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The majority of spontaneous or experimentally induced 
mutations that extend the longevity of mice alter the 

function of the somatotropic axis, growth hormone (GH), 
and insulin-like growth factor-1 (IGF-1). The Ames dwarf, 
a spontaneous mutation resulting in a dwarf phenotype, was 
the first mutant mouse reported to have extended life span 
(1). Ames dwarf mice have a mutation in the transcription 
factor Prop1df, which causes hypofunctional development 
of the anterior pituitary and results in primary endocrine de-
ficiencies of GH, thyroid-stimulating hormone (TSH), and 
prolactin (PRL) (2–4). As a result of these primary hor-
monal deficits, several secondary characteristics are ob-
served in Ames dwarf mice. GH deficiency is the major 
cause of reduced hepatic production and circulating levels 
of IGF-1, diminished growth and adult body size, delayed 
puberty, and decreased circulating insulin and glucose lev-
els (5). Primary TSH deficiency causes severe hypothyroid-
ism, which results in decreased body temperature in Ames 
dwarf mice (6,7). PRL deficiency leads to female sterility 
because PRL is required for luteal function, implantation, 
and maintenance of pregnancy in mice (3). Altered regula-
tion of carbohydrate metabolism, gene expression profiles, 
and body composition in Ames dwarfs have also been  
reported (6,8).

The actions of GH in the liver stimulate production of 
IGF-1, which is the main mediator of GH actions on growth 
and development. Reduced GH and IGF-1 signaling affects 
insulin sensitivity through multiple mechanisms. Although 
GH does not bind to the insulin receptor (IR), several sig-

naling events are shared between GH and IGF-1 and insulin. 
The GH and IGF-1 system has complex feedback mecha-
nisms that, in general, promote insulin resistance (9). Defi-
ciency of GH is associated with increased insulin sensitivity, 
decreased insulin secretion, and reduced glucose levels, 
which are determinants of extended longevity (10–13). En-
hanced insulin sensitivity was observed in Ames dwarf mice 
compared with normal mice as indicated by greater glucose 
clearance during insulin tolerance tests (14,15). Moreover, 
insulin produces greater upregulation of the early steps in 
insulin signaling, which include increased expression of IR, 
IR substrate (IRS)-1, and IRS-2, in the liver of Ames dwarf 
as compared with normal mice (14,16,17). Moreover, in 
these animals, the expression of genes related to insulin sen-
sitivity is altered in the liver, one of the main target organs 
of insulin. Increased expression of peroxisome proliferator–
activated receptor (PPAR) g, a major regulator of insulin 
and glucose metabolism, was detected in middle-aged Ames 
dwarfs compared with normal mice of the same age (17). 
PPARg is a target receptor for thiazolidinediones, which are 
used as insulin sensitizers to treat patients with type 2 dia-
betes. The transcriptional coactivator for PPARg known as 
PPARg receptor–coactivator-1a (PGC-1a) is a key media-
tor of the effects of energy intake on metabolism and an 
activator of gluconeogenesis. Elevated levels of PGC-1a 
and genes involved in fatty acid oxidation and gluconeogen-
esis were detected in the liver of Ames dwarf mice (18). 
Increasing evidence implicates the involvement of PCG-1a 
in regulating life span (19).
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The somatotropic axis and the thyroid axis (TSH–thyroid 
hormones) are interdependent and critical in regulating ag-
ing. However, it is not known which stage(s) of life history 
is/are critical for the actions of GH and IGF-1 on aging and 
longevity. In this study, we examined the age-related effects 
of GH and T4 treatment on insulin signaling. The results 
suggest that rapid growth during the pubertal period may be 
an important stage for the beneficial actions of the soma-
totropic axis, whereas increased GH and IGF-1 in middle 
age may have detrimental effects on longevity.

Methods

Experimental Overview
Animals were entered into the study at 2 weeks of age 

(young group) or at 16–18 months of age (old group). Be-
cause Ames dwarf mice live longer than their normal sib-
lings, the latter group is considered old only for normal 
mice, but all animals in the 16- to 18-month-old group from 
now on will be referred to as “old”. Young and old male 
Ames dwarfs were treated with GH and thyroxine (T4) or 
with saline vehicle for 6 weeks. No injections were admin-
istered to normal animals. After 6 weeks, insulin stimula-
tion was performed, and whole blood and liver tissue were 
collected. Real-time polymerase chain reaction (PCR) and 
enzyme-linked immunosorbent assay (ELISA) were per-
formed to assess the effects on insulin signaling.

Animals
Male Ames dwarf mice and their normal littermates were 

produced in our breeding colony by mating homozygous 
(df/df) males with heterozygous (N/df) females. Animals 
were housed under controlled temperature and light condi-
tions (20–23°C, 12-hour light and 12-hour dark cycle) and 
were provided ad libitum with nutritionally balanced diet 
(Rodent Laboratory Chow 5001: 23.4% protein, 4.5% fat, 
5.8% crude fiber; LabDiet PMI Feeds, Inc., St Louis, MO).

GH and T4 Replacement Therapy
Recombinant porcine GH (Alpharma, Victoria, Australia) 

was dissolved in 0.1 M NaHCO3 solution (pH ~8.3) and 
adjusted to pH 7.8. GH was administered by subcutaneous 
injections (3 mg/g body weight; 21 mg/50 mL dose) twice 
daily and once daily double dose on Saturday and Sunday 
following our previous protocol (20). T4 (l-thyroxine; 
Sigma, St Louis, MO) in 0.9% saline solution, pH 7.8, was 
administered by subcutaneous injections (0.1 mg/g body 
weight; 0.7 mg/50 mL dose) three times per week (Monday, 
Wednesday, and Friday). Control groups of young and old 
male Ames dwarf mice were injected with 0.9% saline daily. 
Normal age-matched animals were not given any injections. 
Body weight was measured at the beginning and end and 
once a week during the treatment period.

Insulin Stimulation and Tissue Collection
After 6 weeks of the study, mice were fasted overnight 

for the insulin stimulation procedure. Mice were anesthe-
tized using a mixture of ketamine (65 mg/kg) and xylosine 
(4.1 mg/kg) administered by intraperitoneal injection. Blood 
was collected by cardiac puncture. Porcine insulin (Sigma) 
at the dose of 10 IU/kg body weight was injected through 
the vena cava. After 60 seconds, the liver was collected, 
snap frozen on dry ice, and stored at −80°C. Whole blood 
was centrifuged in order to isolate the plasma supernatant, 
which was stored at −80°C. Animals were killed by cervical 
dislocation.

RNA Extraction and Complementary DNA Synthesis
Approximately 150 mg of liver tissue was homoge-

nized in 250 mL cold phosphate-buffered saline solution. 
RNA was extracted using phenol and chloroform by stan-
dard technique (21). RNA quantification was performed 
by running total RNA on 1.5% agarose gel. Genomic 
DNA was removed using DNase I (Promega, Madison, 
WI). Synthesis of complementary DNA (cDNA) from 1 
mg total messenger RNA (mRNA) was performed using 
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) ac-
cording to the maufacturer’s protocol. Conditions of 
25°C for 5 minutes, 42°C for 30 minutes, and 85°C for 5 
minutes were used in a thermocycler (Eppendorf North 
America, Hamburg, Germany).

Real-Time PCR
cDNA was amplified using iQ SYBR Green PCR Super-

mix (Bio-Rad) and specific forward and reverse primers 
(Table 1). A Bio-Rad iCycler was used for denaturation step 
at 95°C for 2 minutes, followed by 45 cycles of 95°C dena-
turation for 15 seconds, 62°C annealing for 30 seconds, and 
72°C extension for 30 seconds. Fluorescence was read at 
the end of the 72°C extension. A melting curve was calcu-
lated for each reaction to evaluate any nonspecific products. 
The data were analyzed using the Bio-rad iQ5 software,  
version 2.0.

All real-time PCR reactions were repeated and values 
were averaged. b2-Microglobulin was used as a housekeep-
ing gene after previous validation. Relative expression was 
calculated using the equation 2A − B/2C − D (A = cycle thresh-
old [Ct] number of the gene of interest in the first control 
sample, B = Ct number of the gene of interest in each sam-
ple, C = Ct number of the housekeeping gene in the first 
control sample, and D = Ct number of the housekeeping 
gene in each sample). Relative expression of the first con-
trol sample was expressed as 1, and the relative expression 
of all other samples was calculated using this equation. The 
results of the old normal group were averaged, and all other 
results were divided by this average to obtain the fold 
change of expression of the genes of interest compared with 
this control group.
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Protein Extraction
Total protein was extracted from the liver using tissue 

protein extraction reagent (T-PER; Pierce, Rockford, IL) 
with 0.5% protease inhibitor cocktails. One microliter of T-
PER cocktail was added to 1 g of liver tissue, which was 
then homogenized and centrifuged. The supernatant was 
collected and quantified for total protein using bicinchoninic 
acid protein assay kit (Pierce).

Enzyme-Linked Immunosorbent Assay
Plasma insulin levels were determined using Ultra Sensi-

tive Rat Insulin ELISA Kit (Crystal Chem Inc., Downers 
Grove, IL). Plasma IGF-1 levels were determined using Rat/
Mouse IGF-1 ELISA Kit (Immunodiagnostic Systems, Ad-
elaide, Australia). Plasma adiponectin levels were determined 
using Mouse Adiponectin ELISA Kit (Linco Research, St 
Charles, MO). IR and IRS-1 quantification of proteins using 
ELISA was performed according to manufacturer’s instruc-
tions (Biosource, Camarillo, CA). Samples were compared 
with a standard curve and read at 450 nm absorbance using 
spectrophotometer plate reader (mQuant; Bio-Tek Instru-
ments, Winooski, VT; KCjunior software, version 1.17).

Statistical Analysis
All results are reported as mean ± SEM. Analysis of vari-

ance was performed using SPSS version 16.0 (SPSS Inc., 
Chicago, IL). Pairwise comparisons were performed using 
Bonferroni corrections. Values of p < .05 are considered sig-
nificant. All figures were made using Excel or Prism 4.02 
(GraphPad Software, San Diego, CA).

Results

Effects of GH and T4 Replacement Therapy on Body Weight
The body weight of saline-treated young dwarf mice did 

not increase significantly from their weight at the beginning 

of treatment. At Week 3, GH and T4-treated young dwarf 
mice showed increased body weight (p < .001) compared 
with saline-treated young dwarfs. By the end of treatment, 
GH and T4-treated young dwarfs reached 84% of the weight 
of age-matched normal mice (Figure 1A). Old dwarf mice 
treated with GH and T4 experienced much smaller increase 
in body weight that became statistically significant at Week 
4 until the end of treatment (p < .001). The body weight of 
saline-injected old dwarf mice did not significantly increase. 
The old normal mice weighed more than old dwarf mice, 
but similarly, did not experience changes in body weight 
during the 6-week period of monitoring (Figure 1B).

Effects of GH and T4 Replacement on Plasma Insulin, 
Adiponectin, and IGF-1 Levels

Saline-treated Ames dwarfs had extremely low plasma 
insulin levels, and they maintained low insulin levels into 
old age. GH and T4 treatment appeared to increase insulin 
levels in young dwarfs and significantly increased insulin 
levels in old dwarfs (p < .005) when compared with age-
matched saline-treated dwarf mice (Figure 2). Plasma insulin 
levels in GH and T4-treated dwarfs were not significantly differ-
ent from the levels measured in age-matched normal animals.

Saline-treated young dwarf mice had elevated plasma 
adiponectin levels compared with age-matched normal ani-
mals (p < .001). Adiponectin levels tended to decline with 
increased age in saline-treated dwarfs but remained higher 
than adiponectin levels in age-matched normal animals (p < 
.01). GH and T4 treatment decreased plasma adiponectin in 
young and old dwarfs, compared with young saline-treated 
dwarfs (p < .001), to the levels of normal mice (Figure 3).

Plasma IGF-1 levels were extremely low and often un-
detectable by ELISA in saline-treated dwarf mice and 
therefore are not shown on the graph. GH and T4 treatment 
elevated plasma IGF-1 levels in dwarfs to become detect-
able, although only in a few animals explains the low n 
values (Figure 4A). Saline-treated young dwarf mice had 

Table 1.  Sequences of Primers for Real-Time Polymerase Chain Reaction

Gene Accession Number Primer Sequences (forward and reverse)

b2-Microglobulin NM_009735 F: 5′-AAGTATACTCACGCCACCCA-3′
R: 5′-CAGGCGTATGTATCAGTCTC-3′

Insulin receptor NM_010568 F: 5′-CTTGGACAACCAGAACCTGA-3′
R: 5′-CCTTAGTTCCGGAGACTTCT-3′

IGF-1 NM_010512 F: 5′-CTGAGCTGGTGGATGCTCTT-3′
R: 5′-CACTCATCCACAATGCCTGT-3′

IRS-1 NM_010570 F: 5′-AGCCCAAAAGCCCAGGAGAATA-3′
R: 5′-TTCCGAGCCAGTCTCTTCTCTA-3′

PPARg NM_011146 F: 5′-GTCAGTACTGTCGGTTTCAG-3′
R: 5′-CAGATCAGCAGACTCTGGGT-3′

PGC1-a NM_008904 F: 5′-TACGCAGGTCGAACGAAACT-3′
R: 3′-ACTTGCTCTTGGTGGAAGGA-3′

GLUT2 NM_012879 F: 5′-GGTCAGAACTACCTCTCTTTG-3′
R: 5′-GTGTGTGTGGAATTGTCCTC-3′

Note: GLUT2 = glucose transporter 2; IGF-1 = insulin-like growth factor-1; IRS-1 = insulin receptor substrate-1a; PGC-1a = PPARg coactivator-1a; PPAR = 
peroxisome proliferator–activated receptor.
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decreased IGF-1 mRNA levels compared with age-matched 
normal animals (p < .001). GH and T4 treatment increased 
IGF-1 mRNA, compared with young saline-treated dwarfs 
(p < .005) and numerically compared with old saline-
treated dwarfs, to reach levels not different from those 
measured in normal mice (Figure 4B).

Effects of GH and T4 Replacement on Hepatic mRNA and 
Protein Levels of Insulin Signal Transducers

IR mRNA in the liver was higher in young saline-treated 
dwarfs than in age-matched normal animals (p < .005). IR 
mRNA levels declined with age in saline-treated dwarfs 
and with GH and T4 treatment to similar levels as normal 
animals (p < .05; Figure 5A). Total IR protein showed 
trends similar to IR mRNA. Young saline-treated dwarfs 
had higher IR protein than age-matched normal animals  
(p < .001). IR protein declined with age in saline-treated 

dwarfs (p < .01) but levels were still greater than young 
normal animals (p < .01). GH and T4 treatment decreased 
IR protein in young (p < .001) and old (p < .01) dwarfs, 
reaching levels similar to those observed in normal mice 
(Figure 5B). Phosphorylation of IR at tyrosine 1158 (IR 
pY1158) is important in the activation of insulin signal 
transduction. Insulin-stimulated IR pY1158 was markedly 
elevated in young saline-treated dwarfs when compared 
with old saline-treated dwarfs, GH and T4-treated dwarfs, 
and normal animals (p < .001; Figure 5C).

The levels of IRS-1 mRNA in the liver were higher in 
young saline-treated dwarfs than in age-matched normal 
animals (p < .01). IRS-1 mRNA decreased with age in sa-
line-treated dwarfs and with GH and T4 treatment (p < .01) 
to similar levels as normal animals (Figure 6A). Saline-
treated dwarfs had higher IRS-1 protein levels than normal 
animals (p < .001), and these levels were maintained in old age 
(p < .001). GH and T4 treatment decreased IRS-1 protein 
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Figure 1.  Body weight of Ames dwarf mice during 6 weeks of growth hor-
mone (GH)/thyroxine (T4) treatment. (A) Ames dwarf (df) 2-week-old mice 
were treated with GH and T4 injections (young-df GH and T4, n = 12) or saline 
(young-df saline, n = 12). No injections were administered to normal (N) sib-
lings (young-N, n = 13). (B) Ames df 16- to 18-month old mice were treated 
with GH and T4 (old-df GH and T4, n = 10) or saline injections (old-df saline, 
n = 10). No injections were administered to N siblings (old-N, n = 10). Each 
time point represents the average weight of each group.
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in young (p < .005) and old (p < .001) dwarfs compared 
with age-matched saline-treated dwarfs, reaching levels 
similar to those observed in normal mice (Figure 6B). 
Phosphorylation of IRS-1 on serine 307 (IRS-1 pS307) is 
an important mechanism to attenuate insulin signaling. 
There were no significant differences detected in the 
amount of IRS-1 pS307 due to genotype, age, or GH and 
T4 treatment (data not shown). However, the ratio of IRS-1 
pS307 to total IRS-1 protein was greatly reduced in saline-
treated dwarfs compared with normal mice. GH and T4 
treatment of dwarfs tended to increase the ratio of IRS-1 
pS307 to total IRS-1 protein, toward the levels measured in 
normal animals (Figure 6C).

Effects of GH and T4 Replacement on Expression of Genes 
Related to Insulin Signaling

PPARg mRNA levels in the liver were increased in young 
saline-treated dwarfs compared with age-matched normal 

animals (p < .001). Although PPARg mRNA appeared to de-
cline in old age, levels remained higher than young and old 
normal animals (p < .005). GH and T4 treatment decreased 
PPARg in both age groups to levels comparable with normal 
animals (Figure 7A). Hepatic PGC-1a mRNA levels were 
higher in saline-treated young dwarfs than in age-matched 
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normal animals (p < .01). PGC-1a mRNA decreased with age 
in saline-treated dwarfs to the levels observed in normal 
animals. GH and T4 treatment decreased PGC-1a mRNA 
in young and apparently also in old dwarfs, reaching levels 
comparable with normal animals (Figure 7B). Glucose 
transporter-2 (GLUT2) mRNA levels in the liver of young 

dwarfs were numerically higher in saline-treated dwarfs than 
in age-matched normal animals and appeared to decline with 
GH and T4 treatment. GLUT2 mRNA in GH and T4-treated 
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Figure 7.  Peroxisome proliferator–activated receptor (PPAR) g in Ames dwarf 
(df) mice after growth hormone (GH)/thyroxine (T4) treatment. (A) Hepatic PPARg 
messenger RNA (mRNA) in young-df saline, n = 12; old-df saline, n = 10; young-df 
GH and T4, n = 12; old-df GH and T4, n = 10; young-N, n = 13; and old-N n = 10. 
(B) Hepatic PGC-1a mRNA in young-df saline, n = 12; old-df saline, n = 10; 
young-df GH and T4, n = 12; old-df GH and T4, n = 7; young-N, n = 12; and old-N, 
n = 9. (C) Hepatic glucose transporter-2 mRNA in young-df saline, n = 12; old-df 
saline, n = 9; young-df GH and T4, n = 10; old-df GH and T4, n = 5; young-N,  
n = 12; and old-N, n = 8. Nondetectable levels in old-df GH and T4 resulted in low 
n values. Groups that do not share a superscript are significantly different (p < .05).



Louis et al.350

old dwarfs was extremely low or undetectable by real-time 
PCR, so levels may have been below those observed in old 
normal animals (Figure 7C).

Discussion
The enhanced insulin sensitivity and reduced plasma in-

sulin levels observed in Ames dwarf mice are among likely 
mechanisms involved in the remarkable longevity of these 
mutants. Reduced activity of the somatotropic and thyroid 
axes due to deficiencies in GH and thyrotropin in these mu-
tants is associated with a multitude of phenotypic effects 
that include increased insulin sensitivity and extended life 
span. We have recently analyzed the suspected cause–effect 
relationship between insulin signaling and longevity in mice 
(22). Naturally, other mechanistic links between GH defi-
ciency, hypothyroidism, and aging may contribute to lon-
gevity of Ames dwarf mice. However, it is not known at 
which stages of life the actions of the somatotropic and thy-
roid axes are critical in regulating aging. The objective of 
the present study was to compare the effects of GH and T4 
replacement therapy on important elements of the insulin 
signaling pathway in Ames dwarf mice of young age, dur-
ing the prepubertal and peripubertal period of rapid growth 
and old adult age.

Our laboratory has shown that GH and T4 replacement 
therapy in Ames dwarfs increased body weight to more 
closely approach normal body weight than was achieved 
with injections of GH or T4 alone (J. Panici unpublished 
data, 2007). Vergara and colleagues (23) studied the effects 
of GH and T4 replacement in young Snell dwarf mice, which 
have the same hormone deficiencies as Ames dwarf mice. 
Injections of GH and T4 for 11 weeks beginning at 4 weeks 
of age increased growth without decreasing life extension or 
reducing resistance to age-related disease; however, admin-
istration of T4 in food until the end of life did decrease life 
span. This suggests that hormone replacement only during 
the prepubertal and peripubertal period of rapid growth can 
increase body size without diminishing longevity.

Because it has not been determined to what extent the 
effects of GH and T4 replacement in Ames dwarf mice may 
be age dependent, young and old (middle-aged) Ames 
dwarfs were subjected to the GH and T4 treatment protocol 
as described in the Methods section. Young dwarf mice 
were administered GH and T4 injections from 2 to 8 weeks 
of age because this developmental stage is a critical period 
of growth to reach adult body size. Administration of GH 
and T4 and the resulting increase in IGF-1 levels were un-
doubtedly responsible for the observed rapid growth of 
young animals. In contrast, old dwarfs administered the 
same doses (per gram body weight) of GH and T4 experi-
enced small increases in body weight. The old group was 
16–18 months of age, long after somatic growth has reached 
plateau, and perhaps, this is why the response to GH and T4 
treatment was reduced compared with the young group.

Plasma insulin levels increase to compensate for de-
creased insulin responsiveness of target tissues, such as the 
liver and muscle. In contrast, Ames dwarf mice have de-
creased circulating insulin levels and enhanced insulin sen-
sitivity (5,14,15). Hypoinsulinemia in Ames dwarfs is 
presumably due to reduced number of large islets in the 
pancreas (24). Our data show that saline-treated Ames 
dwarfs had extremely low plasma insulin levels and main-
tained low insulin levels into old age. GH and T4 treatment 
appeared to increase insulin levels further in old dwarfs than 
in young dwarfs. This suggests that GH and T4 treatment in 
older animals may have detrimental effects, such as induc-
ing insulin resistance.

The response of target tissues to insulin is influenced by 
the cytokine adiponectin, which is secreted by adipocytes. 
Adiponectin is an insulin-sensitizing hormone that also reg-
ulates metabolism of lipids and glucose (25). Increased adi-
ponectin levels are associated with enhanced insulin 
sensitivity, and adiponectin levels are elevated in Ames dwarf 
mice compared with normal mice (26). We have shown that 
GH and T4 treatment decreased plasma adiponectin in dwarf 
mice to the levels observed in normal mice. Decreased adi-
ponectin may be implicated as an important factor contribut-
ing to the reduced insulin responsiveness.

Upregulation of the early steps in insulin signaling, which 
include increased expression of IR, IRS-1, and IRS-2, was 
previously observed in the liver of Ames dwarf mice and 
likely accounts for the increased response to insulin 
(14,16,17). In contrast to our previous findings in 4- to 
5-month-old females (14), insulin-induced phosphorylation 
(activation) of IR was significantly greater in young male 
Ames dwarf mice than in normal animals of the same age 
(Figure 5C). This response to acute insulin stimulation was 
severely attenuated in old Ames dwarf mice, and no signifi-
cant differences in the levels of tyrosine 1158 phosphory-
lated IR were detected between insulin- and vehicle-injected 
old dwarfs or normal animals of either age. Additional stud-
ies will be necessary to relate these age-related changes to 
the action of physiological levels of insulin in intact ani-
mals. Our data show that GH and T4 treatment decreased IR 
and IRS-1 mRNA and protein in dwarf mice to levels of 
normal animals. GH and T4 treatment also decreased insulin-
stimulated phosphorylation of tyrosine 1158 of IR (IR 
pY1158), a cytoplasmic site important in the activation of 
insulin signal transduction. Transgenic mice overexpressing 
GH had chronic activation of IR/IRS-1/Phosphatidylinositol 
3-Kinase in the liver and a reduction in the degree of insulin-
induced activation compared with normal mice (27). A sim-
ilar mechanism in which insulin stimulation does not alter 
the degree of IR pY1158 phosphorylation may be occurring 
in GH and T4-treated dwarf mice.

Serine 307 phosphorylation of IRS-1 (IRS-1 pS307) 
plays an important role in attenuation of insulin signaling 
(28). GH treatment is known to upregulate IRS-1 pS307 
and cause insulin resistance, which can be reversed by 
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inhibition of serine phosphorylation of IRS-1 using aspi-
rin treatment (29). The mechanism of this regulation is 
not well known. However, GH activates phosphorylation 
of mammalian target of rapamycin (mTOR), which is 
linked to development of insulin resistance through its 
ability to regulate IRS-1 pY307 phosphorylation (30–33). 
mTOR signaling is reduced in Ames dwarf as compared 
with normal mice (34). We have shown that GH and T4 
treatment decreased IRS-1 mRNA and protein in dwarf 
mice, and the ratio of IRS-1 pS307 to total IRS-1 protein 
appeared to increase, indicating attenuation of the insulin 
signal compared with saline-treated dwarfs, and consis-
tent with normalization of insulin resistance by GH and 
T4 replacement therapy in Ames dwarf mice.

PPARs are ligand-activated transcription factors in the 
nuclear receptors superfamily. The levels of PPARs have 
been reported to decline with age (35). PPARg is highly ex-
pressed in adipose tissue and is a major regulator of insulin 
and glucose metabolism. In previous studies, increased 
mRNA and protein levels of PPARg were detected in the 
liver of 18-month-old Ames dwarfs compared with normal 
mice (17) and are suspected of playing a role in the  
increased insulin sensitivity of Ames dwarf mice. In the 
present study, we have shown that GH and T4 treatment 
decreased PPARg in both age groups to levels comparable 
with normal animals.

PGC-1a is a PPAR transcriptional coactivator, and there 
is increasing evidence for its involvement in longevity. 
PGC-1a mRNA and protein levels were also increased in 
the liver of long-lived GH-resistant mice (36). Our data 
show that GH and T4 treatment decreased PGC-1a mRNA 
from the increased levels of saline-treated dwarfs to the lev-
els of normal animals.

Insulin-induced glucose uptake by hepatocytes and pan-
creatic beta cells involves expression of GLUT2, a carrier of 
glucose with higher capacity but relatively lower affinity 
than other members of the glucose transporter family. Lev-
els of GLUT2 mRNA appeared to decline to normal levels 
in young GH and T4-treated dwarfs, but this decline was 
more pronounced in old GH and T4-treated dwarfs, sug-
gesting reduced glucose uptake due to insulin resistance.

Thus, it can be concluded that in comparison with mid-
dle-aged animals, treatment of juvenile Ames dwarfs with 
GH and T4 produced much greater stimulation of somatic 
growth and less pronounced attenuation of the enhanced 
insulin sensitivity. In both young and old dwarfs, GH and 
T4 treatment altered important steps in the insulin signal-
ing pathway and “the rescue” of wild-type phenotype was 
achieved in young and old GH and T4-treated Ames dwarf 
mice. It remains to be determined how these findings relate 
to the potential impact of hormone replacement therapy on 
the longevity of these long-lived mutants or to the physi-
ological role of the somatotropic and thyroid axes at dif-
ferent stages of life history in the control of aging and 
longevity.
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