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Context: Growth hormone (GH) is an anabolic hormone that regulates growth and metabolism. Ames
dwarf mice are natural mutants for Prop1, with impaired development of anterior pituitary and undetect-
able levels of circulating GH, prolactin and TSH. They constitute an endocrine model of life-long GH-defi-
ciency. The main signaling cascades activated by GH binding to its receptor are the JAK2/STATs, PI-3K/Akt
and the MAPK Erk1/2 pathways.
Objectives: We have previously reported that GH-induced STAT5 activation was higher in Ames dwarf
mice liver compared to non-dwarf controls. The aim of this study was to evaluate the principal compo-
nents of the main GH-signaling pathways under GH-deficiency in liver and skeletal muscle, another GH-
target tissue.
Methods: Ames dwarf mice and their non-dwarf siblings were assessed. Animals were injected i.p. with
GH or saline 15 min before tissue removal. Protein content and phosphorylation of signaling mediators
were determined by immunoblotting of tissue solubilizates.
Results: GH was able to induce STAT5 and STAT3 tyrosine phosphorylation in both liver and muscle, but
the response was higher for Ames dwarf mice than for non-dwarf controls. When Erk1/2 activation was
assessed in liver, only dwarf mice showed GH-induced phosphorylation, while in muscle no response to
the hormone was found in either genotype. GH-induced Akt phosphorylation at Ser473 in liver was only
detected in dwarf mice. In skeletal muscle, both normal and dwarf mice responded to a GH stimulus,
although dwarf mice presented higher GH activation levels. The phosphorylation of GSK-3, a substrate
of Akt, increased upon hormone stimulation only in dwarf mice in both tissues. In contrast, no differences
in the phosphorylation of mTOR, another substrate of Akt, were observed after GH stimulus, either in nor-
mal or dwarf mice in liver, while we were unable to determine mTOR in muscle. Protein content of GH-
receptor and of the signaling mediators studied did not vary between normal and dwarf animals in the
assessed tissues.
Conclusion: These results show that several components of the main GH-signaling pathways exhibit
enhanced sensitivity to the hormone in liver and muscle of Ames dwarf mice.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Growth hormone (GH) participates in many metabolic pro-
cesses beyond longitudinal growth promotion, including protein
synthesis, carbohydrate and lipid metabolism. At the cellular level,
GH promotes proliferation, differentiation and survival and motil-
ity. To exert its actions, GH must first bind to its specific receptor,
the GHR. Ligand binding confers the proper conformation to a pre-
formed inactive receptor dimer, resulting in the activation of the
associated Janus kinase JAK2 [1,2]. This kinase, in turn, activates
ll rights reserved.
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several intracellular mediators leading to different signaling path-
ways. The main GH-signaling pathway comprises STAT (signal
transducers and activators of transcription) proteins; GH has been
shown to activate STAT1, STAT3 and STAT5a/b. Two other major
pathways induced by GH are the phosphatidylinositol-30kinase
(PI-3K)/protein kinase B (PKB/Akt) and the mitogen-activated pro-
tein (MAP)-kinase pathways [1,3,4]. Even when GH-signaling
events largely rely on JAK2 activation, additional pathways, inde-
pendent of JAK2, have also been described [5,6].

Ames dwarf mice are homozygous for a spontaneous mutation
in the prophet of pituitary factor-1 (Prop1) gene leading to a pri-
mary deficiency of GH, prolactin (PRL) and thyroid-stimulating
hormone (TSH) and a secondary suppression of hepatic expression
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of insulin-like growth factor (IGF)-I and circulating IGF-I levels
[7,8]. Although they exhibit normal body size at birth, postnatal
growth is greatly reduced and adult body size is 30–50% of normal
values. These animals also present alterations in body composition,
sexual function and carbohydrate metabolism, as well as hypothy-
roidism and remarkably extended longevity [9,10]. GH treatment
causes plasma IGF-I levels and body weight increase in dwarf mice,
along with other physiological and biochemical parameters, indi-
cating that the animals are able to respond to the hormone [11–13].

In a previous work we have reported that GH-induced STAT5
activation was enhanced in dwarf mice liver, suggesting that these
mice have increased sensitivity to GH in this tissue [14]. However,
GH exerts its actions on many other organs and tissues; moreover,
GH also triggers other signaling pathways beyond the JAK2/STAT5
cascade. The purpose of this study was to determine if the higher
GH sensitivity found in Ames mice liver for the JAK2/STAT5 path-
way applies also to other signaling pathways activated upon GH
stimulation, and whether the effects of this mutation on GH-sig-
naling found in liver are paralleled in muscle, which is also a major
target tissue of GH action.
2. Materials and methods

2.1. Chemicals

Ovine GH (oGH) was obtained through the National Hormone
and Pituitary Program, NIDDK, NIH, USA. Polyvinylidene difluoride
(PVDF) membranes, ECL-Plus and Hyperfilm-ECL were from Amer-
sham Biosciences (Piscataway, NY, USA). Antibody anti-phospho-
STAT5a/b Tyr694/696 was from Upstate Laboratories (Lake Placid,
NY, USA). Antibodies anti-phospho-Akt Ser473, anti-Akt, anti-
phospho-GSK-3b Ser9, anti-GSK-3b, anti-phospho-mTOR Ser2448,
anti-mTOR, anti-phospho-p44/42 MAP kinase Thr202/Tyr204,
anti-p44/42 MAP kinase, and anti-phospho-STAT3 Tyr705 were
from Cell Signaling Technology Inc. (Beverly, MA, USA). Antibody
anti-STAT3 was purchased from Transduction Laboratories (Lex-
ington, KY, USA); anti-STAT5 and secondary antibodies conjugated
to horse radish peroxidase (HRP) were from Santa Cruz Biotechnol-
ogy Laboratories (Santa Cruz, CA, USA). Antibody anti-GHRcyt-AL47

was kindly provided by Frank (University of Alabama at Birming-
ham, Birmingham, Alabama 35294-0012, USA) and has been previ-
ously described [15]. All other chemicals were of reagent grade.
2.2. Animals

Ames dwarf mice (Prop1df/Prop1df) and normal (+/+ or +/Prop1df)
littermates, 6–9 months of age were used. Mice were produced in a
closed colony with a heterogeneous genetic background. Normal
littermates were used as controls; we are not aware of any evi-
dence that animals heterozygous for Ames dwarfism may differ
from homozygous normal animals. Mice were housed in groups
4–5 per cage in plastic ‘‘shoe box type” cages with wood chips in
a room with controlled photoperiod of 12 h light:12 h dark cycle
(lights on from 06:00 to 18:00 h) and a temperature of 22 ± 2 �C.
Each cage was equipped with individual filter top (microisolator
unit). Sentinel animals were housed in the same room and used
for testing for antibodies to all major murine pathogens. The re-
sults of these tests were uniformly negative. Animals were given
free access to a nutritionally balanced diet (Rodent Laboratory
Chow 5001; not autoclaved; 23.4% protein, 4.5% fat, 5.8% crude fi-
ber; LabDiet, PMI Feeds, Inc., St. Louis, MO, USA) and tap water. The
appropriateness of the experimental procedure, the required num-
ber of animals used, and the method of acquisition were in compli-
ance with federal and local laws, and approved by the Southern
Illinois University Animal Care and Use Committee.
2.3. Hormone treatment

The mice were fasted overnight prior to hormone stimulation.
1.8 mg of oGH per kg of body weight (BW) in 0.2 ml 0.9% NaCl
were injected i.p. To evaluate basal conditions, mice were injected
with saline. Hormone dose and stimulus duration were chosen to
activate the different signaling mediators to be studied. Mice
were killed 15 min after GH injection; the tissues were removed
and kept frozen at �80 �C until use.
2.4. Preparation of tissue extracts

The liver and skeletal muscle (upper hind limb mixed muscles,
mainly quadriceps femoris) were homogenized in 1% Triton,
100 mM Hepes, 100 mM sodium pyrophosphate, 100 mM sodium
fluoride, 10 mM EDTA, 10 mM sodium vanadate, 2 mM phenylm-
ethylsulphonyl fluoride (PMSF), and 0.035 trypsin inhibitory
units/ml aprotinin (pH 7.4) at 4 �C. Tissue homogenates were cen-
trifuged at 100,000g for 30 min at 4 �C to remove insoluble mate-
rial. Protein concentration of supernatants was determined by the
method of Bradford [16]. An aliquot of solubilized tissues was di-
luted in Laemmli buffer, boiled for 5 min and stored at �20 �C un-
til electrophoresis.
2.5. Immunoblotting

Samples were subjected to electrophoresis in SDS–polyacryl-
amide gels using Bio-Rad Mini Protean apparatus (Bio-Rad Labora-
tories, Richmond, CA, USA). Equal amount of total protein was
loaded in each lane. Electrotransference of proteins from gel to
PVDF membranes was performed for 1 h at 100 V (constant) using
the Bio-Rad miniature transfer apparatus in 25 mM Tris, 192 mM
glycine, 20% (v/v) methanol, pH 8.3. To reduce non-specific anti-
body binding, membranes were incubated for 2 h at room temper-
ature in T-TBS blocking buffer (10 mM Tris–HCl, 150 mM NaCl, and
0.02% Tween 20, pH 7.6) containing 3% BSA. The membranes were
then incubated overnight at 4 �C with the primary antibodies: anti-
phospho-STAT5a/b Tyr694/696 (1:1000), anti-STAT5 (1:4000),
anti-phospho-Akt Ser473 (1:1000), anti-Akt (1:1000), anti-phos-
pho-GSK-3b Ser9 (1:1000), anti-GSK-3b 1:2000, anti-phospho-
mTOR Ser2448 (1:1000), anti-mTOR (1:1000), anti-phospho-p44/
42 MAP kinase Thr202/Tyr204 (1:1000), anti-p44/42 MAP kinase
(1:1000), anti-phospho-STAT3 Tyr705 (1:1000), anti-STAT3
(1:4000) and anti-GHR (1:1000).

After washing with T-TBS, the membranes were incubated with
a secondary antibody conjugated with horseradish peroxidase for
1 h at room temperature and washed in T-TBS. Blots were visual-
ized by the enhanced chemiluminiscence (ECL-Plus, Amersham
Biosciences, Piscataway, NY, USA) method, and exposed using
Hyperfilm-ECL. Images were captured using a digital imaging sys-
tem (Foto-analyst Investigator, Fotodyne Inc., Hartland, WI, USA)
and band intensity was quantified using Gel-Pro Analyzer 4.0 soft-
ware (Media Cybernetics, Silver Spring, MD, USA). Results are ex-
pressed as a percentage of the mean value measured for the
group presenting the higher signal, which was the dwarf GH-stim-
ulated group in every case.

To evaluate the protein content of the different signaling mole-
cules on the same membranes where their phosphorylation status
was assessed, the membranes were reprobed. Membranes were
stripped by washing with acetonitrile for 10 min and then incu-
bated in stripping buffer (2% SDS, 100 mM 2-mercaptoethanol,
62.5 mM Tris/HCl, pH 6.7) for 40 min at 50 �C under shaking,
washed with deionized water and blocked with 3% BSA in T-TBS,
prior to incubation with the respective antibody.
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2.6. Statistical analysis

Experiments were performed analyzing all groups of animals in
parallel, n representing the number of different individuals used in
each group. Results are presented as mean ± standard error (SE) of
the number of samples indicated. Statistical analyses were per-
formed by ANOVA followed by the Newman–Keuls multiple com-
parison test using the GraphPad Prism 4 statistical program by
GraphPad Software, Inc. (San Diego, CA, USA). Data were consid-
ered significantly different if p < 0.05.
3. Results

3.1. STAT5 and STAT3 phosphorylation and protein content

Growth hormone promotes the phosphorylation of two STAT5
proteins, STAT5a at Tyr694, and STAT5b at Tyr696, but since
anti-phospho-tyrosine specific antibodies and anti-total-protein
antibodies do not discriminate between them, they are collectively
referred to as STAT5. Growth hormone stimulation induced a
marked increase in STAT5 phosphorylation in liver and skeletal
muscle both in normal and in dwarf Ames mice. However, the level
of STAT5 tyrosine phosphorylation obtained upon GH stimulation
was higher for dwarf mice compared to their normal siblings, while
no significant difference was observed in the basal phosphoryla-
tion levels between normal and dwarf mice (Fig. 1A and C). In both
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Fig. 1. Liver and muscle STAT5 Tyr694/696 phosphorylation status and protein content.
dwarf (D) mice treated with GH (+) or saline (�) were separated by SDS–PAGE and sub
membranes were then reprobed with anti-specific protein antibody to assess protein con
value measured for GH-stimulated dwarf mice. Data are the mean ± SEM of six samples p
(three sets per experiment). Different letters denote significant difference at p < 0.05. Th
liver and muscle, STAT5 protein content was similar in normal and
dwarf animals and it was not altered by GH treatment (Fig. 1B and
D).

When STAT3 phosphorylation at Tyr705 was assessed, results
were similar to those observed for STAT5. GH-induced phosphory-
lation of STAT3 in dwarf mice was significantly higher than in nor-
mal mice, both in liver and in muscle (Fig. 2A and C). No significant
differences were observed in the basal phosphorylation and in the
protein content levels between normal and dwarf mice in either
tissue (Fig. 2A–D).
3.2. Erk1/2 phosphorylation and protein content

The MAP kinases Erk1/2 (p44-42 MAPK) are activated by phos-
phorylation at Thr202 and Tyr204, and this dual phosphorylation
pattern can be recognized by specific antibodies. In liver of dwarf
mice there was a significant increase in Erk1/2 phosphorylation le-
vel upon GH stimulation; however, identical GH treatment failed
to induce phosphorylation of Erk1/2 in normal mice (Fig. 3A). In
contrast, in the muscle, GH treatment did not produce any change
in the phosphorylation status of Erk1/2, in either normal or dwarf
mice (Fig. 3C). Basal phosphorylation and protein content levels
did not differ significantly in normal and in dwarf mice in both tis-
sues studied (Fig. 3A–D). In muscle, pErk1 exhibited slightly higher
basal phosphorylation levels in some dwarf mice, although this
was not seen consistently (Supplementary Fig. 1).
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Sixty micrograms of total protein from liver or muscle extracts from normal (N) and
jected to immuno-blot analysis with anti-phospho-specific antibody (A and C); the
tent (B and D). Protein phosphorylation was expressed as a percentage of the mean
er group, each one representing a different animal, run in two separate experiments
e arrows indicate the specific bands that were quantified.
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Fig. 2. Liver and muscle STAT3 Tyr705 phosphorylation status and protein content. See Fig. 1 for description.
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3.3. Akt phosphorylation and protein content

Akt is a serine/threonine kinase activated by phosphorylation at
Thr308 and Ser473, with the latter conferring maximal activity to
the kinase. Akt phosphorylation at Ser473 displayed differential
outcome of GH treatment with genotype in the liver as compared
to the muscle. In liver, GH induced Akt phosphorylation in dwarf
mice but not in normal animals (Fig. 4A). In muscle, GH stimulation
produced an increase in the phosphorylation of Akt in normal and
in dwarf mice, although the level of phosphorylation was higher in
dwarf than in normal animals (Fig. 4C). Basal levels of phosphory-
lated Akt did not significantly differ between normal and dwarf
mice (Fig. 4A and C). Akt protein content was similar in normal
and dwarf mice and did not vary with GH treatment in either of
the tissues studied (Fig. 4B and D).

3.4. GSK-3 and mTOR phosphorylation and protein content

In order to evaluate if the increased Akt phosphorylation in re-
sponse to GH observed in dwarf mice resulted in a higher activa-
tion of downstream effectors, and to associate these observations
with previous results obtained for Ames dwarf mice [17], we eval-
uated the phosphorylation of glycogen synthase kinase-3 (GSK-3)
and mammalian target of rapamycin (mTOR), which are serine/
threonine protein kinases downstream from PI-3K/Akt signaling
pathway.

Two major isoforms of GSK-3 have been described: a and b. The
activity of GSK-3 is inhibited by phosphorylation of Ser9 in GSK-3b
or Ser21 in GSK-3a; several kinases can phosphorylate these resi-
dues, including Akt [18,19]. We determined the phosphorylation of
GSK-3b on Ser9 in liver and muscle and we were unable to detect
GH-induced phosphorylation of this residue in normal mice. How-
ever, dwarf mice showed a significant response to GH stimulation
in both tissues (Fig. 5A and C). The protein content of this protein
did not change in any of the analyzed groups (Fig. 5B and D).
Although the antibodies used were against isoform b, two bands
were detected in liver, most probably due to cross-reactivity with
isoform a. Both bands exhibited a parallel pattern and were ana-
lyzed together.

Akt may activate mTOR indirectly by phosphorylating proteins
involved in the regulation of mTOR activity. In addition, mTOR is
directly phosphorylated by Akt at Ser2448, but the relevance of
this phosphorylation in its activity is not clear [20]. Moreover, sev-
eral Akt-independent mechanisms for mTOR regulation have been
described (reviewed by Memmott and Dennis, 2009) [20]. In the li-
ver, mTOR phosphorylation at Ser2448 did not significantly change
between normal and dwarf mice, either at the basal level or after
GH stimulation (Fig. 6A). Similar mTOR protein content was ob-
served in liver in the different animal groups (Fig. 6B), while we
were unable to detect mTOR in skeletal muscle (Supplementary
Fig. 2). Both for mTOR phosphorylation and protein content, two
immunoreactive bands were detected and they were quantified
together.

3.5. GHR protein content

To assess if the described effects on GH-signaling are associ-
ated with changes in GHR expression, we determined the protein
content of the receptor in liver and muscle. Similar GHR protein
levels were observed in normal and dwarf mice in both tissues
(Fig. 7). In dwarf mice a tendency to diminished basal GHR levels
compared to normal controls was observed in the liver, although
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Fig. 3. Liver and muscle Erk1/2 Thr202/Tyr204 phosphorylation status and protein content. See Fig. 1 for description. Each column represents the sum of Erk1 and Erk2
values, because the pattern observed for both bands was similar.
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it did not reach statistical significance. In muscle, the abundance
of GHR was markedly lower than in liver, making the accurate
quantification of the band difficult, as in some samples it was al-
most undetectable.
4. Discussion

In this study we have assessed GH sensitivity in two major GH
targets: the liver and the skeletal muscle of Ames dwarf mice and
their control littermates. Activation of the principal pathways in-
duced by GH was evaluated and hypersensitivity to the hormone
was found in GH-deficient mice in both tissues.

Endocrine mutants constitute unique models to evaluate hor-
mone function and to elucidate its molecular mechanisms of action.
In this study, Prop1df/Prop1df (Ames dwarf) mice were used to eval-
uate the effects of congenital GH-deficiency on GH-signaling. This
mutant is characterized by the lack of prophet of pituitary factor-
1 (Prop1), an early transcription factor required for proper pituitary
development, leading to the absence or extreme reduction of ante-
rior pituitary cells that produce GH, PRL and TSH [7,8]. Appraisal of
GH-signaling in these animals is of particular interest because the
reduction in the GH/IGF-I signaling pathways has been associated
with markedly increased life-expectancy (reviewed by Bartke and
Brown-Borg [9], Bartke [21] and Berryman et al. [22]). Moreover,
alterations in the regulation of the intracellular cascades elicited
by GH have been related to impaired cellular proliferation.
Signal transducers and activators of transcription are the most
prominent GH-signaling mediators. STAT5b is the principal factor
activated by growth hormone in GH-target tissues; it has been
shown to be related to growth promotion, as evidenced by the phe-
notype of STAT5b knock-out mice [23–25]. Moreover, STAT5b, the
STAT5 predominantly expressed in liver, has been related to IGF-I
gene expression in this tissue [26,27]. We have previously shown
that Ames dwarf mice exhibit diminished or unaffected hepatic
GH-receptor levels, with unaltered hepatic content of JAK2 and
STAT5a/b proteins [28,14]. Furthermore, in dwarf mice, STAT5 be-
came phosphorylated upon GH stimulation with lower hormone
doses than those that were required to increase phosphorylation
in control siblings. This correlated with diminished levels of the
suppressor of cytokine signaling CIS, which in Ames dwarfs were
20% of those found in normal mice liver [14]. In this study we have
extended our observations to other GH-signaling mediators and, in
addition, to another GH-effector tissue, the skeletal muscle. In
agreement with our previous report, hepatic STAT5 phosphoryla-
tion upon GH stimulation was greater in Ames dwarf than in
non-dwarf siblings used as controls, and a similar difference was
found in the muscle. This higher response was not associated with
changes in STAT5 protein content, indicating that the hypersensi-
tivity to the hormone reflects a higher phosphorylation capacity
rather than upregulated STAT5 protein expression levels. Another
transcription factor of this family activated by GH is STAT3, which
plays an important role in promoting cell-cycle progression and
cellular transformation, and in preventing apoptosis. It is critical
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Fig. 4. Liver and muscle Akt Ser473 phosphorylation status and protein content. See Fig. 1 for description.
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during embryogenesis since STAT3-knock-out mice die before
reaching gastrulation [29]. When GH-induced STAT3 activation
was evaluated, a similar pattern to that of STAT5 was observed,
although the difference between normal and dwarf was more pro-
nounced in liver than in muscle.

The mitogen-activated protein kinase (MAPK) cascade partici-
pates in the control of cell proliferation, differentiation and migra-
tion. Extracellular signal-regulated kinases 1 and 2 (Erk1/2) are
isoforms of the classical MAPKs that can be activated by a variety
of mitogens and growth factors [30]. GH activates Erk1/2 in differ-
ent models [3,4,31]. However, we did not detect hepatic Erk1/2
phosphorylation upon GH stimulus in normal mice, in agreement
with our previous report [32]. Importantly, under identical condi-
tions, dwarf mice did respond to the hormone. This would suggest
that Erk may not be activated in the liver by GH under physiolog-
ical conditions, but responds to an acute GH stimulus in the setting
of congenital GH-deficiency. This observation cannot be extended
to muscle, where neither normal nor dwarf mouse tissue re-
sponded to the hormone, suggesting this GH-signaling pathway
may not be relevant in this tissue.

Growth hormone may activate the PI-3K pathway by JAK2
phosphorylation of IRSs (insulin receptor substrates), which leads
to their association with the p85 subunit of PI-3K, whereas other
possible mechanisms that may involve CrkII-IRS-1 interaction or
direct binding of p85 subunit of PI-3K to the GHR have been
suggested (reviewed by Lanning and Carter-Su [1]). Akt/PKB is a
serine/threonine kinase downstream of PI-3K, which is a crucial
regulator of several cellular processes including cell survival,
proliferation and metabolism [18]. In liver and muscle of Ames
dwarf mice, Akt can be activated by growth factors such as insulin
[33,34] and GH (present results). However, in liver of normal mice
we did not find GH-induced activation of Akt, contrary to observa-
tions in H4IIE hepatoma cells [4,6,35], suggesting that this protein
is not a major signaling mediator activated by GH in this tissue in
vivo. Under the same conditions, however, activation response was
observed in muscle of normal controls, in line with the well-char-
acterized role of Akt as a mediator of muscle hypertrophy [36,37].

Basal Akt phosphorylation values found in the liver and skeletal
muscle of Ames dwarf mice were similar to those of control mice.
These results are in accordance with previous work from our labo-
ratory, in which Akt basal phosphorylation levels, Akt protein con-
tent and PI-3K basal activity were not significantly different
between normal and dwarf Ames mice, either in liver or in muscle
[33,34]. These observations do not coincide with those found for
Snell dwarf mice with a spontaneous mutation on Pit-1 that results
in the same combined pituitary hormone deficiency as Ames dwarf
mice. Snell dwarf mice had decreased hepatic Akt protein levels
and basal phosphorylation compared to heterozygote siblings
[38]. The most likely reason for the differences between Ames
and Snell dwarfs is different genetic backgrounds, which can have
an important impact on phenotype [38]. The activation status of
downstream effectors of the PI-3K/Akt pathway related to protein
synthesis including mTOR and translation initiation factors was
also reported to be diminished in Snell dwarf mice [38]. Similarly,
in Ames dwarfs, down-regulation of downstream translation regu-
latory proteins was reported in liver and in gastrocnemius skeletal
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Fig. 5. Liver and muscle GSK-3b Ser9 phosphorylation status and protein content. See Fig. 1 for description.
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muscle [17]. As we detect no alterations in the basal phosphoryla-
tion of Akt in Ames dwarf mice, the down-regulation of down-
stream components of the PI-3K/Akt/mTOR reported in these
mice [17] may not be a direct consequence of diminished Akt
phosphorylation.

To further evaluate Akt signaling we assessed the phosphoryla-
tion status of two of its downstream targets, GSK-3 and mTOR.
GSK-3 is involved in the regulation of many cellular processes
including proliferation, mobility, differentiation and apoptosis
and it has been linked to several diseases [18,19]. Dwarf mice
showed a significant increase in the phosphorylation of GSK-3 in
liver and in skeletal muscle in response to GH stimulation, while
GH-induced phosphorylation at this residue was not detected in
normal mice. GH has been recently shown to activate mTOR and
downstream components of the translational machinery, as well
as protein synthesis per se, in hepatoma cells [35]. In contrast to re-
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sults obtained for GSK-3, GH stimulation did not induce an in-
crease in the phosphorylation of mTOR in the residue target of
Akt, and we were unable to detect differences in the basal phos-
phorylation levels of this protein between normal and dwarf mice
liver. Considering these results, one could speculate that there is a
differential regulation of signaling pathways downstream Akt.
Interestingly, results of in vitro kinase assays for Akt in Snell mice
liver using two different substrates suggested differential down-
stream targeting by the kinase [38].

Liver has been the most studied GH-target tissue, mainly in the
context of the GH regulation of IGF-I expression. However, GH-sig-
naling in non-hepatic tissues has been less characterized. The skel-
etal muscle is another major site of GH action, since GH is
associated with growth and muscle mass maintenance. Several
studies have addressed GH-signaling pathways in muscle both in
vivo, in rats [39,40] and in vitro, in C2C12 skeletal muscle cells
[41,42]. The GHR/JAK2/STAT5a/b signaling pathway is readily acti-
vated in response to GH in muscle cells; moreover, the PI-3K and
the MAPK pathways are also engaged. A transient activation of
the Erks and Akt/PKB and increases in IGF-I mRNA expression have
been reported in mouse C2C12 muscle cells in response to GH [41].
However, we did not find GH-induced Erk activation in mouse
muscle. On the other hand, contrary to our observations, Akt was
not activated by GH in human skeletal tissue after an intravenous
bolus, while MAPK activation did not follow a GH-response pattern
[43]. These results suggest that while STAT proteins are unequivo-
cally activated in muscle in all the models studied, other pathways
do not exhibit the same behavior, probably reflecting they are not
major signaling pathways for GH in this tissue, or that their regu-
lation is species-specific or more complex. Growth hormone stim-
ulated the phosphorylation of STAT5 but not of IRS-1 and SHC in
liver and in skeletal muscle of normal rats [40]. However, as PI-
3K/Akt and MAPK signaling pathways are also activated by insulin,
different physiological conditions that increase insulin levels may
affect basal activation levels of these pathways, which could mask
GH-response [39].

The three main signaling pathways activated by GH present
enhanced sensitivity to the hormone in Ames dwarf mice in the tis-
sues studied. Higher sensitivity to hormone stimulation could be
secondary to increased receptor levels; however, as GH levels are
known to positively correlate with GH-receptor expression in liver,
diminished total GHR content could have been expected in a GH-
deficiency model [44,28]. Therefore, we have determined the
abundance of GHR in liver and in muscle but found no significant
differences between normal and dwarf mice in either tissue.
Diminished levels of CIS in liver could be responsible for the higher
sensitivity found for the STAT5 signaling pathways studied in Ames
dwarf mice [14]. Since CIS may negatively modulate GH-signal by
acting as an adaptor protein that targets GHR for internalization
and degradation, rather than by competing with STAT5 binding
to phosphorylated GHR [45,46], decreased levels of CIS found in li-
ver would affect not only STAT5 signaling but also the other path-
ways activated by GH. Unfortunately, we were not able to detect
CIS in skeletal muscle, probably due to lower abundance of this
protein in this tissue. Other mechanisms underlying increased sen-
sitivity of the signaling mediators to the hormone, both in liver and
muscle, remain to be elucidated.

GH-signaling mediators have been implicated in malignant
transformation, and GH-overexpressing mice have higher inci-
dence of liver neoplasia [47,48,21]. In contrast, GH-deficient mice
have reduced occurrence of cancer [49,50]. Since GH overexpres-
sion can be associated with higher protein content of mediators re-
lated to cell proliferation and survival [32], decreased expression
and/or basal activation of these mediators in liver of dwarf mice
could have been expected. However, the relative abundance of
these proteins does not seem to decline under GH-deficiency.

In summary, we show that GH-deficient Ames dwarf mice pres-
ent GH-hypersensitivity in liver and muscle, since GH-signaling
mediators of the JAK2/STAT, PI-3K/Akt and MAPK cascades have
higher activation capacity than those measured in the correspond-
ing normal animals in response to the same GH dose. This hyper-
sensitivity apparently reflects altered regulation at a post-
receptor level, because GH-receptor content is not increased in
these animals. Elucidating how these mediators behave in the set-
ting of chronically decreased levels of growth factors may help
shed light on various physiological and pathological processes.
Conflict of interest

None declared.
Acknowledgements

We thank Dr. S.J. Frank for anti-GHR antibody. JGM, LG, DT, FPD
and AIS are Career Investigators of CONICET, JFG is supported by a
fellowship from UBA and MCM is supported by a Fellowship from
CONICET. Support for these studies was provided by UBA, CONICET,



126 J.G. Miquet et al. / Growth Hormone & IGF Research 20 (2010) 118–126
and ANPCYT (Argentina) to DT and AIS, and by NIH via grant AG
19899 and by the Ellison Medical Foundation to AB.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ghir.2009.11.003.
References

[1] N.J. Lanning, C. Carter-Su, Recent advances in growth hormone signaling, Rev.
Endocr. Metab. Disord. 7 (2007) 225–235.

[2] A.M. Lichanska, M.J. Waters, New insights into growth hormone receptor
function and clinical implications, Horm. Res. 69 (2008) 138–145.

[3] L. Liang, J. Jiang, S.J. Frank, Insulin receptor substrate-1-mediated enhancement
of growth hormone-induced mitogen-activated protein kinase activation,
Endocrinology 141 (2000) 3328–3336.

[4] S. Ji, S.J. Frank, J.L. Messina, Growth hormone-induced differential
desensitization of STAT5, ERK, and Akt phosphorylation, J. Biol. Chem. 277
(2002) 28384–28393.

[5] T. Zhu, L. Ling, P.E. Lobie, Identification of a JAK2-independent pathway
regulating growth hormone (GH)-stimulated p44/42 mitogen-activated
protein kinase activity. GH activation of Ral and phospholipase D is Src-
dependent, J. Biol. Chem. 277 (2002) 45592–45603.

[6] H. Jin, N.J. Lanning, C. Carter-Su, JAK2, but not Src family kinases, is required for
STAT5, ERK and Akt signaling in response to growth hormone in preadipocytes
and hepatoma cells, Mol. Endocrinol. 22 (2008) 1825–1841.

[7] A. Bartke, Genetic models in the study of anterior pituitary hormones, in:
J.G.M. Shire (Ed.), Genetic Variation in Hormone Systems, CRC Press, Florida,
1979, pp. 55–83.

[8] M.W. Sornson, W. Wu, J.S. Dasen, et al., Pituitary lineage determination by the
prophet of pit-1 homeodomain factor defective in Ames dwarfism, Nature 384
(1996) 327–333.

[9] A. Bartke, Brown-Borg, Life extension in the dwarf mice, Curr. Top. Dev. Biol.
63 (2004) 189–225.

[10] M.L. Heiman, F.C. Tinsley, J.A. Mattison, S. Hauck, A. Bartke, Body composition
of prolactin-, growth hormone, and thyrotropin-deficient Ames dwarf mice,
Endocrine 20 (2003) 149–154.

[11] M.A. Villanua, A. Szary, A. Bartke, A.I. Esquifino, Changes in lymphoid organs of
Ames dwarf mice after treatment with growth hormone, prolactin or ectopic
pituitary transplants, J. Endocrinol. Invest. 15 (1992) 587–595.

[12] V. Chandrashekar, A. Bartke, Induction of endogenous insulin-like growth
factor-I secretion alters the hypothalamic–pituitary–testicular function in
growth hormone-deficient adult dwarf mice, Biol. Reprod. 48 (1993) 544–551.

[13] H.M. Brown-Borg, S.G. Rakoczy, Growth hormone administration to long-living
dwarf mice alters multiple components of the antioxidative defense system,
Mech. Ageing Dev. 124 (2003) 1013–1024.

[14] J.G. Miquet, A.I. Sotelo, F.P. Dominici, M.S. Bonkowski, A. Bartke, D. Turyn,
Increased sensitivity to GH in liver of Ames dwarf (Prop1df/Prop1df) mice
related to diminished CIS abundance, J. Endocrinol. 187 (2005) 387–397.

[15] Y. Zhang, R. Guan, J. Jiang, J.J. Kopchick, R.A. Black, G. Baumann, S.J. Frank,
Growth hormone (GH)-induced dimerization inhibits phorbol ester-
stimulated GH receptor proteolysis, J. Biol. Chem. 276 (2001) 24565–24573.

[16] M.M. Bradford, A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein–dye
binding, Anal. Biochem. 72 (1976) 248–254.

[17] Z.D. Sharp, A. Bartke, Evidence for down-regulation of phosphoinositide 3-
kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR)-dependent
translation regulatory signaling pathways in Ames dwarf mice, J. Gerontol.
A. Biol. Sci. Med. Sci. 60 (2005) 293–300.

[18] K.M. Nicholson, N.G. Anderson, The protein kinase B/Akt signaling pathway in
human malignancy, Cell. Signal. 14 (2002) 381–395.

[19] R.S. Jope, C.J. Yuskaitis, E. Beurel, Glycogen synthase kinase-3 (GSK-3):
inflammation, diseases, and therapeutics, Neurochem. Res. 32 (2007) 577–
595.

[20] R.M. Memmott, P.A. Dennis, Akt-dependent and -independent mechanisms of
mTOR regulation in cancer, Cell. Signal. 21 (2009) 656–664.

[21] A. Bartke, Is growth hormone deficiency a beneficial adaptation to aging?
Evidence from experimental animals, Trends Endocrinol. Metab. 14 (2003)
340–344.

[22] D.E. Berryman, J.S. Christiansen, G. Johannsson, M.O. Thorner, J.J. Kopchick,
Role of the GH/IGF-1 axis in lifespan and healthspan: lessons from animal
models, Growth Horm. IGF Res. 18 (2008) 455–471.

[23] G.B. Udy, R.P. Towers, R.G. Snell, et al., Requirement of STAT5b for sexual
dimorphism of body growth rates and liver gene expression, Proc. Natl. Acad.
Sci. USA 94 (1997) 7239–7244.
[24] S. Teglund, C. McKay, E. Schuetz, et al., STAT5a and STAT5b proteins have
essential and nonessential, or redundant, roles in cytokine responses, Cell 93
(1998) 841–850.

[25] P. Klover, L. Hennighausen, Postnatal body growth is dependent on the
transcription factors signal transducers and activators of transcription 5a/b in
muscle: a role for autocrine/paracrine insulin-like growth factor I,
Endocrinology 148 (2007) 1489–1497.

[26] J. Woelfle, J. Billiard, P. Rotwein, Acute control of insulin-like growth factor-I
gene transcription by growth hormone through STAT5b, J. Biol. Chem. 278
(2003) 22696–22702.

[27] J. Woelfle, P. Rotwein, In vivo regulation of growth hormone-stimulated gene
transcription by STAT5b, Am. J. Physiol. Endocrinol. Metab. 286 (2004) E393–
401.

[28] L. González, L.M. Curto, J.G. Miquet, A. Bartke, D. Turyn, A.I. Sotelo, Differential
regulation of membrane associated-growth hormone binding protein (MA-
GHBP) and growth hormone receptor (GHR) expression by growth hormone
(GH) in mouse liver, Growth Horm. IGF Res. 17 (2007) 104–112.

[29] V. Calò, M. Migliavacca, V. Bazan, et al., STAT proteins: from normal control of
cellular events to tumorigenesis, J. Cell. Physiol. 197 (2003) 157–168.

[30] S. Nishimoto, E. Nishida, MAPK signalling: ERK5 versus ERK1/2, EMBO Rep. 7
(2006) 782–786.

[31] T. Zhu, E.L.K. Goh, R. Graichen, L. Ling, P.E. Lobie, Signal transduction via the
growth hormone receptor, Cell. Signal. 13 (2001) 599–616.

[32] J.G. Miquet, L. González, M.N. Matos, et al., Transgenic mice overexpressing GH
exhibit hepatic upregulation of GH-signaling mediators involved in cell
proliferation, J. Endocrinol. 198 (2008) 317–330.

[33] F.P. Dominici, D. Argentino, S. Hauck, A. Bartke, D. Turyn, Increased Insulin
sensitivity and up-regulation of insulin receptor insulin receptor, substrated
(IRS)-1 and IRS-2 in liver of Ames dwarf mice, J. Endocrinol. 173 (2002) 81–94.

[34] F.P. Dominici, D.P. Argentino, A. Bartke, D. Turyn, The dwarf mutation
decreases high dose insulin responses in skeletal muscle, the opposite of
effects in liver, Mech. Ageing Dev. 124 (2003) 819–827.

[35] A.A. Hayashi, C.G. Proud, The rapid activation of protein synthesis by growth
hormone requires signaling through mTOR, Am. J. Physiol. Endocrinol. Metab.
292 (2007) E1647–E1655.

[36] E.M. Wilson, P. Rotwein, Selective control of skeletal muscle differentiation by
Akt1, J. Biol. Chem. 282 (2007) 5106–5110.

[37] R.A. Frost, C.H. Lang, Protein kinase B/Akt: a nexus of growth factor and
cytokine signaling in determining muscle mass, J. Appl. Physiol. 103 (2007)
378–387.

[38] C.C. Hsieh, J. Papaconstantinou, Akt/PKB and p38 MAPK signaling, translation
initiation and longevity Snell dwarf mouse livers, Mech. Ageing Dev. 125
(2004) 785–798.

[39] A.C. Thirone, C.R. Carvalho, M.J. Saad, Growth hormone stimulates the tyrosine
kinase activity of JAK2 and induces tyrosine phosphorylation of insulin
receptor substrates and Shc in rat tissues, Endocrinology 140 (1999) 55–62.

[40] J.C. Chow, P.Q. Ling, Z. Qu, et al., but not insulin receptor substrate-1 or SHC
proteins in liver and skeletal muscle of normal rats in vivo, Endocrinology 137
(1996) 2880–2886.

[41] C.L. Sadowski, T.T. Wheeler, L.H. Wang, H.B. Sadowski, GH regulation of IGF-I
and suppressor of cytokine signaling gene expression in C2C12 skeletal muscle
cells, Endocrinology 142 (2001) 3890–3900.

[42] R.A. Frost, G.J. Nystrom, C.H. Lang, Regulation of IGF-I mRNA and signal
transducers and activators of transcription-3 and -5 (STAT-3 and -5) by GH in
C2C12 myoblasts, Endocrinology 143 (2002) 492–503.

[43] J.O. Jørgensen, N. Jessen, S.B. Pedersen, et al., GH receptor signaling in skeletal
muscle and adipose tissue in human subjects following exposure to an
intravenous GH bolus, Am. J. Physiol. Endocrinol. Metab. 291 (2006) E899–905.

[44] A. Flores-Morales, C.J. Greenhalgh, G. Norstedt, E. Rico-Bautista, Negative
regulation of growth hormone receptor signaling, Mol. Endocrinol. 20 (2006)
241–253.

[45] T. Landsman, D.J. Waxman, Role of the cytokine-induced SH2 domain-
containing protein CIS in growth hormone receptor internalization, J. Biol.
Chem. 280 (2005) 37471–37480.

[46] I. Uyttendaele, I. Lemmens, A. Verhee, A.S. De Smet, J. Vandekerckhove, D.
Lavens, F. Peelman, J. Tavernier, Mammalian protein–Protein interaction trap
(MAPPIT) analysis of STAT5, CIS, and SOCS2 interactions with the growth
hormone receptor, Mol. Endocrinol. 21 (2007) 2821–2831.

[47] J.M. Orian, K. Tamakoshi, I.R. Mackay, M.R. Brandon, New murine model for
hepatocellular carcinoma: transgenic mice expressing metallothionein-ovine
growth hormone fusion gene, J. Natl. Cancer Inst. 82 (1990) 393–398.

[48] K.J. Snibson, Hepatocellular kinetics and the expression of growth hormone
(GH) in the livers and liver tumours of GH-transgenic mice, Tissue Cell 34
(2002) 88–97.

[49] Y. Ikeno, R.T. Bronson, G.B. Hubbard, S. Lee, A. Bartke, Delayed occurrence of
fatal neoplastic in Ames dwarf mice: correlation to extended longevity, J.
Gerontol. A. Biol. Sci. Med. Sci. 58 (2003) 291–296.

[50] J.M. Alderman, K. Flurkey, N.L. Brooks, et al., Neuroendocrine inhibition of
glucose production and resistance to cancer in dwarf mice, Exp. Gerontol. 44
(2009) 26–33.

http://dx.doi.org/10.1016/j.ghir.2009.11.003

	Ames dwarf (Prop1df/Prop1df) mice display increased sensitivity of the major  GH-signaling pathways in liver and skeletal muscle
	Introduction
	Materials and methods
	Chemicals
	Animals
	Hormone treatment
	Preparation of tissue extracts
	Immunoblotting
	Statistical analysis

	Results
	STAT5 and STAT3 phosphorylation and protein content
	Erk1/2 phosphorylation and protein content
	Akt phosphorylation and protein content
	GSK-3 and mTOR phosphorylation and protein content
	GHR protein content

	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary data
	References


