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The disruption of the growth hormone (GH) axis in mice promotes insulin sensitivity and is strongly correlated with
extended longevity. Ames dwarf (Prop19f, df/df) mice are GH, prolactin (PRL), and thyrotropin (TSH) deficient and live
approximately 50% longer than their normal siblings. To investigate the effects of GH on insulin and GH signaling path-
ways, we subjected these dwarf mice to twice-daily GH injections (6 pg/g/d) starting at the age of 2 weeks and continuing
for 6 weeks. This produced the expected activation of the GH signaling pathway and stimulated somatic growth of the
Ames dwarf mice. However, concomitantly with increased growth and increased production of insulinlike growth fac-
tor-1, the GH treatment strongly inhibited the insulin signaling pathway by decreasing insulin sensitivity of the dwarf
mice. This suggests that improving growth of these animals may negatively affect both their healthspan and longevity by

causing insulin resistance.
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HE incidence of insulin resistance and diabetes melli-

tus is rapidly increasing in industrialized countries,
causing serious public health and economic concerns. More
importantly, the occurrence of these conditions increases
with age. The first report of impaired glucose metabolism in
humans older than 60 years was published in 1920 (1). A
progressive increase in glucose intolerance with advancing
age has been observed by scientists and health care profes-
sionals and studied throughout most of the 20th century.
It is well documented that glucose tolerance generally
decreases with age, starting in the third decade (1,2). How-
ever, centenarians exhibit remarkably low insulin resistance
(3). Data derived from human studies, together with results
obtained in different vertebrate and invertebrate species,
identify insulin and homologous signaling as a major mech-
anism that controls aging and longevity (4,5).

Ames dwarf (df/df) mice used in the present study are
homozygous for a recessive loss-of-function mutation at
the Propl locus (Prop19f). This mutation causes deficien-
cies of growth hormone (GH), prolactin (PRL), and thyroid-
stimulating hormone (TSH), with secondary suppression
of circulating levels of insulinlike growth factor 1 (IGF-1),
thyroid hormones, insulin, and glucose (6-8). Ames dwarf
mice live approximately 50% longer than their normal (N)
siblings (6). Calorie restriction (CR) is an intervention
known to delay aging and to increase lifespan in a number
of organisms ranging from worms to mammals (9,10). CR
reduces growth, body weight, and plasma levels of insulin,
IGF-1, glucose, and thyroid hormones. In Ames dwarf mice,
CR further extends lifespan, similar to its effects in their
normal siblings (11). As mentioned previously, studies in
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humans and animals indicated that the insulin signaling
pathway plays an important role in longevity. Our earlier
studies suggested that altered insulin signaling may have a
vital role in extending the longevity of Ames dwarf mice
and in their responses to CR (8).

Initially, it was unclear whether GH deficiency is the
main factor responsible for improved insulin action and
extended longevity in these animals and to what extent a
deficiency of other hormones may be involved. However,
subsequent studies in other laboratories demonstrated that
GH receptor and binding protein knockout (GHRKO) mice
produced in Dr J. J. Kopchick’s laboratory are also insulin
sensitive and long-lived (12,13). Moreover, transgenic
dwarf rats with suppressed GH and IGF-1 axis caused by
overexpression of antisense GH transgene are characterized
by reduced body weight and decreased circulating IGF-1,
blood glucose, and insulin levels, which cause increased in-
sulin sensitivity (14,15). Similar to Ames dwarf and GHRKO
mice, this reduction in GH signaling in dwarf rats is also
associated with extended longevity (14,15).

The purpose of this study was to examine effects of GH
replacement therapy on insulin signaling in long-lived
mutant mice. Toward this aim, we have selected mice,
which, in contrast to GHRKO animals, have functional GH
receptors and therefore can normally respond to GH.

METHODS

Animals and Tissue Collection
Ames dwarf (Prop19f) homozygous mice (df/df) were
produced by mating heterozygous females and homozygous
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mutant males in our breeding colony. In this colony, the
Prop19f mutation is maintained on a heterogeneous genetic
background. All animal protocols were approved by the
Southern Illinois University Laboratory Animal Care Com-
mittee. Animals were maintained under temperature- and
light-controlled conditions (20°C-23°C, 12-hour light and
12-hour dark cycle). Groups of 12-14 Ames dwarf males
were subjected to twice-daily porcine-GH injections starting
at the age of 2 weeks and continuing for 6 weeks (df/df-GH).
In previous preliminary experiments, 2-week-old Ames
dwarf mice injected with saline experienced body weight
loss, difficulties in wound healing, and in some cases mortal-
ity. Hence, untreated dwarfs (df/df) and normal (N) litter-
mates of the same age were used as a control in these studies.
After 6 weeks of GH treatment, the animals were fasted
overnight (food removed at 7 pMm). The last GH injection was
delivered in the morning, approximately 1 hour before blood
glucose measurment (about 8 am). Then, blood was col-
lected, plasma isolated and liver removed and immediately
frozen on dry ice, and stored at —80°C until analysis.

GH Preparation and Treatment

For stability, porcine-GH (Alpharma, Victoria, Australia)
was dissolved in 0.1 M NaHCOj; (pH 8.3) and then 0.9%
saline was added to obtain the concentration of 21 pg/50 pl
for a single injection of the average animal weight of 7 g (3
pg/g of body weight). Animals were injected twice daily, in
the morning about 9 AM and second injection about 4 Pm (~6
pg/g/d total GH treatment) On Saturdays and Sundays, ani-
mals were injected only once with a full dosage (6 pg/g/d).
The dosage was evaluated based on previous studies, which
utilized 2-8 pg of GH per gram of body weight at early age
in mice and rats (16—18). Using this information, final dos-
age for treatment was assessed by preliminary experiments
in our Ames dwarf colony.

Assessment of Blood Chemistry

Fasting glucose levels were measured in blood collected
via tail vein using OneTouch Ultra glucose meter (Life
Scan, Inc. Milpitas, CA). Blood plasma was used for assess-
ment of the levels of insulin using Rat/Mouse Insulin
ELISA, adiponectin using Mouse Adiponectin ELISA, and
leptin using Mouse Leptin ELISA following manufacturer’s
protocols (Linco Research Inc, St Charles, MO, and IDS,
Inc, Fountain Hills, AZ). Plasma IGF-1 was measured using
ELISA kits from IDS, Inc (Fountain Hills, AZ).

Relative Insulin Sensitivity Index
Fasted glucose and insulin was used to calculate relative
insulin sensitivity index (RISI) using the formula:

100
\/( glucosexinsulin)

Insulin Tolerance Test

After 5 weeks of GH treatment, and 1 week before termi-
nation of the study, all animals were fasted by removing
food on the morning of the test date. Basal glucose was
checked using glucometer ONE Touch Ultra, Life Scan, Inc
in blood from the tip of the tail. Then, the mice were injected
with porcine insulin (Sigma, St Louis, MO) at 0.75 IU/kg of
body weight. The blood glucose was checked after 15, 30,
and 60 minutes.

Western Blot and ELISA

The level of total and phosphorylated pY1158 insulin
receptor (IR) was analyzed by commercially available ELISA
kit according to provided protocol. The levels of protein
kinase B 1 (AKT1), AKT2, pAKT-Ser*’3, phosphorylated
mammalian target of rapamycin (p-mTOR), forkhead box
O1 (FOXO1), janus kinase 2 (JAK?2), Signal Transducers
and Activator of Transcription 3 (STAT3), p-STATS3,
STAT5a, and STAT5b were measured using Western blot
with specific antibodies as described previously (19).

Statistical Analysis

Data were analyzed using analysis of variance (ANOVA)
followed by Fisher’s PLSD test to compare individual
means in Figures 1 and 3-5. Results of insulin tolerance
tests (ITTs) were presented and analyzed as mean percent-
age change from baseline within experimental groups and
repeated measurement. ANOVA was used to determine the
interaction of the main effects variables Figure 2. o was set
at .05 for determination of significance, and all values are
reported as mean £ SEM throughout the figures and text.

REsuLTS

Ames dwarfs (df/df) are characterized by a severe re-
duction of body weight when compared with their normal
siblings (p < .0001; Figure 1A). Early treatment with GH
initiated at the young age increased body weight of Ames
dwarf mice in comparison to their untreated df/df littermates
(p < .0001). However, the treatment did not normalize the
growth completely (p < .0001; Figure 1A). Consistent with
GH deficiency, the level of IGF-1 in plasma of df/df mice
was severely reduced and was undetectable by employed
ELISA (Figure 1B). GH therapy increased IGF-1 in
df/df-GH mice, but the level did not reach the levels mea-
sured in N mice (p < .0016; Figure 1B).

Ames dwarf mice have decreased levels of plasma insulin
in comparison to N mice (p < .0117). Treatment with GH
increased the level of insulin in df/df-GH mice in compari-
son to untreated df/df mice (p < .0068; Figure 1C). At 8
weeks of age, there was no difference in glucose levels
between df/df and N mice, but GH treatment increased
glucose levels in df/df-GH mice in comparison to untreated
df/df and N mice (p < .0277 and p < .0025, respectively;
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Figure 1. The effects of growth hormone (GH) treatment in Ames dwarf mice (df/df-GH) in comparison to normal (N) and df/df mice on: (A) body weight,
(B) plasma IGF-1, (C) plasma insulin, (D) plasma glucose, (E) relative insulin sensitivity index, (F) plasma adiponectin, and (G) plasma leptin. Means = SEM. a, b,
c: values that do not share the same letter in the superscript are statistically significant (p < .05).

Figure 1D). RISI indicated that GH treatment decreased
insulin sensitivity in df/df-GH mice in comparison to both
df/df and N mice (p < .0004 and p < .0234, respectively).
Surprisingly, RISI did not reveal significant differences
in insulin sensitivity between untreated df/df and N mice
(p < .08; Figure 1E).

Consistent with our earlier findings, df/df mice had
markedly elevated levels of plasma adiponectin (p < .0008;
Figure 1F). Correlating with the changes of insulin sensitiv-
ity, the level of adiponectin was significantly decreased
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Figure 2. Results of insulin tolerance test in normal growth hormone (GH)—
treated Ames dwarf (df/df-GH) and df/df mice. All groups were randomly fed
overnight. Mice were injected intraperitoneal injection with insulin (0.75 U/kg
of body weight). Glucose was measured in samples collected from the tail vein
at specified time points (see Methods). a, b: values that do not share the same
letter in the superscript are statistically significant (p <.05).

by GH treatment in df/df mice (p < .0118; Figure 1F). The
levels of leptin were not affected by genotype or treatment
(Figure 1G).

ITTs indicated increased sensitivity to injected insulin in
Ames dwarf mice when compared with their N siblings (p <
.0001; Figure 2). GH treatment decreased sensitivity to in-
jected insulin in df/df mice (p <.0001), bringing it down to
the level measured in N mice (Figure 2).

Total hepatic IR levels as measured by ELISA were
higher in df/df than in N mice (p < .005). Treatment of Ames
dwarfs with GH decreased the level of total hepatic IR (p <
.029), normalizing it to the level maintained by N mice
(Figure 3). The level of phosphorylated pY 1158 IR was not
affected by genotype or treatment at basal level. However,
in response to insulin stimulation, the level of pY 1158 of IR
was significantly higher in df/df mice than in N or df/df-GH
mice (p <.0128 and p < .0087, respectively; Figure 3).

Total AKT1 protein was decreased by GH treatment in
df/df mice when compared with N and control df/df mice
(p < .0007 and p < .0039, respectively; Figure 4A). The
level of total AKT2 was downregulated in df/df mice in
comparison to N animals (p < .0001), and GH treatment
increased protein level of AKT2 in df/df mice (p < .0487).
However, AKT?2 levels in GH-treated dwarfs were still sig-
nificantly below the levels in N mice (p < .0001; Figure 4B).
The level of p-AKT Ser*”? was no different between the
phenotypes, but GH treatment upregulated the level of this
phosphoprotein in df/df mice in comparison to both N and
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Figure 3. The level of proteins related to insulin signaling in liver tissue of normal (N) and growth hormone (GH)—treated Ames dwarf (df/df-GH) and df/df mice.
The level of total and pY 1158 IR was measured using ELISA kit. Means + SEM. a, b: values that do not share the same letter in the superscript are statistically sig-

nificant (p <.05).

untreated df/df mice (p < .0148 and p < .026, respectively;
Figure 4C). The level of total FOXOI in the liver of df/df
was increased in comparison to the levels measured in N
and df/df-GH mice (p < .0001 and p <.0001, respectively;
Figure 4D). The level of phosphorylated mTOR (p-mTOR)
protein was increased in df/df-GH mice in comparison
to N mice and df/df controls (p < .0062 and p < .0431,
respectively; Figure 4E).

The analysis of proteins involved in the GH signaling
pathway indicated that JAK2 protein was decreased in the
df/df when compared with N mice (p <.0001) and GH treat-
ment normalized the level of JAK?2 in df/df mice (Figure SA).
The level of total STAT3 and p-STAT3 was also downregu-
lated in df/df when compared with N animals (p < .0081 and
p < .0319, respectively) and the levels were normalized

by GH treatment (Figure 5B and C). Similarly to JAK and
STAT3 proteins, STAT5b and STATSa were downregulated
in df/df mice when compared with N mice (p < .0001 and
p < .0376, respectively; Figure 5D and E). GH treatment
increased the level of STATSb in df/df mice (p < .0129) but
failed to normalize it (p < .0365; Figure 5D). Moreover, the
treatment not only increased STAT5a in df/df-GH mice in
comparison to df/df mice (p < .0001) but also upregulated
the level of this protein when compared with N animals (p <
.0118; Figure 5E).

DiScUSsSION
In this study, we subjected long-lived insulin-sensitive
Ames dwarf mice to GH treatment at a young age. We
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Figure 5. The level of proteins related to growth hormone (GH) signaling in liver tissue of normal (N), GH-treated Ames dwarf (df/df-GH) and df/df mice. Means *
SEM. a, b, c: values that do not share the same letter in the superscript are statistically significant (p < .05). (A) JAK2, (B) STAT3, (C) p-STAT3, (D) STATSb, and

(E) STAT5a.

analyzed the effects of this regimen on the insulin, IGF-1,
and GH signaling pathways to determine whether GH can
reverse the characteristics of Ames dwarf mice that are be-
lieved to be important contributors to the extended longev-
ity of these mutants. As mentioned in the methodology, the
dosages for this treatment were calculated using previously
published data from other laboratories and following our
own preliminary trials. The expected increase in body
weight in df/df-GH mice followed treatment and the lack of
complete normalization of body weight in these animals
indicated that the animals were not overdosed. Some early
age studies in mice and rats used similar dosages. Presum-
ably, more frequent injections, higher doses, and/or longer
period of treatment would be necessary to attain growth rate
and body weight characteristics of N animals. Deficiencies
of other hormones could have also contributed to the failure
to reach normal body weights in the df/df-GH group. As
expected from the lack of GH and previous publications,
circulating IGF-1 was severely reduced in the Ames dwarfs.
Similarly to what was observed for body weight, the IGF-1
increase in the df/df-GH group did not reach the level mea-
sured in N mice, which adds to the evidence that the GH
treatment was not supraphysiological.

The GH treatment administered to these hypoinsulinemic
mutants caused elevation of insulin levels. Similarly to pre-
vious studies conducted in older animals, df/df mice had

reduced levels of glucose. However, at a very young age,
there is usually no difference in glucose levels between
these two phenotypes. GH treatment caused an increase of
glucose levels that together with the elevated insulin levels
indicated decreased insulin sensitivity, confirmed by calcu-
lating RISI. These findings correlate with the effects ob-
served in studies in humans (20-22), which indicate that
treatment with GH in children or adults alters the insulin
levels and decreases insulin sensitivity. Additionally, the
high level of adiponectin in df/df mice was greatly reduced
by GH treatment. Adiponectin is released by adipose tissue
into the circulation, and a high level of this adipo-protein is
correlated with increased insulin sensitivity and extended
longevity in humans (23). Conversely, patients with acro-
megaly have decreased adiponectin levels, which can be
normalized by correction of GH levels (24). In addition to
affecting insulin and glucose levels, GH treatment reduced
tolerance to injected insulin, agreeing with observations of
decreased insulin sensitivity measured by euglycemic
hyperinsulinemic clamp in GH-deficient patients subjected
to GH treatment (22). In df/df-GH mice, the sensitivity to
injected insulin was reduced to the sensitivity of N mice
(Figure 2). These critical changes in blood chemistry and
insulin action suggest that replacement of GH in the Ames
dwarf mouse throughout the animal’s lifespan could reverse
many characteristics of this long-living phenotype. The



EFFECTS OF GROWTH HORMONE 29

insulin signaling pathway and, more importantly, heightened
insulin sensitivity positively correlate with longevity (8). One
could speculate that decreasing insulin sensitivity in Ames
dwarf mice may also negatively affect their longevity (8).

After finding that insulin, glucose, adiponectin, and
whole-body insulin action were affected by the GH treat-
ment, we decided to investigate the insulin signaling path-
way in the liver. In response to insulin binding to its receptor,
the B-subunit of IR is autophosphorylated at tyrosine (Tyr)
residue 1158 [pY1158] located within the catalytic loop of
the tyrosine kinase domain, which activates the insulin sig-
naling cascade. The phosphorylation site of IR is monitored
in studies of type II diabetes.

Based on this information and plasma parameters
showing changes in insulin sensitivity, it was important
to investigate the phosphorylation status of IR. Addition-
ally, we detected a reduction in total IR protein in the liver
in response to GH treatment. The decreased insulin-induced
pY 1158 phosphorylation of IR in df/df-GH mice probably
contributes to the reduction in whole-body insulin sensitiv-
ity in response to this treatment. Decreasing the level of the
pY1158 of IR after insulin stimulation could silence the
whole insulin signaling cascade and result in suppressed in-
sulin signaling throughout the body. The decrease of IR pro-
tein levels and its binding ability was also detected previously
in short-lived insulin-resistant transgenic mice overexpress-
ing GH (25-27). Furthermore, the suppression of IR bind-
ing was previously found in the livers of rats with upregulated
GH levels caused by GH-secreting tumors (28). This could
explain the mechanism of GH action on whole-body insulin
sensitivity; however, there are several studies that contradict
this finding (29).

The changes observed in AKTI1, AKT2, and p-AKT
Ser*’3 in df/df-GH mice in comparison to df/df mice con-
firm that GH affects the insulin signaling pathway down-
stream from the IR. FOXO1 is known to be one of the
regulators through which insulin and its opponents such as
glucocorticoids and glucagon regulate gluconeogenesis. In
response to insulin stimulation, FOXO1 was reported to
bind PGCla and as a complex can further activate PEPCK
and Go6Pase. This suggests that elevated level of total
FOXOL1 in df/df mice accelerates hepatic glucose produc-
tion and alters lipid metabolism, and these changes can be
reversed by GH treatment of these mutants.

The protein p-mTOR is involved in cell growth, stress
responses, and, more importantly in the context of the pre-
sented study, the insulin signaling pathway. The activation
of mTOR is known to be responsible for inhibiting insulin
action. It was previously reported that mTOR signaling was
reduced in the skeletal muscle of insulin-sensitive Ames
dwarf and GHRKO mice (30,31). However, at the age of 8
weeks, the level of hepatic p-mTOR protein was unaffected
in this genotype. This lack of difference could be due to the
very young age of the animals in this experiment. This may
correspond to the lack of changes at the young age in the

expression of several insulin signaling pathway genes in the
liver of long-living GHRKO mice, with the differences
appearing when the animals get older (32). However, GH
treatment increased p-mTOR protein level in df/df-GH mice
in comparison to both N and df/df mice. This activation of
p-mTOR could be responsible for decreased efficiency of
whole-body insulin action presumably by promoting inhibi-
tory (serine) phosphorylation of IRS-1. Additionally, most
recent finding indicates that feeding mice with rapamycin, a
known mTOR inhibitor increases their longevity (33). This
suggests that enhancing the activation of mTOR pathway in
Ames dwarf mice via GH treatment could be detrimental to
their lifespan.

The levels of proteins involved in GH signaling, JAK2,
STAT3, STATS5a, and STATSb, were decreased in df/df mice
as expected from a lack of GH. Moreover, GH treatment
either normalized the levels of these proteins or increased
them in df/df-GH mice in comparison to df/df mice, which
correlates with the growth response of these GH-deficient
mutants.

Summary

The present results indicate that GH treatment strongly
affected the insulin signaling pathway in df/df mutants. Low
levels of insulin, together with high insulin sensitivity, are
suspected of representing an important mechanism that al-
lows these mutants to live longer in comparison to their nor-
mal siblings (8). Results of the present study suggest that
replacing GH throughout the entire lifespan of Ames dwarf
mice would most likely shorten their lifespan. However, in
a study of GH effects in Snell dwarf mice, longevity was not
affected, perhaps due to the short-term GH treatment (18).
There is evidence that some of the negative effects of GH
(e.g., reduced glucose tolerance in humans and insulin
tolerance in mice) return to normal after discontinuation of
GH administration (8,20). This could suggest that only life-
long GH replacement would have a negative impact on lon-
gevity in Ames or Snell dwarf mice. However, the age at the
beginning of the treatment can be also critical. In a study
with Snell dwarfs, Vergara and colleagues started the treat-
ment at the age of 4 weeks. Using once-daily injection,
these investigators did not observe any lifespan alterations.
However, in our ongoing study of GH treatment, twice-daily
GH treatment started at 2 weeks of age appears to decrease
the lifespan of Ames dwarf mice (unpublished data).
Increasing the dosages and/or frequency of the GH treatment
could also severely affect the insulin and IGF-1 signaling
pathway, causing serious insulin resistance and/or developing
diabetes. Finally, reversing the alterations in insulin and
IGF-1 signaling in Ames dwarf by GH treatment alone sug-
gests that in df/df mice, it is most likely the GH deficiency
rather than a TSH or PRL deficiency that is responsible for
the phenotypic characteristics related to the remarkably
increased longevity of these animals.
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