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Because the initial reports demonstrating that circulating growth hormone and insulin-like growth factor-1 decrease with
age in laboratory animals and humans, there have been numerous studies related to the importance of these hormones for
healthy aging. Nevertheless, the role of these potent anabolic hormones in the genesis of the aging phenotype remains
controversial. In this chapter, we review the studies demonstrating the beneficial and deleterious effects of growth
hormone and insulin-like growth factor-1 deficiency and explore their effects on specific tissues and pathology as well as
their potentially unique effects early during development. Based on this review, we conclude that the perceived contradic-
tory roles of growth hormone and insulin-like growth factor-1 in the genesis of the aging phenotype should not be inter-
preted as a controversy on whether growth hormone or insulin-like growth factor-1 increases or decreases life span but
rather as an opportunity to explore the complex roles of these hormones during specific stages of the life span.
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ORE than three decades have passed since the initial

report demonstrating that circulating growth hor-
mone (GH) decreases with age and almost as many years
since the reports of the age-related decline in insulin-like
growth factor-1 (IGF-1) both in laboratory animals and
humans. Despite the 100s of primary studies and numerous
reviews related to the importance of adequate levels of
circulating GH and IGF-1 for healthy aging, the role of these
potent anabolic hormones in the genesis of the aging pheno-
type remains highly controversial. Initially, the age-related
decrease in GH and IGF-1 were considered to contribute to
many aspects of aging including, but not limited to, accu-
mulation of fat mass, cardiovascular dysfunction, as well as
the decline in immune function, cellular protein synthesis,
and muscle mass. Later studies indicated that reduction
in levels of these hormones has an important role in the
decline in cognitive function and increased risk for neuro-
degenerative diseases and stroke. Despite the clear evidence
that GH/IGF-1 deficiency contributes to specific aspects of
aging, subsequent studies revealed that some, but not all,
rodent models with impaired GH/IGF-1 signaling exhibit

an increased life span. Based on studies initially conducted
in invertebrate organisms, such as Caenorhabditis elegans
and Drosophila melanogaster, the corresponding data in
mutant and transgenic mouse models supported the conclu-
sion that IGF-1 signaling is part of a “conserved mechanism
of aging” with decreased levels of GH/IGF-1 delaying, rather
than accelerating, the aging process. Thus, two disparate con-
cepts evolved and remain present in the literature (a) that the
presence of normal levels of GH and IGF-1 accelerate aging
and lack of these hormones or disruption of the signaling
pathways governed by these hormones exert antiaging effects
and (b) that the age-related decline in GH and IGF-1 contribute
to the deterioration of physiological function and replacement
of these hormones delay or reverse the aging phenotype.
The primary barriers to reconciling these two points of
view are that they challenge our understanding of the rela-
tionship between pathology and aging, the nature of con-
served mechanisms of aging, and the importance of changes
in the levels of these hormones that occur throughout the
life span. These conceptual differences have been exacer-
bated by numerous studies that draw conclusions about
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aging and life span based on a low number of experimental
animals, suboptimal animal husbandry, and/or the absence of
end-of-life pathology to corroborate the conclusions. This has
resulted in a plethora of studies that provide varying levels of
support for the hypothesis that IGF-1 deficiency increases life
span. The purpose of this series of chapters in the current
edition of The Journal of Gerontology: Biological Sciences
and Medical Sciences is to bring clarity to the diverse views
on GH and IGF-1, develop an initial model that encapsulates
the known actions of these hormones throughout the life span,
and propose their relationship to aging and age-related disease
(1-5). We believe that by focusing on the apparent contradic-
tory findings of these studies in the same issue, the varying
points of view can begin to be reconciled and our understand-
ing of aging and age-related disease can progress. We also
propose new avenues for research targeting the primary
mechanism(s) through which GH and IGF-1 signaling influ-
ence aging and the development of age-related diseases.

ARE GH AND/OR IGF-1 PART OF A CONSERVED
MECHANISM OF AGING?

Neuronal Insulin-Like Signaling and Regulation of
Longevity in Invertebrates

The insulin/IGF-1 pathway in mammals shares a common
signaling pathway with invertebrates, and the discovery that
DAF-2 signaling influences life span in this species is an im-
portant landmark in the biology of aging. The initial studies by
Kenyon revealed that suppression of signaling in the DAF-2
pathway doubled life span and that the increased life span re-
quired DAF-16 (6). Subsequent studies indicated that the in-
creasein life span could not only be induced during development
(inducing dauer formation) but also could be induced in adult-
hood (7). The connection between the DAF-2 pathway and
insulin/IGF-1 signaling was discovered in 1997 when it was
reported that the DAF-2 receptor was a homolog of the human
insulin/IGF-1 receptor (8). These studies provided the first
evidence that hormones, normally important for growth and
development and regulation of fuel homeostasis, had the
potential to regulate life span. With the subsequent cloning of
daf-16 and identification of this factor as part of the FOXO
family of transcription factors (9,10), the relationship between
the DAF-2 and DAF-16 pathway in C elegans, and the insulin/
IGF-1 signaling, FOXO pathway in mammals was established.

In C elegans, expression and function of DAF-2 are
highly organ specific: the abundance of DAF-2 in neuronal
cells is consistent with the central role of the nervous system
in DAF-2-dependent regulation of animal longevity
(11,12). The available evidence suggests that in C elegans,
regulation of life span is independent of the metabolic effects
of insulin-like signaling in the gastrointestinal system and
muscle tissue (11). Despite the exclusive role of neuronal
insulin-like signaling in regulation of longevity in this
model system, the link between IGF-1 signaling in the brain
and mammalian longevity has not been investigated.

Studies on the arthropod D melanogaster provide further
evidence that insulin/IGF-1 signaling in the central nervous
is involved in regulation of life span in lower organisms
(13). For example, ablation of insulin-like peptide-producing
median neurosecretory cells in the brain of D melanogaster
leads to a diabetes-like metabolic state, which is associated
with an increased life span (13). Because the insulin/IGF-1
signaling the central nervous system can play both endo-
crine and cell-autonomous roles in extension of life span,
Broughton and Partridge recently suggested that tissue-
specific manipulation of insulin/IGF-1 signaling will be
essential to better define the roles of paracrine and endocrine
insulin/IGF-1 signaling in regulation of life span and organ
function during aging in model organisms (14). Currently,
it is unknown whether organ-specific insulin/IGF-1 action in
arthropods is similar to that in mammals. For example,
unlike in mammals, in which both insulin deficiency and low
IGF-1 levels result in cardiovascular dysfunction, age-
related alterations in cardiac function in flies were reported to
be unaffected by disruption of insulin/IGF-1 signaling (15).

GH/IGF-1 Deficiency and Life Span in Rodents

The possibility that insulin/IGF-1 signaling is part of an
evolutionarily conserved pathway that regulates life span
received critical support when it was reported that genetic
deficiencies in GH and IGF-1 in mice resulting from muta-
tions in Pit-1 and prop-1 (Snell dwarf and Ames mice,
respectively) are associated with a substantial increase in life
span (16; also see the accompanying review by Brown-Borg
and Bartke in the present issue). Pit-1 and prop-1 are tran-
scription factors that regulate the development of specific
cell types in the anterior pituitary gland, and mutations of
these genes result in the absence of somatotropes, lacto-
tropes, and thyrotropes that secrete GH, prolactin, and thyroid
stimulating hormone, respectively. These animals exhibit
altered secretion of glucocorticoids, insulin, and other impor-
tant counter-regulatory hormones because circulating levels
of GH and IGF-1 during early development have a role in
maturation of other endocrine organs. In the early reviews of
the area, it was suggested that it would be difficult to deter-
mine the specific role of GH and IGF-1 in aging in part due
to the complex role of these hormones during development
and the interactions between these hormones and other endo-
crine systems (17-19). Subsequently, the multiple endocrine
deficiencies evident in these animals were addressed by
developing a mouse model with a knockout of the GH receptor
(ghr~"). As expected, these animals are GH insensitive and
demonstrate marked neonatal and postnatal reductions in
IGF-1 levels and other hormones that are GH and IGF-1
dependent. Similar to the Ames and Snell dwarf mice, knock-
out of the GH receptor led to a substantial increase in life span.
The concept that increased life span was the consequence
of specific reductions in the GH and IGF-1 pathway was also
supported by studies demonstrating that transgenic animals
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Table 1. Summary of Lifespan Data from Mouse and Rat Strains with Mutations of the Growth Hormone/IGF-1 AXIS or Signaling Pathways

Wild-Type Life Mutant Life Mutant Life Pathology (P)/Health

Model Strain Span Days Span Male % Span Female % N/Group Span (H) References
Ames df/df 832 +49 +67 13-17 16
Ames d/df 781 +35 21-25 P/H 21
Snell C3H/HeJxDW/J/F1 832 +42 24-33 22
ghr—/- 1290la/BalbC 629-749 +55 +37 7-19 23
igflr+/— 1298V 568 +16 (ns) +33 12-20 24
igflr+/— C57Bl/6 923-983 -5 (ns) +5-7 47-68 P/H 25
ghrhr—/— C57BI/6] 857-886 +23 +25 31-35 2
PAPPA—/— C57Bl/6x129SV/E 698 +33 +41 20-22 26
PAPPA-/- C57BI/6x129SV/E 665 +26 42-67 P 27
irsl+/— C57Bl/6 738 0 (ns) +14 (ns) 21-79 28
irs]—/— C57Bl/6 738 +12 (ns) +32 10-21 28
irsl—/- C57Bl/6 782-786 +14 +7 12-37 29
irs2+/— C57Bl/6 770 0 0 21-60 28
irs2+/- C57Bl/6 789 +17 13-17 30
irs2—/- C57Bl/6 770 -85 =22 14-30 28
Brain irs2+/—- C57Bl/6 791 +18 31-50 30
Brain irs2—/- C57Bl/6 791 +14 23-50 30
Rat models

Antisense GH Jel:Wistar-TgN(tg/-) 882 +12.9 nd 30 P 31
Antisense GH Jel:Wistar-TGN(tg/tg) 882 -5.6 nd 30 P 31
dw/dw Lewis 899 0 0 16-25 P/H 32

Note: Data are included for several strains of animals with mutations in the growth hormone/IGF-1 axis. The background strain and lifespan (in days) is noted as
well as the percent change in response to the germ-line mutation (compared to wild-type). Differences in lifespan between males and females are separated as detailed
in the original manuscript or presented as combined data from both genders. The range of animal numbers/group are included. Analysis of pathology (P) or heathspan

(H) is noted. nd = not determined; ns = not significant.

overexpressing GH throughout their life span (which exhibit
levels of GH 100- to 1,000-fold higher than normal animals)
are shorter lived (20). The aforementioned findings (and addi-
tional mouse models—see Table 1) gave important support for
the interpretation that GH and IGF-1 deficiency delay mecha-
nisms of aging. As a result, the hypothesis that GH/IGF-1 defi-
ciency represents a conserved mechanism of aging developed
widespread support, and it was predicted that disruption of
GH/IGF-1 signaling would result in an extension of life span in
other mammalian species, including man.

Despite the compelling data for enhanced life span in the
presence of GH and IGF-1 deficiency in Ames dwarf and
Snell dwarf mice, a review of the literature indicates that the
effects of GH/IGF-1 deficiency on life span in many other
rodent models are, in many cases, inconsistent. Increased
life span in response to mutations in this pathway are, in
many cases, gender specific with females demonstrating
increased life span in response to some mutations and males
in response to others. Similar findings have been reported
for models that disrupt IGF-1 signaling. For example, initial
studies by Holzenberger indicated that haploinsufficiency
of igfr increased life span by 40% in females (no effect was
observed in males) and decreased mortality in response to
paraquat (24). However, the increase in life span in response
to igfr haploinsufficiency was not confirmed when the study
was repeated using optimal husbandry conditions (25). In
the latter study, a modest 5% increase in life span was found
in females and no increase in life span was evident in males.
These diverse results are incompatible with the concept that

reductions in IGF-1 signaling increase life span in mammals
as was reported in invertebrate models. Additional discrep-
ancies are evident when intracellular factors that are part of
the insulin, IGF-1 signaling pathway are manipulated in
mammals (eg, irs/ and irs2 heterozygous animals). Initially,
it was reported that animals heterozygous for a null allele
for irs2 exhibit increased life span (30)—however, this find-
ing was not confirmed in another study (28). Initial analysis
of irsl knockout animals indicated that the effects were
isolated to females (28), whereas another study indicated
that both males and females demonstrated increased life span
(29). The gender differences and inconsistency in reproduc-
ing key studies in support of a conserved mechanism of
aging can in some instances be attributed to low number of
animals included in the studies and atypical mortality data,
but they also suggest that the effects of GH/IGF-1 deficiency
are highly complex and may be strain, species, and/or gen-
der specific. In fact, it has been suggested that there are only
three (3) models of GH/IGF-1 deficiency that consistently
show increased life span across multiple studies: Ames, Snell,
and ghr knockout mice (33). Importantly, more modest
reductions in GH and IGF-1 or induction in GH deficiency
during adolescence has no effect on life span even though
age-related pathology is modified (32). Thus, despite the
general consensus that the GH/IGF-1 pathway is a con-
served mechanism of aging, the data for increased life span
in response to manipulation of this pathway in rodent models
remain inconsistent and appear to be the result of studies in
an important subset of animal models.
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Figure 1. Panel (A): GH/IGF-1 deficiency in ghr—/—, Ames, and Snell dwarf
mice is associated with a substantial extension of life span compared with the
respective wild-type controls. Relative increases in median life span, based on
the data published in references (16,21-23), are shown. Panel (B): Human
GHR-deficient (GHRD) Ecuadorian subjects do not exhibit a longevity pheno-
type. Median age at 50% survival for the GHRD subjects is indicated based on
the survival curve for this population (34). The expected life span for GHRD
subjects was calculated by extrapolation of the mouse data. For reference, the
life expectancies at birth of the population in Ecuador and the United States are
shown. Life-span expectancy data were taken from the Central Intelligence
Agency World Factbook (https://www.cia.gov/library/publications/the-world-
factbook/rankorder/2102rank.html).

GH/IGF-1 Deficiency and Life Span in Humans

The critical question to be addressed in the GH/IGF-1
field is whether deficiency of these hormones increases life
span in humans as has been reported in the murine models.
Overall, the data in humans indicate that genetic disruption
of GH/IGF-1 signaling does not result in increased life span
and may, in fact, result in shorter lived individuals (Figure 1).
Importantly, GH deficiency in humans is characterized by
hypoglycemia, reduced muscle and bone mass, increased body
fat, lipid abnormalities, insulin resistance, neurological
deficits, and impaired energy metabolism, changes that are
consistent with the known actions of these hormones. Anec-
dotal evidence in the medical literature has suggested that
many human dwarfs are short lived (eg Charles Sherwood
Stratton [1838-1883], who performed with the Barnum
Circus in the 19th century under the stage name General
Tom Thumb, died of stroke at the age of 45 and Nicolas
Ferry [1741-1764], who was in the court of King Stanistaw
Leszczynski, was reported to develop signs of premature
aging). Nevertheless, there have been documented exam-
ples of people with dwarfism who outlived their healthy
peers (eg, the Polish-born proportional dwarf Jézef
Boruwtaski [1739-1837] who once entertained Queen
Maria Theresa). Although the sample size is small, more

rigorous studies of dwarf humans with a prop-1 deficiency
from the Island of KrK in the Adriatic Sea indicate that these
individuals exhibit a normal life span (35). Nevertheless, the
population of individuals in this group does not exhibit an
extended life span compared with the normal population as
would be expected based on the data from the invertebrate
models. Similar findings have been reported in studies of Laron
dwarfs (mutation in the GH receptor resulting in deficient
IGF-1 levels) and in an Ecuadorian population of dwarfs that
exhibit a mutation similar to the Israeli Laron dwarfs (34). In
this study, the survival curve for the IGF-1—deficient group did
not indicate increased life span compared with the general
population (Figure 1). The oldest documented living Ecuador-
ian IGF-1—deficient dwarf, a lady named Pastorita, is in her
mid-80s, whereas the oldest documented “wild-type” human
died at the age of 122 years. It is informative that over two
thirds of the Ecuadorian dwarf population die by the age of 65.
Importantly, analysis of cause of mortality indicated that Ecua-
dorian dwarfs not only exhibit a reduction in cancer risk but
also appear to experience an increase in cardiovascular disease,
as would be expected based on the important role of IGF-1 in
these age-related pathologies (refer to references 1,2).

A recent study analyzed the available data to determine
the relationship between circulating IGF-1 levels and mor-
tality in the general population using random-effects meta-
analysis and dose-response meta-regression (36). Analysis
of 12 studies with 14,906 participants clearly demonstrates
that in humans, there is a U-shaped association between
circulating IGF-1 levels and all-cause mortality. Important
for the present discussion, low levels of IGF-1 translate into
a significantly increased mortality risk in the general popu-
lation, predominantly due to an increased incidence of
cardiovascular diseases. In contrast, higher IGF-1 levels are
associated with an increased cancer mortality (36,37).

Taken together, the human data do not reflect the increased
life span found in Ames, Snell, and ghr knockout animals,
suggesting that GH/IGF-1 signaling is not part of an evolu-
tionarily conserved mechanism of life span regulation.
Yet, the human data are consistent with the important role
of GH/IGF-1 signaling in development and prevention of
age-related organ-specific diseases.

Mutations in the igfr and foxo Genes

Although the available data to date do not support circulat-
ing GH or IGF-1 deficiency in humans as part of an evolu-
tionarily conserved mechanism of longevity, there is evidence
that mutations in the igfr gene and reduced signaling in the
IGF receptor pathway are associated with longevity (38). igfr
mutations that result in decreased IGF receptor function are
enriched in centenarians (39). It is unknown whether these
changes idicate that igfr receptor signaling is suppressed in
multiple tissues throughout life, whether these changes
directly contribute to extended life span, and/or whether these
changes specifically alter the development of organ-specific
diseases of aging. Thus, this area of research requires further
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investigation. To date, the nature of the specific genetic muta-
tions and the association between IGF-1 signaling in diverse
human populations and life span remains unknown.

Part of the cellular response to IGF-1 and insulin signaling
is activation of intracellular AKT that regulates the FOXO
pathway (a forkhead box DNA-binding protein homologous
to daf-16 in C elegans). In mammals, there are four Fox-O
isoforms (FOXO1, FOX0O3a, FOX04, and FOXO6) that
exhibit functional redundancy although their physiological
roles are diverse (40). FOXO proteins have an important role
in regulation of apoptosis, gluconeogenesis, autophagy, cell
proliferation, angiogenesis, and stress responses as well as
stem cell maintenance (41-43). Insulin and IGF-1 through
their intracellular pathways phosphorylate FOXO and
facilitate their export from the nucleus (through binding to
14-3-3 proteins) leading to a decrease in function. In 2008,
Willcox et al. (44) identified FOXO3a as an important sus-
ceptibility gene for human longevity, and this initial finding
has been confirmed in numerous populations (eg, Germans,
Danish, Chinese, Ashkenazi Jews, and Italians; 45-49).
FOXO gene variants have been associated with longevity in
numerous populations although the function of the variants
and their relationship to FOXO activity has not been clearly
established. Importantly, a recent study in Germans indicated
that FOXO1, FOXO04, or FOXO6 were not associated with
longevity (50; suggesting that increased life span is associ-
ated only with FOXO3a. Future research needs to be focused
on how the multiple FOXO isoforms are regulated by insulin
and IGF-1 peptides and the specific mechanisms through
which the actions of FOXO gene variants influence life span.

Conclusions

Based on the current available studies, it appears that the
definition of a conserved mechanism of aging requires clar-
ification. If a “common” mechanism for increased life span
does not relate to animals of different genders or more
importantly to humans, it is difficult to conclude that it rep-
resents a conserved mechanism of aging. Importantly, the
studies in humans on circulating GH and IGF-1 deficiency
do not agree with the data from rodent models. GH/IGF-1—
deficient dwarf humans can, under some circumstances, live
as long as their non-GH/IGF-1—deficient peers, but in the
majority of cases, they do not exhibit the increased life span
that would be expected based on the relevant literature on
laboratory animals. Nevertheless, there are convincing results
demonstrating a role for GH/IGF-1 signaling both in develop-
ment and prevention of organ-specific pathologies in aging.

THE INSULIN/IGF-1 PATHWAYS IN MAMMALS:
SEPARATE BUT OVERLAPPING SYSTEMS

Certainly, part of the complexity and confusion in the
insulin/IGF-1 field is the fact that there are distinct differences
between the common insulin/IGF-1 pathway in inverte-
brates and the separate but interrelated systems that exist in

mammals. For example, studies demonstrating that knock-
out of the insulin receptor in adipocytes increases life span
(51) are generally interpreted as support for the conclusion that
both insulin and IGF-1 signaling exhibit a negative effect on
life span despite our understanding that these two hormones
have independent roles in adipocytes (52). The interrelation-
ship between insulin and IGF-1, however, is even more com-
plex than originally proposed. Receptors for both insulin and
IGF-1 are heterodimers with a high degree of homology.
Recent data indicate that these receptors can, under some cir-
cumstances, exist as hybrid receptors (53-55). Nevertheless,
the distribution and potentially unique function of these hybrid
receptors remain unclear. If we are to resolve differences
related to the effects of GH and IGF-1 on life span, we must be
aware of the similarities and differences in IGF-1 and insulin
signaling in mammals and avoid generalizations to the com-
mon pathway that exist in invertebrates.

THE PROLIFERATIVE EFrFeECTS OF GH/IGF-1
CONTRIBUTE TO INCREASED INCIDENCE OF NEOPLASTIC
DiSEASES: POSSIBLE ROLE IN DETERMINATION OF LIFE
SPAN IN CANCER-PRONE STRAINS OF RODENTS

Although short-term administration of GH and IGF-1 has
been reported to reverse specific functional aspects of aging in
mammals, the close relationship between these hormones
and cancer had been recognized for many years. Humans
with excess GH and IGF-1 are at increased risk for neoplastic
disease, and many tumors either express a high density of IGF
receptors or produce their own IGF-1 through a paracrine
mechanism that facilitates cellular proliferation. As a result,
there is a valid concern, well documented in the literature, that
increased levels of circulating GH and IGF-1 may increase
cancer risk. Although there are studies in humans that support
such a relationship, causality has not been clearly established
and issues related to the specific levels and duration of GH and/
or IGF-1 necessary to increase cancer risk remain unanswered.

In rodents, the relationship between GH/IGF-1 and can-
cer risk has more clarity. Studies in GH-deficient dwarf
rats, for example, indicate that the potent carcinogen, 7,12—
Dimethylbenz(a)anthracene, fails to induce mammary can-
cer when IGF-1 levels are reduced by approximately 50%.
Furthermore, replacement of GH produces a dose-related
increase in IGF-1, in the number of animals with mammary
tumors, and the numbers of tumors per tumor-bearing animal
(56). Some of the most intriguing studies that support a role
for IGF-1 in cancer were conducted as either cross-sectional
pathology or end-of-life pathology in models of GH and
IGF-1 deficiency (32,56,57). Pathological analysis in Ames
dwarf mice compared with control animals indicates a reduc-
tion in numbers of tumors and cancers of various types (21).
The reduction in cancer incidence is at least one of the fac-
tors that contribute to increased life span especially with the
profound reduction in circulating IGF-1 observed in these
animals (16,58). Based on the well-documented effects of
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GH and IGF-1 on cancer and pathology and that most of the
mouse models used for aging research were initially bred
for cancer research, it would be reasonable to conclude that
a modest increase in life span associated with GH/IGF-1
deficiency in cancer-prone strains of mice (eg, 10%—20%)
can, in the absence of contradictory pathological data, be
explained by the effects of GH and IGF-1 on cancer develop-
ment rather than modifying an underlying mechanism of
aging. It should be noted that genetic susceptibility to cancer
and the relative contribution of neoplastic diseases to overall
mortality differ among mouse strains and species. Thus, the
effect of GH/IGF-1 deficiency on cancer mortality and
median life span is likely strain and species dependent. The
available data support this conclusion. GH/IGF-1—deficient
Lewis dwarf rats, in which intracerebral hemorrhage is an
important cause of death, do not exhibit a longevity phenotype
in response to GH/IGF-1 deficiency. Rather, treatment with
GH during adolescence is vasculoprotective and increases life
span (32). Furthermore, in human GH/IGF-1-deficient
dwarfs, a significant decrease in cancer risk is not associated
with extension of life span (34). Given that subclinical and
clinical symptoms exist at various time points prior to the
frank manifestation of pathology in animal models, investiga-
tors need to be cognizant of the important interactions between
pathology and measures of biological aging.

IGF-1 SPLICE VARIANTS, PARACRINE IGF-1, AND
IGF-BINDING PROTEINS: UNEXPLORED AREAS OF
RESEARCH

IGF-1 is a relatively complex gene spanning 90 kb with
six exons. The primary transcript consists of alternative
leader sequences and alternative splicing sites between
exons 4,5, and 6. Translation is initiated at either exon 1 or 2
and then spliced to exon 3 and 4. Further splicing of exon
4 to exon 6 results in IGF-1Ea (the primary isoform), whereas
splicing exons 4 to exons 5 and 6 results in IGF-1Eb.
Although there is a controversy related to the in vivo impor-
tance of the products of this gene, it has been proposed that
pro-IGF-1 is cleaved to the mature 70 amino acid IGF-1
peptide and variable E peptides. Ea is proposed to be 34
amino acids, whereas Eb is 10 amino acids. Interestingly,
data indicate that IGF-1Ea or IGF-1Eb increases muscle
mass in young animals (59-61), whereas mature IGF-1, Ea,
or Eb peptides alone were not effective. These data poten-
tially provide important evidence for a unique role for alter-
native splice variants of IGF-1. Although there is little
information for the action of these peptides in tissues other
than skeletal muscle, this is an important area for future
investigation. For additional information on the importance
of, and controversies in, the production of IGF-1 variants,
please refer to excellent review by Matheny et al. (62).

As detailed earlier in this review, IGF-1 is produced
locally by many tissues. Although the specific role of
paracrine-regulated IGF-1 remains unclear, it has been

implicated in the normalization of body growth in the
liver-IGF-1—-deficient mouse (63) and is likely a key factor
in the tissue response to localized trauma, damage, or stress.
Reductions in circulating IGF-1 in adults result in no com-
pensatory rise in paracrine IGF-1 levels (at least in brain; 64),
resulting in IGF-1 deficiency at the tissue level. However, in
the long-lived Ames dwarf, paracrine IGF-1 levels in the
brain are elevated despite the reduction in circulating IGF-1
(65). This is an important finding and suggests that early
deficiency in IGF-1 may produce lifelong changes in local
production of the hormone. If this finding were confirmed
in other organs and tissues, it would challenge the concept
that long-lived Ames dwarf animals are IGF-1 deficient.

Another important feature of IGF-1 regulation is the
presence of at least six IGF-binding proteins (IGFBPs) that
regulate IGF-1 activity. In the circulation, IGF-1 is carried by
IGFBP-3 in a complex with an acid-labile subunit; numerous
other IGFBPs sequester IGF-1 in the extracellular environ-
ment, effectively limiting access to the IGF receptor (66-68).
Ultimately, IGF-1 is released from its binding proteins by
IGFBP proteases that are the determinant of ligand availability
(69). To date, there have been few studies that have manipu-
lated these important aspects of the IGF-1 system and investi-
gated effects on life span. Nevertheless, studies from the
Conover laboratory demonstrated that knockout of pregnancy-
associated plasma protein A, which is a metalloproteinase that
degrades IGF-binding proteins and thus increases activity
through the IGF receptor, increases life span by approximately
26% (26,27). The findings are consistent with an important
effect of IGF-1 deficiency on aging and pathology because
tumor development was delayed in these animals (70).
Unfortunately, our understanding of the regulation of IGFBPs
by proteases and their effect on health span is not complete
and therefore further research in this area is essential.

GH/IGF-1 ExHIBITS DIFFERENTIAL EFFECTS ON
SPECIFIC ORGANS/TISSUES

GH and IGF-1 have important trophic actions on many
tissues. Both gene expression and levels of GH and IGF-1
decrease in the brain with age, and this decrease is closely
associated with neuronal dysfunction. Certainly, it has been
clear that administration of these hormones increases neu-
ronal function and reverses age-related changes in several
neurological measures when administered to aged individu-
als. IGF-1 has been shown to increase glucose metabolism,
neurite outgrowth, neurogenesis, synaptic complexity, and
reverse the age-related rise in oxidative stress. Based on the
current literature, there is no disagreement that GH and
IGF-1 are important for the support of cognitive function
in healthy adults. The specific actions of these hormones
on mammalian brain function and the effects of IGF-1 are
reviewed in the chapter by Deak and Sonntag in this series.

Beneficial effects of GH and IGF-1 on vascular and car-
diac function have been well established (refer to references
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2 and 3). Furthermore, there are many studies that indicate
an important role for IGF-1 or IGF-1-related factors (eg,
mechano-growth factor) on muscle function. As previously
noted, mechano-growth factor corresponds to IGF-1Eb in
rodents (IGF-1Ec in humans) and is increased after mechan-
ical strain or muscle damage. Synthetic mechano-growth
factor-24, the C terminal peptide of IGF-1Eb, stimulates
proliferation of myoblasts. Furthermore, an adenovirus that
produces IGF-1Eb induces muscle hypertrophy (60). IGF-1Eb/
mechano-growth factor increases proliferation and delays
senescence of satellite cells in young animals (71). Finally,
mature IGF-1 is important for excitation contraction coupling
through its effects on the regulation of dihydropyridine and
ryanodine receptors (72,73).

Despite beneficial actions of these hormones on numer-
ous tissues, GH decreases insulin sensitivity and elevates
blood levels of glucose. The complexity of the action of
GH/IGF-1 pathway is illustrated by a recent study demon-
strating that, in GH/IGF-1-deficient Lewis dwarf rats,
high-fat diet-induced obesity results in impaired glucose
tolerance, which is associated with exacerbated vascular
dysfunction (74). Although the importance of insulin sensi-
tivity for the increase in life span is unknown, this remains an
important correlate of extended life span (75). As expected,
extremely high levels of GH decrease insulin sensitivity and
reduce life span. The relationship among GH, insulin sensi-
tivity, and life span are reviewed by Brown-Borg and Bartke
in this series (4).

In addition to increasing cancer risk, GH and IGF-1 have
been implicated in kidney disease. Approximately 80% of
Lewis rats exhibit a profound nephropathy as they age, and
this is a major cause of death in a high percentage of these
animals. A 50% reduction in GH/IGF-1 beginning at 5 months
of age totally prevents the disease (32). Interestingly,
replacement of GH for as little as 10 weeks (followed
by GH/IGF-1 deficiency for the remainder of the life span)
increases the incidence of nephropathy (W.E. Sonntag, M.
Mitschelen, and Y. Ikeno, personal communications). Thus,
in animal strains susceptible to kidney pathology, levels of
circulating GH and IGF-1 are highly correlated with both
incidence and disease progression that undoubtedly is a fac-
tor in limiting both quality of life and life span. Interestingly,
GH/IGF-1 deficiency also protects Lewis dwarf rats against
high-fat diet-induced hepatosteatosis (74), providing further
evidence that strain-specific diseases are an important aspect
of life span regulation by GH/IGF-1.

Based on the literature, GH and IGF-1 have both benefi-
cial and deleterious effects on specific pathologies that
undoubtedly influence life span. Therefore, in many cases,
the consequences of GH and IGF-1 deficiency are depen-
dent on the species, background strain, and pathologies that
the species or strain is susceptible. Those animals that are at
risk for cancer, liver, or kidney disease will likely exhibit a
shortened life span in response to elevated levels of GH and
IGF-1, and we expect that those animals with reduced risk

for these diseases will likely not exhibit increased life span
in response to this intervention. Similarly, those species at
risk for specific cardiovascular diseases (stroke, myocardial
infarction, heart failure, vascular cognitive impairment)
may benefit from elevated levels of these hormones. These
effects are consistent with the classical actions of GH and
IGF-1 being important anabolic agents that stimulate cell
growth, proliferation, and tissue repair. Because cardiovas-
cular diseases, metabolic diseases, and cancer are all impor-
tant health issues in the elderly population, the effects of
GH/IGF-1 pathway on human health span and life span are
predictably complex.

GH/IGF-1 REPLACEMENT LATE IN LIFE AFFECTS
HEALTH SPAN

Studies in the early 1980s indicated that GH and IGF-1
decrease with age in rodents, nonhuman primates, and
humans (19,76-78). Importantly, decreases in these potent
anabolic hormones correlate quite well with decreases in
muscle mass, immune function, and many other aspects of
aging, and several groups of investigators concluded that at
least part of the aging phenotype resulted from a deficiency
of circulating GH and IGF-1. Using classical endocrine
approaches, investigators reported that GH or IGF-1 replace-
ment increased cellular protein synthesis and immune func-
tion and decreased fat mass—end points that are modified
with age and all classic targets for the actions of GH and IGF-1
(19). Importantly, GH and IGF-1 replacement were observed
to have beneficial actions on cardiac and vascular function as
well as on brain function (79,80). These studies used doses of
GH and IGF-1 that recapitulated the levels of these hormones
in younger animals (and were markedly lower than levels of
the hormone found in GH transgenic animals). Certainly, it is
well known that very high levels of these hormones produce
acromegaly and increase cancer risk. Investigations of GH/
IGF-1 replacement resulted in a wide range of manuscripts
indicating that these hormones prevented or reversed specific
aspects of the aging phenotype. However, there were few stud-
ies conducted with sufficient statistical power to address the
potential effects of GH replacement on life span, and the
majority of the studies were specifically designed to investi-
gate variables associated with health span.

Based on the decreases in GH and IGF-1 with age in both
rodents and humans and their association with clinical con-
ditions associated with aging, the concept of a “somato-
pause” (decreases in GH and IGF-1 with age) that leads to
functional changes normally associated with age became
prevalent in the clinical literature. Early studies by Rudman
et al. (81) supported such a role for GH and IGF-1 by dem-
onstrating that GH replacement increased lean body mass
and vertebral bone density and reduced fat mass in older
individuals. Unfortunately, many of the clinical studies with
GH replacement have revealed significant side effects in-
cluding insulin insensitivity and increased incidence of car-
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pal tunnel syndrome. Despite these limitations, there
remains a close association between GH deficiency and car-
diac dysfunction, atherosclerosis and vascular rarefaction,
cognitive dysfunction, and reduced exercise capacity.

The vast majority of research scientists who study the
preclinical and clinical actions of GH and IGF-1 do not
advocate its long-term use in humans. Unfortunately, research
from many of these laboratories has been exploited by those
promising a “cure” for aging and age-related diseases based
on highly selective views of the literature while minimizing
the risks. The majority of the scientifically rigorous studies
that investigate the effects of GH and IGF-1 replacement
recognize the potential for both beneficial and deleterious
pathological effects and use the intervention to assess the
underlying cellular pathways that contribute to aging and
age-related disease. Therefore, replacement of GH and
IGF-1 are not appropriate as a clinical intervention to treat
symptoms of aging in humans.

EVIDENCE THAT DEVELOPMENTAL EFFECTS OF
GH/IGF-1 AFFECT CELLULAR STRESS RESISTANCE AND
LATE-LIFE MORTALITY: A POSSIBLE EXPLANATION
FOR THE CONTROVERSY OVER THE RELATIONSHIP
AMONG IGF-1 LEVELS, HEALTH SPAN, AND LIFE SPAN
One common variable among all the mutant and trans-
genic animals that demonstrate increased life span is a
reduction in circulating GH and/or IGF-1 levels early during
the life span. Previous data indicate that GH and IGF-1 have
important roles in the development in brain function as well
as function of numerous tissues throughout the body. For
example, pancreatic development is dependent on adequate
levels of these hormones for the development of islets, and
the absence of these hormones results in insulin insuffi-
ciency in adulthood. Therefore, the question arises whether
the timing of hormonal deficiency during the life span as
well as the extent of IGF-1 deficiency are relevant variables
that contribute to life-span regulation. Studies from our own
laboratory using the GH-deficient dwarf rat indicate that
modest (40%-50%) reductions in IGF-1 levels in rodents
throughout life have no effect on life span although the
reduction does impair health span and reduces specific
age-related pathologies (32,82). End-of-life pathological
analysis indicated that the incidence of cancer and kidney
disease was significantly reduced in early-onset GH/IGF-1—
deficient animals. Interestingly, normalization of circulating
GH/IGF-1 levels for only 10 weeks in dwarf animals (from
4 to 14 weeks of age) was able to increase life span by 15%
compared with vehicle-treated dwarf and wild-type animals—
an effect that was mediated by delaying a single pathology,
intracerebral hemorrhage (32). This finding is consistent
with the well-established actions of IGF-1 on vasculature
that are reviewed by Ungvari and Csiszar in this series and
further suggests that short periods of GH treatment during
adolescence have effects that are manifest later during the

GH
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Figure 2. In male Ames dwarf mice, short-term peripubertal treatment with
bovine GH (6 pg/g bw/day injected subcutaneously) between 2 and 8 weeks of
age prevents the expression of the longevity phenotype. The median life spans
of Ames dwarf mice treated with GH, untreated wild-type controls, and un-
treated Ames dwarf mice are shown. Data are replotted from (83). *p = .0005.

life span. Recent landmark studies from Panici et al. (84)
indicate that administration of GH from day 14 for 6 weeks
to the long-lived Ames dwarf animal completely reversed
the increased life span in these animals (Figure 2). Finally,
studies from the Jackson Laboratory (84) comparing over
30 strains of mice indicated that IGF-1 levels at 6 months
of age are inversely correlated with life span and that this
correlation decreases as animals age. By 18 months of age,
the correlation is essentially lost, suggesting that only levels
of circulating IGF-1 earlier during the life span are predic-
tive of life span (Figure 3). Given that circulating IGF-1
levels rise immediately prior to puberty (beginning around
day 30 in rodent models), the levels at 6 months of age
likely reflect these earlier time points. One of the potential
conclusions from these studies is that the stage of life when
GH and IGF-1 secretion are deficient is probably the most
important variable in whether they affect life span. To date,
the most robust effects on life span occur when GH and
IGF-1 deficiency (or deficiency in their signaling pathways)
is present when these hormones are regulating the develop-
ment of specific organs and tissues. Based on the limited
numbers of studies published to date, suppression of GH
and IGF-1 or their signaling pathways after development
has little effect on life span. Interesting in this regard is the
observation that more rapid age-related declines in circulating
IGF-1 levels in various inbred strains of mice tend to be
associated with a shorter life span (Figure 4). The hypothesis
that low IGF-1 levels in the postdevelopmental period delay
aging would predict the opposite.

In our opinion, it is plausible that the increase in life span
observed in Ames and Snell dwarf animals as well as ghr
knockout animals is the consequence of impairments in the
developmental programming of key pathways that integrate
energy metabolism and utilization and cellular stress resis-
tance. This view is supported by the studies of Panici et al.
(83) showing that injections of GH into Ames dwarf mice
from day 14 for 6 weeks prevented the development of a
cellular multi-stress resistance phenotype. Previous studies
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Figure 3. In genetically diverse inbred mouse strains, IGF-1 levels measured at 6 months of age are negatively correlated with median life span both in males (A)
and females (B). Panels (C and D): No correlation exists between IGF-1 levels measured at 18 months of age and median life span of the mouse strains in either sex.
These findings indicate that only levels of circulating IGF-1 early during the life span are predictive of life span. The data are derived from life-span studies conducted
at the Jackson Aging Center. Data are replotted from previously published work of Yuan et al. (84,85).

from the Miller laboratory (86-88) and our own recent
results (89) showing that fibroblasts isolated from rodent
models of GH/IGF-1 deficiency retain their unique stress
resistance signatures in culture through many rounds of
mitosis are consistent with the presence of epigenetic control
mechanisms triggered in vivo by early GH and IGF-1
deficiency and maintained in extended culture. This concept
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is further supported by the finding that the stress resistance
signatures fundamentally differ between cells isolated
from newborn Snell dwarf mice and cells derived from the
~3-month-old Snell dwarf mice in which postnatal changes
in circulating GH and IGF-1 levels are manifest (83). More-
over, the ability of circulating IGF-1 deficiency in mice to
exacerbate high-fat diet-induced inflammatory cytokine
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Figure 4. In genetically diverse inbred mouse strains, larger age-related declines in circulating IGF-1 levels (defined as the difference between IGF-1 levels
measured at 18 months of age and 6 months of age) tend to be associated with shorter life span. The hypothesis that low IGF-1 levels in the postdevelopmental period
delay aging would predict the opposite. The data are derived from life-span studies conducted in mice housed in a specific pathogen-free facility at the Jackson Aging

Center. Data are replotted from previously published work of Yuan et al. (84,85).
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expression in the liver also depends on the onset (pre- or
postpubertal) of the endocrine defect (90). It is tempting to
speculate that low levels of GH/IGF-1 exposure during a
short peripubertal period result in epigenetic modifications
in the genome that ultimately affect health span and life
span. Further studies are warranted to test this hypothesis.
Importantly, the resulting long-term developmental changes
in the cellular phenotype (eg, stress resistance, redox homeo-
stasis, energy metabolism) may or may not be similar to the
direct cellular effects of GH and IGF-1 in adults. The recent
development of a novel mouse model of timed IGF-1 defi-
ciency (adeno-associated viral knockdown of IGF-1 specifi-
cally in the liver of prepubertal vs postpubertal mice using
Cre-lox technology; 64,91) will allow for the methodological
dissection of the aforementioned developmental effects of
IGF-1 in multiple target organs.

CONCLUSIONS

In the series of articles that follow in the present issue of
Journal of Gerontology: Biological Sciences and Medical
Sciences, research on the potential beneficial and deleterious
actions of GH and IGF-1 and their potential contributions to
health span and life span are reviewed. On the basis of this
overview of the literature, numerous potential explanations
can be offered for the apparent lack of consistency between
the rodent models and humans with regard to the role of GH/
IGF-1 signaling in regulation of life span. The picture that
emerges is of a complex endocrine/paracrine regulatory net-
work that has effects on tissue and organ development as well
as tissue function and energy homeostasis throughout life.

The general consensus is that in the postdevelopmental
stage of life, GH and IGF-1 have numerous beneficial/
protective actions in skeletal muscle and the cardiovascular
and nervous systems but nevertheless increase insulin insen-
sitivity and cancer risk. Based on these studies, it would be
expected that these hormones have differential effects on
health-span and life-span based, in part, on the age-specific
tissue dysfunction and pathologies evident for each species
and strain. Future studies should test these hypotheses.
Another important area for future investigations is the tissue-
specific role of paracine IGF-1 and IGF-1 splice variants
during aging. Based on the C elegans model, it will be
essential to understand the role of paracrine IGF-1 signaling
in the central nervous system in regulation of the aging
process in mammals.

Although the actions of GH and IGF-1 through the afore-
mentioned pathways may be responsible for a 15%—-20%
variation in life span in certain laboratory rodent strains, we
find it unlikely that postdevelopmental decreases in circu-
lating GH/IGF-1 per se account for the marked increase in
life span found in the Ames dwarf, Snell dwarf, and ghr
knockout mice. In contrast, exciting new data strongly sug-
gest that circulating levels of GH and IGF-1 during devel-
opment exert a key role in regulation of life span in rodent
models. At the same time, one may argue that the rise in GH

and IGF-1 during adolescence is critical for growth and
maturation of numerous tissues resulting in an organism
that is leaner, larger, and more competitive and reproduc-
tively competent in challenging environments. Recent data
indicate that the increase in these hormones during adoles-
cence has effects on brain and vascular function that are
manifest throughout life and may even contribute to disease
prevention at the end of life. Thus, tissue-specific effects of
alterations in IGF-1 signaling during development should
be addressed in future studies. These studies will have the
potential to provide critical insight into the mechanisms by
which alterations in IGF-1 signaling during development
affect the pathophysiology of age-related diseases affecting
mortality later in life.

Taken together, the perceived contradictory roles of GH
and IGF-1 in the genesis of the aging phenotype should not
be interpreted as a controversy on whether GH or IGF-1
increases or decreases life span but rather as an opportunity
to explore the complex roles of these hormones during spe-
cific stages of the life span. Assessment of the mechanisms
of these hormones during each stage of the life span and
elucidation of the mechanisms by which GH and IGF-1
modulate pathways involved in life span regulation initiated
during development will be essential in advancing research
into the mechanisms of aging.
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