
REPORT

Mitogenic signaling pathways in the liver of growth hormone (GH)-overexpressing
mice during the growth period

Carolina S. Martineza, Ver�onica G. Piazzaa, Lorena Gonz�aleza, Yimin Fangb, Andrzej Bartkeb, Daniel Turyna,
Johanna G. Miqueta, and Ana I. Soteloa

aInstituto de Qu�ımica y Fisicoqu�ımica Biol�ogicas (UBA-CONICET), Universidad de Buenos Aires, Facultad de Farmacia y Bioqu�ımica, Buenos Aires,
Argentina; bDepartment of Geriatrics (A.B.), School of Medicine, Southern Illinois University, Springfield, IL, USA

ARTICLE HISTORY
Received 18 December 2015
Accepted 21 January 2016

ABSTRACT
Growth hormone (GH) is a pleiotropic hormone that triggers STATs, ERK1/2 and Akt signaling, related to
cell growth and proliferation. Transgenic mice overexpressing GH present increased body size, with a
disproportionate liver enlargement due to hypertrophy and hyperplasia of the hepatocytes. We had
described enhanced mitogenic signaling in liver of young adult transgenic mice. We now evaluate the
activation of these signaling cascades during the growth period and relate them to the morphological
alterations found. Signaling mediators, cell cycle regulators and transcription factors involved in cellular
growth in the liver of GH-overexpressing growing mice were assessed by immunoblotting, RT-qPCR and
immunohistochemistry. Hepatocyte enlargement can be seen as early as 2-weeks of age in GH-
overexpressing animals, although it is more pronounced in young adults. Levels of cell cycle mediators
PCNA and cyclin D1, and transcription factor c-Jun increase with age in transgenic mice with no changes
in normal mice, whereas c-Myc levels are higher in 2-week-old transgenic animals and cyclin E levels
decline with age for both genotypes. STAT3, Akt and GSK3 present higher activation in the adult
transgenic mice than in the growing animals, while for c-Src and mTOR, phosphorylation in GH-
overexpressing mice is higher than in control siblings at 4 and 9 weeks of age. No significant changes are
observed for ERK1/2, neither by age or genotype. Thus, the majority of the mitogenic signaling pathways
are gradually up-regulated in the liver of GH-transgenic mice, giving rise to the hepatic morphological
changes these mice exhibit.
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Introduction

Growth hormone (GH) is implicated in the regulation of body
growth but also in lipid, carbohydrate and protein metabolism.
In fact, it has recently been defined as essential for integrating
metabolism and growth.1 Its actions are either direct or medi-
ated by the insulin-like growth factor 1 (IGF1). Upon GH bind-
ing to its receptor (GHR) on the cell surface, several signaling
pathways are activated, including the signal transducers and
activators of transcription (STATs), the MAPK (mitogen acti-
vated protein kinase) kinase (MEK)/extracellularly regulated
kinase (ERK) and the phosphatidylinositol 3 kinase (PI3K)/Akt
pathways.2-6 STAT5b, regarded as the main GH signaling
mediator, is involved in GH-induced IGF1 gene transcription6-
9 and it is critical for determining body stature.5 MEK/ERK and
PI3K/Akt pathways are engaged in protein synthesis required
for cellular growth and promote cellular proliferation and
differentiation.10

Transgenic mice overexpressing growth hormone present
high circulating GH levels since birth, despite of which, they
exhibit accelerated growth only after the third week of postnatal
life11-13 and achieve greater adult body size than control mice.14-
17 We have recently reported that STAT5 signaling is enhanced

in the liver of growing GH-transgenic mice but not in adult ani-
mals, supporting a central role of this pathway in the promotion
of body growth during the postnatal growth period.13,17,18

Enhanced body growth of these GH-overexpressing mice is
concomitant with organomegaly, which is particularly impor-
tant in the liver.16,17,19-23 Hepatomegaly emerges as a conse-
quence of the hypertrophy and hyperplasia of the hepatocytes,
with the frequent progression to liver tumors at advanced
ages.24-26 The molecular mechanisms implicated in this process
are being studied; we have reported aberrant activation of sev-
eral signaling cascades in young adult GH-overexpressing
mice, including STAT3, MEK/ERK and PI3K/Akt. Indeed,
these animals exhibit up-regulation of several signaling media-
tors of cell proliferation and survival in the liver, including Akt,
its downstream targets mTOR and GSK3, and ERK1/2.16,17

They also exhibit higher activation of STAT316,17 which is
involved in liver inflammation and cancer development and
progression.27,28 Therefore, the activity of these GH-signaling
cascades during the growth period was assessed in order to
evaluate their contribution to the enlargement of the hepatic
tissue and their relation to the morphological alterations found
in these animals. The current study presents an in vivo analysis
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of Src, STAT3, MEK/ERK and PI3K/Akt signaling pathways
and the variation in the expression of cell cycle regulators
implicated in the promotion of cellular growth in the liver of
growing GH-overexpressing mice.

Materials and methods

Animals

Transgenic PEPCK-bGH mice containing the bGH gene fused
to control sequences of the rat phosphoenolpyruvate carboxy-
kinase (PEPCK) gene were derived from animals kindly pro-
vided by Dr. Thomas E. Wagner and Jeung S. Yun (Ohio
University, Athens, OH). Hemizygous transgenic mice were
produced by mating transgenic males with normal C57BL/6 X
C3H F1 hybrid females purchased from the Jackson Laboratory
(Bar Harbor, ME).

Animals of representative ages were chosen: 2 weeks (2w),
when animals of both genotypes exhibit similar body size; 4
weeks (4w), when faster growing transgenic mice start to
exhibit different body proportions than normal siblings; and
nine weeks (9w), young adults used as reference, which have a
clear enlargement of body size.13 Non-transgenic siblings were
used as controls. The mice were housed 3 to 5 per cage in a
room with controlled light (12 h light per day) and temperature
(22 § 2 C); they had free access to food (Rodent Laboratory
Chow 5001; not autoclaved; 23.4% protein, 4.5% fat, 5.8% crude
fiber; LabDiet, PMI Feeds, Inc.) and tap water.

The appropriateness of the experimental procedure, the
number of animals used, and the method of acquisition were in
compliance with federal and local laws and with institutional
regulations. The experiments were approved by the Southern
Illinois University Laboratory Animal Care Committee.

Tissue collection and solubilization

Mice were sacrificed by cervical dislocation under isoflurane
anesthesia. Livers were removed and stored at ¡80�C until use.
Samples were prepared for the different assays according to
Martinez et al.13

Immunoblotting

Samples were separated by SDS-PAGE and transferred to
PVDF membranes as already described.13,29 The membranes
were then incubated overnight at 4�C with antibodies against
AKT 1:1000 (no. 835), pAKT (Ser473) 1:1000 (no. 1529),
ERK1/2 1:1000 (no. 9022), pERK1/2 (Thr202/Tyr204) 1:1000
(no. 9023), GSK3b 1:1000 (no. 9315), pGSK3b (Ser9) 1:1000
(no. 9323), Src 1:3000 (no. 2109), pSrc (Tyr416) 1:1000 (no.
6943), pSTAT3 (Tyr705) 1:2000 (no. 9131), mTOR 1:1000 (H-
205, no. 8986), pmTOR (Ser2448) 1:1000 (no. 610622) pur-
chased from Cell Signaling Technology Inc. Antibody against
STAT3 1:2000 (no. S21320) was purchased from Transduction
Laboratories (BD Biosciences). Immunoreactive proteins were
visualized by enhanced chemiluminescence (Pierce ECL-Plus,
Thermo Scientific) using hyperfilm ECL (GE Healthcare Life-
Sciences). Band intensities were quantified using GeL-Pro Ana-
lyzer software (Media Cybernetics).

Regular proteins used for loading control of immunoblot-
ting exhibit variation in the liver of PEPCK-bGH mice, as
already described.13,16, 17,29 In addition, actin and tubulin abun-
dance is increased in preneoplastic cells.30,31 Therefore, differ-
ent determinations were routinely performed to assure
goodness of assays; protein loading control was performed by
Coomassie blue staining of the PVDF membranes after blotting
experiments.13

Histology and immunohistochemical staining

Sections of paraffinized livers were stained with hematoxylin
and eosin (H&E) following standard procedures. Morphology
and size of hepatocytes were evaluated under light microscopy.
Relative cell size was estimated by counting the number of cells
per field.

Immunostaining of liver paraffinized sections was per-
formed as previously described;29 primary antibodies anti-
PCNA 1:100 (no. 7907) and anti-STAT3 1:150 (no. S21320)
were purchased from Santa Cruz Biotechnology Laboratories
and Transduction Laboratories, respectively. Quantification of
PCNA was estimated as percentage of positive (brown stained)
nuclei in 500 cells approximately.

Reverse transcriptase quantitative PCR (RT-qPCR)

This method was used to evaluate gene expression and also to
assess the genotype of the animals, since growing mice are not
readily distinguishable by their body size. For this purpose, the
bGH transgene was determined. The protocol used was already
described.13 The sequences of primer sets (50!30), obtained
from Invitrogen, are: bGH (F:GGGCAGATCCTCAAGCA-
GAC; R: GAAGCAGGAGAGCAGACCG), Cyclin D1 (F:
GCGAAGTGGAGACCATCCG; R:GGTCTCCTCCGTCTTG
AGC), Cyclin E (F:GGCGGACACAGCTTCGGGTC; R:
TGGGTCTTGCAAAAACACGGCCA), Cyclophilin A (F:
GCGTCTCCTTCGAGCTGTT; R:AAGTCACCACCCTGG-
CAC), c-Jun (F:CATTGCCGCCTCCAAGTG; R:CCAGCTCG-
GAGTTTTGCG), c-Myc (F:TCACCAGCACAACTACGCCG;
R:TGCTTCAGGACCCTGCCACT). Cyclophilin A was used as
normalizing control.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
statistical program by GraphPad Software, Inc. (San Diego).
Data were first analyzed by one-way ANOVA followed by Bon-
ferroni to evaluate sex differences. Subsequently, data were ana-
lyzed by 2-way ANOVA and Bonferroni post-test to assess
differences by age and genotype. Data were considered statisti-
cally significant if P < 0.05.

Results and discussion

Hepatocyte, liver and body growth

Somatometric determinations
Body growth is attained by tissue growth, a process regulated
through precise mechanisms that limit the size organs can
achieve.32,33 Mice overexpressing GH, apart from increased
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body size, exhibit hepatomegaly –disproportionate liver
growth- at adulthood, due to hypertrophy and hyperplasia of
hepatocytes, which frequently progress to hepatoma at older
ages.16,20,23,24,26,34,35

Liver and body weight were analyzed in order to detect
when liver size becomes disproportionate to body size. Animals
of representative ages were chosen in line with our previous
report in these GH-overexpressing animals.13 Two-week-old
normal and GH-transgenic mice (2w) cannot be distinguished
by body weight (Table 1). Four-week-old GH-overexpressing
mice (4w) exhibit greater body size than their normal siblings.
Nine-week-old mice (9w) are young adults used as reference;
GH-transgenic giant animals already present hepatocellular
alterations and dysregulation of the Akt and ERK signaling
pathways.16,17

Both liver and body weight increased with age in normal
and transgenic mice, the gain was larger in GH-overexpressing
mice. When liver weight was referred to body weight, greater
values were obtained for transgenic mice of 4 and 9 weeks of
age compared to controls (Table 1). Moreover, an increase in
liver weight and in its proportion relative to body size can be
apparent as early as 2 weeks of age, although significance is not
achieved by that age.

Hepatocellular size
The size and morphology of hepatocytes were evaluated by his-
tological analysis on tissue sections stained with hematoxylin
and eosin. To estimate cellular size, cells were counted per opti-
cal field; the number of cells per field is inversely proportional
to cell size. An increment in hepatocellular size with age in nor-
mal and transgenic mice was observed, despite of which, hepa-
tocytes in transgenic mice were bigger at all ages studied. In
liver sections of 4-week-old animals, some cells were markedly
larger than the average size. In 9-week-old transgenic mice,
extended areas of large dysplastic cells were observed (Fig. 1A-
C), as previously reported23,25,36; moreover, increased nuclear
size can also be detected (Fig. 1A).16 Photomicrographs corre-
sponding to male mice liver are shown. These alterations may
be a direct consequence of GH action, since they are not found
in transgenic mice overexpressing IGF1.16,34-36

Cell cycle regulators
To evaluate hepatocellular proliferation, immunohistochemis-
try of the S-phase-related proliferating cell nuclear antigen
(PCNA) was performed. In normal mice, the proportion of
hepatocytes positive for PCNA in nucleus did not significantly

vary at any age studied, although values were numerically
higher for 4-week-old animals than in the young adult. For 2-
week-old transgenic mice, levels were similar to those of con-
trols, while GH-overexpressing animals had higher PCNA
nuclear staining than their normal littermates since the fourth
week onwards, with a broader difference between normal and
transgenic mice in 9-week-old animals (Fig. 2A-C), suggestive
of increased cell mitotic activity in GH-overexpressing animals.

The cell cycle comprises different successive phases; the
transition between them is tightly controlled by a complex of
cyclin-dependent kinases (CDKs) and their activating cyclins.
Expression of the cyclins varies throughout the cycle; cyclins D
and E are the main activators of the G1 to S phase transition;
moreover, their dysregulation has been associated with can-
cer.37,38 Therefore, we evaluated cyclins D1 and E gene expres-
sion by RT-qPCR. Cyclin D1 mRNA content variations were
not statistically significant for normal mice at any age studied
or for 2- and 4-week-old GH-overexpressing mice, while an
increase in gene expression was observed for 9-week-old trans-
genic mice (Fig. 2D-E). Cyclin E gene expression was elevated
in 2-week-old mice, with similar values for both genotypes, sug-
gesting a physiological role of the activator at this age, after
which, its abundance declined. Transgenic animals of 4 and 9
weeks of age exhibited higher levels than age-matched normal
littermates, although the differences were significant only for
female mice (Fig. 2F-G). We had already reported that GH-
transgenic adult mice display higher expression of these
cyclins.16 Acting together in the control of the initial steps of
the cell cycle, higher expression of cyclin D1 in 9-week-old, and
of cyclin E in 4- and 9-week-old GH-overexpressing mice liver,
would be favoring cell cycle progression and, in consequence,
an elevated proliferation of the hepatocytes observed in these
mice.

The proto-oncogenes c-Myc and c-Jun are involved in cell
cycle progression, and their expression is induced through the
ERK and Akt mitogenic signaling pathways28,39 that are
enhanced in the liver of adult GH-transgenic mice.17 Moreover,
they are among the few transcription factors related to cell cycle
regulators.40 Therefore, their expression was evaluated in the
liver of normal and transgenic growing mice. c-Myc mRNA
content exhibited a declining tendency with age, which was sig-
nificant for GH-overexpressing animals only. Although trans-
genic mice had slightly higher values than controls, difference
between genotypes was significant for 2-week-old females only
(Fig. 2H-I), despite we had previously described a marked dif-
ference between normal and transgenic animals in young adults

Table 1. Body and liver weight in growing GH-overexpressing mice and normal littermates.

2w N 2w T 4w N 4w T 9w N 9w T

BW (g) 7.5§ 0.2(a) 7.5 § 0.4(A) 15.3 § 0.7(b) 21.9 § 0.9(B
�) 23.7 § 1.2(c) 39.4 § 1.7(C

�)

BW ratio for T/N 0.98 § 0.05(A) 1.45 § 0.09(B) 1.56 § 0.09(B)

LW (g) 0.22§ 0.01(a) 0.27 § 0.03(A) 0.94 § 0.07(b) 1.62 § 0.06(B
�) 1.23 § 0.09(b) 3.15 § 0.14(C

�)

LW ratio for T/N 1.23 § 0.07(A) 1.75 § 0.20(B) 2.57 § 0.14(C)

LW/BW(%) 2.9§ 0.1(a) 3.6 § 0.2(A) 6.1 § 0.2(b) 7.4 § 0.2(B
�) 5.4 § 0.2(b) 8.1 § 0.1(C

�)

LW/BW ratio for T/N – 1.16 § 0.05(A) – 1.23 § 0.14(A) – 1.57 § 0.68(B)

Body (BW) and liver weight (LW) of GH-transgenic animals (T) and their non-transgenic littermates (N) was assessed for 2-week-old (2w), 4-week-old (4w) and 9-week-old
(9w) mice. Data are presented as mean value § SEM (n D 8). Different letters denote significant difference by age; small letters correspond to normal mice and capital
letters to transgenic animals. Asterisks indicate significant difference between GH-overexpressing animals and their corresponding non-transgenic age controls. Ratios
are calculated from individual values and not from the averages in the table, which may account for discrepancies observed.
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both at the mRNA and protein level.16 It is well known that c-
Myc mRNA and protein expression levels correlate with cell
proliferation; moreover, this upregulation is noteworthy in the
transition from quiescence into the proliferative state, but not
in continuously dividing cells.41,42 It is therefore not surprising
to find higher levels of this transcription factor in 2-week-old
GH-overexpressing mice and lower levels at older ages. How-
ever, as c-Myc induces the expression of the positive cell-cycle
regulator cyclin D1, a closer relationship between these 2 mod-
ulators would have been expected.42

When c-Jun mRNA content was analyzed, the differences
found for normal animals with age did not achieve statistical
significance, whereas, transgenic mice presented similar levels
to normal controls in 2- and 4 week-old animals, but exhibited
higher gene expression at the age of 9-weeks. When results
were assessed by genotype, 9-week-old mice had higher levels
than their normal controls (Fig. 2J-K). The mRNA expression
pattern of c-Jun and cyclin D1 are parallel, in accordance with
c-Jun influence over cyclin D1 activity.37,40

To recapitulate, body growth implies an accompanying
growth of tissues, yet GH-overexpressing transgenic mice dis-
play a disproportionate liver size increase. In 4- and 9-week-old
transgenic mice liver, higher cellular proliferation is evidenced
by the higher expression of different cell cycle regulators

implicated in this process. Also, cell size is larger in GH-overex-
pressing mice than in their normal controls at every age stud-
ied. At adulthood, dysplastic cells predominate, indicative of a
premalignant condition.

Mitogenic signaling pathways

The STAT3, Ras/MEK/ERK and PI3K/Akt pathways, increased
in the liver of GH-transgenic adult mice,17 are signaling cas-
cades controlling the expression of the cell cycle regulators
described.37,41,42 These mitogenic signaling pathways, as well as
Src-kinase activation which was also enhanced in young adult
GH-overexpressing mice,17 were analyzed during the growth
period, in order to evaluate their association with the morpho-
logical and biological changes described in the previous section.

Src signaling
GH signaling initiates through activation of JAK2, the GHR-
associated tyrosine kinase. However, some signaling mediators
can be activated independently of JAK2, by members of the Src
family of kinases, particularly by Src. In this way, STATs like
STAT3, or the MEK/ERK pathway can also be recruited by
Src.43,44 At a physiological level, Src protein-tyrosine kinase is a

Figure 1. Histological analysis of livers from growing GH-overexpressing transgenic mice and normal littermates. A: Representative photomicrographs of hematoxylin and
eosin staining of liver sections from normal and GH-transgenic male mice. B: Hepatocyte quantification in female mice. C: Hepatocyte quantification in male mice. Hepato-
cyte size of GH-transgenic animals (T) and their non-transgenic littermates (N) was assessed for 2-week-old (2w), 4-week-old (4w) and 9-week-old (9w) mice. Hepatocyte
size was estimated counting the number of cells per visual field; original magnification of 400x. Data are the mean § SEM of 8 sets of different individuals per group. Dif-
ferent letters denote significant difference by age within a genotype; small letters correspond to normal mice and capital letters to transgenic animals. Asterisks indicate
significant difference between GH-overexpressing animals and their corresponding non-transgenic age controls.
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Figure 2. For figure legend, see next page.
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key player that participates in cell growth, division, migration
and survival.45

The tyrosine kinase activity of Src is regulated through a bal-
ance between phosphorylation and dephosphorylation of posi-
tive and negative regulatory residues.46-48 We have previously
shown that Src is upregulated in the liver of adult PEPCK-bGH
mice, and that increased phosphorylation status and subse-
quent kinase activity are mainly a consequence of the higher
Src protein abundance in these animals.17 In the current study,
Src phosphorylation at Tyr416, a positive regulatory autophos-
phorylation site, and its protein content were evaluated by
Western blotting. When phosphorylated Src levels were ana-
lyzed, no significant differences were detected in normal mice
throughout the period studied, whereas transgenic animals dis-
played values similar to those of controls for 2-week-old mice,
but exhibited increased phosphorylation levels in 4- and 9-
week-old animals (Fig. 3A-B). Moreover, 9-week-old transgenic
females displayed higher levels than males. Src protein hepatic
abundance presented an age-dependent decrease in both geno-
types, with higher levels in transgenic mice at all ages studied
(Fig. 3C-D). Hence, while phosphorylated Src levels increase
with age in transgenic mice, Src protein abundance decreases,
suggesting that the hyperactivation of this kinase has a partici-
pation in the aberrant transformation of the liver of GH-over-
expressing mice.

STAT3 signaling
STATs, particularly, STAT3, are transcription factors
involved in the promotion of cell proliferation, differentia-
tion and survival. In normal cells, ligand-mediated activa-
tion of the STATs is a temporary event, whereas in
numerous types of cancer, usually associated to dysregula-
tion of growth factors, the oncogenic factor STAT3 is con-
stitutively active.49

STAT3 may be activated by different tyrosine kinases,
including JAK2 and Src.49 STAT3 phosphorylation at its acti-
vating residue, Tyr705, as well as its protein content, were eval-
uated in mice at 2, 4 and 9 weeks of age by Western blotting.
STAT3 phosphorylation increased with age in both genotypes,
although statistical significance was achieved in transgenic
mice only. GH-overexpressing animals exhibited numerically
higher levels than normal siblings at all ages; however, statisti-
cal differences were reached for 9-week-old females and for 4-
and 9-week old males only (Fig. 3E-F). STAT3 protein content
was higher in transgenic mice than in controls at all ages. There
was a tendency toward increasing levels of STAT3 protein with
increasing age in males of both genotypes, which was not as
pronounced for female animals (Fig. 3G-H). Results found for

GH-overexpressing mice suggest that this transcription factor
could be related to the transforming processes that take place
in the liver of these animals.17 STAT3 modifies the expression
of genes that participate in cell cycle progression, like c-fos, c-
myc and cyclin D1.37,49 However, there is no clear correspon-
dence between the activated transcription factor and the cell
cycle regulators determined.

STAT3 is activated in hepatocytes by GH, but also by the
pro-inflammatory cytokine IL6, which is released by the
Kupffer cells of the liver.27,50 In addition, elevated levels of
activated STAT3 were observed in close relation with high
hepatic expression of IL6 in GH-transgenic mice.51 How-
ever, STAT3 can also be activated in the Kupffer cells by
other factors, like IL10, where it has the opposite effect,
suppressing liver inflammation.52,53 Therefore, it was impor-
tant to assess STAT3 cellular localization. Immunohisto-
chemical analysis was carried out in liver sections of 9-
week-old normal and transgenic animals. STAT3 staining
was detected mainly in hepatocytes, both in the cytoplasm
as well as at the nuclear level (Fig. 3I), with a greater pro-
portion in transgenic mice, thus suggesting this protein may
have a role in the promotion of liver inflammation in GH-
overexpressing animals.

MEK/ERK signaling
GH, as well as several other hormones and cytokines, acti-
vates the MEK/ERK signaling cascade. This activation begins
with the recruitment of Shc to an activated receptor complex
and its subsequent phosphorylation, Shc then interacts with
the adapter protein Grb2. Pre-associated with Grb2 is SOS, a
guanine nucleotide exchange factor which once located at
the cell membrane activates Ras, triggering a sequence of ser-
ine/threonine kinase phosphorylations: Raf-1, MEK1/2 and
ERK1/2 (hereafter referred to as ERK). In turn, phosphory-
lated ERKs translocate to the nucleus, where they activate
transcription factors like Elk-1 and c-Jun, or induce the
expression of c-Fos and c-Myc, that regulate cell prolifera-
tion and survival.5,42

ERK1 and ERK2 (44 and 42 kDa respectively), 2 overlapping
kinases, are activated by concomitant phosphorylation at
Thr202 and Tyr204. When ERK activation was evaluated in
liver of growing GH-overexpressing mice, no significant differ-
ences were observed by genotype or age (Fig. 4A-B). The lack
of variation of phosphorylated ERK levels between genotypes is
in line with a previous report of our group in adult mice liver.54

However, Miquet et al.17 observed a variation in Tyr204 phos-
phorylation between genotypes but similar levels in Thr202
activation. When ERK hepatic abundance was assessed, it

Figure 2. (See previous page). Hepatocellular proliferation markers in growing GH-overexpressing transgenic mice and normal littermates. A: Representative photomicro-
graphs of immunohistochemical staining of liver sections from normal and GH-transgenic male mice with anti-PCNA antibody; original magnification of 400x. B,C: PCNA
immunostaining quantification in female and male mice liver respectively. D,E: Cyclin D1 mRNA hepatic expression in female and male mice. F,G: Cyclin E mRNA hepatic
expression in female and male mice. H,I: c-Myc mRNA hepatic expression in female and male mice. J,K: c-Jun mRNA hepatic expression in female and male mice. Different
cell cycle regulators and transcription factors involved in cellular proliferation were assessed in liver of GH-transgenic animals (T) and their non-transgenic littermates (N)
for 2-week-old (2w), 4-week-old (4w) and 9-week-old (9w) mice. PCNA content was calculated as percentage of positive (brown stained) nuclei in 500 cells approximately.
For simplification, only pictures from males are shown (A). To determine gene expression, mRNA was assessed by RT-qPCR from total RNA extracts. Values were related to
cyclophilin A levels, referred to the average for 9-week-old transgenic female and male mice and expressed as percentage. Data are the mean § SEM of the indicated n
number of samples per group, each one representing a different animal. Different letters denote significant difference by age within genotype; small letters correspond
to normal mice and capital letters to transgenic animals. Asterisks indicate significant difference between GH-overexpressing animals and their corresponding non-trans-
genic age controls.
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Figure 3. For figure legend, see next page.
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presented the highest levels in 2-week-old mice and a subse-
quent decrease in 4- and 9-week-old animals. Four-week-old
animals presented similar abundance, whereas 9-week-old
transgenic animals had higher levels than controls, in line with
previous reports.17 Moreover, higher content at 2 weeks of age
was more pronounced in females for both genotypes
(Fig. 4C-D). In light of these results, MEK/ERK pathway does
not seem to be participating in the hepatic alterations observed
in GH-transgenic adult mice, despite the up-regulation of c-
Jun, and of cyclin D1, 2 major targets of the MAPK pathway.55

Akt signaling
The PI3K/Akt cascade initiates with the interaction of the phos-
phatidylinositol-3�-kinase (PI3K) to a ligand-activated receptor
complex.56 Phosphatidylinositol (3,4,5)-triphosphate (PIP3)
generated at the plasma membrane recruits PDK1 (pyruvate
deshydrogenase lipoamide kinase isozyme 1) and Akt, where
PDK1 phosphorylates Akt on T308, partially activating it.56

Akt is fully activated by Ser473 phosphorylation by the mTOR
complex 2.57 Although Akt is regarded as the main PI3K effec-
tor, they may act independently of each other as well.56

The glycogen synthase kinase 3 (GSK3) is a pro-apoptotic
factor; Akt phosphorylates the GSK3b isoform at Ser9, inhibit-
ing its activity, and thus promoting cell survival.58 Another Akt
substrate is the mammalian target of rapamycin (mTOR), a
protein-kinase that controls the mammalian translation
machinery, promoting protein synthesis; mTOR participates in
2 catalytic complexes, mTORC 1 and 2, regulating different cel-
lular functions.10 Phosphorylation of mTOR residues Thr2446
and Ser2448 correlates with its activity, with serine phosphory-
lation being the predominant modification.59

When assessed by age, Akt phosphorylation at Ser473 dis-
played no significant changes in normal mice, although there
was a trend for its levels to be higher in 9-week-old male mice
compared to younger animals, in agreement with previous
reports of our group.16 In GH-overexpressing mice, maximal
phosphorylation levels were observed for 9-week-old animals
in both sexes. When genotypes were compared, values of p-Akt
appeared to be higher in transgenic male mice than in their
normal siblings at all ages, although levels were statistically
higher than controls for 9-week-old animals only (Fig. 4E-F).

Akt protein content did not vary with age in normal mice. In
GH-overexpressing mice, Akt abundance was similar to non-
transgenic controls at 2 weeks, and seemed to increase thereaf-
ter, although this age difference did not achieve statistical sig-
nificance. However, this increase in Akt content in transgenic
mice accounts for the difference found for genotype in 4- and
9-week-old animals (Fig. 4G-H). Taken together, these results
suggest that elevated levels of phosphorylated Akt observed in

transgenic mice can be attributed to higher protein content in
these animals.

GSK3 phosphorylation levels at Ser9 were similar to
phospho-Akt ones, age differences did not achieve statistical
significance for normal mice while maximal levels were
found for 9-week-old transgenic animals. When genotypes
were compared, significant differences were observed in 9-
week-old animals for both sexes (Fig. 4I-J). GSK3 hepatic
abundance displayed a decreasing tendency with age in nor-
mal mice, whereas transgenic animals presented similar lev-
els to controls at 2 weeks of age and higher levels at 4
weeks, which declined thereafter. Even though these
changes were not significant, when differences were assessed
by genotype, GH-transgenic mice showed higher GSK3 con-
tent than normal siblings in 4- and 9-week-old animals
(Fig. 4 K-L). Moreover, the high levels found for GH-over-
expressing 4-week-old animals revealed sexual dimorphism.
GSK3 was reported to phosphorylate cyclin D1 to promote
its degradation,37,58 thus, phosphorylation levels at inhibi-
tory residue of the kinase could have been expected to cor-
relate with cell cycle regulator expression.

mTOR phosphorylation at Ser2448 displayed a declining
tendency in normal male mice and an increasing trend in trans-
genic female mice, although when variations associated with
age were analyzed within each genotype, no statistical differen-
ces were observed (Fig. 4M-N). However, due to the divergent
age patterns, higher levels were found in transgenic mice com-
pared to controls at 4- and 9-weeks of age. Differences between
sexes were observed in 2-week-old transgenic mice, where male
mice had a higher degree of modification at its activating resi-
due. Similarly to phosphorylated mTOR values, no statistically
significant differences were observed in mTOR protein content
with age for both genotypes but 4- and 9-week-old GH-overex-
pressing mice exhibited higher levels than normal controls of
the same age (Fig. 4O-P). mTOR has a major role in the regula-
tion of cellular growth and metabolism, mainly inducing pro-
tein synthesis, and it was also linked to the upregulation of c-
Myc, thus reinforcing its oncogenic potential.60

In summary, the hepatic content of Akt and its substrates
GSK3 and mTOR is higher in transgenic mice than in normal
siblings in 4- and 9-week-old animals, and it is accompanied by
a concomitant increase in their phosphorylation levels.
Although growing transgenic mice exhibit greater values than
normal siblings, the differences are more pronounced in young
adults.

The PI3K/Akt and mTOR signaling pathway has been
found altered in different tumors, including those of the
liver.42,58,60-62 PI3K/Akt has a crucial role in hepatocyte
growth, mainly regulating cell size;63 in consequence, mice

Figure 3. (See previous page). Src and STAT3 signaling in liver of growing GH-overexpressing mice and normal littermates. A,B: Src phosphorylation at tyrosine 416 in
female and male mice. C,D: Src protein abundance in female and male mice. E,F: STAT3 phosphorylation at tyrosine 705 in female and male mice. G,H: STAT3 protein
abundance in female and male mice. I: STAT3 liver immunohistochemical staining in male adult mice. Signaling mediators were assessed in liver of GH-transgenic animals
(T) and their non-transgenic littermates (N) for 2-week-old (2w), 4-week-old (4w) and 9-week-old (9w) mice. To determine phosphorylation and protein abundance, equal
amounts of solubilized liver protein were assessed by immunoblotting. Representative immunoblots (IB) as well as Coomassie blue staining (CBS) of PVDF membranes
are shown. Bands were quantified by scanning densitometry. Results were expressed as percentage, referred to the average for 9-week-old transgenic female and male
mice. Data are the mean § SEM of the indicated n number of samples per group, each one representing a different animal. Different letters denote significant difference
by age within genotype; small letters correspond to normal mice and capital letters to transgenic animals. Asterisks indicate significant difference between GH-overex-
pressing animals and their corresponding non-transgenic age controls. Number sign indicates significant difference between sexes. Arrows show the quantified band. For
IHC analysis (Panel I), representative photomicrographs of immunohistochemical staining with anti-STAT3 antibody of liver sections from normal and GH-transgenic male
adult mice is shown. Positive nuclei are shown with black arrows and negative ones with gray arrows.
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overexpressing Akt exhibit hepatomegaly.64 If current
results on hepatomegaly are compared to the Akt signaling
described, a correlation between this cascade and liver
enlargement in transgenic mice can be proposed, which is
evident at the fourth week and becoming much more pro-
nounced for 9-week-old animals.

Conclusion

Liver weight and hepatocyte size were evaluated in growing
GH-transgenic mice and in their normal littermates.

Disproportional hepatic growth could be detected as early as 2
weeks of age in GH-overexpressing mice; which, however, was
more pronounced in young adults. One of the possible causes
of greater tissue size is the increased cell size. Hypertrophy was
detected in transgenic mice at all ages studied, with some large
dysplastic hepatocytes in the growing mice and a greater extent
of hepatic dysplasia in adults. Another cause of liver enlarge-
ment is the increase of cell number. Indeed, expression of dif-
ferent cell cycle regulators implicated in proliferation is
increased in hepatocytes of transgenic adult mice, although
some of them are up-regulated since the fourth week.

Figure 4. ERK and Akt signaling in liver of growing GH-overexpressing mice and normal littermates. A,B: ERK- phosphorylation at threonine 202 and tyrosine
204 in female and male mice. C,D: ERK protein abundance in female and male mice. E,F: Akt phosphorylation at serine 473 in female and male mice. G,H: Akt
protein abundance in female and male mice. I,J: GSK3 phosphorylation at serine 9 in female and male mice. K,L: GSK3 protein abundance in female and male
mice. M,N: mTOR phosphorylation at serine 2448 in female and male mice. O,P: mTOR protein abundance in female and male mice. Signaling mediators were
assessed in liver of GH-transgenic animals (T) and their non-transgenic littermates (N) for 2-week-old (2w), 4-week-old (4w) and 9-week-old (9w) mice. Equiva-
lent amounts of solubilized tissue were analyzed by immunoblotting. Representative immunoblots (IB) as well as Coomassie blue staining (CBS) of PVDF mem-
branes are shown. Bands were quantified by scanning densitometry. Values were expressed as percentage, referred to the average for 9-week-old transgenic
female and male mice. Data are the mean § SEM of the indicated n number of samples per group, each one representing a different animal. Different letters
denote significant difference by age within genotype; small letters correspond to normal mice and capital letters to transgenic animals. Asterisks indicate signif-
icant differences between GH-overexpressing animals and their corresponding non-transgenic age controls; ns stands for non-significant. Number sign indicates
significant difference between sexes. Arrows indicate the quantified bands.
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GH-transgenic mice have been extensively studied in order
to elucidate the mechanisms through which GH exerts its
action. Here, we show that the ERK pathway did not exhibit
increased signaling activity in liver of GH-overexpressing mice
during the growth period. On the other hand, the PI3K/Akt
cascade was enhanced in transgenic mice liver during growth,
with maximal values in the young adult. These signaling routes,
related to cellular growth and proliferation, are induced by GH.
Therefore, it is reasonable to expect they may be increased in
GH-overexpressing mice. Cell cycle regulators and transcrip-
tion factors determined are involved in cellular growth and
they are augmented in different carcinomas as well, hence it is
not surprising to find that most of them are enhanced in the
dysplastic hepatocyte found in the young adult GH-overex-
pressing mice.

In light of all the evidence, hepatomegaly found in GH-
transgenic adult mice starts developing at early ages, during the
growth period. Akt signaling pathway may be implicated in the
promotion of hepatocyte hypertrophy and hyperplasia.
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