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ABSTRACT

In laboratory mice, suppression of growth hormone (GH) signaling by spontaneous mutations 
or targeted disruption of GH- or IGF1-related genes can lead to an impressive increase of lon-
gevity. Hypopituitary Ames dwarf (Prop1df) and GH receptor knockout (GHRKO) mice live 
35-70% longer than their normal littermates. Many phenotypic characteristics of these long-
lived mutants resemble findings in genetically normal animals subjected to calorie restriction 
(CR). Microarray and RT-PCR studies of gene expression suggest that effects of the “longevity 
assurance genes” (Prop1df or Ghr-/-) and CR are overlapping but not identical. Subjecting Ames 
dwarf mice to 30% CR starting at 2 months of age leads to a further significant extension of 
their average and maximal lifespans. In contrast, identical CR regimen has either no or very 
little effect (depending on gender) on longevity of GHRKO mice. We suspect that this difference 
in response is related to the fact that CR improves insulin sensitivity in Ames dwarfs but does 
not further increase the extreme insulin sensitivity of GHRKO mice. To search for effects of CR 
associated with extension of longevity, we are studying expression of insulin and IGF1-related 
genes in the liver, skeletal muscle and heart of normal and GHRKO mice. Results obtained to 
date suggest that reduced Akt phosphorylation and PPAR β/δ expression in the liver, reduced 
JNK1 phosphorylation and increased PGC1α expression in the muscle, and increased expres-
sion of IGF1 and insulin receptor in the heart are either related to mechanisms of CR action 
on longevity or represent potential biomarkers of delayed aging.
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inTroDucTion

Aging and lifespan, like other characteristics of 
living organisms, are determined by a complex inter-

play of genes and environment. Nutrient availability 
is particularly important among the environmental 
factors affecting aging. While adequate sources of en-
ergy and essential nutrients are absolute requirements 
for normal growth and reproductive competence, 
unlimited access to high quality food is not optimal 
for longevity. The negative impact of gluttony on hu-
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man health was suggested in medical writings dating 
back to the Renaissance,1 and studies conducted in 
the 1930s provided clear evidence that domesticated 
strains of rats and mice maintained in the laboratory 
environment will live significantly longer if their food 
intake is reduced below the amount they would ordi-
narily consume.2,3 This intervention, termed “calorie 
restriction” (CR) or “dietary restriction,” reliably 
increases median, average and maximal lifespan in 
laboratory rodents and exerts similar effects in other 
species, almost certainly including non-human pri-
mates and humans.4-7 Importantly, lifespan extension 
produced by CR is associated with delayed onset, 
reduced incidence and reduced severity of cancer and 
other age-associated diseases and with preservation 
of a “youthful” phenotype.

Studies suggesting that mutations of a single gene 
can profoundly affect lifespan of mice date back to 
the early ’70s.8,9 Work conducted during the past 
15 years has provided firm evidence that mutations 
causing deficiency of several anterior pituitary hor-
mones, isolated growth hormone (GH) deficiency 
or GH resistance increase lifespan of mice. (10 – 12; 
reviewed in 13). The extension of longevity in these 
mutants was comparable to the effects of reducing 
calorie intake in genetically normal animals by 30-
50% and was also associated with delayed onset and 
reduced incidence of age-associated disease and 
with multiple symptoms of delayed aging, closely 
resembling the findings in CR animals. However, 
normal (voluntary) food intake of these long-lived 
mutants was not reduced and, in contrast to the ef-
fects of CR, their adiposity was generally increased, 
in some cases quite drastically. Therefore, it became 
of interest to compare and contrast the physiological 
characteristics of long-lived mutants and genetically 
normal (“wild-type”) animals subjected to CR and 
to examine the interaction of CR with “longevity 
assurance genes”.

In this chapter, we will briefly describe the origin 
and key characteristics of two long-lived mouse mu-
tants, compare the effects of CR in these mutants and 
in normal animals and conclude with highlights of our 
recent and ongoing studies aimed at identifying the 
mechanisms responsible for the impact of CR and 
reduced GH signaling on longevity.

Ames DwArf mice

Ames dwarf mice are homozygous for a spontane-
ous mutation that was discovered in a research mouse 
colony at Iowa State University. The animals were 
first described by Schaible and Gowen in 196114 and 
subsequently shown to be GH, prolactin (PRL) and 
thyrotropin (TSH) deficient. (15, 16; reviewed in 17) 
Sornson et al18 have shown that Ames dwarfism was 
due to a loss-of-function mutation of a gene respon-
sible for an early stage of differentiation of anterior 
pituitary cells destined to become somatotrops, lec-
totrops and thyrotrops and named this gene Prophet 
of pituitary factor 1, (Pit1) or “Prop1.” Ames dwarf 
mice appear normal at birth but grow slowly and 
reach less than one half of the adult body weight of 
their normal siblings. Puberty is markedly delayed 
and females are sterile due to PRL deficiency.16,17 
Consistent with GH and TSH deficiency, adult Ames 
dwarf mice have extremely low levels of circulating 
insulin-like growth factor1 (IGF1) and thyroid hor-
mones.17 They have reduced body temperature,19 but 
food consumption and oxygen utilization per gram 
of body weight are increased.20,21 Circulating glucose 
and insulin levels are reduced under both fasted and 
fed conditions, implying that increased insulin sensi-
tivity and blood glucose suppression during insulin 
tolerance test is indeed significantly greater in Ames 
dwarfs than in normal mice.22,23 Adiposity of young 
adults is increased, which could be expected from 
GH deficiency and hypothyroidism, but circulating 
levels of adiponectin are increased,24 and age-related 
increase in percent body fat is less pronounced than 
in normal animals of the same strain.25 Median, aver-
age and maximal lifespan are significantly increased 
in both sexes of Ames dwarf mice, with the increase 
in average lifespan ranging from approximately 35% 
to as much as 70%, depending on sex and diet.10,17,26 
Comparable extension of lifespan along with evi-
dence for delayed aging of the immune system, joint 
cartilage and collagen properties were described in 
Snell dwarf mice, animals that have identical primary 
hormonal defects due to mutation of the Pit1 gene, 
located on a different chromosome than Prop1.8,11 
Little (Ghrhrlit) mice with isolated GH deficiency 
exhibit a smaller but statistically significant increase 
in longevity.11

Available evidence suggests that the remarkable 
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increase in longevity of Ames dwarf mice is due 
to multiple mechanisms, including reduced IGF1 
and mammalian Target Of Rapamycin (mTOR) 
signaling,27,28 delayed onset and reduced incidence 
of fatal neoplastic disease,29 increased sensitivity 
to insulin combined with reduced insulin levels,22,23 
hypothyroidism and reduced body core tempera-
ture,19 increased activity of antioxidant enzymes and 
reduced oxidative damage (30, 31; reviewed in 17) 
and resistance to various forms of oxidative, toxic 
and metabolic stress.32,33

growTh hormone recepTor knockouT 
(ghrko) mice

Mice with deficiency of GH receptor and conse-
quent GH resistance were produced in the laboratory 
of John Kopchick by disruption of the Ghr gene.34 
Circulating IGF1 levels in GHRKO mice are very 
low,34 while IGF expression in different organs is 
variably reduced or normal35 and plasma GH levels 
are elevated, reflecting a lack of negative GH/IGF1 
feedback.34 GHRKO (Ghr -/-) animals are small 
with nearly normal body proportions. Both sexes are 
fertile but puberty is delayed, and many measures of 
reproductive competence and testicular endocrine 
function are quantitatively reduced.34,36-39 Insulin 
levels are drastically reduced, glucose levels are “low 
normal” or slightly reduced and insulin sensitivity is 
increased.34,40 Plasma adiponectin levels are elevated 
in spite of significantly increased adiposity.41

Median, average and maximal lifespan are in-
creased in both sexes.12,43,44 Extended longevity of 
GHRKO mice was observed in two different labs, 
across three different genetic backgrounds and using 
diets differing with regard to the source of protein 
and the content of phytoestrogens.12,26,42-44 Putative 
mechanisms of delayed aging and increased longevity 
of GHRKO mice resemble those listed above for the 
Ames dwarfs. (32, 34, 40, 41, 44, Ikeno and Bartke, 
unpublished; reviewed in 13, 17).

effecTs of cAlorie resTricTion in Ames 
DwArf AnD ghrko mice

Starting at approximately 2 months of age, Ames 
dwarfs, GHRKO mice and normal siblings of these 

mutants were subjected to 30% CR, introduced 
gradually, over a period of 2 weeks.20 The CR animals 
were fed daily an amount of food corresponding to 
70% of the amount consumed by animals of the same 
genotype, age and sex, which had unlimited access 
to food. When the consumption of food by the ad 
libitum (AL) animals started a decline that is the 
expected correlate of aging, the amount of food given 
daily to the CR mice was not reduced in parallel but 
remained constant for the remainder of their lifespan. 
In normal mice, CR produced the expected increase 
in longevity. Lifespan of long-lived Ames dwarf mice 
was further extended by 30% CR. This included 
increases in median, average and maximal lifespan 
that were significant in both sexes.44 In contrast to 
its effects in Ames dwarfs, CR had very little effect 
on the longevity of GHRKO mice: median and aver-
age longevity were not affected in either sex, while 
maximal lifespan (calculated as average lifespan of 
the oldest 10% of the animals) was increased only 
in females.45

The difference between the effects of identical 
regimens of CR on longevity of Ames dwarf and 
GHRKO mice was unexpected in view of consider-
able similarities of phenotypic characteristics of these 
mutants and presumably comparable mechanisms of 
their extended longevity. These differences provide 
an opportunity to separate those effects of CR that 
are associated with an increase in lifespan from those 
that are not. Highlights of studies aimed at identify-
ing the mechanisms that could link specific effects of 
CR with increased lifespan are described in the next 
section of this article. Explaining why GHRKO mice 
derived little (females) or no (males) longevity benefits 
from being subjected to CR should be particularly 
informative, because failure of CR to affect median 
and average lifespan in either sex is very rare if not 
unprecedented. Various regimens of CR resulted 
in extended longevity in hundreds of experiments 
involving different strains of mice and rats, as well 
as unrelated species including taxonomically distant 
animals and unicellular yeast.

seArch for mechAnisms of AcTion of cr 
in long-liveD muTAnT mice

As mentioned earlier, both Ames dwarf and GH-
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rylation revealed a number of differences between 
the responses of normal and GHRKO mice to CR. 
Activation of protein kinase B (Akt) is important in 
mediating the actions of both IGF1 and insulin, and 
studies in Akt2-KO animals revealed a major role of 
Akt in mediating the effects of CR on glucose uptake 
in the muscle.48 The levels of Akt2 in the muscle of 
GHRKO mice were increased in comparison to the 
normal animals in association with enhanced insu-
lin sensitivity of these animals.49 Calorie restriction 
increased muscle Akt2 levels in normal but not in 
GHRKO animals,49 corresponding to CR effects on 
responses to exogenous insulin in the insulin toler-
ance test and its effects on longevity.45

C-jun N-terminal kinase (JNK) inhibits insulin 
signaling by increasing serine phosphorylation of IRS-
1.50 The levels of active (phosphorylated) JNK-1 were 
reduced in the muscle of GHRKOs, as compared to 
normal mice, presumably contributing to enhanced 
insulin sensitivity by reducing the inhibitory influence 
of JNK. In response to CR, the levels of active JNK-1 
were reduced in normal, but not affected in GHRKO 
animals,49 again corresponding to the effects of CR 
on insulin sensitivity and longevity.

It was recently reported that insulin sensitivity is 
enhanced and lifespan is increased in mice hetero-
zygous for the IRS-2 deletion.51 Unexpectedly, hepatic 
expression of IRS-2 was increased in both Ames dwarf 
and GHRKO in comparison to normal animals from 
the same strains.52,53 Subjecting GHRKO mice to CR 
did not alter hepatic IRS-2 expression and reduced 
IRS-2 mRNA levels in the skeletal muscle.53 It is 
difficult to delineate the interactive effects of CR 
and longevity genes on lifespan and whole-animal 
insulin sensitivity from their effects on expression 
of insulin- and IGF1-related genes, because these 
effects are different in different organs. For example, 
in GHRKO mice, the levels of PPARγ are increased 
in the liver, reduced in the muscle and not altered 
in the heart.54,55 The levels of PPARα protein are 
increased in the liver but reduced in the muscle and 
heart.54,55

Ongoing studies in our laboratory indicate that the 
impact of CR on phosphorylation of insulin receptor 
and IRS-1 in response to acute insulin stimulation 
in vivo can differ substantially between different 
insulin target organs (Bonkowski, Dominici and 

RKO mice have reduced levels of insulin, reduced 
or “low normal” levels of glucose and enhanced 
sensitivity to exogenons insulin.22,23,34,40 On the basis of 
these observations and the documented relationships 
between aging, insulin resistance and age-related 
disease, we have proposed that enhanced insulin 
sensitivity is a crucial component in mediating the 
effects of reduced somatotropic signaling on aging 
and longevity.13,17,23 It is well documented that CR 
reduces circulating levels of insulin and improves 
insulin sensitivity.3 In our studies, 30% CR increased 
insulin sensitivity in normal siblings of Ames dwarf 
and GHRKO mice, caused further significant increase 
in the insulin sensitivity of Ames dwarfs, but did not 
alter the (already high) insulin sensitivity of GHRKO 
mice (45, Masternak, unpublished). These observa-
tions support the suggested role of enhanced insulin 
sensitivity in the extended longevity of these mutants 
and imply that the failure of CR to increase lifespan 
of GHRKO mice may have been due to the inability 
of this intervention to produce further enhancement 
of insulin sensitivity in these hypoinsulinemic and 
remarkably insulin-sensitive animals.

We are currently examining acute effects of in-
travenous insulin administration on phosphorylation 
of insulin receptor and insulin receptor substrates in 
the liver and muscle of normal and GHRKO mice 
fed AL or subjected to CR to elucidate the mecha-
nisms of altered whole-animal insulin sensitivity. To 
further analyze this and other potential mechanisms 
of differential responses of normal, Ames dwarf 
and GHRKO mice to CR, we have analyzed gene 
expression with emphasis on genes related to IGF1 
and insulin signaling.

Microarray analysis of hepatic gene expression was 
conducted in collaboration with Drs. Richard Miller 
and Steven Spindler and led to the demonstration 
that effects of these life-extending mutations on gene 
expression were distinctly different from the effects 
of CR, although some overlap was detected.46,47 In-
terestingly, effects of CR on the expression of those 
genes that were influenced by CR in both normal and 
GHRKO mice were proportionally greater in normal 
animals.46 Studies of the expression of individual 
genes in the liver, skeletal muscle, heart and adipose 
tissue by real-time PCR and measurements of the 
corresponding protein products and their phospho-
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Bartke, unpublished). For example, failure of CR to 
enhance whole-animal insulin sensitivity in GHRKO 
mice appears to be unrelated to the alterations in the 
levels and tyrosine phosphorylation of hepatic insulin 
receptor but closely correlates with lack of changes in 
serine phosphorylation of IRS-1 in the muscle.

Results of studies of the interaction of two differ-
ent longevity assurance genes with CR in mice can 
be summarized as follows:

i. Mutations which cause GH deficiency or resistance 
produce phenotypic changes that resemble but do 
not mimic the effects of CR in genetically normal 
animals, including delayed aging and increased 
lifespan.

ii. Identical regimens of CR produce further exten-
sion of longevity in hypopituitary, GH-deficient 
Ames dwarf mice but not in GH-resistant GHRKO 
mice.

iii. Effects of longevity genes and CR, singly or com-
bined, on lifespan are associated with the corre-
sponding changes in whole-animal insulin sensitiv-
ity. These associations add to the evidence that 
altered insulin signaling is an important mediator 
of the effects of altered somatotropic signaling on 
longevity.

iv. Effects of reduced GH signaling and CR on in-
sulin sensitivity reflect complex, organ-specific 
alterations in the expression of insulin-related 
genes, the levels of their protein products and 
phosphorylation of these proteins.
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