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Introduction

Originally identified by Krulich et al. (1), in 1968, and iso-

lated and characterized by Brazeau et al. (2), in 1973, human

somatostatin (SST) (somatotropin release-inhibiting hor-

mone, somatotropin release-inhibiting factor) was located

in the hypothalamus by Pelletier et al. (3) in 1977. SST has

subsequently been detected in almost every tissue and organ

system, nerve terminal, and specialized glandular cell, in

several molecular sizes and acting through six separate recep-

tor (SSTR) subtypes. In addition to modulating the function

of higher brain centers, this hypophysiotropic hormone exerts

an inhibitory influence on different target organ hormone

and exocrine secretory activities (4) and cell proliferation

(5), while separately promoting apoptosis. SST is extremely

versatile, functioning as a neurohormone, neurotransmitter,

and autocrine/paracrine hormone.

Somatostatin

SST is a cyclic tetradecapeptide synthesized in the hypo-

thalamus and responsible for inhibitory influences on the

secretion of growth hormone (GH) and thyroid-stimulat-

ing hormone (TSH) from the anterior pituitary gland (6,7).

In addition to these major functions and site of initial local-

ization, SST and SSTRs are ubiquitous in the human body,

where they exert multiple physiologic effects (Table 1).

SST is synthesized as two bioactive proteins: the predom-

inant, but functionally less active SST molecule consisting

of 14 amino acids (SST-14) with a disulfide bond linking

the cysteine residues at positions 3 and 14, and a larger more

potent molecular form, SST-28 (8), which is a congener

of SST-14 extended at the amino terminal (6,9). Both are

secreted from the hypothalamus in physiologic concentra-

tions, and unless otherwise indicated, the term SST refers

to both SST-14 and SST-28. A 25 amino acid product, as

well as several larger molecular forms of SST, have been

described, ranging from 11.5 to 15.7 kDa (6). The 116 amino

acid SST preprohormone, synthesized in the anterior hypo-

thalamic periventricular nuclei, consists of a 24 amino acid

signal peptide connected to the 92 amino acid prohormone,

which comprises a 64 amino acid peptide connected to

SST-28 (10). SST-28 and the enzymatically cleaved SST-

14 are transported from there by axoplasmic transport to the

median eminence (11) and nerve terminals in the vicinity

of the hypophyseal portal vessels, from where they travel

to the anterior pituitary gland in the portal system (12,13).

The SSTs have a very short circulation half-life of 1.5–3

min (6,14). The implication of this is that SST-producing

cells, or nerve ending stores of SST, are probably generally

close to the target cells that they influence.

SST-28 is the major SST molecule detected in the fetal

hypothalamus at 10 wk of gestation. With fetal maturation,

there is an increase in the amount of SST-14 with a parallel

increase in the number of SST-containing neurons located

in the anterior portion of the arcuate nucleus (15,16). Growth

hormone–releasing hormone (GHRH), the counterbalance

of SST in the regulation of GH secretion, is first detected

Since the discovery of somatostatin (SST) over three
decades ago, its ubiquitous distribution and manifold
functions are still being documented. SST is synthe-
sized in the hypothalamus and transported to the ante-
rior pituitary gland where it tonicaly inhibits GH and
TSH secretion as well as being responsible for GH pul-
satile release. Several internal feedback loops, sleep,
exercise, and chemical agents control and influence
SST release. SST also impacts the function of a wide
variety of cells and organ systems throughout the body.
Knowledge of the structures of the SSTs has resulted
in recognition of the essential four core conserved resi-
dues responsible for their actions. The SSTs act through
six separate SST cell surface receptors (SSTRs), members
of the family of G protein-coupled receptors. Receptor
ligand binding (SST/SSTR) results in cellular activities
specific for each receptor, or receptor combinations,
and their tissue/cell localization. Understanding the
structure/function relationship of the SSTs and their
receptors, including the internalization of SST/SSTR
complexes, has facilitated the development of a variety
of novel pharmacologic agents for the diagnosis and
treatment of neuroendocrine tumors and unfolding
new applications.
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in the hypothalamus at 18 wk of gestation (17). The distribu-

tion of SST-containing neurons is species specific (3,18–20).

In humans, SST-containing dense core cytoplasmic vesicles

(80–110 nm in diameter), found in cell bodies and nerve end-

ings (5), are located in several nuclei of the hypothalamus

(particularly the preoptic, suprachiasmatic, and retrochias-

matic nuclei of the anterior paraventricular region [19]),

the external zone of the median eminence, and the neuro-

vascular zone of the pituitary stalk (19). Other nonhypothal-

amic brain distribution sites of SST include the cortex, brain

stem, pineal gland, retina, optic nerve, auditory nerve, and

spinal cord (21). Precursors of SST have been detected in

the anterior pituitary, suggesting that SST may in fact be

synthesized there as well, where it acts through autocrine

and paracrine mechanisms (22). Outside the central ner-

vous system (CNS), SST has been demonstrated in several

different sites including the endocrine (�-, �-, �-cells) (21,

23) and exocrine pancreas, gastrointestinal (GI) tract (includ-

ing upper GI D-cells (24–26), salivary glands, thyroid epi-

thelial and C-cells, kidneys, prostate, placenta, lymphoid

cells and tissues, immune system, blood vessel walls, as

well as in the circulation (6,7).

Human anterior pituitary GH secretion is sporadic and

unique for each individual, with an ultradian rhythm (27).

GH secretory “bursts” are irregular, 10–20/d, occurring pre-

dominantly at night with the onset of rapid eye movement

(REM) sleep, when they are of greatest amplitude. Of note

is the fact that SST increases REM sleep (28). In adults,

there is a basal rate of GH secretion throughout the day, at

concentrations so low that for the most part GH is “undetec-

table,” other than by ultrasensitive assays. As a neurohor-

mone, the major role of hypothalamic SST is tonic inhibition

of the basal and GHRH-stimulated secretion of GH from

anterior pituitary somatotrophs (29). Studies in rats using

SST and GHRH antibodies (27) have demonstrated that

SST is responsible for GH pulsatility as well as trough levels,

while GHRH plays a role in spontaneous GH bursts (27,30,

31). GH pulsatility is generated by the 180° out-of-phase

secretion of GHRH and SST every 3 to 4 h (27). Rebound

GH hypersecretion, in normal individuals, has been dem-

onstrated following SST infusion withdrawal (SSIW), most

likely owing to sensitization of somatotrophs to GHRH (32–

36), and is enhanced even further in the presence of GHRH

(32,37–39). This process is responsible for controlling GH

pulsatile secretion. Thus, SST withdrawal determines the

timing and duration of GH secretory bursts while GHRH

determines the magnitude. SST infusion suppresses insulin

and glucagon, and glucose transiently, in addition to GH,

with rebound hypersecretion of insulin and glucagon post-

SSIW. In obese individuals, GH secretion is inversely related

to body mass index (40,41). It has been postulated that this

may be owing to increased hypothalamic SST secretion

(42) and/or elevated plasma free fatty acid levels (43–45).

Recently, it has been demonstrated that obesity is also asso-

ciated with a blunted peak GH following SSIW plus GHRH,

in addition to an absent increase in GHRH-induced GH

secretion (46). The persistence of GH hyposecretion in this

setting of diminished SST secretion suggests that there are

several factors responsible for the state of low GH secretion,

or relative GH deficiency, in obesity.

SST inhibits GH secretion but exerts no influence on soma-

totroph GH synthesis, while hypothalamic GHRH promotes

GH synthesis, through stimulation of GH mRNA transcrip-

tion, and secretion (47,48), mainly of stored vs newly synthe-

sized hormone (49). Hypothalamic SST secretion is promoted

by dopamine, substance P, neurotensin, glucagon, hypo-

glycemia, several amino acids, acetylcholine, �2-adrenergic

agonists, vasoactive intestinal polypeptide (VIP), and chole-

cystokinin, and it is inhibited by glucose (6,50,51). Several

feedback loops facilitate GH autoregulation. GH itself stim-

ulates hypothalamic SST release (52) and is probably respon-

sible for the reduced somatotroph GH response to GHRH

following GH exposure (53,54). Chronic GHRH exposure

results in reduced GH secretion by GHRH (55,56), possi-

bly owing to depletion of somatotroph stores of GH, or a

Table 1

Physiologic Actions of Somatostatina

• Inhibition of GH and TSH secretions from anterior pituitary

• Inhibition of cell proliferation

• Inhibition of pancreatic secretions

• Endocrine—insulin, glucagon, pancreatic polypeptide

• Exocrine—bicarbonate and digestive enzymes

• Inhibition of GI peptide secretions—gastrin, secretin,

cholecystokinin, VIP, gastric inhibitory polypeptide, motilin,

enteroglucagon, neurotensin, gastric acid, peptide intrinsic

factor, bile, and colonic fluids

• Inhibition and modulation of GI functions

• Bowel motility, gastric emptying, GI transit time, and

small bowel segmentation

• Gallbladder contractility and bile flow

• Splanchnic and liver blood flow

• Intestinal absorption of glucose, fructose, galactose, lactose,

amino acids, calcium, glycerol, xylose, and triglycerides

• Mucosal cell proliferation

• Stimulation of GI water and electrolyte absorption

• Inhibition of thyroxine, triiodothyronine, and calcitonin

thyroid secretion

• Inhibition of renal and adrenal secretion of renin and

aldosterone

• Inhibition of vascular smooth muscle contractility

• Inhibition of activated immune cells

• Inhibition of CNS functions

• Behavior

• Cognition

• Inhibition of peripheral nervous system functions

• Motor

• Sensory

• Promotion of apoptosis

aAdapted from refs. 5–8, 119, 124, 138, 201, 215, and 216.
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decrease in GHRH-binding sites (57). GHRH and SST both

autoregulate their own secretions (58), while GHRH addi-

tionally stimulates SST secretion (59).

SST inhibits the GH secretion induced by sleep, exercise,

insulin hypoglycemia, arginine, morphine, and L-dopa. Insu-

lin-like growth factor-1 (IGF-1), synthesized mainly in the

liver, by GH action, feeds back on both the hypothalamus

(stimulating SST release [60] ) and the pituitary (inhibiting

GH gene transcription [61,62] and GH secretion) (63). The

mechanisms by which SST reduces the plasma IGF-1 con-

centration are through both a decrease in somatotroph GH

secretion and a decline in hepatocyte GH sensitivity (64).

The well-recognized decline in GH secretion with advancing

age is owing to a marked decrease in hypothalamic GHRH

secretion together with an increase in SST secretion (65).

Hypothalamic GHRH release may be inhibited directly by

SST neurons that impinge on GHRH-containing perikarya

in the hypothalamic arcuate nucleus (66). Many other hor-

mones, neurotransmitters, and secretagogues help fine-

tune the control of GH secretion, some independently of the

GHRH/SST control pathways, such as ghrelin/leptin (67–

69). Chronic cell stimulation by SST results in SSTR desen-

sitization owing to both receptor internalization through

endocytosis and phosphorylation. Rates of phosphorylation,

desensitization, and internalization vary between SSTR sub-

types (70).

The mechanism by which �-adrenergic blockade sup-

presses GH secretion is through inhibition of GHRH release

together with stimulation of SST secretion (71). GHRH-

induced GH release is increased by �-adrenergic blockade,

owing either to decreased hypothalamic SST secretion or

to a direct �-adrenergic effect on the pituitary gland (72).

Increased GH secretion following administration of epi-

nephrine results from a decline in SST secretion (73).

SST and GHRH are responsible for controlling the num-

ber of somatotrophs involved in GH secretion—SST de-

creasing, and GHRH increasing their numbers. GHRH also

increases the amount of GH secreted per cell (74). GH secre-

tagogues (GHSs) increase the number of somatotrophs

secreting GH but do not alter the quanta of GH released per

cell (74). GHSs and SST may hyperpolarize and depolarize

the same somatotroph cells. Current data confirm that GHSs

induce GH secretion independent of GHRH and SST (75–

79), probably via an as-yet unidentified hypothalamic fac-

tor (80,81). Ghrelin infusion elicits GH secretion as well as

a prolonged increase in circulating SST (82). SST, on the

other hand, has been shown to abolish ghrelin-stimulated

GH release (83). The exact role of leptin, probably mediated

through neuropeptide Y’s action on both GHRH and SST

neurons (84,85), in the regulation of human GH secretion

is not clear at present. GHSs are resistant to several inhibi-

tors of GH secretion such as increased free fatty acids, hyper-

glycemia, atropine, and increased SST (86). It has recently

been suggested that ghrelin secretion from the stomach may

be regulated by SST (87). The significant stimulation of GH

secretion by ghrelin is partly effected through antagonism

of SST activity (88). The neuropeptide cortistatin (CST-14)

is highly homologous with SST-14 and binds to all of the

SSTRs, resulting in inhibition of basal and GHRH-, or ghre-

lin-stimulated GH release and insulin secretion, with effi-

cacy equal to that of SST-14 (89). Cortistatin is mainly

expressed in the cortex, where it depresses cortical activ-

ity. Although it shares many similar functional properties,

including depression of neuronal activity, CST is not an

alternative SST. Non-SST-type functions include induc-

tion of slow-wave sleep, reduced locomotor activity, and

possible effects on learning and memory (88).

Hypothalamic control of TSH secretion is modulated by

both thyrotropin-releasing hormone (TRH) stimulation and

SST inhibition (6,7). Direct inhibition of basal TSH secre-

tion by SST (SST-14 and -28 being equipotent here [90]) is

associated with a reduction in TSH pulse amplitude (~70%),

cessation of the nocturnal TSH surge, and limited reduction

in TSH pulse frequency (91). Indirect suppression of TSH

secretion occurs through reduction in pituitary thyrotroph

TSH receptor numbers (92). SST antagonizes the prosecre-

tory action of TRH on TSH secretion from anterior pitui-

tary thyrotrophs in normal and hypothyroid patients (93–96),

and may have a direct inhibitory effect on the secretion of

TRH itself from the hyopothalamus (97,98). Hypothyroid-

ism, by downregulating SSTR-2 and SSTR-5, impairs SST’s

ability to decrease TSH secretion from thyrotrophs (99).

In vitro studies have demonstrated that SST inhibits pro-

liferation of lymphoid, including immune, and hemopoietic

cells (100–102) as well as influences migration of normal

and leukemic hemopoietic stem cells to various specific

tissue locations (103). The expression of SSTR-2 and CST,

but not SST, in monocyte cell lines suggests that CST may

be a possible ligand for SSTR-2, which may then have a

regulatory role in the human immune network (104).

Of the lymphatic organs, the thymus has the highest con-

centration of SST (105–107), with exclusive expression of

SSTR-1, -2A and -3. SST appears to be intimately involved

in normal thymic function and may have a role to play in

both the age-related involution and autoimmune diseases

of the thymus (108,109). Within the retina, both SST and

SSTR (SSTR-1–5 in selected sites) expression has been

demonstrated, and the role of SST as a neuromodulator in

the retina has been established (110,111), providing a ration-

ale for the effective use of SST analogs in treating prolif-

erative diabetic retinopathy and macular diseases (111).

Somatostatin Receptors

As already stated, SST mediates its inhibitory effects

through binding to specific cell-surface SSTRs that trans-

duce its influence via activation of specific intracellular sig-

naling pathways. Six SSTR subtypes have been identified

and characterized: SSTR-1. -2A. -2B. -3. -4. and -5 (8,112–

120). They are expressed throughout the body, in several
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different tissues and cell types, in varying numbers and

combinations, with single cells expressing one or several

SSTR subtypes at different densities (6,111,121–125)

(Table 2). Within the anterior pituitary, SSTRs have been

demonstrated on the cell membranes of somatotrophs,

lactotrophs, thyrotrophs, gonadotrophs and corticotrophs

(121,122,126), the most abundant expression being that of

SSTR-1, -2, and -5 (127,128). The definitive detection of

SSTR-3 (127) and SSTR-4 (127,128) in the pituitary is not

conclusive, possibly owing to either absence or low-level

expression. Pituitary adenomas, however, express SSTR-

1, -2, -3, and -5 (127–130).

SSTRs are all members of the family of G protein–coupled

receptors (GPCRs) characterized by seven �-helical trans-

membrane–spanning domains, creating three intra-and extra-

cellular loops (131–133). SSTRs interact with several types

of G�. �, � proteins (125) and have also been shown to

interact directly with structural cell proteins through their

C-terminal domains (134–136). One function of this bind-

ing may be to facilitate targeting of SSTRs to the cell sur-

Table 2

Characteristics of Human SSTRs

SSTR-1 SSTR-2A SSTR-3 SSTR-4 SSTR-5

Chromosomal localization 14q13 17q24 22q13.1 20p11.2 16p13.3

Amino acids 391 369 418 388 363

Molecular mass (kDa) 53–72 71–79 65–85 45 52–66

mRNA (kb) 4.8 8.5 (?) 5.0 4.0 4.0

Sequence homology (%)

SSTR-1 100 43.8 40.6 54.8 43.3

SSTR-2A 100 44.1 41.1 48.5

SSTR-3 100 38.6 52.1

SSTR-4 100 46.3

SSTR-5 100

G protein coupling + + + + +

Binding affinities (IC50[nM])a

SST-14 1.1–2.26 0.2–1.3 1.4–1.6 0.5–1.8 0.9

SST-28 2.2 4.1 6.1 1.1 0.07

Signal transduction pathway activityb

Adenyl cyclase � � � � �
Tyrosine phosphatase � � � �
Ca2+ channels �
Na+/H+exchanger �
Phospholipase C/IP3 � ��
Phospholipase A2 �
MAPK � � �

Tissue distribution Brain Brain Brain Brain Brain (±)

Pituitary Pituitary Pituitary Pituitary (±) Pituitary

Stomach Stomach Stomach Stomach Stomach

Liver (±) Liver

Pancreas Pancreas Pancreas Pancreas

(�-cell) (�-cell) (�,��-cells)

Kidney Kidney

Lung Lung (±) Lung Lung (±)

Intestine Intestine Intestine (±) Intestine (±) Intestine

Spleen Spleen Spleen Spleen (±) Spleen (±)

Thymus Thymus Thymus

Uterus (±) Uterus Uterus (±) Uterus (±)

Placenta (±)

Adrenal

aIC50 is the concentration necessary for 50% inhibition of the binding of 125I-labeled SST to cloned subtypes expressed in Chinese

hamster ovary or transformed African green monkey COS kidney cells.

IP3, inositol triphosphate; MAPK, mitogen-activated protein kinase. (Adapted from refs. 8, 124, 133, 138, 139, 174, and 191.)
bSee ref. 125 for further details.
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face and elsewhere within the cell. The nonallelic genes

coding for each receptor are located on separate chromo-

somes (8,103,108,137) (Table 2), providing for tissue-spe-

cific differential expression and exclusive functions in dif-

ferent organs. Besides SSTR-2, the genes are all intronless

in their protein-coding sequences (8,120,124,138,139).

Alternate splicing of a cryptic intron in the SSTR-2 gene

produces two isoforms, which differ in the lengths of their

cytoplasmic carboxy termini, SSTR-2A (long) and SSTR-

2B (short) (8,138,140,141). SSTR-2A appears to be the pre-

dominant physiologically active isoform. Regulation of SSTR

gene expression is influenced by glucocorticoids (142–145),

sex steroids (146–148), thyroid hormone (149–151), and

positively by SST itself (152). Determination of promoter

regions and their control is under investigation (153). In

rainbow trout, two SSTR-1 genes code for different recep-

tors—SSTR-1A and SSTR-1B (90% homology)—that are

differentially expressed in terms of tissue distribution and

relative abundance (154).

The different SSTRs exhibit significant sequence homol-

ogy with each other, ranging on average from 42 to 60%

(8,155–157), with SSTR-1 and SSTR-4 being most similar

(155). There is also structural conservation of individual

subtypes across species (139,156,157). Unique to the SSTRs

is a highly conserved amino acid sequence in the seventh

transmembrane domain, YANSCANPI/VLY (8,138), which

is also found in other species, thus confirming a historic

place in evolution.

Following synthesis within the Golgi apparatus, SSTRs

are translocated to the surface plasma membrane on the

cytoplasmic surface of secretion vesicles (158), which fuse

with the cell membrane without vesicle lysis (159). The

group of SSTRs has been subdivided on the basis of struc-

tural similarities and binding studies using synthetic SST

analogs; SSTRs-2, -3, and -5 react with octapeptide (octre-

otide) and hexapeptide (lanreotide) SST synthetic analogs,

while SSTR-1 and SSTR-4 do not (120). This may have

clinical relevance in therapeutic decisions.

Each SSTR has specific pharmacologic and physiologic

properties (8,155,160) (Table 2). All SSTRs bind both SST-

14 and SST-28 with high affinity. SSTR-1–4 exhibit higher

binding affinity for SST-14 than SST-28, while SSTR-5

has greater selectivity for SST-28 (8) (Table 2). However,

SST-28 binds to rat pituitary receptors with three times

more affinity than SST-14 (161). The ligand-binding sites

on SSTRs for SST consist of a “pocket” containing resi-

dues within the transmembrane domains III–VII (162), as

well as some in the second extracellular domain (163,164).

These sites probably vary somewhat between receptors, but

the main association of the core conserved SST residues,

Phe7, Trp8, Lys9, and Thr10 , which constitute a � turn, is

with the residues Asn276 and Phe294 at the outer ends of trans-

membrane regions VI and VII, respectively. These latter

two amino acids are found in SSTR-2 but not SSTR-1. The

amino acid Asp137 in transmembrane region III anchors the

ligand to the receptor through an electrostatic attraction

with Lys9 (165).

Binding of SST to monomeric cell-surface SSTR-1 and

SSTR-5 triggers both homo- and hetero-SSTR dimeriza-

tion (166,167). This enhances ligand-receptor binding affin-

ity resulting in receptor subtype modification. The functional

significance of receptor heterodimerization, restricted to only

some SSTRs, varies according to the receptors involved;

for example, SSTR-5 forms heterodimers with SSTR-1 but

not SSTR-4 (167). SSTR-2A and SSTR-3 form homodi-

mers when expressed separately (168). However, heterodi-

merization of SSTR-2A and SSTR-3, when coexpressed in

HEK 293 cells, results in loss of function of SSTR-3 (168).

In addition to this communication between receptor sub-

types within the same GPCR family, enhanced functional

activity has been demonstrated for the “new receptor”

formed by the heterooligomerization of dopamine receptor

DR2 and SSTR-5, members of different, but related, GPCRs

(166,169). Heterodimerization of SSTR-2A and the µ-opioid

receptor (MORI), representatives of closely related GPCR

families, in a human embryonic renal cell line did not alter

their respective ligand-binding or coupling properties.

Binding of this heterodimer to ligands for each of the two

receptors separately leads to phosphorylation, internaliza-

tion, and desensitization of both receptors in the case of

SSTR-2A, and phosphorylation and desensitization, but

not internalization, of SSTR-2A in the case of the MORI

selective ligand (170). These interactions suggest the pos-

sibility of many more and make for a highly sophisticated

level of fine-tuning of regulation and modulation of intra-

membrane receptor interactions (including activation/deac-

tivation of GPCRs), hormone-receptor interactions, and cell

molecular functional regulation. This includes SSTR sub-

type selective influence on specific cellular inhibitory effects,

such as intracellular phosphorylation of serine and threo-

nine residues which results in GPCR signal termination.

The potential clinical applications have already begun to

be explored. Culler et al. (171) have demonstrated synergis-

tic suppression (73%) of GHRH stimulated GH secretion

from primary fetal pituitary cells using combined SSTR-2

and -5 selective agonists, compared with using these agonists

alone (32% for SSTR-2 and 34% for SSTR-5). An SSTR-2

and -5 “biselective” analog demonstrates enhanced suppres-

sion of GH hypersecretion by octreotide-resistant acrome-

galic tumors (172). A hybrid analog molecule, BIM-23A387,

with high affinity for both SSTR-2 and D2 has been shown

to have an enhanced inhibitory effect on in vitro prolactin

(PRL) and GH release from human pituitary adenoma, GH,

and GH/PRL-secreting cells. This molecule is far more potent

than either SSTR-2 or D2 analogs alone or in combination.

The mechanism for this awaits explanation (173).

The physiologic actions of SST are most likely both

SSTR subtype specific and the result of the interaction of

two or more SSTRs within a given cell membrane follow-

ing SST ligand binding. The identification and elucidation
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of the intracellular signal transduction pathways following

SST/SSTR binding have been derived mainly from in vitro

cell transfection studies (125). The common effect is a reduc-

tion in intracellular cyclic adenosine monophosphate (cAMP)

and Ca2+ with activation of protein phosphatases. The final

pathway, and hence effect on cellular function, will vary,

depending on the specific SSTR subtype and SST ligand

involved. Inhibition of cell secretion may be achieved through

four main intracellular effector pathways (174): (1) inhibi-

tion of adenyl cyclase, with a fall in intracellular cAMP (133,

175,176), a functional coupling existing for all SSTRs; (2)

reduction in intracellular Ca2+, resulting from a fall in trans-

membrane Ca2+ influx, owing to activation and hyperpol-

arization of several K+ and voltage-dependent Ca2+ channels

(174); (3) activation of protein phosphatases (calcineurin

specifically inhibiting exocytosis [177]) and serine/threo-

nine phosphatases (178), which influence Ca2+ and K+ chan-

nels; (4) activation of intracellular tyrosine phosphatase

(179–181), which, through different cascades, inhibits cel-

lular proliferation (G1 cell-cycle arrest following SSTR-1,

-2, -4, and -5 stimulation of the mitogen-activated protein

kinase pathway) (180,182–184) and promotes apoptosis,

exclusively via the “cytotoxic” SSTR-3 (139,185–189). The

antiproliferative action of SST may also be responsible for

tumor shrinkage (190), as may inhibition of angiogenesis

and immune modulation (191) by SST. Direct SST inhibi-

tion of growth-promoting factors and hormones constitutes

an additional antiproliferative mechanism. Cell-cycle regu-

lation by SSTR is both subtype specific—SSTR-5 and SSTR-

2 inhibiting cell growth by 80 and 60% respectively—and

agonist dependent, with cell-cycle arrest occurring in the S

phase (192).

Using models of SSTR inhibition, including knockout

animal models and antisense oligonucleotides, it has been

demonstrated that SSTR-1 is involved in regulating basal

GH secretion from pituitary somatotrophs (193), as well as

influencing GH pulse amplitude at the hypothalamic level

(194). The inhibition of gastric acid secretion is mediated

through SSTR-2 inhibition of gastrin activity (195). SST

inhibition of GH and TSH secretion is mediated through

SSTR-2 and/or SSTR-5 (196,197) in primary human fetal

pituitary cell cultures from somatotrophs and thyrotrophs,

respectively. Enhanced inhibition has been demonstrated

in primary cell cultures from human GH–secreting pitu-

itary somatotroph tumors when both SSTR-2 and -5 are

activated simultaneously by the same ligand (198). Physio-

logic suppression of PRL secretion is mediated by SSTR-

2 in human fetal pituitary cell cultures (186,198), whereas

SSTR-5 modulates PRL suppression in prolactinomas (198).

Inhibition of glucagon secretion from pancreatic �-cells is

mediated through SSTR-2, while SSTR-5, present on more

than 80% of �-cells, reduces insulin secretion from these

pancreatic �-cells (197,199–204). The demonstration that

SSTR-1 modulates antiangiogenic activity through suppres-

sion of endothelial sprouting in vitro leads the way to exploit-

ing this in the treatment of proliferative diseases involving

angiogenesis (205).

Tolerance to continued exposure to SST results in SSTR

downregulation in most tissues, with a decline in the spe-

cific initial response (124). This does not hold true in the

case of inhibition of gallbladder motility, presumably

owing to a different set of SSTRs in the gallbladder wall.

Persistently elevated levels of SST or analogs result in an

increased incidence of gallbladder sludge and gallstones

(124). Most hormone-secreting tumors, which generally

express a high density of SSTRs (e.g., GH adenomas, car-

cinoids, VIPomas), do not experience desensitization to

chronic SST exposure (139) resulting in persistent suppres-

sion of hormone secretion. SSTR physiology is subtype

specific, and SST regulation of its receptors (139) is seen

in studies with SST analogs administered for short (15–90

min) and prolonged (24–48 h) periods of time, demonstrat-

ing upregulation of SSTR-1 (206) and SSTR-2, and cellu-

lar internalization of subtypes 3 and 5 (206,207). SSTR-2

is rapidly internalized following ligand binding, while SSTR-

5 undergoes recycling with recruitment of stored SSTR-5

soon after internalization (208). Termination of agonist

activity occurs through the mechanism of SSTR desensiti-

zation: intracellular receptor phosphorylation, uncoupling

from G proteins, internalization (subtype specific, using

SSTR-transfected CHO-K1 cells; SSTR-3 [78%], SSTR-5

[66%], SSTR-4 [29%], SSTR-1 [0%] [207]), and degrada-

tion (125,209–211). These effects can be exploited clini-

cally, in diagnostic receptor scanning and targeted radio-

therapy, respectively.

Conclusion

The pervasive endocrine inhibitory hormone, SST, plays

a crucial role in the physiology of GH secretion as well as

influencing nervous system and GI endocrine and exocrine

functions. Its role in endocrine and other diseases remains

to be defined. Appreciation of the factors involved in the

regulation of SSTR status as well as in the control of tissue-

specific SSTR expression will play an increasingly impor-

tant role in the search for improved medical therapeutic

options. Recognition of the expression of several SSTRs on

single cells as well as the relationship to other related cell-

surface receptors will promote the development of novel

therapies. The expression of SST receptors on pituitary

tumors, hormone-secreting tumors (carcinoids, insulino-

mas, glucagonomas, and pheochromocytomas [212–214]),

and many different cancers is already being exploited clini-

cally in the fields of diagnosis and therapy (215,216). New

synthetic SSTR subtype–specific and universally binding

peptide and nonpeptide agonists and antagonists are enhanc-

ing the therapeutic arsenal for the management of these

diseases.
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