,
we determined the effect of antagonists of PPAR«a, (GW6471),
PPARP (GSK0660), and PPARy (GW9662) on TFEB promoter
activation in WT astrocytes and found that only the PPAR« an-
tagonist GW6471 abolished aspirin-induced Tfeb promoter-
driven luciferase activity, confirming that PPARe, but neither
PPARR nor PPARY, is responsible for aspirin-stimulated activa-
tion of TFEB (Fig. 3F). In addition, when we performed the
luciferase assay in WT astrocytes transfected with a construct
containing mutated PPRE core sequence on the TFEB promoter, de-
noted pTFEB(Mu) (Fig. 3G), a drastic reduction in the mutated
TFEB-driven luciferase activity was observed, further confirming
the underlying role of PPAR« in aspirin-mediated transcrip-
tional induction of the TFEB promoter (Fig. 3H ). Next, we per-
formed ChIP followed by semiquantitative and RT-PCR to
characterize the TFEB promoter DNA-binding complex. We ob-
served that aspirin treatment markedly stimulated the recruit-
ment of PPARq, CBP, and RNA polymerase to the PPRE site on
the TFEB promoter (Fig. 31,]). This result was specific because
aspirin remained unable to induce the recruitment of either
PPARp or PPARYyto the Tfeb promoter (Fig. 31,]). Together, our
data indicated that aspirin-mediated PPAR« activation tran-
scriptionally regulates TFEB expression.

Aspirin induces lysosomal biogenesis via PPAR«

We next sought to determine whether PPAR« is involved in
aspirin-mediated induction of lysosomal biogenesis by conduct-
ing experiments in WT, Ppara-null, and Pparb-null astrocytes.
Mouse primary astrocytes isolated from WT, Ppara-null, and
Pparb-null mice were treated with aspirin and analyzed for dif-
ferent lysosomal markers. To establish this, first, we determined
the expression of TFEB, the central transcription factor regulat-
ing lysosomal genes. Immunocytochemical analysis showed that
aspirin treatment could distinctly upregulate TFEB expression in
astrocytes isolated from WT and Pparb-null mice, but not Ppara-
null mice. Moreover, higher levels of nuclear localized TFEB was
observed in aspirin-treated astrocytes isolated from WT and
Pparb-null mice, but not Ppara-null mice (Fig. 4A). These results
suggest that TFEB stimulation by aspirin is specifically dependent
on PPARa. Next, we tested whether aspirin-mediated lysosomal
enrichment requires PPARa by performing the LysotrackerRed
staining, followed by quantification of the total number of lyso-
somes per cell. Data showed that the overall lysosome content
was significantly increased in WT and Pparb-null astrocytes after
aspirin treatment; however, this effect was not observed in the
case of aspirin-treated PPARa /™ astrocytes (Fig. 4B, C). These
findings were further supported by Western blot analysis for
LAMP2 showing a distinct increase with aspirin treatment in WT
and Pparb-null astrocytes, but not in Ppara-null astrocytes (Fig.
4D, E). After establishing the involvement of PPAR« in this pro-
cess, we further investigated whether PPARy plays any role in
aspirin-mediated lysosomal induction. We pretreated WT astro-
cytes with the PPARvy-specific inhibitor GW9662, followed by
treatment with aspirin, and determined the expression of LAMP2.
Western blot analysis showed that, even in the presence of
GW9662, aspirin was still able to upregulate LAMP2 levels, sug-
gesting that PPARy might not be required by aspirin for exerting
its effect on the lysosomes (Fig. 4F,G). Together, these findings
demonstrate that aspirin specifically requires PPAR« for induc-
ing lysosomal biogenesis.

J. Neurosci., July 25,2018 - 38(30):6682— 6699 * 6689

Aspirin enhances uptake and degradation of A in

primary astrocytes

We further explored whether aspirin-mediated lysosomal bio-
genesis could enhance the cellular degradative capacity by uptake
and effective lysosomal clearance of A in astrocytes. Astrocytes
can uptake A via the cell surface low-density lipoprotein recep-
tor (LDLR), followed by lysosomal degradation of A (Wyss-
Coray et al., 2003; Basak et al., 2012). In addition, PPAR«
activation has been reported to induce hepatic LDLR expression
(Huang et al., 2008). Having demonstrated that aspirin activates
PPARa, we determined the effect of aspirin on LDLR expression
in primary astrocytes. Low doses of aspirin were observed to
remarkably increase the mRNA expression of Ldlr (Fig. 5A). Be-
cause LDLR facilitates the internalization of extracellular AB, it is
highly likely that enhanced LDLR expression would lead to a
higher uptake of AB inside the cell. We performed a quantitative
in vitro assay to study the effect of aspirin on uptake and degra-
dation of FAM-tagged AB(1-42) in astrocytes. After 4 h of
incubation with AB42-containing medium, aspirin treatment
significantly enhanced the intracellular amount of AB42 com-
pared with control, indicating that aspirin increases the up-
take of AB by astrocytes (Fig. 5B). After the 4 h Ap42
incubation, when cells were grown for an additional 6 h in
AB-free medium (6 h wash), aspirin-treated astrocytes dem-
onstrated a significantly lower level of intracellular AB than
the control, suggesting that the internalized A3 was effectively
degraded (Fig. 5B). We further confirmed these observations
by labeling astrocytes with HF-AB(1-42). Similar to the in
vitro kinetic assay, immunocytochemistry showed that aspirin
augmented the uptake of AB and the degradation of internal-
ized AB compared with the control after 4 h of incubation with
HF-AB42 and an additional 6 h wash, respectively (Fig. 5C,D).
Collectively, these results demonstrate that aspirin can en-
hance astrocytic clearance of AB via increasing the uptake and
lysosomal degradation of AB by astrocytes.

Stimulation of lysosomal biogenesis by aspirin in vivo in an
5XFAD model

Next, we investigated whether aspirin treatment could stimulate
lysosomal biogenesis in vivo in the hippocampus of the 5XFAD
mouse model, which contains five familial AD-linked mutations
in APP and PSI. Six- to 7-month-old 5XFAD transgenic (Tg) and
age-matched nontransgenic (non-Tg) mice from the same back-
ground were used for the study. Mice received aspirin (2 mg/kg
body weight/d) or vehicle (0.1% methylcellulose) treatment orally
for 1 month. We first examined the astrocytic PPAR« level by cola-
beling of hippocampal sections with the astrocytic marker GFAP
and PPARa. Data showed that aspirin treatment remarkably in-
creased the PPARa level in the hippocampus of Tg mice relative
to either untreated or vehicle-treated Tg mice (Fig. 6 A, B). Next,
we determined the lysosomal abundance in these cohorts of mice.
Immunohistochemistry of the hippocampal sections for TFEB
and GFAP revealed significantly higher levels of TFEB in the
aspirin-treated group compared with the vehicle group, indicat-
ing enhanced lysosomal biogenesis (Fig. 6C,D). Moreover, West-
ern blot analysis of hippocampal homogenates also showed
increased levels of LAMP2 in aspirin-treated mice (Fig. 6E,F).
Together, our results illustrate that oral administration of aspirin
augments the PPARa-mediated lysosomal biogenesis in 5XFAD
mice.
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mice were treated with 5 m aspirin for 24 h, followed by immunofluorescence staining for TFEB and GFAP (A; scale bar, 20 wm). Nuclei were stained using DAPI. B, Live cell staining using
LysoTracker Red. Scale bar, 10 wm. €, Quantification of the lysosome number per cell using Image. Data are shown as mean == SEM of fold change relative to the untreated WT control. Twenty
images per condition from three independent experiments were quantified. Inmunoblot analysis for LAMP2 (D) and densitometric analysis of LAMP2 protein levels (E). Data are shown as mean =
SD for fold change with respect to untreated control in each group. F, G, WT astrocytes were pretreated with 5 and 10 nm PPAR-y inhibitor GW9662 for 1 h, followed by 24 h treatment with 5 pum
aspirin and analyzed for LAMP2 protein levels by Western blot (F) and densitometric analysis (). Data are shown as mean == SD for fold change normalized to the untreated control. All statistical

analyses were done using Student’s t test; *p << 0.05, **p << 0.001.
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Figure 5.

Aspirin enhances uptake and degradation of A342 in mouse primary astrocytes. A, Primary astrocytes were treated with 5 wum aspirin for 4 h, followed by monitoring the mRNA

expression of LdIr by quantitative RT-PCR. Data are shown as fold change (mean == SD) with respect to untreated controls. B, Treatment for 24 h followed by FAM-A3(1— 42) uptake and degradation
assay. Cells were incubated in medium containing 500 nm FAM-A B for 2 h, 4 h for monitoring the uptake. For degradation, the cells were grown in A 3-free regular medium for an additional 6 h. Data
are shown as fold change (mean = SD) with respect to untreated control. €, Treatment for 24 h followed by 4 h incubation in medium containing HiLyte Fluor 647-A3 for monitoring A3 uptake.
D, For degradation, the cells were washed in medium for an additional 6 h. DAPI was used to stain the nuclei. Al statistical analyses were performed using Student’s t test; **p << 0.001.

Aspirin reduces the amyloid burden in the hippocampus of
5XFAD mice

Having confirmed that aspirin causes enhancement of lysosomal
biogenesis via stimulation of TFEB, we intended to evaluate the
efficacy of this induction of the cellular clearance pathways to
attenuate the amyloid plaque burden in the 5XFAD mouse
model. Multiple reports have demonstrated the beneficial role of
exogenously induced TFEB expression to enhance the lysosomal
activity in AD models of amyloid pathology, confirming that
activation of TFEB is an effective strategy to ameliorate amyloid
plaque pathogenesis by facilitating APP and A clearance (Xiao
et al.,, 2014, 2015; Zhang and Zhao, 2015). We investigated
whether oral administration of aspirin was capable of reducing
the amyloid load in the hippocampus, the most affected brain
region in AD, of Tg mice. Immunoblot analysis using the AB-
specific antibody 4G8 showed a remarkable increase in the AB
levels with a parallel upregulation of the 8-CTF in the hippocam-
pal homogenates from Tg mice compared with non-Tg mice.
However, oral administration of aspirin significantly reduced the
level of AB in the hippocampus of Tg mice, whereas the vehicle
group did not exhibit such effects (Fig. 7 A, B). Next, to determine
the amyloid deposition in the brain, we performed double label-
ing of the hippocampal sections with thioflavin-S (thio-S), a clas-
sic amyloid-binding dye that detects the B-pleated sheet of the
amyloid plaques and Af-specific monoclonal antibody 6E10.
Parallel to the immunoblot results, there was marked abundance
of thio-S positive and AB-immunoreactive plaques in the Tg
mice (Fig. 7C,D). However, treatment of Tg mice with aspirin,
but not vehicle, was capable of ameliorating the plaque load (Fig.
7D). Further quantitative analysis of thio-S staining revealed that

aspirin treatment led to a significant reduction in the thio-S-
positive fraction in the hippocampus, along with a lower number
of thio-S puncta relative to the Tg and vehicle groups, demon-
strating that aspirin was able to alleviate the amyloid pathology in
the hippocampus (Fig. 7E,F). A reduction in the size of the
plaques was observed in aspirin-treated Tg mice compared with
vehicle-treated Tg mice, but this was nonsignificant (Fig. 7G). A
similar pattern of results were seen with diaminobenzidine stain-
ing with AB 6E10 antibody, which showed robust amyloid depo-
sition in Tg mice that was reduced by aspirin treatment (Fig. 7H ).
Collectively, these results demonstrate that aspirin treatment can
substantially attenuate the burden of amyloid plaques in the
5XFAD model.

Aspirin reduces intraneuronal amyloid 8 (Af3) accumulation

Next, we explored the effect of low-dose aspirin treatment on
intraneuronal amyloid pathology in 5XFAD mice. In these mice,
the five FAD mutations in APP and PS1 are expressed under the
neuron-specific Thy-1 promoter and lead to accumulation of
intraneuronal AB42, initiating plaque development (Oakley et
al., 2006). A recent study has highlighted the beneficial role of
neuronal-targeted TFEB in attenuating amyloid plaque pathol-
ogy (Xiao etal., 2015). To study intraneuronal AB deposition, we
performed double labeling of NeuN, a neuronal marker, and A3
6E10 in the cortex. As expected, 5XFAD Tg mice exhibited exten-
sive neuronal A3 accumulation compared with the non-Tg mice.
Aspirin treatment remarkably reduced the intraneuronal level of
A, whereas no such effect was observed in the vehicle-treated
mice (Fig. 8A,B). Along with AB accumulation, Tg mice also
exhibit extensive neuronal loss in the cortex. We observed pro-
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Figure 6.  Stimulation of lysosomal biogenesis by aspirin in vivo in a 5XFAD mouse model. A, B, 5XFAD mice (6 —7 months old, n = 6) were treated orally with aspirin (2 mg/ kg body weight/d)

or vehicle (.1% methylcellulose) for 1 month, after which the level of PPARcx in the hippocampus was monitored by immunostaining and quantification of astrocytic PPAR«x (PPARce+ GFAP+
cells). €, D, Lysosomal biogenesis was monitored by staining of hippocampal sections by TFEB, GFAP, and DAPI (€) and TFEB mean fluorescence intensity analysis using ImageJ (D). Three different
regions from each of 12 different images for each group were quantified. E, F, LAMP2 levels in the hippocampal homogenates was analyzed by Western blotting (£) and densitometric analysis (F).
Statistical analysis was performed using Student’s ¢ test or one-way ANOVA followed by Tukey’s multiple-comparisons test; ns, not significant; **p << 0.001.

found loss of cortical neurons in the Tg mice compared with the
non-Tg mice, as demonstrated by quantification of the NeuN-
positive cells. Importantly, aspirin-treated mice had marked im-
provement in the neuronal survival compared with the Tg and
vehicle-treated groups (Fig. 8A,C). Together, these results sug-
gest that aspirin treatment attenuates intraneuronal AB accumu-
lation and enhances neuronal survival in 5XFAD mice.

Aspirin attenuates amyloid pathology in 5XFAD mice

via PPAR«

Given the observation that aspirin can activate PPAR« and thus
drive TFEB-mediated lysosomal enrichment, we explored our
hypothesis that activation of PPAR« by aspirin could be the un-
derlying mechanism by which it exhibits the amyloid-lowering

effects. We compared the amyloid pathology between Tg and
Tg-Ppara-null mice, which harbors the five familial AD related
mutations and are null for PPAR« (Corbett et al., 2015). Immu-
noblot analysis from the hippocampal extracts demonstrated
that Tg-Ppara-null mice receiving vehicle presented significantly
higher levels of AB compared with Tg mice. However, in contrast
to Tg mice, aspirin treatment remained unable to lower A
pathology in Tg-Ppara-null mice, suggesting that activation of
PPARa by aspirin could be the underlying mechanism behind its
amyloid-attenuating effects (Fig. 9A,B). It is noteworthy that
Tg-Ppara-null mice exhibited remarkably more amyloid pathol-
ogy relative to Tg mice, indicating that ablation of PPAR« is a
contributing factor driving more amyloidogenesis in these mice.
In addition, the rise in A levels in Tg-Ppara-null mice was
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accompanied by a parallel increase in the abundance of the
B-CTF, another fragment generated by the amyloidogenic pro-
cessing of APP, further supporting that PPARa could be impli-
cated as a beneficial factor in relieving amyloidosis. Colabeling of
hippocampal sections with thio-S and AB 6E10 showed a similar
pattern of results, with significantly higher amyloid plaque depo-
sition in Tg-Ppara-null mice, whereas aspirin treatment did not
exhibit any improvement (Fig. 9C). Further analysis of the thio-
S-positive plaques revealed a greater area fraction, higher count,
and larger-sized plaques in the hippocampus of Tg-Ppara-null
groups compared with the Tg groups (Fig. 9C-F). Together,
these findings suggest that aspirin could mitigate amyloid pathol-
ogy in a PPARa-dependent manner.

Discussion

Decreasing cerebral plaque load may have therapeutic impor-
tance in AD. Here, we demonstrate that low doses of aspirin, one
of the most widely used medications in the world, upregulates
lysosomal biogenesis and decreases amyloid plaque pathology in
an animal model of AD. In cultured brain cells, aspirin increased
the expression of different lysosome-specific molecules and up-
regulated lysosomal biogenesis. Similarly, after oral administra-
tion, low-dose aspirin also upregulated lysosomal markers in the
hippocampus and decreased the load of amyloid plaques in
5XFAD mice. Therefore, our study suggests that aspirin may be a
therapeutic agent for the treatment of AD.

Mechanisms by which lysosomal biogenesis occurs are be-
coming clear. Lysosomal adaptation under different physiologi-
cal and pathological scenarios is dependent on a regulatory gene
network known as CLEAR (coordinated lysosomal expression and
regulation), with the master regulator TFEB at its core (Sardiello et
al., 2009; Martini-Stoica et al., 2016). Here, we have shown that
aspirin upregulates TFEB and stimulates lysosomal biogenesis via
TFEB. After oral administration, aspirin also increased the level
of TFEB in the hippocampus of 5XFAD mice. A recent study
suggested that TFEB overexpression alleviates the disease pro-
gression by decreasing AB accumulation through the autophagy
lysosome pathway (Zhang and Zhao, 2015). Furthermore,
enhancing astrocytic lysosomal biogenesis by targeted TFEB ex-
pression through viral gene transfer was found to promote atten-
uation of amyloid pathogenesis by facilitating uptake and
lysosomal degradation of A in the astrocytes (Xiao et al., 2014).
Similarly, in neurons, enhancing lysosomal function with TFEB
accelerates lysosomal degradation of holo-APP and thus attenu-
ates AP generation and plaque pathogenesis (Xiao et al., 2015).
Therefore, upregulation of TFEB and lysosomal biogenesis by
aspirin may have treatment prospects in AD.

How does aspirin upregulate TFEB? The presence of a PPRE
site on the Tfeb promoter led us to explore the role of PPAR« in
aspirin-mediated TFEB upregulation. PPARs are ligand-inducible
transcription factors belonging to the class of nuclear hormone
receptors. Recently, we demonstrated that activation of PPAR«

<«

(Figure legend continued.) sections demonstrating A{3 plaque pathology in transgenic 5XFAD
mice in the CA1 region of hippocampus. D, Hhippocampal sections were double labeled using
thio-S and AS3 6E10 antibody. E-G, The thio-S-positive plaques in the hippocampus were
further characterized for total area faction (thio-S positive area as a percentage of total hip-
pocampal area; E), plaque count (F), and average plaque size (G). Data are shown as mean ==
SEM. Quantification of thio-S-positive plaques were performed using Image). H, Diaminoben-
zidine staining of hippocampal sections was performed using A3 6E10 antibody. In all cases,
one-way ANOVA followed by Tukey’s multiple-comparisons test was used for statistical analy-
sis; *p < 0.05, **p < 0.001.
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by gemfibrozil leads to increased transcription of TFEB and stim-
ulation in lysosomal biogenesis in brain cells (Ghosh et al., 2015).
Several lines of evidence presented in this study also clearly sug-
gest that aspirin upregulates TFEB and augments lysosomal bio-
genesis via PPARa. Numerous studies have highlighted the wide
applicability and therapeutic potential of TFEB-mediated lyso-
somal modulation in lysosomal storage diseases (LSDs) such as
Gaucher disease, Tay—Sachs disease (Song et al., 2013), Pompe
disease (Spampanato et al., 2013), and cystinosis (Rega et al.,
2016). A mechanistic connection between a-synuclein toxicity
and impaired function of TFEB was reported and genetic activa-
tion of TFEB was shown to provide robust neuroprotection via
a-synuclein clearance in dopaminergic neurons (Decressac et al.,
2013). In another study, TFEB activation by induction of PGC-1ax was
able to promote htt turnover and clearance of protein aggregates
in a mouse model of HD (Tsunemi et al., 2012). Therefore, the
upregulation of TFEB and induction of lysosomal biogenesis by
aspirin may have implications for the treatment of multiple LSDs
and neurodegenerative disorders.

Mounting evidence suggest that astrocytes can efficiently up-
take and degrade AP in lysosomes (Shaffer et al., 1995; Wyss-
Coray et al., 2003; Nielsen et al., 2009). Therefore, enhancement
of astrocytic A3 clearance is an important therapeutic strategy for
treatment of AD. The LDLR has been implicated in direct binding
and internalization of A3 by astrocytes (Basak etal., 2012). LDLR
deficiency has been shown to reduce the glial response and en-
hance amyloid deposition in 5XFAD mice (Katsouri and Geor-
gopoulos, 2011). Importantly, activation of the nuclear receptor
PPARw by its agonist, fenofibrate, has been reported to induce
hepatic LDLR expression (Huang et al., 2008). Here, we demon-
strated that, along with inducing lysosomal biogenesis, aspirin at
low doses can increase the mRNA expression of Ldlr and lead to
enhanced uptake and degradation of extracellular A by astrocytes.

Emerging studies have pointed toward an aberrant autophagic
function in the neurons of AD models. The principal defect is be-
lieved to be at the autolysosomal proteolysis stage, which ulti-
mately leads to accumulation of autophagic vesicles in dystrophic
neurites (Nixon et al., 2005; Nixon, 2007; Wolfe et al., 2013).
Several reports have demonstrated that the impairment in lyso-
somal substrate degradation is due to PS1 mutations that disrupt
the regular acidification of lysosomes (Lee et al., 2010, 2015;
Wolfe et al., 2013; Coffey et al., 2014). PS1 holoprotein facilitates
the effective N-glycosylation and lysosomal targeting of VOal
subunit of the vacuolar-ATPase (v-ATPase) proton pump, which
acidifies the lysosome. Therefore, enhanced expression of the
Vo0al subunit might result in escape from ER quality control
mechanisms and lead to a greater abundance of this protein in the
lysosomes and thereby rectify the lysosomal acidification defect.
Importantly, v-ATPase can be regulated by TFEB (Palmieri et al.,
2011; Pefia-Llopis et al., 2011; Settembre et al., 2011). Therefore,
TFEB-mediated transcriptional upregulation of v-ATPase and
thereby restoration of the acidic environment of the neuronal
lysosomes, leading to improved lysosomal proteolysis, could be
one of the plausible mechanisms underlying aspirin-mediated
reduction in intraneuronal AB. Interestingly, aspirin has been
reported to inhibit the activity of glycogen synthase kinase-3f3
(GSK-3B) (Ou et al.,, 2010), a serine/threonine kinase that has
been widely regarded to be involved in numerous aspects of AD
development and progression, including senile plaque pathology
(Balaraman et al., 2006; Llorens-Martin et al., 2014). A GSK-3
inhibitor has been shown to restore acidification under PS1/2-
deficient conditions (Avrahami et al., 2013). Inhibition of GSK-383
reacidified lysosomes, reduced amyloid deposition, and ameliorated



Chandra et al. @ Aspirin Reduces Amyloid Plaques via PPARc

A NeuN

Non-Tg

L
(]
>
+
o)
[

o A
-

ns
B E 80 - b
= 600 = "
@ 1 u Ak
3 »
400+ n o A4
+ .ﬁ g A
=z %
S
2 200+
s e <
< Non- Tg Tg+ Tg+
Tg Asp Veh

DAPI + Merge

J. Neurosci., July 25,2018 - 38(30):6682— 6699 * 6695

ns
o 40007 Gl N
E *%
E 3000 o®
Ld
% 2000 O:; - %
o T *
+ A Al
% 1000+ g ¢ A
[y | |
P-4
Non- Tg Tg+ Tg+
Tg Asp Veh

Figure 8.  Aspirin reduces intraneuronal A3 accumulation. 5XFAD mice (6 —7 months old, n = 6) were treated orally with aspirin (2 mg/ kg body weight/d) or vehicle (.1% methylcellulose) for
1 month, after which the intraneuronal level of A in the cortex was monitored by double labeling with NeuN and A3 6E10 (4), quantification of NeuN+ A+ cells (B), and quantification of
NeuN+ cells in the cortex by Image] (C). Eighteen images (20X magnification) from six different mice per group were quantified. One-way ANOVA followed by Tukey’s multiple-comparisons test

was used for statistical analysis; **p << 0.001.
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Figure9.  Aspirin attenuates amyloid plague pathology in 5XFAD mice via the PPARc pathway. A, Aspirin was administered orally in cohorts of 6- 7-month-old 5XFAD and 5XFAD/Ppara-null mice
for30d, followed by analysis of the A levels in the hippocampal extracts using A3 6E10 antibody. 3-Actin was used as a loading control. B, Densitometric analysis (mean == SEM) of A3 levels with
respect to nontransgenic control group. C, Colabeling of hippocampal sections with thio-S and AB 6E10 and characterization of thio-S-positive plaques for total area fraction (D), puncta count (E),
and average plaque size (F) in the hippocampus. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple-comparisons test; *p << 0.05, **p << 0.001.

cognitive impairment in the 5XFAD mouse (Avrahami and
Eldar-Finkelman, 2013; Avrahami et al., 2013). Mounting evi-
dence has highlighted the role of GSK-38 inhibition in improving
several AD-related phenotypes in different models of AD (Koh et

al., 2008; Seren¢ et al., 2009; Parr et al., 2012; Ly et al., 2013).
Although we did not explore the effect of aspirin on GSK-33
inhibition in our study, it could be a relevant mechanism through
which aspirin restores the neuronal acidification. Therefore, a
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combinatorial effect of TFEB-mediated enhancement of lyso-
some number and improved lysosomal acidification might facil-
itate the functionality and proteolysis of neuronal lysosomes and
possibly underlie the attenuation of intraneuronal A and im-
proved neuronal survival by aspirin.

Neuroprotective effects of aspirin have been explored in mul-
tiple animal models of neurodegenerative disorders including
AD. A recent study has reported memory enhancing effects of
aspirin in an AlCI3-induced mouse model of neurotoxicity (Riz-
wan etal., 2016). AD is known to have a prominent inflammatory
component that contributes to and aggravates the AD pathology
(Heppner et al., 2015; Zhang and Jiang, 2015). Aspirin is also
well established for its anti-inflammatory properties and as an
inhibitor of NF-kB (Vane, 1971; Kopp and Ghosh, 1994).
Aspirin-triggered lipoxin A4 (5S,6R,15Rtrihydroxy-7,9,13-trans-
11-cis-eicosatetraenoic acid), an anti-inflammatory molecule
generated after acetylation of cyclooxygenase-2, has been re-
ported to reduce NF-«kB activation and stimulate alternative
activation of microglia leading to enhanced phagocytosis facili-
tating AB clearance and an improvement in cognitive functions
in Tg2576 mice (Medeiros et al., 2013). Although we did not
address the issue in our study, it is likely that aspirin may also
regulate inflammation in 5XFAD mice.

Epidemiological studies have pointed toward a beneficial role
of aspirin in AD. Studies by Nilsson et al. (2003) revealed that
high-dose aspirin users exhibit lower prevalence of AD and better
cognition. A systematic study by Wang et al. (2015) suggests that
aspirin can significantly lower the risk of AD. A protective effect
of aspirin in AD patients was reported by Etminan et al. (2003);
however, it did not reach significance. Conversely, some studies
have reported no effect of aspirin on the risk of cognitive decline
in older individuals (Kelley et al., 2015; Veronese et al., 2017).
One of the possible explanations why aspirin may not show much
effectin AD patients or older individuals could be that the level of
PPARa might be less in the brains of older AD and dementia
patients. In our study, we observed that aspirin attenuates amy-
loid plaque pathology in AD mouse model in a PPARa-dependent
manner. Therefore, in the absence of a basal level of PPAR«, aspirin
might not exhibit an optimal effect. Although several studies have
indicated a beneficial role of aspirin in AD or dementia patients, the
results are not conclusive and certainly need further exploration.
Our study provides evidence that low-dose aspirin ameliorates am-
yloid pathology in a mouse model of AD via PPARa.

In summary, our study demonstrates that aspirin can enhance
lysosomal biogenesis via PPARa-mediated upregulation of TFEB
and may have therapeutic potential for LSDs. At present, there is
no therapy available to prevent or halt the progression of AD.
Pharmacological compounds targeting TFEB as a therapeutic
strategy in AD are still understudied. Therefore, stimulation of
lysosomal biogenesis and reduction of amyloid plaque pathology
by low-dose aspirin holds promising therapeutic potential for the
treatment of AD.
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