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reached. This approach was used to estimate relative
maximum leaf size during the period of study (Fig. 3).

29. The threshold for thermal damage of nonsuccutent
leaves (45° to 52°C) is a highly conserved character-
istic across a wide range of extant taxa [W. Larcher, in
Ecophysiology of Photosynthesis, E. D. Schultze and
M. M. Caldwell, Eds. (Springer-Verlag, Berlin, 1994),
pp- 261~277; Y. Gauslaa, Holarct. Ecol. 7, 1 (1984)},
implying little evolutionary change through time.

30. T. A. Mansfield, A. M. Hetherington, C. J. Atkinson,
Annu. Rev. Plant Physiol. Plant Mol. Biol. 41, 55
(1990).

31. A review of fossil Ginkgoalean leaves revealed that
species with the most dissected leaves, characterized
by multidichotomies 0.5 to 2 mm wide, are restricted
to Late Triassic to early Middte Jurassic facies [T.
Kimura, G. Naito, T. Ohana, Bull. Natl. Sci. Mus.
Tokyo 9, 91 (1983)].
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32. The cause of T- floral turnover has traditionally been
attributed to a sedimentary hiatus {3). However, this
hypothesis is unsupported by sedimentological evi-
dence [G. Dam and F. Surlyk, Geology 20, 749 (1992);
Spec. Publ. int. Assoc. Sedimentol. 18, 4189 (1993)],
which identifies no major facies changes or uncon-
formities between the T-J strata in Greenland. Fur-
thermore, the absence of the upper Rhaetian Ricciis-
porites-Polypodisporites acme zone [W. M. L. Schuur-
man, Rev. Palaeobot. Palynol. 23, 159 (1977)] in
Greenland (70) and Sweden {11}, which has also been
tentatively interpreted as evidence of a hiatus at
both localities, is questionable, as acme zones are
generally considered of only local use, owing to the
effects of ecological, environmental, and postdeposi-
tional processes on relative pollen abundances.

33. The value of 3'3C is

Gene Expression Profile of
Aging and Its Retardation by

Caloric Restriction
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The gene expression profile of the aging process was analyzed in skeletal muscle
of mice. Use of high-density oligonucleotide arrays representing 6347 genes
revealed that aging resulted in a differential gene expression pattern indicative
of a marked stress response and lower expression of metabolic and biosynthetic
genes. Most alterations were either completely or partially prevented by caloric
restriction, the only intervention known to retard aging in mammals. Tran-
scriptional patterns of calorie-restricted animals suggest that caloric restriction
retards the aging process by causing a metabolic shift toward increased protein
turnover and decreased macromolecular damage.

Most multicellular organisms exhibit a pro-
gressive and irreversible physiological de-
cline that characterizes senescence, the mo-
lecular basis of which remains unknown.
Postulated mechanisms include cumulative
damage to DNA leading to genomic instabil-
ity, epigenetic alterations that lead to altered
gene expression patterns, telomere shortening
in replicative cells, oxidative damage to crit-
ical macromolecules by reactive oxygen spe-
cies (ROS), and nonenzymatic glycation of
long-lived proteins (1, 2).

Genetic manipulation of the aging process
in multicellular organisms has been achieved
in Drosophila through the overexpression of
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catalase and Cw/Zn superoxide dismutase (3),
in the nematode Caenorhabditis elegans
through alterations in the insulin receptor sig-
naling pathway (4), and through the selection
of stress-resistant mutants in either organism
(5). In mammals, mutations in the Werner
Syndrome locus (WRN) accelerate the onset
of a subset of aging-related pathology in hu-
mans (6), but the only intervention that ap-
pears to slow the intrinsic rate of aging is
caloric restriction (CR) (7). Most studies
have involved laboratory rodents which,
when subjected to a long-term, 25 to 50%
reduction in calorie intake without essential
nutrient deficiency, display delayed onset of
age-associated pathological and physiologi-
cal changes and extension of maximum life-
span. Postulated mechanisms of action in-
clude increased DNA repair capacity, altered
gene expression, depressed metabolic rate,
and reduced oxidative stress (7).

To examine the molecular events associ-
ated with aging in mammals, we used oligo-
nucleotide-based arrays to define the tran-
scriptional response to the aging process in
mouse gastrocnemius muscle. Our choice of
tissue was guided by the fact that skeletal
muscle is primarily composed of long-lived,
high oxygen-consuming postmitotic cells, a
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feature shared with other critical aging targets
such as heart and brain. Loss of muscle mass
(sarcopenia) and associated motor dysfunc-
tion is a leading cause of frailty and disability
in the elderly (8). At the histological level,
aging of gastrocnemius muscle in mice is
characterized by muscle cell atrophy, varia-
tions in size of muscle fibers, presence of
lipofuscin deposits, collagen deposition, and
mitochondrial abnormalities (9).

A comparison of gastrocnemius muscle
from 5-month (adult) and 30-month (old)
mice (/10-12) revealed that aging is associat-
ed with alterations in mRNA levels, which
may reflect changes in gene expression,
mRNA stability, or both. Of the 6347 genes
surveyed in the oligonucleotide microarray,
only 58 (0.9%) displayed a greater than two-
fold increase in expression levels as a func-
tion of age, whereas 55 (0.9%) displayed a
greater than twofold decrease in expression.
These findings are in agreement with a dif-
ferential display analysis of gene expression
in tissues of aging mice (13). Thus, the aging
process is unlikely to be due to large, wide-
spread alterations in gene expression.

Functional classes were assigned to genes
displaying the largest alterations in expres-
sion (Table 1). Of the 58 genes that increased
in expression with age, 16% were mediators
of stress responses, including the heat shock
factors Hsp71 and Hsp27, protease Do, and
the DNA damage-inducible gene GADD45
(14). The largest differential expression be-
tween adult and aged animals (a 3.8-fold
induction) was observed for the gene encond-
ing the mitochondrial sarcomeric creatine ki-
nase, a critical target for ROS-induced inac-
tivation (/5).

A consequence of skeletal muscle aging is
loss of motor neurons followed by reinnerva-
tion of muscle fibers by the remaining intact
neuronal units (/6). Genes involved in neuronal
growth accounted for 9% of genes highly in-
duced in 30-month-old animals, including neu-
rotrophin-3 (17), a growth factor induced dur-
ing reinnervation, and synaptic vesicle protein—
2, implicated in neurite extension (/8). PEA3, a
transcriptional factor induced in the response to
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muscle injury and previously shown to be high-
ly expressed in muscle from old rats (/9), was
also induced in aged muscle. We also observed
parallels between our results and data from
fibroblasts undergoing in vitro replicative se-
nescence. For example, HIC-5, a transcriptional
factor induced by oxidative damage, and insu-
lin-like growth factor binding protein, both as-
sociated with in vitro senescence (20), are in-
duced in aged skeletal muscle.

Fifty-five (0.9%) genes displayed a greater
than twofold age-related decrease in expres-
sion. Genes involved in energy metabolism ac-
counted for 13% of these alterations (Table 1).
These include alterations in genes associated
with mitochondrial function and turnover, such
as the adenosine 5'-triphosphate (ATP) syn-
thase A chain and nicotinamide adenine dinu-
cleotide phosphate (NADP) transhydrogenase
genes (both involved in mitochondrial bioener-
getics), the LON protease implicated in mito-
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chondrial biogenesis, and the ERV1 gene in-
volved in mitochondrial DNA (mtDNA) main-
tenance (21). Additionally, a decrease in meta-
bolic activity is suggested through a decline in
the expression of genes involved in glycolysis,
glycogen metabolism, and the glycerophos-
phate shunt (Table 1).

Aging was also characterized by large re-
ductions (twofold or more) in the expression of
biosynthetic enzymes such as squalene syn-
thase (fatty acid and cholesterol synthesis),
stearoyl-coenzyme A (CoA) desaturase (poly-
unsaturated fatty acid synthesis), and EF-1-
gamma (protein synthesis). This suppression
was accompanied by a concerted decrease in
the expression of genes involved in protein
turnover, such as the 208 proteasome subunit,
the 26S proteasome component TBP1, ubig-
uitin-thiolesterase, and the Unp ubiquitin-spe-
cific protease, all of which are involved in the
ubiquitin-proteasome pathway of protein turn-

over (22). The directions of changes in other
functional categories, such as signal transduc-
tion, and transcriptional and growth factors, did
not present a consistent age-related trend.

In order to study the effects of CR on the
gene expression profile of aging, we reduced
caloric intake of C57BL/6 mice to 76% of
that fed to control animals in early adulthood
(2 months of age), and this dietary regimen
was maintained until animals were killed at
30 months. A comparison of 30-month-old
control and CR mice revealed that aging-
related changes in gene expression profiles
were remarkably attenuated by CR. Of the
largest age-associated alterations (twofold or
higher), 29% were completely prevented by
CR and 34% were partially suppressed (Table
1). Of the four major gene classes that dis-
played consistent age-associated alterations,
84% were either completely or partially sup-
pressed by CR. Thus, at the molecular level,

Table 1 (left). Aging-related changes in gene expression in gastrocnemius
muscle. The extent to which caloric restriction prevented age-associated alter-
ations in gene expression is denoted as either C {complete, >90%), N (none), or
partial (20 to 90%, percentage effect indicated). The fold increase shown repre-
sents the average of all nine possible pairwise comparisons among individual
mice determined by means of a specific algorithm (72). GenBank accession
numbers are listed under ORF. A more comprehensive list that includes genes

that did not fit into the six classes can be found at www1.genetics.wisc.edu/
prolla/Prolla_Tableshtml. ~ Table 2 {right). Caloric restriction-induced alter-
ations in gene expression. The data represent a comparison between 30-month-
old CR-fed and controi-fed mice. The gene expression alterations listed in this
Table are diet related and do not include those representing prevention of
age-associated changes (see Table 1). Additional CR-induced changes are posted
at the aforementioned Web site.

i ORF A Age Gene Function CR ORF ACR Gene Function
) (fold) Prevention (fold)
;' Wo08057 T35 Heat Shock 27 kDa Protein Chaperone c 05809  T4.5 Transketoiase Pentose phosphate pathway
i M17790 T35 Serum Amyloid A Isoform 4 Unknown N Wws3351 T4.1 Fructose-bisphosphate Aldolase Glycolysis/Giuconeogenesis
AA114576 T 3.4 Heat Shock 71 kDa Protein Chaperone c AA071776 T 3.5 Glucose-6-Phosphate isomerase Glycolysis/Gluconeogenesis
| Les177 726 GADD45 DNA damage response 7% U34295 T23 Glucose Dependent Insulinotropic Polypeptide Insulin sensitizer
. M74570 124 Aldehyde Dehydrogenase I Aldehyde detoxification 29% Uoisat 123 Peroxisome Proliferator Receptor Gamma insulin sensitizer
b AA059662 T2.2 Protease Do Precursor Protease o] 128116  T2.0 PPAR Delta Peroxisome induction
i l22482  T22 HICS Senescence and differentiation C D42083  T1.9 Fructose 1,6-bisphosphatase Gluconeogenesis
. X99963  T22 rhoB Unknown 87% AA041826 T 1.9 Protein Phosphatase Inhibitor 2 (IPP-2) Inhibition of glycogen
{ X65627 T21 TNZ2 RANA metabolism 64% synthesis
‘ xs72717 718 Rac JNK activator c uU37091  T1.8 Carbonic Anhydrase IV CO, disposal
AA071777 T3.8 Synaptic Vesicle Protein 2 Neurite extension 51% M13366 T 1.8 Glycerophosphate Dehydrogenase Electron transport to
X53257 T 2.5 Neurotrophin-3 Reinnervation of muscle 50% mitochondria
X78197 122 AP-2Beta Neurogenesis N AA119868 T 1.7 Pyruvate Kinase Glycolysis
X89749  T21 mTGIF Difterentiation c AA145829 123 26S Protease Subunit TBP-1 Protein turnover
AA014024 T2.1 Dynactin Transport 55% AA107752 T2.2 Elongation Factor 1-gamma Protein synthesis
X63190 T2.1 PEA3 Aesponse to muscle injury C w53731 121 Signal Recognition Receptor Alpha Subunit  Protein synthesis
AA106112 T3.8 Mitochondrial Sarcomeric ATP generation c U60328 T2.1 Proteasome Activator PA28 Alpha Subunit Protein turnover
Creatine Kinase Xx59990 120 mCyP-S1 (Cyclophilin) Protein folding
AA061886 T2.0 Dihydropyridine-sensitive Calcium channel 67% wo08293 T 1.9 Translocon-Associated Protein Delta Protein translocation
. L-type Calcium Channel W57495 T1.8 60S Ribosomal Protein L23 Protein synthesis
| X13135  T4.7 Fatty Acid Synthase Fatty acid synthesis
i AA061310 | 4.1 Mitochondrial LON Protease Mitochondrial biogenesis [+ X16314 725 Glutamine Synthetase Glutamine synthesis
; ws5037 {29 Alpha Enolase Glycolysis 68% AA137659 T2.4 Cytochrome P450-IIC12 Steroid blosynthesis
i Vo0719 12,6 Alpha-Amylase-1 Carbohydrate metabolism N L32973  T2.0 Thymidyiate Kinase dTTP synthesis
§ M81475 | 2.5 Phosphoprotein Phosphatase Glycogen metabolism o] X56548 12.0 Purine Nucleoside Phosphorylase Purine turnover
5 AA034842 |21 ERV1 mtDNA maintenance 46% AA022083 T 2.0 Huntingtin Unknown
!\ AA106406 12.0 ATP Synthase A Chain ATP synthesis N D76440 T1.9 Necdin Growth suppressor
AA041826 | 2.0 IPP-2 Glycogen metabolism c
i 127842 120 PMP35 Peroxisome assembly 60% AA062328 | 3.4 DnaJ Homolog 2 Chaperone
i 249204 1 2.0 NADP Transhydrogenase Glycerophosphate shunt N X63023 1 1.9 Cytochrome P-450-Il1A Detoxification
( AA071776 | 1.9 Glucose-6-Phosphate Isomerase  Giycolysis C U03283 | 1.8 Cypib1 Cytochrome P450 Detoxification
M13366 | 1.9 Glycerophosphate Dehydrogenase Glycerophosphate shunt [ U14390 | 1.8 Aldehyde Dehydrogenase-3 Detoxification
AA107752 429 EF-1-Gamma Protein synthesis 63% X76850 1 1.8 MAPKAF2 Unknown
: u22031 126 208 Proteasome Subunit Protein turnover 44% D26123 | 1.7 Carbonyl Reductase Detoxification
! AA061604 | 2.2 Ubiquitin Thiolesterase Protein turnover c 14406 1 1.7 Hsp105-heta Chaperone
‘ AA145820 | 2.1 268 Proteasome Component TBP1 Protein turnover C U40930 1 1.5 Oxidative Stress-Induced Protein Unknown
i LO0681 1 2.1 Unp Ubiquitin Specific Protease Protein turnover N Ueess? | 1.8 RADS0 Double strand break repair
¢ U35741 1 2.0 Rhodanese Mitochondrial protein folding o] AA059718 | 1.7 DNA Polymerase Beta Base excision repair
' D83585 | 1.7 Proteasome Z Subunit Protein turnover c w42234 116 XPE Nucleotide excision repair
k D76440 129 Necdin Neuronal growth suppressor  47% D43694 1 1.8 Math-1 Ditferentiation
} X75014 1 2.7 Phox2 Homeodomain Protein Throphic factor 65% D16464 11.7 HES-1 Differentiation
M32240 121 GAS3 Myelin protein 55% W13191 | 1.6 Thyroid Hormone Receptor Aipha-2 Thyroid hormone receptor
M16465 | 3.4 Calpactin | Light Chain Calcium effector C
134611 123 PTHR Calcium homeostasis N I Energy Metabolism B Protein Metabolism I Biosynthesis
AA103356 | 2.2 Caimoduiin Calcium effector N
D29016 | 6.4 Squalene Synthase Cholesterol/fatty acid synthesis 52% B Neuronal Factors I stress Response T DNA Repair
M21285 | 2.1 Stearoyl-CoA Desaturase PUFA synthesis C
u73744 1 2.1 HSP70 Chaperone N

I Energy Metabolism M Protein Metabolism Il siosynthesis

TR Neuronai Factors B Stress Response M Calcium Metabolism
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CR mice appear to be biologically younger
than animals receiving the control diet,
Caloric restriction induced a metabolic
reprogramming characterized by a transcrip-
tional shift toward energy metabolism, in-
creased biosynthesis, and protein turnover
(Table 2). CR resulted in the induction of 51
genes (1.8-fold or higher) as compared with
age-matched animals consuming the control
diet. Nineteen percent of genes in this class
are related to energy metabolism. Modulation
of energy metabolism was evident through
the induction of glucose-6-phosphate isomer-
ase (glycolysis), fructose 1,6-bisphosphatase
(gluconeogenesis), [PP-2 (an inhibitor of gly-
cogen synthesis), and transketolase. Fructose
1,6-bisphosphatase switches the direction of
a key regulatory step in glycolysis toward a
biosynthetic precursor, glucose-6-phosphate.
Remarkably, this same adaptation has been
observed as part of the transcriptional repro-
gramming of Saccharomyces cerevisiae ac-
companying the diauxic switch from anaero-
bic growth to aerobic respiration upon deple-
tion of glucose (23). Transketolase, which
controls the nonoxidative branch of the pen-
tose phosphate pathway, provides NADPH
for biosynthesis and reducing power for sev-
eral antioxidant systems. CR also induced
transcripts associated with fatty acid metab-
olism, such as fatty acid synthase and PPAR-
delta, a mediator of peroxisome proliferation.
Interestingly, CR may act to increase insulin
sensitivity through the induction of glucose-
dependent insulinotropic peptide and PPAR-
gamma, a potent insulin sensitizer (24).
Biosynthetic ability also appears to be
induced in CR mice. CR up-regulated the
expression of glutamine synthase, purine nu-
cleoside phosphorylase (purine turnover),
and thymidylate kinase (dTTP synthesis). Re-
markably, 16% of transcripts highly induced
by CR encode proteins involved in protein
synthesis and turnover, including elongation
factor 1-gamma, proteasome activator PA28,
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translocon-associated protein delta, 60S ribo-
somal protein L23, and the 265 proteasome
subunit TBP-1.

CR was associated with a 1.6-fold or greater
reduction in expression of 57 genes. Of these,
12% were associated with stress responses or
DNA repair pathways, or both (Table 2).
Among the 6347 genes examined, the most
substantial suppression of gene expression by
CR was for a murine DnaJ homolog (3.4-fold),
a pivotal and inducible heat shock factor that
senses and transduces the presence of mis-
folded or damaged proteins in bacteria (25). CR
also lowered the expression of cytochrome
P450 isoforms IIA and Cyplbl (involved in
detoxification), Hsp105 (a heat shock factor),
aldehyde dehydrogenase (an inducible enzyme
involved in detoxification of metabolic by-
products), and an oxidative stress—induced pro-
tein of unknown function. CR reduced the ex-
pression of several DNA repair genes including
XPE (a factor that recognizes multiple DNA
adducts), RAD50 (involved in double-strand
break repair), and DNA polymerase—beta (a
DNA damage-inducible polymerase). We also
find molecular evidence to support a state of
lower basal metabolic rate in CR mice through
lowered expression of the thyroid-hormone re-
ceptor alpha gene (26).

The data presented here provide the first
global assessment of the aging process in
mammals at the molecular level and under-
score the utility of large-scale, parallel gene
expression analysis in the study of complex
biological phenomena. We estimate that the
6347 genes analyzed in this study represent 5
to 10% of the mouse genome. Additional
classes of aging-related genes in skeletal
muscle may be discovered with the develop-
ment of higher density mammalian DNA mi-
croarrays. The observed collection of gene ex-
pression alterations in aging skeletal muscle is
complex, reflecting the presence of myocyte,
neuronal, and vascular components. Although
some of the age-associated alterations in gene

Table 3. Global view of transcriptionat changes induced by aging and caloric restriction.

Aging

Caloric restriction

1 Stress response
Induction of:
Heat shock response
DNA damage-inducible genes
Oxidative stress—inducible genes

{ Energy metabolism
Reduced glycolysis
Mitochondrial dysfunction

T Neuronal injury
Reinnervation
Neurite extension and sprouting

T Protein metabolism
Increased synthesis
Increased turnover

—

Energy metabolism

Up-regulation of gluconeogenesis,
and the pentose phosphate shunt

—

Biosynthesis
Fatty acid synthesis
Nucleotide precursors

| Macromolecular damage
Suppression of:
Inducible heat shock factors
Inducible detoxification systems
inducible DNA repair systems

expression could represent maturational chang-
es, this possibility is unlikely given the fact that
the 5-month-old (adult) mice used in this study
were fully mature animals. Importantly, chang-
es in mRNA levels may not always result in a
parallel alteration in protein levels. However,
the complete or partial prevention of most age-
related alterations by CR suggests that gene
expression profiles can be used to assess the
biological age of mammalian tissues, providing
a tool for evaluating experimental interventions.

Taken as a whole, our results provide evi-
dence that during aging there is an induction of
a stress response as a result of damaged proteins
and other macromolecules. This response en-
sues as the systems required for the turnover of
such molecules decline, perhaps as a result of
an energetic deficit in the cell. In particular, the
observed alterations in transcripts associatec
with energy metabolism and mitochondrial
function may reflect either decreased mitochon-
drial biogenesis or turnover secondary to cumu-
lative ROS-inflicted mitochondrial damage (2),
lending support to the concept that mitochon-
drial dysfunction plays a central role in aging of
postmitotic tissues. The gene expression profile
also suggests that secondary responses to the
aging process in skeletal muscle involve the
activation of neuronal and myogenic responses
to injury.

A summary of global changes induced by
aging, and the contrasting effects of CR, are
shown in Table 3. The transcriptional activation
of stress response genes that process damaged
or misfolded proteins during aging, and the
prevention of this induction by CR, suggest a
central role for protein modifications in aging.
Indeed, aging is characterized by an exponen-
tial increase of oxidatively damaged proteins
(27). Previous analyses of metabolic rates in
CR animals have led to the suggestion that this
life-extending regimen acts through a reduction
in metabolic rate, resulting in a lower produc-
tion of toxic by-products of metabolism (28).
The CR-mediated reduction of mRNAs encod-
ing inducible genes involved in metabolic de-
toxification, DNA repair, and the response to
oxidative stress supports this view, because it
implies lower substrate availability for these
systems. Additionally, our analysis indicates
that CR may cause a metabolic shift toward
increased biosynthesis and macromolecular
turnover. A hormonal trigger for this shift may
be an alteration in the insulin signaling pathway
through increased expression of genes that me-
diate insulin sensitivity, a finding that links our
observations to those obtained through the ge-
netic analysis of aging in the nematode C
elegans (4).
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