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ABSTRACT: Synaptic degeneration and death of nerve cells are defining fea-
tures of Alzheimer’s disease (AD) and Parkinson’s disease (PD), the two most
prevalent age-related neurodegenerative disorders. In AD, neurons in the hip-
pocampus and basal forebrain (brain regions that subserve learning and mem-
ory functions) are selectively vulnerable. In PD dopamine-producing neurons
in the substantia nigra–striatum (brain regions that control body movements)
selectively degenerate. Studies of postmortem brain tissue from AD and PD pa-
tients have provided evidence for increased levels of oxidative stress, mitochon-
drial dysfunction and impaired glucose uptake in vulnerable neuronal
populations. Studies of animal and cell culture models of AD and PD suggest
that increased levels of oxidative stress (membrane lipid peroxidation, in par-
ticular) may disrupt neuronal energy metabolism and ion homeostasis, by im-
pairing the function of membrane ion-motive ATPases and glucose and
glutamate transporters. Such oxidative and metabolic compromise may there-
by render neurons vulnerable to excitotoxicity and apoptosis. Studies of the
pathogenic mechanisms of AD-linked mutations in amyloid precursor protein
(APP) and presenilins strongly support central roles for perturbed cellular cal-
cium homeostasis and aberrant proteolytic processing of APP as pivotal events
that lead to metabolic compromise in neurons. Specific molecular “players” in
the neurodegenerative processes in AD and PD are being identified and include
Par-4 and caspases (bad guys) and neurotrophic factors and stress proteins
(good guys). Interestingly, while studies continue to elucidate cellular and mo-
lecular events occurring in the brain in AD and PD, recent data suggest that
both AD and PD can manifest systemic alterations in energy metabolism (e.g.,
increased insulin resistance and dysregulation of glucose metabolism). Emerg-
ing evidence that dietary restriction can forestall the development of AD and
PD is consistent with a major “metabolic” component to these disorders, and
provides optimism that these devastating brain disorders of aging may be
largely preventable.
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INTRODUCTION

Other chapters in this volume describe the overwhelming evidence that brain en-
ergy metabolism is perturbed in AD and PD. Among those data are the many brain
imaging studies documenting reduced radiolabeled glucose uptake into brain cells
of living AD patients (see refs. 1 and 2 and chapter by Rapoport in this volume), and
studies showing reduced mitochondrial function in affected brain regions and in fi-
broblasts from AD and PD patients.3,4 The purpose of the present chapter is to inte-
grate the available information concerning the cellular and molecular events leading
to neuronal degeneration in AD and PD to arrive at a “best-guess” working picture
of the pathogenesis of these two disorders. Although many of the same neurodegen-
erative cascades are likely operative in other neurodegenerative disorders (e.g., Hun-
tington’s disease and amyotrophic lateral sclerosis), we have elected to focus on AD
and PD because these are the two most prominent neurodegenerative disorders, and
because the evidence for metabolic disturbances in these disorders is more extensive
than for other neurodegnerative disorders. Any consideration of the pathogenesis of
AD and PD has to include the fact that, although genetic and environmental factors
influence risk for these disorders, increasing age is the major risk factor. As is evi-
dent from many studies, increased levels of oxidative stress, mitochondrial dysfunc-
tion, and metabolic aberrancies are prominent features of aging in many different
organ systems including the brain.3,5 Critical questions in the field of neurodegener-
ative disorders therefore include: (1) how do disease-specific initiators promote ox-
idative stress and mitochondrial dysfunction? (2) how do genetic factors promote
neurodegenerative cascades? (3) does altered peripheral energy metabolism (e.g., in-
creased insulin resistance) initiate and/or predispose to neurodegenerative cascades? 

In AD, synapses and neurons in brain regions that subserve learning and memory
functions, including the hippocampus, entorhinal cortex, basal forebrain, and neo-
cortical association cortices, degenerate.6 The brains of AD victims are character-
ized by extensive extracellular deposits of amyloid β-peptide (Aβ) and by
degenerating neurons that contain abnormal filaments composed mainly of the mi-
crotubule-associate protein tau (which is oxidatively modified and hyperphosphory-
lated).7,8 Aberrant proteolytic processing of APP is implicated in initiation of the
neurodegenerative cascade in AD, and may promote neurodegeneration by increas-
ing production of neurotoxic forms of Aβ and/or by decreasing production of neu-
roprotective forms of secreted APP.7 Excellent progress in understanding the
pathophysiology of AD has been made as a direct result of the identification of three
genes (APP, PS-1, and PS-2) in which mutations cause early-onset autosomal dom-
inant AD.9,10 As described below, the two general consequences of these mutations
(as elucidated in studies of transfected cells and transgenic mice harboring the mu-
tations) are aberrant APP processing, with increased neuronal vulnerability to exci-
totoxic and metabolic insults, and apoptosis. 

PD is characterized by motor abnormalities including akinesia, tremor, and rigid-
ity that result largely from progressive degeneration of dopaminergic neurons in the
substantia nigra (SN). The axons of the SN dopaminergic neurons form synapses on
target neurons in the striatum. It is believed that in PD, and in animal models of PD
(see below), the dopaminergic neurons cease producing dopamine long before the
cells degenerate and die, and hence the quite striking beneficial effect of L-dopa ad-
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ministration in PD patients during the early stages of the disease. The causes of neu-
ronal degeneration in PD have not been identified, but it is increasingly clear that
age-related increases in levels of oxidative stress11,12 and mitochondrial
dysfunction4 play important roles. Two prominent properties of SN dopaminergic
neurons that are of potential relevance to their selective vulnerability are their high
content of iron and their high levels of the pigment melanin.12 Although the specific
factors that initiate the neurodegenerative process in PD are unknown, environmen-
tal factors appear to be particularly important.13 However, a very small percentage
of cases of PD are caused by mutations in the α-synuclein gene,14 and α-synuclein
is a conspicuous component of Lewy bodies, suggesting a role for abnormalities in
the metabolism/function of this protein in PD. 

OXIDATIVE STRESS AND PERTURBED MITOCHONDRIAL FUNCTION
IN AD AND PD

Analyses of tissue homogenates from postmortem brain tissue have provided evi-
dence for increased levels of cellular oxidative stress in vulnerable regions of AD and
PD brains compared to the same brain regions from age-matched controls and to less-
vulnerable brain regions from the same patients.11,12,15–17 Immunohistochemical
analyses of brain sections from AD patients reveal increased protein oxidation, protein
nitration, and lipid peroxidation in neurofibrillary tangles and neuritic plaques (FIG.
1).15,18,19 In addition, levels of the lipid peroxidation product 4-hydroxynonenal in the
ventricular CSF of AD patients are increased 2–3-fold compared to age-matched con-
trols.20 Consistent with increased levels of cellular oxidative stress in AD are data
showing alterations in levels of antioxidant enzymes in vulnerable regions of AD
brain. For example, protein and activity levels of catalase were decreased, while levels
of Cu/Zn-SOD and Mn-SOD were increased, in vulnerable (and to a lesser extent in
nonvulnerable) regions of AD brain compared to age-matched controls (FIG. 1).21

FIGURE 1. Evidence for increased oxidative stress in neurons in AD and PD models
(see text for discussion and references). 



157MATTSON et al.: PERTURBED ENERGY METABOLISM IN AD AND PD

Analyses of mitochondrial functional parameters in AD brain tissue reveal a striking
decrease in activity of α-ketoglutarate dehydrogenase complex.22 Such mitochondrial
abnormalities have also been reported to occur in fibroblasts from AD patients.23

FIGURE 2. AD-relevant insults impair membrane ion-motive ATPase actiivty and glu-
cose transport by a lipid peroxidation-mediated mechanism. A: Cultured rat cortical neurons
were exposed to 10 µM Aβ25-35 for the indicated time periods and levels of [3H]-glucose up-
take and cellular ATP levels were quantified (modified from ref. 36). B: Cultured rat hippoc-
ampal neurons were exposed to the indicated concentrations of 4-hydroxynonenal (HNE) or
50 µM Aβ25-35 for 3 h and Na+/K+-ATPase activity was quantified (modified from Ref. 35).
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Data from studies of postmortem brain tissue from PD patients has provided ev-
idence for increased levels of lipid peroxidation11 and protein nitration24 in substan-
tia nigra of PD patients. In addition, there is an increase in levels of the DNA
oxidation product 8-hydroxyguanine in substantia nigra,25 and a generalized in-
crease in protein carbonyls in the brain26 in PD patients. Immunohistochemical anal-
yses have shown that levels of the 4-hydroxynonenal are increased specifically in
degenerating neurons in SN of PD patients.27 A striking feature of PD is a profound
decrease in the level of mitochondrial complex I activity in SN, a change that may
arise from and/or contribute to increased cellular oxidative stress.4 Interestingly,
dysfunction can also be observed in mitochondria from peripheral cells from PD pa-
tients. Oxidative decarboxylation of pyruvate was impaired in fibroblasts from pa-
tients with PD,28 and transformation of cells with mitochondria from PD patients
resulted in perturbed cellular calcium homeostasis.29

ANIMAL AND CELL CULTURE MODELS OF AD AND PD

What are the events that lead to increased levels of oxidative stress and mitochon-
drial dysfunction in AD and PD? Increasing age is the major risk factor for both AD
and PD, and it can therefore be presumed that the aging process itself plays an im-
portant role in promoting oxidative stress in the brain. Because they are postmitotic
and have a very high metabolic rate, neurons are particularly susceptible to life-long
accumulation of oxidative damage. Age-related alterations in proteolytic processing
of APP may play a major role in the increased levels of oxidative stress in neurons
in AD7 and, conversely, oxidative stress and metabolic impairment may alter APP
processing.30 When in an aggregating form (as in the brains of AD patients), Aβ can
induce membrane lipid peroxidation in cultured rat hippocampal neurons and human
hippocampal synaptosomes.31,32 The oxidative stress induced by Aβ may render
neurons vulnerable to excitotoxicity33 and apoptosis.34 Interestingly, exposure of
hippocampal neurons to Aβ also induces time- and dose-dependent decreases in cat-
alase activity and increases in CuZnSOD and MnSOD activities,21 suggesting a role
for Aβ in the altered antioxidant enzyme profile in AD brain. Studies of the impact
of lipid peroxidation on cultured hippocampal and cortical neurons suggest a scenar-
io in which lipid peroxidation results in impairment of membrane ion-motive ATPas-
es (Na+/K+-ATPase and Ca2+-ATPase) and glucose transporters (FIG. 232,35,36). ATP
levels are decreased following exposure of neurons to Aβ or the lipid peroxidation
product 4-hydroxynonenal (FIG. 232,36). This leads to membrane depolarization, en-
ergy depletion and disruption of cellular calcium homeostasis. Membrane lipid per-
oxidation, as induced by Fe2+ or Aβ, also impairs glutamate transport in astrocytes
and synaptosomes37,38 which would be expected to further promote excitotoxic in-
jury. Consistent with a central role for oxidative stress in the mechanism of Aβ-in-
duced neuronal death are data showing that antioxidants (e.g., vitamin E, uric acid,
propyl gallate, glutathione and estrogens) protect neurons against Aβ toxici-
ty.31,35,39,40 In addition to its direct actions on neurons, Aβ may also promote meta-
bolic compromise of neurons by damaging vascular endothelial cells. We have found
that exposure of vascular endothelial cells to Aβ results in impairment of glucose
transport and barrier functions in these cells.41 The latter effects of Aβ were prevent-
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ed by antioxidants, thus implicating oxidative stress in Aβ’s actions on vascular en-
dothelial cells. 

Further evidence for the involvement of oxidative stress, metabolic compromise
and overactivation of glutamate receptors in the pathogenesis of AD comes from
studies of the neuronal cytoskeleton in cell culture and animal models of AD (see
TABLE 1 and references cited therein). Exposure of cultured rat hippocampal neu-
rons to glutamate, Aβ and glucose deprivation results in antigenic changes in tau
similar to those present in the neurofibrillary tangles in AD. Calcium influx and in-
creased oxidative stress may be important mediators of such cytoskeletal alterations.
Administration of excitotoxins to adult rats elicits antigenic changes in tau similar
to those present in neurofibrillary tangles. Interestingly, stress (and consequent glu-
cocorticoid production) exacerbate the AD-like alterations in hippocampal neurons.
Neurofibrillary degenerative changes can be suppressed by treatment of neurons
with neurotrophic factors and antioxidants (TABLE 1 and M.P.M., unpublished data). 

Experimental data demonstrate that AD-relevant insults can impair mitochondri-
al function in neurons. Exposure of cultured hippocampal neurons and cortical syn-
aptosomes to Aβ or Fe2+ leads to mitochondrial membrane depolarization and
increased levels of mitochondrial ROS.34,37 Such mitochondrial dysfunction in these
models is secondary to increased oxidative stress because administration of antiox-
idants or overexpression of Mn-SOD results in preservation of mitochondrial func-
tion.37,42 The mitochondrial dysfunction, in turn, contributes to the disruption of
calcium homeostasis believed to occur in neurons in AD.43 In addition to causing
mitochondrial membrane depolarization, and increased mitochondrial oxidative
stress and calcium dysregulation,37,42,43 Aβ can cause damage to mitochondrial
DNA44 although it is not known if the latter alteration precedes or follows mitochon-
drial dysfunction.

Analyses of the mechanisms whereby mutations in APP and presenilin-1 (PS-1)
cause AD have proven particularly informative in elucidating the events that result
in increased oxidative stress and impaired mitochondrial function in neurons
(FIG. 3). APP mutations have been shown to increase production of Aβ in cultured
cells and transgenic mice, and the increased amyloidogenesis of Aβ under such con-
ditions is likely to promote oxidative stress and metabolic impairment as described
above (and see Ref. 7). In addition to increasing levels of Aβ, APP mutations may
result in decreased levels of the secreted form of APP (sAPPα).45,46 sAPPα has po-
tent neuroprotective actions on hippocampal neurons in cell culture31,47 and in vi-

TABLE 1. Evidence that metabolic compromise and overactivation of glutamate
receptors contributes to the neurodegenerative process in AD and PD

Evidence Refs.

Glutamate induces neurofibrillary tangle (NFT)-like changes in cultured neurons. 33, 91

Glucose deprivation induces NFT-like changes in cultured neurons. 92

Aβ induces NFT-like changes in cultured neurons. 33, 93

Excitotoxins induce NFT-like changes in hippocampal neurons of adult rats. 94

Glucocorticoids and stress enhance NFT-like alterations in vivo. 94, 95

4-hydroxynonenal prevents tau dephosphorylation in cultured neurons 8
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vo.48 Pretreatment of neurons with sAPPα increases their resistance to oxidative
injury induced by Fe2+ and Aβ.31,45 The mechanism whereby sAPPα protects neu-
rons appears to involve activation of potassium channels49 and activation of the tran-

FIGURE 3. Working model for mechanisms whereby mutations in the amyloid precur-
sor protein and presenilin-1 promote neuronal degeneration in AD (see text for discussion). 

FIGURE 4. Impairment of synaptic mitochondrial function by AD-relevant insults:
protective action of sAPPα. Rat cortical synaptosomes were pretreated for 1 h with 1 nM
sAPPα or vehicle (Control). Synaptosomes were then exposed for 4 h to vehicle, 50 µM
Aβ25-35 or 50 µM Fe2+ and levels of rhodamine 123 fluorescence (a measure of mitochon-
drial membrane potential) were quantified. Values are the mean and SEM of determinations
made in at least 4 synaptosome preparations. 
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scription factor NF-κB,50 a transcription factor that was recently shown to protect
neurons against apoptosis and excitotoxicity in several different culture para-
digms.51,52 In addition, we recently found that sAPPα induces an increase in the bas-
al level of glucose transport, and attenuates oxidative impairment of glucose
transport in cortical synaptosomes.53 sAPPα can also preserve mitochondrial func-
tion in synaptosomes exposed to Aβ or Fe2+ (FIG. 4). 

Mutations in presenilins (PS-1 and PS-2) are responsible for many cases of early-
onset autosomal dominant AD.10 Presenilins are integral membrane proteins local-
ized predominantly in the endoplasmic reticulum. Expression of AD-linked PS-1
mutations in cultured neural cells and transgenic mice results in aberrant processing
of APP9 and to increased vulnerability of neurons to apoptosis and excitotoxicity.54–

57 Data suggest that a primary alteration in neurons expressing mutant PS-1 is per-
turbed endoplasmic reticulum calcium homeostasis resulting in enhanced calcium
release when neurons are “challenged” with physiological (e.g., glutamate) or patho-
physiological (e.g. exposure to Aβ) insults.56,58 This perturbed calcium homeostasis
appears to contribute to increased levels of cellular oxidative stress and mitochon-
drial dysfunction in neurons subjected to apoptotic insults. As evidence, manipula-
tions that block calcium release from ER (dantrolene and xestospongin), block
influx through plasma membrane voltage-dependent channels (nifedipine), or buffer
cytoplasmic calcium (overexpression of calbindin D-28k) protect neurons express-
ing mutant PS-1 against Aβ-induced death.54,55 Studies of PS-1 mutant knockin
mice show that a PS-1 mutation increases vulnerability of hippocampal neurons to
excitotoxicity in vivo and in cell culture; hippocampal neurons expressing mutant
PS-1 exhibit enhanced calcium responses to glutamate.56 The importance of oxida-
tive stress and mitochondrial dysfunction in the cell death-enhancing actions of PS-

FIGURE 5. The complex I inhibitor rotenone and Fe2+ induce apoptosis of cultured human
dopaminergic cells. Cultured SK-N-MC cells were exposed to vehicle (Control), 1 µM rotenone
or 5 µM Fe2+ and levels of rhodamine 123 fluorescence (a measure of mitochondrial transmem-
brane potential) and apoptosis were quantified 12 and 24 h later, respectively. Values are the
mean and SEM of determinations made in 4-6 cultures. (Modified from Ref. 61.)
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1 mutations is demonstrated by the ability of the following manipulations to coun-
teract the “endangering” actions of PS-1 mutations: (1) treatment with antioxidants
including vitamin E, uric acid and 17β-estradiol54,59; (2) overexpression of manga-
nese superoxide dismutase60; (3) treatment of neurons with cyclosporin A, an inhib-
itor of mitochondrial permeability transition pore formation.42

The factors responsible for increased oxidative stress in SN dopaminergic neu-
rons in PD are not completely clear, but roles for Fe2+, mitochondrial dysfunction,
environmental toxins akin to MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine), and dopamine itself have been suggested.4,12,13 Exposure of cultured dopam-
inergic cells to Fe2+, MPP+ (the toxic metabolite of MPTP), the complex I inhibitor
rotenone, or dopamine can cause cell death61 (FIG. 5). An excellent model of PD in-
volves administration of the toxin MPTP to monkeys, which causes a clinical phe-
notype remarkably similar to that seen in human PD patients.62 MPTP
administration results in loss of tyrosine hydroxylase production and eventual de-
generation of SN dopaminergic neurons. Levels of oxidative stress are increased,
and complex I activity is decreased, in SN dopaminergic neurons prior to their de-
generation in this model. The role of α-synuclein in the neurodegenerative process
in PD remains to be established. It is of considerable interest that α-synuclein forms
aggregates in the cytoplasm of degenerating neurons (Lewy bodies) and that expres-
sion of mutant α-synuclein in cultured cells may promote their degeneration.63 If
and how such protein aggregates induce oxidative stress and mitochondrial dysfunc-
tion remains to be determined.

Recent studies have identified specific mechanism whereby membrane lipid per-
oxidation, which appears to be a key event in the neurodegenerative process in both
AD and PD, impairs the function of membrane transport proteins. Lipid peroxidation
liberates, from membrane fatty acids, several aldhehydes of varying carbon chain
lengths. Among such aldehydes, 4-hydroxynonenal (HNE) appears to play a central
role in impairment of protein function.64 HNE covalently modifies proteins on cys-
teine, lysine and histidine residues. Immunoprecipitation-western blot analyses us-
ing antibodies that recognize HNE-modified proteins, in combination with
antibodies against specific transport proteins, have demonstrated direct covalent
modification of glucose transporter36 and glutamate transporter37 proteins following
exposure of cultured neurons and synaptosomes to insults (e.g., Fe2+ and Aβ) that
induce membrane lipid peroxidation. Presumably the covalent modification of these
transporter proteins by HNE promotes protein crosslinking and impairs protein
function.

THE CONCEPT OF “SYNAPTIC APOPTOSIS” AND ITS POSSIBLE 
ROLES IN AD AND PD

Synaptic compartments (presynaptic terminals and postsynaptic dendritic spines)
are regions of neurons that are exposed to high levels of oxidative and metabolic
stress. This is the case largely because glutamate receptors and calcium channels are
concentrated in synaptic compartments, and the membrane depolarization and calci-
um influx resulting from activation of these ion channels results in oxidative stress
and a high energy (ATP) demand. There are many sound reasons to believe that syn-
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apses are the sites where the neurodegenerative process begins in AD and PD (as
well as in other neurodegenerative conditions). First, the extent of synapse loss is
tightly correlated with cognitive deficits in AD patients,6 and synapse loss in stria-

FIGURE 6. Working model of apoptotic biochemical cascades and their roles in syn-
aptic degeneration and neuronal death. See text for discussion. (Modified from Ref. 67.)
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FIGURE 7. Evidence that Par-4 suppresses NF-κB activation and promotes neuronal
apoptosis. A: Western blot analysis of Par-4 protein levels in selected PC12 cell clones: UT,
untransfected; VA, clones transfected with vector alone; Par-4∆Leu.zip, clones expressing
Par-4 lacking the leucine zipper domain; Par-4, clones overexpressing full-length Par-4;
Leu.zip, clones expressing the leucine zipper domain of Par-4. B: Cultures of the indicated
PC12 cell clones were exposed for 24 h to vehicle (VEH) or 50 µM Aβ1-42 and the percent-
age of cells with apoptotic nuclei quantified (modified from Ref. 71). 
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tum also appears to correlate with motor dysfunction in PD patients.65 Second, over-
activation of glutamate receptors, which are localized to postsynaptic regions of
neuronal dendrites, plays an important role in the neuronal death process in several
different animal and cell culture models of AD33,35,56 and PD.66 Third, recent stud-
ies have shown that apoptotic biochemical cascades are activated in vulnerable neu-
ronal populations in AD and PD, and can also be activated locally in synaptic
compartments following exposure to insults relevant to AD (Aβ) and PD (MPP+ and
rotenone)67–69 (FIG. 6). The latter studies showed that exposure of synaptosomes or
intact synaptically connected neurons to disease-relevant insults results in the fol-
lowing apoptosis-related events: caspase activation; loss of plasma membrane phos-
pholipid asymmetry; induction of Par-4 expression (at the translational level);

FIGURE 7 (continued). C: Gel-shift analysis of activated NF-κB prior to (Control) and
at the indicated time points following trophic factor withdrawal in vector-transfected PC12
cells (VA) and PC12 cells overexpressing the dominant negative Par-4 leucine zipper domain
(dnPar-4). Each lane was loaded with 5 µg of cell protein. 

C
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mitochondrial membrane depolarization; mitochondrial oxyradical production; mi-
tochondrial calcium uptake; and release into the cytosol of factors capable of induc-
ing nuclear chromatin condensation and fragmentation. 

 Recent findings from studies of postmortem brain tissue, and animal and cell cul-
ture models, suggest that Par-4 (prostate apoptosis response-4) may serve as a criti-
cal link in the chain of events that leads neuronal degeneration in AD and PD. Par-4
is a leucine zipper and death domain-containing protein originally identified for its
role in apoptosis of prostate cells,70 and more recently implicated as a pivotal effec-
tor of neuronal apoptosis.71 Levels of Par-4 mRNA and protein are increased in vul-
nerable regions (and to a lesser extent in nonvulnerable regions) of AD brain.71 The
latter study also showed that approximately 40% of neurofibrillary tangle-bearing
neurons are also Par-4 immunoreactive, thus establishing a direct relationship be-
tween increased Par-4 expression and neuronal degeneration in AD. Cell culture data
further suggest a central role for Par-4 in the cell death process in AD. Par-4 levels
increase wihin 1–2 hours of exposure cultured hippocampal neurons to Aβ, and
treatment of the neurons with a Par-4 antisense oligonucleotide prevents neuronal
apoptosis.71 Par-4 induction occurs prior to, and is required for, mitochondrial dys-
function and caspase activation following exposure of neurons to Aβ. Overexpres-
sion of the Par-4 leucine zipper domain prevents apoptosis (FIG. 771), suggesting a
necessary role for Par-4 interactions with another protein in its pro-apoptotic action.
Par-4 interacts with regulatory domain of PKCζ and this interaction may inhibit the
enzymatic activity of PKCζ.72 We have recently found that Par-4 induction sup-
presses activation of the transcription factor NF-κB in PC12 cells (FIG. 7), which
may promote apoptosis because activation of NF-κB prevents neuronal death in-
duced by a variety of oxidative and metabolic insults.51,52

Par-4 levels increase dramatically in midbrain dopaminergic neurons of monkeys
and mice exposed to MPTP.61 The increase in Par-4 levels occurs in both neuronal
cell bodies in the substantia nigra and their axon terminals in the striatum, and pre-
cedes loss of tyrosine hydroxylase immunoreactivity and cell death. Interestingly,
Par-4 levels also increase following MPTP administration in neurons in the red nu-
cleus, lateral geniculate nucleus and cerebral cortex.61 Par-4 may play a role in neu-
ronal dysfunction and/or apoptosis in the latter brain regions because, previous
studies have documented metabolic alterations and/or neurodegenerative changes in
these regions.73 Exposure of cultured human dopaminergic neural cells to the com-
plex I inhibitor rotenone, or to Fe2+, resulted in Par-4 induction, mitochondrial dys-
function, and subsequent apoptosis.61 Blockade of Par-4 induction by antisense
treatment prevented rotenone- and Fe2+-induced mitochondrial dysfunction and ap-
optosis demonstrating a critical role for Par-4 in the cell death process. Collectively,
the data therefore suggest that Par-4 is a mediator of neuronal apoptosis associated
with the pathogenesis of PD.

DO PERIPHERAL ALTERATIONS IN ENERGY METABOLISM
CONTRIBUTE TO THE PATHOGENESIS OF AD AND PD?

There have been a large number of reports documenting alterations in glucose
metabolism in AD patients.1,2 Studies of fibroblasts and platelets from AD and PD
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patients add further weight to the evidence for widespread metabolic alterations in
these two disorders.23,28,74 In addition, several studies have documented “diabetes-
like” alterations in AD patients including increased insulin resistance and abnormal
glucose tolerance.75,76 Moreover, alterations in the hypothalamic-pituitary-adrenal
axis that controls glucocorticoid production have been widely reported.77 Despite
these findings, there is as yet no definitive evidence that a generalized metabolic dis-
turbance precedes and contributes to the neurodegenerative process. We have recent-
ly found that glucose regulation is altered in transgenic mice expressing the APP
“Swedish” mutation. Specifically, we have found that the APP mutant mice exhibit
an altered response in a glucose tolerance test such that levels of glucose rise to much
higher levels than in wild-type control mice (FIG. 8). Basal levels of glucose and in-
sulin were not different in the wild-type and APP mutant transgenic mice. The APP
mutant mice are hypersensitive to fasting such that they die within days to weeks
when subjected to an alternate day feeding regimen.78

Studies of PD patients have also provided evidence for altered peripheral glucose
metabolism in this disorder.79 The alterations are, in general, similar to those in AD
and include abnormal glucose tolerance tests and increased insulin resistance. These
findings are particularly interesting because studies in rodents indicate that chronic
hyperglycemia can cause dysfunction of dopaminergic transmission.80

FIGURE 8. Glucose metabolism is altered in transgenic mice expressing an AD-linked
APP mutation. Glucose levels were measured in blood samples from wild-type mice and
APP mutant transgenic mice (96) taken 10 min prior to and at the indicated time points fol-
lowing administration of an intraperitoneal bolus of glucose. Values are the mean and SD
(n = 3–4 mice).
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CAN DIETARY RESTRICTION PREVENT AD AND PD?

Despite the convincing evidence that high food intake is a risk factor for age-re-
lated disorders such as cardovascular disease and diabetes, the possibility that high
food intake might also increase risk for neurodegenerative disorders is largely unex-
plored. There are several reasons why it might be expected that reduced life-long
food intake might ward off age-related neurodegenerative disorders such as AD and
PD. First, dietary restriction (DR; reduced calorie intake with maintenance of mico-
nutrient and vitamin nutrition) dramatically extends lifespan and reduces develop-
ment of age-related disease in rodents81 and monkeys.82,83 Second, DR reduces
levels of cellular oxidative stress in several different organ systems including the
brain.81,84,85 Third, epidemiological data suggest that the incidences of AD and PD
are lower in countries with low per capita food consumption (e.g., China and Japan)
compared to countries with high per capita food consumption (e.g., USA and
Canada).86

We have begun to critically test the hypothesis that DR will increase resistance of
neurons to AD, PD and other age-related neurodegenerative conditions. In one set of
experiments rats were fed ad libitum (AL) or were maintained on an alternate day
feeding schedule (DR) for periods of 2 weeks to 4 months. The rats were then ad-
ministered either kainate (an excitotoxin that selectively damages hippocampal CA3
and CA1 neurons) or 3-nitropropionic acid (3NP, a mitochondrial toxin that selec-
tively damages striatal neurons). Kainate-induced hippocampal damage and associ-
ated deficits in visuospatial memory were markedly reduced in rats maintained on
DR for 3–4 months compared to AL-fed rats.87 3NP-induced damage to striatal neu-
rons and associated motor deficits were significantly attenuated in rats maintained
on the DR diet. Mice maintained on DR for 3–4 months were relatively resistant to
MPTP-induced loss of tyrosine hydroxylase-positve neurons in the SN, and associ-
ated behavioral deficits, compared to AL-fed mice (FIG. 988).

Reasoning that DR exerts its neuroprotective actions by a mechanism involving
reduced glucose availability to neurons, we endeavored to mimick the effect of DR
in AL-fed rats. To this end we determined whether administration of 2-deoxy-D-glu-
cose (2DG), a non-metabolizable analog of glucose, to adult rats would result in in-
creased resistance of neurons to excitotoxic, metabolic and oxidative insults. Rats
administered 2DG (daily dose of 100 mg/kg body weight for 7 days) exhibited in-
creased resistance of hippocampal neurons to kainate-induced damage89 and in-
creased resistance of cortical and striatal neurons to focal ischemia-reperfusion
injury.90 The vulnerability of SN dopaminergic neurons to MPTP-induced damage
was decreased in mice administered 2DG.88 In all three animal models behavioral
outcome was significantly improved in animals pretreated with 2DG. The beneficial
effects of 2DG on brain neurons in vivo are likely due to direct effects of 2DG on the
neurons. As evidence, pretreatment of cultured hippocampal neurons with 2DG in-
creases their resistance to excitotoxic, metabolic and oxidative insults.89,90 Similar-
ly, 2DG pretreatment protects cultured human dopaminergic cells against death
induced by rotenone and Fe2+.88

Collectively, the findings suggest that DR may protect the brain by a mechanism
involving a “conditioning” response in which the DR can be viewed as a mild stress
that induces upregulation of stress proteins in neurons. If DR exerts similar benefi-
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cial effects in humans then DR may be a useful approach for reducing the incidence
and severity of several different age-related neurodegenerative conditions.
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