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Abstract Growth hormone (GH) action is the result

of an intracellular cascade initiated just after its

interaction with the growth hormone receptor (GHR)

located on the surface of target cells. This cascade

culminates with the transcription of target genes, such

as the insulin-like growth factors (IGFs), which are

responsible for most GH biological effects. In

addition to its central role in growth, fish GH is also

involved with osmoregulatory control. Within this

context, the objective of the present work was to

isolate GH, GHR, and IGF-I cDNAs from the

Brazilian flounder Paralichthys orbignyanus and

evaluate whether these genes are induced by hyper-

osmotic stress. The obtained results indicated that GH

mRNA had a significant peak only 24 h after

hyperosmotic stress. In gills, GHR mRNA was

significantly increased after 7 days. In liver, GHR

and IGF-I mRNAs were significantly increased in

72 h and both reached even higher levels after

7 days. These results indicate that hyperosmotic

stress can increase GH sensitivity in the gills and

liver of P. orbignyanus and, consequently, improve

IGF-I production. The management of this parameter

could be useful in achieving better growth perfor-

mance for this and other commercially important

species in which GH has a direct correlation with

osmoregulatory mechanisms.
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Introduction

Growth is the result of complex molecular interactions

in which growth hormone (GH) plays a major role in
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all vertebrates. At the tissular level, the pleiotropic

effects of GH result from its interaction with the

growth hormone receptor (GHR) located on the

surface of target cells. GHR is a membrane protein

which links to GH with high affinity and specificity,

activating a post-receptor signaling system which

culminates in activating the transcription of target

genes, such as the insulin-like growth factor I, IGF-I

(Kopchick and Andry 2000; Takeda and Akira 2000).

Several studies carried out in salmonid fishes have

shown that the GH/IGF-I axis is also involved in

osmoregulation, increasing salinity tolerance through

its stimulation of the chloride cell number and the

activity of Na?, K?-ATPase enzyme in gills (Bolton

et al. 1987; Sakamoto and Hirano 1993; Madsen et al.

1995; McCormick 1996). Since changes in water

salinity during critical life-history stages can alter

levels of GH and correlated hormones like IGF-I, the

control of this parameter could be used to maximize

growth and development in economically important

teleosts. However, in non-salmonid teleosts, the

osmoregulatory role of this axis is less clear and

only a few species have been studied on this subject,

with controversial results being reported. Pituitary

GH cell numbers and plasma GH levels seem to

depend on the species studied and the environmental

salinity (Mancera and McCormick 1998).

The Brazilian flounder Paralichthys orbignyanus

(Valenciennes 1839) is found from Rio de Janeiro

(Brazil) to Mar del Plata (Argentina) (Figueiredo and

Menezes 2000). This species inhabits estuaries and

coastal waters and it is commonly subjected to

brackish water, especially during its growth period.

Brazilian flounder is euryhaline; newly metamor-

phosed juveniles tolerate freshwater and full-strength

seawater (Sampaio et al. 2007). According to Silveira

et al. (1995), males mature at 26.3 cm, while females

mature at 37.4 cm.

On the Brazilian coast, P. orbignyanus is exploited

by both artisanal and commercial fisheries. It is a

species with great potential for aquaculture not only

for its high commercial value, but also because of its

euryhalinity (Wasielesky et al. 1995), tolerance to

high concentrations of nitrogenous compounds (Bian-

chini et al. 1996) and acid stress (Wasielesky et al.

1997). Sampaio et al. (2001) reported that the best

growth rate achieved by P. orbignyanus is still lower

than those observed for turbot and Japanese flounder

in commercial aquaculture.

Since osmoregulation is an energy-demanding

process, isosmotic salinities minimize osmoregula-

tory stress and should increase the energy available

for growth and/or survival (Sampaio and Bianchini

2002). Nevertheless, GH levels can be increased by

hyperosmotic stress, resulting in higher growth rates

in fish, since this hormone enhances somatic growth

by stimulating protein synthesis, improving feed

conversion, and increasing appetite in many species

(Björnsson 1997; Pérez-Sánchez and Le Bail 1999).

Within this context, the objective of the present work

was to analyze the expression of GH in the pituitary

and GHR/IGF in the gills and liver of P. orbignyanus

after hyperosmotic stress, in order to evaluate

whether salinity can induce the transcription of genes

related to the somatotrophic axis.

Materials and methods

The fish used in this study (18–26 cm; 70–220 g)

were originated from artificial spawning at Estação

Marinha de Aquacultura (EMA-FURG, Brazil). Indi-

viduals were acclimated for one week to the salinity

of 11 g l-1, the species isosmotic point (Sampaio and

Bianchini 2002). After acclimation, one group of fish

was transferred to a tank with sea water at 30 g l-1,

while another group was kept at 11 g l-1. The water

temperature in both tanks was 24�C (±2�C), the

water renewal rate was 100% per day, and constant

aeration was provided. The photoperiod was set at 12/

12 h daylight/darkness. The fish were fed ad libitum

with chopped fish once a day. They were anesthetized

with benzocaine (50 mg l-1) before pituitary, gill,

and liver sampling. They were sampled on four

occasions: 3, 24, 72 h, and 7 days after transfer.

Total RNA was extracted immediately after tissue

sampling with TRIzol reagent (Invitrogen, Brazil),

following the recommended protocol. Pituitaries

from three individuals were grouped and three

pituitary pools were analyzed per sampling time

and salinity. For gills and livers, three individuals

from each of the two salinities were drawn each time.

cDNA synthesis was conducted through reverse

transcriptase—polymerase chain reaction (RT-PCR)

using RT SuperScriptTM III enzyme (Invitrogen,

Brazil), according to the manufacturer’s protocol.

In order to isolate and to sequence P. orbignyanus

GH, GHR, and IGF-I cDNAs, homologous or
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degenerate primers were designed over conserved

gene regions, as found through the CLUSTAL_X

(Thompson et al. 1997) alignment of sequences from

other fish species, available at GenBank (http://

www.ncbi.nlm.nih.gov). The primers used for gene

isolation are shown in Table 1. The PCR conditions

were as follows: denaturing cycle of 94�C/2 min,

followed by 35 cycles of 94�C/30 s, 50�C/1 min,

72�C/1 min, followed by a final elongation step of

72�C/15 min. The only exception was for the IFG-I

gene, in which the primer’s annealing conditions

were 63�C/30 s. PCR products were visualized on 1%

agarose gel electrophoresis containing 0.5 lg ml-1

ethidium bromide on a UV transilluminator. Bands

corresponding to the expected product size were

excised from the gel and the amplicon was purified

through CONCERTTM Rapid Gel Extraction System

(Invitrogen, Brazil). Purified product for GH and

GHR were cloned employing the TOPO� TA Clon-

ing kit (Invitrogen, Brazil) and plasmids of overnight

cultures of bacterial colonies were extracted with

CONCERTTM Rapid Plasmid Purification Systems

(Invitrogen, Brazil). Plasmids were analyzed by

restriction enzyme digestion (EcoR I, Invitrogen,

Brazil) to confirm the size of the inserted cDNA.

Automated sequencing was performed using M13

universal primers and the BigDye Ready Reaction

Mix (Applied Biosystems) according protocol by the

manufacturer. For IGF-I and b-actin, the purified

PCR products were directly sequenced. Nucleotide

sequences and translated amino acid sequences were

compared to the GenBank database through the

BLASTP on-line tool (Altschul et al. 1997). After the

sequences were confirmed, internal gene-specific

primers were designed for gene expression analysis

(Table 1).

Gene expression analysis was conducted through

semi-quantitative RT-PCR, using a denaturing cycle

of 94�C/2 min, followed by 94�C/30 s, 60�C/1 min,

72�C/1 min, followed by a final elongation step of

72�C/10 min. For all of the genes analyzed, a number

of previous trial runs were carried out in order to

determine the number of cycles which would be

enough to produce detectable amplification, while

remaining within the linear PCR amplification limits.

For GH, 22 cycles were used, while for GHR, IGF-I,

and b-actin, 35 cycles were needed. b-actin was used

as an internal control for data normalization (Chelly

et al. 1988), since previous tests showed no variation

between the treatments used (11 and 30 g l-1).

PCR products were electrophoresed on 1.5% agarose

gel containing 0.5 lg ml-1 ethidium bromide.

Table 1 Primers used for

the isolation and expression

analysis of growth hormone

(GH), growth hormone

receptor (GHR), insulin-like

growth factor I (IGF-I), and

b-actin genes of

Paralichthys orbignyanus

Genes Primers PCR product

size (bp)

Homologous

GH EXO1: 50-CCCAGACCAGCCATGGACAGA-30 747

AUAP: 50-GGCCACGCGTCGACTAGTAC-30

GHR GHR12-FOR: 50-CGACGACTCCTGGGTTGARTTYGTHGA-30 374

GHR13-REV: 50-TGTCGGACACCTGGGCRTARAARTC-30

IGF-I fIGFI-FOR: 50-GCCACACCCTCTCACTACTGCT-30 363

fIGFI-REV: 50-GCTGTGCTGTCCTACGCTCTG-30

b-actin BAC-FOR: 50-ACHAACTGGGAYGAYATGG-30 258

BAC-REV: 50-TAGATGGGBACDGTGTGGG-30

Gene-specific

GH GH-FOR: 50-GTTCAGTATCTTCACCTGGTTGC-30 466

GH-REV: 50-TGCAGTTAGCTTCTGGAAAGAGT-30

GHR GHR-FOR: 50-ACTCCTGGGTTGAATTCGTAGAG-30 283

GHR-REV: 50-CCATCTTCAGTATCAAAGGATGC-30

IGF-I IGFI-FOR: 50-TCTCACTACTGCTGTGTGTCCTC-30 310

IGFI-REV: 50-GTACTAACCTTGGGTGCTCTCG-30

b-actin bACT-FOR: 50-AAGATCTGGCATCACACCTTCTA-30 216

bACT-REV: 50-GGAGTCCATGACGATACCAGTG-30
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For each gene analyzed, all individuals from the two

treatments were run in the same gel for comparison.

Digitalized images of the gels were analyzed

employing the software 1DScan (Scanalytics).

The data were analyzed through analysis of

variance (two-way ANOVA), employing Tukey’s

test. Normality and variance homogeneity were

previously verified and a significance level of 5%

was adopted in every case. All statistical tests

employed fixed type I error in 5% (a = 0.05).

Results

The P. orbignyanus GH cDNA (GenBank accession

no. DQ112550) showed a 573 nucleotide coding

region, followed by a 147 nucleotide 30 UTR, which

includes a polyadenylation site (AATAAA). The

entire GH coding region was obtained and can be

coherently translated in a 190 amino acid chain, from

which the N-terminal first 17 amino acids are highly

hydrophobic. These first 17 amino acids also present

high sequence homology to other flounder GH

signaling peptides (94%), and are, therefore, very

likely to constitute P. orbignyanus signaling peptide.

The remaining 173 amino acid chain presents typical

fish GH features, such as the presence of four

cysteines in conserved regions, which allow the

formation of the two characteristic disulfide bridges

essential to the molecule tertiary structure. In addi-

tion, only one tryptophan is present and various

portions of the amino acid sequence are highly

conserved in relation to many known fish GHs

(homology of 97% with Paralichthys lethostigma;

Table 2). There is only one potential glycosilation

site at Asn186, formed by the sequence Asn-Cys-Thr.

The mature form of the hormone initiates with a

glutamine.

For GHR, IGF-I, and b-actin cDNAs, only partial

coding sequences were obtained (GenBank acession

nos. DQ112551, EU542579, and EU542580, respec-

tively). The identities of the obtained nucleotide and

amino acid sequences are shown in Table 2. All

sequences were very similar to other flounder

sequences, ranging from 76 to 98% identity for

nucleotide, and 68 to 100% for amino acid sequences.

The GH gene expression analysis indicated a

significant 1.4-fold expression increase for fish

exposed to a salinity of 30 g l-1 for 24 h (Fig. 1).

For fishes analyzed after 3, 72 h, and 7 days after

transfer, the GH mRNA levels were not significantly

different from those of fish kept at the specie’s

isosmotic point (11 g l-1). For the GHR gene

expression analyses, the obtained results for gills

demonstrated a significant 2.8-fold increase in

relation to the control after 7 days at 30 g l-1

(Fig. 2). Increase of GHR expression in the liver

(Fig. 3) was observed earlier than in gills, with a

Table 2 Identity of

obtained nucleotide and

amino acid sequences of

GH, GHR, IGF-I, and

b-actin genes of P.
orbignyanus to other

flounder species

Genes Identity Flounder species with maximum identity

Nucleotide Amino acid

GH 556/573 (97%) 185/190 (97%) Paralichthys lethostigma

GHR 278/362 (76%) 86/125 (68%) Hippoglossus hippoglossus

IGF-I 358/363 (98%) 118/120 (98%) Paralichthys lethostigma

Paralichthys olivaceus

b-actin 251/258 (97%) 85/85 (100%) Platichthys flesus
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Fig. 1 Time-course growth hormone (GH) gene expression in

the pituitary of Paralichthys orbignyanus acclimated to

different salinities (11 and 30 g l-1). The data are showed

after normalization by b-actin gene expression. The different

letters indicate significant differences (P \ 0.05) between

treatment groups
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2.3-fold increase after 72 h, whilst after 7 days

expression, it reached 2.8-fold of that observed for

the control mRNA levels in fish exposed to 30 g l-1

for 7 days. For IGF-I gene expression, the results

were very similar to GHR in the liver. Figure 4

shows a significant 1.9-fold increase in IGF-I

mRNA levels in fish exposed to 30 g l-1 for 72 h.

Similarly to what was observed for GHR, 7 days

after transfer, the IGF-I mRNA levels were 2.5-fold

that observed for the controls.

Discussion

The complete P. orbignyanus GH amino acid

sequence was deduced from a cDNA sequence highly

similar to other Pleuronectiformes. The maximum

identity was obtained in comparison to Paralichthys

lethostigma (97%, Table 2). The polyadenylation

site, signaling peptide and key conserved sites were

easily identified by homology to previously described

fish GH, adding to the evidence that the described

sequence has been correctly identified as the

P. orbignyanus GH. Interestingly, it was observed a

deletion of 14 amino acids near the C-terminus in the

Brazilian flounder GH molecule, which is shared by

P. olivaceus, P. lethostigma, and P. dentatus (data not

shown). It is likely that this deletion has been

originated in an evolutionary event that characterizes

the Paralichthys genus. Likewise, the GHR, IGF-I,

and b-actin partial sequences obtained have shown

high homology to sequences previously described for

other flounder species (Table 2).

The results of the gene expression analysis show a

higher GH gene expression level in fish transferred to

30 g l-1 for 24 h when compared to the gene

expression of fish kept at a salinity corresponding

to P. orbignyanus’s isosmotic point (Fig. 1). This

significant increase in gene expression suggests an

osmoregulatory action of the growth hormone imme-

diately after the hyperosmotic shock. Indeed, it has

been previously demonstrated that GH facilitates

seawater acclimation, stimulating the proliferation of

gill chloride cells, the expression of the Na?, K?-

ATPase a-subunit, and ion transporters involved in

salt secretion (Sakamoto et al. 1993; Björnsson 1997;

McCormick 2001; Pelis and McCormick 2001). On

the other hand, 72 h and 7 days after transfer, the

levels of GH gene expression were the same as for
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Fig. 2 Time-course growth hormone receptor (GHR) gene

expression in the gills of P. orbignyanus acclimated to different

salinities (11 and 30 g l-1). The data are showed after

normalization by b-actin gene expression. The different letters

indicate significant differences (P \ 0.05) between treatment

groups
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Fig. 3 Time-course GHR gene expression in the liver of

P. orbignyanus acclimated to different salinities (11 and

30 g l-1). The data are showed after normalization by b-actin

gene expression. The different letters indicate significant

differences (P \ 0.05) between treatment groups
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Fig. 4 Time-course insulin-like growth factor I (IGF-I) gene

expression in the liver of P. orbignyanus acclimated to

different salinities (11 and 30 g l-1). The data are showed

after normalization by b-actin gene expression. The different

letters indicate significant differences (P \ 0.05) between

treatment groups
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control fish, indicating that the hyperosmotic stress

produces a transient increase in the GH gene

expression. In fact, the down-regulation of the GH

gene expression was expected, since pituitary

GH secretion is controlled by levels of circulating

GH and IGF-I through a negative feedback system,

which involves the action of hypothalamic neuro-

peptides on somatotrophic cells (Pérez-Sánchez

2000). However, if the GH gene expression induced

by hyperosmotic stress is transitory because of the

negative feedback system, how do we explain the

continuous osmoregulatory effect of the hormone?

Our findings regarding GHR gene expression levels

in gills suggest that osmoregulation in hyperosmotic

conditions could be maintained by a synergic action

of both GH and IGF-I, but at different times. We

observed that liver GHR gene expression increases

significantly 72 h and 7 days after seawater transfer

(Fig. 3), with a concomitant increase of IGF-I

expression (Fig. 4). On the other hand, gill GHR

increases only 7 days after the transference (Fig. 2).

These results suggest that IGF-I could act earlier than

GH on gills, since the former is also involved with

osmoregulation increasing salinity tolerance and/or

gill Na+, K+-ATPase activity in different fish species

(Mancera and McCormick 1998). While we did not

analyze the IGF-I receptor in gills, this hypothesis

remains to be tested. Thus, the GH osmoregulatory

effect could continue, even after the GH peak induced

by the hyperosmotic stress.

Studies performed in salmonids have found the

GH level to be temporarily increased after seawater

transfer (Boeuf 1993; Björnsson 1997; Björnsson

et al. 1998). Additionally, it has been observed that

hyperosmotic shock in euryhaline species activates

GH gene transcription with a concomitant increase of

the growth rate. The increased growth rate associated

with the hyperosmotic shock can be considered as a

GH collateral effect. In this situation, the primary

function of the hormone is to reestablish the osmotic

balance, but its presence in the blood also triggers

growth through binding with receptors present mainly

in liver and muscle cells. However, the same question

is raised once more. If the GH gene expression

induced by hyperosmotic stress is transitory, how do

we explain the increased growth rate in several fish

species exposed to hyperosmotic stress? Once again,

one possible answer is that increased growth is

sustained not by constantly high levels of circulating

GH, but by an augmented GH sensitivity of tissues

involved with IGF-I production, especially liver. If

there are more GH receptors in hepatocyte mem-

branes, then the post-receptor signaling system will

be more active, even with a lower level of circulating

GH. In the present study, we have found a significant

increase in liver GHR gene expression that is

maintained for 72 h and 7 days after hyperosmotic

stress (Fig. 3). Even though the GH gene expression

in the same period was not different from the

controls, it seems likely that fish in hyperosmotic

conditions could produce more IGF-I and, conse-

quently, improve growth, since they have a higher

number of GH receptors in their hepatocyte mem-

branes. Recently, Iwatani et al. (2005) reported faster

growth of the sculpin Cottus kazika in seawater than

in its native fresh water. In this study, GH and IGF-I

gene expression was analyzed in short- (48 h) and

long-term (40 days) experiments. The level of GH

gene transcripts 48 h after transfer was higher in fish

reared in seawater and 1/3 seawater, while no

difference was found in IGF-I gene transcripts.

Nevertheless, IGF-I gene transcripts increased in

seawater-reared fish 40 days after transfer compared

with controls, while GH gene transcripts did not.

These results corroborate our findings, since we have

observed a similar peak of pituitary GH gene

expression 24 h after the hyperosmotic stress and an

augmented GHR and IGF-I gene expression in liver

72 h and 7 days after the transfer of the Brazilian

flounder to seawater.

An increased growth rate can be observed only if

the energy available for this fish is enough to cope

with osmoregulatory costs, leaving a surplus of

energy to be used for somatic growth. The energy

spared for growth will vary whether the species is

euryhaline or stenohaline. In the case of euryhaline

species, it has been observed that hyperosmotic shock

activates GH gene transcription and the circulating

GH level, which, in turn, increases the growth rate.

This has been observed for species such as rainbow

trout Oncorhynchus mykiss, brown trout Salmo trutta,

sturgeon Acipenser oxyrhynchus, and striped bass

Morone saxatilis (Altinok and Grizzle 2001). In

regard to stenohaline species, these authors did not

observe increased growth rates for goldfish Carassius

auratus and channel catfish Ictalurus punctatus

acclimatized in brackish water. However, in the

channel catfish I. punctatus, Tang et al. (2001) did
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identify an increase in the amount of GH mRNAs in

individuals acclimatized in brackish water. In the

same way, Drennon et al. (2003), working with the

same species, identified a significant increase of

plasma GH of fish submitted to the brackish water.

These results indicate that, in stenohaline species, GH

gene transcription is activated by hyperosmotic shock

as well. However, it seems that, in this case, not

enough energy would be available for growth, which

could be attributed to very high osmoregulation costs

in this group of fish.

Most of the flounder species are euryhaline,

although in the early development stages, this charac-

teristic is not usually evident. In species such as the

southern flounder P. lethostigma (Henne and Watan-

abe 2003) and summer flounder P. dentatus (Watanabe

et al. 1998), growth and survival have been optimal in

seawater. However, in turbot (Scophthalmus maxi-

mus), the best growth and food conversion were

observed in intermediate salinities (Imsland et al.

2003), corroborating the hypothesis of increased

growth rate of fish reared near to their isosmotic point

(Imsland et al. 2001). In the case of P. orbignyanus,

Sampaio et al. (2001) did not observe significant

differences in the growth performance between fish

acclimatized in seawater and brackish water. These

studies demonstrate that, in flounder, the growth

performance in different salinity conditions can vary

widely. However, experimental design in this kind of

study seldom includes the strategy of acclimatizing

fish in a salinity that corresponds to its isosmotic point,

before applying the hyperosmotic shock for growth

evaluation. Usually, fish are kept in seawater and

afterwards, a group of individuals is transferred to

intermediate salinities for growth comparison. In this

scenario, the hyperosmotic shock has not been applied

and it is likely that GH gene transcription has not been

triggered as needed for reestablishing the osmotic

balance. Thus, GH levels would probably be kept

unchanged in the two groups and any observed

differences can be attributed to the energy cost of the

osmoregulatory process, which is species-specific and

depends on the development stage studied.

Within the context of the results obtained in the

present study, we suggest that if fish are appropriately

acclimatized at the salinity corresponding to its

isosmotic point, and only then submitted to the

hyperosmotic shock, the level of GH gene transcrip-

tion would be immediately increased, since the

presence of the hormone is necessary for seawater

adaptation. In these conditions, the increased GH

levels triggered by the hyperosmotic shock, even if

transitory, would be able to produce a significant

effect in the growth performance through augmented

IGF-I production. By its turn, augmented IGF-I

production could be directly attributed to increased

GH tissue sensitivity as a consequence of higher

GHR levels, especially in liver and muscle. Recently,

Small et al. (2006) stated the relation between GHR

and IGF-I in channel catfish, I. punctatus. According

to these authors, stress and fasting may induce an

increase in hepatic growth hormone resistance

through a diminished GHR synthesis, with a conse-

quent lower level of IGF-I production.

In summary, the use of the hyperosmotic shock as a

strategy to increase the growth rate of aquaculture

species depends basically on the osmoregulatory mech-

anisms used and the energetic balance, which seems to

be species-specific. This observation emphasizes the

importance of gene expression studies associated to

growth experiments performed in different salinity

conditions. The results obtained here reveal that hyper-

osmotic stress can increase GH gene expression in the

flounder P. orbignyanus when fish acclimatization is

adequately performed. A peak in GH gene expression,

even transitory, seems to have increased the GH

sensitivity and, consequently, IGF-I production in liver.

Considering these observations, we suggest that the

control of salinity acclimatization is likely to be a key

parameter in achieving the best growth performance for

economically important species.
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