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Growth hormone (GH) and insulin-like growth factor-I (IGF-I) are polypeptides that play an essential role in the reg-
ulation of somatic growth in vertebrates. GH is produced in the pituitary gland and IGF-I is produced mainly in the
liver. In teleosts, several aspects on the structure and biological functions of GH and IGF-I have been investigated.
Hormonal, nutritional, developmental, and seasonal patterns of GH and IGF-I levels have been examined using homol-
ogous assay systems. It has clearly been established that, same as in mammals, the GH-IGF-I endocrine axis plays an

important role in the regulation of growth in teleosts.
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INTRODUCTION

Growth in vertebrates is under genetic control and is also
affected by environmental factors, such as temperature,
photoperiod and food availability. The external stimuli and
internal physiological conditions are processed and inte-
grated in the brain and relayed to the endocrine organs in-
cluding the hypothalamus, the pituitary gland, and the pe-
ripheral or target organs. The pituitary gland produces
growth hormone (GH) that is regulated by hypothalamic
hormones such as growth hormone-releasing hormone and
growth hormone-inhibiting hormone or somatostatin. GH,
released into the bloodstream, binds to its specific receptors
in the target organs mainly in the liver, and stimulates syn-
thesis and release of insulin-like growth factor-1 (IGF-I).
The biological actions of IGF-I are mediated through the
IGF receptor. IGF-I circulates in the blood tightly bound to
specific binding proteins that differ in site of origin as well
as in biological function.

Several aspects on the structure and biological functions
of GH and IGF-I in teleosts have been investigated due to
their potential use as growth enhancer in aquaculture. Using
homologous assay systems, hormonal, nutritional, develop-
mental, and seasonal patterns of GH and IGF-I levels have
been examined (see McLean and Donaldson 1993,
Bjornsson 1997, Duan 1997, 1998, Moriyama et al. 2000).
It has been clearly shown that the basic endocrine mecha-
nism underlying growth regulation has been conserved in
teleosts relative to the mammalian system (Fig. 1). This
paper will focus mainly on the biological function of
GH-IGF-I axis in teleostean growth.

TELEOSTS GH AND IGF-I

GH is a single chain polypeptide of about 190 amino
acids synthesized by somatotrophs in the anterior lobe of
the pituitary gland. In the last two decades, substantial
structural information is now available on GH from teleosts
by developing protein purification and by employing re-
combinant DNA technologies. Using homologous GHs, in
both purified and recombinant forms, effects has been ex-
amined on somatic growth, metabolisms, seawater adapt-

ability involving in seasonal changes during the parr-smolt
transformation of salmon, and sexual maturation (see
McLean and Donaldson 1993, Bjornsson 1997). Sakai et
al.(1997) found that salmon GH has immunostimulating ef-
fect in salmon. Barrett and McKeown (1988) also reported
elevated GH levels in plasma of steelhead trout that were
exposed to submaximal training exercise. Taken together
with studies in which endogenous GH levels have been
measured and correlated with the physiological actions, it is
becoming clear that GH is an important and multi-function-
al hormone in fish.

Insulin-like growth factors, including IGF-I and IGF-II,
are single chain polypeptides structurally similar to proin-
sulin. Both IGF-I and IGF-II are essential for both fetal and
postnatal growth in vertebrate animals. The first fish IGF-I
cDNA cloned was from coho salmon (Cao et al. 1989). The
deduced amino acid sequence of salmon preprolGF-I con-
tains a signal peptide, mature IGF-1, and E-domain, the
same as in other vertebrates. Shamblott and Chen (1992)
reported the sequence of rainbow trout IGF-1I cDNA. Then,
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Fig. 1. Endocrine axis controlling growth in teleost fishes.
Environmental factors, such as photoperiod and water tempera-
ture may stimulate (+) productions of growth hormone (GH)
and insulin-like growth factor (IGF-I). Negative feedback (—)
of IGF-1 inhibits GH secretion by the pituitary gland.
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the nucleotide sequence of IGF-I and IGF-II cDNAs has
been determined in a number of teleosts (Duan 1998,
Moriyama et al. 2000). The amino acid sequence of IGF-I
and IGF-1II are highly conserved among vertebrates. A wide
variety of tissues, such as brain, gill, muscle, kidney, and
gut also produce IGF-I locally in teleosts, although liver is
the primary site of IGF-I production, same as in mammals
(Duan 1997, 1998). IGF-1I mRNA is also expressed in mul-
tiple tissues in rainbow trout (Shamblott and Chen 1993).
IGF-I is involved in the regulation of metabolism in the
cells, differentiation and proliferation of the cells, and ulti-
mately body growth. Using a biological assay based on the
uptake of **S-sulfate into the fish branchial cartilage, re-
combinant coho salmon IGF-I stimulated the sulfate uptake
on the cultured branchial cartilage in a dose-dependent
manner (Moriyama et al. 1993a, 1997a). The stimulatory
effect of salmon IGF-1 was similar to that of human IGF-I.
Similarly, Upton et al. (1998) reported that piscine and
human IGF-Is are equally potent in stimulating protein syn-
thesis in mammalian cells and in binding to the human
IGF-I receptors. Taken together, these results indicate that
the structure—function relationship of IGF-I have been re-
markably conserved among vertebrates.

GROWTH REGULATION BY GH AND IGF-1 AXIS

Like in mammals, GH is the primary positive regulator
of IGF-I production in teleost fishes. Injection of coho
salmon GH to the coho salmon increased the plasma IGF-I
and the hepatic IGF-I mRNA levels in a dose-dependent
manner (Duan et al. 1993, Moriyama et al. 1994).
Likewise, plasma IGF-I levels in rainbow trout were elevat-
ed after 12 hr, reaching maximum levels at 24 hr after in-
jection of salmon GH, although plasma GH levels reached
to a maximum within few hr (Moriyama 1995). A similar
lag time in the elevation of IGF-I after GH treatment has
been reported for eels (Duan and Inui 1990). Insulin may
also play a role in regulating IGF-I expression and produc-
tion in salmon. The effect of GH on the hepatic IGF-I
mRNA levels in vitro is enhanced by the simultaneous pres-
ence of insulin and thyroid hormones (Duan et al. 1992).
Injection of streptozotocin, a drug that destroys insulin-pro-
ducing B cells in pancreas, reduced plasma IGF-I levels
and its mRNA levels in the liver (Moriyama et al. 1994,
Plisetskaya and Duan 1994). Therefore, insulin may act
synergistically with GH to stimulate IGF-I production in
salmon.

Treatment of teleost fish with GH and/or IGF-I stimu-
lates somatic growth (McCormick et al. 1992, McLean and
Donaldson 1993). There is a high correlation between plas-
ma GH and IGF-I levels and instantaneous growth rate in
juvenile salmon (Dickhoff et al. 1997). Beckman et al.
(1998) showed that higher plasma IGF-I levels were ob-
served in fast-growing fish than in slow-growing fish. The
same authors also reported that plasma IGF-I levels of chi-
nook salmon were higher in warm-water fish than in cold-
water fish. These indicate that the changes in GH and IGF-I
levels are closely correlated with the growth rate of the fish
and reflect the coordination between the endocrine system
and physiological responses when environmental cues are
changing.

With a view of applying GH to enhance growth in fish,

large number of studies were focused on ways of exogenous
GH administration, such as injection, immersion, implanta-
tion and oral administration (McLean and Donaldson
1993). Incorporation of GH in food is the most practical
and convenient method for a large number of fish in aqua-
culture. It has been demonstrated that orally administered
salmon GH can be transported to the circulatory system as
an intact, biologically active hormone, and subsequently
improved growth of juvenile rainbow trout (Moriyama et
al.1990, 1993b). GH administered to salmonids (100 g body
weight) through oral intubation showed its peak in the plas-
ma 15hr later and remained high for the next several hr
(Moriyama 1994). Plasma IGF-I levels on the other hand
were elevated within 24 hr after the appearance of the GH
peak and remained high for the next few days (Moriyama
1994). These indicate that administration of GH is effective
in stimulating IGF-I production and, consequently, fish
growth.

The nutritional status has a profound effect on the GH-
IGF-I axis in fish. In salmonids, starvation caused cessation
of growth but is accompanied by an elevation of plasma
GH levels (Moriyama et al. 1994, 1999). The body weight
of masu salmon starved for 8 weeks were 2.1 times less
than those of the fed fish (Moriyama et al. 1999). The plas-
ma GH and IGF-I levels of these starved fish were 2.9 times
higher and 2.1 times lower, respectively, than those of the
fed fish. Refeeding of starved masu salmon elevated plasma
IGF-I levels, reaching those of fed fish. In coho salmon,
starvation also decreased the hepatic IGF-1 mRNA levels,
and refeeding of the starved fish led to a rise in hepatic
IGF-I mRNA (Duan and Plisetskaya 1993). In the gilthead
seabream, fasting and feeding, and manipulation of growth
rates by ration and protein content of isocaloric diets yield-
ed a good correlation between plasma IGF-1 levels and
growth rate (Perez-Sanchez et al. 1995). These indicate that
this starvation-induced rise in plasma GH levels may be as-
sociated with a decrease in the hepatic GH receptor and
plasma IGF-I levels and its mRNA expression (Gray et al.
1992, Bjérnsson 1997).

The release of GH by the pituitary is regulated by hypo-
thalamic hormones, GH-releasing peptide and somatostatin,
which inhibits GH release (Luo et al. 1990). IGF-I also in-
hibits GH release as demonstrated in rainbow trout (Blaise
et al. 1995) and the European eel (Huang et al. 1998). In
eel, human IGF-I and human somatostatin caused a dose-
dependent inhibition of GH release in pituitary cells culture
(Huang et al. 1998). In rainbow trout, human IGF-I also in-
hibited GH release, but was less potent than somatostatin
(Perez-Sanchez 1992). An inhibitory effect of human and
salmon IGF-Is on GH release in coho salmon was also ob-
served, but was less potent than that of somatostatin (Fig.
2). These indicate that IGF-I inhibits GH release by nega-
tive feedback on the somatotropic axis, the same as in
mammals (Yamashita 1986). In recent study, it has been re-
ported that ovine GH was decreased GH secretion from
perfused rainbow trout pituitaries (Agustsson and
Bjornsson 2000). It is likely that GH may have a direct neg-
ative feedback control on its secretion at the pituitary level.

Anadromous salmonid fishes undergo characteristic parr
to smolt transformation (smoltification), which prepares the
fish for entry into seawater and for growth and migration to
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Fig. 2. Inhibitory effects of salmon insulin-like growth factor-I
and somatostatin on growth hormone release by salmon pitu-
itary. Symbols represent group as follows: salmon IGF-1 (@)
and somatostatin ((J). Each symbol with vertical bar represents
means *SEM.

feeding areas in the ocean. Salmon smoltification is associ-
ated with increases in plasma levels of multiple hormones,
including GH, thyroxine, cortisol, insulin (Dickhoff et al.
1997), and IGF-I following increases of thyroxine and GH
levels (Moriyama et al. 1997b). The hepatic IGF-I mRNA is
also elevated following increases of plasma insulin, throx-
ine, and GH levels during salmon smoltification (Duan et
al. 1994). IGF-I mRNA levels in the gills were also elevated
during smoltification (Sakamoto et el. 1995). Together with
previous studies, these results imply that GH - IGF-I axis
plays an important role in the regulation of salmon smoltifi-
cation.

The GH-IGF-I axis may regulate seawater adaptation in
some fish species. Plasma levels and turnover rates of GH
increased after transfer to seawater in several teleosts
(Sakamoto et al. 1993, Mancera and McCormick 1998).
The GH occupied and total receptor number in the liver
also increases after transfer from freshwater to seawater, in-
dicating the likelihood of at least partial mediation by the
liver of the osmoregulatory actions of GH (Gray et al. 1992,
Bjornsson 1997). IGF-I mRNA expression in the gill also
increased after GH injection in salmon and tilapia (Mancera
and McCormick 1998, Shepherd et al. 1997). Injection of
rainbow trout with IGF-I also enhanced seawater tolerance
(McCormick et al. 1991). In the gilthead seabream, howev-
er, GH treatment did not increase IGF-I or IGF-II mRNA
expression in the gills (Duguay et al. 1996). It is assumed
that the osmoregulatory effect of GH may be mediated by
IGF-I in salmon.

CONCLUSION

We have observed during the past two decades an in-
creasing body of information on the molecular, biochemical
and physiological characteristics of GH and IGF-I in
teleosts. This was made possible by improved methods of
recombinant DNA technology. As a result, their functions
were investigated using homologous assay systems. In
teleost fish, GH action on somatic growth is mediated

mainly by IGF-I, same as in mammals. The synthesis and
release of GH and IGF-I are regulated by various hor-
mones, nutritional status, some environmental parameters,
and the developmental stage of the fish. Although systemic
IGF-I is produced mainly in the liver and influenced growth
and development in an endocrine fashion, the production of
IGF-I in non-hepatic tissues is now well established. The
full biological significance of the locally produced fish IGF-
I is not clear yet but they are believed to act in an au-
tocrine/paracrine manner.

The identification and characterization of GH and IGF
receptors in fish have lagged behind. The structure of GH
receptor in fish is yet to be determined, although specific
GH binding sites are present in several tissues such as go-
nads, muscle, cartilage, intestine, posterior kidney and pre-
dominantly in the liver. Most recently, a cDNA for IGF/in-
sulin receptor in flatfish has been cloned (Elies et al. 1999).
The predicted amino acid sequences of turbot IGF/insulin
receptors is similar to the mammalian type I IGF and/or in-
sulin receptor. The cDNA of three forms of IGF/insulin re-
ceptors from Japanese flounder were also cloned and se-
quenced, and appeared to be similar to the mammalian type
I IGF and/or insulin receptors (Nakao et al. 1999).
Notwithstanding the above studies, a thorough characteriza-
tion of the IGF/insulin receptors in fish remains to be done
and some breakthroughs could be expected in the near fu-
ture.
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