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ABSTRACT Prader-Willi syndrome (PWS) is characterized by life-threatening childhood-onset hyperphagia, obesity and,
uniquely, high plasma levels of ghrelin, the orexigenic gastric hormone. Somatostatin suppresses ghrelin secretion in normal
subjects. We therefore examined the effect of somatostatin on plasma ghrelin and appetite in four male PWS adults fasted
overnight in a double-blind, placebo-controlled, randomized cross-over study. Subjects received an intravenous infusion of
somatostatin (250 pg/hr) or saline for 300min, and had blood samples taken every 30min for measurement of plasma ghrelin and
PY'Y3-36 (anorexigenic intestinal hormone) by radio-immunoassay, and glucose. Appetite was measured by counting sandwiches
eaten over a 60min free food access period from +120min. Despite somatostatin lowering fasting plasma ghrelin by 60 + 2%
(P=0.04) to levels seen in non-PWS men, there was no associated reduction in food intake (15 + 9% of food intake during saline
infusion, P=0.6). Somatostatin also lowered plasma PYY levels by 45 t 16% (P=0.04), and produced post-prandial
hyperglycemia (P=0.04). We conclude that either hyperghrelinemia may not contribute to hyperphagia in PWS adults, or perhaps
concomitant reductions in anorexigenic gastrointestinal hormones by somatostatin counteracted any anorexigenic effect of
lowering orexigenic ghrelin. Somatostatin analogues may therefore not be an effective therapy for obesity in PWS. Larger chronic

studies with long-acting somatostatin analogues will be needed to determine their benefits and risks in treating PWS obesity.

Introduction

Prader-Willi syndrome (PWS) is the most common
genetic syndromal cause of human obesity, characterized by
life-threatening hyperphagia from childhood, for which
effective treatments are lacking (1). PWS results from absent
expression of imprinted genes on chromosome 15q11-q13, but
the pathophysiological cause of their hyperphagia is unclear,
though it is felt to be hypothalamic in origin (1). The control
of appetite includes interactions between circulating
hormones, particularly those secreted by the gastrointestinal
tract, and hypothalamic feeding neuropeptides (2).

Anorexigenic hormones include peptide YY 336 (PYY),
whose secretion from the intestine increases post-prandially in
proportion to calories consumed (3). Ghrelin is an orexigenic
gastric hormone, which stimulates feeding through the GH-
secretagogue receptor (GHS-R), at least in part through
activation of orexigenic neuropeptide Y (NPY) and agouti-
related related peptide (AGRP) hypothalamic neurons (4).
NPY and AGRP neurons appear normal on post-mortem
examination of PWS hypothalami (5). Chronic peripheral or
central administration of ghrelin to rodents causes obesity
(4,6), and ghrelin acutely stimulates appetite when infused in
humans (7). Plasma ghrelin levels are high before meals and
fall after food (8).

Plasma ghrelin is usually low in obesity, but is uniquely
elevated around 2 to 3-fold in PWS subjects, compared to
obese controls (9-13). The cause and consequences of
hyperghrelinemia in PWS remains unclear (1,12,13), but it has
been hypothesized to contribute to their hyperphagia (9,10).

Somatostatin is able to suppress circulating ghrelin in
normal subjects (14,15). We therefore hypothesized that
somatostatin would lower plasma ghrelin and hence appetite
in patients with PWS.

Materials and Methods
Subjects. We studied four male adults with PWS (mean +
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SEM: age 25.6 + 0.4 years, body mass index (BMI) 31.4 + 2.9
kg/m®, % body fat 28.4 + 6.6% (bio-impedance analysis,
Bodystat 1500, Isle of Man, UK), body weight 70.2 = 7.1 kg),
all of whom suffered from childhood-onset hyperphagia.
Local ethical approval was obtained, and informed consent
obtained from subjects and carers.

Somatostatin infusions. Subjects were studied in a double-
blind, placebo-controlled, randomized cross-over manner.
Subjects were given a fixed 450kCal supper (98g
carbohydrate, 8g protein, 4g fat) at 19.00h the evening before
each of two separate study days, and then fasted overnight. On
the next day they received an intravenous infusion of
somatostatin (Stilamin: Serono, Geneva, Switzerland, 250
pg/hr) for 300min starting at 09.30h (Omin), or a control
infusion of 0.9% saline. From +120 to +180min, they were
given free access to cottage cheese sandwich quarters
(61.5kCal, 8¢ carbohydrate, 3g protein, 2g fat per quarter),
along with 200ml of orange juice, to assess appetite (16). The
number of sandwiches presented was kept constant to provide
a constant food stimulus. The number of sandwiches
consumed was measured every Smin during this 60min period.
Blood was taken at 30min intervals for assay of plasma
glucose (oxidase method, Roche Modular Analytics, Lewes,
UK), and immediately spun, plasma separated and stored at -
20°C for radio-immunoassay (RIA) of ghrelin (EDTA) and
PYY (lithium heparin containing aprotinin, Bayer, Newbury,
UK, 2.7% v/v). After termination of the infusion at +300min,
sampling was continued until +420min.

Overnight fasting and post-prandial blood samples were
also assayed from five non-PWS obese male adults (age 38.2
+ 3.9 years, BMI 34.5 £ 3.0 kg/m’, body fat 31.1 % 3.3%).
Samples were collected from these non-PWS subjects before
and after (every 30min for 180min) a fixed breakfast
(522kCal, 77g carbohydrate, 15g protein, 19g fat) for
determination of fasting, trough and peak post-prandial levels.
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Radioimmunoassays. Samples for RIA were measured in
duplicate in the same assay. Ghrelin-like immunoreactivity
was measured with a specific and sensitive RIA that measures
both octanoyl and des-octanoyl ghrelin, and does not cross-
react with any known gastrointestinal or pancreatic peptide
hormones. The antisera (SC-10368, Santa Cruz
Biotechnolo%y, CA, USA) was used at a final dilution of
1:50,000. '™I ghrelin was prepared by Bolton & Hunter
reagent (Amersham International, UK) and purified by reverse
phase-HPLC. The specific activity of ghrelin label was 48
Bg/fmol. The assay was performed in total volume of 0.7ml of
0.06M phosphate buffer pH7.2, containing 0.3% BSA and
incubated for 3 days at 4°C before charcoal-absorption
separation. The assay detected changes of 25pmol/L of plasma
ghrelin with 95% confidence limit, with an intra-assay
coefficient of variation (CV) of 5.5%. PYY was assayed using
an established RIA (3).

Statistical analysis. Comparisons between treatment and
subject groups and different time points were made using the
paired or unpaired Student’s t-test. Statistical significance was
taken as P<0.05.

Results

Somatostatin lowered ghrelin levels compared to saline,
both before and during the meal (Fig.1A), reaching 60.4 +
2.3% (range 54.8 - 65.8%) suppression at +120min (pre-meal
saline: 742 + 205 vs. somatostatin: 287 + 78 pmol/L,
P=0.038). By comparison the fasting ghrelin levels in five
similarly obese non-PWS adult males were 442 + 49 pmol/L,
falling to a post-prandial trough of 368 + 48 after a 522 kCal
breakfast (Fig.1A, P=0.12 and 0.38 vs. pre-meal ghrelin levels
in PWS subjects receiving somatostatin). Post-prandially,
plasma ghrelin tended to be lower in PWS subjects receiving
somatostatin compared to saline (P=0.07-0.21) throughout the
rest of the study (Fig.1A). Plasma ghrelin fell post-prandially
by a maximum of 54.0 £ 4.9% (P=0.002 vs. pre-meal) while
receiving saline, but by only 27.9 + 3.5% (P=0.004 vs. pre-
meal) while receiving somatostatin (% fall P=0.03 saline vs.
somatostatin).

Despite this marked lowering of plasma ghrelin in PWS
subjects before and during the period of free access to food,
somatostatin had no significant effect on the cumulative or
total amount of food eaten during this period (P=0.20-1.00,
Fig.2). The total food intake while receiving somatostatin was
105.2 £ 9.1% (range 91.5 - 131.9%, P=0.61) of that when
receiving saline. Two of the four subjects were still eating
food at the end of the 60min period during both infusions.

Somatostatin lowered PYY levels compared to saline,
both before and at the end of the meal (Fig.1B), reaching 44.6
+ 15.7% suppression at +120min (saline: 18.6 + 3.1 wvs.
somatostatin: 11.6 = 4.6 pmol/L, P=0.044). Plasma PYY
increased to similar levels in the two groups after the meal had
been completed (P=0.28-0.93, Fig.1B). Before access to food,
somatostatin lowered fasting plasma glucose levels slightly at
+60 and +90min (Fig.1C), but no subject had symptomatic or
biochemical hypoglycemia, with glucose levels always > 2.8
mmol/L (50 mg/dL). Somatostatin had no significant effect on
plasma glucose at the start or during the food access period
(+120 to +180min, Fig. 1C). By +210min somatostatin had
caused significant hyperglycemia compared to saline (saline:
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6.5 £ 0.9 vs. somatostatin 12.7 + 1.8 mmol/L. (117 + 16 vs.
229 + 32 mg/dL), P=0.037, Fig.1C).
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FIGURE 1. Effect of somatostatin on plasma ghrelin, PYY
and glucose levels in PWS.
Effect of a somatostatin (250pug/hr: e, solid line) or saline (o,
dashed line) infusion on plasma (A) ghrelin, (B) PYY or (C)
glucose in four PWS male adults. Duration of infusion (black
bar) and access to food (grey bar) are indicated. A represents
fasted levels, and A post-prandial trough (A) or peak (B,C)
levels after a 522kCal breakfast in five non-PWS obese male
adults. Data represents mean + SEM. * P<(.05 somatostatin
vs. saline at same time point. Note that somatostatin lowers
both plasma ghrelin and PYY, and causes post-prandial
hyperglycemia in PWS subjects. To convert ghrelin units from
pmol/L to pg/mL multiply by 3.4, PYY units from pmol/L to
pg/mL multiply by 4.3, and glucose units from mmol/L to
mg/dL multiply by 18.0.
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FIGURE 2. Effect of somatostatin on food intake in PWS.
Effect of a somatostatin (e, solid line) or saline (o, dashed
line) infusion on cumulative consumption of food (no. of
sandwiches or kCal eaten) during a 60min period of free
access to food in four PWS male adults. Data represents mean
+ SEM. Note that somatostatin has no significant effect on
food intake in PWS subjects.

Discussion

We found that an intravenous somatostatin infusion
acutely suppressed fasting plasma ghrelin levels in PWS male
adults by around 60%, similar to that seen in non-PWS
subjects (14,15). A similar lowering of plasma ghrelin was
recently reported after 5-7 days of subcutaneous treatment
with the somatostatin analogue, octreotide, in PWS children,
but that study did not examine the effect on food intake (17).
Using the same ghrelin RIA as in the current study, we have
found that fasting ghrelin levels are elevated up to 2.2-fold in
PWS adults compared to non-PWS adults adjusting for their %

"body fat, and elevated up to 1.8-fold for their insulin
sensitivity (13). The 60% suppression of fasting plasma
ghrelin achieved with somatostatin in our individual PWS
patients would therefore have fully corrected their
hyperghrelinemia, and as a result their fasting ghrelin levels
were no higher than those seen in similarly obese non-PWS
men. Despite somatostatin normalizing fasting plasma ghrelin
we were unable to observe any reduction in food intake when
the PWS subjects were given free access to food during the
infusion.

Somatostatin also lowered plasma PYY levels, which is
consistent with the ability of somatostatin or its analogues to
reduce secretion of many gastrointestinal hormones, including
cholecystokinin, GLP-1 and pancreatic polypeptide (18,19).
Indeed these and most other gastrointestinal hormones so far
identified to affect appetite are anorexigenic (2,20-23), with
only ghrelin known to stimulate feeding (7). The post-
prandial hyperglycemia induced by somatostatin would be
consistent with the recognized suppression of insulin secretion
(18).

The lack of any reduction in food intake despite
correcting hyperghrelinemia in PWS subjects suggests either
that (i) hyperghrelinemia does not contribute to hyperphagia in
PWS, or (ii) concomitant reductions in anorexigenic
hormones, such as PYY, by somatostatin counteract any
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anorexigenic ‘effect achieved through lowering orexigenic
ghrelin (2,3,20). A lack of a contribution to hyperphagia by
hyperghrelinemia in PWS may result from (i) an overriding
and persisting orexigenic effect of other abnormalities, such as
deficient or defective anorexigenic neurons in the
hypothalamic paraventricular nucleus, which impairs satiety
(ii) hypothalamic abnormalities in PWS that hinder a normal
response to changes in ghrelin, or (iii) the chronic
hyperghrelinemia down-regulating or densensitizing GHS-R
(1,16,24-26).

This suggests that somatostatin analogues alone may not
be an effective therapy for hyperphagia in PWS. Furthermore
although it has been postulated that somatostatin analogues
may help reduce hypothalamic obesity from suprasellar
tumors through suppression of hyperinsulinemia-stimulated
adipogenesis (27), the relative hypoinsulinemia in PWS
subjects (seemingly related to reduced visceral adiposity and
insulin resistance) may limit the benefit of this effect in PWS
obesity (28,29), while still predisposing to hyperglycemia.

Although ghrelin infusions are able to stimulate feeding
after only a few hours (7), and hour-to-hour changes in ghrelin
are thought to play a role in meal initiation (8), it does remain
possible that more prolonged or greater suppression of
hyperghrelinemia, perhaps in. combination with other
therapies, will be needed to reduce hyperphagia and hence
obesity in PWS. Chronic studies with long-acting somatostatin
analogues in larger numbers of both children and adults with
PWS and the development of ghrelin antagonists will be
needed to answer these questions.

Acknowledgements
T. Brothwood for assistance with infusions and PWS blood
collection; G. Conway for clinical care of PWS patients; PWS
subjects, carers and family; N. Kalingag, M. Korbonits, A.B.
Grossman for help with non-PWS blood collection; S.R.
Bloom and UK PWS Association for financial assistance.

References

1. Goldstone AP. 2004 Prader-Willi syndrome: advances in
its genetics, pathophysiology and treatment. Trends
Endoocrinol Metab. 15:12-20.

2. Neary NM, Goldstone AP, Bloom SR. 2004 Appetite
regulation: from the gut to the hypothalamus. Clin
Endocrinol (Oxf). 60:153-160.

3. Batterham RL, Cohen MA, Ellis SM, le Roux CW,
Withers DJ, Frost GS, Ghatei MA, Bloom SR. 2003
Inhibition of food intake in obese subjects by peptide
YY3-36. N Engl ] Med. 349:941-948.

4. Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H,
Kangawa K, Matsukura S. 2001 A role for ghrelin in the
central regulation of feeding. Nature. 409:194-198.

5. Goldstone AP, Unmehopa UA, Bloom SR, Swaab DF.
2002 Hypothalamic NPY and agouti-related protein are
increased in human illness but not in Prader-Willi
syndrome and other obese subjects. J Clin Endocrinol
Metab. 87:927-937.

6. Tschop M, Smiley DL, Heiman ML. 2000 Ghrelin
induces adiposity in rodents. Nature. 407:908-913.

7. Wren AM, Seal LJ, Cohen MA, Brynes AE, Frost GS,
Murphy KG, Dhillo WS, Ghatei MA, Bloom SR. 2001
Ghrelin enhances appetite and increases food intake in



Tan et al. ® Rapid Communications

10.

11.

12,

13.

14.

15.

16.

humans. J Clin Endocrinol Metab. 86:5992-5995.
Cummings DE, Purnell JQ, Frayo RS, Schmidova K,
Wisse BE, Weigle DS. 2001 A preprandial rise in plasma
ghrelin levels suggests a role in meal initiation in humans.
Diabetes. 50:1714-1719.

Cummings DE, Clement K, Purnell JQ, Vaisse C, Foster
KE, Frayo RS, Schwartz MW, Basdevant A, Weigle DS.
2002 Elevated plasma ghrelin levels in Prader Willi
syndrome. Nat Med. 8:643-644.

Delparigi A, Tschop M, Heiman ML, Salbe AD,
Vozarova B, Sell SM, Bunt JC, Tataranni PA. 2002 High
circulating ghrelin: a potential cause for hyperphagia and
obesity in Prader-Willi syndrome. J Clin Endocrinol
Metab. 87:5461-5464.

Haqq AM, Faroogi IS, O'Rahilly S, Stadler DD,
Rosenfeld RG, Pratt KL, LaFranchi SH, Purnell JQ. 2003
Serum ghrelin levels are inversely correlated with body
mass index, age, and insulin concentrations in normal
children and are markedly increased in Prader-Willi
syndrome. J Clin Endocrinol Metab. 88:174-178.
Goldstone AP, Thomas EL, Brynes AE, Castroman G,
Edwards R, Ghatei MA, Frost G, Holland AJ, Grossman
AB, Korbonits M, Bloom SR, Bell JD. 2004 Elevated
fasting plasma ghrelin in Prader-Willi syndrome adults is
not solely explained by their reduced visceral adiposity
and insulin resistance. J Clin Endocrinol Metab. 89:1718-
1726.

Goldstone AP, Patterson M, Kalingag N, Ghatei MA,
Brynes AE, Bloom SR, Grossman AB, Korbonits M.
2004 What is the cause of hyperghrelinemia in Prader-
Willi syndrome and is it seen in hypothalamic obesity?
Abstracts 86th Annual Meeting of the American
Endocrine Society. P1-351.

Broglio F, Koetsveld PP, Benso A, Gottero C, Prodam F,
Papotti M, Muccioli G, Gauna C, Hofland L, Deghenghi
R, Arvat E, Van der Lely AJ, Ghigo E. 2002 Ghrelin
secretion is inhibited by either somatostatin or cortistatin
in humans. J Clin Endocrinol Metab. 87:4829-4832.
Norrelund H, Hansen TK, Orskov H, Hosoda H, Kojima
M, Kangawa K, Weeke J, Moller N, Christiansen JS,
Jorgensen JO. 2002 Ghrelin immunoreactivity in human
plasma is suppressed by somatostatin. Clin Endocrinol
(Oxf). 57:539-546.

Holland AJ, Treasure J, Coskeran P, Dallow J, Milton N,
Hillhouse E. 1993 Measurement of excessive appetite and
metabolic changes in Prader-Willi syndrome. Int J Obes.
17:527-532.

. Haqq AM, Stadler DD, Rosenfeld RG, Pratt KL, Weigle

DS, Frayo RS, LaFranchi SH, Cummings DE, Purnell JQ.
2003 Circulating ghrelin levels are suppressed by meals
and octreotide therapy in children with Prader-Willi
syndrome. J Clin Endocrinol Metab. 88:3573-3576.

. Parkinson C, Drake WM, Roberts ME, Meeran K, Besser

GM, Trainer PJ. 2002 A comparison of the effects of
pegvisomant and octreotide on glucose, insulin, gastrin,
cholecystokinin, and pancreatic polypeptide responses to
oral glucose and a standard mixed meal. J Clin Endocrinol
Metab. 87:1797-1804.

. Plockinger U, Holst JJ, Messerschmidt D, Hopfenmuller

W, Quabbe HJ. 1999 Octreotide suppresses the incretin
glucagon-like peptide (7-36) amide in patients with

20.

21.

22.

23,

24,

25.

26.

27.

28,

29.

J Clin Endocrinol Metab, August 2004, 89(8):4162—-4165 4165

acromegaly or clinically nonfunctioning pituitary tumors
and in healthy subjects. Eur J Endocrinol. 140:538-544.
Bray GA. 2000 Afferent signals regulating food intake.
Proc Nutr Soc. 59:373-384.

Flint A, Raben A, Astrup A, Holst JI. 1998 Glucagon-like
peptide 1 promotes satiety and suppresses energy intake
in humans. J Clin Invest. 101:515-520.

Cohen MA, Ellis SM, le Roux CW, Batterham RL, Park
A, Patterson M, Frost GS, Ghatei MA, Bloom SR. 2003
Oxyntomodulin suppresses appetite and reduces food
intake in humans. J Clin Endocrinol Metab. 88:4696-
4701.

Batterham RL, le Roux CW, Cohen MA, Park AJ, Ellis
SM, Patterson M, Frost GS, Ghatei MA, Bloom SR. 2003
Pancreatic polypeptide reduces appetite and food intake in
humans. J Clin Endocrinol Metab, 88:3989-3992.

Swaab DF, Purba JS, Hofman MA. 1995 Alterations in
the hypothalamic paraventricular nucleus and its oxytocin
neurons (putative satiety cells) in Prader-Willi syndrome:
a study of five cases. I Clin Endocrinol Metab. 80:573-
579.

Glavaski-Joksimovic A, Jeftinija K, Scanes CG,
Anderson LL, Jeftinija S. 2003 Stimulatory effect of
ghrelin on isolated porcine somatotropes.
Neuroendocrinology. 77:367-379.

Thompson NM, Davies JS, Mode A, Houston PA, Wells
T. 2003 Pattern-dependent suppression of growth
hormone (GH) pulsatility by ghrelin and GH-releasing
peptide-6  in  moderately = GH-deficient  rats.
Endocrinology. 144:4859-4867.

Lustig RH, Hinds PS, Ringwald-Smith K, Christensen
RK, Kaste SC, Schreiber RE, Rai SN, Lensing SY, Wu §,
Xiong X. 2003 Octreotide therapy of pediatric
hypothalamic obesity: a double-blind, placebo-controlled
trial. J Clin Endocrinol Metab. 88:2586-2592.

Goldstone AP, Thomas EL, Brynes AE, Bell JD, Frost G,
Saeed N, Hajnal JV, Howard JK, Holland A, Bloom SR.
2001 Visceral adipose tissue and metabolic complications
of obesity are reduced in Prader-Willi syndrome female
adults: evidence for novel influences on body fat
distribution. J Clin Endocrinol Metab. 86:4330-4338.
Eiholzer U, Stutz K, Weinmann C, Torresani T, Molinari
L, Prader A. 1998 Low insulin, IGF-I and IGFBP-3 levels
in children with Prader-Labhart-Willi syndrome. Eur J
Paediatrics. 157:890-893.



