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Abstract

Secretion of growth hormone (GH), and consequently that of insulin-like growth factor 1 (IGF-1),

declines over time until only low levels can be detected in individuals aged ≥60 years. This

phenomenon, which is known as the ‘somatopause’, has led to recombinant human GH being

widely promoted and abused as an antiageing drug, despite lack of evidence of efficacy. By

contrast, several mutations that decrease the tone of the GH/IGF-1 axis are associated with

extended longevity in mice. In humans, corresponding or similar mutations have been identified,

but whether these mutations alter longevity has yet to be established. The powerful effect of

reduced GH activity on lifespan extension in mice has generated the hypothesis that

pharmaceutically inhibiting, rather than increasing, GH action might delay ageing. Moreover,

mice as well as humans with reduced activity of the GH/IGF-1 axis are protected from cancer and

diabetes mellitus, two major ageing-related morbidities. Here, we review data on mouse strains

with alterations in the GH/IGF-1 axis and their effects on lifespan. The outcome of corresponding

or similar mutations in humans is described, as well as the potential mechanisms underlying

increased longevity and the therapeutic benefits and risks of medical disruption of the GH/IGF-1

axis in humans.

Introduction

Growth hormone (GH), which is also known as somatotropin, and insulin-like growth factor

1 (IGF-1 or IGF-I) exert a myriad of pleiotropic effects via a number of similar and distinct

intracellular signalling pathways. One of the main actions common to GH and IGF-1 is the

promotion of growth (Figure 1). However, GH and IGF-1 act very differently on glucose
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and lipid metabolism; GH blocks insulin action, promotes lipolysis and impedes lipogenesis,

whereas IGF-1 has opposing effects.1

After reaching adulthood, secretion of GH and IGF-1 declines continuously to very low

levels in those aged ≥60 years.2 This phenomenon is known as ‘somatopause’ and is also

seen in other mammals.3 In 1990, Rudman et al. proposed recombinant human (rh) GH as a

potent antiageing therapeutic, with positive effects on body composition, BMD and skin

thickness.4 The investigators postulated that the effects of 6 months of rhGH treatment on

lean body mass and adipose tissue mass were equivalent in magnitude to the changes

incurred over 10–20 years of ageing.4 This report started a hype around rhGH as an

antiageing therapeutic, with some proponents proclaiming it as the ‘fountain of youth’. At

the same time, however, data about adverse effects of GH were increasingly emerging. In

2007, a meta-analysis on rhGH use in the elderly (mean age 69 years) indicated that this

agent has minor benefits on body composition but also has risks, such as the development of

diabetes mellitus.5

By contrast, decreased GH/IGF-1 signalling has been shown to extend longevity in a wide

variety of species including worms, fruit flies, yeast and mice.6 Caloric restriction, which is

one of the most consistent means to increase lifespan in most species, also reduces the

activity of this pathway (Box 1).6 These findings raise the question of whether lowered

activity of the GH/ IGF-1 pathway might be beneficial for the extension of human lifespan.

A number of mutations that alter the tone of the GH/ IGF-1 axis have been identified in mice

and humans. In this Review, we discuss mutations in genes that regulate aspects of GH and

IGF-1 action and their effects on ageing (Table 1). Additionally, we highlight phenotypic

similarities and differences resulting from these mutations. Given that reductions in GH/

IGF-1 activity at various points of this axis affect mouse longevity, the concept of

pharmacologically inhibiting the GH/ IGF-1 axis in humans as an ‘antiageing’ approach will

be discussed.

GH and longevity

Multiple pituitary hormone deficiencies

Snell mice—In 1929, Snell reported a mouse strain with a small phenotype that was

passed to offspring in a recessive manner.7 At birth, these mice are the same size as their

unaffected siblings; however, after 2 weeks of age, growth is dramatically inhibited, which

ultimately results in mice that weigh ~25–33% of a normal adult mouse.7,8 A mouse strain

with a similar mutation was identified ~50 years later.8 These mutations were found to lie in

Pou1f1, the gene encoding the pituitary transcription factor PIT-1.9

Given that PIT-1 is necessary for the differentiation of pituitary cells that produce GH, TSH

and prolactin, Snell mice lack all three hormones.9 These hormone deficiencies cause

obesity and, counterintuitively, increase life- span in these mice by 42% compared with

unaffected siblings.10 Snell mice also have improved glucose metabolism, which is believed

to contribute to the increased lifespan and is thought to be a result of the lack of GH.11

Treatment of Snell dwarfs using a combination of GH and levothyroxine from 4–15 weeks
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of age does not alter lifespan.12 However, only partial growth restoration is achieved with

this treatment regimen; adult mice are still less than half the size of wild-type mice.12

Additional lifelong treatment with levothyroxine decreases the life- span to a level between

that of wild-type and nontreated dwarf mice.12

Interestingly, tumour development is delayed in Snell dwarfs compared with nonaffected

siblings; in one study, no cause of death could be determined for nearly 50% of Snell mice,

compared with <10% of normal littermates.12 This finding suggests that these dwarf mice

die more often of multiple abnormalities than of a single cause, which in most wild-type

mice is cancer.12

Ames mice—Ames dwarf mice carry a mutation that was first described in 1961 at Iowa

State University in the city of Ames.13 Mice homozygous for this mutation are

phenotypically similar to Snell dwarf mice, but the mutation is in a different gene.14 In

1995, the mutated gene was reported to encode a protein that is necessary for the

transcription of Pou1f1, the gene that encodes PIT-1.15 Hence, the protein was named

PROP-1 for ‘homeobox protein prophet of PIT-1’.16 The hierarchical organization of PIT-1

and PROP-1 offers an explanation for the similarities between Ames and Snell mice. Female

Ames mice live 68% and males live 49% longer than wild-type mice.17 When Ames dwarfs

are subjected to caloric restriction, lifespan is increased even further.18 Treatment with GH

over 6 weeks reduces lifespan in Ames dwarfs, as opposed to treatment with levothyroxine,

which has no effect on longevity.19 Notably, the GH doses used in this study were twice as

high as those used to treat Snell mice, and greater catch-up growth was achieved, which

resulted in Ames mice reaching ~70% of the body weight of control mice.19

Krk cohort—A group of 25 patients with dwarfism has been studied on the island of Krk,

Croatia.20 These individuals have short stature (106–152 cm) and are deficient in GH, TSH,

prolactin, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), as a result of a

homozygous PROP1 mutation.21 Of note, FSH and LH deficiency is not a feature of Ames

mice even though their phenotype is caused by a mutation in the corresponding gene.

Despite the presence of obesity, wrinkled skin and absence of secondary sex traits, the Krk

patients do not die prematurely; in fact, some have lived until the age of 80–90 years. These

individuals also exhibit a delay in the appearance of grey hair and do not develop diabetes

mellitus.20,21

GH deficiency

lit/lit mice—The first ‘little’ mouse (lit/lit) was described in 1976.22 Similar to Ames and

Snell dwarf mice, the ‘little’ phenotype is inherited in a recessive manner. The mice are born

normal-sized, with the dwarf phenotype first manifesting after 2 weeks of age.22 The lit/lit

mice are GH-deficient owing to a mutation in the Ghrhr gene, which encodes the GH-

releasing hormone receptor.10,23 These animals reach ~50% of the size of unaffected

siblings and show increased adiposity (Figure 2).24 The lifespan of lit/lit mice is

significantly increased; females live 25% and males 23% longer than wild-type mice.10
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Itabaianinha cohort—More than 100 humans with dwarfism caused by homozygous

GHRHR mutations have been identified in Itabaianinha, Brazil. Their adult heights vary

from 105 cm to 135 cm, and they show central adipose tissue accumulation.25 According to

investigators, these individuals have normal longevity; however, a reduced mean lifespan—

47.7 years compared with 63.3 years for the unaffected population—has been reported.26

This reduction is a result of early deaths in young women, mostly from diarrhoeal

diseases.26 One death from cancer was observed in a subset of nine patients with dwarf- ism,

which implies that the number of cancer-related deaths in comparison to that in the general

population is unchanged.26

Sindh cohort—A cohort of 18 patients with dwarfism from Sindh, Pakistan, carries

homozygous mutations in the GHRHR gene.27,28 Their heights range from 113 cm to 135

cm.27 These individuals have mild obesity but do not display signs of impaired glucose

metabolism.28 The oldest representative of this population is now 43 years old; thus,

lifespan data are not yet available.

Swiss cohort—A retrospective study of a cohort of 11 Swiss patients with isolated GH

deficiency showed that they carried a homozygous 6.7 kb deletion mutation that spanned the

GH1 gene. Their lifespan was substantially shortened. Mean lifespan of affected women and

men was 47.4 years and 57.4 years, respectively, whereas healthy sisters and brothers lived

for a mean of 74.2 years and 70.9 years, respectively. Causes of death did not differ between

groups.29

The genomic region of the gene deletion associated with this particular cohort includes

possible regulatory elements of the neighbouring CD79B gene, which might have influenced

the phenotype of this population. A CD79B mutation has previously been shown to result in

impaired B-cell development and immunodeficiency.30

GH resistance

Ghr−/− mice—The Ghr−/− mouse, in which the GH receptor gene is disrupted,31 is also

known as the Laron mouse, in reference to the similarities with human Laron syndrome (see

below).32,33 Mice homozygous for this deletion are born normal-sized but reach less than

50% of the adult weight of wild-type littermates (Figure 2). Ghr−/− mice have higher than

normal GH levels but very low IGF-1 levels (~20% of those of control mice).34 Also, their

fasting glucose concentration and, even more drastically, their fasting insulin level are

reduced throughout life.35 Despite being insulin-sensitive, Ghr−/− mice are obese, which is

mostly due to highly increased accumulation of subcutaneous adipose tissue.36,37 Mean

lifespans of female and male Ghr−/− mice are 21% and 40% longer, respectively, than those

of wild-type control mice.35 In fact, one Ghr−/− mouse lived nearly 5 years and currently

holds the record for the longest-lived laboratory mouse.38 Unlike wild-type control and

Ames dwarf mice, caloric restriction does not further increase the lifespan of Ghr−/− mice,

which suggests that the GH/IGF-1 axis and caloric restriction might share similar or

overlapping mechanisms for lifespan extension.39
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Laron syndrome—GH resistance or insensitivity, also known as Laron syndrome, is

caused by homozygous mutations in GHR or GH-induced intracellular signalling molecules.

A cohort of 60 Mediterranean patients has been studied since 1958 by Laron and colleagues.

Patient heights range between 108 cm and 142 cm, and these individuals have obesity from

early childhood onwards.40 Some patients show impaired glucose metabolism and even

overt diabetes mellitus.41 Large-scale longevity data are not available for this cohort, given

that many patients have been treated with rhIGF-1, and most patients are still alive.42

In 1990, another cohort of patients with Laron syndrome in Loja, Ecuador, was reported.43

As of 2011, the size of this cohort is 90 patients.44 Their adult heights vary from 106 cm to

122 cm,43 and they have obesity.44 No change in lifespan is observed relative to control

individuals; however, only patients aged ≥10 years have been included in the lifespan

analysis owing to a high mortality rate (from common childhood diseases) in affected

children.44 Causes of death in adults differ between patients and control individuals; deaths

from alcohol abuse or accidents are increased, whereas cancer-related deaths are reduced in

patients with Laron syndrome.44 Remarkably, to date, only one case of (nonlethal) cancer

has been reported in both Laron syndrome cohorts.44,45 Moreover, the Ecuadorian cohort

seems to be protected from the development of diabetes mellitus, unlike the Mediterranean

cohort.41,44

GH receptor antagonism—A single amino acid substitution in GH (Gly120Lys in

human and Gly119Arg in bovine GH) generates a GH receptor antagonist (GHA). Such

mutations have not been found to occur naturally. The GHA binds to the GH receptor with

the same affinity as GH but does not induce intracellular signalling.46,47 Thus, in the

presence of a GHA, endogenous GH binding is prevented and subsequent GH-induced

action is decreased.

GHA transgenic mice that express bovine GH Gly119Arg have a dwarf phenotype (Figure

2).46 These mice are ~70% of the size of their wild-type littermates, and their IGF-1 levels

are approximately ~50% of normal levels.47 Similar to Ghr−/− mice, GHA mice are obese

owing to a large subcutaneous adipose tissue depot.36 However, GHA mice show only a

slight improvement in glucose metabolism, and their lifespan is not notably increased.35

These differences are presumably the result of higher IGF-1 levels found in GHA compared

with Ghr−/− mice. The effects of GH receptor antagonism in GHA transgenic mice were the

basis for the development and FDA approval of the drug pegvisomant, which is used for the

treatment of patients with acromegaly (see below).

GH excess

GH transgenic mice—The first GH transgenic mice were generated approximately three

decades ago by appending rat GH cDNA to the murine metallothionein-1 promoter and

enhancer.48 These and several other GH transgenic mice—expressing either a human,

mouse, rat, bovine or ovine GH transgene in addition to endogenous GH—all exhibit high

expression levels of the respective GH transgene and show a ‘giant’ phenotype (Figure 2).

Given the anabolic, diabetogenic and lipolytic effects of GH, these mice are extremely lean.
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Also, whereas adiposity increases over the lifespan of wild-type mice, bovine-GH-

expressing mice remain lean throughout life.49

Mice expressing bovine GH or human GH exhibit a shortened lifespan (~30–40% shorter

than that of wild- type mice).36,50 Pathological changes that arise from GH excess include

glomerulosclerosis (scarring within the renal glomeruli) and hepatocellularmegaly

(increased hepatocyte size).51 The anti-insulin activity of GH leads to high insulin levels

followed by insulin resistance in GH transgenic mice.50 Thus, the combination of insulin

resistance and histopathological changes in several organs is the probable cause of the

premature death of these transgenic mice.

Acromegaly—GH excess in humans, a condition known as acromegaly, is predominantly

caused by a GH-secreting pituitary adenoma.52 If the disorder starts in childhood before

closure of the epiphyseal growth plates and is left untreated, patients exhibit gigantism.53 In

adult patients, excess growth is focused on the extremities (hands, feet, face) as well as

internal organs, such as the heart.52 Patients with acromegaly are lean and have an increased

amount of extracellular fluid.54 These individuals are often insulin-resistant and some have

diabetes mellitus and heart problems.52 Whether cancer incidence in these patients is

increased or decreased is a matter of some debate; however, an increased risk of developing

colon cancer has been confirmed in several studies.55,56 The overall mortality rate is higher

in untreated patients with acromegaly than in the normal population, but treatment that

successfully normalizes IGF-1 levels, such as surgery, radiotherapy or pharmacological

treatment with somatostatin analogues or the GH antagonist pegvisomant, reduces the

mortality rate to that of the normal population.55,57

IGF-1 and longevity

Whereas mice lacking GH and the GH receptor are viable and long-lived, most IGF-1

receptor null mice (Ig f1r−/−) die at birth; however, depending on the mouse strain, 10–68%

of Ig f1 null mice (Ig f1−/−) survive.58 Studies on the role of IGF-1 and IGF-1R in ageing

have concentrated on GH-deficient and GH-resistant mice as well as mice with nonlethal

genetic modifications in the IGF-1/IGF-1R axis (Table 1), which are reported below.

IGF-1 deficiency

Liver-specific Igf1-disrupted mice—Two mouse strains with liver-specific Igf1

disruption have been generated: inducible liver-specific Ig f1 null (LI-Igf1−/−) mice59 and

liver-specific IGF-1-deficient (LID) mice.60 Both strains have a 75% decrease in serum

IGF-1 levels, with high serum GH levels owing to the loss of the long-loop negative

feedback inhibi- tion of IGF-1 on the pituitary and hypothalamus.59,60

Young LI-Igf1−/− mice do not show a difference in size relative to control mice. However,

if Igf1 expression is abolished at 12 months of age, LI-Igf1−/− mice weigh 25% less than

wild-type mice at 18 months of age as a result of decreased adiposity.61 Female LI-Igf1−/−

mice in which the gene was inactivated at 1 month of age have a 16% longer mean lifespan

than control mice, but the mean lifespan of male LI-Igf1−/− mice is not significantly

increased.61 In LID mice, Igf1 gene disruption is driven by the albumin promoter and
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enhancer and is active during the first 2 postnatal weeks.60 Despite the 75% reduction in

IGF-1 levels, LID mice exhibit similar growth profiles as wild-type control mice.60 A

shortened lifespan has been reported for male LID mice, but actual longevity data are not yet

available.62 However, cardiac ageing has been shown to be delayed in these mice.63

Differences in lifespan data between these two liver-specific IGF-1-deficient mouse strains

might be due to the different developmental stages at which Igf1 expression is attenuated: at

1 month of age in LI-Igf1−/− mice compared with <2 weeks of age in LID mice.

Pappa−/− mice—Pappalysin-1 is a metalloproteinase that cleaves IGF-1-bound IGF-

binding protein 4 (IGFBP-4) (Figure 1). Deletion of the encoding gene, Pappa, decreases

bioavailability of IGF-1 due to an increased abundance of IGFBP-4. Pappa−/− mice are born

small, approximately 60% of the size of wild-type mice, and reach 40% of the normal adult

size.64 The mean lifespan is 38% longer in Pappa−/− mice than in wild-type control mice.65

Serum glucose, insulin, IGF-1 and GH levels of Pappa−/− mice do not differ from those of

wild-type animals, which suggests that the effects of pappalysin-1 are mostly autocrine or

para- crine.65,66 Pappa−/− mice have a lower incidence of tumours and degenerative lesions

at 18, 24 and 30 months of age, showing an approximate 6-month delay in ageing-related

pathologies compared with wild-type control mice.67

Disrupted IGF-1 or insulin signalling

Igf1r+/− mice—Mice that are heterozygous for a mutated allele of the IGF-1R (Ig f1r+/−)

are reported to be ~10% smaller than wild-type mice, despite expressing ~50% of wild-type

IGF-1R levels. Moreover, these mice exhibit a marked reduction in IGF-1-induced

intracellular signalling and become insulin-resistant with age.68,69 Nevertheless, female Ig

f1r+/− mice have a 33% longer mean lifespan than wild-type littermates. No significant

change in lifespan was observed in male mice.68 These findings are controversial, given that

the wild-type 129/J control mice used in this study had a 39% shorter median lifespan than

previously reported, which suggests that their husbandry conditions might have been

suboptimal.70 A study using mice in a C57BL/6 background could not detect differences in

lifespan or end-of-life necropsy between Ig f1r+/− and wild-type mice.69

Human IGF1R variants—Two heterozygous IGF1R gene mutations, Ala37Thr and

Arg407His, are more frequent in a cohort of Ashkenazi Jewish centenarians than in control

individuals with the same ancestry but no family history of exceptional longevity.71 These

mutations have been shown to suppress IGF-1 signalling and decrease transcription of target

genes.71 Female carriers of these mutations have high IGF-1 levels and slightly short stature,

which implies that they are IGF-1-resistant.72 These studies provide evidence that reduced

IGF-1 signalling can positively affect human lifespan.

Klotho-modified mice—Klotho is a protein that inhibits insulin and IGF-1 signalling,

presumably by interfering with the receptor– ligand interaction.73,74 The Kl gene was first

identified in 1997 in a mutant mouse strain that exhibited accelerated ageing. These mice are

normal-sized and healthy at birth but stop growing at 3–4 weeks and die at 8–9 weeks of

age.75 In 2005, mice that express a mouse Kl transgene were generated. They are normal in

size, and males, but not females, develop insulin resistance. Compared to wild-type litter-
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mates, mean lifespans of two female klotho transgenic strains were each increased by 19%,

whereas the increases were 20% and 31% in the respective male mice.73

Irs1−/− mice—Insulin-receptor substrates (IRS) are important media- tors of both insulin

and IGF-1 signalling. Irs1−/− mice are insulin-resistant with defects in insulin signalling

mainly in skeletal muscle.76,77 From birth into adulthood, Irs1−/− mice are ~30% smaller

than wild-type or Irs1+/− mice.78 Female Irs1−/− have a 17% increase in mean lifespan, but

no significant difference is observed in male Irs1−/− mice compared with wild-type

animals.79,80 Lifespan of Irs1+/− mice does not differ from that of wild-type mice.79

Irs2−/− mice—Irs2−/− mice are also insulin-resistant, but unlike Irs1−/− mice they become

diabetic. These animals exhibit defects in insulin signalling in more tissues than Irs1−/−

mice, mainly in adipose tissue and liver, as well as skeletal muscle.77 Irs2−/− mice are

~10% smaller than wild-type and Irs2+/− mice.76 Irs2+/− mice have normal to improved

insulin sensitivity,76,81 and they have been reported to have a 17% longer mean lifespan

than wild-type mice.80,81 However, these findings are controversial given the unusual

survival profile of wild-type controls,82 especially as another study did not show an

increased lifespan in Irs2+/− mice.79 Regardless, homozygous deletion of Irs2 results in a

drastically shortened lifespan, especially in male mice, which live for ~4 months.79

Additionally, brain-specific Irs2+/− and Irs2−/− mice are insulin-resistant but live 18% and

14% longer than wild-type mice, respectively.81 This observation raises new questions about

central control of pathways that might affect ageing.

Human IRS2 variant—Gly1057Asp is a common IRS2 gene variant that is present in

~34% of the population. The molecular effects of this mutation are not known. A study of an

Italian population revealed that individuals heterozygous or homozygous for this

polymorphism have a higher probability of reaching old age (96– 104 years) than do those

with the wild-type allele,83 which suggests a relationship between ageing and IRS-2

function in humans.

p66shc−/− mice—The p66shc isoform of SHC-transforming protein 1 mediates signals

from growth factor receptors, such as IGF-1R. It has been suggested that p66shc couples

IRS-1 and the S6 kinase, a downstream effector of the growth regula- tor mTOR.84 The

phenotype of p66shc−/− mice is normal, but these animals have an increased lifespan.

Compared with wild-type mice, the median lifespan of p66shc−/− and p66shc+/− mice is

28% and 7% increased, respectively.85

Mechanisms of increased longevity

Improbable mechanisms

Size—An inverse correlation between size and lifespan has been observed in diverse

species.86 However, klotho transgenic and p66shc−/− mice are not smaller than wild- type

animals, yet live longer,73,85 whereas GHA mice do not live longer despite being dwarf.35

Also, GH and levo-thyroxine treatment of Snell dwarfs over 11 weeks (starting from 4

weeks of age) increases their size by almost 50% but does not shorten lifespan.12
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In humans with dwarfism, no formal longevity studies have been performed. Patients with

Laron syndrome exhibit dwarfism, have a decreased rate of cancer and often die from

ageing-unrelated causes, such as accidents or alcohol abuse.44 Given that cancer is one of

the primary causes of death in the general population, one could hypothesize that patients

with Laron syndrome live longer than healthy individuals. Nevertheless, no perfect

correlation between dwarfism and increased longevity exists in mammals.

Insulin sensitivity—High insulin sensitivity is often associated with improved health and

prolonged lifespan. Many GH-deficient or GH-insensitive human and mouse populations

seem to be protected from diabetes mellitus, although individuals with Laron syndrome

(Mediterranean cohort) do not exhibit differences in rates of diabetes mellitus compared

with the general population.41 However, some long-living mouse models, as described

above, are insulin-resistant. Disruption of the genes Ig f1r, Irs1 or Irs2 as well as an increase

in Kl expression induce some degree of insulin resistance, as the encoded proteins

participate in insulin signalling.68,69,73,77 Among these different strains, only Irs2−/− mice

become diabetic, and these mice have a shortened lifespan.79 Thus, the direct effect of

insulin sensitivity or resistance as a function of ageing still needs to be resolved. Regardless,

insulin resistance does not preclude an increased lifespan.

Adiposity—Mouse strains with reduced GH action, as well as humans with GH deficiency

or Laron syndrome, have obesity because of the loss of the lipolytic and antilipogenic

activities of GH. The long lifespan of obese mice with reduced GH action has initiated

speculations that adipose tissue—especially subcutaneous adipose tissue—could protect

these mice from the detrimental effects of ageing. Intra-abdominal adipose tissue is

associated with the metabolic syndrome, whereas subcutaneous adipose tissue has been

shown to have beneficial metabolic effects.87 However, the long-living Irs1−/− (females),79

p66shc– /–84 and LI-Ig f1−/− mice61 are leaner than their respective controls. Taken

together, these findings indicate that neither obesity nor a lean phenotype are an absolute

prerequisite for a long life.

Probable mechanisms

Stress resistance, cancer incidence and cellular senescence are three factors that can be used

to determine the health status of an organism and could potentially be used to predict

lifespan.88,89 Also, cellular senescence has been shown to be a cause of many age-related

phenotypes.89 For example, klotho transgenic mice show a reduction in senescent cells in

the kidney.90 Unfortunately, senescence has not been systematically characterized in any of

the other aforementioned mouse strains.

Stress resistance—Increased resistance to stress has been observed in several animal

species with increased longevity, including worms, fruit flies and mice.91,92 Cellular stress

can be caused by a variety of extracellular or intracellular stimuli, such as heat, hypoxia,

irradiation, glucose deprivation and accumulation of reactive oxygen species (ROS).93 To

avoid organelle and DNA damage, as well as aggregation of unfolded proteins, the cell can

respond to stress by activating survival mechanisms, such as autophagy, or by inducing

apoptosis.93 Various stress stimuli inhibit mTOR, a central signal transducer that promotes
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cell growth, metabolism and survival in conditions of nutrient abundance.94 Long-term

activation of mTOR can cause cellular stress through accumulation of unfolded proteins and

ROS as well as stem-cell exhaustion.95 Inhibition of mTOR by rapamycin, caloric restriction

or decreased GH/IGF-1 signalling stimulates autophagy and is believed to lead to an

improved response to cellular stress and an increased lifespan (Box 1).6,93,94

The ‘oxidative stress theory of ageing’ hypothesizes that free radicals and ROS cause

cumulative damage of macromolecules, which is responsible for the process of ageing.88

ROS are a by-product of normal metabolism, but ROS accumulation and oxidative damage

increase with age, presumably owing to both increased ROS production and decreased

cellular stress response.88 However, a large longevity study in mice, in which expression of

antioxidant enzymes, such as glutathione peroxidases and superoxide dismutases, was

altered, showed that only one out of 18 manipulations affected lifespan.96 Namely,

disrupting Sod1, the gene encoding superoxide dismutase 1, which is one of the major

enzymes that destroy free radicals in cells, substantially shortens lifespan.96

Stress resistance has been studied in several mouse strains with increased lifespan, by

exposing either cultured fibroblasts (from Ames, Snell, Ghr−/−, Ig f1r+/− and p66shc mice)

or mice (klotho, Ig f1r+/− and p66shc mice) to different stressors. Exact methods vary

considerably between studies, but common markers of improved stress resistance include

fewer DNA doublestrand breaks and increased survival.92,97 Ames and Snell dwarfs,92 lit/

lit,97 Ghr−/−, Ig f1r+/−, klotho and p66shc mice92 have shown improved stress resistance.

Furthermore, stress resistance of Ames dwarfs is decreased if they are treated with GH.19

Patients with Laron syndrome (Ecuadorian cohort) also show a reduction in stress-induced

signalling. This finding was investigated by incubating human epithelial cells with serum

from these patients or their unaffected relatives. The patient serum caused an increase in

expression of SOD2 and a decrease in mTOR mRNA levels. Following treatment with

H2O2, cells treated with the patient serum displayed less DNA breakage.44

Stress resistance could be caused by an increased expression of genes that are regulated by

FOXO transcription factors, which are upregulated in the absence of IGF-1 signalling.44,92

More research is needed to elucidate the many functions of FOXO proteins, but they have

been shown to induce expression of antioxidant genes and to act as tumour suppressors.6,92

Even though improved resistance to stress accompanies extended longevity in mice, further

studies are necessary to establish a causative relationship.

Tumour resistance—Increased GH and IGF-1 levels have been associated with the

development of several types of cancers, such as breast and colon cancer, in mammals.98

Thus, reduced levels of these hormones might lead to the development of fewer tumours.

Tumour incidence has been investigated in Snell,12 Ames,99 lit/lit,100 Ghr−/−,101 GHA102

and Pappa−/−65 mice; the results show that reduced GH and/or IGF-1 action enhances

tumour resistance. Human studies are in accordance with the findings in mice; tumours are

nearly nonexistent in patients with Laron syndrome.44,45
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On the other hand, GH transgenic mice have an increased tumour incidence.50 Also,

individuals with acromegaly seem to have an increase in colon cancer incidence,55,56

although an overall increased tumour incidence has not been confirmed in these patients.

Inhibition of mTOR by rapamycin or by caloric restriction improves tumour resistance and

increases lifespan across species (Box 1).6,94,103,116 In vitro, fibroblasts from Ames, Snell

and Ghr−/− mice show reduced mTOR action under autophagy-inducing conditions.104

Inhibition of mTOR could, therefore, offer an explanation for the reduced incidence of

tumours in the models discussed above.

Targeting the GH/IGF-1 axis in humans

Currently, rhGH therapy in adults is approved for normalization of IGF-1 levels—a common

marker of successful treatment—in patients with GH deficiency as a result of

hypopituitarism.105 A study investigating the effects of 15 years of rhGH therapy in patients

with adult- onset GH deficiency showed that long-term rhGH treatment improved body

composition and decreased cardiac risk factors, although effects on glucose metabolism are

still unclear.106

Regardless of guidelines on clinical use, rhGH is widely misused as an antiageing

therapeutic. A meta-analysis of 18 clinical trials on rhGH therapy in healthy elderly

individuals (mean age 69 years) indicated that rhGH therapy has minor benefits on body

composition but potential risks. Adipose tissue mass is decreased in both sexes, which is

accompanied by an increase in lean mass in men.5 In one of these studies, more than half of

the male participants developed glucose intolerance or diabetes mellitus during 26 weeks of

rhGH therapy.107

On the other hand, local rhGH injections to the knee of older men (mean age 61 years) were

shown to improve tendon collagen synthesis, which suggests that rhGH could be of future

therapeutic value when administered locally rather than systemically.108 Whether the

consequences of rhGH treatment in healthy as well as GH-deficient individuals are a result

of direct effects of GH or mediated by IGF-1 remains to be established.

In 2009, the Growth Hormone Society stated that antiageing rhGH therapy cannot be

recommended or encouraged before more basic studies have elucidated the mechanisms

through which the GH/IGF-1 axis affects ageing.105 Moreover, clinical, long-term trials of

rhGH treatment in the elderly must be performed.105 Given the data from long-living mouse

models, the suggested role of GH and IGF-1 in many cancers,98 and the development of

insulin resistance in previously healthy elderly individuals receiving rhGH treatment,107 it is

apparent that rhGH therapy is not an option to delay ageing.

By contrast, the possibility of using the GH antagonist pegvisomant or somatostatin

analogues to slow ageing could be envisioned. Somatostatin analogues inhibit GH secretion

from the pituitary, whereas pegvisomant inhibits endogenous GH binding to the GH

receptor. Both drugs are used to treat patients with acromegaly. Pegvisomant has been

shown to be more efficient than somatostatin analogues in terms of normalizing IGF-1 levels

in patients with acromegaly.109,110 No major safety issues have been reported when using
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pegvisomant, except a rise in the level of liver transaminases in ~2.5% of treated

patients.109,110 The ongoing ACROSTUDY is currently investigating the efficac y and

safety of long-term pegvisomant treatment in patients with acromegaly.109,110 Somatostatin

analogues normalize IGF-1 levels in ~45% of patients but can inhibit insulin secretion, thus

aggravating the insulin resistance and diabetes mellitus found in some patients with

acromegaly. Also, somatostatin analogues have been shown to induce major adverse effects

on the gastrointestinal tract.111 Given the current price of somatostatin analogues and

pegvisomant, these agents are probably not cost-effective for treating ‘healthy’ individuals

over extended periods of time. More importantly, the long-term consequences of agents that

lower GH action need to be carefully studied before their use is indicated in an antiageing

scenario. Thus, the future will dictate whether either of these treatment modalities will be

useful to combat ageing.

Conclusions

Several long-lived mouse strains with reduced activity of the GH/IGF-1 axis have a dwarf

phenotype, increased size of the subcutaneous adipose tissue depot and improved insulin

sensitivity. However, other mouse strains are normal-sized, lean and even insulin-resistant

but still display increased lifespan. What is required for a long life? According to mouse

data, resistance to tumours as well as to stress are important factors. Human data seem to be

consistent with this hypothesis, but no single factor correlates with longevity. Nevertheless,

lowered activity of the GH/IGF-1 pathway, as seen in the somatopause, might not be

something to combat but rather nature’s way of sustaining the ageing individual.
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Box 1

Caloric restriction

Caloric restriction—a dietary regimen that reduces total energy intake without

malnutrition—can extend lifespan and prevent ageing-related pathologies in a variety of

species.114 The molecular mechanism underlying these effects is still debated, although

reduced mTOR signalling has been implicated. However, caloric restriction also

consistently reduces IGF-1 concentrations115 and so affects the GH/IGF-1 axis. In fact,

mTOR signalling is reduced in specific cells and tissues in GH-deficient or GH-resistant

mice, suggesting that caloric restriction and the GH/ IGF-1 axis might both act via altered

mTOR signalling.39,104

Animals fed a calorie-restricted diet are protected against common age-related conditions

such as obesity, neurodegenerative disorders, autoimmune disorders and neoplastic

lesions.116 No lifespan data exists for humans on a calorie-restricted diet, but several

reports support protection from age-related diseases.117,118 Given that feeding studies are

difficult to conduct in humans, caloric restriction studies in nonhuman primates are

valuable. Two studies in rhesus monkeys reveal disparate results; although one study

shows that caloric restriction does extend lifespan,119 the second study found no effects

of caloric restriction on longevity.120 Interestingly, these findings point to a central role

for genetics and dietary composition, not merely a decrease in calories, in the efficacy of

caloric restriction.

Will caloric restriction in humans result in life extension? The jury is still out. Perhaps

the question should rather be whether humans are able to adhere to a radical lifestyle

change, such as caloric restriction, for a long period of time for the purpose of health

promotion. On the basis of our understanding of the lifestyle and dietary practices that

contribute to obesity and the fact that rates of obesity continue to escalate, this hope

seems doubtful. So the quest for a simpler route to extend human longevity, for example

a calorie-restriction-mimetic drug, begins.

Abbreviations: GH, growth hormone; IGF-1, insulin-like growth factor 1; mTOR,

mammalian target of rapamycin.
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Key points

∎ Growth hormone (GH) is a potent metabolic hormone that has been touted as a

‘fountain of youth’

∎ Recombinant human (rh) GH and insulin-like growth factor 1 (IGF-1) are approved

therapeutics for patients with GH deficiency or primary IGF-1 deficiency,

respectively; however, these drugs have been misused

∎ Currently available data do not suggest that rhGH treatment should be used to

promote longevity

∎ Lack of GH action in mouse models is associated with extended longevity, but the

mechanism underlying the increased lifespan has yet to be established

∎ Given the effects of reduced GH/IGF-1 signalling on lifespan in rodents, decreased

GH action might be beneficial for humans, but clinical trials are needed to assess

long-term outcome of GH/IGF-1 inhibition

Junnila et al. Page 19

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 June 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
Factors of the GH/IGF-1 axis known to influence ageing. The embryonically expressed

genes PROP1 (which encodes PROP-1) and POU1F1 (which encodes PIT-1) are involved in

pituitary development, including differentiation of pituitary somatotrophic cells. GHRH and

somatostatin are released by different populations of hypothalamic neurons and stimulate or

inhibit, respectively, GH production and secretion by the somatotrophs in the anterior

pituitary. GH binds to GH receptors, which activates the JAK–STAT pathway and induces

the production of IGF-1, predominantly in the liver. In the circulation, much of IGF-1 is

bound by IGFBPs, which act as carrier proteins and regulators of IGF-1 bioavailability.

Pappalysin-1 is an IGFBP-4 protease that increases IGF-1 bioavailability. IGF-1 mediates its

effects by binding to IGF-1R and, with less affinity, to IRs in many tissues. Importantly, not

only endocrine but also autocrine and paracrine actions of IGF-1 have a crucial role in

normal animal physiology. The protein klotho suppresses insulin and IGF-1 action, whereas

IRS-1 and IRS-2 transduce signals from the IGF-1R and the IR, resulting in the activation of

several pathways, including one that acts via S6K, a downstream effector of mTOR that is

linked to IRS-1 via p66shc. Abbreviations: GH, growth hormone; GHR, GH receptor;

GHRH, GH-releasing hormone; IGF-1, insulin-like growth factor 1; IGFBP, IGF-1 binding

protein; IGF-1R, IGF-1 receptor; IR, insulin receptor; IRS, IR substrate; JAK, janus kinase;

mTOR, mammalian target of rapamycin; PIT-1, pituitary-specific positive transcription

factor 1; PROP-1, prophet of PIT-1; STAT, signal transducer and activator of transcription;

S6K, S6 kinase.
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Figure 2.
Mouse strains with altered GH signalling. Ghr−/−, lit/lit, GHA, wild-type and bGH

transgenic mouse strains (from left to right) were a | photographed and then b | scanned

using a digital mammography unit. In this figure, Ghr−/−, GHA and wild-type mice were ~7

months old, the lit/lit mouse was ~5 months old, and the bGH transgenic mouse was ~4

months old. Weights of the mice were 14.4, 17.7, 24.9, 38.7 and 45.6 g, respectively. All

except the Ghr−/− mouse are males. An average Ghr– /– male of this age weighs ~17 g.

Bone structure is remarkably similar for the various mouse strains; however, kyphosis is

typical for transgenic bGH mice. Abbreviations: bGH, bovine GH transgenic; GH, growth

hormone; GHA, GH receptor antagonist; Ghr, GH receptor. Courtesy of J. Sattler, Ohio

University Heritage College for Osteopathic Medicine, Athens, OH, USA
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