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Relationships are considered among aging, metabo-
lism, and Alzheimer disease (AD). In particular, after
60 years, human populations show progressive age-
related trends for increased blood glucose that are
concurrent with the accelerating incidence of AD. The
accumulation of glycated products in the AD brain,
such as is also found in peripheral tissues during
diabetes, suggests interactions of AD with age-related
changes in metabolism. A review of 13 recent studies
onADand diabetes shows no consensus, althoughmost
studies indicate an apparent exclusion of AD and
diabetes.We argue that longitudinal studies are needed
to evaluate the possibility that an initial age-related
hyperglycemic state is reversed by the cachexia and
weight loss common to later stages of AD. A review of
literature on chronic food restriction in rodents shows
the slowing of some aspects of aging in the nervous
system and generally supports interactions of periph-
eral metabolism with brain aging. Finally, we discuss
aspects of intermediary metabolism that could ensue
from oxidative damage to enzymes by glycation or
oxidative stress which include excess production of
ammonia from the inhibition of glutamine synthetase
and the production of glyceraldehyde-3-phosphate, a
glycating agent that could contribute to damage in
addition to the hyperglycemic trends during aging.
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INTRODUCTION

Alzheimer disease (AD) is primarily a disease of
aging, with an incidence that doubles every 5 years
between 65 and 85 years in all human populations
examined (79). AD is generally viewed as originating
within the brain, with a slow inexorable progression
that has been generally presumed to arise autono-
mously of systemic influences because it occurs in both
sexes. We outline an alternative and complementary
view that considers possible relationships of AD to

systemic and local metabolic changes during aging. As
discussed below, changes in metabolism and metabolic
hormones are also prominent in this age group.
First, we summarize features ofAD that are the basis

for our argument, including the apparent rarity (exclu-
sion) of diabetes in AD. Nonetheless, it is striking that
senile plaques (SP) and neurofibrillary tangles (NFT)
display advanced glycation endproducts (AGEPs), oxi-
dation products of proteins which are associated with
hyperglycemia and diabetes. Smith et al. (190, 191)
observe that, because AGEPs are increased by pro-
longed exposure to elevated glucose, as occurs in matu-
rity onset diabetes (Type II, or non-insulin-dependent
diabetes mellitus), the presence of AGEP in AD brains
implies a role of glycation inAD pathogenesis.
Next, we discuss age-related changes in the regula-

tion of blood glucose and glucocorticoids, and the ma-
nipulation of age changes in the nervous system of rats
by diet restriction and hypophysectomy. This litera-
ture, which is rarely mentioned in relation to AD, is a
source of valuable insights on interrelationships of
aging, AGEP, and AD. Finally, we discuss changes of
intermediary metabolism that could also promote the
formation of AGEP, particularly through the inhibition
of glutamine synthetase and glyceraldehyde-3-phos-
phate dehydrogenase. A possible excess of ammonia
from the inhibition of glutamine synthetase could favor
the production of amyloidogenic fragments of amyloid
precursor protein (b-APP). Increased production of
nitric oxide (NO) could inhibit glyceraldehyde-3-phos-
phate dehydrogenase, leading to increased levels of glycer-
aldehyde-3-phosphate, a substrate for the formation of
AGEPthat ismore reactive thanglucose.Thisdiscussion is
intended to broaden the concepts of glucose toxicity, which
have arisen in the analysis of diabetes.We do not, however,
consider gender differences in AD and many other
hormonal changes of aging which would overextend the
already broad sweep of our discussion.

BACKGROUND

Plaques and Tangles

The 39- to 43-amino-acid amyloid b-peptides (Ab) are
found as aggregates in three locations in AD brains
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(176, 180): (i) Ab in the senile (dense core or neuritic)
plaques, which are a pathologic characteristic of AD
and are most prevalent in regions of the brain that
show extensive neurodegeneration during AD. (ii) Ab

aggregates are also found in diffuse deposits of amyloid
that accumulate more generally during aging and are
found in regions of AD brains with little or no neurode-
generation. (iii) Cerebral blood vessels also accumulate
Ab aggregates in AD brains, but also during normal
aging. The source of the Ab in these different locations
is not known and could be produced by local brain
neurons, astrocytes, ormicroglia/macrophages. Alterna-
tively,monomericAb, which is present in the cerebrospi-
nal fluid and blood, could be imported into the brain.
TheAb peptides extracted fromAD brains can range in
size from 39 to 43 amino acids, although Ab1–42 is the
main component in the two types of extracellular
amyloid deposits of senile plaques (104, 162). The
origins ofAb peptides in the aggregates remain a major
puzzle inAD. In addition toAb peptides, SP and diffuse
amyloid deposits contain numerous other proteins typi-
cal of inflammatory processes, such as cytokines, acute
phase proteins, and complement system proteins and
regulators (38, 117, 201). Neurofibrillary tangles (NFT),
another pathological hallmark of AD, occur within
neurons, where they are associated with abnormal
morphology of the cell body and processes, and loss of
synapses (198). The extent of neurodegeneration can be
correlated with the density of both NFT and SP (22,
198).
The schedule for formation of SP and NFT during the

prolonged course of AD is not known. Biopsy and
postmortem studies generally show both SP and NFT
at early clinical stages of AD (73, 108). However, a
recent study of very early dementia found extensive
amyloid deposits in the hippocampus, whereas the
density of neuritic plaques or NFT in the hippocampus
was not notably different from that in age-matched
controls (125). Thus, amyloid accumulations may pre-
cede NFT formation in AD pathogenesis. While the
numbers of NFT increase with the severity of clinical
symptoms (73, 108, 125), there may be little further
change in the amount of aggregated Ab or senile
plaques (‘‘amyloid burden’’) during the later course of
AD (73).

A Chemical Clock, the Racemization of Ab1–42

The Ab1–42 in senile plaques appears at postmortem
to be chronologically older than that in cerebrovascular
amyloid, as judged by the accumulation of spontane-
ously racemized amino acids, a thermodynamically
driven process. The accumulation of D-aspartyl resi-
dues can be used a biomarker of age in long-lived
proteins that turn over slowly or not at all. In tooth
dentin, D-aspartate accumulates as a linear function of
age from birth onward (113). In AD brains, there are

three-fold more D-aspartyl and isoaspartyl residues in
Ab1–42 from senile plaques than that from cerebral
vessels, which suggests that Ab1–42 turns over more
slowly in senile plaques than in cerebral vessels (104,
162). Thus, Ab1–42 in SP appears to be older than in the
cerebral vessels of AD brains, which predicts that SP
amyloid is at greater risk than that in the cerebral
vasculature for accumulating AGEPs and other oxida-
tive changes.

Glycation

The oxidation of long-lived proteins through nonenzy-
matic reactions of glucose and other reducing sugars
with free amino groups, particularly the e-amino of
lysine, is a slow inexorable process throughout the
lifespan (182, 190, 206, 218). These changes are thermo-
dynamically driven, like racemization, but are distin-
guished from those of racemization by the major role of
glucose in the microenvironment of a protein that
reacts nonenzymatically. The initial adduct of glucose
with lysine forms a Schiff base, which is reversible, but
then slowly converts to a stable ketoamine through the
Amadori rearrangement during a time course of days.
Glycated hemoglobin in erythrocytes (HbA1c) is widely
used in clinical chemistry as a marker for unregulated
hyperglycemia during diabetes, because the extent of
glycation as HbA1c is a direct measure of the integrated
exposure of erythrocyte hemoglobin to blood glucose
(83, 206).
The initial Amadori product is subject to slow oxida-

tion and complex condensation reactions to form Mail-
lard products that are also referred to as advanced
glycation or glycoxidation endproducts, over longer
times that span weeks or months (10, 207). The glycoxi-
dation product pentosidine, for example, can form
covalent links with side-chain nitrogens of both lysine
and arginine that can result in the cross-linking of
adjacent peptide chains and great increases in insolubil-
ity. In many cases, these reactions proceed to form
brown fluorescent compounds. In the eye, there is a
life-long linear accumulation of LM-1 (lens Maillard
product-1), a blue fluorescent adduct of crystallins
(133). Model reactions in vitro indicate that ribose or
ascorbate are more likely sources of LM-1 than glucose.
Moreover, glucose-6-phosphate and glyceraldehyde-3-
phosphate (G3P) are evenmore reactive than glucose in
promoting glycoxidation, as discussed later.

Glycation and Diabetes

Control of plasma glucose levelswithin normal bounds
is often effective in reducing the complications of diabe-
tes. Studies of 1059 middle-aged patients (97) and 229
elderly patients (88) with type II diabetes (non-insulin-
dependent diabetes mellitus) found that metabolic con-
trol of plasma glucose (as assessed by glycosylated
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hemoglobin levels) was a strong predictor of stroke. In
the Diabetes Control and Complications Trial (DCCT),
a clinical study of 1441 patients with type I diabetes
(insulin-dependent diabetes mellitus), it was found
that strict control of plasma glucose concentrations
diminished long-term complications including diabetic
retinopathy, neuropathy, and kidney lesions (29). Re-
lated to these complications is the increased leakage of
plasma proteins from increased vascular permeability
in retina, kidney, and nerve (155). During a 2- to 4-week
administration of AGEPs (as AGE-modified albumin),
rats developed increased vascular permeability at nor-
moglycemia (207). AGEPs may therefore contribute
directly to the long-term complications of diabetes.
In type II diabetics, the levels of pentosidine in the

skin in general correlate with the severity of diabetic
complications (134). However, glycoxidative processes
may differ importantly between tissues for a given level
of blood glucose. For example, in dogs that had varying
degrees of sustained hyperglycemia for 5 years, colla-
gen in the dura mater of brain was more glycated at
lower blood HbA1c (integrated glucose exposure) glu-
cose than the crystallins of the eye lens; note that
pentosidine in crystallins is formed by glycation from
glucose, whereas another adduct cited above, LM-1,
may be formed from other sugars (133, 134). Such
5-year studies are unusual because their prolonged
duration revealed outcomes of different grades of hyper-
glycemia that might be difficult to resolve in the much
shorter-lived diabetic rats. These authors proposed
that there are tissue differences in thresholds for the
formation of pentosidine.
A further complexity is the absence of correlations

between HbA1c and two properties of dura collagen,
digestibility by pepsin and fluorescence (134), which
suggest yet other chemical or cellular processes. More-
over, there is no general relationship among species of
mammals between blood glucose concentration and the
rate of AGEP accumulation in collagen and other
proteins (183). The growing list of reactive sugars that
drive the formation of AGEPs led us to anticipate
diverse outcomes in the biochemistry of aging, with
differences between tissues according to local metabolic
characteristics that yield variations in particular reduc-
ing sugars.

AGEP and Normal Aging

During normal aging, long-lived proteins in many
tissues show a slow accumulation of AGEPs, e.g.,
collagen in human skin and brain dura mater (182,
183). The extent of AGEP accumulation in normal
brains during aging is unclear, because results are
sensitive to the particular immunoreagents. On one
hand, two reports using polyclonal antisera to glycated
poly-L-lysine detected AGEPs in granules in the peri-
karya of large neurons of normal brains. Li et al. (103)
found AGEPs in the same hippocampal and cortical

neuron fields of normal human brains that acquire
NFTs in AD; few were found in the brains of young
individuals (,25 years). Moreover, these same re-
agents applied to rodents and several domestic mam-
mals were immunoreactive in neuronal nuclei, not only
in the older specimens, but also in calves (102). In
contrast, using antisera to pentosidine–KLH conju-
gates, Smith et al. (190) detected very few AGEPs in
normal aged human brains except in the occasional SP
or NFT found in controls for their studies. Nonetheless,
cerebral blood vessels of both controls and AD had
AGEPs (190). The presence of AGEPs in cerebral blood
vessels of older individuals is consistent with the
progressive age-related accumulation of AGEPs in con-
nective tissues throughout the body (183). Further
studies are needed to define precisely the subcellular
entities that were immunoreactive in the studies of Li
et al. (102, 103).
Many other oxidative processes are important to

aging besides those associated with glycation and the
formation of AGEPs. Gafni showed that muscle glycer-
aldehyde-3-phosphate dehydrogenase (G3PDH) be-
comes less catalytically active in aging rats, because a
significant fraction of the enzyme molecules become
oxidized at the catalytically active Cys-139 near the
active site (31, 44). A contributing factor may be the
nearly twofold age-related increase in the ratio of
oxidized:reduced glutathione (GSSG:GSH) in skeletal
muscle (142). The phenomenon of decreased enzyme
activity because of age-related oxidation is well estab-
lished, and examples can be found in many tissues,
including brain, that are independent of glycation (100,
193).

Glycated SP and NFT May Promote Further
Oxidative Damage

Both SPs and NFTs display AGEPs. In AD brains, a
monoclonal antibody to AGEP conjugated to serum
albumin was reactive with senile plaques (81). Simi-
larly, pentosidine groups were detected by immunohis-
tochemistry within the matrix of SP and NFT in
postmortem samples from individuals at end stages of
AD (190, 203, 214). The antisera to glycated poly-L-
lysine also detected AGEPs in the perikarya of NFT-
bearing neurons of AD brains (103), which suggests
that this immunoreagent detects a different AGEP
than found by other immunoreagents (190). Data are
lacking on the rate of accumulation of AGEPs during
AD, but might be obtained from existing biopsy speci-
mens. AGEPs are of rapidly growing interest as mecha-
nisms in the formation of highly aggregated proteins in
the SP and NFT of AD brains for several reasons. As
noted above, AGEPs can covalently cross-link adjacent
polypeptide chains and thus could promote the forma-
tion of highly insoluble protein aggregates. Moreover,
AGEPs can propagate free-radical reactions that may
catalyze further damage to proteins, lipids, or DNA
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(86); e.g., the AGEPs formed by experimentally gly-
cated recombinant human tau produce oxygen free
radicals (215). Furthermore, experimentally glycated
Ab peptides promote the aggregation of Ab, which
might be an early factor in the development of SPs
(203). Similarly, glycated tau readily forms large aggre-
gates that might promote the formation of NFT (214).
At the cellular level,AGEPs show activities pertinent

to neurodegeneration. AGEPs can stimulate macro-
phages to produce reactive oxygen species (ROS) (206),
a response thatmerits investigation for brainmicroglia/
macrophages. Peripheral macrophages recognize
AGEPs and other oxidized substrates by scavenger
receptors (136, 205, 214). Fibrillar Ab (a component of
SPs) adheres tomicroglial surfaces by interactions with
the scavenger receptor (34). Receptors for AGEPs
(‘‘RAGE’’) bind to amyloid b peptide in vitro, causing
oxidative stress in neurons and endothelial cells, as
well as activation of microglia (cytokine production and
chemotaxis) (216). We speculate that if cellular surface
density of RAGE increases with AGEPs, then tissue
sensitivity to toxicity of b-amyloid may also increase, to
thereby couple cellular levels of AGEPs to the pathol-
ogy ofAD.AGEPs can also be chemoattractants for cells
that produce ROS (82). Furthermore, AGEPs after
lipofection into cultured neurons induced lipid peroxida-
tion, IL-6 expression, and activation of NF-kB, a tran-
scription factor associated with oxidative stress (215).
Moreover, the lipofected neurons increased the release
of an Ab monomer (not characterized for amino acid
residues).

Changes in Myelin during AD and Aging

Myelin thinning (myelin pallor) is found in brains
during ‘‘normal aging’’ (80, 181). Vascular damage can
lead to focal demyelination (lacunar infarcts), which
appears to have a different pathogenesis than myelin
pallor (30, 197). It is also possible that some of these
specimens from early studies included early stage AD.
Demyelinating conditions can also arise during diabe-
tes, in which glycation appears to have a role in
attracting macrophages (207).

Apolipoprotein E

Apolipoprotein E (ApoE) is found with Ab in senile
plaques of AD brains (135). The ApoE allele e4 and the
protein isoform E4 are associated with a higher risk of
AD in elderly who are less than 80 years old (20, 153)
and in late onset familialAD (195).ApoE allele polymor-
phisms are associated with quantitative variations in
blood lipid levels that could influence vascular disease;
e.g., the e4 allele is associated with higher, and e2 with
lower, LDL cholesterol (25, 33). The E2 isoform has
lower affinity for the LDL receptor, which reduces the
uptake of VLDL by macrophages. Although diabetics
also show these associations of ApoE isoforms with

serum levels of LDL cholesterol, ApoE allele frequen-
cies for diabetics resemble those in Caucasian popula-
tions (33, 138, 168). However, it is unknown if ApoE
isoforms influence the uptake of oxidized lipids or
proteins by macrophage scavenger receptors.

AGE, BLOOD GLUCOSE, AND AD

We next consider the complex and controversial
relationships among age, blood glucose, AD, and type II
diabetes. In peripheral tissues, AGEPs are accumu-
lated during normal aging, a process which is acceler-
ated by diabetes, as discussed above. We also address
physiological and biochemical factors in aging that are
usually not considered in AD. This discussion does not
assume that SP and NFT formation are the only
processes important toAD.

Normal Trends for Increases of Blood Glucose during
Human Aging

Rigorous and extensive studies during the past 30
years have established age-related trends for gradual
increases of blood glucose, particularly after 65 years,
an age when the prevalence of AD begins to increase
exponentially. Data from 15,000 individuals, aged 20–74
years were collected by the SecondNational Health and
Nutrition Survey (NHANES II) (58). In subjects with
no medical history of diabetes, the mean plasma glu-
cose after a 10-h fast was about 10% higher in an older
group aged 65–74 years than in a younger group aged
20–44 years. After ingesting 75 g of glucose, mean
plasma glucose was 30% higher in older subjects than
in younger subjects, both at 1 and 2 h postglucose. This
huge study confirmed other findings with fewer sub-
jects; e.g., Davidson (24) showed after oral glucose that
1-h glucose levels increased an average of 9 mg/dl per
decade.
How then do these trends relate to the incidence of

maturity-onset diabetes or non-insulin-dependent dia-
betes, which is also referred to as type II diabetes. In
the NHANES II survey (58), diabetes was defined by
the National Diabetes Data Group (NDDG) by fasting
plasma glucose .140 mg/dl and mean 1- and 2-h
plasma glucose levels.200mg/dl. Overt diabetes in 65-
to 74-year-old group was eightfold more prevalent than
among those 20–44 years old (17.7% vs 2.2%). The
lesser condition of impaired glucose tolerance (IGT)
was defined by the NDDG by fasting plasma glucose
,140 mg/dl, 1-h levels .200 mg/dl, and in the range
140–199 mg/dl after 2 h. IGT increased fourfold, from
2.1% in the 20- to 44-year group to 9.2% in the 65- to
74-year group. By the criterion for impaired glucose
tolerance of the World Health Organization (WHO),
which does not include a required level of plasma
glucose at 1-h postconsumption of the 75 g oral glucose,
the prevalence of IGT increases more than threefold

85AGING, METABOLISM, AND ALZHEIMER DISEASE



(6.4%, 20–44 years; 22.8%, 65–74 years). By either
criterion, a sizable proportion of those aged $65 years
either have overt diabetes or show impaired glucose
tolerance: NDDG (27%), WHO (41%). As Harris (59)
points out, a huge number of older adults have cryptic
diabetes that is not diagnosed by fasting blood glucose.
The hyperglycemia of aging may be partly amelio-

rated by diet and exercise (16, 76, 77, 158). However,
such effects are controversial, because declining glu-
cose tolerance by 60 years cannot be solely attributed to
age-related changes in diet or exercise. One study (793
subjects, 17–92 years) found differences in plasma
glucose 2 h after glucose ingestion between those aged
.60 years vs younger, even after adjusting for distribu-
tion of body fat, and physical fitness (186). The elderly
group showed an 18% increase in 2-h plasma glucose
above the younger group.
Special techniques are needed to assess the effect of

aging on the efficacy of insulin to stimulate glucose
uptake, because both plasma insulin and plasma glu-
cose are elevated in aging. To study subjects with the
same initial blood glucose, blood levels are controlled by
the ‘‘glucose clamp technique,’’ in which insulin is
administered iv at a constant rate and glucose is
administered at a variable rate that maintains the
plasma glucose at a set level, from which the rate of
glucose utilization is calculated. Several studies show
30% less stimulation of glucose uptake by insulin
(decreased insulin action, increased insulin resistance)
in older vs younger individuals (28, 39, 40, 165). During
a euglycemic clampwith a low insulin infusion rate, the
steady state level of insulin was 1.8-fold higher in the
elderly, whereas the rate of uptake of glucose was 40%
less than in the young (39); this implies that the elderly
have decreased insulin efficiency, i.e., the activity of
insulin to increase glucose uptake. An alternative
estimate of the effectiveness of insulin in stimulating
glucose uptake (insulin sensitivity) developed by Berg-
man is given by a mathematical model of glucose and
insulin dynamics (3, 4). In conjunction with an assay of
C-peptide, which is secreted from the pancreas with
insulin in equimolar amounts, this approach showed
that b-cell function becomes increasingly insufficient
with age in men (15). These findings were confirmed by
others (53, 76, 77).
The blood–brain barrier does not protect the cerebral

tissue from hyperglycemia. In humans, glucose in the
cerebrospinal fluid is about 60% of that in the blood (41,
184). By NMR spectroscopy in healthy adolescents,
brain glucose concentrations were only 25% of plasma
glucose, even under hyperglycemia (52). At 5.7 mM
blood glucose (normoglycemia), about 50% of the glu-
cose transporters of the blood–brain barrier are occu-
pied, whereas at 12.2 mM (hyperglycemia), 71% are
occupied, implying that the transport capacity is not
saturated. Other analyses are consistent with the

exposure of the brain during the hyperglycemia of
diabetes to elevated levels of glucose (149, 177). Be-
cause the CSF glucose changes lag 2–4 h behind those
in the blood (41), the brainmay be exposed to evenmore
net glucose during aging than peripheral tissues, if
calculated on an integrated 24-h basis. These studies
need to be extended to older normal and demented
groups.
In sum, there are strong age-related trends for

increased blood glucose in the same age group, 65–85
years, that experiences an accelerating prevalence of
AD (79). In this regard, we are stuck by the observation
that the accumulation of pentosidine in skin collagen
accelerates exponentially with aging in humans (183).
This nonlinear increase ofAGEPs is consistent with the
model of self-catalyzing oxidative damage as AGEPs
accumulate, as discussed above (21, 86).

Cognitive Functions, Aging, and Blood Glucose

Impaired systemic glucose regulation has been asso-
ciated in older humans and rats with memory impair-
ments. Two studies of nondemented older subjects
showed significant inverse correlations of cognitive
performance with glucose intolerance. As measured by
blood glucose after oral glucose loading, higher blood
glucose was associated with poorer memory perfor-
mance on a subsequent test day (55, 109). These
findings may measure different aspects of brain func-
tion than detected in the enhancement of memory
functions in normal elderly by manipulations of glucose
or insulin (21, 109). Old rats showed similar inverse
correlations between memory acquisition and glucose
intolerance (194). Because old rodents lack SPs or
NFTs, the basis for age-related cognitive declines of
rodents cannot be identical with that of AD. Nonethe-
less, there is evidence for age-related increase in gly-
cated epitopes (102), reviewed above. While patients
with type II diabetes show decreased cognitive func-
tions, e.g., Reaven et al. (159), follow-up studies are
needed to show if these individuals were in early stages
of AD or had cryptic vascular dementia.

An Unresolved Issue: The Presence or Absence of
Associations of Diabetes and AD

Studies of the association of type II diabetes and AD
give conflicting and inconsistent results, which we
summarize in three groups: no statistically significant
associations, positive or negative (five studies; Table
1A); negative (inverse) associations, i.e., disproportion-
ately low prevalence of type II diabetes in AD (six
studies; Table 1B); positive associations (two studies;
Table 1C). The table summarizes the methods of evalu-
ation for diabetes and AD, and subject pool sizes
(n , 50 to .8000). We state the statistical significance
level as reported.
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TABLE 1

Summary of Studies on the Coincidence of Diabetes and Alzheimer’s Disease

Authors
Design and
method

Subjects
(Male/Female)

Association
of diabetes
and AD

Diagnosis
of diabetes

Diagnosis
of AD

A. No statistically significant association (in chronological order)

Heyman et al., 1984 (Ref. 65) Case-control: AD patients of
Duke University survey;
community-living controls

AD: 12/28
control: 24/56

No History taken from spouse or
close relative

‘‘Rigorous clinical, laboratory
and psychological criteria
. . . at initial evaluation &
during follow-up’’ (64)

Broe et al., 1990 (Ref. 7) Case-control dementia
patients of Sydney, Aus-
tralia community-living
controls

AD: 64/106
control: 64/106

No Interview (self-report) NINCDS-ADRDA criteria for
probable/possible AD

Kokmen et al., 1991 (Ref. 85) Case-control; retrospective
review of newly diagnosed
AD at the Mayo Clinic
(1960–1974)

AD: 415 total
control: 415, with same ratio

of M/F

No Review of community health
records

NINCDS-ADRDA criteria,
but ‘‘psychometric data
were not available for
each AD case’’

Thorpe et al., 1994 (Ref. 199) Case-control; retrospective
review of hospital records
at Washington University
St. Louis

Autopsy series AD: 130/83
control: 291/181

No Glucose tolerance test and
glycosuria

Multiple SP and NFT, par-
ticularly in the hippo-
campus

Hospital series AD: 56/109
control: 83/83

No
(diabetes was 50% more

prevalent in AD patients;
not significant)

Glucose tolerance test and
glycosuria

Clinical evidence of
dementia, including psy-
chological evaluation

Curb et al., 1996 (Ref. 23) Honolulu Heart Program;
prospective cohort study

total: 3774 M
AD: 77 M

No
(diabetes tested in

1965–1966; AD in 1991–
1993)

Nonfasting, 1-h oral glucose
tolerance

CERAD clinical evaluation
and DSM-III-R criteria

B. Negative associations (in chronological order)

Bucht et al., 1983 (Ref. 11) Case-series, post hoc review
of records at Umeå Uni-
versity hospital

839 dementia patients (sex
ratio not given)

317 AD, 457 MID, 65 confu-
sional states; 60 cases of
diabetes

Yes
no diabetics in AD group

Oral glucose tolerance test,
NDDG guidelines

History of insidious onset,
slowly progressive
dementia (global demen-
tia); no hypertension,
transitory ischemia, or
stroke

Case-control of elderly AD: 22/23
control, hospital: 15/15; com-

munity-living: 16/15

Yes
higher insulin in AD vs

healthy community con-
trols (P , 0.05), 90 min
after oral glucose; blood
glucose normal–low; no
indication of diabetes

Oral glucose tolerance test,
NDDG guidelines

Wolf-Klein et al., 1988 (Ref.
213)

Post hoc, case-series study of
charts in geriatric outpa-
tients at Hyde Park, NY
Jewish Inst. Geriatric
Care

AD: 28/47

normal mental status: 85/58

other (abnormal mental
status): 60/70

Yes
diabetes (1 case) was less in

AD (3.5%) vs cognitively
normal elderly (16.5%)
P , 0.01

Medical records, no glucose
test

DSM-III criteria

Ferini-Strambi et al., 1990
(Ref. 37)

Case-control, University of
Milan, Italy

AD: 25/38
controls, community-living:

25/38

Yes
diabetes in AD (3%) vs

normal controls (12%),
P , 0.05

Interview with patient and
close family member, no
glucose test

NINCDS-ADRDA criteria

Landin et al., 1993 (Ref. 95) Case-series study, St. Jör-
gens Hospital, Hisings
Backa, SWE

AD: 14/24
VaD: 8/6
other dementia: 11/8

Yes
fasting glucose lower in AD,

P , 0.05; no diabetes in
AD; VaD 36%, other
dementia 21%

Fasting glucose; medical his-
tory

NINCDS-ADRDA criteria;
VaD, transient ischemic
attacks and/or severe vas-
cular disease

Mortel et al., 1993 (Ref. 128) Case-series study, VA
Medical Center, Baylor
University, Houston, TX

AD: 98/85
VaD: 84/53

Yes
diabetes in AD (6%) vs VaD

(23%), P , 0.0001

Case histories and inter-
views with family mem-
bers; no glucose test

NINCDS-ADRDA criteria;
VaD: California ADDTC
criteria for probable isch-
emic VaD

Nielsen et al., 1996 (Ref. 138) Cross-sectional study of
patients in outpatient
dementia center, Univer-
sity of California at Irvine

AD: 47/76
VaD: 24/27
mixed: 21/36
other: 20/14

Yes
diabetes in AD (1%) vs VaD

(12%) vs mixed dementia
(9%); x2, P , 0.05

NDDG guidelines from
patient records

NINCDS-ADRDA criteria for
AD

VaD: California ADDTC cri-
teria for probable isch-
emic VaD; mixed: both AD
and VaD

C. Positive associations

Ott et al., 1996 (Ref. 147) Prospective cohort study; the
Rotterdam Study

cohort: 7983
AD: 4%
type II diabetes 12%

Yes
type II diabetics had higher

risk for dementia or VaD
(P 5 0.05); diabetics on
insulin therapy had
greater risk for AD than
nondiabetics (P 5 0.05)

Use of antidiabetic medica-
tion; randomly sampled
with respect to meals, or
postload serum glucose
.11 mM

NINCDS-ADRDA criteria

Leibson et al., in press (Ref.
98)

Retrospective cohort study;
Mayo Clinic records,
1970–1984

cohort: 1455
AD: 30/47
non-AD dementia: 41/60

Yes, M only
M diabetics vs nondiabetics,

risk of AD is .2-fold
higher (P , 0.05); F dia-
betics, 37% higher (not
significant)

NDDG criteria; and .20
years old when diagnosed
with diabetes

AD: DSM-III-R criteria,
adapted for retrospective
record review: dementia,
insidious onset, slow pro-
gression and exclusion of
other causes of dementia
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Some of these studies must be viewed cautiously
because more rigorous criteria for diagnosis of diabetes
or AD have been developed (59, 60). Patient selection
can also introduce bias; e.g., the recruitment of rela-
tively healthyAD outpatients would tend to bias against
those with AD who suffer complications of diabetes,
e.g., leg or foot amputation, or peripheral neuropathy
(see next section), which would impair local travel.
Moreover, a major confound must be considered. The
current diagnosis of AD by the NINCDS–ADRDA crite-
ria (118) and the CERAD criteria (121, 126) excludes
strokes. Because type II diabetes is associated with a
two- to fivefold higher risk of stroke (2, 97, 110), it is
possible that an individual with diabetes also devel-
oped early AD, but subsequently suffered stroke. In
fact, stroke is a very common cause of dementia in the
elderly and may be classified as multi-infarct dementia
(MID), mixed dementia, or vascular dementia (17, 197).
Estimates of vascular dementia range from 25 to 50% of
dementias in the elderly (78, 143). The density and
regional distribution of NFTs and SP in vascular demen-
tia are also less well characterized than in AD. Thus,
the presence of diabetes in MID or mixed dementia
warrants much more emphasis in clinical evaluation.
To an unknown extent that varies between clinical
evaluators, there is a discrimination against even a
provisional diagnosis of AD if a subject shows evidence
of diabetes. Virtually any evidence of vascular impair-
ment may suffice to disqualify the designation of ‘‘pure
AD’’ and classify the individual as mixed or vascular
dementia. Because of this conservative bias against the
diagnosis of AD, some vascular and mixed dementia
subjects with diabetes, in fact, might be reclassified as
AD. As noted above, diabetes may be grossly underesti-
mated in the general population. A glucose challenge or
glucose–insulin tolerance test is needed and was not
included in most studies. We first emphasize three
community-based studies that offer the largest sample
sizes, but that have divergent conclusions. Only one of
these has been submitted as a full paper.
No significant AD–diabetes associations were found

in five studies (Table 1A). In the fourth examination of
the Honolulu Heart Program, Curb et al. (23; abstract)
evaluated the cognitive status and fasting glucose of
survivors of a very large cohort of men (n 5 8006)
resident in Honolulu who, almost 30 years before, had
been tested for diabetes. There was no association ofAD
in 1991–1993 with diabetes, as evaluated in 1965–1966
by a glucose tolerance test (blood glucose 1 h after a
glucose load) or in 1991–1993 by fasting blood glucose.
Because 47% of the original cohort (1) are represented
in the subgroup that survived until the recent evalua-
tion for cognitive status, the analysis may be biased by
death of nonhealthy members of the cohort who had
diabetes and AD, both of which are mortality risk
factors. Other studies of relatively smaller subject

groups using case-control designs found no significant
associations, positive or negative, of diabetes among
patients withAD (Table 1A): Heyman et al. (65), Broe et
al. (7), Kokmen et al. (85), and Thorpe et al. (199).
Negative associations, or a disproportionately low

prevalence, of diabetes amongAD subjects met tests for
statistical significance in five other studies of AD that
used normal elderly controls or vascular dementia for
comparison, Table 1B: Wolf-Klein et al. (213); Ferini-
Strambi et al. (37), Landin et al. (95); Mortel et al. (128);
and Nielson et al. (138). Moreover, Bucht et al. (11) did
not find any overt diabetes in their large AD sample
(n 5 317), consistent with later reports; diabetes was
mostly associated with multi-infarct dementia (12%
incidence in this group).
On the other hand, two studies of large groups found

positive associations of diabetes with risk of AD. Leib-
son et al. (98) from the Mayo Clinic analyzed 1455 men
and women resident in Rochester, Minnesota who were
diagnosed with diabetes in the years 1970–1984 and
followed until 1985. For male diabetics, the odds ratio
forADwas 2.27-fold higher than that ofmale nondiabet-
ics (P , 0.05). For female diabetics, the odds ratio of
1.37 was not significant. There was no effect of subject
age on the relationship between diabetes and the risk of
AD, which argues against the importance of age-
related increases in blood glucose with respect to AD in
older diabetics. In the Rotterdam Study (n 5 7983
residents), Ott et al. (147; abstract) report associations
of AD and diabetes in individuals on insulin therapy
(odds ratio, 2.7) and even higher significance for vascu-
lar dementia (odds ratio 3.1). Irrespective of insulin
use, diabetics had higher odds for vascular dementia
(3.1) than forAD (1.3). Moreover, others showed greater
insulin resistance in AD, as judged by serum insulin
after a glucose load (11) or after fasting (120). By itself,
this degree of insulin elevation would not establish type
II diabetes.
Confounds and other problems in analysis may be

found in each type of study. Cross-sectional studies
exclude diabetics in the population who would have
developed AD had they lived long enough. Retrospec-
tive studies based on case histories often have insuffi-
cient quality control for diagnosis of AD or of diabetes.
We do not know of data on HbA1c in AD that might
indicate the extent of undiagnosed diabetes or of subtle
chronic hyperglycemia. While Nielson et al. (138) did
not find differences in fasting blood glucose betweenAD
patients and other dementias (,50% of patients were
tested for fasting blood glucose), some of the other
dementias as diagnosed may have included diabetics
because of the presence of stroke. Moreover, it is
possible that some individuals who were diagnosed
with mixed AD or vascular dementia were initially AD,
but subsequently suffered strokes. This possibility may

88 FINCH AND COHEN



arise with apoE e4 alleles, which predisposes to both
stroke andAD.
In sum, although it is not yet possible to resolve the

differences between the above studies on the associa-
tion of diabetes and AD, we believe that the question of
AD–diabetes coincidence merits further inquiry. An
open question is the possibility of changes in glucose
and insulin metabolism during the progression of AD
(120). Craft et al. (21) suggest that hyperinsulinemia is
more characteristic of early AD than later stages of AD
and that insulin levels after hyperglycemia could indi-
cate the stage ofAD. Furthermore, Halter (57) suggests
that AD could protect against type II diabetes as a
consequence of the weight loss that is common during
clinically diagnosed AD. At any age, weight loss would
tend to diminish obesity-related insulin resistance and
the presentation of hyperglycemia in tests of glucose
tolerance (see below). Thus, food restriction is one of the
recognized strategies in treating type II diabetes (59).
Expanding on Halter’s suggestion from above, we hy-
pothesize that the hyperglycemia of aging could pro-
mote the onset of AD pathogenesis, e.g., through the
glycoxidation of nascent amyloid deposits (see below),
but could diminish subsequently when neurodegenera-
tive changes lead to cachexia and weight loss. This
prediction is consistent with the observed normal to low
blood glucose in overt AD (11, 95). Bucht et al. (11)
suggested how neurotransmitter deficiencies in AD
could influence the secretion of metabolic hormones
and the possible relationship of lower glucose to abnor-
mal neuronal electrical activity. These questions may
only be resolved by longitudinal studies of large subject
pools that are aging with and without type II diabetes.
Future studies may also have access to information on
the long-sought genetic risk factors for type II diabetes,
which could interact in important ways with AD gene
risk factors.

Peripheral Neuropathy in AD?

Peripheral neuropathy is a common complication of
diabetes that might be an indirect marker for chronic
hyperglycemia in AD. Diabetics often suffer decreased
sensitivity of cutaneous reflexes and slowed conduction
in peripheral nerves (6, 32). The basis could be partial
demyelination and shrinkage of axonal caliber; either
would slow nerve conduction. AGEPs are implicated in
several mechanisms of peripheral neuropathy (204,
207, 212). AGEPs on myelin are hypothesized by Vlass-
ara et al. (204, 207) to promote endocytosis of myelin
through macrophages that are attracted by AGEP
receptors. AGEPs are also present on the vaso nervo-
rum, which typically shows vascular wall thickening
that may cause ischemia and subsequent neuronal
dysfunctions (197).Accumulations ofAGEPs on tubulin

and other cytoskeletal proteins (166, 212) could be a
factor in axonal atrophy, because the neurocytoskeleton
mediates the retrograde transport of neurotrophins.
There is no recognized evidence for peripheral neu-

ropathy in AD—the topic is not mentioned in recent
monographs and reviews. However, there are indica-
tions of slowed peripheral conduction velocity in AD.
Levy et al. (101) characterized 28 senile dementia
patients of average age 77; those with the most cogni-
tive impairments had 25% slower conduction in the
ulnar nerve than age-matched controls. When retested
1 year later, there was a further 15% decrease in
conduction rate of the most demented group. This is
provisional evidence for peripheral neural dysfunctions
in AD, but does not establish the contribution of
demyelination or the role of blood glucose.

HYPOTHESES ABOUT THE ACCUMULATION
OF AGEPs DURING AD

We consider two hypotheses about AGEP in AD, (I)
linear accumulation and (II) accelerated accumulation.
Most parsimonious is hypothesis I, that AGEPs in AD
brains accumulate as a linear function of time, after the
initial formation of SP and NFT.As noted above, SP are
present early in the clinical stages of AD and do not
appear to accumulate further, whereas NFTs show
progressive increases in numbers as cognitive func-
tions deteriorate over many years. The hypothetical
linear accumulation of AGEPs in either SP or NFT
would be a passive process from exposure of slowly
turning over proteins in the SP and NFT that are
chemical targets of glucose in the interstitial fluid of
the brain or of intracellular sugars. Because SP and
NFT occur in early stages of AD, it is not surprising
that AGEPs are detected in SP and NFT at the end
stages of AD. AGEPs are also found in cerebral vessels
of age-matched brains used as controls for AD (190).
One may anticipate the detection of AGEPs in many
other long-lived proteins throughout the brain, e.g., in
basement membranes and extracellular matrix. In this
regard, the accumulation of AGEPs in NFT, SP, and
cerebrovasculature might be record the time-depen-
dent exposure to blood glucose. Similarly, Mattson et al.
(115) argued thatAGEPs can be viewed as a ‘‘tombstone
inAlzheimer’s.’’ Recall from above another spontaneous
age (time)-dependent change, the accumulation of race-
mized aspartyl groups inAb.
An alternative is hypothesis II, that the accumula-

tion ofAGEP accelerates duringAD as a consequence of
age-related increases in blood glucose. As reviewed
above, a sizable and increasing proportion of those .65
years have some degree of hyperglycemia in the same
age groups showing an accelerated accumulation of
AGEPs in skin collagen during aging. Even modest
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age-related increases in blood glucose can be predicted
to enhance glycation of proteins, which is consistent
with hypothesis II. A tissue-specific threshold of glyce-
mia for formation of specific AGEPs has been observed
in experimentally induced (alloxan) diabetes in dogs
(134). Evidence that clinically normal older subjects
and rats show inverse correlations of cognitive perfor-
mance with glucose intolerance (see above) is more
consistent with hypothesis II than hypothesis I, since
increased hyperglycemia would favor increased forma-
tion of AGEPs in those individuals. Hypothesis II
predicts even greater accumulations of AGEPs in the
SP and NFT of type II diabetics with mixed vascular
dementia andAD.
The resolution of hypothesis I vs II might be achieved

by comparisons of glycation in SP and NFT in biopsies
with postmortem status. During the next decade, such
longitudinal data may be obtained from biopsies taken
during the implantation of shunts for infusion of neuro-
trophins in ongoing studies, as well as the previous
studies of Bethanecol. Glycated or oxidized sites may,
in the future, be recognized by imaging reagents.

HYPERADRENOCORTICISM,
GLUCOSE METABOLISM, AND AGING

We now discuss the possible role of glucocorticoids in
brain aging processes, because of evidence for elevation
of glucocorticoids during aging and AD and because
glucocorticoids interact with insulin and glucose me-
tabolism. Moreover, some age-related changes in rat
brain are subject to hormonal and metabolic manipula-
tions, as shown by glucocorticoid treatments, food
restriction, and hypophysectomy.

Cognitive Dysfunctions Associated with Elevated
Glucocorticoids

Plasma cortisol tends to rise during aging in sub-
groups of humans. In a small sample of healthy (nonde-
mented) elderly, longitudinal assessment of cognitive
functions showed a marked decline of memory in
individuals with progressive elevations of plasma corti-
sol (105, 106). In AD as well as in the normal elderly,
more severe cognitive impairments are associated with
elevations of cortisol (105, 178; Seeman et al., in
preparation). In laboratory rats, glucocorticoid eleva-
tions are common at later ages (94, 171) and are also
found in individual animals with impaired spatial
memory (74, 92). A possible mechanism is that elevated
glucocorticoids tend to enhance glucose production by
the liver, but to inhibit cellular glucose uptake in the
hippocampus and other brain regions (129, 171). Gluco-
corticoid elevations impair glucose uptake by neurons,
as well as astrocytes (202).

Neuroanatomical Correlations of Elevated
Glucocorticoids

About 20 years ago, the pioneering studies of Land-
field, Lynch, and Waymire showed that astrocytes
became hypertrophied in the hippocampus of 2-year-
old rats and that the degree of hypertrophy was posi-
tively correlated with blood corticosterone (90–94).
Many subsequent studies demonstrate that glucocorti-
coid elevations can enhance experimental neurodegen-
eration in the hippocampus of young rodents and
primates, as in the extensive studies of Sapolsky and
colleagues (119, 169–171). However, the primary mech-
anism in the age-related changes in the hippocampus is
unclear and could be direct, through glucocorticoid
receptors on neurons or astrocytes, or indirect. The
inhibition of cellular glucose uptake by glucocorticoids
in the brain would be predicted to increase the glucose
in the extracellular fluid that directly contacts SP and
to increase their state of glycoxidation. Thus, elevated
glucocorticoids might potentiate the formation of
AGEPs.

Adrenalectomy and Hypophysectomy

The converse effects of lowering glucocorticoids are
consistent with the above studies. Rats that were
adrenalectomized when young and maintained on low-
dose corticosterone replacements showed reduced astro-
cyte hyperactivity during aging (93). The effects of
hypophysectomy are also pertinent to these questions,
since this even more drastic manipulation will lower
adrenal and gonadal steroids. Another neurological
change of aging is slowed by hypophysectomy, the
degeneration of peripheral myelinated spinal roots
(‘‘radiculoneuropathy’’) (35), which is common during
aging in laboratory rats (8). Gonadal steroids could be
involved in these age-related changes in astrocytes,
because astrocyte activities are subject to sex steroids
in the hypothalamus and hippocampus of rats (27, 96,
173, 174). There are few data on how hypophysectomy
alters brain aging. The effects of hypophysectomymight
extend beyond those of the adrenal and gonadal axis
because of influences on oxidative metabolism through
thyroid functions.

Food Restriction and Neural Functions in Aging Rats

Food restriction to 30–40% ad libitum and maintain-
ing micronutrient requirements is one of the best
established manipulations of aging in rodents. More
than 50 studies since 1917 have consistently shown
.30% increase in lifespan that resulted from slower
mortality rate accelerations and that generally parallel
the slowing of diverse pathophysiological changes in
many organs (66, 187, 209). Food restriction also pro-
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tects against some age-related changes in gene expres-
sion, e.g., in the inducibility of HSP70 in liver (63).
Food restriction has not been regarded as an impor-

tant manipulation of brain aging by some neuroscien-
tists, in part, because of technically sound reports that
it has no effects at later ages at or beyond the average
life span, e.g., in striatal dopamine receptor type D2 (99,
163), in hippocampal neuron density, or retinal degen-
eration (145, 146). However, when chronic food-
restricted rats are observed at middle-age, food restric-
tion appears to slow pyramidal neuron loss, as evaluated
by the greater neuronal density in the pyramidal layer
of diet-restricted rats. The absence of an effect at later
ages on pyramidal neuron density may indicate that
diet-restricted rats had a delayed loss of neurons (146).
At a functional level, several reports indicate that food
restriction preserves LTP (long term potentiation) (67)
and several measures of memory (152). Moreover,
restricted rats have smaller age-related increases of an
astrocyte mRNA that codes for glial fibrillary acidic
protein (GFAP) (107, 137). GFAP is an intermediate
filament that influences the shapes of astrocytes and
astrocyte–neuronal interactions (84, 96). The activa-
tion of brain microglia is also attenuated by food
restriction (T. Morgan et al., in preparation). Moreover,
a peripheral neuropathy of aging in rats (see above) is
blocked by food restriction, as well as by hypophysec-
tomy (35).
The slowing of these diverse neural age-related

changes in food-restricted aging rats is paradoxic in
terms of the glucocorticoid hypothesis, because food-
restricted rats have elevated plasma corticosterone
(167). A resolution of this puzzle may be that food
restriction reduces blood glucose (and insulin) (112).
Because food-restricted rats have less accumulation of
glycated collagen in peripheral tissues (160), it is
plausible that fewer glycated proteins accumulate in
basement membranes and other locations in the brain.
As alternatives to the glycoxidation mechanism, for
example, food restriction modifies cytokine production
(5), which could indirectly influence brain glia (96, 124).
In addition to astrocyte activation during aging,

microglia become conspicuously activated in brains of
all mammals examined. The microglial activation is
found in the white matter of aging rodents (48, 151),
which could represent reactions of microglia to AGEPs
in the local myelin. Exactly the same result occurs
during the peripheral neuropathies of diabetes (207).
Because macrophages and microglia have scavenger
receptors that recognizeAGEPs (see above), the smaller
microglial reactivity in food-restricted rats could reflect
a diminished local accumulation of AGEPs. Because
both food restriction and hypophysectomy lower blood
glucose (161), we hypothesize that the lowered blood
glucose reduces the amount of AGEPs that are formed,
in both the peripheral and the central nervous systems.

Food restriction is also used to treat type II diabetes
(59).

ENZYME INACTIVATION DURING AD

We next consider the consequences of oxidative dam-
age during aging and AD to two enzymes of intermedi-
ary metabolism: glutamine synthetase and glyceralde-
hyde-3-phosphate dehydrogenase. These enzymes were
selected to illustrate how initial oxidative modifications
by glycation or another cause can lead to further
neurodegenerative cascades. The following discussion,
while frontally speculative, draws on strong examples
from aging in nonneural tissues.

Glutamine Synthetase Impairment in AD and the
Ammonia Stress Hypothesis

During normal aging, rodent and human brains show
a loss of activity of glutamine synthetase, an enzyme
found in the brain almost exclusively in astrocytes
(139). In gerbils, glutamine synthetase activity de-
creased by about 35% between 3 and 15 months, which
is middle age (14). Similarly, in humans, glutamine
synthetase activity in frontal cerebral cortex was de-
creased by 45% between young (average 29 years) and
older (average 70 years) adults (189).AD brains showed
a further 40% reduction below normal elderly. The loss
of enzyme activity during aging was paralleled by
increases in brain carbonyl content in protein from
gerbils and humans.
A working hypothesis is that the reduced activity of

glutamine synthetase results from oxidative damage.
Glutamine synthetase is readily inactivated by oxida-
tive stress, e.g., as observed during reperfusion follow-
ing ischemia which increases brain carbonyl content
(144). Moreover, the opposing age-related changes in
glutamine synthetase and carbonyl content were re-
versed in gerbils by ingestion of a free radical trapping
compound (PBN) (14). Oxidation of glutamine synthe-
tase in AD may come from excess production of free
radicals and/or reduced protection from oxidative stress.
The role of glycation has not been examined. The
deposits of Ab that accumulate during normal aging as
diffuse amyloid and the additional accumulations in
the senile plaques of AD could also generate local
oxidation. For example, synthetic fragments of aggre-
gated Ab can produce free radicals that inactivate
glutamine synthetase in vitro (61).
Ammonia toxicity could be consequent to the inactiva-

tion of glutamine synthetase that may provoke further
neurodegeneration in aging and AD. Because gluta-
mine synthetase consumes 98% of the ammonia enter-
ing the brain from the blood or cerebrospinal fluid (18),
deficits of this key enzyme could lead to excess ammo-
nia levels. In rat brain, chronic exposure to elevated
levels of ammonia decreased the activity of glutamine
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synthetase in cerebellum (229%), hippocampus (225%),
and cerebral cortex (214%) (46). The absence of de-
creases of enzyme activity in whole brain (19) implies
that decreases are regionally specific. Increased brain
ammonia has been proposed as a factor inAD (70, 179).
In AD, increased net production of cerebral ammonia is
indicated by arterio-venous difference measurements
(71). Hoyer (69) hypothesizes that during incipient
early-onset AD, the brain shifts from its normal status
as an organ of net ammonia consumption to one of net
ammonia production. In AD, blood ammonia is in-
creased, according to some reports, but not others (70,
179). The activity of monoamine oxidase B (MAO-B)
increases during normal aging in several brain regions
(49, 192a), which should intensify ammonia production
and oxidative stress as well, because the products of the
reaction catalyzed by this enzyme include both ammo-
nia and H2O2. Because acute ammonia toxicity also
decreases cerebral glucose metabolism/g brain by 20%
in rats (75), elevated brain ammonia could be a factor in
the decreased cerebral glucose utilization in AD (150,
157). However, unlike AD, neuron involution is not
conspicuous in acute liver failure (140) or in portal-
systemic encephalopathy resulting from chronic liver
disease (13). Among the consequences of ammonia
toxicity to brain function during hepatic disease is a
prominent astrocyte hypertrophy (140) that recalls the
increase of activated astrocytes in AD (9, 47, 50, 130).
More prolonged ammonia elevations might prove to be
neurotoxic.
The production of amyloidogenic fragments of Ab

from APP could also be influenced by increased ammo-
nia production. In vitro cell studies indicate that the
production of solubleAb fragments depends on process-
ing of APP through an acidic subcellular compartment
(180). The possible increased production of ammonia,
which tends to increase pH, thus might counteract the
production of amyloidogenic fragments in vivo (188).
While the direction of this effect would appear to be
opposite to the amyloid toxicity hypothesis of AD, the
subjects studied for ammonia production were already
in clinical stages when the amyloid burden appears to
have reached its maximum (73), as discussed earlier.
Alternatively and more indirectly, increased ammonia
may contribute to amyloid deposition by inhibiting
oxidative metabolism (see below), thereby interfering
with the processing of b-APP and generating amyloido-
genic fragments (43).
Particular aspects of intermediary metabolism in

neurons and astrocytes may be altered by inhibition of
glutamine synthetase, with possible consequences to
excitatory amino acids. Normal brain functions depend
on balanced metabolic traffic between the intermedi-
ates of the classical citric acid cycle, glutamate and
glutamine in astrocytes and neurons (Fig. 1) (62, 200).
Neuronal glutamate release requires an equivalent

influx of carbon atoms for metabolic conversion to
glutamate (17a). However, neuronal metabolism of
glucose, pyruvate, or lactate cannot supply carbon
atoms for net synthesis of glutamate, because neurons
lack both pyruvate carboxylase and (cytosolic) malic
enzyme (the ‘‘anapleurotic’’ enzymes) through which
carbons from pyruvate or lactate replenish citric acid
cycle pools and that of glutamate or GABA (12, 42, 87,
185). Astrocytes possess both enzymes, whose products
further in the citric acid cycle yield the glutamine
released into the extracellular space that is then taken
up by neurons. Besides glutamine, astrocytes also release
lactate, malate, a-ketoglutarate, and citrate (192, 210,
211).Neurons takeup glutamine,malate, anda-ketogluta-
rate, possibly lactate (200), but apparentlynot citrate (211).
The evidence for reduced fixation of ammonium by

impaired glutamine synthetase in aging and AD pre-
dicts a glutamine deficit with further metabolic conse-
quences. Magnetic resonance spectroscopic measure-
ments of patients with probable AD indicate a modest
(220%) deficit of cerebral glutamate1 glutamine (122),
which is consistent with this prediction. Neuronal
uptake of malate, a-ketoglutarate, or other possible
citric acid cycle metabolites might increase in propor-
tion to the putative glutamine deficit (17a) (Fig. 2). The
activity of pyruvate carboxylase is decreased in rat
brain during ammonia treatment in vitro (220%) and
in vivo during hyperammonemia (253%) (36). Infusion
of [14C]NaHCO3 with and without ammonium acetate
into the cat carotid artery showed that ammonia in-
creases the amount of CO2 fixation (via pyruvate carbox-
ylase), detected as [14C]glutamine (208). However, the
[14C]glutamine content reflects the citric acid cycle
activity as well as the fixation of carbon dioxide by
pyruvate carboxylase (208).
Postmortem studies of the AD cerebral cortex show

.50% decrease in a-ketoglutarate dehydrogenase activ-
ity and .25% loss of cytochrome oxidase activity (114,
131). The citric acid cycle in vivo by NMR spectroscopy
is being studied (164), but no data are available for AD.
Portacaval shunted rats exhibited increased cerebral
NO synthase (NOS) activities (141, 156), suggesting
that elevated ammonia levels (such as observed in
portacaval shunting) may stimulate NO production.
Possible effects of increased production of NO are
discussed below. We mention a study of CSF that
detected glutamine synthetase in most (38/39) patients
with AD, but only occasionally in (1/44) neurological con-
trols or normal patients (54); the cell source of gluta-
mine synthetase could include activated astrocytes.
Alternatively, decreased release of glutamate from

glutamatergic neurons could compensate for the puta-
tive glutamine deficit. This putative homeostatic loop
might be a factor in a deficit of cerebral cortical and
hippocampal glutamate found in AD (154, 172), al-
though these deficits are usually attributed to degenera-
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tion of the glutamatergic perforant path (132, 148).
Because glutamine is normally produced in excess of
metabolic needs (51), the effects of gradual reduction of
glutamine synthetase would be slight until the excess
production of glutamine is challenged. Inhibition of
glutamine synthetase, in addition to decreasing the
fixation of nitrogen, also diverts glutamate in astro-
cytes to a-ketoglutarate through glutamate dehydroge-
nase, which produces ammonia. Thus, inhibition of
glutamine synthetase could cause further production of
ammonia. The ammonia could be trapped by the ac-
tions of glutamate dehydrogenase in neurons working
in the direction of net formation of glutamate (Fig. 2), or
it could diffuse into neighboring cells (inhibiting en-
zymes of the citric acid cycle) and then into the CSF.
Ammonia directly inhibits a-ketoglutarate dehydroge-
nase (89). In agreement with these predictions, recall
that the activity of a-ketoglutarate dehydrogenase is
reduced by .50% in cerebral cortical samples from AD
patients (114). These and other predictions can be

evaluated with more detailed information on citric acid
cycle metabolites inAD.

Prediction: Inactivation of Glyceraldehyde-3-phosphate
Dehydrogenase

As a further example of metabolic interactions dur-
ing AD that promote oxidative damage, we consider
relationships amongAb, nitric oxide (NO), andG3PDH,
which metabolizes a substrate that can glycate pro-
teins. The glycating ability of G3P exceeds that of
glucose (45). G3PDH catalyzes the phosphorylation of
G3P to 1,3-bisphosphoglycerate. As noted earlier, aging
rats show decreased activity of skeletal muscle G3PDH
(31, 44, 142). In muscle, the age-related oxidative
change is partly reversible, which implicates a general
shift in cell redox (100), rather than advanced glycation
endproducts. Furthermore, the deposits of Ab that
accumulate during aging and AD might promote the
formation of AGEPs, by the following mechanism. A

FIG. 1. Normal metabolic flow and intercellular traffic between intermediates of the citric acid cycle in astrocytes and glutamatergic
neurons. Arrows indicate the direction of movement of carbon skeletons (metabolic flow) and of molecules (intercellular traffic). Neurons
convert pyruvate to acetyl CoA and CO2, a reaction catalyzed by pyruvate dehydrogenase. Acetyl CoA is required by citrate synthase and is
sufficient for the maintenance of the citric acid cycle, by replacing the two carbon atoms lost as CO2 during each traversal of the cycle, provided
that intermediates are at steady state. It is remarkable that neurons lack enzymes that convert pyruvate to any intermediates of the citric acid
cycle, e.g., oxaloacetate or malate. Therefore, pyruvate produced from glucose by glycolysis cannot augment intermediates of the citric acid
cycle in neurons. To replenish the carbons of neurotransmitter glutamate (without affecting the rate of oxidative metabolism), neurons must
import glutamine or citric acid cycle intermediates. In vitro, neurons take up a-ketoglutarate and malate as well as glutamine from the
extracellular fluid. Unlike neurons, astrocytes possess enzymes (see text) that convert pyruvate directly to citric acid cycle intermediates, e.g.,
malate and oxaloacetate.Astrocytic glycolysis can therefore be coordinated with (astrocytic) conversion of pyruvate to a molecule (e.g., malate)
which serves a dual function: constituent of the citric acid cycle and means of replenishing the intermediates of the neuronal citric acid cycle
(after release into the extracellular space and uptake by neurons). Astrocytes in culture release malate, citrate, a-ketoglutarate, and
glutamine.
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fragment of Ab can activate NO synthase (72), and at
least one of the redox forms of NO inhibits G3PDH in
brain (26, 116, 217). Slight inhibition of G3PDH will
lead to increases in G3P, more glycation of G3PDH, and
thus further inhibition of G3PDH. The combination of
NO and superoxide anion generates peroxynitrite, a
potent oxidizing agent implicated in inhibition of
G3PDH by NO (123). Increased ammonia stress in AD
(see above) might contribute to peroxynitrite formation
by stimulating production of NO (141, 156).
We hypothesize that G3PDH is inhibited in AD,

which should increase the intracellular pool of G3P and
might then gradually increase the small flux from
glucose-6-phosphate into the pentose phosphate path-
way (PPP) (Fig. 3). However, the PPP produces G3P
from each mole of glucose-6-phosphate, which would
compound the problem of excessive amounts of G3P (as
a dead-end product). Alternatively, the PPP together
with fructose-1,6-bisphosphatase can in principle func-
tion as a cycle; 1 mol of glucose-6-phosphate can be
completely oxidized to 6 mol of carbon dioxide, with the

generation of 12 mol of NADPH (196, p. 432). A
functional gluconeogenic pathway (including fructose-
1,6-bisphosphatase) has been demonstrated in astro-
cytic cultures (175). Thus astrocytes in vivo may com-
pensate for gradual inhibition of G3PDH by gradually
increasing the nonoxidative metabolism of glucose (via
the PPP and a gluconeogenic enzyme). This particular
pathway for glucose oxidation does not produce ATP,
however, but does produce ample NADPH. Owing to
reduced levels of antioxidant enzymes in brain, genera-
tion of NADPH is essential for the reduction of oxidized
glutathione produced by the action of glutathione per-
oxidase (68). Peroxidase is necessary to dispose of the
H2O2 produced from the actions of superoxide dismu-
tase and monoamine oxidase (56). Thus in our specula-
tive model, the inhibition of G3PDH causes an increase
in the astrocytic defense against free radicals at the
expense of generatingATP. Consistent with this predic-
tion, AD brains show increased activity of glucose-6-
phosphate dehydrogenase (G6PDH), the initial enzyme
of the oxidative branch of the PPP (111). Elevation of

FIG. 2. Minimal consequences of inactivation of glutamine synthetase (hypothesis). Dotted arrows indicate decreased metabolic flux;
thick arrows indicate increased flux. Secondary to the decrease of rate of conversion of glutamate to glutamine (predominantly in glia), an
increase in the concentration of ammonia is predicted. (This is similar but not identical to the infusion of ammonium salt, which increases the
concentration of ammonia but would not decrease the glutamine synthetase flux.) The decrease of glutamine synthesis in astrocytes should be
coincident with a decreased release of glutamine into the extracellular fluid, and eventually a decreased rate of uptake of glutamine into
neurons. We assume that the extracellular pool is not a sufficient source of glutamine for neurons and that to maintain the same rate of release
of glutamate from glutamatergic neurons, other carbon sources are needed. Thus, the increased import of malate and/or a-ketoglutarate into
neurons may offset the deficit of carbon. We predict that astrocytic glycolysis and oxidation of pyruvate will increase as the neuronal demand
for glutamine in the face of inactivation of glutamine synthetase gradually exhausts the supply of glutamine available from the extracellular
fluid. Concomitant with the increase in glial pyruvate oxidation will be an increased release by astrocytes into the extracellular fluid of
intermediates of the citric acid cycle for uptake by the neurons.
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the rate of the PPP in AD brains might also result from
increased oxidative stress, e.g., fromAb fragments (see
above).

SYNOPSIS

This inquiry has considered linkages among aging,
metabolism, and AD that draw on scattered areas of
information. We anticipate useful insights from analyz-
ing how age-related changes in glucose metabolism and
metabolic hormones impact on brain aging. These
changes may even trigger events leading to AD accord-
ing to the following summary that assumes an inexo-
rable accumulation of AGEPs and other glycoxidized
macromolecules during aging. We suggested how the
accumulation of glycoxidized molecules could influence
nitrogen and carbohydratemetabolism.At some thresh-
old, the glycoxidized substrates in the brain activate
macrophage/microglial cells through scavenger recep-
tors. The activation of macrophages causes the release
of cytokines and reactive oxygen species that can
damage local neurons. Thus, the slow activation of
microglia and other cells by exposure to AGEPs and
oxidized proteins could further fan the fires of molecu-
lar oxidation and cell inflammatory responses. Myelin-

ated neurons could be amajor target forAGEP accumu-
lation that would impair cognitive functions. The trend
for elevations of blood glucose in late middle-age could
accelerate this process and therefore could be a trigger
for AD, even if subsequent weight loss at later stages of
AD caused attenuation of hyperglycemia. Genetics may
well come into this picture through the major ongoing
efforts to identify allelic polymorphisms and rarer
mutants that influence the risk of type II diabetes. We
would not be surprised if some of these alleles interact
with genetic risk factors for AD.
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