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Abstract Average and maximal lifespan are important

biological characteristics of every species, but can be

modified by mutations and by a variety of genetic, dietary,

environmental, and pharmacological interventions. Muta-

tions or disruption of genes required for biosynthesis or

action of growth hormone (GH) produce remarkable

extension of longevity in laboratory mice. Importantly, the

long-lived GH-related mutants exhibit many symptoms of

delayed and/or slower aging, including preservation of

physical and cognitive functions and resistance to stress

and age-related disease. These characteristics could be

collectively described as ‘‘healthy aging’’ or extension of

the healthspan. Extension of both the healthspan and

lifespan in GH-deficient and GH-resistant mice appears to

be due to multiple interrelated mechanisms. Some of these

mechanisms have been linked to healthy aging and genetic

predisposition to extended longevity in humans. Enhanced

insulin sensitivity combined with reduced insulin levels,

reduced adipose tissue, central nervous system inflamma-

tion, and increased levels of adiponectin represent such

mechanisms. Further progress in elucidation of mecha-

nisms that link reduced GH action to delayed and healthy

aging should identify targets for lifestyle and pharmaco-

logical interventions that could benefit individuals as well

as society.

Introduction

Human life expectancy at birth increased dramatically

during the past 200 years due to progress in medicine,

increased access to safe sources of drinking water, massive

childhood vaccination campaigns, and other public health

measures. Improved chances of survival to advanced age

combined with a declining birth rate result in a progressive,

and often very rapid, increase in the proportion of elderly

individuals in most countries. These developments help

revive and sustain the universal interest in combating the

impact of advancing age on physical and mental function

and on disease burden, in various forms of ‘‘anti-aging

medicine’’ and in the possibilities of (chances at) extending

life.

Although the average and the maximal longevity are

often regarded as more or less fixed phenotypic charac-

teristics of a species, there is increasing evidence that

human maximal longevity is slowly but detectably

increasing (Vaupel 2010) and it is well documented that

both average and maximal longevity can be increased by

various environmental factors as well as by dietary,

genetic, and pharmacological interventions in species

ranging from yeast and worms to insects and mammals.

There is also increasing appreciation of the fact that many

of the fundamental mechanisms of aging are evolutionarily

conserved (Tatar et al. 2003; Longo et al. 2015) and shared

by most if not all living organisms [also including plants

(Minina et al. 2013)] and that interventions that extend life

in experimental animals can be expected to have similar

effects in our own species.

Among the various anti-aging interventions, life-ex-

tending mutations (sometimes referred to as ‘‘longevity

genes’’) attract particular attention because they appear to

be uniquely suitable for elucidating the mechanisms of
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aging. In most animals with these mutations, the expres-

sion of one gene is affected with the resulting deletion (or

reduction of the levels) of a particular hormone, receptor,

enzyme, or signaling molecule. Consequently, extension

of longevity can be related to a defined functional change

at the cellular level. Moreover, the genetic basis of

extended longevity in these animals allows comparing

long-lived and normal (control) animals when they are

young and their phenotypes are not impacted by age-re-

lated pathology.

It is of obvious and indeed paramount significance to

know whether extensions of lifespan achieved by genetic

or other means are associated with extensions of ‘‘health-

span,’’ a period of life free of frailty and age-related dis-

ease. There is evidence that exceptional human longevity,

exemplified by survival to age of 100 or 110 years is

associated with compression of morbidity (Fries et al.

2011; Andersen et al. 2012; Sebastiani et al. 2013). How-

ever, some of the life-extending mutations in Caenorhab-

ditis elegans were recently reported to lead to an increase

in the relative duration of the period of frailty (Bansal et al.

2015). Calorie restriction extends both lifespan and

healthspan in different mammalian species (Weindruch

1992; Mattison et al. 2012; Colman et al. 2014). In mice

with several of the growth hormone (GH)-related mutations

which extend longevity, healthspan is also extended

(Flurkey et al. 2001; Ikeno et al. 2009; Bartke et al. 2013;

Brown-Borg 2015) but the potential impact of these

mutations on the absolute or relative duration of frailty has

not been explored. In this article, we will summarize the

information on phenotypes of long-lived GH-related mouse

mutants with emphasis on characteristics linked to frailty

and risk of chronic disease.

Growth hormone deficiency and GH resistance
extend lifespan and healthspan of laboratory mice

In 1996, Brown-Borg et al. (1996) reported a major

extension of longevity in mice homozygous for Ames

dwarf (df) mutation [subsequently renamed, Prophet of

pituitary 1, Prop1df (Sornson et al. 1996)]. This recessive

loss-of-function mutation interferes with differentiation of

adenohypophyseal cells expressing pituitary factor 1 (Pit-

1) leading to a deficiency of somatotrophs, lactotrophs,

and thyrotrophs and their hormonal products: growth

hormone (GH), prolactin (PRL), and thyroid-stimulating

hormone (thyrotropin, TSH) (Bartke 1964; Sornson et al.

1996; Bartke 1998). Interestingly, studies of Snell dwarf

mice, Pit-1 mutants with identical (or nearly identical)

endocrine phenotype conducted in the ‘60s and ‘70s

produced conflicting results with reports of accelerated

aging and drastically shortened longevity (Fabris et al.

1972), normal or possibly extended lifespan (Shire 1973)

as well as markedly extended longevity with some indi-

viduals surviving beyond 40 months of age (Silberberg

1972). More recent work provided evidence that Snell

dwarf mice, similar to Ames dwarf mice, are remarkably

long lived (Flurkey et al. 2001) and it is now believed that

opposite findings in one of the earlier studies (Fabris et al.

1972) must have been due to husbandry practices detri-

mental to these slow-growing and diminutive mutants

(such as weaning them at an early age and/or feeding

them a low-fat (‘‘maintenance’’) diet immediately after

weaning) or to pathogens.

The role of GH deficiency in the extended longevity of

Ames dwarf mice proposed by Brown-Borg et al. (1996)

was strongly supported by the demonstration of extended

longevity in mice with an isolated GH deficiency due to a

spontaneous mutation of the GH-releasing hormone

(GHRH) receptor (Flurkey et al. 2001), with targeted

deletion of the GHRH gene (Sun et al. 2013) and in mice

with GH resistance produced by disruption of the GH

receptor/GH-binding protein gene (Coschigano et al.

2003). It deserves particular emphasis that the extended

longevity of mice lacking GH or GH receptors is repro-

ducible in different laboratories, that it applies to both

females and males and that it is not limited to a particular

genetic background or diet (reviewed in Bartke 2011;

Bartke et al. 2013). However, association of reduced GH

signaling and extended longevity is not universal. In con-

trast to the effects of GH deficiency and GH resistance,

interfering with GH actions by transgenic expression of an

antagonistic GH analog failed to extend longevity

(Coschigano et al. 2003), although it produced some ben-

eficial metabolic effects (Berryman et al. 2014).

Recent elegant studies by List and his colleagues pro-

vided evidence that the major anti-aging impact of dis-

rupting GH receptors in all tissues cannot be reproduced by

disrupting this receptor selectively in the liver, skeletal and

cardiac muscle, or adipose tissue. Longevity was not

altered in Liver GHR-KO (Li et al. 2014; List et al. 2014),

reduced in Fat GHR-KO mice (List et al. 2013), and

slightly increased in males from one of the two experi-

mental cohorts of Muscle GHR-KO mice (List et al. 2015).

Further studies in these novel lines of mice should provide

mechanistic insights into the unexpected findings con-

cerning their longevity. Without additional information we

can only conclude that the remarkably long lives of animals

with ‘‘global’’ GHR disruption either require suppression

of GH action in multiple organ systems or are due to GH

resistance at a site other than liver, muscles, or adipose

tissue. Available (largely indirect) evidence leads us to

speculate that the effects of GH signals on the immune

system (Wang et al. 2006; Masternak et al. 2012; Dixit

et al. unpublished) and/or the brain (Miller et al. 1995;
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Hascup 2015; Sadagurski 2015) might be involved in the

control of aging.

Can findings on the role of GH in the control
of aging in mice be extrapolated to other species?

Body size, a GH-dependent trait is negatively related to

longevity not only in laboratory mice, but also rats (Rollo

2002), domestic dogs (Patronek et al. 1997; Greer et al.

2007), domestic cats (Kienzle and Moik 2011), and horses

(Brosnahan and Paradis 2003). A similar relationship was

uncovered in the studies of numerous human cohorts (Sa-

maras et al. 2007). However, opposite and negative find-

ings concerning the relationship between human height and

longevity have also been reported (Samaras et al. 2007). Of

particular interest is the recent report by He et al. (2014),

who demonstrated a negative correlation of height to

longevity in a large cohort of American men of Japanese

ancestry. Importantly, increased old age survival in this

group was related to insulin levels and to genetic poly-

morphism of FOXO3, two traits that have already been

mechanistically linked to both GH action and control of

human aging (Wijsman et al. 2011; Kahn 2015).

Studies in humans with various hereditary dwarfing

syndromes (including Prop1-related hypopituitarism, iso-

lated GH deficiency, and GH resistance) produced incon-

sistent findings with examples of reduced, unaltered, or

possibly extended longevity (Krzisnik et al. 1999; Besson

et al. 2003; Oliveira et al. 2007; Laron 2008; Guevara-

Aguirre 2011). However, both GH-resistant and GH-defi-

cient individuals are remarkably protected from age-related

chronic disease (Oliveira et al. 2007; Shechter et al. 2007;

Guevara-Aguirre 2011; Steuerman et al. 2011) in spite of

changes in body composition and serum lipids that would

normally predict increased rather than reduced risk of

cardiovascular disease, diabetes, and cancer.

It should be pointed out that in contrast to the negative

association between adult body size and longevity within

species (as discussed earlier in this section), larger species

generally live longer than smaller species. Thus, whales and

elephants live longer than horses or cows, horses and cows

live longer than cats or dogs which, in turn, live longer than

rats or mice. However, there are some notable exceptions

with some bats, naked mole rats, and humans living much

longer than would be expected from their body size. Recent

studies suggest that longevity differences between species,

although generally opposite from the intra-specific differ-

ences, are also related to the GH/IGF-1/mTOR signaling

(Fushan et al. 2015). Moreover, among species belonging to

the same taxonomical family, the smallest animals can have

the longest rather than the shortest lifespan (Keil et al. 2015).

Mechanisms of extended longevity of GH-related
mutants

Following the demonstration that hypopituitary Ames and

Snell dwarf mice and GH-resistant GHR-KO mice are long

lived, much work was directed at identifying the mecha-

nisms responsible for this somewhat counterintuitive

benefit of the absence of GH action. Most of the studies

that have been conducted to date involved comparisons of

characteristics known or suspected to be causally related to

aging in long-lived mutants and in the normal (wild type)

animals of the same chronological age. In interpreting the

results of these studies, it is important to remember that

the detected difference may represent not only putative

mechanisms of aging but also markers of a different bio-

logical age in animals that are almost certainly aging at a

different rate. This potential difficulty was addressed

directly in the study of Panici et al. (2009), who compared

selected characteristics of GHR-KO mice to normal ani-

mals of the same age and also to normal animals that lived

approximately the same percentage of their life expectancy

as the ‘‘knockouts.’’ The results revealed that for the

hepatic expression of genes related to GH and insulin

signaling, the differences between GHR-KO and normal

animals were not due to comparing animals of different

biological age. Candidate mechanisms of delayed and/or

slower aging of mice with GH-related mutations were

recently reviewed (Bartke 2011; Bartke et al. 2013;

Brown-Borg 2015) and their detailed analysis is outside

the scope of this article. Key findings are listed in Table 1

and Fig. 1. The picture that emerges from the available

evidence is that reduced GH action and extended longevity

are mechanistically linked by multiple direct and indirect

mechanisms. These mechanisms may interact in a complex

way. For example, reduced inflammation, reduced mTOR

(particularly mTORCI), and reduced insulin levels in the

long-lived GH-related mutants have all been proposed to

represent important mechanisms of slower/delayed aging,

while they also contribute to improved insulin sensitivity

which represents yet another mechanism of slowing the

aging process and extending longevity. Differential impact

of reduced GH signaling on the expression of the same

genes in different tissues (Bonkowski et al. 2009;

Masternak et al. 2009; Gesing et al. 2011; Masternak and

Bartke 2012; Masternak et al. 2012) represents yet another

level of complexity. We do not know which of the many

consequences of the absence of GH action in these animals

may represent the primary mechanisms of extended

longevity. At this juncture, it appears equally plausible that

it is the summation and interaction of these multiple

effects that produces the phenotype of healthy aging and

long life.
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Is aging ‘‘programmed’’ by GH actions
during development?

Attempts to understand how major defects in normal

endocrine function (absence of GH or GH receptors) can be

beneficial for life expectancy, include speculations that the

detrimental (‘‘pro-aging’’) aspects of GH signaling have

not been eliminated by natural selection because of the

importance of the beneficial impact of GH on characteris-

tics closely related to evolutionary fitness: growth, sexual

maturation, and fertility. This reasoning would imply a

divergent role of GH in the control of aging at different

stages of the life history. Combined with controversial but

persistent reports that GH treatment can have various

‘‘anti-aging’’ or ‘‘rejuvenating’’ effects in elderly individ-

uals (Rudman et al. 1990; Sonksen 2013; Ashpole et al.

2015, Krantz et al. 2015), this concept provided impetus for

examining the effects of GH in juvenile as compared to

adult animals.

To determine how GH signaling at different stages of

life history influences aging and lifespan, we are using

relatively brief (6 weeks) periods of GH replacement

therapy in animals with congenital GH deficiency starting

Table 1 Proposed mechanisms of slower and/or delayed aging in mice with growth hormone (GH)-related mutations

Mechanism Ames dwarf

Prop1df
Snell dwarf

Pit1dw
Little

Ghrhrlit
Ghrh-/- Ghr-/-

Reduced oxidative stress X X

Improved anti-oxidant defenses X

Stress resistance X X X X

Reduced IGF-1 levels and adult body size X X X X X

Reduced mTOR signaling X X X

Increased mTORC2 signaling X X X

Increased adiponectin levels X X X X

Reduced proinflammatory cytokines X X

Reduced insulin levels X X X# X

Increased insulin sensitivity X X X X X

Reduced glucose levels X X X X

Reduced serum lipids X X X

Reduced body temperature X X X

Reduced respiratory exchange ratio (RER) X X

Reduced blood pressure X X

Reduced number of senescent cells in adipose tissue X X X

Increased number of very small embryonic-like stem cells

(VSELs)

X X

Improved genome maintenance X

Please note that many of the suspected anti-aging mechanisms were examined in only two or three of the listed mutants. Thus, most of the blank

spaces represent lack of data rather than lack of relevances of the corresponding mechanism

Fig. 1 Mechanisms believed to be involved in linking GH signaling

with healthspan and lifespan. Adapted from Bartke et al. (2013)

292 A. Bartke: Healthspan and longevity can be extended by suppression of growth hormone signaling

123



at different ages. Results available to date indicate that the

pre- and peri-pubertal period which is normally charac-

terized by rapid somatic growth is particularly important in

the control of aging and longevity by GH. Following GH

treatment between 1 and 7 weeks or 2 and 8 weeks of age,

multiple phenotypic characteristics measured 7–18 months

later were partially or completely normalized, and long-

evity was markedly reduced (Panici et al. 2010, Sun et al.

unpublished, Sadagurski et al. 2015). Importantly, the

characteristics that are normalized in Ames dwarf mice by

GH treatment during development include levels of insulin

and adiponectin, oxygen consumption, respiratory quotient,

and markers of hypothalamic inflammation (Sadagurski

et al. 2015, Sun et al. unpublished), traits that are believed

responsible for extended longevity of these animals.

Apparently, GH actions during the first 10 weeks of post-

natal life are important for programing the mechanisms and

the trajectory of aging, most likely by epigenetic means.

Which characteristics of long-lived GH-related

mutants may account for their healthy aging?

As described earlier in this article, there is considerable

evidence that the incidence of age-related disease is

reduced and/or delayed in GH-deficient and GH-resistant

mice and that these animals have a longer ‘‘healthspan’’

(Flurkey et al. 2001; Ikeno et al. 2009; Bartke 2011). At an

advanced age, these mutants exhibit better neuromuscular

function, including strength and coordination (Arum et al.

2013), improved learning and memory (Kinney et al. 2001;

Kinney-Forshee et al. 2004), more effective glucose

homeostasis (Arum et al. 2014), and various indices of

delayed reproductive aging (Sluczanowska-Glabowska

et al. 2012; Schneider et al. 2014, and unpublished data).

These characteristics could be interpreted as symptoms of

delayed and/or slower aging and we believe that they

represent causal relationships. More specifically, we

hypothesize that the delay and slowing of the biological

process of aging is an important, and most likely the key

mechanism linking reduced GH signaling with extension of

healthspan. This hypothesis may also apply to other

examples of delayed aging. As was already mentioned,

increased lifespan is associated with longer healthspan in

experimental animals exposed to chronic calorie restriction

(Weindruch 1992; Mattison et al. 2012; Colman et al.

2014), and in humans with exceptional longevity (Fries

et al. 2011; Andersen et al. 2012; Sun et al. 2013) and, with

the exception of some characteristics, this may apply also

to rapamycin-treated mice which live longer than untreated

control animals (Halloran et al. 2012 Zhang et al. 2014).

Aging and chronic disease are intertwined and very dif-

ficult to separate, fueling persistent discussions whether

aging indeed exists as a process distinct from pathology and

disease. The fact that chronological age is a major (and

generally the leading) risk factor for multiple ailments has

been known formillennia and is amply confirmed bymodern

epidemiological studies. Symptoms of various chronic dis-

eases overlap with many symptoms of aging with diabetes

providing the best example. Indeed, many consequences of

diabetes can be interpreted as symptoms of accelerated aging

and various aspects of general health status and functionality

of individuals with diabetes resemble those in otherwise

healthy individuals who are chronologically older (Cigolle

et al. 2011). Interestingly, some functional characteristics of

the long-lived GH-related mouse mutants are roughly

opposite to those encountered in individuals with diabetes,

and even more clearly opposite to those present in individ-

uals with metabolic syndrome or ‘‘pre-diabetes.’’ The most

striking of these characteristics are improved glucose

homeostasis with enhanced insulin sensitivity and a modest

reduction in insulin levels, reducedmarkers of inflammation,

and increased levels of adiponectin.

Improved insulin signaling

Enhanced insulin sensitivity is one of the consistent

physiological characteristics of GH-deficient and GH-re-

sistant mice (Hsieh and Papaconstantinou 2009; Bartke

2011; Bartke et al. 2013, Brown-Borg 2015). In Snell

dwarf, Ames dwarf, GHRH-/-, and GHR-/- mice

peripheral levels of insulin, glucose or, most commonly,

both are significantly lower than in their normal siblings

studied under identical conditions. Enhanced insulin sen-

sitivity in these animals was confirmed by following the

time course of changes in blood glucose levels after

intraperitoneal insulin injection (insulin tolerance test), by

calculating the HOMA score and, in the case of Ames

dwarf mice, also by hyperinsulinemic-euglycemic clamps

(Wiesenborn et al. 2014). Glucose tolerance in long-lived

GH-related mutants was reported as enhanced, normal, or

reduced, apparently depending on the sex and age of the

animals (Dominici et al. 2002; Panici et al. 2010; Bartke

2011; Bartke et al. 2013). Limited ability to ‘‘clear’’

injected glucose, particularly within the first 15 min after

administration, is undoubtedly related to the reduced

development of pancreatic beta cells in animals with

severely reduced circulating IGF-1 levels (Parsons et al.

1995; Liu et al. 2004). We have shown that Ames dwarf

and GHR-/- mice have reduced ability to release insulin

in response to acute stimulation by intraperitoneally

injected glucose load or refeeding after a fast (Bartke 2011;

Bartke et al. 2013, and unpublished data). Importantly, in

Ames dwarf mice, enhanced insulin sensitivity was shown

to persist into advanced age (Arum et al. 2014).

A. Bartke: Healthspan and longevity can be extended by suppression of growth hormone signaling 293

123



Although a rigorous proof of the causal relationship of

glucose homeostasis to the risk of age-related disease is

difficult to obtain, the existence of such a relationship is

indirectly supported by countless epidemiological studies

and by the observations in calorie-restricted animals. In

mammalian species ranging from mice to men, reduced

insulin levels and enhanced insulin sensitivity are among

the most striking and consistent physiological responses to

calorie restriction, the most effective anti-aging interven-

tion (Weindruch and Walford 1988; Fontana et al. 2010;

Ravussin 2015). Reduced insulin levels and enhanced

insulin sensitivity have been found in the offspring of long-

lived humans (Rozing 2010; Wijsman et al. 2011a, 2011b).

These individuals are significantly healthier than their

spouses or partners and have reduced mortality (Westen-

dorp 2009), presumably reflecting enrichment in genetic

polymorphisms favoring slower aging. Moreover, opposite

changes in glucose homeostasis, hyperinsulinemia and

insulin resistance, as well as its extreme dysregulation in

diabetes represent known risk factors for cardiovascular

disease, cancer, and almost certainly dementia, as well as

premature death (Cigolle et al. 2011; Collaboration et al.

2011; Musi and Bartke 2016). Mechanistically, both

hyperinsulinemia and hyperglycemia have been related to

age-related pathology and aging (Baynes and Monnier

1989; Parr 1996; Lambert et al. 2004).

In further support of the importance of tight glucose

control in healthy aging, longevity in mice can be extended

by antidiabetic drugs including metformin (Martin-Mon-

talvo et al. 2013) which reduces insulin resistance and

inhibits hepatic gluconeogenesis, by closely related phen-

formin (Anisimov et al. 2003; Anisimov and Bartke 2013)

and by acarbose which delays absorption of ingested car-

bohydrates (Harrison et al. 2014). Moreover, both phen-

formin and metformin reduced the incidence of cancer in

aging laboratory rodents (Anisimov et al. 2003; Anisimov

and Bartke 2013; Martin-Montalvo et al. 2013).

It needs to be mentioned that increased insulin sensi-

tivity is not a universal finding in mice in which longevity

of one or both sexes has been extended by disruption or

overexpression of various genes (Kurosu et al. 2005;

Taguchi et al. 2007; Selman et al. 2009). However, it is not

clear whether the discrepancy between these findings is not

more apparent than real. It was suggested that insulin

resistance can be beneficial by protecting the animals or

particular organ systems from detrimental actions of

hyperinsulinemia (Barzilai et al. 2012; Kim et al. 2015). It

can also be speculated that the anti-aging action of reduced

insulin signaling can be achieved either by reducing insulin

levels or by developing insulin resistance (Kurosu et al.

2005; Taguchi et al. 2007; Selman et al. 2009; Barzilai

et al. 2012).

Reduced inflammation

Chronic low-grade sterile inflammation ‘‘inflammaging’’ is

considered as both a common symptom and an important

mechanism of aging and has been linked to the risk of

multiple chronic non-infectious diseases. In groundbreak-

ing studies, the D. Cai laboratory provided evidence that

links hypothalamic inflammation with obesity, insulin

resistance, and the progression of aging (Tang et al. 2015).

In the long-lived GH-related mutant mice, expression of

proinflammatory markers is reduced in the perigonadal fat,

circulating blood, and various brain regions including the

hypothalamus (Wang et al. 2006, Dixit, et al. in press,

Masternak et al. 2012; Hascup et al. 2015; Sadagurski et al.

2015) and glial activation is also suppressed (Sadagurski

et al. 2015). In most, although not all cases, reduced levels

of mRNA coding for proinflammatory cytokines are

accompanied by the corresponding changes in the levels of

these proteins (Wang et al. 2006; Masternak et al. 2012,

Baquedano et al. 2014; Hascup et al. 2015). In addition to

reduced expression of proinflammatory cytokines IL-6,

TNFa, and IL-1b, GH-deficient and GH-resistant mice

have increased circulating levels of adiponectin, a very

important anti-inflammatory factor (Berryman et al. 2004;

Bartke et al. 2013; Sun et al. 2013; Brown-Borg 2015).

Increased levels of adiponectin

Improved insulin signaling and reduced inflammation, two

of the presumed key mechanisms of healthy aging of GH-

related mutants can be related to increased levels of adi-

ponectin in these animals. Both total adiponectin and the

high molecular weight fraction believed to be responsible

for most of its biological effects are elevated in

GHRH-/-, GHR-/-, and in the hypopituitary dwarf

mice (Berryman et al. 2004; Lubbers et al. 2013). In these

long-lived GH-related mutants, adiponectin levels are ele-

vated in both sexes. In Ames dwarf mice, elevation of

plasma adiponectin levels was shown to persist as the

animals age (Louis et al. 2010). Interestingly, adiponectin

levels were normal or reduced rather than increased in mice

with selective deletion of GH receptors in the adipose tis-

sue which reduced rather than extended longevity (List

et al. 2013). In addition to its anti-inflammatory and anti-

atherogenic effects and its ability to enhance insulin sen-

sitivity, adiponectin exerts antifibrotic and cardio-protec-

tive actions (Park and Sweeney 2013; Jahng et al. 2015;

Matsuda et al. 2015), reduces detrimental influence of

high-fat diet on glucose homeostasis (Liu et al. 2013, 2015)

and improves lipid metabolism in insulinopenic animals

(Ye et al. 2014). In humans, low adiponectin levels

increase susceptibility to metabolic syndrome, diabetes,
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and cardiovascular disease (Chedraui et al. 2014; Ahl et al.

2015; Matsuda et al. 2015). The suspected causal link

between adiponectin and longevity is consistent with the

findings of increased adiponectin levels in centenarians

from different, genetically distinct populations (Paolisso

et al. 1996; Bonafe et al. 2003; Kojima et al. 2004; Bik

et al. 2006).

Other mechanisms of reduced risk of chronic disease

in GH-related mutants

Our emphasis on increased adiponectin levels, reduced

inflammation, and improved insulin signaling as likely

mechanisms of reduced risk of chronic disease in GH-de-

ficient and GH-resistant mice is not meant to distract from

the likely importance of multiple other mechanisms

(Table 1; Fig. 1). Severe reduction of circulating IGF-1

levels in all long-lived GH-related mutants undoubtedly

contributes to the reduced incidence and/or delayed onset

of neoplastic disease in these animals (Vergara et al. 2004;

Ikeno et al. 2009, reviewed in Bartke 2011; Bartke et al.

2013; Brown-Borg 2015). Improved anti-oxidant defenses

(Hsieh et al. 2002; Romanick et al. 2004;Brown-Borg

2015) and stress resistance (Bokov et al. 2009; Bartke et al.

2013; Brown-Borg 2015), reduced blood pressure (Ege-

cioglu et al. 2007), reduced accumulation of senescent cells

(Stout et al. 2014), improved maintenance of stem cells,

and thus presumably the potential for tissue repair (Rata-

jczak et al. 2011), as well as reduced mTORC1 and

enhanced mTORC2 signaling (Sharp and Bartke 2005,

Dominick et al. 2015) and profound alterations in lipid

homeostasis (Boylston et al. 2004; Westbrook 2012) rep-

resent other potential mechanisms of increased disease

resistance and ‘‘healthy aging’’ of GH-deficient and GH-

resistant animals.

At the molecular level, the suspected mechanisms of

delayed aging in hypopituitary, GH-deficient and GH-re-

sistant mice include organ-specific increases in the

expression and/or activation of PPARc, PPARa, PGC1a,
and AMPK, reduced inhibitory (serine) phosphorylation of

IRS-1, and multiple changes in the expression of genes

related to carbohydrate, lipid, and energy metabolism (re-

viewed in Bartke et al. 2013, Brown-Borg 2015), as well as

expression of various micro RNAs (Bates et al. 2010;

Victoria et al. 2015).

Could reduced GH signaling have any advantages
under natural conditions?

It is often difficult to determine to what extent findings

obtained in domesticated laboratory animals living under

highly controlled and artificial conditions of a research

facility may apply to their wild ancestors living in the

natural environment.

In the context of this article, we want to consider the

question of how the characteristics of animals with GH-

related mutations could relate to individual and population

survival ‘‘in the wild’’ and to the process of natural

selection. The extreme phenotypes of Ames dwarf, Snell

dwarf, or Ghr-/- mice establish causal association of

reduced GH signaling with delayed puberty, reduced

fecundity, slowed aging, and reduced risk of age-related

frailty and disease. This indicates that individuals at the

‘‘low end’’ of the normal range of variation in GH levels

and action will exhibit similar, although less pronounced

characteristics. We hypothesize that under natural condi-

tions, these individuals would be less successful in pro-

ducing offspring in the first year of their life but will be

more likely to survive winter and reproduce in the second

year. Proposing a winter survival advantage of smaller

individuals may seem counterintuitive but it is based on

observations in other species of small non-hibernating

rodents. Djungarian hamsters (Phodopus sungorus) are

approximately the same size as mice, live in the harsh

environment of central Asia, and every fall undergo a

major loss of body weight (Niklowitz and Hoffmann 1988).

Apparently the benefits of reduced energy requirements for

the maintenance of a smaller body outweigh the likely

disadvantages of altered surface to mass ratio and reduced

insulation which promote heat loss.

Under the proposed scenario, the combination of delayed

sexual maturation, reduced reproductive effort early in life,

increased stress and disease resistance, reduced adult body

weight, and slower aging of animalswith lowerGH signaling

would improve their chances of surviving the winter which

represents a major challenge for small mammals living at

intermediate or high geographical latitudes. Thus these

animals would have a better chance to produce offspring in

the ensuing spring and genes favoring somewhat lower GH

signaling would persist in the population. The evidence for a

delay in reproductive aging of GH-related mutants which

was mentioned earlier would seem consistent with the pro-

posed hypothesis. The broader issue of balancing evolu-

tionary adaptation to the environment with the advantages of

maintaining diversity of responses to environmental chal-

lenges by preserving underlying genetic variation within the

population and question of the mechanisms (or indeed

existence) of individual versus group selection are outside

the scope of this brief review.
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