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Objectives: To explore mechanisms through which al-
tered peroxisome proliferator–activated receptor � co-
activator 1� (PGC-1�) expression may influence Alz-
heimer disease (AD) amyloid neuropathology and to test
the hypothesis that promotion of PGC-1� expression in
neurons might be developed as a novel therapeutic strat-
egy in AD.

Design: Case-control.

Patients: Human postmortem brain (hippocampal for-
mation) samples from AD cases and age-matched non-AD
cases.

Results: Using genome-wide complementary DNA mi-
croarray analysis, we found that PGC-1� messenger RNA
expression was significantly decreased as a function of
progression of clinical dementia in the AD brain. Fol-
lowing confirmatory real-time polymerase chain reac-
tion assay, we continued to explore the role of PGC-1�
in clinical dementia and found that PGC-1� protein con-
tent was negatively associated with both AD-type neu-

ritic plaque pathology and �-amyloid (A�)X-42 contents.
Moreover, we found that the predicted elevation of amy-
loidogenic A�1-42 and A�1-40 peptide accumulation in em-
bryonic cortico-hippocampal neurons derived from
Tg2576 AD mice under hyperglycemic conditions (glu-
cose level, 182-273 mg/dL) coincided with a dose-
dependent attenuation in PGC-1� expression. Most im-
portantly, we found that the reconstitution of exogenous
PGC-1� expression in Tg2576 neurons attenuated the
hyperglycemic-mediated �-amyloidogenesis through
mechanisms involving the promotion of the “nonamy-
loidogenic” �-secretase processing of amyloid precur-
sor protein through the attenuation of the forkheadlike
transcription factor 1 (FoxO3a) expression.

Conclusion: Therapeutic preservation of neuronal
PGC-1� expression promotes the nonamyloidogenic pro-
cessing of amyloid precursor protein precluding the gen-
eration of amyloidogenic A� peptides.
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A LZHEIMER DISEASE (AD) IS

a neurodegenerative dis-
order of the central ner-
vous system. The neuro-
pathological hallmarks

of AD include extracellular amyloid-
containing plaques and intracellular neu-
rofibrillary tangles.1 The molecular events
leading to the development of sporadic
late-onset AD have not been defined. Ad-
vanced age is the largest AD risk factor and
glucose/energy metabolism is decreased
during aging.2-7 Recent evidence strongly
supports the hypothesis that type 2 dia-
betes mellitus (T2D) is also a risk factor
for AD.8-11 Moreover, recent evidence sug-
gests that worsening in cerebral glucose
metabolism is associated with progres-
sion of AD clinical dementia.12-16

Positron emission tomography stud-
ies demonstrated that glucose use is
reduced markedly in the brain of mild
cognitive impairment and early-stage
AD.4,5,17-23 In contrast to controls, glucose
ingestion significantly elevated hippocam-
pal glucose concentrations in persons with
AD, suggesting that cerebral glucose hy-
pometabolism in AD results in increased
steady-state concentrations of cerebral glu-
cose.24 This evidence strongly associates
brain glucose hypometabolic conditions
and possibly T2D with the onset and pro-
gression of AD.

The present study was designed to ex-
plore mechanisms through which altered
expression of peroxisome proliferator–
activated receptor � (PPAR-�) coactiva-
tor 1� (PGC-1�), a key regulator of glu-
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cose homeostasis in the liver and muscle during fasting
or in conditions of insulin resistance in T2D through the
activation of gluconeogenic metabolic pathways,25-33 may
influence AD amyloid neuropathology and to test the hy-
pothesis that promotion of PGC-1� expression in neu-
rons might be developed as a novel therapeutic strategy
in AD.

METHODS

POSTMORTEM AD BRAIN
FOR THE CHARACTERIZATION

OF PGC-1� EXPRESSION
IN THE AD BRAIN

Human postmortem brain (hippocampal formation) samples
from AD cases and age-matched non-AD cases were obtained
from the Alzheimer’s Disease Brain Bank of the Mount Sinai
School of Medicine. The precise tissue handling procedures
have been described in detail previously (eTable 1,
http://archneurol.com).34-38

MICROARRAY PROCEDURE

The procedures used for microarray analysis of gene expres-
sion in human hippocampal formation have been published
previously (eTable 1).39-44

CONFIRMATORY REAL-TIME POLYMERASE
CHAIN REACTION STUDIES

RNA was quantified by absorbance at 260/280 nm. One mi-
crogram of total RNA was used to prepare complementary DNA
(cDNA) libraries using the High-Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, California) in a total vol-
ume of 20 µL. Data were normalized relative to those for neuron-
specific enolase RNA (or glyceraldehyde-3-phosphate dehy-
drogenase [GAPDH] RNA) (eFigure). Levels of PGC-1� or
forkheadlike transcription factor (FoxO) 3a messenger RNA
(mRNA) were expressed relative to those in control groups using
the 2-��Ct method.45

CONFIRMATORY WESTERN
BLOT ANALYSIS

Aliquots of crushed, never-thawed hippocampal formation tis-
sue were extracted in phosphate-buffered saline containing
final concentrations of 1% NP-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, and 0.1mM edetic acid plus pro-
tease inhibitors. Antibodies used include PGC-1� (H-300,
1:500 dilution; Santa Cruz Biotechnology, Inc, Santa Cruz,
California); anti-FKHRL-1 (FoxO3a) (1:1000 dilution;
Upstate Biotechnology, Inc, Lake Placid, New York); poly-
clonal anti–amyloid precursor protein (APP) C terminal (751-
770) antibody (anti-O443, 1:5000 dilution; Calbiochem, San
Diego, California); monoclonal 6E10 antibody (1:1000 dilu-
tion; Senetek, St Louis, Missouri); and monoclonal 22C11
antibody (1:1000 dilution; Senetek). In this study, �-actin
immunoreactivity (1:1000 dilution; Sigma, St Louis) con-
trolled for selectivity of changes. NIH/3T3�platelet-derived
growth factor cell lysate (Santa Cruz Biotechnology) and
DU145 nuclear extract (Santa Cruz Biotechnology) were used
to assess specificity of detection in FoxO3a and PGC-1�
immunoreactivity, respectively.

QUANTIFICATION OF �-AMYLOIDX-42 PEPTIDE
CONTENT IN THE HUMAN BRAIN

For the �-amyloid (A�) peptide assay, hippocampal forma-
tion frozen brain tissue samples were first pulverized in dry ice
and cortical A�x-42 was extracted and quantified as previously
described.46

TISSUE CELL CULTURES

Embryonic (E14) cortico-hippocampal primary neuronal cul-
tures derived from Tg2576 transgenic mice (Tg2576 neurons)
were prepared as previously described.47 To study the effect of
glucose on amyloidogenesis, culture medium was replaced with
Dulbecco modified Eagle medium in the presence of the de-
sired concentration of glucose (91 mg/dL for normoglycemia
condition and 182-273 mg/dL for hyperglycemia condition [to
convert to millimoles per liter, multiply by 0.055]). For ad-
enoviral infection studies, Tg2576 neuronal (5-day-old) (18
hours after plating) cultures were infected with PGC-1�,31 con-
stitutively active (CA) FoxO3a,48 or green fluorescent protein
(GFP) control adenoviruses at doses defined as multiplicities
of infection (MOI).

QUANTIFICATION OF A� PEPTIDES
IN THE CONDITIONED MEDIUM
IN PRIMARY NEURON CULTURES

The quantitative assessment of A� peptides in primary cortico-
hippocampal neuron cultures derived from embryonic Tg2576
mice was performed by enzyme-linked immunosorbent as-
says as previously described.49,50

FLUORIMETRIC ASSESSMENT
OF APP SECRETASE ACTIVITIES

�-, �-, and �-Secretase activities were assessed using commer-
cially available kits (R&D Systems, Minneapolis, Minnesota)
as previously described.51-54

STATISTICAL ANALYSIS

Analysis of variance (ANOVA) was used to evaluate differ-
ences in mean values among 3 or more groups, and the Dun-
nett t test was used to test the significance of differences be-
tween group pairs. One-tailed or 2-tailed tests were used as
indicated. Correlation analysis between 2 variables was done
using the Pearson parametric method followed by 2-way analy-
sis of P value.

RESULTS

IDENTIFICATION OF GENE PRODUCTS
INVOLVED IN METABOLIC FUNCTIONS WHOSE

EXPRESSION IS CHANGED AS A FUNCTION
OF PROGRESSION OF CLINICAL AD DEMENTIA

To clarify the molecular mechanisms involved in onset
and progression of AD dementia, we used DNA micro-
array assays to identify candidate genes, the expression
of which is altered in the AD brain at different stages of
clinical dementia and neuropathology relative to con-
trols without dementia. Among others, we report that we
found a strong association between the altered expres-
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sion of a series of gene products involved in glucose me-
tabolism as well as in mitochondrial oxidative phos-
phorylation in the hippocampal formation of the AD brain.
eTable 2 shows the alteration in gene expression in-
volved in glucose metabolism and oxidative phosphory-
lation we found across all of the analyzed regions as a
function of Clinical Dementia Rating (CDR). We report
the association between the decreased expression of
PGC-1� in the AD brain as a function of progression of
clinical dementia and AD neuropathology.

CONFIRMATORY EVIDENCE THAT
HIPPOCAMPAL PGC-1� EXPRESSION

IS DECREASED AS A FUNCTION
OF AD CLINICAL DEMENTIA

The decreased expression in PGC-1� mRNA and even-
tually in PGC-1� protein content in the hippocampal for-

mation of AD cases as a function of clinical dementia as-
sessed by CDR was confirmed by quantitative real-time
polymerase chain reaction normalizing with GAPDH
mRNA (eFigure, A) and Western blot analysis
(Figure 1B) (P� .001; R2=0.8331; 1-way ANOVA), re-
spectively. To exclude the possibility that the decrease
in PGC-1� mRNA expression (Figure 1A) may be sec-
ondary to neuronal and synaptic loss that also corre-
lates strongly with clinical dementia, we normalized
PGC-1� mRNA expression with a different neuronal spe-
cific “housekeeping” gene, neuron-specific enolase, and
found that alteration of PGC-1� mRNA expression as a
function of clinical dementia remained the same
(Figure 1A) (P=.001; R2=0.3992; 1-way ANOVA).

Relative to cases with normal cognitive status
(CDR=0), the level of hippocampal PGC-1� protein and
mRNA expression was significantly decreased in cases
characterized by moderate dementia (CDR=2) and se-
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Figure 1. Hippocampal peroxisome proliferator–activated receptor � coactivator 1� (PGC-1�) expression in the Alzheimer disease (AD) brain decreases as a
function of AD dementia and AD �-amyloid (A�) neuropathology. A, PGC-1� messenger RNA (mRNA) content in the hippocampal formation (quantified by
real-time reverse transcriptase–polymerase chain reaction and normalized by neuron-specific enolase [NSE]) as a function of Clinical Dementia Rating (CDR)
representing cognitive normalcy (CDR=0), questionable dementia (CDR=0.5), mild dementia (CDR=2), and severe dementia (CDR=5). B, Western blot
confirmation of decreased PGC-1� protein content in the hippocampal formation of AD cases. In A and B, data represent mean (SEM) and are shown as a
percentage relative to the CDR=0 group. *P� .05, †P� .003, and ‡P� .01 vs control group by t test. C and D, PGC-1� mRNA expression as a function of
A� neuritic plaque neuropathology in accord with the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) 4-point scale (n=4, 4, 3, and 3 for
CERAD scores of 0, 1, 3, and 5, respectively) for AD (C) or content of A�x-42 (n=12) (D). Straight line represents best linear regression fit.
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vere dementia (CDR=5) (P� .05 and P� .003, respec-
tively) (Figure 1A and B and eTable 1). No detectable
change in PGC-1� attenuation was found in cases at high
risk to develop AD (mild cognitive impairment)
(CDR=0.5) (Figure 1A and B).

DECREASED EXPRESSION OF HIPPOCAMPAL
PGC-1� PROTEIN CONTENT CORRELATES

WITH PROGRESSION OF AMYLOID
NEUROPATHOLOGY IN AD

We found that the decreased PGC-1� protein content in
the hippocampal formation of the cases examined cor-
related with the density of neuritic plaque (P� .05;
r2=0.673; P� .001; n=14) (Figure 1C).

To further explore the functional relationship
between the changes in hippocampal PGC-1� expres-
sion and amyloid neuropathology, we explored the rela-
tionship between PGC-1� protein content and A� pep-
tide content in the brain of AD cases. We found that the
hippocampal PGC-1� protein content inversely corre-
lated with total A�x-42 content in the EC-BM36/38 (Pear-
son correlation coefficient r2=−0.411; P=.02; n=12).
This association tentatively suggests that a decrease in
PGC-1� expression in the AD brain might be associated
with conditions promoting AD A� amyloidogenesis.

HYPERGLYCEMIA-MEDIATED ATTENUATION
OF PGC-1� EXPRESSION IN Tg2576 NEURONS
COINCIDES WITH INCREASED A� PEPTIDE
CONTENT IN THE CONDITIONED MEDIUM

We treated Tg2576 neurons with increasing glucose con-
centrations from 91 to 273 mg/dL in the culture-condi-
tioned medium to match extracellular concentrations of
glucose found in either normoglycemic (glucose concen-
tration, 91 mg/dL) or hyperglycemic T2D conditions
(glucose concentration, 182-273 mg/dL) in humans.32,33

We found that hyperglycemic conditions resulted in a
significant decrease in PGC-1� protein content in the
Tg2576 neurons in a dose-dependent manner (182
mg/dL, P� .05 and 273 mg/dL, P� .01), relative to con-
trol Tg2576 neurons cultured in normoglycemic condi-
tions, 24 hours after treatment (Figure 2A).

The decreased PGC-1� protein content in Tg2576 neu-
rons coincided with a significant dose-dependent eleva-
tion in endogenous A�1-40 and A�1-42 peptide contents in
the Tg2576 neuron culture medium (182 mg/dL, P� .05
and 273 mg/dL, P� .01), relative to control Tg2576 neu-
rons cultured in normoglycemic conditions, 24 hours af-
ter treatment (Figure 2B).

EXOGENOUS VIRAL EXPRESSION OF PGC-1�
PREVENTS HYPERGLYCEMIA-MEDIATED

POTENTIATION OF A� PEPTIDE
ACCUMULATION IN THE CONDITIONED

MEDIUM IN Tg2576 NEURONS

To further explore the role of PGC-1� in the promotion
of A� peptide content in vitro, we tested the hypothesis
that exogenous expression of PGC-1� in Tg2576 neurons
might attenuate hyperglycemia-mediated accumulation of

A�1-40 and A�1-42 content toward levels found in Tg2576
neurons cultured in control normoglycemic conditions.

We found that exogenous adenoviral expression (10
MOI) of PGC-1�31 resulted in approximately a 2- to 3-fold
elevation in PGC-1� protein content in the Tg2576 neu-
ron cultures, relative to control normoglycemic GFP ad-
enoviral–expressing Tg2576 neurons (Figure 2C). Exog-
enous expression of PGC-1� significantly reduced the
hyperglycemic-mediated attenuation of PGC-1� protein ex-
pression in Tg2576 neurons (Figure 2C), which coin-
cided with a significant attenuation of A�1-40 and A�1-42 pep-
tide content in the Tg2576 culture medium toward levels
found in Tg2576 neurons cultured in control normogly-
cemic conditions, 24 hours after infection (Figure 2D). We
also found that exogenous adenoviral expression of PGC-1�
in Tg2576 neurons resulted in a moderate but significant
decreased A�1-40 and A�1-42 peptide content in the culture
medium relative to control normoglycemic GFP adenoviral–
expressing Tg2576 neurons (Figure 2D).

HYPERGLYCEMIC CULTURE CONDITIONS
SELECTIVELY ATTENUATE �-SECRETASE

ACTIVITY IN Tg2576 NEURONS

We found a selective attenuation of �- (P� .05), but not
�- or �-, secretase activity (Figure 3A) in GFP-
expressing Tg2576 neurons cultured in hyperglycemic
conditions for 24 hours, which coincided with a com-
mensurate attenuation of 6E10 immunoreactive soluble
APP-� (sAPP�) content in the culture-conditioned me-
dium (P� .05), relative to Tg2576 neurons cultured in
normoglycemic conditions (Figure 3A and B).

EXOGENOUS PGC-1� EXPRESSION PREVENTS
HYPERGLYCEMIC-MEDIATED ATTENUATION

OF NONAMYLOIDOGENIC �-SECRETASE
PROCESSING OF APP IN Tg2576 NEURONS

Exogenous adenoviral PGC-1� expression in Tg2576 neu-
rons cultured in normoglycemic conditions resulted in a
selective elevation of �- (P� .05), but not �- or �-, secre-
tase activity (Figure 3A) coincidental with a significant in-
crease in sAPP� content in the culture-conditioned me-
dium (Figure 3B) (P� .005) relative to control GFP-
expressing Tg2576 neurons cultured in normoglycemic
conditions. Most importantly, we found that reconstitu-
tion of PGC-1� expression in Tg2576 neurons through
exogenous adenoviral infection significantly prevented the
hyperglycemic-mediated attenuation of �-secretase activ-
ity (Figure 3A) 24 hours after exogenous viral infection.

These changes occurred in the absence of detectable
variations in the content of 22C11 immunoreactive (total)
sAPP in the conditioned medium (Figure 3A) or in O-443
immunoreactive full-length APP in Tg2576 neurons
(Figure 3C), excluding the possibility that exogenous
adenoviral PGF-1� expression influenced total APP
expression.

This evidence indicates that exogenous neuronal ex-
pression of PGC-1� might therapeutically reverse hyper-
glycemia-mediated attenuation of the nonamyloidogenic
�-secretase processing of APP and diminish A� genera-
tion. The cerebral glucose hypometabolism reported in AD
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may result in increased steady-state levels of glucose in the
brain20 that, through attenuation of PGC-1� expression,
might exacerbate AD A� amyloidogenesis.

PGC-1� EXPRESSION PROMOTES
NONAMYLOIDOGENIC PROCESSING OF APP
THROUGH ATTENUATION OF EXPRESSION
OF THE FoxO3a TRANSCRIPTION FACTOR

Recent evidence supports the hypothesis that PGC-1� may
influence muscle atrophy, in part through suppression of
FoxO3a.55 Moreover, we recently found that exogenous
expression of FoxO3a (10 MOI)48 in Tg2576 neurons may
causally promote AD-type A� levels through mecha-
nisms that attenuate nonamyloidogenic �-secretase pro-
cessing of APP, suggesting an intrinsic association be-
tween FoxO3a activity and AD-type A� amyloidogensis.56

We found a significant elevation in FoxO3a protein
content (P� .05) in GFP-expressing Tg2576 neurons
cultured in hyperglycemic conditions relative to
Tg2576 neurons cultured in normoglycemic conditions
(Figure 4A) 24 hours after treatment. Most impor-
tantly, we found that exogenous adenoviral expression
of PGC-1� significantly prevented the hyperglycemic-
mediated potentiation of FoxO3a protein expression in
Tg2576 neurons (Figure 4A) 24 hours after PGC-1� ad-
enoviral infection.

We infected Tg2576 neurons with adenovirus-
expressing CA FoxO3a or GFP control vector in combi-
nation with viral PGC-1� or control GFP infection in a cul-
ture-conditioned medium with 91 mg/dL of glucose. As
expected, we found that Tg2576 neurons expressing ex-
ogenous viral PGC-1� resulted in a significant elevation
of sAPP� content (P� .05) in the culture-conditioned me-
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Figure 2. Increased concentration of glucose inhibits peroxisome proliferator–activated receptor � coactivator 1� (PGC-1�) expression and promotes �-amyloid
(A�) generation in Tg2576 neurons, which is prevented by exogenous viral expression of PGC-1�. A and B, Culturing Tg2576 neurons with 91, 182, and 273
mg/dL of glucose (to convert to millimoles per liter, multiply by 0.055) for 24 hours resulted in a dose-dependent inhibition of PGC-1� protein expression (A)
as assessed by Western blot analysis and a dose-dependent promotion of A� generation (B) as detected by enzyme-linked immunosorbent assay (ELISA).
C and D, Adenovirus-mediated overexpression of PGC-1� in primary neuron cultures prevents 273-md/dL glucose–mediated induction of A�1-40 and A�1-42

contents released into the culture media, assessed by ELISA 24 hours postinfection (10 multiplicities of infection). Western blot analysis of PGC-1� expression in
parts A and C used an anti–PGC-1� antibody. Results are expressed as a percentage of its own control. Values represent mean (SEM) of determinations made in
3 separate culture preparations; n=3 per culture preparation. *P� .05 and †P� .01 vs control group by t test.

(REPRINTED) ARCH NEUROL / VOL 66 (NO. 3), MAR 2009 WWW.ARCHNEUROL.COM
356

©2009 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/23/2023



dium 24 hours after infection relative to control GFP-
infected cells (P� .05) (Figure 4B).

Moreover,wefoundthatexogenousCAFoxO3a(10MOI)
expressioninTg2576neuronssignificantlypreventedPGC-
1�–mediatedelevationofsAPP�(Figure4B),relativetocon-
trolGFP(andPGC-1�)-expressingTg2576neurons, in the
absenceofdetectablechangesintotalsAPPintheconditioned
medium(Figure4B)orfull-lengthcellularAPPcontent(data
not shown) 24 hours after infection.

Similarly, consistent with our previous findings,56 we
found a significant diminution of sAPP� (P� .05) in the
culture-conditioned medium of Tg2576 neurons virally ex-
pressing CA FoxO3a, but not PGC-1�, relative to control
GFP-expressing Tg2576 neurons, further supporting the
hypothesis of a direct inhibitory role of FoxO3a on the non-

amyloidogenic �-secretase processing of APP (Figure 4B).
Collectively, this finding strongly supports the hy-

pothesis that the transcription factor FoxO3a may be a
downstream effector of PGC-1� and supports the hy-
pothesis that decreased PGC-1� expression in the AD
brain might result in increased FoxO3a expression in the
brain eventually promoting AD A� amyloidogenesis.

PGC-1� EXPRESSION INVERSELY
CORRELATES WITH FoxO3a EXPRESSION

IN THE AD BRAIN AS A FUNCTION
OF PROGRESSION OF CLINICAL DEMENTIA

To further investigate the clinical relevance of the in vitro
finding suggesting that FoxO3a may be involved in PGC-
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Figure 3. Role of peroxisome proliferator–activated receptor � coactivator 1� (PGC-1�) expression on amyloid precursor protein (APP) processing in neuronal
cells. A, Fluorimetric assessment of �-, �-, and �-secretase activities in Tg2576 neurons cultured with 91 or 273 mg/dL of glucose (to convert to millimoles per
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1�–mediated AD A� amyloidogenesis, we continued to
explore the regulation of the FoxO3a mRNA and pro-
tein contents in the brain of AD cases relative to neuro-
logical control cases and the association of FoxO3a ex-
pression with PGC-1� and AD A� neuropathology.

We found that FoxO3a mRNA expression and FoxO3a
protein contents in the hippocampal formation were sig-
nificantly increased in the AD brain as a function of CDR,
as assessed by quantitative real-time polymerase chain
reaction (Figure5A and eFigure B) (P=.001; R2=0.5416;
1-way ANOVA) and Western blot analysis (Figure 5B)
(P=.008; R2=0.4528; 1-way ANOVA), respectively.

Moreover, we found a strong inverse association be-
tween PGC-1� and FoxO3a protein content in the same
postmortem brain tissue (Pearson correlation coeffi-
cient, r2=−0.786; P� .001) (Figure 5C). Most impor-
tantly, we found that the increased in hippocampal
FoxO3a protein content as a function of AD clinical de-
mentia strongly associated with the increased density of
neuritic plaques (Pearson correlation coefficient,
r2=0.0001; P� .001) (Figure 5D). Finally, we found that
the hippocampal FoxO3a protein content directly asso-
ciated with total A�x-42 content in the EC-BM36/38 (Pear-
son correlation coefficient, r2=−0.411; P=.02) (Figure 5E),
consistent with the hypothesis that decreased PGC-1�
expression might causally promote AD A� amyloido-
genesis through FoxO3a-mediated responses.

COMMENT

We report for the first time, to our knowledge, that
PGC-1� expression is decreased in the brain of persons

with AD as a function of dementia severity. Moreover,
we found that experimental hyperglycemic conditions in
cortico-hippocampal neuron cultures derived from
Tg2576 embryos may significantly inhibit PGC-1� ex-
pression coincident with the elevation of A� peptide gen-
eration through a mechanism(s) involving the inactiva-
tion of nonamyloidogenic �-secretase processing of
APP.56-58 Finally, the cause-effect relationship between
PGC-1� and A� peptide generation was confirmed by the
demonstration that exogenous viral expression of PGC-1�
in primary Tg2576 cortico-hippocampal neurons re-
verse glucose-mediated induction of amyloidogenic A�
peptide accumulation in the conditioned medium.

Previous studies from our laboratory found that that
inhibition of FoxO3a activity by calorie restriction results
in improved glucose use and promotes nonamyloido-
genic-mediated �-secretase processing of APP precluding
A� generation.56 Interestingly, in this study, we found
that hyperglycemic conditions in vitro result in elevation
of PGC-1�–dependent FoxO3a expression coincident
with inhibition of nonamyloidogenic processing of APP
and promotion of A� generation in Tg2576 neurons.

It was hypothesized that a close relationship exists
among PGC-1� function, insulin sensitivity, and T2D,
which is most likely related to the essential role of PGC-1�
in mitochondria biogenesis and glucose/fatty acid me-
tabolism. In this context, thiazolidinediones, an impor-
tant class of antidiabetic drugs and agonists of PPAR-�
currently being developed for the treatment of AD, also
act to increase insulin sensitivity coincident with the ac-
tivation of PPAR-�.59 The effects of thiazolidinediones are
likely mediated through the ability of PGC-1� to acti-
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Figure 4. Peroxisome proliferator–activated receptor � coactivator 1� (PGC-1�) regulates amyloid precursor protein (APP) processing on �-amyloid (A�)
generation involving modulation of forkheadlike transcription factor 1 (FoxO3a). A, Western blot analysis of FoxO3a protein content in Tg2576 neurons cultured
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vate mitochondria biogenesis and increase mitochon-
drial function and eventually improve energy metabo-
lism. Moreover, recent evidence suggests that activation
of SIRT1, an oxidized nicotinamide adenine dinucleotide–
dependent deacetylase and a principal modulator of path-
ways downstream of calorie restriction that we found to
prevent AD-type A� amyloidogenesis in Tg2576 mice,50

may also protect against experimental T2D conditions
through inhibition of PGC-1� acetylation and promo-
tion of PGC-1� activity.60

We hypothesize that impaired glucose/energy me-
tabolism and increased steady-state concentration of ce-
rebral glucose in the AD brain, as demonstrated by pre-
vious studies,24 lead to attenuation of PGC-1� expression
resulting in activation of FoxO3a expression, thereby in-
hibiting nonamyloidogenic �-secretase processing of APP
and increased generation of amyloidogenic A� peptides
(Figure 6). The data suggest that cerebral glucose hy-
pometabolism in AD may lead to an increased steady-
state concentration of cerebral glucose as found in the
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Figure 6. Scheme illustrates the potential role of peroxisome
proliferator–activated receptor � coactivator 1� (PGC-1�) in regulation of
nonamyloidogenic �-secretase processing of amyloid precursor protein
(APP) through modulating forkheadlike transcription factor 1 (FoxO3a) in the
Alzheimer disease (AD) brain. A� indicates �-amyloid.
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AD brain,24 leading to alteration of PGC-1�–mediated
multiple-cellular functions that ultimately result in AD
amyloid neuropathology.
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Announcement

Trial Registration Required. In concert with the Inter-
national Committee of Medical Journal Editors (ICMJE),
Archives of Neurology will require, as a condition of con-
sideration for publication, registration of all trials in a pub-
lic trials registry (such as http://ClinicalTrials.gov). Trials
must be registered at or before the onset of patient en-
rollment. This policy applies to any clinical trial start-
ing enrollment after July 1, 2005. For trials that began
enrollment before this date, registration will be re-
quired by September 13, 2005, before considering the
trial for publication. The trial registration number should
be supplied at the time of submission.

For details about this new policy, and for information
on how the ICMJE defines a clinical trial, see the edi-
torial by DeAngelis et al in the January issue of Archives
of Dermatology (2005;141:76-77). Also see the Instruc-
tions to Authors on our Web site: www.archneurol.com.
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