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Inflammatory Processes of Alzheimer Disease and Aging
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Aging is accompanied by an increased risk for developing numerous diseases, such as Alzheimers Disease
(AD). However, the contribution age-related processes have in disease susceptibility and progression is
largely unknown. We propose that the general inflammatory tone that develops during aging is a precondi-
tion for specific pathogenic processes. A common link between a number of disease states and normal aging
is the activation of tissue macrophages. Brain macrophages (microglia) initiate a subset of specific
neuroinflammatory processes that occur during both normal aging and the progression of AD. A global
hypothesis of aging is emerging where chronic, initially low grade inflammatory processes progress during
aging, ultimately contributing to the initiation and progression of disease.
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Introduction

Aging is the major risk factor for Alzheimer
disease (AD) in general populations (Katzman &
Kawas 1999). However, the mechanisms behind
this powerful demographic force of aging remain
dimly understood and appear to represent layers
of epiphenomena in which a primary cause is
difficult to identify. These complex processes in
AD are subject to many modulations by genetic
variations at multiple loci, but also to physiological
interactions through endogenous hormones and
diet, as well as widely used drugs, such as the non-
steroidal anti-inflammatory agents (NSAIDS). We
outline a new perspective on the interactions of
amyloids and AD, in which molecular and cellular
changes of aging have a key role. In this view, a
subset of basic mechanisms in aging has
characteristics of chronic inflammatory processes,
which predispose to the deposition of amyloids in
the brain and other organs.

AD is diagnosed histopathologically by the
presence, in sufficient numbers, of two abnormal
states of proteins; intraneuronal neurofibrillary
tangles (hyperphosphorylated tau) and
extracellular deposits of amyloid (fibrilar amyloid

B-peptide, AB in senile plaques). There is a major
debate on the relative importance of neurofibrillary
tangles and amyloid to neurodegeneration in AD.
We focus here on amyloids because of evidence that
the amyloids of AD represent a broader
phenomenon in aging throughout the body.

Rudolf Virchow introduced the term amyloidin
the 1850’s to describe ‘starchy’ inclusion bodies in
animal tissues (Schwartz 1970, Pepys 1988, Sipe
1994). Amyloids are commonly characterized as
fibrillar aggregates, which can be formed from a
limited number of diverse proteins and which have
extensive B-sheet interactions. Amyloids are
detected histochemically by the binding of the
dyes, Congo red or Thioflavin-S (Pepys 1988, Sipe
1994). Some aggregated forms of the same protein
are not recognized as amyloids because of the lack
of histochemical signals for bound Congo red or
Thioflavin-S, e.g. the diffuse AP deposits. Yet, other
aggregates are soluble oligomers as described
below. Thus, the archaic term amyloid requires
cautious application to molecular structure and
biological activity, because it excludes many states in
amyloid-forming proteins that are biologically
interesting.
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Inflammatory Processes in Alzheimer Disease
Clinical symptoms of AD are rare before the age of
60, although subclinical deterioration may exist for
several decades before impairments are obvious
(Katzman & Kawas 1999). After 60, the risk of AD
increases exponentially and then doubles every five
years. Although the incidence reaches 30-50% by
the ninth decade (Meyer et al. 1998, Price et al.
1998), nonetheless some individuals reach 100 years
or more, despite carrying the strong heritable risk
factor of homozygotic apoE 4/4, but without clinical
dementia (Meyer et al. 1998, Sobel et al. 1995). Most
remarkably, the person with the greatest
documented life span of 122, Mme Jeanne Calment,
was tested at 118 and found in good cognitive
health (Ritchie 1995, Jeune 2002). The wide
individual differences in the outcomes of aging
give a strong basis for ultimate optimism, as we
identify segments of these complex inflammatory
processes that are ongoing during life in multiple
organ systems.

One of the early clues to AD as an
inflammatory process was the serendipitous
finding that rheumatoid arthritis patients taking
high levels of anti-inflammatory drugs had a low
incidence of AD (Jenkinson et al. 1989, Akiyama
etal. 2000, McGeer & McGeer 2001). There is now
broad and remarkably consistent evidence for about
a 50% lower risk in regular users of NSAIDs and
possibly aspirin (Breitner & Zandi 2001, Veld et al.
2001). Moreover, transgenic mice carrying human
AD genes that were fed ibuprofen show decreased
amyloid accumulation and neurodegeneration (Lim
et al. 2000). Dietary anti-oxidants such as the spice
curcumin are also neuroprotective in transgenic
models (Lim et al. 2001).

As noted above, AD is associated with an
abundance of extracellular senile plaques (SP),
which contain the amyloid B-peptide (AB) in
limited brain regions. The brain regions most
affected in AD are the entorhinal cortex, subiculum,
and hippocampus, which are the seat of declarative
memory functions. The A peptides of up to 43
amino acid residues are endoproteolytically
derived from the B-amyloid precursor protein
(APP). Senile plague amyloids consist mainly of
AB1-42 but with some longer and shorter peptides,
whereas cerebral blood vessels accumulate amyloid
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containing the slightly shorter AB1-40 (Price et al.
1998). Another diagnostic of AD is the accumulation
of intraneuronal hyperphosphorylated tau
(neurofibrillary tangles). Itis remarkable that APP,
AB, and tau are widely produced by cells
throughout the body: The puzzle of AD is to
understand why proteins that are present
throughout life in body fluids (AB) or within
neurons (tau) become pathologically aggregated
during aging. The accumulations of aggregated A3
and hyperphosphorylated tau are extremely
common during aging of primates and most other
mammals that live longer than ten years (Finch &
Sapolsky 1999, Price et al. 1992). These and other
species-generalized aging changes define a
canonical pattern of aging in mammals (Finch 1993).

However, many other forms of aggregated AB
peptides occur during aging in the brain. These
heterogeneous extracellular materials range widely
in morphology and binding of Congo red, which is
arequired criterion for designation as ‘amyloid’. At
one extreme are oligomeric forms of AR (ADDLs,
amyloid-derived diffusible ligands, see below),
which cannot be detected by the usual aqueous
immunocytochemisty because of their solubility
(Kleinetal. 2001). Ahigher level of A3 aggregation
is represented by the amorphous, or diffuse A3
deposits detected by immunohistochemistry to ApB-
peptides, but do not distinctly bind Congo red and
hence are not called amyloids (Akiyama et al. 1999,
Yamaguchi et al. 1988). The highly compact, Congo
red binding AB-containing deposits of senile
plaques and cerebral vessels are the classic amyloid
of AD brains. Because of neurons with abnormal
dystrophic neurites (swollen, twisted) that are
nearby or growing though their matrix, senile
plagques are also called neuritic plaques. Another
type of deposit in AD brains is “fleecy amyloid”
(Thal et al. 1999). Although the amorphous deposits
may arise before the senile plaques, little is known
about the sequence of events.

Major controversies concern the significance of
the diverse AB-containing deposits to AD
pathogenesis. On one hand, some have emphasized
that the amyloid load in AD cerebral cortex is only
weakly correlated with the degree of clinical
dementia and that the best correlation of clinical
change is with synaptic loss (Terry et al. 1991).
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Similarly, during clinically symptomatic AD, the
total amyloid load shows little change (Hyman et al.
1993). In contrast, others find stronger correlations
of cognitive functions with the total amyloid load
as determined at various stages of AD (Cummings
etal. 1996). Moreover, the neocortex at very early
stages of AD ‘minimal cognitive dysfunction’ had
many neuritic plaques, whereas cognitively normal
individuals of the same age had a much lower
density of amyloid deposits (Morris et al. 1996).
Diffuse plaques are found in nearly all brains
during aging and, even in early AD were 5-fold
more common than neuritic plaques. Although
some reports emphasize that neurons tend to have
normal morphology around diffuse plaques with
loss of synapses (Terry et al. 1991), others
observed a smaller cholinergic neuron fiber
density in nondemented elderly with diffuse AB-
containing deposits consistent with early
pathogenesis (Beach et al. 1992).

A huge emphasis continues to be given to
the neurotoxicity of Ap aggregates of various
size classes. Aggregates form rapidly during
incubation of various AR peptides (ApB1-40, 1-42,
25-35) at ambient temperatures. Sizes range from
dimers to decamers (ADDLs range); protofibrils,
100; to higher order fibrils found in senile plaques.
These high molecular weight aggregates have
widely varying toxicity (Simmons et al. 1994).
Work from this laboratory in collaboration with
William Klein and Grant Krafft of Northwestern
University has demonstrated that oligomeric
(ADDLs) AR aggregates are highly toxic to
neurons at submicromolar concentrations (Oda et
al. 1995, Lambert et al. 1998, Klein et al. 2001).
Transgenic mice that overexpress human AD
mutant amyloid precursor protein (APP) genes
have increased production of AB-peptides also
show neuronal dysfunctions in the absence of solid
AP deposits (Mucke et al. 2000, Klein et al. 2001).
ADDLs have selective effects on neuronal
activities, inhibiting long-term potentiation (LTP),
a model for memory (Lambert et al. 2001, Wang
et al. 2002). The neurotoxic pathways of ADDLs
involve oxidative stress (Oda et al. 1995, Lambert
et al. 1998) and involve signaling systems with
Fyn and Racl (Lambert et al. 1998, Longo V &
Finch Cin prep.). Peroxynitrite and redox-active

iron are mediators of AR and ADDL neurotoxicity
(Longo et al. 2000, Xie et al. 2002).

Aggregated AP peptides are potent activators
of inflammatory mechanisms, which include
subsets of the classical cellular and molecular
changes occurring in peripheral tissues during
responses to injury or in host defense. However,
there are important differences to inflammatory
processes in the AD brain from those of peripheral
inflammation (Finch & Marchalonis 1996): First,
swelling (edema) is absent. Second, there is no pain
(brain parenchyma is unique in its low nociception).
Third, AD brains show few, if any B- and T-cells,
which sharply distinguishes AD from multiple
sclerosis in which autoreactive T-cells have the
major role in pathogenesis. With its peculiar ‘cold’
inflammation, the AD brain gives a unique
opportunity to study inflammatory changes of
aging independently of B- and T-cells (Akiyama
et al. 2000, Finch et al. 2002). We have proposed that
AD is amodel for the evolutionarily early stages of
inflammatory mechanisms that preceded
combinatorial cellular mechanisms in immune
responses (Finch & Marchalonis 1996).

Microglial activation is prominent during AD
(Akiyama et al. 2000, Eikelenboom & Veerhuis 1996,
Finch et al. 2002), which was originally reported by
Alzheimer himself (Alzheimer 1907). Microglia are
bone marrow-derived cells of the monocyte
lineages that, like peripheral tissue macrophages,
become phagocytic and produce reactive oxygen
species. In general, fewer activated microglia are
associated with diffuse AR deposits. The
activation of microglia in AD may precede that of
astrocytes. During AD, astrocytes also become
activated, as generally evaluated by the increase
of cellular extensions containing GFAP, the
astrocyte intermediate filament protein. Itis
widely recognized that GFAP expression
increases in response to local brain injury (Laping
etal. 1994). Moreover, we observed that systemic
pathophysiology can stimulate GFAP expression,
e.g. in association with wasting diseases and
pathology of nonneural organs (Goss et al. 1990).

It is now clear that ADDLs and other AR
aggregates can activate microgliaZ/monocytes
(Akiyama et al. 2000, Longo et al. 2000, Xie et al.
2002), but also astrocytes (Hu et al. 1998). AP also
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stimulates astrocyte production of IL-1p (Gitter et
al. 1995, Hu et al. 1998). Moreover, A directly
activates the classical complement cascade by
binding to C1q, which is the initial component of the
classical complement cascade (Akiyama et al. 2000).
A general hypothesis being considered in AD
research is that A3 aggregates initiate inflammatory
responses. However, it is likely that prior
inflammatory processes of aging were active. Thus,
we must confront the possibility of sequential
epiphenomena of branching causal chains that can
be influenced by many environmental factors. For
example, head trauma as experienced by pugilists
is a high risk for AD (e.g. Mayeux et al. 1995).
Milder degrees of head injury, which may not be
notable in ordinary life, could be cumulative in
initiating AD processes

Many inflammatory proteins are detected in
senile plaques including APP, cytokines,
complement factors, and acute phase proteins
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(table 1). However, these histochemical
observations are semi-quantitative at best and are
sensitive to fixation and to the source of the
antibodies. Of great interest to inflammatory
mechanisms, C1q shows strong immunostaining in
senile plaques (Akiyama et al. 2000, Rozemuller
et al. 1992 Yasojima et al. 1999). Activation of C1q
can produce the anaphylactic peptides (C3a, C4a,
Cbha) that are chemoattractants and which, like Clq
itself, can stimulate oxygen bursts. The
complement cascade can culminate in production of
the cytocidal membrane attack complex (MAC),
which contains C5b-C9. Although MAC components
and MAC inhibitors are detected in AD brains
(Akiyama et al. 2000, Zhan et al. 1999), there is no
information on their role in neuron death during AD.

On the other hand, some inflammatory
processes are neuroprotective in AD transgenic
models (Wyss-Coray et al. 2002). These diverse
findings are not contradictory, because

Table 1 Neuroinflammatory Changes in Alzheimer and Aging

Alzheimer
Disease Normal Normal
senile plaques? aging rodent® aging human
astrocytes Yes Yes (GFAP) Yes (GFAP)®
microglia Yes Yes (Ox-6,-42) Yes
neurite abnormalities Yes Yes (no NFT)
AB Yes Yes
APP Yes
al-antichymotrypsin Yes
o2-macroglobulin Yes
apoE Yes Yes (MRNA)
apol (clusterin) Yes Yes (MRNA)
CRP Yes
heme oxygenase-1 Yes Yes (ICC) corpora amylaceae
complement factors
increase in CSF¢
Clq Yes corpora amylaceae®
C3 Yes Yes (MRNA)
C9 Yes
Cytokines
IL-1 Yes
IL-6 Yes plasma
TGFB-1 Yes Yes (MRNA)
TNF-a Yes

2Akiyama et al. 2000, Eikelenboom & Veerhuis, 1996, Yasojima et al. 1999

bMorgan et al. 1999

°Nichols et al. 1993, Finch et al. 2002
9 oeffler et al. 1997

eSinghrao et al. 1995
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inflammatory processes are multiphasic with local
tissues responses that can appear to be opposing.
Contrary to expectations from the robust
inflammatory processes within the AD brain,
several cytokines in the cerebrospinal fluid (IL-1[3,
IL-1ra, IL-6, TNF-a) did not change. One study
documented rapid brain atrophy by brain imaging
during longitudinal studies, but found no changes
in CSF cytokines (Lanzrein et al. 1998). These
findings agree with studies of these cytokines that
were based on single time CSF sampling (e.g. Marz
et al. 1997). However, another study of CSF
showed that C1q varied inversely with the clinical
rating, consistent with Clg consumption by
complement activation (Smyth et al. 1994).
Moreover, we found induction of C1q in sporadic
amyotrophic lateral sclerosis, a neurological disease
devoid of AD-like amyloid deposits (Grewal et al.
1999). Because C1lg may be activated by many
components of neurodegeneration, including
myelin and DNA released from dying cells, there
may be multiple steps in AD that involve
inflammatory mechanisms.

The sources of inflammatory proteins in AD
brains are likely to be endogenous brain cells. The
skeptic would simply dismiss these findings of
complement in the brain as a postmortem artifact of
blood-brain barrier breakdown during death.
However, immunoglobulins are not found in the
same senile plaques that present so many other
serum proteins (Akiyama et al. 2000, Finch et al.
2002). Local brain cells are a major potential source
of the inflammatory proteins associated with A3
aggregates. Our laboratory was the first to show
by in situ hybridization that C1g mRNA is
relatively abundant in neurons and microglia of
human and rodent brains (Lampert-Etchells et al.
1991, 1993, Pasinetti et al. 1992, Rozovsky et al.
1994). Moreover, C1g immunoreactivity is
increased in surviving hippocampal CA1 pyramidal
neurons after excitotoxin lesions (Rozovsky et al.
1994). We also showed that rat brain can
synthesize de novo bioactive C1q during responses
to lesions (Goldsmith et al. 1997). Itis now accepted
that resident brain neurons and glia express most, if
not all, classical and alternate path complement
components, including the C9 of the membrane
attack complex (Akiyama et al. 2000). The multiple
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Figure 1 Cortico-striatal bundles within the caudate-
putamen of 3-month ad libitum (3mAL), 24-month ad
libitum (24mAL) and 24-month caloric restricted (24mCR)
rat brains processed for OX6 (anti-major histocompatibility
complexclass Il, MHCII) and OX42 (anti-complement type 3
receptor) immunoreactivity (IR). Increased OX6- and OX42-
IR is evident in the 24-month ad libitum bundles (middle
panel), an age which may be considered as middle-aged for
this long-lived genotype. CR attenuates this increase (right
panel). Scale bar=50pm.

functions of C1q include intracellular activities
(binding to calreticulin) as well as interactions with
a wide range of other systems that mediate normal
tissue renewal.

Together, the evidence is remarkably consistent
for the importance of inflammatory processes in
AD. However, much remains to be discovered
about the particular neuroprotective pathways that
are involved. For example, NSAIDs may directly
protect neurons exposed to AP aggregates, or the
protection may be indirect via microglia.

Inflammatory Processes in Normal Brain Aging
Because AD shows such a strong relationship to age,
itis cogent to ask what inflammatory changes occur
during normal aging in the brain, in the absence of
overt neurological disease. Our lab has shown in
detail the activation of astrocytes and microglia in
late middle-aged rodents, which at 20-24 months,
were healthy and without degenerative diseases
(Morgan et al. 1999, Nichols et al. 1993). For
example, there is a 3-fold increase in microglial
activation in cortico-striatal bundles and in corpus
callosum of 24-month-old rats (Morgan et al. 1999)
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(figure 1). The rats of this study were male F (F344
x BN) hybrids, which are in excellent health at 24
months and have mean life spans of 33 months.

Glial activation during normal aging is also
documented in primates and humans (Finch et al.
2002). It can now be confidently stated that glial
activation is part of normal brain aging processes.
Concurrent with glial activation is a subtle
regression of synaptic functions during middle age,
e.g. progressive decrease of dopamine D2 receptors
(Severson et al. 1982, Finch 2001). Thus, the glial
activation and neuronal atrophy during AD are
concurrent with milder glial and neuronal aging
changes that can be traced back at least 20-40 years
into middle age.

Two glial markers show robust increases in all
mammals examined: GFAP in astrocytes and CR3
(complement receptor 3) in microglia: both show
increases by midlife in healthy individuals (Morgan
etal. 1999). We defined the regional distribution
and cellular basis for increases of GFAP during
aging. By insitu hybridization for GFAP intron
RNA, as validated by nuclear run-on (Laping et al.
1994), we showed that age caused increased GFAP
transcription per cell (Morgan et al. 1999). The
increased expression of GFAP in rodent aging
represent mainly increased activation of astrocytes,
with small to negligible increases in the total
numbers of astrocytes, e.g. in the hippocampus
(Lindsay etal. 1979, Finch et al. 2002). We calculate
that GFAP mRNA increases from puberty onwards
at a rate of about 5 mRNA copies per astrocyte per
month (Pasinetti et al. 1999). The increased GFAP
expression was confirmed by microarray analysis
(Lee et al. 2000). The increased cell expression of
GFAP during aging (100-300% across the lifespan) is
the first example of a gene with increased expression
during normal aging in any organ of humans or
short-lived rodents that is independent of pathology.

Another approach uses primary cultures of glia
from adult brains (Rozovsky et al. 1998). In this
paradigm, mixed glia (both astrocytes and
microglia) are grown to confluence during 4-6
weeks, after which microglia can be separated by a
standard shaking procedure. Many glial
phenotypes of activation during aging in vivo
persist in vitro, including elevated GFAP
transcription. GFAP promoter elements mediating
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the age increase may include overlapping NF1-
NFKkB elements (Krohn et al. 1999). Consistent with
in vivo data, both astrocytes (measured by GFAP)
and microglia (MHCII) retain an activated
phenotype (Rozovsky et al.1998).

IL-6 also shows increased expression during
normal aging (Ye & Johnson, 1999). Both IL-6
MRNA and peptide are increased in mixed glia
cultured from old brain (figure 2) (Xie etal. in
press). Numerous reports indicate age-related
increases in IL-6, as discussed below.

This evidence for mild but progressive
inflammatory changes during normal aging is
consistent with the protective effects of NSAIDs on
AD. We postulate that AD represents a departure
from normal brain aging only in the degree of the
inflammatory process that are already underway
soon after sexual maturity.

Amyloidosis and inflammation outside the brain
We now extend our discussion to tissues outside of
the brain, which show many parallel changes during
aging, although different amyloids are involved.
Accumulations in non-neural tissues of classical
extracellular amyloids during aging (“senile
amyloids”) are very common in human populations
(table 2). About 20 different proteins form tissue
amyloids (Kisilevsky & Fraser 1997, Pepys 1988, Sipe
1994). Some amyloids form aggregates with a
pentameric organization (pentraxins), e.g. C-reactive
protein (CRP) and serum amyloid (SAA), which are
evolutionarily ancient components of host defense
mechanisms with roles in antimicrobial defense and
tissue repair (Finch & Marchalonis 1996). However,
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Figure 2 Basal expression of IL-6 in mixed gliacultured from
three brain regions of 3 mo (Young) and 24 mo (Old) rat
shown as the ratios of Old to Young. Brain regions: Cx,
Cerebral cortex; He, hippocampus; St, striatum. *p<0.05,
**p<0.005, Old vs. Young (Xie et al. in press).
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Table 2 Senile Amyloids in Human Tissues

Organ Type of amyloid  Incidence
brain: senile plaques
and cerebral vessels AP peptide high
heart®:
aorta apolipoproten A1 high
atrium o-ANF high
myocardium transthyretin moderate
lumbar disks® unknown low-high
lung® unknown moderate
pituitary® prolactin unknown

aWestermark et al. 1997

bYasuma et al. 1992

cUtz et al. 1996

9Westermark et al. 1995

other aggregated proteins do not meet the standard
criteria for tissue amyloids, as noted above, which
merit more consideration if we are to understand the
causes of amyloid deposits in Alzheimer disease
(AD) and other age-related diseases. Recall that
early stages of AD have abundant non-fibrillar,
diffuse deposits of AB, which do not bind Congo red
or Thioflavin-S. Moreover, the skin of clinical AD
patients frequently has nonfibrillar A deposits,
which are detected by immunohistochemistry at
higher frequency than in age-matched controls
(Joachim et al. 1989, Wen et al. 1994).

In the heart and aorta, several amyloids are
increasingly found after 50 years (McCarthy &
Kaspar 1998). Myocardial amyloids include atrial
natriuretic peptide (ANP) (Kawamura et al. 1995)
and transthyretin, particularly in African-Americans
who carry the mutation (isoleu 122) (Jacobson et al.
1997). Myocardial amyloids can accumulate
sufficiently to modify heart structure and function,
causing arrhythmias and conduction disturbances,
and may be a significant cause of heart failure in the
elderly. The aorta accumulates different, and
unidentified amyloids, particularly in the medial
layer (Mucchiano et al. 1992). “Senile” amyloids
accumulate in other vital organs to varying degrees.
We note the great need for a thorough study of
non-neural amyloids in individuals whose brains
are characterized for the neuropathology of AD.
This major project might identify a new relationship
between peripheral and central inflammatory
processes of aging, in which amyloid depositions
could be a variable outcome.

The accumulation of brain amyloid deposits
during aging does not occur in laboratory rodents

(Jucker et al. 1994), unless engineered with certain
human familial Alzheimer transgenes, mainly
mutant APP. However, in kidney and other non-
neural tissues, senile amyloid deposits commonly
increase during aging in widely used strains of mice
(e.g. Higuchi et al. 1998, West & Murphy 1965). Mice
that over-express TGF-31 showed deposits of the
AP peptide in cerebral vessels, which are never seen
in mice during aging (Wyss-Coray et al. 1997). This
important observation indicates the importance of
TGF-B1 and other inflammatory mediators in tissue
amyloid deposits during aging.

Much data indicate a progressive increase in
inflammatory markers in peripheral blood
during aging in the general human population,
for example, elevated blood levels of IL-6
(Ershler 1993, Wilson et al. 2002). Of particular
interest are the increases of IL-6 in community-
dwelling elderly from the Established Populations
for Epidemiological Studies of the Elderly (EPESE)
(Cohenetal. 1997, Wilson et al. 2002). Plasma IL-6
showed progressive average elevations from 70-
99+ years, with the strongest upward trend in
white males. The subgroup of those with very high
IL-6 levels (> 5pg/ml) doubled at later ages, from
10% (70-79 yr) to 20% (90-99+) (Cohen et al. 1997).
Another indication is the increased frequency of
apparently healthy elderly with modestly elevated
plasma C-reactive protein (CRP) (Wilson et al.
2002). These and other peripheral inflammatory
markers suggest that inflammatory degenerative
processes may be ongoing in many organs during
aging. Consistent with this possibility, the Duke
EPESE sample showed a highly significant
correlation between high IL-6 and poor self-rated
health (Cohen et al. 1997).

Attissue levels, there are also many indications
of inflammatory processes during aging, which
extend the findings on brain aging. The liver, which
produces CRP and other acute phase inflammatory
proteins, manifests inflammatory mechanisms
during aging. For example, aging mice have an
increased basal level of the transcription factor, C/
EBPJ, which regulates many acute phase genes and
other genes that mediate responses to oxidative
stress (Rabek et al. 1998). Hepatic C/EBPa mRNA
increased during aging by 5-fold (mice aged 24 vs. 3
months); after injection of the inflammatory stimulus
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LPS, the return to baseline was much slower. T-
kininogen, another acute phase protein, shows
spontaneous elevations during aging in rats that
predict death within 4 months (Walter et al. 1998).

There are many links between amyloids and
inflammation, because inflammation promotes
amyloid formation in non-neural tissues
(Kisilevsky 1994, Sipe 1994). For example,
tuberculosis with major host inflammatory
responses frequently leads to systemic amyloidosis.
Renal dialysis, through little understood processes
that lead to the accumulation of inflammatory cells,
is also associated with tissue amyloids. Thus, we
may consider a global hypothesis of aging, in which
chronic, initially low grade inflammatory processes
progress during aging to become proamyloidogenic
in different tissues.

Diet and Inflammatory Processes of Aging
Individual outcomes of aging may depend on the
ability of the external environment to fan
smoldering inflammatory processes, according to
the proclivities of the genotype. Human
populations appear to show important differences
in the incidence of AD, which may be major clues to
environmental factors. On the basis of findings that
must be considered preliminary, two populations
being studied intensively in Nigeria (Hendrie et al.
2001) and India (Chandra et al. 2001) appear to
have much lower AD incidence relative to US
populations.

The Indo-US study of Alzheimer’s disease is
comparing a rural Hindi-speaking community in
India (Ballabgarh, Haryana, northern India) to a
well-studied reference population (Mongahela
Valley, western Pennsylvania) (Chandra et al. 2001).
This longitudinal study indicates one of the lowest
incidences of AD in the world, possibly 80% lower
than in the Mongahela Valley. While the
investigators of this ongoing study urge caution, it
seems likely to reveal important environmental
factors in AD risk. Lacking postmortem
neuropathologic data on the Ballabgarh sample, we
can refer to a study of brains (N=84, 60-90 years) at
the Sir J.J.Hospital in Bombay, which had a low
incidence of AD characteristic changes: extensive
senile plaques, neurofibrillary degeneration, and
neuron loss was found in <10% overall of this
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sample (calculated by the present authors for the 60
year+ group); however, cerebrovascular pathology
was found in about 40% of these brains
(Barodawala & Ghadi 1992). Those authors caution
that the reported ages may not be reliable and that
the sample is biased towards a young subset of
older patients. The figure of 10% AD incidence is not
remarkably different from estimates of AD in other
populations of comparable ages and education
levels, e.g. 3% in Shanghai (summarized in Kawas
& Katzman 1999). Suffice it to say, we must await
more data combining clinical and neuropathologic
findings before firm conclusions can be drawn
about ethnic differences in the risk of AD.

Dietary components also merit examination in
these comparative studies. In India, the popular
spice curcumin may have neuroprotective effect, as
indicated by its decrease of oxidative damage and
amyloid pathology in a transgenic mouse model
(Lim et al. 2001). The Nigerian and Indian
communities may share common features in the low
overall calorie intake and of animal derived protein
(also see comments of Barodawala & Ghadi (1992).
We may cautiously consider the pertinence of
findings on caloric restriction (CR), which is the
best-established physiological manipulation of
aging in laboratory rodents. In the standard
paradigm, postpubertal rodents are given 35%
below the ad libitum food intake, which slows
many aging processes, e.g. increased mean and
maximum life span; reduced incidence of tumors
and glomerulosclerosis, and slowed glycation-
oxidation of collagen (Sohal & Weindruch 1996,
Finch et al. 2002). In brain, CR attenuated the
decrease of striatal dopamine D2 receptors, and
related functions in aging rat (Levin et al. 1981).
We added glia into this picture by showing that CR
attenuated the activation of astrocytes and microglia
in aging rat cerebral cortex, hippocampus, and
striatum, e.g. complement receptor CR3 in microglia
(figure 1) and GFAP mRNA in astrocytes (Morgan
etal. 1999). Affymetrix chip analysis of neocortex
and cerebellum confirmed these findings on GFAP
and C-system mRNAs (Lee et al. 2000). Moreover,
a prominent class of age increases in mMRNAs
associated with oxidative stress and inflammation
is attenuated by CR (Lee et al. 2000). Conversely,
age-decreases in a growth and trophic factor subset
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of MRNASs are also attenuated by CR. Certain of
these age- and CR- modulated mRNAs are new
targets for study in AD pathogenesis. We anticipate
an avalanche of further reports using microarray on
different stages of AD. The difficulty in obtaining a
full range of ages in normal brains makes detailed
studies of aging in rodent models highly desirable.

CR has many effects on physiology and
biochemistry, which appear to include anti-
inflammatory actions. For example, young mice
subjected to 6 weeks of CR, have attenuated
peripheral inflammatory responses (footpad
edema) (Klebanov et al. 1995). The slow
accumulation of oxidized epitopes in long-lived
proteins could be a fundamental background in
these inflammatory processes. CR lowers blood
glucose and the tissue levels of oxidized proteins
and lipids (Sohal & Weindruch 1996, Sell et al.
1996). Among the mechanisms that cause protein
oxidation is the nonenzymatic reaction of blood
glucose with amino groups. In turn, glycoxidized
proteins can propagate free radical reactions
leading to cross-linking and the attraction of tissue
macrophages. Moreover, CR attenuates cerebral
injury in response to excitotoxins and ischemia
(Mattson et al. 2001). This action of CR appears to
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