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ABSTRACT Recent evidence suggests that alterations
in insulin/insulin-like growth factor 1 (IGF1) signaling
(IIS) can increase mammalian life span. For example,
in several mouse mutants, impairment of the growth
hormone (GH)/IGF1 axis increases life span and also
insulin sensitivity. However, the intracellular signaling
route to altered mammalian aging remains unclear. We
therefore measured the life span of mice lacking either
insulin receptor substrate (IRS) 1 or 2, the major
intracellular effectors of the IIS receptors. Our provi-
sional results indicate that female IrsI~/~ mice are
long-lived. Furthermore, they displayed resistance to a
range of age-sensitive markers of aging including skin,
bone, immune, and motor dysfunction. These improve-
ments in health were seen despite mild, lifelong insulin
resistance. Thus, enhanced insulin sensitivity is not a
prerequisite for IIS mutant longevity. IrsI~’~ female
mice also displayed normal anterior pituitary function,
distinguishing them from long-lived somatotrophic axis
mutants. In contrast, Irs2~/~ mice were shortlived,
whereas Irs1*/~ and Irs2*/~ mice of both sexes showed
normal life spans. Our results therefore suggest that
IRS1 signaling is an evolutionarily conserved pathway
regulating mammalian life span and may be a point of
intervention for therapies with the potential to delay
agerelated processes.—Selman, C., Lingard, S.,
Choudhury, A. I., Batterham, A. L., Claret, M., Clements,
M., Ramadani, F., Okkenhaug, K., Schuster, E., Blanc, E.,
Piper, M. D., Al-Qassab, H., Speakman, J. R., Carmignac,
D., Robinson, I. C. A., Thornton, J. M., Gems, D.,
Partridge, L., Withers, D. J. Evidence for lifespan exten-
sion and delayed age-related biomarkers in insulin recep-
tor substrate 1 null mice. FASEB J. 22, 807-818 (2008)
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BIOLOGICAL AGING NOT ONLY LIMITS human life span
but is also the major risk factor for a range of patho-
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logical conditions with significant morbidity and mor-
tality (1). Although aging appears to be stochastic in
nature, involving accumulation of molecular damage
caused by processes such as oxidation or glycation, the
rate of aging is also influenced by genetic variation (2);
there are striking differences in longevity between
animal species, and mutations in single genes can
extend life span in laboratory animals (2).

Although the mechanisms controlling the rate of aging
in mammals remain poorly understood, there is growing
evidence that the insulin/insulin-like growth factor (IGF)
signaling (IIS) pathway is important (2, 3). This pathway
has long been known to play pleiotropic roles in the
development, growth, reproduction, stress resistance, and
metabolism of multicellular animals (3). More recently it
has been found to regulate adult life span in the nema-
tode worm Caenorhabditis elegans and the fruit fly Drosophila
(2,4, 5). Evidence is mounting that it also does so in mice,
in which heterozygote deletion of the Igfl receptor (IgfIr)
extends female life span by 25% (6), although others have
criticized this study for the short life span in the control
animals (7, 8). In addition, FIRKO mice, which lack the
insulin receptor (Insr) in adipose tissue, display an 18%
life span extension (9), although the mechanisms of life
span extension in this model are uncertain. Modulation
of IIS may also be the mechanism by which life span
is extended in Propldf; Pit1™, and Ghrh/** mice and
mice lacking the growth hormone (GH) receptor
(10-13), all of which have reduced function of the
somatotropic axis and markedly decreased plasma
IGF1 levels, but these models have additional endo-
crine abnormalities.

In C. elegans and Drosophila, aging is controlled by
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activity of the insulin/IGF1 receptor, via the insulin
receptor substrate (IRS)/phosphoinositide 3-hydroxy
(PI3) kinase/forkhead transcription factor pathway (14,
15). However, in mammals, the situation is far more
complex owing to greater signaling diversity with distinct
insulin and Igfl receptors and multiple IRS proteins, P13
kinase signaling components, and forkhead proteins (16).
Which of the postreceptor signaling molecules are the key
regulators of life span remains unclear.

A further complication is that several mutations of
IIS are clearly harmful. In C. elegans and Drosophila,
certain mutations can result in developmental lethality,
whereas others reduce adult life span, suggesting that
moderate or specific alterations in pathway activity may
be needed to extend life span (4). Similarly, severe
global reduction of IGFIR and INSR function in hu-
mans or mice or deletion of Insrin selected tissues in
mice can result in perinatal lethality, severe insulin
resistance and type II diabetes, hyperlipidemia, liver
dysfunction, and obesity (17-23). Thus, it seems likely
that extension of the mammalian life span will only
result from reductions of IIS of the right degree,
involving the right intracellular signaling elements and
in the right tissues (24). Furthermore, in view of the
adverse effects of some IIS mutations, it is important to
determine whether extension of life span is accompa-
nied by an improvement in health during aging, an
issue not addressed in the two mouse studies of IIS and
life span thus far reported (6, 9).

Previously we have shown that deletion of chico, the
single Drosophila IRS protein, extends life span by up to
~50% (4). To address the role of postIIS receptor
signaling in the regulation of mammal life span and
age-related pathology, we therefore examined longevity in
mice mutant for either IrsI or Irs2, the two major mam-
malian IRS proteins, and subsequently assessed metabo-
lism and measures of age-sensitive markers of aging.

MATERIALS AND METHODS
Reagents

All reagents were obtained from Sigma-Aldrich (St. Louis,
MO, USA) unless stated otherwise.

Mouse models and husbandry

The generation and genotyping of IrsI and Irs2 mutant mice
have been described previously (25, 26). Isl /~, Is2 /™,
IsI™/~, Is2"/~, and wild-type (WT) control littermate mice for
each line were generated from heterozygote breeding pairs for
either Irsl or Irs2 strains (25, 26). All mouse strains were
maintained on a C57BL/6 background after 10 backcrosses.

Longevity study

Mice were maintained at ~22°C under a 12-h light/dark cycle
(lights on from 7:00 AM-7:00 PM). Mice were housed in
groups of three to eight same-sex littermates under specific
pathogen-free conditions within individually ventilated cages
(Techniplast UK Ltd, Kettering, Northamptonshire, UK).
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Mice were maintained in the same room for the duration of
the study, and no additional animals were brought into this
room; therefore, the colony was effectively kept under closed
barrier conditions. Sentinel animals were screened every 3
months for pathogenic bacteria, viruses, and parasites, with
all test results being negative throughout this study. Mice had
ad libitum access to normal chow [2018 Teklad Global (5% fat,
18% protein, 57% carbohydrate, and 20% other compo-
nents) Rodent Diet; Harlan Teklad, Bicester, Oxfordshire,
UK] and water. Mice were monitored daily and weighed
monthly, but otherwise were left undisturbed until they died
naturally. If death appeared imminent, mice were weighed,
examined for macroscopic pathological changes, and pheno-
typically assessed according to UK Home Office License
Guidelines for animal welfare, and, if deemed necessary,
individual mice were euthanized and this was considered the
date of death. Of all the mice that died, 11% were euthanized,
and the reminder died spontaneously. There were no signif-
icant differences in the proportions of each mode of death
across the genotypes. When a sole surviving female mouse
from each strain remained within a cage, this mouse was
placed in an adjacent cage of female mice of the same strain.
Sole surviving male mice within a cage were provided with a
female companion not associated with this study. Kaplan-
Meier survival curves were constructed using the known birth
and death dates of each individual mouse, and the log-rank
test was used to evaluate statistical differences between
groups. Maximum life span was calculated as the mean age of
the oldest 20% of mice from each genotype. Survival was
assessed from a total of 81 female (46 IrsI™/~, 14 IrsI”/~, and
21 Irs1*/") and 124 male (79 Irs1*/~, 10 Irs1”/~, and 35
IsI™/*) Irsl mice, with 8 IrsI male mice (3 IrsI™/~, 3
Irs]”/~, and 2 IsI"™/") remaining alive at the time of this
report and used in the analysis as censored observations. A
total of 104 female (60 Is2"/~, 14 Irs2/~, and 30 Irs2" /") and
62 male (27 Irs27/~, 14 Irs2~/~, and 21 Is2*/ ") Irs2 mice were
used to generate the Irs2 survival analysis, with 1 female
(Irs27/") and 2 male (rs2"/7) mice remaining alive and
censored. All procedures were performed in accordance with
the 1986 UK Home Office Animal Procedures Act and Univer-
sity College London, UK, Animal Ethical Committee guidelines.

Metabolic studies and analysis of food intake

For phenotyping studies, two separate cohorts of female
IrsI~/~ mice and control littermates were generated from the
same breeding pairs used in the longevity studies but not
included in the longevity analysis. These mice were studied at
450 and 700 days of age. Blood samples were collected from
mice via tail vein bleeds or from cardiac puncture on termi-
nally anesthetized mice. Blood glucose was measured using a
Glucometer Elite (Bayer Corporation, Tarrytown, NY, USA).
Glucose, insulin, and IGF1 tolerance tests were performed on
mice as described previously (25, 26). Fasting plasma insulin
and leptin levels were determined with ELISAs (Linco Re-
search, St. Charles, MO, USA) after an overnight fast. For
food intake studies, mice were housed singly and allowed to
acclimatize for 1 week before food intake was measured. Food
intake and body mass were determined over 14 consecutive
days. Resting metabolic rate (RMR) and core body tempera-
ture, measured using a rectal probe (Digitron Instrumenta-
tion Ltd., Torquay, Devon, UK), were determined as de-
scribed previously (27). Individual mice from these additional
cohorts were killed at either 450 or 700 days of age for further
hormonal, anatomical, and gene expression analyses.

Pituitary hormone and plasma IGF1 assays

Pituitary glands were dissected and homogenized in 1 ml of
phosphate-buffered saline. Aliquots were taken for assay of
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GH, prolactin, luteinizing hormone (LH), and thyroid-stim-
ulating hormone (TSH) using specific reagents kindly pro-
vided by Dr. A. L. Parlow and by the National Institute of
Diabetes and Digestive and Kidney Diseases, National Insti-
tutes of Health, Bethesda, MD, USA (28). For IGF1 assays,
plasma samples were extracted with acid/alcohol for 30 min
at room temperature and then centrifuged. IGF1 was mea-
sured by radioimmunoassay using rat IGF1 (Diagnostic Ser-
vice Laboratories Inc., Webster, TX, USA) as standard and for
Iodogen labeling and goat anti-rat IGF1 antibody (Diagnostic
Service Laboratories Inc.).

Pancreatic immunocytochemistry and measurement of
B-cell mass

Pancreases were removed, cleared of fat and lymph nodes,
fixed in Bouin’s solution, embedded in paraffin, and cut into
5-um sections. Insulin staining and morphometric analysis
were performed as described previously (27).

Real-time polymerase chain reaction (PCR)

Real-time PCR was performed as described previously using
FAM/TAMRA primers from Applied Biosystems (Foster City,
CA, USA) (27, 29). Analysis was performed using the standard
curve method with results expressed relative to Gapdh. We
used a general linear model (GLM) to examine the effects of
genotype, age, and presence/absence of a genotype X age
interaction for real time-PCR data. Primer sets used were:

Cat MmO00437992_m1, Cdkn2a/p16INK4a Mm00494449_m]1,
Cyp2d22 MmO00530542_m1, Erce8§ Mm00522563_m]1,
Fmol MmO00515795_m1, Foxol Mm00518465_m1,
Gadd45b MmO00435123_m1, Gapdh Mm99999915_g1,
Gnmt Mm00494689_m1, Gsta4 Mm00494803_m]1,

Hspbl Mm00834384_g1, Igfbpl Mm00833447_m1,
Matla Mm00522563_m1, Irs2 (MIRS 396412),

Mfnl Mm00612599_m1, Nox4 Mm00479246_m1,

Nrf1 Mm00447996_m1, Pbef1/Visfatin Mm00451938_m1,
PgclaMmO00731216_s1, Ppara Mm00440939_m1,

Sirt1 MmO01168521_m1, Sod2 Mm00449726_m]1,

and Tfam Mm00447485_m1.

Generation, normalization, and analysis of microarray data

For the liver mRNA extraction, samples from female IrsI™/~
mice and control littermates were homogenized on ice using a
Positron homogenizer in TRIzol reagent (Invitrogen Ltd, Pais-
ley, UK), followed by purification using RNeasy columns
(http://wwwl.qgiagen.com; Qiagen Ltd, Crawley, UK;). RNA
quality and concentration were determined using an Agilent
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
Changes in transcript abundance were measured using mouse
whole genome oligonucleotide microarrays (Mouse Genome
430 2.0 Array; Affymetrix UK Ltd., High Wycombe, UK), with all
protocols undertaken at the Institute of Child Health (ICH)
Gene Microarray Centre, University College London (London,
UK). A total of four biological replicates were used. The cRNA
probe generation, washing, labeling, and scanning followed
Affymetrix and ICH Gene Microarray Centre standard proto-
cols. Raw image files were converted to probe-level data files
(.cel files). Analysis of microarray data was limited to probesets
with present transcripts (30), and the data were normalized with
GCRMA at the probe level (30) and loess at the probeset level
using functions available in BioConductor in R (http://www.
R-project.org) (31). Cyber-T (32) was used to generate P values
for identification of significantly differentially expressed probe-
sets. All probesets were aligned to Ensembl genes (33), and only
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unique probeset-to-gene alignments were used for further anal-
ysis. Functional annotation was taken from Ensembl (33).

Identification of regulated pathways from microarray data

To identify Gene Ontology (GO) (84) terms and functional
annotation based on Interpro protein domains (35), we used
Catmap (36) on gene lists based on ranks of Cyber-T statistics.
The method uses a Wilcoxon rank-sum test to identify regu-
lated categories.

Measurement of T cell surface marker expression

Venous blood from mice of the indicated ages and genotypes
was analyzed for the naive/memory CD4 and CD8 T cell
subsets by flow cytometry using the following antibodies: CD4
(GK1.5; eBiosciences, London, UK) CD8a (53-6.6; BD
PharMingen, Oxford, UK), CD44 (IM7; eBiosciences), and
CD45RB (C363.16A; eBiosciences). Cells were acquired with
a BD Biosciences LSR II instrument and analyzed using the
FlowJo (Tree Star, Ashland, OR, USA) software package.

Computed tomography (CT) scanning

Formalin-fixed femurs were scanned using a Skyscan 1072 X-ray
Microtomograph (SkyScan, Kontich, Belgium). Images were
obtained with a rotation step of 0.67° between each image and
were then reconstructed to give a stack of two-dimensional
images, using NRecon (version 1.4.4; SkyScan). Three-dimen-
sional modeling and analysis were then performed using CTAn
software (version 1.5.0.2; SkyScan). The following bone morpho-
metric parameters were obtained: percent cancellous bone
volume, trabecular number, and trabecular separation.

Rotarod assay

Mice were placed on the Rotarod (RotaRod type 7650; Ugo
Basile, Comerio, Italy) as it was rotating at 20 rpm. After 100 s
the rate of revolution was increased and reached a maximum
of 36 rpm within 90 s. The length of time that each animal
spent on the rod was measured, with a cutoff time of 5 min.
The test was performed three times for each animal with at
least 15 min between each test.

Statistical methods

All statistical analyses were performed with Minitab (version
13; Minitab Ltd., Coventry, UK) and GraphPad Prism (ver-
sion 4; GraphPad, San Diego, CA, USA) software, using
unpaired ¢ test, one-way analysis of variance, or a GLM.
Results are reported as means = Sk except where indicated.
P < 0.05 was regarded as statistically significant.

RESULTS
Deletion of Irsl but not Irs2 extends life span in mice

Log-rank testing was used to evaluate differences in life
span in WT, heterozygote (+/—), and null (—/—) Irsl
and Irs2 mice. By using the data for both sexes combined,
median life span in /sI”/~ mice was significantly in-
creased by 140 days (from 760 to 900 days) or 18% relative
to that of WT mice (log-rank test, x?=14.5, P<0.0001)
(Fig. SI; Tables S1 and S2). Analysis of each sex separately
showed that the median life span in female frsI”/~ mice
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was significantly increased, by 233 days (from 738 to 971
days) or 32% relative to that of WT mice (log-rank test,
x*=12.5, P<0.001) and was also greater than in female
IrsI™/~ mice (x*=5.4, P<0.05) (Fig. 14; Tables S1 and
S2). However, deletion of IrsI in male mice had no
significant effect on life span compared with that for WT
or IrsI™/~ mice (P>0.05, Fig. 1B; Tables S1 and S2),
possibly explained by the lower numbers of male s~/
mice used in this study. In both female and male Irs2~/~
mice, life span was significantly reduced compared with
that for WT controls (x?*=14.1, P<0.001 and x*=43.1,
P<0.0001 for females and males, respectively) (Fig. 1C, D;
Tables SI and S2). No change in life span was seen in
either female or male mice heterozygous for either IrsI or
Irs2 compared with WT controls (Tables SI and S2). In
summary, deletion of Irs] increased longevity in females

but not in males, whereas homozygous deletion of Irs2
significantly shortened life span in females and particu-
larly in males, consistent with the progressive and sexually
dimorphic diabetic phenotype seen in this strain.

Long-lived female IrsI~/~ mice show delayed
age-sensitive markers of aging

Female IrsI”/~ mice appeared healthier than WT
animals at older ages and had younger looking fur and
skin. Dermatitis, often ulcerative, occurs in old
C57BL/6 mice, and its incidence is significantly re-
duced by caloric restriction (CR) (37). Our female
IrsI”’~ mice were fully resistant to this pathological
change, whereas WT mice showed rates similar to those
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Figure 1. Female Irs~/~ mice have increased life span. Kaplan-Meier

survival curves are shown for WT, heterozygote (*/7), and null

(~/7) mice for the female IrsI strain (A), the male IrsI strain (B), the female Irs2strain (C), and the male Irs2strain (D), with Pvalues
calculated using the logrank test. A significant extension in median life span was observed in IrsI~/~ female mice compared with WT
and +/— mice (x*=10.86, P<0.01), but differences between genotypes in male /frsI mice did not reach significance (x*=1.07,
P>0.05). In Irs2 mice, a significant difference in median life span was observed between WT, +/—, and —/— mice in both female
(x?=29.85, P<0.0001) and male mice (x?=78.23, P<0.0001). Survival was assessed from 81 female (46 IrsI*/~, 14 IrsI~/~, and 21
IrsI™/*) and 124 male (79 Irs1"/~, 10 IrsI~/~, and 35 IrsI™/ ™) IrsI mice. Eight /rsI male mice (3 IrsI™ =, 8 Is1™/~,and 2 IsI*/™)
were alive at the time of this report and used in the analysis as censored observations; 104 female (60 Irs2*/~, 14 Is2~/~, and 30
Irs27/ 7y and 62 male (27 Irs27/~, 14 Is2~/~, and 21 Irs27/ ") Irs2mice were used, with 1 female (1 /rs2*/*) and 2 male (2 Irs2™/ ™)
alive and censored. Red mdlcates null mice; green indicates heterozygote mice, and blue indicates WT mice in all cases.
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Figure 2. Delayed biomarkers of aging in female /rs/~/~ mice. A, B) Rotarod assays were performed with 450- and 80-day-old
female WT and IrsI~/~ mice. Results presented are the mean length of time spent on the Rotarod (three trials per animal; n=>5
per genotype). C, D) T cell subset analysis for naive (CD4N and CD8N) and memory (CD4M and CD8M) subsets in 450-day-old
(C) and 700-day-old (D) female WT and IrsI/~ mice (n=6 per genotype). E, F, G) Micro-CT analysis of femurs from 450- and
700-day-old female WT and IrsI”/~ mice. Percent cancellous bone volume (FE), trabecular number (F), and trabecular
separation (G) were determined (n=4 per genotype). Results are means * sg. ¥P < 0.05; **P < 0.01; ***P < 0.001.

seen previously (37) [incidence of dermatitis: 7 of 21
(33%) female WT and 0 of 14 (0%) female Irsl~/~
mice]. Using Rotarod assays to examine effects on
age-related changes in motor coordination, we ob-
served that at 450 days of age, older female IrsI™/~
mice performed better than WT littermates (Fig. 24).

LIFESPAN EXTENSION IN IRST NULL MICE

This difference was not apparent at younger ages,
suggesting that improved performance was due to a
delayed age-related decline in motor/neurological
function and not the dwarf phenotype (Fig. 2B). We
also examined age-related changes in immune func-
tion, which include an increase in memory T cells and
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a reduction in naive T cells (38). Such alterations have
been shown to predict longevity phenotypes in mice
(39). At both 450 and 700 days of age, female Irsl™/~
mice had significantly fewer memory and more naive T
cells, and these differences were more pronounced in
the older cohort (Fig. 2C, D). In C57BL/6 mice,
cancellous bone volume decreases markedly between 6
wk and 2 yr of age (40). Micro-CT scanning of femurs
from 450- and 700-day-old animals demonstrated in-
creased cancellous bone volume with increased trabecular
numbers and reduced trabecular separation in female
IrsI”/~ mice compared with WT mice (Fig. 2E-G) despite
the observation that young /rsI~/~ mice have osteopenia
(41). Therefore, IrsI~/~ female mice showed improved
health and delayed aging biomarkers compared with
control animals at later ages across a range of indices.
We did not detect dermatitis in male IrsI~/~ mice
[incidence of dermatitis: 7 of 35 (18%) in male WT and
0 of 10 (0%) in male IrsI~/~ mice]. Examination of T
cell profiles in 450-day-old male IrsI~/~ mice revealed
a reduced proportion of memory cells and increased
numbers of naive cells compared with aged control
animals (Fig. SI). Therefore, although we did not
demonstrate life span extension in male IrsI~/~ mice
most likely due to the small numbers of mice studied,
these animals also show delayed aging biomarkers.

Female IrsI~/~ mice have persistent insulin resistance
with preserved [3-cell mass

Lowered fasting insulin and glucose levels have been
reported during CR and in Propl ® P14, Ghrin™, and
GH receptor null mice (7, 8, 42). FIRKO mice also
display both reduced insulin levels and resistance to
age-related loss of glucose homeostasis (9). These find-
ings suggest that improved insulin sensitivity might
extend life span in these animals. Young (80-day-old)
female C57BL/6 Irs1~/~ mice displayed normal fasting
glucose levels, mildly impaired glucose tolerance, and
mild hyperinsulinemia (data not shown), consistent
with our previous studies on a mixed 129Sv/C57BL/6
background (25, 26). Between 450 and 700 days, there
was deterioration in glucose homeostasis in WT but not
in IrsI~/~ mice (Fig. 34-C). Irs1~/~ mice at 450 days of
age were hyperinsulinemic and were insulin resistant,
as shown by insulin tolerance testing (Fig. 3D, E). In
700-day-old IrsI /7 mice, insulin levels remained
mildly elevated and increased (-cell mass was main-
tained compared with that in control mice, consistent
with lifelong insulin resistance (Fig. 3D F). These data
demonstrate that improved insulin sensitivity is not a
requirement for increased life span in IIS mutants.

Female IrsI~/~ mice do not have a pituitary
endocrine phenotype

IrsI”/~ mice, like long-lived pituitary dwarf mice, show
reduced body mass (Fig. 44). However, levels of pitu-
itary GH, TSH, LH, and prolactin in female Irsl™/~
mice did not differ from those of controls at any age
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(Fig. 4B; Fig. S2; data not shown); thus, unlike pituitary
dwarf mice, these mice show no pituitary endocrine
defects (7). In the pituitary dwarf mice and GH recep-
tor null mice, reduced GH levels or action results in
IGF1 deficiency (7). In contrast, and consistent with the
preservation of GH function, circulating total IGF1
levels in female IrsI~/~ mice were the same as those in
WT mice at all ages (Fig. 4C). However, glucose clear-
ance in response to IGF1 in 450-day-old female Irs1~/~
mice was impaired, indicating IGF1 resistance (Fig. 4D)

Female IrsI~/~ mice are not calorically restricted but
have reduced fat mass

CR extends life span in a range of organisms (42). Daily
food intake was not reduced in female IrsI~/~ mice
and, in fact, when adjusted for body weight, exceeded
that of controls by 30% (Fig. 4E, F). However, by using
a GLM with food intake as the dependent variable,
genotype as a fixed factor, and body mass as a covariate
no significant effect of genotype on food intake was
observed (GLM, genotype effect: = 1.555, P = 0.226;
body mass effect: F'= 0.567, P = 0.459). Although CR in
mammals reduces core body temperature, rectal core
body temperature was slightly elevated in female
IrsI”/~ mice and significantly elevated at 450 days of
age (Fig. 4G). However, indirect calorimetry revealed
that at 450 and 700 days of age, mass-adjusted RMR was
the same as that in female IrsI~/~ mice and WT
animals (Fig. S1). Together, these findings imply that
altered pituitary function, IGF1 levels, food intake,
reduced core body temperature (43), and energy ex-
penditure do not underlie the longevity phenotype in
female IrsI”/~ mice. However, like mice under CR,
IrsI”/~ mice displayed reduced fat mass throughout
life (Fig. 4H). Relative to body weight, this reduction in
fat mass was nonsignificant in 450-day-old animals but
became significant at 700 days (Fig. 4/). This lower
adiposity was reflected in reduced plasma leptin levels
at both ages (Fig. S2).

Differential gene expression in the livers of female
IrsI”’~ and WT mice

To further explore possible mechanisms underlying
the increased life span in IrsI”/~ female mice, we
undertook candidate mRNA expression analysis using
liver tissue to permit comparison with similar data
generated from other long-lived mutant mice and from
mice under CR. In female Irs1~/~ and WT mice at 80,
450, and 700 days of age, there was evidence of alter-
ations in expression of genes involved in oxidative
stress, detoxification, DNA repair, and the response to
genotoxic stress. An age-dependent reduction in cata-
lase (Cat) expression was seen in WT mice by 700 days
of age, whereas expression did not decline in female
IrsI”’~ mice (Supplemental Fig. S3). Expression of
glutathione Stransferase a4 (Gstad) was elevated in
young IrsI~/~ mice and declined with age in animals of
both genotypes (Supplemental Fig. S3). Expression of
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Figure 3. Female IrsI”/~ mice display persistent insulin resistance but preserved B-cell mass and have altered expression of
candidate longevity assurance genes. A) Fed blood glucose levels in 450- and 700-day-old female WT and Irs/~/~mice (n=6-8
per genotype). B, C) Glucose tolerance tests in 450-day-old (B) and 700-day-old (C) female WT and Irs/~ /" mice (n=6-8 per
genotype). D) Fasting insulin levels in 450- and 700-day-old female WT and IrsI~/~ mice (n=6 per genotype). E) Insulin
tolerance tests in 450-day-old female WT and IrsI~/~ mice (results are expressed as % glucose level at the beginning of the test;
n=6 per genotype). F) B-cell area in 700-day-old female WT and IrsI~/~ mice (results are expressed as a percentage of
pancreatic area; n=4 per genotype). Results are means * sg. ¥P < 0.05; **P < 0.01; ***P < 0.001.

excision repair cross-complementing rodent repair de-
ficiency complementation group 8 (Erec8), the Cock-
ayne syndrome type A gene product, was elevated at all
ages in IrsI”/~ mice (Supplemental Fig. S3). A similar
trend in expression values was seen with growth arrest
and DNA damage inducible, $ (Gadd45b) with the
IrsI”/~ mice showing increased expression (Supple-
mental Fig. S3). In contrast, there were no significant
differences in mRNA levels for Foxol, Igfop2, Irs2,
PBEF1/visfatin, Pgcla, Sirtl, Nox4, Sod2, Cyp2d22, Gnmt,
Cdkn2a, Matla, Hspbl, or Nrfl (data not shown).

We then compared gene expression in the livers of
female IrsI”/~ and WT mice at 80 and 450 days of age
using whole genome oligonucleotide arrays. Expression
values, biologically annotated using GO and Interpro,
were analyzed using Catmap (36) to identify alter-
ations, at the level of biochemical and cellular pro-
cesses, between the two genotypes at both ages. The
majority of the common up-regulated gene classes were
associated with energy metabolism including GO cate-
gories carbohydrate metabolism, oxidative phosphory-
lation, and tricarboxylic acid cycle (Table 1). The

LIFESPAN EXTENSION IN IRST NULL MICE

Interpro classes flavin-containing monooxygenases 1
and 5 were up-regulated (Table 1). GO categories
down-regulated in 80- and 450-day-old female IrsI™/~
mice included immune response and the related anti-
gen processing and serine esterase activity (Table 1).

DISCUSSION

Our findings provide new insights into the specific
intracellular signaling pathways that mediate the effects
of IIS on life span in mammals. Our data suggest that
deletion of IrsI but not Irs2 extends life span in female
mice. Taken together with data from other long-lived
mouse models, these findings are consistent with lon-
gevity control via an endocrine-signaling axis involvin-
gIGF1, IGF1R, and IRS1. Male and female Irs2™/ " mice
are short-lived because of their diabetic phenotype and
neither mouse heterozygote for Irs1, consistent with the
preliminary observations of others (44), nor for Irs2
shows increased life span. Thus, IRS1 and IRS2 are
likely to be differentially coupled to upstream and
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Figure 4. Female IrsI~/~ mice have reduced body weight but have normal pituitary endocrine function and are not calorically
restricted. A) Growth curves in female Irs/~’~ and WT mice (n=12 per genotype; P<0.01 at all data points between WT and
IrsI™/~ mice). B) GH levels at 450 and 700 days of age in female WT and IrsI"/~ mice (n=4-6 per genotype). C) Serum total
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(n=12 per genotype). F) Food intake per gram of body weight in 450-day-old WT and FrsI 7~ mice (n=12 per genotype). G)
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0.01; #**P < 0.001; N.S., not significant.

downstream signaling elements with IRS1 acting in
different tissues and cell types and on different down-
stream regulated genes to control longevity.

Our studies also show for the first time that specific
manipulation of IIS signaling components results in
resistance to a number of age-related biomarkers. Fe-
male IrsI~/~ mice displayed better motor control,
coordination, and balance than wild-type mice at 450
days of age, as demonstrated by improved performance
in the Rotarod test. Aging also leads to a progressive

814  Vol. 22 March 2008

The FASEB Journal

deterioration in immune function in both mice and
humans (45). In humans, immune senescence poten-
tially leads to an increased risk of infection in the
elderly population (45). T cell subset analysis in female
Irs1”/~ mice revealed a reduced proportion of memory
cells and increased numbers of naive cells compared to
those in aged control animals. These results also sup-
port the view that T cell subsets can provide robust
biomarkers of aging (38). In addition, female IrsI~/~
mice were completely resistant to age-related dermati-
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TABLE 1. Process-level conservation of hepatic transcriptional responses between 80- and 450-day-old female Irs1~"~ mice compared with

age-matched WT controls

Category

Catmap P value

80-day Irs1 7/~ 450-day Irs1~/~

Up-regulated GO categories
Biological process

GO:0006091 Generation of precursor metabolites and energy
GO:0006092 Main pathways of carbohydrate metabolic process

GO:0045333 Cellular respiration
GO:0009060 Aerobic respiration
GO:0006119 Oxidative phosphorylation
GO:0042773 ATP synthesis coupled electron transport
GO:0046356 Acetyl CoA catabolic process
GO:0006099 Tricarboxylic acid cycle
GO:0009109 Coenzyme catabolic process
GO:0051187 Cofactor catabolic process
GO:0006084 Acetyl CoA metabolic process
Cellular component
GO:0031975 Envelope
GO:0044422 Organelle part
G0:0005739 Mitochondrion
GO:0044429 Mitochondrial part
GO:0005740 Mitochondrial envelope
G0:0005743 Mitochondrial inner membrane
GO:0019866 Organelle inner membrane
G0O:0031966 Mitochondrial membrane
GO:0005746 Mitochondrial electron transport chain
G0O:0044455 Mitochondrial membrane part
GO:0031967 Organelle envelope
GO:0005747 Respiratory chain complex I

GO:0045261 Proton transporting ATP synthase complex catalytic core F 1

Molecular function

GO:0016655 Oxidoreductase activity acting on NADH or NADPH quinine

G0:0003954 NADH dehydrogenase activity

G0O:0004499 Dimethylaniline monooxygenase N oxide forming activity
GO:0015077 Monovalent inorganic cation transporter activity

GO0:0015078 Hydrogen ion transporter activity
Up-regulated Interpro categories
IPR002253 Flavin-containing monooxygenase 1
IPR002257 Flavin-containing monooxygenase 5
IPR000694 Proline rich region
Down-regulated GO categories
Biological process
GO:0006955 Immune response

GO:0002495 Antigen processing and presentation of peptide antigen via

MHC class II
Cellular component
GO:0045211 Postsynaptic membrane
Molecular function
GO:0019904 Protein domain specific binding
G0O:0004091 Carboxylesterase activity
GO:0004759 Serine esterase activity
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Significantly up- or down-regulated functional categories (GO and Interpro) with significance determined using Catmap. *P < 0.01; **P <

0.001; ***P < 0.0001. MHC = major histocompatability complex.

tis, a condition that has been shown to affect C57BL/6
mice and is thought to be due to inflammation (37).
Thus, it is possible that resistance to age-related in-
creases in inflammatory processes protects against ag-
ing in IrsI”/~ mice as age-related increases in inflam-
mation appear to contribute to human aging (46).
Bone loss with advancing age is a major underlying
cause of osteoporotic fractures in elderly humans.
Female IrsI~/~ mice were more resistant than control
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animals to the age-related decline in bone mass despite
reports that IRSI is required for normal bone growth in
young mice (41). Therefore, female IrsI~/~ mice were
resistant to a number of age-related changes associated
with neurological and neuromuscular, immune, skin,
and bone diseases.

Our studies also give insights into the potential
mechanisms by which alteration of IIS regulates
longevity. Although Irs1~/~ mice displayed reduced
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adiposity, which is also a feature of CR and FIRKO
mice, our findings show that increased longevity can
be uncoupled from improvements in insulin sensitiv-
ity associated with reduced fat mass. Therefore, al-
though IrsI™/~ mice, like CR and FIRKO mice, did
not develop an age-related deterioration in glucose
homeostasis, in these animals this lack of deteriora-
tion was due to B-cell compensation in the face of
lifelong insulin resistance rather than increased in-
sulin sensitivity. Consistent with these findings, long-
lived C. elegans and Drosophila IIS mutants and pitu-
itary dwarf mice accumulate fat as they age, although
in the latter case, this accumulation may reflect
reduced lipolytic effects of GH and/or increased
insulin sensitivity (2). Moreover, if leptin-deficient
0b~/” mutant mice are subjected to CR, they remain
fat (48% body fat) yet show the same extension of life
span as ob*™/" mice subjected to CR (14% body fat)
(47). These observations suggest that, rather than
absolute fat mass, alterations in the endocrine func-
tion of fat may be key to the regulation of longevity.
This hypothesis is also supported by the findings that
enhanced FOXO function in adipose tissue in C.
elegans and Drosophila increases longevity (2). The
beneficial effects of short-term CR on metabolic
parameters and muscle glucose metabolism are, in
fact, preserved in IrsI”/~ mice, further suggesting
dissociation between the effects of CR and Irsl
deletion (48). An additional observation of relevance
to the interaction between insulin resistance and
extended life span is the finding that overexpression
of the putative hormone Klotho in mice extends life
span and concomitantly impairs insulin action (44).
In contrast, deletion of Klotho results in a phenotype
suggestive of accelerated aging (49). However, al-
though potentially providing further evidence that
life span can be extended in the face of insulin
resistance, the situation is complicated by the find-
ings that Klotho also has significant interactions with
FGF23 and calcium metabolism (50). Mice lacking
FGF23 display an accelerated aging phenotype and
hypoglycemia, and, therefore, current evidence sug-
gests that Klotho is unlikely to extend life span purely
by inhibiting insulin action (50).

Female IrsI”/~ mice have a reduced body size, but
unlike the long-lived pituitary hormone-deficient dwarf
strains and GH receptor null mice, pituitary hormone
levels are preserved. In addition, GH and thyroxine
replacement in PitI™ mice increases body size and
induces puberty while preserving the long-lived pheno-
type (51). These findings suggest that the thyroxine,
prolactin, and GH deficiencies seen in Prop]‘]’f, Pitld’“,
and Ghri’" dwarf strains may not be the sole contribu-
tor to life span extension. However, although direct
comparisons remain to be formally undertaken, the
absolute life span extension seen in Prop]‘lf; Pit]1™ and
Ghrin™* dwarf strains is greater than that seen in the
pure IIS mutants, suggesting that IRSl-independent
but GH/thyroxine-dependent effects may play a dis-
tinct role in regulating longevity. Female IrsI”/~ mice
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also had normal RMR and a mildly elevated core
temperature at 450 days of age and were not calorie
restricted. Together these findings suggest that re-
duced food intake and altered metabolic parameters
are not required for life span extension in female
Irs1”/~ mice. In addition, the observed life span exten-
sion was apparent only in female but not in male
Irs1~/~ mice. This result is consistent with the findings
that in dInR and chico mutant flies and in IgfIr"/~ mice
life span extension is predominantly seen in female
animals (2, 4—6). The basis of this sexually dimorphic
phenotype is not clear, but it does provide further
evidence that the mechanisms underlying life span
extension in IIS mutants do not completely overlap
with those of the pituitary dwarf mice and mice under
CR, for which life span is increased in both sexes.
However, because of the smaller numbers of male
IrsI”/~ mice studied, we cannot formally exclude a
modest increase in life span in these animals, and,
indeed, we detected alterations in two age-sensitive
markers of aging in these animals.

To further understand the mechanisms of life span
extension in female IrsI”/~ mice we undertook both
candidate gene expression analysis and whole genome
microarray studies on livers from female IrsI~/~ and
WT animals. Such data are currently available for some
of the pituitary dwarf strains but not for Igfl¥"/~ and
FIRKO mice. Young IrsI~/~ mice show increased ex-
pression of the glutathione S-transferase Gsta4, which
detoxifies the lipid peroxidation product 4-hy-
droxynonenal (4HNE). Glutathione Stransferase iso-
forms active against 4HNE are also up-regulated in
long-lived daf2 mutant worms, chicot’ ™ flies, and
Propl¥ and Ghriv"" mice (52, 53; unpublished data).
Catalase expression was also modestly increased, con-
sistent with observations in Prop]df mice (54). Thus,
elements of antioxidant and detoxification defense are
up-regulated in IrsI~/~ mice. Erce8 expression was
increased at all ages in female IrsI~/~ mice. Mutations
in Erce§ cause Cockayne syndrome type A, a segmental
progeroid syndrome in which patients develop signs of
aging and age-related pathological changes at an early
age (55). Short-lived mice with compound mutations in
the Cockayne syndrome type B gene and Xpd (DNA
excision repair protein ERCC-2) paradoxically show
suppression of the somatotropic axis, suggesting a
complex interplay between IIS and DNA repair mech-
anisms (56).

Our analysis of liver microarrays encompassed
identification of cellular and biochemical processes
differentially expressed between female IrsI~/~ and
control mice at both 80 and 450 days of age. This
approach demonstrated increased expression of
genes involved in energy metabolism and, in partic-
ular, mitochondrial genes across a number of cate-
gories. Similar changes have been found in the livers
of long-lived Propl¥ and Ghrhr" mice and during
acute and long-term CR (53, 57, 58), suggesting that
altered mitochondrial metabolism may be important
during life span extension. Mice selected for in-
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creased metabolic efficiency have been reported to
be long-lived (59). Immune response, antigen pro-
cessing, and serine esterase categories were reduced
in female IrsI~/~ mice, consistent with the immune
changes seen in these animals and the evidence for
reduced inflammation. Down-regulation in humoral
defense and inflammatory response-related tran-
scripts have been described previously in the livers of
Ames and Little mice (53) and during long-term CR
(60). These gene expression results suggest some
commonality in the underlying mechanisms in fe-
male IrsI~/~ mice and other long-lived mouse mod-
els.

In conclusion, our findings provisionally suggest that
a reduction in IRSl-dependent signaling is an evolu-
tionarily conserved mechanism of mammalian life span
regulation. Critically, the observed increased in life
span in female IrsI~/~ mice is accompanied y mainte-
nance of youthful characteristics and a reduction in
age-sensitive markers of aging. Taken together with the
data from lower organisms and other mouse models,
IRSI and the processes that it regulates may be points
of intervention for therapies with the potential to delay
age-related processes in humans.

We thank Kevin Mackenzie (University of Aberdeen) for
micro-CT imaging. We are grateful to Georgie Scales for
technical assistance, Bjarke Abrahamsen and John Wood for
help with Rotarod assays, Mike Hubank and Nipurna Jina for
microarray support, and Nicholas Davies at the Biological
Services Unit, Wolfson Institute of Biomedical Research (all
University College London). The work was supported by a
Wellcome Trust Functional Genomics Initiative award to L.P.,
D.G., J.T., and D.J.W. Additional funding was received from
the Medical Research Council (UK) to I.C.A.R., R.L.B., and
D.J.W.; from Research into Aging to D.G., L.P., and D.J.W,;
and from the Biotechnology and Biological Sciences Re-
search Council to K.O., L.P., and D.J.W.

REFERENCES

1. Breyer, F., and Felder, S. (2006) Life expectancy and health care
expenditures: a new calculation for Germany using the costs of
dying. Health Policy 75, 178-186

2. Kenyon, C. (2005) The plasticity of aging: insights from long-
lived mutants. Cell 120, 449-460

3. Piper, M., Selman, C., McElwee, ]J., and Partridge, L. (2005)
Models of insulin signalling and longevity. Drug Discov. Today 2,
249-256

4. Clancy, D., Gems, D., Harshman, L. G., Oldham, S., Hafen, E.,

Leevers, S. J., and Partridge, L. (2001) Extension of lifespan by

loss of chico, a Drosophila insulin receptor substrate protein.

Science 292, 104-106

Tatar, M., Kopelman, A., Epstein, D., Tu, M.-P., Yin, C.-M., and

Garofalo, R. S. (2001) Mutations in the Drosophila insulin

receptor homologue retard senescence and impair neuroendo-

crine function. Science 292, 107-110

6. Holzenberger, M., Dupont, J., Ducos, B., Leneuve, P., Geloen,
A., Even, P, Cervera, P., and Le Bouc, Y. (2003) IGF-1 receptor
regulates lifespan and resistance to oxidative stress in mice.
Nature 421, 182-187

7. Barger, J. L., Walford, R. L., and Weindruch, R. (2003) The
retardation of aging by caloric restriction: its significance in the
transgenic era. Exp. Gerontol. 38, 1343-1351

(&

LIFESPAN EXTENSION IN IRST NULL MICE

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Liang, H., Masoro, E., Nelson, J., Strong, R., McMahan, C., and
Richardson, A. (2003) Genetic mouse models of extended
lifespan. Exp. Gerontol. 38, 1353-1364

Bluher, M., Kahn, B., and Kahn, C. (2003) Extended longevity
in mice lacking the insulin receptor in adipose tissue. Science
299, 572-574

Brown-Borg, H. M., Borg, K. E., Meliska, C. J., and Bartke, A.
(1996) Dwarf mice and the ageing process. Nature 384, 33
Flurkey, K., Papaconstantinou, J., and Harrison, D. E. (2002)
The Snell dwarf mutation Pitl (dw) can increase life span in
mice. Mech. Ageing Dev. 123, 121-130

Flurkey, K., Papaconstantinou, J., Miller, R. A., and Harrison,
D. E. (2001) Lifespan extension and delayed immune and
collagen aging in mutant mice with defects in growth hormone
production. Proc. Natl. Acad. Sci. U. S. A. 98, 6736—-6741
Coschigano, K. T., Clemmons, D., Bellush, L. L., and Kopchick,
J. J. (2000) Assessment of growth parameters and life span of
GHR/BP gene-disrupted mice. Endocrinology 141, 2608-2613
Lin, K., Dorman, J. B., Rodan, A., and Kenyon, C. (1997) daf-16:
an HNF-3/forkhead family member that can function to double
the life-span of Caenorhabditis elegans. Science 278, 1319-1322
Ogg, S., Paradis, S., Gottlieb, S., Patterson, G. I., Lee, L.,
Tissenbaum, H. A., and Ruvkun, G. (1997) The Fork head
transcription factor DAF-16 transduces insulin-like metabolic
and longevity signals in C. elegans. Nature 389, 994-999
Taniguchi, C. M., Emanuelli, B., and Kahn, C. R. (2006) Critical
nodes in signalling pathways: insights into insulin action. Nat.
Rev. Mol. Cell. Biol. 7, 85-96

Krook, A., Breuton, L., and O’Rabhilly, S. (1993) Homozygous
nonsense mutation in the insulin receptor gene in infant with
leprechaunism. Lancet 342, 277-278

Liu, J. P., Baker, J., Perkins, A. S., Robertson, E. J., and
Efstratiadis, A. (1993) Mice carrying null mutations of the genes
encoding insulin-like growth factor I (Igf-1) and type 1 IGF
receptor (Igflr). Cell 75, 59-72

Accili, D., Drago, J., Lee, E. J., Johnson, M. D., and Cool, M. H.
(1996) Early neonatal death in mice homozygous for a null
allele of the insulin receptor gene. Nat. Genet. 12, 106-109
Joshi, R. L., Lamothe, B., Cordonnier, N., Mesbah, K., Mon-
thioux, E., Jami, J., and Bucchini, D. (1996) Targeted disruption
of the insulin receptor gene in the mouse results in neonatal
lethality. EMBO J. 15, 1542-1547

Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M.,
Orban, P. C., Klein, R., Krone, W., Muller-Wieland, D., and
Kahn, C. R. (2000) Role of brain insulin receptor in control of
body weight and reproduction. Science 289, 2122-2125
Michael, M. D., Kulkarni, R. N., Postic, C., Previs, S. F., Shulman,
G. I, Magnuson, M. A., and Kahn, C. R. (2000) Loss of insulin
signaling in hepatocytes leads to severe insulin resistance and
progressive hepatic dysfunction. Mol. Cell 6, 87-97

Bruning, J. C., Michael, M. D., Winnay, J. N., Hayashi, T,
Horsch, D., Accili, D., Goodyear, L. J., and Kahn, C. R. (1998) A
muscle-specific insulin receptor knockout exhibits features of
the metabolic syndrome of NIDDM without altering glucose
tolerance. Mol. Cell 2, 559-569

Rincon, M., Muzumdar, R., Atzmon, G., and Barzilai, N. (2004)
The paradox of the insulin/IGF-1 signaling pathway in longev-
ity. Mech. Ageing Dev. 125, 397-403

Withers, D. J., Gutierrez, J. S., Towery, H., Burks, D. J., Ren,
J. M., Previs, S., Zhang, Y., Bernal, D., Pons, S., Shulman, G. I,
Bonner-Weir, S., and White, M. F. (1998) Disruption of IRS-2
causes type 2 diabetes in mice. Nature 391, 900-904

Withers, D. J., Burks, D., Towery, H., Altamuro, S., Flint, C., and
White, M. (1999) Irs-2 coordinates Igf-1 receptor-mediated
B-cell development and peripheral insulin signalling. Nat. Genet.
23, 32-40

Choudhury, A. 1., Heffron, H., Smith, M. A., Al-Qassab, H., Xu,
A. W, Selman, C., Simmgen, M., Clements, M., Claret, M.,
Maccoll, G., Bedford, D. C., Hisadome, K., Diakonov, 1., Moosa-
jee, V., Bell, ]J. D., Speakman, J. R., Batterham, R. L., Barsh, G. S.,
Ashford, M. L., and Withers, D. J. (2005) The role of insulin
receptor substrate 2 in hypothalamic and {8 cell function. J. Clin.
Invest. 115, 940-950

Carmignac, D. F., and Robinson, I. C. (1990) Growth hormone
(GH) secretion in the dwarf rat: release, clearance and respon-
siveness to GH-releasing factor and somatostatin. J. Endocrinol.
127, 69-75

817



29.

30.

32.

33.

34.

35.

40.

41.

42.

43.

818

Batterham, R. L., Heffron, H., Kapoor, S., Chivers, J. E.,
Chandarana, K., Herzog, H., Le Roux, C. W., Thomas, E. L.,
Bell, J. D., and Withers, D. J. (2006) Critical role for peptide YY
in protein-mediated satiation and body-weight regulation. Cell
Metab. 4, 223-233

Liu, W. M., Mei, R,, Di, X., Ryder, T. B., Hubbell, E., Dee, S.,
Webster, T. A., Harrington, C. A., Ho, M. H., Baid, J., and
Smeekens, S. P. (2002) Analysis of high density expression
microarrays with signed-rank call algorithms. Bioinformatics 18,
1593-1599

Gentleman, R. C,, Carey, V. J., Bates, D. M., Bolstad, B., Dettling,
M., Dudoit, S., Ellis, B., Gautier, L., Ge, Y., Gentry, J., Hornik, K.,
Hothorn, T., Huber, W, Tacus, S., Irizarry, R., Leisch, F., Li, C.,
Maechler, M., Rossini, A. J., Sawitzki, G., Smith, C., Smyth, G.,
Tierney, L., Yang, J. Y., and Zhang, J. (2004) Bioconductor:
open software development for computational biology and
bioinformatics. Genome Biol. 5, R80

Baldi, P., and Long, A. D. (2001) A Bayesian framework for
the analysis of microarray expression data: regularized t-test
and statistical inferences of gene changes. Bioinformatics 17,
509-519

Hubbard, T., Andrews, D., Caccamo, M., Cameron, G., Chen, Y.,
Clamp, M., Clarke, L., Coates, G., Cox, T., Cunningham, F.,
Curwen, V., Cutts, T., Down, T., Durbin, R., Fernandez-Suarez,
X. M., Gilbert, J., Hammond, M., Herrero, ]J., Hotz, H., Howe,
K., Iyer, V., Jekosch, K., Kahari, A., Kasprzyk, A., Keefe, D.,
Keenan, S., Kokocinsci, F., London, D., Longden, 1., McVicker,
G., Melsopp, C., Meidl, P., Potter, S., Proctor, G., Rae, M., Rios,
D., Schuster, M., Searle, S., Severin, J., Slater, G., Smedley, D.,
Smith, J., Spooner, W., Stabenau, A., Stalker, J., Storey, R.,
Trevanion, S., Ureta-Vidal, A., Vogel, J., White, S., Woodwark,
C., and Birney, E. (2005) Ensembl 2005. Nucleic Acids Res. 33,
D447-D453

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H.,
Cherry, J. M., Davis, A. P., Dolinski, K., Dwight, S. S., Eppig, J. T.,
Harris, M. A., Hill, D. P., Issel-Tarver, L., Kasarskis, A., Lewis, S.,
Matese, J. C., Richardson, J. E., Ringwald, M., Rubin, G. M., and
Sherlock, G. (2000) Gene Ontology: tool for the unification of
biology. The Gene Ontology Consortium. Nat. Genet. 25, 25-29
Apweiler, R., Attwood, T. K., Bairoch, A., Bateman, A., Birney,
E., Biswas, M., Bucher, P., Cerutti, L., Corpet, F., Croning, M. D,
Durbin, R., Falquet, L., Fleischmann, W., Gouzy, J., Hermjakob,
H., Hulo, N, Jonassen, I., Kahn, D., Kanapin, A., Karavidopou-
lou, Y., Lopez, R., Marx, B., Mulder, N. J., Oinn, T. M., Pagni,
M., Servant, F., Sigrist, C. J., and Zdobnov, E. M. (2000)
InterPro—an integrated documentation resource for protein
families, domains and functional sites. Bioinformatics 16, 1145—
1150

Breslin, T., Eden, P., and Krogh, M. (2004) Comparing func-
tional annotation analyses with Catmap. BMC Bioinformatics 5,
193

Turturro, A., Duffy, P., Hass, B., Kodell, R., and Hart, R. (2002)
Survival characteristics and age-adjusted disease incidences in
C57BL/6 mice fed a commonly used cereal-based diet modu-
lated by dietary restriction. J. Gerontol. A Biol. Sci. Med. Sci. 57,
B379-B389

Miller, R. (2001) Biomarkers of aging: prediction of longevity by
using age-sensitive T-cell subset determinations in a middle-
aged, genetically heterogeneous mouse population. J. Gerontol.
A Biol. Sci. Med. Sci. 56, B180-B186

Miller, R., Chrisp, C., and Galecki, A. (1997) CD4 memory T cell
levels predict life span in genetically heterogeneous mice.
FASEB J. 11, 775-783

Halloran, B. P., Ferguson, V. L., Simske, S. ]J., Burghardt, A.,
Venton, L. L., and Majumdar, S. (2002) Changes in bone
structure and mass with advancing age in the male C57BL/6]
mouse. J. Bone Miner. Res. 17, 1044-1050

Ogata, N., Chikazu, D., Kubota, N., Terauchi, Y., Tobe, K,
Azuma, Y., Ohta, T., Kadowaki, T., Nakamura, K., and Kawagu-
chi, H. (2000) Insulin receptor substrate-l1 in osteoblast is
indispensable for maintaining bone turnover. J. Clin. Invest. 105,
935-943

Weindruch, R., and Walford, R. (1988) The Retardation of Aging and
Disease by Dietary Restriction, Charles C Thomas, Springfield, IL
Conti, B., Sanchez-Alavez, M., Winsky-Sommerer, R., Morale,
M. C., Lucero, J., Brownell, S., Fabre, V., Huitron-Resendiz, S.,
Henriksen, S., Zorrilla, E. P., de Lecea, L., and Bartfai, T. (2006)

Vol. 22 March 2008

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

The FASEB Journal

Transgenic mice with a reduced core body temperature have an
increased life span. Science 314, 825—828

Kurosu, H., Yamamoto, M., Clark, J. D., Pastor, J. V., Nandi,
A., Gurnani, P., McGuinness, O. P., Chikuda, H., Yamaguchi,
M., Kawaguchi, H., Shimomura, I., Takayama, Y., Herz, J.,
Kahn, C. R., Rosenblatt, K. P., and Kuro-o, M. (2005)
Suppression of aging in mice by the hormone Klotho. Science
309, 1829-1833

Akbar, A. N., Beverley, P. C., and Salmon, M. (2004) Will
telomere erosion lead to a loss of T-cell memory? Nat. Rev.
Immunol. 4, 737-743

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F.,
Sevini, F., Panourgia, M. P., Invidia, L., Celani, L., Scurti, M.,
Cevenini, E., Castellani, G. C., and Salvioli, S. (2007) Inflam-
maging and anti-inflammaging: a systemic perspective on aging
and longevity emerged from studies in humans. Mech. Ageing
Dev. 128, 92-105

Harrison, D. E., Archer, . R., and Astle, C. M. (1984) Effects of
food restriction on aging: separation of food intake and adipos-
ity. Proc. Natl. Acad. Sci. U. S. A. 81, 1835-1838

Gazdag, A. C., Dumke, C. L., Kahn, C. R,, and Cartee, G. D.
(1999) Calorie restriction increases insulin-stimulated glucose
transport in skeletal muscle from IRS-1 knockout mice. Diabetes
48, 1930-1936

Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T.,
Utsugi, T., Ohyama, Y., Kurabayashi, M., Kaname, T., Kume, E.,
Iwasaki, H., Iida, A., Shiraki-lida, T., Nishikawa, S., Nagai, R.,
and Nabeshima, Y. (1997) Mutation of the mouse klotho gene
leads to a syndrome resembling ageing. Nature 390, 45-51
Bartke, A. (2006) Long-lived Klotho mice: new insights into the
roles of IGF-1 and insulin in aging. Trends Endocrinol. Metab. 17,
33-35

Vergara, M., Smith-Wheelock, M., Harper, J. M., Sigler, R., and
Miller, R. A. (2004) Hormone-treated snell dwarf mice regain
fertility but remain long lived and disease resistant. J. Gerontol. A
Biol. Sci. Med. Sci. 59, 1244-1250

Ayyadevara, S., Dandapat, A., Singh, S. P., Benes, H., Zimniak,
L., Reis, R. J., and Zimniak, P. (2005) Lifespan extension in
hypomorphic daf-2 mutants of Caenorhabditis elegans is par-
tially mediated by glutathione transferase CeGSTP2-2. Aging Cell
4, 299-307

Amador-Noguez, D., Yagi, K., Venable, S., and Darlington, G.
(2004) Gene expression profile of long-lived Ames dwarf mice
and Little mice. Aging Cell 3, 423—441

Brown-Borg, H., and Rakoczy, S. (2000) Catalase expression in
delayed and premature aging mouse models. Exp. Gerontol. 35,
199-212

Balaban, R. S., Nemoto, S., and Finkel, T. (2005) Mitochondria,
oxidants, and aging. Cell 120, 483-495

Van der Pluijm, I., Garinis, G. A., Brandt, R. M. C., Gorgels,
T. G. M. F., Wijnhoven, S. W., Diderich, K. E. M., de Wit, J.,
Mitchell, J. R., van Oostrom, C., Beems, R., Niedernhofer, L. J.,
Velasco, S., Friedberg, E. C., Tanaka, K., van Steeg, H., Hoeijmak-
ers, J. H. J., and van der Horst, G. T. J. (2007) Impaired genome
maintenance suppresses the growth hormone-insulin-like growth
factor 1 axis in mice with Cockayne syndrome. PLoS Biol. 5, €2
Selman, C., Kerrison, N. D., Cooray, A., Piper, M. D., Lingard,
S. J., Barton, R. H., Schuster, E. F., Blanc, E., Gems, D.,
Nicholson, J. K., Thornton, J. M., Partridge, L., and Withers,
D. J. (2006) Coordinated multitissue transcriptional and plasma
metabonomic profiles following acute caloric restriction in
mice. Physiol. Genomics 27, 187-200

Dhahbi, J. M., Kim, H. J., Mote, P. L., Beaver, R. J., and Spindler,
S. R. (2004) Temporal linkage between the phenotypic and
genomic responses to caloric restriction. Proc. Natl. Acad. Sci.
U. S. A. 101, 5524-5529

Speakman, J. R., Talbot, D. A., Selman, C., Snart, S., McLaren,
J. S., Redman, P., Krol, E., Jackson, D. M., Johnson, M. S., and
Brand, M. D. (2004) Uncoupled and surviving: individual mice
with high metabolism have greater mitochondrial uncoupling
and live longer. Aging Cell 3, 87-95

Cao, S., Dhahbi, J., Mote, P., and Spindler, S. (2001) Genomic
profiling of short- and long-term caloric restriction effects in the
liver of aging mice. Proc. Natl. Acad. Sci. U. S. A. 98, 10630-10635

Received for publication June 22, 2007.
Accepted for publication September 13, 2007.

SELMAN ET AL.



