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Abstract

Somatostatins (SS) are a structurally diverse family of peptide hormones that affect various aspects of growth,
development and metabolism in vertebrates. Fish have proved to be useful models for understanding the role(s)
of SS in the regulation of growth. Organismal growth is inhibited by SS and fish with impaired growth (caused
by fasting or premature transfer to seawater of anadromous species) display enhanced SS production and elevated
plasma levels of the hormone. Somatostatins modulate growth at the level of the pituitary through the inhibition
of growth hormone (GH) synthesis and secretion. There are, however, significant structure-function relationships
with regard to GH inhibition. For example, while SS-14 is a potent inhibitor of GH secretion, catfish SS-22 and
salmonid SS-25 appear not to have GH secretotropic effects. Somatostatins also have extra-pituitary effects on
growth. For example, SS reduce GH binding capacity and inhibit IGF-I mRNA expression in the liver. In addition,
SS inhibit insulin, another factor essential to organismal growth. Finally, SS interact with a variety of reproductive
and metabolic processes – actions which suggest that SS help modulate energy partitioning among biological
processes.

Introduction

Growth integrates a large number of biological pro-
cesses to allow a fertilized egg to develop into an
adult. The adult structures must then be maintained
and modulated appropriate to their function. Animal
growth is influenced by genetic, environmental and
nutritional factors. For poikilothermic vertebrates such
as teleost fish, extrinsic factors are particularly im-
portant because many developmental processes of the
organisms are dependant on temperature, photoperiod,
and food availability (McLean and Donaldson 1993).
Integration of internal and external cues and the co-
ordination of organismal growth involves numerous
chemical mediators, including growth hormone (GH),
insulin (INS), and thyroid hormones (Harvey 1993;
Duan 1998).

A central component of growth coordination is the
GH-insulin-like growth factor-I (IGF-I) axis. Increas-
ing evidence indicates that many of the growth pro-
moting actions of GH are mediated by IGF-I (McLean

and Donaldson 1993; Moriyama et al. 2000). The
GH-IGF-I axis begins with GH production in the pitu-
itary gland under the control of multiple hypothalamic
hormones, including somatostatins (SS). Growth hor-
mone circulates through the blood, binds to its recept-
ors, and stimulates IGF-I synthesis and secretion from
liver and other sites. Insulin-like growth factor bind-
ing proteins bind IGFs, transporting them through the
blood and modulating their action (Moriyama et al.
2000). Insulin-like growth factor-I evokes biological
responses through an IGF-I receptor that is distinct
from the INS receptor (Planas et al. 2000). In rain-
bow trout (Oncorhynchus mykiss), IGF-I receptors are
present in most tissues, with the receptor mRNAs be-
ing most abundant in adult heart and pyloric caeca
(Greene and Chen 1999). The complexity of the GH-
IGF-I axis has been expanded by several additional
observations. Two different forms of GH occur in
some teleosts, including rainbow trout and sockeye
salmon (Oncorhynchus nerka); the forms display 94%
identity at the peptide level in rainbow trout, and no
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evidence has yet been presented to indicate differen-
tial function (Melamed et al. 1998). In addition, GH
‘binding proteins’, the role of which has not been fully
established, have been described in mammals and fish
(Sohm et al. 1998; Zhang and Marchant 1999).

Considerable research in mammals and fish has
focused on the modulation of growth at the level of
pituitary GH synthesis and secretion (Harvey 1993).
Given the complexity of the GH-IGF-I axis and a
heightened understanding of the SS signaling system,
it is becoming increasingly clear that the regulation of
growth in fish occurs at many levels (Sheridan et al.
2000). This review will examine the role(s) of SS
in the regulation of growth and describe interactions
between growth and metabolism as well as between
growth and reproduction.

Somatostatin heterogeneity

Somatostatins are a diverse family of peptide hor-
mones that affect many aspects of animal growth,
development, and metabolism (Sheridan et al. 2000).
The first SS was isolated from ovine hypothalamus and
found to inhibit the release of GH from the pituitary
of mammals – the action for which the hormone was
named (Brazeau et al. 1973). Since its initial discov-
ery, SS peptides ranging in length from 14 (SS-14) to
37 amino acids, depending on species, have been isol-
ated from a wide array of tissues, including the central
and peripheral nervous systems, the gastrointestinal
tract, pancreatic islets, and other tissues (Patel 1999;
Conlon et al. 1997; Sheridan et al. 2000; Lin and Peter
2001).

The molecular heterogeneity of the SS family is
the result of tissue-specific differential processing of
a SS precursor molecule and of the existence of mul-
tiple precursors derived from different SS genes. For
example, it is now known that mammals possess not
only SS-14, but a 28 amino acid form of SS (SS-28),
which result from differential processing of a single
precursor, preprosomatostatin I (PPSS I), that con-
tains SS-14 at its C-terminus. The tetradecapeptide
has been found in most species so far examined, from
hagfish (Myxine glutinosa) to humans, suggesting that
PPSS I is well conserved among vertebrates (Sheridan
et al. 2000). Recently, a SS-like peptide, cortistatin
(CST), was cloned in humans, mice and rats (de Lecea
et al. 1996; de Lecea et al. 1997). Cleavage of pre-
procortistatin can potentially yield both long and short
forms of CST, of which the 14 amino acid short form

in rats is identical to SS-14 at 11 of its 14 amino acids
and is able to bind to SS receptors (Fukusumi et al.
1997).

Numerous teleost fish, lampreys and frogs pos-
sess PPSSs in addition to PPSS I. Several teleost fish
have been shown to possess peptides derived from
a second precursor, PPSS II, which contains [Tyr7,
Gly10]-SS-14 at the C-terminus (Sheridan et al. 2000).
Rainbow trout express two distinct mRNAs that en-
code PPSS IIs: PPSS II’ and PPSS II” (Moore et al.
1999). Based on the presence of putative processing
sites, PPSS II’ could yield [Tyr7, Gly10]-SS-14 as well
as an N-terminally extended 28-amino acid peptide;
whereas, PPSSII” could yield [Tyr7, Gly10]-SS-14 in
addition to salmonid SS-25 (sSS-25) (Sheridan et al.
2000). Goldfish (Carassius auratus) also possesses
two different PPSS IIs: one isolated from the brain that
contains [Glu1, Tyr7, Gly10]-SS-14 and another from
intestine that contains [Tyr7, Gly10]-SS-14 (Lin et al.
2000). A handful of fish species including sturgeon
(Acipenser gueldenstaedti), lungfish (Protopterus an-
nectens), goldfish, pufferfish (Tetraodon nigroviridis)
and zebrafish (Danio rerio), possess a [Pro2]-SS-14
that suggests a third PPSS, PPSS III. Phylogenetic
analysis groups the PPSS IIIs with the CST precursors
in mammals (Lin et al. 2000; Genbank accession No.
AL296478; Devos et al. 2002; Trabucchi et al. 2003).

Increasing information suggests SS operate through
an elaborate, multi-faceted signaling system. The
presence of multiple receptor subtypes has been
demonstrated in mammals and in fish (Patel 1999;
Slagter and Sheridan 2004; Lin and Peter 2001). Of
the five receptor subtypes (sst1-5) identified in mam-
mals, all bind both SS-14 and SS-28, while sst5 ap-
pears to be selective for SS-28 (Patel et al. 1995). The
receptors exhibit overlapping yet distinct expression
patterns, suggesting a mechanism for tissue-selective
responsiveness (Sheridan et al. 2000; Lin and Peter
2001). Interactions between and among the numer-
ous SS signaling molecules and the receptor subtypes,
which can be coupled to a variety of different ef-
fector pathways, may underlie the multi-functional
nature of the SS family. A wide-spread signaling sys-
tem also may explain how a particular action (e.g.,
growth regulation) operates at various levels within an
organism.
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Growth effects of somatostatins

Organismal growth

In fish, the examination of states of altered growth
has provided clues to the role(s) of SS in the regula-
tion of growth. Smoltification, which involves a host
of developmental events, is necessary for success in
the seawater portion of the life of anadromous salmon
(Hoar 1988). Normal smoltification is accompanied by
elevated plasma levels of numerous hormones such as
GH, INS, IGF-I, and thyroxine (T4), as well as by
increased hepatic IGF-I mRNA levels (Duan 1998).
Premature transfer of salmon to seawater can result
in growth retardation (stunting) accompanied by sig-
nificant metabolic and hormonal perturbations. In par-
ticular, T4 and INS levels are depressed, while plasma
levels of SS are increased (Sheridan et al. 1998). Inter-
estingly, plasma IGF-I levels are depressed in stunts
in the face of normal/high GH levels, primarily due
to a GH insensitivity resulting from reduced numbers
of GH receptors and from depressed IGF-I expression
(Duan 1998).

In many species of fish, periods of food depriva-
tion naturally occur during different phases of their life
history (e.g., spawning migration; Love 1970). Pro-
longed fasting can lead to retarded growth (Pesek and
Sheridan 1996). Fasting-associated growth retardation
is accompanied by changes in many components of the
GH-IGF-I axis: serum GH concentration is elevated,
while hepatic GH binding, serum IGF-I, and hep-
atic IGF-I mRNA are decreased (Duan 1998). Plasma
levels of INS and glucagon (GLU) change such that
the GLU:INS ratio is higher in fasting fish than in fed
animals (Sheridan and Mommsen 1991). In addition,
fasting modifies the SS signaling system at several
levels: plasma levels of SS and the mRNAs encoding
SS increase, the patterns of SS receptor mRNA ex-
pression are altered, and the number of high affinity
hepatic SS-14 binding sites increases (Ehrman et al.
2002; Slagter and Sheridan 2002; Pesek and Sheridan
1996).

Chronic treatment of rainbow trout with SS-14, as
delivered by intraperitoneally implanted mini-osmotic
pumps, did not affect food intake, but caused a 28%
decrease in food conversion (Very et al. 2001). After
14 days of implantation, reduced food conversion
was accompanied by significant growth retardation,
which was most pronounced in body length (Very
et al. 2001). This is consistent with the observation
that anti-SS-14 treatment of Chinook salmon (Onco-

rhynchus tshawytscha) promoted fish growth (Mayer
et al. 1994). Instantaneous growth, as assessed by
[35SO4]-incorporation into gill cartilage, was also re-
duced in SS-14 injected fish as well as gill cartilage
incubated in vitro with SS-14 (Very et al. 2001).

The alterations in SS observed during food
deprivation and premature seawater transfer in asso-
ciation with in vivo effects of the hormone support
a role for SS in regulating organismal growth of
fish. The mode of SS action, however, may not be
tied solely or directly to the inhibition of pituitary
GH secretion. This is evidenced by the observation
that GH levels can be elevated in the face of elev-
ated SS during both fasting and premature seawater
transfer. This observation, which may have numerous
explanations [e.g., wide-spread origin of SS (partic-
ularly pancreatic) coupled with reduced somatotrope
sensitivity to SS], appears somewhat paradoxical at
first glance. Such an ‘uncoupling’, however, would
provide a means to retard growth while retaining other
GH actions (e.g., catabolic; Sheridan 1994) – effect-
ively separating the growth promoting actions of GH
from its metabolic actions – that would be adaptive
under nutrient-limiting conditions. Given the multifa-
ceted nature of the SS signaling system that involves
significant molecular heterogeneity of many of the sig-
naling elements (ligands, receptors, etc.), the nature of
SS role in growth will prove undoubtedly complex and
the search will be fraught with challenges.

Pituitary actions

The most studied aspect of SS action is the modulation
of GH at the level of the pituitary. Decreases in the
plasma levels of GH after treatment with exogenous
SS-14 have been shown in rainbow trout, coho sal-
mon (Oncorhynchus kisutch), and goldfish (Very et al.
2001; Sweeting and McKeown 1986; Diez et al. 1992;
Cook and Peter 1984). In coho salmon, treatment with
mammalian SS-25 (SS-25) and SS-28 also decreased
plasma GH levels (Diez et al. 1992).

As in mammals, SS-14 does not alter steady-
state levels of GH mRNA in either rainbow trout
or tilapia (Oreochromis mossambicus), suggesting a
post-transcriptional role for SS in the regulation of
GH by modulation of protein synthesis and secretion
(Melamed et al. 1996; Yada and Hirano 1992). In vitro
studies of GH release from the pituitary of goldfish
(Figure 1) have shown that SS-14, mammalian SS-28,
and [Pro2]-SS-14 reduce GH release to approximately
the same extent, while goldfish brain SS-28 (gbSS-28)
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Figure 1. Differential effects of somatostatin isoforms on the release of growth hormone from the pituitary gland in vitro. Data derived from
studies on goldfish: Marchant et al. 1987; Marchant and Peter 1989; Yunker et al. 2003. Abbreviations: catfish somatostatin-22, cSS-22;
salmonid somatostatin-25, sSS-25; mammalian somatostatin-28, SS-28; [Pro2]-somatostatin-14, Pro2-SS-14; somatostatin-14, SS-14; goldfish
brain somatostatin-28, gbSS-28.

appears to be more effective in reducing GH release
(Marchant et al. 1987; Yunker et al. 2003). These re-
sults are consistent with results in mammals in which
both SS-14 and mammalian SS-28 inhibit GH release
(Tannenbaum and Epelbaum 1999).

Neither the [Tyr7, Gly10]-SS-14-containing sSS-
25, nor catfish SS-22 (cSS-22), a unique SS form,
affected GH secretion from goldfish pituitaries (Oy-
ama et al. 1980; Marchant et al. 1987; Marchant and
Peter 1989).

Structure-function studies carried out in mammals
have shown that amino acids 6-11 of SS-14 along
with a disulfide bridge are required for the reduced
release of GH, although selected substitutions (e.g.,
D-Trp8) seem to be permissible (Rivier et al. 1975;
Janecka et al. 2001). Catfish SS-22 contains multiple
substitutions both within and outside this functional
region, which may explain its inability to inhibit GH
release (Conlon et al. 1997). In sSS-25, however, the
entire 13 amino acid C-terminal region (including the
functional region) is the same as in gbSS-28, there-
fore perhaps implicating the N-terminal region of the
peptide in the lack of effectiveness in inhibiting GH
release (Sheridan et al. 2000). Another possible ex-
planation for the lack of effect by sSS-25 in goldfish is
cross-species differences in the ligand-receptor inter-
action. To our knowledge, the effect of sSS-25 on GH
release in salmonids has not been examined.

A recent study in goldfish showed that the different
SS forms are able to differentially trigger various sig-
nal transduction pathways in the pituitary. Although
SS-14, [Pro2]-SS-14, and gbSS-28 all suppressed
cAMP production, the 28 amino acid form was least
effective in terms of cAMP accumulation, even though
it caused the greatest decrease in GH release (Yunker
et al. 2003). Inwardly rectifying K+ channels parti-
cipate in the reduction of GH secretion by gbSS-28,
but not by SS-14 or [Pro2]-SS-14 (Yunker et al. 2003).
Goldfish brain SS-28 was also less effective than both
SS-14 and [Pro2]-SS-14 in inhibition of GH release
due to activation of Protein Kinase C (Yunker et al.
2003). The physiological significance of these results
in goldfish and their relationship to the various SS
receptor subtypes remains to be examined. Studies
in mammals using receptor subtype-specific agonists
have shown that sst2 and sst5 mediate the inhibitory
effects of SS on GH secretion (Parmar et al. 1999).
A similar function for these receptor subtypes is hy-
pothesized in goldfish pituitary where sst2 and sst5
mRNAs are the most prevalent forms (Lin and Peter
2001; Lin et al. 2002).

In vitro studies using pituitaries have allowed ex-
amination of the rebound of GH release following
SS removal. After removal of the SS-14 treatment
of pituitaries, a recovery in GH to basal levels was
not observed in rainbow trout or Chinese grass carp
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(Ctenopharyngodon idellus) (Agustsson et al. 2000;
Wong et al. 1998). In the trout, however, dopamine
was able to increase the low levels of GH above
basal levels; therefore, a stimulatory action, such as
that of dopamine, may be necessary for a reversal of
the inhibitory effects of SS (Agustsson et al. 2000).
Cultured pituitaries from the turbot (Psetta maxima)
were only able to respond to stimulation by secreta-
gogues such as forskolin and the phorbol ester, 12-O-
tetradecanoylphorbol 13-ester (TPA), in the presence
of SS; however, this elevation was still below basal
levels (Rousseau et al. 2001).

Although the general model for SS inhibition of
GH is comprised of SS production in the hypothal-
amus and action on the pituitary, other possible mech-
anisms are emerging and need to be examined. For ex-
ample, PPSS-I and PPSS-II mRNA, but not PPSS-III,
expression were demonstrated in pituitary fragments
of the goldfish; therefore, paracrine and autocrine ef-
fects of SS-14 also may need to be explored (Yunker
et al. 2003).

Extra-pituitary actions

Since their initial discovery, SS have been identi-
fied in numerous tissues other than the hypothalamus,
including various regions of the central and peri-
pheral nervous systems, pancreas, gut, urogenital
tract, muscle, adrenal gland, thyroid and pituitary (Lin
et al. 2000; Tannenbaum and Epelbaum 1999). Soma-
tostatin receptors have also been found to be widely
expressed, suggesting that SS have extra-pituitary
functions (Sheridan et al. 2000). In addition, the pres-
ence of a GH mRNA in the intestine was recently
demonstrated in coho salmon (Mori and Devlin 1999).
Whether SS acts in an endocrine, autocrine, or parac-
rine fashion to inhibit GH production and secretion
in fish tissues other than the pituitary remains to be
examined. The possibility that SS have other actions
which indirectly or directly affect growth also exists.

Somatostatins may modulate growth through
mechanisms other than direct regulation of GH. In
rainbow trout, SS have been shown to modulate the
GH-IGF-I axis at the level of the liver. Recent data
indicate that SS-14 and sSS-25 reduce the number of
hepatic GH receptors in vivo and in vitro, suggesting
that SS not only reduces GH levels, but decreases
sensitivity to GH (Howe and Sheridan 2002). In-
traperitoneal injection of rainbow trout with SS-14
decreased IGF-I levels in the plasma, while also re-
ducing levels of hepatic IGF-I mRNA (Howe et al.

2000). Whether the observed effects on IGF-I are due
to direct or indirect control by SS remains to be ex-
amined. A direct action of SS is suggested by reduced
[35S]-sulfate incorporation into gill cartilage incubated
in vitro (Very et al. 2001).

Insulin is required for normal growth of fish and
INS deficiency results in growth retardation. Strepto-
zotocin injection of coho salmon resulted in decreased
organismal growth (Plisetskaya and Duan 1994). Re-
duction of plasma INS by streptozotocin injection
also reduced hepatic IGF-I mRNA (Plisetskaya and
Duan 1994). This action of INS appears to be indir-
ect because INS only elevated IGF-I mRNA levels
in hepatocytes isolated from coho salmon when co-
incubated with GH (Duan et al. 1994). Insulin also
acts synergistically with GH to stimulate hepatic IGF-
I production and release in mammals and fishes. For
example, IGF-I mRNA expression in isolated coho
salmon hepatocytes was higher with INS and GH than
with GH alone (Duan et al. 1994). Such an effect of
INS on IGF-I expression has only been demonstrated
in the liver (Duan 1998). The extent to which SS
may disrupt INS-mediated growth in fish is still emer-
ging. In rainbow trout, sSS-25 but not SS-14 reduced
plasma INS levels within 1 h of injection (Eilertson
and Sheridan 1993). In addition, plasma INS levels
were depressed in SS-induced growth retarded rain-
bow trout (Very et al. 2001).

Thyroid hormones also are necessary for normal
growth and development of fish (Power et al. 2001).
In salmon with hypothyroidism induced by treatment
with propylthiouracil, reduced body growth and less
efficient food conversion have been shown (Sullivan
et al. 1987). Induced hypothyroidism also results in
decreased GH secretion in both mammals and coho
salmon; although, such an effect in salmon has only
been shown during smoltification (Peake et al. 1973;
Ebbesson et al. 1998). The role that SS play in the
modulation of fish growth through the thyroid axis
remains to be fully established. In mammals, SS
modulate the thyroid axis by inhibiting synthesis and
secretion of thyroid stimulating hormone, a mechan-
ism which may also be present in fish (Patel 1999). A
recent study in mature female rainbow trout showed
that plasma T3 and T4 are inversely correlated with
SS-14 levels (Holloway et al. 1999).
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Interactions with reproduction and metabolism

Interactions with reproduction

As fish develop, increasing amounts of energy are
needed for sexual maturation and reproduction. En-
ergy is provided, in part, by channeling resources
away from organismal growth. Fish continue to grow
at a much slower rate, while preparation for reproduc-
tion accelerates. Sexual maturation is an interesting
period in the life histories of fish because anabolic
and catabolic processes need to occur at the same
time. It is important to note that recent data indicate
that the sexual maturation of male and female fish
may be modulated differently, at least in part; there-
fore, it may be necessary to evaluate the two genders
independently (Holloway et al. 1999). The involve-
ment of GH in sexual maturation is well established.
Growth hormone enhances ovarian maturation and
stimulates gonadal steroidogenesis and 17β-estradiol
(E2) enhances GH secretion (Holloway and Leath-
erland 1998). Sexual maturation is accompanied by
elevated plasma levels of GH and E2 at the same time
as reduced plasma SS levels (Holloway et al. 1999).

Elevated levels of E2 are important in modulating
SS actions during sexual maturation. If left unchecked,
SS would inhibit the release of GH from the pituitary.
17β-Estradiol implantation of immature rainbow trout
results in depressed levels of plasma SS-14 and sSS-
25 (after 2 weeks) (Mercure et al. 2001). 17β-estradiol
also blocks SS inhibition of GH secretion and affects
SS mRNA expression in rainbow trout and goldfish
(Holloway et al. 1997; Holloway et al. 2000; Canosa
et al. 2002). In rainbow trout, implantation with E2
decreased both hypothalamic and pancreatic PPSS I
mRNA expression, while PPSS II” mRNA expression
was only reduced in the hypothalamus (Holloway et al.
2000). Interestingly, implantation of goldfish with E2
resulted in increased mRNA expression of PPSS I and
PPSS III in the forebrain (Canosa et al. 2002). Such
disparate results may stem from a species-specific dif-
ference in regulation of SS mRNA expression, the
use of fish of different maturity (juvenile vs. sexually
regressed), or differing modes of E2 delivery (e.g.,
coconut oil or solid silicone implant).

In some species of fish, including goldfish, carp
(Cyprinus carpio) and tilapia, gonadotropin-releasing
hormone (GnRH) not only regulates reproduction,
but also increases GH secretion from the pituitary
(Marchant and Peter 1989; Lin et al. 1993; Melamed
et al. 1995). In other species, including catfish

(Ictalurus punctatus) and eel (Anguilla anguilla), no
effect of GnRH on GH release is observed (Bosma
et al. 1997; Rousseau et al. 1999). In goldfish, SS-
14 inhibits GnRH-stimulated GH secretion (Marchant
et al. 1989). This supports the idea that modulation
of SS is necessary to attain the elevated levels of GH
required for normal sexual maturation.

It remains to be examined how reduced somatic
growth occurs in the face of the elevated GH levels
during sexual maturation. An increase in gonadal
growth, however, is observed during maturation, sug-
gesting a tissue-specific action of GH. Perhaps during
sexual maturation there is tissue-specific modulation
of GH receptors or of IGF-I expression.

Interactions with metabolism

When nutrients become limited, such as during mi-
gration or smoltification, energy must be re-allocated
away from growth to sustain body functions. So-
matostatins may play a role in this shift in energy
use through actions at several levels. Somatostatin-
inhibited INS release would result in a shift from
anabolic processes to catabolic processes (Eilertson
and Sheridan 1993; Plisetskaya and Duguay 1993).
Insulin deficiency induced by immunoneutralization
leads to depletion of stored lipids and carbohydrates
(Plisetskaya et al. 1988). Somatostatin deficiency, on
the other hand, results in elevated plasma INS levels
accompanied by increased glycogenesis and by re-
duced lipolysis (Plisetskaya et al. 1986; Plisetskaya
et al. 1989). Somatostatins also act directly on tar-
get cells to mobilize lipid and carbohydrate (Sheridan
1994). Insulin modifies the hepatic sensitivity to SS
by decreasing the number of high affinity SS re-
ceptors (Pesek et al. 1998). Taken together, these
data indicate that the hormonal alterations (e.g., in-
creased SS; reduced INS relative to GLU) that occur
during food deprivation underlie the accompanying
metabolic adjustments (e.g., increased lipolysis and
glycogenolysis; Sheridan and Mommsen 1991; Ehr-
man et al. 2002). Furthermore, that SS inhibits growth
concomitant with its indirect and direct metabolic
actions assures appropriate energy allocation when nu-
trients may be limiting. Similarly, SS may serve to
appropriately channel energy reserves during sexual
maturation.
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Figure 2. Model of growth regulation in fish. Somatostatins (SS)
modulate growth at the level of the pituitary as well as at the liver
and pancreas. Growth hormone, GH; growth hormone receptor,
GH-R; insulin-like growth factor-I, IGF-I.

Conclusion

Somatostatins are a diverse family of peptide hor-
mones that elicit their effects through a wide-spread,
multi-faceted signaling system. Such an elaborate sig-
naling system underlies the vast array of biological
responses evoked by the hormone family – several
of which embrace aspects of growth (Sheridan et al.
2000). Somatostatins influence organismal growth at
many levels (Figure 2). A main influence of SS is on
the GH-IGF-I axis at the level of the pituitary gland.
Somatostatins directly inhibit GH synthesis and secre-
tion from the pituitary; however, some forms of SS
appear to be more potent inhibitors of GH than oth-
ers and some forms of SS appear, ironically, to be
unable to affect GH release, which underscores the im-
portance of structure-function relationships within the
SS signaling system. Evidence also is emerging that
SS affect the GH-IGF-I axis at the level of the liver.
For example, hepatic GH receptor number as well as
IGF-I synthesis and secretion may be important targets
of regulation. Whether SS affect the extra-pituitary
production of GH is not known. Somatostatins also in-
fluence other hormonal systems involved with growth,
including insulin and potentially thyroid hormones
and corticoids, and may serve as a means of in-
tegrating these systems with the GH-IGF-I axis for
coordinate control of organismal growth. Moreover,
because of their involvement in metabolism and re-

production, SS also may serve to coordinate these
processes with growth.

Our understanding of the complex mechanisms
through which SS modulate growth is only in the
beginning stages. Information is slowly emerging re-
garding many elements of the SS signaling system
(e.g., identification of SS receptor subtypes, ligand-
binding characteristics of receptor subtypes), but many
more studies will be necessary to fully describe the
complex system and to understand the biological sig-
nificance of the complexity. Future studies will need
to resolve which SS forms are interacting with which
SS receptor subtypes (and associated cellular effector
pathways) to play which roles in the regulation of
growth. Ultimately, such work will lead to a bet-
ter understanding of how SS regulate growth in fish
and how growth is coordinated with reproduction and
metabolism.
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