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Antonio J. Martı́nez-Fuentes, Ana Quintero,

Ester Gutiérrez-Pascual, José Córdoba-Chacón,
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Control of postnatal growth is the main, but not the only, role for growth hormone
(GH) as this hormone also contributes to regulating metabolism, reproduction, im-
munity, development, and osmoregulation in different species. Likely owing to this
variety of group-specific functions, GH production is differentially regulated across ver-
tebrates, with an apparent evolutionary trend to simplification, especially in the num-
ber of stimulatory factors governing substantially GH release. Thus, teleosts exhibit a
multifactorial regulation of GH secretion, with a number of factors, from the newly dis-
covered fish GH-releasing hormone (GHRH) to pituitary adenylate cyclase-activating
peptide (PACAP) but also gonadotropin-releasing hormone, dopamine, corticotropin-
releasing hormone, and somatostatin(s) directly controlling somatotropes. In amphib-
ians and reptiles, GH secretion is primarily stimulated by the major hypothalamic pep-
tides GHRH and PACAP and inhibited by somatostatin(s), while other factors (ghrelin,
thyrotropin-releasing hormone) also influence GH release. Finally, in birds and mam-
mals, primary control of GH secretion is exerted by a dual interplay between GHRH and
somatostatin. In addition, somatotrope function is modulated by additional hypotha-
lamic and peripheral factors (e.g., ghrelin, leptin, insulin-like growth factor-I), which
together enable a balanced integration of feedback signals related to processes in which
GH plays a relevant regulatory role, such as metabolic and energy status, reproduc-
tive, and immune function. Interestingly, in contrast to the high number of stimulatory
factors impinging upon somatotropes, somatostatin(s) stand(s) as the main primary
inhibitory regulator(s) for this cell type.
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Origin and Evolution
of Growth Hormone

Growth hormone (GH; somatotropin) is a
protein hormone secreted by the anterior pitu-
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itary gland (adenohypophysis). This gland se-
cretes a number of peptide hormones, which
regulate a variety of physiological processes in
vertebrates. The adenohypophysial hormones
can be classified, on the basis of structural
and functional similarity, into three groups: the
proopiomelanocortin family, the glycoprotein
hormone family, and the GH family. Each fam-
ily is thought to have evolved from an ancestral
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gene by duplication and subsequent muta-
tions.1 Specifically, the GH family was classi-
cally comprised of GH and prolactin (PRL);
yet, some years ago, somatolactin (SL) (a fish
hormone) and related mammalian placental
hormones [placental lactogens and prolactin-
related proteins] were included in this family
because of their similar tertiary structure and
their functional overlapping in some species.2

GH and PRL are present throughout the ver-
tebrates3 except the cyclostomes, where nei-
ther has been described,2 whereas SL is found
only in fish (including lungfish). The struc-
tural similarity between GH, PRL, and SL is
well established,4,5 and it appears that these
proteins have evolved from a common ances-
tral gene, which was lost secondarily in the
lineage leading to land vertebrates after the
lungfish branched off.6 Additionally, GH and
PRL structurally related proteins are reported
to be produced from fetal placenta of three
groups of mammals, rodents, ruminant artio-
dactyls, and primates.7 Bovine and ovine pla-
cental lactogens are structurally more similar
to PRL than they are to GH.8 Recently, a
new superfamily has been proposed that in-
cludes these GH family peptides and a vari-
ety of cytokines, including many interleukins,
colony stimulating factors, and erythropoietin,
which are distantly related. All these peptides
share a common structural fold (a four-helix
bundle with an atypical topology) and a charac-
teristic receptor type with a single membrane-
spanning domain. The GH/cytokine super-
family presumably arose as the result of a series
of gene duplications and subsequent divergent
evolution.9,10

GH Production

Classically, GH was thought to be exclu-
sively produced and secreted by somatotrope
cells of the anterior pituitary, and no other
site of GH production had been detected.11

However, nowadays it is commonly accepted
that there are sites of extrapituitary produc-

tion of GH where this hormone can exert au-
tocrine and paracrine actions,12 although the
regulation of GH production in these extrapi-
tuitary sites is not yet totally clear. GH gene
expression and somatotrope development are
strongly dependent on Pit-1 (pituitary-specific
transcription factor-1), which was thought to be
solely expressed in somatotrope cells.13 Never-
theless, increasing evidence points to extrapitu-
itary expression and additional functional roles
for Pit-1.14

Regulation of GH Secretion

GH secretion shows a pulsatile pattern in
all species studied to date. In particular, hu-
mans and rats exhibit a sexual dimorphic pat-
tern of GH secretion. Specifically, in male
rats, GH secretion occurs in discrete pulses
with low interpeak levels. Conversely, GH
release in female rats displays less pulsatil-
ity and the interpeak levels are higher.15 In
fish, diurnal variations of GH secretion have
been described in rainbow trout,16,17 Atlantic
salmon,18 goldfish,19 and grass carp.20 These
circadian variations are characterized by the
existence of several peaks throughout the day,
being higher during the dark phase.16,17,21,22

It is widely accepted that this pulsatility is pri-
marily controlled by the hypothalamus. Addi-
tionally, this episodic secretion can be modu-
lated by diverse factors residing in the target
organ, the pituitary, other regions of the cen-
tral nervous system, or factors arriving from
peripheral organs/tissues. Hypothalamic con-
trol of GH secretion in mammals has long
been considered as a classic paradigm of the
“dual control” system of pituitary hormone se-
cretion. Namely, two hypothalamic peptides
with opposing roles, GH-releasing hormone
(GHRH) and somatotropin release-inhibiting
factor (SRIF; or somatostatin), directly reg-
ulate GH secretion by adenohypophysis.23,24

However and despite recent evidence show-
ing important GH-regulatory roles for addi-
tional hypothalamic peptides (see below), the
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hypothalamic regulation of GH secretion ap-
pears to be more complex and heterogeneous
in nonmammalian than in mammalian verte-
brates. In fact, the regulation of GH secretion
in fish differs significantly from other lower
vertebrate groups because of the unique or-
ganization of the hypothalamopituitary axis in
teleosts. Endocrine cells of anterior pituitary
of teleosts show a zonal distribution25 and are
directly innervated by nerve fibers from the
hypothalamus.26 Consequently, as will be out-
lined later, a number of neuroendocrine factors
can act directly at the pituitary level to regu-
late GH secretion. On the other hand, in am-
phibians and reptiles, three hypothalamic pep-
tides [GHRH, SRIF, and pituitary adenylate
cyclase-activating polypeptide (PACAP)] have
been described as playing a major role in the
regulation of pulsatile GH secretion. There-
fore, regulation of somatotrope cell function in
these animal groups seems more similar to that
observed in mammals. Finally, in birds, reg-
ulation of GH secretion is primary, also, un-
der a “dual control” system similar to mam-
mals, where GHRH and SRIF represent the
most important hypophysiotropic factors but
PACAP would not play a decisive role. Thus, in
spite of the obvious group-specific differences,
it appears that most of the main hypothalamic,
pituitary, and peripheral factors involved in the
control of the somatotropic function exert a
comparable role in different groups, whereas
their relative importance has changed during
evolution.

Neuroendocrine Control

GH Release Inhibitors

SRIF: SRIF was discovered in 1973 in Roger
Guillemin’s laboratory as a GH-secretion in-
hibiting neurohormone.27 It is widely dis-
tributed in mammals where it also acts as a pe-
ripheral hormone, an autocrine or paracrine
factor, and a neuropeptide.28–30 Two differ-
ent forms of mammalian SRIF (SRIF-14 and
SRIF-28) are derived from a single precursor,
preprosomatostatin I (PPSS-I), which contains

SRIF-14 at its C terminus with an identical
amino acid sequence in all species studied.31

However, in fish, PPSS-I is believed to yield
only SRIF-14.32 In lower vertebrates (lampreys,
teleost fish, and frogs), in addition to PPSS-I,
other PPSS exist, which give rise to diverse
forms of SRIF depending on the species (e.g.,
SRIF-22, 25, 28).33 A third PPSS cDNA has
been isolated from several species of fish,34–36

frog,37 chicken,38 and mammals,39 including
humans.40 These SRIF precursors were named
PPSS-III in nonmammalian vertebrates and
cortistatin (CST) in mammals.39,41 Recently, it
has been shown that the mammalian CST and
zebrafish PPSS-III genes are orthologous.42,43

SRIF is the main negative regulator of GH
secretion and its inhibitory function is con-
served during vertebrate evolution. In teleost,
SRIF-14 is a potent inhibitor of basal and
stimulated GH secretion. Exogenous adminis-
tration of SRIF-14 reduces basal GH secre-
tion in goldfish,44 rainbow trout,45 tilapia,46

and chinook salmon.16 The inhibitory effect of
SRIF-14 on GH secretion was clearly demon-
strated in several in vitro experiments.33,41,47

However, the function of the other SRIF forms
is less clear. In other nonmammalian vertebrate
phyla, SRIF action on GH release is slightly
different to that exerted in teleost. In grass-
frog (Rana pipiens), bullfrog (Rana catesbeiana),
clawed toad (Xenopus laevis), and two species of
terrapin (Chrysemys picta and Pseudemys scripta),
SRIF by itself had no apparent effect on re-
lease of hormones but it inhibited thyrotropin-
releasing hormone (TRH)-stimulated release of
GH from both amphibian and reptilian pitu-
itary glands in vitro.48,49 In chicken, SRIF is
able to inhibit basal and GHRH-stimulated
GH secretion.50,51 In mammals, SRIF is es-
sential to establish and maintain pulsatility of
GH secretion. In male rats, Tannenbaum et al.

proposed a classic model wherein GHRH and
SRIF are secreted alternatively to stimulate and
inhibit, respectively, the secretion of GH.52 This
reciprocal relationship was supported later by
Plotsky and Vale who measured both hormones
in portal blood collected from anesthetized
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rats.53 Nevertheless, application of this model
to other species or even to female rats does not
appear a simple issue; measurements of por-
tal GHRH and SRIF levels in sheep or pig do
not fully support this notion but suggest a more
complex relationship between these two pep-
tides and additional factors.24 In this scenario,
it has been proposed that in humans the role of
SRIF in the control of GH secretion seems to
be mainly circumscribed to the adjustment of
the magnitude of its basal and pulsatile release
but not to regulate generation of GH pulsatil-
ity.23 Thus, although SRIF is undoubtedly the
main inhibitory signal for GH secretion in all
vertebrate groups, its role, as will be discussed
below, can be more complex than it was initially
envisioned.

In recent years, CST, the mammalian coun-
terpart of PPSS-III, has been found to mimic
the endocrine actions of SRIF, including its in-
hibitory effect on GH release both in vivo in hu-
man and in vitro in human pituitary adenomas
and in porcine pituitary cells.54–56 Nevertheless,
the precise physiological relevance of those ac-
tions still remains to be fully elucidated.

Norepinephrine: Norepinephrine (NE) is a cate-
cholamine synthesized from dopamine in neu-
rons located in several regions of vertebrate
brain. This neurotransmitter exerts its actions
through binding to adrenergic receptors that
are divided into α- and β-classes. NE inhibits
the secretion of GH in different species, likely
by activating α2-adrenergic receptors directly
in somatotrope cells,24,57–62 although it cannot
be considered an universal inhibitor of GH.
In teleosts, catecholamines are particularly in-
teresting in terms of regulation of GH release.
In fact, pituitary gland of fish is innervated by
adrenergic fibers located in isthmal tegmen-
tum.63 In goldfish, NE suppresses basal GH
release from pituitary cells in a reversible and
dose-dependent manner.59,62 In contrast, NE
is not able to decrease basal GH release from
chicken pituitary, although high doses of this
catecholamine reduces GHRH-stimulated GH
release.64 In mammals, the function of NE reg-
ulating somatotrope cell actions is not clear. On

one hand, it is reported that NE decreases basal
and GHRH-stimulated secretion of GH from
ovine somatotropes.61 On the other hand, acti-
vation of α2-adrenergic receptors has no effect
on bovine somatotropes.58 In humans, almost
all the doses of NE tested resulted in no sig-
nificant and/or consistent changes in plasma
concentration of GH,60 suggesting that action
of catecholamines on GH secretion from pitu-
itary cells is mainly mediated by a dopaminer-
gic mechanism.65

Serotonin: Serotonin or 5-HT (5-hydro-
xytryptamine) is an indoleamine synthesized
from tryptophan in several regions of verte-
brate brain. This neuropeptide exerts opposite
actions on somatotrope cells in different verte-
brate phyla. In fish, serotonin causes a dose-
related inhibition of GH release from goldfish
pituitaries at different sexual stages66 via 5-HT2

receptors.67 In chicken, no direct actions of 5-
HT on somatotrope cells have been reported,
although this peptide reduces plasma level of
GH.68,69 However, all data reported in mam-
mals strongly suggest a predominant stimula-
tory role of 5-HT on pituitary function. In rats,
5-HT induces release of GH directly from pi-
tuitary gland. The 5-HTR2B, 5-HTR7, and
5-HTR1B receptors mediate this response, al-
though 5-HTR1D receptor could mediate an
inhibitory response.70,71 In ruminants, the role
of serotonin on GH secretion is not consistent
as 5-HT increases GH plasma levels in cat-
tle24,72 while it can inhibit release of GH from
ovine pituitary.24,73 However a stimulatory role
of GH secretion has been assigned to serotonin
in humans. Using specific 5-HT1A and 1D re-
ceptor agonists, two independent groups have
reported that stimulation of these receptors can
stimulate GH secretion, although 5-HT1D ac-
tion could be mediated by the release of hy-
pothalamic somatostatin.

GH Release Stimulators

GHRH: GHRH, also known as GH-
releasing factor, is a 44-amino acid peptide
hormone produced in the arcuate nucleus
of the hypothalamus and initially identified
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in 1982 from a pancreatic tumor causing
acromegaly74,75 and subsequently isolated and
characterized in other species.76 In contrast
to most hypophysiotropic neurohormones, the
primary structure of GHRH is highly variable.

Initial studies analyzing the potential role of
GHRH in the control of GH release in fish
failed to demonstrate a major stimulatory ac-
tion, likely because of the fact that the pep-
tides originally thought to correspond to fish
GHRH were indeed homologues for PACAP-
related peptides.46,77–80 However, recent iden-
tification of GHRH and its receptors in gold-
fish has shed light into this issue by showing
that this peptide is a potent stimulus for GH re-
lease in this species.81 More experiments should
be performed in other species to confirm a
general stimulatory role of GHRH in GH se-
cretion in teleost. In amphibians, it has been
demonstrated that GHRH is able to stimulate
GH secretion, and this effect is inhibited by
SRIF in a dose-dependent manner.49 Also, in
reptiles, GHRH stimulates GH secretion by
pituitary cells.82 Finally, in birds and mam-
mals, GHRH has been unequivocally proven
as the main stimulatory neuropeptide in gen-
erating and maintaining GH secretion and
pulsatility.24,52,53,83

PACAP: PACAP is a polypeptide with two
molecular forms (PACAP27 and PACAP38)
that was originally isolated from ovine hy-
pothalamus based on its ability to stimu-
late adenylate cyclase activity in rat pituitary
cells.84 This peptide is a member of the va-
soactive intestinal peptide/secretin/glucagon/
GHRH/gastric inhibitory peptide superfam-
ily and is highly conserved throughout evolu-
tion.85,86 In fish, both PACAP27 and PACAP38
induce a robust stimulation of GH release from
goldfish,87 eel pituitary cells,85 turbot,88 and
salmon.89 Initial studies carried out in amphib-
ians revealed that PACAP is able to increase
free cytosolic calcium concentration ([Ca2+]i)
in cultured frog somatotrope cells90 and stim-
ulate cAMP level in frog pituitary slices.91 In
1994 it was reported that PACAP-stimulated
GH secretion in the European green frog.92

In birds, PACAP induces a dose-dependent
stimulation of cAMP by chicken pituitary cells.
However, GH secretion stimulated by PACAP
is very weak compared with that produced
by human GHRH.93 In mammals, data con-
cerning the effect of PACAP on GH release
are controversial. Some studies found a stim-
ulatory effect of PACAP in rat,94–97 sheep,98

swine,99,100 and cattle,101 while other reports
indicated that PACAP has no effect on GH se-
cretion.84,96,102,103 In humans, PACAP is less
potent than GHRH in stimulating GH release
from somatotropic adenoma cells in primary
culture,104 and intravenous administration of
PACAP does not modify plasma GH levels.105

Interestingly, PACAP and GHRH are encoded
by two closely related genes.81 In spite of being
two highly related peptides, their role on GH
regulation across vertebrate evolution seems
to have diverged. In fish, both PACAP and
GHRH seem to play an important role; in am-
phibians and reptiles, both neuropeptides seem
to exert equipotent actions on GH release; how-
ever, in birds and mammals, while GHRH is
critical for GH release, PACAP seems to play
only a secondary role in the regulation of the
somatotropic axis.

TRH: TRH is a tripeptide synthesized in
neurons of the paraventricular nucleus in most
species that stimulates the release of thyroid-
stimulating hormone and PRL by the anterior
pituitary. Additionally, TRH has also shown
to act as a stimulator of GH release by so-
matotrope cells in all vertebrate groups, al-
though with species-specific differences. The
somatotropinergic role of TRH is importantly
conserved during early vertebrate evolution. In
fish, TRH-stimulated GH release or activation
of somatotropes has been reported in some
teleost species, such as goldfish and carp,47,106

but no effect has been observed in tilapia,46

eel, and turbot.88,107 Accordingly, direct action
of TRH on somatotrope function has been
reported in amphibians108 and reptiles48 as
well as in birds. TRH seems to be equipo-
tent to GHRH109 in the case of chickens110

but not in fowl.110–113 In mammals, TRH has
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been demonstrated to stimulate GH release
in cattle114 and in sheep.73,115,116 In humans,
the ability of TRH to induce GH release is
maintained in tumor somatotropinoma cells,
while this effect is less evident in normal sub-
jects, thereby suggesting that, as for PACAP,
TRH has lost, at least in part, its capacity to
act as a primary stimulus for the somatotrope
axis.117–120

GnRH: Gonadotropin-releasing hormone
(GnRH) is a decapeptide with a similar struc-
ture in all vertebrate species. It is produced
in the hypothalamus and plays a crucial
role in regulation of reproduction, stimulat-
ing follicle-stimulating hormone and luteiniz-
ing hormone secretion. However, its role as
stimulator of GH release seems to be restricted
to some fish species. Consequently, GnRH di-
rectly induces GH secretion from pituitary
cells of goldfish,121,122 common carp,123,124 and
tilapia,46,125 but no effect was demonstrated in
catfish,126 eel, and turbot.88,107 No data have
been reported in other vertebrate species.

Recently, a novel group of neuropeptides en-
coded by the KISS-1 gene belonging to the RF-
amide family of peptides, kisspeptins, which
primarily act in the hypothalamus to stimulate
GnRH neurons, have been found to act also on
somatotropes from peripubertal rats to stim-
ulate GH release127 as well as in cattle.128,129

However, the physiological relevance of this ef-
fect is still to be fully elucidated.

NPY: Neuropeptide Y (NPY) is a 36-amino
acid peptide, widely distributed throughout the
brain, with highest density of neurons in the
arcuate nucleus. In lower vertebrates, direct ac-
tions of NPY on GH release from somatotropes
have been described in goldfish,130–132 while no
data have been reported in amphibians, rep-
tiles, or birds. In mammals, similar to fish, NPY
seems to be a stimulator of GH secretion. In
fact, NPY has been reported to directly stim-
ulate basal GH secretion in pig133 and rumi-
nants.134–137 However, data reported in rats are
controversial. In fact, Rettori et al. found that
NPY could increase plasma levels of GH,138

while Suzuki et al. reported inhibitory effects.139

Surprisingly, some years later, it was reported
that NPY had no direct actions on rat pituitary
cells.140 Therefore, although NPY seems to be
a stimulator of GH secretion, acting directly on
somatotropes, in some of the species studied,
elucidation of its precise role in the control of
somatotropes will require additional work.

CRH: Corticotropin-releasing hormone
(CRH) is a 41-amino acid peptide derived
from a 191-amino acid preprohormone. CRH
is secreted by the paraventricular nucleus of the
hypothalamus. It is the major hypothalamic
factor mediating stress-induced adrenocorti-
cotropin secretion by pituitary gland. This
action and its sequence has been highly
conserved during vertebrate evolution.141

However, its action on GH release seems to
be restricted to lower vertebrates. Specifically,
although it has been reported that CRH
can stimulate GH production in a primitive
teleost, the European eel,107 and in a reptile
(the hatchling turtle),82 no additional data
have been reported to date in other vertebrate
groups. Interestingly, two different groups
have observed that CRH can paradoxically
increase GH plasma levels in patients with
acromegaly,142,143 although a third group
failed to confirm this effect.144 Consequently,
CRH, similar to GnRH, seems to act as a GH
release stimulator only in lower vertebrates.

Pituitary Control

Growth Hormone

Several results support the existence of an
ultra-short feedback by GH acting locally at the
pituitary level via autocrine/paracrine mecha-
nisms. Indeed, GH receptors are ubiquitously
expressed in the anterior pituitary.145 However,
it is not yet clear if this regulatory feedback acts
as a negative or a positive loop. In mammals,
some reports suggest a negative effect of GH on
its own secretion. Specifically, GH treatment
can attenuate GH secretion in bovine pitu-
itary cells.146 These observations are consistent
with recent reports that somatotropes of GH
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receptor-lacking transgenic mice exhibit histo-
logical features typical of secretory hyperactiv-
ity.147 However, GH is not able to alter basal
GH release in rat pituitary cells148 or in pu-
rified rat somatotropes.149 In contrast, Wong
et al. postulated a positive ultra-short loop in
fish pituitary. Specifically, they demonstrated
that GH treatment can elevate GH release in
grass carp pituitary cells.67 In humans, GH has
been also postulated to inhibit its own secre-
tion, although it is not clear if this is a direct or
an insulin-like growth factor (IGF)-mediated ef-
fect.150,151 Consequently, autoregulation of GH
secretion seems to be group and even species
specific.

Metabolic Control

IGF-I

IGF-I is a 70-amino acid hormone highly
conserved throughout vertebrate evolution. It
is expressed in a wide range of tissues, with
the highest level being found in the liver where
IGF-I is the major growth factor secreted un-
der the control of GH. Circulating IGF-I is
known to exert a long-loop feedback on GH
secretion by acting at both the hypothala-
mus and pituitary level.152–154 In teleosts, a di-
rect effect of IGF-I on GH secretion by so-
matotropes has been reported in European
eel,155 turbot,156 and striped bass.157 This di-
rect action has also been reported in fowl158

and mammals (rat,159,160 sheep,161 and ba-
boon162). In humans, IGF-I suppresses plasma
GH concentrations by 50–80% in both sexes.23

However, in women, IGF-I fails to suppress
GHRH-stimulated GH levels, suggesting that,
in contrast to men, this effect is exerted ex-
clusively at hypothalamic level.23 As expected,
IGF-I exerts a direct inhibitory effect on GH
release from pituitary cells in all species studied
(long-loop feedback).

Ghrelin

Ghrelin is a 20- to 30-amino acid peptide, de-
pending on species, predominantly produced

by the stomach although expressed in many
other tissues, including the pancreas, the car-
diovascular system, and the hypothalamus.163

It is produced as two different forms, an oc-
tanoylated form, which binds the GH secreta-
gogue (GHS) receptors 1a (GHS-R1a), which
is biologically active in terms of GH release,
and a deoctanoylated form that does not bind
to GHS-R1a and was previously thought to be
inactive but shows several actions in both en-
docrine and nonendocrine tissues.163 This pep-
tide, as suggested earlier by studies on its syn-
thetic analogs (GHSs), exerts several biological
actions, including modulation of GH secretion
and potent orexigenic functions.164 In teleosts,
ghrelin acts as a potent GH release stimula-
tor directly from pituitary in several species
(goldfish,165 tilapia,166,167 rainbow trout,168 cat-
fish,169 or eel170). This peptide is able to stimu-
late GH release from somatotrope cells in am-
phibians.171 In reptiles, ghrelin has also been
characterized.172 The stimulatory role of ghre-
lin has also been reported in chicken by act-
ing directly in somatotropes.109,173 Finally, in
mammals, ghrelin has a stimulatory role in GH
secretion, as reported, for example, in rats,174

pigs,175 primates176 or humans,23,177 and other
species.178 Consequently, ghrelin stimulates so-
matotrope activity in all species studied to date
and could, thus, play a relevant role in the mod-
ulation of GH release, an effect that would have
been conserved during vertebrate evolution.
Notwithstanding, mice models lacking ghrelin
or GHS-R do not show overt changes on GH
release, and the regulatory function of ghre-
lin on somatotropes appears subtle; increasing
evidence suggests that this orexigenic peptide
would act as a pivotal link between metabolic
status and growth.178

Leptin

Leptin is a class-I helical cytokine hormone,
discovered by positional cloning of the murine
obese gene and its human homologue.179 Lep-
tin is a circulating hormone mainly secreted,
in mammals, by adipose tissue but also by few
other tissues. It is widely accepted that leptin



144 Annals of the New York Academy of Sciences

secreted by adipocytes communicates the
amount of stored energy (lipid) to the brain.
This peptide has also been detected in lower
vertebrates but, in contrast to mammals, fish
leptin seems to be mostly produced in the
liver.180,181 Moreover, leptin-like inmunoreac-
tivity has also been detected in stomach of am-
phibians182 and in stomach, plasma, liver, and
fat bodies of reptiles.182,183 At least in mam-
mals, leptin also acts as a neurotransmitter
because this peptide and its receptors are ex-
pressed in hypothalamus and normal and ade-
nomatous pituitary cells of mice, rats, sheep,
and humans.184–187 To our knowledge, no data
have been reported regarding modulation of
GH secretion by leptin in nonmammalian ver-
tebrates. In contrast, several studies have shown
that in mammals, leptin exerts a direct effect
on somatotropes. In rats and cows, the effect
of leptin on GH secretion is dependent on
feeding status.188,189 In mice and pigs, leptin
acts directly on somatotropes, inducing GH se-
cretion.190–193 In humans, leptin might exert a
positive effect on the hypothalamic–pituitary–
adrenal axis,194 although in GH-secreting ade-
nomatous tissues leptin seems to exert a slight
inhibitory effect on spontaneous GH secretion
and a stimulatory effect on GHRH-stimulated
GH secretion.195 In conclusion, it seems clear
that leptin has the capacity to modulate GH
secretion from pituitary, at least in mammals,
although this modulation seems to be species
dependent and remains to be explored in lower
vertebrates.

Evolutive Aspects of Regulation
of GH Secretion

As stated above, GH secretion exhibits a pul-
satile pattern in all the species studied. How-
ever, the frequency and amplitude of pulses are
age and species dependent and show a deep
sexual dimorphism. This pulsatility is crucial
for GH to precisely regulate the basic func-
tion of a number of key physiological processes.
As an obvious example, the pattern of GH re-

lease from somatotrope cells is important in
determining growth rates in mammals.196,197

In spite of important differences among ver-
tebrate groups, in all the species, the main
control of GH secretion essentially resides at
the hypothalamus–pituitary unit. However, the
hypothalamic hormones involved in this reg-
ulation, and more precisely their differential
contribution, have changed during vertebrate
evolution. Thus, in teleosts, SRIF, GHRH, and
PACAP are the main regulators, while other
neuropeptides display less potent but still sig-
nificant inhibitory and stimulatory roles; in
amphibians and reptiles, GHRH and PACAP
seem to be equipotent in releasing GH, and
SRIF acts as inhibitor; and in birds and mam-
mals, PACAP does not have an obvious role,
and GHRH and SRIF regulate GH secre-
tion through a tight interplay. Moreover, de-
pending on the vertebrate group or even the
species considered, a variety of central, pitu-
itary, and peripheral signals impinge upon the
somatotrope to modulate GH secretion in or-
der to finely tune its pattern and adjust it to
punctual necessities of each species in each
situation. In fact, it has been described that
the secretory pattern of GH is influenced by
feeding regimes,22,198 temperature and pho-
toperiod,19 and development.18 Clearly, lower
vertebrate groups exhibit complex life cycles
marked by continuous growth and drastic phys-
iological changes imposed by metamorphosis
or migrations and are therefore more exposed
to environmental conditions.199 That could be
the reason why GH secretion in lower verte-
brates is regulated by a high number of different
molecules in contrast with higher vertebrates
where only a few molecules exert a marked
influence in somatotropes and are therefore
able to affect the main regulation of GH re-
lease. In conclusion, available evidence sup-
ports the notion that there is an evolutionary re-
duction in the number of regulatory molecules,
mainly stimulatory signals, implicated in the
control of GH secretion, in agreement with
the simplification of life cycles across vertebrate
evolution.
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Somatostatin: More
than an Inhibitor?

In contrast to the diversity of stimulatory
molecules involved in regulation of GH secre-
tion, SRIF (or, perhaps, somatostatins) seems
to be the only major inhibitor of GH re-
lease consistent and preserved throughout ver-
tebrate evolution. Despite the important feed-
back loops involved in GH regulation, exerted
mainly by IGFs but also by gonadal steroids
and GH itself, SRIF has been reported as the
only peptide that is able to inhibit GH secre-
tion from somatotrope cells in all the species
studied. In this scenario it comes as a surprise
to our earlier observation that SRIF can para-
doxically stimulate GH secretion from a sub-
population of pig somatotropes (high-density
subpopulation).200 Subsequently, low concen-
trations of SRIF (10−15 mol/L) were found to
stimulate pig GH release from the two major
somatotrope subpopulations from pig pituitary
and also in intact pituitary cultures, whereas a
high SRIF concentration (10−7 mol/L) inhib-
ited GHRH-induced GH secretion. These data
suggested that SRIF could play an unsuspected
dual stimulatory/inhibitory role in the control
of GH secretion in this species.201,202 Analy-
sis of second messenger pathways revealed that
cAMP is the main signal conveying the stim-
ulatory effects of low-dose SRIF.203–205 This
peptide also exerts a distinct, dose-dependent
regulation of the expression of three of its re-
ceptor subtypes (sst1, sst2, and sst5) at the pi-
tuitary.206 Indeed, acute in vitro treatment with
a high SRIF dose increased mRNA levels of
all three subtypes, whereas a low SRIF concen-
tration only increased that of sst5. Moreover,
short-term treatment with GHRH or ghrelin
reduced the expression of sst5 and not that of
sst1 and sst2. Interestingly, the stimulatory ef-
fect of SRIF on GH release was reported to be
mediated by sst5.207 To date, the dual stimu-
latory/inhibitory action of SRIF has not been
reported to occur in other species. However, in
1997, Chen et al. reported that SRIF was able
to induce a paradoxical increase in [Ca2+]i or

to have no effect on [Ca2+]i in a small propor-
tion of somatotrope cells coming from human
pituitary adenomas.208 These data suggest that
SRIF may not act just as a mere inhibitor in GH
release since it is able to stimulate GH secre-
tion from pig pituitaries. As mentioned earlier,
the paradoxical action of low-dose SRIF has
only been reported in pig, but further studies
will be needed to determine if this is a species-
specific phenomenon or is also present in other
species.

Conclusion

In conclusion, fine regulation of GH secre-
tion is crucial to maintain correct metabolism in
vertebrates since GH is involved in key physio-
logical processes. However, factors implicated
in this regulation have changed during ver-
tebrate evolution, perhaps because of group-
specific life styles. Lower vertebrates exhibit, in
contrast to higher vertebrates, complex cycles
of life and a deep environmental dependence.
Accordingly, regulation of GH secretion has
evolved from a multifactorial control (in fish,
a remarkable number of molecules act directly
on pituitary cells) to a primary dual control
exerted by GHRH and SRIF in order to ade-
quate the patterns of GH secretion to precise
necessities of each species. In contrast with the
large number of stimulating factors capable of
regulating GH secretion, SRIF has conserved
its primary role as the most important inhibitor
throughout vertebrate evolution. Nevertheless,
data reported in pig suggest that SRIF, under
some conditions, can also act as a stimulator of
GH secretion.
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