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Introduction

Growth hormone (GH) is a major regulator of body growth and 
metabolism. It acts either directly on target cells by binding to its 
membrane receptor, or indirectly by inducing the synthesis of the 
insulin-like growth factor 1 (IGF1), which mediates many of GH 
actions. At the cellular level, growth hormone modulates several 
processes, including proliferation, differentiation, survival and 
motility. The main intracellular signaling pathways activated by 
GH include the signal transducers and activators of transcription 
(STATs), the MAPK kinase (MEK)/extracellularly regulated 
kinase (ERK) and the phosphatidylinositol 3 kinase (PI3K)/Akt 
pathways.1-3 GH also modulates the expression and activity of the 

Growth hormone (GH) overexpression throughout life in transgenic mice is associated with the development of liver 
tumors at old ages. The preneoplastic pathology observed in the liver of young adult GH-overexpressing mice is similar 
to that present in humans at high risk of hepatic cancer. To elucidate the molecular pathogenesis underlying the pro-
oncogenic liver pathology induced by prolonged exposure to elevated GH levels, the activation and expression of several 
components of signal transduction pathways that have been implicated in hepatocellular carcinogenesis were evaluated 
in the liver of young adult GH-transgenic mice. In addition, males and females were analyzed in parallel in order to evaluate 
sexual dimorphism. Transgenic mice from both sexes exhibited hepatocyte hypertrophy with enlarged nuclear size and 
exacerbated hepatocellular proliferation, which were higher in males. Dysregulation of several oncogenic pathways was 
observed in the liver of GH-overexpressing transgenic mice. Many signaling mediators and effectors were upregulated in 
transgenic mice compared with normal controls, including Akt2, NFκB, GSK3β, β-catenin, cyclin D1, cyclin E, c-myc, c-jun 
and c-fos. The molecular alterations described did not exhibit sexual dimorphism in transgenic mice except for higher 
gene expression and nuclear localization of cyclin D1 in males. We conclude that prolonged exposure to GH induces in 
the liver alterations in signaling pathways involved in cell growth, proliferation and survival that resemble those found 
in many human tumors.
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epidermal growth factor receptor (EGFR), which initiates these 
signaling pathways as well.4-6

Evidence from both humans and animal models has supported 
a link between GH/IGF1 status and cancer risk.7,8 Transgenic mice 
overexpressing GH exhibit increased adult body size, organomeg-
aly and elevated circulating IGF1 levels along with other endocrine 
and metabolic alterations.9-12 Particularly, these animals exhibit 
hepatomegaly due to hypertrophy and hyperplasia, with hepato-
cytes presenting large cellular and nuclear size. GH-transgenic 
mice display high levels of hepatocellular replication throughout 
lifespan, and old animals frequently develop liver tumors.11-18

The development of hepatocellular carcinoma (HCC) is asso-
ciated with and preceded by morphological changes in the tissue 
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sexual dimorphism. For that purpose, the activation and expres-
sion of several signal transduction pathways that have been impli-
cated in hepatocellular carcinogenesis were evaluated in the liver 
of young adult male and female GH-transgenic mice and their 
normal controls to assess its possible association with the liver 
pathology observed in these animals.

Results

Liver weight, histological characteristics and hepatocellular 
proliferation. In accordance with previous publications using 
GH-overexpressing transgenic mouse models,12,13,18 9-wk-old 
PEPCK-bGH-transgenic mice used in the present work exhibited 
hepatomegaly, manifested by a higher liver weight than normal 
mice, even when corrected by the body weight. No sex differ-
ences were detected in the relative liver weight, either in normal 
or transgenic mice (Table 1). No macroscopic liver lesions were 
observed in any group at this age. The histological analysis of 
liver sections confirmed the expected preneoplastic morphologi-
cal alterations in young adult GH-transgenic mice. In both sexes, 
areas of dysplasia were observed, with hepatocytes presenting 
large cellular and nuclear size and nuclear polymorphism, which 
was more pronounced in the centrolobular areas (Fig. 1A–C). 
To evaluate hepatocyte hypertrophy, the relative cell size was 
estimated by counting hepatocytes per field in liver sections. 
Transgenic mice displayed a significant decrease in the number 
of hepatocytes per microscope field as compared with normal 
controls, indicative of hepatocyte enlargement; males presented 
significantly lower number of hepatocytes per field than females 
in both genotypes (Fig. 1D). Transgenic mice also displayed sig-
nificantly higher mean nuclear size than their normal controls 
(Fig. 1E) with a shift to larger nuclear areas and a broader area 
range in the size distribution profile (Fig. 1F). In both genotypes, 
the nuclear area was greater in males than in females (Fig. 1E–G).

To evaluate hepatocellular proliferation, immunohisto-
chemistry and immunoblotting analysis of the S-phase-related 
proliferating cell nuclear antigen (PCNA) was performed. 
Transgenic mice displayed a marked increase in the percentage 
of hepatocytes positive for nuclear labeling with PCNA com-
pared with their normal controls, with males presenting signifi-
cantly more PCNA-positive cells than females in the transgenic 
group (Fig.  2A). Similar results were observed by immunob-
lotting analysis, although the differences were less pronounced 
(Fig. 2B). Although normal males exhibited a consistent trend to 
lower PCNA levels than normal females, this was not statistically 
significant.

In a first attempt to check uniformity of loading in the immu-
noblotting assays, membranes were probed with anti-β-actin and 
anti-β-tubulin antibodies, but GH-transgenic mice displayed 
higher content of these proteins than normal mice. Changes 
in β-actin and β-tubulin were described in preneoplastic and 
tumoral cells, which accompany the structural reorganization 
of the cytoskeleton.28,29 We therefore decided to control loading 
homogeneity by immunoblotting with anti-STAT5, as no dif-
ferences in the amount of this protein were found between adult 
normal and transgenic animals (Fig. 2C), in accordance with 

known as preneoplastic lesions, in which increasingly aberrant 
populations of hepatocytes evolve.19,20 The preneoplastic pathol-
ogy observed in the liver of GH overexpressing mice is similar to 
that present in humans at high risk of developing hepatic cancer.17 
GH overexpression synergistically promoted carcinogen-induced 
liver tumorogenesis in GH-transgenic mice by stimulating tumor 
cell proliferation.21

The cytological alterations on hepatocytes in GH-transgenic 
mice are believed to be a consequence of the direct effect of GH 
on the liver rather than mediated by IGF1, as transgenic mice 
overexpressing IGF1 do not exhibit the same liver pathology.11,15 
Moreover, GH treatment to hepatocytes in culture produced a 
marked heterogeneity in cell size, enlargement of nuclei, nuclear 
protusions and increase in the number of large nucleoli, resem-
bling the morphological alterations observed in vivo in the liver 
of GH-transgenic mice, consistent with a direct effect of GH 
on liver cell morphology.22 Elevated circulating GH levels were 
reported to have mitogenic and anti-apoptotic effects indepen-
dent of IGF1 through activation of signaling pathways involved 
in cell proliferation and survival.8

The molecular mechanisms implicated in hepatocellular car-
cinogenesis are complex, and the precise factors involved depend 
on the underlying disease. There is evidence of aberrant activation 
of several signaling cascades, including EGFR, Ras/Erk, PI3K/
Akt/mammalian target of rapamycin (mTOR), HGF/c-met and 
Wnt/β-catenin, while the relevance of other signaling pathway as 
JAK/STAT and Hedgehog is currently under study.23-25

The general objective of this study was to elucidate the molec-
ular pathogenesis and signal transduction pathways underlying 
the pro-oncogenic liver pathology induced by prolonged expo-
sure to elevated GH levels. Our group has previously reported 
that female young adult transgenic mice overexpressing GH 
exhibit hepatic constitutive activation and/or upregulation of 
several signaling mediators involved in cell proliferation and sur-
vival, including STAT3, Akt, mTOR, Erk1/2, EGFR and Src.6

Therefore, in the present work we aimed to determine if 
downstream components and effectors of these signaling path-
ways and other signaling cascades known to participate in the 
hepatocarcinogenesis process are dysregulated in the liver of 
young GH-transgenic mice that present preneoplastic pathology. 
Considering that the incidence of HCC is known to be higher 
in males both in humans and in mice,26,27 but in GH-transgenic 
mice no sex difference was reported,21 it was important to deter-
mine whether the molecular alterations described exhibited 

Table 1. Body and liver weight in young adult mice overexpressing GH 
and normal controls

Body weight 
(g)

Liver weight 
(g)

Liver wt/body wt 
(%)

Normal females 20.1 ± 0.6 (a) 0.91 ± 0.03 (a) 4.5 ± 0.1 (a)

Normal males 24.2 ± 0.8 (b) 1.10 ± 0.06 (a) 4.5 ± 0.1 (a)

GH-Tg females 36.5 ± 0.9 (c) 2.73 ± 0.09 (b) 7.5 ± 0.1 (b)

GH-Tg males 38.4 ± 1.0 (c) 2.8 ± 0.1 (b) 7.5 ± 0.1 (b)

Data are presented as mean value ± SEM (n = 9). Different letters denote 
significant differences at p < 0,001.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1044	 Cell Cycle	 Volume 12 Issue 7

overexpression of Akt, mTOR and EGFR, among other signal-
ing mediators.6 In the present work, the phosphorylation on 
activating residues and the expression of these signaling proteins 
were analyzed in 9-wk-old female and male mice in parallel, to 
address whether the previously reported variations in the expres-
sion or activation of these signaling mediators exhibit sexual 
dimorphism.

previous reports from our.6,30,31 Finally, after immunoblotting, 
PVDF membranes were stained with Coomasie Blue to assess 
homogeneity of protein load.

Expression and activation of STAT3, STAT5, Akt2, mTOR 
and EGFR. We have previously described that female adult 
GH-transgenic mice (4–6-mo-old) exhibited higher hepatic 
basal phosphorylation of STAT3, but not of STAT5, and protein 

Figure 1. Histological analysis of livers from GH-overexpressing transgenic mice and normal controls. Representative photomicrographs of liver sec-
tions from normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) mice are shown. (A) H&E staining, original 
magnification 100×; (B) H&E staining, original magnification 400×; (C) fluorescence microscopy after Hoechst dye staining, original magnification 
400×. The analysis of hepatocytes number per visual field (original magnification 400×) is displayed in (D). The analysis of the hepatocyte nuclear area 
is displayed in (E) mean hepatocyte nuclear area; (F and G) hepatocyte nuclear area size distribution for normal and GH-transgenice mice, respective-
ly. Data are the mean ± SEM of nine sets of different individuals per group. Different letters (D and E) denote significant differences. (F and G) Asterisks 
indicate significant differences between males and females for a same nuclear area range at p < 0.05.
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proteins (Fig. 3B and D). However, the elevated level of phos-
phorylated EGFR in normal males was associated with a parallel 
increase in the protein and mRNA content of this receptor, indi-
cating a higher expression of EGFR in normal males compared 
with females (Fig. 3F).

Transgenic mice from both sexes displayed basal phosphory-
lation levels of STAT5, which were in between those of normal 
males and females (Fig. 3B), although these differences did not 
reach statistical significance. The high level of phosphorylated 
Akt and EGFR observed in transgenic mice was the consequence 
of elevated protein levels of these signaling mediators, which was 
not associated with higher gene expression, as the mRNA abun-
dance was not increased in transgenic animals, in accordance 
with previous results reported for adult female mice.6

Female and male transgenic mice displayed significantly 
higher phosphorylation levels of STAT3 at its activating residue, 

Representative results of immunoblots are shown in Figure 3A. 
For each protein, the phosphorylation and protein content was 
determined by immunoblotting, and the phosphorylation/pro-
tein content ratio was calculated. When significant differences 
in the protein abundance were detected, the mRNA content 
was determined by qRT-PCR. The graphs shown for STAT5 
(Fig. 3B), STAT3 (Fig. 3C), Akt (Fig. 3D), mTOR (Fig. 3E) 
and EGFR (Fig. 3F) were obtained by analyzing nine different 
individuals per group.

No sex differences were observed for transgenic mice in the 
proteins analyzed; however, sexual dimorphism was observed in 
normal mice for STAT5, Akt and EGFR, with males presenting 
higher phosphorylation levels. In the case of STAT5 and Akt, 
the higher phosphorylation levels observed in normal males were 
not related to elevated protein expression compared with normal 
females, indicating an increase in the relative activation of these 

Figure 2. PCNA protein content and immunostaining. To evaluate hepatocellular proliferation, the expression of the proliferating cell nuclear antigen 
(PCNA) was assessed in the liver from young adult normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) 
mice. (A) Immunohistochemical staining of liver sections with anti-PCNA antibody: representative microphotographs are shown; the % of positive 
hepatocyte nuclei was determined in 10 high-power fields per mouse, nine animals per group were analyzed. Negative controls were performed in 
parallel on additional slides and incubated with PBS instead of primary antibody. (B) Liver extracts were analyzed by immunobloting with anti-PCNA 
antibody. Quantification was performed by scanning densitometry and expressed as % of the mean values in normal female mice. Data are the mean 
± SEM of nine sets of different individuals per group (n). Different letters denote significant difference at p < 0.05. A representative result of immunob-
lots is shown. (C) Loading controls were performed by immunoblotting with anti-β-tubulin, anti-β-actin and anti-STAT5 antibodies and by staining the 
PVDF membrane with Coomasie blue. Each lane contains 40 μg of solubilized liver proteins from an individual animal.
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result of elevated abundance of this protein. When statistical 
analysis was performed by ANOVA, no significant variation in 
mTOR mRNA content was found (Fig. 3E), but when mRNA 
levels were compared by Student’s t-test for genotype within sex, 

Tyr705, compared with normal mice, with slightly elevated 
protein levels that were not significantly different from normal 
controls (Fig. 3C). Transgenic mice also exhibited higher phos-
phorylation of mTOR at Ser2448, which was most probably the 

Figure 3. Expression and phosphorylation of STAT5, STAT3, Akt, mTOR and EGFR in the liver of GH-overexpressing transgenic mice and normal 
controls. Liver extracts from young adult normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) mice were 
analyzed by immunoblotting to determine the phosphorylation and protein content, or by reverse-transcriptase quantitative PCR (qRT-PCR) to assess 
mRNA levels. (A) Representative results of immunoblots are shown. (B) STAT5 phosphorylation at Tyr694/696 (pSTAT5), protein content and phos-
phorylation/protein content ratio. STAT5 was also used as a control for equal loading. (C) STAT3 phosphorylation at Tyr705 (pSTAT3), protein content 
and phosphorylation/protein content ratio. (D) Akt phosphorylation at Ser473 (pAkt), Akt2 protein content, phosphorylation/protein content ratio 
and mRNA levels. (E) mTOR phosphorylation at Ser2448 (pmTOR), protein content, phosphorylation/protein content ratio and mRNA levels. (F) EGFR 
phosphorylation at Tyr845 (pEGFR), protein content, phosphorylation/protein content ratio and mRNA levels. Results are expressed as % of the mean 
values in normal female mice. Data are the mean ± SEM of nine sets of different individuals per group (n). Different letters denote significant difference 
at p < 0.05. NS, not significant.
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levels in GH-transgenic mice than in normal controls, but this 
was not statistically significant. No sex differences were detected 
in the protein content, mRNA levels or in the phosphorylation of 
NFκB and CREB, either in normal or transgenic mice.

Expression of proto-oncogenes involved in cell cycle pro-
gression. The expression of c-myc, c-jun and c-fos, immediate 
early genes involved in the regulation of the priming phase of 
the cell cycle, is induced through the signaling pathways that are 
exacerbated in the liver of GH-transgenic mice. These oncogenes 
were reported to participate in the progress of hepatocarcinogen-
esis.23,39,40 Therefore, the expression of these proteins was deter-
mined in the liver of GH-transgenic mice and normal controls. 
The protein and mRNA content of c-myc, c-jun and c-fos was ana-
lyzed by western blotting and quantitative RT-PCR, respectively. 
Representative results of immunoblots are shown in Figure 6A. 
Higher mRNA and protein levels were observed for the three 
proto-oncogenes in GH-transgenic mice compared with normal 
controls, with no sex differences (Fig. 6B–D).

The cyclins D1 and E facilitate the transition from G
1
 to S 

phase of the cell cycle, and their dysregulation has been associated 
with cancer.35,41 Transgenic mice exhibited higher cyclin E pro-
tein levels than normal controls, associated with elevated mRNA 
levels, which did not show sexual dimorphism (Fig. 6E). The 
protein content of cyclin D1 was also higher in GH-transgenic 
mice compared with normal controls, with no significant sex dif-
ferences (Fig. 6F). In contrast, sexual dimorphism was observed 
in the mRNA content of cyclin D1, which was markedly low 
in normal male mice, and high in transgenic male mice; hence, 
transgenic mice displayed higher cyclin D1 mRNA levels than 
normal controls only in males (Fig. 6F). As results obtained 
for cyclin D1 by western blotting differed from those obtained 
by quantitative RT-PCR, nuclear localization of cyclin D1 was 
assessed by immunohistochemistry (Fig. 6G). In both sexes, 
transgenic mice exhibited a higher nuclear immunostaining than 
normal controls, in agreement with results obtained by western 
blotting. The immunohistochemistry analysis also showed an 
increase in the number of cyclin D1-positive nuclei in transgenic 
males compared with females. Likewise, in normal males the 
proportion of positive nuclei was slightly lower than in females, 
although this difference was not statistically significant.

Molecular alterations in the liver of transgenic mice over-
expressing growth hormone-releasing hormone (GHRH). In 
order to corroborate that the molecular changes observed in the 
liver of GH-transgenic mice were a consequence of the elevated 
GH circulating levels and not the result of the hepatic local 
expression of the transgene, as occurs in PEPCK-bGH transgenic 
mice used, another line of mice with chronic GH excess was 
studied, Mt-GHRH transgenic mice, which exhibit enhanced 
production of the endogenous pituitary GH.

The phosphorylation and/or protein expression of signaling 
molecules that were found to be altered in the PEPCK-bGH 
transgenic line were determined in young female GHRH-
transgenic mice.

We have previously reported that GHRH-transgenic mice 
exhibit upregulation of Akt, mTOR and EGFR, and high phos-
phorylation levels of STAT3.6 In the present work, we show that 

a significant reduction was detected for the transgenic groups, in 
line with previous reports for adult female mice.6

Expression of GSK3β and β-catenin. The glycogen syn-
thase kinase 3 (GSK3) is a Ser/Thr kinase implicated in glyco-
gen metabolism, cell differentiation, proliferation, survival and 
transformation through multiple signaling pathways; it exists in 
two isoforms, α and β, but the β-isoform has a more established 
role in cell survival and viability.32,33 GSK3β is a component of 
both PI3K/Akt and Wnt/β-catenin signaling pathways, two 
major systems that are frequently dysregulated in liver cancer.23,32 
Akt and other Ser/Thr kinases phosphorylate the GSK3β iso-
form at Ser9, inhibiting its activity and consequently stabilizing 
cyclin D1 and β-catenin protein levels.32-35 The accumulation 
of β-catenin in the cytoplasm promotes its translocation to the 
nucleus, where it activates the transcription of several oncogenes, 
including cyclin D1, c-Myc and c-Jun.32,34,35

In normal mice, a higher phosphorylation of GSK3β at Ser9 
was observed in males compared with females, with no differ-
ences in the protein or mRNA content (Fig. 4A–D), suggesting 
that the relatively higher phosphorylation degree of GSK3β in 
normal males may be a consequence of higher activity of Akt, 
as reflected by the elevated phosphorylated Akt levels observed 
in this group. In contrast, no sex differences were detected in 
transgenic mice. For both sexes, GH-transgenic animals dis-
played elevated GSK3β protein content, accompanied by a fur-
ther increase in the phosphorylation levels, even when corrected 
by protein content, with no variation in mRNA abundance 
(Fig. 4A–D). In addition, the protein content of β-catenin was 
increased in GH-transgenic mice, with no significant differences 
in its mRNA abundance (Fig. 4E and F), suggesting that the 
protein upregulation was not related to enhanced expression of 
β-catenin gene, but probably to higher stability of the protein. 
Immunohistochemistry analysis revealed a higher β-catenin 
staining in transgenic than in normal mice, which was mainly 
localized at the hepatocytes plasma membrane and cytoplasm. In 
normal mice, β-catenin staining was barely detected and located 
at the plasma membrane (Fig. 4H).

Phosphorylation and expression of NFκB and CREB. The 
transcription factor nuclear factor kappa B (NFκB) family regu-
lates the expression of a large number of genes that play critical 
roles in cell proliferation, survival, tumorigenesis, inflammation 
and immune response. In the liver, NFκB plays an essential role 
in the regulation of inflammatory pathways, hepatic homeostasis 
and wound-healing processes.36 The phosphorylation and expres-
sion of p65 (RelA), a member of the NFκB family, was deter-
mined in the liver of GH-transgenic mice and normal controls. 
Transgenic mice exhibited higher protein and mRNA abundance 
of p65 NFκB (RelA) with a parallel increase in its phosphorylation 
at Ser536 (Fig. 5A), which enhances its transcriptional activity.37

The transcription factor c-AMP-response element binding 
protein (CREB) is phosphorylated at Ser133 by various kinases, 
including Akt, which increase its transcriptional activation and 
induce the expression of survival genes.38 Transgenic mice dis-
played significantly lower protein abundance of CREB, but its 
phosphorylation at Ser133 was markedly increased compared 
with normal controls (Fig. 5B). CREB mRNA exhibited lower 
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Figure 4. Expression of GSK3β and β-catenin in the liver of GH-overexpressing transgenic mice and normal controls. Liver extracts from young 
adult normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) mice were analyzed by immunoblotting to 
determine the phosphorylation and protein content, or by reverse-transcriptase quantitative PCR (qRT-PCR) to assess mRNA levels. (A) Phosphoryla-
tion of GSK3β at Ser9 (pGSK3β). (B) GSK3β protein content. (C) Phosphorylated GSK3β levels corrected by GSK3β protein content. (D) GSK3β mRNA 
levels. (E) β-catenin protein content. (F) β-catenin mRNA levels. Results are expressed as % of the mean values in normal female mice. Data are the 
mean ± SEM of nine sets of different individuals per group (n). Different letters denote significant difference at p < 0.05. NS: not significant. (G) Repre-
sentative results of immunoblots are shown. Reprobing with anti-STAT5 antibody demonstrated similar protein loading in all lanes. (H) Immunohisto-
chemical staining of liver sections with anti-β-catenin: representative microphotographs are shown. Negative controls were performed in parallel on 
additional slides and incubated with PBS instead of primary antibody.
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sexual dimorphism was observed, as in normal mice, tumor inci-
dence is known to be higher in males, but no sex differences were 
reported in GH-transgenic mice.16,21

The liver is a sexually dimorphic organ, with gender differences 
detected in the mitochondrial function, metabolic enzymes, lipid 
composition of the cellular membranes, immune system, gene 
expression and cancer incidence.26,27,42,43 The hepatic expression 
of many of the sex-specific genes is regulated by the GH-induced 
STAT5 pathway. Growth hormone exerts sex-dependent effects 
on the liver in many species, including rats, mice and humans 
through its sexually dimorphic temporal pattern of pituitary 
secretion, which differently activates intracellular signaling path-
ways and induces sex-specific gene transcription.42-44 In rodents it 
is well-established that GH is secreted by the pituitary in a pul-
satile manner, which is highly episodic in males, whereas females 
present more frequent pulses, attaining a near-continuous pattern 
in the rat.43,45,46 The activity of the transcription factor STAT5 
in liver is determined by GH secretory patterns, with males pre-
senting intermittent pulses of high STAT5 activation followed by 
periods of undetectable levels, whereas in females, STAT5 activa-
tion is lower and persistent.43-45,47

In the current work, we show that normal male mice exhibited 
higher hepatocyte nuclear and cellular size, but cell proliferation 

GHRH- transgenic mice also exhibit similar alterations as those 
observed for PEPCK-bGH transgenic mice in other signaling 
molecules known to participate in the hepatocarcinogenesis pro-
cess. Compared with normal controls, GHRH-transgenic mice 
displayed lower CREB protein level, elevated protein abundance 
of GSK3β and NFκB with a parallel increase in their phosphory-
lation levels, and higher protein content of β-catenin, cyclin D1, 
cyclin E, c-Myc, c-Jun and c-Fos (Fig. 7).

Discussion

To elucidate the molecular mechanisms involved in the pre-
neoplastic morphological alterations in the liver of young adult 
transgenic mice overexpressing GH, signaling pathways known 
to participate in the hepatocarcinogenesis process were assessed. 
In a previous article we reported that female transgenic mice 
overexpressing GH exhibit hepatic constitutive activation and/
or upregulation of several signaling mediators, including STAT3, 
Akt, mTOR, Erk1/2, EGFR and Src.6 In the present work, we 
evaluated the expression and activation of downstream signaling 
mediators and effectors of these and other signaling pathways, 
including NFκB, CREB, GSK3β, β-catenin, c-Myc, c-Jun, 
c-Fos, cyclin D1 and cyclin E. In addition, we assessed whether 

Figure 5. Expression and phosphorylation of NFκB p65 (RelA) and CREB in the liver of GH-overexpressing transgenic mice and normal controls. Liver 
extracts from young adult normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) mice were analyzed by 
immunoblotting to determine the phosphorylation and protein content, or by reverse-transcriptase quantitative PCR (qRT-PCR) to assess mRNA levels. 
(A) NFκB p65 (Rel A) phosphorylation at Ser536 (pNFκB), protein content, phosphorylation/protein content ratio and mRNA levels. (B) CREB phos-
phorylation at Ser133 (pCREB), protein content, phosphorylation/protein content ratio and mRNA levels. (C) Representative results of immunoblots are 
shown. Reprobing with anti-STAT5 antibody demonstrated similar protein loading in all lanes. Results are expressed as % of the mean values in normal 
female mice. Data are the mean ± SEM nine sets of different individuals per group (n). Different letters denote significant difference at p < 0.05. NS, not 
significant.
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accordance with previous reports on the modulation of EGFR 
expression in the liver by GH secretory profile showing that the 
pulsatile pattern typical of male rodents was more effective in 
inducing EGFR mRNA levels and EGF binding than the more 
continuous feminine pattern.4,5 Results of increased mean STAT5 

was not increased. Sexual dimorphism was also observed in some 
of the molecular signaling mediators under study in the normal 
group, with males exhibiting upregulation of EGFR mRNA and 
protein levels and higher content of phosphorylated STAT5, 
Akt and GSK3β. The higher expression of EGFR in males is in 

Figure 6. Expression of proto-oncogenes in the liver of GH-overexpressing transgenic mice and normal controls. Liver extracts from young adult 
normal female (NF), normal male (NM), GH-transgenic female (TF) and GH-transgenic male (TM) mice were analyzed by immunoblotting to determine 
protein content and by reverse-transcriptase quantitative PCR (qRT-PCR) to assess mRNA levels. Results are expressed as % of the mean values in nor-
mal female mice. (A) Representative results of immunoblots are shown. STAT5 antibody was used to control equal protein loading in all lanes. (B) c-Fos 
protein and mRNA levels. (C) c-Jun protein and mRNA levels. (D) c-Myc protein and mRNA levels. (E) Cyclin E protein and mRNA levels. (F) Cyclin D1 pro-
tein and mRNA levels. (G) Immunohistochemical staining of liver sections with anti-cyclin D1 antibody: representative microphotographs are shown; 
the % of positive hepatocyte nuclei was determined in 10 high-power fields per mouse. Black arrows show representative positive nuclei. Negative 
controls were performed in parallel on additional slides and incubated with PBS instead of primary antibody. Data are the mean ± SEM of nine sets of 
different individuals per group (n). Different letters denote significant difference at p < 0.05. NS, not significant.
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in line with previous observations.49 The exacerbated activa-
tion of Akt found in normal males compared with females may 
be related to the higher hepatocellular size in males. Signaling 
through the PI3K/Akt pathway is known to play an important 
role in hepatocyte cell growth, and it was suggested that Akt con-
tributes to liver regeneration mainly by inducing cell size growth 
rather than cell proliferation.50,51 Whether the reported sex differ-
ences in normal mice liver also contribute to the higher incidence 
of HCC in males remains to be elucidated.

In line with previous publications,12,13,16,18 young adult 
GH-overexpressing transgenic mice from both sexes exhibit 

phosphorylation levels in male mice compared with female con-
trols are in line with a recent report from our group in Swiss-
Webster mice of the same age as the animals used for the present 
work, and are most probably a direct consequence of sex-specific 
GH secretion patterns.48 As GSK3β is a substrate of Akt, the ele-
vated phosphorylation of GSK3β at Ser9 found in normal males 
is probably a result of the higher activation of Akt, reflected by 
enhanced phosphorylation of Akt at Ser473 in normal males com-
pared with females. However, a similar pattern was not detected 
for other downstream targets of Akt, such as mTOR, suggestive 
of differential regulation of signaling pathways downstream Akt, 

Figure 7. Molecular alterations in the liver of transgenic mice overexpressing growth hormone-releasing hormone (GHRH). Immunoblotting analysis 
of liver extracts from female 3–5-mo-old GHRH-transgenic mice (T) and their normal controls (N). (A) Results are expressed as % of the mean values in 
normal female mice. Quantification was performed by optical densitometry. Data are the mean ± SEM of five subsets of different individuals. Different 
letters denote significant difference at p < 0.05. (B) Representative immunoblots are shown.
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In accordance with our previous report,6 in females 
GH-transgenic mice displayed higher protein abundance of 
EGFR than normal controls. However, in males, the protein 
content of EGFR was not increased in transgenic mice, as normal 
males exhibited high EGFR levels similar to those observed in 
the transgenic groups. Our results suggest that the mechanism 
underlying the increase in EGFR protein levels compared with 
normal females is different for normal males and for transgenic 
mice; as in the first case, the concomitant increase in mRNA 
levels is indicative of higher gene expression, while in the case 
of transgenic mice, no variations in mRNA levels were detected, 
indicative of a higher stability of EGFR protein. Autocrine sig-
nals as EGFR ligands are known to exert a protective role in the 
liver; however, EGFR may also activate antiapoptotic signals.23,53 
In fact, EGF acts as a liver mitogen, and EGFR is involved in 
the pathogenesis and progression of different carcinoma types, 
including HCC.54

The Ser/Thr kinase Akt is a crucial regulator of cellular pro-
cesses, including proliferation, differentiation, apoptosis and 
metabolism, and disruption of normal Akt signaling was reported 
in several human cancers, including HCC.23,34,38 Akt family com-
prises three isoforms, known as Akt1, Akt2 and Akt3, all of which 
contain two regulatory sites, Thr308 and Ser473.38 In the present 
work, the protein content of the isoform Akt2 was determined, 
and it was found to be elevated in the liver of GH-transgenic 
mice, with no differences in its mRNA levels. A parallel incre-
ment in the phophorylation of the activating residue Ser473 was 
also found. This is of interest since Akt2 expression was reported 
to be increased in HCC and to correlate with the progression 
of the disease,55 and therefore its dysregulation may constitute a 
pivotal step in the prooncogenic process in GH-transgenic mice 
liver. In fact, many downstream mediators or signaling pathways 
that interplay with Akt, as mTOR and GSK3, were altered in 
transgenic mice overexpressing GH.

The glycogen synthase kinase 3β is known to participate in 
many cellular processes, including differentiation, proliferation 
and transformation.32,33,35 GSK3β is involved in the β-catenin 

hepatomegaly, hepatocyte hypertrophy with enlarged nuclear 
size and exacerbated hepatocellular proliferation compared with 
normal controls. Interestingly, sexual dimorphism was also 
observed in the hepatocytes in the transgenic group. The results 
of enlarged hepatocyte cell and nuclear size and proliferation in 
transgenic males compared with females are unexpected, as it had 
been previously reported that no significant differences between 
male and female transgenic mice could be found in terms of 
tumor incidence and progression.16 Based on those observations, 
authors decided to pool both sexes of GH-transgenic mice in 
subsequent studies,17,21 and therefore subtle differences between 
male and female GH-transgenic mice may have been undetected. 
The expression and activation of several of the signaling media-
tors evaluated was exacerbated in transgenic mice compared with 
normal controls, but no sex differences were detected within the 
transgenic group, except for higher mRNA levels and nuclear 
localization for cyclin D1 in males.

In contrast to our previous findings in 3–6-mo-old females, 
where basal phosphorylation levels of STAT5 were similar in 
normal and transgenic animals,6,30 in the current work, 9-wk-
old transgenic mice displayed a clear tendency to higher basal 
phosphorylation levels of STAT5 when values are compared with 
those of normal females. This difference did not reach statisti-
cal significance when analyzed by ANOVA but was significant 
when Student’s t-test was performed for female mice only. Even 
when pSTAT5 levels may be higher in transgenic mice than in 
normal controls for females, this is not the case for males, which 
exhibit slightly higher STAT5 phosphorylation levels than trans-
genic mice. These results seem to contradict a recent report, in 
which liver STAT5 was proposed to be a major contributor to the 
pathology observed in GH-transgenic mice, as its loss reversed 
most of the alterations induced by persistently high GH levels, 
including increased hepatocyte size and turnover.52 It is possible 
that tyrosine phosphorylation levels of this protein in whole tissue 
homogenates are not a direct reflection of the effective activity of 
STAT5 in GH-transgenic mice, as other factors are involved in its 
transcriptional activation.

Table 2. Sequences of the primers used in real-time reverse transcriptase PCR

Gene Forward Reverse

Akt2 GAG GAC CTT CCA TGT AGA CT CTC AGA TGT GGA AGA GTC AC

Catenin β 1 (Ctnnb1) CAA CCT TTC TCA CCA CCG CG ATC CAC TGG TGA CCC AAG CA

Creb1 TGT TCA AGC TGC CTC AGG CG GGG AGG ACG CCA TAA CAA CTC

Cyclin D1 (Ccnd1) GCG AAG TGG AGA CCA TCC G GGT CTC CTC CGT CTT GAG C

Cyclin E (Ccne1) GGC GGA CAC AGC TTC GGG TC TGG GTC TTG CAA AAA CAC GGC CA

Cyclophilin A GCG TCT CCT TCG AGC TGT T AAG TCA CCA CCC TGG CAC

Egfr ATA GTG GTG GTG GCC CTT GG GAG GTT CCA CGA GCT CTC TCT

Fos CCG ACT ACG AGG CGT CAT CC CTG CGC AAA AGT CCT GTG TGT

Gsk3beta CCA CCA TCC TTA TCC CTC CAC GTA TCT GAG GCT GCT GTG GC

Jun CAT TGC CGC CTC CAA GTG CCA GCT CGG AGT TTT GCG

mTOR GTT TGT GGC TCT GAA TGA CC TCA GGA TCT GGA TGA GCA TC

Myc TCA CCA GCA CAA CTA CGC CG TGC TTC AGG ACC CTG CCA CT

RelA GCT CCT GTT CGA GTC TCC AT TAG GTC CTT TTG CGC TTC TC
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proliferation and survival during liver development and regen-
eration.67 c-Fos is frequently overexpressed in tumors, including 
HCC.40,68 In the present work, we report enhanced expression of 
c-myc, c-jun and c-fos, in the liver of young adult transgenic mice 
overexpressing GH, suggestive of a prominent role of these proto-
oncogenes in the preneoplastic pathology observed in this model.

The nuclear factor NFκB is involved in cell proliferation and 
survival, immunity and inflammation, and its dysregulation has 
been implicated in cancer development. In fact, constitutive acti-
vation of NFκB was found in a wide range of cancers, and it 
has been implicated in the association between chronic inflam-
mation and carcinogenesis.63,69,70 In liver, NFκB controls the fate 
of death or survival of the hepatocyte, and its activation would 
be involved in the proliferation of oncogenic cells in hepatocar-
cinogenesis.71 NFκB induces the expression of cell cycle-related 
genes, including cyclin D1 and c-myc, and it was proposed to 
mediate GH anti-apoptotic and proliferative effects in immune 
cells.72 In the present work, we show that NFκB is increased in 
GH-transgenic mice liver, which could thus contribute to the 
liver pathology observed in these animals. No sex differences were 
detected for this protein, either in normal or transgenic animals. 
The elevated expression of NFκB in the liver of GH-transgenic 
mice is in line with a recent study performed in males showing 
increased RelA mRNA and p65 positive inflammatory cells in 
GH-overexpressing mice.52 Therefore, the high NFκB content 
observed in the liver of GH-transgenic mice is most probably the 
result of the hepatic inflammation present in this mouse model. 
NFκB is known to induce the expression of the pro-inflammatory 
cytokine IL6, which activates the transcription factor STAT3. 
In fact, NFκB and STAT3 play important roles in liver inflam-
mation and are critical contributors to liver cancer development 
and progression.73 In GH-transgenic mice liver, elevated levels of 
activated STAT3 were observed in both sexes, consistent with the 
reported high hepatic expression of IL6 in GH-transgenic mice.52 
However, the high STAT3 phosphorylation may also be the con-
sequence of elevated levels of other growth factors and cytokines 
or of their receptors in GH-transgenic mice. In fact EGF and GH 
receptors, which are upregulated in the liver of transgenic mice, 
are known to activate STAT3.

The transcription factor CREB was also suggested to play a 
role in hepatocellular carcinoma progression.74 Despite the lower 
expression of CREB, its phosphorylation at the activating residue 
Ser133 was increased in transgenic mice, suggesting a higher rela-
tive activation of this transcription factor. Interestingly, under-
expression of CREB-H, a liver-specific transcription factor, has 
been described in tumoral endocrine cell lines.75

The aforementioned molecular alterations observed in the 
PEPCK-bGH transgenic mice were confirmed in the Mt-GHRH 
transgenic animals, therefore validating the results and indicat-
ing that the described changes are due to the persistently high 
circulating levels of GH and not to the local expression of the 
hormone in the liver.

To sum up, the hepatocarcinogenesis process that arises in 
the setting of chronic liver injury is complex and involves mul-
tiple mechanisms. Transgenic mice overexpressing GH serve as 
a model for hepatocellular carcinogenesis as a result of sustained 

signaling pathway, which is believed to play a role in the neoplas-
tic progression of hepatic cells.56,57 A high percentage of human 
hepatocellular carcinomas show high levels of β-catenin, usually 
located at the cytoplasm or nucleus rather than at the plasma 
membrane.57,58 β-catenin cytoplasmic content is normally kept 
low by phosphorylation mediated by GSK3, which is part of an 
inactivating complex that targets β-catenin to proteasome deg-
radation. When GSK3 is inhibited, β-catenin accumulates in 
the cytoplasm, translocates to the nucleus and acts as a coacti-
vator of transcription factors involved in cell proliferation, sur-
vival and angiogenesis.33,35 In the present work, we describe 
that GH-transgenic mice displayed increased protein content of 
β-catenin, without an increase in its mRNA levels, concomitant 
with elevated levels of GSK3β phosphorylated at an inactivat-
ing residue. Elevated levels of inactive GSK3β were reported in 
hepatocellular carcinoma harboring β-catenin accumulation.57-59 
These results suggest that the upregulation of β-catenin is due 
to increased protein stability rather than higher gene expression. 
In accordance with the exacerbation of β-catenin signaling, the 
expression of the β-catenin oncogenic target genes cyclin D1, 
c-myc and c-jun was increased in transgenic mice liver. However, 
the expression of these genes is modulated by additional signaling 
pathways.

Cyclin D1 is frequently overexpressed in many human can-
cers, including HCC.35,60,58 In addition to its role in cell cycle pro-
gression, cyclin D1 promotes cell growth in hepatocytes.61,62 Akt 
modulates cyclin D1 levels by multiple and complex mechanisms. 
In addition to its action on β-catenin, GSK3β directly phos-
phorylates cyclin D1, stimulating its proteolysis.34,35 Therefore, 
Akt mediated phosphorylation of GSK3β at Ser9, which inacti-
vates it, would result in the accumulation of β-catenin and cyclin 
D1. Moreover, mTOR is known to promote the translation of 
cyclin D1 mRNA via direct phosphorylation of substrates that 
control mRNA translation and by an additional mechanism 
that would involve the transcription factor CREB.34 In addition, 
cyclin D1 transcription is induced by NFκB.63 Therefore, the 
elevated cyclin D1 levels in GH-transgenic mice liver are prob-
ably the result of the multiple alterations detected in different 
signaling pathways downstream Akt.

Altered expression of the protooncogenes c-myc, c-jun and c-fos 
is a common phenomenon in carcinogenesis. The transcription 
factor c-Myc is involved in the regulation of cellular proliferation, 
growth and apoptosis, and its deregulated expression has been 
associated with the development of tumors, including HCC.64 
The ability of c-Myc to induce hepatocyte proliferation or growth 
in mice is dependent on the age of the host. c-Myc overexpres-
sion in the liver induced marked cell proliferation and immediate 
onset of neoplasia in neonatal mice, while in adults it induced 
increased nuclear and cellular growth rather than cell prolifera-
tion, with the appearance of malignant transformation after a 
prolonged latency period.65 The activator protein-1 (AP1) com-
plex is a transcription factor formed principally by Jun homodi-
mers or Jun-Fos heterodimers, which regulates the expression of 
multiple genes involved in cell proliferation, differentiation and 
apoptosis and is believed to play a major role in human onco-
genesis.66 c-Jun is recognized as a major regulator of hepatocyte 
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kinase Thr202/Tyr204 (pErk1/2), anti-phospho-STAT3 Tyr705, 
anti-phospho-EGFR Tyr845, anti-EGFR, anti-phospho-NFκB 
p65 Ser536, anti-NFκB p65, anti-phospho-CREB Ser133, anti-
CREB, anti-phospho-GSK3β Ser9, anti-GSK3β, anti-c-Jun, 
anti-c-Myc, anti-c-Fos, were from Cell Signaling Technology 
Inc. Antibody anti-STAT3 was purchased from Transduction 
Laboratories. Antibodies anti-cyclin E and anti-β-tubulin were 
from Abcam Inc., and anti-β-actin from Sigma-Aldrich. Anti-
β-catenin antibody used for immunoblotting was from Cell 
Signaling Technology, and anti-β-catenin antibody used for 
immunohistochemistry was from Santa Cruz Biotechnology 
Laboratories. All other chemicals were of reagent grade.

Histology and immunohistochemical staining. Freshly dis-
sected livers were fixed in 10% formalin, dehydrated and embed-
ded in paraffin to process sections at a thickness of 5 μm. For 
histomorphological evaluation, hematoxylin and eosin (H&E) 
staining was performed using standard procedures. Nuclear mor-
phology was also assessed by staining the tissue slides for 30 min 
at room temperature with Hoechst 33258 (Sigma-Aldrich) 50 
ng/ml in phosphate buffered saline (PBS). After washing twice 
with PBS, the slides were mounted for fluorescence microscopy.

For immunostaining, deparaffinized liver sections were rehy-
drated and subjected to antigenic recuperation with sodium 
citrate (pH 6.0) at 98°C for 30 min. Endogenous peroxidase 
activity was blocked incubating slides on PBS containing 3% 
hydrogen peroxide for 30 min. Non-specific protein binding was 
blocked using PBS containing 1% bovine serum albumin (BSA) 
for 1 h and then normal horse serum for 2 h. Incubation with pri-
mary antibodies anti-PCNA (1:1,000), anti-cyclin D1 (1:200) or 
anti-β-catenin (1:50) was performed overnight at 4°C. Negative 
controls were performed in parallel in slides in which the pri-
mary antibody was replaced by PBS. Subsequently, incubations 
with biotin-labeled secondary antibodies followed by incubation 
with streptavidin-horse radish peroxidase complex were each per-
formed for 30 min at room temperature (R.T.U. vectastain kit, 
Vector Laboratories). The antigen-antibody binding was visual-
ized with diaminobenzidine (DAB) (Peroxidase substrate kit, 
DAB sk-4100, Vector Laboratories), and sections were counter-
stained with hematoxylin.

H&E and immunostained sections were observed under 
light microscopy using a Leica DM2000 microscope; photomi-
crographs were obtained using a Leica DFC400 digital camera 
and Leica Application Suite software (Leica Microsystems). 
Measurements were performed using the image analyzer ImageJ 
1.45s software. The cell and nuclear size were estimated by count-
ing the number of hepatocytes per field and the nuclear area, 
respectively. Only cells that were unequivocally parenchymal in 
origin were analyzed. Hepatocyte proliferation was determined 
by immunohistochemical staining for proliferating cell nuclear 
antigen (PCNA). Ten fields per animal were analyzed, and all 
hepatocytes within the field were counted. Hepatocyte prolifera-
tion was expressed as the percentage of PCNA-positive (brown 
stained) nuclei.

Preparation of liver extracts. Mice were killed by cervical 
dislocation under isofluorane anesthesia; the livers were removed 
and homogenized at the ratio 0.1 g/1 ml in buffer composed of 

proliferative growth stimulus in the liver.14 In this work, we 
describe that several oncogenic pathways are dysregulated in the 
liver of young adult GH-overexpressing transgenic mice. We pres-
ent evidence that prolonged exposure to GH induces in the liver 
alterations in signaling pathways involved in cell growth, prolif-
eration and survival that resemble those found in many human 
tumors. The hepatocellular hypertrophy and proliferation found 
in transgenic mice were exacerbated in males; however, the alter-
ations observed for the examined signaling mediators and onco-
genes did not present sexual dimorphism in this group, except for 
higher cyclin D1 in males. These results suggest that additional 
molecular mechanisms may account for the higher nuclear and 
cell size and proliferation of the hepatocytes in transgenic male 
mice. Whether the observed alterations are a direct effect of pro-
longed GH action on the liver or secondary to other endocrine or 
metabolic alterations remains to be determined.

Materials and Methods

Animals. Young adult transgenic mice overexpressing GH were 
studied; non-transgenic siblings were used as controls. All the 
experiments were performed in PEPCK-bGH transgenic mice, 
and some of the results were also confirmed in Mt-hGHRH 
transgenic mice. PEPCK-bGH mice containing the bovine GH 
(bGH) gene fused to control sequences of the rat phosphoenol-
pyruvatecarboxykinase (PEPCK) gene were derived from ani-
mals kindly provided by Dr T.E. Wagner and Dr J.S. Yun (Ohio 
University).9 The hemizygous transgenic mice were derived from 
a founder male and were produced by mating transgenic males 
with normal C57BL/6 × C3H F1 hybrid females purchased from 
the Jackson Laboratory. Matings produced approximately equal 
proportion of transgenic and normal progeny. Normal siblings of 
transgenic mice were used as controls. Female and male 9-wk-old 
animals were used.

Transgenic Mt-hGHRH animals were derived from animals 
originally produced by Dr K. Mayo and kindly provided by Dr 
J. Hyde.76 Adult transgenic mice and their normal siblings were 
produced by mating hemizygous male carriers of the Mt-hGHRH 
gene with normal C57BL/6J × C3H/J F1 females. Female adult 
animals (4–6-mo-old) were used.

The mice were housed 3–5 per cage in a room with controlled 
light (12 h light/day) and temperature (22 ± 2°C). The animals 
had free access to food (Lab Diet Equation 5001; PMI Inc.) and 
tap water. The appropriateness of the experimental procedure, 
the required number of animals used and the method of acquisi-
tion were in compliance with federal and local laws and with 
institutional regulations.

Reagents. Polyvinylidenedifluoride (PVDF) membranes, 
ECL-Plus reagent and Hyperfilm were purchased from GE 
Healthcare. Secondary antibodies conjugated with horserad-
ish peroxidase and antibodies anti-cyclin D1, anti-PCNA and 
anti-STAT5 were purchased from Santa Cruz Biotechnology 
Laboratories. Antibody anti-phospho-STAT5 Tyr694/696 
was from Upstate Laboratories. Antibodies anti-phospho-Akt 
Ser473, anti-Akt2, anti-phospho-mTOR Ser2448, anti-mTOR, 
anti-p44/42 MAP kinase (Erk1/2), anti-phospho-p44/42 MAP 
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the relative expression levels were calculated according to the 
Equation 2A−B/2C−D [A = cycle threshold (Ct) number of the gene 
of interest in the first control sample, B = Ct number of the gene 
of interest in each sample, C = Ct number of the housekeeping 
gene in the first control sample, D = Ct number of the housekeep-
ing gene in each sample], as described before.79,80 The relative 
expression of the first normal sample was expressed as 1, and the 
relative expression of all other samples was calculated using this 
equation for each gene. Results are expressed as percentage for 
the mean normal female mice group value.

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 ± SEM of the number of samples indicated. Statistical 
analyses were performed by two-way ANOVA followed by the 
Newman-Keuls multiple comparison test using the GraphPad 
Prism 4 statistical program by GraphPad Software, Inc. Student’s 
t-test was used when the values of two groups were analyzed. 
Data were considered significantly different if p < 0.05.
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1% Triton, 100 mM Hepes, 100 mM sodium pyrophosphate, 
100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium vana-
date, 2 mM phenylmethylsulfonyl fluoride (PMSF) and 0.035 
trypsin inhibitory units/ml aprotinin (pH 7.4) at 4°C. Liver 
homogenates were centrifuged at 100,000 × g for 40 min at 4°C 
to remove insoluble material. Protein concentration of super-
natants was determined by the BCA assay (BCA Protein Assay 
Reagent, Thermo Scientific Pierce). An aliquot of solubilized 
liver was diluted in Laemmli buffer, boiled for 5 min and stored 
at −20°C until electrophoresis.

Western blotting analysis. Samples were subjected to elec-
trophoresis in SDS-polyacrylamide gels using Bio-Rad Mini 
Protean apparatus (Bio-Rad Laboratories). Equal amount of total 
protein was loaded in each lane. Electrotransference of proteins 
from gel to polyvinylidenedifluoride membranes was performed 
for 1 h at 100 mA per transferred membrane (constant current) 
using the V20-SDB semi-dry blotting apparatus (Scie-Plas) in 
0.025 M Tris, 0.192 M glycine, 20% (v/v) methanol and 0.03% 
(w/v) SDS (pH 8.3). To reduce non-specific antibody bind-
ing, membranes were incubated for 1 h at room temperature in 
T-TBS buffer (0.01 M TRIS-HCl, 0.15 M NaCl and 0.02% w/v 
Tween 20, pH 7.6) containing 3% w/v BSA. The membranes 
were then incubated overnight at 4°C with the primary antibody. 
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. Immunoreactive 
proteins were revealed by enhanced chemiluminescence (ECL-
Plus, Amersham Biosciences). Band intensities were quantified 
using Gel-Pro Analyzer 4.1 software (Media Cybernetics). After 
all detection steps membranes were stained with Coomasie Blue 
to control the total protein load and blotting efficiency.77

Real-time reverse transcriptase PCR. Total hepatic RNA 
was extracted using the phenol chloroform method.78 cDNA was 
obtained using iScriptcDNA synthesis kit (Bio-Rad), and the 
relative expression of the genes was analyzed by real time PCR as 
previously described.79 Table 2 shows the sequence of the prim-
ers used. Cyclophilin A was used as a housekeeping gene, and 
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