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Abstract
The endocrine system coordinates and regulates various physiological functions
and has a profound influence on the aging process. Studies from multiple model
organisms indicate that hormones that regulate growth and metabolism can also
play central roles in aging and the incidence of age-related diseases. The growth
hormone (GH) and insulin-like growth factor 1 (IGF-1) signaling pathways
represent perhaps the most potent and best characterized pro-aging axis. In
mammals, GH and IGF-1 activity also contributes to age-related diseases, includ-
ing cancer and diabetes. Growth factors can affect disease progress, in part, by
regulating cellular resistance to stress and by the inhibiting stem cell-dependent
regeneration. Here, we discuss the GH-IGF-1 axis, its connections with the
recently identified mitochondrial-derived endocrine factor, and their effect on
aging and age-related diseases.
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Introduction

Aging is accompanied by a progressive dysfunction of the endocrine system that
ultimately affects hormone levels. Based on studies from model organisms, hormones,
particularly those involved in growth, can regulate the rate of aging and incidence of
age-related diseases. The growth hormone (GH) and insulin-like growth factor
1 (IGF-1) (GH/IGF-1) axis includes a set of genes, which have well characterized
pro-aging functions in various model organisms. In mice and possibly humans, high
GH/IGF-1 axis activity also contributes to diseases, including cancer and diabetes. One
possible connection between growth factors and diseases is their effect on both the
sensitization to stress of a variety of cell types and their role in the inhibition of stem cell-
dependent regeneration. Here, we discuss the GH/IGF-1 axis, its effect on aging and
age-related diseases, and its connections with the recently identified mitochondrial-
derived endocrine factors in the regulation of aging.

The Somatotropic Axis

The GH/IGF-1 Axis Overview

Growth hormone (GH), also called somatotropin, is synthesized and secreted by
somatotropic cells in the anterior pituitary gland in a pulsatile manner. Release of
GH in humans, which is strongly associated with sleep, exercise, and metabolism,
begins to decline after age 20 (Bartke et al. 2013). Its secretion is largely regulated by
the hypothalamic growth hormone-releasing hormone (GHRH) and somatostatin
(SST). A key role of GH is to induce IGF-1 expression in the liver via specific
receptors, which are also expressed in other cell types including adipocytes and muscle
(156, 208). Hepatic production accounts for >80% of circulating IGF-1, which is
known to be a major mediator of many GH actions. The sharp age-related fall in GH
secretion and serum concentration is accompanied by the decline in circulating IGF-1
levels (Bartke et al. 2013; Ho et al. 1987; Iranmanesh et al. 1991; Zadik et al. 1985;
Juul et al. 1994), which is affected by protein intake (Levine et al. 2014) (Fig. 1).
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GH exerts mitogenic and metabolic effects both directly and through the stimu-
lation of IGF-1 and the inhibition of insulin actions. The GH/IGF-1 axis is a major
regulator of fetal and postnatal growth (Baker et al. 1993; Cohen et al. 2010;
Randhawa and Cohen 2005). Also, when nutrients are abundant, the GH-induced
stimulation of IGF-1 and insulin is important for anabolic storage and growth of lean
body mass (LBM), adipose tissue, and glycogen reserves (Kaplan and Cohen 2007).
However, under nutrient-restricted conditions, such as fasting, GH acts as a lipolytic
factor that largely targets adipose tissue, leading to an increased release of free fatty
acids (FFAs) into the circulation (Vijayakumar et al. 2010; Gormsen et al. 2007;
Moller et al. 2003).

GH/IGF-1 Axis and Aging

The GH/IGF-1 axis is strongly implicated in the regulation of aging and age-related
diseases. Mice with congenital GH deficiency experience a dwarf phenotype and
significantly extended lifespan and healthspan. Ames, Snell, and little mice carry
mutations (prop-1, pit-1, Ghrhr, respectively) that cause GH deficiency, leading to
dwarfism and extended lifespan (>50%, >40%, and >20%, respectively) (Brown-
Borg et al. 1996; Flurkey et al. 2001). GH receptor/binding protein (GHR/BP)
knockout mice (GHRKO), which were initially developed to model the human
Laron syndrome, exhibit a 90% reduction in circulating IGF-1 levels and dwarfism

Fig. 1 Circulating IGF-1 levels of subjects with different protein consumptions among 50–65 and
>66 years of age. IGF-1 levels were measured in 2,253 participants of NHANES III, a nationally
representative, cross-sectional study. Subjects were categorized by percent of calorie intake from
protein into a (i) high-protein group (20% or more of calories from proteins), a (ii) moderate-protein
group (10–19% of calories from proteins), or a (iii) low-protein group (less than 10% of calories
from proteins). Data points represent the mean � SEM. �p < 0.01 (Figure adapted from Levine
et al. 2014)
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and an approximately 50% increase in lifespan (Zhou et al. 1997; Coschigano et al.
2000). On the contrary, GH-overexpressing transgenic mice can exhibit a 50%
decrease in mean lifespan (Bartke 2003) and experience kidney dysfunction,
increased age-dependent liver alterations, and neoplasms (Wolf et al. 1993). IGF-1
is potentially a major mediator of the effects of GH on aging, and inhibiting its
signaling can result in lifespan extension. Notably, a common characteristic of the
GH-deficient and GHRKO mice is the significant decrease of circulating IGF-1
levels. The heterozygous deletion of IGF-1 receptor (IGF-1R) extends lifespan in
female, but not male, mice (Holzenberger et al. 2003). In contrast, transgenic mice
expressing an antagonistic analog of GH, which has a very modest reduction in
serum IGF-1 and eventually reach normal body size, are not long-lived (Coschigano
et al. 2003). However, mice with liver-specific IGF-1 gene deletion (LID) or
inactivation at 1-month postnatal (LI-IGF-1 �/�), which lead to ~75% reduction
in circulating IGF-1 and a compensatory increase in GH levels, are slightly smaller
and only live longer (16%) if they are female (Sjogren et al. 1999; Yakar et al. 1999;
Svensson et al. 2011). Because both GH- and GHR-deficient mice live over 40%
longer and considering that they affect both IGF-1 and insulin, as well as many other
pathways, it is likely that IGF-1 signaling is only an effector of the pro-aging role of
GH. In humans, GHR deficiency also causes severe IGF-1 deficiency and has been
shown to protect against cancer (Guevara-Aguirre et al. 2011; Steuerman et al. 2011)
and diabetes (Guevara-Aguirre et al. 2011, 2015), but data on lifespan is yet to be
collected.

At the cellular level, IGF-1 acts through its specific receptor (IGF-1R) and, with
less affinity, to the structurally related insulin receptors (IRs) in various tissues
(Slaaby 2015). Insulin receptor substrates 1 and 2 (IRS-1 and IRS-2) transduce
signals from the IGF-1R and the IR that activate several signaling cascades. The
global deletion of Irs1 (Irs1�/�) caused a 17% increase in lifespan in female mice
(Selman et al. 2008a, 2011), and the global deletion of Irs2 (Irs2�/�) significantly
shortened lifespan, largely due to diabetes (Selman et al. 2008a). In contrast, mice
carrying a heterozygous mutant Irs2 (Irs2+/�) have been reported to experience an
increase in mean lifespan of 17% by one group (Taguchi et al. 2007), but not by
another group due to unresolved differences (Selman et al. 2008b). The insulin/IGF-
1 signaling (IIS) pathway also involves a highly conserved nutrient-sensing network,
which includes PI3K/AKT, the target of rapamycin (TOR) kinase and its down-
stream S6 kinase (S6K), all implicated as pro-aging factors (Fontana et al. 2010).
Recently, IGF-1 signaling has also been connected to another pro-aging enzyme
implicated in aging in both yeast and mice: the protein kinase A (PKA) (Fabrizio
et al. 2001; Cheng et al. 2014).

In yeast, which does not express an IGF-1-like gene, deleting the orthologs of
genes functioning in mammalian GH/IGF-1 signaling causes a major extension of
longevity (Fabrizio et al. 2001). Mutations in RAS (RAS2) and/or TOR-S6K (TOR-
SCH9) increase lifespan by more than 200% while elevating stress resistance against
oxidants, genotoxins, and heat shock (Longo and Finch 2003). Similarly, in
C. elegans, mutations in the human homologs of insulin/IGF-1 receptor (daf-2)
and PI3K (age-1) extend lifespan to 200% and show increased resistance to thermal
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and oxidative stress (Kleemann andMurphy 2009). InD. melanogaster, mutations in
the insulin receptor substrate (Chico) lead to a 150% lifespan extension (Giannakou
and Partridge 2007). In humans, a functional mutation in the IGF-1R, which confers
partial IGF-1 resistance, was more prevalent in centenarians, as compared to controls
without familial longevity (Suh et al. 2008). Further, in exceptionally long-lived
individuals (nonagenarians), low levels of circulating IGF-1 were correlated with
their prolonged survival in cancer-free females, but not males, and in both sexes with
a history of cancer (Milman et al. 2014). Another study showed that the offspring of
centenarians had relatively lower circulating IGF-1 bioactivity compared to
offspring-matched controls, which was inversely related to insulin sensitivity (Vitale
et al. 2012).

Dietary Restriction (DR) GH/IGF-1 Signaling and Aging

Caloric restriction (CR), which if it includes a restriction of protein intake reduces
also both insulin and IGF-1 levels, is the most effective and reproducible interven-
tion known to decelerate the rate of aging and increase healthspan in model organ-
isms ranging from yeast to worms, flies, rodents, and nonhuman primates (Fontana
et al. 2010). In 1934, Crowell and McCay reported that white rats fed with a calorie-
restricted diet with sufficient nutrients from the time of weaning resulted in lifespans
nearly doubling (McCay et al. 1989). A 30+ year longitudinal adult-onset CR study
in rhesus monkeys performed at the Wisconsin National Primate Research Center
(WNPRC) shows that CR (30%) delays disease onset and mortality, with a 50%
decrease in cancer incidence (Colman et al. 2009, 2014). However, a comparable 20
+ year study performed at the National Institute on Aging (NIA) does not show
extended lifespan in CR monkeys, although this dietary intervention reduces the
incidence of diabetes and cancer and thus improves healthspan (Mattison et al.
2012). The disparities between the WNPRC and NIA studies were largely attributed
to differences in diet composition and the genetic origin of the monkeys. However,
there are multiple trade-offs resulting from a severe and chronic CR, which include
impaired wound healing (Hunt et al. 2012) and immune responses (Kristan 2008).
Also, because proteins and amino acids are the major regulators of GH/IGF-1 axis
activity, it is not clear whether CR without protein restriction can actually be
effective in lifespan and healthspan. In both mice and humans, a high-protein intake
combined with CR reversed its beneficial effects (Brandhorst et al. 2013; Fontana
et al. 2008).

The long-lived GH/IGF-1 mutant mice and wild-type mice on CR share several
phenotypes, including reduced levels of circulating IGF-1 and enhanced insulin
sensitivity (Lee and Longo 2011; Masternak et al. 2009; Bonkowski et al. 2009;
Dominici et al. 2002). They are also both protected against several age-related
pathologies and conditions, such as cancer and insulin resistance (Omodei and
Fontana 2011; Ikeno et al. 2013). The anticancer effect of CR on spontaneous and
induced tumors can be mediated, at least in part, by the reduction in IGF-1 levels and
an increase in corticosteroid levels (Longo and Fontana 2010). GHRKO mice do not
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benefit from further lifespan extension and improved insulin sensitivity by CR,
suggesting overlapping mechanisms (Bonkowski et al. 2009; Arum et al. 2009),
whereas the GH-deficient Ames mice showed further increase in lifespan by CR
(Bartke et al. 2001). These studies suggest that the GH/IGF-1 axis and CR affect
aging in overlapping, but not identical, mechanisms, and additional components,
such as diet and metabolic signals, should be carefully considered.

Although CR can extend lifespan and/or healthspan, it is undoubtedly a very
challenging dietary regimen with potential malnutrition. Thus, a CR-mimicking diet
that delivers the beneficial effects without severe abstinence from food would be an
exciting field of investigation. A recent report showed that a fasting-mimicking diet
(FMD), designed based on its ability to reduce IGF-1, increases IGFBP-1, reduces
glucose, and increases ketone bodies comparably to water-only fasting, while
maximizing nourishment, and minimizing adverse effects, showed significant
increase in median lifespan (25.5 vs. 28.3 months) in mice (Brandhorst et al.
2015). A pilot randomized clinical trial in which subjects consumed an FMD for
five consecutive days every month for 3 months and returned to normal diet in
between FMDs showed a significant reduction of circulating IGF-1 (~24%) and had
beneficial effects on fasting glucose, the inflammatory marker CRP, and abdominal
fat (Brandhorst et al. 2015). Notably, the FMD reduced body weight without loss of
lean mass relative to total weight (Brandhorst et al. 2015).

Interventions Targeting the GH/IGF-1 Axis

Interventions to inhibit the GH/IGF-1 axis to increase lifespan and healthspan are
promising but should be approached with caution. As mentioned above, this axis is
integrated with other endocrine systems, such as insulin, and, thus, targeted inter-
ventions may lead to diabetic symptoms. For instance, somatostatin analogs, which
lower GH production and reduce circulating IGF-1 levels, also suppress insulin
secretion. A more promising approach may be to target the GHR using compounds
similar to pegvisomant, a dominant negative GH mimetic that is FDA approved for
the treatment of acromegaly. Pegvisomant reduces serum IGF-1 levels by up to 90%
(20 mg/day for 12 weeks) (Trainer et al. 2000) and also acts as an insulin sensitizer
that counters the diabetogenic action of GH and thus improves glucose metabolism
(Thankamony et al. 2014; Higham et al. 2009).

GH/IGF-1 Axis and Mitochondrial-Derived Endocrine Factors

Mitochondrial dysfunction is strongly implicated in aging, but the mechanistic
details are poorly understood. Mitochondria are increasingly being appreciated as
signaling organelles, especially in light of recent studies that clearly indicate the
importance of a balanced mitochondrial-to-nuclear communication in coordinating
homeostasis. Mitochondria have retained a semiautonomous genetic system, com-
plete with its own independent genome known to encode for 13 proteins that are all
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part of the electron transport chain. The recently discovered two peptides (MDPs), as
described below, expand the mitochondrial genetic repertoire and provide a novel
category of hormones that may influence aging and age-related diseases. Notably,
MDPs may represent a novel mitochondrial component of the GH/IGF-1 signaling
pathway that regulates longevity.

Humanin

Humanin was the first short open reading frame (sORFs) to be identified in the
mtDNA, suggesting the existence of a larger mitochondrial genetic repertoire (Lee
et al. 2013; Hashimoto et al. 2001a; Guo et al. 2003). Humanin is a conserved
polypeptide (Guo et al. 2003) encoded as a 75 bp polycistronic sORF within the 16S
rRNA, discovered in 2001 from an unbiased functional screen using a cDNA library
created from the surviving brain fraction of an Alzheimer’s disease (AD) patient
(Hashimoto et al. 2001a, b). Its expression is age dependent (Bachar et al. 2010;
Muzumdar et al. 2009) and found in various tissues and also in circulation in rodents
and humans (Hashimoto et al. 2001a). Humanin is secreted from cells and found in
circulation (Hashimoto et al. 2001a; Muzumdar et al. 2010) and is proposed to act
through two different types of receptors (Ying et al. 2004; Hashimoto et al. 2009).
Humanin binds to IGF-binding protein 3 (IGFBP-3), which regulates IGF-1 bioac-
tivity, with high affinity and specificity (Ikonen et al. 2003). Notably, circulating
humanin levels are (i) negatively correlated with circulating IGF-1 levels and
(ii) positively correlated with longevity (Lee et al. 2014). The long-lived Ames
mice and Laron syndrome patients, mentioned above, had elevated circulating
humanin levels, whereas short-lived GH-transgenic mice had reduced levels (Lee
et al. 2014). Furthermore, GH or IGF-1 treatment reduced circulating humanin levels
in both mice and human subjects (Lee et al. 2014). This suggests a potential
coordinated mitochondrial element to the GH/IGF-1 regulation of aging. At the
cellular level, humanin acts as an antiapoptotic factor that binds to and inhibits the
activity of the proapoptotic protein BAX (Guo et al. 2003). Its cytoprotective effects
were first tested and confirmed in vitro against mutant forms of amyloid precursor
protein (APP) and presenilins 1 and 2 (PS1/2), which cause familial AD, in neurons
(Hashimoto et al. 2001a). A wide range of in vitro and in vivo studies, which cause
variable levels of oxidative stress, now indicate that humanin protects against
various types of stress or disease states, including AD, cancer, and type 1 diabetes
(Lee et al. 2013; Yen et al. 2013).

MOTS-c

MOTS-c (mitochondrial ORF of the 12S rRNA-c) is a recently identified MDP. As
its name implies, it is encoded as a polycistronic 51 bp gene within the 12S rRNA of
the mtDNA, yielding a 16-amino acid peptide (Lee et al. 2015; Zarse and Ristow
2015). It is detected in various tissues and in circulation in an age-dependent manner

26 Growth Hormones and Aging 697



(Lee et al. 2015). Its primary target organ appears to be the skeletal muscle, and its
cellular actions inhibit the folate cycle and its tethered de novo purine biosynthesis,
causing a significant accumulation of AICAR and consequent AMPK activation;
MOTS-c shares strikingly similar effects with the pro-longevity diabetes drug
metformin (Martin-Montalvo et al. 2013; Hall 2015), which has also shown to target
the folate/purine cycle (Cabreiro et al. 2013; Corominas-Faja et al. 2012). The
intracellular effect of MOTS-c on glucose metabolism is mediated by AMPK and
SIRT1 (Lee et al. 2015), two major proteins that work in concert with the GH/IGF-1
pathway to regulate aging (Lopez-Otin et al. 2013). This suggests that MOTS-c,
similar to Humanin, may be a mitochondrial signal that is integrated with the GH/
IGF-1 axis. In mice, MOTS-c regulates glucose homeostasis and significantly
improves insulin sensitivity in aged and high-fat diet-fed mice, largely by targeting
skeletal muscle (Lee et al. 2015). Notably, the mitochondrial m.1382A>C polymor-
phism, which is found specifically in the D4b2 haplogroup that is associated with
exceptional longevity in the Japanese population (Alexe et al. 2007), causes a
Lys14Gln variation that may have functional alterations (Fuku et al. 2015). Further
studies are required to test if MOTS-c, and its analogs, can positively extend
healthspan and/or lifespan in model organisms.

Conclusion

The GH/IGF-1 axis and its conserved downstream IIS pathways have been central to
aging research and have provided much mechanistic insight into the regulation of
lifespan and healthspan. Recent discoveries of additional age-dependent humoral
factors, such as mitokines and MDPs, further expand the mechanistic breadth of the
aging process. As mentioned above, the GH/IGF-1 axis seems to have overlapping,
but not identical, mechanisms with CR on longevity, suggesting additional
metabolism-related factors to be involved. Connecting these novel endocrine factors
with DR and the GH/IGF-1 axis may unveil a more integrated multicomponent
regulatory system of aging and also provide insight into the coordination of differ-
ential aging rates of various tissue types. Further, these endocrine factors can be used
as biomarkers for the development of interventions that extend healthy lifespan.
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