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Abstract
Pancreatic	 polypeptide	 (PP)	 is	 known	 to	 affect	 food	 intake.	 In	 this	 explora-
tory	study,	we	set	out	 to	 investigate	 its	 supraphysiological	effect	on	 food	 toler-
ance,	gastric	accommodation,	and	emptying.	 In	12 healthy	volunteers,	0,	3,	or	
10  pmol*kg−1*min−1	 PP	 was	 administered	 intravenously	 (PP0,	 PP3	 or	 PP10).	
Thirty	minutes	thereafter,	nutrient	drink	infusion	(60 ml*min−1)	through	a	na-
sogastric	 feeding	tube	was	started	until	maximum	satiation.	Gastric	accommo-
dation	 was	 assessed	 by	 measuring	 the	 intragastric	 pressure	 (IGP;	 nasogastric	
manometry).	In	a	separate	test,	the	effect	of	PP0	or	PP10	on	gastric	emptying	was	
tested	 in	 10  healthy	 volunteers	 and	 assessed	 using	 the	 13C	 breath	 test.	 Results	
are	 presented	 as	 mean  ±  SEM,	 and	 p  <  0.05	 was	 considered	 significant.	 For	
the	IGP	test,	PP	increased	ingested	nutrient	volume:	886 ± 93,	1059 ± 124,	and	
1025 ± 125 ml	 for	PP0,	PP3,	and	PP10,	 respectively	 (p = 0.048).	 In	all	groups,	
Nadir	IGP	values	were	reached	upon	food	intake	(transformed	values:	1.5 ± 0.2,	
1.7 ± 0.3,	and	1.6 ± 0.3 mmHg	for	PP0,	PP3,	and	PP10,	respectively;	NS)	to	re-
turn	to	baseline	thereafter.	For	the	gastric	emptying	study,	volunteers	ingested	a	
similar	nutrient	volume:	802 ± 119	and	1089 ± 128 ml	(p = 0.016),	and	gastric	
half-	emptying	time	was	281 ± 52	and	249 ± 37 min	for	PP0	and	PP10,	respectively	
(NS).	No	significant	correlation	between	tolerated	nutrient	volume	and	IGP	drop	
(R² < 0.01;	p = 0.88	 for	PP0	vs.	PP3	and	R² =0.07;	p = 0.40	 for	PP0	vs.	PP10,	
respectively)	or	gastric	half-	emptying	 time	 (R² = 0.12;	p = 0.32)	was	 found.	A	
supraphysiological	PP	dose	enhances	food	tolerance;	however,	this	effect	is	not	
mediated	through	gastric	motility.
Clinical Trial registry number: NCT03854708	is	obtained	from	clinicaltrials.
gov.
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1 	 | 	 INTRODUCTION

Pancreatic	 polypeptide	 (PP)	 is	 a	 36-	amino	 acid	 peptide	
released	into	the	circulation	from	the	endocrine	F	cells	of	
the	peripheral	pancreatic	islets	after	a	meal	and/or	exer-
cise.	PP	release	occurs	at	a	low	rate	in	the	fasted	state	but	
it	is	strongly	increased	during	the	meal	digestion	(Kojima	
et	al.,	2007).	PP	secretion	is	biphasic	and	depends	on	the	
amount	of	food	ingested	but	is	independent	from	the	nu-
trient	composition	of	the	meal	(Kojima	et	al.,	2007).	PP	
shows	consistent	structural	homology	with	neuropeptide	
Y	 and	 peptide	 YY	 (Ekblad	 &	 Sundler,	 2002;	 Tatemoto	
et	al.,	1982)	and	exerts	its	effect	by	binding	the	G-	protein-	
coupled	Y-	receptors	whose	five	different	subtypes	Y1–	Y5	
are	expressed	in	mammals	(Larhammar,	1996).	PP	binds	
with	 greatest	 affinity	 the	 Y4	 receptor,	 which	 mRNA	 is	
expressed	 in	 regions	 of	 the	 dorsal	 vagal	 complex,	 the	
area	postrema	(AP),	and	nucleus	tractus	solitarius	(NTS)	
(Larsen	 &	 Kristensen,	 1997;	 Parker	 &	 Herzog,	 1999),	
modulating	 the	 vago-	vagal	 reflex	 pathways	 and	 leading	
to	 changes	 in	 gastrointestinal	 functions	 such	 as	 pan-
creatic	 exocrine	 secretion,	 gallbladder	 contraction,	 and	
gastric	motility	(Kojima	et	al.,	2007).	Moreover,	PP	also	
seems	 to	be	 involved	 in	 the	modulation	of	 food	 intake.	
It	has	been	 reported	 that	 the	peripheral	administration	
of	 PP	 exerts	 anorexigenic	 effects	 in	 humans,	 causing	
suppressed	food	intake	(Batterham	et	al.,	2003).	On	the	
other	hand,	studies	in	rodents	and	dogs	have	shown	an	
increase	of	food	intake	after	central	administration	of	PP	
(Clark	 et	 al.,	 1984;	 Inui	 et	 al.,	 1991).	 Moreover,	 altered	
PP	 secretion	 has	 been	 reported	 in	 clinical	 syndromes	
associated	 with	 abnormal	 eating	 behavior	 in	 humans.	
Patients	with	Prader–	Willi	 syndrome,	a	genetic	 form	of	
obesity	 characterized	 by	 extreme	 hyperphagia,	 have	 a	
blunted	PP	response	following	a	meal	(Zipf	et	al.,	1981).	
Blunted	postprandial	PP	release	has	also	been	observed	
in	individuals	with	morbid	obesity	(Lieverse	et	al.,	1994),	
whereas	 subjects	 with	 anorexia	 nervosa	 show	 an	 exag-
gerated	postprandial	PP	secretion	(Fujimoto	et	al.,	1997).	
Exogenous	 administration	 of	 PP	 was	 followed	 by	 de-
creased	food	intake	 in	both	Prader–	Willi	syndrome	and	
healthy	 individuals	 (Batterham	 et	 al.,	 2003;	 Berntson	
et	 al.,	 1993).	 These	 observations	 indicate	 possible	 in-
volvement	of	PP	in	the	regulation	of	food	intake	and	po-
tentially	also	 in	 the	etiology	of	disorders	of	 food	 intake	
such	as	obesity	and	anorexia	nervosa.

The	mechanism	by	which	PP	affects	feeding	behavior	
needs	 to	be	elucidated,	but	 it	 is	conceivable	 that	at	 least	
part	of	 this	action	could	be	mediated	by	the	modulation	
of	gastric	motility	(Kojima	et	al.,	2007).	However,	studies	
on	the	effect	of	PP	on	gastric	emptying	rate	are	discordant,	
showing	delay,	enhancement,	or	lack	of	effect	(Berntson	
et	al.,	1993;	Kojima	et	al.,	2007;	Schmidt	et	al.,	2005).

Besides	 gastric	 emptying,	 gastric	 accommodation	 is	
an	 important	 aspect	 of	 gastric	 motor	 function,	 and	 has	
been	proposed	to	be	a	major	determinant	of	 food	intake	
(Janssen,	Vanden	Berghe,	et	al.,	2011).	We	have	demon-
strated	 that	 peripheral	 administration	 of	 PP	 in	 rats	
inhibits	 gastric	 accommodation	 and	 delays	 gastric	 emp-
tying,	probably	through	inhibition	of	nitric	oxide	release	
(Verschueren	et	al.,	2014).	However,	so	far,	it	remains	un-
known	whether	PP	is	also	able	to	modulate	gastric	accom-
modation	in	humans	and	whether	this	could	represent	an	
additional	mechanism	by	which	PP	can	affect	food	intake	
and	satiation	feelings.

The	 aim	 of	 this	 study	 is	 to	 evaluate	 whether	 periph-
eral	infusion	of	different	supraphysiological	doses	of	PP	in	
healthy	volunteers	(HVs)	can	affect	nutrient	volume	toler-
ance,	hunger-	related	sensations,	gastric	accommodation,	
and	 gastric	 emptying	 during	 intragastric	 nutrient	 drink	
(ND)	infusion.

2 	 | 	 METHODS

2.1	 |	 Subjects

Twelve	HVs	were	recruited	for	protocol	1	to	study	the	ef-
fect	of	PP	on	gastric	accommodation	and	10	HVs	for	pro-
tocol	2	to	study	the	effect	on	gastric	emptying.	Exclusion	
criteria	comprised	the	presence	of	symptoms	or	a	history	
of	gastrointestinal	diseases,	any	other	significant	disease	
or	psychological	disorder.	None	of	 the	 subjects	was	 tak-
ing	any	medication.	Informed	consent	was	obtained	from	
each	participant	and	the	study	protocol	was	approved	by	
the	Ethics	Committee	of	the	Leuven	University	Hospital,	
Belgium	and	performed	in	full	accordance	with	the	decla-
ration	of	Helsinki.	The	study,	started	in	August	2010	and	
completed	in	March	2011,	is	published	in	clini	caltr	ials.gov	
with	reference	number	NCT03854708.

2.2	 |	 Treatment and randomization

Both	protocols	were	performed	as	a	single	blind,	placebo-	
controlled,	 crossover	 trial.	 In	 protocol	 1,	 the	 effect	 of	
three	different	doses	of	PP:	a	0.9%	saline	placebo	(PP0),	
3 pmol*kg−1*min−1	PP	 (PP3),	and	10 pmol*kg−1*min−1	
PP	(PP10)	on	food	tolerance	was	examined	and	whether	
it	 was	 mediated	 through	 gastric	 accommodation.	 For	
protocol	 2,	 gastric	 emptying	 rate,	 food	 tolerance,	 and	
appetite-	related	sensations	(hunger,	prospective	food	in-
take,	 and	 satiety)	 were	 evaluated	 in	 the	 PP0	 and	 PP10	
arm	 only.	 The	 PP	 was	 purchased	 from	 CS	 Bio	 (USA,	
California,	 Menlo	 Park)	 as	 a	 dry	 powder	 and	 was	 dis-
solved	 by	 the	 university	 hospital	 pharmacy	 in	 a	 0.9%	

http://clinicaltrials.gov
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saline	 solution	 containing	 5%	 albumin	 to	 the	 eventual	
doses	 of	 PP3	 and	 PP10.	 The	 doses	 were	 intravenously	
(IV)	infused	30 min	before	the	meal	until	the	end	of	the	
meal.	For	this	purpose,	a	cannula	was	inserted	into	the	
subjects’	forearm	vein.

Allocation	 happened	 in	 a	 randomized	 and	 counter-
balanced	order	generated	by	a	computer	program	(rando	
mizat	ion.com).	A	minimum	of	1 week	was	respected	be-
tween	consecutive	visits.

2.3	 |	 Study protocols

2.3.1	 |	 Protocol	1:	Gastric	
accommodation	and	food	tolerance

HVs	came	to	the	clinic	after	an	overnight	fast	of	at	 least	
12  h.	 They	 refrained	 during	 this	 time	 from	 alcohol,	 tea,	
and	 coffee,	 and	 stopped	 smoking	 cigarettes	 at	 least	 1  h	
before	 the	 start	of	 the	experiment.	Volunteers	were	also	
asked	to	have	a	light	bread	supper	as	a	last	meal	before	the	
fasted	period.

3.1.1 | Nutrient tolerance IGP measurement
Gastric	accommodation	during	nutrient	infusion	was	as-
sessed	by	IGP	monitoring	as	previously	described	(Janssen,	
Verschueren,	 et	 al.,	 2011).	 In	 brief,	 a	 36-	channel	 high-	
resolution	 solid-	state	 manometry	 probe	 (Manoscan	 360;	
Sierra	Scientific	Instruments;	Manoview	analysis	software	
v2.0.1)	was	positioned	through	the	nose	so	that	at	least	one	
sensor	was	positioned	at	the	level	of	the	lower	esophageal	
sphincter	(LES),	while	IGP	was	measured	as	the	average	
pressure	of	five	pressure	channels	that	were	clearly	posi-
tioned	below	the	LES	or	the	pressure	area	influenced	by	
the	LES.	A	feeding	tube	(Flocare;	Nutricia)	was	positioned	
in	the	stomach	through	the	mouth.	The	tip	of	the	infusion	
tube	 was	 positioned	 approximately	 5  cm	 under	 the	 LES	
and	its	position	was	verified	by	fluoroscopy.	The	catheters	
were	fixed	to	the	subjects’	chin	and	the	participants	were	
comfortably	 positioned	 in	 a	 bed	 with	 the	 trunk	 upright.	
After	 a	 stabilization	 period	 of	 at	 least	 15  min,	 the	 treat-
ment	was	started.	Thirty	minutes	thereafter,	a	liquid	ND	
(Nutridrink®;	150 kcal,	6 g	proteins,	18.4 g	carbohydrates,	
5.8 g	lipids	per	100 ml)	was	infused	directly	into	the	stom-
ach	at	a	constant	speed	(60 ml*min−1)	determined	by	an	
automated	system	using	a	peristaltic	pump.	At	1-	min	in-
tervals,	subjects	were	asked	to	score	their	satiation	using	
a	graphic	rating	scale	that	combines	verbal	descriptors	on	
a	 scale	 graded	 from	 0	 to	 5	 (0,	 threshold;	 5,	 maximal	 sa-
tiation).	Both	intragastric	infusion	and	IV	treatment	were	
stopped	as	soon	as	the	subject	reached	maximal	satiation	
(score	5).	Thereafter,	the	probe	and	the	feeding	tube	were	
removed.

3.1.2 | Blood sample collection and human PP 
plasma level assay
After	 the	 catheter’	 placement	 for	 PP	 infusion,	 an	 ad-
ditional	 cannula	 was	 inserted	 into	 the	 other	 forearm	 in	
order	 to	 collect	 blood.	 Blood	 samples	 were	 taken	 5  min	
before	 the	 PP	 IV	 infusion,	 5  min	 before	 the	 intragastric	
ND	 infusion,	at	 the	end	of	 the	ND	intragastric	 infusion,	
and	 6  h	 after	 the	 meal.	 Samples	 were	 collected	 into	 10-	
ml	tubes	containing	EDTA	(BD	Vacutainer®	Plus	plastic	
whole	 blood	 tube.	 Lavender	 BD	 Hemogard™	 closure.	
Paper	label.	CE	Additive:	K2EDTA	(spray	dried)	(100/sp,	
1000/cs))	and	aprotinin	(50 kIU/ml,	Millipore,	Belgium).	
All	samples	were	stored	on	ice	until	centrifugation	at	4°C,	
after	 which	 plasma	 was	 separated	 and	 stored	 at	 −80°C	
until	further	analysis.	PP	content	was	assayed	with	an	en-
zyme	immunoassay	kit	(Pancreatic	Polypeptide	(Human)	-			
EIA	Kit,	Phoenix	Europe	GmbH,	Germany).

2.4	 |	 Protocol 2: Gastric emptying and 
food tolerance

HVs	 came	 to	 the	 clinic	 after	 an	 overnight	 fast,	 and	 the	
same	constraints	were	 requested	as	 in	 the	previous	pro-
tocol.	A	feeding	tube	was	positioned	into	the	stomach	for	
the	ND	infusion	and	an	intravenous	catheter	was	placed	
into	 the	 subject's	 forearm	 for	 the	 infusion	 of	 the	 PP0	 or	
PP10	treatment.

2.4.1	 |	 Gastric	emptying	rate

Gastric	 emptying	 rate	 after	 PP0	 and	 PP10	 administra-
tion	 was	 quantified	 using	 the	 breath	 test	 (Braden	 et	 al.,	
1995).	 13C-	labeled	 sodium	 octanoate	 (200  mg*L−1)	 was	
added	to	 the	ND	(250 ml,	150 kcal	per	100 ml),	and	the	
liquid	meal	was	infused	at	a	constant	speed	(60 ml*min−1)	
as	discussed	 in	 the	previous	protocol.	Volunteers	 scored	
their	satiation	on	a	scale	and	stopped	as	soon	as	the	sub-
ject	reached	maximal	satiation.	Breath	samples	were	col-
lected	in	exetainers	(Labco,	UK),	 twice	before	and	every	
15 min	after	the	meal	until	6 h	thereafter.	The	gastric	half-	
emptying	time	(T1/2)	was	determined	with	the	ratio	of	the	
exhaled	13CO2/12CO2	by	using	mass	spectrometry.

2.4.2	 |	 Satiety,	return	of	hunger,	and	
prospective	food	intake

HVs	scored	their	feeling	of	satiety,	return	of	hunger,	and	
prospective	food	intake	using	a	VAS	of	100 mm	simulta-
neously	with	the	collection	of	the	breath	samples	for	gas-
tric	emptying.

http://randomization.com
http://randomization.com
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2.5	 |	 Data analysis and statistical test

2.5.1	 |	 Intragastric	pressure	measurement

The	original	data	were	imported	from	the	recording	soft-
ware	to	Microsoft	Excel	(Microsoft).	In	order	to	avoid	influ-
ence	from	artefacts	caused	by	coughing,	sneezing,	subject	
movement,	 or	 swallowing,	 a	 moving	 median	 was	 calcu-
lated	 per	 channel	 from	 the	 original	 data	 (median	 value	
over	1 min	of	original	data).	Per	channel,	a	fasted	‘moving’	
reference	 value	 was	 calculated	 from	 the	 moving	 median	
data	as	 the	average	pressure	 in	 the	 last	5 min	before	 the	
IV	infusion;	a	fed	‘moving’	reference	value	was	calculated	
from	the	moving	median	data	as	 the	average	pressure	 in	
the	last	5 min	before	the	intragastric	ND	infusion.

Data	 about	 IGP	 in	 fasted	 state	 were	 presented	 per	
minute	 as	 the	 difference	 between	 the	 minimum	 mov-
ing	median	value	in	that	minute	and	the	fasted	‘moving’	
reference	value.	IGP	changes	during	the	 intragastric	ND	
infusion	 were	 presented	 per	 minute	 as	 the	 difference	 of	
the	minimum	moving	median	value	 in	 that	minute	and	
the	fed	 ‘moving’	reference	value.	At	this	step,	 the	values	
represent	absolute	pressure	measurements,	which	are	cor-
rected	for	non-	stomach	contractions.	The	average	of	abso-
lute	IGP	values	5 min	before	PP	infusion	(fasted	baseline)	
and	before	ND	infusion	(fed	baseline)	was	compared	be-
tween	conditions	using	a	repeated	one-	way	ANOVA.

IGP	 in	 the	 fasted	 state	 (period	 of	 30  min	 before	 ND	
infusion)	 was	 analyzed	 as	 changes	 from	 fasted	 baseline.	
These	delta	IGP	data	were	presented	as	mean ± SEM,	and	
were	 analyzed	 using	 a	 mixed	 model	 analysis.	 Planned	
contrast	 analysis	 was	 corrected	 for	 multiple	 testing	 by	
Dunnett's	test	(p < 0.05	was	considered	significant).

The	 nadir	 was	 presented	 as	 the	 difference	 between	
the	fed	baseline	IGP	values	and	the	 lowest	absolute	IGP	
value	during	the	meal.	The	nadir	and	time	to	reach	nadir	
were	presented	as	mean ± SEM	and	compared	using	re-
peated	one-	way	ANOVA	(p < 0.05	was	considered	signif-
icant).	Pearson	correlation	analysis	was	used	to	examine	
the	degree	in	which	the	nadir	value	explains	its	effect	on	
food	tolerance.	The	values	of	both	variables	 for	PP3	and	
PP10	 were	 subtracted	 with	 the	 according	 placebo	 value	
(p < 0.05	was	considered	significant).

2.5.2	 |	 Volume	tolerance,	satiation,	return	of	
hunger,	and	prospective	food	intake

The	 volume	 of	 ND	 tolerated	 was	 represented	 as	
mean  ±  SEM	 and	 compared	 using	 repeated	 one-	way	
ANOVA	 with	 Dunnett's	 test	 for	 multiple	 testing	 for	 the	
three	conditions	in	protocol	1	and	two-	tailed,	paired	t-	test	
for	two	conditions	in	protocol	2	(p < 0.05	was	considered	

significant).	For	the	satiation	score,	satiety,	return	of	hun-
ger,	prospective	food	intake,	and	symptoms	evaluated	by	
VAS,	 a	 mixed	 model	 analysis	 was	 used	 with	 condition,	
time	 and	 condition-	by-	time	 as	 main	 output.	 Additional	
analysis	was	performed	with	Dunnett's	test	to	correct	for	
multiple	testing	(p < 0.05	was	considered	significant).

2.5.3	 |	 Gastric	emptying	test

The	isotope	enrichment	in	the	breath	samples	was	meas-
ured	by	isotope	ratio	mass	spectrometry	(ABCA,	Sercon).	
Measured	 delta	 values	 were	 converted	 to	 percentage	 of	
administered	 dose	 of	 13C	 excreted	 per	 hour	 assuming	
a	CO2	production	of	300 mmol*m−²	of	body	surface	per	
hour.	These	data	were	used	to	mathematically	fit	a	curve,	
from	which	the	gastric	half-	emptying	time	(T1/2)	was	sub-
sequently	calculated	(Ghoos	et	al.,	1993).	Data	were	rep-
resented	as	mean ± SEM	and	compared	with	a	two-	tailed,	
paired	t-	test	(p < 0.05	was	considered	significant).	Pearson	
correlation	 analysis	 was	 performed	 between	 food	 toler-
ance	and	gastric	half-	emptying	time	(p < 0.05	was	consid-
ered	significant).

2.5.4	 |	 Human	PP	assay

PP	 plasma	 levels	 were	 evaluated	 on	 four	 separate	 time	
points	 as	 mentioned	 above.	 These	 concentrations	 serve	
as	 indication	of	the	PP	plasma	accumulation	for	the	dif-
ferent	 concentrations	 and	 had	 been	 collected	 from	 six	
volunteers.	 Mixed	 model	 analysis	 was	 used	 to	 compare	
between	conditions,	by	time	and	for	a	condition-	by-	time	
effect.	Further	testing	to	find	an	effect	between	conditions	
at	the	same	time	points	was	corrected	for	multiple	testing	
by	Dunnett's	test	(p < 0.05	was	considered	significant).

2.5.5	 |	 Statistical	power

For	 this	 study,	 we	 made	 an	 estimation	 for	 the	 n-	value	
based	on	several	earlier	studies.	Batterham	and	colleagues	
showed	 statistically	 significant	 suppressed	 energy	 in-
take	by	a	PP10	dose	 in	10	 individuals	 (Batterham	et	al.,	
2003).	A	5 pmol*kg−1*min−1	PP	dose	showed	a	significant	
reduction	 of	 energy	 intake,	 in	 a	 group	 of	 14	 volunteers	
(Jesudason	et	al.,	2007).	Therefore,	12	volunteers	for	the	
nutrient	 tolerance	 experiment	 in	 combination	 with	 the	
IGP	 measurement	 was	 sufficient	 to	 demonstrate	 an	 ef-
fect	 of	 the	 chosen	 PP	 doses.	 Gastric	 emptying	 of	 a	 solid	
meal	was	delayed	by	infusion	of	both	low	PP	doses	(0.75	
and	 2.25  pmol*kg−1*min−1)	 in	 a	 group	 of	 eight	 volun-
teers.	 No	 effect	 was	 found	 on	 emptying	 after	 intake	 of	
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water,	although	this	was	only	performed	in	six	volunteers	
(Schmidt	et	al.,	2005).	For	the	gastric	emptying	of	the	nu-
trient	drink,	10 healthy	volunteers	were	recruited.

3 	 | 	 RESULTS

3.1	 |	 Protocol 1: Gastric accommodation 
and food tolerance

Twelve	HVs	(age	25 ± 2	y,	BMI	23.9 ± 0.7 kg*m−2,	6	fe-
males)	were	recruited	for	this	study.

3.1.1	 |	 Nutrient	tolerance

The	maximal	tolerated	volume	was	significantly	different	
between	conditions	(p = 0.048;	n = 12).	The	maximal	vol-
ume	of	infused	ND	tended	to	be	increased	for	PP3,	but	not	
for	PP10	(Padj = 0.07	for	PP0	vs.	PP3	and	Padj = 0.14	for	
PP0	vs.	PP10;	886 ± 93 ml	for	PP0	vs.	1059 ± 124 ml	for	
PP3	and	1025 ± 125 ml	for	PP10;	n = 12).

3.1.2	 |	 Intragastric	pressure	measurements

There	was	no	difference	in	the	fasted	IGP	baseline	(5 min	
before	PP	infusion)	between	conditions	(9.8 ± 1.0 mmHg	
for	PP0	vs.	8.8 ± 1.9 mmHg	for	PP3	vs.	9.6 ± 2.0 mmHg	
for	PP10;	p = 0.99;	n = 6).	The	delta	IGP	values	during	the	
fasted	state	(n = 12;	Figure	1)	were	overall	not	affected	by	
the	PP	treatments	(p = 0.37).	The	delta	IGP	changed	sig-
nificantly	over	time	(p = 0.007)	and	there	was	a	tendency	
for	a	condition-	by-	time	effect	(p = 0.067).	Further	analysis	
showed	no	significant	effect	 for	PP3	in	comparison	with	
the	 PP0	 (Padj  =  0.14),	 but	 did	 show	 a	 significant	 delta	

IGP	 increase	 after	 PP10	 administration	 (Padj  =  0.013).	
The	last	5-	min	values	before	ND	infusion	(fed	IGP	base-
line)	were	not	significantly	different	between	conditions	
(9.3 ± 1.0 mmHg	for	PP0	vs.	10.7 ± 1.6 mmHg	for	PP3	vs.	
10.6 ± 1.2 mmHg	for	PP10;	p = 0.63;	n = 12).

During	 intragastric	 infusion	 of	 ND,	 IGP	 initially	 de-
creased	 and,	 thereafter,	 gradually	 increased	 in	 all	 the	
treatment	groups	(Figure	2).	Nadir	IGP	values	were	trans-
formed	according	to	the	box-	cox	method	and	values	were	
presented	as	such.	No	differences	were	found	among	PP0,	
PP3,	and	PP10	for	the	nadir	IGP	values	(1.5 ± 0.2 mmHg	
vs.	1.7 ± 0.3 mmHg	vs.	1.6 ± 0.3 mmHg,	for	PP0,	PP3,	and	
PP10,	respectively;	p = 0.82;	n = 12)	or	time	to	nadir	pres-
sure	(3.8 ± 0.6 min	vs.	6.1 ± 0.8 min	vs.	6.5 ± 1.4 min;	for	
PP0,	PP3,	and	PP10,	respectively;	p = 0.32;	n = 12).	The	ef-
fect	of	PP3	and	PP10	on	the	nadir	value	in	comparison	with	
placebo	was	not	correlated	with	the	effect	on	food	tolerance	
(R² = 0.001,	p = 0.81,	and	R² = 0.04,	p = 0.52,	respectively).

3.1.3	 |	 Human	PP	assay

Human	PP	plasma	concentrations	are	described	in	Table	
S1	 and	 are	 shown	 in	 Figure	 3.	 For	 the	 analysis,	 these	
data	were	logarithmically	transformed	and	are	presented	
as	 such	 in	 this	 section.	 During	 the	 fasting	 state,	 prior	
to	 the	 start	 of	 the	 infusions,	 log	 PP	 plasma	 values	 were	
3.0  ±  0.17  pmol/L	 for	 PP0,	 4.0  ±  0.3  pmol/L	 for	 PP3,	
and	 3.4  ±  0.2  pmol/L	 for	 PP10	 treatment,	 respectively	
(Padj = 0.34;	n = 6).

Before	the	intragastric	ND	infusion,	log	PP	concentra-
tions	 were	 significantly	 higher	 after	 PP3	 and	 PP10	 infu-
sion	than	in	the	PP0 group	(2.7 ± 0.3 pmol/L	after	PP0	vs.	
4.6 ± 0.5 pmol/L	after	PP3	vs.	6.3 ± 0.2 pmol/L	after	PP10,	
Padj < 0.0001;	n = 6).	After	the	intragastric	ND	infusion,	log	
PP	concentrations	were	significantly	higher	after	PP3	and	

F I G U R E  1  The	change	of	IGP	
during	the	first	30 min	of	treatment	in	
the	fasted	state.	The	values	are	changes	
from	the	fasted	baseline	IGP	(average	
value	of	5 min	before	the	treatment).	Data	
are	presented	as	mean ± SEM	(n = 12).	
IGP,	intragastric	pressure;	PP,	pancreatic	
polypeptide;	ND,	nutrient	drink
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PP10	 in	 comparison	 with	 the	 placebo	 (4.0  ±  0.3  pmol/L	
after	PP0	vs.	4.9 ± 0.4 pmol/L	after	PP3	vs.	6.3 ± 0.1 pmol/L	
after	PP10,	Padj < 0.0001;	n = 6).	Significant	differences	
in	 log	 PP	 plasma	 concentrations	 were	 found	 6  hours	
after	 the	 ND	 administration	 amongst	 the	 three	 groups	
(3.4 ± 0.2 pmol/L	after	PP0	vs.	4.9 ± 0.3 pmol/L	after	PP3	
vs.	4.1 ± 0.2 pmol/L	after	PP10;	Padj = 0.046;	n = 6).

3.2	 |	 Protocol 2: Gastric emptying and 
food tolerance

Ten	HVs	(age	23 ± 1	y,	BMI	22.9 ± 0.6 kg*m−2,	6	females)	
were	recruited	for	this	study.

3.2.1	 |	 Nutrient	tolerance

The	 maximal	 tolerated	 volume	 was	 significantly	 dif-
ferent	 between	 placebo	 and	 PP10	 (802  ±  119  ml	 vs.	
1089 ± 128 ml,	for	PP0	and	PP10,	respectively;	p = 0.016;	
n = 10).

3.2.2	 |	 Gastric	emptying	rate

Gastric	emptying	of	 the	infused	nutrient	meal	was	simi-
lar	between	PP0	and	PP10	treatments	(p = 0.49;	n = 10).	
The	gastric	half-	emptying	time	was	281 ± 52 min	in	PP0	
and	249 ± 37 min	in	PP10.	A	significant	correlation	was	

F I G U R E  2  The	change	of	IGP	from	
the	start	of	nutrient	drink	infusion	until	
25 min.	The	values	are	changes	from	a	
baseline	pressure	(average	value	of	5 min	
before	nutrient	drink	infusion).	Data	
are	presented	as	mean ± SEM	(n = 12).	
IGP,	intragastric	pressure;	PP,	pancreatic	
polypeptide;	ND,	nutrient	drink

F I G U R E  3  Human	PP	plasma	
concentrations	before	treatment	of	
placebo	(PP0)	and	3 pmol*kg−1*min−1	
PP	(PP3)	and	10 pmol*kg−1*min−1	PP	
(PP10)	5 min	before	and	immediately	after	
intragastric	ND	infusion	and	6 h	after	
the	ND	infusion.	Data	are	represented	as	
mean ± SEM	(n = 6)	and	p < 0.05	was	
considered	significant.	PP,	pancreatic	
polypeptide
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found	 between	 the	 volume	 of	 ND	 ingested	 and	 gastric	
half-	emptying	time	in	PP0	(p = 0.013;	R² = 0.56),	while	
this	 correlation	 was	 lost	 in	 PP10	 treatment	 (p  =  0.32;	
R² = 0.12).

3.2.3	 |	 Satiety,	return	of	hunger,	and	
prospective	food	intake

Data	 for	 appetite	 sensations	 were	 missing	 for	 one	 vol-
unteer.	 During	 the	 gastric	 emptying	 study,	 hunger	 sen-
sations	 were	 not	 overall	 affected	 by	 PP	 doses	 (p  =  0.55;	
n = 9).	The	sensations	did	decrease	significantly	after	the	
ND	(p < 0.0001;	n = 9),	 although	 the	change	over	 time	
was	not	affected	by	the	condition	(p = 0.67;	n = 9;	Figure	
4a).	Prospective	food	intake	scores	followed	a	similar	pat-
tern	 as	 hunger;	 the	 condition	 had	 no	 significant	 effect	
(p = 0.47;	n = 9).	Prospective	food	intake	scores	decreased	
after	nutrient	infusion	(p < 0.0001;	n = 9),	and	this	time	
difference	was	affected	by	the	PP10	treatment	(p = 0.08;	
n = 9;	Figure	4b).	Satiety	sensations	were	not	affected	by	
condition	 (p = 0.92;	n = 9),	 in	contrast	 to	hunger	 these	
feelings	increased	over	time	(p < 0.0001;	n = 9),	but	the	
change	over	time	was	not	different	between	PP0	and	PP10	
(p = 0.76;	n = 9;	Figure	4c).

4 	 | 	 DISCUSSION

In	this	exploratory	study,	we	examined	the	effects	of	an	in-
travenous	infusion	of	3 pmol/kg*min	(PP3)	and	10 pmol/
kg*min	 (PP10)	PP	 in	comparison	with	placebo	 (PP0)	on	
nutrient	 volume	 tolerance,	 fasted	 and	 fed	 intragastric	
pressure,	 gastric	 emptying,	 and	 food-	related	 sensations	
in	normal-	weight	healthy	adults.	Based	on	our	 findings,	
we	suggest	that	a	supraphysiological	dose	of	PP	increases	
meal	volume	tolerance,	but	this	is	not	mediated	by	an	ef-
fect	on	gastric	accommodation	or	gastric	emptying.

PP	is	a	neuropeptide	Y	family	member,	which	is	released	
from	pancreatic	F	cells.	Neuropeptide	Y	(NPY)	and	peptide	
YY	(PYY)	are	its	relatives,	and	together	they	exhibit	a	gov-
erning	role	on	food	intake	and	homeostatic	functions	after	
binding	one	of	the	Y1–	Y5	receptors.	An	important	role	for	
PP	 in	 the	modulation	of	 food	 intake	has	been	suggested	
earlier,	as	its	administration	affects	food	intake	in	animals	
and	altered	secretion	of	PP	is	associated	with	eating	dis-
orders	in	humans.	PP	has	been	predominantly	described	
as	anorexigenic	in	humans,	although	findings	in	animals	
are	inconsistent.	An	intracerebroventricular	PP	injection	
stimulates	 food	 intake	 in	 a	 dose	 dependently	 fashion	 in	
mice,	whereas	intraperitoneal	injection	dose	dependently	
decreases	food	intake	(Asakawa	et	al.,	1999;	Clark	et	al.,	
1984).	A	similar	effect	is	observed	in	dogs,	where	central	

PP	 administration	 stimulates	 feeding	 (Inui	 et	 al.,	 1991),	
while	intraperitoneal	injections	hamper	eating	motivation	
(Akerberg	et	al.,	2010).	It	seems	plausible	that	PP	controls	
food	intake	by	a	central	and	peripheral	site-	specific	activ-
ity.	 PP	 primarily	 binds	 Y4	 receptor	 and	 secondarily	 the	
Y5	receptor	(Parker	et	al.,	2002).	Y4 mRNA	is	densely	ex-
pressed	in	the	periphery	and	parts	of	the	mouse	brain,	e.g.,	
the	area	postrema	(AP),	nucleus	tractus	solitarius	(NTS),	
dorsal	medial	ventricle	(DMV),	and	lateral	hypothalamus	
(Campbell	et	al.,	2003;	Larsen	&	Kristensen,	1997;	Parker	
&	Herzog,	1999),	while	Y5 mRNA	is	more	abundant	in	the	
lateral	hypothalamus	(Parker	&	Herzog,	1999).	Although	
PP	has	limited	access	through	the	blood–	brain	barrier,	it	is	
possible	that	it	reaches	these	brain	regions	via	the	fenes-
trated	 AP	 (Whitcomb	 et	 al.,	 1990).	 NPY	 stimulates	 food	
intake	after	activating	hunger-	signaling	neurons	via	Y5	re-
ceptor	in	the	arcuate	nucleus	(Naveilhan	et	al.,	1998)	and	
blocks	melanocortin	signaling	to	POMC	cells	(Lam	et	al.,	
2017).	We	suggest	that	the	supraphysiological	PP	concen-
trations	reached	in	this	study	were	able	to	bind	Y5	brain	
receptors,	 therefore	 outclassing	 the	 anorexigenic	 effect.	
Our	 results	 considering	 food	 intake	 are	 in	 disagreement	
with	the	findings	of	Batterham	et	al.	with	IV	PP	infusion.	
A	 first	possible	explanation	 is	our	higher	PP10	accumu-
lation	in	the	plasma,	which	is	almost	10	times	higher	in	
comparison	with	the	PP	increase	after	ND	infusion	(phys-
iological	fed	state	level).	Secondly,	Batterham	et	al.	offered	
a	solid	meal	to	their	volunteers,	while	we	infused	a	liquid	
meal	until	fully	satisfaction.	This	subsequently	means	that	
due	 to	 this	experimental	design	of	a	nasogastric	 infused	
meal,	the	effect	of	the	cephalic	phase	is	bypassed.	Lastly,	
the	 PP	 infusion	 occurred	 at	 different	 time	 points	 in	 the	
study	by	Batterham	et	al.	(Batterham	et	al.,	2003).

Gastric	 tone	 reflects	 activity	 of	 the	 excitatory	 and	 in-
hibitory	motor	neurons	activity,	which	innervate	the	gas-
tric	circular	and	the	longitudinal	muscle	 layers	(Azpiroz	
et	 al.,	 2014).	 The	 major	 excitatory	 neurotransmitter	 and	
primary	modulator	of	the	gastric	tone	is	acetylcholine,	as	
demonstrated	by	several	 studies	 in	both	 in	animal	mod-
els	and	humans,	 showing	 that	 the	administration	of	 the	
muscarinic	 receptor	 antagonist,	 atropine,	 decreases	 the	
muscular	tone	in	the	stomach	(Cuomo	et	al.,	2006;	Lidums	
et	al.,	2000;	Paterson	et	al.,	2000;	Rao	et	al.,	2005).	It	has	
been	 demonstrated	 that	 PP	 acts	 in	 the	 gastrointestinal	
tract	by	inhibiting	cholinergic	pathways;	studies	in	guinea	
pigs	showed	that	PP	inhibits	the	occurrence	of	cholinergic	
contraction	in	intestinal	strips	(Holzer	et	al.,	1986)	and	in-
hibits	the	release	of	acetylcholine	from	myenteric	neurons	
(Schemann	&	Tamura,	1992;	Takahashi	et	al.,	1992).	Our	
data	show	that	a	PP10	dose	increases	the	gastric	 tone	in	
comparison	with	the	other	conditions,	although	this	dif-
ference	disappeared	30 min	after	the	start	of	PP	infusion.	
As	we	observed	no	difference	in	average	IGP	5 min	before	
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F I G U R E  4  Appetite-	related	
sensations	scored	during	the	gastric	
emptying	experiment	on	visual	analogue	
scale	scores	(0–	100 mm)	between	
placebo	(PP0)	and	10 pmol*kg−1*min−1	
PP	(PP10).	T0	represents	the	start	of	the	
intragastric	nutrient	drink	infusion.	Data	
are	represented	as	mean ± SEM	(n = 9),	
and	an	effect	is	considered	significant	
if	p < 0.05.	(a)	Hunger	sensations;	(b)	
Prospective	food	intake	sensations	and	
(c)	Satiety	sensations.	PP,	pancreatic	
polypeptide
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ND	infusion	in	the	fasted	state,	we	conclude	that	a	poten-
tial	change	in	fasted	IGP	had	no	influence	on	GA	or	food	
intake.

Here,	 we	 measured	 gastric	 accommodation	 as	 the	
change	 in	 intragastric	pressure	 (IGP)	during	 intragastric	
liquid	meal	infusion	(Janssen,	Vanden	Berghe,	et	al.,	2011;	
Scarpellini	et	al.,	2021).	Gastric	accommodation	is	a	vago-	
vagally	mediated	reflex	that	occurs	in	the	stomach	during	
ingestion	of	a	meal	in	order	to	provide	a	reservoir	for	in-
gested	food	and	consists	of	a	reduction	in	gastric	tone	and	
an	increase	in	compliance	in	response	to	food	intake,	al-
lowing	 for	an	 increased	 fundic	volume	without	a	rise	of	
IGP.	In	this	study,	we	observe	no	inhibitory	effect	of	PP	on	
IGP	during	a	nutrient	drink	challenge	as	was	observed	in	
the	mouse	model	(Verschueren	et	al.,	2014)	or	according	
what	could	be	expected	with	the	increased	food	intake.

Our	results	show	that	the	PP10	dose	also	does	not	affect	
the	gastric	emptying	rate.	Studies	have	shown	that	intra-
peritoneal	 injection	of	PP	stimulates	gastric	emptying	in	
experimental	animals	(Nakajima	et	al.,	1994),	but	in	gen-
eral	data	on	gastric	emptying	rate	are	discordant,	showing	
a	delay,	stimulation,	or	lack	of	a	PP	effect	(Janssen,	Vanden	
Berghe,	et	al.,	2011;	Kojima	et	al.,	2007;	Nakajima	et	al.,	
1994;	 Schmidt	 et	 al.,	 2005).	 Okumura	 et	 al	 (1994)	 have	
shown	that	intraperitoneal	injection	of	PP	suppresses	gas-
tric	emptying	in	experimental	animals,	and	it	seems	that	
the	dose	of	exogenous	PP	required	for	inhibition	of	gastric	
emptying	is	comparable	to	the	dose	required	for	suppres-
sion	of	food	intake;	on	the	other	hand,	the	intracisternal	
administration	of	PP,	that	may	bind	the	receptor	localized	
in	the	dorsal	vagal	complex,	accelerated	gastric	emptying	
rate	in	rats	and	this	effect	can	be	induced	when	PP	is	cen-
trally	administered	and	is	potentially	also	responsible,	at	
least	in	part,	for	the	increased	food	intake	(Okumura	et	al.,	
1994).	 Individual	 volunteer	 data	 of	 half-	emptying	 time	
often	show	a	biphasic	curve,	with	a	secondarily	occurring	
delay.	Volunteers	drank,	on	average,	895.3 ml	for	placebo	
and	1089 ml	for	PP10,	which	are	significant	amounts.	It	
is	plausible	 that,	due	 to	 the	experimental	design	of	 food	
tolerance,	the	caloric	intake	affected	the	gastric	emptying,	
for	instance,	by	feedback	inhibition	from	the	small	bowel.	
In	this	experimental	setting,	the	increased	volume	of	food	
tolerance	is	not	explained	by	changes	in	gastric	emptying.

There	are	a	few	limitations	in	this	study.	First,	plasma	
for	the	PP	assay	was	only	collected	from	six	participants	
to	confirm	the	delivery	 in	 the	blood	stream,	and	 to	esti-
mate	the	PP	concentration	ranges	by	the	different	doses.	
Second,	the	nutrient	tolerance	test	bypasses	the	cephalic	
phase	and	is	developed	to	elucidate	the	functioning	of	the	
gastric	 motor	 mechanism	 (Scarpellini	 et	 al.,	 2021).	 It	 is	
true	that	the	taste	of	mixed	meals	stimulates	PP	secretion	
into	the	plasma;	however,	this	moderate	release	(±30 pg/

ml)	(Teff,	2010)	is	negligible	compared	to	the	PP	concen-
trations	after	PP3	or	PP10	administration.

In	conclusion,	 the	present	study	suggests	 that	 the	ex-
ogenous	administration	of	PP	in	HVs	increases	tolerance	
of	an	intragastrically	infused	nutrient	meal.	No	effect	on	
gastric	 accommodation	 or	 gastric	 emptying	 is	 observed,	
and	postprandial	food-	related	sensations	are	not	affected.
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