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Abstract Poor blood glucose homeostatic regulation is
common, consequential, and costly for older and elderly
populations, resulting in pleiotrophically adverse clini-
cal outcomes. Somatotrophic signaling deficiency and
dietary restriction have each been shown to delay the
rate of senescence, resulting in salubrious phenotypes
such as increased survivorship. Using two growth hor-
mone (GH) signaling-related, slow-aging mouse mu-
tants we tested, via longitudinal analyses, whether ge-
netic perturbations that increase survivorship also im-
prove blood glucose homeostatic regulation in
senescing mammals. Furthermore, we institute a dietary

restriction paradigm that also decelerates aging, an in-
termittent fasting (IF) feeding schedule, as either a short-
term or a sustained intervention beginning at either
middle or old age, and assess its effects on blood glucose
control. We find that either of the two genetic alterations
in GH signaling ameliorates fasting hyperglycemia; ad-
ditionally, both longevity-inducing somatotrophic mu-
tations improve insulin sensitivity into old age.
Strikingly, we observe major and broad improvements
in blood glucose homeostatic control by IF: IF improves
ad libitum-fed hyperglycemia, glucose tolerance, and
insulin sensitivity, and reduces hepatic gluconeogenesis,
in aging mutant and normal mice. These results on
correction of aging-resultant blood glucose dysregula-
tion have potentially important clinical and public health
implications for our ever-graying global population, and
are consistent with the Longevity Dividend concept.
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Introduction

Neuroendocrinological frailty represents the facet of
overall, multi-system, aging-resultant frailty that in-
volves the dysregulation in neuroendocrine system effi-
cacy including, yet not limited to, ineffective blood
glucose homeostasis regulation. As such, it is a major
clinical concern in geriatric medicine (Smith et al. 2002;
Bourdel-Marchasson and Berrut 2005; Topinková 2008;
Chen et al. 2010; Halter 2012). Fasting and basal
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hyperglycemia increase with age (Greene 1986;
Dominguez et al. 2010) as do glycemic responses to a
challenge with a bolus of glucose (Viljoen and Sinclair
2011; Gong and Muzumdar 2012). This aging-resultant
decline in insulin action is even more troubling
considering the increased prevalence of metabolic
derangements, including the development of meta-
bolic syndrome or type 2 diabetes mellitus
(T2DM), occurring across all age and socio-
economic classes in developed countries (Centers
for Disease Control and Prevention 2011, 2012). These
glucose homeostasis-related conditions manifest
clinically as microvascular pathologies of the ner-
vous, renal, and vision systems; increased risk of
adverse macrovascular cardiovascular outcomes
(such as myocardial infarcts, strokes, or cardiomy-
opathy), increased immunological inefficacy, and
heightened mortality (Valeri et al. 2004; Centers
for Disease Control and Prevention 2011, 2012).
Therefore, the development of modalities of treat-
ment for these disabilities and disorders is of par-
amount public health importance.

Growth hormone (GH) signaling-deficient mice
constitute the preeminent murine genetic model of
delayed and/or decelerated senescence (Berryman
et al. 2008). These mice with deficiencies in hor-
monal transduction of somatotrophic signaling, and
with the consequent dwarfism, are not merely long-
lived relative to their littermate controls (Bartke and
Brown-Borg 2004), but are slow-aging; as substan-
tiated by the amelioration of aging-associated phe-
notypes such as neoplastic disease (Ikeno et al.
2003, 2009), cognitive decline (Kinney et al.
2001a, b; Kinney-Forshee et al. 2004), collagen
crosslinking and markers of immunosenescence
(Flurkey et al. 2001), and neuromusculoskeletal
frailty (Arum et al. 2013, 2014). The first of this
class to be identified as long-lived (Brown-Borg
et al. 1996) is the hypopituitary Ames Dwarf mouse
(Schaible and Gowen 1961). Identified as a sponta-
neously emerging mutant, mice homozygous for the
df allele at the Prophet of Pit1 (Prop1) locus
(Sornson et al. 1996) have primary deficiencies in
development of the anterior pituitary; this leads to
markedly decreased production of GH and prolactin
(Bartke 1965; Slabaugh et al. 1981), and thyrotro-
phin (Bartke 1965) from the anterior pituitary (Gage
et al. 1996). The subsequent deficiency in hepatic
insulin-like growth factor 1 (IGF-1)-mediated and

IGF-1-independent growth leads to a mouse approx-
imately half of the weight of its littermate control.

The second, and most extensively characterized,
member of this group is the growth hormone receptor/
binding protein gene-disrupted (“knockout”) (GHR-KO)
mouse. The result of targeted insertion of a neomy-
cin cassette replacing the 3′-end of the fourth exon
and the 5′-end of intron 4/5 of the genomic se-
quence of the growth hormone receptor/binding
protein (Ghr/bp) gene, this mouse model of human
Laron Syndrome is resistant to GH (Zhou et al.
1997). Thus, it has futilely increased levels of GH,
yet decreased levels of circulating IGF-1 due to the
ineffectual GH receptors on the hepatocytes that
produce and secrete GH-dependent IGF-1; and it is
approximately 2/3 the weight and 3/4 the length of
its littermate control. One cluster of consequences of
this dwarfism is lighter pancreata, pancreatic islets
one-third the size of those from littermate controls
(albeit with normal islet distribution within the pan-
creas), and a 4.5-fold reduction in β-cell mass (Liu
et al. 2004). The ensuing hypoinsulinemia, together
with the absence of GH signals, results in increased
whole-body insulin sensitivity in all members of this
GH signaling-deficient class examined to date
(Bartke 2008). Results obtained, in part, from inves-
tigations into these two stocks established that ro-
bust regulation of mammalian senescence can be
achieved by single-gene alterations (Bartke 2011;
Coschigano et al. 2000, 2003), and that augmented
insulin sensitivity is strongly associated with a de-
layed onset/rate of aging in mice (Bartke 2012) and
human beings (Wijsman et al. 2011).

Dietary restriction regimens, “undernutrition
without malnutrition” paradigms in which some
feature of dietary intake is restricted whilst main-
taining sufficient macro- and micro-nutrient intake,
have been extensively documented to improve
health and increase survivorship for over a century
(Moreschi 1909; Rous 1914; McCay et al. 1935;
Goto 2006; Roth and Polotsky 2012). In particu-
lar, intermittent fasting (IF) is the dietary restric-
tion regimen that repeatedly restricts access to
food for a continuous, intervening period (usually
every other 24-h period) (Carlson and Hoelzel
1946; Anson et al. 2005; Martin et al. 2006).
Notably, calorically equivalent IF has been docu-
mented to be more effective than reduced-daily-
feeding caloric restriction (CR) approaches for
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neurobiological protection (Anson et al. 2003;
Mattson et al. 2003). Recent clinical investigations
have documented the benefits of short-term IF in
both obese (Varady et al. 2009; Varady 2011) and
normal-weight human subjects (Heilbronn et al.
2005; Varady and Hellerstein 2007; Trepanowski
et al. 2011). However, the effect of IF on blood
glucose regulatory dynamics in mice has been
rarely assessed (Anson et al. 2003; Arum et al.
2009; Lu et al. 2011). Considering the validated
adherence and easy modifiability of IF regimens
for clinical intervention, studies into the outcomes
of IF upon middle-aged or older subjects are very
important for addressing the aging-associated de-
clines in blood glucose control in a graying pop-
ulation (Kinsella and Wan 2009).

Four major unresolved issues served as the
impetuses for this study: firstly, although insulin
sensitivity and glucose intolerance have been doc-
umented in young adult Ames Dwarfs and GHR-
KO mice (Dominici et al. 2002; Liu et al. 2004;
reviewed in Bartke 2008), examinations have not
been made upon middle-aged, old, or oldest-old
mice of these stocks. Taking into account the
tendency for insulin resistance to increase pro-
gressively with age, and the potential clinical
relevance of late-life interventions, these studies
are long overdue. Secondly, the impact of GH
excess on glucose homeostasis in GH transgenic
mice is, in an age-independent manner, surpris-
ingly discordant with previous presumptions and
assertions (Boparai et al. 2010). Thirdly, the ef-
fects of short-term, or maintained, IF upon
middle-aged (or older) subjects have never been
studied. Finally, any potential additive or syner-
gistic effects of the genetic and environmental
(dietary) alterations in middle- or old-age have
not even been proposed.

Thus, the objectives of the study presented
herein are (1) to address the regulation of blood
glucose levels in senescing Ames Dwarf and
GHR-KO mice, and (2) to study the effects of IF
initiated in late life on these animals and their
(normal) littermates. We conducted this longitudi-
nal analysis by (1) placing middle-aged GHR-KO
females on a 3-month course of IF, and maintain-
ing it until they were old; and (2) instituting a 3-
month course of IF on old Ames Dwarf males,
and sustaining that until they were oldest-old.

These investigations attempt to leverage the exis-
tence of these (genetic and environmental) modifi-
cations that increase lifespan in order to study
whether they extend further into the realm of
“healthspan,” defined as the period of life during
which an organism is functionally able to sustain
independent existence and is free from substantial
morbidity (Olshansky et al. 2007; Warner and
Sierra 2009; Miller 2009; Kenyon 2010).

Results

Our study involved 16 subgroups, delineated by stock
(GHR-KO or Ames Dwarf), phenotype (dwarf or
normal-sized), feeding frequency (ad libitum [AL] or
intermittently fasted), and age (middle-aged, old, or
oldest-old).

Longitudinal effects of IF on body weight, food
consumption, and metabolizable energy availability

IF did not significantly affect the body weight
(BW) trajectory of either middle-aged female
GHR-KO (KO) mice, or their littermate controls
(GHR-N [N]) (Fig. 1a). Neither did IF affect the
BW change, over time, of the old Ames Dwarf
(Prop1df/df [Df]) males, or their littermate controls
(Prop1df/+ [N]) (Fig. 1b). Correspondingly, IF in-
duced compensatory hyperphagia on the days
when food was available, as measured by the
average daily food consumption (in weight) in
both middle-aged KO females (p<0.0001) and
their N littermate controls (p<0.0001) (Fig. 1c),
with the same hyperphagic effect being seen for
old Df males (p<0.0001) and their N littermates
(p<0.0001) (Fig. 1d). When the proportion of food
consumption that could be metabolized into useable
energy was considered, IF effected a hyperconsumptive
effect on the metabolizable energy (ME) consump-
tion of middle-aged KO females (p<0.0001) and
their N controls (p<0.0001) (Fig. 1e). The same
hyperconsumption of ME, upon IF, was seen for
old Df males (p<0.0001) and their N counterparts
(p<0.0001) (Fig. 1f). Similar evidence of the com-
pensatory hyperphagia of intermittently fasted
mice has been previously documented (Roe et al.
1995; Wang et al. 2004; Anson et al. 2003; Arum
et al. 2009).
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Studies on animal subjects subjected to short-duration
(13 weeks) IF AL-fed or fasted glucose tolerance tests
in middle-aged GHR-KO or old Ames Df mice

Poor assimilation of post-prandial blood glucose is
common with increasing age, and is associated
with increased cardiovascular disease risk and total
mortality (Crandall et al. 2009); it is also indica-
tive of defective production, storage, release and/or
action of insulin (Chang and Halter 2003). We
evaluated whether the Ghr/bp gene disruption, or
13 weeks of IF, affects incorporation of a 2-g
glucose (per kilogram of BW) bolus in middle-
aged mice. GHR-KO mice exhibit poorer glucose
tolerance relative to their normal littermates
(Coschigano et al. 1999; Guo et al. 2005), which
is consistent with the reductions in both pancreatic
mRNA and blood protein content of insulin (Liu
et al. 2004), and the decreased glucose-stimulated
insulin secretory ability of the β-cells (Guo et al.
2005) of GHR-KO mice. We found that KO fe-
male mutants, which remain innately glucose-
intolerant relative to N controls into middle age
(p=0.0493 for AL-fed testing; Fig. 2a), show,
when treated with IF, markedly improved clear-
ance of blood glucose during testing for which
they were not fasted beforehand (p=0.0169;
Fig. 2a), and during that for which they were fasted
for approximately 16 h beforehand (p=0.0001; Fig. 2b).
This beneficial effect of IF on blood glucose handling
was also manifested for littermate controls of the
middle-aged KO females (p=0.0479 for AL-fed test-
ing, Fig. 2a; p=0.0243 for fasted testing, Fig. 2b).
What is more, a combinatorial effect of Ghr/bp
disruption and the IF diet further enhanced blood
glucose regulatory dynamics in fasted middle-
aged GHR-KO females (p=0.0003 for fasted test-
ing; Fig. 2b). As an important note, no diet-
induced differences in body weight were present
at the time of testing for either AL-fed (Fig. S1)
or fasted (Fig. S3) blood glucose tolerance.

We also investigated whether the Prop1 gene
mutation-related hypopituitarism, or 13 weeks of
IF, affects assimilation of a 2-g glucose (per kg
BW) bolus in old mice. We found that Df male
mutant mice, which also maintain their inherent
glucose intolerance relative to N controls into old
age (only during fasted testing conditions, p=0.0181;
Fig. 2d), show, when treated with IF, tentatively

improved clearance of blood glucose during testing
for which they were not fasted beforehand (p=0.0753;
Fig. 2c). Additionally, there was a tentative com-
bined effect of Ames Dwarfism and IF on the
glucose intolerance of old Ames Dwarf littermate
controls (p=0.0781; Fig. 2c). As for during that
testing for which they were fasted for approxi-
mately 16 h beforehand, IF improved the incorpo-
ration of an exogenous glucose bolus in glucose-
intolerant old Ames Dwarf males (p=0.0131;
Fig. 2d). Importantly, no diet-related differences
in body weight were present for either AL-fed
(Fig. S5) or fasted (Fig. S7) blood glucose toler-
ance testing.

Insulin tolerance tests in middle-aged GHR-KO or old
Ames Df mice

Further exacerbating the deterioration of blood
glucose homeostasis management during aging is
reduced action of insulin upon its signaling cas-
cade proteins, as indicated by glucose transporter-
mediated blood glucose uptake by insulin-actionable
cells (Couet et al. 1992). We tested the influence of
the Ghr/bp gene disruption, or the brief period of IF,
upon sensitivity to a 1 United States Pharmacopeia
Unit (USPU) of insulin (per kilogram BW) dose.
Due to their defects in insulin production, storage,

Fig. 1 Experimental design sketches and food consumption mea-
surements revealed no effect of intermittent fasting on body
weight; probably due, in part, to compensatory hyperphagia. a
Experimental design of portion of study conducted on female
GHR-KO Stock animals aged 15–19 months at inception, includ-
ing body weight trajectories and testing windows. b Experimental
design of portion of study conducted on male Ames Dwarf Stock
animals aged 12–16 months at inception, including body weight
trajectories and testing windows. c Food consumption tracking in
female GHR-KO Stock mice on IF depicting that mice (of either
phenotype) on IF consumed more food per feeding day than their
AL counterparts. d Food consumption tracking in male Ames
Dwarf Stock mice on IF depicting that mice (of either phenotype)
on IF consumed more food per feeding day than their AL coun-
terparts. e Metabolizable energy consumption-tracking arcs for
female GHR-KO (KO) and female littermate control (N) mice on
IF detailing that mice on IF consumed more metabolizable energy
per feeding day than their AL controls. f Metabolizable energy
consumption-tracking arcs for male Ames Dwarf (Df) and male N
littermate mice on IF detailing that mice on IF consumed more
metabolizable energy per feeding day than their AL controls. All
measures of central tendency are arithmetic means, and all depic-
tions of variation (error bars) represent standard deviations (SD)

b
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and/or secretion, young adult KO mice are insulin-
sensitive relative to their controls (Liu et al. 2004).
We tentatively observed that middle-aged KO

females maintain this insulin sensitivity (p=0.2079;
Fig. 2c). Although IF did not improve insulin sen-
sitivity in middle-aged N females; it did further
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potentiate insulin sensitivity in middle-aged KO fe-
males, relative to middle-aged N littermates on AL

(p=0.0538; Fig. 3a). No diet-induced differences in BW
were noted (Fig. S9).

Fig. 1 (continued)
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Old Df males were also assessed for insulin sensitiv-
ity to 1 USPU of insulin. Ames Dwarfs also develop
insulin sensitivity (Borg et al. 1995) and, among the

mechanisms involved, their inherent hypoinsulinemia
is extremely important (Borg et al. 1995). We observed
that Df males maintain their enhanced insulin sensitivity

Fig. 1 (continued)

AGE (2014) 36:1263–1290 1269



into old age (p=0.0175; Fig. 3b). IF improved insulin
sensitivity for normal (N) old males (p=0.0189), as well
as already insulin-sensitive old Df males (p=0.0545;
Fig. 3b); furthermore, the combination of Ames
Dwarfism and IF dieting had a greater effect on
increasing insulin sensitivity than either interven-
tion individually (p=0.0174; Fig. 3b). Once again,
here no diet-generated differences in BW were
noticed (Fig. S11).

Pyruvate conversion tests in middle-aged GHR-KO
or old Ames Df mice

Excessive generation of glucose in hepatocytes is a
potent mechanism for induction of deleterious hyper-
glycemia in T2DMpatients (Klover andMooney 2004);
and the most effective and popular drug treatment for
T2DM-related hyperglycemia (Metformin) works chief-
ly by suppressing hepatic gluconeogenesis (Alengrin

Fig. 2 Short-term IF improved dynamics of blood glucose assim-
ilation in middle-aged GHR-KO females and old Ames Dwarf
males. a AL-fed glucose tolerance test (absolute values, with sta-
tistical analysis table) showing detrimental effect of KO phenotype
and beneficial effects of short-term IF diet on both middle-aged N
and middle-aged KO female mice. b Fasted glucose tolerance test
(absolute values, with statistical analysis table) showing beneficial
effects of short-term IF diet on both middle-aged N and middle-

aged KO female mice. c AL-fed glucose tolerance test (absolute
values, with statistical analysis table) showing beneficial effect of
IF diet on old N littermate control male mice. d Fasted glucose
tolerance test (absolute values, with statistical analysis table) show-
ing detrimental effect of Df phenotype, and beneficial effect of IF
diet on old Df male mice. All measures of central tendency are
arithmetic means, and all depictions of variation (error bars) rep-
resent standard deviations (SD) (see also Figs. S1–S8)
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et al. 1987; Hundal et al. 2000; Viollet et al. 2012). Yet,
to the best of our knowledge, the contribution of inap-
propriately increased gluconeogenic production to the
age-related deterioration of glucose homeostasis has not
been sys tema t i ca l l y inves t iga t ed . Hepa t i c
gluconeogenic potential has also not been investigated
for either long-lived GH signaling-deficient mouse mu-
tants herein utilized, or for IF mice. Thus, we
explored whether 2 g of sodium pyruvic acid
(per kg of BW) differentially affected blood glu-
cose production in middle-aged KO mice on IF or
their controls. We found that KO females had a
greater ability to convert pyruvate to glucose than their
N counterparts (p=0.0533), and that IF dampened both
this hypersensitivity to the presence of pyruvate in
middle-aged GHR-KO females (p=0.0285), as well as

the normal rate of glucose production exhibited by the
untreated middle-aged N females (p=0.0318; Fig. 3c).
Moreover, the combined effect ofGhr/bp disruption and
IF decreased the glucose production potential of middle-
aged littermate control females (p=0.0011; Fig. 3c). IF
did not alter the fasting body weight determined imme-
diately preceding these tests (Fig. S13).

We also looked into whether old Df males
placed on a short duration of IF differentially
regulated their ability to convert pyruvate to glu-
cose. Relative to their littermate controls on AL,
old Ames Dwarfs had a heightened output of
glucose after pyruvate administration (p=0.05 for
old Ames Dwarf males on AL, p=0.0512 for old
Ames Dwarf males on IF), whilst IF had no effect
on that feature for either Df males or their

Fig. 2 (continued)
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littermate (N) controls (Fig. 3d). Of particular note
is that IF did not affect BW for this test either
(Fig. S15).

Determinations of AL-fed or fasted unstressed glycemic
load in middle-aged GHR-KO or old Ames Df mice

Even when detected under non-challenging circum-
stances, inappropriate blood glucose regulation is

correlated with adverse clinical outcomes (Moghissi
2010; Farrokhi et al. 2011). Both AL-fed and fasted
blood glucose levels were assessed multiple times for
both middle-aged GHR-KO females on IF and old
Ames Df male mice on IFAs the relative results exhib-
ited little variability, we report representative results
here. When given AL access to food, neither homozy-
gosity for theGhr/bp gene disruption nor homozygosity
for the df allele affected blood glucose values at the

Fig. 3 Short-term IF improved kinetics of insulin-mediated blood
glucose clearance in middle-aged GHR-KO females and old Ames
Dwarf males, and decreased gluconeogenesis in middle-aged
GHR-KO females. a Insulin tolerance test (normalized values, with
statistical analysis table) showing beneficial effect of KO pheno-
type and a combined sensitizing effect of both factors on middle-
aged N littermate control females. b Insulin tolerance test (normal-
ized values, with statistical analysis table) showing sensitizing
effect of Df phenotype, sensitizing effects of IF on both old N

males and old Df mutant males, and a combined sensitizing effect
of both factors on old N males. c Pyruvate conversion test (nor-
malized values, with statistical analysis table) showing promoting
effect of KO phenotype and repressive effects of short-term IF diet
on both middle-aged N and middle-aged KO females. d Pyruvate
conversion test (normalized values, with statistical analysis table)
showing promoting effect of Df phenotype. All measures of central
tendency are arithmeticmeans, and all depictions of variation (error
bars) represent standard deviations (SD) (see also Figs. S9–S16)
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respective ages examined (Fig. 4a and c). In contrast, IF
lowered AL-fed blood glucose significantly for litter-
mate controls of both stocks (p=0.0059 for middle-aged
female N mice of the GHR-KO Stock [Fig. 4a]; p=
0.0139 for old male N mice of the Ames Df Stock
[Fig. 4c]), as well as for middle-aged female GHR-KO
mutants (p=0.0157 relative to female KO mutants on
AL; Fig. 4a). In sync, a combined effect of the Ghr/bp
gene disruption and IF on AL-fed blood glucose was
documented (p=0.0086; Fig. 4a).

In animals fasted for ~16 h before assessment, both
mutants had substantial decreases in blood glucose con-
centrations relative to their littermates (p=0.0164 for old
male Ames Df mice; Fig. 4b and d). IF surprisingly
raised fasted blood glucose for bothmiddle-aged female

GHR-KO mice (p=0.0333) and their littermate controls
(p=0.0498) (confirmed in two independent assess-
ments; Fig. 4b), whilst lowering fasted blood glu-
cose for the littermate controls of old Ames Df
males (p=0.047; Fig. 4d).

Studies on animal subjects subjected to prolonged (46–
60 weeks for GHR-KO, 58–69 weeks for Ames Df) IF

Glucose tolerance in old GHR-KO or oldest-old Ames
Df mice

After the animals were exposed to IF for a substantial
sector of late life, we re-investigated the same blood
glucose homeostasis regulation parameters in the two

Fig. 3 (continued)
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stocks of slow-aging dwarf mice. The experiments con-
ducted during this period test (1) the regulation of blood
glucose in old or oldest-old mice of any type, (2) the
differential control of blood glucose dynamics in old or
oldest-old dwarf mice, relative to their appropriate lit-
termate controls, (3) the effects of longer-term IF on
regulation of blood glucose, and (4) any interactive
result of an anti-aging phenotype and the anti-aging diet
under study on the examined parameters.

We examined whether theGhr/bp gene disruption, or
~58 weeks of IF, affects absorption of 2 g of glucose (per
kilogram of BW) in old mice. For assessments conduct-
ed after a fasting, we found that KO females remain
innately glucose-intolerant relative to N controls into old
age (p=0.0486 for KO on AL [vs. N on AL] and p=
0.0302 for KO on IF [vs. N onAL]; Fig. 5b). Old female
littermate controls, when treated with IF, markedly im-
proved clearance of blood glucose during testing for
which they were fasted for approximately 16 h before-
hand (p=0.038; Fig. 5b). As an important dissociation
based on testing paradigm, no phenotype- or diet-related
effects occurred during AL-fed glucose tolerance testing
of old GHR-KO Stock mice (Fig. 5a). As an important
note, no diet-caused differences in body weight were
present at the time of testing for either AL-fed (Fig. S17)
or fasted (Fig. S19) blood glucose tolerance.

We also investigated whether the Prop1gene muta-
tion, or ~46 weeks of IF, affects uptake of a 2-g glucose
(per kg BW) bolus in oldest-old mice. We tentatively
found that oldest-old Df male mice are glucose-
intolerant relative to N counterparts only under post-
fasting conditions (p=0.0844; Fig. 5d); in the same
testing, we paradoxically discovered that oldest-old Df
males on IF are made even more glucose-intolerant,
relative to their N counterparts on AL, by the restrictive
diet (p=0.028; Fig. 5d). Consistent with this paradox, IF
worsened the glucose handling of oldest-old Df males
(p=0.0462 for testing conducted after AL feeding
[Fig. 5c], p=0.0046 for testing conducted after a fast
[Fig. 5d]). Importantly, no diet-related differences in
body weight were detected at the time of testing for
either AL-fed (Fig. S21) or fasted (Fig. S23) blood
glucose tolerance.

Insulin tolerance tests in old GHR-KO or oldest-old
Ames Df mice

We explored the effect of the Ghr/bp insertional muta-
tion, or the longer-term duration of IF, upon sensitivity

to a 1, 0.3, or 0.1 USPU of insulin/kg BW bolus. We
observed that old KO females maintained the enhanced
insulin sensitivity documented in young adulthood and
middle age (p=0.0551 at 0.3 USPU of insulin/kg BW
[Fig. 6b], p=0.0335 for 0.1 USPU insulin/kg BW
[Fig. 6c]). As for IF, it improved insulin sensitivity even
in old N females (p=0.0354 for 0.3 USPU/kg BW
[Fig. 6b], p=0.0436 for 0.1 USPU/kg BW [Fig. 6c]).
Amazingly, IF further potentiated the insulin sensitivity
of old KO females, relative to N controls on AL
(p=0.0552 at 1 USPU/kg BW [Fig. 6a], p=0.0438 at
0.3 USPU/kg BW [Fig. 6b], p=0.0256 for 0.1 USPU/kg
BW [Fig. 6c]). Extraordinarily, old IF-treated KO fe-
males were even more insulin-sensitive than old AL-fed
KO females (p=0.0258 for 0.3 USPU/kg BW [Fig. 6b],
p=0.0392 for 0.1 USPU/kg BW [Fig. 6c]). These results
were largely independent of the strength of the insulin
stimulus, as similar results were obtained over the order-
of-magnitude dosage range. No diet-induced differences
in BW were noted (Figs. S25, S27, and S29).

Oldest-old Df males on IF were also assessed for
insulin sensitivity to 1, 0.3, or 0.1 USPU of insulin. In
stark surprise, we observed that oldest-old Df males are
not insulin-sensitive relative to their littermate controls
(N), and are in fact insulin-resistant (p=0.0432 at 1
USPU of insulin/kg BW [Fig. 6d], p=0.054 at 0.1
USPU insulin/kg BW [Fig. 6f]). Continuing with this
surprising theme, IF also worsened insulin sensitivity in
oldest-old N males (p=0.0424 for 1 USPU/kg BW
[Fig. 6d], p=0.0463 for 0.3 USPU/kg BW [Fig. 6e],
p=0.0096 for 0.1 USPU/kg BW [Fig. 6f]). IF also
increased the insulin-resistance of oldest-old Df males
relative to N males on AL (p=0.0333 for 0.3 USPU/kg
BW; Fig. 6e). These data were largely independent of
the strength of the insulin stimulus, as similar results
were obtained over the order-of-magnitude dose range.
Once again, here no diet-stimulated differences in BW
were noticed (Figs. S31, S33, and S35).

Pyruvate conversion tests in old GHR-KO or oldest-old
Ames Df mice

We evaluated whether 2 g of sodium pyruvic acid
(per kg of BW) differentially affected hepatic
blood glucose production in old KO mice, normal
controls, or either phenotype during longer-term IF
We found that old KO females continued to con-
vert more pyruvate to glucose than their N coun-
terparts (p=0.034) (Fig. 6g). IF tentatively
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Fig. 4 Differential effects of phenotype or diet on AL-fed or fasted
blood glucose concentrations at middle-aged (for GHR-KO Mice)
or old (for Ames Dwarfs) age range. a AL-fed testing of middle-
aged GHR-KO female mice after short-term IF (with statistical
analysis table) showing blood glucose-lowering effects of IF diet
for both middle-aged N female littermate mice and middle-aged
female KO mutants, and an additive (lowering) effect of KO
phenotype and IF diet on middle-aged N female littermate controls.
b Fasted assessment of middle-aged GHR-KO females after short-
term IF (with statistical analysis table) exhibiting blood glucose-

increasing effects of IF diet for both middle-aged N female litter-
mates and middle-aged KO female mutants. c AL-fed testing of
old Ames Dwarf male mice after short-term IF (with statistical
analysis table) displaying blood glucose-lowering effect of IF diet
on old N littermate males. d Fasted assessment of old Ames Dwarf
males after short-term IF (with statistical analysis table) demon-
strating blood glucose-lowering effect of Df phenotype as well as
beneficial effect of IF diet on old N littermate males. All measures
of central tendency are arithmetic means, and all depictions of
variation (error bars) represent standard deviations (SD)
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dampened this hypersensitivity to pyruvate in old
female KO mice (p=0.1325), but did not affect the
normal degree of glucose production exhibited by
the old N females (Fig. 6g) as it had in middle
age (Fig. 3c). IF did not affect the fasting body
weight determined immediately preceding these
tests (Fig. S37).

We also checked whether oldest-old Df males, their
littermate controls, or either sustained on longer-term IF
differentially regulated their ability to convert pyruvate
to glucose. We found no phenotype- or diet-related
differences in conversion of pyruvic acid to glucose
(Fig. 6h). IF did not induce BW differences for this test,
either (Fig. S39).

Fig. 5 Longer-term IF sustained improved dynamics of blood
glucose incorporation in old GHR-N females, but worsened it in
old GHR-KO females and oldest-old Ames Dwarf males. a AL-
fed glucose tolerance test (absolute values, with statistical analysis
table) showing detrimental effect of KO phenotype. b Fasted
glucose tolerance test (absolute values, with statistical analysis
table) showing detrimental effect of KO phenotype and beneficial
effect of IF diet for old littermate control (N) female mice, yet a
detrimental effect of IF for old female GHR-KO mice. c AL-fed

glucose tolerance test (absolute values, with statistical analysis
table) showing detrimental effect of IF diet for oldest-old Ames
Dwarf mutant males. d Fasted glucose tolerance test (absolute
values, with statistical analysis table) showing detrimental effect
of Df phenotype and deleterious effect of IF diet on oldest-old Df
mutant males. All measures of central tendency are arithmetic
means, and all depictions of variation (error bars) represent stan-
dard deviations (SD) (see also Figs. S17–S28.)
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Unfettered blood glucose levels in old GHR-KO
or oldest-old Ames Df mice

When AL-fed, neither homozygosity for the Ghr/bp
gene disruption nor homozygosity for the df allele
affected blood glucose values at old or oldest-old
ages, respectively (Fig. 7a and c). Contrary to re-
sults at earlier ages, IF by itself did not alter AL-
fed blood glucose for littermate controls or for
either of the mutants (Fig. 7a and c). Yet, the
combined effect of the Ghr/bp gene disruption and
IF decreased AL-fed blood glucose values in old
GHR-KO females (p=0.0246 for old N females on
AL vs. old KO females on IF) (Fig. 7a).

In fasted animals, neither old GHR-KO females nor
oldest-old Df males had lower blood glucose concentra-
tions than their littermates. Also in contrast to the results
at earlier ages, IF did not lower blood glucose in this
circumstance for either dwarf or normal-sized mice
(Fig. 7b and d).

Discussion

In this report, we investigate the effects of longevity-
conferring genetic (GH signaling deficiency) and/or
dietary (IF) interventions on aging-related changes in
the ability to maintain euglycemia. We find that either of

Fig. 5 (continued)
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two genetic alterations ameliorates fasting hyperglyce-
mia. Additionally, both longevity-inducing mutations
improve insulin sensitivity in old age. Strikingly, we
observe major improvements in blood glucose homeo-
static regulation by IF: IF improves AL-fed hyperglyce-
mia, glucose intolerance, insulin sensitivity, and reduces
hepatic gluconeogenesis in aging mutant and normal
mice. Beneficial additive effects are observed for most
of the measured parameters.

As a general interpretation, the results from this study
detailing the beneficial effects of lifelong GH signaling
deficiency for the endocrinological function of middle-
aged to oldest-old mice are consistent with those ob-
served at earlier ages. The dwarfing phenotypes sub-
stantially reduced fasted blood glucose concentrations,
heightened insulin-mediated glucose clearance, and en-
hanced pyruvate conversion; moreover, and very impor-
tantly, this was achieved in a stock-independent and
quasi-gender-independent fashion. This persistence of
the effect of these genetic lesions is important for theses
suggesting that the endocrinological abnormalities
in this group of animals are in any way related to
their increased survivorship. What is more, these
phenotype-specific results show that these mutants
are promising models for dysfunction-free aging of
the endocrine system. The preserved insulin sensi-
tivity with aging, in particular, suggests that the
standard decline in insulin sensitivity with aging
in humans can be prevented or reversed. Future
studies with FDA-approved GH signaling antago-
nists, whether Octreotide (Cozzi and Attanasio
2012) or Pegvisomant (van der Lely et al. 2012),
introduced late in life should address whether the
observed benefits can be achieved in a treatment
paradigm.

The brief IF regimen substantially reduced AL-fed
blood glucose concentrations, markedly improved glu-
cose disposal, heightened insulin-mediated glucose
clearance, and attenuated pyruvate conversion; further-
more, and very importantly, this was achieved in a
stock-independent and quasi-gender-independent fash-
ion. This rapid physiological amelioration underscores
the power of dietary restriction, particularly that with a
late-life adoption, as being highly effective in treating
aging-associated dysfunctions or morbidities. That these
healthspan benefits were achieved in a relatively short
period should aid their adoption by patients, as positive
outcomes from labors and abstemiousness would pre-
sumably serve as psychological spurs. Considering that

clinical IF would be a dietary intervention that does not
require the development of any pharmaceutical aid or
novel technology, these results are very translatable.

An aspect of this study that we believe deserves
special emphasis is the inclusion of three age groups,
including 35-month-old GHR-KO animals. This corre-
sponds to approximately 81 % or 109 % of the life
expectancy of mutants or littermate controls, respective-
ly (Arum et al. 2009). This serves to reiterate the ac-
complishment of seminal characterization of blood glu-
cose regulation in oldest-old subjects, and that of inves-
tigation of the effects of longevity-conferring alleles
and/or diets on that regulation in those oldest-old ani-
mals. This conscientious feature of this study may ben-
eficially inform geriatric care.

Distinguishing changes that may represent causes of
functional decline or increased probability of morbidity
or mortality from those that are merely an effect of prior,
causative macromolecular or physiological derange-

Fig. 6 Longer-term IF sustained improved kinetics of insulin-
mediated blood glucose clearance and gluconeogenesis in Old
GHR-KO females, but largely desensitized oldest-old AmesDwarf
males to insulin’s effects on blood glucose. a The 1.0 USPU
insulin tolerance test (normalized values, with statistical analysis
table) showing a combined (sensitizing) effect of both KO pheno-
type and IF diet on old N female littermates. b The 0.3 USPU
insulin tolerance test (normalized values, with statistical analysis
table) showing sensitizing effect of KO phenotype, sensitizing
effects of IF diet on both old female N controls and old female
KOmutants, and sensitizing benefit of both KO phenotype and IF
diet on old female N littermates. c The 0.1 USPU insulin tolerance
test (normalized values, with statistical analysis table) showing
sensitizing effect of KO phenotype, sensitizing effects of IF diet on
both old female N mice and old female KO mutants, and sensiti-
zation benefit of both KO phenotype and IF diet on old N females.
d The 1.0 USPU insulin tolerance test (normalized values, with
statistical analysis table) showing de-sensitizing effect of Df phe-
notype, de-sensitizing effect of IF diet on oldest-old N males, yet
sensitizing effect of IF on oldest-old Df male mice. e The 0.3
USPU insulin tolerance test (normalized values, with statistical
analysis table) showing de-sensitizing effects of IF on both oldest-
old N male mice and oldest-old male Df mutants, as well as de-
sensitizing effect of a combination of both factors on oldest-old N
littermate control males. f The 0.1 USPU insulin tolerance test
(normalized values, with statistical analysis table) showing de-
sensitizing effect of Df phenotype and de-sensitizing effect of IF
on oldest-old N littermate males. g Pyruvate conversion test (nor-
malized values, with statistical analysis table) showing promoting
effect ofGhr/bp gene disruption and repressive effect of IF diet for
female GHR-KO mice. h Pyruvate conversion test (normalized
values, with statistical analysis table) showing no effect of either
Df phenotype or IF on oldest-old males of either phenotype. All
measures of central tendency are arithmetic means, and all depic-
tions of variation (error bars) represent standard deviations (SD)
(see also Figs. S29–S40)

�
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ments is crucial for future interventional studies. For
these reasons, studies such as this one that investigate
interesting gerontological questions in middle-aged, as
well as old, organisms are critical for developing more
comprehensive schematics of differences between
groups of interest without introducing unnecessary con-
founds (Finch 2009).

The clinical and public health importance of aging-
related development of hyperinsulinemia and insulin
resistance is difficult to overemphasize. Hyperglycemia
is positively correlated with increased immune function
markers, such as the pro-inflammatory cytokines tumor
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6),
which seem to mediate a worsening of clinical outcomes
(Collier et al. 2008). As another immunological detri-
ment to poor endocrinological function, blood glucose

concentration is positively correlated with pneumonia
incidence; prolonging hospitalization, and increasing
complications and risk of mortality (Salonen et al.
2012). It has been known for decades that diabetics are
more susceptible to developing periodontitis, and re-
spond less well to its treatment and management
(Pucher and Stewart 2004). What is more, hyperglyce-
mia positively correlates with poor clinical outcomes
(i.e., increased morbidity, length of stay, and mortality)
following coronary artery bypass graft (CABG) sur-
geries (Lazar 2012). These limited representative
examples are mentioned to stress the wide-ranging
clinical decrements that are associated with, and
thus may result in part due to, poor glycemic con-
trol. Considering the marked decline in immune
system efficacy with aging and the increased
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incidence of CABG procedures with advancing age,
these general health concerns are of magnified con-
sequence for geriatric populations.

Benefits of CR begun late in life on mortality and
lifespan are well documented in Drosophila
melanogaster (Mair et al. 2003), but there is less data
for mammals. To the best of our knowledge, there are no
data on the effects of IF induced late in life on survivor-
ship, for any species. Benefits of adult-onset CR on
glucose homeostasis are well documented for people
(Fontana et al. 2004; Heilbronn et al. 2006; Rochon
et al. 2011), but the effects of IF on glucose homeostasis
inmiddle-aged or older subjects have not been explored.
Considering the differences in (1) body composition, (2)
physiology, (3) psychology, (4) susceptibility to

outcomes that would be benign in younger, healthier
individuals, as well as (5) the worsening of blood glu-
cose regulation into middle age and beyond previously
established, amongst (6) other divergent characteristics
between adults and middle-aged or older people, we
regard a study into effects (beneficial or detrimental)
of IF on older subjects to be very important.

One of the experiments in which short-term IF was
not beneficial was the pyruvate conversion assay on old
Ames Dwarf males or their littermate controls. This
stasis is surprising considering (1) the salutary effect
seen on middle-aged GHR-KO females and their litter-
mates after short-term IF, (2) the effects seen with other
blood glucose-regulatory tests for these Ames Df Stock
males, and (3) the fact that the intermittently fasted

Fig. 6 (continued)
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animal subjects underwent periods of fasting that (a
priori) might be thought to induce gluconeogenesis,
and thus “sharpen” the system for modulating such.
While it remains possible that this is a stock-specific
effect, it is just as probable that the effect seen on the
GHR-KO mice in this test was the stock-specific effect.
It is worth noting that these two mutants also diverge in
their responses to daily CR in survivorship analyses
(Bartke et al. 2001; Bonkowski et al. 2006), and that
further survivorship experiments in another GH
signaling-deficient mutant (the GH releasing hormone
[GHRH] knockout mouse; Alba and Salvatori 2004)
have clarified that dichotomy (Arum, Salvatori, &
Bartke, unpublished data). Therefore, further

endocrinological analyses in other senescing GH
signaling-deficient mutants might resolve this ambigui-
ty as well.

The surprising detrimental effect of longer-term IF on
the glucose clearance of oldest-old Ames Dwarf males
merits discussion. It appears that the individual effects
and the interaction of (at least) phenotype and diet
combine to result in abnormally poor blood glucose
assimilation; whether this is in fact a three-factor inter-
action between age, phenotype, and dietary regimen
cannot be discriminated by our experimental design, as
we cannot determine whether this observation is simply
an effect of the IF diet on extremely old mice or most
complexly the effect of an IF diet of that length

Fig. 6 (continued)

AGE (2014) 36:1263–1290 1281



(≥46 weeks) on extremely elderly mice. The multiple,
robustly beneficial results obtained with the longer-term
IF diet on old GHR-KO females suggests the former. It
is possible that, in extremely elderly animals more sus-
ceptible to the wasting of manifold organ systems (e.g.,
sarcopenia, osteopenia, alopenia), IF is sufficient to
push innately hypoinsulinemic animals into
insulinopenia; thus resulting in an inability to produce
and/or release a sufficient amount of insulin in response
to a glucose or insulin challenge.

Moreover, long-term reduced-daily-feeding CR
worsened blood glucose tolerance in ~40 % of extreme-
ly lean and metabolically healthy subjects; this worsen-
ing was associated with declines in IGF-1, total

testosterone, leptin, and triiodothyronine concentrations
(Fontana et al. 2010). In light of our unexpected findings
of worsened glucose tolerance and insulin sensitivity in
oldest-old Df males, such prima facie “detrimental”
outcomes may actually reflect a protective mechanism
against hypoglycemia.

A methodologically important surprising result of
this study came from the insulin tolerance tests (ITTs)
on middle-aged (Fig. 2c) and old (Fig. 5c) GHR-KO
Stock mice employing the 1 USPU/kg body weight
bolus of insulin testing paradigm. At this high con-
centration, the otherwise-substantial inter-group dif-
ferences (effect sizes) in insulin responsiveness were
sufficiently obscured by high variation that the p value

Fig. 6 (continued)
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for the primary comparisons of N mice on AL vs. KO
mice on AL did not reach comfortably low levels;
regardless of the subjects’ age at testing. Conversely,

this issue did not manifest in ITT’s using 0.3 USPU/kg
BW (Fig. 5d) or 0.1 USPU/kg BW (Fig. 5e) of insulin.
In addition to this seemingly detrimental effect of

Fig. 7 Differential effects of phenotype or diet on AL-fed or fasted
blood glucose concentrations at old (for GHR-KO mice) or oldest-
old (for Ames Dwarfs) age range. aAL-fed testing of old GHR-KO
female mice after longer-term IF (with statistical analysis table)
showing blood glucose-lowering effect of a combination of KO
phenotype and IF diet for old KO littermate control females. b
Fasted assessment of old GHR-KO females after longer-term IF
(with statistical analysis table) exhibiting no blood-glucose lower-
ing effect of either KO phenotype, IF diet, or combination of KO

phenotype and IF diet. c AL-fed testing of oldest-old Ames Dwarf
male mice after longer-term IF (with statistical analysis table)
displaying no blood glucose-lowering effect of either Df pheno-
type, IF diet, or combination of the two factors. d Fasted assessment
of oldest-old Ames Dwarf male mice after longer-term IF (with
statistical analysis table) demonstrating no blood glucose-lowering
effect of either Df phenotype, IF diet, or combination of the two.All
measures of central tendency are arithmetic means, and all depic-
tions of variation (error bars) represent standard deviations (SD)

AGE (2014) 36:1263–1290 1283



applying a greater-than-necessary dosage in a regi-
men, it is worth considering that endogenous basal
circulating insulin levels are ~10 μIU/ml; therefore,
it does not come as a surprise that the more discrete
tests of “sensitivity” reveal inter-group differences that
the coarser method could not.

It is worth noting that, although hypoinsulinemia and
enhanced insulin sensitivity have been extensively linked
with life extension in GH-related mutants and in CR
animals, a few putatively long-lived mutants have been
reported as not being so (Conover and Bale 2007;
Conover et al. 2008) or as being insulin-resistant
(Kurosu et al. 2005; Bartke 2006). An alternative hypoth-
esis regarding the non-cell-autonomous importance of
insulin action for health and survivorship posits that
insulin resistancemay be viewed in certain circumstances
as a protective, or even beneficial, adaptation to aging- or
diet-related increases in insulin levels (Barzilai et al.
2012). Thusly, our interpretation of decreasing insulin
sensitivity in older or elderly subjects is that of a “de-
sensitizing” effect, not a necessarily pernicious effect.

The concept of the “Longevity Dividend” (that faster,
more efficient, less expensive gains in gerontological
research, and ultimate geriatric care, can be achieved by
studying long-lived non-human animals) is substantiat-
ed by reports detailing that animals that live longer than
their controls have been repeatedly documented to retain
multiple features of their health beyond simple survivor-
ship (Olshansky et al. 2007; Warner and Sierra 2009;
Miller 2009; Kenyon 2010). Thusly, we designed this
investigation of the endocrinological benefits of two
genetic alterations and one diet that have each indepen-
dently had their abilities to increase life expectancy
(under varying methodological conditions) published
multiple times.

As with the seminal IF study to document longevity
(Carlson and Hoelzel 1946), this study was explicitly
designed with IF as the low-cost, low-effort intervention
of choice due primarily to the potential translatability of
any beneficial results obtained. IF has been shown to be
reasonably applicable to human subjects (Heilbronn
et al. 2005; Klempel et al. 2010; Trepanowski and
Bloomer 2010; Trepanowski et al. 2011). Both normal
(Heilbronn et al. 2005) and obese (Varady et al. 2009)
human subjects have shown suitable compliance with
clinical research protocols involving IF. Yet compliance
to IF in middle-aged or senior populations has not, to
date, been investigated; even though many seniors fail
to adhere to dietary and/or lifestyle routines that

maintain a salubrious body weight (Johnson 2013). It
is not unreasonable to prognosticate that a diet that does
not alter the dietary (macronutrient or micronutrient)
composition of foods consumed, does not greatly alter
the amount of calories consumed, and that permits post-
fasting gorging, would be more appealing to most pa-
tients than one(s) enforcing a drastic, continuous reduc-
tion in daily caloric intake.

Materials and methodologies

Animal husbandry

All animals were bred in a closed colony, housed under
standard conditions (12-h light/dark cycle and 20–23°C
temperature), and fed Lab Diet Formula 5001 (23 %
protein, 4.5 % fat, and 6 % fiber) (Nestle-Purina, St.
Louis, MO, USA). ME is empirically defined as the
amount of gross energy available to the animal once
the energy from feces, urine, and combustible gasses are
removed. Basically, ME is the energy left for the animal
to use once all digestion is complete, and is calculated as
3.02 kcal/g of Lab Diet Formula 5001 based on manu-
facturer’s instructions (Nestle-Purina). Animal protocols
were approved by the Animal Care and Use Committee
of Southern Illinois University.

GHR-KOmice and their heterozygous littermate con-
trols, provided by Dr. J.J. Kopchick (Ohio University,
Athens, OH, USA), were derived from 129/Ola founders
and outbred to Balb/c, C57Bl/6 J, and C3HJ stocks.
Therefore, although lacking the methodological benefits
of “reproducible genetic heterogeneity” (Miller et al.
1999), this stock possesses considerably greater genetic
variation, which correlates with broad-based health and
life expectancy, than an inbred strain.

Ames Dwarf mice and their heterozygous littermate
controls have, to the best of our knowledge, a unique
genetic background, with respect to extant inbred strains
of mice; and this stock exhibits approximately 25 %
polymorphism at examined loci (Panici et al. 2009).
Thus, although without the methodological benefits of
“reproducible genetic heterogeneity” (Miller et al.
1999), this stock possesses considerably more genetic
variation, which correlates with broad-based health and
life expectancy, than an inbred strain.

Somatotrophic signaling-deficient mice have such a
marked difference in snout-to-anus length, being ap-
proximately 80 % of the length of their littermates, that
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these animals are grouped by their “dwarf” phenotype.
They are not genotyped, as prior genotyping-
corroborated experience has proven that it is redundant
and unnecessary (Gage et al. 1996). (Note well that this
method of classification obviates the potential confound
of using weight as the distinguishing characteristic, as
that can be complicated in certain instances because the
Ames Dwarfs and the GHR-KO mutants — both of
which lack lipolytic GH signaling — have increased
subcutaneous adiposity [Berryman et al. 2004, 2010].)

Administration of IF paradigm

Concerning institution and conduct of the IF dietary
restriction regimen, approximately 15- to 19-month-
old GHR-KO Stock female mice and approx. 12- to
16-month-old Ames Dwarf Stock male mice were die-
tarily restricted by having all of the food removed from
their food-hoppers on day X, and having 60 g of food
deposited into the food-hoppers on day X + 1; save for
interruptions resulting from provisions made for before
or after blood glucose regulatory assessments, this feed-
ing pattern continued until the conclusion of the study
(approximately 70 weeks after inception of IF).

Age–grade classification

Age-staging was based on a combination of (1) quanti-
tative extrapolation from prior survivorship data
(Brown-Borg et al. 1996), Bonkowski et al. 2006),
specific to each stock; (2) presence/appearance of
aging-associated wizening (as represented quantitative-
ly by declining body weight); and (3) spontaneous,
testing-independent (and thus, presumably) aging-
resultant mortality.

Expounding on the chief age-staging criterion
above: young adulthood is marked by at least 90 %
of reproductively competent negative control sub-
jects being alive; middle age is the period between
when approximately 90 % of the control subjects are
still alive and median survivorship; old age is the
period between median survivorship and when
approx. 10 % of the subjects are alive; and oldest-
old age is designated as the period when ≤10 % of the
controls remain.

The second and third criteria add observational cor-
roboration and protection to the first, so that demograph-
ic expectations are ensured to coincide with animal
husbandry observations.

N.b.: Male littermates of the Ames Dwarf Stock were
already into the weight-loss phase of their body weight
trajectory before the institution of the IF regimen upon
them (at which time they were considered to be old) and
subsequent testing of the effects of short-term IF upon
them (Fig. 1b); they had further progressed to a greater
weight-loss rate by the time that they were regarded as
oldest-old, and tested as such (Fig. 1b). Contrastingly,
littermate control females of the GHR-KO Stock exhib-
ited stable body weight at the time of IF commencement
(at which time they were staged as middle-aged) and
successive testing of the effects of short-term IF upon
them (Fig. 1a); they then advanced to the weight-loss
phase by the time that they were regarded as old, and
tested as such (Fig. 1a).

Blood glucose regulatory assessments

All animals underwent home-cage assessments of gross
health (Table S1). Any animal exhibiting questionable
health by these criteria, or which was aberrantly hypo-
glycemic at the inception of a test, was excluded from
the testing and/or data analysis. Also, all animals were
given at least 2 weeks of recuperation in between tests.

Glucose tolerance tests (AL-fed or fasted)

For AL-fed tests, animals had access to food for at least
16 h before the test. For fasted tests, animals were fasted
for approximately 16 h; IF animals were AL-fed the day
before the 16-h fast commenced. Thirty minutes prior to
the beginning of the test, each animal was weighed, had a
small nick placed at the tip of its tail with a razor, and re-
housed without access to food. After 30 min to recover
from the handling stress of the weighing and tail-nicking,
each animal was measured for blood glucose concentra-
tion, of blood obtained by applying gentle pressure to the
tail tip, with a blood glucose monitoring system
(glucometer and test strips) (WaveSense Presto,
AgaMatrix, Inc., Salem, NH, USA); without releasing
the animal, it was also injected interperitoneally (in the
lumen between the visceral and parietal peritonea) with
2 g of D-(+)-glucose (Sigma-Aldrich, St. Louis, MO,
USA) per kg of BW. (The powdered glucose was dis-
solved in 0.9 % sodium chloride.) Subsequent blood
glucose measurements were at 10, 20, 30, 40, 50, 60, 75,
90, and 120 min after the injection. Animals were given
AL access to food immediately after completion of testing.
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Insulin tolerance tests (1, 0.3, or 0.1 USPU)

Animals had access to food for at least 16 h before the
test. Thirty minutes prior to the beginning of the test,
each animal was weighed, had a small nick placed at the
tip of its tail with a razor, and re-housed without access
to food. After 30min to recover from the handling stress
of the weighing and tail-nicking, each animal was mea-
sured for blood glucose concentration, of blood obtained
by applying gentle pressure to the tail tip, with a blood
glucose monitoring system (glucometer and test strips)
(WaveSense Presto); without releasing the animal, it
was also injected interperitoneally (in the space between
the visceral and parietal peritonea) with either 1, 0.3, or
0.1 USPU of porcine insulin (Sigma-Aldrich) per kilo-
gram of body weight. (The lyophilized insulin was
dissolved in 0.9 % sodium chloride.) Subsequent blood
glucose measurements were at 10, 20, 30, 40, 50, 60, 75,
90, and 120 min after the injection; unless most animals
had returned to initial blood glucose values by 60 min,
in which case the test may have been terminated after
the 60-min measurement. Animals were given AL ac-
cess to food immediately after completion of testing.

Pyruvate conversion test

Animals were fasted for 16 h, although IF animals were
AL-fed the day before the fast commenced. Thirty mi-
nutes prior to the beginning of the test, each animal was
weighed, had a small nick placed at the tip of its tail with
a razor, and re-housed without access to food. After
30 min to recover from the handling stress of the
weighing and tail-nicking, each animal was measured
for blood glucose concentration, of blood obtained by
applying gentle pressure to the tail tip, with a blood
glucose monitoring system (glucometer and test strips)
(WaveSense Presto); without releasing the animal, it
was also injected inter-peritoneally (in the cavity be-
tween the visceral and parietal peritonea) with 2 g of
sodium pyruvic acid (Sigma-Aldrich) per kg of BW.
(The lyophilized sodium pyruvate was dissolved in
0.9 % sodium chloride.) Subsequent blood glucose
measurements were at 15, 30, 45, 60, and 120 min after
the injection; unless most animals had returned to initial
blood glucose values by 60 min, in which case the test
may have been terminated after the 60-min measure-
ment. Animals were given AL access to food immedi-
ately after completion of testing.

Non-stimulated blood glucose comparisons (AL-fed
or fasted)

Values recorded at the beginnings of AL-fed and fasted
glucose tolerance tests were used for this analysis. The
reasoning for this was twofold: (1) as the glucose toler-
ance tests occur early in the series of tests that the
animals subjects were subjected to within each testing
period, the likelihood of potentially confounding effects
from earlier tests is minimized; and (2) also as the
glucose tolerance tests occur early in the series of tests
for each testing interval, the simple-yet-potentially-pro-
found effects of advancing age are also minimized. (Note
that unstimulated blood glucose values obtained at other
instances were consistent with the reported results.)

Data presentation and statistical analysis

Graphs were generated with Excel (Microsoft,
Redmond, WA, USA). All measures of central
tendency are arithmetic means, and all depictions
of variation (error bars) represent standard devia-
tions (SD); with SD being employed as it is the
statistically appropriate method of representing the
variation in a dataset (Glantz 2002).

Bodyweight-gain data, food and energy consumption
data, and blood glucose regulatory assessment data was
contrasted with analysis of variance (ANOVA) or
ANOVA for repeated measures (ANOVA-RM), as ap-
propriate, followed by the Tukey’s honestly significant
difference (HSD) post-hoc test for multiple pairwise
comparisons (SPSS 17.0, SPSS Inc., Chicago, IL, USA).

For repeatedly measured blood glucose regulatory
assessments, the p value for a given pairwise compari-
son at a given time-point represents the result of testing
all of the timepoints, up-to-and-including that timepoint,
within the repeated measures analysis; this permits test-
ing of whether both groups experienced similar excur-
sions in blood glucose (the null hypothesis) relative to
their initial values and with consideration of all inter-
mediate values. This mode of analysis permits the pos-
ing of more discrete, and more descriptive, queries than
analyses of the entire area under respective curves; or
that utilizing isolated, independent blood glucose
values/percentages at lone timepoints. The data that is
normalized to initial blood glucose values was used for
the precise, timepoint-specific p values reported, yet the
conclusions of differences amongst groups do not
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depend on the use of this normalized data; testing plots
of raw data are presented in Supplementary figures.

For a particular pairwise comparison within a partic-
ular assay, the p value reported in the text is either the
most-conservative (i.e., highest) sub-0.05 p value from
the series of ANOVA-RM’s conducted (in bold, red
font), or the lowest tentative p value from the series (in
bold, orange font); the tentative p values noted in the
text are supported by a priori evidence. The combined
parameters of effect size and Type 1 error probability
were consideredwhen determining phenomenameriting
presentation and discussion.
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