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Recent data indicate that PPARy (peroxisome proliferator-activ-
ated receptor y) could be involved in the modulation of the
amyloid cascade causing Alzheimer’s disease. In the present study
we show that PPARy overexpression in cultured cells dramati-
cally reduced AB (amyloid-8) secretion, affecting the expression
of the APP (A precursor protein) at a post-transcriptional level.
APP down-regulation did not involve the pathway of the secre-
tases and correlated with a significant induction of APP ubi-
quitination. Additionally, we demonstrate that PPARy was able

to protect the cells from H,0,-induced necrosis by decreasing A8
secretion. Taken together, our results indicate a novel mechanism
at the basis of the neuroprotection shown by PPARy agonists and
an additional pathogenic role for A accumulation.

Key words: Alzheimer’s disease, non-steroidal anti-inflammatory
drugs (NSAIDs), peroxisome proliferator-activated receptor y
(PPARYy), amyloid-8, amyloid precursor protein (APP).

INTRODUCTION

AD (Alzheimer’s disease) is a progressive and fatal neurodegen-
erative disorder characterized by the deposition of extracellular
Ap (amyloid-B) plaques and the formation of intracellular tangles
in the central nervous system. Af plaques are mainly composed
of ApB peptides, which are protein fragments derived by proteoly-
tic cleavage of the APP (amyloid precursor protein), an integral
membrane protein processed by several different secretases.
BACE (B-secretase or beta-site APP-cleaving enzyme) is respon-
sible for the N-terminal cleavage of A 8, whereas y -secretase gen-
erates the C-terminal end of the peptide and the release of AS
into the extracellular compartment. The inflammatory response
to AB accumulation has been proposed to contribute to the patho-
genesis of AD and to increase neuronal damage. This view is cor-
roborated by a number of epidemiological studies providing evi-
dence of a protective effect of long-term medication with NSAIDs
(non-steroidal anti-inflammatory drugs) against the neurodegen-
erative disorder [1-3]. These epidemiological studies are now
well supported by data showing that in vivo treatment of APP
transgenic mice with NSAIDs significantly diminished amyloid
deposition [4] and improved behaviour [S]. Moreover, NSAIDs
were shown to affect directly the generation of Apf, sug-
gesting a new mechanism of action behind the protective effect of
NSAIDs [6]. A potential target of NSAIDs is PPARy (peroxisome
proliferator-activated receptor y) [7], a ligand-activated tran-
scription factor and a member of the nuclear receptor superfamily
[8,9]. Recent reports indicate that PPARy agonists down-regulate
Ap generation, although the mechanism of this phenomenon still
remains controversial. Sastre and colleagues [10] reported the
finding that PPARy agonists modulate processing of APP through
regulation of B-secretase, whereas Camacho and co-workers [11]
showed that activation of PPARy directly affects the stability of

Ap externally added to the cells, suggesting the activation of a
rapid clearance mechanism. In addition, it has been argued that
NSAIDs may interact directly with the y-secretase to affect
amyloid production [12].

The aim of the present study was to understand the effective
role played by PPARy in the amyloidogenic process causing
AD. We report that, in cultured cells, overexpression of PPARy
dramatically decreased AS production, concomitantly increasing
APP ubiquitination. Moreover, we demonstrate that the reduction
of A secretion protected the cells from H,0,-induced necrosis,
suggesting a novel mechanism at the basis of the anti-inflam-
matory properties of PPARy and an additional pathogenic sig-
nificance for AB accumulation.

MATERIALS AND METHODS

Cloning of PPARy and RXR (retinoic X receptor)

PPARy full length was amplified according to mRNA sequence
NM_015869 [NCBI (National Center for Biotechnology Informa-
tion)] and then cloned into pcDNA3.1 expression vector
(Invitrogen, Carlsbad, CA, U.S.A.) using 5'-GCGCGCGGTAC-
CATGGGTGAAACTCTGGGAGATTC-3' (forward) and 5'-GC-
GCGCCTCGAGCTAGTACAAGTCCTTGTAGATCTC-3"  (re-
verse) primers with Kpnl and Xhol restriction sites in their 5’ end
and 3’ end respectively. RXR full length was amplified accord-
ing to mRNA sequence NM_002957 (NCBI) using 5'-GCGC-
GCGGTACCGAGTTAGTCGCAGACATGGACA-3" (forward)
and 5'-GCGCGCCTCGAGCTAAGTCATTTGGTGCGGCGC-3'
(reverse) primers, with Kpnl and Xhol restriction sites in their 5’
end and 3’ end and then cloned into pcDNA3.1 expression
plasmid.

Abbreviations used: AICD, cytoplasmic APP (amyloid precursor protein) intracellular domain; AB, amyloid-g; AD, Alzheimer’s disease; BACE, beta-
site APP-cleaving enzyme or g-secretase; DMEM, Dulbecco’'s modified Eagle’s medium; DTT, dithiothreitol; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HEKAPP*, human embryonic kidney cells overexpressing APP; N2a, mouse Neuro-2a cells; NCBI, National Center for Biotechnology
Information; NSAIDs, non-steroidal anti-inflammatory drugs; PI, propdium iodide; PPARy, peroxisome proliferator-activated receptor y; RT-PCR, reverse-

transcription PCR; RXR, retinoic X receptor; sAPP«, APP secreted by the cell.
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Figure 1 Effect of PPARy overexpression on AB generation

(R) N2a cells overexpressing human APP695 were transiently transfected with PPARy -expressing vector. After 48 h transfection, cells were processed for immunoblot analysis. A was
immunoprecipitated from cell extracts and culture media and immunodetected with 4G8 antibody reactive to amino acid residues 17-24 of human AB. (B) The luciferase assay was performed as
described in the Materials and methods section. Lanes are as follows: 1, empty vector; 2, empty vector + 50 M troglitazone; 3, PPARy -expressing vector; 4, PPARy -expressing vector + 50 M
troglitazone. Troglitazone treatment was performed for 24 h. Results are means + S.D. for three independent experiments.

Cell culture and transfections

HEK-293 cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium; Invitrogen) supplemented with 10 % (v/v) fetal-
bovine serum (Biofluids, Rockville, MD, U.S.A.) and penicillin/
streptomycin. HEKAPP* cells (HEK-293 cells stably transfected
with APP695) were obtained from Dr Luciano D’ Adamio (De-
partment of Microbiology and Immunology, Albert Einstein
College of Medicine, Bronx, New York, N.Y.,, U.S.A.) and
grown in the above-described cell-culture medium supplemented
with 5 ug/ml puromycin. N2a (mouse Neuro-2a cells) stably
expressing human APP695 were obtained from Professor Peter
Davies (Departments of Pathology and Neuroscience, Albert
Einstein College of Medicine, Bronx, New York, NY, U.S.A.)
and grown in DMEM/Opti—MEM® (1:1, v/v), with 0.1 mM non-
essential amino acids, 200 pwg/ml geneticin and 5 % fetal bovine
serum. Transient transfections were performed using SuperFect®
(Qiagen, Hilden, Germany) at 2 ul/ug of DNA.

Luciferase assay

The plasmid (pCD-basic) containing the human CD36 promoter in
front of the luciferase gene of pGL3-basic (Promega, Mannheim,
Germany) has been previously described [13]. The DR1 plasmid
contained a consensus PPARy element derived from the 3-
hydroxy-3-methylglutaryl-CoA reductase gene [14] in plasmid
pTAL-Luc (BD Biosciences Clonetech, Palo Alto, CA, U.S.A.).
CD36 and DR1 promoter plasmids, PPARy expression vector and
pRL-TK internal control vector were transfected into HEKAPP*
cells using SuperFect. After 3 h transfection, the cells were
treated with the diabetes drug troglitazone (50 uM) (Alexis,
Lausen, Switzerland) and harvested 24 h later. Promoter activity
was measured by using the dual luciferase assay kit (Promega,
Mannheim, Germany) with a TD-20/20 luminometer (Turner
Designs, Sunnyvale, CA, U.S.A.).

Immunoblot analysis

Immunoblots were performed according to standard methods
using the following antibodies: monoclonal mouse anti-human
PPARy (E-8; Santa Cruz, Santa Cruz, CA, U.S.A.), monoclonal
mouse anti-thuman S-actin) (Sigma, St. Louis, MO, U.S.A.),
monoclonal mouse anti-(human Af) (4G8 from Signet, Dedham,
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MA, U.S.A., and 6E10 from Chemicon, Temecula, CA, U.S.A.),
monoclonal mouse anti-(human APP) (22C11; Chemicon,
Temecula, CA, U.S.A.), polyclonal rabbit anti-(human APP)
(Zymed, San Francisco, CA, U.S.A.), monoclonal mouse anti-
(human BACE) (Chemicon, Temecula, CA, U.S.A.), and mono-
clonal mouse anti-ubiquitin (P4D1; Santa Cruz). Anti-mouse
and anti-rabbit secondary antibodies were coupled to horseradish
peroxidase (Amersham, Bucks., U.K.). Proteins were visualized
with an enzyme-linked chemiluminescence detection kit accord-
ing to the manufacturer’s (Amersham) instructions. Chemilu-
minescence was monitored by exposure to film and the signals
were analysed under non-saturating condition with an image
densitometer (Bio-Rad, Hercules, CA, U.S.A.).

PCR

Total RNA was isolated with an RNA extraction kit from Qiagen.
Semiquantitative assay for human APP mRNA expression was
performed with AmpliTaq polymerase (PerkinElmer, Boston,
MA, U.S.A.) and primers 5'-AGTGACAATGTGGATTCTGC-3'
(forward) and 5-AGATACTTGTCAACGGCATC-3' (reverse).
Semi-quantitative PCR for human BACE was done using primers
5-GGCAGCTGTCCAGCACATAC-3 (forward) and 5-AATG-
ATCATGCTCCCTCCGA-3' (reverse). Control reactions were
performed with primers specific for human GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase): (5'-AGCCACATCGCTC-
AGACACC-3' and 5-TGAGGCTGTTGTCATACTTCTC-3).
The identity of all the amplified fragments was confirmed by
cloning and sequencing.

Proteasome activity

Cell extracts were prepared basically as described by Rodgers and
Dean [15]. Briefly, HEKAPP™ cells were harvested by scraping
them in 500 ul of water containing 1 mM DTT (dithiothreitol)
and snap-frozen on solid CO,. After three cycles of freezing and
thawing, the samples were centrifuged at 14000 g for 30 min
and an equal amount of 2 x buffer A (100 mM Tris/40 mM KCl/
1 mM magnesium acetate/2 mM DTT, pH 7.8) was added to the
supernatant. The samples were stored at —20°C. Proteasome
activity was measured using the 20 S proteasome activity assay kit
(Chemicon, Chandlers Ford, Eastleigh, Hants., U.K.) according to
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the manufacturer’s protocol, and quantified using a 380/460 filter
set with a fluorescence spectrophotometer [FluoroMax-2; Instru-
ments SA (now Horiba Jobin Yvon Ltd), Stanmore, Middx.,
UK.].

Annexin V/PI (propidium iodide) assay

Annexin V/PI analysis of cell death was carried out according
to the manufacturer’s (BD PharMingen, San Diego, CA, U.S.A.)
instructions. Incubation of subconfluent cells with 10 uM AB,_4,
(Bachem, Bubendorf, Switzerland) and/or 1 mM H,O, was per-
formed for the indicated time periods. AS,_,, stock solution was
stored at — 20 °C in hexafluoropropan-2-ol. The solvent was com-
pletely evaporated and the peptide dissolved in sterile double-
distilled water at 1 mg/ml just before treatments. Where indicated,
cells were pretreated for 24 h with 100 nM B-secretase inhibitor
II (Calbiochem, San Diego, CA, U.S.A.). The double staining was
observed under a fluorescence microscope using a dual filter set
for FITC and rhodamine.

RESULTS
Effect of PPARy on A production

N2a cells stably transfected with human APP695 were transiently
transfected to express PPARy. The efficiency of transfections
was monitored by immunoblotting (Figure 1A, upper panel). In
line with other recently published work [14,15], overexpression
of PPARy resulted in a remarkable decrease in AS either in the
cell extract or in the culture medium (Figure 1A, lower panels).
The activity of the PPARy construct was confirmed by luciferase
assay on two distinct PPARy response elements: DR1 [12] and a
specific CD36 promoter region [11] (Figure 1B).

Effect of PPARy on APP expression and secretase activities

We performed RT-PCR (reverse-transcription PCR) and immuno-
blot analyses in order to test whether PPARy could somehow
interfere with the expression of APP. Figure 2(A) shows that,
in HEKAPP" cells, APP mRNA levels were not modulated by
PPARy, either in the presence or in the absence of its co-activator
RXR. In contrast, the protein level of APP was significantly
decreased by 35 and 50 % in cells expressing PPARy alone and
PPARy together with RXR respectively. A similar result was
obtained by activating the endogenous PPARy with troglitazone, a
well established PPARy activator drug [16], definitely implying
a post-transcriptional event, PPARy-mediated, affecting APP
expression (Figure 2B, upper panels).

APP is cleaved either by the - or by the 8-secretase, generating
the APP C-terminal fragments (C83 or C99 respectively), remain-
ing in the cell membrane. Figure 2(B) shows that, in HEKAPP*
cells, the decrease in APP full-length protein, induced either by
PPARy expression or troglitazone, is paralleled by a decrease in
both the C83 and the C99 fragment. This result may exclude the
notion of an inhibitory effect of PPARy on the proteolytic activity
of - and B-secretases, which would likely increase the protein
level of APP rather than decrease it. However, previous reports
indicated that PPARy agonists reduce A secretion by lowering
BACE expression and activity, although the direct evidence
that BACE inhibition occurs in cells overexpressing PPARy was
not proven [15]. To investigate this issue further, we performed
RT-PCR and immunoblot analyses of BACE, finding no effect of
PPARy on the expression of the -secretase (Figure 2C, panels 1
and 3).

It could be argued that the simultaneous decrease in the
APP protein level and AB secretion may represent the result of
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Figure 2 Effect of PPARy on APP processing

(A) RT-PCR analysis of APP expression in HEKAPP+ cells transiently transfected with PPARy
alone or together with RXR. Primer sequences for human APP are given in the Materials and
methods section. APP751 bands represent the endogenous APP isoform. (B) HEKAPP cells
transiently transfected with PPARy alone and together with RXR (left panels) or treated with
troglitazone for 24 h (right panels), were processed for total protein extraction. SDS/PAGE was
performed with a gradient gel (4/10/15% polyacrylamide). After blotting of the proteins on
nitrocellulose membrane, APP and C-terminal fragments (CTFs) were immunodetected using
a polyclonal antibody (Zymed) recognizing the C-terminus of the human APP. The B-actin
signal represents the internal loading control. Results are expressed as means+ S.D. for
three independent experiments. *P < 0.05 and **P < 0.01 versus the corresponding control.
(C) HEKAPP+ cells transiently transfected with PPARy and, where indicated, with RXR, were
processed for total protein and RNA extraction. BACE expression was analysed by RT-PCR
(panel 1) and by immunoblotting (panel 3); SAPP« in the cell-culture medium was detected
by immunoblotting (6E10 antibody) (panel 4); a band apparently corresponding to the AICD
fragment was detected by immunoblotting using the Zymed antibody (panel 5). GAPDH and
B-actin signals (panels 2 and 6) represent the internal loading control.

© 2005 Biochemical Society



696 C. d’Abramo and others

L
=1
=

100 1

Proteasome activity
arbitrary units

vector

IP: Anti-APP

Emply PPARy PPARy+

WEB: Anti-APP
206 kDa -

2 "
]2(!an-. n&. .

40kDa -

HEKAPP+ Nia HEKAPP+

PPARY -+ -+ - + =

Figure 3  Effect of PPARy on proteasome activity and APP ubiquitination

WEB: Anti-ubiquitin

troglitazone
O Control
55 B PPARY
4.0 ET LY
35
£ w
g :
w15
=
£ 0
F=
™
< 15
1o
L8]
N2a 00
¥ APP ub-APP

(R) HEKAPP cells were transfected as indicated and the proteasome activity was measured as described in the Materials and methods section. The histogram shows the mean + S.D. for three
independent experiments. (B) HEKAPP+ and N2a-overexpressing human APP695 were transfected with PPARy for 48 h and then APP was immunoprecipitated from the cell extracts using the
polyclonal Zymed anti-APP antibody. Immunoblot analysis was performed with 22C11 anti-APP or P4D1 anti-ubiquitin monoclonal antibodies. The histogram shows the mean + S.D. for two

independent experiments. *P < 0.05 and ***P = 0.001 versus the corresponding control.

a-secretase activation. Although PPARy was not able to increase
the C83 fragment (Figure 2B), we further analysed the sAPP«
(APP secreted by the cell) after the a-secretase cleavage. As ex-
pected, immunoprecipitation of sAPPa from the conditioned
medium of HEKAPP' cells expressing PPARy was notably
decreased, demonstrating that the activation of «-sectretase does
not take place (Figure 2C, panel 4).

The C83 and C99 fragments, produced by « and S-secretase
activity, are further cleaved by y-secretase to generate the AICD
(cytoplasmic APP intracellular domain). Our results, indicating
a reduction of C83, C99, and APP full-length protein, already
suggest that PPARy does not affect the activity of y-secretase.
However, because it has been shown that agonists of PPARy
inhibit y-secretase [17,18], we evaluated the generation of the
AICD in our cell system. The result shown in Figure 2(C),
panel 5, indicated that the immunodetected band, apparently
corresponding to the AICD fragment, is not decreased by PPARy
expression, as previously confirmed also by others [14].

Overexpression of PPARy increases APP ubiquitination

Several studies suggested that the proteasome could contribute to
the pathogenesis of AD [19,20]. Thus we investigated the possi-
bility that PPARy expression stimulates an alternative, protea-
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some-dependent, processing of APP, consequently decreasing the
production of AB. PPARy was transfected into HEKAPP* cells
and optionally treated with troglitazone; nevertheless, the 20 S
proteasome activity, measured with a commercially available kit
(see the Materials and methods section), turned out not to be sig-
nificantly modulated by PPARy expression (Figure 3A). Because
proteasome-dependent degradation pathways involve multiple
steps, including ubiquitination of proteins targeted for proteolysis,
we next investigated the effect of PPARy expression on the for-
mation of ubiquitinated APP. HEKAPP* and N2a cell extracts
were immunoprecipitated with a polyclonal anti-(thuman APP)
antibody. Immunoprecipitated proteins were analysed by im-
munoblotting with anti-APP or anti-ubiquitin antibody. The
results shown in Figure 3(B) indicated that, in PPARy -transfected
cells, the decrease of APP full-length protein is accompanied by a
3.4-fold induction of APP ubiquitination (P = 0.001). The fact that
the anti-APP antibody hardly recognized the ubiquitinated APP
is probably due to the lack of affinity for the modified protein.

PPARy protects from Ag mediated H,0,-induced cell death

There is compelling evidence that A peptide has cytotoxic ef-
fects. HEKAPP™ cells, despite the large amount of AS produced,
show an apparent normal and healthy growth. However, if
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Cells were treated, where indicated, with 1 mM H,0, and/or 10 «M AB1_4, for 24 h. Cells in panels 7 and 8 were additionally pretreated with BACE inhibitor (100 nM) for 24 h. Cell-death analysis
was performed as described in the Materials and methods section. Necrotic cells show red fluorescence. Images were captured at x 20 magnification. The Figure is representative of three independent

experiments all showing essentially similar results.

compared with HEK293 cells, in which APP is weakly expressed,
HEKAPP* were much more prone to H,0,-induced necrosis (Fig-
ure 4, panels 1-3). Interestingly, overexpression of PPARy de-
creased the susceptibility of HEKAPP* to H,O, (Figure 4,
panel 4), suggesting arole of AS as mediator of the H,O,-induced
cell damage. To test our hypothesis, we exposed HEK293 cells to
H,0, and Ap peptide, and found that the two compounds, added
together to the culture medium, increased cell death in a synergis-
tic manner (Figure 4, panels 3, 5 and 6). Moreover, and consistent
with the above results, HEKAPP™ cells pretreated for 24 h with
a specific BACE inhibitor [21,22] showed a strong protection
against the damage induced by H,0O, (Figure 4, panels 7 and 8).
The assay used for the cell-death analysis is based on the ability of

annexinV (green fluorescence) to bind to the phosphatidylserine
exposed on the surface of the cells undergoing apoptosis and the
ability of propidium iodide (red fluorescence) to enter cells which
have lost their membrane integrity [23]. It must be noted that,
under the tested conditions, no sign or evidence of apoptosis was
observed.

DISCUSSION

The present study provides evidence that PPARy decreases A
secretion by increasing the rate of APP degradation. Previous
reports indicated that proteasome inhibitors increase A secretion
[24,25]. This observation, together with the finding that PPARy
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induces proteasome-dependent degradation of proteins such as
cyclin D and oestrogen receptor-« [26], supported the hypothesis
of an alternative, PPARy -mediated, APP processing mechanism
involving the proteasome system. Our experiments demonstrate
that PPARy overexpression does not directly stimulate the pro-
teasome activity, but significantly (P =0.001) increases the ubi-
quitination level of APP.

In order to explain the recently observed PPARy anti-amylo-
idogenic properties, contradictory mechanisms have been pro-
posed. Sastre and colleagues [10] showed that the A downregul-
ation induced by PPARy is a consequence of S-secretase
inhibition; Camacho et al. [11] demonstrated that high levels
of PPARy decrease AB without altering either the - or the y-
secretase activity, suggesting the existence of a not-well-identified
extracellular clearance mechanism. In any event, our results
clearly indicate that PPAR y decreases the cellular content of APP
without affecting its mRNA level, thus implying a post-transcrip-
tional event, unlikely to be linked to the inhibition of the secretase
pathways. Importantly, the evidence that PPARy stimulates the
ubiquitination of APP supports the fact that the ApB-lowering
effect of PPARYy is due to the proteasome-mediated degradation
of APP.

Another issue in the present study is the finding that PPARy, by
decreasing A S secretion, protects the cells against H,0,-mediated
necrosis. Our results show, for the first time, that AS peptide
makes the cell more susceptible to external stresses, without being,
in itself, highly cytotoxic.

Additional detailed experiments are needed to elucidate the
complete picture, firstly by investigating the mechanism by which
ApB mediates the cell damage induced by H,0, and clarifying
whether it is a phenomenon strictly related to oxidative events,
or represents a more generic process. However, in the light of
the present evidence, it can be assumed that the neuroprotective
effects shown by certain NSAIDs, agonists of PPARy [27], are not
related to the inhibition of the A B-induced inflammatory process,
but more likely to the capability of decreasing Af levels.

The fact that PPARy agonists have been used for years in the
treatment of Type Il diabetes [7] raises the possibility that PPARy
could also soon become a drug target for the treatment of AD.
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