Chapter 5
Growth Hormone and IGF-1 Axis in Aging
and Longevity

Isao Shimokawa

Abstract The growth hormone (GH)-IGF-1 axis, which regulates postnatal growth
and metabolism, progressively declines after puberty. This decline causes alter-
ations in body composition and thus physical frailty in aging animals. By contrast,
attenuation of the GH-IGF-1 axis consistently increases lifespan in a range of
animals. Studies using mutant animals reveal key molecules for longevity in
cytoplasmic IGF-1 signaling, including mechanistic target of rapamycin (mTOR)
and forkhead box, subgroup O (FoxO) transcription factors. Dietary calorie
restriction, a robust experimental intervention to extend lifespan in animals, also
inhibits the GH-IGF-1 axis. Studies in human dwarf cohorts report lower incidences
of cancers and cardiovascular diseases, though there is no scientific evidence of
extended lifespan in these people. Genome-wide studies in long-lived people
indicate an association between longevity and minor alleles of genes that lead to a
reduction in IGF-1 signaling. Evolutionary views suggest a trade-off relation
between growth and longevity. Therefore, it is rational to conclude that the
GH-IGF-1 axis is the central pathway that regulates lifespan and thus aging in
animals.
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5.1 Introduction

Growth hormone (GH) secreted from the pituitary gland is essential for postnatal
growth in mammals (Butler and Le Roith 2001). The anabolic effect of GH is
mostly mediated by IGF-1, although GH also exerts direct effects on peripheral
tissues. GH receptor (GHR) is expressed not only in the liver but also in many
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peripheral organs. Three-quarters of the circulating IGF-1 is estimated to originate
from the liver, with the remainder probably derived from other tissues including
adipose tissues. IGF-1 receptor is also expressed in many tissues. GH and IGF-1
mostly work in concert to affect tissue growth and metabolism, but work inde-
pendently in some physiological conditions.

Synthesis and pulsatile release of GH from the pituitary gland are governed
mainly by the opposing actions of hypothalamic GH-releasing hormone (GHRH)
and somatostatin (Butler and Le Roith 2001). Secretion is also modulated
depending on nutritional conditions, e.g., long-term reduction in calorie intake or
protein deficiency inhibits GH release and lowers plasma concentrations of IGF-1.

Twenty-four-hour secretion of GH, which reaches a peak around puberty, has
begun to decrease in young adults (Savine and Sonksen 2000; Sattler 2013). In
most adults, GH secretion has progressively declined by the age of 60 to levels
indistinguishable from those of adult GH deficiency patients with organic lesions in
the pituitary gland. GH deficiency with aging causes a decrease in lean muscle mass
and an increase in fat mass. These alterations in body composition can cause
physical frailty as well as an increased risk of cardiovascular diseases in elderly
people. As a result, clinical trials of GH administration have been conducted in
elderly people to improve such conditions (Rudman et al. 1990).

By contrast, loss-of- or reduction-of-function mutations of genes involved in GH
signaling consistently extend lifespan in a range of vertebrates and invertebrates
(Bartke 2008) Dietary calorie restriction (DR), a simple but robust experimental
intervention to extend lifespan in animals, inhibits the GH-IGF-1 axis (Shimokawa
2015). Genome-wide human studies also report a potential relationship between
longevity and reductions in IGF-1 (van Heemst et al. 2005). This chapter describes
the antagonistic pleiotropic effects of GH in the aging process.

5.2 Decline of the GH-IGF-1 Axis and Replacement
Therapy in Elderly People

Acquired GH deficiency (GHD) in adults due to structural defects in the pituitary
gland causes alterations in body composition such as reduced skeletal muscle and
increased total and trunk fat mass (Sattler 2013). Adults with GHD also show
worsened cardiovascular disease risk factors including insulin resistance, incre-
ments of blood total and LDL cholesterol, and high blood pressure. GH replace-
ment therapy improves some, but not all, of these factors (Sattler 2013). In elderly
people, GH levels, and thus circulating IGF-1 concentrations, are as low as those in
GHD adults. However, whether the alterations in body composition in elderly
people are caused by the reduced GH-IGF-1 axis and thus whether GH replacement
can improve the aging-related changes in body composition remained unclear. To
address this question, Rudman et al. (1990) conducted clinical trials in which
biosynthetic human GH (hGH) was administered for 6 or 12 months in healthy
people aged 61-81 years. The doses of hGH were adjusted to elevate plasma IGF-1
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levels according to the range shown in young people. The 6-month trial resulted in
increases in lean muscle mass and decreases in adipose tissue mass with no sig-
nificant changes in body weight or bone density. There were also no adverse effects
such as edema or hypertension. This study supports the hypothesis that reduced
bioavailability of GH results in an altered body composition causing physical frailty
in elderly people. In contrast, a subsequent 12-month study involving administra-
tion of hGH to a larger number of subjects identified a high frequency of side effects
such as carpal tunnel syndrome, gynecomastia, and hyperglycemia (Cohn et al.
1993). A systematic review based on 31 articles describing randomized, controlled
trials in 18 unique study populations indicates that GH treatment in elderly over-
weight (mean BMI 28 kg/m?) people increased lean body mass and decreased fat
mass and total cholesterol without significant changes in body weight (Liu et al.
2007). However, the people treated with GH were significantly more likely to
experience soft tissue edema, arthralgias, carpal tunnel syndrome, and gyneco-
mastia. Some subjects also showed impaired fasting glucose and diabetes. The
review concludes that GH administration cannot be recommended as an anti-aging
therapy in elderly people because it increases the rates of adverse events, even
though it induces small beneficial changes in body composition (Liu et al. 2007).

5.3 Loss-of- or Reduction-of Function Mutations of Genes
in the GH Signal Transduction Pathway Consistently
Extend Lifespan in a Range of Experimental Animals

Despite the aging—related decline of the GH-IGF-1 axis in animals, a large body of
evidence indicates an extension of lifespan by inhibition of the GH-IGF-1 axis in
mice (Fig. 5.1) and invertebrates.

GH secretion is stimulated by GHRH and inhibited by somatostatin. The little
mouse strain, in which the GHRH receptor gene is spontaneously mutated, lives
longer than wild-type mice (Flurkey et al. 2001). Disruption of the Ghrh gene in
mice also increases lifespan in both males and females (Sun et al. 2013). Little mice
and Ghrh knockout (KO) mice both show dwarfism and obesity (an increase in fat
pad/body weight), and have similar phenotypes.

Mutations of paired-like homeodomain factor 1 (Propl) and POU domain, class
1, transcription factor 1 (Poulfl or Pit-1) genes cause a deficiency of GH, prolactin
(PRL), and thyroid stimulating hormone (TSH), because these factors are required
for development of anterior pituitary cells (Li et al. 1990; Sornson et al. 1996).
Ames mice with a mutation of the Propl gene and Snell mice with a mutation of the
Pit-1 gene display similar phenotypes including dwarfism and extended lifespan,
compared with wild-type littermates (Brown-Borg et al. 1996; Flurkey et al. 2002).
Although the potential effects of PRL and/or TSH deficiency on lifespan are not
eliminated in these models, most researchers believe GH to be a key factor in the
regulation of lifespan and aging, because overexpression of the GH gene in mice
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Fig. 5.1 Regulation of the GH-IGF-1 axis. Deletion of genes encoding ligands or receptors (dark
rectangles) in the axis consistently extends lifespan in mice. Overexpression of genes and thus
proteins (shaded rectangles) also inhibits components of the GH-IGF-1 axis, leading to prolonged
lifespan. IGF-1 signaling in the hypothalamus during the adult phase inhibits GHRH neurons
(solid lines); during the early postnatal phase, IGF-1 promotes development of the GHRH-GH
axis. There are no reports indicating an involvement of somatostatin (SIRF) or its specific receptors
(SSTR) in the regulation of lifespan or aging in mammals

produces premature aging phenotypes and shortens lifespan (Steger et al. 1993).
A recent study also indicates that twice-daily treatment with bovine GH in Ames
mice aged 2—-8 weeks reverses their long lifespan phenotype, indicating not only the
importance of but also the critical stage of reduction in GH for longevity in mice
(Panici et al. 2010). Moreover, there are no reports to indicate extension of lifespan
by PRL or TSH deficiency in mice. The one exception to this is a study involving
the chemical removal of TSH in rats, which reported an extension of lifespan
compared with wild-type control rats (Ooka and Shinkai 1986).

The significance of isolated GH deficiency on lifespan has been confirmed by
gene disruption of GH receptor/binding protein (GHR/BP) in mice (Coschigano
et al. 2000). Male and female Ghr " mice, in which plasma IGF-1 and IGFBP-3
are very low, outlived wild-type control mice.

Disruption of the IGF-1 receptor gene (Igflr) is lethal at birth. Heterozygous
mutants, Igf] ¥, show a modest reduction in body weight (8% in males; 6% in
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females) compared with wild-type mice after weaning (Holzenberger et al. 2003).
Lifespan is extended in female Igfl*"~ mice but not male IgfIr*" mice. Female,
but not male, IgfIr*" mice also display resistance to oxidative stress induced by
intraperitoneal injection of paraquat, compared with wild-type mice. A reduction in
cytoplasmic IGF-1 signaling is demonstrated by a comparison of MEF cells derived
from IgfIr"" mice and those from wild-type mice. The original study was con-
ducted on mice with the genetic background of 129/SvPas. In a subsequent study
using C57BL/6J mice, Xu et al. (2014) confirmed the lifespan extension in female
Igf1r*~ mice only; however, the life-prolonging effect was smaller in C57BL/6J
females than in 129/SvPas females (11% increase in C57BL/6J IgfIr*'~ mice versus
33% increase in 129/SvPas mice). This difference between mouse strains in the
extent of lifespan extension by IgfIr"~ mutation could be due to differences in
plasma IGF-1 levelsand activation of IGF-1 signaling between the two strains.
Plasma levels of IGF-1 were lower in C57BL/6J mice than in 129/SvPas mice (Xu
et al. 2014). Similarly, indices of activation of IGF-1 signaling in tissues such as
phosphorylated IGF-1R and IRS-1 co-immunoprecipitated with IGF-1R were lower
in C57BL/6J mice than in 129 Sv/Pas mice. Even in control wild-type mice, the
strain with lower plasma IGF-1 and thus less activated IGF-1 signaling lived longer
than the strain with higher IGF-1 levels. Therefore, the life-prolonging effect of the
Igf]r+/ ~ mutation seems to be smaller in C57BL/6J mice. Xu et al. (2014) also
reported that oxidative stress hyper-activates IGF-1 signaling in tissues. They
speculated that hyper-activation of IGF-1 signaling injures tissues; however, IgfIr
~ mutation limits damage and promotes survival by blocking an acute overreaction
of IGF-1. This is a possible mechanism underlying the life-extending effect of
reduced IGF-1 signaling.

Heterozygous mice for brain-specific deletion of Igfir (bigflr) also show modest
dwarfism. The body weight of bIgflr*"~ mice at 90 days of age is approximately
90% of the control mice in both males and females (Kappeler et al. 2008). In these
bIgflr*'~ mice, development of hypothalamic GHRH neurons and pituitary GH
secreting cells is impaired. Subsequently, the total GH content in the pituitary gland
remains low throughout development. Plasma IGF-1 does not show any pubertal
increase whereas control mice display the normal surge. The survival rates of
bIgflr*~ mice are greater in the first half of life in both males and females com-
pared with control mice; however, there is no such increase in survival (lifespan) in
the last quarter of life (Kappeler et al. 2008). Thus, the life-extending effect of a
brain-specific reduction in IGF-1R could be minor.

Three-quarters of circulating IGF-1 derives from the liver. Svensson et al. (2011)
tested the effect of liver-specific IGF-1 inactivation (LI-IgfI ") on lifespan. Using
the LoxP and Mx-Cre system, the Igfl gene was inactivated at 1 month of age in
C57BL/6 mice. Serum IGF-1 is reduced by 20% in LI-IgfI’~ mice compared with
wild-type mice. LI-Igfl”"~ male and female mice display reduced body weight
mostly due to a decrease in body fat, but not lean mass. The mutant mice show a
compensatory increase in GH levels, which are 3.1-fold greater in LI-Igfl '~ mice
than in wild-type mice. This compensatory change in GH levels may cause the
alterations in body composition in LI-Igfl ™~ mice. Energy expenditure is modestly
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increased in LI-Igfl " mice. Finally, the mean lifespan is 10% greater in female
mice but not male mice (Svensson et al. 2011).

The mechanism underlying sexually dimorphic responses in lifespan and
oxidative stress to reduced IGF-1 signaling remains to be elucidated. In addition, if
GH levels are increased in Igflr"~ mice and LI-Igfl”~ mice from a negative
feedback mechanism through the pituitary gland, this might have some adverse
effects, particularly on male mice.

Circulating IGF-1 forms a ternary complex with one of the IGF binding proteins
(IGFBPs) and acid-labile subunit (ALS) (Butler and Le Roith 2001). Of the six
different IGFBPs, IGFBP3, produced by the liver under the regulation of GH, is the
major carrier for IGF-1 in the blood. The remaining IGFBPs are expressed in a
tissue-specific manner and regulate bioactivity in specific tissues and cells.
Pregnancy-associated plasma protein A (PAPPA) is a metzincin superfamily met-
alloproteinase in the IGF system (Boldt and Conover 2007). PAPPA cleaves
IGFBP4, leading to an increase in IGF-1 bioavailability and mitogenic effectiveness
in vitro. Pappa-KO mice show dwarfism due to an increase in IGFBP4 expression
that reduces the bioavailability of IGF-1 (Conover and Bale 2007). Plasma con-
centrations of GH and IGF-1 tend to show a 70% reduction in Pappa-KO mice
compared with those of wild-type mice, though this is statistically insignificant.
Male and female Pappa-KO mice also live longer than wild-type control mice
(Conover et al. 2010).

In long-lived mouse models, in which circulating levels, bioavailability, or
cytoplasmic signal transduction of IGF-1 is reduced, the extent of lifespan exten-
sion varies depending on the timing of gene disruption, gene dose, sex, and genetic
background of mice.

In rats, the effect of inhibition of the GH-IGF-1 axis on lifespan and aging
remains controversial. A modest suppression of the GH-IGF-1 axis by overex-
pression of an antisense of the Gh gene in Wistar rats results in dwarfism in ado-
lescent rats heterozygous for the transgene (fg/—) versus wild-type rats (—/—)
(Shimokawa et al. 2002). Compared with wild-type rats, dwarf (tg/—) rats show a
30% decrease in mean food intake and body weight with a 40% reduction in plasma
IGF-1 (Shimokawa et al 2002). By contrast, dwarf rats originally derived from the
Lewis strain do not live longer than control rats (Sonntag et al. 2005). However, GH
administration after weaning for 10 weeks in dwarf rats from the Lewis strain
extends lifespan compared with those without GH treatment and control normal-size
rats (Sonntag et al. 2005). This rat model, in which GH is administered at a young
age, is considered to represent adult onset GH deficiency, because the plasma IGF-1
concentration returns to the same level as that in control dwarf rats at 2 weeks after
termination of GH replacement. This work indicates the importance of GH during
adolescence, a contradictory finding to that from dwarf mice (Panici et al. 2010).

Spontaneous dwarf rats derived from the Sprague-Dawley (SD) strain are
reported to live longer than control SD rats (Kuramoto et al. 2010). Unfortunately,
this study does not contain a longevity group of control SD rats. Instead, the
lifespan data from these dwarf rats are compared with multiple data sets from SD
rats published from the other institutes.
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In summary, the role of GH and IGF-1 in lifespan extension remains elusive in
rats.

5.4 Lifespan Extension by Single Gene Mutations Related
to the Reduction of the GH-IGF-1 Axis

Since the report on lifespan extension in Ames dwarf mice in 1996, a number of
single genes have been reported to extend lifespan in mice if they are spontaneously
mutated or genetically engineered (Shimokawa et al. 2008). Many of the genes are
clustered in GH-IGF-1 signaling, as described above. Some of the gene mutations
also seem to affect GH-IGF-1 signaling secondarily.

aMUPA transgenic mice, overexpressing the urokinase-type plasminogen acti-
vator gene (Plau, also known as uPA) in the brain, live longer than wild-type
controls (Miskin and Masos 1997). Plau is a serine protease that activates plas-
minogen by proteolytic cleavage into plasmin. Transgenic Plau is also expressed in
the hypothalamic paraventricular nuclei, which are involved in regulation of
appetite and energy expenditure. tMUPA mice display reduced food intake and
body weight, and plasma IGF-1 is reduced by 30% compared with wild-type mice.
In «MUPA mice, body temperature is reduced and the incidence of spontaneously
occurring tumors and carcinogen-induced neoplastic lesions is decreased. These
phenotypes resemble those of DR mice and some phenotypes are also displayed in
GH-IGF-1-reducing mice (Miskin et al. 2005). Therefore, brain-specific, particu-
larly hypothalamic, overexpression of Plau may affect GHRH neurons and their
downstream signaling.

Overexpression of the Fgf21 gene in mice results in an extension of lifespan
(Zhang et al. 2012). Fgf21, a hormone secreted by the liver, increases during
periods of fasting, and sensitizes insulin actions (Potthoff et al. 2012). Fgf21 blocks
somatic growth by induction of GH resistance. Fgf2I-overexpressing mice show a
decrease in circulating IGF-1 despite elevated GH levels, as compared with
wild-type mice. Correspondingly, Fgf2l-overexpressing mice are smaller than
wild-type mice (Zhang et al. 2012). These hormonal alterations in Fgf21] transgenic
mice are similar to those of GHR/BP-KO mice (Coschigano et al. 2000). Gene
expression analysis of Fgf21 transgenic and DR mice has confirmed an overlap of
genes significantly regulated in the liver, suggesting that Fgf21 signaling is a part of
DR (Zhang et al. 2012).

Sirtuin 6 (Sirt6) acts in the DNA double-strand break repair system via
deacetylation of CtBP-interacting protein (Ctlp) and ADP ribosylation of poly
ADP-ribose polymerase 1 (PARP1) (Gertler and Cohen 2013). Deletion of the Sirt6
gene in cells induces genomic instability (Mostoslavsky et al. 2006). Sirt6-KO mice
exhibit premature aging phenotypes similar to those of XPA/CA or XPA/TTD null
mice (Mostoslavsky et al. 2006). Conversely, overexpression of Sirt6 extends
the lifespan of male mice but not female mice (Kanfi et al. 2012).



98 I. Shimokawa

In Sirt6-overexpressing mice, plasma IGF-1levels are lower than those in wild-type
mice. In addition, IGFBP1 is increased in Sirt6-KO mice. Decreased levels of
phosphorylated IGF-1R and Akt indicate attenuation of IGF-1 signaling in tissues.
Molecular mechanisms underlying the inhibition of IGF-1 by Sirt6 overexpression
remain elusive.

Three long-lived mouse models also support the significance of inhibition of the
GH-IGF-1 axis for longevity.

5.5 Genes Downstream of IGF-1 Signaling that Lead
to Lifespan Extension

IGF-1 binds to specific tyrosine kinase receptors and activates downstream sig-
naling molecules such as insulin receptor substrate (IRS) proteins, PI3K, and then
Akt (O’Neill 2013). Akt phosphorylates multiple substrates such as mechanistic
target of rapamycin (mTOR, activated), glycogen synthesis kinase 3 beta (GSK3p,
inactivated), and FoxO transcription factors (inactivated). A number of genes
encoding these cytoplasmic molecules are also reported to regulate lifespan in mice.

Whole body or brain-specific deletion of the Irs2 gene is reported to extend
lifespan in mice (Taguchi et al. 2007). Brain-specific Irs2-KO mice, either
homozygous or heterozygous, show hyperinsulinemia and mild glucose intolerance.
However, the reduced IRS2 prevents aging-related decreases in FoxO1 and SOD2.
Taguchi et al. (2007) speculated that attenuation of IRS2 signaling in the brain
shielded against the harmful effects of hyperinsulinemia. However, controversial
findings are reported by another group in Irs2~'~ mice (Selman et al. 2008). In their
experiment, Irs2”~ mice exhibited diabetic phenotypes and died earlier than
wild-type mice. By contrast, it is reported that deletion of the Irs/ gene extends
lifespan in female mice.

AktI*"~ mice are also reported to outlive wild-type mice with 8% increase of
lifespan in males and 14% increase in females (Nojima et al. 2013). In AkzI™"~ mice,
the mTOR pathway, which regulates ribosomal biogenesis, protein synthesis, and
mitochondrial activity, is attenuated. Glucose tolerance and insulin sensitivity are
comparable between AktI™" and wild-type mice, although AktI*~ mice display
lower body weight and decreased body fat content compared with wild-type mice.
The total protein and phosphorylated form of FoxO3 do not differ between Akrl*"~
and wild-type mice (Nojima et al. 2013).

The mTOR pathway exerts main effector proteins such as eukaryotic translation
initiation factor 4E (elF-4E)-binding protein 1 (4EBP1) and 70-kDa ribosomal S6
kinase (S6K) (O’Neill 2013). When activated, the mTOR pathway phosphorylates
4EBP1 and S6K and promotes protein translation and synthesis. Deletion of the
S6K peptide 1 (Rps6kbl) in mice leads to extension of lifespan, though the effect is
significant in females but not in males (Selman et al. 2009). Rps6kb™"~ mice show a
dwarf phenotype without reductions in plasma IGF-1 or pituitary GH. Motor
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functions, bone volume, and glucose tolerance are reported to be improved in
Rps6kb ™"~ mice. The genetic model is a counterpart of a non-genetic, rapamycin (an
mTOR kinase inhibitor) model for longevity (Harrison et al. 2009).

FoxO transcription factors are mammalian orthologs of DAF-16 in C. elegans
(Greer and Brunet 2005). DAF-16 is needed for extension of lifespan following
reductions in DAF-2 (mammalian IGF-1 receptor) and AGE-1 (a subunit of PI3K)
signaling (Kenyon et al. 1993); that is, insulin-like signaling in C. elegans inhibits
DAF-16 in nourished conditions. Target genes of FoxOs regulate cell cycle, DNA
repair, stress resistance, apoptosis, autophagy, and metabolism in response to cel-
lular and genotoxic stress (Greer and Brunet 2005). Negative energy balance is also
a stimulator of FoxOs. In mice, under standard ad libitum feeding conditions, single
deletion of the Foxol, Foxo3, or Foxo4 gene resulted in minor alterations in the
incidence of neoplasms and in lifespan. Only triple knockout of the Foxol, Foxo3,
and Foxo4 genes caused the cancer-prone phenotype and shortened lifespan, sug-
gesting functional redundancy of FoxOs in the regulation of cancer and lifespan
(Paik et al. 2007). However, under 30% DR conditions, in which wild-type mice
live longer and are protected against neoplastic processes, FoxO1 and FoxO3 play
differential roles in the life-extending and antineoplastic effects. In Foxol*™ mice,
the antineoplastic effect of DR is diminished, though lifespan is extended to the
same extent as that of wild-type mice (Yamaza et al. 2010). In contrast, Foxo3™"~
mice show a significant reduction in cancer incidence by DR in a lifespan study but
little extension of lifespan (Shimokawa et al. 2015). These studies clearly
demonstrate distinct roles for Foxol and Foxo3 in mammals. Isoform-specific
functions of DAF-16 are also reported in C. elegans. A meta-analysis of direct
FoxO targets across tissues and organisms using data of mammals, C. elegans, and
Drosophila revealed evolutionarily conserved targets, enriched in growth factor
signaling, metabolism, stress resistance and proteostasis (Webb et al. 2016). This
study also identified candidate cofactors at conserved FoxO targets, e.g., CREB and
ETS family factors.

A series of lifespan studies using mutant mice indicate a central role of the
GH-IGF-1 axis and subsequent cytoplasmic signaling that inhibits mTOR and
activates FoxO3 for longevity in mammals. DR inhibits GH secretion and lowers
plasma concentrations of IGF-1. Therefore, it is probable that DR exerts its effects
in part via the GH-IGF-1 axis and subsequent cytoplasmic signaling.

5.6 Evidence in Humans Indicating a Relation Between
Longevity and Inhibition of the GH-IGF-1 Axis

Mouse and invertebrate models consistently indicate that reduction or deficiency of
GH-IGF-1 signaling leads to longer lifespans compared with those of wild-type
controls. This raises the question of whether similar mutations result in the
extension of overall and healthy lifespans in humans.
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A 22-year study of an Ecuadorian cohort with GHR gene mutations and IGF-1
deficiency, i.e., Laron syndrome, revealed that subjects showed a low incidence of
cancer and diabetes compared with control relatives (Guevara-Aguirre et al. 2011).
Subjects with Laron syndrome were obese, with lower serum insulin and increased
insulin sensitivity. Subjects in the cohort displayed high mortality from common
diseases of childhood. There was no evidence of extended lifespan in these subjects,
although a small fraction (10%) of the cohort lived longer than 80 years
(Guevara-Aguirre et al. 2011). A study of an Israeli cohort of Laron syndrome also
indicates that these subjects have a lower incidence of cancers, despite the high
prevalence of obesity (Shevah and Laron 2007).

Subjects in an Itabaianinha cohort with dwarfism from a mutation of the gene
encoding the GHRH receptor also show a reduction in lean mass and an increase in
percentage of fat mass (Oliveira et al. 2010). Some of the risk factors for cardio-
vascular diseases are also increased. However, these people do not display insulin
resistance or evidence of premature atherosclerosis. A study from this cohort reports
that serum adiponectin is increased without any changes in serum leptin (Oliveira
et al. 2010). Insulin levels are also lower compared with control subjects. These
hormonal changes may delay progression of atherosclerosis.

Congenital deficiency of the GH-IGF-1 axis in humans may induce protective
effects against cancers, insulin resistance and atherosclerosis. Some studies describe
a greater fraction of the extant population in older ages; however, there is no
scientific evidence for extension of lifespan.

In a cohort of Ashkenazi Jewish centenarians, their female offspring show a
smaller stature with high serum IGF-1 concentrations, when compared with
offspring-matched controls (Suh et al. 2008). Male offspring of centenarians do not
show these traits. Sequence analysis of the IGF-1 and IGF-IR genes of female
centenarians with a short stature revealed a number of variants of the IGF-IR gene
but not the IGF-1 gene. Immortalized lymphocytes established from the female
centenarians carrying mutations of IGFIR show significant reductions in IGFIR
levels compared with lymphocytes from female centenarians without gene muta-
tions. IGF-1 signaling is also attenuated in lymphocytes from the /GFIR mutation
carriers of female centenarians, compared with those from female centenarians with
no mutations. The study found overrepresentation of those mutations in the IGFIR
gene among female centenarians relative to controls. These findings suggest cor-
relation between longevity and reduced IGF-1 signaling in females. These traits
(reduction-of-function mutations of the IGF-IR gene, high concentrations of serum
IGF-1—a compensatory increase in IGF-1, and extended lifespan) in female cen-
tenarians are similar to those in Igf] r*~ female mice (Holzenberger et al. 2003).

Human genetic studies have suggested an association between polymorphisms in
IGF-1 signaling genes and longevity (Willcox et al. 2008; Ziv and Hu 2011; Di
Bona et al. 2014). In an Italian cohort (Bonafe et al. 2003), long-lived people (aged
86-109 years) had lower BMI, fasting glucose, plasma insulin, insulin resistance
(HOMA) and plasma free IGF-1 levels than young people (aged 17-85 years). The
study indicates that IGFIR and PIK3CB (phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit beta) polymorphisms affect IGF-1 plasma levels. Carriers
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of the A allele at the IGFIR locus show lower plasma free IGF-1 compared with the
GG genotype. Carriers of the T allele at the PIK3CB locus also display lower
plasma IGF-1 than the CC genotype. Finally, carriers of the A allele of IGFIR were
overrepresented among long-lived people compared with young people. These
polymorphisms in the IGFIR gene contrast with those in the IGFIR gene mutations
reported in the cohort of Ashkenazi Jewish centenarians regarding the levels of
plasma IGF-1 (Suh et al. 2008). However, both studies conclude that the attenuation
in IGF-1 signaling could result in longer life in humans.

In a genetic analysis of the population-based Leiden 85-plus study (subjects
were 85 years old and over), variant allele carriers of the GHI single nucleotide
polymorphism (SNP) were 2 cm shorter in body height and showed reduced
mortality, compared with wild-type allele carriers (van Heemst et al. 2005). Other
selected polymorphisms that lead to reduced insulin/IGF-1 activity such as the
IGF-1 CA repeat also showed a trend of lower mortality but did not reach statistical
significance. These findings were noted only in females.

A genome-wide meta-analysis of up to 30,844 adults of European ancestry from
21 studies confirms that the known longevity-associated FOXO3 variant rs2153960
is a genome-wide significant SNP for lowering IGF-1 concentrations (Teumer et al.
2016). The study also reports the IGF-1 decreasing allele of SNP rs934073, an
eQTL of ASXL2, to be associated with higher adiposity and higher likelihood of
survival beyond 90 years.

A study on regulation of GH secretion in offspring of long-lived families indi-
cates that 24-h total GH secretion is lower and that the secretion is more tightly
feedback- or feedforward-controlled in these offspring compared with control
subjects (van der Spoel et al. 2016). However, no significant differences were
observed in circulating levels of IGF-1 and IGFBP3 between offspring and controls.

In conclusion, human genome studies have identified alleles for reduced GH
and/or IGF-1 signaling, some of which are overrepresented in long-lived people.
These findings suggest common mechanisms for regulation of aging and longevity
among animals including humans.

5.7 Evolutionary Perspective on Regulation of Aging
and Lifespan

Within a species, individuals with lower plasma concentrations of IGF-1 are smaller
in body size but live longer than those with relatively higher levels of IGF-1 and
thus bigger body size. The correlation between body size and plasma IGF-1 con-
centration is significant in female mice but not male mice (Miller et al. 2002).

A study on genetically-diverse inbred mouse strains at the Jackson Aging Center
showed a negative correlation between median lifespan and plasma IGF-1 levels,
particularly in long-lived strains (Yuan et al. 2009). A subsequent study revealed
that in female mice, IGF-1 levels at 7 weeks of age significantly correlated with the
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age of vaginal patency, i.e., sexual maturation (Yuan et al. 2015) and IGF-1 levels
at 52 and 76 weeks of age negatively correlated with longevity. Thus, female mice
with lower IGF-1 levels delay sexual maturation but outlive mice with higher IGF-1
levels. Using the QTL method and combining human GWAS results, proprotein
convertase subtilisin/kexin type 2 (Pcsk2) was found to regulate female sexual
maturation and IGF-1, and thus Pcsk2 may play a role in regulating aging and
longevity in mammals (Yuan et al. 2015).

A comparative study of 36 mammalian species demonstrates a negative corre-
lation between plasma IGF-1 and body mass, i.e., larger mammals have lower
IGF-1 concentrations. Although there is no significant correlation between plasma
IGF-1 levels and maximum lifespans among these species, it is tempting to spec-
ulate on the presence of a trade-off between growth rate and longevity. Larger
animals with lower IGF-1 levels grow more slowly but live longer than animals
with higher IGF-1 levels, who instead grow quickly to sexual maturation and have
smaller body size. This trend is particularly notable in females.

5.8 Conclusion

The evolutionary view of aging predicts the presence of pleiotropic genes that
regulate growth or sexual maturation and lifespan. Multiple genes or genetic loci
are involved in the regulation of circulating GH and IGF-1 levels, and thus lifespan
or aging is under complex genetic control. In considering extension of healthy
lifespan in humans, we should avoid environments, including eating habits, which
elevate circulating IGF-1. Experimental studies have identified key molecules,
mTOR and FoxO3, downstream of IGF-1 signaling. The prospect of optimizing
mTOR and FoxO3 activities in humans to not only increase lifespan but also reduce
age-related disorders represents a fascinating avenue of clinical investigation.
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