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INTRODUCTION
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General Introduction

Somatostatin and somatostatin receptors

Over three decades have now elapsed since Brazeau and Guillemin origi-
nally detected a somatotropin release-inhibiting factor (SRIF) by chance
during studies of the distribution of growth hormone-releasing factor in
the hypothalamus of rats (1). This peptide, called somatostatin because
of its supposed specific function, i.e. the inhibition of somatotropin
[growth hormone (GH)] release, proved to be a cyclic peptide consist-
ing out of 14 amino acids (Fig. 1). Higher molecular weights forms of
SRIF immunoreactivity have been reported including a 28-amino acid

ST TSy
SRIF-14 @-.@.. @-@

Figure 1. Amino acid sequence of the natural somatostatin peptide SRIF-14.

polypeptide that corresponds to SRIF with a NH_-terminal extension of
14 amino acids. Isolation and characterization of complementary DNA
(cDNA) clones encoding SRIF indicated that SRIF, like other polypep-
tides, is derived from a larger precursor by proteolytic processing. The
primary translation product of SRIF messenger RNA (mRNA) is a 116-
amino acid molecule, preprosomatostatin, subsequently processed in a
92-amino acid prosomatostatin which by itself undergoes proteolytic
processing, thereby generating the biologically active forms SRIF-14
and SRIF-28. The production of SRIF occurs in concentrated numbers
of SRIF-producing cells throughout the central and peripheral nervous
systems, in the endocrine pancreas, in the gut and in limited cell numbers
distributed over the thyroid, the retina, adrenals, submandibular glands,
kidneys, prostate and placenta. SRIF modulates neurotransmission in the
central nervous system (as a neurotransmitter), regulates the release of
GH and thyrotropin (TSH) from the anterior pituitary gland (as a neuro-
hormone) and has a regulatory role in the gastrointestinal tract, as well
as in the exocrine and endocrine pancreas. When synthesized in and re-
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Chapter 1

leased by endocrine and nerve cells, SRIF acts in an autocrine, paracrine,
or neuronal regulatory manner to inhibit glandular secretion, neurotrans-
mission, smooth muscle contractility and absorption of nutrients (2, 3).

Somatostatin receptor subtypes

The various actions of SRIF are mediated through specific membrane
receptors. Five subtypes of the human SRIF receptor (sst) have been
cloned and characterized (4, 5). Genes for sst, , ., lack classical introns.
The sst, gene displays a cryptic intron at the 3” end of the coding seg-
ment, which gives rise to two splice variants, a long (sst,,) form and a
shorter (sst,,) form, which differ only in the length of their cytoplasmic
tail (6, 7). Even though Northern blotting has detected two bands of 2.3
kb and 8.0 kb size-length in human tissues (6, 8, 9), detailed evidence
for the (functional) expression of the short sst, . form in humans is still
lacking. The sst subtypes, which are identical in 42 to 60 percent of their
amino acid sequences, belong to a superfamily of seven o helical trans-
membrane segments typical of guanine nucleotide binding (G) protein
coupled receptors (GPCR; Fig. 2). All subtypes share a coupling to the

Figure 2. Structure and schematic orientation of the SRIF receptor within the plasma mem-
brane encountering seven transmembrane-spanning a-helical domains connected by short
loops, having an N-terminal extracellular domain and a C-terminal intracellular domain.

second messenger system known to be activated upon SRIF binding to
its receptors. Hydrophobic and charged amino acids within transmem-
brane domains 3, 6 and 7 are important for the interaction with the ligand
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General Introduction

(10, 11). However, the extracellular loop 2, between domains 4 and 5
may also be involved (12-14). The subsequent conformational change of
the receptor leads to activation of an associated heterotrimeric G-protein
complex (consisting of a-, B- and y-subunits) and exchange of GTP for
GDP on the a-subunit. The common effect of the five sst subtypes is a
reduction in intracellular cyclic adenosine monophosphate (cAMP) and
Ca™ as well as an activation of protein phosphatases [Fig. 3; (15)]. The
final pathway, and hence effect on cellular function, will vary, depending
on the specific sst and SRIF ligand involved. Inhibition of cell secre-
tion may be achieved through several intracellular effector pathways: (1)
inhibition of adenylyl cyclase activity via inhibitory G proteins (Gai),
which are pertussis toxin sensitive, thereby reducing intracellular cAMP
levels, (2) reduction in intracellular Ca*" owing to activation and hyper-
polarisation of K* channels as well as inhibition of the normal depolariza-
tion-induced Ca™" influx via voltage-sensitive Ca* channels (16). Both a
reduction on intracellular cAMP and Ca*™ result in inhibition of secretion.
Stimulation of protein tyrosine phosphatases and inhibition of MAP ki-
nase activity (17) by sst are thought to be involved in anti-proliferative
effects of SRIF. Less prominent signaling pathways include inhibition

of Na™-H" exchanger and activation of phospholipase A and C (2, 18).

[ adenylyl cyclase ]

protein tyrosine 7
phosphatase 1
[T K*/| Ca*™ channels

Ik Ik

Figure 3. Schematic representation of SRIF receptor signaling pathways leading to
inhibition of secretion and cell proliferation.
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Distribution of somatostatin receptor subtypes

Classical SRIF-target tissues such as the central nervous system, the ante-
rior pituitary gland and the pancreas, express multiple sst subtypes (Table
1) (19). The adult human pituitary gland expresses sst,, sst, sst, and sst,
mRNAs, but not sst, mRNA. As determined by immunohistochemistry, the
human pancreatic islet cells express all five sst subtype proteins (20). Neu-
roendocrine tumours frequently express a high density of SRIF receptors.

Table 1. Distribution pattern of SRIF receptors in humans.

SRIF receptor subtype
sst; sstp sst3 SSty ssts

Brain + + + + +
Pituitary + + + +
Stomach + + + + +
Liver + +
Pancreas + + + + +
Kidney + +
Lung + + +
Intestine + + +
Spleen +
Thymus + + +
Uterus +
Thyroid + +
Prostate + + +
Adrenal + +

The SRIF-receptor subtype distribution (by in situ hybridistation, immunohistochem-
istry, RT-PCR analysis, Northern Blotting) in normal tissues has been extensively re-
viewed. For further details see Refs. (2, 5,9, 15, 19, 20, 25, 26).
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General Introduction

Sst-expressing tumours include pituitary adenomas, carcinoids, islet cell
tumours, paragangliomas, pheochromocytomas, small cell lung cancers,
medullary thyroid tumours but also breast cancers, prostate cancers and
malignant lymphomas (21). The majority of human sst-positive tumours
simultaneously express multiple sst subtypes, which can be different be-
tween tumour types but also among the same tumour types. The predomi-
nant expression of sst, receptors forms the basis for the successful clinical
application of the currently available clinical SRIF-analogs. The presence
of sst, is a prerequisite for sensitivity of inhibition of tumour-related hor-
monal hypersecretion to treatment with octapeptide SRIF-analogs, as has
been extensively demonstrated in patients with growth hormone (GH)-
secreting pituitary adenomas and islet cell or carcinoid tumours (22, 23).

Somatostatin receptor physiology

Although the acute administration of SRIF produces a large number of
inhibitory effects, the initial responses diminishes with continued expo-
sure to the peptide. The ability to regulate their responsiveness to contin-
ued agonist-exposure is a common property of many GPCR’s. Such ago-
nist-induced regulation typically involves receptor desensitization due to
uncoupling from G proteins as well as receptor internalization and recep-
tor degradation (2). Since the cloning of the five sst subtypes, as already
described previously, the involvement of the individual sst subtypes in
the process of receptor-mediated internalization of SRIF has been ex-
tensively investigated (2, 21, 24-26), and it should be taken into account
that differences have been reported between human and rat sst subtypes
with respect to their dynamics of agonist-induced internalization. In gen-
eral, the mechanism and route of internalization of sst-agonist complexes
involves aggregation of the hormone-receptor complex in specialized
areas of the membrane, followed by internalization of the complex via
clathrin-coated, as well as uncoated, pits. Subsequently, fusion of these
vesicles with lysosomes occurs, resulting in hormone degradation or re-
ceptor recycling to the cell surface. The sst subtypes differentially inter-
nalise SRIF and SRIF-analogs. Using CHO-K1 cells, stably expressing
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one of the five sst subtypes, agonist dependent internalization of ['*I|LTT
SRIF-28 ligand in a time- and temperature dependent manner, has been
demonstrated (27). The human sst, receptor showed low agonist induced
internalization (4%), whereas sst,- and sst.-expressing cells displayed the
highest degree of internalization (78% and 66%, respectively), followed
by sst, (29%) and sst, (20%). Furthermore, binding of SRIF to monomer-
ic cell-surface sst, and sst, triggers both homo- and hetero-sst dimeriza-
tion. The sst -sst. heterodimers show enhanced ligand-receptor binding
affinity likely the result of receptor subtype modification. The functional
significance of receptor dimerization, restricted to only some sst’s, varies
according to the receptors involved; human sst, forms heterodimers with
sst,, but not with sst, (28). Using the selective sst, ligand '*’I-SCH288,
no internalization of sst, was observed. However, when sst, receptors
where co-transfected with a c-tail deletion mutant of sst,, a slight but sig-
nificant internalization of '*I-SCH288 at 60 minutes was observed, sug-
gesting that processes like functional heterodimerization of sst subtypes
can determine internalization of sst subtypes (29). Interestingly, Stroh
and coworkers elegantly demonstrated by the use of biochemical, confo-
cal and microscopic techniques, that a constant population of functional
rat sst, receptors is maintained at the cell surface at all times through a
process of receptor recycling and recruitment of intracellular sst, pro-
teins (30). They proposed that these mechanisms might protect sst, from
long-term desensitization. Furthermore, rat sst,, and sst, are able to form
homodimers as well. Both sst, and sst, homodimers underwent agonist
induced endocytosis, but the heterodimer of sst, and sst,, both being
over-expressed in HEK293 cells, dissociated at the cell membrane and
only sst, underwent agonist induced endocytosis combined with loss of
sst, function (31). In addition to this communication between receptor
subtypes within the same GPCR family, rat sst,, receptor heterodimer-
ization with the p-opioid receptor (MORI1) has also been demonstrated
(32). The sst,,-MORI1 heterodimers did not significantly alter the li-
gand binding or coupling properties but promoted cross-modulation of
phosphorylation, internalization and desensitization of these receptors.
Finally, studies using bioluminescence resonance energy transfer assays
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(BRET) on living cells, have also indicated that hetero-oligomerization
of human sst, and the Dopamine D2 receptor occurs following to agonist
binding (33). The “new receptor” formed by the heterooligomerization
of the D2 receptor and sst, appeared pharmacologically distinct from its
receptor homodimers, as it was characterized by a much greater affin-
ity for binding both dopamine and SRIF-agonists, directly associated
with enhanced G-protein and effector coupling to adenylyl cyclase. Re-
cently, the first data on heterodimerizaton in vivo has been demonstrated.
In normal rat astrocytes, sst, and D, receptors formed hetero-oligomeric
complexes, displaying properties distinct from the native receptors (34).

Acromegaly

Acromegaly is predominantly caused by a GH-secreting pituitary ade-
noma, resulting in high circulating GH and insulin-like growth factor I
(IGF-I) hormone concentrations. Over the years, a triad of therapeutical
options has been formed by surgery, irradiation and medical treatment
(35). These treatment modules had the aim to induce tumor shrinkage and
normalisation of GH and IGF-I levels, thereby reducing the risk of long
term complications including the development of malignant neoplasms,
cardio- and cerebrovascular disease, respiratory and metabolic dysfunc-
tion (36). Effective treatment reduces the 2-3 times raised mortality rate
for acromegalics (35, 37). Epidemiological studies have confirmed the
elevated mortality rate associated with acromegaly and the ability of ef-
fective GH-lowering treatment to improve mortality rate (36-38). While
surgical resection has been the treatment of choice in most GH-secreting
pituitary tumours, there has been increasing recognition that curative re-
section is not routinely achieved, even by the most experienced neurosur-
geon. Moreover, a significant number of pituitary adenomas are already
invasive adenomas at the time of diagnosis, a finding that further under-
mines the success of surgical management (39-41). External radiotherapy
can be an effective adjuvant therapy, but often it takes several years to
normalise GH and IGF-I levels, there is a risk for the development of an-
terior hypopituitarism and in the long term cerebral damage cannot be ex-
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cluded (42). The clinical introduction of stable long acting SRIF analogs,
Octreotide (OCT) and Lanreotide (Fig. 4), in the early 1980s added a new
dimension to the treatment of acromegaly (43, 44). OCT and Lanreotide
form a safe and effective medical therapeutic modality for acromegaly,
mimicking the action of the native hypothalamic peptide SRIF as the prin-
cipal negative regulator of GH secretion by pituitary somatotrophs (1).

Biochemical efficacy of currently available SRIF-analogs

Intravenous administration of SRIF results in a marked inhibition of
GH release in most acromegalic patients (45, 46). The short half-life
of SRIF and its subsequent need for intravenous administration, how-
ever, as well as the post-infusion hypersecretion of GH, insulin and
glucagon, has rendered the native peptide impractical for therapeutic
use (47). During the 1980s, SRIF-analogs were clinically introduced
(43, 48). These short, stable synthetic octapeptide SRIF-analogs ap-
peared not to have these disadvantages and were administered in ac-
romegalic patients to assess their role as a novel treatment option in
acromegaly. Indeed, after the first reports that demonstrated the long-
acting inhibitory effect of OCT on plasma GH level, as well as a rapid
amelioration of the clinical signs and symptoms, twenty years of en-
docrine practice and science has turned OCT and Lanreotide (Fig.4)
into a widely accepted medical treatment option for acromegaly (22).

Octreotide @ Lanreotide @ @

°@°@'® @'@'®

Figure 4. Amino acid sequence of the two current clinically available SRIF-analogs
Octreotide and Lanreotide.

Biochemical control

The current clinically available octapeptide SRIF-analogs have been
consistently shown to be able to reduce hormonal hypersecretion and to
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normalize IGF-I Ievels in a significant proportion of treated patients. Re-
cently, Freda, summarizing the literature data on this topic (49), showed
the achievement of safe GH levels in 56% of patients treated with Sand-
ostatin-LAR (OCT incorporated into microspheres of a biodegradable
polymer that results into therapeutical blood concentrations of the peptide
for 24-42 days) and in 49% of those treated with Lanreotide 30 mg. The
respective figures for IGF-I normalization were 66% and 48%. However,
a large majority of the patients enrolled in these studies, were preselected
for SRIF-analog responsiveness (49). The observation that SRIF-analogs
successfully achieve long-term biochemical cure when used as secondary
or adjuvant therapy (50, 51), led to investigations of the use of SRIF-
analogs as primary therapy for acromegaly. Therefore, several studies
were initiated in which newly diagnosed patients were treated with SRIF-
analogs. To date, efficacy numbers have been reported for normalizing
GH (43-79%) and IGF-I (53 and 68%), which are comparable with ef-
ficacy numbers for adjuvant SRIF-analog therapy (52-58). Furthermore,
Ayuk and co-workers retrospectively re-analysed GH and IGF-I data
from a large multicenter European Study in which patients’ biochemi-
cal response to treatment with Sandostatin-LAR as primary or secondary
therapy was evaluated after 12 months of treatment (59). To eliminate
preselection bias due to prior debulking of tumor mass, GH and IGF-I
levels taken from 91 patients at diagnosis were used as baseline values.
After 48 weeks of treatment, Sandostatin-LAR was equally effective as
primary therapy in acromegalic patients as well as in patients previously
treated with surgery and/or radiotherapy (59). Several recent reports have
evaluated Lanreotide Autogel, the newest long acting SRIF-analog prep-
aration, for the treatment of acromegaly. After 1 year of treatment with
titrated doses of Lanreotide Autogel (dose increased if GH >2.5 ug/L,
or decreased if GH < 1 pg/L with normal IGF-I), mean GH and IGF-
I concentration was controlled in 68% of patients (60). In addition, an
open label multicenter study demonstrated that Lanreotide Autogel, in 25
acromegalic patients, appeared as efficacious as compared with the pa-
tients’ previous biochemical efficacy numbers for Sandostatin-LAR (61).
SRIF-analog therapy, in general, is well tolerated by most patients. Ad-
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verse effects are comparable among the available (long- and short act-
ing) SRIF-analogs and do not limit treatment. The most common side
effects are gastro-intestinal, i.e. nausea, vomiting, diarrhea and abdomi-
nal discomfort (49). As SRIF-analogs modulate the secretion of insulin
and glucagon combined via sst expression within the endocrine pan-
creas, reduced glucose tolerance and even overt hyperglycaemia were
initially expected during long-term therapy. On the contrary, the ef-
fects on glucose homeostasis appeared to be minor and a mild deterio-
ration occurred only in those without impaired glucose tolerance (22).

Sst subtype expression & SRIF-analog efficacy

Although the clinical introduction of SRIF-analogs has nowadays emerged
into their use as reference drug for the medical treatment of acromegaly,
still, no more than approximately two thirds of cases of persistent acro-
megaly respond satisfactory to these agents (62). Human GH-secreting
pituitary adenomas express multiple SRIF receptor subtypes. Sst, and sst,
receptors are the predominantly expressed SRIF receptor subtypes, both
at the mRNA (63, 64) and the protein level (19). Several studies reported
a variable sst, mRNA expression and a relative high expression of sst,
(63-65). Sst, seems a predominant receptor in determining the inhibitory
effect of OCT or lanreotide on circulating GH release in acromegalic pa-
tients. Sst, mRNA expression in GH-secreting pituitary adenomas shows
a positive correlation with the in vivo GH suppression induced by an acute
test using a single injection of 200ug OCT (65). Moreover, recently it has
become clear that apart from sst,, sst, receptors play an important role in
regulating GH secretion by human GH-secreting pituitary adenoma cells
as well. In this respect the regulation of fetal human GH secretion (66)
is similar to that in human GH-secreting pituitary adenomas. In primary
cultures of human GH-secreting pituitary adenomas, new SRIF-analogs
with enhanced sst, binding affinities inhibit GH secretion more potent-
ly compared to the clinically used octapeptide SRIF-analogs OCT and
lanreotide. In addition, some adenomas show a better response to sst -
specific analogs, whereas in others sst.-specific analogs are more potent
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in suppressing GH release (67). Moreover, the combined activation of
sst, and sst, results in additive inhibitory effects on GH secretion. Inter-
estingly, the sst, preferential analog BIM-23268 inhibited GH release in
only 7 of 15 cases, whereas, in agreement with the results of Shimon and
coworkers (67), partial additive effects in suppressing GH release were
found in OCT-partially responding cultures when the sst - and sst.- spe-
cific compounds used in combination. Taken these data together, it can be
concluded that sst, is the predominant receptor in regulating GH release
by GH-secreting pituitary adenoma cells, whereas sst, receptors may me-
diate an inhibitory effect on GH secretion as well. The additive inhibi-
tory effects on GH release following activation of both sst, and sst, are
likely mediated via a functional association of both sst subtypes. Ren and
coworkers (68) demonstrated in human fetal pituitary cell cultures that
a sst, selective antagonist was capable of reversing the GH suppressive
effects of sst./sst, biselective agonists, or that of sst, and sst, agonists in
combination, indeed suggesting a functional interaction between both sst
subtypes. In adenomas co-secreting GH and prolactin (PRL), PRL secre-
tion is preferentially inhibited by sst.-specific SRIF-analogs (63, 67). The
observed additive GH-suppressive effect of activating both sst, and sst,
also initiated the development of analogs with selectivity to multiple sst
subtypes. One of these compounds, the sst,- and sst.- bispecific compound
BIM-23244, indeed inhibits GH release in a subgroup of partially OCT-
sensitive adenomas more potently compared with OCT. In this subgroup
of adenomas sst, mRNA expression was nine-fold lower, and sst. mRNA
expression approximately seven-fold higher than in the OCT-sensitive
adenomas (65). These studies suggest that in tumors expressing a low sst,
level and a high sst /sst, ratio, sst, is of increasing importance in regulating
GH release (65). Another recently developed compound has a more uni-
versal sst binding profile. Lewis and coworkers succeeded in synthesising
the multiligand SOM230, a stable SRIF-analog with more universal bind-
ing profile to sst subtypes, which displays a 30-, 5- and 40- times higher
binding affinity to sst, sst, and sst_ receptors, respectively, and 2.5 times
lower affinity to sst,, compared with OCT (69). By using an alanine scan-
ning technology, essential functional groups of the SRIF peptide respon-
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sible for the high binding affinity to all five sst subtypes were detected.
Incorporation of four synthetic amino acids and two essential amino acids
of SRIF into a stable cyclohexapeptide template resulted into SOM230.
In rats, dogs and monkeys SOM230 potently and dose-dependently de-
creases GH and IGF-I levels more efficacious as compared with OCT (70,
71). Additional characteristics of SOM230 include a very favourable T4
of nearly 24 hours, as well as the preliminary evidence that glucose lev-
els in rats and dogs remain normal during long-term administration (70).
As already discussed, heterodimerization of sst; and dopamine D2 recep-
tors (D2DR) seems to result in the formation of a novel receptor with
enhanced biological activity (33). On the basis of these data, including
the observation that combined SRIF-analog and dopamine agonist treat-
ment inhibits GH hypersecretion in a significant proportion of acrome-
galic patients partially resistant to OCT or lanreotide (72), Saveanu et
al. (73) recently studied the effects of BIM-23A387, which selectively
binds with high affinity to sst, and D2DR receptors, on GH and PRL
release by 11 cultured GH-secreting pituitary adenomas. In both OCT-
sensitive, as well as in cultures showing partial responsiveness to OCT,
the maximal inhibition of GH release induced by the individual sst, and
D2DR analogs and by BIM-23A387 was similar. However, the mean IC_
for GH suppression by BIM-23A387 (0.2pM) was 50 times lower than
that of the individual sst, and D2DR specific compounds. This enhanced
potency of chimeric molecules, such as BIM-23A387, may therefore
lead to potential novel medical treatment options in acromegalic patients.

Cushing’s disease

The proposition that the pituitary gland is responsible for the clinical fea-
tures of Cushing’s disease was convincingly described for the first time
in Harvey Cushing’s classic monograph of 1932 (74). Much uncertainty
remained at that time on the pathophysiologic mechanism of this dis-
order, yet the crucial clinical and pathological observations were made.
Today it has been recognized that chronic overproduction of cortisol by
hyperplastic adrenocortical glands is directly responsible for the clinical
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features of Cushing’s disease, a phenomenon which is primarily driven
by pituitary adrenocorticotropin hormone (ACTH) hypersecretion (75).

Transsphenoidal surgery is the treatment of choice for pituitary-depen-
dent Cushing’s disease. Although transsphenoidal surgery allows cure of
Cushing’s disease, the reported success rates vary from 50 to almost 90%
(76-80). If surgery fails radiotherapy (81) either alone or in combina-
tion with adrenolytic agents may be used (82-85). Unfortunately, none of
the current treatment modalities ensure a full and permanent cure, as the
rate of recurrence of the disease, depending on the criteria of initial cure,
varies from 5 to 24% in the literature (81, 86-90). Therefore, physicians
explored new medical strategies, preferably based on fundamental and
(patho-) physiological pathways, in the hope of increasing the curation
chance in this group of patients. Neuromodulatory agents, such as dopa-
mine and SRIF, have been proposed to be of therapeutic interest in the
medical treatment of Cushing’s disease. Since the initial report showing
that SRIF infusion induced a partial decrease of plasma ACTH in five
patients with Nelson’s syndrome (91), characterized by a rapidly growing
ACTH-secreting pituitary tumor and skin pigmentation which develops in
aminority of patients with Cushing’s disease after bilateral adrenalectomy
(92), there have been a few studies of its action in Cushing’s disease and
Nelson’s syndrome using the SRIF-analog OCT. The conclusion of these
various anecdotal reports is that the current clinically available SRIF-an-
alog OCT is ineffective in treating Cushing’s disease (93-95) (Table II).

SRIF in normal corticotrophs

Data with respect to sst subtype expression in normal mammalian cor-
ticotrophs are equivocal. In rat pituitary cells, co-localization of all five
sst with ACTH expressing cells has been reported (96). In another study,
sst, mRNA was found in 38% of normal corticotrophs, and sst, in only
3% (97), whereas Mezey and coworkers used double immunohistochem-
ical techniques which demonstrated sst, in a large population and sst,
in a small population of corticotrophs (98). Studies on the role of SRIF
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and SRIF-receptors on ACTH release are equivocal as well, whereas it
is generally accepted that sst, and sst, subtypes are mostly involved in
the regulation of hormone (GH, PRL and TSH) release by human fetal
anterior pituitary cells (66). No inhibitory effects of 1-100 nM SRIF were
observed on basal and corticotropin releasing hormone (CRH)-stimu-
lated ACTH release by cultured normal rat pituitary cells and pituitary
halves (99, 100). In two studies, however, an inhibitory effect of 0.6-6

Table II. Role of SRIF and SRIF-analogs in Cushing’s disease.

First author Patient no. Compound Effect on ACTH
(yr; ref. no)
Cushing’s disease
Benker (1976; 107) 1 (ADNX) 500pg SRIF / 60 min -50%
Julesz (1980; 112) 1 (ADNX) 250ug SRIF / 60 min Decreased
Lamberts (1989; 93) 3 100pg OCT No effect
Ambrosi (1990; 95) 2 500ug SRIF / 60 min No effect
5 100pg OCT No effect
Stalla (1994; 94) 5 200pg OCT / 180 min No effect
Other groups
Tyrell (1975; 91) 5 (Nelson) 500ng SRIF / 60 min -40 to -70%
Benker (1976; 107) 1 (Nelson) 500ug SRIF / 60 min -50%
1 (Addison) 500pg SRIF / 60 min Slight decrease
Fehm (1976; 111) 5 (ADINS) 500pg SRIF / 60 min -44%
Julesz (1980; 112) 1 (Nelson) 250png SRIF / 60 min Decreased
Lamberts (1989; 93) 1 (Nelson) 2 yr 100pg OCT t.i.d. Decreased
2 (Nelson) 100pg OCT Decreased
Ambrosi (1990; 95) 5 (Addison) 500ug SRIF / 60 min No effect
Petrini (1994; 114) 1 (Nelson) 2 yr 100pg OCT t.i.d. Decreased
Kelestimur (1996; 113) 1 (Nelson) 100pg OCT -46%

ADNX, adrenalectomized; ADINS, adrenal insufficiency of different origin; t.i.d., three
times daily.

nM and 10 nM to 1 uM SRIF was reported on CRH and arginine va-
sopressin-stimulated ACTH release by cultured pituitary cells prepared
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from long-term adrenalectomized rats (101) and by fresh quarters of pi-
tuitary glands (102), respectively. In addition, it was shown that basal
and CRH-stimulated ACTH release by normal rat pituitary cells were
insensitive to natural SRIF and OCT in concentrations varying between
1 pM and 1 uM. However, if the cultured cells were deprived from se-
rum for 48 h, or when they were pre-incubated with the glucocorticoid
receptor-blocking agent RU 38486, CRH-stimulated ACTH release was
already significantly suppressed by 1 pM, and maximally suppressed
by 0.1 nM SRIF. Preincubation with 5 nM dexamethasone (DEX) com-
pletely abolished the sensitivity of ACTH release to SRIF (103). These
early in vitro studies suggested that normal corticotrophs only respond to
SRIF with inhibition of ACTH release if the cells have been cultured in
glucocorticoid-free medium, i.e. sensitivity to SRIF-induced inhibition
of ACTH by the anterior pituitary is only observed when the physiologi-
cal feedback regulation of ACTH release by glucocorticoids fails (104).
In agreement with this hypothesis, ACTH secretion in normal individu-
als is not affected by infusions of natural SRIF and OCT (105, 106), but
in patients with Addison’s disease SRIF suppresses ACTH levels (107).
The influence of the microenvironment in which the anterior pituitary
cells have been cultured, to alter somatotroph and lactotroph sensitivity
for SRIF as well, underlines its physiological relevance. Preincubation
of rat anterior pituitary cells with either low (5 nM) or high (100 nM)
concentrations of DEX significantly decreased the sensitivity of GH re-
lease to SRIF (108). Also, estrogens have been demonstrated by several
groups to induce the inhibitory effects of SRIF on prolactin (PRL) re-
lease by lactotrophs, most likely caused by an increase in the number of
sst sites on normal lactotrophs after estrogen pre-treatment (109, 110).

SRIF in corticotroph adenomas

As already briefly discussed, various anecdotal reports concerning the
current clinically available sst -preferring SRIF-analog OCT, do not
demonstrate clinical efficacy in treating Cushing’s disease (Table II).
Regulation of the expression of sst on corticotroph adenomas by glu-
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cocorticoids, may form a plausible explanation, i.e. the high levels of
cortisol in patients with pituitary dependent Cushing’s disease can thus
be responsible for the observed lack of inhibition of ACTH release
by SRIF and/or OCT (93-95). Moreover, in patients with Nelson syn-
drome and adrenal insufficiency of different origin, SRIF and/or OCT
lower ACTH secretion (91, 93, 107, 111-114) (Table II). These observa-
tions are in agreement with various reports demonstrating that in eight
ACTH-secreting pituitary adenomas (patients with untreated Cushing’s
disease) no increased uptake of '''In-diethylenetriamine pentaacetic acid
(DTPA) octreotide, an sst -preferring radiolabeled SRIF-analog, was
found (115, 116), whereas "'In-DTPA scintigraphy is positive in two
invasive ACTH-secreting macroadenomas and two cases of Nelson’s
syndrome (115, 117). In agreement with SRIF and OCT-mediated in-
hibition of ACTH release in normal corticotroph cells, ACTH release
from corticotrophinomas seems only sensitive to OCT in the absence of
peripheral feedback regulation by glucocorticoids, suggesting that the
sst, might be down-regulated when cortisol levels are high (103, 104).

SRIF receptor modulation, i.e. down-regulation, by glucocorticoids was
already demonstrated in the early 1980s. Chronic glucocorticoid treatment
of GH,C, cells, a clonal strain of rat pituitary tumor cells, and AtT20/D16
cells, a clonal strain of mouse corticotroph tumor cells, caused a 20-40%
decrease in ['I-Tyr!]-SRIF binding (118). Furthermore, with respect to
SRIF and SRIF-analog mediated inhibitory effects on ACTH release by
corticotroph tumor cells, numerous reports have been published in which
consensus is found that SRIF, as well as sst,- and sst_-preferring SRIF
analogs, lower ACTH release in mouse corticotroph tumor cells (119-
124). The consequences of SRIF receptor down-regulation by glucocor-
ticoids on the biological responsiveness of corticotroph adenoma cells
was demonstrated in primary cultures of human corticotroph adenomas,
in which OCT-induced inhibition of basal and CRH-induced ACTH re-
lease, was abolished if the cells were pretreated with hydrocortisone (94).
Altogether, the lack of suppressive action of sst -preferring SRIF-analogs
in patients with untreated Cushing’s disease seems to be prohibited due

26



General Introduction

to the hypercortisolemic condition of the patients, which is suggested to
down-regulate sst, expression of the corticotroph adenoma. However, little

is known with respect to the quantitative expression of the five sst subtypes
in tumoral corticotroph cells. Several studies reported the highest frequen-
cy of expression of sst mRNA for sst, (88%) and sst_(86%), and to a lesser
extentsst, (63%) (125-128). Although sst, mRNA are detectable in cortico-
troph adenomas, their levels of expression are apparently low, since OCT
has no effect ACTH secretion in pituitary dependent Cushing’s disease.
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Aim of the Thesis

Themain goal of this thesis is to evaluate novel patho-physiological aspects
of the functional role of human somatostatin receptor subtypes (sst) in pitu-
itary adenomas, inparticular therole of sst,and sst . in the regulation of hor-
monal hypersecretionby GH/PRLandACTH-secretingpituitaryadenomas.

In general, although the clinical introduction of sst,-preferring SRIF-
analogs has nowadays emerged into their use as reference drug for the
medical treatment of acromegaly, still, no more than approximately two
thirds of patients with persistent acromegaly respond satisfactory to these
agents. The novel multiligand SOM230, investigated in several animal
models as well as in phase I studies, can become a novel medical tool in
the treatment of acromegaly. This brings us to the following questions:

Is SOM230 capable of lowering hormonal hypersecretion from hu-
man GH-secreting pituitary adenomas, both in vitro and in vivo?

Which sst subtypes are involved in SOM230- and OCT-mediated
GH inhibition?

Is SOM230 a safe drug for acromegalic patients?

First, the in vitro efficacy of SOM230 compared with OCT will be carried
out in a series of primary GH-secreting pituitary adenoma cell cultures.
Quantitative RT-PCR shall be performed to analyse sst mRNA expres-
sion levels of the adenomas which, in addition, will be correlated to the
inhibitory effects of SOM230 and OCT on GH release by the adenoma
cells. Second, we will perform the first proof-of-concept trial in acro-
megaly to assess the efficacy of SOM230, compared with OCT, on cir-
culating GH, total & free IGF-I concentrations. However, even though
a mild transient hyperglycaemia is observed as an adverse effect in ac-
romegalic patients treated with OCT or Lanreotide, due to the lower-
ing of circulating insulin levels, it is not known whether SRIF-analogs
can modulate insulin signaling as well. Therefore, circulating insulin
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levels as well as plasma glucose and IGFBP-1 levels will be assessed,
to evaluate whether SOM230 alters glucose homeostasis differently as
compared with OCT. Additional analyses to evaluate quantitative sst sub-
type mRNA expression in visceral adipose fat tissue, a peripheral tar-
get tissue of insulin action, will be carried out. Also, with the use of a
human hepatoma cell line, as the liver forms another peripheral target
tissue of insulin action, we will evaluate whether SRIF-analogs can influ-
ence insulin-responsiveness directly at the level of the insulin receptor.

Several reports have evaluated the inhibitory efficacy of sst, and sst,
activation in the regulation of GH secretion by use of primary cultures
of GH-secreting pituitary adenomas. It has been suggested that the sst,
seems the (pre-) dominant receptor in regulating GH release by GH-se-
creting pituitary adenoma cells, whereas sst, receptors may mediate an
inhibitory effect on GH secretion as well. A direct proof for this hypoth-
esis is currently lacking, however, which leads to the following question:

Based on a fundamental approach, is there support for a func-

tional interplay between sst, and sst.?

No report yet investigated in a basic experimental design, whether these
two sst subtypes have a functional interplay with each other. Therefore,
we will prosecute the pharmacological profiling of several SRIF-analogs
as determined by inhibition of cAMP release and radioligand SRIF-14
membrane binding in HEK 293 cells expressing different sst,/sst, ratios.
Also, over the past years RNA interference has exploded onto the re-
search scene as a new approach to manipulate gene expression in mam-
malian systems. On the basis of a new mammalian expression vector
that directs the synthesis of short hairpin siRNA-like transcripts, we
will synthesize a siRNA construct for sst, and evaluate its efficacy to
down-regulate sst gene expression in transfected mammalian cell lines.
Although SRIF analogs, as neuro-modulatory agents, have been pro-
posed as a medical treatment option for patients with Cushing’s dis-
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ease, no efficacy in terms of lowering ACTH or cortisol levels have
been reported with sst -preferring SRIF-analogs. This is presum-
ably due to a glucocorticoid-induced down regulation of sst,. How-
ever, not much is known yet about the role of SRIF-analogs targeting
sst, receptors in the regulation of ACTH secretion, and in addition,
quantitative data concerning sst expression levels in ACTH-secret-
ing pituitary adenomas are lacking. This raises several questions:

Which is the quantitative sst subtype expression pattern is ob-
served in human ACTH-secreting pituitary adenomas?

Do SRIF-analogs, targeting sst_ or sst, and sst. mediate ACTH re-
lease differently as compared with sst -preferring SRIF-analogs?

In a series of ACTH-secreting pituitary adenoma cell cultures, obtained
after transsphenoidal surgery of patients diagnosed with Cushing’s
disease, quantitative RT-PCR will elucidate sst mRNA expression in
these adenomas. We will also compare the in vitro inhibitory effects of
SOM230 and OCT on basal and corticotropin-induced ACTH release
from primary human ACTH-secreting adenoma cells, as well as from
mouse ACTH-producing corticotroph tumor cells. Functional proper-
ties of sst, and sst, receptors, endogenously expressed in mouse ACTH-
secreting corticotrophs, will be investigated in more detail to further
explore the patho-physiological role of both sst subtypes, especially
in the presence of glucocorticoids, in the regulation of ACTH release.

Regarding the proposed role of novel SRIF analogs in the treatment of neu-
roendocrinetumors,novel subtypespecificanduniversal SRIF analogs shall
be critically evaluated with particular emphasis on their clinical potential
andpitfalls,suchastachyphylaxisto OCTand Lanreotide treatmentinasub-
group of neuroendocrine tumors. Several questions do remain unanswered:
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Is tachyphylaxis sst subtype specific?

Why do chimeric SRIF-DA agonists display enhanced efficacy
compared with the combined treatment of the individual SRIF

and DA compounds?

To address the topic of tachyphylaxis, a series of sst subtype specific
SRIF-analogs, as well as the universal ligand SOM230 will be used
in transiently transfected sst, and/or sst.-expressing HEK293 cells, to
analyse functional responses, in terms of adenylyl cyclase inhibition,
after prolonged pre-treatment in vitro with the same panel of SRIF-
analogs. Functional characterisation of BIM-23A760, representing
a group of chimeric compounds that have been launched recently be-
ing one of the potential novel medical tools for the treatment of neu-
roendocrine tumors, will be performed. BIM23A760, targeting both
sst,. . and dopamine D2 (D2R) receptors will be tested in primary
GH-secreting pituitary adenoma cell cultures as well as in a series of
sst,+sst +D2R transfected mammalian cells, to retrieve additional func-

tional insights with respect to the potency of these chimeric molecules.

Finally, in the general discussion the results of the studies report-
ed in this thesis are evaluated, and we hypothesize on the pos-
sible clinical significance and potential future developments.
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Effects of SOM230 on Human Pituitary Adenomas

Abstract

To determine the inhibitory profile of the novel SRIF-analog SOM230
with broad SRIF receptor binding, we compared the in vitro effects of
SOM230, octreotide (OCT), and SRIF-14 on hormone release by cul-
tures of different types of secreting pituitary adenomas. OCT (10nM)
significantly inhibited GH release in 7 of 9 GH-secreting pituitary ad-
enoma cultures (range -26 to -73%), SOM230 (10nM) in 8/9 cultures
(range -22 to -68%), and SRIF-14 (10nM) in 6/6 cultures (range -30
to -75%). Sst analysis showed predominant, but variable levels of sst,
and sst; mRNA expression. In one culture, completely resistant to OCT,
SOM230 and SRIF-14 significantly inhibited GH release in a dose-de-
pendent manner with an IC, value in the low-nanomolar range. In the
other cultures SOM230 showed a lower potency of GH release inhibi-
tion (IC_, 0.5 nM), compared to OCT (IC_, 0.02 nM) and SRIF-14 (IC,,
0.02 nM). A positive correlation was found between sst,-, but not sst,
mRNA levels, in the adenoma cells and the inhibitory potency of OCT on
GH release in vivo and in vitro, and the effects of SOM230 and SRIF-14
in vitro. In 3 prolactinoma cultures, 10nM OCT weakly inhibited PRL
release in only one (-28%), whereas 10nM SOM230 significantly inhib-
ited PRL release in 3/3 cultures (-23, -51 and -64.0%). The inhibition of
PRL release by SOM230 was related to the expression level of sst, but
not sst, mRNA. Conclusions: 1) SOM230 has a broad profile of inhibi-
tion of tumoral pituitary hormone release in the low nanomolar range,
probably mediated via both sst, and sst, receptors. The higher number
of responders of GH-secreting pituitary adenoma cultures to SOM230,
compared to OCT, suggest that SOM230 has the potency to increase
the number of acromegalic patients which can be biochemically con-
trolled. 2) Compared to OCT, SOM230 is more potent in inhibiting PRL
release by mixed GH/PRL secreting adenoma- and prolactinoma cells.

Introduction

Current treatment options in patients with acromegaly due to a growth
hormone (GH) secreting pituitary adenoma are surgery, medical therapy
and radiotherapy. As medical therapy, stable somatostatin (SRIF) ana-
logs, such as octreotide (OCT) and the sustained release depot formu-
lations Sandostatin-LAR and SR-lanreotide are widely used, both as
primary or secondary therapy (1). Treatment with this generation of oc-
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tapeptide SRIF-analogs results in clinical and biochemical control, i.e.
normalization of circulating GH and IGF-I levels, in approximately two-
thirds of the acromegalic patients (1). The successful medical treatment
of acromegaly with octapeptide SRIF-analogs is due to the expression of
high affinity (density) SRIF receptors on the adenoma cells, mainly sst,,
which is one of the five known SRIF receptor subtypes, sst, ., and the se-
lective high affinity binding of these analogs to the sst, subtype (2). The
molecular basis for the clinical experience that one-third of patients with
acromegaly are not adequately controlled by treatment with octapeptide
SRIF-analogs is probably formed by a variable expression of sst,__ in the
adenomas of these patients (3-9). Several groups have demonstrated that
sst, and sst, receptors are the most important sst involved in the regula-
tion of GH secretion (2, 9). Using sst selective SRIF-analogs it was shown
that, in adenomas which were poorly responsive to the sst, selective ago-
nists OCT and lanreotide, sst, selective or sst,-sst, bi-specific compounds
were able to suppress GH release more potently (10, 11). These observa-
tions initiated the development of novel stable SRIF-analogs with a more
universal sst binding profile. One of these new compounds, SOM230,
was recently shown to reduce circulating IGF-I levels in rats by 75%
after 126 days of continuous infusion. This effect was significantly more
potent compared to OCT, which suppressed IGF-I release under the same
experimental condition by only 28% (12). In rats, the terminal elimina-
tion half-life was 23h, which is approximately 11 times longer compared
to OCT (12). Finally, both in cynomolgus monkeys and beagle dogs, in-
fusion of SOM230, and to a much lesser extent OCT (SMS 201-995),
lowered IGF-I levels potently (13). Compared with OCT, SOM230 has
a 30-, 5- and 40-times higher binding affinity to sst , sst, and sst, recep-
tors, respectively, and 2.5 times lower affinity to sst, (12). This universal
binding profile of SOM230 to sst (Table I), in combination with the im-
portance of sst, and sst, receptors in regulating GH secretion by pituitary
adenoma cells, was the rationale for the present study to evaluate, for
the first time, the effects of SOM230, OCT and the native SRIF mol-
ecule SRIF-14 on hormone secretion by human GH-secreting pituitary
adenomas. Moreover, recent evidence suggests that sst, receptors are also
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involved in the regulation of PRL secretion by human prolactinoma cells
(11, 14). Therefore, we compared the effects of OCT and SOM230 on
PRL secretion by primary cultures of human prolactinomas. A correla-
tion is made with the sst subtype expression pattens in the adnoma cells.

Table I. Binding affinity of SRIF-14, OCT and SOM230 for sst, _.

Compound hsst; hsst, hsst; hssty hssts
SRIF-14 0.93+£0.12 0.15+0.02 0.56+0.17 1.5+04 0.29 +0.04
OCT 280 + 80 0.38+0.08 71+14 >1000 63+1.0
SOM230 9.3+0.1 1.0+0.1 1.5+03 >100 0.16 £0.01

Data are reproduced with permission (12) Results are the mean + SE, IC50 values are
expressed in nM.

Materials and Methods

Patients

Pituitary tumor samples were obtained by transsphenoidal operation
from 9 patients with GH-secreting pituitary adenomas and from 3 pa-
tients with prolactinomas as described in detail previously (15). Di-
agnosis was made on the basis of clinical and biochemical character-
istics of the patients, in combination with (immuno)histochemistry
of the tumor samples. All patients gave their informed consent for
the use of tumor material for research purposes. Directly after obtain-
ing the tissue, a piece of tissue was snap-frozen on dry ice and stored
at -80 C until analysis. The remaining tissue was used for cell culture.
To evaluate in vivo responsiveness to OCT, patients received at 9.00
a.m. a single subcutaneous (s.c.) injection of 100ug OCT. Blood samples
were collected 30 minutes before and 1 minute before, and hourly until
8 hours after s.c. injection. At the same time points, blood samples were
taken at a control day. The effect of OCT on circulating GH levels was
determined by calculating the mean GH suppression between 2-8 h af-
ter s.c. injection, compared to the same period of time on a control day.
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Quantitative PCR

Quantitative PCR was performed as described previously (16). Briefly,
poly A® mRNA was isolated using Dynabeads Oligo (dT),, (Dynal AS,
Oslo, Norway) from freshly isolated pituitary adenoma cell pellets con-
taining 0.5-1.0x10° adenoma cells. Analysis of sst subtype mRNA levels
in both tissue or freshly isolated cell pellets (n=4) yielded comparable re-
sults (data not shown). cDNA was synthesized using the poly A" mRNA,
which was eluted from the beads in 40 pl H,O for 10 minutes at 65 °C,
using Oligo (dT),, .
twentieth of the cDNA library was used for quantification of sst subtype
mRNA levels. A quantitative PCR was performed by TagMan® Gold nu-

Primer (Invitrogen, Breda, The Netherlands). One-

clease assay (Perkin Elmer Corporation, Foster City, CA, USA) and the
ABI PRISM® 7700 sequence Detection System (Perkin Elmer) for real-
time amplifications, according to manufacturer’s protocol. The assay was
performed using 15ul TagMan® Universal PCR Master Mix (Applied
Biosystems, The Netherlands) , 500 nM forward primer , 500 nM reverse
primer , 100 nM probe and 10l cDNA template, in a total reaction vol-
ume of 25 pul. The reactions were carried out in a ABI 7700 Sequence
Detector (Perkin Elmer, The Netherlands). After an initial heating at 95°
C for 8 minutes, samples were subjected to 40 cycles of denaturation at
95° C for 15 seconds and annealing for 1 minute at 60° C. The primer
and probe sequences that were used are indicated below. The detection
of hypoxantine-phosphoribosyl-transferase (hprt) mRNA served as a
control and was used for normalisation of the sst subtype mRNA levels.
The primer sequences that were used included:

hprt forward 5°’-TGCTTTCCTTGGTCAGGCAGTAT-3’

hprt reverse 5’-TCAAATCCAACAAAGTCTGGCTTATATC-3’

sst forward 5’-TGAGTCAGCTGTCGGTCATC-3’

sst reverse 5’-ACACTGTAGGCACGGCTCTT-3’

sst, forward 5’-TCGGCCAAGTGGAGGAGAC-3’

sst, reverse 5’-AGAGACTCCCCACACAGCCA-3’

sst, forward 5’-CTGGGTAACTCGCTGGTCATCTA-3’

sst, reverse 5’-AGCGCCAGGTTGAGGATGTA-3’
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sst, forward 5’-CATCCTCTCCTACGCCAACAG-3’
sst_ reverse 5’-GGAAGCTCTGGCGGAAGTT-3’

The probe sequences that were used included:

hprt 5’-FAM-CAAGCTTGCGACCTTGACCATCTTTGGA-TAMRA-
3>

sst, 5’-FAM-ACAGCTGCGCCAACCCCATC-TAMRA-3’

sst, 5’-FAM-CCGGACGGCCAAGATGATCACC-TAMRA-3’

sst, 5’-FAM-CGGCCAGCCCTTCAGTCACCAAC-TAMRA-3’

sst, 5’-FAM-CCCGTCCTCTACGGCTTCCTCTCTGA-TAMRA-3’

Primers and probes were purchased from Biosource (Nivelles, Belgium).
The relative amount of sst subtype mRNA was determined using a stand-
ard curve generated from known amounts of human genomic DNA. For
determination of the amount of hprt mRNA, a standard curve was gen-
erated of a pool of cDNAs from a human cell line known to express
hprt. The linear range of amplification ranged between 4 log dilutions
of genomic DNA or cDNA, respectively. The relative amount of sst
subtype mRNA was calculated relative to the amount of hprt mRNA
and is given in arbitrary units. Each sample was assayed in duplicate.

Cell dispersion and cell culture

Single cell suspensions of the pituitary adenoma tissues were prepared
by enzymatic dissociation with dispase as described in detail previously
(15). For short-term incubation of monolayer cultures, the dissociated
cells were plated in 48-well plates (Corning, Cambridge, MA) at a den-
sity of 10° cells per well per 1 ml culture medium. After 3-4 days the me-
dium was changed and 72-h incubations without or with test-substances
were initiated. At the end of the incubation the medium was removed
and centrifuged for 5 min. at 600xg. The supernatant was collected and
stored at -20°C until analysis. The choice for a 72h incubation was made
on the basis of previous studies, in which we demonstrated that expo-
sure of GH-secreting pituitary adenoma cells for 4-96 h to octreotide
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showed a variable, but in all instances during longer incubations statis-
tically significant inhibition of GH release, which paralleled the sensi-
tivity of GH secretion to octreotide in vivo (17). For long-term incuba-
tion studies in Transwells® (18), the isolated tumor cells were plated
in Transwell-COL® membranes (Corning) at a density of 10° cells per
well. The Transwells® were then placed into multiwell plates (24-well,
Corning) containing 1 ml culture medium. After 72 hr the Transwells®
were transferred to wells containing fresh medium (without or with test-
substances). Every 3-4 days the cells were placed into fresh medium and
the incubation media were collected and stored at -20°C until determina-
tion of hormone concentrations. The cells were cultured at 37 C ina CO,-
incubator. The culture medium consisted of Minimum Essential Medium
with Earle’s salts (MEM) supplemented with non essential amino acids,
sodium pyruvate (I mmol/L), 10% fetal calf serum (FCS), penicillin
(1x10° U/L), fungizone (0.5 mg/L), L-glutamine (2mmol/L), and sodium
bicarbonate (2.2 g/L), pH 7.6. Media and supplements were obtained
from GIBCO Bio-cult Europe (Invitrogen, Breda, The Netherlands).
Unfortunately, generally not enough tumor material was obtained to test
for each tumor the dose-dependency of effects for the indicated drugs.

Hormone determinations

Human GH and PRL concentrations in the media and cell extracts were
determined by a non-isotopic, automatic chemiluminescence immunoas-
say system (Immulite, DPC Inc., Los Angeles, CA). Intra- and interas-
say CV’s for GH and PRL were 6.0%, 5.7% and 6.2%, 6.4%, respec-
tively. ACTH, LH and FSH concentrations in the culture media were
determined as well, in order to exclude the presence of contaminating
normal pituitary cells in the cultures. Human ACTH, LH and FSH con-
centrations were determined by by a non-isotopic, automatic chemi-
luminescence immunoassay system (Immulite, DPC Inc.). Intra- and
interassay CV’s for ACTH, LH and FSH were 5.6%, 5.7%, 6.4% and
7.8%, 12.3%, 7.5%, respectively. Except for the expected hormones
GH and PRL, none of the other hormones were detectable (not shown).
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Test-substances

OCT (Sandostatin®) and bromocriptine were obtained from No-
vartis Pharma A.G. (Basle, Switzerland). SOM230 was pro-
vided by Novartis Pharma A.G. Somatostatin-14 (SRIF-14)
was purchased from Sigma Chemical Co. (St. Louis, MO).

Statistical analysis of the data

All data on hormone release are expressed in mean + SE, n=4 wells
per treatment group. All data were analyzed by analysis of vari-
ance (ANOVA) to determine overall differences between treatment
groups. When significant differences were found by ANOVA, a mul-
tiple comparison between treatment groups was made using the New-
man-Keuls test. Correlation analysis was done by the use of the Spear-
man’s rank correlation test. Calculation of IC,, values for inhibition of
hormone release were made using GraphPad Prism (San Diego, CA).

Results

Sst subtype mRNA expression and correlation with in vivo GH
suppression by octreotide

In 7 out 9 GH-secreting pituitary adenoma samples the sst subtype mRNA
expression pattern was determined. Figure 1 shows that 2 adenomas ex-
pressed sst mRNA, three adenomas expressed sst, mRNA, and that all
adenomas expressed sst, and sst, mRNAs. Expression of sst mRNAs was
variable between adenoma samples. The difference between the lowest
and the highest level measured, amounted to 7-, 8-, 3- and 5-fold for sst ,
sst,, sst, and sst,, respectively. The sst subtype mRNA levels showed no
statistical correlation (data not shown). The mean percentage in vivo GH
suppression (range +18 and -91% suppression) between 2-8 hr following
the administration of a single s.c. dose of 100 pg OCT (patient no. 1, 2,
3,5, 6 and 7) was positively correlated with sst, mRNA expression levels
(fig. 2, left panel), but not with sst. mRNA levels (fig. 2, right panel).
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Figure 1. Relative sst,, sst,, sst,, and sst; mRNA expression levels in GH-secreting
pituitary adenomas. Values are expressed as the number of copies of the respective sst
mRNA’s, relative to the number of copies of hprt. nd= not detectable. Note the differ-
ences in the scale of the y-axis between sst,, sst, and sst, mRNA levels on the one hand,
and the higher sst. mRNA levels on the other hand. The relative amount of sst subtype
mRNA was calculated relative to the amount of hprt mRNA and is given in arbitrary units.
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Figure 2. Correlation between sst, and sst; mRNA levels and the in vivo re-
sponse of GH release to a single s.c. injection of 100ug of OCT in six ac-
romegalic patients. The relative amount of sst subtype mRNA was calcu-
lated relative to the amount of hprt mRNA and is given in arbitrary units.
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Effects of SRIF-analogs on GH secretion
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Figure 3. Effects of OCT (10nM; open bars), SOM230 (10nM; filled bars) and
SRIF-14 (10nM; hatched bars) on GH release by 9 cultured GH-secreting pituitary
adenomas. The results are expressed as the percentage inhibition of GH release com-
pared to untreated, control cells. *p<0.01 vs untreated control cells. nd= not done.

In most GH-secreting pituitary adenomas the effect of 10nM OCT,
SOM230 or SRIF-14 on GH release was evaluated in parallel in vitro.
Figure 3 shows that GH release was significantly suppressed by OCT in
7 out of 9 cultures, by SOM230 in 8 out of 9 cultures and by SRIF-14
in 6 out of 6 cultures. In the majority of the adenomas, the percentage
suppression using a maximally active concentration of the three com-
pounds, was comparable. Only the adenoma cells of patient 7 showed a
dissociated response to OCT on the one hand and to SOM230 and SRIF-
14 on the other hand. In this adenoma culture, GH release was not in-
hibited by OCT, whereas both SOM230 and SRIF-14 induced a statis-
tically significant suppression of GH release. In the respective patient,
OCT 100 pg s.c. did not suppress GH concentrations as well. As seen in
figure 3, the response in terms of GH-suppression was variable between
the individual adenoma cultures. This variable responsiveness to OCT
and SOM230 correlated well with the sst, mRNA expression levels in
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the adenoma cells of the respective patients (fig. 4, upper panel). Com-
parable to the patients responsiveness to OCT, sst; mRNA expression
showed no statistically significant correlation with the percentage of GH
suppression by 10nM OCT. Interestingly, the effects of 10nM SOM230,
which shows a more universal binding profile for sst receptors, includ-
ing high affinity binding to sst, also showed no correlation with sst,
mRNA expression levels. This is demonstrated in figure 4, lower panel.

4004

3

=3

=
1

o

=3

=1
1

ssta/hprt mRNA
expression level

—

=

<
1

R=0.93
P=0.007

4001

3004

200+

1004

R=0.86
P=0.02

<

<

30004

20004

ssts/hprt mRNA
expression level

—
>
>
==
1

75

R=-0.07
P=0.91

1
100

0

30004

20004

1000+

R=0.21
P=0.66

L] Ld
o o ° .

Y
T 1 v T T T

50 75 100 0 25 50 75
OCT (% inhibition GH release) SOM230 (% inhibition GH release)

>

1
100

Figure 4. Correlation between sst, (upper panel) and sst; (lower panel) mRNA
levels and the percentage suppressmn of GH release ~induced by SOM230
(10nM) and OCT (10nM). The relative amount of sst subtype mRNA was cal-
culated relative to the amount of hprt mRNA and is given in arbitrary units.

In several adenoma cultures, the dose-response relationship of the in-
hibitory effects of OCT, SOM230 and SRIF-14 could be evaluated. Fig-
ure 5, right panel shows the effects of the three compounds on GH re-
lease by the adenoma cells of patient 7, which did not respond to OCT.
The adenoma cells of this patient had the lowest sst, mRNA levels of
all cases studied (fig. 1, upper right panel). As shown, GH release by
the cells of this patient was inhibited in a dose-dependent manner by
both SOM230 and SRIF-14. The IC_ values for the inhibition of GH
release were 0.5 and 0.6 nM for SOM230 and SRIF-14, respective-
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ly. In the other adenoma cultures both OCT and SRIF-14 were slight-
ly more efficacious, in terms of IC_, values, compared with SOM230.
The left panel of figure 5 shows the mean dose-response of OCT,
SOM230 and SRIF-14 for the other cultures. Mean IC, values were
0.02, 0.5 and 0.02 nM for OCT, SOM230 and SRIF-14, respectively.
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Figure 5. Dose-dependent inhibition of GH release by SOM230 V¥, OCT m and SRIF-
14 o in cultured pituitary adenoma cells. The left panel represents the mean dose-depen-
dent effects of SOM230 (n=5; adenoma no. 2, 3, 4, 5 and 6), OCT (n=4; adenoma no.
2, 3, 5 and 6) and SRIF-14 (n=4; adenoma no. 2, 3, 5 and 6). The right panel shows the
dose-dependent inhibitory effects of the compounds on GH release by cells patient 7.
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Figure 6. Effect of 10nM OCT (open bars) or 10nM SOM230 (filled bars) on PRL

secretion by mixed GH/PRL secreting pituitary adenomas. The results are expressed as

the percentage inhibition of PRL release compared to untreated, control cells. *p<0.01
vs untreated control cells.
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Because previous studies demonstrated the involvement of sst, recep-
tors in regulating PRL release, we also compared the effects of OCT
and SOM230 on PRL release. Five adenoma cultures co-secreted PRL
as well. OCT (10nM) and SOM230 (10nM) significantly inhibited PRL
release in 4/5 and 5/5 cultures, respectively (fig. 6). The percentage

Table II. Patient and hormone data of the 12 patients with pituitary ad-
enoma

Patient no. Sex Age GH PRL IGF-1 In vitro hormone release
GH-secreting M/F Yr ng/L ng/L nmol/L GH PRL
adenoma (ng/10° cells/72h) (ng/10° cells/72h)
1 M 58 9.8 19 175 520+24 1192+60
2 M 26 31 111 201 547+7 492+7
3 F 60 5.4 39 66 372+13 1105+71
4 F 55 15 19 184 1021£19
5 M 36 118 24 111 336+35
6 F 44 14 15 289 230+10
7 F 41 72 6.7 285 640+18
8 F 42 6.8 0.9 88.3 5542 21£2
9 F 65 6.8 9.3 169 246+9 156+5
Prolactinoma
10 F 35 2000 - 5638+143
11 F 64 13520 - 1486+80
12 F 37 32 - 1700+50

Normal range for IGF-I: 12-40 nmol/L.
- means not detectable

suppression was between 16 and 66% for OCT and between 38 and 74%,
for SOM230, indicating its higher efficacy. In 4/5 cultures (no. 1, 3, 8
and 9), SOM230 was significantly more potent with regards to its maxi-
mal suppressive effect on PRL release, when compared to OCT (p<0.01).
In addition to mixed GH/PRL secreting pituitary adenomas, we also com-
pared the effects of OCT and SOM230 on PRL release in 3 primary hu-
man prolactinoma cultures (no. 10, 11 and 12) (table II). Figure 7 shows
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Figure 7. Upper panel: Effects of SOM230 (10nM), OCT (10nM) and bro-
mocriptine (10nM) on PRL release by 2 cultured prolactinomas (no. 10 and
11). *p<0.01 vs untreated control cells. Incubation time: 72 hr. Lower pan-
el: sst subtype mRNA expression in the adenoma cells of patient 10 and 11.

that prolactinoma no.10 selectively expresses a high level of sst, mRNA,
whereas prolactinoma 11 expressed sst, mRNA but very low sst, mRNA.
In agreement with the low affinity of OCT for sst, and the very high af-
finity of SOM230 for this sst, 10nM OCT did not significantly inhibit
PRL release by the two prolactinoma cultures, whereas 10nM SOM230
potently suppressed (-49%) PRL release by cells of adenoma 10 (high
sst,), and slightly (-23%) by cells of prolactinoma no.11 (low sst,). Both
adenoma cultures showed high sensitivity to 10nM of the dopamine
agonist bromocriptine (-73 and -89% inhibition in cultures 10 and 11,
respectively). In one prolactinoma culture (no. 12) the long-term in vi-
tro effects of OCT, SOM230 and bromocriptine were studied. Figure 8
shows that both SOM230 (10nM) and bromocriptine (10nM) suppressed
PRL release by approximately 90% after 9 days of continuous incubation
with the compounds. In this particular adenoma, OCT was only slight-
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ly effective (-30% after 9 days). Unfortunately, not enough tissue was
obtained from this patient to study the sst subtype expression pattern.

1004

754

PRL release (% control)

days of treatment

Figure 8. The effect of long-term in vitro incubation with OCT (10nM), SOM230 (10nM)
and bromocriptine (10nM) on PRL release by cultured prolactinoma cells of patient no.
12. The pituitary adenoma cells were cultured in Transwell tissue culture inserts for 14
days without or with the compounds indicated. Medium was collected and refreshed every
3 or 4 days and stored at -20 C until determination of PRL concentrations. Values are ex-
pressed as the percentage of hormone release of control cells at each time-point indicated
and are the mean + SEM of four wells per treatment group. Symbols represent: ¥ OCT,
o SOM230, m bromocriptine. *p<0.01 vs untreated control cells. Incubation time: 72 hr.

Discussion

SRIF receptor expression on GH-secreting pituitary adenomas forms the
basis for successful treatment of acromegalic patients using sst,-selective
octapeptide SRIF-analogs (19, 20). Recent in vitro studies have demon-
strated that both sst, and sst, receptors are involved in the regulation of
GH release by normal human fetal anterior pituitary cells and GH-se-
creting pituitary adenoma cells (2, 9, 11). In addition, evidence exists
that sst; exclusively regulates PRL secretion from human prolactinoma
cells (11, 14). Moreover, BIM-23244, a SRIF-analog with high affinity
binding to sst, and sst, receptors, was shown to achieve a better suppres-
sion of GH secretion by cultured GH-secreting pituitary adenomas which
were partially responsive to OCT, suggesting that such bispecific SS-ana-
logs could achieve a better control of GH secretion in a larger number of
acromegalic patients (10). The recent observation that sst subtypes may
form homo- and heterodimers, resulting in receptors with enhanced bind-
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ing affinity and modified functional properties (21, 22), may form one
of the explanations for the enhanced efficacy of bi-specific compounds
such as BIM-23244. In addition, an sst, antagonist was shown to inhibit
the GH suppressing action of sst /sst, bi-selective agonists in human fetal
pituitary cells, supporting the concept of functional interaction between
sst, and sst, receptors in the regulation of GH secretion (23). Recently,
a novel stable SRIF-analog, with a more universal binding profile and
high affinity binding to sst,, sst,, sst, and sst,, was introduced (12, 13).
This SRIF-analog, SOM230, was shown to be significantly more potent
in lowering IGF-I levels in rats, compared with the sst -preferring analog
OCT (12). SOM230 has a favourable elimination half-life of 23h (12),
suggesting that this analog may be suitable for clinical application as well
(24). On the basis of the involvement of sst,/sst, receptors in regulating
GH secretion and sst, receptors in regulating PRL secretion, we com-
pared in the present study the efficacy of SOM230 in the regulation of GH
and PRL release by primary cultures of human pituitary adenoma cells.
In agreement with previous studies (3-10) we found a variable expression
of sst mRNAs, predominantly sst, and sst,, in our series of GH-secreting
pituitary adenomas. Only selected cases expressed sst, and sst, mRNA’s,
suggesting that these sst subtypes are probably of less importance in this
type of pituitary adenoma. Moreover, in most adenomas, sst, expression
levels were relatively higher compared with sst, mRNA levels. On the
other hand, the pre-operative response of acromegalic patients to a single
s.c. administration of 100pg OCT was positively correlated with the sst,
mRNA, but not with sst, mRNA levels, in the pituitary adenomas of the
patients obtained via transsphenoidal surgery. These data demonstrate
that the sst, subtype is clearly the predominant receptor determining in
vivo responsiveness to OCT in acromegalic patients. In agreement with
previous observations (10), sst, mRNA levels were positively correlated
with the in vitro GH suppression by this sst, selective SRIF-analog as
well. Surprisingly, although SOM230 shows a very high affinity for sst,
receptors, no significant correlation was found between the in vitro GH
suppression by a maximally active concentration of SOM230 and sst,
mRNA levels, while a positive correlation was found between the effects
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of SOM230 and sst, mRNA levels. Although these data were unexpected,
a previous study by Jaquet et al. (9) in fact already made the same ob-
servation using SRIF-14. In this study, sst, mRNA, but not sst, mRNA
levels in GH-secreting pituitary adenomas showed a positive correlation
with in vitro GH suppression by 1 nmol/LL SRIF-14. As suggested by Ja-
quet et al. (9), it 1s not known yet whether the observed sst mRNA levels
directly correlate with sst protein levels. The importance of the sst, sub-
type in regulating GH secretion by the majority of human GH-secreting
pituitary adenomas is also evident by our observation that the potency of
OCT in terms of IC, values measured for the inhibition of GH release are
slightly higher, compared with SOM230. Nevertheless, SOM230 shows
a high efficacy to inhibit GH release, with an IC, value in the low nano-
molar range. In 89% of the cultures SOM230 significantly inhibited GH
release. In this respect, OCT is slightly less efficacious, with a significant
GH-suppressive effect in 7 out of 9 cultures (78%). In one OCT resistant
culture, SOM230 inhibited GH release with an IC,  value comparable
to that of SRIF-14 (IC, 0.5 and 0.6 nM, respectively), confirming the
importance of the sst, receptor subtype in mediating GH release, when
sst, levels are low. However, although SOM230 has a slightly lower po-
tency (IC, ) for the inhibition of GH release in most cases, compared with
OCT, its efficacy is higher compared with OCT in terms of the number
of responders. Therefore, in addition to the sst /sst, bi-specific compound
BIM-23244, also SOM230 has the potential to achieve better control of
GH hypersecretion in a larger number of acromegalic patients. More-
over, the very favourable elimination half-life of SOM230 (12) makes
this compound an interesting candidate for clinical application as well.
Apart from regulating GH secretion, sst, receptors play a regulatory role
in normal and tumoral PRL secretion as well (2, 11, 14). A significant
proportion of GH-secreting pituitary adenomas contain GH and PRL
expressing cells, either as individual cells expressing GH or PRL or as
mammosomatotroph cells expressing GH and PRL in the same cells (25).
In agreement with these data, we observed co-secretion of GH and PRL
in 56% of the cultures and showed that SOM230 has a potent inhibitory
effect on PRL secretion in mixed GH-PRL secreting pituitary adenomas
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and prolactinomas. In 4 out of 5 mixed GH-PRL secreting pituitary ad-
enomas, SOM230 was significantly more potent, compared with OCT,
in its maximal suppressive effect on PRL secretion. Interestingly, in the
adenoma cells of patient 7, in which SOM230, but not OCT, inhibited
GH secretion, also PRL secretion was not suppressed by OCT. PRL se-
cretion was suppressed by approximately 50% by SOM230, however.
The parallel responses of GH and PRL secretion in this particular case
suggest that the adenoma contains mainly somatomammotroph cells,
which were shown to express predominantly sst, receptors (3). Recently,
it was shown that activation of sst, by the sst -selective agonist BIM-
23296 caused a dose-dependent inhibitory effect in the nanomolar range
on GH and PRL secretion by GH-secreting pituitary adenomas. In ad-
dition to lowering GH and PRL secretion this SRIF-analog induced a
decrease in cell viability as well (26). In our series we found that 2/7
adenomas expressed sst,. In selected cases, therefore, sst,, may play a
regulatory role on GH-secreting pituitary adenoma cell function as well.
In three DA-agonist sensitive prolactinomas, SOM230 was significantly
more potent than OCT in lowering PRL secretion. In two of the pro-
lactinomas there was a clear relationship between the expression of sst,
mRNA in the adenoma cells and the percentage inhibition of PRL se-
cretion by SOM230. In one prolactinoma culture, which expressed high
levels of sst; mRNA and no other sst mRNAs, PRL secretion was reduced
to the same extent as that induced by bromocriptine. One other prolac-
tinoma, which showed a significantly lower responsiveness to SOM230,
had very low sst; mRNA levels. The lower potency of OCT in reducing
PRL secretion by prolactinomas seems related to the very low sst, levels,
as was demonstrated in a series of 10 prolactinomas by Jaquet et al. (14).
These data further underline the role of sst, in mediating its suppressive
effect on PRL secretion. However, the potential clinical importance of
these findings should be considered in view of the very high proportion
of patients with prolactinomas responding to DA-agonist treatment with
a normalization of PRL levels and tumor shrinkage (27, 28). In addi-
tion, Jaquet et al. (14) previously showed that the effects of sst, selective
compounds on prolactinoma cells are superimposable, at higher concen-
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tration to those of the dopamine agonists, but not additive, particular-
ly in adenomas resistant to dopaminergic suppression of PRL release.
While sst, receptors may mediate antiproliferative effects (29), the role of
this receptor in the control of pituitary adenoma cell proliferation is unclear.
Indirect evidence for arole of sst, in the regulation of human GH-secreting
pituitary adenoma cell proliferation was obtained from the observation of
a germ line mutation (Arg240Trp) in genomic DNA from pituitary ad-
enoma and peripheral blood mononuclear cells of an acromegalic patient
resistant to SRIF-analog treatment and a higher proliferation rate of cells
overexpressing this mutant sst, receptor, compared to cells expressing wild
type sst, (30). Whether activation of sst, receptors expressed on human
GH-secreting pituitary adenomas and prolactinomas also mediates an an-
tiproliferative effect in these cell types, remains to be elucidated, however.
Since somatostatin analogs inhibit the secretion of insulin, impaired glu-
cose tolerance was observed after the acute administration of octreotide
(31). Recently, we observed similar glucose responses to the acute ad-
ministration of SOM230 in vivo (32). However, SOM230 did not modify
insulin secretion, suggesting another mechanism of action. The inhibitory
effect of octreotide on insulin secretion is short-lived, and clinically impor-
tant effects on carbohydrate metabolism during long-term therapy are not
observed (33). Although the acute rise in glucose levels after SOM230 in-
jection requires further attention, preclinical studies in cynomolgus mon-
keys showed thatinsulin, glucagon and glucose levels remained unchanged
after seven days of high-dose infusion with SOM230 (13). In addition,
126 days treatment of rats with pharmacological doses of SOM230 did
not modify plasma glucose levels (12). These data suggest that SOM230
is well tolerated in rats and monkeys with regard to glucose homeostasis.
In conclusion, the novel universal SRIF-analog SOM230 is a potent in-
hibitor of GH and PRL secretion in GH-secreting pituitary adenomas.
The higher number of cultures responding to SOM230, compared with
OCT, suggests that SOM230 has the potential to increase the number
of patients controlled biochemically, both via sst, and sst.. In addition,
SOM230 is more potent in its inhibitory effect on PRL secretion in mixed
GH/PRL secreting pituitary adenomas. In prolactinoma cultures, sst,
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receptors mediate the potent inhibitory effects of SOM230 on PRL se-
cretion. Since the majority of patients with prolactinomas are success-
fully treated using DA-agonists, there may be a role for SOM230 in the
treatment of prolactinoma patients which are intolerant to DA-agonists.
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Efficacy of SOM230 in active Acromegaly

Abstract

Somatostatin (SRIF) analogs have been the medical therapy of choice for
the treatment of acromegaly. Treatment with the SRIF-receptor (sst) sub-
type 2 predominant analogs octreotide and lanreotide, induces clinical and
biochemical “cure” in about 65% of acromegalic patients. Growth hor-
mone (GH) secreting pituitary adenomas, which are not controlled, also
express sst.. We compared the acute effects of octreotide and SOM230,
a new SRIF-analog with high affinity for sst, ,, ;, on hormone release in
acromegalic patients. In a single dose proof-of-concept study, 100ug oc-
treotide, 100 and 250pg SOM230 were given sc to 12 patients with active
acromegaly. 100 and 250ug SOM230 dose-dependently suppressed GH
levels from 2-8 hrs after administration [-38 + 7.7% vs. -61 £ 6.7%, respec-
tively (resp.); P <0.01]. A comparable suppression of GH levels by octre-
otide and 250pg SOM230 was observed in 8 patients (-72 + 7% vs. -65 +
7%, resp.). In 3 patients, the acute GH-lowering effect of 250pg SOM230
was significantly superior to that of octreotide (-70 £ 2% vs. -17 £ 15%,
resp.; P <0.01). In one patient, the GH-lowering effect of octreotide was
better than that of SOM230. Furthermore, in vitro analysis of adenoma
tissue from two operated patients showed relatively high sst. and low sst,
mRNA expression levels in one patient only responsive to SOM230 treat-
ment, suggesting a pivotal role for sst, in mediating the suppressive ef-
fects of SOM230 in this patient. Tolerability for SOM230 was good. Glu-
cose levels were initially slightly elevated after octreotide and SOM230
compared to control day, whereas insulin levels were only significant-
ly suppressed by octreotide. We conclude that SOM230 is an effective
GH-lowering drug in acromegalic patients with the potential to increase
the number of patients controlled during long-term medical treatment.

Introduction

In the majority of patients, acromegaly is caused by a growth hormone
(GH) secreting pituitary adenoma, resulting in high circulating GH and
insulin-like growth factor-I (IGF-I) concentrations. First choice of medi-
cal treatment are the somatostatin (SRIF) analogs, a safe and effective
strategy, mimicking the action of the native peptide SRIF in its inhibi-
tory effect on GH release by the adenoma cells (1). The first clinically

71



Chapter I1I-2

available SRIF-analog octreotide has been shown to be effective as pri-
mary or secondary therapy for acromegalic patients (2-4). Several stud-
ies have demonstrated that long-term therapy with octreotide or lanreo-
tide, administered either by subcutaneous (s.c.) or as a long-acting depot
preparation by intramuscular injection, induced clinical and biochemi-
cal “cure” in about 65% of patients (5-9). Still, a significant percentage
of GH-secreting pituitary tumors seems relatively resistant to octreotide
and lanreotide, and this may be explained in part by a variable tumoral
expression or reduced receptor density of the five known SRIF-receptor
(sst) subtypes on the adenomas of these patients (10). Functional evi-
dence for the existence of sst subtypes comes from studies using human
fetal pituitary cell cultures in which SRIF regulates GH and thyrotropin
secretion mainly by sst, and sst,, and Prolactin (PRL) secretion main-
ly by sst, (11). Most GH-secreting pituitary adenomas predominantly
express mRNA for sst, and sst,, while sst, and sst, are moderately ex-
pressed and sst, not found (12, 13). SRIF binds with high affinity to all
five sst subtypes, whereas octreotide and lanreotide display a high, low

and moderate affinity to sst, sst ., and sst,, ., respectively. Saveanu and

coworkers compared the in vivo sensitivit; z)f GH release for octreotide
in nine acromegalic patients with the tumor mRNA expression for sst,
and sst, subtypes (14). It was observed that sst, mRNA expression was
lower and sst; mRNA was higher in adenomas that were partially sensi-
tive to octreotide, compared with octreotide sensitive adenomas. In the
group of partially octreotide sensitive tumors, both the sst.-preferential
analog BIM23268, but especially the sst, and sst, bi-specific compound
BIM23244, were quite effective in suppressing GH secretion. These
data indicate that due to the heterogeneous expression of sst, and sst,
subtypes in GH-secreting adenomas, a bispecific analog, such as BIM-
23244 that can activate both receptors, may achieve a better control of
GH hypersecretion of GH-producing pituitary tumors than octreotide.
Bruns and coworkers synthesised SOM230, a stable SRIF-analog with a
more universal binding profile to sst subtypes (15, 16). By using alanine
scanning technology, essential functional groups of the SRIF peptide re-
sponsible for the high affinity to all five sst subtypes were detected. Incor-
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poration of four synthetic amino acids and two essential amino acids of
SRIF into a stable cyclohexapeptide template resulted in SOM230, a com-
pound which binds with a high affinity to sst, sst,, sst, and sst,, and with
low affinity to sst,. Inrats, dogs and monkeys, SOM230 potently and dose-
dependently decreases GH and IGF-I levels. Only minimal desensitization
of the suppressing effect of SOM230 on IGF-I levels under physiological
conditions was observed, which is in contrast to what has been seen in ro-
dents with the effect of octreotide. Additional characteristics of SOM230
include a favourable terminal elimination half life of 27 hours (hrs) in hu-
mans, as well as the preliminary evidence that glucose levels in rats and
dogs remain normal during long-term administration of the compound.
In this paper, we present the detailed analysis of the first single dose
proof-of-concept study with SOM230 in acromegalic patients. A double-
blind, randomised, cross-over study was performed to compare the in
vivo effects of a single dose SOM230 to octreotide on GH release, to
assess its safety and its tolerability in 12 patients with active acromegaly.

Materials and Methods

Patients

Twelve patients with active acromegaly were recruited at the Erasmus
Medical Center, Rotterdam, the Netherlands. All subjects had biochemi-
cally active disease, with a mean serum GH concentration greater than 5
ug/L during a 5-hour profile and elevated circulating IGF-I levels (age-
and sex-adjusted). GH concentration failed to suppress below 1 pg/L af-
ter a 2-hour 75-g oral glucose tolerance test (0GTT). Table 1 shows the
biochemical characteristics of the 12 patients. One insulin-treated patient
with type II diabetes did not undergo an oGTT. Seven patients had been
treated before (see below). In those patients who have been medically
treated previously, a wash-out period after the last dose of medication
had to be at least 1 month, 1 week, 4 months and 1 month for dopamine
agonists, subcutaneous formulations of octreotide, depot formulations of
long-acting somatostatin analogs and growth hormone receptor antago-
nists, respectively. One patient had been previously treated by surgery,
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medical treatment and irradiation. One patient was treated only with sur-
gery. Two patients had only been medically treated and three patients
were treated with surgery and medical treatment. Five patients were new-
ly diagnosed. Patients with compression of the optic chiasm causing any
visual field defect or those requiring surgical intervention for relief of
any sign or symptom possibly associated with tumor compression, were
excluded. The study was approved by the local ethical committee of the
Erasmus Medical Center and all patients gave written informed consent.

Table 1. Patients’characteristics on study entry.

Patient Sex Age (yr) GH PRL IGF-1 GH after oGTT
(gL' (gl)'  (ugl)’ (hg/L)’
1 F 43 13.6 13.8 1981 10.1
2 M 34 74 18.1 1301 8.3
3 F 55 31.6 3.4 1385 29.1
4 M 48 26.5 7.8 1515 ND
5 F 36 31.1 72 941 21.2
6 M 35 48.1 19.1 1729 29.0
7 M 38 19.5 20.9 2027 16.9
8 M 33 11.0 10.3 1920 11.0
9 F 79 19.3 0.7 1148 24.6
10 M 67 6.9 17.7 849 55
11 F 52 5.8 9.8 773 2.5
12 F 40 57.4 6.7 2180 75.0
ND, not determined.

a mean fasting GH and PRL values, collected in a 5-h time period. normal values: GH
<5 pg/L, PRL <25 pg/L (men) or < 44 pg/L (women).

b range in healthy population: 107-497 pg/L.

¢ serum GH level after a 2-hour 75-g oral glucose tolerance test (normal nadir GH < 1
ug/L after 2 hrs).

Treatment protocol

Patients were hospitalized on the control day for 24 hrs for the assess-
ment of baseline efficacy parameters. On study day 1, 8 and 15, each
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patient received at 09:00 a.m. a single s.c. injection of octreotide 100ug,
SOM230 100ug or SOM230 250ug in a randomized, double-blinded,
crossover fashion with a minimum 6 days of washout between drug treat-
ments. All patients received standarized meals, served at 08:30 a.m.,
12:30 p.m. and 17:30 p.m. Blood samples, withdrawn through an in-
dwelling venous catheter placed in the forearm, for the assessment of
GH and PRL concentrations were collected at 30 minutes, one minute
before, and every hour for 24 hrs after drug administration. This pro-
cedure was repeated on all study days. Furthermore, blood samples for
glucose and insulin assessments were collected 30 minutes, one minute
before and every half hour for 2 hrs after lunch. Blood specimens were
centrifuged and the plasma was frozen at -20°C until it was assayed.
Safety assessments included: vital signs (pulserate, blood pressure and tem-
perature); electrocardiograms; biochemistry, hematology and urinalysis.

Assays

GH (ug/liter), PRL (pg/liter), and insulin (mU/liter; 1 mU/liter = 7.175
pmol/liter) levels were determined by use of a non-isotopic, automatic
chemiluminescence immunoassay system (Immulite, DPC Inc., Los An-
geles, CA). The intra- and inter-assay coefficients of variation (CV) for
GH, PRL and insulin were 6.0%, 5.7%, 4.4% and 6.2%, 6.4%, 5.9%, re-
spectively. Glucose (mmol/liter; 1 mmol/liter = 18.015 mg/dl) was mea-
sured with an automatic hexokinase method (Roche, Almere, the Neth-
erlands). Serum IGF-I (pg/liter) was determined with a commercially
available non-extraction IRMA (Diagnostic Systems Laboratories, Inc.,
Webster, Texas; intra- and interassay CV’s, 3.9% and 4.2%, respectively).

In vitro studies

Two patients underwent transphenoidal surgery 3 months before they
entered the study. Adenomatous tissue was collected during operation
and subsequently, pituitary adenoma cells were isolated as described
previously (17). The viability of the resulting cell suspension, as deter-
mined by trypan blue dye exclusion, was greater than 95%. The cells
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were cultured at a density of 0.5-1 x 10° cells/dish-1 ml in multiwell
plates (Corning Costar, Cambridge, MA). The culture medium was Ea-
gle’s Minimum Essential Medium with Earle’s salts supplemented with
a 1-fold excess of nonessential amino acids, ImM sodium pyruvate, 2
mM L-glutamine, penicillin (100 U/ml), streptomycin (100 ug/ml), and
fungizone (0.25 pg/ml) and 10% fetal calf serum (Invitrogen, Breda, the
Netherlands). Media and supplements were obtained from Gibco Bio-
Cult Europe (Invitrogen, Breda, the Netherlands). The cells were allowed
to attach for at least 3 days before 72-hrs incubation with SRIF (Sigma,
St. Louis, MO), octreotide or SOM230 (both donated by Novartis, Ba-
sel, Switzerland) in 1 ml complete culture medium were performed with
the attached cells, using four dishes for every treatment group. These
pituitary cell cultures are primary cultures which were plated immedi-
ately after the isolation, and they were not passaged before the incubation
studies were carried out. The results of each experiment were expressed
as nanograms per dish and compared with control untreated dishes.

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described (18). Brief-
ly, poly A" mRNA was isolated during Dynabeads Oligo (dT),, (Dynal
AS, Oslo, Norway) from adenoma cell pellets containing 0.5-1x10° cells
per sample. cDNA was synthesized using the poly A mRNA captured
on the Dynabeads Oligo (dT)* as a solid phase and first primer. In or-
der to quantify sst, and sst. mRNAs a quantitive RT-PCR was performed
by TagMan® Gold nuclease assay (The Perlin-Elmer Corporation, Fos-
ter City, CA) and the ABI PRISM® 7700 Sequence Detection System
(The Perkin-Elmer Corporation) for real-time amplification, according
to the manufacturers instructions. The specific primer sequences (Bio-
source, Nivelles, Belgium) that were used include: sst, forward 5°-TC-
GGCCAAGTGGAGGAGAC-3’; sst, reverse 5’-AGAGACTCCCCA-
CACAGCCA-3’; sst, forward 5’-CATCCTCTCCTACGCCAACAG-3’;
sst. reverse 5’-GGAAGCTCTGGCGGAAGTT-3’;  hypoxanthine-

5
guanine phosphoribosyl transferase [(HPRT) as a control] forward 5°-
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TGCTTTCCTTGGTCAGGCAGTAT-3’; HPRT reverse 5’-TCAAATC-
CAACAAAGTCTGGCTTATATC-3’. The probe sequences that were
used included: sst, 5’-FAM-CCGGACGGCCAAGATGATCACC-TAM-
RA-3’; sst. 5’-FAM-CCCGTCCTCTACGGCTTCCTCTCTGA-TAM-
RA-3’; HPRT 5’-FAM-CAAGCTTGCGACCTTGACCATCTTTGGA-
TAMRA-3’. The amount of sst, and sst, mRNA was determined by means
of a standard curve generated in each experiment from known amounts
of human genomic DNA. For the determination of the amount of HPRT
mRNA, a standard curve was obtained by including dilutions of a pool
cDNAs known to contain HPRT. The amount of sst, and sst; mRNA was

calculated relative to the amount of HPRT and is given in arbitrary units.

Statistical analysis

The assumption of normality of all in vivo data was investigated by
use of a Kolmogorov-Smirnov (KS) test, in which the null hypothesis
that the data represented a random sample from the normal distribu-
tion was tested. When this hypothesis was not rejected, a paired Stu-
dent t-test was used for assessing the statistical significance compared
to the control day. The Wilcoxon’s signed rank test, a non-parametric
analog to the paired t-test, was used when data did not represent a ran-
dom sample from normal distribution. Correlation analysis was per-
formed by the use of Spearman’s rank correlation test. In the in vitro
studies, one way analysis of variance was used. When significant over-
all effects were obtained by this method, comparisons were made us-
ing Newman-Keuls multiple comparison test. Data are expressed
as mean + sem. A P value less than 0.05 was considered significant.

Results

Safety and tolerability

Tolerability of octreotide and SOM230 was good. Local reactions at
the injection site were not observed. Side effects probably related to
the study drug were reported in three different patients and were mild
(one case of palpitation and sweating after SOM230 100ug, one case
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of abdominal discomfort after octreotide 100ug and after SOM230
250ug). No clinically relevant changes in vital signs, routine chem-
istry and wurinalysis were observed. Electrocardiogram analyses
showed no newly occurring or worsening of known cardiac abnor-
malities two and 24 hrs after injection with octreotide or SOM230.

In vivo studies

Figure 1 depicts the mean circulating 24 hrs GH concentrations fol-
lowing a single s.c. injection of 100ug octreotide, 100pg SOM230 and
250pg SOM230, compared to control day, for all acromegalic patients
investigated. Since all three treatment options appeared to induce their
effect on GH secretion predominantly immediately after s.c. injection,
efficacy analysis of octreotide and the two dosages of SOM230 was as-
sessed by analysis of the mean GH suppression between 2-8 hrs after
s.c. injection, compared to the same period on the control day. The mean
GH levels from 2-8 hrs after SOM230 250ug, SOM230 100ug and oc-
treotide, were suppressed by 61 + 6.7% (P < 0.0001), 38 + 7.7% (P
< 0.001) and 59 £ 9.2% (P < 0.0001), respectively. Furthermore, the
250ug dosage SOM230 induced a significantly greater suppressive ef
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Figure 1. 24 hrs GH-concentration curves on the control day (m) and on treatment days
after s.c. injection of octreotide 100ug (*), SOM230 250ug (A) and SOM230 100pug
(o). Data are expressed as mean + sem (n=12).
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fect on circulating GH concentrations than the 100ug dosage SOM230
(P <0.01). The inhibitory effect of octreotide on GH levels did not differ
from SOM230 250ug (P = ns), whereas compared to 100png SOM230
a stronger suppression of GH concentrations by octreotide was found,
although this difference failed to reach statistical significance (P = 0.13).

Analysis of the twelve individual 24 hrs GH profiles on control day and
following administration of the study drugs, revealed three different pat-
terns of response. As illustrated by the 24 hrs GH profile of patient 6 (Fig.
2A), both octreotide and SOM230 250ug induced a similar inhibitory
effect on circulating GH concentrations [-63%, plasma GH levels 18.9
+ 1.1 pg/L after octreotide (P < 0.05) and -65%, plasma GH levels 17.7
+ 1.7 ng/L after SOM230 (P < 0.01), both vs. 50.8 £ 4.5 ug/L on control
day (CD)]. A comparable suppressive effect on GH levels by octreotide
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Figure 2. 24 hrs GH-concentration curves of the different response patterns after s.c.

injection of the study drugs, represented by patient 6 (A), patient 12 (B) and patient 8
(C). Symbols display control day (m), octreotide 100ug (*) and SOM230 250ug (A).

and SOM230 250ug was observed in a total of 8 patients. In this sub-
group of 8 equal responders, both SOM230 and octreotide significantly
suppressed GH levels by 65 + 7% (8.0 + 2.7 ug/L vs. 20.4 £ 6.5 ng/L
on CD, P <0.05) and 72 £ 7% (7.5 £ 3 ug/L vs. 20.4 £ 6.5 pug/L on
CD, P < 0.05; octreotide vs. SOM230, P = ns), respectively (Fig. 3A).
The second pattern of response to the study drugs, observed in a sub-
group of three patients, is illustrated by the 24 hrs GH profile of patient
12 (Fig. 2B). In this particular patient, no decline in circulating GH
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Figure 3. GH suppression 2-8 hrs after s.c. injection. The bars represent mean + sem per-
centual GH suppression induced by octreotide 100ug (black bars) and SOM230 250ug
(white bars) compared to the control day. A) Group showing equal response to octreotide
and SOM230 (n=8). B) Group showing higher sensitivity to SOM230 (n=3; *, P <0.05).

concentrations after octreotide administration was seen (mean plasma
GH level 76.7 £ 7.3 ng/L vs. 67.4 £ 4.8 pg/L on CD). However, a sig-
nificant suppression of serum GH levels after administration of SOM230
was found (-68%; 21.9 £ 2.2 ng/L vs. 67.4 £ 4.8 ug/L on CD, P < 0.05;
SOM230 vs. octreotide, P < 0.01) and interestingly, in this particular pa-
tient the observed potent suppression by the high dose SOM230 250ug
was also achieved by the low dose SOM230 100ug (-64%; 24.4 + 3.4
png/L). As shown in figure 3B, the mean suppression of GH levels in
these three patients by SOM230 was significantly greater than the sup-
pressive effect by octreotide [-70 = 2%, 9.7 £ 6 pg/L and -17 + 15%,
30.9 £ 23 pg/L, resp. vs. 30.5 £ 19 ug/L on control day (SOM230 vs.
CD, P <0.01; SOM230 vs. OCT, P < 0.05 and OCT vs. CD, P = n.s.)].

Patient 8 demonstrated a third observed response pattern (Fig. 2C),
which showed a significant inhibition by octreotide (-79%, mean GH lev-
el 2.9+ 0.7 pg/L vs. 13.8 £ 0.6 ug/L on CD, P <0.01). SOM230 was not
effective during the full 2-8 hrs post-injection time interval to elicit an in-
hibitory effect on circulating GH concentrations (14.5 = 1.9 pg/L vs. 13.8
1 0.6 pg/L on CD, P =n.s.). However, this patient was not insensitive to
SOM230, since a short lasting suppressive effect of SOM230 was estab-
lished (-40%, mean GH level 1-3 hrs after administration 7.2 £ 0.4 pg/L
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vs. 12.4£0.2 pg/L on CD, P<0.001). Still, in this short period of time, oc-
treotide induced a more powerful 87% suppression of GH concentrations
(1.6 0.3 ug/L; OCT vs. CD, P<0.001 and OCT vs. SOM230, P<0.001).
PRL levels of all twelve patients were within the normal range [mean
of 5 blood samples below 25 pg/L (men) or 44 png/L (women); Table
I]. In two patients plasma PRL levels decreased after s.c. injection of
octreotide as well as with SOM230 (data not shown). Interestingly,
the 24 hrs circulating plasma curves of GH and PRL levels in one of
these patients was highly correlated on control day and at treatment
days with octreotide and SOM230 (r, = 0.77, 0.99 and 0.95, resp., all
P < 0.001), which suggests a mixed GH/PRL-secreting pituitary ad-
enoma that co-secreted both hormones from the same adenoma cell.
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Figure 4. Mean (+ sem) serum glucose (A) and insulin (B) profiles of 11 pa-
tients (one patient was excluded because of insulin-treated type II dia-
betes) during control day (m) and on treatment days after s.c. injec-
tion of octreotide 100ug (*), SOM230 250ug (A) and SOM230 100ug (o).

Figure 4 shows the mean glucose and insulin concentrations of 11 patients
(patient 4 was excluded since he is an insulin-treated patient with type II
diabetes), starting three hrs after s.c. administration until two hrs after
lunch compared to the same period of time on control day. Compared to
the mean glucose level at 12:00 a.m. (3 hrs post-dose) on control day (4.4
+ 0.2 mmol/L), elevated glucose levels were observed after octreotide (6.2
+ 0.3 mmol/L, P < 0.05), SOM230 250ug (6.1 £ 0.8 mmol/L, P < 0.05)
and SOM230 100pg (5.8 + 0.6 mmol/L, P < 0.05) administration (Fig.
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4A). When no study drug was administered, lunch induced a physiologi-
cal increase in mean glucose levels to a maximum of 6.1 £+ 0.3 mmol/L.
Similar postprandial responses were observed on all three treatment days
(octreotide, 6.8 + 0.5 mmol/L; SOM230 250ug, 7.1 = 0.6 mmol/L and
SOM230 100 pg, 6.8 £ 0.4 mmol/L). The highest plasma glucose lev-
els were 10.8 and 13.1 mmol/L 5 hrs after injection of octreotide and
SOM230 250ug, respectively, and were both observed in patient 1, who
was known to have an impaired glucose tolerance (assessed by oGTT be-
fore start of the trial). Overall, there was a trend that octreotide and both
SOM230 dosages induced a comparable increase in mean glucose levels,
that responded equally to a meal at 12:30 p.m. compared to control day.
Octreotide induced an inhibitory effect on mean plasma insulin levels
compared to control day which sustained until two hrs after lunch (1200-
1430 h; P <0.05). Mean insulin levels seemed not to be affected by both
SOM230 dosages, since also after lunch a similar increase in insulin lev-
els was observed as on control day (Fig. 4B). Patient 12 had severe insu-
lin resistance. On the control day, 30 minutes after lunch was consumed,
a sharp increase in plasma insulin levels to a maximum 348 mU/L was
found. This was even more pronounced after SOM230 250ug was admin-
istered, when insulin levels rose up to a maximum of 903 mU/L (one hour
after lunch). However, the blood glucose concentrations of this patient
remained within the range of the other non-diabetic patients (Fig. 4A).

In vitro studies

Apart from the direct effects of octreotide and SOM230 on GH release
by cultured pituitary tumor cells from two patients, the native peptide
SRIF was also tested. GH production in the control wells from the ad-
enoma cells of patient 6 and 12 after 72 hrs incubation amounted to
228 + 40 ng/dish and 312 + 18 ng/dish, respectively. In agreement with
the in vivo response of patient 6 and 12 (Fig. 2A and 2B, resp.), 10 nM
SOM230 lowered significantly GH secretion by -32.7 + 6.8% and -23 +
6.9% in the primary tumor cell cultures of patient 6 and 12, respectively
(P < 0.05 in both instances), whereas 10 nM octreotide only inhibited
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Figure 5. In vitro data of two patients. Percentual inhibition of GH secretion by 10
nM of octreotide (OCT), SOM230 and SRIF compared to control, after 72 hrs in-
cubation in primary cultured pituitary adenoma cells from patient 6 (white bars)
and 12 (black bars). Data are expressed as mean + sem; *, P < 0.05 treatment
vs. control (A). Quantitative analysis of RT-PCR showing the different amount
of sst, and sst; mRNAs in the adenoma tissues of patient 6 and 12 (pat.6 and 12,
resp.), calculated relative to the amount of HPRT and given in arbitrary units (B).

the GH secretion in the adenoma cells of patient 6 (-26.1 £ 10.5%; P <
0.05; Fig. 5A). SRIF lowered GH secretion in both primary cultures as
well (-32.4 £ 8.5% and -30.1 + 1.8%, resp; P < 0.05, Fig. 5A). Further-
more, evaluation of the relative mRNA expression levels for sst, and sst,
in both cases, revealed an interesting difference. The adenoma cells from
patient 6 who responded to all three compounds, had a relatively high
expression of sst, (193 copies/HPRT) and a relative low expression of
sst, (577 copies/HPRT). Compared with mRNA expression levels in the
adenoma cells of patient 12, which were only responsive to SOM230
and SRIF treatment, an opposite mRNA expression pattern was found
(Figure 5B). The pituitary adenoma of patient 12 contained relatively
high mRNA expression levels for sst, (793 copies/HPRT) and approxi-
mately 5-fold lower sst, mRNA expression levels than those of patient 6
(37 copies/HPRT). The adenoma was in vivo and in vitro not responsive
to octreotide, but demonstrated significant sensitivity to both dosages
SOM230 in vivo and to SOM230 in vitro. This suggests the involvement
of sst, subtype in the GH-release inhibitory effect in this particular case.

Discussion

In the present study, the recently developed SRIF-analog SOM230, ex-
hibiting an universal binding profile which was demonstrated to effec-
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tively suppress GH levels in normal monkeys and rodents (15), was ad-
ministered for the first time in acromegalic patients in order to assess its
efficacy in comparison to octreotide. The acute effects of a single dose of
SOM230 250ug and octreotide 100pug on circulating GH concentrations
demonstrated three patterns of response in the 12 patients investigated.
In 8 patients both SRIF-analogs were equally effective in lowering GH
levels. This suggests that in these patients the sst, subtype is the ma-
jor receptor on the pituitary adenoma which is responsible for mediating
these inhibitory effects. It is well known that sst, especially is involved in
the inhibitory actions of SRIF and SRIF-analogs on hormone secretion,
both in primary cultured human fetal pituitary cells and GH-secreting
pituitary adenoma cells as well (11, 19). The relative amount of mRNA
expression levels of this receptor subtype was positively correlated with
the sensitivity to octreotide treatment in vitro (20). The in vitro data of pa-
tient 6 illustrate in this group of equal responders, that the relatively high
mRNA level for sst, combined with the good affinity of both SOM230
and octreotide account for the suppressive effects of both drugs on GH
secretion in this group of patients. SOM230 has a 2.5 times lower af-
finity to sst, than octreotide, which explains the similar effect of 250ug
SOM230 and octreotide 100ug in this category of acromegalic patients.

The second pattern of response, illustrated by patient 12 in which SOM230
is far more efficacious compared to octreotide in suppressing GH lev-
els, was observed in three patients. A pivotal role for sst, in mediating
suppression of GH release is probable. The in vitro data of patient 12
show relatively low mRNA expression levels for sst, and higher expres-
sion levels for sst,. The median inhibitory concentration (IC, ) for sst,
of SOM230 is 0.16 nmol/L and that of octreotide is 40-times higher (6.3
nmol/L), pointing to the higher affinity of SOM230 for the sst, subtype.
These observations, together with the the in vifro significant inhibition
by the native SRIF on the primary culture of adenoma cells, suggest that
both SRIF and SOM230 exert their potent effects in this particular tumor
via sst, subtype. So far, the role of sst, in mediating GH release was only
investigated in studies with primary cultures of pituitary adenoma cells
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obtained from acromegalic patients (19, 20). Saveanu and his group found
a 30-fold higher expression of sst, compared to sst, mRNA in four adeno-
mas poorly responsive to octreotide. The addition of the sst, specific ana-
log BIM23268 to the medium achieved a maximal GH suppression. This
suggests a “rescue” through sst, when tumors are only partial sensitive to
octreotide (14). SOM230 induced a 3-fold stronger inhibition than octreo-
tide on GH release by cultured rat pituitary cells and a pronounced inhibi-
tion of plasma IGF-I levels in rodents after 18 weeks of treatment, which
again is suggestive for sst, involvement (15). We present the first clinical
evidence that the sst, subtype may indeed play an essential role in mediat-
ing the in vivo suppressive actions by SOM230 on GH concentrations in
three acromegalic patients, which were (partially) unresponsive to octreo-
tide. Since SOM230 is able to lower GH levels in both subgroups of pa-
tients, coupled to sst, and sst, subtype physiology, respectively, this novel
SRIF-analog has a clear advantage over octreotide and might increase the
number of patients which can be biochemically controlled during long-
term medical treatment. Furthermore, in patient 12, 100ug and 250ug of
SOM?230 suppressed GH levels equally. In this particular case, increasing
the SOM230 dosage by a factor 2.5 did not result in a further increase in
GH inhibition. This phenomenon is already known for patients who are
sensitive to octreotide treatment: a similar GH suppression is found upon
s.c. injections with octreotide dosages in the range of 100-1500 pg/day
(21, 22). This could indicate that the density of the predominantly ex-
pressed sst determines the response to a SRIF-analog: in GH-secreting
adenomas expressing sst, in high density, octreotide is able to suppress
GH levels significantly. However, if sst, is almost not expressed on the
pituitary adenoma, sst, mediates the GH-suppressive effects of SRIF and
SRIF-analogs. The dose-response curves of octreotide and SOM230 seem
to reach the plateau at low levels when high densities of sst, and sst,, re-
spectively, are expressed. /n vivo and in vitro data from this trial empha-
size that the inhibitory effects on GH release by SRIF and its analogs are
primarily mediated via sst,, as seen in the group of 8 equal responders
to octreotide and SOM230. However, when sst, over sst, mRNA levels
are being expressed below a certain threshold as in patient number 12, a
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suppressive action upon GH concentrations via sst, receptors becomes
visible. In addition, heterodimeric effects of different sst subtypes are
suggested to play a role in receptor physiology (23, 24) and as discussed
before, the BIM23244 bispecific sst, . analog has already shown to be
more active than the combination of a sst, specific analog combined with
a sst, specific analog on GH release (14, 25), indicating that a heterodi-
meric effect by SOM230 on sst, and sst, subtypes cannot be ruled out.

The third response was observed in one patient, who only tran-
siently responded to SOM230, whereas octreotide was far more ef-
ficacious in lowering GH levels. The most likely explanation is the
presence of a relatively high sst, and a low sst; mRNA expression
level, resulting in a high sensitivity for octreotide. Whether high-
er dosages of SOM230 would indeed induce similar lowering ac-
tions on GH concentrations as seen by octreotide, remains uncertain.
Since SRIF and its analogs inhibit the secretion of insulin, impaired post-
prandial glucose tolerance was observed after the acute administration
of octreotide (26). Similar elevations of glucose concentrations were ob-
served after SOM230. However, the elevated glucose levels seem not be
caused by an inhibitory action on insulin release, since after SOM230
administration at 09:00 a.m. an almost identical insulin response was
observed after lunch as on the control day. At present, the mechanism
of this transient increase in glucose levels remains uncertain. Several
studies support a role for sst, to control insulin secretion in rats, mice
and humans, whereas sst, mediates glucagon secretion from the pancre-
atic a-cells (27-30). On the basis of the SOM230 and octreotide affinity
profiles for sst, and sst,, it seems unlikely that octreotide, binding 40-
fold less to sst, compared to SOM230, would exert such a strong and
long lasting insulin inhibition via sst, subtype whereas SOM230 treat-
ment resulted in barely any inhibition. Therefore, these opposed effects
of octreotide and SOM230 on insulin levels, suggest a pivotal role for
sst, subtype in regulating human insulin secretion. In cynomolgus mon-
keys, insulin, glucagon and glucose levels remained unchanged during
seven days of high-dose infusion with SOM230. Furthermore, during
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an 18-week treatment with pharmacological doses of SOM230 plasma
glucose levels were not changed, indicating that SOM230 is well toler-
ated in rats and monkeys with regard to glucose homeostasis (15, 31).
The promising pharmokinetic properties of SOM230 found in vivo in
rats, accounting for a terminal elimination half-life of 27 hrs compared
to 2 hrs for octreotide (15), did not result in a longer duration of action
of SOM230 than that of octreotide. Probably, serum SOM230 concentra-
tions drop sooner below a certain therapeutical level, leading to a dura-
tion of action on GH levels comparable to that of octreotide treatment.
In conclusion, our data suggest that SOM230 has the potency to increase
the number of acromegalic patients which can be biochemically controlled
during long-term medical treatment, since it’s additional suppressive ef-
fects on GH secretion via sst,. However, the subtype sst, seems to be the
dominant receptor in controlling hypersecretion in acromegaly. No seri-
ous side effects occurred during SOM230 treatment. The subtle increase
in glucose levels after SOM230 injection needs further attention and can
not be explained by sst. or sst, mediated action on insulin secretion. Fu-
ture studies will also address the question whether SOM230 can control
pituitary adenoma size in acromegaly better than octreotide (8). Besides
sst, and sst,, sst, and sst, also seem to be involved in cell proliferation
and in the induction of apoptosis (32-35). This suggests that the universal
SRIF-analog SOM230, with good affinity for both sst, and sst,, might
have possible antiproliferative and tumor size reducing effects as well.
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Metabolic Effects of SOM230 in Acromegaly

Abstract

OBJECTIVE Recently, our first clinical study with the novel multi-
ligand somatostatin (SRIF) analog SOM230 in acromegalic patients
showed that SOM230, due to its beneficial inhibitory effects on GH
levels compared with octreotide (OCT), might increase the number
of patients that can be biochemically controlled. Since SRIF-analogs
are also known to interact with other metabolic pathways, assessment
of IGF-I, IGFBP-1, glucose and insulin concentrations on the con-
trol day (CD) and on treatments days following a single s.c. injection
SOM230 100 and 250ug, compared with OCT 100ug, was performed.

DESIGN AND PATIENTS Randomized, cross-over, double-blind-
ed proof-of-concept trial in 12 patients with active acromegaly.

RESULTS Total IGF-I levels, compared with predose, were not affected.
Free IGF-I levels were suppressed after 24h by OCT, SOM230 250 and
100pg, whereas at 48h only both SOM230 dosages still induced these
inhibitory effects. Circulating IGFBP-1 levels (AUC; 08.30-14.30h)
compared with CD, increased sharply after OCT (from 48 to 237 ug/
Lh; p<0.001 vs CD), while SOM230 250 and 100pug elicited a lower and
dose-dependent effect (163 and 90 pg/Lh, resp; p<0.05 vs CD and OCT).
Neither insulin nor GH levels showed statistically significant correla-
tion with IGFBP-1 levels either after SOM230 or OCT. An early rise
in glucose levels 1h post-injection with SOM230 250pug compared with
OCT and CD was observed 8.3+0.8, 4.4+0.5 and 4.9+0.4 mmol/L, resp:
p<0.05). SOM230 250ug (19+4 vs 463 mU/L on CD: p<0.05), although
clearly less potent than OCT (5.4+0.4 mU/L: p<0.01 vs CD), inhibited
insulin release. Since these corresponding absolute insulin levels cannot
entirely explain this hyperglycaemic effect of SOM230, other mecha-
nisms seem involved in this glucose rise. I[f SOM230 would influence
glucose homeostasis in peripheral target tissues of insulin action, expres-
sion of SRIF-receptors (sst) seems a logical necessity. In normal human
liver tissues, analyzed by quantitative PCR, the average sst mRNA ex-
pression level appeared significantly higher compared with sst, (n=6,
relative copy number 161+46 vs 57+6; p<0.05). Fat tissue expressed
both sst, and sst, mRNA, whereas in muscle only sst, mRNA was found.

CONCLUSION Both dosages SOM230 inhibit free IGF-I more sustained
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as compared with OCT, implying longer duration of action. The superior
action of OCT compared with SOM230 in stimulating IGFBP-1 levels,
suggests direct regulation of IGFBP-1 by SRIF-analogs via sst,. Finally,
expression of only sst, and sst, in target tissues of insulin action, might point
towards additional modulatory effects by SOM230 on glucose homeostasis.

Introduction

Acromegaly is a rare disease characterized by chronic hypersecretion of
growth hormone (GH), which is almost exclusively caused by a GH-se-
creting pituitary adenoma. The clinical manifestations of acromegaly are
due to the peripheral actions of excess GH and insulin-like growth factor-
I (IGF-I). Successful medical treatment of acromegaly with the current
clinically available somatostatin (SRIF) analogs octreotide (OCT) and
lanreotide is due to the expression of high-affinity (density) SRIF recep-
tors on the adenoma cells, mainly SRIF receptor subtype (sst) 2, which
is one of the five known SRIF receptor subtypes (1-4), sst -sst,, and the
selective high-affinity binding of these analogs to sst, (Table I). Several

Table I. Binding affinity of OCT and SOM230 for the five human sst,
sst
1-5.

compound ssty ssty ssts SSty ssts

OCT 280 + 80 0.38+0.08 7114  >1000 63+1.0

SOM230 9.3+0.1 1.0£0.1 1.5+£03 > 100 0.16 £0.01

Data are reproduced with permission (11). Results are the mean + sem; 1C50 are ex-
pressed in nanomolar concentration.

studies with this generation of octapeptide SRIF analogs have demon-
strated that long-term therapy, administered subcutaneously (s.c.) or as a
long-acting depot preparation, induces clinical and biochemical “cure” in
up to 65% of patients (5-8). Because approximately one third of patients
with acromegaly seem (partially) resistant to OCT and/or lanreotide ad-
ministration, improved compounds to treat acromegaly are required. The
recently identified novel synthetic SRIF-peptidomimetic SOM230 forms
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a serious candidate to obtain such therapeutic significance in acromegaly
(9). Compared with OCT, SOM230 has a 30, 5 and 40 times higher binding
affinity to sst, sst, and sst_, respectively, and 2.5 times lower affinity to sst,
(Table I). Preclinical studies showed that SOM230 potently and dose-de-
pendently suppressed GH and IGF-I levels for prolonged periods of time
up to 120 days in rats, dogs and rhesus monkeys (10, 11). Additional char-
acteristics of SOM230 include a favourable terminal elimination half-life
of 24 h in humans as well as the preliminary evidence that glucose levels
in rats and dogs remain normal during long-term administration of the
compound (10). Clinical evaluation of SOM230, by assessing its efficacy
compared with OCT, was recently performed in a single dose proof-of-
concept trial in acromegaly (12). It was concluded that SOM230, due to
its beneficial effects on circulating GH levels compared with OCT, might
increase the number of patients that can be biochemically controlled dur-
ing long-term medical treatment. The advantage of SOM230 compared
with the current clinically available sst -preferring analogs, likely result-
ed from its sst.-mediated suppressive effects on GH levels in a subgroup
of patients that were (partially) unresponsive to OCT administration.

However, since SRIF and its analogs inhibit the secretion of insulin
(13), impaired postprandial glucose tolerance was observed after the
acute administration of OCT (12). Comparable elevations of glucose
concentrations were observed after SOM230, whereas SOM230 did not
alter the meal-induced insulin response (12). Therefore, the elevated
glucose levels seem not to be caused by an inhibitory action on insulin
release. Still, the mechanism of this early transient increase in glucose
levels remains uncertain. In order to obtain more insight with respect
to the acute effects of SOM230 on carbohydrate metabolism in active
acromegaly, additional analysis of insulin, glucose and insulin-like
growth factor binding protein (IGFBP) 1 levels of the 12 acromegalic
patients that participated in the proof-of-concept trial, was conducted.
Furthermore, we present the first clinical data regarding the effects of
a single dose SOM230 on total and free IGF-I levels in acromegaly.
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Methods

Patients

Twelve patients with active acromegaly were recruited at the Erasmus MC
Rotterdam, The Netherlands. Patient characteristics have been described
in detail previously (12). All subjects had biochemically active disease,
with a mean serum GH concentration greater than 5 pg/L during a 5-hour
profile and elevated circulating IGF-I levels (age- and sex-adjusted). GH
concentration failed to suppress below 1 pg/L after a 2-hour 75-g oral glu-
cose tolerance test (0GTT). Seven patients had been treated before (see
below). In those patients who have been medically treated previously, a
wash-out period after the last dose of medication had to be at least 1 month,
1 week, 4 months and 1 month for dopamine agonists, subcutaneous for-
mulations of octreotide, depot formulations of long-acting somatostatin
analogs and growth hormone receptor antagonists, respectively. One pa-
tient had been previously treated by surgery, medical treatment and irra-
diation. One patient was treated only with surgery. Two patients had only
been medically treated and three patients were treated with surgery and
medical treatment. Five patients were newly diagnosed. Pituitary func-
tion was preserved in 8 patients. Gonadal steroid-, glucocorticoid- as well
as thyroxin-replacement therapy was initiated in 3 patients before start
of the study, whereas 1 patient was treated with only gonadal steroids,
Patients with compression of the optic chiasm causing any visu-
al field defect or those requiring surgical intervention for relief of
any sign or symptom possibly associated with tumor compression,
were excluded. The local ethical committee of the Erasmus MC ap-
proved the study and all patients gave written informed consent.

Treatment protocol

Patients were hospitalized on the control day for 24 h for the assessment
of baseline efficacy parameters. On study day 1, 8 and 15, each patient
received at 09:00 a.m. a single s.c. injection of OCT 100ug, SOM230
100pg or SOM230 250ug in a randomized, double-blinded, crossover de-
sign with a minimum 6 days of washout between drug treatments. All pa-
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tients received standardized meals, served at 08:30 a.m., 12:30 p.m. and
17:30 p.m. In addition to the recently published data (12), blood samples,
initially centrifuged and immediately frozen at -20°C, for the assessment
of insulin, glucose and IGFBP-1 concentrations were collected at the fol-
lowing time points: 30 minutes and one minute before, and every hour for
2 h after drug administration. Furthermore, blood samples for IGFBP-1
assessment were collected 30 minutes and one minute before, and every
half hour for 2 h after lunch. Finally, for the assessment of total and free
IGF-I levels, blood samples were collected 30 minutes before, 24 and 48
h after s.c. injection. These procedures were repeated on all study days.

Assays

Insulin (mU/L; 1 mU/L="7.175 pmol/L) levels were determined by use of
a non-isotopic, automatic chemiluminescence immunoassay system (Im-
mulite, DPC Inc., Los Angeles, CA). The intra- and inter-assay coefficients
of variation (CV) for insulin were 4.4% and 5.9%, respectively. Glucose
(mmol/L; 1 mmol/L = 18.015 mg/dl) was measured with an automatic
hexokinase method (Roche, Almere, the Netherlands). Serum total IGF-I
(nmol/L), free IGF-I (pmol/L) and IGFBP-1 (ug/L) were determined with a
commercially available non-extraction IRMA (Diagnostic Systems Labo-
ratories, Inc., Webster, Texas). All assays were carried out in a blinded man-
ner, and quality-control samples were included within assay runs. Interas-
say coefficients of variation for total IGF-I, free IGF-I, and IGFBP-1 were
4.2%, 5.1 and 6.0%, respectively. Intraassay coefficients of variation for
total IGF-I, free IGF-I and IGFBP-1 were 3.9, 5.1 and 4.6%, respectively.

RNA isolation

Sst mRNA expression in peripheral insulin-targeted tissues was analyzed.
Per-operatively obtained human liver biopsies from 6 patients diagnosed
with hepatocellular carcinoma (n=3), colorectal carcinoma (n=2) or he-
mangioma (n=1), were collected. Collected liver tissues were directly
frozen and stored at —80 °C until pathological examination confirmed
that the biopsies showed normal liver tissue histology. Visceral adipose
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tissue was obtained from two organ-transplant donors, directly frozen
and stored at —80 °C, who were initially admitted at Leiden University
Medical Center, The Netherlands. The protocols were in accordance with
the Helsinki Doctrine on Human Experimentation. Informed consent was
obtained from the patient or from the closest family member. Collected
tissues were grinded to powder on dry ice using a mortar and total RNA
was isolated using either a High Pure RNA Tissue Kit for tissue sam-
ples (Roche Diagnostics GmbH, Mannheim, Germany) or a RNeasy®
Lipid Tissue Mini Kit for adipose tissue samples (QIAGEN, Westburg
B.V,, Leusden, The Netherlands) according to manufacturers protocol.
cDNA from two skeletal muscle (rectus abdominis) biopsies was kind-
ly provided by Dr. van den Berghe (Department of Intesive Care Med-
icine, Catholic University of Leuven, Belgium) from two critically ill
patients that participated in a large randomized, controlled study on in-
tensive insulin treatment in Intensive Care Unit patients, of which the
major clinical outcome have been published in detail elsewhere (14, 15).

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously described (16). Brief-
ly, poly A" mRNA was isolated during Dynabeads Oligo (dT),, (Dynal
AS, Oslo, Norway). cDNA was synthesized using the poly A* mRNA
captured on the Dynabeads Oligo (dT),, as a solid phase and first prim-
er. One-twentieth of the cDNA library was used for quantification of sst
subtype mRNA levels. A quantitative PCR was performed by TagMan®
Gold nuclease assay (The Perkin-Elmer Corporation, Foster City, CA)
and the ABI PRISM® 7700 Sequence Detection System (The Perkin-
Elmer Corporation) for real-time amplification, according to the man-
ufacturer’s instructions. The assay was performed using 15ul TagMan®
Universal PCR Master Mix (Applied Biosystems, The Netherlands),
500 nM forward primer, 500 nM reverse primer, 100 nM probe and 10pul
cDNA template, in a total reaction volume of 25ul. After an initial heat-
ing at 95° C for 8 minutes, samples were subjected to 40 cycles of de-
naturation at 95° C for 15 seconds and annealing for 1 minute at 60° C.
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The primer and probe sequences that were used for the detection of
sst,, sst,, sst,, sst; and hypoxanthine phosphoribosyl transferase (HPRT)
mRNA’s have been described previously (16). In addition, we also
evaluated sst, mRNA expression in the present study using the follow-
ing primers and probe: sst, forward 5’-CTGCGCCAACCCTATTCTCT-
3>, sst, reverse 5’-ACCCGCTGGAAGGATCG-3’; sst, probe 5’-
FAM-TGGCTTCCTCTCCGACAACTTCCG-TAMRA-3". Primers
and probes were purchased from Biosource (Nivelles, Belgium).
The relative amount of sst subtype mRNA was determined using a stan-
dard curve generated from known amounts of human genomic DNA.
For the determination of the amount of HPRT mRNA, a standard curve
was obtained by including dilutions of a pool of cDNAs from a hu-
man cell line known to express HPRT. The relative amount of sst sub-
type mRNA was calculated relative to the amount of HPRT mRNA
and is given in arbitrary units. Each sample was assayed in duplicate.

Statistical analysis

The assumption of normality was investigated by use of a Kolmogo-
rov-Smirnov test. When this hypothesis was not rejected, a paired Stu-
dent t-test was used for assessing the statistical significance compared
with the control day. The Wilcoxon’s signed rank test, a non-paramet-
ric analog to the paired t-test, was used when data did not represent a
random sample from normal distribution. Correlation analysis was per-
formed by the use of Spearman’s rank correlation test. IGFBP-1 levels
were also analyzed as area under the curve (AUC) values. Quantita-
tive RT-PCR data were analyzed by ANOVA to determine overall dif-
ferences between sst subtype mRNA expression. When significant
differences were found by ANOVA, a multiple comparison sst sub-
types was made using the Newman-Keuls test. Data are expressed
as mean + sem. A P value less than 0.05 was considered significant.
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Results

IGF-I concentrations

Total IGF-I levels, compared with predose, were not affected 24 and
48 h after OCT and SOM230 treatments (Fig. 1 upper panel). However
free IGF-I levels were suppressed after 24 h by OCT 100ug, SOM230
100pg and 250ug (-30 =+ 5%, -23 £ 5% and -30 £ 7%, respectively:
p<0.01 to predose), whereby at 48 h only after both SOM230 dosages
these inhibitory effects persisted (p<0.01 to predose; Fig. 1 lower panel).
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Figure 1. Total and free IGF-I levels (upper and lower panel, respectively) on treatment
days after s.c injection with the study drugs. Data are expressed as mean + sem (n=12).
# P < 0.05 vs predose (pd).

IGFBP-1 concentrations

As shown in figure 2, OCT induced a higher response with respect to cir-
culating IGFBP-1 levels. IGFBP-1 concentrations (AUC; 08.30-14.30 h)
compared with CD, increased sharply after OCT (from 48 to 237 ug/Lh;
p<0.001 vs CD), while SOM230 250 and 100ug elicited a lower dose-
dependent effect as well (to 163 and 90 pug/Lh, respectively; p<0.05 vs
CD: OCT vs SOM230 250 and 100pg, p<0.05). Neither insulin nor GH
levels showed statistically significant correlation with serum IGFBP-1
concentrations either after both dosages SOM230 or OCT (Table II).
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lunch 12.30pm
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Figure 2. Serum Insulin-like Growth Factor Binding Protein 1 (IGFBP-1) concentra-

tions following a s.c. injection with the study drugs in comparison with a control day.

Values represent mean + sem [n=11, one patient was excluded because of insulin-treat-

ed type II diabetes, (12)]. Symbols display control day (m), OCT 100ug (*), SOM230
250pg (A) and SOM230 100ug (o).

Table II. Spearman rank correlation coefficients (rs) of IGFBP-1 with
GH and insulin levels in 11 patients with active acromegaly.

Metabolic parameter

Treatment GH Insulin
Is p-value Is p-value
SOM230 100ng -0.18 0.71 -0.31 0.39
SOM230 250ug -0.5 0.27 -0.36 0.31
OCT 100pg -0.04 0.96 -0.32 0.37

Carbohydrate metabolism

The eftects of SOM230 and OCT on carbohydrate metabolism during
lunch have been described already extensively (12). Briefly, glucose lev-
els were slightly elevated after all drug treatments compared with control
day. Lunch was accompanied by a physiological increase in glucose lev-
els on the control day and all treatment days. OCT inhibited insulin levels
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until 2 h after lunch, whereas both dosages SOM230 did not statistically
significantly affect insulin levels. An early raise in glucose levels 1 h post-
injection with SOM230 250pug compared with SOM230 100pg, OCT and
CD (8.3+0.8,6.4+0.7,4.4 £ 0.5 and 4.9 £ 0.4 mmol/L, resp: p<0.05)
was seen (Fig. 3A). Two hours after s.c. injection glucose levels were
raised during OCT treatment as well (6.3 = 0.4 vs 4.4 + 0.3 mmol/L on
CD: p<0.05). At both time points OCT already suppressed insulin levels,
whereas only at 1 h post-injection SOM230 100 and 250ug (18 =4 and 19
+4vs. 46 +£3 mU/L on CD: both p<0.05), although clearly less potent than
OCT (5.4 £ 0.4 mU/L: p<0.01 vs CD), inhibited insulin release (Fig. 3B).

A breakfast
8.30-9.00am lunch 12.30pm

glucose (mmol/L)
o]
1

150+

=

1004

50

insulin (mU/L)

s.c. injection

Figure 3. Mean (£ sem) serum glucose (A) and insulin (B) profiles of 11 patients [one

patient was excluded because of insulin-treated type II diabetes, (12)] during control

day (m) and on treatment days after s.c. injection of OCT 100ug (*), SOM230 250ug

(A) and SOM230 100ug (o).Assessment of metabolic parameters in the subgroup of 8

patients, responding equally effective to 100pLg OCT and 250pLg SOM230 with respect
to circulating GH concentrations
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In order to homogenise the metabolic responses for the effects of both
SS-analogs on circulating GH concentrations, we have also analysed all
metabolic parameters in the subgroup of 8 acromegalic patients that re-
sponded to a similar extent to 100pug OCT and 250ug SOM230 with re-
spect to circulating GH levels (12). Total IGF-I concentrations, compared
with predose, were slightly attenuated only after 24h by 100ug OCT and
250ug SOM230 (-11 £ 2% and -9 + 2%, resp: p<0.05) but not by 100ug
SOM230 (-4 + 3%). The lowering of circulating free IGF-I concentra-
tions by OCT and both dosages SOM230 in the subgroup of 8 patients,
appeared similar as compared with the total group of 12 patients, i.e.
100pg OCT, 100ug and 250pug SOM230 suppressed free IGF-I levels
24h after s.c. injection (-30 £ 6%, -26 £ 7% and -35 * 6%, resp: p<0.05)
whereby at 48 h only after 100ug and 250ug SOM230 these inhibitory
effects persisted (-28 £+ 8% and -26 + 6%, resp: p<0.05). The differential
effects of OCT and both dosages SOM230 on circulating IGFBP-1 and
glucose homeostasis in the total group of 12 patients, as described above,
were also observed when IGFBP-1, glucose and insulin concentrations
were analyzed in the subgroup of 8 patients that responded in a similar ex-
tent to OCT and SOM230 with respect to circulating GH concentrations.

Sst mRNA expression in human liver, muscle and visceral
adipose tissue

As described above, the observed raise in glucose levels after s.c admin-
istration of 250 ng SOM230 (and to a lesser extent by 100png SOM230)
was not accompanied by a profound inhibitory action of the compound
on insulin secretion by pancreatic 3-cells. Therefore, other (extra-pancre-
atic) mechanisms could be responsible for the detoriated carbohydrate
metabolism after SOM230 administration. It is generally well known
that liver, muscle and fat are peripheral tissues predominantly involved
in the regulatory actions of insulin to control plasma glucose levels. If
SOM230 influences glucose homeostasis in these target tissues direct-
ly, expression of SRIF receptors seems a logical necessity. Therefore,
we evaluated by quantitative PCR, for the first time the presence of sst,
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and sst, mRNA in human liver, muscle and fat tissues (Figure 4). The
other sst subtypes, sst, ., were not expressed. In liver, the average sst,
mRNA expression level was significantly higher compared with sst,
(n=6, relative copy number 161 + 46 vs 57 = 6; p < 0.05). Visceral fat
tissue expressed both sst, (n=2, relative copy number 705 and 182) and
sst, (n=2, relative copy number 403 and 263) mRNA, whereas in mus-

cle only sst, mRNA (n=2. relative conv number 106 and 64) was found.
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Figure 4. Quantitative analysis of RT-PCR showing the relative amounts of two SRIF
receptor subtypes, sst, ,, mRNA in three peripheral target tissues of insulin, calculat-
ed relative to the amount of HPRT and given in arbitrary units. A) Visceral adipose
fat, n=2: B) Skeletal muscle, n=2 and C) Liver, n=6; # p < 0.05. nd; not detectable.

Discussion

This report is unique due to the fact that SOM230 is the first multili-
gand SRIF-analog administered in vivo to acromegalic patients. Up
till now, only sst, preferring analogs, i.e. OCT and Lanreotide have
been used clinically. Our study is in support of the clinical poten-
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tial of novel multiligand SRIF-analogs in acromegaly, but tantalis-
ing novel insights in sst subtype physiology are demonstrated as well.
No effects on total IGF-I levels after single doses of SOM230 and OCT
were observed in our series of 12 acromegalic patients, which might be
related to its long half-life. However, in the subgroup of 8 acromegalic
patients that responded equally to OCT and 250ug SOM230 with respect
to circulating GH concentrations (12), total IGF-I concentrations were
lowered to a small extent 24h after s.c. injection with 100pug OCT and
250ug SOM230. The latter observation could indicate the GH-dependent
inhibition of total IGF-I. However, the temporal, short-term feedback be-
tween GH secretion and the circulating IGF-I system in normal subjects,
is recently suggested to be regulated more importantly due to changes in
free IGF-I levels instead of total IGF-I levels (17). Interestingly, both in
the total group of 12 patients as well as in the GH-equal responder group
of 8 patients, single dose administrations of 100 and 250pug SOM230
persistently inhibited free IGF-I levels significantly after 48 h, whereas
OCT was only effective for 24 h. This could be explained by intracel-
lular dynamics of sst, and sst, at the central level of the pituitary (18),
combined with the 40-fold higher sst.-binding affinity and the longer half
life of SOM230 compared with OCT. Stroh and coworkers demonstrated
that sst, seems to be rapidly internalized after ligand binding, but sst,
showed early recycling after internalization, with massive re-recruitment
from intracellular stores (back) to the membrane (19). On the other hand,
two other reports recently reported that sst, can be rapidly recycled to
the membranes as well (20, 21), SOM230 might induce this sustained
inhibition of free IGF-I levels via sst, as well because of its long half life
as compared with OCT. In addition, there is compelling evidence that
SRIF analogs act to suppress IGF-I by inhibiting pituitary GH release
(22, 23) but whether SRIF analogs act on peripheral target tissues of GH
to reduce GH-induced IGF-I production as well remains to be further
clarified. Melmed’s group recently demonstrated in rat hepatocytes and
perfused rat livers, expressing sst, and sst,, that SRIF and OCT dose-
dependently inhibited GH-induced IGF-I production at the level of the
hepatocyte (24). In respect to the sustained free IGF-I suppression by
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SOM230 in our acromegalic patients, the question regarding the sst sub-
type responsible for these peripheral inhibitory effects is of importance.
Based on sst binding affinity profiles of SOM230 and OCT (Table 1),
combined with our present data showing only sst, and sst, mRNA expres-
sion in human liver tissues, both sst subtypes might mediate peripheral
IGF-I production; 1) sst, may be involved because SOM230, compared
with OCT, has a 30-fold higher sst -binding affinity and 2) SOM230’s
favorable half-life of nearly 24 h induces prolonged activation of sst,.

SRIF has been implicated in the regulation of IGFBP-1 (25), that blocks
availability of IGF-I (26). OCT induced a potent increase in serum IGFBP-
1 levels in the acromegalic patients, within 2-3 h following injection, a
time course in agreement with earlier reports (27-29). Even though 100
and 250pg SOM230 administration significantly and dose-dependently
increased IGFBP-1 levels, OCT treatment remained more potent with
respect to IGFBP-1 release. Furthermore, we could not demonstrate a
significant relation between the course of either circulating insulin or GH
levels and IGFBP-1 concentrations, which has been reported previously,
arguing against a direct regulatory effect of GH on IGFBP-1 production in
acromegaly (27, 30, 31). Several studies have shown a statistical signifi-
cant inverse correlation between serum insulin and IGFBP-1 concentra-
tions in acromegaly and patients with insulin dependent diabetes mellitus,
suggesting a regulatory effect of insulin on circulating IGFBP-1 levels
(31-34), whereas others did not (27, 30). The absence of any statistically
significant correlation between insulin and IGFBP-1 levels after both OCT
and SOM230 administration might support a direct role for SRIF-analog
induced release of IGFBP-1 in acromegaly. Evidence for a direct induction
of IGFBP-1 mRNA by OCT has been observed in human hepatoma cells,
but this effect was noted only after 12 h of OCT-incubation (35). Consid-
ering the superior action of OCT compared with SOM230 in stimulating
IGFBP-1 levels in acromegaly, combined with the higher sst -binding af-
finity by OCT (Table I), these data point towards a modulatory role of sst,
in the direct regulation of IGFBP-1 levels by SRIF-analogs in acromegaly.
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In general, the effects of SRIF-analogs on glucose homeostasis appeared
to be minor and a mild deterioration occurred only in those without im-
paired glucose tolerance (36). Indeed, compared with OCT, comparable
elevations of glucose concentrations during lunch were observed after
SOM?230 administration early in the morning in acromegalic patients (12).
In addition, 250pg SOM230 elicited an acute raise of glucose levels 1 h
post-injection (figure 3). SOM230-mediated inhibitory effects on insulin
secretion cannot explain these elevated glucose levels. Several studies
support a role for sst, to control insulin secretion in rats, mice and humans,
(37-40). On the basis of SOM230 and OCT binding affinity profiles for
sst, (Table I), it seems unlikely that OCT, binding 40-fold less to sst,com-
pared with SOM230, would exert such a strong and long lasting insulin
inhibition via sst, subtype whereas SOM230 treatment resulted in barely
any inhibition. Therefore, these seemingly discrepant effects of OCT and
SOM230 on insulin levels, which represent in vivo novel insights in the
role of sst subtypes in human pancreatic insulin secretion, clearly suggest
a dominant role for sst, in regulating human insulin secretion. Support for
this hypothesis comes from recent experiments performed with isolated
perifused human pancreas tissues, which showed inhibitory effects of
OCT or a specific sst, agonist in low near “physiological” concentrations
on insulin secretion, while an sst_ agonist inhibited insulin secretion only
in “pharmacological” doses (41). As glucagon release appeared far less
sensitive for SOM230 as compared with octreotide (44-fold) in several
in vivo animal models and peripheral glucagon measurement does not
represent pancreatic glucagon (gastro-intestinal glucagon is measured as
well) concentrations, the effects of SOM230 and OCT on glucagon levels
have not been analyzed. Recent immunohistochemical observations in
human pancreatic tissue have shown a wide occurrence of both sst, and
sst, in a-cells (42, 43), indicating that it is not clear yet whether SOM230
mediates glucagon release differently as compared with OCT in humans.
Because SOM230 administration did not result in a dramatic attenua-
tion of absolute insulin concentrations, we hypothesize a potential local
role of SOM230 in regulating glucose homeostasis in insulin-targeted
tissues. Bousquet and coworkers elegantly demonstrated in CHO-K1
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cells, stably expressing sst,, that addition of the sst -preferential analog
RC-160 to insulin resulted in a higher and more sustained increase of
the tyrosine phosphatase SHP-1 association to the insulin receptor (IR)
directly correlated with an inhibition of phosphorylation of IR and in-
sulin receptor substrate 1 (IRS-1) (44). Also, activation of sst subtype
enhances PTP activity as well (45). The expression of sst, and sst, in tar-
get tissues of insulin action, might point towards potential modulatory
effects by SOM230 on insulin signaling. It should also be stated that our
skeletal muscle mRNA data were derived from critically ill patients, and
we cannot rule out any sst mRNA expression alteration due to the patho-
logical state of these patients (15). SOM230, via sst, activation, might
increase PTP activation, which subsequently could result in IR- or IRS-
dephosphorlyation; plasma glucose levels might remain elevated due to
impaired glucose metabolism in peripheral target tissues. It should be
noted that OCT administration did not result in a glucose peak 1 h post-
injection, whereas the elevated glucose levels around lunch can be ex-
plained by inhibition on insulin secretion. Based on sst, and sst, binding
affinity differences between SOM230 and OCT, i.e. a 30-fold higher and
2.5-fold lower affinity, respectively, in combination with the selective ex-
pression of sst, and sst, in liver and adipose tissue, we hypothesize that
sst, might be involved in SOM230-mediated effects on insulin signaling.

In conclusion, the results show that both dosages SOM230 inhibit free
IGF-I more sustained as compared with OCT, which could be regulated
centrally and peripherally at the level of the pituitary and liver, respec-
tively. The superior action of OCT compared with SOM230 in stimulat-
ing IGFBP-1 levels suggests a modulatory role of sst, in the direct regu-
lation of IGFBP-1 levels.. Finally, the acute elevation of glucose levels
after SOM230 administration, which cannot be explained by concomitant
suppressive effects on insulin concentrations; suggest that extra-pancre-
atic mechanisms might be involved. The expression of sst, and sst, in
target tissues of insulin action, might point towards modulatory effects
by SOM230 on glucose homeostasis. Further in vivo and in vitro stud-
ies with the promising multiligand SRIF-analog SOM230 will be neces-
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sary, not only to further explore its potential beneficial role in the medical
treatment of sst-positive neuroendocrine tumours, but also to retrieve ad-
ditional insights regarding its side effects on carbohydrate metabolism.
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SRIF Receptors and Insulin Signaling

Abstract

It is well documented that Octreotide (OCT), which is used for the medi-
cal treatment of several neuro-endocrine diseases including acromegaly,
can suppress insulin secretion by the pancreas and, subsequently, induce
a transient raise in glucose level. The novel somatostatin (SRIF) mul-
tiligand SOM230, has been demonstrated to have the potential to be-
come a novel therapeutic tool for acromegalic patients, particularly for
those patients being partial responsive to OCT. As expected, SOM230
lowered insulin secretion as well but to a much lesser extent compared
with OCT. Surprisingly, only SOM230 induced an acute raise in glucose
levels, which cannot be explained by insulin suppression. Therefore, it
is suggestive that SOM230 alters insulin signaling, i.e. reduces insu-
lin sensitivity. The presence of SRIF receptor subtype (sst) 1 and sst,
in insulin-target tissues favoured this hypothesis. In a series of visceral
omental fat biopsies, we confirm previous findings that only sst, and sst,
mRNA are expressed. In the human hepatoma cell line, Huh-7, sst, and
sst, mRNA was detected as well. When we co-treated Huh-7 cells with
insulin, a dose-dependent increase in insulin receptor (IR) autophosphor-
ylation at tyrosine residues 1162 and 1163 was observed. However, nei-
ther SOM230 nor OCT was able to alter IR-autophosphorylation, neither
in the presence or in the absence of insulin. Whether SRIF-analogs can
influence insulin sensitivity more downstream of the IR, i.e. at the level
of the insulin receptor substrates, remains to be studied in more detail.

Introduction

The novel multiligand somatostatin (SRIF) analog SOM230 has recently
been demonstrated to have the potential to increase the number of acrome-
galic patients can be biochemically controlled during long-term medical
treatment. SOM230, compared with the current clinically available SRIF-
analog OCT, can lower circulating growth hormone (GH) concentrations
effectively via SRIF receptor subtype (sst) 2 and sst,, while OCT (at physi-
ological concentrations) can only mediate GH suppression in vivo via sst,.
However, as SRIF and SRIF-analogs modulate the secretion of insulin and
glucagon via the sst subtype expression within the endocrine pancreas, a
reduced glucose tolerance and even overt hyperglycaemia were initially
expected during long-term therapy of acromegaly. In general, the effects
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of SRIF-analogs on glucose homeostasis appeared to be minor and a mild
deterioration occurred only in those without impaired glucose tolerance
(1). Indeed, compared with OCT, comparable post-prandial elevations of
glucose concentrations after lunch were observed after SOM230 admin-
istration (2). In addition, 250pug SOM230 elicited an acute rise of glucose
levels 1 h post-injection (3). SOM230-mediated inhibitory effects on in-
sulin secretion cannot explain these elevated glucose levels. While glu-
cagon release appeared far less sensitive for SOM230 as compared with
OCT (44-fold) in several animal models in vivo, and because peripheral
glucagon measurement does not represent pancreatic glucagon (gastro-
intestinal glucagon is measured as well) concentrations, the effects of
SOM230 and OCT on glucagon levels were not analyzed. Since SOM230
administration did not result in a dramatic attenuation of absolute insu-
lin concentrations, we hypothesize a potential local role of SOM230 in
regulating glucose homeostasis in insulin-targeted tissues. The expres-
sion of only sst, and sst, in target tissues of insulin action (3), might point
towards potential modulatory effects by SOM230 on insulin sensitivity.
Therefore, we carried out additional experiments in a series of visceral
omental fat tissues as well as in Huh-7 cells, to further explore whether sst
expression and activation can alter the insulin receptor signaling cascade.

Methods
Patients and RNA isolation

Sst mRNA expression in visceral (omental) fat tissue was analyzed. Per-
operative obtained human omental fat biopsies from 6 patients were col-
lected. All patients underwent a Whipple procedure because of chronic
fibrosing pancreatitis (n=1), Vater’s papilla carcinoma (n=2) or pancreas
carcinoma (n=3). The collected omental tissues were directly snap frozen
and stored at -80 °C. The protocols were in accordance with the Helsinki
Doctrine on Human Experimentation, and were performed according to
the rules of the hospital medical ethical committee. Informed consent
was obtained from all patients. Collected tissues were grinded to powder
on dry ice using a mortar and total RNA was isolated using RNeasy®
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Lipid Tissue Mini Kit for adipose tissue samples (QIAGEN, Westburg
B.V,, Leusden, The Netherlands) according to manufacturers protocol.

Cell culture

Huh-7 cells, a human hepatoma cell line, were routinely passaged by tryp-
sinization as described indetail previously (4). The cells were maintained in
75 cm? flasks in Dulbecco’s Minimal Essential Medium (DMEM), supple-
mented with non essential amino acids, sodium pyruvate (1 mmol/L), 10%
fetal calf serum (FCS), penicillin (1x10° U/L), fungizone (0.5 mg/L), L-
glutamine (2 mmol/L), and sodium bicarbonate (2.2 g/L), pH 7.6. The cells
were culturedat37° Cina CO,-incubator. Media and supplements were ob-
tained from GIBCO Bio-cult Europe (Invitrogen, Breda, The Netherlands).

Quantitative PCR

Quantitative PCR was performed as described previously (5). Messen-
ger RNA was isolated using Dynabeads Oligo (dT),, (Dynal AS, Oslo,
Norway) from 1.0 X 10° cells Huh-7 cells or isolated visceral omental
adipocyte tissue. The cells were lysed for 2 min in an ice-cold Tris-buf-
fer (100 mM Tris-HCI, pH 8, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5
mM DTT and 5 U/100ul RNAse inhibitor (HT Biotechnology Ltd., Cam-
bridge, UK). The mixture was centrifuged at 14,000 rpm for 1 min to re-
move cell debris. After adding 40 pl pre-washed Dynabeads Oligo (dT),,
to the supernatant, the mixture was incubated for 5 min on ice. Thereafter,
the beads were collected with a magnet, washed three times with a Tris-
buffer (10 mM Tris HCI, pH 8, 0.15 M LiCl, 1 mM EDTA, 0.1% LiDS),
and once with a similar buffer from which LiDS was omitted. Messenger
RNA was eluted from the beads in 2 x 20 ul H,O for 2 min at 65 °C. Com-
plementary DNA (cDNA) was synthesized using the poly A mRNA in a
Tris-buffer (50 mMTris-HCI, pH 8.3, 100 mM KCIl, 4 mM DTT, 10 mM
MgCl)) together with 1 mM of each deoxynucleotide triphosphate, 10 U
RNAse inhibitor, and 2 U AMV Super Reverse Transcriptase (HT Bio-
technology Ltd., Cambridge, UK) in a final volume of 40 ul. This mixture
was incubated for 1 h at 42 °C. One tenth of the cDNA library was used
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for quantification of sst subtype mRNA levels. The assay was performed
using 15 pl TagMan Universal PCR master mix (Applied Biosystems,
Capelle aan de IIssel, The Netherlands), 500 nM forward primer, 500 nM
reverse primer, 100 nM probe and 10 pl cDNA template, in a total reac-
tion volume of 25 pl. The reactions were carried out in a ABI 7700 se-
quence detector (The Perkin-Elmer Corporation, Foster City, CA). PCR
amplification started with a first step for 2 min at 50 °C, followed by
an initial heating at 95 °C for 10 min and, subsequently, samples were
subjected to 40 cycles of denaturation at 95 °C for 15 sec and annealing
for 1 min at 60 °C. To ascertain that no detectable genomic DNA was
present in the poly A* mRNA preparation, since sst genes are intron-less,
the cDNA reactions were also performed without reverse transcriptase.
The detection of hypoxanthine-phosphoribosyl-transferase (hprt) mRNA
served as a control and was used for normalization of the sst subtype
mRNA levels. The primer sequences that were used have been described
in detail previously (6). In addition, the relative amount of sst subtype
mRNA was determined using a standard curve generated from known
amounts of human genomic DNA. For determination of the amount of
hprt mRNA, a standard curve was generated of a pool of cDNAs from a
human cell line known to express hprt (6). The relative amount of sst sub-
type mRNA was calculated by normalization to the amount of hprt mRNA
and is given in arbitrary units. Each sample was assayed in duplicate.

Insulin receptor (IR) autophosphorylation assay

After trypsinizing confluent 75 ¢cm? flasks, Huh-7 cells were dispersed
in 6 well plates (500.000 cells/well). The following day, culture medium
was removed and cells were maintained for 1 hr in Krebs buffer (pH
7.4). Subsequently, Krebs buffer was refreshed and Huh-7 cells were in-
cubated with different concentrations of insulin (10nM-1pM) and 10nM
SOM?230 or OCT (as indicated in Figure legends). Washing the cells with
ice-cold PBS terminated incubation. Huh-7 were collected in PBS and
centrifuged. Supernatant was removed and the cell pellet lysed for 30
minutes, on ice, in ImL of Cell Extraction Buffer [10mM Tris, pH 7.4;
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100mM NaCl; ImM EDTA; ImM EGTA; ImM NaF; 20mM Na,P O_;
2mM Na, VO,; 1% Triton X-100; 10% glycerol; 0.1% SDS; 0.5% deoxy-
cholate; ImM PMSF and Protease inhibitor cocktail (Sigma, cat. no P-
2714, 250ul per SmL cell extraction buffer)]. Cell extract was centrifuged
for 10 min at 4°C at 13,000 rpm and clear lysates were stored at -80°C.
100ul clear lysate was diluted 10-fold and used, according to the manu-
facturer’s protocol, in a solid phase sandwich Enzyme Linked-Immuno-
Sorbent Assay (ELISA), designed to detect and quantify the levels of IR
that are phosphorylated at tyrosine (Tyr) residues 1162 and 1163 of IR
(Biosource, Nivelles, Belgium). Briefly, during the first 2 hr incubation
the IR antigen binds to a monoclonal antibody specific for IR (B-sub-
unit), which has been coated on the wells. After washing, an antibody
specific for IR phosphorylated at Tyr1162 and Tyr1163 is added to the
wells for 1 hr. After removal of excess detection antibody, a horseradish
peroxidase (HRP)-labeled anti-rabbit IgG is added for 30 min, complet-
ing the four-member sandwich. After washing to remove excess anti-
rabbit IgG-HRP, a substrate solution was added for 30 min in the dark,
which is acted upon the bound enzyme to produce colour. After addition
of a stop solution, wells were stirred and absorbance (optical density)
was detected at 450 nm. The intensity of the colored product is direct-
ly proportional to the concentration of IR [pYpY1162/1163] present in
the original specimen. 1 Unit of standard is equivalent to the amount
of IR [pYpY1162/1163] derived from 0.6 ng of IR in CHO cells, trans-
fected with human IR, stimulated with 100 nM insulin. The intra- and
inter-assay coefficients of variation were 4.85% and 5.98%, respectively.

Statistical analysis

The statistical significance of the difference between the effects of 10nM-
1pM insulin and 10 nM SRIF-analogs in the IR-autophosphorylation ELI-
SAassay was determined by using one-way analysis of variance (ANOVA).
Whensignificantoverall effects were obtained by this method, comparisons
were made using Newman-Keuls multiple comparisons test. Data are re-
ported asmeans+SEM ofthe indicated n values, unless otherwise specified.
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Results
Sst mRNA expression

In all six visceral omental adipocyte tissues, both sst and sst, were
expressed (Fig. 1A: relative copy number 435 + 103 and 841 + 151,
respectively, p<0.01). The other sst subtypes, sst,_,
pressed. As depicted in Figure 1B, Huh-7 cells expressed sst, (rela-
tive copy number 201 + 22) and sst, (relative copy number 357 +

44; p<0.01 vs sst), while sst, . mRNA expression was not found.
A B

were not ex-
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sst/HPRT
sst/HPRT

Figure 1. Quantitative analysis of RT-PCR showing the relative amounts of the five
SRIF receptor subtypes, sst, ., mRNA in visceral omental fat tissue (A) and Huh-7 cells
(B), calculated relative to the amount of HPRT and given in arbitrary units. A) Data
represent the mean = S.E. of 6 visceral fat specimens, of which each individual pa-
tient sample was assayed in duplicate. B) Data represent the mean + S.E. of three in-
dependent experiments, performed in duplicate. nd; not detectable. #, p<0.01 vs sst,.

IR-autophosphorylation in Huh-7 cells

First, we explored the insulin-induced concentration-dependent auto-
phosphorylation of the IR in Huh-7 cells during different incubation pe-
riods, i.e. 2, 5 and 30 minutes. After all three incubation periods, a dose-
dependent increase of IR-autophosphorylation by insulin was observed
(Fig. 2). After 2 minutes of insulin treatment, depicted in figure 2A, a
significant 3 to 4-fold increase in IR-autophosphorylation in Huh-7 cells
by 10 and 1 nM insulin was observed. In addition, after 5 minutes of
insulin treatment (Fig. 2B), 0.1 and 0.01 nM insulin also significantly
increased IR-autophosphorylation in Huh-7 cells compared with non-
stimulated cells. At 30 minutes of insulin treatment, the increase in IR
autophosphorylation was reduced compared with the 2 and 5 minutes
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Figure 2. Concentration-dependent induction of IR-autophosphorylation by insulin.
Huh-7 cells were dispersed in 6-wells plates, treated for 2 (A), 5 (B) and 30 (C) min-
utes with insulin (10 nM — 0.001 nM range) in Krebs buffer (ph 7.4). A solid phase
sandwich ELISA, was used to detect and quantify the levels of IR that are phosphory-
lated at tyrosine residues 1162 and 1163 of IR in the lysates (Biosource, Nivelles, Bel-
gium). Data are expressed as Units/mL IR, and represent the mean + S.E. of separate
experiments, performed in duplicate. #, p<0.01 vs. non-stimulated Huh-7 cells (con-
trol). When error bars are not apparent the S.E. values were smaller than symbol size.

incubation periods, although a 2-fold increase by 10 and 1nM insulin

compared with non-stimulated Huh-7 cells was still observed (Fig. 3C).
On the basis of these ‘control’ experiments, we chose a 3-minute incuba
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Figure 3. Effect of SOM230 and OCT on IR-autophosphorylation. Huh-7 cells
were dispersed in 6-wells plates, treated for 3 minutes with 10 nM SOM230 or
10 nM OCT in Krebs buffer (pH 7.4). Data are expressed as Units/mL IR, and rep-
resent the mean = S.E of two individual experiments, performed in duplicate.

tion period with physiological concentrations of 1 and 0.1 nM insulin, to
evaluate whether co-treatment with 10 nM SOM230 or OCT can alter in-
sulin-induced IR-autophosphorylation in sst, +sst, expressing Huh-7 cells.
The incubation of Huh-7 cells with either 10 nM SOM230 or 10 nM
OCT did not induce any change in IR-autophosphorylation (Fig. 3).
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Figure4. Effect of SOM230 and OCT on insulin-induced IR-autophosphorylation. Huh-7
cells were dispersed in 6-wells plates, treated for 3 minutes with insulin in the presence or
absence of a SRIF-analog in Krebs buffer (pH 7.4). (A) 1nM insulin +/- 10 nM SOM230,
(B) 0.1nM insulin +/- 10 nM SOM230, (C) 1nM insulin +/- 10 nM OCT and (D) 0.1nM
insulin +/- 10nM OCT. Data are expressed as Units/mL IR, and represent the mean + S.E
of 2 separate experiments, performed in triplicate. 0O, insulin; m, insulin + SRIF-analog.
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When Huh-7 cells were treated for 3 minutes with 1 and 0.1 nM insu-
lin either alone or in combination with 10 nM SOM30, IR-autophos-
phorylation was not affected (Fig. 4A+B). As depicted in figure 4C
and 4D, comparable results as for SOM230 were observed when Huh-
7 cells were co-treated with insulin (1 and 0.1 nM) and 10 nM OCT.

Discussion

SOM230 administration in acromegalic patients does not result in a dra-
matic attenuation of absolute insulin concentrations that can totally ex-
plain the acute rise in glucose levels (3). Therefore, we hypothesized that
SOM230 mightinduce altered insulin signaling in major target tissues such
as liver, skeletal muscle and adipose tissue, i.e. the acute s.c administration
of SOM230 in acromegaly seems to attenuate insulin sensitivity. During
a single-dose Phase I study with SOM230, the increase in serum glucose
levels was enhanced post-prandially as well and appeared dose-dependent,
while similar observations were reported in multiple-dose studies (7).
Crucial for a potential role of SRIF-analogs, in particular SOM230, in
modulating the insulin signaling cascade, is the presence of sst in these
insulin-target tissues. The sst mRNA expression pattern observed in all
individual 6 specimens from visceral omental fat tissue, i.e. only sst and
sst, nRNA, are in agreement with previously reported mRNA data in vis-
ceral fat tissue (3). The insulin receptor (IR) is a tetrameric glycoprotein
consisting of two a and two 3 subunits linked by disulfide bonds. The
intracellular B subunit is a tyrosine kinase that is activated when insulin
binds to the extracellular a-subunit. The tyrosine kinase autophosphory-
lates the insulin receptor and initiates subsequent intracellular phosphor-
ylations that mediate the multiple actions of insulin (8). The predominant
downstream signal after IR autophosphorylation is activation of the insu-
lin receptor substrate (IRS) proteins (9). IRS-1 and other recently cloned
IRS proteins (IRS-2, -3, -4) are phosphorylated upon insulin stimulation
and have adaptor functions between the IR and other cellular substrates
(10). Insulin increases glucose uptake in muscle and fat, inhibits hepatic
glucose production and promotes the storage of substrates in fat, liver and
muscle, and inhibits lipolysis, glycogenolysis and protein breakdown (11).
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Insulin action can be attenuated by protein tyrosine phosphatases (PTP),
which catalyse the rapid dephosphorylation of the receptor and the IRS
substrates (8, 12). The five SRIF receptors are known to mediate a vari-
ety of signal transduction pathways, including protein dephosphorylation
through PTP activation (13-15). Several in vitro studies using sst-express-
ing tumor cells already demonstrated that SRIF-receptors can activate
tyrosine phosphatases, thereby slowing tumor cell growth stimulated by
tyrosine kinases (16-18). In particular, Bousquet and coworkers elegantly
demonstrated in CHO-K1 cells, stably expressing sst,, that addition of the
sst -preferential analog RC-160 to insulin resulted in a higher and more
sustained increase of the tyrosine phosphatase SHP-1 association to IR,
that was directly correlated with an inhibition of phosphorylation of IR
and IRS-1 (19). Also, activation of sst, subtype enhances PTP activity as
well (20). The expression of sst, and sst, in target tissues of insulin action,
might form the molecular target point for effects by SOM230 on insulin
signaling. SOM230, via sst, and/or sst, activation, might increase PTP

Table 1. Binding selectivity of SRIF-analogs for the five sst subtypes.

Binding affinity (ICso, nM)

Compound
ssty ssty sst3 ssty ssts
Somatostatin-14 23 0.2 1.4 1.8 1.4
Octreotide 280 0.4 7.1 >1000 6.3
SOM230 9.3 1.0 1.5 >100 0.2

Data are from radioligand binding assays to membranes from transfected CHO-K 1
cells and African green monkey kidney cells expressing the different human sst sub-

types (28).

activation, which subsequently could result in IR- or IRS-dephosphory-
lation. Eventually, by attenuating the insulin-signaling cascade, plasma
glucose levels might remain elevated due to impaired glucose metabo-

lism in peripheral target tissues. Based on sst, and sst, binding affinity
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differences between SOM230 and OCT, i.e. a 30-fold higher and 2.5-fold
lower affinity, respectively (Table I), we hypothesize that sst, alone, or in
combination with sst,, might be involved in SOM230-mediated effects on
insulin signaling. This would also explain why OCT 100pg did not induce
a profound glucose release, because this OCT dosage is by far not enough
to activate sst, due to its very low sst, binding affinity (EC,, >100 nM).
However, our experiments in Huh-7 cells, which were shown to express
only sst, and sst, at the mRNA level which, do not demonstrate that sst,
or sst, activation can attenuate tyrosine phosphorylation at the IR itself.
We selected Tyrl162and Tyr1163, since the catalytic loop of the tyrosine
kinase domains of the IR involves a three-tyrosine motif corresponding to
Tyr1158, 1162 and 1163 (21). It is generally believed that autophosphory-
lation within the activation loop proceeds a progressive manner initiating
at the second tyrosine (1162), followed by phosphorylation at the first
tyrosine (1158), then the last (1163), upon which the IR becomes fully
active (21). The 10 nM concentration of both SRIF-analogs should have
been sufficiently high to activate sst, (only by SOM230) or even sst,. Pos-
sibly, attenuation of insulin signaling by SOM230 could also take place
at the level of IRS-1or IRS-2 proteins. Both IRS-1 and IRS-2 knockout
mice exhibit insulin resistance (22-25) while IRS-3 and IRS-4 knockout
mice have a normal metabolic profile (26). Therefore, it will be interest-
ing to evaluate whether phosphorylation of IRS-1 and/or IRS-2 can be al-
tered via sst, and/or sst, activation by SOM230. It should also be notified
that the Huh-7 cells have not been thoroughly screened regarding their
IR-pharmacology; other human hepatoma cell lines or, preferentially, hu-
man primary cell cultures should be investigated as well to evaluate the
IR-autophosphorylation involvedness in more detail. Moreover, human
primary adipocytes and myocytes have to be investigated as well, since
these two represent the other target organs of peripheral insulin action
throughout the human body. /n vivo analysis of IR-autophosphorylation
in mice can also form a potential target to investigate the role of sst in
insulin signaling, although interspecies variation can be a burden for
translating data from mice to men. Still, mice lacking PTP1B are hyper-
responsive to insulin, and liver specific re-expression of PTP1B in these
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PTP1B knock-out mice led to marked attenuation of their enhanced insu-
lin sensitivity (27). This observation was probably caused by preferential
dephosphorylation of Tyr1162/1163 residues of the IR by PTP1B in vivo.

SOM230

(E’ secretion
v

| insulin sensitivity
\ &

| glucose uptake
\ :

serum [glucose] I

Figure 5. Schematic overview of possible physiological pathways involved in the
hyperglycaemic effect induced by SOM230. I, Insulin; IR, Insulin receptor; IRS, In-
sulin receptor substrate; P, phosphorylated state of the receptor/protein; PTP, pro-
tein tyrosine phosphatase and sst, SRIF-receptor subtype. Solid lines represent the
proposed primary metabolic route of SOM230-induced hyperglycaemia via altera-
tion of insulin sensitivity in peripheral target organs of insulin action; dashed lines
form the minor involvement of SOM230-mediated suppression of insulin secretion.
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In figure 5, we have summarized our data with respect to the potential
physiological pathways involved in the hyperglycaemic effect induced
by SOM230. Our data in 12 acromegalic patients demonstrated that
SOM230 lowers insulin secretion from pancreatic -cells. The inhibi-
tion of insulin secretion seems to be mediated via sst, while OCT, with
a 2.5 fold higher sst, binding affinity as SOM230, inhibited insulin se-
cretion more pronounced as compared with SOM230. In addition, only
SOM230 injection resulted in an acute raise in glucose levels. There-
fore, we hypothesized that SOM230 might alter insulin signaling, i.e.
SOM230 lowers insulin sensitivity. The sst, and sst, mRNA expression
in peripheral target tissues of insulin action, namely liver, visceral fat
and muscle, form a crucial factor that might point towards a role of sst in
the insulin signaling cascade. Based on the binding affinities of SOM230
and OCT for sst, and sst,, and the observation that only SOM230 caused
an acute raise in glucose levels, we suggest that sst, alone or in com-
bination with sst,, might be responsible for attenuating insulin signal-
ing. SOM230, may activate PTPs, leading to dephosphorylation of IRS
proteins but not the IR, as no alteration of the IR-autophosphorylation
by SOM230 or OCT in Huh-7 cells was observed. Eventually, this
would increase insulin resistance, which, together with a subtle sup-
pression of insulin secretion, results in elevated serum glucose levels.
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Functional Dominance of sst, Receptors

Abstract

Although recent insights demonstrate that somatostatin (SRIF) receptor
subtype (sst) 5, compared with sst , is highly expressed in the majority of
growth hormone (GH-) secreting pituitary adenomas, it has been suggest-
ed that the sst, is the (pre-) dominant receptor in regulating GH release
by GH-secreting pituitary adenoma cells in vivo and in vitro, whereas sst,
receptors may mediate an inhibitory effect on GH secretion as well. The
objective of the present study was to investigate whether a functional
interplay occurs between sst, and sst,. Therefore, a cAMP Response Ele-
ment-Luciferase Reporter Gene Assay and ['*I-Tyr!']-SRIF-14 radioli-
gand binding studies were used in several series of transiently co-trans-
fected HEK 293 cells expressing a constant level of sst, mRNA and sst,
mRNA varying from low (sst,>>sst.) to high (sst,<<sst,). The efficacy
of the sst -preferring SRIF-analog Octreotide (OCT) appeared not to be
affected by the different sst /sst, expression ratios, whereas the sst.-pre-
ferring SRIF-analog BIM-23206 was only maximally effective if the sst,
expression level was superior to sst, expression. The same pattern as for
BIM-23206, although to a lesser extent was observed for the multiligand
SOM230. In conclusion, these results demonstrate a functional interplay
between the key-players in the regulation of human GH release. The sst,
appears to function in a dominant manner over sst,, while sst; itself can
only serve at maximal potency when sst_expression far exceeds that of sst,.

Introduction

Somatostatin (SRIF) exerts its biological effects via five distinct high af-
finity membrane receptor subtypes (sst) that belong to the family of G-
protein-coupled receptors (GPCR) (1). These sst are particularly densely
and homogenously distributed over the growth hormone (GH-) secreting
pituitary tumors of acromegalic patients (2-4). Most GH-secreting pitu-
itary adenomas predominantly express mRNA and protein for sst,and sst.,
while sst and sst, are moderately expressed and sst, are not found (5-7).
SRIF binds with high affinity to all five sst subtypes (8), whereas currently
available SRIF-analogs octreotide (OCT) and lanreotide display a high,
moderate and low affinity to sst, sst, . and sst ,, respectively (9). The
sst -preferring SRIF analogs have been demonstrated to control hormonal
hypersecretion successfully in about two-thirds of acromegalic patients
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(10-12). In acromegalic patients only partially responsive to OCT or lan-
reotide, a relatively low expression of sst, receptors in the GH-secreting
pituitary adenomas of these patients likely explains the partial sensitivity
to these SRIF-analogs (13). Recent insights show that sst, receptors are
highly expressed in the majority of GH-secreting pituitary adenomas (13,
14). Novel SRIF-analogs targeting both sst, and sst, seem more potent
in suppressing GH release, compared with sst, selective SRIF-analogs
(15). A first proof-of-concept clinical trial testing a single s.c. adminis-
tration of SOM230, a SRIF-analog with a more universal binding to sst
(16, 17), showed a significant suppression of circulating GH levels in 11
of 12 patients, suggesting that novel SRIF-analogs with binding affinity
to both sst, and sst, have the potency the increase the number of patients
that can be controlled biochemically during long-term medical treatment
(18). GH inhibition from GH-secreting pituitary adenomas by OCT cor-
relates, in vitro as well as in vivo, with quantitative expression of sst,
mRNA but not for sst; mRNA (13, 14). Surprisingly, although SOM230
shows a very high binding affinity for sst, receptors, no significant corre-
lation was found between the in vitro GH suppression by a maximally ac-
tive concentration of SOM230 and sst, mRNA levels, whereas a positive
correlation was found between the effects of SOM230 and sst, mRNA
levels (14). Therefore, it has been suggested that the sst, seems the (pre-
) dominant receptor in regulating GH release by GH-secreting pituitary
adenoma cells, whereas sst, receptors may mediate an inhibitory effect
on GH secretion as well. A direct proof for this hypothesis is currently
lacking, however. Therefore, the objective of the present study was to use
different sst subtype selective and universal SRIF-analogs in HEK293
cells, transfected with variable quantities of human sst, and sst, receptors
to investigate whether a functional interplay occurs between sst, and sst..

Materials and Methods

Cell line culture and sst constructs

HEK 293 cells (kind gift of Dr. A.P.N. Themmen, Internal Medicine,
Erasmus MC Rotterdam, the Netherlands) were routinely passaged by
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trypsinization as described in detail previously (19). The cells were main-
tained in 75 cm? flasks in DMEM/F-12 medium, supplemented with non
essential amino acids, sodium pyruvate (1 mmol/L), 10% fetal calf serum
(FCS), penicillin (1*10° U/L), streptomycin (50 mg/L), fungizone (0.25
mg/L), L-glutamine (2 mmol/L), and sodium bicarbonate (2.2 g/L), pH
7.6. The cells were cultured at 37° C in a CO -incubator. Before transfec-
tion, the cells were seeded at 40% confluence in 75 cm? flasks and trans-
fected the next day using the calcium phosphate precipitation method.
In order to create a series of different sst /sst, ratios being expressed, HEK
293 cells were transiently transfected with various concentrations of human
sst,and sst, cCDNA [human sst, or sst, cDNA in pBluescript (pBS) (a kind
gift of G.1. Bell, Howard Hughes Medical Institute Chicago, Illinois) was
excised from pBS and inserted into the Nhe-1/Sall or EcoRI/Xbal cloning
site, respectively, of the mammalian expression vector pCi-neo (Promega
Benelux, Leiden, the Netherlands)]. Media and supplements were ob-
tained from GIBCO Bio-cult Europe (Invitrogen, Breda, the Netherlands).

Forskolin-induced cAMP Response Element-Luciferase Re-
porter Gene Assay

The functional responses of the SRIF-analogs in the various cell systems
were determined using a cAMP-responsive reporter construct that con-
tains six CAMP response elements in tandem in front of the cDNA en-
coding the luciferase (LUC) reporter enzyme [pCRE6lux (20)]. HEK293
cells were co-transfected with pCRE6Lux (20) and pRSVlacZ, to con-
trol for transfection efficiency (21) (maximum of 10 ug sst-expression
construct, 2 ug pRSVlacZ, 2 pg pCRE6Lux, and 6 pg carrier DNA per
ml precipitate). Three days after transfection the SRIF-analog dependent
CRE-LUC response was determined in 48-well tissue culture plates (Co-
star, Cambridge, MA) by incubating the cells for 6 h in culture medium
containing 0.1% BSA with 1 uM forskolin (FSK) and increasing con-
centrations of SRIF-analog (range 100 nM — 0.01 pM) and, in another
series of experiments, also in the absence or presence of 50 nM BIM-
23454 (sst,-antagonist). Subsequently, the media were aspirated, the cells
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lysed and luciferase activity was measured using a TopCount luminom-
eter after adding luciferin (22). B-Galactosidase activity of the lysates
was determined to correct for transfection efficiency (21). The CRE-LUC
response produced by 1 uM FSK in each experiment was set at 100%.

Radioligand binding studies
Scatchard Analysis

To determine the binding affinity (Kd) and total receptor number (Bmax),
HEK?293 cells were transfected with different amounts of sst and sst, DNA
(maximum of 14pg total sst-expression construct and 6 pg carrier DNA
per ml precipitate). Three days after transfection, Scatchard analysis using
['2I-Tyr!']-SRIF-14 binding experiments was performed. The method of
membrane isolation and the reaction conditions were previously described
(23). Briefly, membrane preparations (corresponding to 50 pg protein) of
transiently transfected HEK 293 cells, were incubated in a total volume
of 100 pl at room temperature for 45 min with increasing concentrations
of ['**I-Tyr'']-SRIF-14 and with or without excess (1 uM) of unlabeled
Tyr"-SRIF-14, respectively, in Hepes buffer (10 mM Hepes, 5 mM MgCl,
and 0.02 g/L bacitracin, pH 7.6) containing 0.2% BSA. After the incuba-
tion, 1 mL ice-cold Hepes buffer was added to the reaction mixture, and
membrane-bound radioactivity was separated from unbound by centrifu-
gation during 2 min at 14,000 rpm in a Eppendorf microcentrifuge. The
remaining pellet was washed twice in ice-cold Hepes buffer, and the final
pellet was counted in a y-counter. Specific binding was taken to be total
binding minus binding in the presence of 1 uM unlabeled Tyr''-SRIF-14.

Competition experiments
In competition experiments, membrane preparations of transiently trans-
fected HEK 293 cells, as described above, were incubated in a total volume
of 100 ul at room temperature for 45 min with 25 ul ['*I-Tyr'']-SRIF-14
(40.000cpm) and either 25 pl binding assay buffer (total binding) or 1 nM
OCT, SOM230, BIM-23206 or OCT and BIM-23206, in Hepes buffer (10
mM Hepes, 5 mM MgCl, and 0.02 g/L bacitracin, pH 7.6) containing 0.2%
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BSA. After the incubation, 1 mL ice-cold Hepes buffer was added to the
reaction mixture, and membrane-bound radioactivity was separated from
unbound by centrifugation during 2 min at 14,000 rpm in an Eppendorf
microcentrifuge. The remaining pellet was washed twice in ice-cold Hepes
buffer, and the final pellet was counted in a y-counter. Experiments were
conducted in triplicate for each separate co-transfection of sst, and sst,

Quantitative PCR
Quantitative PCR was performed as described previously (24). Messen-
ger RNA was isolated using Dynabeads Oligo (dT),, (Dynal AS, Oslo,
Norway) from transiently transfected (72 h) HEK 293 cells. The cells
were lysed for 2 min in an ice-cold Tris-buffer (100 mM Tris-HCI, pH
8, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM DTT and 5 U/100ul
RNAse inhibitor (HT Biotechnology Ltd., Cambridge, UK). The mixture
was centrifuged at 14,000 rpm for 1 min to remove cell debris. After
adding 40 pl pre-washed Dynabeads Oligo (dT),, to the supernatant, the
mixture was incubated for 5 min on ice. Thereafter, the beads were col-
lected with a magnet, washed three times with a Tris-buffer (10 mM Tris
HCI, pH 8, 0.15 M LiCl, 1 mM EDTA, 0.1% LiDS), and once with a
similar buffer from which LiDS was omitted. Messenger RNA was eluted
from the beads in 2 x 20 ul H,O for 2 min at 65 °C. Complementary DNA
(cDNA) was synthesized using the poly A" mRNA in a Tris-buffer (50
mMTris-HCIL, pH 8.3, 100 mM KCl, 4 mM DTT, 10 mM MgCl,) together
with 1 mM of each deoxynucleotide triphosphate, 10 U RNAse inhibi-
tor, and 2 U AMV Super Reverse Transcriptase (HT Biotechnology Ltd.,
Cambridge, UK) in a final volume of 40 ul. This mixture was incubated
for 1 h at 42 °C. One tenth of the cDNA library was used for quantifica-
tion of sst subtype mRNA levels. The assay was performed using 15 pl
TagMan Universal PCR master mix (Applied Biosystems, Capelle aan de
IJssel, The Netherlands), 500 nM forward primer, 500 nM reverse primer,
100 nM probe and 10 pul cDNA template, in a total reaction volume of 25
ul. The reactions were carried out in a ABI 7700 sequence detector (The
Perkin-Elmer Corporation, Groningen, The Netherlands). PCR amplifi-
cation started with a first step for 2 min at 50 °C, followed by an initial
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heating at 95 °C for 10 min and, subsequently, samples were subjected to
40 cycles of denaturation at 95 °C for 15 sec and annealing for 1 min at 60
°C. To ascertain that no detectable genomic DNA was present in the poly
A" mRNA preparation, since sst genes are intron-less, the cDNA reactions
were also performed without reverse transcriptase. The detection of hypo-
xanthine-phosphoribosyl-transferase (hprt) mRNA served as a control and
was used for normalization of the sst subtype mRNA levels. The primer
sequences that were used have been described in detail previously (14).

Dopamine D2 receptor(D2R) assay

In order to create both D2R-expressing as well D2R and sst,+sst, co-
expressing HEK 293 cells, transient transfections were carried out with
human D2R c¢DNA (commercially available at UMR cDNA resource
center; www.cDNA.com) in the absence and presence of human sst,+sst,
cDNA, respectively. Quantitative RT-PCR for the detection of D2R
mRNA expression was carried out as above, whereby the concentration
of forward primer, reverse primer and probe were 300 nM, 300 nM and
200 nM, respectively. The D2R-primer sequences that were used were;
Forward: 5’- GCCACTCAGATGCTCGCC-3,

Reverse: 5’- ATGTGTGTGATGAAGAAGGGCA-3’ and

Probe: 5 ‘FAM - TTGTTCTCGGCGTGTTCATCATCTGC-TAMRA-3

Test-substances
Octreotide (OCT, Sandostatin®) was obtained from Novartis Phar-
ma A.G., (Basel, Switzerland). SOM230 was synthesized by Novar-
tis Pharma A.G. Somatostatin-14 was purchased from Sigma Chemi-
cal Co. (St. Louis, MO). BIM-23206, a sst.-subtype specific analog,
and BIM-23454, a sst, antagonist, were synthesized by IPSEN (Mas-
sachusetts, USA). Sst binding affinities are depicted in Table 1. ['*I-
Tyr'']-SRIF-14 was purchased from Amersham (Houten, The Nether-
lands). Cabergoline was obtained from Pharmacia-Pfizer (Rome, Italy).

Statistical analysis
The statistical significance of the difference between the effects of 1 nM
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SRIF-analog in the CRE-LUC Reporter Gene Assay and radioligand
competition experiments were determined by using one-way analysis
of variance (ANOVA). When significant overall effects were obtained
by this method, comparisons were made using Newman-Keuls multiple
comparisons test. Calculation of IC,  values for inhibition of FSK-in-
duced cAMP response was made using GraphPad Prism version 3.02 (San
Diego, CA). The unpaired Student t-test was chosen to analyze differ-
ences in concentration-effect curves. Pearson correlation coefficient was
used for correlation analysis between concentration-effect curves and the
sst; mRNA expression levels (both Log-transformed). Data are reported
as means = SEM of the indicated n values, unless otherwise specified.

Table I. Binding selectivity of SRIF-analogs for the five human sst re-
ceptor subtypes used in this study.

Binding affinity (ICso, nM)

Compound
ssty ssty sst3 ssty ssts
SRIF-14° 1.1 0.2 1.4 0.5 1.4
Octreotide 280 0.4 7.1 >1000 6.3
SOM230 9.3 1.0 1.5 >100 0.2
BIM-23206 >1000 166 1000 >1000 24
BIM-23454 # ND 31.6 ND ND 138.7

Data are from radioligand binding assays to membranes from transfected CHO-K1 cells
(16, 28) and African green monkey kidney cells (16) expressing the different human sst
subtypes. Values are from IPSEN (Culler, M.D.), and from Lewis and coworkers (16).
Data for SRIF-14 are summarized from Refs (17, 25-28). #, sst2 antagonist; ND, not done.
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Results
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Figure 1. Dose-dependent inhibition of FSK-induced cAMP response by OCT (A),
SOM230 (o) and BIM-23206 (e) in transiently transfected HEK 293 cells, express-
ing only sst, (A) or sst, (B). cCAMP response was determined with the use of six cop-
ies of a CAMP response element (CRE)-luciferase reporter gene construct (CRE-LUC).
B-Galactosidase activity of the lysates was determined to correct for transfection ef-
ficiency. The cAMP (CRE-LUC) response produced by 1 uM FSK in each experiment
was used as 100% (average stimulation by 1 pM FSK; 5 + 2 fold over control). The val-
ues represent the means + S.E. from at least 2 experiments performed in quadruplicate.
Expression of sst, (C) and sst, (D) mRNA levels in a series of transiently co-transfected
HEK 293 cells, with a fixed concentration sst, cDNA plasmid (10 pg) and increasing con-
centrations of sst, cDNA plasmid (0.1-4 ug). ’Sst and hprt mRNA levels were quantified
by a TagMan assay and results are depicted as bars, representing the means + S.E. from
2 separate experiments performed in duplicate, and are adjusted for HPRT expression.

First, in order to validate the CRE-LUC assay, functional properties of the

SRIF-analogs to inhibit FSK-stimulated cAMP response in transiently
transfected HEK 293 cells, expressing only sst, or sst,, were explored. In

142



Functional Dominance of sst, Receptors

wild type HEK 293 cells, no inhibitory effects of the SRIF-analogs to inhibit
FSK-stimulated cAMP response was observed (datanot shown). As depict-
ed in figure 1A, in sst -expressing HEK 293 cells, a concentration-depen-
dent inhibition of cAMP response was seen for OCT (IC, 0.02+0.08 nM)
and SOM230 (IC_ 0.6+0.12 nM), while BIM-23206 suppressed FSK-in-
duced cAMPresponse only at 10-100nM (IC,  13+0.11 nM). FSK-induced
cAMP response in HEK293 cells, expressing sst, (Fig.1B) was dose-de-
pendently inhibited by SOM230 (IC,,0.09+0.09 nM) and BIM-23206 (IC,
0.24+0.10 nM), while OCT appeared the least potent (IC, 4.6+0.12 nM).
To evaluate whether sst, and sst, receptor expression can influence the
functional properties of each receptor subtype, we compared the poten-
cies of the SRIF-analogs at the physiological 1 nM concentration to in-
hibit FSK-induced cAMP response in a series of transiently transfected
HEK 293 cells, in which a constant sst, mRNA expression level was main-
tained together with increasing sst; mRNA expression levels (Fig. 1C
and 1D). As shown in figure 2A, OCT suppressed FSK-induced cAMP
response to a similar extent independent of the ratio sst /sst, transfected
and, moreover, equalled its potency to suppress cCAMP response in sst,-
expressing HEK 293 cells only. On the other hand, the inhibitory effects
of BIM-23206 (1 nM) significantly increased with increasing sst, expres-
sion, i.e. from 9 £ 5% to 38 &+ 8% and finally 56 + 7% (p < 0.05; Fig.2B).
Moreover, only when sst, expression was greater than sst, expression,
the inhibitory potency of InM BIM-23206 was not significantly differ-
ent as compared with inhibition of FSK-induced cAMP response in the
sst, mono-transfected HEK 293 cells. Although 1 nM SOM230 already
s