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ABSTRACT The important role of GH in the control of mammalian longevity was first deduced from extended longevity of mice with

genetic GH deficiency (GHD) or GH resistance. Mice with isolated GHD (IGHD) due to GHRH or GHRH receptor mutations, combined

deficiency of GH, prolactin, and TSH, or global deletion of GH receptors live longer than do their normal siblings. They also exhibit multiple

features of delayed and/or slower aging, accompanied by extension of healthspan. The unexpected, remarkable longevity benefit of severe

endocrine defects in these animals presumably represents evolutionarily conserved trade-offs among aging, growth, maturation, fecundity,

and the underlying anabolic processes. Importantly, the negative association of GH signaling with longevity extends to other mammalian

species, apparently including humans. Data obtained in humans with IGHD type 1B, owing to a mutation of the GHRH receptor gene, in the

Itabaianinha County, Brazil, provide a unique opportunity to study the impact of severe reduction in GH signaling on age-related

characteristics, health, and functionality. Individuals with IGHD are characterized by proportional short stature, doll facies, high-pitched

voices, and central obesity. They have delayed puberty but are fertile and generally healthy. Moreover, these IGHD individuals are partially

protected from cancer and some of the common effects of aging and can attain extreme longevity, 103 years of age in one case. We think

that low, but detectable, residual GH secretion combined with life-long reduction of circulating IGF-1 and with some tissue levels of IGF-1

and/or IGF-2 preserved may account for the normal longevity and apparent extension of healthspan in these individuals. (Endocrine Reviews

40: 575 – 601, 2019)

I n our review we consider the question: What is
the evidence that GH signaling can influence

aging and longevity?

GH-deficient and GH-resistant mice are long-lived
The importance of GH signaling in the control of
longevity was established by the demonstration that
mice lacking GH or GH receptors (GHRs) live much
longer than do their normal siblings (–) (Fig. ).
These studies were conducted in GHRH2/2, GHRH
receptor (GHRHR)2/2, and GHR2/2 mice with
isolated GH deficiency (IGHD) or GH resistance, and
in hypopituitary Propdf and Pitdw mice that lack GH
and also prolactin and TSH (–). However, it can be
debated whether the extension of average lifespan in
these animals is due primarily to the altered rate of
aging or to reduced incidence, delayed onset, and/or
slower progression of fatal neoplasms and other
age-related diseases. Using comparative analysis of
longevity data, de Magalhães et al. () concluded that

the rate of aging is reduced by some, but not all,
GH-related mutations. More recently, Koopman et al.
() applied a different approach to analysis of these
data and concluded that the rate of aging of GH-
deficient and GH-resistant mice is significantly re-
duced during most of their life and accelerates only at
advanced age after most of the normal, usually referred
to as wild-type (WT), controls have died. Further
support for slower (and/or delayed) aging in GH-re-
lated mouse mutants is provided by the evidence that
in addition to increases in average and median lon-
gevity, the maximal longevity is also significantly in-
creased in these animals (–). Moreover, Wang et al.
() recently reported that the Propdf mutation
(Ames dwarfism) slows molecular changes in the
epigenetic clock of aging. This conclusion was based
on analysis of age-related increase in the disorder of
hepatic methylome. Importantly, effects of Ames
dwarfism on this parameter resembled the effects of
calorie restriction and treatment with rapamycin, two
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interventions previously documented to affect the rate
of aging (, ).

Extension of longevity in GH-related mutants is
robust, reproducible, and not sex limited
What deserves particular emphasis is that in GH-related
mouse mutants, longevity is extended in both sexes.
Moreover, in GHR2/2 mice the extension of longevity
was shown in four independent studies in two laboratories
using animals on three different genetic backgrounds and
diets of different macronutrient composition (, ). This
contrasts with most studies of the impact of gene mu-
tations, deletions, or transgenic expression on longevity, in
which effects are often limited to one sex, and testing
reproducibility or dependence of the findings on a par-
ticular diet or genetic background is rarely attempted.
Although this is not surprising in view of the cost and
duration of mouse longevity studies, it serves to em-
phasize the strength of evidence for a role of GH in
mammalian aging.

Further support for the role of GH in the control of
aging was derived from studies of transgenic mice with
massive increase in circulating GH levels. These ani-
mals have shorter lifespans than do their normal
(genetically unaltered) siblings, and they exhibit nu-
merous symptoms of accelerated aging (, ).

GH-deficient and GH-resistant mice have major
changes in body composition and extended
healthspan as well as lifespan
In addition to reducing the rate of somatic growth and
the adult body size, GHD and GH resistance lead to
major changes in body composition. This includes
increase in adiposity and reduction in the relative
weight of the liver, skeletal muscles, and other com-
ponents of lean body mass. An increase in adiposity is
due primarily to a major increase in the amount of
subcutaneous white adipose tissue (WAT), and this is
particularly prominent in males.

In GHR2/2 mice with global, germline deletion
of GHR, the amount of subcutaneous (including

inguinal) WAT is greatly increased, whereas the
amount of retroperitoneal (perinephric) WAT is not
altered and the relative weight of epididymal WAT
pads is similar to that in control siblings or slightly
reduced (likely depending on age and genetic back-
ground) (). Unexpectedly, increased adiposity of
GH-deficient and GH-resistant mice coexists with a
marked enhancement of insulin sensitivity (, ).
Moreover, when GHR2/2 and Propdf mice are fed a
high-fat diet, they accumulate an additional amount of
WAT but remain more insulin sensitive than do their
normal siblings (, ). This could be due to an anti-
inflammatory profile rather than proinflammatory
profiles of cytokines secreted by visceral fat of GH-
related mutants, including increased expression of
adiponectin and reduced expression of IL- and TNFa
(, ). In support of this hypothesis, we have shown
that surgical removal of most of the intra-abdominal
fat produces the expected improvements in insulin
sensitivity in normal animals, but promotes insulin
resistance in GH-related mutants (, ).

In addition to the overall increase in the mass of
WAT, the relative weight of interscapular brown
adipose tissue (BAT) is increased in GHR2/2 as well as
Propdf mice (, ). Increases in the amount of BAT
and in the expression of the key mitochondrial
uncoupling gene, Ucp, in BAT and subcutaneous
WAT are almost certainly related to the need for
increased nonshivering thermogenesis to compensate
for increased heat loss in these diminutive mutants
(). Increased adiposity of GHR2/2 animals can be
ascribed to the absence of lipolytic action of GH locally
in WAT, because similar changes in body composition
are seen in mice with adipose tissue–specific knock-
down of GHR in FaGHRKOmice (, ). FaGHRKO
mice have a general, rather than depot-specific, in-
crease in WAT accumulation. In contrast to the
consistent decrease in lean body mass of GH-deficient
and GH-resistant mice, the relative brain weight is
increased in these animals. As discussed elsewhere in
this review, this has been related to brain growth

ESSENTIAL POINTS

· GH signaling plays an important role in the control of mammalian aging

· Data obtained in laboratory animals indicate that actions of GH on growth, maturation, and metabolism involve
significant costs in terms of aging and longevity

· Novel information about the role of GH in human aging was derived from studies of a large cohort of individuals with
isolated GH deficiency (IGHD) type 1B due to a mutation of the GHRH receptor gene

· In this cohort, IGHD represents profound, but not complete, suppression of GH secretion, leading to slow growth and
proportional dwarfism

· Longevity of these subjects with IGHD is apparently normal whereas various symptoms of aging are attenuated and/or
delayed and healthspan seems to be extended in comparison with unaffected siblings

· Data obtained in this IGHD cohort resemble findings reported from studies of Laron dwarfism (GH resistance) and some
(but not all) congenital GHD cohorts
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occurring primarily during the period of GH-independent
fetal and early postnatal growth.

Long-lived Propdf and GHR2/2mice were shown
to maintain youthful levels of cognitive function into
advanced age (, ). Aging-related declines in

neuromusculoskeletal function assessed by tests for
agility, balance, and strength and age-related increase
in insulin resistance are attenuated in GHR2/2 and
Ames dwarf mice (, ). In Snell dwarf mice,
extension of longevity is associated with delays of

Figure 1. In mice, isolated GH
deficiency, hypopituitarism, and
GH resistance lead to reduced
growth, diminutive adult body
size, and extended longevity
(1, 2, 4, 5).
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age-dependent changes in collagen cross-linking and
in various parameters of immune function (). Dwarf
mice had fewer memory T cells, reduced accumulation
of CD and CD cells expressing P-glycoprotein ac-
tivity, and preserved responses of T cells to stimulation
(). Moreover, studies of various indices of ovarian
function, along with observational data from breeding
colonies, indicate that reproductive aging is delayed in
both GHR2/2 and Ames dwarf mice (–). Col-
lectively, these findings indicate that in laboratory
mice, GHD and GH resistance extend not only life-
span, but also healthspan (defined as the period of life
free of disease and deficits in physical and mental
function).

GH signaling can be related to longevity in normal
mice and in other mammalian species
It is important to ask whether conclusions derived
from studies of mice with genetic alterations and
extreme phenotypes also apply to normal (WT) mice

and to other species. Studies of longevity of WT mice
from different inbred strains, outbred stocks, or se-
lected lines, as well as studies of longevity of individual
animals from a genetically heterogeneous population,
demonstrated that body size, a strongly GH-
dependent trait, is inversely related to lifespan (–).
These differences have been related to IGF- levels
(), further strengthening the evidence that reduced
somatotropic signaling predicts longer life in mice.

The longevity advantage of smaller individuals was
shown also in other species (). Particularly striking
are the effects in domestic dogs, a species with a huge
range of variation in body size (, ). Findings
concerning growth and aging in different species,
including the relationship of height (stature) to life
expectancy and extremes of longevity in humans, are
discussed later in this article. Interestingly, the inverse
relationship of body size to longevity within a species
differs from the generally positive impact of body size
on longevity in comparisons of different species.

Mechanisms

Conserved mechanisms of aging are related to
GH signaling
There is very strong evidence that GH signaling has a
major impact on aging and longevity in laboratory
mice and that at least some of the effects of GH on
aging in mice apply to other mammalian species.
Many effects of GH are mediated by IGF-, and GH
is a key regulator of hepatic IGF- secretion and
circulating IGF- levels. Therefore, findings con-
cerning the role of GH in aging expand the present
understanding of the evolutionarily conserved role of
insulin/IGF-–like signals in aging of organisms
ranging from yeast, worms, and insects to mammals,
including our own species (, –).

Multiple mechanisms link GHD or GH resistance
with slow aging and extended longevity
The reports that genetically GH-deficient and GH-
resistant mice consistently outlive their normal sib-
lings prompted an intensive search for the underlying
mechanisms. These studies involved comparison of
multiple phenotypic characteristics of the long-lived
GH-related mutants to those of WT animals from the
same strain (, , , ), along with studies of the
expression of candidate genes (, ), analysis of wide
gene expression profiles (–), comparing responses
to various interventions (, , , , ), and crosses
with other genetically altered mice (). More recently,
this work was expanded to include creation of animals
with organ- or age-specific deletion of genes related to
GH signaling (, , ). The picture that emerges
from these studies is that existence of a single pathway
of molecular and/or cell signaling alterations linking

suppression of GH actions to healthy aging and longer
life is exceedingly unlikely. Instead, it appears that
suppression of GH signals produces a new, longevous
phenotype via multiple mechanisms and that these
mechanisms interact, forming a complex regulatory
network (, , ). A simplified diagram of some of
those interactions is shown in Fig. .

Genetically GH-deficient and GH-resistant mice
have normal weight at birth, but their growth rate
quickly falls behind that of their normal siblings,
puberty is delayed, and adult body size is drastically
reduced. These characteristics, along with increased
adiposity and other alterations of body composition,
are consistent with absence of GH signals, reduced
levels of serum IGF-, and suppression of the activity
of the mTORC complex. These diminutive animals
have less chronic low-grade inflammation (, , ),
are insulin sensitive (, , ), and are stress resistant
(, ). They also have apparent improvements in
mitochondrial function with reduced production of
deleterious reactive oxygen species (, ), despite
increased daily average metabolic rate per unit of body
mass (). Combined with improved antioxidant
defenses, this accounts for reduced oxidative damage
to their DNA and other macromolecules (, , ).
Other factors that undoubtedly contribute to the
extension of their healthspan and lifespan include
enhanced activity of the mTORC complex (, ),
increased hepatic production of hydrogen sulfide (),
improved maintenance of stem cell populations (),
BAT thermogenesis (, ), and smaller burden of
senescent cells ().

Interestingly, note that chronic calorie restriction,
one of the very few, if not the only, comparably ef-
fective antiaging intervention, is also thought to extend
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longevity via multiple interacting mechanisms (, ).
Moreover, there is a considerable overlap between
mechanisms by which GHD and calorie restriction
influence aging (, , ). A positive impact of calorie
restriction, suppression of the somatotropic axis, and
inhibition of mTORC signaling suggest that some
common elements of anabolic and biosynthetic pro-
cesses, translation, and somatic growth act to accel-
erate the rate of aging (). Although multiple
molecular mechanisms appear to be underlying this
fundamental relationship, several specific mechanisms
have been linked to longevity of GH-deficient or GH-
resistant organisms. These include alterations in ex-
pression of DNA-repair genes () and in methylation
of multiple genes in the liver (, ), reduced in-
hibitory phosphorylation of insulin substrates and
altered activation of PIK in key insulin target tissues
(), altered expression of cytokines in intra-abdominal
WAT and in different brain regions (, , ), and
changes in the expression of AMPK and FOXO ().
Genetic polymorphism of FOXO has been associated
with extreme longevity in several unrelated human
populations (–).

Interpretation of the findings concerning mecha-
nisms by which GHD affects aging is complicated by
the fact that in most studies the likely mechanisms of
aging are difficult to distinguish from the symptoms,
signatures, or biomarkers of aging (, , ). For
example, enhanced insulin sensitivity and the coex-
isting reduction of insulin levels are among the most
likely mechanisms of the extension of healthspan and
lifespan of GH-deficient and GH-resistant mice, but
they also reflect the relatively younger biological age of
GH-related mutants. Thus, reduced insulin levels and
enhanced insulin sensitivity in GH-deficient and GH-
resistant mice can represent both a mechanism of their
remarkably extended longevity and an example of
retaining youthful phenotypic characteristics into
advanced age (, ).

The causal (mechanistic) role of reduced insulin
levels in the delayed aging of GH-related mutants is
emphasized by findings in transgenic mice producing a
modified GH molecule that acts as a powerful an-
tagonist of GH actions (). In these animals, insulin
levels are not reduced and lifespan is not extended
despite reductions in circulating IGF- levels, post-
natal growth, and adult body size (). Observations in
animals with organ-specific GHR deletion provide
other examples of association of insulin signaling with
longevity (, ). Some exceptions were also noted in
these studies and in mice with extension of longevity
induced by mutations not directly related to GH
signaling (, ). However, female Ins2/2Ins+/2

mice with a genetic reduction of insulin levels were
recently shown to be insulin sensitive and long-lived
(). More work is needed to explain how findings in
mice with congenital GHD or global, germline GHR
deletion relate to effects of other genetic, as well as

nongenetic, interventions on glucose homeostasis vs
aging.

The negative impact of somatotropic signaling on
longevity discovered in mutant mice applies to
mice that have not been genetically modified as
well as other species
As indicated in the introduction to this review, the
current interest in the role of GH in the control of
aging stems primarily from the reports of remarkable
extension of longevity in mice with GHD or resis-
tance due to spontaneous mutations or targeted
deletions of genes related to GH biosynthesis, se-
cretion, and/or actions (, , , ). Importantly,
blocking GH signaling in these animals not only
extends lifespan, but also healthspan, and it slows the
rate of aging (, , ). The evidence for slowing the
rate of aging is of particular significance, as it in-
dicates that extension of longevity in these mutants is
not due simply to reduced IGF levels protecting
them from cancer, which is the leading cause of
death in most strains of laboratory mice. The
findings of reduced longevity in transgenic mice with
gross, supraphysiological elevation of circulating GH
levels are also robust, reproducible, and based on
observations in different independently produced
lines of animals and in different laboratories (, ,
).

Alterations in the lifespan of mice with various
GH-related genetic alterations are striking and in-
ternally consistent. However, it is important to ask
whether findings in animals with extreme phenotypes
due to loss-of-function mutations, targeted deletion, or
ectopic expression of experimental gene constructs

Figure 2. Schematic representation of key mechanistic links between reduced GH signaling and
extension of healthspan and lifespan in mice. Arrows identify causal relationships and interactions.
Additional mechanisms of extended longevity of GH-related mutants are listed in the text along
with references. ROS, reactive oxygen species.
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apply to mice that have not been genetically altered. It
is also important to ask whether observations made in
highly domesticated stocks of animals that are natu-
rally short-lived may apply to other species, particu-
larly those that are evolutionarily distant and long-
lived.

Available evidence allows answering both of these
questions in the affirmative. The evidence comes
mostly from studies relating longevity to body size, a
strongly GH-dependent trait. Analysis of longevity of
different strains, stocks, or selected lines of laboratory
mice demonstrated that larger animals do not live as
long as smaller ones (, , ). The most persuasive
evidence for negative relationship of body size and
longevity in this species came from a study comparing
adult body weight and longevity in individual mice
from a genetically heterogeneous population ().
Differences in longevity of mice from different inbred
strains have also been related to differences in cir-
culating IGF- levels (), another strongly GH-
dependent trait. Evidence for a negative relationship of
body size to longevity was also obtained in other
mammalian species, including rats (), dogs (, ),
horses (), and, more recently, humans (, ), al-
though evidence for survival benefits of shorter human
stature is considered controversial by some authors
(). The role of GH, GHD, and GH resistance in
human aging is discussed elsewhere in this review.

The evidence for longer survival of smaller in-
dividuals is particularly strong in domestic dogs, a
species in which selective breeding produced a truly
astonishing range of variation in body size. In addition
to being common knowledge among veterinarians and
dog owners, the reciprocal relationship of body size
and longevity in this species was documented in a
number of large studies in different populations of
various purebred or mixed-breed animals (, , ).
Differences in body size between different dog breeds
have been shown to reflect differences in circulating
IGF- levels (, ).

Importantly, however, note that in comparisons
between different species rather than within an in-
dividual mammalian species, the relationship of
longevity to body size is generally direct rather than
inverse. Thus, the largest species such as whales or
elephants are remarkably long-lived, whereas the
smallest mammals (with the exception of some bats)
usually live just a few years. This would imply a
positive association of GH signaling and its down-
stream targets, including levels of endocrine IGF-,
with longevity. Quantitative aspects of GH, as well as
systemic and local IGF- signaling in different species,
have not been systematically explored and compared,
but available data include some intriguing exceptions
from the expected relationships. Thus, one recent
study reported a counterintuitive finding that IGF-
levels in larger mammals tend to be lower than in
smaller mammals (). Rodents are a group of

mammals with a particularly large range of differences
in body size and longevity. In these animals, longevity
does not seem to be related to circulating levels of IGF-
 (), but it was shown to be inversely related to
expression of IGF- receptors in the brain ().

Although the somatotropic axis is involved in the
control of aging in mammals from various taxonomic
orders, important species differences also exist. Severe
suppression or absence of GH signals in the syn-
dromes of hereditary dwarfism leads to extension of
longevity in mice that can exceed %, but has no or
very little effect on human longevity (see details later in
this review). Major quantitative differences between
the impact of GH on longevity in men vs mice are
likely related to life-course differences in energy
partitioning between growth, reproduction, mainte-
nance, and repair. With some notable exceptions, large
species of endothermic (warm-blooded) animals live
longer than do small species, with the differences
roughly corresponding to different metabolic rates.
Laboratory mice, similarly to most other small rodents,
are among the shortest lived mammals. They are
characterized by rapid postnatal growth and matu-
ration, early life reproduction, and high fecundity, with
less resources devoted to repair and maintenance. This
cluster of characteristics, sometimes referred to as
pace-of-life syndrome (, ), is likely associated with
less efficient mitochondrial function and greater
production of harmful amounts of reactive oxygen
species, leading to greater damage to DNA and other
macromolecules. This, in turn, promotes faster aging
and shorter lifespan. In contrast, humans are an ex-
treme example of a long-living species with longevity
exceeding what could be predicted from the resting
(basal) metabolic rate and body size. Compared with
species with shorter lifespans, humans grow and
mature slowly, start to reproduce relatively late in life,
and produce few offspring. This is associated with a
very large time and energy investment in the care of
each offspring, as well as improved mechanisms of
maintenance and repair. These characteristics would
reduce accumulation of molecular damage to DNA
and other cell components consistent with the po-
tential of human organs to function for periods
approaching and occasionally exceeding  years. In
strong support of species differences in the accumu-
lation of DNA damage, the expression of genome
maintenance genes was shown to be higher and the
frequency of somatic mutations lower in humans than
in mice (, ). Against this background, it is not
surprising that reduced activity of GH, a predomi-
nantly anabolic hormone, has greater impact on
longevity of mice than humans. The role of GH-
dependent growth in early life in shaping the trajectory
of aging is supported by the demonstration that
treatment of GH-deficient Ames dwarf mice with GH
injections during this period significantly shortens
their longevity (, ).
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Aging in Humans With IGHD

The concept that normal growth involves some costs
in terms of aging and longevity is based primarily
on results obtained in experimental animals. De-
termining to what extent this concept applies to
human aging is of paramount importance but
presents considerable challenges. GH-dependent
developmental processes are involved not only in
attainment of normal body size, but also in regu-
lation of key body functions, including nutrient
storage and utilization, strength, morbidity, sensory
perception, cognition, and reproduction. Table  lists
key effects of the GH and IGF system on body size
and function.

Although increased GH secretion in childhood or
early adulthood may have provided an evolutionary
advantage by assuring adequate body size and com-
position, it might be deleterious in terms of longevity.
Thus, the gradual decline in GH secretion after early
adulthood may have evolutionary advantages by
slowing aging and extending longevity. Pituitary GH
and circulating IGF- are critical for body size, whereas
body functions are also influenced by extrapituitary
GH (e.g., brain, eye, immune cells) and by locally
produced growth factors. Although the actions of
pituitary GH and circulating IGF- are well studied,

the role of local (tissue) levels of growth factors in
determining body function is largely unknown. It is
also possible that individuals with reduced body
size, due to a reduction of GH secretion or lack of
GH action, may display an array of compensatory
mechanisms, which could positively impact lifespan as
well as healthspan. Pathways evolutionarily conserved
from yeast to mice seem to protect human cells from
age-related pathologies, insulin resistance, and cancer
as suggested by findings in GH-resistant individuals
(). In the following sections, we discuss aging and
longevity in humans with IGHD and with the primary
hereditary form of GH insensitivity (GHI), the Laron
syndrome.

Etiology of IGHD
IGHD prevalence varies from : to : (). In
some individuals, childhood IGHD is an idiopathic,
relative, and transitory state, which leads to short
stature when not diagnosed and treated. In others,
IGHD results from a variety of hypothalamic or pi-
tuitary insults or functional defects. Nevertheless,
anatomic abnormalities are found in only % of such
patients examined by MRI (). This suggests that
genetic rather than structural defects may account for
GHD in a significant proportion of cases, and the
estimated incidence of genetic IGHD is between %

Table 1. Simplified Scheme of Physiological Roles of Components of the GH System in Body Size and Body Function

Role Component of the GH System

Body size

Stature Pituitary GH and circulating IGF-1

Amount of fat

Amount of muscle

Amount of bone

Body function

Brain function

Reproduction

Immune function Pituitary GH and circulating IGF-1

Voice Extrapituitary GH

Teeth Tissue growth factors

Feeding IGF-1/IGF-2

Sense organs

Rapid eye movement sleep

Somatotroph expansion GHRH

Non–rapid eye movement sleep

Enteroendocrine connections Ghrelin and somatostatin
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and % of cases. There are four types of inherited
IGHD: IA, IB, II, and III (Table ) (). Type IA causes
profound growth failure, usually earlier than in type
IB, the most frequent inherited type of IGHD. Al-
though most cases are due to yet unknown genetic
defects, mutations in the GHRHR gene (GHRHR) are
present in at least % of these cases, making poly-
morphisms of this gene the most frequent genetic
IGHD (). In the development of IGHD type II,
deficiency of TSH and ACTH may also occur, and the
pituitary function of all such patients should continue
to be monitored closely over the years (). IGHD
type III may be associated with agammaglobulinemia
(). These last two types are not appropriate for
studying the interaction between longevity and IGHD,
because of their associated conditions and rarity.
Therefore, we will use IGHD type A () and type
B () to analyze these relationships. We think that
it is crucial to study the key phenotypic characteristics
of humans with proven genetic IGHD to understand
the true consequences of IGHD in the whole or-
ganism. In this manner, we avoid the uncertainties of
the idiopathic IGHD. Alternatively, organic GHD can
occur in pan-hypopituitarism due to genetic and ac-
quired causes. These include pituitary surgery and or
radiation, which may affect several body functions.
Additionally, it is well known that suboptimal (or
excessive) substitution of other hormones (glucocor-
ticoids, thyroid hormones, and sex hormones) in ei-
ther genetic or acquired cases may influence various
metabolic and vascular risk factors and ultimately
influence longevity.

The main difficulty in identifying the links between
IGHD and aging is to find a sufficient number of
subjects with genetic IGHD living without GH
treatment. We were fortunate to describe a cohort of
 individuals with IGHD type B in the Itabaianinha
County in northeastern Brazil and to follow them for
 years (). In this cohort, IGHD is due to the
inactivating mutation of the GHRHR gene, c.+G.A
GHRHR. In the following section, we summarize the
phenotypic characteristics of these individuals using the
Itabaianinha IGHD cohort. When necessary, we
comment on differences from IGHD type A and GHI.
We first describe the hormonal and MRI data, and then
the clinical data.

Hormonal and MRI data
The Itabaianinha subjects with IGHD exhibit marked
reductions of serum concentrations of IGF-, IGF-,
and IGF-binding protein type  (IGFBP-) throughout
their life. The reduction of IGF- is more pronounced
than the IGF-, with IGF- levels being mostly un-
detectable at all ages ().

In an attempt to measure the bioavailability of IGF-
 and IGF-, we calculated molar ratios to IGFBP-.
We found a profound reduction in the IGF-/IGFBP-
 ratio, accompanied by increase in the IGF-/IGFBP-
 ratio, so that the combined IGF- plus IGF-/IGFBP-
ratio was twice as high in adults with IGHD compared
with controls. This indicates an increase of IGF- relative
to IGFBP- in IGHD, likely representing a compensatory
mechanism for the diminished IGF- levels (). We
hypothesized that this IGF- upregulation may have
physiological implications, contributing to the IGF
bioavailability to some vital tissues such as the brain
and the eye, in which growth seems to be less de-
pendent on the pituitary GH and circulating IGF-
(). Although it is unknown whether this upre-
gulation of IGF- occurs with GHD of other eti-
ologies, it was shown that height SD score (SDS) in
Laron dwarfism has a strong positive correlation
with IGF-/IGF- levels (). It is interesting that
IGF- secretion persists through life in humans,
whereas it virtually disappears in rodents after birth
().

Peak serum GH values were , ng/mL in both
clonidine and insulin tolerance tests, indicating a se-
vere GHD (, ). We also demonstrated a small
but significant GH increase during insulin tolerance
tests, showing that some GH response to hypoglyce-
mia can occur despite complete lack of GHRHR
function (). Likewise, we found a small but sig-
nificant GH response to a GH secretagogue (GHRP-)
that acts on the ghrelin receptor (). In a study of
four Sindh dwarfs with the EX mutation in the
GHRHR gene, similar findings were reported in two of
the subjects with another GH secretagogue, hexarelin
(). Additionally, these four patients exhibited
nocturnal plasma GH levels significantly higher than
during daytime, with maintained pulsatility ().
These data suggest that in subjects with severe IGHD,
there is a residual GH secretion, which can be modified

Table 2. Types of Inherited IGHD

Type Inheritance Serum GH Development of GH Antibodies Genes Involved

IA AR Absent Frequent GH1 (large deletions)

IB AR Low No GH1 (rare), GHRHR

II AD Low No GH1 (exon 3 deletion), GHRHR signal peptide mutation

III X-linked Low No Unknown

Abbreviations: AD, autosomal dominant; AR, autosomal recessive.
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by some stimuli. This residual low GH secretion could
influence the balance between body size and com-
position, consistent with the primordial elongation
action of GH, as well as the functional impact of the
local actions of GH or growth factors, most likely
affecting immune and brain function, sensory organs
efficiency, and so on.

The low but detectable serum GH response
identifies this type of IGHD as B (autosomal recessive
with low but measurable serum GH). This type of
IGHD differs from IGHD type A (also autosomal
recessive) caused by deletion or nonsense mutations in
the gene encoding GH (GH), with no detectable GH
secretion and severe IGF- deficiency and from the
GHI syndrome (Laron dwarfism), with similar pro-
found IGF- deficiency, but without any GH action
(, ). Although these syndromes are very similar,
subtle differences may occur in terms of body com-
position, glucose metabolism, cancer incidence, and
ultimately longevity. These differences are discussed
later in this review.

Individuals from our cohort with IGHD have
higher basal cortisol levels, probably due to the in-
creased activity of the enzyme b-hydroxysteroid
dehydrogenase, which converts cortisone to cortisol
(). They also have moderately elevated serum TSH
levels (), likely an indication of reduced effect of
IGF- on hypothalamic somatostatin. Furthermore,
they also exhibit a reduced serum total T and in-
creased serum free T, owing to a reduction in the
function of the GH-dependent deiodinase system
(). Serum prolactin and gonadotropin levels are
normal, but in males with IGHD, total testosterone
and SHBG levels are higher than in controls, without a
difference in free testosterone ().

Subjects with IGHD from the Itabaianinha cohort
exhibit marked anterior pituitary hypoplasia (),
without abnormalities of the stalk or neurohypophysis
(), which was also described in mice with GHRHR
gene mutation (little mouse) (). This is un-
doubtedly related to the lack of the GHRH effect on
the expansion of somatotroph cells. In our experience,
normal size of the anterior pituitary as determined by
MRI rules out homozygosity for a GHRHR mutation
at least in subjects who are  years of age or older.

Physical findings
The main findings in IGHD individuals from this
cohort are proportional short stature, doll facies, high-
pitched prepubertal voice (–), reduced muscle
mass, and central adiposity. The first four of these
features stem from the lack of the synergistic effect of
pituitary GH and IGF- in bones and muscles. Pro-
portional short stature is a landmark feature of this
IGHD type B. In contrast, the patients with Laron
syndrome and individuals with IGHD due to hGH-
gene deletion have a disproportional body, with the
lower limbs being short relative to the spine and head

(). This suggests that GH and IGF- act differ-
entially on the spine and limbs. Alternatively, having
very little, but active GH seems to ensure a pro-
portional ratio of the upper and lower body segments.

Newborns with IGHD from this cohort are of
normal size, whereas newborns with Laron syndrome
have mildly reduced birth length and birth weight
(), suggesting that the GH-resistance has a greater
impact on human birth size than does IGHD type B.
In the latter condition, the postnatal growth failure
becomes evident during the first year of age and is
progressive, consistent with cumulative GHD. As age
increases, there is a marked reduction of adult height.
Measured adult height in untreated individuals is
. 6 . cm in males (range,  to  cm) and
. 6 . cm in females (range,  to  cm).
Adult height SDSs range from2. to2. (). The
reduction of the head perimeter is less pronounced
than the reduction of stature (2. SDS) (), similar
to the findings in patients with Laron syndrome ().
Greater impact of IGHD on adult height than on head
size may reflect the fact that much of the growth of the
brain and the skull occurs early when growth is less
dependent on GH, whereas somatic growth of the rest
of the body is mainly postnatal and strongly dependent
on GH and endocrine IGF-. Relative brain size is
consistently increased in genetically dwarf mice and
reduced in giant GH-transgenic mice. Anterior facial
height (2. SDS) is less reduced than maxillary
length (2. SDS) (), causing a disproportion
between the calvarium and the face, resulting in a doll-
like or cherubim angel facies. These cephalometric
features together with the underdevelopment of the
larynx lead to a typically high-pitched voice with high
fundamental frequency in both sexes (, , ).
This is a very characteristic trait of this syndrome.
Voice-related quality-of-life (QOL) scores were more
severely reduced in individuals with IGHD than in
those with short stature not related to GHD. The
impact of severe IGHD on voice is important and
tends to abolish the effects of puberty and aging on the
structure of the vocal folds, thereby preventing the
fundamental frequency variation normally associated
with aging (). These findings suggest that although
bone is an important target for GH action, the con-
sequences of IGHD on bone development are not
uniform and seem to be influenced by local factors.

Adult subjects with IGHD also have reduced values
of quantitative ultrasound of the heel and reduced
areal bone mineral density scores, reflecting the small
size of the bones. However, calculated volumetric bone
mineral density values are similar to controls and there
is no increase in the prevalence of fractures (–).
These results agree with data of bone status and
fracture prevalence in Russian adults with childhood-
onset GHD, in which subjects with IGHD had no
fractures, whereas their age-matched counterparts
with deficiency of multiple pituitary hormones and
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poorly substituted gonadal steroids had markedly
increased prevalence of fractures (). In our cohort
with IGHD, the prevalence of vertebral fractures was
actually reduced in older individuals with IGHD
compared with age-matched controls ().

Interestingly, this congenital IGHD causes hip joint
problems and genu valgum, without apparent clinical
consequences (). In spite of the pivotal role of the
GH–IGF axis in bone metabolism and the correlation
between IGF- levels and bone mineral density in
population studies (), we did not find an increased
prevalence of either osteoporosis or fractures in these
subjects (, ). Instead, the bones of these in-
dividuals, although smaller, are apparently appropriate
for their muscles. This could explain why these in-
dividuals do not seem to be prone to fractures, even
when exerting extreme physical effort in sport (e.g.,
soccer, horse racing) or professional tasks (e.g., farm
workers, mechanics, etc.). Unpublished data of our
group indicate that subjects with IGHD from this
cohort, with a mean age of .6 . (SD) years and
an age range from  to  years, have better muscular
function than do their normal counterparts, matched
by sex, age, and physical activity.

The growth of nonosseous structures is also un-
evenly affected, exhibiting tissue-specific consequences
of IGHD. When corrected by body surface area,
thyroid volume () and left ventricular mass ()
are significantly smaller than those from normal
controls. This is probably due to the reduced trophic
effect of IGF- on the thyrocytes () and car-
diomyocytes (). Corrected sizes of the spleen and
uterus are also reduced, indicating a dependency on
the pituitary GH or circulating IGF-. However, the
lower number of pregnancies also may contribute to
the reduced uterine size (). Alternatively, prostate
and ovaries are approximately normal sized, whereas
pancreas, liver, and kidneys appear larger compared
with controls (), suggesting an overgrowth in these
three organs.

Compared with normal controls, subjects with
IGHD from this population have similar visual acuity,
intraocular pressure, and lens thickness, higher values
of spherical equivalent and corneal curvature, and
lower measures of axial length, anterior chamber
depth, and central corneal thickness (). They also
have an increase of optic disc size, but with similar
thickness of the macula, and moderate reduction of
vascular retinal branching points. This vascular retinal
hypoplasia may be protective from diabetic retinop-
athy (). This is important, as these individuals can
develop diabetes, with a prevalence in adults (assessed
by the oral glucose tolerance test) of % (). Al-
though the stature of IGHD was % of the normal
controls, the ocular axial length corresponded to %,
similar to the head circumference (%), suggesting a
parallelism between eye and head growth (). Ad-
equate eye and head (brain) development likely

represent important elements of the environmental
adaptation and survival capacity of these individuals.
Eye and brain growth may involve different patterns of
temporal regulation than does the whole-body growth,
suggesting an important role of IGF- or other
local growth factors in these systems, and reflecting
a physiologic hierarchy controlling body size and
function (). Accordingly, the brain, different from
height, has .% of its growth completed within the
first year of life, with essentially full growth achieved
during the first  years of life (), showing a lesser
dependency on pituitary GH or endocrine IGF- for
its growth.

The external appearance of these subjects with
IGHD includes a contrast between the wrinkled skin
and youthful hair with delayed pigmentation in
children and teenagers and virtual absence of graying,
even in old age. Moreover, these individuals generally
do not complain of tiredness, even at advanced age,
and look younger than their chronological age ().
Table  summarizes the principal physical findings in
IGHD and Laron dwarfism.

Reproductive function
Subjects with IGHD have no obvious abnormalities in
sexual development or function. Unlike the findings in
Laron dwarfism, they do not exhibit microphallus,
suggesting that IGF- has only a modulatory role on
the postnatal development of genitalia. Similarly to
patients with Laron syndrome, they reach full sexual
development despite delayed puberty (). These
findings are congruent with the report that a -year-
old boy with severe congenital IGF- deficiency due to
IGF- gene deletion had genitalia of normal size ().

The individuals with IGHD from our cohort have
delayed puberty. The beginning of climacteric is an-
ticipated, as assessed by the increased number of
middle-aged women with elevated FSH. Age at
menopause (expressed as the age of the complete
disappearance of menstruation) was not statistically
different between the IGHD and control groups, and
within the age range of normality. These women with
IGHD did not report late-life fertility, but they had a
fewer children (, ). Reduced parity might be
related to becoming sexually active at a later age and to
the reliance on caesarian deliveries due to cephalic/
pelvic disproportion. Lower parity may be advanta-
geous to women with IGHD, because the number of
children seems to reduce maternal longevity in normal
subjects (). These human data exhibit strong
similarity with data in dwarf rodents, that is, delayed
puberty, smaller litters, and longer times between
litters (, ), suggesting that GH or IGF- de-
ficiency reduces the number of primordial follicles.
Curiously, ovarian aging in GHR2/2 and Propdf mice
seems to be delayed (–).

The women with IGHD experience no difficulties
in breastfeeding. Although GH and prolactin share
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strong similarities in structure and function, adequate
mammary development and lactation are apparently
possible in the absence of GH signals ().

QOL and sleep
Our data indicate that these subjects with IGHD, living
throughout their lifespan with very low GH levels,
have normal QOL, as measured by a standardized, self-
weighted questionnaire (). These data seem con-
flicting with guidelines consensus which are based on
the concept that GHD, especially in adults, impairs
QOL, suggesting that GH replacement therapy may
improve it (, ). However, most of these studies
examined heterogeneous groups of patients with GHD
of varying etiologies, severities, and associated con-
ditions. These include pituitary surgery, radiotherapy,
and deficiency of other pituitary hormones, with
thyroid, gonadal, and adrenal insufficiencies, whose
deficits and replacements can also influence QOL.
Although social and genetic differences may occur
between this unique cohort with IGHD and other
patients with GHD, we hypothesize that with respect
to the QOL and several physiological functions, having
very little GH throughout life may be more advan-
tageous than having normal GH secretion with sub-
sequent decline (). Moreover, studies showing
beneficial effects of GH on QOL were done in a
retrospective, open-label fashion. Thus, the placebo
effect was not excluded. In contrast, all studies done
in a prospective, randomized, placebo-controlled
fashion failed to demonstrate any difference between
GH and placebo (–).

Individuals with IGHD from our cohort exhibit
impairment in both non–rapid eye movement and
rapid eye movement sleep, more conspicuous in the
former, but this apparently does not affect their QOL
(). They also exhibit higher prevalence of dizziness
(without a direct impact on balance and with low
frequency of falls) and mild high-tone sensorineural
hearing loss (). They have no increase in the fre-
quency of infections (), but they have higher
prevalence of periodontal disease (). The appar-
ently normal immune function suggests that many
immune cells have local growth factors that are ap-
parently independent from an intact somatotropic axis
(pituitary GH and endocrine IGF-).

Metabolic and cardiovascular function and age-
related disease
GH is an anabolic, lipolytic, and hyperglycemic hor-
mone, which generates IGF-, an anabolic, lipotropic,
and hypoglycemic peptide. Therefore, the body
composition and the metabolic and cardiovascular
phenotypes of subjects with IGHD reflect synergistic
as well as opposing actions of GH and IGF-. The
consequences of reduced GH and IGF- signaling are
found already in early childhood and persist throughout
life. They include decreased fat free mass and increased
percent body fat (, ). Obesity of subjects with
IGHD in our cohort is predominantly truncal, owing to
the reduced lipolysis by the GH-sensitive lipase in this
body region (). Truncal obesity may be a direct effect
of the lack of GH, as it is not reversed by IGF-
treatment in subjects with GHI syndrome ().

Table 3. Physical Findings in Human GHRH Resistance (IGHD) and GH Resistance (Laron Syndrome)

Physical Findings IGHD Laron Syndrome

Neonatal size Normal Mildly reduced

Microphallus Absent Sometimes present

Short stature Proportionate Disproportional (lower limbs)

Final adult height 116 to 142 cm in males 117 to 137 cm in males

108 to 136 cm in females 107 to 126 cm in females

Reduction of head Less pronounced than height Less pronounced than height

Facies Doll: disproportion between the calvarium and the face Doll: disproportion between the calvarium and the face

Hair Sparse Sparse

Skin Wrinkled Wrinkled

Voice High-pitched High-pitched

Obesity More severe Less pronounced

Bones Smaller but strong Smaller but strong

Muscular function Appropriate Reduced

Eyes Shorter eyes, increased optic disc and vascular retinal hypoplasia Shorter eyes, increased optic disc and vascular retinal hypoplasia
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Although obesity is a finding common to both GHI
syndrome and IGHD, it seems to be more pro-
nounced in the former (, ), possibly reflecting
some residual lipolysis in IGHD due to the low, but
detectable, GH secretion. Another difference between
the effects of these two syndromes on adiposity is the
regional distribution of fat, with an increase in ad-
iposity especially in the arms in the GHI syndrome
(), and mainly in the visceral adipose tissue in the
Itabaianinha subjects with IGHD (). Despite
visceral adiposity, subjects with IGHD from our
cohort have increased insulin sensitivity. This was
thoroughly assessed () and is associated with an
increase in serum adiponectin (). The increased
insulin sensitivity, in association with increased
visceral adiposity, suggests that there is a threshold of
GH secretion necessary for visceral adiposity to
impair insulin sensitivity (). Alternatively, the
biological impact of the visceral adiposity may be
different in states of GHD or GH resistance. GH-
resistant GHR2/2 mice exhibit a profoundly altered
secretory activity of visceral fat (reduced IL- levels in
the epididymal fat) and expression of genes related to
fat metabolism, associated with a marked increase in
adiponectin levels and insulin sensitivity (, ).
Interestingly, a transplant of visceral fat from GH-
insensitive GHR2/2 mice improves insulin sensi-
tivity of normal mice (). Thus, the available
evidence suggests a beneficial metabolic role of vis-
ceral adipose tissue in states of abolished GH action
and severe IGF- deficiency. Remarkably, the subjects
with IGHD we studied had reduced b-cell function,
which could contribute to the occurrence of diabetes
in this cohort (). Reduced development and se-
cretory function of b-cells also characterizes Ames
dwarf () and GHR2/2 mice ().

Growth, energy balance, and alimentary function
depend on a complex regulatory network. This net-
work includes GH, a hyperglycemic, anabolic and
lipolytic peptide; its stimulatory factors, GHRH and
ghrelin; inhibitory factor, somatostatin; and principal
mediator of GH actions, IGF-, a hypoglycemic, an-
abolic, and lipotropic agent. Insulin and gastrointes-
tinal hormones, including GLP-, are also involved in
this network. Insulin and GH are essential in
homoeothermic animals to adapt the energy utiliza-
tion to the amount of food, promoting anabolism
when calorie supply exceeds demands and catabolism
in the opposite situation. Insulin is the main metabolic
hormone in the fed state, but GH assumes a key role
as a stimulator of lipolysis during prolonged fasting,
providing an evolutionary advantage in times of food
scarcity (). Somatostatin, in addition to its role in
the hypothalamic control of GH release, also sup-
presses the secretion of various gastrointestinal hor-
mones such as glucagon, GLP-, and insulin. Ghrelin,
an orexigenic peptide and potent stimulatory GH
factor, produced mostly by the stomach, enhances

feeding and weight gain. These pathways provide a
simplified view of the interactions between the
GH–IGF- axis, the alimentary system, and the energy
balance.

Because the GH–IGF- axis has an important role
in the balance between energy intake (EI) and energy
requirement, we decided to study this balance in the
subjects with IGHD. In contrast to the findings in
adult-onset GHD, as well as Laron dwarfism (), in
which reduced EI has been described, our subjects with
IGHD had higher EI (mainly derived from proteins;
corrected by body weight) than did the controls ().
Greater caloric intake could have adaptive advantages
for small-sized individuals in an environment with
limited access to food. The higher EI per body weight
suggests a possible increase of the orexigenic hormone
ghrelin in these subjects with IGHD.

In our cohort, the subjects with IGHD had high
serum total and low-density lipoprotein (LDL) cho-
lesterol levels throughout life (, ). This was
secondary to a decrease in hepatic LDL receptor ac-
tivity due to GHD (not IGF- deficiency) (),
exemplifying a direct GH effect. Subjects with IGHD
also presented with a mild increase in systolic blood
pressure in adults, as well as arterial hypertension in
the elderly, without evidence of cardiac hypertrophy.
This suggests that the very low GH/IGF- levels might
counterbalance the effects of the increased blood
pressure on left ventricular mass (). Similarly, these
individuals do not exhibit increases in carotid intima
media thickness or evidence of coronary atheroscle-
rosis when assessed by stress echocardiograms (),
and they have coronary () and abdominal aortic
calcification scores similar to controls (). These
findings could be attributed to a dual action of IGF-,
which may promote atherogenesis by increasing
proliferation of vascular smooth muscle cells or pre-
vent it by increasing nitric oxide formation, vascular
compliance, and insulin sensitivity. Accordingly, a
persistent very low IGF- level might have a protective
role, whereas a milder decrease (as seen in adult-onset
GHD) might be noxious (). Prevalence of non-
alcoholic fatty liver disease (NAFLD) is increased in
the IGHD adults. However, they do not progress to
advanced forms of hepatitis. This finding contrasts
with the findings of severe forms of NAFLD in ac-
quired hypopituitarism and challenges the concept of a
direct role of GH/IGF- deficiency in the pathogenesis
of advanced NAFLD ().

Enhanced insulin sensitivity constitutes a signifi-
cant physiological characteristic of long-lived GH-
deficient and GH-resistant mice (, , ). It is very
plausible that the high insulin sensitivity of subjects
with IGHD leads to increased or at least normal
longevity, as detected in this cohort (). Addition-
ally, there were no differences in the rate of cardio-
vascular deaths, and we found only one cancer death in
our IGHD cohort. However, there were four skin
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tumors (three of them were malignant), suggesting a
vulnerability of their skin to tumor development ().
This contrasts with the apparent absence of breast,
colon, and prostate cancers in the whole Itabaianinha
cohort with IGHD during  years of medical care by
our team (). The absence of these common neo-
plasms in this cohort agrees with the hypothesis that
IGF- deficiency protects against DNA damage and
favors apoptosis of damaged cells, thereby reducing
the risk of cancer, as shown in patients with Laron
syndrome (, ).

Aging and longevity
Longevity was not significantly affected by IGHD in
our cohort. However, the subjects with IGHD with
very low, but active, GH secretion and virtually no
IGF- production have long lives and some became
centenarians () (Fig. ). This contrasts with findings
in several types of GH-deficient and GH-resistant mice
(including animals with GHRH gene deletion or
GHRHR mutation and IGHD) in which longevity is
markedly extended (see details and references earlier
in this review). Perhaps it is easier to extend life of
animals that are inherently short-lived, or in animals
living under controlled and highly protected labora-
tory conditions, than in the inherently long-lived
humans exposed to a variety of risks unrelated to
biological aging. Another reason for this apparent
discrepancy may arise from distinct pathophysiolog-
ical impacts of GH signaling in humans and mice. For
instance, we demonstrated an IGF-/IGF- upregu-
lation in human subjects with IGHD (), which may
have physiological implications, contributing to in-
creased IGF bioavailability, brain function, and ex-
tended maximal lifespan. Because IGF- secretion
virtually disappears in rodents after birth, no upre-
gulation of IGF is possible in this species (). Other
differences between the two species can cause a
difference in longevity outcomes and they deserved
to be studied. The number of individuals close to
and . years of age in the relatively small
population of subjects with IGHD is remarkable
considering that centenarians are rare in normal
contemporaneous human populations. In Brazil, the
recent statistic is . per , (, ). This
exceptional finding is possibly indicative of in-
creased maximum lifespan in these subjects with
IGHD, despite similar mean lifespan compared with
controls.

Although the subjects with IGHD in our cohort
have deleterious age-related conditions, such as ath-
erosclerosis, diabetes, NAFLD, and skin cancer, these
conditions very rarely progress to advanced stages that
would compromise their longevity. Although the in-
creased insulin sensitivity is one plausible explanation
for this beneficial profile, studies of other putative
mechanisms, such as mTOR pathway or mitochon-
drial function in these subjects with IGHD, are lacking.

However, our data indicate that the healthspan of
these subjects is remarkably increased in comparison
with their normal siblings, living in the same envi-
ronmental conditions. In this cohort, subjects with
IGHD maintain normal memory, and apparently
normal brain function, until they reach their s.
Unfortunately, we have not yet done a systematic
comparison of brain function between the subjects
with IGHD and their siblings. However, the normal
bone and muscle function and the lack of tiredness
exposes these individuals to the risk of accidents, even
in advanced ages. Accordingly, from the  dwarfs
initially registered in our cohort in  (), four
individuals (.%) died of causes that were not health
related, whereas from the , inhabitants of the
Itabaianinha County,  (.%) individuals with
normal stature died due to this group of causes (P =
.). Thus, the older subjects with IGHD apparently
exhibit a different profile of senescence, maintaining a
more youthful level of morbidity and mortality. It is
interesting that accidents were also a relatively fre-
quent cause of death in the Ecuadorian cohort of
Laron dwarfs (), and an accident was responsible for
at least one death in the Israeli cohort ().

Longevity data (often described in hypopituitarism
and discussed later in this review) are scarce in genetic
IGHD. The finding of normal longevity in our cohort
of IGHD type B subjects with the c.+G.A
GHRHR mutation () contrasts with the reduced
longevity described in a smaller kindred of subjects
with IGHD type A due to a large homozygous de-
letion in the GH- gene who lived in the th and th
centuries in the Swiss Alps (). The causes of deaths,
which occurred in the middle of the th century, were
analyzed by interviewing still living children of families
with affected members and going through the church
and community records. The authors, although ad-
mitting that these data are not in strictly medical
terms, concluded that there was no difference in cause
of death between the affected and unaffected brothers
and sisters (). As the recollections of offspring are
not strictly a scientifically valid argument, the con-
clusions of this interesting study warrant caution in the
interpretation.

It is difficult to compare differences in longevity
between A and B IGHD owing to the scarcity and
validity of data in A. We can speculate that different
genetic and environmental backgrounds, historical
period of observation, and pattern of residual GH
secretion may influence longevity in both conditions.
Further studies may clarify whether the difference
between our subjects with very low, but measurable,
serum GH levels and the IGHD type A, with no
detectable GH secretion, might contribute to different
impacts on longevity. It is also unknown whether GH
profiles in the Itabaianinha cohort exhibit an age-
related decline, making their GH levels virtually absent
in late stages of life.

“The healthspan of these
subjects is remarkably
increased in comparison with
their normal siblings.”
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In the data from the Itabaianinha cohort analyzed
until , there was a higher frequency of deaths
before  years of age. Once IGHD individuals reach
adulthood, there is no difference in their lifespan
compared with siblings or the general population. At
that time, there were seven people with IGHD in
Itabaianinha aged . years (). Currently the
oldest person with IGHD is an -year-old woman.
At the time of this writing,  deaths have been
recorded:  were from undetermined causes,  were
due to stroke,  were due to external causes,  were
due to infection,  represented natural deaths at the
ages of  and  years,  was due to heart attack, 
was due to hepatic cirrhosis, and  was due to skin
cancer, with an apparent predominance of non-age-
related causes.

These data also suggest that IGHD is not a risk
factor for cardiovascular mortality in middle or ad-
vanced age. Alternatively, we do not have the same

certainty for cerebrovascular mortality, which is ap-
parently more frequent than cardiovascular mortality
in this IGHD cohort. Similarly, a nationwide autopsy
database of Japanese patients with hypopituitarism,
and without GH replacement therapy, has shown a
decreased relative frequency of death from all heart
diseases, without difference in the frequency of death
from ischemic heart disease in comparison with
controls (). However, there was a twofold increase
in cerebrovascular mortality and a fourfold to fivefold
increase in intracerebral hemorrhage (). Although
cerebral hemorrhage is often associated with cranial
radiation therapy, a discrepancy between coronary and
cerebral arteries status in lifetime untreated congenital
IGHD is possible ().

Another genetic example of long-lived GHD
subjects has been reported on Krk Island in the
Adriatic Sea, studied since  (). This population
is GH deficient, but this is associated with deficits of

Figure 3. Three elderly IGHD individuals, homozygous for the c.57+1G.A GHRHR mutation. The man (photograph on the left), 123
cm tall (48.4 inches), died at age 94. At the age of 89 years, he suffered traumatic brain injury riding a horse without a harness to aid a
cow in labor. Beside him, his sister (photograph in the middle), 116 cm (45.6 inches) tall, died at age 103. Both did not exhibit kyphosis
or gray hair, and they died due to natural causes. The other woman (photograph on the right), 107 cm tall (42.1 inches), died at age 65,
probably due to stroke. The author M.H.A.-O., who is 174 cm (68.5 inches) tall, is the normal control.
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prolactin, TSH, and gonadotropins due to a PROP-
gene mutation. The “little people of Krk” could survive
to a very advanced age, even  years old without GH
and sex hormones replacement and with irregular
thyroid hormone treatment. From the  patients, 
died of cardiovascular disease,  by unknown causes,
and  from an accident ().

In summary, deficiency in GH signaling in mice
delays aging and remarkably extends lifespan and
healthspan, with delays in cognitive decline and in the
onset of age-related disease. The role of IGFs in the
control of aging and lifespan is evolutionarily con-
served from worms to mammals. The combination of
reduced GH, IGF-, and insulin signaling likely
contributes to extended longevity in GH- or GHR-
deficient organisms. Diminutive body size and re-
duced fecundity of GH-deficient and GH-resistant
mice can be viewed as trade-offs for extended lon-
gevity. Mechanisms responsible for delayed aging of
GH-related mutants include enhanced stress re-
sistance and xenobiotic metabolism, reduced in-
flammation, improved insulin signaling, and various
metabolic adjustments (). In the next section we
discuss several of these aging aspects in humans with a
severe, unequivocal, and untreated GHD.

Aging in Other Human Cohorts With Altered
GH Signaling

Longevity in Laron syndrome
Longevity in Laron syndrome could be assessed in the
Israeli () and the Ecuadorian cohorts (, )
owing to the relatively large number of subjects fol-
lowed in each cohort ( and  individuals, re-
spectively). In both cohorts, longevity was apparently
normal. In the first cohort, the oldest living individual
was near his s and four deaths were registered: one
girl near the age of , two patients with diabetes with
cardiovascular complications (one at age  and an-
other at age  after a car accident), and one woman at
age  presumably of coronary heart disease. In the
second cohort, the oldest living individual was in his
s. In addition to the early deaths that occurred
before the age of  due to common childhood dis-
eases, there were  deaths among patients with Laron
syndrome:  due to age-related diseases ( due to
cardiac disease and  to stroke) and  were due to
non–age-related causes. Patients with Laron syndrome
from the Ecuadorian cohort died much more fre-
quently from accidents, alcohol-related causes, and
convulsive disorders (), featuring a youthful pattern
of mortality, associated with increased insulin sensi-
tivity, as shown in our subjects with IGHD with an
inactivating GHRHR gene mutation. Remarkably,
cancer was not a cause of death in either the Israeli or
Ecuadorian cohorts (, , ). In conclusion, both
GHRH resistance (IGHD) and GH resistance confer

protection against age-related pathologies, but not
extension of lifespan.

Longevity in GHD in the syndromes
of hypopituitarism
Rosén and Bengtsson () reported increased car-
diovascular mortality in  consecutive deaths of
Swedish patients with hypopituitarism (diagnosed
between  and  and with deaths between 
and ), which solidified the concept of the detri-
mental effects of GHD on life expectancy. Never-
theless, a subsequent study of  UK patients with
hypopituitarism did not find evidence of association
between GHD and increased mortality (). In the
latter study, independent risk factors for excess
mortality were female sex, craniopharyngioma, and
untreated gonadotropin deficiency (). Importantly,
a more recent study with  Swedish patients with
hypopituitarism (deaths from  to ) revealed a
mildly increased overall mortality (). Two im-
portant causes of excess mortality were identified:
adrenal crisis and an increased risk of a late appearance
of de novo malignant brain tumors in patients who
previously received radiotherapy. Cardiovascular or
cerebrovascular mortality did not significantly exceed
those of the reference population (). Similarly,
cardiovascular mortality was not above that expected
in a Danish nationwide study () and in another
multinational study (). Cerebrovascular dis-
ease–related deaths were modestly elevated in one
study (), and in women only in another study
().

As a whole, the previously published literature does
not support the concept that GHD associated with
hypopituitarism reduces longevity. Several con-
founders, for example, sex, etiology, radiotherapy, and
suboptimal (or excessive) replacement of glucocorti-
coid, thyroid, and sex hormones, can influence this
relationship. The only way to answer the question of
whether untreated IGHD influences longevity in
humans is provided by experiments of nature, such as
the Itabaianinha dwarfs. Our data do not seem to
support the concept that genetic, severe, and not
treated IGHD, per se, compromises longevity ().
Finally, the Endocrine Society’s guidelines on hypo-
pituitarism consolidated the concept that untreated
congenital IGHD does not reduce life expectancy
().

In summary, data derived from patients with ac-
quired syndromes of hypopituitarism are not sufficient
for arriving at firm conclusions about GHD and
longevity. However, data from congenital IGHD
(Itabaianinha cohort), combined deficiency of GH and
other adenohypophyseal hormones (Krk cohort), and
GHI syndromes (Israeli and Ecuadorian cohorts)
suggest a role of suppressed GH signaling and the
resulting IGF- deficiency in the control of human
aging. These endocrine changes appear to have greater
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impact on the chances of achieving exceptional lon-
gevity than on the average lifespan. Subjects with
congenital defects of GH signaling have some pro-
tection from age-related pathologies and appear to
maintain a youthful profile of morbidity and causes of
death into advanced age.

Collectively, available evidence suggests that GH
exerts various direct and IGF-mediated effects on
healthspan, lifespan, and, by implication, the rate of
the underlying process of biological aging in humans.
These effects appear to be particularly relevant to
mortality rate in late life and the chances of attaining
extremely old age, as well as familial longevity, or
perhaps are likely to be detected in these types of
studies. However, quantitative impact of extremes of
GH signaling (GHD, GH resistance, pathologic excess)
on human aging is much smaller than could be ex-
pected from data obtained in laboratory stocks of
house mice. This is likely related to major differences
in reproductive strategies, energy partitioning, and
trade-offs between short-lived and long-lived species
of mammals. This is discussed in more detail earlier in
this review.

Impact of GH excess on longevity
The reduced life expectancy associated with chronic
GH excess in transgenic mice (, ) seems to mirror
historical data of increased mortality in untreated
patients with acromegaly. Indeed, without appropriate
therapy, the lifespan of patients with acromegaly may
be reduced by  years (). Mortality in this disease
is principally due to cardiovascular (biventricular
hypertrophy, hypertension, metabolic abnormalities,
diastolic and systolic dysfunction, arrhythmias, ath-
erosclerosis, and endothelial dysfunction) and re-
spiratory (sleep apnea and ventilatory dysfunction)
diseases (, ). Although neoplastic complications
have been associated with the increased risk of death in
this disease (, ), some studies challenge this
concept (). Before current therapies became
available, the standard mortality rate for these patients
was more than double (). However, more recent
meta-analyses report that mortality of patients with
normal GH and IGF- after successful therapy is
similar to that in the general population (). Re-
duction of mortality in acromegaly to expected normal
levels was obtained with improvements of pituitary
surgery, radiotherapy, and medical therapy (somato-
statin receptor analogs, dopamine agonists, and GHR
antagonists). Case studies of individuals afflicted with
the rare syndrome of gigantism suggest extreme re-
duction of life expectancy (). Thus, chronic GH
exposure can reduce longevity in humans as it does
mice. A report of accelerated telomere shortening in
acromegaly () raises an intriguing possibility that
increased risk of age-associated disease and life ex-
pectancy in these subjects may represent symptoms of
accelerated aging.

Does GH have a physiological role in the control of
human aging and longevity?
In view of the data concerning age-related diseases and
mortality in syndromes of GH excess, deficiency, or
resistance, it is interesting to ask whether GH might
have a physiological role in the control of human
aging. Available evidence suggests that, similarly to
what was discovered in mice, GH does have an impact
on human aging, with its physiological effects on
growth, maturation, and metabolism being associated
with some costs in terms of healthspan and longevity.
However, some of the findings relevant to this issue are
surprisingly inconsistent and controversial. This is
perhaps best illustrated by a contrast between in-
creased disease risk and mortality of individuals with
untreated acromegaly or gigantism (see details in the
preceding section) and the ability of GH therapy to
reverse some age-related changes in body composition
of elderly individuals ().

The interpretation of longevity data in relationship
to GH or GH-dependent traits is further complicated
by the evidence that IGF-, a key mediator of many
GH actions, protects from some age-related diseases
and pathological changes (cognitive decline and car-
diovascular disease) while increasing the risk of others
(primarily cancer) (, ). Discussion of the role of
circulating (systemic) vs tissue (local) actions of IGF-
and its binding proteins in the control of aging and in
the risk of chronic diseases is outside the scope of this
review.

Consistent with the suspected role of GH in human
aging, Samaras () provided many examples of
negative association of height and longevity in dif-
ferent human populations. More recently, He et al.
() reported such association in a large cohort of
American men of Japanese ancestry, along with the
evidence that height was negatively associated with a
FOXO longevity allele and with fasting insulin levels,
both of which are thought to be causally related to
aging and lifespan. Numerous studies linked genetic
polymorphisms related to the secretion and actions of
GH and IGF- to human longevity (–).
Moreover, low serum IGF- levels have been associ-
ated with extreme survival ().

Some of the strongest evidence for a physiological
role of GH in human aging was obtained in recent
studies of the offspring of long-lived families in the
Netherlands (). These individuals were previously
shown to have reduced incidence of chronic disease
and lower mortality than did their spouses or partners
who share the same environment and are closely
matched for age, education, and socioeconomical
history but differ with respect to genes affecting
longevity (). Careful analysis of GH pulses in their
serum demonstrated that the offspring of long-lived
families, that is, individuals genetically predisposed to
familial longevity, secrete less GH than do their
spouses or partners (). Offspring of centenarians
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were previously shown to have reduced circulating
IGF- bioactivity ().

Controversies and GH Therapy

GH treatment
Since biosynthetic GH became readily available in the
mid-s, there was a rapid expansion of its uses. In
the United States, the Food and Drug Administration,
in addition to the GH replacement therapy indication
in pediatric, transition, and adult patients with GHD,
approved its use for several non-GHD states. In
children, they include Turner syndrome, Noonan
syndrome, chronic renal insufficiency, Prader-Willi
syndrome, idiopathic short stature, short stature ho-
meobox-containing gene, and failure to show catch-up
growth after being born small for gestational age
(SGA). In adults, these states included wasting and
cachexia due to AIDS related to HIV infection. Al-
though still controversial (–), long-term use of
GH for its growth-promoting action seems to have a
good safety profile (–). When increasing height
is the purpose of treatment, the benefits of GH re-
placement surpass the safety concerns. Although id-
iopathic short stature is an approved indication for GH
therapy, this issue continues to be debated and psy-
chological counseling is viewed as a worthwhile option
(). Children with idiopathic short stature generally
require higher doses of GH than do those with GHD,
apparently due to GH and IGF- resistance (), and
they seem to benefit from GH treatment in terms of
height gain without any severe negative metabolic
outcomes. Metabolic effects are similar to those ob-
served in children with GHD and include a transient
decrease in insulin sensitivity and a dose-dependent
increase in IGF-, without any increase in the risk of
diabetes (, ).

Childhood, as well as adult, GHD can develop
following traumatic brain injury and, in fact, is the
most common type of pituitary dysfunction in these
patients (). GH therapy was shown to improve
QOL in patients with traumatic brain injury () and,
curiously, beneficial effects were also detected in those
that had no evidence of GHD ().

However, GH replacement therapy in adults must
be restricted to individuals with proven organic GHD
(, , ). Positive effects are predicted in body
composition, exercise capacity, and QOL. Although
GH replacement therapy in adults improves some
surrogate markers of cardiovascular disease, there is no
evidence of reduction in cardiovascular mortality. On
the contrary, it tends to increase insulin resistance, a
well-recognized cardiovascular risk factor and the
major cause of morbidity and mortality (). In our
patients with lifetime IGHD due to the GHRHR gene
mutation,  months of treatment with a long-acting
GH (Nutropin Depot) given every  days had re-
versible beneficial effects on body composition and

metabolic profile, but this caused a progressive in-
crease in intima media thickness and in the number of
atherosclerotic carotid plaques (). Subsequently, we
showed arrest of progression of atherosclerosis  years
after therapy discontinuation, proving a deleterious
effect of GH replacement therapy on the ordinarily
slow evolution of atherosclerosis in these subjects with
IGHD ().

Children and adults with Prader-Willi syndrome
may receive GH replacement therapy to improve body
composition, namely increasing lean body mass and
decreasing fat mass (, ). Athletes often desire
this therapy, especially for its anabolic actions. GH has
been promoted to achieve faster recovery from injury
and muscle exertion, although there is no evidence
that GH or IGF- actually improves physical perfor-
mance in healthy young adults. Additionally, it may
worsen exercise capacity and increase adverse events.
Its use in athletic competition is banned by the World
Anti-Doping Agency, and athletes are required to
submit to testing for GH exposure (, ). Simi-
larly, GH use for sports is strongly discouraged by the
Endocrine Society and American Association of
Clinical Endocrinologists (, ). As previously
noted, subjects with IGHD from the Itabaianinha
cohort have better muscular function than do their
normal controls, indicating that their very low GH and
IGF- levels throughout life can be sufficient for good
physical performance. In conclusion, without the
objective of increasing height, the concerns about risks
and detrimental effects of GH replacement override
the possible benefits.

Use of GH as an antiaging agent?
Numerous studies in humans and in experimental
animals suggest that GH actions could be character-
ized as “pro-aging.” Importantly, this applies to both
normal and pathologically elevated levels of GH. Key
findings concerning the role of GH in aging are
discussed earlier in this review. As viewed against the
background of these observations, it is rather curious
that the potential use of GH as an antiaging agent
attracted enormous interest and publicity. GH itself, as
well as various GH-related products (primarily nu-
tritional supplements designed to increase endogenous
GH secretion), is widely and aggressively advertised
with lists of rejuvenation and health benefits that
appear to be, to put it very mildly, grossly exaggerated.
The rationale for the use of GH to slow down or even
reverse aging is based on the well-documented decline
in GH levels during aging together with the beneficial
changes in body composition and bone mineral
density in GH-treated elderly men studied by Rudman
et al. () and the overlap of some symptoms of adult
GHD with the effects of aging. These symptoms in-
clude expansion of WAT, reduced mass and function
of skeletal muscles, and changes in mood, energy, and
well-being, leading to worsening of the QOL. More

“Without appropriate therapy,
the lifespan of patients with
acromegaly may be reduced
by 10 years.”
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recent studies confirmed the ability of GH treatment
to reduce adiposity and increase muscle mass in
middle-aged or older adults, but this treatment pro-
duced no benefits in muscle strength and had a
number of undesirable side effects (, , ). The
current consensus is that treatment of endocrino-
logically normal individuals with GH to reduce or
reverse the effects of aging is not justified and is in-
effective with the risks outweighing the benefits ().
In the United States, GH treatment based solely on
chronological age and a desire to control aging is
illegal.

The potential utility of GH in the treatment of
sarcopenia, a key component of frailty in the elderly,
remains to be fully explored. This would seem to merit
large, well-designed studies, but would also require
careful assessment of the risks related to GH-induced
insulin resistance, diabetes, and cancer, as well as
potential shifts in the profile of proinflammatory and
anti-inflammatory cytokines.

Growth Hormone and Development

Impact of prenatal development on the
somatotropic axis
Children with low birth weight resulting from ma-
ternal starvation or extreme malnutrition during
pregnancy are at increased risk for developing type 
diabetes, hypertension, and other types of chronic
disease in adult life. This relationship and the broader
concept of the developmental origins of health and
disease was discovered in adults born during or after a
period of extreme World War II food shortages in the
Netherlands (, ) and subsequently verified in
numerous studies in other populations (–). To
facilitate identification of the underlying mechanisms,
pregnant mice, rats, sheep, and baboons have been
exposed to calorie restriction or low-protein diets to
produce SGA and lower birthweight offspring. Re-
duced rate of fetal growth in these studies led to adult
abnormalities of body composition, glucose homeo-
stasis, serum lipids, and cardiac function closely re-
sembling the epidemiological findings in humans
exposed to prenatal malnutrition. Reduced fetal and
postnatal growth reflect altered function of the
somatotropic axis. This includes reduced hepatic IGF-
 expression and circulating IGF- levels (–) as
well as reduction of IGF- bioavailability due to in-
creased production of IGF-binding proteins ().
Also involved is an increase of adult hepatic expression
of miR-, an miRNA capable of suppressing IGF-
expression in hepatoma cells (), and reduced IGF-
response to GH stimulation (), which in rats has
been related to altered DNA methylation around the
GH response element of the IGF- gene (). The
important role of GH in mediating the effects of fetal
undernutrition was shown in a series of studies from

Vickers and colleagues () in which pregnant rats
had their food intake reduced by %, and their
offspring were given daily bovine GH injections
starting at  days of age. GH treatment rescued
(partially normalized) numerous characteristics of the
SGA offspring, including body composition, insulin
resistance, inflammation, adipogenesis, and endothe-
lial and cardiovascular function (). The beneficial
effects of GH treatment on the metabolic dysregula-
tion in these animals offer interesting contrast to the
reports that nutritionally induced catch-up growth
tends to amplify rather than ameliorate the negative
impacts of intrauterine growth retardation on adult
health (). Actually, similar negative effects on adult
health (abdominal obesity, hyperinsulinemia, and
probably increased risk of diabetes) seem to occur in
infants with a rapid weight gain, especially in the first
 months of life (). A timely, healthy catch-up
growth may be beneficial in preventing metabolic
consequences and also guaranteeing neurodevelop-
mental and cognitive functions. GH replacement
therapy can be an option to increase height and improve
cognitive function (without insulin resistance), as well as
improve body fat distribution ().

The consensus statement of the International
Societies of Pediatric Endocrinology and the Growth
Hormone Research Society () addresses the issue of
GH therapy of children born SGA. According to this
statement, although the classic GHD is rare in this
population, children with severe growth retardation
from  to  years of age should be considered for daily
GH treatment. In children born SGA, growth re-
sponses to GH treatment, as well as spontaneous
postnatal growth, are variably related to insulin se-
cretion, sensitivity to insulin, and expression of genetic
markers of these characteristics (–). Analysis of
somatotropic and insulin signaling suggests that SGA
children may exhibit some resistance to the actions of
GH and IGF- ().

Prolonged GH treatment of individuals born SGA
increased bone mineral density, but these gains were
gradually lost after treatment was stopped ().
Treatment of SGA children with GH did not increase
their mortality (), similar to findings in children
with idiopathic GHD or idiopathic short stature. In
contrast to individuals with low birth weight due to
maternal undernutrition, very preterm children have
high postnatal GH levels, which have been linked to
neurodevelopmental abnormalities and cognitive defi-
cits ().

Additional studies are needed to clarify the impact
of maternal nutrition during pregnancy on the
postnatal function of the GHRH–GH–IGF- axis and
somatic growth, and to elucidate the role of GH in
mediating the impact of developmental events on
adult health. Separating the impact of nutritional and
hormonal factors is particularly challenging because
their complex interactions include a major role of
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nutrients in determining sensitivity of hepatic IGF-
expression to GH stimulation. Moreover, nutritional
and GH/IGF- signals combine to regulate the acti-
vation of the mTORC complex and its downstream
targets likely involved in mediating the effects of
maternal undernutrition (). The complexity of
these relationships is further emphasized by the evi-
dence that maternal overnutrition similarly to un-
dernutrition can lead to metabolic dysregulation in
adult offspring (). In recent analyses of data from
the Demographic Health Survey in Brazil, childhood
mortality was increased at both extremes of maternal
and childhood nutrition (, ). The impact of GH
signaling during early life on longevity is discussed in
the next section of this review.

Actions of GH during early life can impact adult
phenotype and longevity
In hypopituitary Ames dwarf mice, congenital absence
of GH is associated with a remarkable extension of
longevity. Six weeks of GH replacement therapy
started at  or  weeks of age shortens lifespan of these
animals (, ), implying that absence of GH signals
during this period of postnatal development is causally
linked to extended longevity. In addition to the
shortening of lifespan, early life GH replacement
partially or fully normalized (rescued) many adult
metabolic characteristics in dwarfs who had been
treated with GH as juveniles. These metabolic char-
acteristics included levels of blood glucose, plasma
insulin, adiponectin, ketone bodies, LDL, as well as
activation of stress-responsive pathways and expres-
sion of various genes related to inflammation and
detoxification of xenobiotics (). The crucial time
window for modifying longevity of these animals by a
relatively brief period of GH replacement therapy
apparently has to include the preweaning period.
Replacement of GH started a few weeks after weaning
did not affect longevity in Snell dwarf mice studied by
Vergara et al. () or in pilot studies in Ames dwarfs
in our laboratory. Moreover, identical GH treatment
twice a day for  weeks administered to middle-aged
Ames dwarf mice did not alter their longevity. In
support of the impact of early life somatotropic sig-
naling on aging, Ashpole et al. () recently reported
that knockdown of IGF- in -day-old mice in-
creased longevity of females.

However, there is also evidence for the impact of
GH and IGF- actions during adult life on aging and
longevity. Inducing global GHR deletion in -week-
old-mice significantly extended longevity of females
(). Moreover, a robust increase in female longevity
was reported in mice in which IGF- was knocked
down at  months of age ().

Studies of aging in genetically GH-deficient Lewis
dwarf rats and responses of these animals to early life
GH treatment revealed interesting differences from
dwarf mice. Dwarf rats, similar to dwarf mice, have

reduced IGF- levels and improved capacity for DNA
repair and are significantly protected from cancer (,
, ), but they do not live longer, apparently
because of increased incidence of intracranial hem-
orrhage (). Several weeks of GH treatment starting
at  or  weeks of age reversed their enhanced DNA
repair capacity but, surprisingly, increased their life-
span. The authors related lifespan extension to pro-
motion of normal developmental events by GH
replacement therapy and temporal delay in cerebral
hemorrhage ().

Many questions concerning the impact of the
somatotropic axis during various stages of life history
on health and longevity remain to be answered. As
mentioned earlier in this review, this includes an
important question of potential benefits of GH
therapy or increasing endogenous GH release in the
elderly (, ). However, data available to date
indicate that the actions of GH during postnatal de-
velopment and adult life are generally pro-aging and
that the levels of GH during the rapid period of
peripubertal growth may be particularly important in
this regard.

Conclusions and Future Directions

What do we know?
Research conducted during the past  years provided
much evidence for a role of GH in the control of
mammalian aging. In populations of laboratory mice,
GHD and GH resistance led to slower and/or delayed
aging, multiple indications of extended healthspan,
and robust increase in longevity. Surprisingly, the
longevity benefits of these endocrine defects match or
exceed the effects of all known dietary, genetic, or
pharmacological antiaging interventions.

GH signaling appears to affect aging and longevity
by a variety of interacting mechanisms, some of which
overlap the actions of calorie restriction, interference
with IGF- signaling, or suppression of mTORC.
Negative correlation of longevity with body size, a GH-
dependent trait, is striking in mice with GH-related
mutations or targeted gene deletions and is also seen in
mice that have not been genetically altered. Impor-
tantly, the negative correlation of body size and
longevity extends to other species of rodents, carni-
vores, and equids, as well as various (although not all)
of the examined human cohorts.

In humans, reduced GH and IGF- signaling was
associated with increased old age survival and prob-
ability of attaining exceptional longevity. Chronic
massive increase of GH secretion reduces life expec-
tancy in both humans and mice. However, no increase
of longevity was seen in the large cohort of subjects
with IGHD-I (described in detail in this review) or in
other cohorts of humans with IGHD, GHI, or hy-
popituitarism. Instead, reduced GH signaling was

“Actions of GH during
postnatal development and
adult life are general pro-
aging.”
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associated with protection from some age-related
diseases, improvements in various measures of QOL,
and changes in the profile of common causes of death.
It would appear that the potentially beneficial effects of
reduced GH signaling on human longevity are rela-
tively subtle and may be obscured or even reversed by
features of the underlying endocrine syndromes un-
related to GH or by iatrogenic factors.

Why some of the findings in mice differ from
findings in humans
The difference between the normal life expectancy of
humans with various GH-related dwarfing syndromes
and the extended lifespan of mice with genetic GHD
or GH resistance, prompted the question of whether
the role of GH in aging is species specific? Information
reviewed in this article suggests that similarly to its
action on growth, body composition, and metabolism,
the actions of GH on aging are not limited to mice, and
that variations between species in their responses to
GH, GHD, or GHI are quantitative rather than
qualitative. However, some major differences exist and
it is interesting to ask why. We suspect that a greater
impact of GHD on aging in mice than in people
reflects different relative roles of growth and meta-
bolism in the life history of these species. Mice are a
primary example of living fast with rapid postnatal
growth and maturation, high fecundity, and short life,
whereas humans have opposite characteristics (, ).
This may explain why reduced GH signaling has a
much greater impact on aging of mice than humans.
Another likely reason for greater impact of GHD and
GHI on longevity of mice is that most mice die of
cancer, whereas cancer accounts for less than half
of deaths in most human populations. Removing
GH signals reduces circulating IGF- levels, and the
combination of these endocrine changes provides
protection from cancer. Calorie restriction and
rapamycin treatment also reduce cancer incidence
and progression and produce a major extension of
longevity in mice. We would like to suggest that the

trade-offs among GH-dependent growth and anabolic
processes, reproduction, cancer, and aging are fun-
damentally similar in different species. The differential
impact of reduced GH signaling on longevity reflects
primarily the quantitative differences between regu-
lation of aging in fast-living and slow-living animals
(, ). The fact that excessive GH levels reduce
longevity in both mice and humans would seem to
support this interpretation.

Gaps in knowledge
Despite extensive research during the last  years,
many questions concerning aging of subjects with
IGHD in our cohort remain to be answered:

• What factors are responsible for extended health-
span of the subjects with IGHD?We are planning to
study the involvement of ghrelin, fibroblast growth
factor , and klotho.

• What are the main causes of death in older
subjects with IGHD (in addition to the identified
increase of deaths due to nonmedical causes,
likely due to the youthful profile of morbidity and
mortality)? We will first focus on cerebrovascular
disease.

• Why are individuals with IGHD vulnerable to
skin cancer even though they are generally pro-
tected from neoplastic disease? Detailed studies of
their skin are ongoing.

Other unanswered questions concerning GHD and
aging include the following:

• Is the trajectory of human aging and mortality
significantly altered in individuals with IGHD,
GHI, or hypopituitarism that includes GHD?

• Does GH replacement therapy alter longevity and
the risk of age-related disease in subjects with
IGHD or hypopituitarism?

• Can dietary or pharmacological suppression of
GH signaling promote healthy aging and lon-
gevity in endocrinologically normal individuals?
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Slagboom PE, Strickler HD, Stumvoll M, Suh Y, Sun Q,
Zhang C, Svensson J, Tanaka T, Tare A, Tönjes A, Uh
HW, van Duijn CM, van Heemst D, Vandenput L,
Vasan RS, Völker U, Willems SM, Ohlsson C,
Wallaschofski H, Kaplan RC, Wallaschofski H, Kaplan
RC; CHARGE Longevity Working Group; Body
Composition Genetics Consortium. Genomewide
meta-analysis identifies loci associated with IGF-I and
IGFBP-3 levels with impact on age-related traits.
Aging Cell. 2016;15(5):811–824.

195. Guevara-Aguirre J, Guevara A, Palacios I, Pérez M,
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196. Bonafè M, Olivieri F. Genetic polymorphism in long-
lived people: cues for the presence of an insulin/IGF-
pathway-dependent network affecting human
longevity. Mol Cell Endocrinol. 2009;299(1):118–123.

197. van Heemst D, Beekman M, Mooijaart SP, Heijmans
BT, Brandt BW, Zwaan BJ, Slagboom PE, Westendorp
RG. Reduced insulin/IGF-1 signalling and human
longevity. Aging Cell. 2005;4(2):79–85.

198. Suh Y, Atzmon G, Cho MO, Hwang D, Liu B, Leahy
DJ, Barzilai N, Cohen P. Functionally significant
insulin-like growth factor I receptor mutations in
centenarians. Proc Natl Acad Sci USA. 2008;105(9):
3438–3442.

199. Dato S, Soerensen M, De Rango F, Rose G,
Christensen K, Christiansen L, Passarino G. The
genetic component of human longevity: new in-
sights from the analysis of pathway-based SNP-SNP
interactions. Aging Cell. 2018;17(3):e12755.

200. Revelas M, Thalamuthu A, Oldmeadow C, Evans TJ,
Armstrong NJ, Kwok JB, Brodaty H, Schofield PR,
Scott RJ, Sachdev PS, Attia JR, Mather KA. Review
and meta-analysis of genetic polymorphisms as-
sociated with exceptional human longevity. Mech
Ageing Dev. 2018;175:24–34.

201. Milman S, Atzmon G, Huffman DM, Wan J, Crandall
JP, Cohen P, Barzilai N. Low insulin-like growth
factor-1 level predicts survival in humans with
exceptional longevity. Aging Cell. 2014;13(4):769–
771.

202. van der Spoel E, Jansen SW, Akintola AA, Ballieux BE,
Cobbaert CM, Slagboom PE, Blauw GJ, Westendorp
RGJ, Pijl H, Roelfsema F, van Heemst D. Growth
hormone secretion is diminished and tightly con-
trolled in humans enriched for familial longevity.
Aging Cell. 2016;15(6):1126–1131.

203. Westendorp RG, van Heemst D, Rozing MP, Frölich
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