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(57) ABSTRACT 

Long term calorie restriction has the bene?t of increasing 
life span. Methods to screen interventions that mimic the 
e?fects of calorie restriction are disclosed. Extensive analysis 
of genes for Which expression is statistically di?ferent 
betWeen control and calorie restricted animals has demon 
strated that speci?c genes are preferentially expressed dur 
ing calorie restriction. Screening for interventions Which 
produce the same expression pro?le Will provide interven 
tions that increase life span. In a ?lrther aspect, it has been 
discovered that test animals on a calorie restricted diet for a 
relatively short time have a similar gene expression pro?le 
to test animals Which have been on a long term calorie 
restricted diet. 
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INTERVENTIONS TO MIMIC THE EFFECTS 
OF CALORIE RESTRICTION 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

This application is a continuation in part of US. appli 
cation Ser. No. 09/471,224, ?led Dec. 23, 1999. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

For years, researchers have attempted to identify biom 
arkers of aging to facilitate the identi?cation of interventions 
that might slow or reverse the aging process. Dietary calorie 
restriction (CR) is the only well-documented method for 
extending life span in homeothermic vertebrates, and is the 
most effective means known for reducing cancer incidence. 
Although many of the physiological consequences of CR 
were described 65 years ago, there is no consensus regarding 
its mode of action. Consequently, there has been no practical 
method of identifying interventions that might mimic such 
calorie-restriction effects. Rather, a researcher would have to 
wait the test animal’s lifetime to determine whether a 
particular intervention impacted life-span and/or cancer 
incidence. 

2. Description of the Related Art 

Mammals seem to share a common set of genes, and yet 
they have widely differing life spans. It is impossible to 
know at present whether the diiferences in life spans are due 
to diiferences in the sequence of speci?c genes, or to 
diiferences in their expression. However, it is clear from 
many years of study in dozens of laboratories that long term 
reduction in dietary calorie consumption (CR) delays most 
age-related physiological changes, and extends life span in 
all species tested, provided malnutrition is avoided 
(Weindruch, et al. The Retardation of Aging and Disease by 
Dietary Restriction (Charles C. Thomas, Spring?eld, Ill., 
1988)). These studies also have shown that CR is the most 
effective means now known for reducing cancer incidence 
and increasing the mean age of onset of age-related diseases 
and tumors in homeothermic vertebrates (Weindruch et al. 
(1982) Science 215: 1415). Thus, it seems clear that life 
spans can be extended through a relatively simple dietary 
regimen. However, there are no studies on the effects of 
short term calorie restriction on metabolism and gene 
expression. 
One report has been published of gene expression pro?l 

ing in muscle (Lee et al. (1999) Science 285: 1390) In these 
studies, many age related changes in muscle gene expression 
appeared to be prevented or reversed by CR. The expression 
pro?les of 6500 genes were compared among old, long-term 
CR and control mice, and young control mice. Some age 
related changes in muscle gene expression appeared to be 
wholly or partially prevented by CR. 

SUMMARY OF THE INVENTION 

The present invention contemplates a method of identi 
fying interventions within a short time frame that mimic the 
effects of calorie restriction. Such interventions will lead to 
increased life span, reduce cancer incidence, and/or increase 
the ago of onset of age-related diseases and tumors. 
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2 
In a preferred embodiment a method of identifying an 

intervention that mimics the effects of caloric restriction in 
cells is disclosed, comprising the steps of: 

obtaining a biological sample; 
exposing said biological sample to an intervention; 
waiting a speci?ed period of time; 
assessing changes in gene expression levels, levels of 
RNA, protein, or protein activity levels related to one 
or more biomarkers of aging; and 

identifying said intervention as one that mimics the effects 
of caloric restriction if one or more changes in said 
levels also occurs in caloric restriction. 

The biological sample may be either in vitro or in vivo. In 
a preferred embodiment, the biological sample comprises 
cells. In a more preferred embodiment, the cells are obtained 
from a mammal. In an even more preferred embodiment, the 
mammal is a mouse. 

In one embodiment, the change in gene expression levels, 
levels of RNA, protein, or protein activity levels corre 
sponds to a change in gene expression for a gene encoding 
a chaperone protein. In a preferred embodiment, the chap 
erone protein is GRP78. 

In one embodiment, said biomarker is apoptosis. In 
another preferred embodiment, said biomarker is aging. In 
another preferred embodiment, said biomarker of aging is a 
production of cancer cells. 

In a preferred embodiment, the changes in said gene 
expression level, levels of RNA, protein, or protein activity 
levels related to one or more biomarkers of aging occur in 

6 weeks or less. In a more preferred embodiment, the 
changes in said gene expression levels, levels of RNA, 
protein, or protein activity levels related to one or more 
biomarkers of aging occur in four weeks or less. In an even 

more preferred embodiment, the changes in said gene 
expression levels, levels of RNA, protein, or protein activity 
levels related to one or more biomarkers of aging occur in 
two weeks or less. In a most preferred embodiment, the 
changes in said gene expression levels, levels of RNA, 
protein, or protein activity levels related to one or more 
biomarkers of aging occur in about two days or less. 

In a one embodiment, changes in gene expression are 
evaluated using a gene chip. In a preferred embodiment, the 
gene chip contains genes for immune system activation. In 
another preferred embodiment, the gene chip contains genes 
for DNA repair. In another preferred embodiment, the gene 
chip contains genes associated with apoptosis. In another 
preferred embodiment, the gene chip contains genes for the 
enteric nervous system. 

In an alternate embodiment, the biological sample is a test 
animal. In a preferred embodiment the disclosed method 
additionally comprises determining changes in said levels in 
a reference animal having identifying characteristics of a 
long-term calorie-restricted animal wherein the reference 
animal has been on a calorie restricted diet for less than 
about 6 weeks and wherein said changes are used in said 
identifying said intervention as one that mimics the effects 
of calorie restriction. In a more preferred embodiment, the 
reference animal has been on a calorie restricted diet for less 
than about 4 weeks. In an even more preferred embodiment, 
the reference animal has been on a calorie restricted diet for 
less than about 2 weeks. 

In a preferred embodiment, the test animal is a mouse. In 
a preferred embodiment, changes in gene expression are 
assessed in the test animal. 
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In a more preferred embodiment, the disclosed method 
further comprises: 

obtaining a gene expression pro?le from a calorie 
restricted reference animal; 

comparing changes in gene expression for the test animal 
to the gene expression pro?le of the calorie-restricted 
reference animal; and 

identifyng said intervention as one that mimics the effects 
of calorie restriction if the gene expression pro?le of 
the test animal is statistically similar to the gene 
expression pro?le of the calorie restricted animal. 

In a more preferred embodiment, the gene expression 
pro?le of the test animal is determined to be statistically 
similar to the gene expression of the calorie restricted animal 
by one-Way ANOVA folloWed by Fisher’s test (P<0.05). 

In another aspect of the invention, a system is disclosed 
for identifying an intervention that mimics the effects of 
calorie restriction in a test animal comprising a test animal 
and a gene chip comprising genes knoWn to have altered 
expression during calorie restriction. In a preferred 
embodiment, the gene chip comprises genes selected from 
the group consisting of genes for immune system activation, 
genes for DNA repair, genes associated With apoptosis and 
genes for the enteric nervous system. 

For purposes of summarizing the invention and the advan 
tages achieved over the prior art, certain objects and advan 
tages of the invention have been described above. Of course, 
it is to be understood that not necessarily all such objects or 
advantages may be achieved in accordance With any par 
ticular embodiment of the invention. Thus, for example, 
those skilled in the art Will recognize that the invention may 
be embodied a carried out in a manner that achieves or 
optimizes one advantage or group of advantages as taught 
herein Without necessarily achieving other objects or advan 
tages as may be taught or suggested herein. 

Further aspects, features and advantages of this invention 
Will become apparent from the detailed description of the 
preferred embodiments Which folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The ?le of this patent contains at least one draWing 
executed in color. Copies of this patent With color draWing 
(s) Will be provided by the Patent and Trademark O?ice 
upon request and payment of the necessary fee. 

These and other feature of this invention Will noW be 
described With reference to the draWings of preferred 
embodiments Which are intended to illustrate and not to limit 
the invention. 

FIG. 1. Effects of feeding on hepatic GRP78 and ERp72 
mRNA. At 0, 1.5, 5 and 12 h folloWing feeding, 5 mice from 
each dietary group Were killed. Their Weights after 24 h of 
fasting Were 229611.49 for CR and 37.1211 .19 g for control 
mice. GRP78 mRNA (A) and ERp72 mRNA (B) from 
control (closed circle) and CR (open circle) mice Were 
quanti?ed using dot-blots. RNA loading and transfer Were 
normalized using data obtained from serial probings for 18S 
ribosomal RNA and S-II mRNA. Similar results Were 
obtained With both control probes. CR and control mice, fed 
once daily for 30 days, Were fasted for 24 hours and killed 
(n=5, 0 time point) or refed and killed at the times speci?ed 
(n=5 for each time point). + represents P<0.01 signi?cance 
of difference betWeen CR and control at each time point. * 
represents P<0.01 signi?cance of difference from the 0 time 
point Within each dietary group. The 0 and 24 hour times 
points are the same data set. 

FIG. 2. The gene and tissue speci?city of the chaperone 
feeding response. A, The domain of chaperone genes 
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4 
responsive to feeding Was determined by quantifying hepatic 
chaperone mRNA abundance using RNA from mice fasted 
for 48 hours (n=6; open bars) or from mice fasted 48 hours, 
refed and killed) 1.5 h later (n=6; ?lled bars). The mRNAs 
Were quanti?ed by dot-blotting and Northern blotting. There 
Was no signi?cant difference in the results obtained With 
either technique. The dot-blotting results are shoWn. B, 
Liver, kidney, and muscle GRP78 mRNA from 24-hour 
fasted mice (n=4), and from 24-hour fasted mice 1.5 hours 
after feeding (n=5). These data Were from different mice 
than used in panel A. The statistical signi?cance of the 
results are indicated (*, P<0.05; **, P<0.01; ***, P<0.001). 

FIG. 3. Effects of CR on hepatic pre-mRNA and GRP78 
mRNA abundance. A, RNase protection of pre-mRNA and 
mRNA in CR and control mice. Hepatic RNA Was puri?ed 
from control and CR mice and hybridized With an RNA 
probe for transcripts spanning the third intron and fourth 
exon boundary of the GRP78 gene. The precursor mRNA 
protected a 223 base region of the probe, labeled GRP78 
pre-mRNA, While the GRP78 mRNA protected a 113 base 
fragment, so labeled in the ?gure. A probe for S-II mRNA 
coding sequences Was included in each reaction as an 
internal control. It protected a 185 base fragment labeled 
S-II mRNA in the ?gure. Lane 1 shoWs the protected 
fragments produced by the GRP78 probe and mouse liver 
RNA. Lane 2 shoWs the fragments produced by the S-II 
probe hybridized to yeast total RNA. Lane 3 shoWs the 
results produced by the S-II probe hybridized to mouse liver 
RNA. Lanes 4, 6, and 8 shoW the results produced by hepatic 
RNA from control mice. Lanes 5, 7, and 9 shoW the results 
With RNA from CR mice. Quanti?cation of the abundance 
of the protected fragments representing the GRP78 mRNA 
(B) and pre-mRNA (C). Studies such as than shoWn above 
Were conducted using hepatic RNA from 6 CR and 6 control 
mice. The intensity of the protected fragments Was quanti 
?ed With a phosphorimager. The intensities of the pre 
mRNA and mRNA fragments Were normalized to the inten 
sity of the protected fragment representing S-II mRNA. 
Statistical signi?cance is indicated as in the legend to FIG. 
2. 

FIG. 4. Effects of feeding on hepatic GRP78 mRNA and 
pre-mRNA abundance. A, RNase protection of probes for 
hepatic GRP78 pre-mRNA and mRNA in mice after 48 
hours of fasting (n=5), or 1.5 h after feeding of 48-hour 
fasted mice (n=5). RNA puri?ed from liver Was hybridized 
either to a probe for primary transcripts containing the exon 
7 and intron 7 boundary of the GRP78 gene Which produced 
a 257 base protected fragment (labeled S-II+GRP78; lanes 
7412), or to a probe for primary transcripts spanning the 
exon 7 and intron 7 boundary, Which protected a 200 
nucleotide fragment (labeled S-II+tGRP78, lanes 13418), as 
indicated in the ?gure. GRP78 mRNA produced a 143 
nucleotide fragment representing GRP78 mRNA, as indi 
cated in the ?gure. Aprobe for S-II mRNA coding sequences 
Was included in each reaction as an internal control. With 
this probe, S-II mRNA protected a 277 nucleotide fragment, 
labeled S-II mRNA in the ?gure. Lane 1, RNA markers. 
Lanes 246, hybridization of the indicated probes With yeast 
tRNA. Lanes 7412, hybridization of the GRP78 and S-II 
probes With RNA from fasted (lanes 749) and refed (lanes 
1(k12) mice. Lanes 13418, hybridization of tGRP78 and 
S-II probes With RNA from fasted (lanes 13415) and refed 
(lanes 16418) mice. Quanti?cation of the abundance of the 
protected fragments representing the GRP78 mRNA(B) and 
pre-mRNA (C). Studies such as those shoWn above Were 
conducted using hepatic RNA from 6 CR and 6 control mice. 
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The intensity of the protected fragments Was quanti?ed and 
normalized as described in FIG. 3 above. Statistical signi? 
cance is indicated as in the legend to FIG. 2. 

FIG. 5. Effects of protein synthesis inhibitors on the 
feeding response of GRP78 (A) and PEPCK (B) mRNA. 
Mice fasted for 48 h Were injected i.p. With vehicle and after 
1 hour injected a second time i.p With vehicle (Refed+Sham; 
n=6). Mice fasted for 48 hours Were injected i.p. With 
vehicle 30 min before and 30 min after feeding (Refed+ 
Sham, n=6). Mice fasted for 48 h Were injected i.p. With 
cycloheximide and after 1 hour injected a second time i.p 
With cycloheximide (Fastest+Cycloheximide; n=6). Mice 
fasted for 48 h Were injected i.p. With cycloheximide 30 min 
before and 30 min after feeding (Refed+Cycloheximide; 
n=6). Mice fasted for 48 h Were injected i.p. With puromycin 
and after 1 hour injected a second time i.p With puromycin 
(Fasted+Puromycin; n=6). Mice fasted for 48 h Were 
injected i.p. With puromycin 30 min before and 30 min after 
feeding (Refed+Puromycin; n=6). GRP78 and PEPCK 
mRNA abundance Were determined using puri?ed hepatic 
RNA. Bars Without common superscripts are signi?cantly 
different (P<0.005). 

FIG. 6. Regulation of the fasting-feeding response by 
insulin, dibutyryl-cAMP, glucagon, and ingestion of mineral 
oil and cellulose. A, Groups of six mice Were fasted for 48 
h and treated as folloWs: Fasted+Sham mice Were injected 
With vehicle and 1 h later vehicle injected a second time; 
Fed+Sham mice Were sham injected With vehicle 30 min 
before and 30 min after feeding; Fed+cAMP mine Were 
injected With dibutyryl-cAMP and theophylline 30 min 
before and 30 min after feeding; Fed+glucagon mice Were 
injected With glucagon 30 min before and 30 min after 
feeding; Fasted Diabetic+Sham mice, previously rendered 
diabetic With STZ, Were vehicle injected and 1 h later 
vehicle injected a second time; Fed Diabetic+Sham, STZ 
diabetic mice Were sham injected With vehicle 30 min before 
and 30 min after feeding; Fed Diabetic+cAMP, diabetic mice 
Were injected With dibutyryl-cAMP and theophylline 30 min 
before and 30 min after feeding. All mice Were killed 1 h 
after their last injection. Total RNA Was isolated from the 
liver and subjected to dot-blot analysis. Bars With no com 
mon superscripts are signi?cantly different (P<0.005). B, 
Effects of mineral oil and cellulose ingestion on liver GRP78 
mRNA abundance. Groups of six mice Were fasted for 48 h 
and treated as folloWs: Fasted, mice Were fasted for 48 h and 
killed; Fed, mice Were fasted for 48 h, fed, and killed 1.5 h 
later; Fasted+cellulose, mice fasted for 48 h Were fed a 
mixture of cellulose and mineral oil, and killed 1.5 h later. 
Signi?cance is indicated as in the legend to FIG. 5. 

FIG. 7. Effects of adrenalectomy and dexamethasone 
administration on the expression and regulation of hepatic 
GRP78 mRNA. Groups of six mice Were fasted for 48 h and 
treated as folloWs: Fasted+Sham, sham-operated mice Were 
injected With vehicle IP 7.5 h and 1.5 h before they Were 
killed; Fed+Sham, sham-operated mice Were injected With 
vehicle IP 6 hours before and 30 min after feeding, and mice 
Were killed 1 h after the last injection; Adx Fasted+Sham, 
adrenalectomized mice Were injected With vehicle IP 7.5 h 
and 1.5 h before they Were killed; Adx Fed+Sham, adrena 
lectomized mice Were injected With vehicle IP 6 hours 
before and 30 min after feeding, and the mice killed 1 h later; 
Adx Fasted+Dex, adrenalectomized mice Were injected IP 
With dexamethasone 7.5 h and 1.5 h before they Were killed; 
Adx Fed+Dex, adrenalectomized mice Were injected IP With 
dexamethasone 6 hours before and 30 min after feeding, and 
killed 1 h later. Signi?cance is indicated as in the legend to 
FIG. 5. 
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FIG. 8. The hepatic gene expression pro?les of old 

control, old CR, young control, and young CR mice. The 
mice Weighed 37.2+1.9 g, 22.8+1.2 g, 26.0+2.8 g, and 
19.4+1.6 g, respectively. The CR groups consumed approxi 
mately 50% feWer calories than their control counterparts 
post-Weaning, as described. Levels of speci?c mRNA Were 
determined using the Mu11KsubA and Mu11KsubB [Gene 
Chip] GeneChip® arrays (Alfymetrix, Santa Clara, Calif.) 
containing targets for approximately 12,000 knoWn mouse 
genes and ESTs. The experiment tree function of Gene 
Spring 3.0 (Silicon Genetic, San Carlos. Calif.) Was utilized 
to display the results. The horizontal axis represents the 
position of each gene assigned by the “gene tree” average 
linkage hierarchical clustering algorithms of the program. 
BeloW the position assigned to each gene is a color-coded 
indication of its relative expression level, based on a con 
tinuous scale. Bright blue indicates no detectable expression, 
purple average expression, and bright red high expression. 
The average expression of each gene in each group is shoWn. 
The GeneSpring “experiment tree” clustering algorithm 
calculated an average-linkage hierarchical clustering den 
drogram of the data for each group of mice, Which is shoWn 
to the left of the expression pro?les. 

FIG. 9. Schematic representation of the hypothesis that 
CR acts by preventing age-related changes in gene expres 
sion. During aging, some genes become over expressed or 
under-expressed relative to their levels in young aninals 
(loWer and upper lines). Unchanged expression With age is 
represented by the horizontal line. These deviations are 
assumed to be deleterious. The important genes effected by 
CR, in this hypothesis, are the over- or under-expressed 
genes returned to youthful levels of expression (arroWs). The 
numbers of genes and ESTs in each category are shoWn at 
the ends of the loWer and upper lines. The number of knoWn 
genes in each category returned to baseline expression by 
LT. and ST-CR are given after the colons. Long-term and 
short-term CR both acted to reverse or prevent 23 of the 
increases and 41 of the decreases. Thus, long-term LT-CR 
actually prevented the increased expression of only 30 genes 
and ESTs and the decreased expression of only 24 genes and 
ESTs. 

FIG. 10. Avenge of pairWise comparison of the global 
gene expression correlation coef?cient for each possible pair 
of mice 

FIG. 11. The hepatic gene expression pro?les of young 
CR, young control and streptozotocin (STZ)-heated mice. 
Levels of speci?c mRNA Were determined using the 
Mu11KsubA and Mu11KsubB[GeneChip] GeneChip® 
arrays (Alfymetrix, Santa Clara, Calif.) containing targets 
for approximately 12,000 knoWn mouse genes and ESTs. 
The experiment tree function of GeneSpring 3.0 (Silicon 
Genetic, San Carlos, Calif.) Was utilized to display the 
results. The horizontal axis represents the position of each 
gene assigned by the “gene tree” average-linkage hierarchi 
cal clustering algorithm of the program. BeloW the position 
assigned to each gene is a color-coded indication of its 
relative expression level, based on a continuous scale. Bright 
blue indicates no detectable expression, purple average 
expression, and bright red high expression. The average 
expression of each gene in each group is shoWn. The 
GeneSpring “experiment tree” clustering algorithm calcu 
lated an average-linkage hierarchical clustering dendrogram 
of the data for each group of mice, Which is shoWn to the left 
of the expression pro?les. 

FIG. 12. Average of pairWise comparison of the global 
gene expression correlation coef?cient for each possible pair 
of mice. 
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FIG. 13. The hepatic gene expression pro?les of old CR, 
old control and aminoguanidine (AG)-treated mice. Levels 
of speci?c mRNA Were determined using the MullKsubA 
and Mul l KsubB[GeneChip] GeneChip® arrays 
(A?fymetrix, Santa Clara, Calif.) containing targets for 
approximately 12,000 knoWn mouse genes and ESTs. The 
experiment tree function of GeneSpring 3.0 (Silicon 
Genetics, San Carlos, Calif.) Was utilized to display the 
results. The horiZontal axis represents the position of each 
gene assigned by the “gene tree” average-linkage hierarchi 
cal clustering algorithm of the program. BeloW the position 
assigned to each gene is a color-coded indication of its 
relative expression level, based on a continuous scale. Bright 
blue indicates no detectable expression, purple average 
expression, and bright red high expression. The average 
expression of each gene in each group is shoWn. The 
GeneSpring “experiment treet” clustering algorithm calcu 
lated an average-linkage hierarchical clustering dendrogram 
of the data for each group of mice, Which is shoWn to the left 
of the expression pro?les. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

While the described embodiment represents the preferred 
embodiment of the present invention, it is to be understood 
that modi?cations Will occur to those skilled in the art 
Without departing from the spirit of the invention. The scope 
of the invention is therefore to be determined solely by the 
appended claims. 

The effects of long term calorie restriction include 
increases in the rate of clearance of serum proteins, includ 
ing glucose damaged serum proteins, from the blood as Well 
as changes in gene expression. For example, long term 
calorie restriction doWn regulates the expression of certain 
chaperone genes, up regulates the expression of certain 
transcription factors and homeobox genes, increases expres 
sion of immune system genes, and increases genes enhanc 
ing genetic stability and apoptosis. These changes in gene 
expression correlate With an increase in apoptosis, reduced 
cancer incidence and increase the turnover of damaged and 
toxic serum proteins, reducing kidney and vascular damage 
With age or diabetes. 

Molecular chaperones assist in the biosynthesis, folding, 
processing, and degradation of proteins. Many of the chap 
erone genes are stress inducible. Subsets of chaperones are 
induced by different physiological stressors. For example, 
the majority of the knoWn endoplasmic chaperones are 
induced by stresses that produce malfolded or improperly 
glycosylated proteins in the ER. This unfolded protein 
response pathWay also may adjust the level of protein 
traf?cking through the ER to the level of ER chaperones. 
Other chaperones, such as the abundant cytoplasmic chap 
erone HSC70 are normally thought of as constitutively 
expressed. The present invention is based in part on the 
?nding that certain chaperone genes are doWn regulated by 
calorie restriction (such regulation is thought to be mediated 
through the insulin and glucagon pathWays). The expression 
of Erp72, Erp57, GRP 170, GRP78, GRP94, HSC70, 
Calnexin, and Calreticulin are particularly affected by calo 
rie restriction. 

The fasting mRNA and protein levels of nearly every ER 
chaperone studied Were found to be signi?cantly and con 
sistently reduced in the livers of CR mice chronically fed a 
loW caloric diet. In the case of GRP78, levels decreased by 
approximately 66%. Further, the reduction in chaperone 
mRNA levels Was proportional to the reduction in calorie 
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consumption. The feWer calories consumed, the loWer the 
level of chaperone mRNA. We subsequently found that 
fasting chaperone mRNA levels changed over the course of 
2 Weeks in response to different levels of chronic calorie 
consumption. The more calories consumed per Week, the 
higher the chaperone levels. Chaperone mRNA levels 
respond more rapidly to calorie consumption. 
mRNA for most ER chaperones, and for the major cyto 

plasmic chaperone, HSC70, are dynamically responsive 
(Within 1.5 h) to each meal, and to the number of calories 
consumed. Features of this induction distinguish it from the 
unfolded protein response. The feeding induction Was 
observed in kidney and muscle tissue, as Well as in the liver. 
Postprandial changes in glucagon, in conjunction With 
insulin, Were found to be the key mediators of this induction. 

Chaperone mRNA abundance responds Within 1.5 h to 
caloric intake. Insulin and glucagon may be important for 
the response. This feeding response is rapid. By 1.5 hours 
after feeding, ER chaperone mRNAs Were at or near their 
maximum level of induction. This feeding-related induction 
is not limited to one strain of mouse or to one species. 
Further, the response is found in tissues other than liver. 
Thus, it is a response Which is generally important to the 
physiology of a variety of cell types in vivo. 

Because many chaperones are relatively stable proteins, 
their protein levels change more sloWly in response to 
caloric intake than their mnRNAs. For example, GRP78 
protein has a half-life of over 24 hours in cultured cells. We 
found that GRP78 protein levels change only over a span of 
several days in response to changes in average daily calorie 
consumption. In this Way, many chaperones may effectively 
integrate the rapid mRNA responses to feeding into longer 
term changes in chaperone protein levels. Long term differ 
ences in average calorie consumption do lead to differences 
in the hepatic levels of both ER and some cytoplasmic 
chaperones. 
RNase protection assays indicate that GRP78 mRNA is 

transcriptionally regulated in response to feeding. Similar 
RNase protection results Were obtained With hepatic RNA 
from chronically CR mice. Thus, both feeding and CR 
transcriptionally alter the expression of the chaperone genes. 

Puromycin led to partial induction of GRP78 mRNA. It is 
unlikely that induction of the mRNA by cycloheximide is 
due to stabiliZation of the transcript by polysome aggrega 
tion. While cycloheximide protects some mRNAs from 
inactivation and degradation in this Way, puromycin does 
not. Rather, it inhibits translation by polysome dissociation. 
Thus, maintenance of loW hepatic GRP78 mRNA levels 
most likely requires the action of an unstable repressor of 
GRP78 gene expression in fasted mice. In the presence of 
inhibitors of translation, this repressor may decay, releasing 
the gene from repression. 

Second, there Was no augmentation of GRP78 mRNA 
induction When feeding and inhibition of translation Were 
combined. While partial induction of the mRNA Was found 
in puromycin treated mice, feeding induced the mRNA to 
the same level found in the absence of the inhibitor. Further, 
cycloheximide induced the mRNA to the same extent. 
Without being bound to any particular mechanism, it is 
suggested that the inhibitors and feeding may induce the 
gene through a common pathWay. 

Third, since feeding fully induced GRP78 mRNA in 
puromycin treated mice, de nova protein synthesis is not 
required for the feeding response. Preexisting signaling and 
regulatory factors mediate the response. Fourth, the feeding 
response cannot result from a postprandial increase in pro 
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tein traf?cking through the ER. Enhanced ER de novo 
protein traf?cking an induce chaperone mRNA. However, 
no such increase could have occurred in the presence of 
puromycin. 

Fifth, the unfolded protein and growth factor responses 
are not involved in the induction of chaperones by feeding. 
Cycloheximide blocks the unfolded protein and groWth 
factor responses. We are aWare of only one manipulation 
besides feeding capable of inducing ER chaperone mRNA in 
the presence of cycloheximide. GRP mRNAs are induced by 
cellular hypoxia in culture, and this induction is independent 
of cycloheximide treatment. Whether the feeding and 
hypoxia response share common molecular pathWays is 
unknoWn at present. 

Feeding is Well-known to decrease glucagon and increase 
insulin levels. Both glucagon and dibutyryl-cAMP blunted 
the feeding induction of GRP78 mRNA. Thus, glucagon is 
a negative regulator of GRP78 expression in vivo. The 
feeding induction of GRP78 mRNA Was signi?cantly 
reduced in STZ-diabetic mice. Without being bound to any 
particular mechanism, this result and the absence of a 
feeding response in STZ-diabetic, dibutyryl-cAMP-treated 
mice indicate that the action of both hormones is required for 
the response. 

Other e?fectors Which are knoWn to respond to feeding 
Were also examined. Luminal stimuli can promote the 
release of gastrointestinal hormones. For this reason, We 
determined Whether luminal ?lling With a non-digestible 
mixture of mineral oil and cellulose could stimulate chap 
erone expression. A small but signi?cant response Was 
found. HoWever, insulin and glucagon have a much stronger 
effect on chaperone mRNAs, indicating they are the signals 
primarily responsible for the feeding response. 

The feeding response Was enhanced in adrenalectomiZed 
mice. These results suggest that other adrenal hormones, 
perhaps catecholamines, may partially blunt the chaperone 
mRNA response to feeding. HoWever, the mechanism by 
Which these hormones stimulate the feeding response is 
unknoWn at present. 

Overall, feeling rapidly and strongly induced the mRNA 
for the major cytoplasmic chaperone, HSC70, and most ER 
chaperones examined. Feeding also induced BR chaperone 
mRNAs in at least three different tissues. Feeding and CR 
regulated chaperone mRNA abundance at the transcriptional 
level. Without being bound to any particular mechanism, 
feeding appeared to release chaperone gene expression from 
the e?fects of an unstable inhibitor. Insulin Was required, and 
glucagon and cAMP mediated the feeding response. Post 
prandial changes in glucagon levels may be the primary 
mediator of the response. Gastrointestinal and adrenal 
hormones, but not glucocorticoids also have a role in the 
feeding response. 

Surprisingly, changes in gene expression are also 
observed With short-term calorie restriction. These changes 
is gene expression are virtually identical to the changes 
observed in long-term CR. Short-term calorie restriction 
occurs When sWitching a mature test animal to a diet Which 
is about 50% less than a control diet for about 2*6 Weeks. 
In a preferred embodiment, the test animal is a mature 
mouse and the mature mouse is sWitched to a calorie 
restricted diet at about 31 months. Preferably, as intermedi 
ate diet Which is about 20*40% less than a control diet is 
employed for about tWo Weeks before sWitching to a CR diet 
for an additional tWo Weeks. 

Both long term and short-term CR produces its profound 
e?fects on mammalian physiology by a?fecting the expres 
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sion of genes. To identify as broadly as possible the effects 
of caloric restriction on global patterns of gene expression, 
gene chip technology Was utiliZed to characteriZe the e?fects 
of long and short term CR on the expression of approxi 
mately 11,000 mouse genes in the liver. 

Liver is an attractive organ for study, since it contains a 
number of cell types, alloWing assessment of the e?fects of 
CR on hepatocytes, Which are primarily responsible for the 
regulation of metabolism and blood sugar, neurons of the 
enteric nervous system, immune system cells in the blood, 
and vascular smooth muscle cells, among others. In liver, by 
far the predominant effect of caloric restriction is the acti 
vation of gene expression. In addition, after only four Weeks 
of caloric restriction, the gene expression pro?le of old 
mature mice had been shifted from the pro?le characteristic 
of fully fed “normo-aging” mice to the gene expression 
pro?le of sloW aging, long term CR mice. In both long and 
short-term CR mice, changes Were observed in gene expres 
sion of immune system genes, genes enhancing genetic 
stability and apoptosis, genes of the enteric nervous system 
and liver speci?c genes. 
The methods of the present invention include the identi 

?cation of interventions that mimic the e?fects of calorie 
restriction. Particularly contemplated by the invention are 
methods of identifying interventions that have as effect on 
life span, aging, and/or the development of age-related 
diseases and cancer. 

In certain embodiments, such methods comprise obtain 
ing cells, exposing them to an intervention, and observing 
Whether the intervention a?fects the gene expression pro?le, 
levels of RNA, protein, or protein activity related to one or 
more biomarkers of aging. Preferably, such changes in gene 
expression, RNA, protein, or protein activity levels Would 
occur Within four Weeks of the intervention. More 
preferably, such changes Would occur Within tWo Weeks of 
the intervention, and most preferably, such changes occur 
Within tWo days of the intervention. Such methods permit 
the identi?cation of pharmacological or other means of 
achieving a metabolic state similar to the pro?le observed 
With long and short-term CR. 

The methods of the present invention include the use of in 
vitro assays (including gene chip assays) as Well as animal 
assays. Preferably, hoWever, the methods are carried out in 
live mammals. For example, transgenic mice having 
enhanced chaperone expression may be used to measure an 
intervention’s ability to reduce cancer, apoptosis, and/or life 
span. Alternatively, the present methods may be used to 
identify interventions that mimic calorie restriction simply 
by measuring the intervention’s ability to alter gene expres 
sion for a particular gene or set of genes in live mammals. 
Such methods alloW identi?cation of effective interventions 
in a short period of time. Interventions identi?ed by the 
methods of the present invention may be pharmacological, 
surgical or otherWise. Combinatorial chemistry may also be 
used in order to screen a large number of pharmacological 
compounds. In general, the interventions identi?ed by the 
present invention should be effective in the treatment of 
cancer, diabetes, age-related diseases and/ or the extension of 
life span. 

While the described embodiment represents the preferred 
embodiment of the present invention, it is to be understood 
that modi?cations Will occur to those skilled in the art 
Without departing from the spirit of the invention. The scope 
of the invention is therefore to be determined solely by the 
appended claims. 

EXAMPLES 

Example 1 

Long Term Calorie Restricted (LTCR) Animals and 
Treatments for Chaperone Studies 

Female, 28-month old mice of the long-lived Fl hybrid 
strain C3Bl0RFl have been described previously. Mice 
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Were weaned at 28 d, housed individually and subjected to 
one of tWo diets. The control diet consisted of casein (high 
protein), 207.0 g/kg, DL-methionine, 4.0 g/kg, dextrose 
monohydrate, 301.8 g/kg, corn starch, 290.0 g/kg, cellulose, 
702. g/kg, breWer’s yeast, 8.0 g/kg, Harlan Teklad Vitamin 
Mix #40060, 10.0 g/kg, Harlan Teklad AlN-76 Mineral Mix 
#170915, 35.0 g/kg, calcium carbonate (CaCO3), 3.0 g/kg, 
magnesium oxide (MgO), 1.0 g/kg, sodium ?uoride (NaF), 
2.3 mg/kg, sodium molybdate (Na2MoO.2H2O), 0.5 mg/kg. 
The 50% restricted diet consisted of casein (high protein), 
362.0 g/kg, DL-methionine, 7.0 g/kg, dextrose 
monohydrate, 172.03 g/kg, corn starch, 153.1 g/kg, 
cellulose, 83.6 g/kg, breWer’s yeast, 14.0 g/kg, Harlan 
Teklad Vitamin Mix #40060, 17.5 g/kg, harlan Teklad AIN 
76 Mineral Mix #170915, 61.25 g/kg, calcium carbonate 
(CaCO3), 5.25 g/kg, magnesium oxide (MgO), 1.75 g/kg, 
sodium ?uoride (NaF), 3.0 mg/kg, sodium molybdate 
(Na2MoO.2H2O), 0.9 mg/kg. From Weaning, control mice 
Were fed 4.8 g of the control diet on Monday through 
Thursday. On Friday they Were fed 13.8 g of control diet. 
This feeding regimen provided 450 kJ/Wk. From Weaning, 
the 50% calorie restricted (CR) mice Were fed 4.6 g of the 
restricted diet on Monday and Wednesday, and 6.9 g on 
Friday. This regimen provided 225 kJ/Wk. Each dietary 
group received approximately equal amounts of protein, 
corn oil, minerals and vitamins per gram body Weight. The 
amount of carbohydrates consumed varied betWeen groups. 
Beginning 30 d before these studies, the control mice Were 
fed 4.1 g (54.44 kJ) control diet daily at 0900 h. The 50% 
restricted mice Were fed 2.3 g of restricted diet (32 kJ) daily 
at 0900 h. During this 30 d period, the control and restricted 
mice received approximately 15% and 50% less dietary 
energy than normally thought to be required for a typical 
mouse {Subcommittee on Laboratory Animal Nutrition & 
Committee on Animal Nutrition 1978 ID: 5480} All food 
Was routinely consumed Within 30 min. 

Retired male SWiss-Webster breeder mice Were purchased 
from Jackson Laboratories. Beginning 30 days before the 
studies, the mice Were fed Monday and Wednesday 11 g and 
Friday 16.6 g of the control diet daily at 0900 h. In 
fasting-feeding studies, mice Were deprived of food for 48 h, 
fed 5.5 g of the control diet at 0900 h, and killed 90 min later. 
The food Was consumed Within 30 min. Diabetes Was 
induced by three Weekly intraperitoneal injections of strep 
toZotocin [10 mg/100 g body Weight (b.W.)] in 50 mM 
sodium citrate, pH 4.5. Mice Were diabetic one Week after 
the last injection. Only mice With blood glucose level higher 
than 3 mg/ml Were used. Mice injected With equivalent 
volumes of sodium citrate served as controls for the STZ 
diabetic mice. AdrenalectomiZed and sham-operated mice 
Were purchased from Jackson Laboratories. Dibutyryl 
cAMP (Sigma; 18 mg. 100 g b.W.), and theophylline (Sigma; 
3 mg/100 g b.W.), glucagon (Sigma; 300 p.g/100 g b.W.), 
dexamethasone (Sigma; 125 ug/100 g b.W), cycloheximide 
(Sigma; 4 mg. 100 g b.W.), and puromycin (Sigma; 10 
mg.100 g b.W.), Were administered intraperitonealy to mice 
as speci?ed in the ?gure legends. Mice received tWo doses 
of each drug or drug combination. The ?rst injection Was 
administered 30 min before feeding, and the second injec 
tion Was administered 30 min after feeding. Mice Were killed 
1.5 h after the start of feeding. Drug-inj ected mice consumed 
similar amounts of food as control animals during the 
feeding period. All animal use protocols Were approved by 
the institutional animal use committee of the University of 
California, Riverside. 

Example 2 

RNA Isolation and Quanti?cation for Chaperone 
Studies 

Mice Were killed and the livers, kidneys, and muscle Were 
removed. Muscle from the hind legs and back Was removed 
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and pooled for each animal. Tissues Were ?ash froZen in 
liquid nitrogen. Approximately 0.2 g of froZen tissue Was 
homogenized for 40 s in 4 ml of TRl Reagent (Molecular 
Research Center, Cincinnati, Ohio) using a Tekmar Tissuem 
iZer (Tekmar, Cincinnait, Ohio) at a setting of 55. RNA Was 
isolated as described by the TRl Reagent supplier. RNA Was 
resuspended in FORMAZol (Molecular Research Center) 
and Northern and dot blots Were performed using 20 and 10 
pg of RNA respectively. The RNA Was analyZed using 
Northern blots to verify its integrity. Dot blots Were used to 
quantify mRNA levels (24; 27). Speci?c mRNA levels Were 
normaliZed to the level of total RNA and/or mRNA present 
in each sample using hybridiZation With radiolabeled 
complementary DNA to 18S rRNA and/or transcription 
factor S-ll, as indicated in the ?gure legends (12; 27). The 
murine ERp72 2.5 kb cDNA Was excised with BamHI from 
pcD72-1 (19). The 1235 bp murine GRP75 coding fragment 
Was excised With Hindlll from pG7Z-PBP1.8 (6). A 1.5 kb 
coding fragment of GRP78 cDNA Was produced by diges 
tion of p3C5 with EcoRI and Pstl (15). A 1.4 kb hamster 
GRP94 coding fragment Was produced by EcoRI and Sa/K 
digestion of p4A3 (15). A 664 bp coding fragment of rat 
calreticulin (nucleotides 148 to 812) Was produced by PCR 
from GT10.U1 (23). The entire 2.4 kb cDNA of murine PDI 
Was excised from pGEM59.4 With Sacl and BamHll (19). A 
1 kb coding fragment of hamster GRP170 cDNA Was 
excised with EcoRI and Xhol from pCRmll (16). The 1.9 kb 
cDNA of murine ERp57 Was excised With Hindlll and Sstl 
from pERp61 (18). The 1 kb cDNA of murine HSC70 Was 
excised With Pstl from phsc1.5 (9). The 1.3 kb PEPCK 
coding fragment Was produced by Sphl folloWed by Sall 
digestions of pGEM5ZEP (a gift from Dr. Ganner D. K. 
Vanderbilt University School of Medicine, Nashville, 
Tenn.). The fragments Were isolated by agarose gel electro 
phoresis and radioactively labeled using a “QuickPrime Kit 
(Pharrnacia) according to the manufacturer’s instructions. 

Example 3 

RNase Protection Assays for Chaperone Studies 

A 223 base pair (bp) DNA fragment made up of 110 bases 
of intron 3 and all 113 bases of exon 4 of the mouse GRP78 
gene Was synthesiZed by PCR using genomic DNA as 
template and inserted into pT7/T3 (Ambion, Austin, Texas). 
TWo probes of the junction region of intron 7 and exon 7 of 
the GRP78 gene Were produced by PCR using mouse 
genomic DNA as template. A 257-base fragment including 
all of exon 7 and the ?rst 113 bases of intron 7 Was produced. 
A 200-base fragment including all of exon 7 and the ?rst 56 
bases of intron 7 also Was produced. The T7 RNA poly 
merase promoter Was ligated to these PCR fragments using 
a Lig’nScribe kit as described by the supplier (Ambion). 
These constructs Were used as template for the synthesis of 
[32P]-labeled antisense RNA probes using a MAXlScript kit 
as described by the supplier (Ambion). RNase protection 
assays Were performed using an RPA H kit as described by 
the supplier (Ambion). HybridiZation of the 257-base RNA 
probe With GRP78 pre-mRNA protected all 257-bases cor 
responding to exon 7 and the ?rst 113 bases of intron 7. 
HybridiZation of the 200-base RNA probe to pre-mRNA 
protected 200-bases corresponding to all of exon 7 and the 
?rst 56 bases of intron 7. HybridiZation of either probe to 
GRP78 mRNA protects the 143-bases complementary to 
exon 7. A 185- and a 277-bp cDNA fragment of S-ll cDNA 
Was synthesiZed and subcloned into pT7/T3 (12). [32P] 
labeled RNA probes for the sense and antisense transcripts 
Were synthesiZed in vitro and RNase protection assays 








































