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Alzheimer’s disease (AD) is characterized by the extracellular
deposition of b-amyloid fibrils within the brain and the subse-
quent association and phenotypic activation of microglial cells
associated with the amyloid plaque. The activated microglia
mount a complex local proinflammatory response with the
secretion of a diverse range of inflammatory products. Nonste-
roidal anti-inflammatory drugs (NSAIDs) are efficacious in re-
ducing the incidence and risk of AD and significantly delaying
disease progression. A recently appreciated target of NSAIDs is
the ligand-activated nuclear receptor peroxisome proliferator-
activated receptor g (PPARg). PPARg is a DNA-binding tran-
scription factor whose transcriptional regulatory actions are
activated after agonist binding. We report that NSAIDs, drugs of
the thiazolidinedione class, and the natural ligand prostaglandin
J2 act as agonists for PPARg and inhibit the b-amyloid-
stimulated secretion of proinflammatory products by microglia
and monocytes responsible for neurotoxicity and astrocyte
activation. The activation of PPARg also arrested the differen-

tiation of monocytes into activated macrophages. PPARg ago-
nists were shown to inhibit the b-amyloid-stimulated expres-
sion of the cytokine genes interleukin-6 and tumor necrosis
factor a. Furthermore, PPARg agonists inhibited the expression
of cyclooxygenase-2. These data provide direct evidence that
PPARg plays a critical role in regulating the inflammatory re-
sponses of microglia and monocytes to b-amyloid. We argue
that the efficacy of NSAIDs in the treatment of AD may be a
consequence of their actions on PPARg rather than on their
canonical targets the cyclooxygenases. Importantly, the effi-
cacy of these agents in inhibiting a broad range of inflammatory
responses suggests PPARg agonists may provide a novel ther-
apeutic approach to AD.
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Alzheimer’s disease (AD) is characterized by progressive cogni-
tive impairment that is a consequence of extensive neuronal loss
(Berg et al., 1993; Braak and Braak, 1997, 1998; Braak et al.,
1998). The principal pathological feature of the disease is the
extracellular deposition of fibrillar amyloid and its compaction
into senile plaques. The senile plaque is the focus of a complex
cellular reaction involving the activation of both microglia and
astrocytes adjacent to the amyloid plaque (McGeer and McGeer,
1998, 1999; Kalaria, 1999). Microglia are the most abundant and
prominent cellular component associated with the plaque. The
plaque-associated microglia exhibit a “reactive” or “activated”
phenotype and possess a ramified morphology whose processes
envelop and invest the plaque. Microglia are the principal im-
mune cell in the brain originating from mesodermally derived
macrophages that become permanently resident in the brain
during development (Streit and Kincaid-Colton, 1995). Like mac-
rophages, microglia respond to various stimuli by acquisition of a

reactive phenotype as evidenced by the elevated expression of a
number of cell surface molecules, including major histocompati-
bility complex class II antigens, CD45, complement receptors
CR3 (MAC-1) and CR4, immunoglobulin receptors FcgRI and
FcgRII, and intercellular adhesion molecule-1 (McGeer et al.,
1993; McGeer and McGeer, 1995; Kalaria, 1999). Activated mi-
croglia, like activated macrophages, secrete a diverse range of
acute-phase proteins including a-anti-chymotrypsin, a-anti-
trypsin, serum amyloid P, C-reactive protein, and complement
components, among others (McGeer and Rogers, 1992). Impor-
tantly, activation of microglia results in the synthesis and secre-
tion of the proinflammatory cytokines interleukin-1b (IL-1b),
IL-6, and tumor necrosis factor a (TNFa) and the chemokine
macrophage chemotactic protein-1 (McGeer and McGeer, 1995).

The appearance of inflammatory products in the AD brain has
been interpreted as evidence of a chronic inflammatory compo-
nent in the disease process and led to studies exploring the effect
of anti-inflammatory drug treatment on the incidence of AD-
related dementia (McGeer and Rogers, 1992; Aisen, 1997; Mc-
Geer and McGeer, 1997). In patient populations treated for
extended periods with nonsteroidal anti-inflammatory drugs
(NSAIDs), most notably rheumatoid arthritics and lepers, the
risk of AD was dramatically reduced. A retrospective analysis of
17 independent epidemiological studies revealed a significant
protective effect of these drugs (McGeer and McGeer, 1996).
More recently, a longitudinal study of ;1700 patients demon-
strated that NSAID treatment reduced the risk of AD by ;60%
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(Stewart et al., 1997). Results from other smaller studies demon-
strated that NSAID treatment attenuated the loss of cognitive
abilities and disease progression in AD patients (Rogers et al.,
1993; Rich et al., 1995) and greatly reduced the number of
plaque-associated reactive microglia (Mackenzie and Munoz,
1998). However, a major impediment to use of this class of drugs
for treatment of AD is a number of serious side effects associated
with the chronic use of NSAIDs.

The effects of NSAIDs are well described (Bjorkman, 1998;
Bolten, 1998; Dubois et al., 1998; McCormack, 1998; Pairet and
Van Ryn, 1998; Vane and Botting, 1998). The principal targets of
NSAID action are thought to be the cyclooxygenases, the rate-
limiting enzymes responsible for the conversion of arachadonic
acid into inflammatory mediators, including prostaglandin E2
(PGE2). However, our understanding of the mechanism of drug
action has been fundamentally changed recently with the dis-
covery of new molecules that mediate their biological effects.
Initially, NSAIDs were thought to act via inhibition of the
ubiquitously and constitutively expressed cyclooxygenase-1
(COX-1); however, the discovery of a second cyclooxygenase
inhibitable by NSAIDs, COX-2, forced a reevaluation of this
view. COX-2 is an immediate early gene whose expression is
rapidly induced in some cell types after stimulation and acts
acutely to generate PGE2 and related molecules (Kaufmann et
al., 1997). Paradoxically, therapeutic benefits of NSAIDs are
typically observed at doses much greater than those required to
inhibit the cyclooxygenases, suggesting that there are other tar-
gets of NSAID actions (Brooks and Day, 1991; Meade et al.,
1993; Lehmann et al., 1997; Jiang et al., 1998).

It has been appreciated recently that NSAIDs can act to
regulate gene expression directly via their interaction with a class
of nuclear receptor superfamily members, termed peroxisome
proliferator-activated receptors (PPAR) (Lehmann et al., 1997).
The PPARs are lipid-activated DNA-binding proteins structur-
ally related to the steroid and retinoic acid receptor families
(Lemberger et al., 1996; Kliewer et al., 1999). PPARs are associ-
ated with sequence-specific promoter elements and transcription-
ally regulate gene expression after ligand binding (Ricote et al.,
1998). There are three PPAR isoforms (PPAR a, g, and d) that
are differentially expressed. The natural ligands for this receptor
family are fatty acids and lipid metabolites, with each PPAR
family member displaying a distinct pattern of ligand specificity.

The PPAR family has well described roles in adipocytes and
serves to regulate the expression of enzymes of lipid metabolism
in these cells (Lemberger et al., 1996; Spiegelman, 1998). An
appreciation of the function of these receptors has been substan-
tially enlarged by the recent finding that the PPARg isoform is
expressed in monocytes and macrophages in which its principal
action is to suppress the expression of the proinflammatory cy-
tokines IL-1b, TNFa, and IL-6 and other proinflammatory prod-
ucts (Jiang et al., 1998; Ricote et al., 1998). Importantly, activa-
tion of PPARg acts to negatively regulate macrophage activation
and cytokine expression by antagonizing the activity of the tran-
scription factors NFkB, AP-1, and STAT proteins (Lemberger et
al., 1996; Ricote et al., 1998). The natural ligand for PPARg is the
J class prostaglandin PGJ2 (15d-PGJ2) and its immediate metab-
olites (Forman et al., 1995; Kliewer et al., 1995; Yu et al., 1995).
The J class of prostaglandins diffuses across the membrane and
directly binds to PPARg in a manner directly analogous to the
mechanism of action of steroid hormones. Importantly, the
PPARg isoform can also be activated by indomethacin and other
NSAIDs (Lehmann et al., 1997), the antidiabetic drugs of the

thiazolidinedione class (Lehmann et al., 1995), as well as the
naturally occurring fatty acid docosahexaenoic acid (DHA) (Yu
et al., 1995).

We report that PPARg agonists act broadly to inhibit the
production of proinflammatory and neurotoxic products elabo-
rated by b-amyloid (Ab)-stimulated microglial cells and mono-
cytes. We argue that the efficacy of NSAIDs in the treatment of
AD and perhaps other inflammatory diseases is likely to be
attributable primarily to their actions on PPARg rather than on
their established targets—the cyclooxygenases. The capacity of
PPARg agonists to suppress the expression of proinflammatory
cytokines and the action of NSAIDs at this receptor suggests that
agents that selectively activate PPARg in microglia may be of
value in the treatment of AD or other inflammatory diseases.

MATERIALS AND METHODS
Materials. The anti-COX-2 and anti-MAC-1 antibodies were obtained
from Transduction Laboratories (Lexington, KY) and Boehringer
Mannheim (Indianapolis, IN), respectively. Anti-glial fibrillary acidic
protein (anti-GFAP) antibody was from Accurate Chemicals (Westbury,
NY). Anti-MAP2 antibody was purchased from Sigma (St. Louis, MO).
Anti-extracellular signal-regulated kinase 2 (anti-ERK2) antibody was
from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-
phosphotyrosine antibody 4G10 was from Upstate Biotechnology (Lake
Placid, NY). Goat anti-mouse F(ab)2 was obtained from Cappel (West
Chester, PA). Anti-5-bromo-29-deoxyuridine (anti-BrdU) antibody was
from Harlan Bioproducts for Science (Indianapolis, IN). Affinity-
purified horseradish peroxidase-conjugated goat anti-mouse and goat
anti-rabbit antibodies were purchased from Boehringer Mannheim. Pep-
tides corresponding to amino acids 25–35 and 1–40 of human b-amyloid
were purchased from Bachem (Philadelphia, PA). Scrambled b-amy-
loid 25–35 peptide was synthesized at Gliatech (Cleveland, OH).
b-Amyloid peptides were resuspended in sterile dH20. Fibrillar
b-amyloid 1–40 and 25–35 peptides were prepared by reconstitution of
the lyophilized peptides in sterile distilled water, followed by incubation
for 1 week at 37°C. Phorbol 12-myristate 13-acetate (TPA), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
Concanavalin A (Con A) were purchased from Sigma. BrdU was pur-
chased from Boehringer Mannheim. Ciglitazone was obtained from
Biomol (Plymouth Meeting, PA). DHA and prostaglandin J2 (15d-PGJ2)
were obtained from Calbiochem (San Diego, CA). Troglitazone was a
gift from Dr. Charles Burant (Parke-Davis, Ann Arbor, MI).

Tissue culture. THP-1 cells are a monocytic cell line derived from
peripheral blood of a human with acute monocytic leukemia and were
purchased from the American Type Culture Collection (Rockville,
MD). THP-1 cells were grown in RPMI 1640 (Whittaker Bioproducts,
Walkersville, MD) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 5 3 10 25 M 2-mercaptoethanol, 5 mM HEPES, and 2 mg/ml
gentamycin in 5% CO2. Microglial and astrocyte cultures were derived
from postnatal day 1 to 2 mouse brain (C57Bl/6J) as described previously
(McDonald et al., 1997). Astrocytes were recovered after harvesting of
microglia and were serially passaged to enrich for astrocytes. For exper-
iments, astrocytes were plated into Neurobasal media with B27 supple-
ments (;70% confluency) for stimulation with conditioned media, drugs,
and ligands. Neurons were cultured from cortices of embryonic day 16
(E16) mice (C57Bl/6J). Meninges-free cortices were isolated and di-
gested in 0.25% trypsin and 1 mM EDTA for 15 min at 37°C. The trypsin
was inactivated with DMEM containing 20% heat-inactivated FCS.
Cortices were transferred to Neurobasal media with B27 supplements,
triturated, and plated onto poly-L-lysine (0.05 mg/ml)-coated tissue cul-
ture wells. Neurons were grown in Neurobasal media (4.0 3 10 4/24-well
tissue culture plate) with B27 supplements for 5 d in vitro before use.

Cell stimulation. THP-1 cells and microglia were stimulated by first
removing their respective media and replacing the media with serum-free
RPMI for suspension stimulation or by plating the cells onto Ab peptides
bound to the surface of the dish (48 pmol/mm 2). Bound fibrillar peptides
were prepared as described previously (Lagenaur and Lemmon, 1987).
Briefly, tissue culture wells were coated with nitrocellulose, and peptides
were added to the coated wells and allowed to dry, immobilizing the
peptides. THP-1 cells and microglia (1.8 3 10 4 cells) were added to wells
containing the bound peptides in 48-well tissue culture dishes in 0.5 ml of
Neurobasal media for 48 hr in the presence or absence of the indicated
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drugs. The conditioned media were clarified by centrifugation and added
to neuronal and astrocytic cultures for 72 hr. Microglia were fixed and
immunostained for MAC-1 expression. Neurons were fixed, stained, and
counted using mouse anti-MAP2 antibody. BrdU was added (final con-
centration, 10 mM) to astrocyte cultures during stimulation with condi-
tioned media, drugs, or ligands. Astrocytes were fixed and double-stained
for GFAP and BrdU using rabbit anti-GFAP and rat anti-BrdU, respec-
tively. A counting grid was placed over the wells to count neuron and
astrocyte numbers from eight identical fields for each condition. The
average number of neurons and astrocytes (6 SEM) was calculated for
each condition. Each experiment was performed in duplicate and re-
peated three to four times.

Western blotting. Cells were lysed in 200 ml of ice-cold radioimmuno-
precipitation assay (RIPA) buffer (1% Triton, 0.1% SDS, 0.5% deoxy-
cholate, 20 mM Tris, pH 7.4, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4,
1 mM EDTA, 1 mM EGTA, and 0.2 mM PMSF), and insoluble material
was removed by centrifugation at 10,000 3 g at 4°C for 10 min. Protein
concentrations were quantitated by the method of Bradford (1976).
Proteins were resolved by 7.5% SDS-PAGE and Western blotted with
primary antibody [4G10 (1:2000), COX-2 (1:250), or ERK2 (1:5000)]
overnight at 4°C. Antibody binding was detected via enhanced chemilu-
minescence (Pierce, Rockford, IL).

Monocyte differentiation. THP-1 monocytes were stimulated with 100
nM TPA in normal growth media for 48 hr to induce differentiation into
an activated macrophage phenotype (Tsuchiya et al., 1982). Inhibition of
monocyte differentiation was assayed by incubating the monocytes in the
presence or absence of PPARg agonists (10 mM 15d-PGJ2, 50 mM

troglitazone, and 50 mM DHA) during the 48 hr stimulation with 100 nM

TPA. Cells were fixed in 4% paraformaldehyde for 30 min at 37°C, and
phase-contrast images were recorded.

Cyclooxygenase-2 expression. For Western analysis, THP-1 monocytes
were incubated with TPA (100 nM) or fibrillar Ab25–35 and Ab1–40 (60
mM) for 18 hr in RPMI medium containing 5% FBS in the presence or
absence of the various drugs, and COX-2 expression was evaluated by
Western analysis. Cells were lysed in RIPA buffer, and aliquots of the
cellular lysates were resolved by SDS-PAGE, transferred to polyvinyli-
dene difluoride membranes, and probed with an antibody recognizing
COX-2. For immunocytochemistry, microglia (1.8 3 10 4 cells) were
added to wells containing the bound peptides in Neurobasal media for 48
hr in the presence or absence of the indicated drugs. Cells were fixed and
stained using an anti-COX-2 antibody.

TNFa and IL-6 reporter assays. Luciferase reporter constructs for the
human IL-6 and TNFa genes were transfected into THP-1 cells using
DEAE-dextran together with a b-galactosidase reporter construct to
control for transfection efficiency (Yao et al., 1997). The cells were
transfected and 48 hr later stimulated for 6 hr in serum-free RPMI media
in the presence or absence of drugs and fibrillar Ab25–35 (60 mM),
Ab1–40 (40 mM), or lipopolysaccharide (LPS; 5 mg/ml). The cells were
lysed, and luciferase activity was measured and normalized to
b-galactosidase activity. All conditions were performed in duplicate in
three separate experiments.

Immunocytochemistry. For immunocytochemistry, cells were fixed in
4% paraformaldehyde for 30 min at 37°C. Neurons were stained with a
mouse anti-MAP2 antibody (1:500). Astrocytes were double-stained with
a rabbit anti-GFAP antibody (1:1000) and rat anti-BrdU (1:500). Micro-
glial cells were stained with mouse anti-COX-2 (1:250) and rat anti-
MAC-1 (1:20). Immunoreactivity was visualized using either 3,39-
diaminobenzidine tetrahydrochloride (Vector Laboratories, Burlingame,
CA) (MAP2, GFAP, and COX-2) or Vector VIP (Vector Laboratories)
(BrdU) as the chromogens or indocarbocyanine (Cy3)-conjugated rabbit
anti-mouse (1:200; The Jackson Laboratory, Bar Harbor, ME) (COX-2).

MTT reduction assay. Active mitochondrial dehydrogenases of living
cells convert soluble MTT to a water-insoluble formazan. Formazan is
soluble in isopropanol, and dissolved material is measured spectropho-
tometrically at a wavelength of 570 nm with background subtraction at
630 nm yielding absorbance as a function of concentration of reduced
MTT. The MTT assay was performed according to the manufacturer’s
specifications (Sigma). Briefly, THP-1 cells were plated into Neurobasal
media with B27 supplements (4.0 3 10 4/24-well tissue culture plate) in
the presence of PPARg agonists at the maximal concentrations used for
promoting neuron survival for 48 hr. During the last 4 hr of incubation,
MTT was added to the THP-1 cells at a final concentration of 0.1 mg/ml.
The dye was dissolved in 0.04N HCl/isopropanol, and absorbances were
read. Numbers of percent control viable cells were determined from

absorbance values. Experiments were performed in triplicate in three
independent experiments, and mean values (6 SEM) were determined.

Statistical analysis. All experiments were performed in duplicate or
triplicate a minimum of three to four times. Mean values (6 SEM) for
each experiment were determined, and values statistically different from
controls were calculated using one-way ANOVA. The Tukey-Kramer
multiple comparisons post test was used to determine p values.

RESULTS

PPARg agonists prevent microglial- and
monocyte-mediated neurotoxicity
Microglial activation is accompanied by the secretion of numer-
ous acute-phase and proinflammatory products that typify mac-
rophage responses in the periphery. Numerous studies have de-
scribed the ability of microglial lineage cells to generate
neurotoxic products in response to treatment with Ab peptides
(Banati et al., 1993; Giulian, 1993; Giulian et al., 1995, 1996). A
variety of the microglial secretory products have been reported to
be toxic to neurons including cytokines, chemokines, and reactive
oxygen and nitrogen species as well as undefined neurotoxic
components (Brown et al., 1996; Ii et al., 1996; Kretzschmar et al.,
1997). The release of these neurotoxic products represents the
outcome of a coordinated program of intracellular signaling
events mediating a proinflammatory response. We have used a
well characterized tissue culture model system in which highly
purified populations of primary cortical neurons are cultured in
conditioned media from THP-1 cells or primary microglia to
evaluate and quantitate the elaboration of neurotoxic and proin-
flammatory products (Giulian et al., 1996; Combs et al., 1999).
Conditioned medium was prepared by incubating THP-1 mono-
cytes and primary mouse microglia in the absence or presence of
Ab fibrils for 48 hr. The conditioned medium was collected and
applied to purified mouse cortical neuronal cultures, and neuro-
nal viability was measured 72 hr later. Conditioned medium from
untreated THP-1 cells and microglia exhibited little or no neu-
rotoxicity. However, the conditioned medium from THP-1 cells
and microglia exposed to fibrillar Ab was highly neurotoxic,
killing the majority of the neurons within 72 hr (Fig. 1A,C). The
cell death was not a consequence of dissociation of the bound Ab

fibrils from the plate into the media. We demonstrated previously
in this system that no neuronal death occurs when medium is
taken from wells containing only bound Ab fibrils (and no THP-1
cells) and then applied to neurons (Combs et al., 1999). Further-
more, the neurotoxicity is specific to the fibrillar forms of the
peptides because stimulation of THP-1 cells with a scrambled,
nonfibillar form of the Ab peptides did not result in neurotoxicity.
This is consistent with our previous work demonstrating that only
the fibrillar forms of the Ab peptides are capable of stimulating
an inflammatory response in microglia and monocytes (Mc-
Donald et al., 1997, 1998; Combs et al., 1999). If the THP-1 cells
were exposed to Ab in the presence of the NSAIDs and PPARg

agonists ibuprofen or indomethacin, the production of neurotox-
ins was inhibited. Similarly, the PPARg agonists 15d-PGJ2 and
DHA and the thiazolidinediones ciglitizone and troglitazone also
arrested the production of neurotoxins. The specificity of the
action of PPARg ligands on microglia and monocytes to mediate
neuroprotection was established by first stimulating THP-1 cells
with bound Ab fibrils in the absence of any drugs and then adding
drugs directly to the neuronal cultures themselves together with
the THP-1 cell-conditioned media (Fig. 1B), allowing the evalu-
ation of the ability of PPARg ligands to act on neuronal PPARg
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to mediate neuron survival. No significant improvement in neu-
ronal survival was achieved by direct application of PPARg
agonists to the neurons, demonstrating that the effects of these
drugs were exerted via their action on cells of the microglial
lineage and not on the neurons themselves (Fig. 1B). These data
demonstrate that a variety of PPARg agonists act to suppress the
elaboration of proinflammatory neurotoxic products from acti-
vated microglia and macrophages.

Importantly, exposure of monocytes to Ab in the presence of a
specific inhibitor of COX-2 activity, NS-398, did not alter neuro-
toxicity of the conditioned media (Fig. 1A). Concentrations of
NS-398 well above the reported IC50 for human COX-2 (0.1 mM)
failed to promote neuron survival, providing direct evidence that
cyclooxygenase products are not responsible for microglial-
mediated neuronal toxicity (Ouellet and Percival, 1995). Addi-
tionally, others have shown recently using a similar experimental
system that the neuroprotective effect of NSAIDs is independent

of the ability of these drugs to inhibit cyclooxygenase activities
(Klegeris et al., 1999).

Exposure of THP-1 monocytes or primary microglial cells to
fibrillar forms of Ab results in the stimulation of protein tyrosine
phosphorylation as a consequence of the activation of the ty-
rosine kinases Lyn, Syk, FAK, and Pyk2 (McDonald et al., 1997,
1998; Combs et al., 1999). We tested whether PPARg agonists
could affect the activation of the kinases and elements of the
signal transduction apparatus mediating the responses of these
cells to Ab. The PPARg agonists 15d-PGJ2, ciglitizone, and
troglitazone did not significantly alter the induction of protein
tyrosine phosphorylation after Ab exposure, demonstrating that
PPARg agonists do not interact with the principal catalytic com-
ponents of the signal transduction cascades linked to the inflam-
matory responses in these cells (Fig. 2A). Incubation of THP-1
cells with PPARg ligands at the concentrations shown to provide
maximal neuroprotection had no dramatic effects on the viability

Figure 1. PPARg agonists prevent neuronal death induced by b-amyloid-stimulated microglia and monocytes. THP-1 monocytes (A, B) or microglia
(C) were stimulated for 48 hr with b-amyloid by plating the cells into uncoated wells (black bars) or wells coated with fibrillar Ab25–35 (light gray bars)
or Ab1–40 (speckled bars) or nonfibrillar, scrambled Ab25–35 (scr; negative control; striped bar) (all used at 48 pmol/mm 2). A, C, The cells were cultured
for 48 hr in the absence or presence of DMSO vehicle (control ), 15d-PGJ2 (10 mM), troglitazone (50 mM), ciglitizone (50 mM), DHA (50 mM),
indomethacin (100 mM), ibuprofen (600 mM), or NS-398 (5 mM). The conditioned media (CM ) were collected, added to purified cultures of mouse cortical
neurons (E16; 4.0 3 10 4 neurons/well; 5 d in vitro), and incubated for 72 hr. The neuronal cultures were then fixed and stained for neuron-specific MAP2
protein, and surviving neurons were counted. B, In parallel experiments, the specificity of PPARg ligand action for microglia and monocytes was
demonstrated by plating THP-1 cells onto uncoated wells or wells coated with Ab25–35 (light gray bars; 48 pmol/mm 2) followed by incubation for 48 hr.
The CM from the THP-1 cells stimulated with Ab25–35 were collected and added to mouse cortical neurons (4.0 3 10 4 neurons/well; 5 d in vitro) along
with PPARg ligands (light gray bars): 15d-PGJ2 (5 mM), troglitazone (25 mM), ciglitizone (25 mM), DHA (50 mM), indomethacin (100 mM), and ibuprofen
(600 mM). Media from unstimulated THP-1 cells were added to neurons along with DMSO vehicle (black bars; control). PPARg agonists alone were
added to neurons as well (striped bars). The neuronal cultures were stained for neuron-specific MAP2 protein, and surviving neurons were counted. The
mean values shown (6 SEM) are representative of four independent experiments. Unpaired ANOVA was performed with Tukey-Kramer post
comparison to evaluate statistical significance (* 5 p , 0.001).
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of the THP-1 cells (Fig. 2B). Although ibuprofen caused a slightly
significant decrease in THP-1 cell survival during the 48 hr
incubation, this could not account for the dramatic increase in
neuronal survival resulting from the same treatment.

Microglial-mediated astrocyte proliferation is blocked
by PPARg agonists
Astrogliosis is observed in a number of CNS diseases, including
AD, and in response to both acute and chronic brain insults. A
primary response of astrocytes in these settings is the elevated
expression of the intermediate filament protein GFAP and the
increased cell division that serve as prototypic markers of astro-
cyte activation. We tested whether Ab-stimulated secretion of
astrocytic mitogens by monocytes was inhibited by PPARg ago-
nist treatment of the monocytes. Exposure of primary mouse
astrocytes to conditioned medium from untreated THP-1 mono-
cytes did not lead to detectable differences in astrocytic DNA
synthesis compared with that of control cultures (as measured by
the incorporation of the nucleotide analog BrdU). However,

conditioned medium from activated, Ab-treated monocytes pro-
voked a dramatic increase in the numbers of dividing astrocytes
to levels ;50% of that stimulated by 10% FBS (Fig. 3). Impor-
tantly, conditioned media from THP-1 monocytes that were
treated simultaneously with Ab and the PPARg agonist troglita-
zone did not provoke astrocyte cell division. Treatment of the
monocytes with the PPARg agonist reduced the number of
BrdU-positive astrocytes by 85%. These observations provide
evidence that the PPARg agonists inhibit the production of
monocytic and microglial secretory products that are responsible
for astrocyte proliferation.

Importantly, control studies established that direct Ab peptide
stimulation of astrocytes was not sufficient to induce astrocyte cell
division, confirming the importance of monocyte- and microglial-

Figure 2. b-Amyloid fibrils activate a tyrosine kinase-dependent signal-
ing cascade in microglial lineage cells that is unaffected by PPARg
agonists. A, The effect of PPARg agonists on the activation of the
Ab-stimulated tyrosine kinase-signaling cascade was examined by incu-
bating THP-1 cells for 24 hr with DMSO vehicle only or with 10 mM
15d-PGJ2, 50 mM ciglitizone, or 50 mM troglitazone and then stimulating
the cells with 60 mM fibrillar Ab25–35 in suspension in serum-free media
for 5 min. Cell lysates were examined by Western blot using the anti-
phosphotyrosine antibody 4G10. B, The MTT reduction assay was per-
formed on THP-1 cells stimulated with PPARg agonists and NS-398 to
evaluate the toxicity of these drugs. Cells were stimulated for 48 hr at
37°C with DMSO vehicle (control ) or 10 mM 15d-PGJ2, 50 mM ciglitizone,
50 mM troglitazone, 50 mM DHA, 100 mM indomethacin, 600 mM ibupro-
fen, and 5 mM NS-398. MTT was added during the last 4 hr of stimulation.
The percent control MTT reduction was calculated on the basis of the
absorbance of the reduced MTT product formazan at 570 nm. Mean
values are shown (6 SEM) from an experiment performed in triplicate
and independently repeated three times. Unpaired ANOVA was per-
formed with Tukey-Kramer post comparison to evaluate statistical signif-
icance (* 5 p , 0.05).

Figure 3. PPARg agonists prevent astrocyte proliferation induced by
b-amyloid-stimulated monocytes. Conditioned medium was collected
from THP-1 monocytes that had been incubated alone or were stimulated
with fibrillar Ab for 48 hr by plating onto fixed, surface-bound fibrillar
Ab25–35 or Ab1–40 or nonfibrillar, scrambled Ab25–35 (negative con-
trol) (48 pmol/mm 2) in the presence of DMSO vehicle or troglitazone (50
mM). The conditioned medium (CM ) was collected from the THP-1
cultures and applied to purified mouse astrocyte cultures for 72 hr.
Treatments added to astrocyte cultures were as follows: conditioned
medium from THP-1 cells only with DMSO vehicle (control ), conditioned
medium from Ab25–35-stimulated THP-1 cells (Ab25–35 CM ), condi-
tioned medium from Ab1–40-stimulated THP-1 cells (Ab1–40 CM ),
conditioned medium from THP-1 cells stimulated with Ab25–35 in the
presence of 50 mM troglitazone (Ab25–35/trog CM ), medium alone with
50 mM troglitazone (trog), conditioned medium from Ab25–35-stimulated
THP-1 cells added along with direct addition of 50 mM troglitazone to
astrocytes (CM1trog), medium alone with 20 mM Ab25–35 (Ab25–35),
conditioned medium from scrambled Ab25–35-stimulated THP-1 cells
(scrAb25–35 CM ), and medium alone with 10% heat-inactivated FBS
(FBS). Addition of FBS served as a positive control for mitogen-
stimulated astrocyte cell division. The control for the effect of direct Ab
peptide stimulation of astrocytes was performed by adding, in suspension,
20 mM Ab25–35 directly to astrocytic cultures for 72 hr. The controls for
the effects of PPARg agonists on the astrocytes themselves were per-
formed by adding 50 mM troglitazone directly to astrocytes or adding 50
mM troglitazone directly to astrocyte cultures together with conditioned
media from Ab-stimulated THP-1 cells. The astrocytes were fixed and
double-labeled for GFAP and BrdU. The numbers of BrdU-positive
astrocytes were counted and graphed as a percentage of control. Shown
are mean values (6 SEM) from one of three representative experiments
performed in duplicate. Unpaired ANOVA was performed with Tukey-
Kramer post comparison to evaluate statistical significance (* 5 p ,
0.001).
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secreted proinflammatory products in this response. Nonfibrillar,
scrambled Ab peptides were not able to stimulate THP-1 cells to
secrete astrogliotic factors, demonstrating the specificity of this
response for fibrillar peptides. We evaluated the effect of PPARg
agonists on astrocyte proliferation by treating astrocytes with
Ab-stimulated THP-1-conditioned media and then adding trogli-
tazone. Troglitazone was able to reduce modestly the number of
astrocytes stimulated to divide by conditioned media from Ab-
stimulated THP-1 cells (Fig. 3). This suggests that PPARg ago-
nists also act on astrocytes and suppress their response to proin-
flammatory stimuli.

PPARg agonists prevent the differentiation of THP-1
monocytes into macrophages
Monocytes undergo a morphological and biochemical differenti-
ation into a macrophage phenotype after exposure to phorbol
ester or other activating stimuli (Tsuchiya et al., 1982). The
phenotypic conversion of THP-1 monocytes into macrophages
was stimulated by a 48 hr exposure of the cells to TPA (100 nM;
Fig. 4). Concomitant exposure of the cells to TPA and the PPARg
agonists 15d-PGJ2, DHA, or troglitazone blocked the differenti-
ation of the cells. These data provide direct evidence that PPARg
agonists act to inhibit a broad range of cellular activities that
participate in the differentiation of these cells. Moreover, these
findings are consistent with a role for these agents acting as
anti-inflammatory agents via their capacity to block the genera-
tion of a reactive phenotype in cells of this lineage.

PPARg agonists prevent acquisition of an activated
phenotype by microglia
Microglia are derived from a monocytic lineage and act function-
ally as macrophages in the brain (Banati et al., 1993). Microglia

inducibly express a number of cell surface receptors when acti-
vated. Increased expression of the b2-integrin CD11b/CD18
(MAC-1) by plaque-associated microglia in the AD brain (Mc-
Geer and McGeer, 1995) as well as its transgenic mouse models
(Sturchler-Pierrat et al., 1997; Frautschy et al., 1998) has been
reported. Ab treatment of primary microglial cultures resulted in
morphological changes as well as dramatically increased expres-
sion of MAC-1 immunoreactivity. The induction of MAC-1
expression was inhibited by coincubating cultures with the
PPARg agonist troglitazone (Fig. 5). These data demonstrate
that PPARg agonists act to inhibit those cellular activities respon-
sible for activation and phenotypic conversion of microglial cells.

IL-6 and TNFa expression is inhibited by
PPARg agonists
One consequence of microglial activation by Ab or other immune
stimuli is the stimulation of cytokine production. We tested
whether PPARg agonists would affect the Ab-stimulated expres-
sion of the IL-6 and TNFa genes. We used a luciferase reporter
linked to the promoter elements of the human genes. As pre-
dicted, stimulation of THP-1 cells with LPS resulted in increased
activity of both the IL-6 and TNFa promoters and served simply
as a positive control. Ab treatment of THP-1 cells resulted in the
stimulation of both promoter activities as well (Fig. 6), consistent
with the previously reported effects of these peptides on cytokine
production (Del Bo et al., 1995; Meda et al., 1996; Klegeris et al.,
1997a; Yao et al., 1997; Fiala et al., 1998). Incubation of THP-1
cells with the natural PPARg agonists 15d-PGJ2 and DHA re-
sulted in inhibition of promoter activity. Similarly, the thiazo-
lidinediones troglitazone and ciglitizone as well as ibuprofen and
indomethacin also blocked expression of the reporter. These data
demonstrate that a diverse range of PPARg agonists efficiently
suppressed expression of the IL-6 and TNFa genes.

Cyclooxygenase-2 expression is blocked by
PPARg agonists
COX-2 is inducibly expressed in response to a variety of immune
stimuli. Ab and TPA treatment of THP-1 monocytes resulted in
the induction of COX-2 expression (Fig. 7). However, coincuba-
tion of the cells with the PPARg agonist 15d-PGJ2 (Fig. 7B)

Figure 4. PPARg agonists prevent differentiation of THP-1 monocytes
into macrophages. THP-1 monocytes were incubated with vehicle only
(control; DMSO and ethanol; A) or induced to differentiate into macro-
phages by treatment with 100 nM TPA for 48 hr (B, D, F, H ) in the
absence (A, B) or presence of 10 mM 15d-PGJ2 (C, D), 50 mM DHA (E, F ),
or 50 mM troglitazone (trog.; G, H ).

Figure 5. Ab-stimulated MAC-1 expression is inhibited by PPARg ago-
nists. Primary mouse microglia were plated onto uncoated culture wells
(A, C) or surface-bound fibrillar Ab1–40 (48 pmol/mm 2; B, D) for 48 hr
in the presence of vehicle (DMSO; A, B) or 10 mM troglitazone (trog.; C,
D). Cells were fixed and stained for MAC-1. Immunoreactivity was
visualized using 3,39-diaminobenzidine tetrahydrochloride as the
chromogen.
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Figure 7. Ab-stimulated COX-2 expression in THP-1 cells is inhibited
by PPARg agonists. A, THP-1 monocytes were incubated alone (c), with
fibrillar Ab25–35 (60 mM) or Ab1–40 (60 mM) in suspension, or with 100
nM TPA for 18 hr in serum-free RPMI, and COX-2 expression was
monitored by Western analysis of cellular lysates using an anti-COX-2-
specific antibody. The blots were reprobed using an anti-ERK2 antibody
as a control for protein loading. B, THP-1 cells were incubated in vehicle
alone (c; DMSO) or stimulated with fibrillar Ab25–35 (60 mM) or TPA
(100 nM) in the presence or absence of the PPARg agonist 15d-PGJ2
(50 mM).

Figure 8. Ab-stimulated COX-2 expression in primary microglia is in-
hibited by PPARg agonists. Primary mouse microglia were plated onto
underivatized culture wells (A, C) or surface-bound Ab1–40 (48 pmol/
mm 2; B, D) for 48 hr in the presence of vehicle (DMSO; A, B) or 10 mM
troglitazone (trog.; C, D). Cells were fixed and stained for COX-2.
Immunoreactivity was visualized using Cy3-conjugated rabbit anti-mouse
antibody.

Figure 6. PPARg agonists inhibit IL-6 and TNFa gene expression. THP-1 cells were transiently transfected with TNFa–luciferase reporter (A, B) or
IL-6–luciferase reporter (C, D) constructs and assayed for promoter activity 48 hr later. The cells were cotransfected with a b-galactosidase–reporter
construct to control for transfection efficiency. During the last 4 hr the cells were incubated alone (black bars), with fibrillar Ab1–40 (40 mM; striped bars;
B, D) or Ab25–35 (60 mM; speckled bars; A, C), or with 5 mg/ml LPS (positive control; open bars) in the presence or absence of troglitazone (20 mM),
ciglitizone (50 uM), DHA (100 mM), 15d-PGJ2 (50 mM), ibuprofen (3 mM), or indomethacin (200 mM). The data shown represent the average (6 SEM)
of three independent experiments. Unpaired ANOVA was performed with Tukey-Kramer post comparison to evaluate statistical significance (* 5 p ,
0.001).
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inhibited the Ab-mediated increase in COX-2 expression. Pri-
mary microglial cells stimulated with Ab also showed a dramatic
increase in COX-2 immunoreactivity (Fig. 8) that was inhibited
by coincubation of microglia with the PPARg agonist troglita-
zone. Levels of ERK2 are not acutely regulated and thus serve as
a control for protein loading. These observations are of particular
significance because they potentially provide a novel therapeutic
approach for suppression of COX-2 action in AD and other
inflammatory disorders.

DISCUSSION
Deposition of b-amyloid into insoluble plaques represents the
hallmark pathology of Alzheimer’s disease brains. Genetic evi-
dence of autosomal dominant linkage of AD to mutations in the
gene coding for the precursor protein of Ab peptides, amyloid
precursor protein (APP), and mutations in the presenilin genes
mediating proteolytic processing of APP argues that fibrillar
peptide formation and deposition are key events in the patho-
physiology of the disease. This study focuses on the secondary,
inflammatory events that occur in the brain as a response to the
extracellular deposition of Ab fibrils. The primary immune effec-
tor cell responsible for this inflammatory component of the dis-
ease is the microglial cell. Microglia associated with the senile
plaque exhibit enhanced expression of a variety of cell surface
proteins and possess a ramified morphology, features that typify
a reactive phenotype. It is clear that the sustained, intimate
contact of microglia with the Ab-containing plaques results in the
prolonged activation of these cells and acquisition of a reactive
phenotype (McGeer and McGeer, 1998, 1999; Kalaria, 1999).
The consequence of microglial activation is a fulminating process
resulting in the astrogliosis and neuronal cell death that charac-
terize the pathology of the AD brain. Thus, the microglia respond
to the deposited amyloid fibrils and are responsible for the gen-
eration of a local inflammatory response centered on the senile
plaque.

We demonstrated previously that exposure of microglia to
b-amyloid fibrils provokes the activation of complex intracellular
tyrosine kinase-based signal transduction pathways leading to
production of reactive oxygen species and neurotoxins (Mc-
Donald et al., 1997, 1998; Combs et al., 1999). Significantly, the
intracellular mechanisms via which microglia respond to Ab are
similar to those used by these cells in response to other immune
stimuli, resulting in the elaboration of an extraordinary range of
bioactive molecules (McGeer and Rogers, 1992; McGeer et al.,
1993, 1996). The primary downstream targets of these intracel-
lular signaling pathways are transcription factors that positively
regulate expression of cytokines and other proinflammatory
products.

The involvement of an inflammatory component in the patho-
physiology of AD is supported by a large body of data that has
documented the detection of elevated levels of inflammatory
cytokines in the AD brain and the presence of a number of
acute-phase products (McGeer and Rogers, 1992; McGeer et al.,
1993; McGeer and McGeer, 1996, 1997). Therapeutic approaches
that have targeted inflammatory processes have proven to be an
effective strategy for slowing disease progression and dramati-
cally decreasing incidence and risk (Rogers et al., 1993; Rich et
al., 1995; McGeer and McGeer, 1996; Stewart et al., 1997) and
reducing the numbers of plaque-associated microglia (Mackenzie
and Munoz, 1998). Thus, drugs are currently available that clearly
offer a therapeutic option for the treatment of AD. Unfortu-
nately, prolonged treatment with existing NSAIDs results in

severe side effects, most prominently in the gastrointestinal tract,
that occur primarily as a consequence of the inhibition of COX-1
activity.

Previously, the anti-inflammatory actions of NSAIDs and their
therapeutic benefit in treating AD have been attributed to the
ability of these drugs to inhibit the cyclooxygenases and resultant
PGE2 production (Smith et al., 1996; Kaufmann et al., 1997).
This view of the mechanism of NSAID action has led to the
recent initiation of clinical trials using COX-2-specific inhibitors
for the treatment of AD. However, the relative significance of
COX-2 and PGE2 in the pathophysiology of AD is unknown.
There is a surprisingly modest literature on the role of PGE2 in
the brain and its potential involvement in AD pathophysiology
(Kaufmann et al., 1997). Our data demonstrate that PPARg
ligands act to prevent the increase in Ab-stimulated COX-2
expression in microglia and monocytes. However, we determined
that the neuroprotective effect of both the NSAIDs and PPARg
ligands in our in vitro assays was not attributable to a reduction in
cyclooxygenase activity because the COX-2-specific inhibitor NS-
398 failed to promote neuron survival. We conclude that although
microglial COX-2 expression increases in response to Ab stimu-
lation, its activity and subsequent prostaglandin production are
not necessary components in the neuronal death process we
observed. It is important to note that therapeutically efficacious
doses of NSAIDs are achieved at concentrations substantially
greater than those required to inhibit cyclooxygenase activity
(Brooks and Day, 1991; Meade et al., 1993; Lehmann et al., 1997;
Jiang et al., 1998). Moreover, extended use of aspirin, a potent
COX inhibitor, is not associated with a reduction in the risk of
AD (Stewart et al., 1997). These data suggest that NSAIDs must
also act via other mechanisms. We argue, particularly in the case
of AD, that the beneficial aspects of NSAID therapy are attrib-
utable principally to the actions of these drugs acting as agonists
for the transcription factor PPARg, rather than via their ability to
inhibit cyclooxygenase activity. We suggest that PPARg agonists
could provide an alternative to traditional NSAIDs as an effica-
cious anti-inflammatory therapy for AD.

The present work documents that the Ab-stimulated proin-
flammatory response in microglia and monocytes can be broadly
inhibited by agonists of PPARg, particularly by members of the
thiazolidinedione class of drugs, attenuating the activation of
both microglia and astrocytes and the consequent elaboration of
neurotoxins. Specifically, we demonstrate that PPARg agonists
block Ab-stimulated microglial activation as evidenced by inhibi-
tion of MAC-1 expression as well as the arrest of macrophage
differentiation. We have also demonstrated that PPARg agonists
dramatically inhibit Ab-stimulated cytokine and COX-2 expres-
sion and secretion of neurotoxic products by microglia and mac-
rophages. It is presently unclear which microglial products, alone
or combinatorially, mediate the neurotoxic response (Haga et al.,
1993; Giulian et al., 1995, 1996; Goodwin et al., 1995; Meda et al.,
1995, 1996; Ii et al., 1996; Lorton et al., 1996; Klegeris and
McGeer, 1997; Klegeris et al., 1997a,b; McDonald et al., 1997;
Weldon et al., 1998). The identification of the neurotoxic factor(s)
secreted by microglia and monocytes in response to Ab stimula-
tion remains elusive and controversial. Our data suggest that
PPARg agonists act to suppress production of a wide range of
proinflammatory products. These findings are consistent with
reports demonstrating that NSAIDs act via PPARg to prevent
microglial and macrophage activation as evidenced by their abil-
ity to suppress the transcription of proinflammatory cytokines,
matrix metalloproteinase, scavenger receptor A, and inducible
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nitric oxide synthase (Lehmann et al., 1997; Jiang et al., 1998;
Ricote et al., 1998; Petrova et al., 1999). Interestingly, it has
recently been reported that levels of PPARg increase in AD
compared with controls (Kitamura et al., 1999).

The present data provide evidence that the primary mecha-
nism by which NSAIDs intervene in disease progression is via
their capacity to act as agonists for PPARg and alter, at the
transcriptional level, microglial production of proinflammatory
products. It is of some significance that many PPARg agonists
exhibit substantial bioavailability after oral administration and
have little or no toxicity associated with their use (Jha, 1999;
Plosker and Faulds, 1999; Subramaniam, 1999). Several new
PPARg agonists of the thiazolidinedione class have been devel-
oped recently for application in the treatment of diabetes melli-
tus; however, their anti-inflammatory properties have not yet
been explored. We suggest that nervous system diseases involving
a microglial- or macrophage-mediated inflammatory cascade will
be susceptible to PPARg regulation. We conclude that PPARg
agonists may be of therapeutic use for the treatment of AD as
well as other indications having an inflammatory component
including stroke, peripheral neuropathies, and traumatic injury of
the nervous system.
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