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Homozygote individuals (HO) of the GH-transgenic zebrafish lineage (F0104), despite expressing double
the amount of growth hormone (GH) in relation to the hemizygote (HE) individuals, presented smaller
growth in relation to the last, and similar to the non-transgenic (NT) group. Through the analysis of
the expression of genes of the somatotrophic axis in the livers of HO and NT individuals, it was verified
that GHR, JAK2 and STAT5.1 did not present significant differences among the analyzed genotypes (NT
and HO). However, in the IGF-I gene expression, an accentuated decrease was observed in group HO
(p < 0.01), suggesting a resistance effect to excess GH. This resistance could be related to the insufficient
amount of energy for supporting the accelerated metabolic demand caused by excess circulating GH.
Analysis of the genes involved in the regulation of GH signalization by dephosphorylation (PTP-H1 and
PTP-1B) did not show any significant alteration when comparing groups HO and NT. However, the anal-
ysis of the SOCS1 and SOCS3 genes showed an induction in homozygotes of 2.5 times (p < 0.01) and 4.3
times (p < 0.05), respectively, in relation to non-transgenics. The results of the present work demonstrate
that, in homozygotes, GH signaling is reduced by the action of the SOCS1 and SOCS3 proteins.

� 2009 Published by Elsevier Inc.
1. Introduction

The growth hormone (GH) is a polypeptide hormone produced
mainly at the anterior portion of the pituitary, and its main func-
tion is stimulation of somatic growth in animals. Besides this
growth function, GH also affects metabolism of fats, proteins and
carbohydrates (Davidson, 1987; Mommsen, 2001; Moller and Nor-
relund, 2003), immune system maintenance (Jeay et al., 2002),
stress and behavior response (Yoshizato et al., 1998). After being
synthesized at the pituitary under control of hypothalamic factors,
such as GHRH (GH releasing hormone) and somatostatin, GH is re-
leased in the blood stream, acting on specific organs through its
association with receptors present at the surface of target cells.

Intracellular signalization of GH initiates with its association
with its receptor (GHR), which induces phosphorylation and conse-
quent activation of members of an enzymatic family known as Ja-
nus Kinases (JAKs), commonly associated with the intracellular
portion of the receptor (Argetsinger et al., 1993; VanderKuur
et al., 1994, 1995). JAKs activation is apparently the initial step
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for intracellular unleashing of most signalization systems initiated
by GH (Argetsinger et al., 1993; Smit et al., 1997). Due to the fact
that GHR does not possess, on its own, any intrinsic kinases activ-
ity, the approximation of two JAK molecules through dimerization
of receptors results in the transphosphorylation of one JAK by the
other, and therefore, the activation of both (Ihle, 1994). Once acti-
vated, the JAKs phosphorylate specific regions of the receptor, rich
in tyrosines, which will function as anchorage sites for molecules
known as Signal Transducers and Activators of Transcription
(STATs). Of the seven STATs described for mammals, the one in-
volved specifically with GH signaling is STAT5b which is function-
ally equivalent to STAT5.1 in zebrafish (Danio rerio) (Lewis and
Ward, 2004). STATs are also phosphorylated by the JAKs, form di-
mers and translocate themselves to the nucleus in order to activate
specific genes involved in the development of GH biological
responses.

In the liver, GH causes the production of growth factors such as
insulin-like growth factors (IGFs), which are small polypeptide
chains that directly influence animal growth and development
(Butler and Le Roith, 2001). The IGFs stimulate, mainly, the chon-
droitin-sulphate and collagen production by chondrocytes, which
is important for cartilage and bone growth (Schindler and Darnell,
1995; Ihle, 1996). IGFs are present in relatively high concentrations
in a wide variety of tissues, exhibiting hypertrophic and hyperplas-
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tic properties, being particularly important regulators of myogene-
sis, exercising an endocrine, autocrine and paracrine role in the
integration of tissue-specific regulation and other biological events
(Kamegai et al., 2005).

There are various mechanisms that control the GH intracellular
signalization pathway in the case of circulating hormone excess.
STATs activity can be regulated by inhibitory proteins such as SOCS
(Suppressor of Cytokine Signaling), dephosphorylation processes
by tyrosine-phosphatases (PTPs), or by degradation of the GH/
GHR/JAK complex through ubiquitin action. However, most genetic
models utilized nowadays for studying regulation of the expres-
sion of genes involved in the GH intracellular signalization path-
way are for mammals. Recently, Figueiredo et al. (2007a)
produced a genetically modified zebrafish model (Danio rerio)
which can be utilized for studies of the intracellular signalization
of this hormone. This lineage was designated F0104 and is charac-
terized by overexpressing a GH gene of exogenous origin. Hemizy-
gote and homozygote individuals of this lineage were analyzed for
growth and expression of genes related to the somatotrophic axis
(Figueiredo et al., 2007b). Results obtained in this study demon-
strated that, despite the fact that the homozygotes were expressing
almost twice as much GH, they presented a lower hepatic IGF-I
expression than the hemizygotes, with a consequent decrease in
body growth rate. Additionally, it was verified that the homozy-
gotes presented a lower condition factor in relation to the remain-
ing genotypes, as a result of their catabolic state. In this manner,
this transgenic lineage can be utilized as a genetic model for the
study of expression of genes involved in the GH intracellular sig-
nalization pathway regulation, since it was observed hemizygote
fish present accelerated growth, while homozygotes, despite pre-
senting higher GH levels, seem to have intracellular signalization
blocked in some way. In this context, the objective of the present
study was to analyze the expression of genes related to somatotro-
phic axis (GHR, JAK2, STAT5.1 and IGF-I) and establish if the control
of this intracellular signalization pathway in the livers of homozyg-
otic fish of the F0104 lineage occurs through decrease in expres-
sion of somatotrophic axis-related genes or by increase in
expression of genes that code for inhibitory proteins such as SOCS1
and SOCS3, or phosphatases such as PTP-H1 and PTP-1B.

2. Materials and methods

2.1. Obtainment of transgenic fish

Transgenic fish of lineage F0104 utilized in the present work
carried two transgenes, constructed from the b-actin promoter of
carp (Cyprinus carpio), directing gene expression of the green fluo-
rescent protein (GFP) and cDNA of growth hormone of marine sil-
verside fish Odonthestes argentinensis (msGH). Strategy for
simultaneous transfer of these to constructions permits the devel-
opment of a fish lineage transgenic for GH gene, which presents
fluorescence under ultraviolet light, making transgene identifica-
tion quite easy (Figueiredo et al., 2007a). In order to obtain differ-
Table 1
Gene-specific primers used for RT-PCR analysis, PCR amplicon size, GenBank accession nu
Section 2).

Gene (GenBank Accession No.) Amplicon size (bp) Number of cycles

GHR (XM683592) 335 35
JAK2 (MN131093) 486 35
STAT5.1 (AAT95391) 522 35
IGF-I (AF268051) 345 37
SOCS1 (DQ350479) 291 35
SOCS3 (DQ333315) 329 32
PTP-H1 (AF097477) 203 35
PTP-1B (NM130924) 351 35
ent genotypes, crossing between hemizygote individuals of lineage
F0104 were performed, through which a mendelian proportion of
25% homozygote (HO), 50% hemizygote (HE) and 25% non-trans-
genic (NT) individuals was obtained. HO individuals were identi-
fied by presenting a higher level of fluorescence under UV light
and a higher expression of exogenous GH gene than HE. For the
growth experiment, the three classes of obtained genotypes were
utilized. However, for gene expression analyses, only HO and NT
individuals were utilized.

2.2. Growth experiments

For the growth experiment, 5-week-old juveniles were utilized.
HO, HE and NT groups were reared for a 23-week period in aquar-
iums with capacity of 25 L, with water temperature around 28 �C
and photoperiod of 14 h light/10 h dark. Fish were fed daily with
5% total biomass, with commercial feed (ColorBits, Tetra). In each
group, at least 30 individuals were utilized, in triplicate. Biometry
was performed every 2 weeks until the 15th week, with final biom-
etry performed 8 weeks after that. For biometry, individuals were
anesthetized with tricaine (0.1 mg/ml), weighed and returned to
the aquariums.

2.3. RNA extraction and semiquantative RT-PCR

After 23 weeks of rearing, NT and HO individuals were sacri-
ficed and their livers removed. Total RNA was extracted using TRI-
zol Reagent (Invitrogen, Brazil), according to manufacturer
instructions. Approximately 5 lg total RNA extracted from the li-
ver were utilized for complementary DNA (cDNA) synthesis with
reverse transcriptase enzyme (Superscript III RT, Invitrogen, Brazil)
and primer AP (50-GGCCACGCGTCGACTAGTAC(T)17-30, Invitrogen,
Brazil), according to protocol suggested by the manufacturer. Syn-
thesized cDNA was utilized as template for gene-specific PCRs. All
reactions were performed in a 12.5 lL volume, containing 1.25 lL
of 10X PCR buffer (Invitrogen, Brazil), 0.375 lL MgCl2 (50 mM),
0.25 lL DNTP (10 mM), 0.25 lL each primer (0.2 lM), 0.5 lL cDNA
(dilution 1:10), 0.1 lL Platinum Taq polymerase (5 U/lL) (Invitro-
gen, Brazil) and 9.525 lL pure water (Invitrogen, Brazil). Protocol
consisted of 1 min at 94 �C, 30 s at 94 �C, 30 s at 60 �C, 1 min at
72 �C, with a final extension step of 5 min at 72 �C. The number
of cycles utilized for each gene was established in order to avoid
the reaction’s plateau phase. Analyzed genes, GenBank accession
number, number of utilized cycles and primer sequences are de-
scribed in Table 1. For amplification of the IGF-I gene, it was neces-
sary a nested PCR protocol. In this case, the first PCR was
performed utilizing 35 cycles in a reaction containing the forward
primer described in Table 1 and primer AUAP (50-GGCCACGCGTC-
GACTAGTAC-30, Invitrogen, Brazil), which anneals in an anchorage
site placed in the poli(T) tail of cDNA. Approximately 1 ll of first
PCR product was utilized as template in the second PCR reaction,
which utilized the same conditions of the first, but with a larger
number of cycles (37) and the more internal reverse primer de-
mbers and number of PCR cycles used for each pair of primers (for more detail see

Forward Primer (50–30) Reverse Primer (50–30)

CTGGTTTCCAGAAGCAGCTC ACACCTTGAGTTGGGAATGC
CCACAGCAGTTATAAGTCGTTCC AGTCTGTAGTAGCCGTCGATCAG
TTTGTGAATAAACAGCAAGCTCA CTCTTCTACATGCCTCGCTACAT
GGCATTGGTGTGATGTCTT GTGTGTCGTTGTGCTCGTA
CAGAGCGACGTTTTCTTTACACT GAGGAAGTCTTTGAGGATTGGTT
ATAACCCACAGCAAGTTGGATAA GTCTGCAGGAAAAACGACTTGT
ATCCACCTGAAGTGAGGGATTAT TGACTTGACAAAATCCAGGAAGT
GAAAATCTGTCGACACAGGAAAC ACCCTCTATGAAGGCAAGGTAAG
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scribed in Table 1. b-actin gene was utilized as control for the rel-
ative quantification of gene expression, permitting normalization
of results. For amplification of this gene, primers ZFBAC-FOR (50-
CCCTTGTTCACAATAACCT-30) and ZFBAC-REV (50-
TCTGTTGGCTTTGGGATTCA-30) were utilized (Pang and Ge, 2002).
PCR products were analyzed in 1.5% agarose gels stained with ethi-
dium bromide (500 ng/ml) and photodocumentated. The obtained
bands were analyzed by densitometry utilizing 1Dscan Ex software
version 3.1 (Scanalytics, USA).

2.4. Statistical analyses

For testing differences in growth between HO, HE and NT indi-
viduals and in gene expression between HO and NT individuals,
ANOVA was utilized, followed by multiple comparisons of means
Growth
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Fig. 1. Growth of different genotypes of GH-transgenic zebrafish (Danio rerio). NT:
non-transgenic; HE: hemizygous, and HO: homozygous. Different letters indicate
significant differences (p < 0.01) among fish groups.
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Fig. 2. Gene expression in liver of non-transgenic (NT) and homozygous (HO) GH-trans
expressed as mean ± SE (n = 3). Asteristic (���) indicate significant differences (p < 0.01)
(Tukey; p < 0.05). Presumptions of normality and homogeneity of
variance were previously tested, with data being transformed
when necessary. Analyses were performed with software Statistica
version 6.0 (Statsoft, USA).

3. Results

3.1. Growth

After 23 weeks, HE individuals reached a final mean weight
(±SE) of 414.8 mg ± 22.8, significantly higher than the weight at-
tained by individuals of groups HO (266.6 mg ± 15.3; p < 0.01)
and NT (272.6 mg ± 11.7; p < 0.05). Fig. 1 shows that the difference
between HE and HO individuals is significant from the eleventh
week on, while between HE and NT the difference was only signif-
icant from the fifteenth week onward. Between groups HO and NT,
no statistically significant differences were observed in any of the
performed biometrics.

3.2. Gene expression

Results obtained from the analyses of the somatotrophic axis
gene expression (GHR, JAK2, STAT5.1 and IGF-I), comparing indi-
viduals from 23-week-old HO and NT groups, are shown in Fig. 2.
For GHR, JAK2 and STAT5.1 expression, no significant difference
was observed between the analyzed genotypes. However, in the
IGF-I gene expression analysis an expressive decrease in group
HO (p < 0.01; Fig. 2d) was observed. In this case, IGF-I expression
in group HO is approximately 30% of the expression level encoun-
tered for individuals of group NT.

Expression results for the somatotrophic axis regulator genes
(SOCS1, SOCS3, PTP-H1 and PTP-1B) are demonstrated in Fig. 3.
SOCS1 and SOCS3 analyses point to a significant increase in the
expression of both genes in group HO, as shown in Fig. 3c and d.
For SOCS1, an induction of approximately 2.5 times was observed
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Fig. 3. The expression levels of the (a) PTP-H1, (b) PTP-1B, (c) SOCS1 and (d) SOCS3 genes in zebrafish (Danio rerio) liver. HO: homozygous and NT: non-transgenic. Data are
expressed as mean ± SE (n = 3). Asteristic (�) and (���) indicate significant differences (p < 0.05) and (p < 0.01), respectively.
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for group HO compared to group NT (p < 0.01), while for SOCS3 an
induction of 4.3 times was observed in the same comparison
(p < 0.05). For genes related to regulation of signalization of the
somatotrophic axis, through dephosphorylation, both PTP-H1 and
PTP-1B did not show any significant alteration when comparing
groups HO and NT (Fig. 3a and b).

4. Discussion

The growth experiment performed in the present study demon-
strated that the different genotypes of the F0104 lineage present
conflicting characteristics when referring to effective growth. Indi-
viduals homozygotic (HO) for exogenous GH gene, which ex-
pressed double the hormone quantity in relation to hemizygotes
(HE), demonstrated a similar growth to the non-transgenic fish
group (NT). On the other hand, HE transgenic fish presented a sig-
nificant growth increase in relation to the other analyzed geno-
types. In the comparison with the HO group, difference was
significant already on the eleventh week, while in the comparison
with the NT group, difference was only observed on the 15th week.
These results provide evidence for existence of an optimum level of
circulating GH, above which a mechanism of decrease of somato-
trophic axis signalization probably initiates. This hypothesis was
recently raised by Figueiredo et al. (2007b), while working with
the same lineage utilized in the present study, demonstrated that
excess GH does not increase, proportionally, GHR and IGF-I expres-
sion, presenting a condition of resistance to excess GH.

Due to the fact that GH is a multiple-function hormone, it is evi-
dent that its excess can cause a wide variety of collateral effects
which could lead the organism to a stressful situation. Physiologi-
cal and behavioral alterations produced in a situation of excess GH
in the animal’s metabolism are not yet fully understood. Studies
utilizing transgenic models overexpressing the GH gene have al-
ready demonstrated some of these important alterations, such
as: decrease in fertility (Cecim et al., 1995a,b), increase in oxygen
consumption (Cook et al., 2000; Mckenzie et al., 2003) premature
aging (Wolf et al., 1993; Bartke et al., 1998), hyperinsulemia and
resistance to insulin (Dominici et al., 2005), and decrease in learn-
ing and memory (Meliska et al., 1997). Recently, Rosa et al. (2008)
identified a significant increase in oxygen consumption and pro-
duction of reactive oxygen species (ROS) in homozygote individu-
als of the F0104 lineage utilized in the present study. These authors
verified a significant decrease in the expression of the gene which
codifies for glutamate cysteine ligase (GCL) enzyme, responsible
for tripeptide glutathione synthesis, a key element of the antioxi-
dant defense system. In this same sense, Leggatt et al. (2007),
working with GH-transgenic coho salmon (Oncorhynchus kisutch),
also observed a reduction in GCL activity in relation to non-trans-
genic individuals. This same fact has been observed in GH-trans-
genic mice, where an increment in GH levels was demonstrated
to be associated with an increased metabolic demand (Carlson
et al., 1999), increasing ROS production by mitochondria (Muradi-
an et al., 2002; Fridovich, 2004) as well as superoxide production
and lipids and proteins oxidation, which indicates a situation of
elevated oxidative damage (Rollo et al., 1996; Brown-Borg et al.,
2001). These evidences indicate that GH excess has the potential
of generating oxidative stress in fish and mammals, possibly com-
promising growth by the imposition of an additional energetic cost
that does not occur when a favorable relation exists between avail-
able energy and circulating GH level.

In the case of the animal being in an unfavorable energetic sit-
uation, the necessity for decreasing signalization of the somatotro-
phic axis exists, with consequent decrease in IGF-I production,
which is the main effecter of the somatotrophic actions induced
by GH. The first available mechanism to the animal is the utiliza-
tion of a negative feedback system on the GH production in the
pituitary gland. Although this system is efficient in controlling
the physiological effects of GH, not only GH itself as well as IGF-I
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can negatively modulate the synthesis and liberation of the pitui-
tary hormone. However, in the case of transgenic fish, this system
is inefficient due to the fact that exogenous GH is under transcrip-
tional control of a promoter that does not respond to the negative
modulators. This fact has already been demonstrated for the F0104
lineage by Figueiredo et al. (2007b), who demonstrated that the HE
and HO transgenic individuals presented a significant decrease in
the expression of endogenous GH at the pituitary gland. Therefore,
although the transgenic animal is able to decrease endogenous GH
production, it cannot affect the exogenous hormone production. In
this situation, the organism needs to utilize other available mech-
anisms for blocking intracellular GH signalization, turning the cells
into resistant targets to the excess-circulating hormone. Analysis of
IGF-I gene expression in the model utilized in this work showed a
very significant decrease of this gene in group HO when compared
to group NT. This fact indicates a decrease in intracellular signali-
zation of the somatotrophic axis in homozygote fish of the F0104
lineage, which corroborated the results observed in the growth
experiment.

Based on the fact that a negative control of GH signalization in
group HO exists, one of the possibilities for explaining this resis-
tance to circulating GH could be the decrease in expressions of
genes that codify for the GH receptor (GHR), for the kinase associ-
ated to the receptor (JAK2), and for the main transcription factor
which leads information to the cell nucleus (STAT5.1). Results ob-
tained based on the expression of these genes did not indicate any
significant difference in the comparison between HO and NT indi-
viduals. This indicated that the levels of these proteins probably
maintain themselves identical in the two analyzes groups. There-
fore, it is evident that the growth level observed in group HO is re-
lated to the decrease in IGF-I expression and that HO individuals
are utilizing a negative control mechanism of this signalization
pathway which is not related to the decrease in the main compo-
nents of the somatotrophic axis, but to regulatory proteins that
act on these components.

Regulation of the GH intracellular signalization pathway occurs
through a complex mechanism involving the coordinated action of
various negative regulators, whose main targets apparently are
JAKs and STATs phosphorylated by activated GHR (Herrington
and Carter-Su, 2001; Flores-Morales et al., 2006). Two of these
mechanisms were tested in the present study, with the first being
constituted by proteins known as SOCS (Suppressors of Cytokine
Signaling), and the second by phosphatases PTP-H1 and PTP-1B,
which are also involved in GH intracellular signalization control.

Many studies have identified three different types of phospha-
tases involved GH intracellular signalization control: 1) SHP1
(SH2 domain-containing protein-tyrosine phosphatase 1, also
known as PTP-1), which bonds to STAT5 phosphorylated at the nu-
cleus, attenuating signalization (Ram and Waxman, 1997); 2) PTP-
1B induces GHR dephosphorylation in the endoplasmatic reticule
(Frangioni et al., 1992), fact which suggests an endocytosis mech-
anism of GHR, such as already demonstrated for other receptors of
this family (Haj et al., 2002); and 3) PTP-H1, which bonds to phos-
phorylated GHR (Pasquali et al., 2003).

Analysis of PTP-H1 and PTP-1B genes expression did not show
any significant alteration between groups HO and NT, suggesting
that the GH intracellular signalization control observed in group
HO does not utilize dephosphorylation of GHR bonded to the cellu-
lar membrane and neither is related to the receptor internalization
process. Differently from phosphatases, the results of SOCS1 and
SOCS3 expression analyses demonstrated a significant increase in
the expression of both genes, suggesting that HO transgenics uti-
lize this mechanism for controlling excess GH signalization. Of
the twelve SOCS identified in fish, only eight are encountered in
mammals (Jin et al., 2007). In general, SOCS protein levels are con-
stitutively low in cells, but their expression is rapidly induced by
stimulation with different cytokines or growth factors, including
GH (Fujimoto and Naka, 2003). Among these members, SOCS1
and SOCS3 bond directly to JAK and inhibit its kinasic activity,
while other members of this family act competing with STATs for
the anchorage sites presents in the receptor (Kopchick and Andry,
2000).

Although SOCS1 and SOCS3 present structural similarities, their
action mechanisms are different. SOCS1 bonds specifically to the
JAK2 activation site, which should be phosphorylated in order to
permit the enzyme to perform its kinasic activity (Yasukawa
et al., 1999) or signalizing for the ubiquitin degradation system.
On the other hand, SOCS3 can bond to JAK2 inhibiting its activity
or to the receptor (GHR), impeding the STATs from bonding to it,
as described by some authors (Hansen et al., 1999; Ram and Wax-
man, 1999). Taking into account these information, we can con-
clude that the homozygote individuals (HO) of the F0104 lineage
present growth disproportional to the expressed GH level due to
the fact that they utilize a negative regulation system for GH intra-
cellular signalization based on the action of SOCS proteins on the
kinasic activity of the JAK2 enzyme, which is associated to the
GH receptor. It is worth emphasizing that fish utilized in the pres-
ent study were cultured in food control conditions (5% biomass/
day), fact which could have been decisive for the results here ob-
tained. Food quantity offered to homozygote individuals was prob-
ably insufficient for supplying the energetic demands of
metabolism accelerated by excess circulating GH. In this situation
there is not enough energy for growth and the animal is obligated
to regulate negatively the somatotrophic axis, culminating in a sit-
uation of resistance to the hormone and decrease in hepatic IGF-I
production.

To our knowledge, this is the first work to suggest a negative
control mechanism of the somatotrophic axis in a GH-transgenic
fish model. The utilization of homozygote individuals of the
F0104 lineage permitted a comparative model, which demon-
strated the existence of an optimal level of hormone action, above
which the organism is obligated to turn to a negative regulation
system of the somatotrophic axis. This negative regulation permits
that the animal save energy that would otherwise be destined to
growth, and apply it to systems that counterbalance the collateral
effects that excess circulating hormone most certainly provokes on
the organism.
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