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Zusammenfassung

Ghrelin ~ (Acylghrelin, AG) st insbesondere bekannt durch seine
hungerinduzierende Wirkung, die es Uber Bindung an seinen Rezeptor, den growth
hormone secretagogue receptor la (GHS-R1a), im Nucleus arcuatus ausubt.
Aufgrund dieser zentralen Wirkung und des Nachweises, dass AG neben der
Magenschleimhaut ebenfalls in den e-Zellen des Pankreas gebildet sowie
sekretiert wird und die Insulinsekretion hemmt, bietet AG einen spannenden
Therapieansatz und stellt eine interessante Verbindung zwischen Erkrankungen

wie Adipositas und Diabetes mellitus Typ 2 her.

Desacylghrelin (DAG), der Metabolit von AG, bei dem die acylierte Fettsaure
abgebaut ist, ist an mehreren biologischen Prozessen beteiligt, die vor allem in
Verbindung mit AG stehen. Von Bedeutung sind insbesondere die
antagonisierenden Eigenschaften von DAG in Bezug auf die von AG vermittelnden
Wirkungen und das Verhéltnis von DAG zu AG, welche ebenfalls in dieser Arbeit
thematisiert werden. Es wird gezeigt, dass die beobachteten Effekte von AG auf
die Stimulus-Sekretions-Kopplung (SSK) in Anwesenheit von DAG und AG im
Verhaltnis 2:1 in Bezug auf die cytosolische Ca** - Konzentration ([Ca®'].), das
Membranpotential und die Glucose-induzierte Insulinsekretion (GSIS) nicht mehr

vorhanden sind.

Die hier vorliegende Arbeit untersucht durch Verwendung des glucolipotoxischen
(GLTx) Modells, in dem (-Zellen und Langerhans-Inseln mittels Inkubation hoher
Glucose- und Palmitatkonzentration einem Uberernahrungszustand ausgesetzt
werden, den Einfluss von AG, DAG und beider Peptide auf die durch GLTx-
ausgelosten Schaden auf die Glucose-induzierten Oszillationen der [Ca®'] und
GSIS. Dabei wird gezeigt, dass die alleinige Inkubation von DAG im GLTx-Modell
keinen Effekt auf die Glucose-induzierten Oszillationen der [Ca*'].-Konzentration
und GSIS hatte. Die Coinkubation von DAG und AG im Verhaltnis 2:1 konnte zwar
nicht die durch GLTx-ausgeldsten Schaden auf die Insulinsekretion verhindern,
jedoch jene auf die Glucose-induzierten Oszillationen der [Ca®*].-Konzentration
und verdeutlicht damit abermals die Bedeutung des Verhéltnisses von DAG zu AG.
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Die prasentierten Ergebnisse verdeutlichen auf’erdem, dass die konstitutive
Aktivitat des GHS-R1a mittels inversem Agonisten neben der Verwendung eines
GHS-R1a Antagonisten bericksichtigt werden muss, um eine vollstadndige
Hemmung des AG-Effekts in murinen Langerhans-Inseln und daraus isolierten -

Zellen zu erreichen.

Mehrere Studien haben nachgewiesen, dass AG die Insulinsekretion des Pankreas
inhibiert und sich negativ auf die Insulinsensitivitdt und die Glucosehomoostase
auswirkt. Dieser Effekt wird im Rahmen dieser Arbeit in murinen 3-Zellen sowie
Langerhans-Inseln, in der Zelllinie MIN6 und in aus jungen Ferkeln isolierten
neonatal islet-like cell clusters (NICCs) gezeigt.

Wie diese Wirkung von AG auf die pankreatische B-Zelle zustande kommt und
damit einhergehend die Expression des GHS-R1a in - oder &-Zellen, wurde in
den letzten Jahren mehrfach und stellenweise kontrovers diskutiert. Es besteht
Uneinigkeit darber, ob AG seine Effekte durch parakrinen Einfluss auf die B-Zelle
oder Uber die Stimulation der Somatostatin- (SST-) Sekretion aus 6-Zellen erzielt,
wodurch schlussendlich SST parakrin die [Ca®"]. erniedrigt und nachfolgend die

Insulinsekretion der B-Zellen hemmt.

Die vorliegende Arbeit belegt, dass die Wirkung von AG auf die 3-Zelle nicht von
SST imitiert wird und sich der Wirkmechanismus von SST und AG in murinen B-
Zellen unterscheidet. SST wirkt im Gegensatz zu AG nicht Gber die Modulation von
Katp-Kanalen, was in dieser Arbeit mit Experimenten in isolierten B-Zellen aus
SUR1-knock-out (SUR™) Mausen belegt wird, welche keinen Karp-Kanal
exprimieren. In Verbindung mit den Ergebnissen aus der GSIS Messreihe mit der
B-Zelllinie MING betrachtet, vermittelt folglich nicht SST allein die Effekte von AG
auf die B-Zelle. Es wird jedoch ebenfalls gezeigt, dass Somatostatinrezeptoren
(SST-R) neben dem GHS-R1a an dem Einfluss von AG auf das Pankreas beteiligt

sind.

Der Wirkmechanismus von AG wird im Rahmen dieser Arbeit mittels Patch-Clamp

Experimenten in der inside/out und Perforated-Patch Konfiguration sowie GSIS
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unter Verwendung eines cAMP-Analogons und eines Phosphodiesterase- (PDE-)
Inhibitors dahingehend spezifiziert, dass AG indirekt den Karp-Kanal Uber den
cAMP/PKA Signalweg durch Hemmung der Adenylylcyclase (AC) moduliert,

wodurch die Inhibition der Insulinsekretion erklart werden kann.



Summary

Ghrelin (acyl-ghrelin, AG) is well-known for its hunger-inducing effects, which it
establishes by binding to its receptor, the growth hormone secretagogue receptor
la (GHSR1a), in the arcuate nucleus. Aside from the stomach, AG is also localized
in e-cells in the pancreas and inhibits insulin secretion of B-cells. Regarding these
facts, AG is an interesting therapeutical approach and link between diseases such

as obesity and diabetes type 2.

Desacylghrelin (DAG) is the metabolite of AG, that lacks the acylated fatty acid. It
is involved in multiple biological processes, which are, among other things, also
connected to AG. Especially the antagonizing attributes of DAG are of great
importance regarding the mediated effects of AG and the DAG:AG ratio, which will
be a subject of this thesis. It is shown that the observed effects of AG on the
2+]

cytosolic Ca®* concentration ([Ca®'].), the membrane potential and the GSIS are

absent in the presence of a DAG to AG ratio of 2:1.

Glucolipotoxicity (GLTx) provides a model, in which pancreatic B-cells and islets
are exposed to high concentrations of glucose and palmitat to recreate fuel excess
and therefore the deterioration of B-cell function. This thesis used the model to
investigate the influence of DAG, AG and both peptides on this condition. It is
shown that DAG alone could not protect the GLTx-induced disturbances of Ca?*
dynamics in contrast to coincubation of a DAG to AG ratio of 2:1. Neither DAG
alone nor the aforementioned ratio could avert the GLTx-induced impairment of
GSIS. This underlines the importance of the DAG to AG ratio.

The presented results illustrate that the constitutive activity of GHSR1a is an
important feature of this receptor, which has to be considered to achieve a
complete inhibition of the AG-mediated effects on pancreatic -cells and islets.

As several studies have shown AG inhibits insulin secretion and has a negative

impact on both insulin sensitivity as well as glucose homeostasis. This effect will be



showcased in murine (3-cells, with the MING cell-line as well as in neonatal islet-like
cell clusters of piglets, as part of this thesis.

The exact mechanism of how AG influences the pancreatic (3-cells and islets is still
a topic of sometimes controversial debate. There is conflicting data regarding the
expression of GHSR1a in B- or d-cells and how AG mediates its effect. On one
hand, it is postulated that AG directly affects the B-cell function through binding on
GSHR1a expressed in B-cells, while others claim that AG affects B-cells by
inducing paracrine the somatostatin (SST) secretion from the GHSR1a expressed
in 5-cells. SST acts on B-cells and decreases [Ca®']., subsequently inhibiting the

insulin secretion instead of AG.

This thesis shows that the impact of AG on the pancreatic (3-cells cannot be
imitated by SST; their mechanisms differ in their effect on murine B-cells. SST (in
contrast to AG) does not modulate Karp channels, which is shown by experiments
in B-cells isolated from SUR1-KO mice. Combined with the result that AG
decreased GSIS in MING, it is plausible that SST alone does not mediate the effect
of AG on B-cells. It is also shown that somatostatin receptors (SSTRs) are involved
in the mode of action of AG together with its own receptor, the GHSR1a.

This thesis specifies the signaling pathway of AG with patch-clamp experiments in
the inside/out and perforated-patch configuration as well as GSIS by using a cAMP
analogue and a PDE inhibitor. AG indirectly interacts with Katp channels by
interfering with the amplifying cAMP/PKA pathway through the inhibition of

adenylylcyclase (AC) and therefore decreases insulin secretion.
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1 Einleitung

Der Diabetes mellitus Typ 2 ist ein konstantes Wohlstandsproblem in den Landern
der sogenannten ersten Welt, trotz immenser PraventionsmalRnahmen und
intensiver Forschung. Mit dem steigenden Konsum und Reichtum Asiens sind
Stoffwechselerkrankungen wie Diabetes mellitus Typ 2 heutzutage sogar noch
weiter verbreitet und damit ein brisantes Thema, das nach wie vor einen
konstanten Fokus der pharmazeutischen/medizinischen Entwicklung und
Forschung erfordert. Die beim Diabetes mellitus Typ 2 bestehende Insulinresistenz
und Glucoseintoleranz sind neben Bluthochdruck und Dyslipiddmie Bestandteil des
metabolischen Syndroms (Grundy 2006), das verheerende Auswirkungen auf die
Gesundheit und Lebenserwartung der Betroffenen hat.

Mit der Entdeckung von Ghrelin (Kojima et al. 1999) er6ffnete sich die Moglichkeit,
eine Substanz fur die Therapie des Diabetes mellitus Typ 2 zu evaluieren, die
sowohl Einfluss auf die Nahrungsaufnahme als auch auf das Pankreas und die
Glucosehomoostase ausubt und damit ein Bindeglied zwischen Erndhrung und
Diabetes mellitus Typ 2 sein konnte. Fir die Entwicklung neuer
Therapiemdoglichkeiten ist es unerlasslich, die Wirkung und den Signalweg einer
Substanz zu verstehen. Die vorliegende Arbeit hat sich zum Ziel gesetzt dazu
beizutragen, die Effekte, die Ghrelin in der p-Zelle und dem Pankreas hervorruft,

nachzuvollziehen und Aufklarung in Bezug auf den Wirkmechanismus zu leisten.

1.1 Die Bildung von Ghrelin

Ghrelin (Acylghrelin, AG) ist ein strukturell aus 28 Aminosauren (AS) bestehendes
Peptidhormon, welches am Ser3 eine Octanoylgruppe acyliert hat. GHRL, das
humane Ghrelin Gen, ist auf dem Chromosom 3p25-26 lokalisiert (Kojima and
Kangawa 2005). AG wird aus dem 117 AS bestehenden Vorlaufermolekul
Praproghrelin gebildet. Das Préaprogrehlin setzt sich aus einem Signalpeptid (23
AS), einer AG Sequenz (28 AS) und einem C-terminalen Peptid (66 AS)
zusammen. Praproghrelin wird cotranslational zu Proghrelin, einem 94 AS Peptid,
gespalten und in das Lumen des endoplasmatischen Retikulums (ER) freigesetzt.



Die anschlieRende Veresterung zu Acylproghrelin mit einer Octansaure des Ser3
des aus 28 AS bestehenden AG erfolgt im ER durch die Ghrelin O-Acyltransferase
(GOAT), die zu der Familie der membranstandigen O-Acyltransferasen (MBOAT)
gehort (Taylor et al. 2013). Im ER bindet die GOAT n-Octanoyl-CoA an Proghrelin,
welches anschlieBend in den Golgi-Apparat transportiert wird (Gutierrez et al.
2008, Yang et al. 2008, Taylor et al. 2012). GOAT mRNA ist besonders im Magen
stark exprimiert, konnte aber auch im Pankreas und vielen anderen Geweben wie
lleum, Jejunum und Niere nachgewiesen werden (Sakata et al. 2009, Lim et al.
2011). Schlussendlich erfolgt die Abspaltung des C-Terminus des Acylproghrelins
durch die Prohormon Convertase 1/3 (PC1/3) (Zhu et al. 2006), was zur Sekretion
des acylierten Ghrelins (AG) fuhrt (Abb. 1). Ein weiteres Produkt, welches aus dem
Praproghrelin entsteht, ist das 23 Aminosaure lange amidierte Peptid Obestatin
(Zhang et al. 2005).

Die Acylierung von Ghrelin kann auch mit anderen Fettsauren als Octansaure
erfolgen. Das acylierte Substrat ist abhéngig von der dietatischen Verfugbarkeit
von Fettsduren (Nishi et al. 2005, Kirchner et al. 2009). Die Octanoylgruppe ist
jedoch die vorherrschende Form und weist zudem die hochste am AG-Rezeptor
induzierte Aktivitat auf (Hosoda et al. 2003). Die Octanoylgruppe bzw.
Fettsauregruppe am Ser3 wird hauptsachlich fur die physiologischen Effekte von
AG verantwortlich gemacht, welche die Regulation der Nahrungsaufnahme, sowie
den Einfluss auf Adipositas und Insulinsekretion umfassen (Bednarek et al. 2000,
Bender et al. 2019).
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Abb. 1 Die Prozessierung und Bildung der Praproghrelinprodukte AG, DAG und Obestatin.

1.2 Der Rezeptor von AG

AG ist der Ligand des growth hormone secretagogue receptor 1a (GHS-R1a), bei
dem es sich um einen Rhodopsin-dhnlichen G-Protein gekoppelten Rezeptor
handelt, der aus 366 AS besteht (Howard et al. 1996, Kojima et al. 1999). GHS-
R1a mRNA liegt fast ausschlie3lich in Bereichen des ZNS vor; darunter fallen die
Nuclei des Hypothalamus und andere Areale des Gehirns, wie die Substantia
nigra, die Raphekerne und die Area tegmentalis ventralis (VTA). Die Expression
des GHS-R1a im Pankreas ist im Vergleich zum Gehirn von Menschen und Ratten
wesentlich geringer ausgepragt (Guan et al. 1997).

Man unterscheidet hauptsachlich zwei Varianten des GHS-R: GHS-R1a, der aus
sieben transmembrandren Doménen (TM1-TM7) besteht und GHS-R1b, der eine
gespleifdte Variante des GHS-R1a darstellt, nur finf transmembranédre Domanen
(TM1-TM5) besitzt und sich aus 289 AS zusammensetzt (Howard et al. 1996).
Sowohl der GHS-R1a als auch der GHS-R1b werden von einem Gen codiert,
welches beim Menschen auf dem Chromosom 3g26.31 lokalisiert ist (Howard et al.
1996, Liu et al. 2011). Der GHS-R1b wurde zunéchst als nicht-funktioneller
Rezeptor angesehen. Inzwischen wurde nachgewiesen, dass der GHS-R1b

indirekt und direkt die Expression und die Signalwege des GHS-R1a beeinflusst.



Das liegt darin begrindet, dass der GHS-R1b mit dem GHS-Rla im ER
heterodimerisieren kann und damit verhindert, dass der GHS-R1a das ER verlasst
und an die Plasmamembran gelangt (Leung et al. 2007, Chow et al. 2012). Es wird
vermutet, dass dieser Effekt jedoch nur zum Tragen kommt, wenn eine
unphysiologisch hohe Menge des GHS-R1b zur Verfuigung steht (Navarro et al.
2016). Zudem konnte in Lipid Discs nachgewiesen werden, dass die
Heterodimerisierung der beiden Rezeptoren zu einer Konformationsanderung des
GHS-R1a fuhrt, was im Resultat eine Verminderung der Aktivierung des G-Proteins
und die Rekrutierung von Arrestin 2 bei Bindung von AG an das Heteromer zur
Folge hat (Mary et al. 2013). Diese Rekrutierung von Arrestin 2 fuhrt zur
Downregulation der durch Ligandbindung induzierten Signaltransduktion von G-
Protein gekoppelten Rezeptoren und dient der Desensitisierung.

Sowohl mit dem GHS-R1b als auch mit anderen G-Protein gekoppelten
Rezeptoren kann der GHS-R1la Heteromere bilden. Beispielsweise kdnnen in
Neuronen des Hypothalamus in Abwesenheit von AG der Dopaminrezeptor D2
(DRD2-R) und der GHS-R1a miteinander heteromerisieren und die Signalkopplung
des DRD2-R verandern (Kern et al. 2012). Dimerisation von GHS-R1a mit 5-HT,c
verringert den GHS-Rla vermittelten Ca®*-Influx, der normalerweise durch die
Bindung eines Agonisten am GHS-R1a ausgeldst wird (Schellekens et al. 2013).
Park und Kollegen legen dar, dass sie im Pankreas Heteromere des GHS-R1a mit
dem Somatostatinrezeptor 5 (SST-R5) vorgefunden haben, die je nach Verhaltnis
von AG zu Somatostatin (SST) die kanonische Signalkopplung des GHS-Rla
(Gag11) Oder die des SST-R5 (Gy) transduzieren (Park et al. 2012).

Eine hervorzuhebende Eigenschaft des GHS-R1la ist seine hohe konstitutive
Aktivitat (Holst et al. 2004). Diese ist fur mehrere G-Protein gekoppelte Rezeptoren
bekannt (Arvanitakis et al. 1998, Seifert and Wenzel-Seifert 2002, Smit et al. 2007),
ist jedoch beim GHS-R1a besonders stark ausgepragt. Nach dem Preassembly
Model bilden metabotrope Rezeptoren und das GTP-bindende Protein (G-Protein)
selbst in Abwesenheit eines Agonisten einen Komplex (Nobles et al. 2005, Gales
et al. 2006, Qin et al. 2011). Die erste aktive Form (GHS-R1a:G4 Komplex) ist eine
Anordnung, die fir den Rezeptor-katalysierten Guanosindiphosphat- (GDP-) zu
Guanosintriphosphat- (GTP-) Austausch verantwortlich ist. Der zweite GHS-

Rla:Gy Komplex unterscheidet sich von der eben erwahnten Form durch eine



davon abweichende Struktur und zeigt keine Aktivierung des G-Proteins und daher
auch keine GDP- zu-GTP-Umwandlung. In Abwesenheit von AG und Anwesenheit
von Gy kann der GHS-Rla die aktive Konformation einnehmen, die fir die
konstitutive Aktivitat verantwortlich ist (Abb. 2A, 2B) (Damian et al. 2015). Dadurch
kdnnen der Gqg/11 - PLC Signalweg und damit einhergehende Kaskaden aktiv sein,
selbst wenn AG als Ligand nicht vorhanden ist (Damian et al. 2012, Damian et al.
2015, M'Kadmi et al. 2015). Dabei entspricht die PLC-Aktivitdit und die damit
vermittelte 1P3-Akkumulation ungefahr 50% der Aktivitat, die der Rezeptor beim
Vorhandensein von AG als Ligand aufweist. Sobald AG bindet, wird die aktive
Form des Rezeptors konsolidiert. Durch Verwendung eines inversen Agonisten
wird eine zuséatzliche inaktive Konformation stabilisiert und somit die konstitutive
Aktivitdt herabgesetzt. Die Bindung von AG an den Rezeptor wird dabei nicht
beeinflusst. Das Ausmald dieser Eigenschaft wird deutlich bei einer nattrlich
auftretenden Genmutation im zweiten extrazellularen Loop (ECL2) (Ala204Glu), bei
der die konstitutive Aktivitat des GHS-R1a durch die Mutation ausgeschaltet ist. Sie
geht mit einer kleineren Statur bei Menschen einher, obwohl die Bindung von AG
dadurch nicht beeinflusst wird (Pantel et al. 2006).
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Abb. 2 Aufbau und Interaktionsstellen des GHS-R1a. Modell zur Darstellung der Interaktionen von GHS-
Rla mit Gq.

A Modifiziert nach (Callaghan and Furness 2014) und erstellt von Celina Wijesekera. Dargestellt sind die
transmembrandren Doménen 1-7, die extrazellularen Loops 1-3 (ECL) sowie fir die beschriebenen
Bindungsstellen wichtige Aminoséauren. B Modifiziert nach (Damian et al. 2015). In Abwesenheit eines
Liganden ist der aktive Komplex verantwortlich fir die konstitutive Aktivitat des Rezeptors. Die Bindung eines
Agonisten stabilisiert den aktiven Komplex. Durch Bindung eines inversen Agonisten wird die inaktive
Konformation des GHS-R1a unterstiitzt, wodurch der Rezeptor nicht mehr mit Gq interagieren kann.

1.3 Die Regulation der Ausschittung von AG aus dem Magen

Die Plasmakonzentration an AG steigt wahrend der Nahrungskarenz bzw. in
Nuchternphasen und sinkt rapide nach Nahrungsaufnahme (Ariyasu et al. 2001,
Cummings et al. 2001, Toshinai et al. 2001, Tschép et al. 2001a, Shiiya et al.
2002). Die Abnahme der AG-Plasmakonzentration ist abhangig von den oral
eingenommenen Nahrstoffen; die Dehnung des Magens beeinflusst diese nicht

(Tschop et al. 2000, Callahan et al. 2004). Die Prasenz von Chymus im Magen hat



keinen Einfluss auf die Sekretion von AG, was darauf zuriickzufihren ist, dass die
AG-produzierenden Zellen keinen Kontakt mit dem Lumen haben (closed-type
cells) (Date et al. 2000a, Sakata et al. 2002, Mizutani et al. 2009). Die Sekretion
von AG wird stattdessen durch basolaterale Stimuli beeinflusst. Die
Plasmaghrelinkonzentration sinkt, sobald die Nahrstoffe den Dinndarm erreicht
haben (Williams et al. 2003). Die Ausschiittung von AG aus den Belegzellen bzw.
den X/A-like cells im Magenfundus wird durch mehrere transmembrandre G-
Protein-gekoppelte Rezeptoren reguliert (Engelstoft et al. 2013a). Zu den
stimulierenden Rezeptoren gehoren beispielsweise der 31-Adrenorezeptor (Zhao et
al. 2010, Gagnon and Anini 2012) und der Sekretinrezeptor SCT-R (Engelstoft et
al. 2013a), zu den inhibierenden die Fettsaurerezeptoren FFA-R2 (GP-R43) und
FFA-R4 (GP-R120) (Lu et al. 2012, Gong et al. 2014) sowie SST-R1-3, die durch
Freisetzung von SST aus den benachbarten Somatostatin-haltigen Zellen in der
Magenschleimhaut aktiviert werden und anschlielend die AG-Ausschittung
hemmen (de la Cour et al. 2007, Engelstoft et al. 2013b).

1.4 Die zentralen Wirkungen von AG

AG ist zum einem fir die Ausschuttung von Wachstumshormonen aus den Zellen
des Hypophysenvorderlappens verantwortlich (Shuto et al. 2002). Zum anderen ist
AG das bisher einzig bekannte peripher gebildete Peptidhormon, welches die
Nahrungsaufnahme fordert (Date et al. 2000b, Cowley et al. 2003, Cummings and
Overduin 2007). Dabei ist der Magen das Organ, welches die hdchsten
Konzentrationen an AG aufweist und hauptsachlich fir die Menge an
zirkulierendem AG im Blutkreislauf verantwortlich ist. AG wird nicht in den Magen,
sondern direkt in das BlutgefaRsystem sekretiert. Uber mehrere Wege kann es
anschlieend seine zentrale orexigene Wirkung ausiiben: AG erreicht vom Magen
aus Uber den Blutkreislauf das Gehirn entweder durch einen nicht von der Blut-
Hirn-Schranke geschitzten Bereich, direkt Uber ein Transportsystem, welches das
Uberschreiten der Blut-Hirn-Schranke ermdglicht, oder indirekt tiber den Nervus
Vagus (Angelidis et al. 2010). Die im Nucleus arcuatus lokalisierten Neurone, die
Neuropeptid Y (NPY) und Agouti-related peptide (AgRP) sekretieren, exprimieren
in hohem Mal3e den GHS-R1a, wahrend die Proopiomelanocortin-haltigen (POMC)



Neurone zu einem wesentlich geringeren Anteil den GHS-R1a aufweisen (Willesen
et al. 1999). Aus dem Vorlauferprotein POMC werden a-, B- und y-Melanocortin-
stimulierende Peptidhormone (MSH) sowie Adrenocorticotropin (ACTH) gebildet.
Durch die Bindung von a-MSH an den Melancortin-4-Rezeptor 4 (MC4R) wird die
Nahrungsaufnahme gehemmt (Millington 2007). Nach Bindung von AG an den Ggq-
gekoppelten GHS-Rla werden durch die Phospholipase C (PLC) induzierte
Freisetzung von Ca®* aus dem ER Uber die Calmodulin-abhangige Proteinkinase
Kinasen aktiviert. Diese Kinasen regen die Adenosinmonophosphat-aktivierte
Proteinkinase (AMPK) an (Hawley et al. 2005, Anderson et al. 2008). Die AMPK
inhibiert physiologisch Adenosintriphosphat- (ATP-) konsumierende Prozesse und
forciert ATP-produzierende Mechanismen wie die Fettsaureoxidation und die
Glucoseaufnahme. Uber diese Signalkaskade wird schlussendlich die Transkription
der orexigenen Neuropeptide NPY und AgRP induziert. Gleichzeitig sind
anorexigene Signalwege der POMC-Neurone verringert (Cowley et al. 2003,
Cabral et al. 2015).

1.5 Expression von AG im Pankreas

Neben dem Magen wurde AG auch in anderen Organen und Geweben gefunden,
wie Gehirn, Ventrikel, Lunge, Dinndarm und Pankreas (Gnanapavan et al. 2002).
Im Pankreas wurde AG in geringem Ausmall mit Glucagon in den a-Zellen
kolokalisiert und darUber hinaus in einer distinkten Zellgruppe, den e-Zellen,
nachgewiesen (Date et al. 2000a, Wierup et al. 2002, Heller et al. 2005).
Neurogenin 3 (NGN3) und pancreas/duodenum homeobox protein 1 (PDX1) sind
nicht nur fur die Entwicklung der pankreatischen endokrinen Zellen unabdingbar,
sondern erwiesenermallen ebenso fir die Entwicklung von ¢-Zellen aus
endokrinen Vorlauferzellen (Heller et al. 2005). Wichtige Transkriptionsfaktoren
sind Nk2 homeobox (Nkx2.2), paired box protein 4 sowie paired box protein 6
(Pax4, Pax6), wobei durch Deletion bzw. Inhibierung der genannten
Transkriptionsfaktoren die Differenzierung zu e-Zellen begunstigt und diejenige zu
B-Zellen beeintrachtigt wird (Wang et al. 2008, Swisa et al. 2017). Von Bedeutung
bei der Differenzierung zu ¢-Zellen ist zusatzlich die Beteiligung des

Transkriptionsfaktors NeuroD1, welcher durch Nkx2.2 reguliert wird (Chao et al.



2007, Mastracci et al. 2013). Nkx2.2 spielt bei der Maturierung der e-Zellen eine
wichtige Rolle, indem es an den AG-Promoter bindet und diesen aktiviert (Hill et al.
2010) (Abb. 3).

Eine Kolokalisation von AG mit Glucagon tritt nur kurzzeitig perinatal in Ratten auf.
Beim adulten Pankreas ist AG allein in den g-Zellen vertreten (Wierup et al. 2004).
Wahrend der Graviditat sind die Konzentrationen an AG im fetalen Pankreas von
Mensch und Ratte insbesondere im Vergleich zum Magen stark erhdht. Neonatal
bzw. postnatal kehrt sich dieser Umstand ins Gegenteil um (Rindi et al. 2002,
Chanoine and Wong 2004, D'Amour et al. 2006). Grund hierfur ist vermutlich die
Bedeutung von AG fir die préanatale pankreatische Entwicklung und sein
parakriner Einfluss auf die Hormonsekretion im Pankreas (Wierup et al. 2004).
Auszuschlie3en ist dabei auch nicht, dass im Pankreas produziertes AG als
Rezeptorligand in Bezug auf seine Wachstumshormon-freisetzende Wirkung im
Fotus fungiert bzw. generell die intrauterine Entwicklung des Fotus unterstitzt
(Shimon et al. 1998, Cortelazzi et al. 2003).

Nkx2.2

q Pax4
Pax6
MAFA
PDX-1 > Enflokrme - — Nlo2.2
NGN3 Vorlauferzelle
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Nkx2.2
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Abb. 3 Differenzierung der g-Zellen aus NGN3 und PDX-1 stimulierten endokrinen Vorlauferzellen
Modifiziert nach (Sakata et al. 2019).

1.6 Desacylghrelin

Desacylghrelin (DAG) ist der Metabolit von AG und entsteht beim Abbau der
acylierten Octansaure. Dabei wird die Octanoylgruppe von AG am Ser3 mittels
Butyrylcholinesterase und Carboxylesterasen deacyliert (De Vriese et al. 2004,
Schopfer et al. 2015). Die Konzentration an im humanen Blutkreislauf
zirkulierendem AG betragt etwa 10-20 fmol/ml, diejenige von AG und DAG



zusammen erreicht zwischen 100-150 fmol/ml (Kojima and Kangawa 2005). DAG
macht 67% im Magen und 90% im Blut der Gesamt-Ghrelin-Immunreaktivitat in
Ratten aus (Hosoda et al. 2000). DAG liegt im Magenfundus und Antrum
kolokalisiert mit AG in den sogenannten closed-type round cells vor. Ohne AG,
dafir jedoch mit SST kolokalisiert, findet sich DAG in den sogenannten open-type
cells. Im Gegensatz zu AG ist die Ausschittung von DAG pH-abhéngig, denn eine
pH Erniedrigung von pH 4 auf pH 2 erhtht die DAG-Sekretion in Rattenmagen
(Mizutani et al. 2009).

DAG wurde langere Zeit als ein inertes Degradationsprodukt von AG angesehen;
sein Bindungsvermdgen an den GHS-Rla und die Existenz eines eigenen
Rezeptors fur DAG werden bis heute diskutiert. Es wurde einerseits nachgewiesen,
dass DAG in vitro als Agonist an den GHS-R1a in Aequorin-exprimierenden CHO-
K1-Zellen mit einem ECso zwischen 1,6 und 2 uM bindet, jedoch nach Gauna et al.
nicht AG am GHS-Rla antagonisieren kann (Gauna et al. 2007). Ahnliche
Ergebnisse wurden bei in vitro Experimenten mit HEK-239-Zellen und in vivo mit
C57BL/6 Mausen von Heppner und Kollegen erbracht, welche sich insbesondere
mit der Fragestellung auseinandersetzten, ob DAG zentral wirksam ist (Heppner et
al. 2014). Ihre Daten zeigen, dass DAG die PLC-Signalkaskade in HEK-239-Zellen
analog zu den von Gauna et al. verwendeten CHO-K1-Zellen aktiviert, wenngleich
der IP3-Umsatz unter AG im Vergleich zu DAG hoéher ausfiel. Damit einhergehend
imitierte DAG die zentralen Wirkungen von AG bei intracerebroventrikularer
Injektion in den Seitenventrikel bei Mausen, auch in Bezug auf orexigene Effekte
und Gewichtszunahme. Diametral dazu stehen die Ergebnisse einer anderen
Studie aus dem Jahr 2005, in der DAG ebenfalls intracerebroventrikular in den
dritten Ventrikel und i.p. in Mause des ddy Stamms injiziert wurde. DAG wirkte hier
jedoch anorexigen, was sich in einer reduzierten Nahrungsaufnahme und einer
erhohten Genexpression von cocaine-and-amphetamine-regulated-transcript
(CART) aulRerte (Asakawa et al. 2005). Da die jeweiligen Konzentrationen an DAG
in beiden Studien in einem vergleichbaren nanomolaren Bereich lagen, begriindet
sich die Ergebnisdiskrepanz eventuell durch die verwendeten, unterschiedlichen
Mausstamme.

Hinweise auf nicht durch GHS-R1a vermittelte Effekte wurden in einer weiteren

Studie von Gauna und Kollegen deutlich. In priméren Hepatozyten, isoliert aus
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sechs Monate alten Schweinen, beobachteten sie, dass AG (100 nM) die
Glucoseproduktion (output) erhohte, wahrend DAG in derselben Konzentration
jene senkte und die Kombination aus DAG und AG die AG-vermittelten Effekte
verhindern konnte. Dabei war es ihnen nicht méglich, den GHS-R1la oder den
GHS-R1b in den Hepatozyten in nennenswertem Ausmald nachzuweisen, was die
Vermutung nahelegt, dass es einen weiteren Rezeptor(sub)typ geben kdnnte, an
den AG und eventuell DAG binden (Gauna et al. 2005). In derselben Studie zeigen
Gauna et al., dass DAG die durch AG erfolgte Stimulation der [Ca*"]. in GHS-R1a-
und Aequorin-exprimierenden Zellen nicht antagonisierte. Zuséatzlich konnten sie
keinen kompetitiven Antagonismus nachweisen, weshalb sie eine Bindung von
DAG an GHS-R1a ausschliel3en.

Eine Studie zur Aufklarung der Struktur des GHS-R1a wies nach, dass der Ser3-
Rest mit der acylierten Octanoylgruppe eng mit dem Rezeptor verbunden ist
(Bender et al. 2019). Das lasst wiederum die potente Bindung von DAG an den
GHS-R1a unwahrscheinlich erscheinen bzw. wirde sie, wie Gauna und Kollegen
postulieren, tatsachlich nur in sehr hohen Konzentrationen méglich machen. Es
konnte aul3erdem nachgewiesen werden, dass DAG in NPY-haltigen Neuronen die
von peripher applizierten AG ausgeldsten Signalkaskaden abschwéacht (Inhoff et al.
2008, Fernandez et al. 2016).

Die beschriebenen Ergebnisse verdeutlichen, dass DAG kein biologisch inaktiver
Metabolit von AG ist. Die durch AG ausgeltsten Effekte konnten in Anwesenheit
von DAG in mehreren Modellen verhindert werden, wobei nicht gesichert ist, ob
dies auf einen Antagonismus am GHS-Rla zuriickzufthren ist oder ein bisher

unbekannter Rezeptor involviert ist.

1.6.1 Die physiologische Bedeutung von AG und DAG in Bezug auf

Glucosehomoostase, Insulinresistenz und Adipositas

In mehreren Studien konnte nachgewiesen werden, dass AG in Menschen,
Mausen und Ratten die Insulinsekretion senkt und die Glucosetoleranz negativ
beeinflusst bzw. Hyperglykdmien bewirkt (Broglio et al. 2001, Egido et al. 2002,
Reimer et al. 2003, Dezaki et al. 2004). Daher ist die physiologische Wirkung von
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AG im Pankreas ein interessanter und potenzieller Ansatz fur Therapien des
Diabetes mellitus Typ 2.

Aufgrund der orexigenen Wirkung von AG wurde zunachst vermutet, dass mit
steigendem Korpergewicht die im Blutkreislauf zirkulierende Konzentration an AG
zunimmt und sich somit in adipdsen Personen im Vergleich zu normalgewichtigen
unterscheidet. Nachweislich verhalt es sich jedoch so, dass diese in adipbsen
Menschen unverandert ist, wohingegen die Konzentration an DAG erniedrigt und
somit das AG zu DAG Verhéltnis erhoht ist. Aufgrund dieser Daten kam die
Vermutung auf, dass Ubergewicht bzw. ein hoher Body Mass Index (BMI) einen
relativen DAG Mangel zur Folge hat und diese Faktoren miteinander korrelieren
(Barazzoni et al. 2007, Longo et al. 2008, Pacifico et al. 2009b). Andererseits
konnte gezeigt werden, dass in Ubergewichtigen Patienten die Nichtern-
Plasmakonzentration an AG durch Gewichtsabnahme wieder zunimmt (Hansen et
al. 2002). Bei dieser Studie wurde jedoch kein Vergleich mit einer
normalgewichtigen Kontrollgruppe durchgefihrt. In anorektischen Patienten
wurden hoéhere AG Konzentrationen vorgefunden als in Normal- und
Ubergewichtigen (Otto et al. 2001, Rigamonti et al. 2002, Tanaka et al. 2003).

Die Bedeutung des DAG zu AG Verhaltnisses wird auch bei Methoden zur
Erfassung des Ausmalies einer Insulinresistenz deutlich. Beim hyperinsulinemic-
euglycemic clamp (HEC) kénnen durch Insulininfusionen und Konstanthalten der
Glucosekonzentration Ruckschlisse auf die Fahigkeit des Gewebes gezogen
werden, Glucose aufzunehmen und somit auf das Bestehen einer Insulinresistenz.
DAG konnte in Ubergewichtigen und an Diabetes mellitus Typ 2 erkrankten
Patienten die Glykamie verbessern, was mit einer herabgesetzten basalen und
postprandialen AG-Konzentration im Plasma korrelierte (Ozcan et al. 2014).
Ubereinstimmende, aber auch gegensatzliche Ergebnisse verzeichneten
Rodriguez und Kollegen in Ubergewichtigen Probanden und solchen, die einen
durch Ubergewicht ausgelosten Diabetes mellitus Typ 2 aufwiesen (Rodriguez et
al. 2009). Die Konzentration an im Blutkreislauf befindlichen AG war bei ihnen
allerdings nicht unverandert, sondern erhoht sowie, analog zu anderen
Studienresultaten, jene von DAG erniedrigt. Diese Beobachtungen, insbesondere
die erhbhte AG Konzentration, korrelierten positiv mit BMI, Taillenumfang, Insulin

und dem homeostasis model assessment (HOMA) Index als reprasentativem
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Parameter fur eine erhdhte Insulinresistenz. Zusatzlich fuhrten sowohl AG als auch
DAG zu einer Lipidakkumulation in viszeralen Adipozyten. Zusammengenommen
erklart diese Publikation die Adipositas als eine durch erhdhte Konzentration an
AG ausgeltste Hyperphagie.

Alle Studien haben gemeinsam, dass sie einen Zusammenhang zwischen den
Anderungen der im Blutkreislauf befindlichen AG und DAG Konzentrationen, dem
metabolischen Syndrom und einer eingeschrankten Insulinsensitivitat feststellten.
Dadurch wird deutlich, dass das AG zu DAG Verhdltnis eine nicht zu
vernachlassigende Rolle bei Erkrankungen wie Adipositas und insulinresistentem

Diabetes einnimmit.

1.7 SST und sein Einfluss auf die Glucosehomoostase

Bereits kurze Zeit nach der Entdeckung von SST im Jahre 1973 (Brazeau et al.
1973) wurde konstatiert, dass SST nicht nur im Hypothalamus, sondern ebenso in
Magen, Pankreas und vielen anderen Geweben exprimiert ist (Patel and Reichlin
1978). SST spielt eine wichtige Rolle im endokrinen Pankreas und wirkt auf die
Glucosehomoostase ein, indem es Einfluss auf die Insulin- und
Glucagonausschuittung hat. Aus Pro-SST, bestehend aus 92 AS, entstehen priméar
zwei aktive Produkte, SST1-14 und SST1-28, wovon Ersteres v.a. in
Hypothalamusneuronen, D-Zellen des Magens und ©-Zellen des Pankreas
vorhanden ist, wahrend Letzteres in D-Zellen des Darmepithels vorliegt (Patel
1999). Die Initiierung der SST-Ausschuttung erfolgt &hnlich zu der von Insulin: Die
Generierung von ATP Uber den Glucosemetabolismus schliel3t Katp-Kanéle und
fuhrt zur Depolarisation des Membranpotentials (Rorsman and Huising 2018). Die
Erhohung der intrazellularen Ca®*-Konzentration iber R-Typ Ca®*-Kanale und die
nachfolgend Uber Ryanodin-Rezeptoren-induzierte Ca*'-induzierte ~ Ca?'-
Freisetzung stellt den Trigger fur die Sekretion von SST aus den &-Zellen dar
(Zhang et al. 2007). SST inhibiert die Insulinsekretion, indem es aus 0-Zellen
sekretiert parakrin an Somatostatinrezeptoren (SST-R) in den B-Zellen bindet, von
denen es funf Subtypen gibt (Bruno et al. 1992, Yamada et al. 1992, Yamada et al.
1993). Uber den Ggyo-gekoppelten Signalweg hemmt SST die Aktivitat der

Adenylylcyclase (AC) und erniedrigt die Freisetzung von Insulin aus [B-Zellen
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(Alberti et al. 1973, Hsu et al. 1991, Patel et al. 1994). Im Gegensatz zu 3-Zellen
machen 0-Zellen nur einen geringen Anteil der endokrinen Zellmasse des
Pankreas aus (Brissova et al. 2005).

SST-Rs kénnen sowohl als Monomere als auch als Homomere vorliegen
(Rocheville et al. 2000, Grant and Kumar 2010) und sind ebenso wie der GHS-R1a
dazu befdhigt, mit anderen G-Protein gekoppelten Rezeptoren zu
heteromerisieren, wie u.a. der SST-R5 mit dem B;-Adrenozeptor (Somvanshi et al.
2011) sowie SST-R1 und SST-R5 mit dem epidermalen Wachstumsfaktorrezeptor
(EGF-R) (Watt et al. 2009).

Durch die Erforschung des Wirkmechanismus von AG durch die Arbeitsgruppen
von Park, Adriaenssens und DiGruccio (Park et al. 2012, Adriaenssens et al. 2016,
DiGruccio et al. 2016), deren Theorien den Einfluss von SST und SST-Rs in Bezug
auf die AG-Wirkung postulieren, riuckten SST und SST-Rs ins Zentrum der
Aufmerksamkeit. Darauf wird insbesondere im Abschnitt 3.5 in ,Ergebnis und

Diskussion“ eingegangen.

2 Zielsetzung

Die Bedeutung von AG und DAG fir die Glucosehomd@ostase, Insulinausschittung
und -resistenz wurde in mehreren Arbeiten nachgewiesen (Review von Yanagi et
al. 2018). Der Konsens zeigt, dass aus dem Magen ausgeschittetes AG Uber
AgrP- und NPY-haltige Neurone orexigene Wirkung hat (Kojima et al. 1999, Date
et al. 2000b, Cowley et al. 2003, Cummings and Overduin 2007) und im Pankreas
aus den ¢-Zellen (Date et al. 2000a, Wierup et al. 2004, Heller et al. 2005, Wierup
et al. 2014) freigesetztes AG die Insulinausschittung in vitro und in vivo hemmt
(Broglio et al. 2001, Egido et al. 2002, Reimer et al. 2003, Dezaki et al. 2004).
Diese Einigkeit in der Literatur Uber die zentralen Effekte von AG und seine
Wirkung auf pankreatische -Zellen ist jedoch nicht Gbertragbar auf die Aufklarung
des Wirkmechanismus. Dabei sind insbesondere die drei differenzierten und
stellenweise diametral unterschiedlichen Ergebnisse der Arbeitsgruppen Dezaki,
Park sowie Adriaenssens und DiGruccio zu nennen (Dezaki et al. 2011, Park et al.
2012, Adriaenssens et al. 2016, DiGruccio et al. 2016), welche im Verlauf der

nachfolgenden Abschnitte ndher behandelt werden.
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Diese Arbeit hat sich einerseits zum Ziel gesetzt, zur Aufklarung des
Wirkmechanismus von AG in pankreatischen B-Zellen und Langerhans-Inseln
beizutragen und andererseits zu eruieren, wie die Effekte von AG inhibiert und
antagonisiert werden kdnnen.

Der Einfluss von DAG und die Bedeutung des Verhdltnisses von AG zu DAG
werden in dieser Arbeit ebenfalls thematisiert, um Ruckschliisse auf die Bedeutung
dieses Verhaltnisses auf die pankreatische B-Zelle zu ziehen. Dies geschieht u.a.
unter Verwendung eines in vitro Modells, welches darauf abzielt, Nahrstoff-
induzierten Zellstress auszuldsen.

Generell wurden verschiedene Abschnitte der Stimulus-Sekretions-Kopplung
(SSK) in Bezug auf die [Ca®"]. und das mitochondriale Membranpotential mittels
fluoreszenzmikroskopischer Methoden sowie die Glucose-induzierte
Insulinsekretion  (GSIS) im  Steady-State  untersucht. Dabei  kamen
elektrophysiologische Messmethoden zur Anwendung, um den Einfluss von AG auf
das Membranpotential und Katp-Kanalaktivitat sowie Karp-Strom zu analysieren.
Die Experimente hatten die Intention, den Einfluss von SST und SST-Rs zu
eruieren und die konstitutive Aktivitat des GHS-R1a zu berlcksichtigen sowie die
widersprichlichen Ergebnisse der bereits vertffentlichten Studien zu diesem

Thema zu validieren.
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3 Ergebnisse und Diskussion

3.1 Inhibition der SSK durch AG in WT Mausen und MIN6-Zellen

Um die Effekte von AG in murinen B-Zellclustern und Langerhans-Inseln zu
untersuchen, wurden verschiedene Abschnitte der SSK nadher betrachtet. Die
Insulinausschuttung erfolgt nach der durch den Glucosemetabolismus
verursachten Verschiebung des cytosolischen ADP/ATP Verhaltnisses zu Gunsten
von ATP, was zur SchlieBung der Karp-Kandle fihrt (Ashcroft et al. 1984, Dunne
and Petersen 1986, Detimary et al. 1998). Durch die Abnahme der K*-Leitfahigkeit
aufgrund der geschlossenen Karp-Kanale Uberwiegt ein bislang unbekannter
Strom, der die Depolarisation der Zellmembran (Henquin 1978, Rorsman and
Trube 1985, Smith et al. 1990a, Drews et al. 2010, Rorsman and Ashcroft 2018)
und Offnung von spannungsabhédngigen L-Typ Ca®'-Kanalen zur Folge hat,
wodurch der anschlieBende Ca*-Einstrom schlussendlich die Exozytose von
Insulin aus den Vesikeln triggert (Rorsman and Renstrom 2003). Zur Evaluierung
der Effekte von AG wurden neben den Langerhans-Inseln auch aus Langerhans-
Inseln vereinzelte B-Zellcluster aus WT Mausen verwendet. Letztere fanden
Anwendung bei der Bestimmung der cytosolischen Ca?*-Konzentration ([Ca*'].)
nach Inkubation mit dem Fluoreszenzfarbstoff Fura-2AM. Dabei wurde ersichtlich,
dass AG (10 nM) zur Erniedrigung der [Ca®"]. fihrte (M-AG: Fig. 1A,1B). In der
Konzentration 0,5 nM hatte AG keinen Effekt mehr auf die unter G10 induzierten
Oszillationen der [Ca*]. in B-Zellcluster von WT Mausen (Messungen aus 23 B-
Zellclustern, Serie mit n = 3 Mausen beendet, Daten nicht abgebildet).

Bei der Bestimmung des Membranpotentials (V) in der Perforated-Patch
Konfiguration wird das Polyen-Antimykotikum Amphotericin B zur Porenbildung in
der Membran eingesetzt (Rae et al. 1991), wodurch Zugang zum Cytosol ohne
Zellruptur geschaffen wird und die zelltypischen Signalwege aktiv bleiben. In dieser
Konfiguration wurden in Gegenwart von AG die unter stimulatorischen
Glucosekonzentrationen typischerweise auftretenden Aktionspotentiale verringert
und aulRerdem die Membran hyperpolarisiert (M-AG: Fig. 1C,1D).

Koharent zu diesen Ergebnissen konnte wahrend einstindiger Inkubation in der
Steady-State Methode AG die GSIS inhibieren, und zwar in Anwesenheit von 8
mM Glucose (G8) tendenziell sowie in G10 signifikant (M-AG: Fig. 1E). Unter der
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substimulatorischen Glucosekonzentration G3 und der
Schwellenglucosekonzentration G6 hatte AG keinen Effekt. Nachweislich konnte
diese Wirkung auch in der murinen Insulinom-B-Zelllinie MIN6 (Ishihara et al. 1993)
beobachtet werden, wodurch auf eine [(-zellspezifische Wirkung von AG
geschlossen werden kann (Abb. 4A).

Die dargestellten Ergebnisse unterstiitzen und bestatigen gro3tenteils die
Resultate anderer Studien. Dezaki und Kollegen konnten bei Messungen der
[Ca®]. in aus Ratten isolierten B-Zellen mit AG (10 nM) unter G8,3 ebenfalls eine
Erniedrigung der [Ca®']. feststellen (Dezaki et al. 2004). Die erniedrigte
Insulinsekretion wurde von ihnen sowohl bei i.p. Injektion von AG in mannlichen
ddy Mausen als auch in isolierten Langerhans-Inseln aus Ratten unter G8,3
verzeichnet. Im perfundierten Rattenpankreas wurde sowohl von ihnen, als auch
von Egido und Kollegen eine herabgesetzte Insulinsekretion mit AG (10 nM) unter
stimulatorischen Glucosekonzentrationen beobachtet (Egido et al. 2002). Bei
Messungen des Membranpotentials in der Perforated-Patch Konfiguration wurde
von Dezakis Arbeitsgruppe lediglich eine leichte Erniedrigung der Amplitude der
APs in B-Zellen von Ratten erfasst, jedoch keine Hyperpolarisation (Dezaki et al.
2007).

3.1.1 Der Effekt von AG in neonatal islet-like cell clusters (NICCs)

NICCs, die aus Pankreata wenige Tage alter Ferkel gewonnen werden (Korbutt
2009), bieten eine neue Mdoglichkeit der Beschaffung von primarem Zellmaterial fir
die Forschung. Die Genetik des Schweins ist hinsichtlich Parametern wie der
Organentwicklung und (Patho)Physiologie dem Menschen ahnlicher als die von
Nagetieren (Lunney 2007, Swindle et al. 2012, Wolf et al. 2014). Sowohl das
exokrine und endokrine Pankreas, als auch das pankreatische Ductussystem,
kommen dem des Menschen sehr nahe. Dies erlaubt eine gute Ubertragbarkeit
von Ergebnissen auf den Menschen (Murakami et al. 1997). Die Verteilung der -
Zellen im endokrinen Pankreas und die Morphologie der Inseln von Mensch und
Schwein sind aufRerdem kongruenter als die von Mensch und Maus (Steiner et al.
2010, Hoang et al. 2014). Bei Menschen und Schweinen liegen die einzelnen

Zelltypen verteilt und trilaminar in epithelialen Schichten organisiert vor, wodurch
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mehr Interaktionen zwischen den unterschiedlichen endokrinen Zelltypen
stattfinden (Bosco et al. 2010). Im Gegensatz dazu zeigen murine Langerhans-
Inseln einen sogenannten Kern (Core) an B-Zellen, wahrend sich die a-Zellen eher
am Rand befinden (Samols et al. 1988, Hoang et al. 2014). Neben den Aspekten,
die fur die Verwendung von Zellmaterial aus dem Schwein sprechen, sind die
erhohten Tierhaltungskosten der Aufzucht vom Ferkel bis zum erwachsenen Tier,
die Wirtschaftlichkeit sowie die langere Dauer, bis zum Erreichen der Adoleszenz,
zu beachten. Darlber hinaus sind die Langerhans-Inseln des adulten Schweines
schwer in Kultur zu halten, da sie in vitro recht fragil sind (Binette et al. 2001).
Aufgrund der zuvor genannten Faktoren wird die Nutzung von NICCs erforscht.
Direkt nach der Praparation des Jungtieres existieren noch keine Cluster von
Langerhans-Inseln. Am Tag der Isolation bestehen die NICCs zu etwa 35% aus
differenzierten pankreatischen endokrinen Zellen und zu ungefahr 57% aus
priméaren epithelialen Zellen/Ductuszellen und Inselvorlauferzellen (personliche
Mitteilung von Dr. Elisabeth Kemter). Durch mehrtagige in vitro Kultivierung erfolgt
die Maturierung der NICCs, was sich in einer Erhdhung des Anteils an
differenzierten endokrinen Zellen und einer Erniedrigung des Anteils an
Inselprakursorzellen aufRert (Hassouna et al. 2018). Entsprechend entwickelt sich
daraus die Fahigkeit der NICCs, auf Glucosestimulus physiologisch mit der
Sekretion von Insulin zu reagieren.

Die verwendeten Isolate wurden vom Genzentrum der Ludwig-Maximilians-
Universitdt (LMU) Minchen (Deutschland) zur Verfigung gestellt. Um die
ausreichende Maturierung und physiologische Reaktion auf stimulatorische
Glucosekonzentrationen zu gewahrleisten wurden die entsprechenden Isolate der
NICCs vor Verwendung in der GSIS fir 13-15 (Isolat 1 und 2) bzw. 10, 17 und 18
Tage (Isolat 3) im Kulturmedium gehalten, dessen Zusammensetzung an die
Empfehlungen von Dr. Elisabeth Kemter vom Genzentrum sowie an Ellis und
Kollegen (Ellis et al. 2016) angelehnt war. Bei Isolat 1 handelte es sich um die
Praparation eines 16 Tage, bei Isolat 2 und 3 eines 8 Tage alten Ferkels. Die
Daten der drei Isolate sind im Diagramm Abb. 4B zusammengefasst. Die GSIS
(Steady-State) der NICCs wurde methodisch an die der murinen Langerhans-

Inseln angelegt, jedoch war u.a. die Inkubationszeit im Wasserbad bei 37°C von 1
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h auf 1,5 h erhéht worden, um im Radioimmunassay (RIA) innerhalb der Eichkurve
besser erfassbare Werte zu erhalten.

Bei jedem innerhalb der Versuchsreihnen verwendeten Isolat konnte eine gute
Stimulation der Insulinsekretion von G3 auf G15 beobachtet werden (Abb. 4B). Im
Vergleich zum Glucosestimulationsindex G15/G3 bei murinem oder humanem
Material ist dieser bei NICCs jedoch wesentlich kleiner. Dieser liegt bei NICCs etwa
zwischen 1,5 und 8 (G15/G3), wahrend bei den hier dargestellten Messungen mit
murinen Langerhans-Inseln der Glucosestimulationsindex G10/G3 zwischen 30
und 50 lag. Das ist unter anderem durch das Alter der Zellen begriindet. Wahrend
bei Messungen mit murinem Material etwa 4-12 Monate alte Mause verwendet
wurden, handelte es sich bei den NICCs, wie oben erwahnt, um neonatale Isolate,
welche zwar nachtraglich in Kultur maturierten, aber trotzdem noch fernab der
Adoleszenz waren. Analog zu den GSIS Experimenten mit murinen Langerhans-
Inseln senkte AG die Insulinsekretion in NICCs, ebenso DAG (20 nM). Der Grund,
weshalb DAG in NICCs die Insulinsekretion senkte, kann nicht auf eine konkrete
Ursache valide reduziert werden. Eine potenzielle Theorie ware, dass DAG in
NICCs mit einer hoheren Affinitat an den GHS-R1a bindet, sofern die Effekte in
NICCs ebenfalls (iber diesen Rezeptor vermittelt werden. Uber die Expression des
GHS-R1a in Schweinepankreata, sowie in vitro maturierten NICCs, ist bisher nichts

bekannt, daher sind weitergehende Hypothesen an dieser Stelle nicht mdglich.

Zusammenfassend ist festzuhalten, dass AG in einer Konzentration von 10 nM
einen negativen Einfluss auf die wichtigsten Abschnitte der SSK in murinen (-
Zellen und Langerhans-Inseln hat. Dasselbe gilt fur die Insulinsekretion in der -

Zelllinie MING sowie in NICCs unter stimulatorischen Glucosekonzentrationen.
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Abb. 4 AG erniedrigt die GSIS in MIN6-Zellen und neonatal islet-like cell clusters (NICCs)

A) AG erniedrigt die GSIS in MIN6-Zellen unter G10. B) AG und DAG erniedrigen die Glucose-stimulierte
Insulinsekretion in NICCs. Die Durchfiihrung der Experimente erfolgte bei Isolat 1 und 2 nach Kultivierung und
Maturierung fur 13-15 Tage, wobei an Kulturtag 13, 14 und 15 jeweils zwei Insulinsekretionen durchgefuhrt
wurden. Mit Isolat 3 wurde analog an den Kulturtagen 10, 17 und 18 verfahren. Dargestellt sind
zusammengefasst die Ergebnisse der drei Isolate mit jeweils n = 6 Insulinsekretionen.

Die Angabe n steht flr die Anzahl der durchgefuhrten Messungen mit MIN6-Zellen bei Passage 32 und 34 und
NICCs aus drei Isolationen. * p £ 0,05; ** p < 0,01; *** p £0,001

3.2 Die Bedeutung von DAG und das Verhaltnis DAG zu AG

Wie bereits in Abschnitt 1.6 erwéhnt, handelt es sich bei DAG um das
Degradationsprodukt von AG, welches urspringlich flir metabolisch unwirksam
gehalten wurde. Im Verlauf der weiteren Forschung fand man heraus, dass DAG in
der Lage ist, die Effekte von AG zu antagonisieren oder eigenstandige Effekte
hervorzurufen (Review von Delhanty et al. 2014). Bei Messungen der [Ca®'].
konnte in Gegenwart von DAG die durch AG induzierte [Ca®*]. Erniedrigung
verhindert werden (Abb. 5A, 5B). DAG allein steigerte die [Ca?'].. In der
Perforated-Patch  Konfiguration hatte DAG keinen Einfluss auf das
Membranpotential, und AG in Kombination mit DAG fihrte nicht mehr zu einer
Hyperpolarisation (Abb. 5C, 5D). Trotz der Erhhung der [Ca®']. beeinflusste DAG
in den Konzentrationen 10 und 20 nM die GSIS nicht signifikant (Abb. 5E),
antagonisierte jedoch erneut die Erniedrigung der Insulinsekretion durch AG (Abb.
5F).

Ob die Wirkung von AG durch DAG verhindert wird, weil Letzteres ebenfalls an den

GHS-R1a bindet, ist nicht gesichert. Der von Gauna et al. und Heppner et al.
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postulierte Agonismus von DAG am GHS-R1a (Gauna et al. 2007, Heppner et al.
2014) ist hier nicht zwingend die Ursache fur die Befunde, da bei den
Experimenten von Gauna und Kollegen DAG in weit héheren Konzentrationen
eingesetzt worden ist und bei Heppner und Kollegen sich die Ergebnisse
ausschlie3lich auf das ZNS konzentrieren. Zusatzlich ist die Vergleichbarkeit
dadurch eingeschrankt, dass von Gauna et al. CHO-K1-Zellen und Heppner et al.
HEK-293-Zellen verwendet wurden, wahrend hier primares, murines Zellmaterial
aus C57BL/6 Mausen Anwendung fand. Die Mdglichkeit, dass DAG uber einen bis
dato unbekannten Rezeptor die Wirkung von AG antagonisiert, ist allerdings nicht
auszuschliel3en.

Das Potential von DAG, die Wirkungen von AG zu inhibieren und sich positiv auf
die Glucosehomdoostase und Insulinresistenz auszuwirken (Broglio et al. 2004b,
Gauna et al. 2004), fuhrte zu ersten therapeutischen Anséatzen. Daraus resultierte
die Entwicklung von AZP-531, einem DAG 6-13 Analogon, welches durch
Cyclisierung eine verbesserte Stabilitdt und Bioverflugbarkeit aufweist, da der
Abbau durch Peptidasen verzogert wird (Julien et al. 2012). Im Jahr 2016 wurde
AZP-531 bereits in einer Phase Il-Studie bei Hyperphagie in Folge des Prader-Willi
Syndroms und in einer Phase Ib-Studie zu Diabetes mellitus Typ 2 eingesetzt.
AZP-531 war insgesamt gut vertraglich, jedoch fielen die ersten Studienergebnisse
mit kleiner Teilnehmeranzahl eher maRig aus. Probanden, welche eine
beeintrachtigte Glucosetoleranz aufwiesen, profitierten dabei am ehesten von der
AZP-531 Gabe in Form von erniedrigter Blutglucosekonzentration und reduziertem
Korpergewicht (Allas et al. 2016).
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Abb. 5 DAG verhindert die Effekte von AG in B-Zellen und Langerhans-Inseln von WT Mausen

A) Reprasentative Messung des Effekts von DAG und AG auf Glucose-induzierte Oszillationen der [Ca®']c
unter G10. B) DAG erhght die [Ca2+]c. In Anwesenheit von DAG hat AG keinen Effekt mehr auf die [Ca2+]c. C)
Représentative Messung des Effekts von DAG und AG auf das Membranpotential in der Perforated-Patch
Konfiguration unter G10. D) DAG hat keinen Einfluss auf das Membranpotential. In Anwesenheit von DAG tritt
unter AG keine Veranderung des Membranpotentials auf. E) DAG steigert in den Konzentrationen von 10 und
20 nM lediglich tendenziell die GSIS. F) In Anwesenheit von DAG hat AG keinen Effekt mehr auf die GSIS. Die
Angabe n steht fir die Anzahl der durchgefiihrten Messungen mit Langerhans-Inseln oder 3-Zellclustern aus
mindestens 3 WT Mauspraparationen. * p < 0,05; ** p < 0,01; *** p < 0,001
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3.2.1 AG und DAG im glucolipotoxischen Modell

Das glucolipotoxische Modell (GLTx) vereint die Folgen des langfristigen
Einflusses von Hyperglykamie (Glucotoxizitat) und Hyperlipidamie (Lipotoxizitat)
(Unger and Grundy 1985, Zhou and Grill 1995, Ritz-Laser et al. 1999, Poitout and
Robertson 2008). Es dient als Modell, um im vorliegenden Fall in vitro murine -
Zellen und Langerhans-Inseln einem Uberernahrungszustand auszusetzen, zu
schadigen und uber Nahrstoffe Zellstress zu induzieren, der demjenigen von an
Diabetes mellitus Typ 2 und/oder Adipositas erkrankten Patienten nahekommt. Die
Folgen sind der Verlust der B-Zellfunktion und damit einhergehend eine Reduktion
des Insulingehaltes sowie eine Verschlechterung der Insulinsekretion (Poitout et al.
2006). Der dadurch ausgeloste Zellstress ist dabei einerseits durch die
Generierung von reaktiven Sauerstoffspezien (ROS) zu erklaren, die durch den
gesteigerten Glucosemetabolismus entstehen (Robertson et al. 2004, Robertson et
al. 2007), und andererseits durch Interaktion mit der Exozytose und
Insulinverfugbarkeit sowie ATP-Depletion (Barroso Oquendo et al. 2018). Die
Involvierung von ROS bei GLTx ist jedoch inzwischen in Bezug auf die einzeln
vermittelten Effekte von Lipo-, also auch von Glucotoxizitdt in Frage gestellt
worden (Martens et al. 2005, Lacraz et al. 2009, Barroso Oquendo et al. 2018). Die
Prozesse, durch welche das GLTx in vitro Modell exakt Diabetes mellitus Typ 2
imitiert, sind noch nicht vollstandig geklart.

Um Glucotoxizitat zu erzeugen, verwendet man in der mehrtagigen Inkubation
hohe Glucosekonzentrationen. Lipotoxizitat wird durch die Inkubation mit
gesattigten  Fettsduren wie Palmitat ausgelost, wodurch u.a. die
Insulingenexpression herabgesetzt wird (Lameloise et al. 2001, Kelpe et al. 2003,
Olofsson et al. 2007a, Poitout et al. 2010). Im hier angewendeten GLTx-Modell
wurden die B-Zellcluster oder Langerhans-Inseln fir 72 h in RPMI1640 Medium bei
37°C inkubiert, welches 30 mM Glucose, 1 mM Palmitat (GLTgsop1) und
entsprechend AG, DAG oder beides enthielt. Mit dieser Methode sollte analysiert
werden, welchen Einfluss die beiden Peptide allein und kombiniert auf dieses in
vitro GLTx-Modell austben. Dabei sollte zum einen untersucht werden, ob AG die
in vitro erzeugten Folgen von Uberhohtem Nahrstoffangebot in Bezug auf die

Glucose-induzierten Oszillationen der [Ca**]. und Insulinsekretion beeinflusst. Zum
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anderen dienten die Experimente der Eruierung, ob DAG und die Kombination aus
AG und DAG die durch GLTg30p1-ausgelésten Schaden reduzieren kénnen.

Die experimentell in Bezug auf [Ca*]. betrachteten B-Zellcluster wurden in zwei
Gruppen unterteilt: Solche, die Glucose-induzierte Oszillationen der [Ca?']. in G15
zeigten (,positive cells) und jene, die durch die Behandlung so geschadigt waren,
dass sie keine Oszillationen der [Ca®*]. mehr aufwiesen. Die Inkubation in GLTgz0p1
Medium senkte erwartungsgemaly die Anzahl der oszillatorisch aktiven -
Zellcluster im Vergleich zur Kontrolle (Abb. 6A). Die Inkubation mit AG hatte dabei
keinen Einfluss (Abb. 6A). Der Zusatz von DAG zu AG in GLTg30p1 Medium konnte
die oszillatorische Aktivitat der B-Zellcluster bewahren (Abb. 6B). Die Inkubation
mit ausschlie3lich DAG (20 nM) erhéhte den Prozentsatz an oszillatorisch aktiven
B-Zellclustern nicht signifikant (Messungen aus 79 B-Zellclustern, Serie mit n = 4
Mausen, Daten nicht abgebildet). Das Versuchsschema wurde fur die GSIS
ubernommen. Unter GLTgsps Bedingungen war die Stimulation der
Insulinsekretion von G3 auf G15 erwartungsgemalfd nicht mehr vorhanden (Abb.
6C). Weder die Inkubation von AG allein noch kombiniert mit DAG bewirkte eine
Veréanderung (Abb. 6C).

Die Ergebnisse zeigen, dass AG in diesem GLTx-Modell keinen Einfluss auf die
oszillatorische Aktivitat der [Ca®']. von B-Zellclustern oder Insulinsekretion hat.
Dies bedeutet nicht zwangslaufig, dass AG nicht zu einer weiteren
Verschlechterung des metabolischen Zustandes fihren koénnte. Durch die
Inkubation mit GLTg30p1 Medium waren die B-Zellen und Langerhans-Inseln jedoch
bereits stark geschadigt, wodurch ein eventuell negativer Einfluss von AG nicht
mehr detektierbar war. Die Verwendung von geringeren Konzentrationen an
Palmitat oder Glucose wirde eine Madoglichkeit darstellen, dies genauer zu
untersuchen. Da die Plasmaghrelinkonzentration in adipésen Personen jedoch
nachweislich unverandert ist (Barazzoni et al. 2007, Longo et al. 2008, Pacifico et
al. 2009a), ist es zusammen mit den hier prasentierten Ergebnissen
unwahrscheinlich, dass AG allein eine zentrale Rolle in der Entwicklung der
Adipositas und des Diabetes mellitus Typ 2 spielt. Zu beachten ist insbesondere
das Verhaltnis von DAG zu AG, welches in dem genannten Personenkreis
erniedrigt ist und zu einer beeintrachtigten Insulinsensitivitéat beitragt (Rodriguez et
al. 2009, Blijdorp et al. 2013, Ozcan et al. 2014). Im hier verwendeten GLTx-Modell
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konnte belegt werden, dass das hohere DAG zu AG Verhéltnis, welches
physiologisch annédhernd dem von gesunden, normalgewichtigen Personen
entspricht, zumindest die Glucose-induzierten Oszillationen der [Ca®']. erhalten
kann, wahrend DAG alleine keine signifikanten Veranderungen verursachte. Die
Kombination aus DAG und AG konnte jedoch nicht die durch GLTx-verursachten
Folgen auf die GSIS verhindern. Die Resultate bestétigen die Ergebnisse, dass ein
Schutzeffekt gegen ROS auf die Ca?*-Homdostase nicht zwangslaufig dazu fihrt,
dass die GSIS ebenfalls geschitzt ist (Barroso Oquendo et al. 2018). Die
Auswirkung des Nahrstoff-induzierten Zellstresses betrifft nicht nur die ersten
Abschnitte der SSK, sondern auch die Bereitstellung von ATP und (u.a.)
infolgedessen die Exozytose z.B. in Bezug auf die Fusion der Vesikel mit der
Zellmembran sowie die damit einhergehende Freisetzung von Insulin aus den
Granula oder die Insulinverfigbarkeit (Nagamatsu et al. 1999, Tsuboi et al. 2006,
Dubois et al. 2007, Olofsson et al. 2007b). Folglich bietet ein hoheres DAG zu AG
Verhéltnis keinen vollstandigen Schutz gegen GLTx-verursachte Schaden, kann

aber zumindest einen Teilabschnitt der SSK bewahren.

Granata und Kollegen konnten in ihren Studien die Beweise erbringen, dass AG
und DAG uber den cAMP/PKA Signalweg die Apoptose von B-Zellen verringern
konnte, die durch Serummangel oder Cytokine (IFN-y, TNF-a und IL1B) induziert
wurde (Granata et al. 2007). DAG und Fragmente aus diesem Peptid férderten u.a.
das B-Zelluberleben in Streptozotocin (STZ) behandelten Ratten (Granata et al.
2012). Die Behandlung mit STZ fuhrt zum Untergang von (3-Zellen im Pankreas
und dient somit vorwiegend als Modell fir Diabetes mellitus Typ 1 oder einen akut
insulinpflichtigen Diabetes. Ebenso verhalt es sich mit der Verwendung von
Cytokinen, welche die entzuindlichen Prozesse und den nachfolgenden Untergang
von (B-Zellen wahrend der Entwicklung des Diabetes mellitus Typ 1 imitieren. Das
hier verwendete GLT, Modell dient, wie oben erwahnt, zur Betrachtung eines an
den Diabetes mellitus Typ 2 angelehnten in vitro Modells, dessen Pathogenese
sich grundlegend von denen des Diabetes mellitus Typ 1 unterscheidet, weshalb
die Ergebnisse der oben genannten Arbeitsgruppen auf dieses Modell nicht

Ubertragbar sind.
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Abb. 6 Die Coinkubation von DAG und AG schiitzt Glucose-induzierte Oszillationen der [Ca2+]C unter

glucolipotoxischen (GLTg30p1) Bedingungen, hat jedoch keinen Einfluss auf die GSIS.

A) Die 72-stiindige Inkubation von B-Zellclustern in GLTg3z0e1 Medium senkt signifikant die Anzahl der (-
Zellcluster, welche auf G15 mit Glucose-induzierten Oszillationen von [Ca2+]C reagieren. Der Zusatz von AG
verandert nicht die Anzahl bzw. den Prozentsatz an 3-Zellen, bei denen Glucose-induzierte Oszillationen von
[Ca2+]c auftreten. B) Die 72-stiindige Inkubation von B-Zellclustern in GLTg30p1 Medium senkt signifikant die
Anzahl der B-Zellcluster, welche auf G15 mit Glucose-induzierten Oszillationen von [Ca2+]C reagieren. Der
Zusatz von DAG zu AG erhoht die Anzahl bzw. den Prozentsatz an B-Zellen, bei denen Glucose-induzierte
Oszillationen von [Ca2+]c beobachtet werden. C) Durch die Inkubation mit GLTgzop1 Medium fur 72 h ist die
Stimulation der Insulinsekretion von G3 auf G15 merklich verringert, sodass unter G15 keine zu G3 signifikante
Steigerung der GSIS mehr erfolgt. Die gleichzeitige Inkubation mit AG oder DAG und AG unter GLTg30p1-
Bedingungen hat keinen Einfluss auf die Stimulation der Insulinsekretion von G3 auf G15. Die Angabe n steht
fur die Anzahl der durchgefiihrten Messungen mit Langerhans-Inseln oder B-Zellclustern aus mindestens 3 WT

Mauspraparationen. * p < 0,05; ** p <0,01; *** p < 0,001

3.3 Die Antagonisierung des AG-Effekts

In mehreren Studien wurde bisher beobachtet, dass die Verwendung eines GHS-
Rla Antagonisten ausreichend ist, um die durch AG vermittelten Effekte zu
nivellieren (Asakawa et al. 2003, Dezaki et al. 2004, Dezaki et al. 2007).
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In den nachfolgend prasentierten Ergebnissen erwies sich die erfolgreiche
Antagonisierung der AG-Wirkung jedoch als komplexer. Bei der Erfassung der
[Ca®*]. in B-Zellen von WT Méausen erhohte der peptidische Antagonist des GHS-
Rla, [D-Lys’]-GHRP-6, die [Ca’'].. Bei Zugabe von AG zu [D-Lys*-GHRP-6
konnte die Beobachtung gemacht werden, dass [D-Lys®-GHRP-6 nicht in allen
Messungen die [Ca®'].-erniedrigende Wirkung von AG antagonisierte, obwohl sich
rein statistisch gesehen eine Aufhebung des AG-Effektes ergibt, wenn man alle
Experimente miteinbezieht (Abb. 7A, 7B). Die Annahme, dass ein GHS-Rla
Antagonist moglicherweise nicht ausreichend ist, um die inhibierenden Effekte von
AG auf die SSK zu unterbinden, wurde insbesondere in Messungen des
Membranpotentials in der Perforated-Patch Konfiguration in 3-Zellclustern von WT
Mausen deutlich. Nur in 50% der durchgefiihrten Messungen konnte durch [D-
Lys®]-GHRP-6 die Hyperpolarisation und Abnahme der AP-Frequenz verhindert
werden (Abb. 7C). Die Statistik ergibt, dass AG auch in Anwesenheit von [D-Lys®]-
GHRP-6 weiterhin signifikant das Membranpotential hyperpolarisierte (Abb. 7D).
Auch eine Erhohung der Konzentration von [D-Lys*-GHRP-6 auf 2 pM konnte den
AG-Effekt nicht inhibieren (Serie nur mit einer Maus durchgefihrt).
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Abb. 7 Die Wirkung von AG kann nicht ausreichend mit dem peptidischen GHS-R1a-Antagonisten [D-
Lys3]-GHRP-6 inhibiert werden.

A) Représentative Messungen des Effekts von [D-Lys3]-GHRP-6 und AG auf Glucose-induzierte Oszillationen
der [Ca”"].. Die obere Abb. verdeutlicht, dass AG auch in Anwesenheit von [D-Lys’]-GHRP-6 die [Ca*]. senkt.
Die untere Abb. zeigt, dass die Zugabe von AG zu [D-Lys*]-GHRP-6 keine Veranderung der [Ca']c verursacht,
B) [D-Lys3]-GHRP-6 erhoht die [Ca®*]c. Die Kombination aus [D-Lys3]-GHRP-6 und AG hat keinen Effekt auf
die [Ca2+]cA [Ca“]C kehrt unter [D-Lys3]-GHRP-6 und AG auf den Kontrollwert (G10) zurlick. C) Die obere Abb.
zeigt eine reprasentative Messung, bei der in Anwesenheit des peptidischen GHS-R1a Antagonisten [D-Lys3]-
GHRP-6 unter AG weiterhin eine Hyperpolarisation des Membranpotentials und Erniedrigung der
Aktionspotentialfrequenz auftritt (5 von 10 Messungen). Bei der unteren Abb. zeigt die reprasentative
Messung, dass AG keinen Einfluss auf das Membranpotential in Gegenwart von [D-Lys3]-GHRP-6 hat. D) [D-
Lys3]-GHRP-6 allein hat keinen Einfluss auf das Membranpotential. AG hyperpolarisiert in Anwesenheit von
[D-Lys3]-GHRP-6 das Membranpotential. * p < 0,05; ** p < 0,01

Um auszuschlieRen, dass diese Beobachtung auf die Verwendung eines
peptidischen Antagonisten zurtickzufihren war, wurde die Messreihe mit dem
nicht-peptidischen GHS-R1a Antagonisten YIL781 (Esler et al. 2007) wiederholt.
Hierbei konnten analoge Beobachtungen gemacht und dieselben Schlisse
gezogen werden wie bei der Messreihe mit [D-Lys®]-GHRP-6 (Abb. 8A, 8B).

Bei ausschlieRlicher Gabe des GHS-R1a Antagonisten [D-Lys®]-GHRP-6 konnten
Dezaki et al. in ihren Studien die Effekte von AG (10 nM) auf die [Ca®*].in B-Zellen
von Ratten inhibieren. Dies belegten sie ebenfalls mit Messungen der
Blutglucosekonzentration nach i.p. Gabe von AG in mannlichen ddy Mausen
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(Dezaki et al. 2004). Unter Umstéanden sind die Messmethoden von Dezaki et al.
nicht sensibel genug, um eine eventuell unzureichende Inhibition von AG
aufzuzeigen, worauf die hier durchgefuihrten Patch-Clamp Experimente hindeuten,
welche nachweisen, dass allein die Prasenz eines Antagonisten des GHS-Rla
nicht zuverlassig die Effekte von AG auf das Membranpotential verhindern konnte
(Abb. 7C, 7D, 8A, 8B).

Die Messergebnisse des Membranpotentials in Gegenwart eines GHS-Rla-
Antagonisten zeigen, dass entweder die Wirkung von AG nicht ausschlieflich
durch den GHS-R1a vermittelt wird, oder die konstitutive Aktivitat des GHS-R1a
bertcksichtigt werden muss. Zur Validierung wurde der Einfluss des inversen
Agonisten K-(D1-Nal)-FwLL-NH, (M'Kadmi et al. 2015) in Kombination mit AG in
Bezug auf das Membranpotential untersucht. In 4 von 6 Messungen konnte die
Anwesenheit des inversen Agonisten die Effekte von AG verhindern (Abb. 8C, 8D).
Statistisch war eine Hyperpolarisation durch AG im Vergleich zur Kontrolle nicht

mehr sicherbar, jedoch war weiterhin eine Tendenz erkennbar.
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Abb. 8 Die Wirkung von AG kann nicht vollstandig mit dem nicht-peptidischen GHS-R1la-Antagonisten
YIL781 oder mit dem inversen Agonisten K-(D1-Nal)-FwLL-NH2 inhibiert werden.

A) Die obere Abb. zeigt eine représentative Messung, bei der der nicht-peptidische GHS-R1a Antagonist
YIL781 das Membranpotential leicht depolarisiert, aber die Zugabe von AG dennoch das Membranpotential
hyperpolarisiert und die Aktionspotentialfrequenz erniedrigt (4 von 8 Messungen). Die untere Abb. zeigt eine
reprasentative Messung, in der AG in Gegenwart von YIL781 keinen Einfluss auf das Membranpotential hat. B)
YIL781 hat keinen Einfluss auf das Membranpotential. AG hyperpolarisiert in Anwesenheit von YIL781
tendenziell das Membranpotential. C) Die obere Abb. zeigt eine Messung, bei der der inverse Agonist des
GHS-R1a K-(D1-Nal)-FwLL-NH; keinen Effekt auf das Membranpotential hat, aber die Zugabe von AG das
Membranpotential hyperpolarisiert und die Aktionspotentialfrequenz senkt (2 von 6 Messungen). Die untere
Abb. ist eine reprasentative Messung, bei der AG in Anwesenheit von K-(D1-Nal)-FwLL-NH. keinen Effekt auf
das Membranpotential hat. D) K-(D1-Nal)-FwLL-NH, hat keinen Effekt auf das Membranpotential. AG
hyperpolarisiert in Anwesenheit von K-(D1-Nal)-FwLL-NH, das Membranpotential tendenziell, aber nicht
signifikant. * p < 0,05

Die hyperpolarisierende und AP-Frequenz-erniedrigende Wirkung von AG wurde
nur zuverlassig in der Kombination des GHS-R1a Antagonisten [D-Lys*-GHRP-6
und des inversen Agonisten K-(D1-Nal)-FwLL-NH, inhibiert (Abb. 9A, 9B). Diese
Beobachtungen konnten von [Ca?']. und Patch-Clamp Messungen mit den B-
Zellclustern auf GSIS-Bestimmungen mit Langerhans-Inseln lbertragen werden
(Abb. 9C-E). Gleichzeitig bilden diese Resultate die strukturaufklarenden Studien

ab, die aufzeigen, dass die Anwendung eines inversen Agonisten die inaktive
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Konformation des GHS-R1a stabilisiert, aber nicht die Bindung von AG verhindert,
wodurch die durch AG induzierten Signalkaskaden trotzdem aktiv sind (Damian et
al. 2012, Callaghan and Furness 2014). Im Umkehrschluss beeinflusst die alleinige
Anwendung eines GHS-R1la Antagonisten nicht die konstitutive Aktivitat des
Rezeptors. Damit wird eine erfolgreiche Inhibierung der Wirkung von AG nur
erreicht, wenn sowohl ein Antagonist als auch ein inverser Agonist verwendet

werden, wie diese Messungen zeigen.

Der Ansatz, GHS-R1la Antagonisten bei T2DM und Adipositas als zukunftige
Therapieoptionen in Betracht zu ziehen, brachte in der Forschung unterschiedliche
Ergebnisse. Die Anwendung des nicht-peptidischen GHS-Rl1la Antagonisten
YIL781 zeigte dabei vielversprechende Resultate (Esler et al. 2007). In
insulinresistenten, diet-induced obesity (DIO) Ratten senkte YIL781 die
Blutglucosekonzentration und steigerte im i.p. Glucosetoleranztest (IPGTT) die
Insulinsekretion, ohne dabei die Nichternblutglucose zu beeinflussen. Neben
YIL781 fand in dieser Studie auch YIL870 Verwendung, welches sich strukturell
von YIL781 durch eine geringere, polare Oberflache und reduzierte molekulare
Flexibilitdt unterscheidet. Beide wiesen ahnliche orale Plasmakonzentrationen auf,
jedoch war die ZNS-Gangigkeit aufgrund der veranderten Struktur von YIL780
héher und damit auch der erzielte Gewichtsverlust im Vergleich zu YIL781. Daraus
schlieBen Esler und Kollegen, dass trotz der geringeren AG-Konzentration in
Ubergewichtigen Menschen und Mausen, die Therapie mit einem GHS-Rla
Antagonisten von Vorteil bei T2DM und Adipositas sein konnte.

Zu einem anderen Ergebnis kamen Mosa und Kollegen, die sich in ihrer Studie mit
dem peptidischen GHS-R1a Antagonisten [D-Lys’]-GHRP-6 auseinandersetzten
(Mosa et al. 2017). Deren Bewertung zur Einsetzbarkeit von [D-Lys®*]-GHRP-6 in
der Therapie fiel negativ aus, jedoch fuhrten sie ihre Experimente mit
normalgewichtigen, diabetischen MKR Mausen durch. Eine Langzeittherapie mit
[D-Lys®]-GHRP-6 konnte zwar die Korperfettmasse verringern, erhohte jedoch die
Nahrungsaufnahme durch die reduzierte POMC Genexpression, wodurch
anorexigene Signalwege herunterreguliert sind. Zusatzlich verschlechterte [D-
Lys’-GHRP-6 die  Glucose- und Insulintoleranz und senkte die

Insulinausschittung, was nach Mosa und Kollegen auf eine direkte Inhibition der
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Insulinsekretion zurlckzufihren war. Inwieweit die Ergebnisse dieser beiden
Studien sich ergéanzen oder ausschliel3en ist zu diskutieren. Bei MKR Mausen
handelt es sich um Tiere, die den dominant negativen IGF-1 Rezeptor im
Skelettmuskel exprimieren, der wiederum mit dem endogenen IGF-1 Rezeptor und
Insulinrezeptoren interagiert, wodurch in Leber wund Fettgewebe eine
Insulinresistenz entsteht. Andererseits konnten i.p. und i.c.v. Injektionen von [D-
Lys*-GHRP-6 in normalgewichtigen und Ubergewichtigen ob/ob Ma&usen die
Nahrungsaufnahme verringern und bei Letzteren die Gewichtszunahme,
Blutglucosekonzentration und Konzentration der FFS reduzieren (Asakawa et al.
2003). Insbesondere ist die Beobachtung von Asakawa und Kollegen
hervorzuheben, der zufolge neben der Blutglucose- auch die
Seruminsulinkonzentration und Konzentration der FFS reduziert waren. Dies deutet
somit auf eine Verbesserung der Insulinresistenz hin.

Die Anwendung eines inversen Agonisten erzielte ahnlich aussichtsreiche
Ergebnisse: Die Inhibierung der konstitutiven Aktivitat des GHS-R1a fuhrte bei
Zucker diabetes fatty (ZDF) Ratten, die im jungen Alter sowohl adip6s, als auch
insulinresistent werden, zu einer verbesserten Glucosetoleranz, reduzierter
Nahrungsaufnahme sowie reduziertem viszeralem Fettgewebe ohne dabei jedoch
zu einer nennenswerten Gewichtsreduktion zu fuhren (Abegg et al. 2017).

Ahnlich wie bei Diabetes mellitus Typ 2, bei dem sich im spéateren
Krankheitsverlauf eine Insulinresistenz entwickelt, wird vermutet, dass bei
Adipositas eine gewisse Resistenz gegeniber AG entstehen kann. Den Nachweis
hierfir erbringt eine Studie von Briggs und Kollegen an DIO Mausen, die aufzeigt,
dass NPY- und AgRP-haltige Neurone nicht mehr auf AG-Stimuli reagierten
(Briggs et al. 2010). Diese Resistenz schutzt mdglicherweise vor weiterer
Gewichtszunahme, da die periphere Gabe von AG in Ubergewichtigen Mausen die
Nahrungsaufnahme nicht mehr stimulierte. Dieser Zustand war reversibel bei
Gewichtsabnahme (Perreault et al. 2004). Die Tatsache, dass die Konzentration an
AG in anorektischen Patienten erhdht und in adipésen wiederum erniedrigt ist
(Tschop et al. 2001b), deutet darauf hin, dass AG eher die physiologische Aufgabe
hat, den Koérper vor dem Verhungern zu schiitzen, als Ubergewicht zu fordern,

indem AG als afferentes Signal fungiert, welches das ZNS Uber die dietatische

32



Verfugbarkeit von Nahrstoffen informiert und wodurch eine Anpassung des
Metabolismus an den Energieverbrauch erfolgen kann (Tschop et al. 2000, Tschop
et al. 2001a).

Insgesamt zeigen die hier dargestellten Ergebnisse und die Resultate anderer
Studien, dass die Antagonisierung von AG durchaus wuinschenswerte
Auswirkungen auf metabolische Erkrankungen, einschlielich Diabetes mellitus
Typ 2 hat.
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Abb. 9 Die Wirkung von AG kann nur in Anwesenheit von einem Antagonisten und inversen Agonisten
des GHS-R1a inhibiert werden.

A) Reprasentative Messung des Effekts von K-(D1-Nal)-FwLL-NH; und [D-Lys3]-GHRP-6, sowie K-(D1-Nal)-
FwLL-NH,, [D-Lys3]-GHRP-6 und AG auf das Membranpotential. B) AG hat keinen Einfluss auf das
Membranpotential in Gegenwart von K-(D1-Nal)-FwLL-NH, und [D-Lys3]-GHRP-6. C) AG erniedrigt die GSIS
unter G10. D) In der Anwesenheit des GHS-R1a Antagonisten [D-Lys3]-GHRP-6 und AG ist die Erniedrigung
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der GSIS im Vergleich zu Abb. 7K verringert, aber weiterhin signifikant. E) In der Gegenwart von K-(D1-Nal)-
FwLL-NH und [D-Lys3]-GHRP-6 1 hat AG keinen Einfluss auf die GSIS.

Die Angabe n steht fiir die Anzahl der durchgefiihrten Messungen mit Langerhans-Inseln oder B-Zellclustern
aus mindestens 3 WT Mauspraparationen. *** p < 0,001

3.4 Die Effekte von AG auf B-Zellcluster und Langerhans-Inseln aus SUR1™"

Mausen

Der Karp-Kanal gehort zu den einwérts gleichrichtenden K*-Kanalen und ist ein
Heterooctamer, welches sich aus zwei Untereinheiten (UE) zusammensetzt: vier
porenbildendenen Kir6.2 UE und vier regulatorischen SUR1 Einheiten (Clement et
al. 1997, Aguilar-Bryan and Bryan 1999). Die SUR1-UE, welche vom ABCC8 Gen
codiert wird, gehort zu den ABC Proteinen und besitzt u.a. zwei cytosolische
Nukleotid-bindende Doméanen (NBD), an die MgADP bzw. ATP binden. Im SUR1-
knockout (SUR1”) Mausmodell ist das ABCC8 Gen deletiert (Seghers et al. 2000).
Der Katp-Kanal wird vom ER an die Plasmamembran transportiert, wenn er im ER
korrekt aus den beiden UE zusammengesetzt wurde (Zerangue et al. 1999).
Folglich verfligen SUR1™ Mause tber keine Karp-Kanale. Obwohl der Karp-Kanal
eine zentrale Rolle in der SSK einnimmt, reagieren SUR” Mause auf
Glucosestimuli mit der Sekretion von Insulin, wenngleich sich Unterschiede
abzeichnen: Bei basalen Glucosekonzentrationen weisen SUR” Mause eine
erhohte und bei stimulatorischen Glucosekonzentrationen eine erniedrigte
Insulinsekretion im Vergleich zu WT Mausen auf (Shiota et al. 2002, Nenquin et al.
2004, Haspel et al. 2005). Aul3erdem ist die erste der beiden Phasen der GSIS,
welche sich durch einen schnellen und transienten Anstieg der Insulinsekretion
auszeichnet, bei SUR” Mausen nicht vorhanden.

Die im WT beobachtete inhibierende Wirkung von AG auf die SSK war in B-Zellen
und Langerhans-Inseln von SUR1" Mausen nicht mehr vorhanden (M-AG Fig. 4A-
4E). In Bezug auf das Membranpotential wurde in Gegenwart von AG (10 nM) eine
leichte, aber signifikante Depolarisation des Vi, erfasst. In aus SUR™ isolierten B-
Zellclustern steigerte DAG (20 nM) analog zum WT die [Ca®']. unter G10. Die
Zugabe von AG (10 nM) zu DAG (20 nM) bewirkte keine Veranderung der [Ca?'].
oder der GSIS (Messungen aus 12 (-Zellclustern aus n = 3 Mausen und n = 6

Sekretionen aus mindestens 3 Mausen, Daten nicht abgebildet). DAG (20 nM)
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hatte keinen Einfluss auf die GSIS in isolierten Langerhans-Inseln aus SUR™
Mausen (n = 6 Sekretionen aus mindestens 3 Mausen, Daten nicht abgebildet).
Diese Ergebnisse zeigen, dass der Effekt von AG durch den Karp-Kanal vermittelt
wird, wahrend der Karp-Kanal bei der Wirkung von DAG nur eine untergeordnete

Rolle zu spielen scheint.

3.4.1 AG interagiert indirekt mit Karp-Kanélen

Durch den Glucosemetabolismus stellt das Mitochondrium mittels Redoxreaktionen
ATP zur Verfugung, welches zum SchlieBen der Karp-Kandle fihrt und ein
Schliusselelement in der SSK ist (Krippeit-Drews et al. 2000). Ein moglicher
Angriffspunkt fur AG ware somit die ATP-Produktion in der Atmungskette im
Mitochondrium. Zur Untersuchung dieser Mdglichkeit wurde das mitochondriale
Membranpotential (Ay) mit dem Fluoreszenzfarbstoff Rhodamin123 erfasst. Unter
Kontrollbedingungen ist erwartungsgemalf unter G0,5 die Depolarisation und unter
G10 die Hyperpolarisation des Ay zu beobachten, wobei AG keinen Einfluss auf
Ay unter G10 ausubte (Abb. 10A, 10B). Dadurch ist unwahrscheinlich, dass AG
Uber die mitochondriale ATP-Produktion den Karp-Kanal beeinflusst.

Der exzidierte Patch in der inside/out Konfiguration dient dazu, Einzelkanalstréme
zu analysieren. Mittels der inside/out Patch Konfiguration wurde untersucht, ob AG
direkt mit dem Karp-Kanal interagieren kann, ohne dass das Cytosol mit
physiologischen Signaltransduktionsketten und second messenger Molekilen
vorhanden ist. In Gegenwart von ATP im Konzentrationsbereich zwischen 0,1 und
1 mM schlie3en die Karp-Kanéle, wodurch die mittlere Stromdichte signifikant sinkt
(Abb. 10C, 10D). Bei Zugabe von AG zu ATP nahm die mittlere Stromdichte
tendenziell, jedoch nicht signifikant zu. Eine Offnung von Katp-Kanalen war in der
Anwesenheit von ATP und AG nicht zu beobachten (Abb 10C, 10D). Bei
Messungen des Stroms in der Perforated-Patch Konfiguration bleibt der
Zellmetabolismus intakt, wodurch second messenger Signalwege weiterhin
funktionsfahig sind. Dabei wird das Membranpotential auf -70 mV ,geklemmt®, um
die Aktivitat von spannungsabhangigen L-Typ Ca**-Kanalen auszuschlieBen. Da
der Karp-Kanal spannungsunabhangig ist, kann unter diesen Bedingungen folglich

v.a. der Karp-Strom (Garrino et al. 1989) erfasst sowie untersucht werden, ob AG
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Uber diesen Weg den Karp-Kanal aktiviert. AG erhoht signifikant den Katp-Strom in
der Gegenwart von G6 (Abb. 10E, 10F). Der Einfluss von AG auf den Strom
scheint nicht nur von der Offnung von Katp-Kandlen herzurithren, was die
Ergebnisse mit Tolbutamid, einem Katp-Kanal Inhibitor, wiedergeben (Abb. 10G,
10H). In Gegenwart von Tolbutamid und AG bleibt weiterhin ein Reststrom
vorhanden, der nicht auf den Karp-Kanal zuriickzufuhren ist. AG verandert nicht
das Umkehrpotential, wie durchgefiihrte Spannungsspringe von -50 bis -100 mV
zeigen (Messungen aus 4 [(-Zellclustern, Serie mit n = 1 Maus, Daten nicht
abgebildet). Um zu untersuchen, ob unspezifische K*-Kanale an den Effekten von
AG beteiligt sind, wurde die Messserie in Gegenwart von Tolbutamid und
Tetraethylammoniumchlorid (TEA) wiederholt, einem unspezifischen K'-Kanal
Inhibitor, welcher u.a. verzogert gleichrichtende K, Strome (delayed rectifier K,
currents) blockiert. TEA konnte den erzeugten Strom unter AG weiter herabsetzen,
aber der Strom kehrte erst nach langerer Zugabe auf Kontrollniveau zuriick (Abb.
101, 10J). Diese Beobachtungen lassen darauf schliel3en, dass die Wirkung von
AG nicht ausschlieRlich auf die Offnung von Karp-Kanalen zuriickzufiihren ist,
sondern ebenfalls unspezifische K'-Kanale involviert sind. Der Einfluss von
verzogert gleichrichtenden K,-Kanalen, welche an der Repolarisation der [3-
Zellmembran beteiligt sind (Velasco and Petersen 1987), ist jedoch eher
unwahrscheinlich, da diese wahrend des Ruhemembranpotentials nicht aktiv sind
und die Messungen bei einer Haltespannung von -70 mV durchgefiihrt worden
waren (Henquin 1990, Smith et al. 1990b). Einen nicht zu vernachlassigenden
Beitrag zur Repolarisation von B-Zellen haben auRerdem Ca®*-abhéngige K*-
Kanadle (Kca-Kanéle), zu denen die large-conductance BK-Kandle, die
intermediate-conductance SK4-Kanéle und die small-conductance SK1-3-Kanéle
zahlen. BK-Kanale 6ffnen durch Ca**-Stimulus und sorgen fiir einen Ausstrom von
K*. lhre Ca®'-Sensitivitat ist abhangig vom Membranpotential, d.h., dass sie
sensitiver bei Depolarisation reagieren, womit eine Beteiligung von BK-Kandalen an
dieser Stelle unwahrscheinlich ist. SK4-Kanale hingegen sind zwar ebenfalls Ca**-
abhangig, jedoch weitgehend spannungsunabhangig (Jensen et al. 1998, Vogalis
et al. 1998), wodurch sie eventuell an der Wirkung von AG beteiligt sein konnten.
Um den Einfluss von AG auf SK4-Kanale zu untersuchen kénnte man die Karp-

Strom-Messreihe in Anwesenheit des SK4-Kanal-Inhibitors Tram 34 wiederholen.
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Ein weiterer, moglicher Angriffspunkt von AG waére die Inhibition von transient
receptor potential channels (TRP-Kanale), welche in TRPV, TRPM und TRPC
differenziert werden. TRP-Kanale sind nicht-selektive, Ca*'-durchlassige
Kationenkanale, die zum depolarisierenden Strom in B-Zellen beitragen (Jacobson
and Philipson 2007, Philippaert and Vennekens 2018). Kurashina et al. finden in
ihrer Studie mittels Perforated-Patch Messungen in WT und TRMP27 Mausen
heraus, dass AG Uuber Erniedrigung der cAMP-Konzentration TRPM2-Kandéle
inhibiert, und erklaren u.a. damit den negativen Einfluss von AG auf die SSK
(Kurashina et al. 2015).

Die Arbeitsgruppen von Dezaki und Kurashina sind neben den hier préasentierten
elektrophysiologischen Messreihen die einzigen, die Patch-Clamp Experimente mit
AG durchgefuhrt haben. Sie zeigten, dass AG in der Perforated Whole-Cell
Konfiguration die Amplitude von K-Kanalstromen erhdhte und dieser Effekt durch
den PKA-Aktivator 6-Phe-cAMP verhindert wurde (Dezaki et al. 2011).
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Abb. 10 AG interagiert indirekt mit Karp-Kanalen

A) Reprasentative Messung des Effekts von AG unter G10 auf Ay in B-Zellclustern. FCCP entkoppelt die
Atmungskette und fihrt zur vollstdndigen Depolarisation des Ay. B) AG hat keinen Effekt auf Ay. C)
Représentative Messung der Wirkung von ATP und AG auf die mittlere Stromdichte in der inside/out Patch
Konfiguration. D) Unter ATP schliel3en Karp-Kanéle und die mittlere Stromdichte sinkt. Die Zugabe von AG hat
keinen Einfluss auf die mittlere Stromdichte. E) Représentative Messung des Effekts von AG auf Karp-Strom
unter G6 in der Perforated-Patch Konfiguration. F) AG erhéht den Katp-Strom. G) Repréasentative Messung des
Effekts von AG in Gegenwart von Tolbutamid auf den Karp-Strom unter G6 in der Perforated-Patch
Konfiguration. H) In Anwesenheit von Tolbutamid ist unter AG weiterhin ein Reststrom vorhanden. I)
Repréasentative Messung des Effekts von AG bei Zugabe von Tolbutamid und TEA auf den Karp-Strom unter
G6 in der Perforated-Patch Konfiguration. J) Der Zusatz von Tolbutamid und TEA senkt den durch AG
ausgeldsten Karp-Strom auf Kontrollniveau (G6).

Die Angabe n steht fiir die Anzahl der durchgefiihrten Messungen mit B-Zellclustern aus mindestens 3 WT
Mauspraparationen. ** p < 0,01; *** p < 0,001
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3.5 Die Interaktion von AG und SST und der Einfluss von SST-Rezeptoren

Die langjahrig etablierte Theorie von Dezaki und Kollegen war, dass AG seine
Wirkung in der B-Zelle tber den darin exprimierten GHS-R1a austibt. Der Gg-
gekoppelte GHS-R1a fuhrt nach der Bindung von AG Uber die Erniedrigung von
cAMP und dadurch herabgesetzter PKA-Aktivitat zu der Offnung von K,-Kanalen
und damit einhergehend zur Hemmung der SSK und Erniedrigung der
Insulinsekretion (Dezaki et al. 2011). Spater spezifizierten sie ihren postulierten
Signalweg dahingehend, dass der GHS-R1a die beschriebene Signalkaskade uber
eine Kopplung mit TRPM2 bewirkt (Kurashina et al. 2015). Im Jahr 2012
beschrieben Park und Kollegen eine neue Hypothese: Da der GSH-R1a kanonisch
in anderen Geweben Gqg-gekoppelt ist, bedeutet das im Umkehrschluss, dass AG
auf die pankreatische (3-Zelle Uber den PLC-Signalweg eine steigernde Wirkung
auf die GSIS haben misste. Um dieses Paradoxon aufzulésen zeigten die Autoren
mittels  Forster-Resonanzenergietransfer  (FRET) und  Biolumineszenz-
Resonanzenergietransfer (BRET), dass der in der Ratteninsulinomzelllinie INS-1J
exprimierte Ggi-gekoppelte SST-R5 und Ggq-gekoppelte GHS-Rla miteinander
heteromerisieren. lhren Daten zufolge erniedrigt AG genaugenommen die cAMP-
Akkumulation dann, wenn das relative Verhaltnis von AG zu SST hoch ist (in
Nuchternphasen), wahrend ein niedriges AG zu SST Verhaltnis das aus GHS-R1a
und SST-R5 zusammengesetzte Heteromer dissoziiert und die Gqq-gekoppelte,
PLC-typische Mobilisierung von [Ca®']. steigert (Park et al. 2012).

Zwei weitere Arbeitsgruppen vertffentlichten im Jahr 2016 unabhéangig
voneinander Ubereinstimmende Ergebnisse. Sie konnten durch Erstellung eines
transkriptomischen Profils den GHS-R1a in murinen (3-Zellen nicht nachweisen,
daflr jedoch in murinen &-Zellen (Adriaenssens et al. 2016, DiGruccio et al. 2016).
Ihre Theorie besagt, dass aufgrund der kanonischen Gqg-Kopplung des GHS-R1a
die Bindung von AG die PLC aktiviert und die bereits durch Glucose initiierte SST-
Sekretion steigert. SST bindet anschlieRend an SST-R3 Rezeptoren in der p-Zelle
und setzt Uber Gg-Kopplung die cAMP-Konzentration durch Hemmung der AC
herab, wodurch die Insulinsekretion erniedrigt wird. Zusatzlich wiesen die
Arbeitsgruppen von Adriaenssens und DiGruccio im perfundierten Mauspankreas
nach, dass AG (100 nM) die Glucose-induzierte SST-Sekretion erhohte. Folglich
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argumentieren sie in ihren Veroffentlichungen, dass schlussendlich nicht AG an
der B-Zelle die GSIS senkt, sondern die beobachteten Effekte auf SST

zuruckzufihren sind.

Zur Evaluierung der beschriebenen Theorien und der mdglichen Interaktion von
AG und SST wurde u.a. die [Ca?']. bestimmt. Fir die nachfolgenden Messreihen
wurde SST1-14 verwendet, welches die dominant vorkommende Form im
Pankreas darstellt (Noe 1981, Patel 1999). Eingesetzt wurde SST1-14 in der
Konzentration von 2 nM, um die Glucose-induzierten Oszillationen der [Ca®"]. in
der Anwesenheit von SST1-14 moderat und zumindest nicht in jedem erfassten 3-
Zellcluster vollstandig zu hemmen. Bei dieser Messreihe konnten zwei Effekte
beobachtet werden, wobei einer davon haufiger auftrat. Zum einen konnte unter
SST1-14 eine vollstandige oder moderate Hemmung der Glucose-induzierten
Ostzillationen der [Ca®']. erfasst werden, welche unter AG wieder auftraten (Abb.
11A, 11B). Zum anderen trat gelegentlich unter der Zugabe von AG zu SST1-14
eine synergistische Hemmung der Glucose-induzierten Oszillationen von [Ca®']c
auf (Abb. 11C, 11D). Diese Ergebnisse machen deutlich, dass es in 3-Zellclustern
zwischen AG und SST1-14 zu verschiedenen Interaktionen kommt. Der
Versuchsansatz wurde angepasst und fur die GSIS in Langerhans-Inseln aus WT
Méausen Ubernommen wobei zusatzlich die Konzentration von 10 nM SST1-14
untersucht wurde. Die Ergebnisse konnten die Beobachtungen aus den [Ca*].-
Messungen statistisch nicht bestatigen (Abb. 12E). Die Begrindung hierfir liegt
vermutlich in der Methode bzw. Verwendung von Langerhans-inseln, wodurch
Einzeleffekte jeder Substanz und synergistische Effekte beider Substanzen an den

einzelnen Zelltypen des Pankreas schlechter zu differenzieren sind.
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Abb. 11 Der Einfluss von SST und AG auf B-Zellen und Langerhans-inseln

A) Reprasentative Messung des Effekts von SST und AG auf die Glucose-stimulierten Oszillationen der
[Ca2+]c. Auch bei vollstandiger Hemmung der Glucose-stimulierten Oszillationen der [Ca2+]c treten unter AG
Oszillationen der [Ca®']c auf. B) SST senkt die [Ca®']c. In der Anwesenheit von SST und AG steigt die [Ca®'].
auf Kontrollniveau (G10). C) Reprasentative Messung des Effekts von SST und AG auf die Glucose-
stimulierten Oszillationen der [Ca®‘].. Bei moderater Hemmung der [Ca®‘]. unter SST erfolgt unter AG eine
synergistische Hemmung der Glucose-stimulierten Oszillationen der [Ca2+]c. D) SST senkt die [Ca2+]C und in
Anwesenheit von AG wird die [CaZJ']c weiter erniedrigt. E) AG und SST in den Konzentrationen 2 und 10 nM
senken die GSIS. Die Kombination aus AG und SST erniedrigt ebenfalls die GSIS im Vergleich zu G10. *p <
0,05; ** p <0,01; *** p < 0,001
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Zur weiteren Untersuchung, ob SST-Rs an der Wirkung von AG im Pankreas
beteiligt ist, wurde eine GSIS-Reihe mit dem unspezifischen SST-R-Antagonisten
Cyclosomatostatin (CSS) durchgefiihrt (Abb. 12A). CSS zeigte in beiden
verwendeten Konzentrationen die Tendenz, die Insulinsekretion zu erniedrigen,
hatte aber keinen signifikanten Einfluss auf die GSIS (Abb. 12A). AG und CSS (1
MM) reduzierte die GSIS (Abb. 12A). Die hier beobachtete tendenziell negative
Wirkung von CSS auf die GSIS steht diametral zu einer anderen Studie, in der
CSS unter G6,6 die GSIS in isolierten Langerhans-Inseln aus Ratten signifikant
erhohte (Kaczmarek et al. 2009). Die Anwendung des spezifischen SST-R2
Antagonisten H6056, der in der eingesetzten Konzentration von 1 uM jedoch auch
die Subtypen 1-5 hemmt, brachte interpretierbare Resultate: In der Gegenwart von
H6056 konnte keine AG-Wirkung mehr auf die GSIS in murinen Langerhans-Inseln
nachgewiesen werden (Abb. 12B). Die Diskrepanz der erfassten Effekte der SST-
R-Antagonisten CSS und H6056 kann ihre Begriindung in einem autokrinen
Feedbackmechanismus haben, der von SST auf &-Zellen beschrieben wird.
Pankreatische, murine ©&-Zellen exprimieren ebenfalls SST-Rs, genauer
genommen SST-R1 und SST-R3 (Adriaenssens et al. 2016, DiGruccio et al. 2016,
Rorsman and Huising 2018). Durch die Bindung eines Antagonisten an diese SST-
R-Subtypen in 8-Zellen kann die SST-Ausschittung erhéht werden (Adriaenssens
et al. 2016, Orgaard and Holst 2017). Da es sich bei CSS um einen unspezifischen
SST-R-Antagonisten handelt, ist diese Interaktion wahrscheinlicher, als bei H6056
und erklart eventuell dadurch die beobachteten Unterschiede.

Der SST-R-Antagonist H6056 1 uM wurde auch von Adriaenssens und Kollegen in
Kombination mit dem SST-R5 Antagonisten H5884 1 uM verwendet und zeigte
dasselbe Ergebnis (Adriaenssens et al. 2016). Daraus lasst sich ableiten, dass
SST-Rs bei dem Einfluss von AG auf die 3-Zellen und Langerhans-Inseln eine
nicht zu vernachlassigende Bedeutung hat, erklart aber nicht, ob dabei parakrin
aus den d-Zellen ausgeschiittetes SST eine Rolle spielt. Wirde der Effekt von AG
uber SST aus den &-Zellen vermittelt werden, durfte SST, genau wie AG, in B-
Zellen von SUR1” Mausen keine Wirkung mehr haben. Bei der Erfassung der
[Ca®*]. stellte sich unter dem Einfluss von SST1-14 aber heraus, dass SST1-14 in
den ersten 5 min der etwa 20-mindtigen Zugabe transient die Glucose-induzierten

Oszillationen der [Ca®']c unter G10 hemmt. In den nachfolgenden 15 min der
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Zugabe bewirkte SST1-14 eine anhaltende, wenngleich etwas schwachere,
Abnahme der [Ca®]. in B-Zellen von SUR1” Mausen (Abb. 12C, untere Messung).
Bei B-Zellclustern, welche ein Plateau der [Ca®*']. aufwiesen, unterbrach die
Zugabe von SST1-14 die Plateauphase und fihrte stellenweise zu einer
weiterfiihrenden oszillatorischen Aktivitat der [Ca®*]. (Abb. 12C, obere Messung).
Dies widerspricht den Ergebnissen von AG auf die [Ca®'] im SUR1" (M-AG Fig.
4A, 4B). Die Beobachtung, dass die Wirkung von SST an B-Zellen nicht durch den
Katp-Kanal vermittelt wird, wurde in zwei anderen Studien ebenfalls nachgewiesen.
Bei Messungen des Membranpotentials hemmte SST (10-30 nM) in G6 das
Auftreten von Aktionspotentialen und fuihrte zu einer Hyperpolarisation in humanen
B-Zellen. Diese Effekte waren in Gegenwart des Karp-Kanal Blockers Tolbutamid
(200 uM) ebenfalls prasent (Kailey et al. 2012). Analoge Beobachtungen konnten
bei Patch-Clamp Messungen in der cell-attached Konfiguration in Gegenwart von
G15, SST (0,1 pM) und Tolbutamid (50 pM) in INS-1 Zellen gemacht werden (Abel
et al. 1996). Daraus kann abgeleitet werden, dass AG weder Einfluss auf die
Glucose-induzierten Oszillationen der [Ca®‘]c noch auf die GSIS und das
Membranpotential in SUR™ B-Zellen und Langerhans-Inseln hat und zeigt deutlich,
dass AG eigenstandig und ohne Anwesenheit von SST seine hemmenden Effekte
auf die SSK ausibt. Unumstritten ist ebenfalls die Involvierung eines SST-R-
Subtyps, der jedoch im Rahmen dieser Arbeit nicht ndher charakterisiert wurde.
Allerdings ist nicht ganzlich auszuschlieRen, dass der GHS-R1a in &-Zellen
exprimiert ist und der von den Arbeitsgruppen Adriaenssens et al. und DiGruccio et
al. postulierte Signalweg auch stattfindet (Adriaenssens et al. 2016, DiGruccio et
al. 2016).

Da die Population an B-Zellen mit etwa 60-80 % je nach Spezies (Stefan et al.
1983, Cabrera et al. 2006) sehr hoch ist, ist die Mdglichkeit, dass sich bei
Messungen mit B-Zellclustern a- oder &-Zellen in der unmittelbaren Umgebung
befanden, zwar mdglich, aber nicht unbedingt bei jeder Messung zu erwarten. Es
ist unwahrscheinlich, dass die potentielle Nahe anderer Zellpopulationen die
Effekte von AG ausgeldst haben, insbesondere in Anbetracht der Tatsache, dass
die Wirkung von AG in allen Messung erkenntlich waren, in denen aus

Langerhans-Inseln vereinzelte B-Zellcluster verwendet worden sind und die
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Erniedrigung der Insulinsekretion in Gegenwart von AG auch in der B-Zelllinie
MING zu beobachten war (Abb. 4A). Gegen die Involvierung von a-Zellen spricht,
dass diese vorwiegend bei niedrigen Glucosekonzentrationen elektrisch aktiv sind
(Nadal et al. 1999, Barg et al. 2000, Quesada et al. 2006). Die Beteiligung von &-
Zellen in séamtlichen Messreihen, in denen aus Langerhans-Inseln vereinzelte [3-
Zellcluster benutzt worden sind, ist in Anbetracht des geringen Anteils, den 0-
Zellen an der endokrinen Zellpopulation ausmachen, ebenfalls fraglich (Barg et al.
2000).

In murinen B-Zellen konnten alle Subtypen des SST-R nachgewiesen werden,
wobei der SST-R5 der funktional wichtigste Subtyp zu sein scheint (Norman et al.
2002, Strowski et al. 2003, Tirone et al. 2003, Ludvigsen et al. 2004, Wang et al.
2005), wahrend in humanen B-Zellen der SST-R2 dominant ist (Kailey et al. 2012).
Diese Ergebnisse sind in Kongruenz mit der Hypothese der Heteromerisation von
GHS-R1a und SST-R5, wie sie Park und Kollegen postulieren. Allerdings
widerlegen diese Ergebnisse die Arbeitshypothese von Adriaenssen et al. und
DiGruccio et al., welche in murinen (3-Zellen den SST-R5 gar nicht und stattdessen
den SST-R3 als dominanten Subtyp nachgewiesen haben. In murinen B-Zellen
konnten Rorsman und Ashcroft wiederum fast ausschlieBlich mRNA des SST-R3
und in nur geringem Ausmalf} den GHS-R1a nachweisen (Rorsman and Ashcroft
2018). DiGruccio und Kollegen begrinden zusatzlich die Involvierung des SST-R3
bei der Wirkung von AG mit den Beobachtungen, die sie bei Verwendung des
SST-R3-Antagonisten SST3-ODN-8 (Reubi et al. 2000) in WT Mausen in vitro
machten (DiGruccio et al. 2016). Bei ndherer Betrachtung der dargestellten
Ergebnisse wird jedoch ersichtlich, dass die Arbeitsgruppe nicht prasentiert, wie
der SST-R3-Antagonist allein die GSIS beeinflusst. Sie zeigt Daten, in denen AG
(100 nM) und SST3-ODN-8 (100 nM) gemeinsam verwendet worden sind und die
Kombination aus beiden Peptiden zwar nicht signifikant, aber tendenziell die GSIS
erhohte. Daraus kann nicht valide abgeleitet werden, ob nicht der Antagonist allein
die GSIS bereits derart stark beeinflusst, dass die Wirkung von AG uberdeckt wird

oder ob tatséachlich ein Antagonismus vorliegt.
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Der Vergleich der Ergebnisse der [Ca?*].-Messungen von AG und SST in B-Zellen
von SUR™ Mausen (Abb. 12C, 12D und M-AG Fig. 4A, AB) verdeutlicht, dass die
Effekte auf die SSK nicht durch SST, sondern AG in B-Zellen verursacht werden.
Die Wirkung von SST ist, im Gegensatz zu AG, nicht Gber den Katp-Kanal
vermittelt, wodurch der Einfluss von AG auf das Pankreas nicht ausschlief3lich
durch SST erklart werden kann. Die hier prasentierten Daten lassen darauf
schlieRen, dass die Wirkung von AG nicht durch die Bindung von AG an den Ggq-
gekoppelten GHS-R1a in &-Zellen und die damit induzierte Freisetzung von SST
zustande kommt, welches anschlieBend parakrin auf G,-gekoppelte SST-Rs in -
Zellen einwirkt. Sie riicken vielmehr die postulierte Heteromerisationstheorie von
Park und Kollegen in den Fokus (Park et al. 2012). Diese Theorie beschreibt, wie
weiter oben erwéahnt, dass unter Bedingungen, in denen das Verhéltnis von AG zu
SST hoch ist, der GHS-Rla (Ggq-gekoppelt) und SST-R5 (Gg-gekoppelt)
heteromerisieren. Dieses Verhéltnis ist wiederum abhangig von der Energiebilanz
bzw.  Glucosekonzentration. In  Nichternphasen, wenn folglich  die
Glucosekonzentration niedrig ist, wird AG ausgeschuttet und etabliert Gber das
SST-R5 und GHS-R1a Heteromer die Gg-Signalkopplung und inhibiert die GSIS.
Die konstitutive Heteromerisation der beiden Rezeptoren erklaren Park et al.
zusatzlich als unter diesen Umstdnden energetisch bevorzugte Formation von
SST-R5 und GHS-R1a im Gegensatz zu Homomeren von SST-R5 und GHS-R1a.
Dadurch kann die Erniedrigung der cAMP-Konzentration und somit die hemmende
Wirkung von AG auf die SSK von Park et al. begriindet werden. Wie bereits in
Abschnitt 1.2 erwahnt, ist der GHS-Rla, wie viele andere metabotrope
Rezeptoren, in der Lage, mit anderen Rezeptoren, wie dem DRD2-R und 5-HT,¢
zu heteromerisieren, was diese Interaktion ermoéglicht (Kern et al. 2012,
Schellekens et al. 2013).
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Abb. 12 SST-Rezeptoren sind an der Wirkung von AG beteiligt. SST senkt im Gegensatz zu AG die
[Ca?']. in B-Zellen aus SUR™ Mausen.

A) AG setzt die GSIS unter G10 herab. Der unspezifische SST-R-Antagonist CSS senkt tendenziell die GSIS,
erreicht jedoch keine Signifikanz. Die Kombination aus AG und CSS (1 pM) hemmt die GSIS. B) AG senkt die
GSIS, wahrend der SST-R-Antagonist H6056 allein tendenziell die Insulinsekretion steigert. In Anwesenheit
von H6056 hat AG keinen Einfluss auf die GSIS. C) Reprasentative Messungen des Effekts von SST auf die
Glucose-induzierten Oszillationen der [Ca2+]C in B-Zellen von SUR1" Mausen. D) SST zeigt in den ersten 5 min
eine transiente Hemmung der [Ca2+]c und von Minute 5-20 der Zugabe eine im Vergleich zu den ersten 5
Minuten abgeschwachte, aber persistierende Erniedrigung der [Ca2+]c_ Die Angabe n steht fir die Anzahl der
durchgefiihrten Messungen mit Langerhans-Inseln oder (-Zellclustern aus mindestens 3 WT oder SUR™
Mauspraparationen. * p <0,05; ** p £0,01; *** p < 0,001
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3.6 AG beeinflusst die B-Zellfunktion tber den cAMP/PKA Signalweg

Anhand der Ergebnisse der vorangegangenen Abschnitte ist ersichtlich, dass die
Wirkung von AG im Zusammenhang mit dem Karp-Kanal steht. Die
Metabolisierung von Glucose zu ATP fuhrt zum Schlie3en der Karp-Kanéle und
dem Einstrom von Ca*" durch L-Typ Ca®'-Kanale. Der second messenger cCAMP
potenziert die durch Ca**-vermittelten Signale (Hellman et al. 1974, Wollheim and
Sharp 1981, Schuit and Pipeleers 1985, Henquin 2000, Tengholm 2012). AG ist
nur wirksam in Gegenwart von Glucosekonzentrationen, die Uber dem
Schwellenwert liegen, wie die Ergebnisse aus 3.1 belegen. Das legt den Schluss
nahe, dass AG mit amplifizierenden Signalwegen, genaugenommen mit cAMP,
interferiert. Die Generierung von CcAMP erfolgt durch Aktivierung der
membranstandigen AC, welche ATP zu cAMP cyclisiert. Anschliel3end aktiviert
cAMP die Effektorproteine PKA und exchange protein directly activated by cAMP
(Epac). Uber PKA werden Zielstrukturen phosphoryliert und dadurch
beispielsweise die Aktivitat von spannungsabhangigen K,-Kanalen herabgesetzt
(MacDonald et al. 2002) und die Offnungswahrscheinlichkeit sowie Leitfahigkeit
von L-Typ Ca?*-Kanélen erhoht (Kanno et al. 1998, Bunemann et al. 1999, Fuller et
al. 2014). Die PKA reguliert auch die Aktivitdt von Karp-Kanalen durch
Phosphorylierung der Kir6.2 oder SUR1 UE, wobei die durch PKA-vermittelte
Modulation der Karp-Kanéle von der ADP-Konzentration abhéngig ist (Beguin et al.
1999, Lin et al. 2000, Light et al. 2002, Tinker et al. 2018). Zusatzlich beeinflusst
PKA die Mobilisierung der Insulin-haltigen Granula durch Interaktion mit
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) bzw.
synaptosomal protein of 25 kDa (SNAP-25) (Renstrom et al. 1997, Vikman et al.
2009).

Epac2 ist die dominant vorkommende Form im Pankreas (de Rooij et al. 1998,
Kawasaki et al. 1998, Ueno et al. 2001) und aktiviert die kleine GTPase Rapl, die
wiederum die PLCe mobilisiert (Holz et al. 2006, Leech et al. 2010). Aul3erdem hat
Epac2 Einfluss auf die Exozytose, indem es mit dem Rab3 Effektorprotein RIM2
interagiert (Shibasaki et al. 2007). Zusammengefasst erhohen und modulieren
somit Epac2 und PKA die GSIS.
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Die Hydrolyse von cAMP zu 5" AMP erfolgt durch PDEs (Sams and Montague
1972, Heimann et al. 2010, Tengholm and Gylfe 2017) und erniedrigt dadurch die
Insulinsekretion. Die PDEs sind mit mehreren Subtypen in pankreatischen
Langerhans-Inseln vertreten, von denen insbesondere PDE3B der wichtigste
Subtyp ist (Pyne and Furman 2003).

Summa summarum gibt es fur AG somit die Moglichkeiten, mit PKA oder Epac2 zu
interferieren oder die PDE zu stimulieren. Um diese Mdglichkeiten zu eruieren
wurde die GSIS mit AG (10 nM) in Langerhans-Inseln von Epac2”’-Mausen und
von WT Mausen in Gegenwart des zellpermeablen cAMP-Analogons dibutyryl-
CAMP (db-cAMP) (1 mM) durchgefiihrt, welches die PKA stimuliert, oder aber in
Gegenwart des PDE-Inhibitors 3-Isobutyl-1-methylxanthin (IBMX) (50 uM). Sowohl
die Verwendung von db-cAMP als auch von IBMX antagonisierte die
insulinsekretionsinhibierende Wirkung von AG (10 nM) unter G10 (M-AG: Fig. 6A,
6B), wahrend in Langerhans-Inseln aus Epac2” Mausen AG (10 nM) weiterhin die
GSIS reduzierte (M-AG: Fig. 6C).

Dezaki und Kollegen fiihrten cAMP Messungen in MIN6 durch, in denen AG (10
nM) in G11 die Glucose-induzierte Erh6hung der [cAMP]. hemmte (Dezaki et al.
2011). Im perfundierten Rattenpankreas und in aus Ratten isolierten Langerhans-
Inseln benutzte diese Arbeitsgruppe ebenfalls db-cAMP und konnte damit auch die
Effekte von AG auf die GSIS hemmen. Neben db-cAMP fand bei ihren
Experimenten der AC-Inhibitor MDL-12330A und der PKA-Aktivator 6-Phe-cAMP
Verwendung, wodurch sie den cAMP/PKA-abhangigen Wirkmechanismus von AG
nachweisen konnten.

Zusammengenommen verdeutlichen diese Resultate, dass AG mit dem
amplifizierenden cAMP/PKA-Signalweg interferiert. Dieser Signalweg ist -
zellspezifisch, was durch die eigenen Ergebnisse (Abb. 4A) und die [cCAMP].-
Messungen von Dezaki et al. in MIN6-Zellen gestitzt wird (Dezaki et al. 2011).
Durch die Hemmung der AC werden die durch cAMP und PKA ausgeldsten
Signalkaskaden abgeschwacht und damit u.a. der Einfluss von AG auf den Katp-
Kanal erklart (Abschnitt 3.4 und 3.4.1.).
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3.7. Zusammenfassung der Ergebnisse

Die hier vorliegenden Ergebnisse klaren auf, dass die AG-Wirkung in B-Zellen nur
erfolgreich inhibiert werden kann, wenn nicht nur ein Antagonist des GHS-R1a
Einsatz findet, sondern auch die konstitutive Aktivitat mit Hilfe eines inversen
Agonisten unterdrickt wird.

AulRerdem wurde gezeigt, dass DAG im 2:1 Verhéltnis zu AG die Effekte von AG in
Bezug auf Vi, [Ca**]c und GSIS nivelliert. Bei Vorliegen des Nahrstoff-induzierten
Zellstresses im GLTx-Modell ist nur die Kombination von DAG und AG im selben
Verhaltnis in der Lage, die Glucose-induzierten Oszillationen der [Ca®'] zu
erhalten. Diese Beobachtung steht in Ubereinstimmung mit anderen
Veroffentlichungen, welche nachweisen, dass es bei an Diabetes mellitus Typ 2
und an Adipositas erkrankten Personen zu einer Verschiebung des DAG zu AG
Verhéltnisses zu Ungunsten von DAG kommt, wodurch ein relativer DAG-Mangel
entsteht (Review von Delhanty et al. 2014). Dadurch ist die Hypothese
naheliegend, dass die Wiederherstellung des physiologischen DAG zu AG
Verhéltnisses die durch Ubergewicht und Diabetes mellitus Typ 2 ausgelosten
Folgen abschwachen und sich positiv auf die Insulinresistenz auswirken kann.
Diese Arbeit spezifiziert den Wirkmechanismus von AG dahingehend, dass AG
indirekt Karp-Kanéle o6ffnet (Abb. 10C-J) und Uber Hemmung der AC mit dem
CAMP/PKA Weg die GSIS erniedrigt (M-AG: Fig. 7A-C). Durch die Erniedrigung der
cAMP-Konzentration und der damit einhergehend herabgesetzten PKA-Aktivitat
kann auch die Wirkung von AG auf den Karp-Kanal erklart werden. Die Hemmung
der AC-Aktivitat und dadurch verringerte cAMP-Generierung (Dessauer et al. 2002)
wird durch Ggi-gekoppelte Rezeptoren vermittelt. Kanonisch ist der GHS-R1a,
beispielsweise im Hypothalamus, Gqo-gekoppelt (Date et al. 2000b, Hawley et al.
2005). Dieser Signalweg kann folgerichtig nicht die inhibierenden Effekte von AG
auf die GSIS erklaren. Die Heteromerisationstheorie von Park und Kollegen (Park
et al. 2012) des Ggg-gekoppelten GHS-R1la und des Gg-gekoppelten SST-R5
bietet eine Erklarung, welche hier weitgehend von den eigenen Ergebnissen
unterstitzt wird. Dem dient insbesondere der Nachweis, dass SST-Rs beteiligt
sind, wie die eigenen GSIS-Experimente mit H6056 zeigen (Abb. 12B). Inwiefern
die Heteromerisation von GHS-R1a und SST-R von dem Verhéltnis von SST zu
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AG abhangt, wie es Park et al. beschreiben, kann im Rahmen dieser Arbeit nicht
naher ausgefuhrt werden. Es konnte jedoch mit Hilfe der eigenen Ergebnisse bei
Messungen der [Ca®*]. beobachtet werden, dass Interaktionen zwischen SST und
AG auftreten (Abb. 11A-D). Diese Arbeit zeigt mittels der Experimente in SUR1™
Mausen, dass die Wirkung von AG auf pankreatische (3-Zellen nicht ausschlie3lich
durch SST vermittelt wird, da SST im Gegensatz zu AG unter diesen Bedingungen
die [Ca®']. weiterhin erniedrigt (Abb. 12C, 12D und M-AG Fig. 4A, AB). Es kann
aber nicht ausgeschlossen werden, dass der GHS-Rla ebenfalls in SST-
sekretierenden &-Zellen exprimiert ist und somit AG uber dortige Ligandbindung
parakrine SST-Effekte auf B-Zellen ausibt, wie es die Arbeitsgruppen von
Adriaenssens und DiGruccio postulieren (Adriaenssens et al. 2016, DiGruccio et al.
2016).
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Abb. 13 Darstellung der Beeinflussung der Stimulus-Sekretions-Kopplung in B-Zellen durch AG

Durch Heteromerisation des GHS-Rla und eines SST-R-Subtypen (SSTRx) wird unter stimulatorischen
Glucosekonzentrationen in Anwesenheit von AG Uber den dadurch etablierten Gq-gekoppelten Signalweg die
AC gehemmt, wodurch die cAMP-Konzentration und PKA-Aktivitdt abnimmt und folglich amplifizierende
Signalkaskaden abgeschwécht werden. Die Wirkung von AG involviert den Kate-Kanal, indem der Karp-Strom
durch AG erhéht wird. Méglicherweise begiinstigt AG auch den K*-Ausstrom durch K*-Kanale, wie SK4-Kanéle

oder inhibiert TRP-Kanéle, wodurch der depolarisierende Strom reduziert wird.
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Abstract

Objective Acyl-ghrelin (AG) is well known as a hunger-inducing hormone on
hypothalamic neurons. Meanwhile it has become evident, that AG is produced in
the pancreas as well and influences B-cell function. For many years it was well
accepted that AG decreases glucose-stimulated insulin secretion (GSIS) via the
growth hormone secretagogue receptor 1la (GHSR1a) coupled to the Gg/cCAMP
pathway which modulates TRPM2 channel activity. This assumption was recently
challenged by the discovery of GHSR1a expression in &-cells. Accordingly, AG
induces the secretion of somatostatin which in turn, acts in a paracrine manner on
B-cells and inhibits GSIS.

Aims This study aimed to further elucidate how AG interferes with B-cell function.

Methods Patch-clamp and fluorescence techniques and a radioimmune assay
were used to determine the cytosolic Ca®*" concentration ([Ca®‘].), GSIS, and
electrophysiological parameters in 3-cells or islets of WT, SUR1-KO and Epac2-KO

mice.

Results AG hyperpolarized the membrane potential and decreased [Ca®']. and
GSIS at a stimulatory glucose concentration. These effects were abolished in B-
cells and islets from SUR1-KO mice. AG had no influence on Karp single channel

current in excised patches, but increased Katp current in a whole-cell configuration
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with intact metabolism. Desacyl-ghrelin (DAG) counteracted the effects of AG. The
influence of AG on the membrane potential and GSIS could only be averted in the
combined presence of a GHSR1a antagonist and an inverse agonist. Furthermore,
the inhibition of GSIS by AG could be prevented in the presence of db-cAMP or
IBMX and with the somatostatin (SST) receptor 2-5 (SSTR2-5) antagonist H6056.
SST did not mimic the effects of AG in B-cells of SUR1-KO mice.

Conclusion These data indicate that AG indirectly opens Karp channels probably
by interference with the cAMP/PKA pathway resulting in a decrease of [Ca®'] and
GSIS. The experiments with SUR1-KO (-cells point to a direct effect of AG on -
cells and not to an effect by AG-induced SST release from &-cells. Nevertheless,
SST receptors may be involved in the effect of AG, possibly by heteromerization of
AG and SST receptors.

Introduction

The peptide hormone ghrelin (growth hormone release inducing), discovered in
1999, is named after the observation that it stimulates growth hormone receptors.
The active form is acylated ghrelin (acyl-ghrelin, AG). Meanwhile, it is well-known
as an important orexigenic hormone, which is mainly produced in the X/A like cells
within the oxyntic glands of the stomach (1, 2). The amino-acid precursor
preproghrelin is cleaved into the peptides AG and obestatin, a pleiotropic peptide
whose receptor is still unknown (3). The posttranslational acylation of AG with a
fatty acid, preferably octanoic acid, occurs via the membrane-bound O-
acyltransferase (MBOAT) ghrelin-O-acyltransferase (GOAT).

AG secretion plays a decisive role in the brain-gut axis and is dependent on the
nutritional state. Plasma AG concentration rises before food intake and rapidly
decreases postprandially. AG induces the secretion of the appetite stimulators e.qg.
agouti-related peptide (AgRP) and neuropeptide Y (NPY) which are expressed in
neurons in the feeding center of the hypothalamus (4). Accordingly, changes in the
AG concentration may be related to diseases such as obesity, type 2 diabetes
(T2D) or Prader-Willi syndrome and interfering with its receptor may present an

interesting therapeutic approach.
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Soon after the discovery of AG it became evident that it is expressed in a distinct
cell type of the pancreas, the so-called AG-expressing cells or g-cells (5, 6). This

discovery suggests a paracrine influence of AG on other pancreatic cell types.

Desacyl-ghrelin (DAG) is the degradation product of AG by desoctanoylation in
plasma (7, 8). It is the most dominant isoform of AG in the plasma and was long
time considered to be biologically inactive because of the missing evidence of DAG
binding to GHSR1a at physiological concentrations. It is still questionable whether
DAG is able to bind to the GHSR1a (9) or has its own, yet unknown receptor.
However, studies revealed that the plasma DAG concentration is decreased in
obese patient compared to normal-weight subjects, whereas the plasma AG
concentration remains more or less unchanged shifting the DAG:AG ratio to higher
values (10, 11). Moreover, DAG is able to antagonize the action of AG concerning
its diabetogenic effects and detrimental action on insulin sensitivity (12-14).
Accordingly, modulation of the DAG:AG ratio could be an interesting therapeutic

approach.

The expression pattern of the receptor of AG, the growth hormone secretagogue
receptor 1la (GHSR1a), is still a matter of debate, i.e. it is largely unclear by which
receptors AG exerts its distinct effects in different tissues outside the
hypothalamus. Dezaki and colleagues reported that AG diminished glucose-
stimulated insulin secretion (GSIS) via binding on GHSR1a in B-cells. Instead of
the well-established canonically Gqq Signaling pathway known from other tissues,
GHSR1a in B-cells is suggested to display an unique coupling to the Gg/cCAMP
pathway with subsequent modulation of ion channel activities including TRPM2
and K,2.1 channels (15, 16). Park et al. concluded that the GHSR1a expressed in
B-cells heterodimerizes with the somatostatin receptor 5 (SSTR5) and establishes
a Ggi. or Ggq-coupled signaling pathway depending on the energy balance, or more
precisely, the ratio of AG:SST (17). Recently, Adriannssen et al. and DiGruccio et
al. postulated, by using transcriptomic profiling, that the GHSR1a is not expressed
in B-cells but in &-cells (18, 19). According to their hypothesis AG induces the
secretion of somatostatin (SST) via binding to the canonically Gg-coupled GHSR1a
receptor. Subsequently, SST binds to SSTRs in B-cells and inhibits GSIS.
Consequently, AG does not modulate B-cell function directly, but via a paracrine
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action mediated via SST. Taken together, the mode of action of AG remains
contradictorily and not completely understood. This study has the objective to
address these conflicts and clarify, how AG influences B-cell function as well as the
role of DAG and the importance of GHSR1a in AG action.

Research Design and Methods
Animal and Islet Preparation

C57BI/6N Wild type (WT), SUR1-KO and Epac2-KO mice with C57BI/6N
background were bred in the animal facility of the Department of Pharmacology at
the University of Tubingen in Germany. The principles of laboratory animal care
were followed (NIH publication No. 85-23, revised 1985) and the experiments were
conducted according German laws. lIsolation and culture were performed as
previously described (20). Islets of Langerhans were dispersed to small cell
clusters by trypsin treatment.

Solutions and Chemicals

Recordings of [Ca®']. and measurements of Karp current and membrane potential
(Vm) in the perforated-patch configuration were performed with a bath solution that
contained (in mM): 140 NaCl, 5 KCI, 1.2 MgCl,, 2.5 CaCl,, glucose as indicated,
and 10 HEPES, pH 7.4, adjusted with NaOH.

Krebs-Ringer HEPES solution (KRH) for insulin secretion was composed of (in
mM): 120 NaCl, 4.7 KCI, 1.1 MgClI2, 2.5 CaCl2, glucose as indicated, 10 HEPES,
and 0.5% BSA, pH 7.4, adjusted with NaOH. For recording of cell-attached Karp
current and V, pipette solution consisted of (in mM): 10 KCI, 10 NaCl, 70 K,SOq4, 4
MgCl,, 2 CaCl,, 10 EGTA, 20 HEPES, and amphotericin B (250 pg/mL), pH 7.15,
adjusted with KOH.

Murine islets and islet cell clusters were cultured in RPMI 1640 (11.1 mM glucose)
enriched with 10% FCS and 1% penicillin/streptomycin. For the patch-clamp
recordings in the inside/out configuration ATP-containing and ATP-free bath
solution was composed of (in mM): 130 KCI, 4.6 CaCl,, 10 EDTA, and 20 HEPES
with pH adjusted to 7.2 with KOH. Pipette solution for the inside/out configuration
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contained (in mM) 130 KCI, 1.2 MgCI2, 2 CaCl2, 10 EGTA, and 10 HEPES, pH
was adjusted to 7.4 with KOH.

Acyl-ghrelin (human) was obtained from Biomol (Hamburg, Germany). Desacyl-
ghrelin (human) and K-(D1-Nal)-FwLL-NH, was purchased from Tocris Bioscience
(Wiesbaden-Nordstadt, Germany), [D-Lys*]-GHRP-6 and H6056 was from Bachem
(Bubendorf, Switzerland). Fura-2 acetoxymethylester (Fura-2-AM) was ordered
from Biotrend (Kd&In, Germany). RPMI 1640 medium, FCS, penicillin/streptomycin,
and trypsin was from Invitrogen (Karlsruhe, Germany). All other chemicals were
purchased from Sigma-Aldrich (Taufkirchen, Germany) or Carl Roth (Karlsruhe,
Germany) in the purest form available.

Determination of [Ca®*].

[Ca®*]. was measured in B-cell clusters at 37°C after incubation with 5 uM fura-2
AM for 35 min. Fura-2 AM was excited alternately at 340 nm or 380 nm and
emission filtered (LP515). [Ca®*]. was calculated as the ratio of the emitted light at
340 nm and 380 nm, respectively. Emission was measured by a digital camera
(Imago CCD; TILL phototonics). Equipment and software from TILL photonics and
Visitron Systems, respectively, were used. To compare [Ca®‘]. under different
experimental conditions, mean [Ca?']. was calculated for 15 min before solution

change if not indicated otherwise.
Insulin secretion

Details for insulin secretion in steady-state incubations have been described
previously (21). Isolated islets from WT mice were kept overnight in RPMI1640
culture medium with 11.1 mM glucose. Islets were incubated in batches of five in
triplicate in 1 ml KRH with substances as indicated for 1 h at 37°C. For
determination of the secreted insulin a radioimmune assay (RIA, Merck Millipore)

was performed with rat insulin as standard.
Patch-clamp measurements

Katp Whole-cell currents and single channel activity and V,, were recorded with an

EPC-9 patch-clamp amplifier using Patchmaster software (HEKA, Lambrecht,
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Germany). For measurements of V,, patch-clamp recordings were performed in
the perforated-patch configuration in the current clamp mode at the holding current
of 0 mA. For determination of V,, average plateau potential was evaluated 1 min
before solution change. Action potential firing was determined by counting spikes 1
min before solution change. For determination of the Karp whole-cell current,
pulses of 300 ms were performed every 15 s from the holding potential at -70 to -
60 and -80 mV. The amplitude of currents elicited by voltage steps from the holding
potential to -60 mV was taken for evaluation. Data of the last three pulses in each
interval were averaged. Single channel activity was measured in the inside/out
patch configuration at a holding potential of -50 mV. Under this condition Karp
channel currents were about -4 pA, corresponding to a single-channel conductance
of 80 pS. Inward currents are shown as downward deflections. For determination of
mean current density, the current during the last 30 sec before solution change
was evaluated. Patch pipettes were pulled from borosilicate glass capillaries
(Harvard Apparatus, March-Hugstetten, Germany) and had a resistance of 6—8 MQ
for inside/out patch measurements and 2-5 MQ for perforated-patch

measurements, respectively.
Data evaluation and statistical analysis

Each series of experiments were performed with isolated islets of Langerhans or 3-
cell clusters from at least three independent preparations. Means + SEM are given
for the indicated number of experiments. For paired values statistical differences
was assessed by Student’s t-test. ANOVA followed by Student-Newman-Keuls test

was made for multiple comparisons. P values < 0.05 were considered significant.
Results

AG negatively affects stimulus-secretion coupling (SSC) of pancreatic B-cells of
WT mice

In pancreatic 3-cells fluctuations of the membrane potential (V) govern oscillations

in cytosolic Ca®* concentration ([Ca®']

evaluate the effects of AG on SSC first [Ca®']c and Vi, were determined. AG (10

¢) Which finally trigger insulin secretion. To

nM) diminished typical glucose-stimulated oscillation of [Ca?']. at 10 mM glucose in

85



WT B-cells (Fig. 1A). The mean Ca*" concentration determined as the fura-2 AM
ratio (340 nm/380 nm) was decreased from 0.63 + 0.03 under control conditions to
0.58 + 0.03 in the presence of AG (Fig. 1B). This is due to the effect of AG on V.
The addition of AG hyperpolarized V, from -37.78 £ 2.12 mV in the presence of 10
mM glucose to -53.00 £ 2.61 mV with AG (Fig. 1C) and lowered action potential
(AP) frequency from 40 + 8.03 APs/min at 10 mM glucose to 6.44 + 11.37 APs/min
with AG (Fig. 1D). Consequently, AG attenuated steady-state GSIS at
suprathreshold glucose concentration (10 mM glucose: 3.89 = 0.8 ng
insulin/(islet*h) vs. 10 mM glucose with AG: 3.01 + 0.69 ng insulin/(islet*h)) (Fig.
1E). AG had no effect at a low or threshold glucose concentration (3 and 6 mM
glucose, respectively) and shows a tendency to diminish secretion at 8 mM
glucose, a concentration directly above the threshold. Overall, AG attenuated
important parameters of SSC and thus exerted insulinostatic effects on pancreatic
B-cells of WT mice.

DAG antagonizes the effect of AG on SSC in pancreatic B-cells

The metabolite DAG is the most dominant circulating form of AG in the plasma.
DAG (20 nM) alone increased mean [Ca®*]. from 0.69 * 0.03 to 0.75 + 0.03 and
prevented the AG-induced decrease of [Ca®"].. DAG had no impact on cell
membrane potential. The addition of AG in the presence of DAG did not alter Vi, (-
44.50 £ 2.47 mV at 10 mM glucose vs. -45.50 £ 2.32 mV with DAG vs. -45.33 *
2.06 mV with DAG + AG) (Fig. 2C, 2D).

DAG (10 and 20 nM) showed a tendency to increase steady-state GSIS in whole
islets but this effect did not reach significance (1.83 £ 0.16 ng insulin/(islet*h) at 10
mM glucose vs. 2.10 £ 0.28 ng insulin/(islet*h) in the presence of 10 nM DAG and
2.23 = 0.36 ng insulin/(islet*h) with 20 nM DAG, respectively) (Fig. 2E). The
addition of AG in the presence of DAG did not affect GSIS (Fig. 2F) (2.62 + 0.25 ng
insulin/(islet*h) at 10 mM glucose and 2.33 £ 0.31 ng insulin/(islet*h) with DAG and
AG), while AG alone elicited the above described inhibitory action. Taken together,

the data point to an AG-counteracting effect of DAG in b-cells.
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The effect of AG can be inhibited in the presence of an antagonist and an inverse
agonist of the GHSR1a

The receptor of AG, GHSR1a, is not only expressed in the arcuate nucleus of the
hypothalamus (22), but probably also in the pancreas (23), however, the data
about the expression in the pancreas are conflicting. We used the peptidyl
antagonist [D-Lys®]-GHRP-6 to evaluate, whether the effect of AG is mediated via
GHSR1a in B-cells. Measurements of [Ca®']. revealed that the [Ca**].-diminishing
effect of AG was not averted in all experiments by [D-Lys*]-GHRP-6 in B-cells of
WT mice (Fig. 3A, 3B). [D-Lys®]-GHRP-6 increased mean [Ca*']. from 0.64 + 0.02
in the presence of 10 mM glucose to 0.69 + 0.02 while the subsequent addition of
AG decreased mean [Ca*'] to 0.65 + 0.02. This dual effect was even more evident
in cell membrane potential measurements (Fig. 3C): in 5 out of 10 recordings AG
still hyperpolarized the membrane potential and decreased action potential
frequency in the presence of the GHSR1a antagonist. In the summary of all
experiments under this condition (Fig. 3D) [D-Lys®]-GHRP-6 alone had no effect on
Vi but AG elicited a significant hyperpolarization (-38.10 £ 1.58 mV at 10 mM
glucose vs. -38.00 £ 1.61 mV with [D-Lys3]-GHRP-6 vs. -48.20 + 3.51 mV with [D-
Lys®|-GHRP-6 + AG). These results were reproducible with the non-peptidyl
GHSR1a antagonist YIL 781 (n=8, data not show) excluding a specific [D-Lys’]-
GHRP-6 phenomenon. We took into consideration that the GHSR1a exhibits a high
constitutive activity, which is about 50% of the activity achieved by AG binding to
the GHSR1a (24). The inverse agonist K-(D1-Nal)-FwLL-NH, stabilizes the inactive
conformation of the GHSR1a but still allows AG to bind to the receptor (24, 25).
Patch-clamp experiments revealed that K-(D1-Nal)-FwLL-NH, alone had no
influence on Vy, (n=6, data not shown). The combination of the inverse agonist and
the peptidyl antagonist finally averted the effect of AG on V, in every recording (-
40.57 mV + 2.72 at 10 mM glucose vs. -39 mV * 3.32 with K-(D1-Nal)-FwLL-NH
and [D-Lys3]-GHRP-6 vs. -40.29 = 3.01 mV with K-(D1-Nal)-FwLL-NH;, D-Lys3]-
GHRP-6 and AG). One typical recording of this series is shown in Fig. 3E and the
summary of all data of this series in Fig. 3F. These results were reflected by the

GSIS. As expected, AG attenuated GSIS in the presence of 10 mM glucose and
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this reduction was only partially inhibited by the GHSR1a antagonist [D-Lys3]-
GHRP-6 (Fig. 3G). A complete inhibition of the AG-effect on insulin secretion was
achieved by the combination of the inverse agonist K-(D1-Nal)-FwLL-NH, and the
GHSR1a antagonist [D-Lys3]-GHRP-6 (Fig. 3G).

These results underline the importance of the constitutive activity of the GHSR1a in
the mode of action of AG, not only in tissues like the arcuate nucleus, but also in

pancreatic 3-cells.

AG shows no effect in b-cells and islets of SUR1-KO mice

The inwardly rectifying Karp channels play a crucial role in the SSC. They are only
transported to the cell surface, if they are correctly assembled in the ER, consistent
of four SUR1 and four Kir6.2 subunits (26). Therefore, mice lacking the ABCCS8
gene, encoding the SUR1 subunit, have no functional Katp channels in b-cells (27).
Interestingly, SUR1-KO mice react nearly physiologically to glucose stimuli, but
show higher basal insulin secretion at low glucose concentration and slightly
reduced insulin release at higher glucose concentration (28-30). Contrary to the
results of AG in cell material from WT mice, AG did not alter [Ca®"]. in B-cells
isolated from SUR1-KO mice (Fig. 4 A,B). Determination of membrane potential
revealed that AG slightly depolarized V, from -37 = 1.82 mV in the presence of 10
mM glucose to -34.56 + 1.94 mV after addition of AG (Fig. 4C,D). AG had no
influence on steady-state GSIS in whole islets of SUR1-KO mice (2.02 + 0.35 ng
insulin/(islet*h) at 10 mM glucose vs. 2.00 + 0.268 ng insulin/(islet*h) with AG) (Fig.
4E). These results point to a Katp channel-modulated pathway of AG.

AG interacts indirectly with Katp channels

To elucidate if AG directly targets Karp channels, recordings with excised patches
in the inside/out patch configuration were performed (Fig. 5A,B). As expected, Karp
channels are open in the absence of ATP and closed by the addition of the
nucleotide (0.1-1mM). The addition of AG in the presence of ATP did not open Katp
channels and thus did not affect single channel activity (24.13 + 8.22 pA without
ATP vs. 1.11 = 0.33 pA with ATP vs. 2.65 £ 1.14 pA with ATP and AG), which
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excludes a direct interaction of AG with Katp channels. To evaluate, whether AG
modulates Katp channel activity indirectly e.g. via second messenger pathways, we
measured the current in the perforated-patch configuration. AG increased the
current from 9.24 + 1.86 pA under control conditions to 164.99 + 24.05 pA with AG.
The addition of the specific Karp channel inhibitor tolbutamide showed that the AG-
provoked effect is not completely abolished (3.48 + 0.63 pA under control
conditions vs. 346.32 + 47.87 pA with AG vs. 144.16 = 35.06 pA with tolbutamide
and AG) suggesting the activation of a sulfonylurea-resistant component by AG.
Furthermore, the data indicate that AG rely on intact B-cell metabolism to be
effective and is not able to alter Karp channel opening or single channel activity
directly.

The potential influence of SST and SST-R

According to the hypothesis of Adriannssen et al. and DiGruccio et al. (18, 19), AG
does not act on B-cells but on d-cells and SST mediates the AG effect by its
paracrine influence on B-cells. Although our observation that Karp channels are
critical for the action of AG does not support this theory, we repeated the [Ca®'].
experiments shown in Fig. 4A, 4B with SST (10 nM) in B-cells of SUR1-KO mice
(Fig. 6). In B-cell clusters, which exhibited a plateau phase, the addition of SST
interrupted the plateau phase and showed ongoing oscillations of [Ca®*]. (Fig. 6A).
In B-cell clusters, which displayed oscillatory activity, SST led to a transient
inhibition of the oscillations and decreased mean [Ca**]. from 0.47 + 0.03 at 10 mM
glucose to 0.39 = 0.03 with SST in the first 5 min and to 0.42 £ 0.04 in the 5-20 min
interval (Fig. 6B). Overall, 10 nM SST diminished [Ca®']. in B-cell clusters of SUR1-
KO mice. This contrasts the findings with AG that does not affect [Ca®']. in B-cell
clusters of SUR1-KO mice. This observation points to different modes of action of
both hormones in B-cells.

H6056 is a specific antagonist for SSTR2 but can act as antagonist on SSTR2-5
when used in a higher concentration range, as in the following experiment.

Unexpectedly, the inhibiting effect of AG on GSIS is abolished in the presence of
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H6056 (Fig. 6C). This finding may exclude the participation of SST in the mode of
action of AG but questions a possible involvement of the SSTRs.

AG inhibits GSIS via the cAMP/PKA pathway

The GHSR1a is a G-protein coupled receptor, canonically linked to Gqq such as in
AgRP and NPY neurons. The binding of AG to GHSR1a activates PLC and
therefore increases [Ca®']. (31-33). Hence, the Gqq pathway would rather result in
an increase of GSIS instead of the observed reduction of insulin secretion. Dezakis
and Kurashinas group presented evidence for the coupling of the GHSR1a to G, in
B-cells and thus cAMP as a downstream target of AG (15, 16). To evaluate cAMP-
dependent pathways we performed insulin secretion in the presence of the cAMP
analogue db-cAMP as well as with the phosphodiesterase (PDE) inhibitor IBMX in
isolated islets of WT mice. AG no longer decreased GSIS when a cAMP reduction
Is counteracted by excess cAMP due to addition of db-cAMP or IBMX (Fig. 7A,B).
CAMP could influence B-cell function via a PKA-dependent pathway or a PKA-
independent pathway, i.e. Epac (exchange protein activated directly by cAMP),
whereas Epac?2 represents the most abundant form in the pancreas (34). AG still
diminished GSIS in isolated islets of Epac2-KO mice (Fig. 7C). Taken together, AG
interacts with the amplifying cAMP pathway in a PKA-dependent manner by
inhibition of adenylate cyclase which in turn decreases cAMP concentration and

attenuates insulin secretion.

Discussion

AG exhibits insulinostatic effects via interaction with Katp channels in a PKA-

dependent manner

We demonstrated with our [Ca?']c and Vi, experiments performed with cell clusters
from SUR1-KO mice and Karp current measurements with cells of WT mice that
AG mediates its effect via Karp-channels. AG was not able to modulate Katp single

channel activity in excised patches excluding a direct interaction of AG with Katp
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channels. However, AG modulated Karp channels when second messenger
pathways were active. The results of GSIS in the presence of the PDE inhibitor
IBMX and the cAMP-analogue db-cAMP suggest that AG interferes with the
amplifying cAMP pathway. This is supported by Dezaki et al., which postulated a
PTX-sensitive pathway and observed a decrease in glucose-induced cAMP
production with 10 nM AG in MING cells as well as in isolated rat islets (15). PKA
and Epac are downstream targets of cAMP, both present in b-cells. Our results
suggest that the interference of AG is primarily PKA-dependent because AG
attenuated GSIS in isolated islets of Epac2-KO mice. The diminution of cAMP due
to inhibition of adenylate cyclase activity followed by decreased PKA activity
probably accounts for the interaction of AG with Karp channels. Our current
measurements in the presence of tolbutamide revealed that AG not only affects
Katp channels but stimulates another current component. Dezaki and colleagues
proposed that AG opens K, channels and inhibits TRPM2 channels (16, 36).
Regarding our experimental protocol, the involvement of voltage-dependent K,
channels in the AG effect on B-cells seems unlikely but does not exclude the
participation of TRP channels or voltage-independent, Ca**-activated K* channels
like SK4 channels.

The involvement of GHSR1a and SSTR in the mode of action of AG

Constitutive activity is well known as an intrinsic feature of many metabotropic
receptors and peculiarly of GHSR1a. The GHSR1a displays a high basal activation
of Goq and PLC turnover in the absence of AG e.g. in the hypothalamus (24, 25).
Dezaki et al. averted the AG-evoked diminution of [Ca®*]. and decrease of blood
glucose concentration by the sole use of the receptor antagonist [D-Lys®-GHRP-6
(37). At first sight, this is in accordance with our results of [Ca®*]. measurements,
whereas determination of GSIS and particularly Vi, revealed, that the effect of AG
cannot be completely blocked in the presence of a non-peptidyl or peptidyl
GHSR1a antagonist alone (Fig. 3C, 3D, 3G). Our data clearly show that a complete
block of the AG effects on different parameters of SSC can only be achieved by

91



suppressing the basal activity of the GHSR1a together with a receptor antagonist.
The data prove that AG mediates its effects in B-cells by binding to GHSR1a.

Our data with the SSTR antagonist H6056 points to an involvement of SSTRs in
the action of AG. There is conflicting evidence regarding the subtypes of SSTR
expressed in murine B-cells. For many years it was well accepted that SSTR5 is
the dominant subtype in mouse [(-cells (38-40). However, transcriptomic profiling
by DiGruccio et al. and Adriaenssens et al. revealed that SSTR3 is the most
abundant subtype in B-cells. SSTR5 was hardly detected in these studies (18, 19).
These results are supported by Rorsman and Ashcroft (41). The data about
heteromerization of SSTR5 and GHSR1a in dependence of the AG:SST ratio
published by Park and colleagues in 2012 provides a suitable model explaining
the involvement of both receptors (17). According to this model SST and AG
mediate regulation of B-cell function via energy-dependent heteromerization of the
canonically Gqq coupled GHSR1a and the canonically G coupled SSTR5. Under
low energy conditions, the GHSR1a:SSTR5 heteromer provides the G signaling,

which explains the attenuation of GSIS by endogenous AG.

Evidence for direct action of AG on S-cells

According to the hypothesis of DiGruccio et al. and Adriaenssens et al. circulating
AG binds to GHSR1a in &-cells, promoting SST secretion which binds to SSTR3 in
B-cells (18, 19). Our data revealed that SST but not AG affects [Ca®']. in B-cells
isolated from SUR1-KO mice which speaks against an indirect effect of AG
mediated by somatostatin released from &-cells. Evidently, the effect of SST on B-
cells, in contrast to that of AG, is not mediated by Karp channels. Our [Ca®'].
experiments in SUR1-KO mice are in agreement with studies from Kailey et al. and
Abel et al. who showed that SST still hyperpolarized membrane potential and
abolished action potential firing in human B-cells and INS-1 cells in the presence of
the Katp channel inhibitor tolbutamide (42, 43).

We cannot rule out that other endocrine cells, besides B-cells, remain in the cell

clusters after trypsin treatment of isolated islets. Evidently, B-cells represent the
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dominant cell population in islets of Langerhans, whereas 0o-cells are only a
minority (44, 45). It seems unlikely that &-cells were present in every cell cluster
under investigation, but the effects of AG were consistently observable. Apart from
that, the group of Dezaki (15) and our workgroup could confirm that AG inhibits
insulin secretion in MING6 cells (n=5, data not shown), which also points to a B-cell
specific interaction.

Taken together, we did not find evidence, that SST primarily contributes to the
effect of AG, but cannot exclude, that GHSR1a is expressed in &-cells as well and
establishes the signaling cascade postulated by DiGruccio et al. and Adriaenssens
et al.(18, 19).

The role of the DAG:AG ratio in the efficiency of AG

Degradation of AG to DAG by carboxypeptidase and butyrylcholinesterase occurs
in the plasma (7, 8), so it is likely that AG is mainly to be accountable for
influencing B-cell function in the endocrine pancreas. DAG alone did not exhibit
noteworthy effects on SSC but averted respectively antagonized the influence of
AG on [Ca?*']s, Vm and GSIS (Fig. 2A-D, 2F). So far, no specific DAG receptor is
known. An antagonism of DAG via interaction with the GHSR1a was questioned in
some studies, yet it was shown that DAG can act as an agonist on GHSR1a (9).
Binding of DAG to the GHSR1a seems unlikely in a low concentration range but
was observed at higher concentrations by Gauna and colleagues (9). The acylated
fatty acid chain on the peptide seems to accelerates the binding to GHSR1a (46),
which makes a possible interaction of DAG with this receptor questionable or just
possible at higher concentration range, as proposed from Gauna and coworkers,
while our observations would favor an antagonism of DAG in regard of the actions
of AG. Our own observation clearly speak for an antagonism between AG and
DAG also it remains unclear at which step of the signaling pathway this antagonism
occurs. Evidently, the DAG:AG ratio plays an important role concerning insulin
resistance and hyperglycemia (12). It is suggested, that obesity and T2D result in a
relative DAG deficiency which decreases the DAG:AG ratio and favors the
aforementioned pathophysiological conditions (10-12). These findings led to first
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therapeutic approaches: AZP-531 (livoletide) is the first DAG analogue tested in a
clinical phase 2b/3 study on food-related behavior in patients with Prader-Willi
syndrome, a disease which is characterized with hyperphagia (47). In 2016, Allas
and colleagues conducted a phase 1-2 study with AZP-531 in obese subjects and
subjects with T2D as well which revealed that AZP-531 shows the tendency to be
beneficial in subjects with impaired glucose tolerance (48).

In summary, to our knowledge, this is the first study showing the involvement of
Katp channels in the action of ghrelin on SSC in b-cells. The effect is indirect,
probably mediated by reduced PKA activity. Our data are in favor for a direct
action of AG on b-cells and do not support the hypothesis that AG exerts an effect
on b-cell function via SST release from d-cells. Nevertheless SSTRs may be
involved in the effects of AG on b-cells via receptor heteromerization. Moreover,

our data suggest an antagonism between AG and DAG.
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Fig. 1: AG exerts a negative impact on SSC of B-cells of WT mice

A) Representative measurement showing the inhibition of glucose-induced oscillations of [Ca2+]C in B-cells of
WT mice in the presence of AG at 10 mM glucose (G10). B) Summary of all experiment of this series. C)
Representative measurement of the hyperpolarizing effect of AG on the membrane potential and the decrease
in action potential frequency at 10 mM glucose in B-cells of WT mice. D) Summary of all experiments of this
series. E) AG decreased GSIS under steady-state conditions in isolated islets of WT mice at suprathreshold
glucose concentration. The numbers in the columns indicate the number of experiments with different B-cell

clusters or isolated islets from at least 3 mice. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2: DAG interferes with the effect of AG on B-cells

A) Representative measurement of glucose-induced oscillations of [Ca2+]C in B-cells with DAG and AG. DAG
alone did not affect glucose-induced oscillations of [Ca2+]c. In the presence of DAG, AG no longer decreased
glucose-induced oscillations of [Ca®*]., demonstrating the counteracting potential of DAG. B) Summary of all
measurements of mean [Ca2+]C with DAG and AG. C) Representative measurement of the effect of DAG and
AG on membrane potential in the presence of 10 mM glucose (G10). DAG suppressed the AG-induced effects
on membrane potential and action potential frequency. D) Summary of all experiments of the membrane
potential series with DAG and AG. E) DAG tended to increase GSIS under steady-state conditions but did not
alter GSIS significantly. F) In the presence of DAG, AG did not decrease GSIS in the presence of 10 mM
glucose. The numbers in the columns indicate the number of experiments with different B-cell clusters or
isolated islets from at least 3 mice. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3: The action of AG on SSC can be averted by a combination of an antagonist and an inverse
agonist of the GHSR1a

A) Representative measurements of glucose-induced oscillations of [Ca®*]. in the presence of [D-Lys*]-GHRP-
6 and AG in the presence of 10 mM glucose (G10). The inhibition of glucose-induced oscillations of [Ca*"] can
occur even in the presence of the GHSR1a antagonist (8 out of 21 measurements). The GHSR1a antagonist
[D-Lys3]-GHRP-6 alone is not sufficient to inhibit the effect of AG in every measurement of glucose-induced
oscillations of [Ca?'].. B) Summary of all experiment of this series with determination of [Ca®'].. C)
Representative measurements of the effect of [D-LysS]-GHRP-B and AG on the membrane potential in the
presence of 10 mM glucose. [D-Lys’-GHRP-6 itself did not affect the membrane potential and could inhibit the
effect of AG in 5 out 10 measurements. D) Summary of all experiments of the membrane potential
measurements with [D-Lysa]-GHRP-6 and AG. E) Representative measurement of the effect of K-(D1-Nal)-
FwLL-NH: as inverse agonist of the GHSR1a, [D-Lys3]-GHRP-6 as antagonist of the GHSR1a and AG on the
membrane potential at 10 mM glucose. F) Summary of all experiments of this series of Vi, measurements. G)
AG decreased GSIS significantly at G10. The addition of the GHSR1a antagonist [D-Lyss]-GHRP-6 could not
completely avert the effect of AG. The combination of K-(D1-Nal)-FwLL-NH; and [D-Lys3]-GHRP-6 prevented
the AG-evoked decrease of the GSIS at 10 mM glucose. The numbers in the columns indicate the number of
experiments with different B-cell clusters or isolated islets from at least 3 mice. *P < 0.05; **P < 0.01; ***P <
0.001
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Fig. 4: The negative effect of AG on SSC is abolished in B-cells and isolated islets from SUR1-KO mice
A) Representative measurement of glucose-induced oscillations of [Ca2+]C in B-cells of SUR1-KO mice in the
presence of AG. AG had no significant effect. B) Summary of all experiments of measurements of mean
[Ca”]C with AG in B-cells of SUR1-KO mice. C) Representative measurement of the effect of AG on membrane
potential in the presence of 10 mM glucose (G10). AG slightly depolarized V. D) Summary of all experiments
of membrane potential measurements with AG in B-cells of SUR1-KO mice. E) AG has no effect in GSIS in
isolated islets of SUR1-KO mice at 10 mM glucose. The numbers in the columns indicate the number of
experiments with different 3-cell clusters or isolated islets from at least 3 mice. **P < 0.01; ***P < 0.001.
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Fig. 5: AG modulates Katp channels indirectly

A) Representative measurement of Karp channel activity in the inside/out patch configuration in B-cells of WT
mice. ATP closed most Karp channels. The addition of AG slightly increased current density but did not open
Katp channels. B) Summary of all experiment performed under these conditions with AG and ATP in B-cells of
WT mice. C) Representative measurement of Karp current in the perforated-patch configuration with AG in B-
cells of WT mice. In the presence of 6 mM glucose (G6) most Karp channels are closed and therefore the Karp
current is low. After application of AG the current increased. D) Summary of all experiments of this series with
AG. E) Representative measurement of Karp current in the perforated-patch configuration with AG and
tolbutamide. The AG-evoked increase of Karp current is partially diminished after application of tolbutamide. F)
Summary of all experiments performed under this condition. The numbers in the columns indicate the number

of experiments with different 3-cell clusters from at least 3 mice. **P < 0.01; ***P < 0.001
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Fig. 6: The effect of AG is not mediated via SST, but possibly SSTR is involved

A) Representative measurement showing the attenuation of glucose-induced oscillations of [Ca”]C in B-cells of
SUR1-KO by SST. B) Summary of all experiments of this series of measurements of mean [Caz+]C with SST in
B-cells of SUR1-KO mice. The effect of SST was separately calculated for the intervals 0-5 min and 5-20 min.
C) AG did not diminish GSIS in the presence of the SSTR2-5 antagonist H6056 in whole islets of WT mice.
The numbers in the columns indicate the number of experiments with different B-cell clusters or isolated islets
from at least 3 mice. **P < 0.01; ***P < 0.001
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Fig. 7: AG modulates B-cell function via the cAMP/PKA pathway

A) AG did not alter GSIS in the presence of the cAMP-analogue db-cAMP in whole islets of WT mice in the
presence of 10 mM glucose (G10). B) The PDE-inhibitor IBMX averted the GSIS-diminishing effect of AG at 10
mM glucose. C) AG decreased GSIS in whole islets of Epac2-KO mice at 10 mM glucose. The numbers in the

columns indicate the number of experiments with isolated islets from at least 3 mice. **P < 0.01
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Abstract

Atrial natriuretic peptide (ANP) influences glucose homeostasis and possibly acts
as a link between the cardiovascular system and metabolism, especially in
metabolic disorders like diabetes. The current study evaluated effects of ANP on B-
cell function by the use of a B-cell-specific knockout of the ANP receptor with
guanylate cyclase activity (BGC-A-KO). ANP augmented insulin secretion at the
threshold glucose concentration of 6 mmol/L and decreased Katp single-channel
activity in B-cells of control mice but not of BGC-A-KO mice. In wild-type B-cells but
not B-cells lacking functional Karp channels (SUR1-KO), ANP increased electrical
activity, suggesting no involvement of other ion channels. At 6 mmol/L glucose,
ANP readily elicited Ca®* influx in control B-cells. This effect was blunted in B-cells
of BGC-A-KO mice, and the maximal cytosolic Ca®*" concentration was lower.
Experiments with inhibitors of protein kinase G (PKG), protein kinase A (PKA),
phosphodiesterase 3B (PDE3B), and a membrane-permeable cyclic guanosine
monophosphate (cGMP) analog on Karp channel activity and insulin secretion point
to participation of the cGMP/PKG and cAMP/PKA/Epac (exchange protein directly
activated by cAMP) directly activated by cAMP Epac pathways in the effects of
ANP on B-cell function; the latter seems to prevail. Moreover, ANP potentiated the
effect of glucagon-like peptide 1 (GLP-1) on glucose-induced insulin secretion,
which could be caused by a cGMP-mediated inhibition of PDE3B, which in turn

reduces cAMP degradation.
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Introduction

ANP plays an important role in the regulation of blood volume and blood pressure
(1). ANP also is involved in the regulation of food intake and lipid and glucose
homeostasis. Cellular effects of ANP are mediated by a plasma membrane—
associated receptor with guanylate cyclase activity (GC-A receptor). Thus,
activation of the receptor results in an increased cyclic guanosine monophosphate
(cGMP) concentration. GC-A receptors are expressed in murine - and a-cells and
in the insulin-secreting tumor cell line INS-1E (2). However, functional studies
about effects of ANP on B-cells are controversial. In cultured mouse islets, ANP
increases glucose-stimulated insulin secretion (GSIS), and the effect is suggested
to be mediated by closure of Kare channels and an increase of the cytosolic Ca®*
concentration ([Ca®**]¢) (3). In the current study, B-cells of a global GC-A receptor
knockout mouse (GC-A-KO) have been used to investigate the link between this
receptor and islet function. The interpretation of the data is somewhat limited
because a global GC-A-KO can alter systemic parameters, including blood
pressure and lipid and glucose homeostasis (e.g., through effects on insulin
resistance), which can retroact on the functional status of (-cells before islet
isolation. A weak insulinotropic effect also has been observed in perfused rat
pancreas (4), and another study reported marked hypoglycemia after intravenous
ANP infusion in rats (5). On the contrary, acute incubation of isolated rat islets with
ANP did not influence insulin secretion (6,7), and long-term culture with ANP even
inhibited insulin production and GSIS (7). In healthy male volunteers, infusion of
ANP slightly elevated plasma insulin and moderately increased blood glucose
concentrations (8-10). Taken together, the mode of action on pancreatic islets
remains to be elucidated.

In vitro data with isolated islets and/or B-cells are sparse, and the experiments with
ANP infusion are difficult to interpret because one cannot discriminate between
effects on B-cells and effects on peripheral organs or blood flow. Long-term effects
were studied in mouse models lacking the GC-A receptor; however, the data are
inconsistent. Global homozygous GC-A receptor deletion has led to enhanced
fasted blood glucose concentration, whereas glucose tolerance and insulin

sensitivity remained unchanged in GC-A-KO mice after 12 weeks of high-fat or
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standard diet compared with control mice (3). In contrast, mice with heterozygous
receptor deletion that were not hypertensive developed impaired glucose tolerance
after a high-fat diet (11). Humans with genetic variants predisposing to low plasma
concentrations of ANP and brain natriuretic peptide (BNP) (mainly secreted by the
heart) exhibit a high risk for the development of hypertension and heart
hypertrophy (12,13). Epidemiological studies also found an association between
low ANP (and BNP) plasma concentrations and obesity, insulin resistance, and the
metabolic syndrome (14-16). According to the concept of Gruden et al. (17), the
lack of the beneficial effects of the natriuretic peptides on adipose tissue, skeletal
muscle, and B-cells promotes the development of type 2 diabetes. The current
study takes advantage of a p-cell-specific GC-A-KO (BGC-A-KO) mouse to clarify

the effects of ANP on stimulus-secretion coupling of B-cells.

Research Design and Methods

Mice

C57BL/6N mice (wild type [WT]) were bred in the animal facility of the Department
of Pharmacology at the University of Tubingen in Germany. GC-A-KO mice and
their WT littermates (I-WT) were provided by Dr. M. Kuhn (Physiological
Department, University of Wdurzburg, Wirzburg, Germany). As previously
described (18), BGC-A-KO mice were generated by crossing rat insulin Il promoter
(RIP)-Cre mice (RIP-Cre founders of the Herrera strain) (19) with floxed GC-A mice
of a C57BL/6/Sv129 background (20). Deletion of GC-A protein in islet cells was
verified by immunohistochemistry (18). The Guide for the Care and Use of

Laboratory Animals and German laws were followed.

Cell and Islet Preparation

The details for cell and islet preparation have been previously described (21).
Briefly, collagenase was injected into the ductus pancreaticus, and exocrine tissue
was digested for ~5 min. Islets were handpicked, and clusters/single cells were

made by trypsin digestion of islets.
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Solutions and Chemicals

Standard whole-cell and cell-attached recordings were done with a bath solution
that contained (in mmol/L) 140 NaCl, 5 KCI, 1.2 MgCl,, 2.5 CacCl,, or 10 CaCl, (for
measurements of membrane potential), glucose as indicated, and 10 HEPES, pH
adjusted to 7.4 with NaOH. The same bath solution was used for the determination
of [Ca*"]. and the mitochondrial membrane potential (AW). The pipette solution for
standard whole-cell measurements of Katp currents contained (in mmol/L) 130 KCl,
4 MgCl,, 2 CaCl,, 10 EGTA, 20 HEPES, and Na,ATP as indicated, pH adjusted to
7.15 with KOH. For cell-attached recordings, the pipette solution contained (in
mmol/L) 130 KCI, 1.2 MgCl,, 2 CaCl,, 10 EGTA, and 20 HEPES, pH adjusted to
7.4 with KOH. Cell membrane potential recordings were performed with
amphotericin B (250 ug/mL) in the pipette solution, which contained (in mmol/L): 10
KCI, 10 NaCl, 70K,S0Oq4, 4 MgCl,, 2 CaCl,, 10 EGTA, and 20 HEPES, pH adjusted
to 7.15 with KOH. Fura-2 acetoxymethylester was obtained from Molecular Probes
(Eugene, OR). RPMI1640 medium was from PromoCell (Heidelberg, Germany),
penicillin/streptomycin from Gibco BRL (Karlsruhe, Germany), atrial natriuretic
factor (1-28) (mouse, rabbit, rat) trifluoroacetate salt from Bachem (Weil am Rhein,
Germany), Rp-8-Br-PET-cGMPS from Biolog (Bremen, Germany), and PKI| 14-22
amide, myristoylated (myr-PKI) from Tocris Bioscience (Wiesbaden, Germany). All
other chemicals were purchased from Sigma (Deisenhofen, Germany) or Merck

(Darmstadt, Germany) in the purest form available.

Patch-Clamp Recordings

Katp currents and membrane potentials were recorded with an EPC-9 patch-clamp
amplifier by using PATCHMASTER software (HEKA Elektronik, Lambrecht,
Germany). Channel activity of the single channels was measured at the actual
membrane potential in the cell-attached mode. Point-by-point analysis of the
current traces reveals an open probability (P,) owing to all active channels (N) in
the patch and is thus presented as NP,. Whole-cell Katp current was evoked by
300-ms voltage steps from -70 to -60 mV and -80 mV. Under these conditions,
the current is completely blockable by Kate channel inhibitors (22).
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Measurements of the Mitochondrial AW
Mitochondrial AW was measured as Rh123 fluorescence at 480-nm excitation

wavelength as previously described (23).

Measurement of [Ca®*].

Details have been previously described (21). In brief, cells were loaded with 5
pmol/L Fura-2 acetoxymethylester for 30 min at 37°C. Fluorescence was excited at
a 340- and 380-nm wavelength, and fluorescence emission was filtered (LP515)
and measured by a digital camera. [Ca?']. was calibrated in vitro by using Fura-2

pentapotassium salt (24).

Measurement of Insulin Secretion

Details for steady-state incubations have been previously described (21). For
perifusions, 50 islets were placed in a bath chamber and perifused with 3 mmol/L
glucose for 60 min before the beginning of the experiment. Samples for the

determination of insulin were taken every 2 min.

Statistics

Each series of experiments was performed with islets or islet cells of at least three
independent preparations. Mean + SEM is given for the indicated number of
experiments. Statistical significance of differences was assessed by Student t test
for paired values. Multiple comparisons were made by ANOVA followed by

Student-Newman-Keuls test. P < 0.05 was considered significant.

Results

ANP Increases Insulin Secretion and [Ca®']. at a Threshold Glucose Concentration
Insulin secretion of isolated mouse islets was measured in vitro to evaluate
whether GC-A receptor stimulation by ANP results in changed insulin secretion.

First, ANP was added in the second phase of insulin release after increasing the

glucose concentration from 3 to 10 mmol/L (Fig. 1A). Under these conditions ANP
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increased insulin secretion induced by 10 mmol/L glucose from 7.6 £ 1.2 to 8.7 *
1.3 pg insulin/(islet - min) (P < 0.001) and insulin area under the curve (AUC) (Fig.
1B). For these experiments, islets from C57BL/6N mice (WT) were used. ANP
effects at a threshold glucose concentration of 6 mmol/L were tested in steady-
state incubation. In islets of I-WT, ANP significantly increased insulin secretion from
0.24 + 0.06 to 0.33 + 0.07 ng insulin/(islet - h) (P < 0.05), whereas it was ineffective
in islets from BGC-A-KO mice [0.24 £ 0.04 vs. 0.23 £ 0.06 ng insulin/(islet - h)] (Fig.
1C). The stimulating effect of ANP also was absent in islets from SUR1-KO mice

that lacked functional Katp channels (Supplementary Fig. 1A).

[Ca®*]. was measured in the presence of 6 mmol/L glucose in islet cell clusters of I-
WT and BGC-A-KO mice. In 6 mmol/L glucose, [Ca*"]. was at basal values in most
cells (i.e., no oscillations occurred). These cells with basal Ca** concentration were
selected for investigation of the effect of ANP (Fig. 1D). Glucose at a concentration
of 15 mmol/L was added at the end of each experiment to test whether cells were
metabolically intact and thus able to show a response to ANP. Maximal [Ca*].
(max[Ca®*].) before (basal) and after application of ANP was calculated for each of
the 76 and 74 experiments performed with [-WT and BGC-A-KO cells, respectively.
The mean of the max[Ca*]. is an indirect measure for the percentage of ANP-
responsive cells because it mirrors the number of responsive cells (Fig. 1E). Figure
1D shows the typical response to ANP for cell clusters of each genotype. The
summary of the data is shown in Fig. 1E. In I-WT pB-cells, ANP increased
max[Ca?']. from 68 + 4 to 270 + 33 nmol/L (P < 0.001). Switching to the bath
solution with ANP also augmented max[Ca®']. in BGC-A-KO B-cells from 68 + 4 to
135 + 23 nmol/L (P < 0.01). This increase in the BGC-A-KO B-cells is significantly
lower than that in the I-WT B-cells. Of note, the mean value for max[Ca®*]. for BGC-
A-KO cells in Fig. 1E is not 0, which may be a result of spontaneous Ca®*
transients occurring sporadically in single cells or small clusters after a change in
bath solution from a stimulatory glucose concentration to a threshold concentration
for induction of Ca?* oscillations. To emphasize the significance of the data, we
also calculated the percentage of cells for each of the three mouse preparations

per genotype, which was 42 + 12% for I-WT cells and 11 + 5% for B-GC-A-KO
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cells. Because of the high variability between days and the small and limited

number of mice, this data evaluation was not statistically significant (P = 0.08).

ANP Decreases Katp Channel Activity in a GC-A Receptor—Dependent Manner

Katp channel activity was measured with 3-cells from WT mice in the cell-attached
mode in the presence of 0.5 mmol/L glucose to test whether ANP affects these
channels. ANP at a concentration of 10 nmol/L reduced the NP, from 100% under
control conditions to 62 + 10% (P < 0.01) (Fig. 2A and B). Changes in Karp channel
activity can be caused by altered mitochondrial metabolism (25). Therefore, the
effects of ANP on the mitochondrial AY were measured, which can be taken to
estimate mitochondrial ATP production (26). Neither in the presence of 15 mmol/L
glucose nor in the presence of 4 mmol/L glucose did 10 nmol/L ANP alter AW
(Supplementary Fig. 2). These data argue against an influence of ANP on ATP
formation. To examine whether the GC-A receptor is involved in the inhibitory effect
of ANP, B-cells from BGC-A-KO mice and I-WT mice were used. In I-WT B-cells,
NP, was reduced from 100% to 29 + 11% (P < 0.01) (Fig. 2C and D) upon addition
of 10 nmol/L ANP. In contrast, ANP was without effect in GC-A-KO [3-cells (100%
vs. 119 + 15%) (Fig. 2E and F). In accordance with Karp single-channel current
measurements, ANP increased the electrical activity of B-cells of WT mice. The
fraction of plateau phase (FOPP), which is the percentage of time with spike
activity, increased from 47 + 5% to 65 + 5% (P < 0.05) (Fig. 3A and B). However,
ANP did not change electrical activity in B-cells obtained from SUR1-KO mice (Fig.
3C and D). In these experiments, B-cells did not oscillate because the membrane
potential is more depolarized in this genotype. Therefore, data were analyzed by
determining the number of action potentials 2 min before change of the bath

solution.

The global GC-A-KO leads to reduced expression of the Karp channel subunits
SUR1 and Kir6.2 in B-cells (3). To elucidate a possible difference in Karp current
density between the two genotypes, the maximal Katp current that developed after
formation of the standard whole-cell configuration was measured without ATP in
the patch pipette in I-WT (Fig. 4A) and BGC-A-KO B-cells (Fig. 4B). The data
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revealed no difference in the Katp current density (21 + 2 vs. 23 £ 1 pA/pF in [lWT
and BGC-A-KO, respectively) (Fig. 4C).

Involvement of the cGMP/PKG and cAMP/PKA Pathways in the Effect of ANP in G-
Cells

Because GCs synthesize the second messenger cGMP (27), we tested whether
cGMP can mimic the effect of ANP on Karp channels. The membrane-permeable
analog 8-Br-cGMP reduced NP, of B-cells from I-WT mice in the cell-attached
configuration from 100% to 72 + 8% (P < 0.05) (Fig. 5A and B). Preincubation of
the cells with the PKG inhibitor Rp-8 completely blunted the effect of ANP on Katp
channel activity of B-cells from WT mice measured in the cell-attached
configuration (100% vs. 110 £ 23%) (Fig. 5C and D), indicating the dependence of
the effect of ANP on Karp channels on this protein kinase. However, ANP still
increased insulin secretion in the presence of Rp-8 and 6 mmol/L glucose [0.14 +
0.03 to 0.19 £+ 0.03 ng insulin/(islet - h); P < 0.05] (Fig. 5E). Besides stimulating the
PKG, cGMP can activate or inhibit various types of phosphodiesterases (PDES)
(28). With respect to insulin secretion, PDE3B is the most important PDE in B-cells
(29), which is inhibited by cGMP (28). Because inhibition of PDE3B should inhibit
the degradation of cAMP, cGMP and cAMP signaling pathways may converge on
this PDE. Thus, ANP may affect the cAMP concentration and, consequently, insulin
secretion by a PKA-dependent pathway. The specific PDE3B blocker cilostamide
markedly increased insulin secretion in the presence of 10 mmol/L glucose,
showing that this pathway is present in B-cells (Supplementary Fig. 3A). After
inhibition of PDE3B by cilostamide, ANP no longer was able to increase insulin
secretion (Supplementary Fig. 3B), pointing to a significant role of cAMP in the
ANP effect on insulin secretion. Treatment of the cells with the PKA inhibitor myr-
PKI did not suppress the inhibitory effect of ANP on Karp channel activity of (3-cells
from WT mice (85 + 15% vs. 28 + 12% with myr-PKI vs. with myr-PKI and ANP,
respectively; P < 0.01) (Fig. 5F and G). Insulin secretion was not significantly
enhanced by ANP in the presence of myr-PKIl, but a tendency was discernible (Fig.
5H). Figure 6 demonstrates the well-known effect that glucagon-like peptide 1
(GLP-1) potentiates GSIS. Of note, Fig. 6 also shows that the action of GLP-1 on
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secretion is augmented by 90-min preincubation of the cells with ANP [1.7 £ 0.2 vs.
2.3 £ 0.4 ng insulin/(islet - h) with GLP-1 vs. with GLP-1 and ANP, respectively; P <
0.05]. Ten-minute preincubation with ANP was ineffective [3.2 + 0.4 vs. 3.2 + 0.6
ng insulin/(islet - h); n = 6]; after 20 min preincubation, a tendency to increase the
action of GLP-1 appeared [1.7 + 0.4 vs. 2.0 = 0.5 ng insulin/(islet - h); n = 12]. The
potentiating action of ANP on the GLP-1 effect was absent in islets from SUR1-KO
mice, pointing to a significant role of Karp channels in this intensification
(Supplementary Fig. 1B). The potentiating effect is most likely a result of inhibition
of the PDE3B by cGMP (see above) and increased cAMP concentration. It can be
mimicked by cilostamide. Insulin secretion amounted to 1.6 £ 0.2 ng insulin/(islet -
h) with GLP-1 alone versus 3.8 £ 0.2 ng insulin/(islet - h) with GLP-1 and
cilostamide (P < 0.001) (Supplementary Fig. 3A).

Discussion

Effects of ANP at the Threshold Concentration of Glucose

An ANP-induced increase in insulin secretion was easier to detect at 6 mmol/L
glucose, the threshold concentration for the induction of insulin secretion, than at
10 mmol/L glucose. Identical steady-state incubation experiments with 10 mmol/L
glucose did not reveal a significant increase in insulin secretion (data not shown).
However, with 10 mmol/L glucose, an effect of ANP could be detected in perifusion
experiments. This kind of experiment allows discrimination between the effects of a
drug on first and second phase of secretion. The results revealed an increase of
GSIS by ANP in the second phase. Ropero et al. (3) showed an augmentation of
insulin secretion by ANP in steady-state experiments in the presence of the
threshold concentration of 7 mmol/L glucose but did not mention whether other
glucose concentrations were tried. ANP seems to be less effective on insulin
secretion than on other parameters of the stimulus-secretion coupling, which may
be due to insulin secretion being measured with whole islets and, for example,
membrane potential or [Ca®*]. with dispersed cells. The capsule of connective

tissue that surrounds the islets can restrain access of drugs to islet cells.
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Therefore, one should keep in mind that in vivo ANP reaches the cells through the
capillaries, not across the capsule.

The patrticular effectiveness of ANP at the threshold glucose concentration also is
assessed with [Ca®']c measurements. ANP considerably increased max|[Ca®'].
above the basal values obtained at 6 mmol/L. The special physiological role of
ANP in B-cells possibly augments GSIS in a coordinated action, with incretins at
blood glucose concentrations occurring at the beginning of a meal. In humans with
metabolic disorders, low plasma concentrations of ANP (14-16) may contribute to

the impairment of insulin secretion in addition to a reduced incretin effect.

Involvement of the GC-A Receptor/cGMP/PKG Pathway in Effects of ANP on (-

Cell Function

The patch-clamp data clearly demonstrate that ANP-mediated inhibition of Katp
single-channel activity is caused by activation of GC-A receptors on B-cells
because the effect is abolished in BGC-A-KO cells. Katp channel current density
was the same in both genotypes, which contrasts findings in B-cells with a global
GC-A-KO, showing diminished Karp channel activity and reduced expression of
both Katp channel subunits compared with WT cells (3). The findings may explain
the higher rate of insulin secretion in islets of the global GC-A receptor KO
compared with WT islets, an effect not observed in the B-cell-specific KO model
(Fig. 1C). As expected, the inhibitory effect of ANP on Karp channel activity was
accompanied by a depolarization of the plasma membrane and an increase in
[Ca®*]. and insulin secretion attributable to GC-A activation. ANP did not affect
membrane potentials of cells from SUR1-KO mice, suggesting that ANP does not
influence the activity of other ion channels than Karp channels. Stimulation of GC-A
receptors should result in an increase in the cGMP concentration. Dankworth (18)
showed that the ANP-induced increase in cGMP is much higher in islets of I-WT
mice than in those of BGC-A-KO mice. The inhibitory effect of ANP on Karp
channels was mimicked by a membrane-permeable cGMP analog and completely
blocked by the PKG inhibitor Rp-8, strongly suggesting the involvement of the GC-
A/cGMP/PKG signaling pathway in the action of ANP on B-cell Katp channels (Fig.

117


https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-14
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-16
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-3
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F1
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-18
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F7

7). This pathway also is proposed for the rapid action of estrogen (30) and the
effect caused by small amounts of nitric oxide (31) on -cell function. Which PKG is
involved in this pathway in B-cells is unknown, and Rp-8 is not isoform specific.
Because two studies exclude the expression of PKGI in B-cells (32,33), PKGII is
the most likely candidate. Pancreatic Katp channels comprise SURL1 (sulfonylurea
receptor) and Kir6.2 (inwardly rectifying K* channel) subunits. PKG is proposed to
have dual effects in regulating SUR1/Kir6.2 channels: indirect activation of the
channels by phosphorylation of cellular compounds not directly linked to Karp
channels and inhibition by phosphorylation of channel proteins or tightly coupled
proteins (34). In pancreatic B-cells, we, like Ropero et al. (35), found that the latter
pathway seems to prevail. After preincubation with Rp-8, ANP still significantly
augmented insulin secretion (Fig. 5E), which apparently contrasts with the patch-
clamp data. Considering that cGMP inhibits the PDE3B (28), an increase in insulin
secretion could be explained by increased cAMP concentration and activation of
PKA (see below). The data even suggest that the cGMP/cAMP signaling pathway
is more important for the final ANP effects on B-cell function than the cGMP/Katp

pathway.
Effects of ANP on the cAMP Signaling Pathway

ANP can increase the cAMP concentration through GC-A receptor activation,
cGMP formation, and inhibition of the PDE3B by reducing cAMP degradation.
Inhibition of PKA did not influence the inhibitory effect of ANP on Katp channel
activity, making a direct link between PKA and Katp channels unlikely (Fig. 5F and
G). From these patch-clamp experiments, one would expect that ANP still activates
insulin secretion when PKA is blocked. In our experiments, there was a tendency
but no significant effect (Fig. 5H). However, PKA directly interferes with exocytosis
(e.g., by increasing the Ca®" sensitivity of the exocytotic machinery) (36). This
effect may be alleviated by PKA inhibition. The experiments with cilostamide
support the hypothesis that the increase of the cAMP concentration is an essential
step in the action of ANP. In the presence of cilostamide, ANP did not enhance
insulin secretion, most likely because PDE3B is fully inhibited and cAMP maximally

increased under these conditions. The current data suggest that ANP augments

118


https://diabetes.diabetesjournals.org/content/66/11/2840.long#F7
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-30
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-31
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-32
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-33
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-34
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-35
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F5
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-28
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F5
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F5
https://diabetes.diabetesjournals.org/content/66/11/2840.long#F5
https://diabetes.diabetesjournals.org/content/66/11/2840.long#ref-36

CAMP through cGMP-mediated inhibition of the PDE3B. cAMP activates the PKA,
which influences exocytosis, and exchange protein activated by cAMP (Epac),
which interferes with Katp channels by rendering them more sensitive to ATP (37)
(Fig. 7). The cAMP/Epac/Katp pathway seems to be indispensable for the action of
ANP on B-cell function and to prevail in the cAMP/PKA/exocytosis pathway
because ANP did not increase insulin secretion in islets from SUR1-KO mice
(Supplementary Fig. 1A). The cGMP/cCAMP pathway is mediated by the ANP-
induced activation of the GC-A receptor because ANP-induced augmentation of

insulin secretion is completely blunted in islets from BGC-A-KO mice (Fig. 1C).

The incretin hormone GLP-1 increases insulin secretion by increasing the cAMP
concentration. This effect is potentiated by preincubation with ANP. A significant
potentiating effect was seen after 90 min of preincubation with ANP at room
temperature. Twenty minutes of preincubation led at least to a tendency to
potentiate the action of the incretin hormone. We assume that penetration through
the capsule is slow (see above), especially at room temperature. Although we
cannot entirely rule out a genomic effect for this potentiation, a cytosolic interaction
of the hormones seems much more likely. The ANP/cGMP/PDE3B/cAMP pathway
may also be involved in the additive effect of ANP and GLP-1 in B-cells. This
assumption is confirmed by the observation that the PDE3B inhibitor cilostamide
potentiates the GLP-1 effect on GSIS. Our hypothesis is in accordance with earlier
findings. Overexpression of PDE3B in insulin-secreting rat insulinoma cells leads to
a decrease of CAMP concentration and GSIS. Furthermore, the ability of GLP-1 to
potentiate insulin secretion is impaired (38). Thus, we assume that ANP inhibits
PDE3B, which leads to reduced degradation of cAMP and finally increases the
effectiveness of GLP-1 (Fig. 7). Because this potentiation requires Karp channels, it
is most likely mediated by the cAMP/Epac/Karp pathway.

In conclusion, the data point to a dual action of ANP in pancreatic B-cells (Fig. 7):
1) ANP activates the GC-A/cGMP/PKG pathway wherein phosphorylation by PKG
blocks Katp channels and 2) ANP inhibits PDE3B and thus increases cAMP

concentration, which positively influences insulin secretion through the PKA and
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Epac pathway. The second pathway seems to be essential for ANP-mediated

enhancement of insulin secretion.
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Fig. 1: Effects of ANP on insulin secretion and [Ca*‘].. A: Perifusion experiments with WT C57BL/6 islets
showing the typical biphasic response of the insulin secretion after augmentation of the glucose concentration
from 3 (G 3) to 10 mmol/L (G 10). ANP was added during the second phase as indicated. B: Evaluation of the
AUCs, which were calculated between minutes 40 and 48 (control) and 60 and 68 (ANP application). C:
Steady-state insulin secretion measurements at the threshold glucose concentration for the stimulation of
insulin secretion with islets from I-WT and BGC-A-KO mice. D: Measurements of [Caz+]c at 6 mmol/L glucose
(G 6). The top panel shows a typical recording for an I-WT B-cell, and the bottom panel shows a recording for a
BGC-A-KO B-cell. Each experiment was started at 15 mmol/L glucose (G 15), where B-cells exhibit oscillations
of [Ca®*]c. Lowering the glucose concentration to 6 mmol/L decreased [Ca®‘]. in most cells to basal values.
Cells in which oscillations continued were discarded. E: Summary of the ANP-induced increase of [Ca®*]. in I-
WT and BGC-A-KO B-cells. The numbers within the columns in B and C are the number of different mice. The
numbers within the columns in E are the number of different experiments with three different mice. *P < 0.05,
*»*P <0.01, **P < 0.001.
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series, cells of at least three different mice were used. *P < 0.05.
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Abstract

Purpose

The role of ATP, which is secreted by pancreatic B-cells, is still a matter of debate.
It has been postulated that extracellular ATP acts as a positive auto- or paracrine
signal in B-cells amplifying insulin secretion. However, there is rising evidence that

extracellular ATP may also mediate a negative signal.

Methods
We evaluated whether extracellular ATP interferes with the Ca**-mediated negative

feedback mechanism that regulates oscillatory activity of B-cells.

Results

To experimentally uncover the Ca*-induced feedback we applied a high
extracellular Ca?* concentration. Under this condition ATP (100 uM) inhibited
glucose-evoked oscillations of electrical activity and hyperpolarized the membrane
potential. Furthermore, ATP acutely increased the interburst phase of Ca®'
oscillations and reduced the current through L-type Ca®* channels. Accordingly,
ATP (500 uM) decreased glucose-induced insulin secretion. The ATP effect was
not mimicked by AMP, ADP, or adenosine. The use of specific agonists and
antagonists and mice deficient of large conductance Ca®*-dependent K* channels

revealed that P2X, but not P2Y receptors, and Ca**-dependent K* channels are
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involved in the underlying signaling cascade induced by ATP. The effectiveness of
ATP to interfere with parameters of stimulus-secretion coupling is markedly

reduced at low extracellular Ca®* concentration.

Conclusion
It is suggested that extracellular ATP which is co-secreted with insulin in a pulsatile
manner during glucose-stimulated exocytosis provides a negative feedback signal

driving B-cell oscillations in co-operation with Ca®* and other signals.

Abbreviations

Vi cell membrane potential

Ay mitochondrial membrane potential
[Ca®"]. cytosolic Ca?* concentration
BK-KO BK channel knock-out

Introduction

ATP is the energy source of the cell, but serves as a signaling molecule, too. ATP
enriched in insulin-containing granules via a vesicular nucleotide transporter (1) is
thus secreted to the cell surface. The ATP concentration within the granules is
around 3.5 mM (2). ATP is co-released with insulin (3) or secreted without insulin in
a process called kiss-and-run exocytosis (4) where only small molecules are
discharged. Extracellular ATP is degraded by specific ecto-nucleotidases (for
review see (5)) which contribute to the regulation of the extracellular ATP content.
ATP exerts numerous important physiological effects in many mammalian cell
types including pancreatic islets (6, 7) via activation of purinergic P2 receptors
divided in the P2X and P2Y families with seven and eight subtypes, respectively.
P2X receptors are ligand-operated cation channels while P2Y receptors belong to
the large group of G-protein-coupled receptors. All these subtypes have been
identified in the endocrine pancreas (for review see (7)). The effects of extracellular
ATP on B-cell function are numerous, but often controversial depending on the
species, cell systems, and experimental conditions. Moreover, activation of
different receptor subtypes may induce various and even opposed effects which
complicates the understanding of the action of extracellular ATP on B-cell function.
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Studies with murine B-cells mainly report an inhibitory effect of extracellular ATP on
stimulus-secretion coupling (SSC), but the underlying mechanism is far from being
clear. Two studies reported that extracellular ATP reduced insulin secretion of
isolated mouse islets despite a reduction of K* conductance and Karp current,
respectively (8, 9). Petit et al. (8) assumed that the inhibitory effect of ATP can be
attributed to the degradation of ATP to adenosine while Poulsen et al. (9)
suggested that it is caused by an interaction with the exocytotic machinery via
P2Y-induced activation of calcineurin. Other groups observed stimulation and
inhibition of insulin secretion in dependence of different receptor subtypes (10, 11,
12). Studies with P2Y receptor knockout (KO) mice did not solve the discrepancies
since P2Y; receptor-KO mice show increased glucose-induced insulin secretion
while P2Y14 receptor-KO mice exhibit decreased secretion (13, 14). In rats the
results of extracellular ATP on B-cell function are less controversial and in contrast
to mice a stimulatory effect of ATP is supported by most studies (e.g. (15, 16, 17)
although participating receptors and involved mechanisms are not entirely clear.
IPs-induced Ca?" mobilization with subsequent activation of Ca®' influx via CRAC
channels are mechanisms discussed in this context. ATP-evoked Ca** release
from the endoplasmic reticulum (ER) is observed in mouse, rat, and human B-cells;
however, in mouse [B-cells this seems not to result in CRAC channel activation
(18). Hellman and colleagues (19, 20, 21) suggested that extracellular ATP is
involved in the control of the rhythmic activity of B-cells and in the propagation of
the oscillations from cell to cell. In the proposed model ATP has a time-dependent
dual effect on B-cell function: prompt activation followed by inhibition.

In contrast to other studies, we focused on the influence of the nucleotide on
bursting activity of B-cells. In particular, we investigated effects of ATP on B-cell
function at conditions with enhanced Ca®*-mediated negative feedback on SSC,

especially reflecting the burst phases with action potentials.

Materials and methods
Animals and islet preparation
Islets of Langerhans were isolated from adult C57BI/6N mice or C57BI/6N mice

with a global knockout of BK channels (BK-KO). The mice were bred in the animal

133


https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR8
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR9
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR8
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR9
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR10
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR11
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR12
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR13
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR14
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR15
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR16
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR17
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR18
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR19
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR20
https://link.springer.com/article/10.1007%2Fs12020-018-1731-0#CR21

facility of the Department of Pharmacology at the University of Tubingen. The
principles of laboratory animal care (NIH publication no. 85-23, revised 1985) and
German laws were followed. Isolation and culture were performed as described
previously (22), except, islets of Langerhans were dispersed to single cells or cell

clusters by trypsin treatment.

Solutions and chemicals

Recordings of [Ca®']. were performed with a bath solution which contained (in
mM): 140 NaCl, 5 KCI, 1.2 MgCl,, 10 HEPES; CaCl,, and glucose as indicated, pH
7.4 adjusted with NaOH. The same bath solution was used for the determination of
the mitochondrial membrane potential (Ayw) and for measurements of membrane
potential (Vi) in the perforated-patch configuration. For this purpose, the pipette
solution was composed of (in mM): 10 KCI, 10 NaCl, 70 K,SOg4, 4 MgCl,, 2 CaCl,,
10 EGTA, 20 HEPES, 0.27 amphotericin B, pH adjusted to 7.15 with KOH. For
perforated-patch measurements of Ca** currents a bath solution of the following
composition was used (mM): 115 NacCl, 1.2 MgCl,, 10 CaCl,, 10 TEA, 10 glucose,
10 HEPES, pH 7.4 adjusted with NaOH. The respective pipette solution contained
(in mM): 10 KClI, 10 NaCl, 70 Cs,S0O,4, 7 MgCl,, 10 HEPES, 0.27 amphotericin B,
pH adjusted to 7.15 with NaOH. Krebs—Ringer—Hepes solution for insulin secretion
was composed of (in mM): 122 NaCl, 4.7 KCI, 1.1 MgCl,, 10 CaCl,, glucose as
indicated, 10 HEPES, 0.5 % bovine serum albumin and pH 7.4 adjusted with
NaOH. Adenosine 5'-triposphate (ATP) was obtained from Carl Roth (Karlsruhe,
Germany) or Sigma-Aldrich (Taufkirchen, Germany), the P2X;s-agonist a,B-
methyleneadenosine 5'-triphosphate (af-MeATP) from Tocris Bioscience (Bristol,
United Kingdom). Fura-2/AM was either purchased from Biotrend (Kdln, Germany)
or Sigma-Aldrich (Schnelldorf, Germany). Rhodamine, RPMI 1640 medium, and
penicillin/streptomycin was from Invitrogen (Karlsruhe, Germany). All other
chemicals were purchased from Sigma-Aldrich or Carl Roth in the purest form

available.
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Measurements of the mitochondrial membrane potential
AY¥ was measured as rhodamine 123 fluorescence at 480 nm excitation wave
length as described in (23). To evaluate the effects, the values were averaged for

60 s at the end of each interval before solution change.

Measurement of [Ca**].

[Ca®*]. was measured by the fura-2 method as described by Grynkiewicz et al.
(24). Details are described in (22). In brief, cells were loaded with 5 uM fura-2-AM
for 35 min at 37 °C. Fluorescence was excited at 340 and 380 nm, emission was
filtered (LP515), and measured by a digital camera. [Ca*]. was calculated
according to an in vitro calibration with fura2-5K-salt. The area under the curve
(AUC) was taken to reveal the effect of ATP or aB-MeATP on oscillations of the
cytosolic Ca®* concentration. The AUC was evaluated in the steady state before
the switch to ATP or ap-MeATP and between min 0 to 5 and 5 to 10 in the
presence of the nucleotide. In the experiments with NF-279 the AUC was
calculated for 10 min after addition of the drug. In fura-2 measurements with whole

islets the fluorescence ratio F340/F380 is given instead of [Ca®*]..

Patch-clamp measurements

Membrane currents and potentials were recorded with an EPC-9 patch-clamp
amplifier using “Patchmaster” software (HEKA, Lambrecht, Germany). For Vp
measurements, the plateau potential under control conditions was compared to the
maximal hyperpolarization induced by ATP. Where applicable, action potential
frequency was determined during a period of 2.5 min before ATP application and
separately during the first and second 2.5 min period after addition of ATP. At the
high Ca®" concentration of 10 mM the membrane potential oscillated, i.e., burst
phases with action potentials changed with silent interburst phases. Under this
condition the fraction of plateau phase (FOPP ~ percentage of time with spike
activity) was calculated for 2min before and during min 3 and 5 after drug
application. Currents through L-type Ca?* channels were measured using the
perforated-patch configuration in the voltage-clamp mode by 50 ms pulses from —

70 to O mV. The last three currents prior to solution change were used for analysis
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of the maximum peak current (Iyeax), the AUC to determine charge movement, and

7 to characterize current inactivation.

Insulin secretion

After preparation islets were kept overnight in RPMI 1640 culture medium with
11.1 mM glucose. Details for steady-state incubations are described in (22). Briefly,
insulin secretion under steady-state conditions was measured for 1h at 37 °C
under conditions as indicated. For perifusion experiments 50 islets of Langerhans
were perifused continuously with bath solution as described in (23) and test
substances as indicated and a sample was taken every 2 min. Levels of insulin

were determined by radioimmunoassay (Merck Millipore, Darmstadt, Germany).

Statistics

Each series of experiments was performed with islets of Langerhans or cell
clusters from at least three independent preparations unless otherwise indicated.
Means + SEM are given for the indicated number of experiments. Statistical
significance of differences was assessed by a Student's t-test for paired values.
Multiple comparisons were made by ANOVA followed by Student—Newman-Keuls

test. P-values <0.05 were considered significant.

Results

Extracellular ATP affects key parameters of SSC
Cytosolic Ca®* concentration and cell membrane potential

The cell membrane potential (V) takes a prominent position within SSC as it

connects glucose metabolism to insulin secretion by determining the cytosolic Ca**

concentration ([Ca®*].). Within the SSC, opening of voltage-dependent L-type Ca**
channels and Ca?" influx represent the decisive trigger for secretion of insulin from
storage vesicles. For this reason, alterations of the cytosolic Ca?* concentration
([Ca*].) are crucial for insulin secretion. The recording in Fig. 1a shows periodic

oscillations of [Ca®'] in the presence of 10 mM glucose and 2.5 mM Ca?*. Addition
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of ATP in a concentration of 100 uM interrupted this regular pattern so that the next
oscillation appeared later and exhibited a smaller amplitude. To quantify this
observation, the AUC of [Ca®']. was determined before and after addition of ATP
(Fig. 1b). The AUC was reduced from 384 + 27 nM x 5 min under control conditions
to 300 £ 29 nM x 5 min during the first 5 min period in the presence of ATP. The
AUC amounted to 353 £ 24 nM x 5 min in the second 5 min period of ATP treatment

indicating a transient effect of ATP.

The plasma membrane potential V,, was measured in the perforated-patch
configuration under the same conditions. The record (Fig. 1¢c) and the bar chart
(Fig. 1d) show that ATP had no effect on V, (=37 £ 3 mV under control conditions
vs. =39+ 3 mV in the first 2.5 min and -38 £4 mV in the second 2.5 min period in
the presence of ATP). Likewise, action potential frequency did not change (Fig. 1c,
e). It amounted to 3.3 +0.6 Hz before ATP application, to 2.9 £0.6 Hz during the
first 2.5 min period with ATP (n=4, n.s.), and to 3.4+ 0.5 Hz during the second
2.5min period with ATP (n=4, n.s.). Under these conditions characteristic slow
waves consisting of electrically silent phases (interbursts) and active phases
(bursts with action potentials) are hardly detectable (25). Bursting activity can be
achieved by increasing the extracellular Ca®* concentration (compare Fig. 1c and
Fig. 2¢). It is known that [Ca?']. affects its own entry via opening of Karp channels,
i.e., it exerts an important feedback control on insulin secretion (26, 27). Increasing
the extracellular Ca®* concentration which enhances the Ca®* gradient and thus
Ca’" entry augments this feedback mechanism under experimental conditions. To
evaluate whether extracellular ATP interferes with this Ca**-mediated feedback
mechanism, it was amplified in the following experiments by applying 10 mM Ca?*
in the presence of 10 mM glucose (G10/Ca10). Treatment with 100 uM ATP
strongly reduced the AUC of [Ca®*']. from 414 +26nMx5min under control
conditions to 188 +£19 and 319+ 34 nM x 5 min, respectively, during the first and
second 5min period of ATP addition (Fig. 2a, b). Under these conditions with
10 mM Ca®" the effect of ATP was much larger in the first 5min period of ATP
addition compared to conditions with 2.5mM Ca*" and remained significant in the
second application period. Furthermore, the interburst phase directly after addition
of ATP was markedly longer compared to the mean interburst phase under control
condition (247+35 vs. 117+21s, n=20, P<0.001). The representative
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measurement of electrical activity in Fig. 2c shows characteristic slow waves in the
presence of G10/Cal0 as a result of the Ca®" feedback described above. Addition
of ATP (100 uM) led to a sustained hyperpolarization of V,, from a plateau potential
of —44.2+1.4 to -68.0 £ 3.5mV (Fig. 2d).

Mitochondrial membrane potential

Hyperpolarization of V, can be caused by opening of Karp channels due to a
reduction in ATP production. The mitochondrial membrane potential (A%¥) is directly
linked to glucose metabolism and ATP production (27) because the
electrochemical proton gradient across the inner mitochondrial membrane
determines the activity of the F1/FO-ATPase. Increasing glucose concentration
caused a hyperpolarization of A¥, which is indicated by a decrease in rhodamine
123 fluorescence signal and reflects ATP production. On average, the fluorescence
signal was lowered from 502+47 a.u. in the presence of 0.5mM glucose to
412 £ 32 a.u. upon an increase of the glucose concentration to 10 mM (P <0.001,
n=28). ATP (100 uM) had no effect on A¥ (409+32 a.u.) (n=28, n.s., data not
shown). The experiment was repeated with 500 uM ATP and additionally in 5 mM
glucose to create conditions where AW is not that hyperpolarized but ATP did not
show any effect (G10/Ca10: 530+35 a.u., G10/Ca10 + 500 uM ATP: 528134 a.u.,
n=27, n.s.; G5/Ca10: 550+45 a.u., G5/Ca10 + 500 uM ATP: 552145 a.u., n =16,
n.s., data not shown). Thus, extracellular ATP seems not to affect mitochondrial

ATP production.
Current through voltage-dependent Ca®* channels

Next, a possible influence of ATP on Ca®" currents was studied. In Fig. 3a, a typical
Ca?* current is shown which was elicited by a 50 ms voltage step from =70 to 0 mV.
Under control conditions (black curve) opening of L-type Ca®" channels led to a
marked and rapid Ca®" influx followed by a slow current decay due to Ca?'-
dependent current inactivation. Addition of ATP (100 uM, dotted curve) reduced the
peak Ca®" current (Ipeak) from -87+8 to -72+9pA (Fig. 3b) and the charge

movement, measured as area under the curve (AUC), from 2.6 £0.3t0 2.1+£0.2pC
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(Fig. 3c). The Ca*-dependent inactivation of the channels (28) which was
determined by calculating the time constant r was not influenced by ATP (22 +£3 ms

under control conditions vs. 21 £ 2 ms with ATP) (Fig. 3d).
Extracellular ATP reduces insulin secretion

The effect of ATP on insulin secretion was studied in steady state as well as in
perifusion experiments. As seen in Fig. 4a, after 1 h steady-state incubation in
G15/Ca10, ATP (500 uM and 1 mM) reduced glucose-induced insulin secretion by
26% and 33%, respectively. ATP in a concentration of 100 uM was without effect in
these experiments. In contrast to the experiments described before, insulin
secretion measurements are performed with whole islets which are encircled by a
capsule of connective tissue. Evidently, this capsule impedes diffusion of ATP to
the islets cells, an observation that confirms earlier findings (29). To test for this,
the Ca®" experiments illustrated in Fig. 2a, b were repeated with whole islets
instead of dispersed cells. Indeed, 100 uM ATP did not influence [Ca**]. measured
with whole islets (as fluorescence ratio F340/F380) (10 mM glucose: 0.48 £0.09;
after ATP application: 0.48 £ 0.09, n =6 different islets, not shown). This suggestion
is supported by the finding that pre-treatment of islets for 1 h with 100 and 200 uM
ATP, respectively, reduced the response to a subsequent glucose stimulus (Fig.
4b).

The inhibitory effect of ATP on insulin secretion was not mimicked by AMP, ADP,
or adenosine (Suppl. Figure 1). In contrast to ATP, concentrations of adenosine
higher than 100 uM increased insulin secretion. Perifusion experiments disclosed
that ATP diminished the first and second phase of insulin secretion. Rising the
glucose concentration from 3 to 15 mM glucose in the absence (solid curve) and
presence of ATP (dotted curve) revealed that the first phase of insulin secretion
was markedly reduced by ATP (Fig. 5a). The quantitative analyses of the AUC
demonstrated that ATP decreased the first phase of insulin secretion from
61 £ 14 ng insulin/(50 islets x 30 min) to 41 + 10 ng insulin/(50 islets x 30 min) (Fig.
5b). In Fig. 5c the glucose concentration was first raised from 3 to 15 mM glucose

showing the typical biphasic pattern of insulin secretion. The figure shows the
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typical steep, transient rise during the first phase followed by a lower but still
elevated plateau in the second phase. Addition of ATP at the steady state during
the second phase reduced insulin secretion. For further quantification the AUC was
calculated for the last 10 min in the absence and presence of ATP, respectively. It
decreased from 15+2ng insulin/(50 isletsx10min) to 12+2ng insulin/(50
islets x 10 min) (Fig. 5d).

Extracellular ATP mediates its effects by activation of P2X receptors

The P2X; 3 agonist a-MeATP was used to test whether ATP-induced effects on
SSC are mediated via P2X receptors. As shown in Fig. 6a af-MeATP mimicked
the effect of ATP on [Ca**]. oscillations. af-MeATP led to a decrease in the AUC of
[Ca®*]. (Fig. 6b) from 345 +22 nM x 5 min under control conditions to 264 + 33 and
287 £ 30 nM x 5 min, respectively, during the first and second 5 min period in the
presence of ap-MeATP. As observed with ATP, duration of the interburst phase
directly after addition of af-MeATP was prolonged compared to the mean
interburst phase before application of the P2X; 3 agonist (240+£54 vs. 123+17 s,
n=16, P<0.05). Furthermore, aB-MeATP reduced glucose-induced insulin
secretion by 36% (from 3.1+0.4 ng insulin/(islet x h) under control conditions to
2.0+ 0.1 ng insulin/(islet x h) in the presence of ap-MeATP) after 1 h steady-state
incubation in 15mM glucose and 10mM Ca®" (Fig. 6c). Insulin secretion
experiments with the P2X; antagonist NF-279 revealed that ATP is no longer able
to reduce insulin secretion when P2X; channels are blocked (Fig. 6d). Insulin
secretion in the presence of NF-279 was 2.2 £ 0.2 ng insulin/(islet x h) before and
2.2+0.1 ng insulin/(islet x h) after addition of ATP. In contrast, the P2X3 antagonist
RO-3 was not able to suppress the inhibitory effect of extracellular ATP (Fig. 6e).
Insulin secretion in the presence of RO-3 was 3.9+ 0.7 ng insulin/(islet x h) before
and 2.4 £ 0.3 ng insulin/(islet x h) after addition of ATP.

The most prominent receptor of the P2Y family in B-cells is the P2Y; receptor (12,
13, 30). This receptor family is Gq protein-coupled and thus affects intracellular
Ca’" stores. We observed a short Ca®" transient after ATP administration (Fig. 2a).

This was also present when L-type Ca®" channels were blocked (Suppl. Figure 2A,
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B) and is due to ER store depletion (Suppl. Figure 2C, D). However, pre-treatment
of B-cells with the SERCA inhibitor thapsigargin did not affect the inhibitory effect of
ATP on insulin secretion (Suppl. Figure 2E). Moreover, the inhibitory effect of ATP
on insulin secretion was not influenced by the specific P2Y; receptor antagonist
MRS-2179 (Suppl. Figure 2F). Obviously, the P2Y receptor family does not
essentially contribute to the inhibitory effect of ATP.

Possible involvement of Ca**-dependent potassium channels

As P2X receptors are unspecific cation channels leading to a depolarizing cation
influx, activation of these receptors seems hard to reconcile with the above-
mentioned negative influences of ATP and a-MeATP on parameters of SSC. In B-
cells several types of Ca?-dependent K* channels are expressed mediating K*
outflux upon activation including BK channels with large conductance and SK4
channels with intermediate conductance. Both channel types are involved in the
regulation of B-cell function (31, 32). To test whether extracellular ATP activates
these channels to mediate a negative feedback on SSC, we used B-cells from BK-
KO mice and TRAM-34 as a pharmacologic inhibitor of SK4 channels.

Figure 7a shows a measurement of Vy, in the perforated-patch configuration with
BK-KO B-cells. After SK4 channel inhibition the BK channel-deficient B-cells are
rather depolarized and show continuous spike activity. Administration of ATP
(100 uM) only led to a transient hyperpolarization of =10.7 £2.6 mV in six out of
nine experiments (from -39+ 3 mV in the presence of TRAM-34 in 10 mM glucose
and 10mM Ca®" to -50+3mV after application of ATP (Fig. 7b)). A slight
depolarization (from -34 £3mV in the presence of TRAM-34 to -29+3 mV) was

observed in all nine measurements during the last 3 min of ATP addition (Fig. 7c).

In addition, the effect of ATP on Ca** oscillations is reduced after inhibition of SK4
channels in BK-KO cells. Figure 7d shows Ca®" oscillations in B-cells from BK-KO
mice in the presence of TRAM-34. Under these conditions ATP reduced the AUC
of [Ca®']. only transiently despite of the high extracellular Ca?* concentration (Fig.
7e) which fits to the transient effect of ATP on electrical activity. The AUC

decreased from 472 +29nM x5 min under control conditions with TRAM-34 to
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339+ 20 nM x 5 min in the presence of ATP during the first 5 min application period.
In the second 5min period of ATP addition the AUC of [Ca?']c amounted to
439+ 21 nM x 5 min.

In agreement with the influence of BK and SK4 channels on ATP-induced
alterations in [Ca®'], the effect of ATP on insulin secretion was reduced after
inhibition of these channels. Five hundred micromolar ATP led to a significant
reduction of glucose-stimulated insulin secretion which amounted to 34% under
control conditions but only to 23% after pharmacological blockage of BK channels
with 100 nM iberiotoxin and SK4 channels with 10 yM TRAM-34. In this series of
experiments, insulin secretion (15 mM glucose) was reduced by ATP from 4.5+ 0.5
to 2.9+0.1 ng insulin/(islet x h) (n=6, P <0.05). In the presence of TRAM-34 and
iberiotoxin the effect of ATP was lower (reduction from 4.2+0.3 to 3.1+£0.2ng

insulin/(islet x h), n=6, P <0.05, data not shown).
Blockage of P2X; channels increased electrical activity and [Ca**].

According to our hypothesis inhibition of the P2X; channels should increase
electrical activity, the AUC of [Ca?'];, and insulin secretion. Figure 8a, b reveals
that NF-279 indeed augmented the AUC of [Ca®"]. from 592 + 35 nM x 10 min under
control conditions to 632+45nMx10min in the presence of 5uM NF-279.
Accordingly, the FOPP increased from 46 £9 to 56 + 11% after addition of NF-279
(Fig. 8c, d). Paradoxically, insulin secretion was reduced by NF-279 from
2.81+0.30 to 2.16+0.18ng insulin/(isletxh) (n=6, P<0.05). Since this is
unexpected and does not fit to the results obtained with NF-279 on [Ca®']. and Vi,
it is suggested that this effect is an unspecific Ca?*-independent interaction with the
exocytotic machinery. To further strengthen this conclusion, we tested suramin on
[Ca®*]., another frequently used blocker of P2X; channels, although less specific.
Suramin enhanced the AUC of [Ca?']. during a 5 min application period in 9 out of
13 cells from 323 +29nM x 5min to 404 £42 nM x 5 min. Subsequent addition of
ATP for 5min in the presence of suramin did not significantly alter the AUC of
[Ca®*]. (Fig. 8e, f).
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Discussion
The inhibitory signaling pathway of extracellular ATP

It is well known that signaling through purinergic receptors affects insulin secretion
and that ATP released from secretory granules or nerve endings can activate these
receptors. Effects on B-cells are mediated by P2X and P2Y receptors but not by P1
receptors (for review see (33)). The physiological significance of activation of
purinergic receptors is still debated; stimulation and inhibition of insulin secretion
have been reported. The situation is complex because each receptor has many
subtypes and subtype expression varies between species and between primary [3-

cells and insulin-secreting tumor cells.

We have chosen a protocol for our experiments where we stimulated (3-cells and
islets by glucose and raised Ca®* influx by increasing the electrochemical gradient
for Ca®". This protocol enhances the Ca**-mediated negative feedback on B-cell
function (26) which is most prominent during burst phases with Ca*" action
potentials. Under these conditions, extracellular ATP inhibited SSC of B-cells as
evidenced by hyperpolarization of V,, reduced Ca?* influx and AUC of [Ca**]. and
decreased insulin secretion. This effect was specific for ATP and not mimicked by
AMP, ADP, or adenosine suggesting interference of ATP with specific receptors.
Our results point to the involvement of P2X; receptors under these conditions: (1)
The P2X; 3 agonist ap-MeATP mimicked the effect of extracellular ATP on insulin
secretion. (2) The P2X; receptor antagonist NF-279 suppressed the effect of ATP
on insulin release but not the P2Xj3; receptor antagonist RO-3. (3) The P2Y;
antagonist MRS-2179 did not influence the effect of ATP on insulin secretion.

The P2X; receptor is a non-specific cation channel with a relatively high
permeability to Ca®" (34). P2X, receptor activation by extracellular ATP leads to
Ca?" influx and the local enhancement of Ca*" in the sub-membrane space
obviously influences the activity of other ion channels: (1) Extracellular ATP
reduced the charge movement through L-type Ca?* channels. This may be

explained by a reduction of the driving force for Ca®* due to the local increase of
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the intracellular Ca** concentration after P2X; receptor activation. Since Ca** influx
through L-type Ca®" channels constitutes the major trigger signal for insulin
secretion (35), reduced influx would diminish secretion. (2) The effectiveness of
ATP to inhibit SSC was reduced after genetic and pharmacological deletion of two
Ca?*-activated K* channels present in B-cells, the BK and SK4 channels. An
increase in the current through these channels after P2X; receptor activation would
hyperpolarize the membrane and in turn lower insulin secretion contributing to the

negative feedback induced by ATP.

Since the early paper of Gylfe and Hellman (36), who demonstrated that
extracellular ATP induces Ca** release from ER Ca?* stores, a variety of studies
has shown similar results. These observations are confirmed by our experiments.
Notably, store depletion does not affect the effectiveness of ATP to inhibit insulin
secretion. This indicates that the sub-membrane increase in Ca®" is decisive for the
effect of ATP.

Physiological significance of extracellular ATP for B-cell oscillations

Oscillatory activity of B-cells is a prerequisite for normal action of insulin and
glycemic control. Disturbances in the fluctuations of the parameters of SSC
profoundly impair insulin signaling in peripheral tissues and are early events in
diabetes (37). We have extensively studied the mechanisms underlying these
oscillations earlier (27, 31). In the present paper we suggest a negative feedback
for extracellular ATP in synergism with Ca?*, i.e., a role for ATP in the termination
of burst phases with action potentials. Partial inhibition of this feedback by
blockade of P2X; channels indeed prolonged burst phases and thus increased
electrical activity and the AUC of [Ca®"]..

An extracellular ATP concentration of 100 uM, as used in the present work, seems
not to be extraordinarily high considering that the ATP concentration within
exocytotic granules of B-cells is around 3.5mM (2). In 1998 Hazama and co-
workers (38) demonstrated that the ATP concentration at the cell surface is above

25 uM after stimulation of rat p-cells with glucose. They concluded that ATP can
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reach concentrations high enough to stimulate purinergic receptors during insulin
secretion. Therefore, we used 100 uM ATP to realize an effect of ATP additional to
that evoked by endogenous ATP from the granules. In experiments with whole
islets, even higher concentrations of ATP (500 uM) were needed, which is most
likely due to the capsule of connective tissue surrounding the islets which can form
a barrier for molecules like ATP (see also Extracellular ATP reduces insulin
secretion). Interestingly, Weitz et al. (6) recently demonstrated that tissue-resident
macrophages of islets sense the interstitial ATP concentration. It is concluded that
macrophages use ATP as a signal to estimate the activity state of the B-cells via
purinergic receptors in order to balance their secretion products which influence (-
cell proliferation. To achieve maximum Ca*" signals in macrophages

concentrations of ATP up to 1 mM were used.

In most experiments we have used a high extracellular Ca** concentration of
10mM to augment the negative feedback mediated by Ca®" which is most
important during the burst phases. This feedback is thought to contribute to the
initiation of burst termination. Exocytotic vesicles contain 120 mM Ca*" which is
mostly bound. Anyhow, the free granular Ca** concentration reaches 10 mM (2)
suggesting that the local Ca®* concentration on the surface of the cells is higher
than the bulk Ca** concentration of the extracellular space. Enhanced local Ca®*

concentration steepens the gradient driving Ca* entry.

lon flux through P2X receptors is dependent on the extracellular Ca?*
concentration, i.e., Ca*" influx through P2X increases concomitantly with rising
extracellular Ca®* concentration (39) initiating an inhibitory signaling pathway (see

above).

It has been demonstrated that a rise in the mitochondrial Ca** concentration during
a burst phase increases Karp current and hyperpolarizes V., to initiate the
interburst (40). Based on our current results, it can be concluded that extracellular
ATP and fluctuations of the intracellular Ca®* concentration act synergistically to
exert a negative feedback that terminates the burst phases and perpetuate

oscillatory activity
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Proposed model

The negative effects of extracellular ATP on SSC described in the present paper
are in accordance with numerous reports in the literature, e.g. (8, 9, 19, 41). This
contrasts with findings about stimulating effects of ATP on B-cells in mouse and
other species (11, 15, 16, 42, 43, 44). To reconcile these observations it is
hypothesized that short ATP pulses stimulate B-cell SSC (42), while longer
exposure and higher concentrations induce a negative feedback(19, 20, 21, 30).
The authors suggest that this dual effect of extracellular ATP supports the
coordination of Ca*" oscillations. Furthermore, it is assumed that short pulses of
ATP evoked by kiss-and run exocytosis (45) (where only small molecules like ATP
but no insulin is released) or by exocytosis at the beginning of a burst phase
activate P2Y receptors. Activation of these receptors increases [Ca®]. via Ca**
release from the ER, an effect also seen in our experiments. However, this is not

sufficient to potentiate the first phase of insulin release.

Our observation that the effect of extracellular ATP depends on the concentration
of extracellular Ca®* underlines the complexity of the action of ATP. At a low
extracellular Ca®* concentration ATP hardly affects B-cell SSC. Obviously, an
increased extracellular Ca®* concentration is necessary to unveil the ATP-induced
negative feedback, i.e. extracellular ATP amplifies the negative feedback on B-cell
function induced by high Ca?*, thus contributing to the termination of bursts and the

maintenance of (3-cell oscillations.

According to our model (Fig. 9) the effect of ATP essentially depends on V,, and
activity of Ca**-dependent ion channels during burst phases. During burst phases
quickly enhanced extracellular ATP and Ca*" concentrations and thus marked
ATP-mediated Ca®* influx through P2X; receptors prevail, exerting a negative
feedback limiting the burst phase. This involves opening of SK4 and BK channels.
The novel proposed feedback mechanism of ATP may offer new approaches to

influence the regulation of (3-cell activity.
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Fig. 1: Extracellular ATP slightly affects Vi, and [Ca®']. in the presence of 10 mM glucose and 2.5 mM Ca®". A
Representative recording presenting regular oscillations of [Ca*].. ATP application results in transiently
reduced AUC of [Ca2+]c. B Summary of the quantitative analysis of the AUC of [Ca2+]c before and after addition
of ATP. C ATP does not affect Vi, in the presence of 2.5mM Ca”*. Representative recording showing
continuous spike activity in response to 10 mM glucose and 2.5mM Ca?*, measured in the perforated-patch
configuration. D Summary of the quantitative analysis of the membrane potential measurements. Values under
control condition and after addition of ATP were taken at the plateau potential 2.5 min before solution change.
E Action potential frequency determined during a period of 2.5 min before ATP application and between min
2.5 and 5 in the presence of ATP. The numbers in the columns indicate the number of experiments with
different cell clusters from two to three different preparations. *P <0.05, **P <0.01
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Fig. 2: Enhancing the negative feedback of Ca®* on SSC augments the effectiveness of extracellular ATP on
Vm and [Ca2+]c. ATP clearly affects oscillations of [Ca\2+]C and Vn, in the presence of 10 mM glucose and 10 mM
ca®. A Representative recording showing regular oscillations of [Ca2+]c. ATP addition leads to a reduction in
the AUC of [Ca2+]c. B Summary of the quantitative analysis of the AUC of [C<512+]C before and after addition of
ATP. C ATP hyperpolarizes the cell membrane potential (V). Representative recording measured in the
perforated-patch configuration showing slow waves in response to 10 mM glucose and 10 mM ca”. D
Summary of the quantitative analysis of Vi, measurements. Values under control condition were taken at the
plateau potential, values after application of ATP at the maximal hyperpolarization. The numbers in the
columns indicate the number of experiments with different cell clusters from at least three different mice.
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Pancreatic B-Cells via a PKA-Dependent Pathway

Maczewsky J*, Kaiser J*, Gresch A?, Gerst F*, Diifer M?, Krippeit-Drews P*, Drews
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Abstract

The Takeda-G-protein-receptor-5 (TGR5) mediates physiological actions of bile
acids. Since it was shown that TGR5 is expressed in pancreatic tissue, a direct
TGRS activation in B-cells is currently postulated and discussed. The current study
reveals that oleanolic acid (OLA) affects murine 3-cell function by TGR5 activation.
Both a Ggs inhibitor and an inhibitor of adenylyl cyclase (AC) prevented stimulating
effects of OLA. Accordingly, OLA augmented the intracellular cAMP concentration.
OLA and two well-established TGR5 agonists, RG239 and tauroursodeoxycholic
acid (TUDCA), acutely promoted stimulus-secretion coupling (SSC). OLA reduced
Kate current and elevated current through Ca®* channels. Accordingly, in mouse
and human B-cells, TGR5 ligands increased the cytosolic Ca®* concentration by
stimulating Ca®* influx. Higher OLA concentrations evoked a dual reaction,
probably due to activation of a counterregulating pathway. Protein kinase A (PKA)
was identified as a downstream target of TGR5 activation. In contrast, inhibition of
phospholipase C and phosphoinositide 3-kinase did not prevent stimulating effects
of OLA. Involvement of exchange protein directly activated by cAMP 2 (Epac?2) or
farnesoid X receptor (FXR2) was ruled out by experiments with knockout mice. The
proposed pathway was not influenced by local glucagon-like peptide 1 (GLP-1)
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secretion from a-cells, shown by experiments with MIN6 cells, and a GLP-1
receptor antagonist. In summary, these data clearly demonstrate that activation of
TGR5 in B-cells stimulates insulin secretion via an AC/cCAMP/PKA-dependent
pathway, which is supposed to interfere with SSC by affecting Karp and Ca?*

currents and thus membrane potential.
Introduction

In recent years, it became evident that the membrane protein Takeda-G-protein-
receptor-5 (TGR5), also known as GPBA, MBAR, or Gpbarl, plays an important
role in energy and glucose metabolism (1,2). TGR5 is present in several tissues
and cell types including heart, spleen, intestine, macrophages, and pancreas (3,4).
The receptor is involved in physiological processes such as inflammation,
gallbladder filling, gastrointestinal motility, and thermogenesis (1,5-7). TGR5
stimulates secretion of glucagon-like peptide 1 (GLP-1) from intestinal L cells and
thus regulates glucose metabolism (8-10). TGR5 activation leads to energy
expenditure, which in turn improves glucose homeostasis (9). Noteworthy, after
vertical sleeve gastrectomy, TGR5 contributes to the beneficial effects of the

surgery (11).

The endogenous ligands of the receptor are bile acids that potently regulate
glucose homeostasis (3). For oleanolic acid (OLA), a triterpene isolated from Olea
europaea that improves metabolic disorders and has antidiabetes effects (12,13),
the situation is less clear. While OLA is proposed to be a TGR5 agonist in
pancreatic islets by one study (4), another group excludes an increase in cCAMP
concentration by OLA normally observed downstream of TGRS activation (14). In
addition, direct effects of OLA on B-cells through increased acetylcholine levels and

the muscarinic M3 receptor were reported (15).

Since it was discovered that TGRS is present in pancreatic 3-cells, several in vitro
studies described a direct effect of TGR5 on islet cell function (4,16-18). First,
Kumar et al. (4) showed the stimulating effect of TGR5 agonists on insulin
2+

]

secretion in B-cells by an increase of intracellular Ca?* concentration ([Ca®].) due
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to Ca®" release from intracellular stores. They postulated a pathway through cAMP,
exchange protein directly activated by cAMP (Epac), and phospholipase C (PLC)
(4). In contrast, another study found that activation of TGR5 by the bile acid
tauroursodeoxycholic acid (TUDCA) stimulates insulin secretion via protein kinase
A (PKA) (16). This pathway was associated neither with changes in the activity of
Kate channels nor with modified Ca** signals but included an increase of cAMP,
activation of PKA, and phosphorylation of CAMP response element—binding protein
(CREBP) (16). Both studies demonstrated TGR5 activation in clonal and murine B-
cells, respectively. However, the results point to completely different cAMP-
mediated signaling pathways.

It cannot be ruled out that some effects of TGR5 agonists are mediated by the
farnesoid X receptor (FXR). Some bile acids are able to rapidly activate a
nongenomic FXR-dependent pathway in B-cells (19). FXR and TGR5 are known to
influence each other after ligand binding. However, the exact mechanism of this

interaction has not been clarified yet (20).

Another in vitro study suggests that stimulating effects of TGR5 agonists in the
pancreas are mainly due to GLP-1 released from a-cells that acts in a paracrine
manner on B-cells (18). As with GLP-1, activation of TGR5 improves mass and
function of B-cells in diabetic mouse models (21). Thus, TGR5 agonists might have

a promising therapeutic profile (12).

Taken together, the potential of TGR5 to influence glucose metabolism has been
shown in several studies. However, the precise pathways and contribution of
different islet cells and peripheral organs are still a matter of debate. Therefore, in
the current study the direct effects of OLA and two well-known TGR5 agonists on

B-cell stimulus-secretion coupling (SSC) were investigated.
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Research Design and Methods

Cell and Islet Preparation

Details are described by Gier et al. (22). In brief, mouse islets were isolated by
injecting collagenase (0.5-1 mg/mL) into the pancreas and by handpicking after
digestion at 37°C. Male and female wild-type C57BI/6 (WT) mice were used in
equal shares. FXR knockout (FXR™") mice and Epac2 knockout (Epac2™") mice
are all on a C57BI/6 background and were housed under same conditions. Mice
were bred in the animal facility of the Department of Pharmacology at the
University of Tubingen. Principles of laboratory animal care (NIH publication no.
85-23, revised 1985) and German laws were followed. Human islets were provided,
by JDRF award 31-2008-416 (European Consortium for Islet Transplantation Islet
for Basic Research Program), from the Islet Transplantation Centre (Milan, Italy).
Mouse and human islets were dispersed to single cells and cell clusters,

respectively, by trypsin treatment.

Solutions and Chemicals

Recordings of [Ca®**]. were performed with a bath solution that contained (in
mmol/L) 140 NaCl, 5 KCI, 1.2 MgCl,, 2.5 CaCl,, glucose as indicated, and 10
HEPES, pH 7.4, adjusted with NaOH. The same bath solution was used for patch
clamp measurements to record Karp current and membrane potential (V) in the
perforated patch configuration. For Ca** current measurements in the perforated
patch configuration, bath solution consisted of (in mmol/L) 115 NaCl, 1.2 MgCl,, 10
CaCl,, 10 tetraethylammonium chloride, 10 HEPES, 15 glucose, and 0.1
tolbutamide, pH 7.4, adjusted with NaOH. Krebs-Ringer HEPES solution (KRH) for
insulin secretion was composed of (in mmol/L) 120 NacCl, 4.7 KCI, 1.1 MgCl,, 2.5
CaCl,, glucose as indicated, 10 HEPES, and 0.5% BSA, pH 7.4, adjusted with
NaOH. Pipette solution for cell-attached Karp current and V,, recordings consisted
of (in mmol/L) 10 KCI, 10 NaCl, 70 K,S0O,, 4 MgCl,, 2 CaCl,, 10 EGTA, 20 HEPES,
and 0.27 amphotericin B, pH, adjusted to 7.15 with KOH. For determination of the
Ca?" currents, pipette solution was composed of (in mmol/L) 10 KCI, 10 NaCl, 7
MgCl,, 70 Cs,S0O,, 10 HEPES, and 0.27 amphotericin B, with pH adjusted to 7.15
with NaOH. Murine islet cell clusters and islets were cultured in RPMI 1640 (11.1
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mmol/L glucose) enriched with 10% FCS and 1% penicillin/streptomycin. MIN6
cells were incubated in DMEM containing 22.2 mmol/L glucose, 15% FCS, and 1%
penicillin/streptomycin. Human islets were kept in Connaught Medical Research
Laboratories medium with 5.5 mmol/L glucose.

OLA and NF449 were obtained from Biomol (Hamburg, Germany). Fura-2-
acetoxymethyl ester (Flura-2-AM) was purchased from Biotrend (Kéln, Germany).
Edelfosine and myristoylated protein kinase A inhibitor 14-22 amide (Myr-PKI) were
from Tocris (Wiesbaden, Germany). RPMI 1640 medium, FCS,
penicillin/streptomycin, and trypsin were from Invitrogen (Karlsruhe, Germany).
DMEM medium was from Biozym Scientific (Hessisch Oldendorf, Germany).
TUDCA was obtained from Merck (Darmstadt, Germany) and exendin (9-39) amide
(exendin 9-39) from Bachem (Bubendorf, Switzerland). The cAMP ELISA kit was
from Cayman Chemical, Ann Arbor, MI. All other chemicals were purchased from
Sigma-Aldrich (Deisenhofen, Germany) or Merck in the purest form available.

Measurement of [Ca**].

Details have previously been published (22). In brief, cells were loaded with 5
pmol/L Fura-2-AM for 35 min at 37°C. Fluorescence was excited at 340 and 380
nm and emission filtered (LP515) and measured by a digital camera. [Ca®*']. was
calculated according to an in vitro calibration. The mean [Ca®*]. over 10 min at the
end of each interval was calculated to compare [Ca®*]. under different experimental

conditions.

Patch Clamp Measurements

Patch pipettes were pulled from borosilicate glass capillaries (Harvard Apparatus,
March-Hugstetten, Germany). lonic currents and V, were recorded with an EPC-9
patch clamp amplifier using PatchMaster software (HEKA, Lambrecht, Germany).
For determination of the Katp current, pulses of 300 ms were performed every 15 s
from the holding potential at =70 to —-60 and —-80 mV, which is the equivalence
potential without any current. The amplitude of currents elicited by voltage steps
from the holding potential to -60 mV was taken for evaluation. Data of the last

three pulses in each interval were averaged and normalized to the control
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condition. Ca?* currents were triggered by 100-ms steps from -70 to 0 mV. K*
currents were blocked by tetraethylammonium chloride (TEA), K'-free bath
solution, and the Karp channel antagonist tolbutamide. The maximum Ca?* current
was analyzed. For statistics the currents of three succeeding pulses for each
measuring point were averaged and data were normalized to the control condition.
Vin measurements were evaluated by determination of the plateau potential (from
which spikes start) and spike frequency during a 1-min interval after achievement
of the maximum OLA effect (minute 4—7 after application). In experiments with
KT5720, plateau potential and spike frequency were estimated during 1 min before
OLA application and at minute 5-6 after OLA addition.

Insulin Secretion

Details for steady-state incubations have previously been described 23. Briefly,
batches of five islets in triplicate were incubated in 1 mL KRH for 1 h at 37°C under
conditions indicated. For perifusion experiments, bath chambers were equipped
with 50 islets and perifused with KRH under conditions indicated at a rate of 0.7
mL/min at 37°C. Eluate samples were taken every 2 min. MIN6 cells were
incubated for 1 h at 37°C under conditions indicated. For determination of the first
phase of insulin secretion, AUC was calculated between mins 6 (start of increase)
and 21 after the switch to 15 mmol/L glucose.

Insulin was determined by radioimmunoassay (Merck Millipore). Results are
presented as the secreted insulin per islet in a specific time. In addition, for MIN6
cells secreted insulin was normalized to the total insulin content and high glucose

control condition.

Measurement of CAMP

Batches of 100 islets were incubated in 2 mL KRH for 1 h at 37°C under conditions
indicated. Thereafter, buffer was removed and islets were lysed in 0.1 mol/L HCI.
Supernatant was used for measuring cAMP by ELISA according to the

manufacturer’s protocol.
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Statistics

Each series of experiments was performed with islets or islet cells from at least
three different mice. Means = SEM are given for the indicated number of
experiments (cell clusters or islets). Statistical significance of differences was
assessed by a paired Student t test. Multiple comparisons were made by repeated
ANOVA followed by the Student-Newman-Keuls test. P values <0.05 were

considered significant.

Results

Effect of OLA on [Ca®"]. and Insulin Secretion

The triterpene OLA, extracted from olive leaves, is a powerful modulator of glucose
homeostasis (12,13). However, it is not clear by which receptors and downstream
pathways OLA interferes with SSC. For evaluation of whether OLA affects B-cell
function, its effects on [Ca®*]. and insulin secretion in isolated B-cells and islets,
respectively, were investigated. In the presence of 15 mmol/L glucose, [Ca*'].
oscillated. OLA increased mean [Ca®']. in WT mouse B-cells (Fig. 1A-D). Figure
1E and F reveals that OLA also augmented [Ca®']. in human B-cells. For evaluation
of how this change in [Ca®']. affects insulin secretion, perifusion experiments with
islets of WT mice were performed. Switching from a low to a stimulating glucose
concentration evoked the typical biphasic pattern. A first peak secretion (first
phase) is followed by consistent release at a lower level (second phase). Addition
of 1 ymol/L OLA to the second phase slightly augmented insulin secretion (Fig.
2A). The mean insulin secretion rate for 10 min increased from 22 = 3 pg
insulin/(min x islet) under the control condition to 24 + 3 pg insulin/(min x islet) (Fig.
2B). In addition to this small, yet significant, effect, the first phase was analyzed in
the presence of 1 umol/L OLA (Fig. 2C). The mean insulin secretion (AUC) during
the first 15 min of the first phase of insulin secretion under the high glucose
condition was clearly augmented in the presence of 1 ymol/L OLA (37 = 6 pg
insulin/(min x islet)) in comparison with control condition without OLA (27 = 3 pg
insulin/(min x islet)) (Fig. 2D).
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Steady-state insulin secretion comprises both phases of insulin secretion.
Application of 1 ymol/L and 10 pmol/L OLA augmented insulin secretion in the
presence of 15 mmol/L glucose to 147 + 11 and 145 + 16%, respectively (Fig. 2E);
0.1 umol/L OLA was without effect (113 + 5%)

The glucose dependency of the drug effect was tested in the presence of 1 ymol/L
OLA. OLA did not affect basal insulin secretion at 3 mmol/L glucose but increased
it above the threshold concentration for the initiation of insulin secretion (8 mmol/L)

and at higher glucose concentrations (Fig. 2F).
Dependence of OLA-Mediated Effects on G4 and FXR

OLA structurally resembles bile acids. Since acute effects of bile acids in B-cells
can be mediated by FXR (19), a possible interaction of the TGR5 agonist with this

receptor was investigated. In B-cells of FXR™"

mice, 1 ymol/L OLA increased mean
[Ca®"]. similarly to the effect in WT mice (Fig. 3A and B). Accordingly, 1 pmol/L

OLA enhanced insulin secretion from islets of FXR™" mice (Fig. 3C).

Since the TGR5 is Gs-coupled, the influence of NF449, an inhibitor of the Ggs
subunit, on TGR5 activation was investigated to test for this pathway. NF449 (10
pmol/L) did not affect insulin secretion but completely blocked the stimulating effect
evoked by OLA in islets of WT mice (Fig. 3D).

Confirmation of the Influence of TGR5 Activation on B-Cell Function by Two Other
TGR5 Agonists

The synthetic TGR5 agonist RG239 (1 pmol/L) increased mean [Ca®']. (Fig. 4A
and B) and insulin secretion (Fig. 4C). TUDCA (50 pmol/L), another TGR5 ligand
with bile acid structure, provided very similar results for mean [Ca®']. (Fig. 4D and
E) and insulin secretion (Fig. 4F), emphasizing the significance of TGR5 for B-cell

function.
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Effects of OLA on Karp and Ca?* Channel Currents

In the well-accepted model of SSC in B-cells, increased [Ca®']. can result from
Ca”" influx due to closure of Karp channels with subsequent opening of voltage-
dependent Ca®" channels (VDCCs) or to opening of VDCCs. Activity of both
channels can be affected by protein kinases (24-26). Patch clamp measurements
showed an acute effect on Katp current after OLA administration. In recordings with
the perforated patch configuration, 1 pmol/L OLA reduced the Karp current
measured in WT B-cells to 54 £ 3% (12.2 = 1.2 pA) of the control current (100%
[22.8 = 2.4 pA]) in the presence of 0.5 mmol/L glucose (Fig. 5A and B). The effect
was dose dependent. The inhibitory effect of 10 umol/L OLA on the Katp current
showed a faster onset of action and reduced the current to 22 + 2% (7.3 + 1.3 pA)
of the control level (100%, 32.9 + 5.3 pA) (Fig. 5C and D). The currents were
identified as Katp channel currents by use of the Katp opener diazoxide at the end

of each measurement.

As mentioned above, phosphorylation may influence VDCCs. The peak Ca?*
current, measured in the perforated patch configuration, was increased to 118 +
2% (70.8 £ 9.9 pA) and 122 + 3% (73.2 £ 10.4 pA) after 2 and 4 min of 1 pymol/L
OLA administration, respectively, compared with the control condition (100% [60.5
+ 8.8 pA]) (Fig. 5E and F). At the higher OLA concentration of 10 ymol/L, peak
Ca?" current was augmented after 2 min of drug application but strongly inhibited
after 8 min (Fig. 6A and B). OLA (10 ymol/L) also affected second-phase insulin
secretion in a biphasic manner (Fig. 6C and D). Evidently, higher concentrations of
OLA induce a counterregulating pathway. This observation could explain why 10
pmol/L OLA was not more effective than 1 ymol/L with regard to steady-state

insulin secretion (Fig. 2E).

At first glance, it may seem astonishing that a clear dual effect of 10 ymol/L OLA
on [Ca®']. is missing (Fig. 1C). However, despite the strong inhibition of Ca*
currents by 10 pmol/L OLA (Fig. 6), substantial Ca** influx may remain. First, Karp
current is also markedly reduced by 10 umol/L OLA (Fig. 5), prolonging the burst

time during which Ca?* channels open (transition from oscillations to a plateau in
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the presence of 10 umol/L OLA shown in Fig. 1C). Second, inhibition of Katp
current will further depolarize the cells leading to increased opening of Ca**- and
voltage-dependent K* channels of large conductance (BK channels), resulting in
enhanced Ca*" influx during a single action potential. This assumption is based on
the observation that inhibition of BK channels decreases Ca®" influx (27).
Nevertheless, the transient effect of 10 pmol/L OLA on [Ca**]. can be detected by
evaluating maximum Ca®* concentration. In the experiments presented in Fig. 1,
maximum Ca®* increased from 831 + 45 nmol/L (n = 26) in the presence of 15
mmol/L glucose to 1,167 = 75 nmol/L (n = 26, P < 0.001) after application of 10
pmol/L OLA if the usual evaluation procedure (last 10 min of the application
interval) was used. However, it amounted to 874 + 68 nmol/L if only the last 2 min
of OLA application was evaluated (n = 26, not significant vs. 15 mmol/L glucose).
This shows a clear reduction of maximum Ca®" concentration over time during OLA

application.

Kate and L-type Ca* channel currents are two key determinants of the membrane
potential of B-cells. Thus, the observed effects on the ion channels should result in
changes of the V. Figure 6E-G reveals that OLA depolarized V,, and increased
the number of action potentials. The described effects were completely suppressed
in the presence of the established PKA inhibitor, KT5720 (Fig. 6H-J), pointing to
an involvement of this kinase in the OLA-evoked changes in channel activities.

Influence of OLA-Evoked TGR5 Activation on Adenylyl Cyclase and Epac2

The TGRS belongs to the group of Gs-coupled receptors. The Ggs subunit is known
to activate adenylyl cyclase (AC), which leads to cAMP production (3). For
verification of this pathway for OLA, the AC inhibitor 2'5'-dideoxyadenosine (DDA)
was used in insulin secretion experiments. Remarkably, DDA (100 ymol/L) alone
had a stimulating effect on insulin secretion (Fig. 7A). In the presence of DDA, OLA
no longer stimulated insulin secretion but, rather, reduced it. Furthermore, OLA (1
pmol/L) increased the intracellular cAMP concentration by ~23% in five of six
experiments (Fig. 7B). In one experiment, we observed a paradoxical decrease of
~10%.
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Since Epac is one of the postulated targets of cCAMP, islets and B-cells of Epac2™"
mice were used to investigate an involvement of this protein in the OLA-activated
pathway. Epac2 is the most abundant isoform in B-cells (28). [Ca*'].
measurements did not reveal any influence of Epac2 on the stimulating effect of 1
pmol/L OLA (Fig. 7C). Moreover, the stimulating effects of OLA and RG239 on

insulin secretion were still present in islets from Epac2”~ mice (Fig. 7D).
Involvement of PKA in the Signaling Cascade Downstream TGRS Activation

For further evaluation of a possible participation of PKA in the TGR5 signaling
pathway, the established PKA inhibitors Myr-PKI and KT5720 were tested on OLA-
evoked insulin secretion. Myr-PKI itself increased insulin secretion, while KT5720
alone was without a significant effect compared with the respective control
conditions in WT islets. Both inhibitors suppressed the stimulatory effect of 1
gmol/L OLA in the presence of 15 mmol/L glucose (Fig. 8A and B). OLA even
inhibited insulin secretion under these conditions. Since PLC is supposed to be
involved in the TGR5 pathway according to Kumar et al. (4), the PLC inhibitor
edelfosine was applied. In contrast to PKA inhibitors, edelfosine (10 pmol/L) did not
prevent the stimulation evoked by 1 ymol/L OLA (Fig. 8C [same controls as in Fig.
8A]).

Phosphoinositide 3-kinase (PI3K) is also proposed to be involved in the signaling
pathway downstream of TGR5 activation. The PI3K inhibitor wortmannin did not
prevent but even amplified the OLA effect on insulin secretion (Fig. 8D [same
controls as in Fig. 8B]). Neither edelfosine nor wortmannin alone changed insulin

secretion induced by 15 mmol/L glucose.

a-Cells and GLP-1 Are Not Involved in Effects of OLA in B-Cells

a-Cells can secrete GLP-1, and activation of TGR5 is known to increase GLP-1
production and secretion (18). For exclusion of the possibility that GLP-1

contributes to the OLA-evoked effects in B-cells, the GLP-1 receptor antagonist

exendin 9-39 was used in secretion experiments. Exendin 9-39 did not prevent the
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stimulating effect of 1 umol/L OLA on insulin secretion (Fig. 9A). The potency of the
inhibitor exendin 9-39 at the GLP-1 receptor was proved by the fact that the
stimulation of 50 nmol/L GLP-1 was completely blocked by the antagonist (Fig. 9B
[same controls as in Fig. 9A]). Notably, 100 nmol/L exendin 9-39 alone did not
significantly alter the amount of secreted insulin. For circumvention of a possible
influence of a-cells, the B-cell line MIN6 was used to perform insulin secretion
experiments. Insulin secretion of MIN6 cells was dependent on the glucose
concentration (insulin levels reached 26.6 £ 2.9% at a low glucose concentration
compared with levels at a stimulatory concentration of 15 mmol/L glucose).
Application of 1 and 10 ymol/L OLA significantly increased insulin secretion to
1115 £ 3.0 and 121.4 + 7.8%, respectively, compared with 15 mmol/L glucose
alone (Fig. 9C). These experiments support the assumption that the TGR5 agonist

OLA acts directly on B-cells.

Discussion
OLA Directly Stimulates B-Cells by Binding to the TGR5

During the last decades, it became evident that TGR5 agonists are important
contributors to the regulation of glucose metabolism. Several studies have shown
reduction of blood glucose concentration and improvement of the energy
expenditure by TGRS5 agonists (9,12,29). TGRS activation in L cells crucially affects
GLP-1 secretion (30). Here, we identify OLA as a TGR5 agonist of B-cells and
show a stimulating effect of OLA and two other TGR5 agonists, RG239 and
TUDCA, on islets of Langerhans in vitro excluding factors like GLP-1 secreted from
L cells. TGR5 activation concurrently affects several parameters of SSC including
current through Katp channels and VDCCs and, as a result, V. Changes in the
activity of these channels are followed by enhanced [Ca*‘]. and insulin secretion.
Kumar et al. (4) also demonstrated a direct effect on isolated B-cells after TGR5
agonist administration. In their study, OLA leads to enhanced glucose-induced
insulin secretion; however, an increase in [Ca®']. is only shown at substimulatory

glucose concentration and is attributed to release from intracellular Ca®* stores.
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This effect cannot account for increased insulin secretion after stimulation of B-cells
with glucose. In contrast, our data clearly show that enhanced Ca®" influx
contributes to increased [Ca®']. after TGR5 activation at a stimulatory glucose

concentration and not at basal one.

In a-cells, alternative splicing of proglucagon enables synthesis and secretion of
GLP-1 (17). Kumar et al. (18) observed an increased GLP-1 secretion from
pancreatic a-cells after TGR5 activation. They suggest that this is mediated via the
CAMP/Epac/PLC-dependent pathway. Moreover, synthesis of GLP-1 in a-cells was
stimulated by the cAMP/PKA/phosphorylated CREBP cascade. The authors
provide evidence that this pathway is activated by hyperglycemia (18). To examine
a possible GLP-1-mediated stimulation of insulin secretion after TGR5 activation
under physiological conditions, we blocked the GLP-1 receptor by the antagonist
exendin 9-39 (31). Since exendin 9-39 did not prevent the effect of OLA, we
conclude that OLA stimulates insulin secretion independent of GLP-1 receptor
activation. Kumar et al. (18) performed a similar experiment with human islets but
with a higher concentration of exendin 9-39 and after culturing the islets in the
presence of 25 mmol/L glucose for 7 days. They claim that in this glucotoxic model,
exendin 9-39 reduces the effect of the TGR5 agonist INT-777; however, this
reduction is marginal and insulin release is still approximately twofold higher
compared with the effect of glucose alone. Our view that the effects of TGR5
agonists are not mediated by GLP-1 released by a-cells is further supported by the
observation that OLA increased insulin secretion of MIN6 cells. The MING cell line
solely consists of clonal B-cells, and an effect of locally secreted GLP-1 from other

cell types can be ruled out (32).

TGRS agonists are structural analogs of bile acids, the endogenous activators of
TGR5. Bile acids acutely affect additional targets regulating glucose metabolism,
particularly the FXR (19,33). In B-cells, Vettorazzi et al. (16) found that TUDCA
activates a TGR5-dependent pathway and suggested that FXR is not involved. In
the current study, the involvement of FXR was excluded owing to experiments with
a FXR™™ mouse model. Teodoro et al. (14) also showed a stimulating effect of OLA

on insulin secretion but excluded increased cAMP concentration and thus
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involvement of the TGR5 as explanation for this observation. In contrast, our
results with inhibitors of the Ggs subunit and the AC clearly indicate a TGR5-
dependent pathway for OLA.

OLA Acts via a cAMP/PKA-Dependent Pathway

The TGR5/G4s/AC pathway results in increased cAMP concentrations (5,34). This
fits well with the OLA-induced increase of the cAMP concentration and the loss of
efficacy of OLA after inhibition of AC in our experiments. Enhanced cAMP levels
are known to activate PKA and/or Epac, which is also described for [(-cells
(4,16,30). Kumar et al. (4) exclude any influence of OLA on PKA in B-cells but
describe a pathway via Epac, followed by PLC activation, which leads to enhanced
insulin secretion. This suggestion is based on a single series of secretion
experiments with MIN6 cells and the high concentration of 50 ymol/L OLA (4).
Moreover, Kumar et al. (4) blocked the effect of 50 ymol/L OLA with the PLC
antagonist U73122. However, the used concentration of U73122 can exert
unspecific effects, such as modulation of transient receptor potential melastatin 3/4
(TRPM3/4) channels as well as stimulation of inositol triphosphate synthesis and
mobilization of Ca®* from intracellular stores (35-37).

To clarify the discrepancy in our results, we used an Epac2™~ mouse model. Epac2
is more abundant compared with Epacl and is an important target of CAMP in -
cells (28,30). Since TGR5 agonists effectively enhanced [Ca®*]. and insulin
secretion in B-cells and islets of Epac2”~ mice, an involvement of Epac2 seems to
be unlikely. Nevertheless, a possible influence of Epacl should be considered.
Likewise, PLC blockade by edelfosine did not suppress the OLA effect on insulin
secretion, also speaking against an involvement of the Epac/PLC pathway after
TGRS activation.

PI3K has been identified as another downstream target of Epac in processes like

angiogenesis or stem cell differentiation (38,39). The PI3K inhibitor wortmannin

revealed that PI3K seems not to be involved in stimulating effects of OLA.
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We identified PKA as the downstream kinase in the TGR5/cCAMP pathway. OLA
completely lost the stimulating effect on insulin secretion after PKA inhibition with
two different PKA inhibitors, Myr-PKI and KT5720. This is supported by findings of
Vettorazzi et al. (16), who showed that the TGR5 agonist TUDCA was ineffective in
stimulating insulin secretion in the presence of the PKA inhibitor H89. Worth
mentioning, the link between cAMP and PKA is clearly demonstrated for the GLP-1
pathway in B-cells (40,41).

The puzzling observation that inhibition of AC or PKA leads to stimulation of insulin
secretion may be due to a cross talk between cAMP and cGMP as described for
other organs (42,43), especially activation of a cGMP-specific PDE by PKA (44,45).
Inhibition of PKA would thus increase cGMP concentration, leading to protein
kinase G (PKG)-dependent closure of Katp channels (46). Inhibition of the AC by
DDA would also reduce PKA activity with similar consequences at least for the
cGMP/PKG/Katp channel signaling pathway. Remarkably, during inhibition of the
AC/cAMP/PKA pathway, OLA is not without effect but exerts inhibition of insulin
secretion. This is most likely due to the biphasic effect of OLA. Apparently, after
inhibition of the stimulatory pathway the inhibitory one that is PKA independent

prevails.

Katp and VDCCs Mediate Stimulating Effects of OLA

Although presenting results in favor of the PKA pathway, Vettorazzi et al. (16) did
not find any changes in Karp channel activity or [Ca®*]. after TGR5 activation in B-
cells. In our experiments, OLA caused both a distinct reduction of the Karp current
and an increase in Ca®" current, probably due to phosphorylation of both channel
proteins by PKA. After PKA activation, Katp channel activity is reduced, resulting in
membrane depolarization and enhanced insulin secretion (24). Suitably, OLA-
evoked changes in Vn, which are a result of the effects on the channels, are
suppressed by the PKA inhibitor KT5720.
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The VDCC in pancreatic islet cells is a possible target to control insulin secretion
(47). Phosphorylation of VDCCs could affect channel activity, thus increasing the
Ca®" current (25,26). It is worth mentioning that the effect of OLA on VDCCs is not
secondary to inhibition of Katp channels, since the latter were not functional under
the relevant experimental conditions. Thus, Karp channel closure and VDCC
activation together cause increased [Ca**]. followed by enhanced insulin secretion.
Since OLA increases [Ca®']c in human B-cells, it is to be assumed that the
suggested mechanism is also relevant for human B-cells. The proposed direct
interaction of PKA with ion channels would result in a rapid effect after TGR5
activation. However, we cannot exclude that other mechanisms besides changes in
ion channel activity contribute to the stimulatory effects of TGR5 activation. The
cAMP-PKA pathway can directly increase granule exocytosis by enhancing the
sensitivity of the exocytotic machinery to Ca®* (48,49). Two other groups postulated
modified protein synthesis by PKA-mediated phosphorylation of CREBP (16,18).
Such a mechanism is inconsistent with the rapid effects on SSC starting within
seconds. However, protein synthesis may account for effects on exocytosis after

prolonged exposure to TGR5 agonists (14,16,18).

In summary, we clearly demonstrated that OLA affects B-cell SSC via TGR5
activation and that TGR5 agonists directly stimulate B-cells to secrete insulin. The
data suggest a pathway including AC activation, PKA, closure of Karp, and opening
of Ca*" channels and increased Ca®" influx. This insulinotropic effect opens new
possibilities for pharmaceutical applications of drugs like OLA.

Acknowledgments. The authors thank Isolde Breuning for excellent and skillful
technical assistance. The authors thank Jelena Sikimic for performing some of the
experiments with human islet cells and Friederike Anna Steudel and Nia Blackwell
for careful and excellent revision of the manuscript, all from Institute of Pharmacy,
Department of Pharmacology, Eberhard Karls University of Tubingen.

Funding. This work was supported by a grant from the DFG (Deutsche
Forschungsgemeinschaft) (DR 225/11-1 to G.D.).

174


https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-47
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-25
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-26
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-48
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-49
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-16
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-18
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-14
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-16
https://diabetes.diabetesjournals.org/content/68/2/324.long#ref-18

Duality of Interest. No potential conflicts of interest relevant to this article were
reported.

Author Contributions. J.M. researched data and wrote and edited the manuscript.
J.K., AG., and F.G. researched data. M.D. and P.K.-D. contributed to discussion
and study design and edited the manuscript. G.D. designed the study, wrote and
edited the manuscript, and contributed to discussion. G.D. is the guarantor of this
work and, as such, had full access to all the data in the study and takes

responsibility for the integrity of the data and the accuracy of the data analysis.

References

1. Watanabe M, Houten SM, Mataki C, et al. Bile acids induce energy expenditure
by promoting intracellular thyroid hormone activation. Nature 2006;439:484-489

2. Katsuma S, Hirasawa A, Tsujimoto G. Bile acids promote glucagon-like peptide-
1 secretion through TGR5 in a murine enteroendocrine cell line STC-1. Biochem
Biophys Res Commun 2005;329:386—-390

3. Kawamata Y, Fujii R, Hosoya M, et al. A G protein-coupled receptor responsive
to bile acids. J Biol Chem 2003;278:9435-9440

4. Kumar DP, Rajagopal S, Mahavadi S, et al. Activation of transmembrane bile
acid receptor TGR5 stimulates insulin secretion in pancreatic f cells. Biochem
Biophys Res Commun 2012;427:600-605

5. Pols TW, Nomura M, Harach T, et al. TGR5 activation inhibits atherosclerosis by
reducing macrophage inflammation and lipid loading. Cell Metab 2011;14:747-757

6. Vors C, Pineau G, Drai J, et al. Postprandial endotoxemia linked with
chylomicrons and lipopolysaccharides handling in obese versus lean men: a lipid
dose-effect trial. J Clin Endocrinol Metab 2015;100:3427-3435

7. Li T, Holmstrom SR, Kir S, et al. The G protein-coupled bile acid receptor,
TGRS, stimulates gallbladder filling. Mol Endocrinol 2011;25:1066—-1071

8. Harach T, Pols TW, Nomura M, et al. TGR5 potentiates GLP-1 secretion in
response to anionic exchange resins. Sci Rep 2012;2:430

9. Thomas C, Gioiello A, Noriega L, et al. TGR5-mediated bile acid sensing
controls glucose homeostasis. Cell Metab 2009;10:167-177

175



10. Parker HE, Wallis K, le Roux CW, Wong KY, Reimann F, Gribble FM.
Molecular mechanisms underlying bile acid-stimulated glucagon-like peptide-1
secretion. Br J Pharmacol 2012;165:414-423

11. McGavigan AK, Garibay D, Henseler ZM, et al. TGR5 contributes to
glucoregulatory improvements after vertical sleeve gastrectomy in mice. Gut
2017;66:226-234

12. Castellano JM, Guinda A, Delgado T, Rada M, Cayuela JA. Biochemical basis
of the antidiabetic activity of oleanolic acid and related pentacyclic triterpenes.
Diabetes 2013;62:1791-1799

13. Sato H, Genet C, Strehle A, et al. Anti-hyperglycemic activity of a TGR5 agonist
isolated from Olea europaea. Biochem Biophys Res Commun 2007;362:793—-798

14. Teodoro T, Zhang L, Alexander T, Yue J, Vranic M, Volchuk A. Oleanolic acid
enhances insulin secretion in pancreatic beta-cells. FEBS Lett 2008;582:1375—
1380

15. Hsu JH, Wu YC, Liu IM, Cheng JT. Release of acetylcholine to raise insulin
secretion in Wistar rats by oleanolic acid, one of the active principles contained in
Cornus officinalis. Neurosci Lett 2006;404:112-116

16. Vettorazzi JF, Ribeiro RA, Borck PC, et al. The bile acid TUDCA increases
glucose-induced insulin secretion via the cAMP/PKA pathway in pancreatic beta
cells. Metabolism 2016;65:54—-63

17. Whalley NM, Pritchard LE, Smith DM, White A. Processing of proglucagon to
GLP-1 in pancreatic a-cells: is this a paracrine mechanism enabling GLP-1 to act
on B-cells? J Endocrinol 2011;211:99-106

18. Kumar DP, Asgharpour A, Mirshahi F, et al. Activation of transmembrane bile
acid receptor TGR5 modulates pancreatic islet alpha cells to promote glucose
homeostasis. J Biol Chem 2016;291:6626-6640

19. Dufer M, Horth K, Wagner R, et al. Bile acids acutely stimulate insulin secretion
of mouse B-cells via farnesoid X receptor activation and K(ATP) channel inhibition.
Diabetes 2012;61:1479-1489

20. Pathak P, Liu H, Boehme S, et al. Farnesoid X receptor induces Takeda G-
protein receptor 5 cross-talk to regulate bile acid synthesis and hepatic
metabolism. J Biol Chem 2017;292:11055-11069

21. Zheng C, Zhou W, Wang T, et al. A novel TGR5 activator WB403 promotes

GLP-1 secretion and preserves pancreatic 3-cells in type 2 diabetic mice. PLoS
One 2015;10:e0134051

176



22. Gier B, Krippeit-Drews P, Sheiko T, et al. Suppression of KATP channel activity
protects murine pancreatic beta cells against oxidative stress. J Clin Invest
2009;119:3246-3256
23. Maczewsky J, Sikimic J, Bauer C, et al. The LXR ligand T0901317 acutely
inhibits insulin secretion by affecting mitochondrial metabolism. Endocrinology
2017;158:2145-2154

24. Light PE, Manning Fox JE, Riedel MJ, Wheeler MB. Glucagon-like peptide-1
inhibits pancreatic ATP-sensitive potassium channels via a protein kinase A- and
ADP-dependent mechanism. Mol Endocrinol 2002;16:2135-2144

25. Leiser M, Fleischer N. cAMP-dependent phosphorylation of the cardiac-type
alpha 1 subunit of the voltage-dependent Ca2+ channel in a murine pancreatic
beta-cell line. Diabetes 1996;45:1412-1418

26. Fuller MD, Fu Y, Scheuer T, Catterall WA. Differential regulation of CaV1.2
channels by cAMP-dependent protein kinase bound to A-kinase anchoring proteins
15 and 79/150. J Gen Physiol 2014;143:315-324

27. Dufer M, Neye Y, Horth K, et al. BK channels affect glucose homeostasis and
cell viability of murine pancreatic beta cells. Diabetologia 2011;54:423-432

28. Sugawara K, Shibasaki T, Takahashi H, Seino S. Structure and functional roles
of Epac2 (Rapgef4). Gene 2016;575:577-583

29. Thomas C, Pellicciari R, Pruzanski M, Auwerx J, Schoonjans K. Targeting bile-
acid signalling for metabolic diseases. Nat Rev Drug Discov 2008;7:678-693

30. Dzhura I, Chepurny OG, Leech CA, et al. Phospholipase C-¢ links Epac2
activation to the potentiation of glucose-stimulated insulin secretion from mouse
islets of Langerhans. Islets 2011;3:121-128

31. Thorens B, Porret A, Buhler L, Deng SP, Morel P, Widmann C. Cloning and
functional expression of the human islet GLP-1 receptor. Demonstration that
exendin-4 is an agonist and exendin-(9-39) an antagonist of the receptor. Diabetes
1993;42:1678-1682

32. Miyazaki J, Araki K, Yamato E, et al. Establishment of a pancreatic beta cell
line that retains glucose-inducible insulin secretion: special reference to expression
of glucose transporter isoforms. Endocrinology 1990;127:126-132

33. Schittenhelm B, Wagner R, Kahny V, et al. Role of FXR in B-cells of lean and
obese mice. Endocrinology 2015;156:1263-1271

34. Bala V, Rajagopal S, Kumar DP, et al. Release of GLP-1 and PYY in response
to the activation of G protein-coupled bile acid receptor TGR5 is mediated by
Epac/PLC-¢ pathway and modulated by endogenous H2S. Front Physiol
2014;5:420

177



35. Leitner MG, Michel N, Behrendt M, et al. Direct modulation of TRPM4 and
TRPM3 channels by the phospholipase C inhibitor U73122. Br J Pharmacol
2016;173:2555-2569

36. Horowitz LF, Hirdes W, Suh BC, Hilgemann DW, Mackie K, Hille B.
Phospholipase C in living cells: activation, inhibition, Ca2+ requirement, and
regulation of M current. J Gen Physiol 2005;126:243—-262

37. Hildebrandt JP, Plant TD, Meves H. The effects of bradykinin on K+ currents in
NG108-15 cells treated with U73122, a phospholipase C inhibitor, or neomycin. Br
J Pharmacol 1997;120:841-850

38. Namkoong S, Kim CK, Cho YL, et al. Forskolin increases angiogenesis through
the coordinated cross-talk of PKA-dependent VEGF expression and Epac-
mediated PI3K/Akt/eNOS signaling. Cell Signal 2009;21:906—915

39. Tang Z, Shi D, Jia B, et al. Exchange protein activated by cyclic adenosine
monophosphate regulates the switch between adipogenesis and osteogenesis of
human mesenchymal stem cells through increasing the activation of
phosphatidylinositol 3-kinase. Int J Biochem Cell Biol 2012;44:1106-1120

40. Kashima Y, Miki T, Shibasaki T, et al. Critical role of cAMP-GEFII--Rim2
complex in incretin-potentiated insulin secretion. J Biol Chem 2001;276:46046—
46053

41. Renstrom E, Eliasson L, Rorsman P. Protein kinase A-dependent and -
independent stimulation of exocytosis by cAMP in mouse pancreatic B-cells. J
Physiol 1997;502:105-118

42. Weber S, Zeller M, Guan K, Wunder F, Wagner M, El-Armouche A. PDE2 at
the crossway between cAMP and cGMP signalling in the heart. Cell Signal
2017;38:76-84

43. Pelligrino DA, Wang Q. Cyclic nucleotide crosstalk and the regulation of
cerebral vasodilation. Prog Neurobiol 1998;56:1-18

44. Corbin JD, Turko IV, Beasley A, Francis SH. Phosphorylation of
phosphodiesterase-5 by cyclic nucleotide-dependent protein kinase alters its
catalytic and allosteric cGMP-binding activities. Eur J Biochem 2000;267:2760—
2767

45. Murthy KS. Activation of phosphodiesterase 5 and inhibition of guanylate
cyclase by cGMP-dependent protein kinase in smooth muscle. Biochem J
2001;360:199-208

46. Undank S, Kaiser J, Sikimic J, Dufer M, Krippeit-Drews P, Drews G. Atrial

natriuretic peptide affects stimulus-secretion coupling of pancreatic B-cells.
Diabetes 2017;66:2840-2848

178



47. Gromada J, Bokvist K, Ding WG, et al. Adrenaline stimulates glucagon
secretion in pancreatic A-cells by increasing the Ca2+ current and the number of
granules close to the L-type Ca2+ channels. J Gen Physiol 1997;110:217-228

48. Skelin M, Rupnik M. cAMP increases the sensitivity of exocytosis to Ca2+
primarily through protein kinase A in mouse pancreatic beta cells. Cell Calcium
2011;49:89-99

49. Kasai H, Suzuki T, Liu TT, Kishimoto T, Takahashi N. Fast and cAMP-sensitive

mode of Ca(2+)-dependent exocytosis in pancreatic beta-cells. Diabetes
2002;51(Suppl. 1):S19-S24

179



A G15 OLA 1 pmoliL B

800 - 1 Eo' 500 = dkk
| — |
) E 400 1
S 600 - = =
E %300
= 400 - S.200 1
t-:‘ ©
(&) o 100
= 200 - = " 23
Glucose (15 mmol/L) + +
0- 5 min OLA (1 pmol/L) - +
C D
G15 OLA 10 pmol/L =
1000 - S 800 1 Sk
=5 g
S 750 ;0600 i
E, Eg 400 -
g %0 Ezoo -
S = 26
250 - 0
Glucose (15 mmol/L) + +
0- P— OLA (10 pmol/L) - +
E &10 OLA 1 pmoliL F
1200 g 5007 __*
—_ o
< 1000 E 4007 _
£ —< 300 T
£ 800 b3
o S, 200 1
3 e & 100 -
B Q
400 = L3
] Glucose (10 mmol/L) + +
200 5 min OLA (1 pmol/L) - +

Fig. 1: OLA increases [Ca2+]C of mouse and human B-cells. A: Representative measurement showing
enhancement of glucose-induced oscillations of [Caz+]C in a mouse B-cell by OLA (1 ymol/L) in the presence of
15 mmol/L glucose. B: Summary of all experiments of this series. C and D: Effect of OLA (10 ymol/L) in the
presence of 15 mmol/L glucose. E: Representative experiment showing the effect of 1 pmol/L OLA on a human
B-cell in the presence of 10 mmol/L glucose. F: Summary of all experiments of this series. The number in the
columns indicates the number of experiments with different cell clusters from three to four mice. Experiments

with human B-cells were performed with dispersed islets from one organ donor. *P < 0.05; ***P < 0.001.
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Fig. 2: OLA stimulates insulin secretion in mouse islets. A: Averaged curve showing the stimulating effect of
OLA on insulin secretion in perifusion experiments. OLA (1 ymol/L) was applied during the second phase of
insulin secretion. B: Mean insulin secretion rate was analyzed for 10 min before and after addition of OLA in
the second phase of insulin secretion. C: For evaluation of the effect on the first phase of insulin secretion,
OLA (1 uymol/L) was added before the increase of the glucose concentration. Curves showing the first phase of
insulin secretion averaged, with OLA and without OLA. D: Mean insulin secretion rate during the first 15 min of
the first phase of insulin secretion in the presence of 15 mmol/L glucose with and without OLA was analyzed.
E: Steady-state glucose-induced insulin secretion measured for 1 h is enhanced by 1 and 10 ymol/L OLA but
not by 0.1 umol/L. F: Glucose dependency of the OLA effect (1 umol/L) on steady-state insulin secretion. The
number in the columns indicates the number of experiments with islets from 6—13 mice. *P < 0.05; **P < 0.01;
**p < 0.001.
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8.5 M-FXR - Interactions between Atorvastatin and the Farnesoid X Receptor

Impair Insulinotropic Effects of Bile Acids and Modulate Diabetogenic Risk

T. Hoffmeister?, J. Kaiser?, G. Drews?, M. Dufer!

Institute of Pharmaceutical and Medicinal Chemistry, Department of Pharmacology,
Miinster, Germany® and Institute of Pharmacy, Department of Pharmacology and

Clinical Pharmacy, Tiibingen, Germany?

Abstract:

Bile acids such as chenodeoxycholic acid (CDC) acutely enhance insulin secretion
via the farnesoid X receptor (FXR). Statins, which are frequently prescribed for type
2 diabetic patients suffering from dyslipidemia, are known for their diabetogenic risk
and are reported to interact with the FXR. Our study investigates whether this
interaction is relevant for beta cell signaling and plays a role for negative effects of
statins on glycemic control. Experiments were performed with islets and islet cells
from C57BL/6 wildtype and FXR knock-out mice. Culturing islets with atorvastatin
(15 uM) for 24 h decreased glucose-stimulated insulin secretion by approximately
30 %. Prolonged exposure for 7 d lowered the concentration necessary for
impairment of insulin release to 150 nM. After 24-h culture of islets with
atorvastatin, the ability of CDC (500 nM) to elevate [Ca?']. was diminished and the
potentiating effect on insulin secretion was completely lost. Though not a
prerequisite, FXR seems to influence the degree of damage caused by atorvastatin
in dependence of its interaction with CDC: Preparations responding to CDC with an
increase in insulin secretion under control conditions were less impaired by
atorvastatin than preparations that were non-responsive to CDC. Extended
stimulation of FXR by the synthetic agonist GW4064, which is suggested to induce
translocation of FXR from the cytosol into the nucleus, increased the inhibitory
effect of atorvastatin. In conclusion, atorvastatin inhibits insulin release and
prevents positive effects of bile acids on beta cell function. Both interactions may
contribute to progression of type 2 diabetes mellitus.
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1. Introduction

Statins as LDL-cholesterol lowering drugs are in broad clinical use. Their beneficial
effects concerning prevention of cardiovascular risk are undisputed (Pedersen et
al., 1994; Sever et al.,, 2003), nevertheless certain side effects have to be
considered (Thompson et al., 2016). A meta-analysis of 13 statin trials with 91140
participants provides clear evidence that the risk to develop type 2 diabetes

mellitus increases in patients during long-term statin therapy (Sattar et al., 2010).

Particularly, lipophilic statins such as atorvastatin are assumed to influence islet
function in a detrimental way (Yada et al., 1999; Yaluri et al., 2015; Urbano et al.,
2017). Whether this is associated with the hydroxy-methyl-glutaryl coenzyme A
(HMG-CoA) reductase inhibition or results from off-target effects, remains
controversial. Partly the effects are closely linked to the mode of action of statins
(Urbano et al., 2017), partly the observed effects are not reversible by a co-culture
with mevalonate (Yaluri et al., 2015). Interestingly, it was shown that statins interact
with pathways regulated by the farnesoid X receptor (FXR). Fu et al. reported
effects of atorvastatin on FXR-induced target genes in mice (Fu et al., 2014), while
Habeos et al. observed changes in the expression and DNA-binding activity of the
receptor in the liver after treatment of syrian hamsters with simvastatin as well as in

simvastatin-treated HepG2 cells (Habeos et al., 2005).

The FXR is a nuclear receptor targeted by bile acids like chenodeoxycholic acid
(CDC), which is the most effective one (Makishima et al., 1999; Parks et al., 1999).
It plays a role for regulation of lipid and bile acid metabolism, but also for glucose
homeostasis (Fiorucci et al., 2009; Dufer et al., 2012a). FXR expression is high in
liver, adrenal glands and intestine (Huber et al., 2002), however mRNA can also be
found in other organs like the endocrine pancreas (Popescu et al., 2010). In our
previous work we investigated the impact of an acute stimulation of the FXR by the
bile acid taurochenodeoxycholic acid (TCDC) on insulin secretion. We detected an
FXR-dependent insulinotropic effect of the bile acid, which includes inhibition of K
ATP channels, membrane depolarization and increased Ca** influx (Diifer et al.,
2012b). For this acute stimulatory effect on insulin secretion, cytosolic localization
of FXR and bile acid-induced interaction with Katp channels are essential.
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The reported impact of statins on FXR in liver and intestine, respectively (Habeos
et al., 2005; Fu et al., 2014), raises the question of a comparable situation in the
pancreas. The aim of our study was to gain insight into possible interactions
between FXR and statins in pancreatic islets. Therefore, the influence of
atorvastatin and its interaction with bile acid signaling was investigated in islets of
2+

wildtype and FXR knock-out (FXR-KO) mice by monitoring cytosolic Ca

concentration ([Ca®*]), apoptosis and insulin release and content.

2. Materials and Methods
2.1. Cell and Islet Preparation

Experiments were performed with islets of Langerhans from adult male and female
C57BL/6N mice (Charles River, Sulzfeld, Germany) or adult male and female FXR-
deficient mice from a C57BL/6N background described earlier (Sinal et al., 2000).
The principles of laboratory animal care were followed according to German laws.
Mice were euthanized by CO.. Islets were isolated by collagenase digestion.
Dispersed cells or smaller cell clusters were obtained by trypsinization and used for
[Ca®*]. measurements and determination of apoptosis. Islets and cells were
cultured in RPMI 1640 medium (11.1 mM glucose) supplemented with 10 % fetal
calf serum, 100 U/ml penicillin, and 100h ug/ml streptomycin at 37 °C in 5 % CO,
humidified atmosphere. After preparation islets or dispersed islet cells were kept
overnight in standard culture medium. Next day, incubation started in the presence
of atorvastatin or pravastatin for 24 h or 7 days. In case of pre-incubations with
GW4064 atorvastatin was added one day later. Medium was changed every

second or third day during the long-term incubation of 7 days.

2.2. Solution and Chemicals

Insulin secretion was performed in bath solution containing [mM]: 122 NaCl, 4.7
KCI, 1.1 MgCl,, 2.5 CaCl,, 10 HEPES (pH 7.4) and 0.5 % bovine serum albumin.
[Ca*']. was measured in a solution which contained [mM]: 140 NaCl, 5 KCI, 1.2
MgCl, , 2.5 CaCl,, 10 HEPES (pH 7.4). Glucose was added as indicated.

Collagenase P was from Roche Diagnostics (Mannheim, Germany); annexin V

reagent was from Essen BioScience (Michigan, USA); RPMI 1640, fetal calf serum,
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and penicillin/streptomycin were obtained from Life Technologies (Darmstadt,
Germany). Fura-2 AM and rat insulin were ordered from Biotrend (K6ln, Germany).
All other chemicals were from Sigma—Aldrich (Taufkirchen, Germany) or Diagonal

(Munster, Germany).

2.3. Insulin Secretion and Content

Islets were moved to bath solution containing 5.6 mM glucose for 2 h after a culture
period of 22 h or 7 days in the presence or absence of atorvastatin or pravastatin.
During these 2 h the statin was still present. Following this, glucose was lowered to
3 mM for 1 h and bath solution did not contain atorvastatin or pravastatin anymore.
Batches of five islets were incubated for 1 h at 37 °C with glucose concentrations
and substances as described in the respective experiment. Thereafter, supernatant
was removed for quantitative analysis and islets were lysed with acid ethanol in
order to determine insulin content. Insulin was quantified by radioimmunoassay

using rat insulin as standard.

2.4. Annexin V Assay

®
The live-cell analysis system IncuCyte (Essen BioScience) was used for
measurement of apoptosis. By means of this method cell viability could be
monitored over a longer time period while cells were in stable conditions in an

incubator.

After preparation, dispersed islet cells were cultured in a 96 well plate overnight.
The following day, cells were incubated in the presence or absence of 15 yM
atorvastatin. 50 uM H,O, was used as a positive control. After adding annexin V
green reagent to each well as instructed by the manufacturer, the measurement
started for a time period of 44 h (37 °C, 5 % CO, humidified atmosphere). Changes
in fluorescence of annexin V green reagent were monitored by excitation at 480 nm

every 2 hours.
2.5. Determination of [Ca®*'].

Cells and cell clusters were loaded with the fluorescent dye fura-2-

acetoxymethylester (fura-2 AM, 5 uM, 37 °C, 30 min). [Ca®*']. was determined by
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measuring fluorescence at 515 nm after alternate excitation with 340 and 380 nm,
respectively. Cells were perifused with bath solution containing glucose and

substances as indicated.
2.6. Data Evaluation and Statistical Analysis

All experiments were performed with islets or cells from at least three independent
mouse preparations. [Ca®']. was determined by calculating the area under the
curve (AUC) after baseline correction 10 min before changes in bath solution
(Figure 3B) or by determining mean [Ca*']. over a period of 10 min (Figure 2). For
guantification of apoptosis, the percentage of apoptotic area in relation to the whole
cell area was determined. Values are presented as mean + SEM. To compare two
single groups, Student’s t test was performed. For comparison among groups,
statistical significance was assessed by analysis of variances (ANOVA) followed by
Student-Newman-Keuls post-hoc test. Values of p < 0.05 were considered as

statistically significant.

3. Results
3.1. Atorvastatin decreases glucose-stimulated insulin secretion

To investigate the effect of atorvastatin on insulin secretion, two incubation periods
with different concentrations of the HMG-CoA reductase inhibitor were chosen.

Culturing islets in the presence of 15 pM atorvastatin for 24 h significantly
decreased insulin release stimulated by 15 mM glucose. Islets exposed to 1.5 yM
atorvastatin for 24 h only showed a tendency to reduced insulin secretion in
response to stimulation with 15 mM glucose (Figure 1A). The culture period in
medium supplemented with various concentrations of atorvastatin was extended to
7 days to investigate the influence of time. This prolonged treatment potentiated
the detrimental effect of 15 uM atorvastatin on glucose-stimulated insulin secretion
(24 h: 3.31 + 0.28 ng/(islet*h), n = 10, vs. 7 d: 0.89 £ 0.19 ng/(islet*h), n =7, p <
0.001). Moreover, already nanomolar concentrations of the statin (150 and 500
nM) showed a negative effect on insulin release after 7 days (Figure 1B). Since

extension of the time period to 7 days led to stronger variations in secretion among
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the individual preparations, absolute values were calculated as percentage of
control (15 mM glucose) in this series of experiments.

3.2. Atorvastatin changes cytosolic Ca?*, but has no effect on cell viability

Since the rise in [Ca®]. is crucial for insulin secretion, it was tested, whether the
inhibitory effect of atorvastatin is caused by changes in [Ca®].. Incubating islet

cells with 15 uM atorvastatin for 24 h slightly altered the Ca*" response to a

2+
glucose stimulus: After exposure to atorvastatin, the first increase in [Ca ]c in
response to 15 mM glucose was approximately half a minute delayed compared to
standard conditions (Figure 2A). Apart from the effect on response time, pre-

treatment with atorvastatin reduced the mean concentration of [Ca®‘] (Figure 2B).

Insulin content was not affected even after incubating pancreatic islets in standard
culture medium (10 mM glucose) supplemented with atorvastatin for the long-term
period of 7 days (Figure 2C). Corresponding to these results there was no
induction of apoptosis by the exposure of islet cells to 15 yM atorvastatin in
standard culture medium for up to 44 h compared to the control (% apoptotic area
after 24 h: control 8.0 = 0.9 % vs. 15 yM atorvastatin, 24 h, 89 £ 1.5 %, n = 3, n.
s.) (Figure 2D).

3.3. Atorvastatin abolishes the insulinotropic effect of the bile acid CDC

In order to evaluate if atorvastatin influences the FXR or its signaling pathway in
pancreatic islets as described for the liver (Fu et al., 2014), the acute effect of the
bile acid CDC on insulin secretion was tested after culturing islets under control
conditions or in the presence of 15 uM atorvastatin and 200 uM pravastatin for 24

h, respectively.

The acute application of CDC in a concentration of 500 nM enhanced insulin
secretion under standard conditions as described earlier (Dufer et al., 2012b).
Interestingly, culturing islets with 15 yM atorvastatin for 24 h abolished the acute
insulinotropic effect of CDC (Figure 3A). In this series of experiments CDC
elevated insulin secretion from 3.55 + 0.32 to 4.68 + 0.47 ng/(islet*h), n = 13, p <
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0.05. After culture with 15 yM atorvastatin for 24 h, glucose-stimulated insulin
release (1 h) was 2.69 + 0.32 ng/(islet*h) in the absence and 2.49 + 0.31
ng/(islet*h) in the presence of CDC (500 nM) (n = 13, n. s.). This was also fact for
the lower concentration of 1.5 yM atorvastatin (insulin release in response to 15
mM glucose after 24-h culture with 1.5 yM atorvastatin: 4.13 + 0.93 ng/(islet*h) vs.
same conditions + CDC 500 nM: 4.64 + 1.38 ng/(islet*h), n =6, n. s.)

The same experiment was performed with pravastatin, which is more hydrophilic
than atorvastatin. 24-h culture with 200 pyM pravastatin also inhibited the
stimulatory effect of CDC (Figure 3B), pointing to a class effect of statins (insulin
release in response to 15 mM glucose after 24-h culture with pravastatin: 3.55 +
0.45 ng/(islet*h) vs. same conditions + CDC 500 nM: 3.07 + 0.39 ng/(islet*h), n
12,n.s.).

Since the effect of CDC on insulin secretion depends on a rise in [Ca®*]., this
parameter was measured in islet cells and cell clusters which were exposed to 15
UM atorvastatin prior to the experiment for 24 h. [Ca®"]. was determined by
calculating the area under the curve (AUC) after baseline correction. In agreement
with the acute effect on insulin secretion described above, the acute application of
500 nM CDC provoked an increase in [Ca®']. under control conditions. This was
significantly diminished after exposure of the cells to atorvastatin (Figure 3C),
explaining the ineffectiveness of CDC on insulin secretion after treatment with the

lipophilic statin.

3.4. Inhibitory effect of atorvastatin in FXR-deficient islets

We demonstrated in previous work that the increase in [Ca®']. in response to bile
acids depends on FXR and is absent in beta cells of FXR-KO mice (Dufer et al.,
2012b). Consequently, the results described above indicate an interaction between
statins and the FXR leading to elimination of the insulinotropic effect of CDC. This
interaction provoked the question whether there might also be an impact vice
versa. Therefore, the experiments shown in figure 1A were repeated with
pancreatic islets from FXR-deficient mice. After exposing FXR-KO islets to different

concentrations of atorvastatin for 24 h, 15 yM atorvastatin caused a significant

193



decline in insulin secretion, while a concentration of 1.5 yM — similar to the effect in
wildtype islets — only tended to reduce insulin release (Figure 4).

Comparison of the amounts of insulin, secreted in response to 15 mM glucose (1 h,
expressed as percentage of control) after 24-h culture of the islets with 15 yM
atorvastatin, revealed no difference between wildtype and FXR-deficient islets
(insulin secretion after 24-h culture with atorvastatin (15 pM): wildtype 64.7 + 5.6 %
of control, n = 27, vs. FXR-KO 66.6 £ 10.5 % of control, n =8, n. s.).

3.5. FXR modulates the damaging effect of atorvastatin

Although the experiments with FXR-deficient islets show the independency of the
negative effect of atorvastatin on insulin secretion from the nuclear receptor per se,
we made a remarkable observation after detailed analysis of the experiments with
wildtype islets. Of 27 experiments with wildtype islets not every preparation
responded to the acute application of 500 nM CDC with an increase in insulin
secretion under control conditions. Some preparations were non-responsive to the
bile acid, which means that the cytosolic Karp/Ca?*-dependent signaling pathway of
FXR is not operative. This might indicate a shift in the localization of FXR from the
cytosol to the nucleus of the cell (Schittenhelm et al., 2015). To address this issue,
the preparations were divided into two groups, CDC-responsive and CDC-non-
responsive experiments, for subgroup analysis. Thereby, we detected a modulatory
role of the FXR concerning the degree of damage caused by atorvastatin.
Atorvastatin seems to be less harmful, when islets are CDC-responsive, while the
inhibitory effect is aggravated, when islets are non-responsive to CDC under
control conditions (Figure 5A): After 24-h treatment with 15 pyM atorvastatin,
glucose-stimulated insulin secretion was reduced to 77.0 = 6.9 % of control in
CDC-responsive preparations (n = 17). By contrast, 24-h treatment of CDC-non-
responsive preparations with atorvastatin lowered glucose-stimulated insulin
release to 43.8 + 4.5% of control (n = 10). Noteworthy, we observed that the
inhibitory effect of atorvastatin on insulin release of CDC-non-responsive wildtype
preparations was higher than in FXR-KO islets (GSIS after 24-h treatment with
atorvastatin (15 uM): CDC-non-responsive wildtype islets 43.8 + 4.5 % of control, n
= 10 vs. FXR-KO islets 66.6 £ 10.5 % of control, n = 8, p < 0.05). This points to a
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more negative effect of statins when FXR is still present but lost its influence on the
cytosolic pathway compared to complete absence of the receptor.

To confirm that FXR influences the damaging effect of atorvastatin, experiments
were performed in which the FXR was forced into the nucleus of the cell. To
achieve this, islet cells were exposed to the strong, synthetic FXR agonist GW4064
for an extended period. Previous work showed that the cytosolic, Katp-dependent
signaling pathway of FXR is inactive after prolonged receptor activation by
GW4064 (Schittenhelm et al., 2015). To be able to compare the degree of damage
caused by atorvastatin in dependence of the ability of FXR to act as a cytosolic
receptor, only preparations responding to 500 nM CDC under control conditions,
but not after 48-h culture with GW4064 were included. Figure 5B shows that
GW4064-treated islets, which have lost the cytosolic pathway of FXR (dark grey vs.
light grey bar), were much more sensitive to the inhibitory influence of atorvastatin
compared to control (black vs. white bar). As already described above, atorvastatin
had only a small effect on islets of CDC-responsive preparations (~ 14 % inhibition
in this series of experiments). After pre-incubation of the islets with GW4064 (500
nM) for 24 h and addition of the statin for another 24 h, insulin secretion induced by
15 mM glucose was diminished by 80 %. Of note, glucose-stimulated insulin

release was ~ 2-fold higher after 48-h culture with GW4064 compared to control.

4. Discussion

In accordance with other publications (Zhao and Zhao, 2015; Urbano et al., 2017)
incubation of pancreatic islets with atorvastatin reduced insulin secretion.
Noteworthy, experiments varied among species and concentration of atorvastatin.
We observed that the effect of atorvastatin is not only dose-dependent (Figure 1A),
but also time-dependent: Besides the potentiation of the detrimental effect of 15
MM atorvastatin, a decrease in insulin release was already provoked by nanomolar

concentrations (150 and 500 nM) of the statin after long-term treatment for 7 d

2
(Figure 1B). The inhibitory effect of atorvastatin involves changes in Ca ' influx
(Figures 2A and B) which points to an interaction with the triggering pathway that

regulates beta cell function. Even though the exact mechanism remains to be
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elucidated, the diabetogenic effect of atorvastatin is unquestioned. Insulin content
was not altered between control and any of the applied concentrations of
atorvastatin even after 7 d (Figure 2C). In contrast to reports of others (Zhao and
Zhao, 2015; Sadighara et al., 2017), we could not attribute the detrimental effect on
insulin secretion to changes in cell viability. These discrepancies might result from
different experimental approaches, as the effect of atorvastatin on cytochrome c
release was monitored in isolated mitochondria (Sadighara et al., 2017) and cell
survival was investigated by an MTT assay which does not give any information
about apoptosis (Zhao and Zhao, 2015). In summary, an effect of atorvastatin on
insulin biosynthesis or a dramatic loss of beta cell mass can be ruled out as

explanations for the decrease in insulin release in our investigation.

Our data show for the first time that statins interfere with the insulinotropic effect of
bile acids. In the postprandial state plasma levels of bile acids can rise up to 15 yM
(Everson, 1987; Houten et al., 2006). This is not only necessary for the absorption
of lipids, but also important for lowering blood sugar peaks by stimulation of insulin
secretion. The stimulatory effect of the FXR-agonistic bile acid CDC, we already
described in our previous investigations (Dufer et al., 2012b; Schittenhelm et al.,
2015), was clearly seen under control conditions, but completely disappeared after
24-h culture with atorvastatin or pravastatin (Figure 3A and B). Corresponding to
this loss of efficacy on glucose-stimulated insulin release, the CDC-mediated
increase in [Ca®']. was reduced to less than 50 % (Figure 3C). For patients being
treated with statins, this implies not only a decline in islet function induced by the
statin per se, but also the loss of an important physiological regulatory function of
bile acids for glucose homeostasis. In addition, a reduction of the postprandial
plasma concentrations of bile acids was reported in obese (Glicksman et al., 2010)
and pre-diabetic (Shaham et al., 2008) patients, actually patient groups with the
common indication for cholesterol-lowering drugs such as statins.Taken together,
the already reduced contribution of bile acids to the postprandial regulation of
blood glucose concentration in those patients would be progressively more or,
worst case, entirely abolished during long-term therapy with statins. The exact
mechanism leading to inhibition of the effect of CDC needs to be further
investigated. Since the link between FXR activation and Karp channel closure has

not yet been clearly identified, it might be possible that incubation with atorvastatin
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interferes with some target downstream to FXR, but upstream to the closure of
KATP channels. Bearing in mind that statins impair the prenylation and thereby
regulation of proteins by inhibiting the mevalonate pathway (Li et al., 1993),
atorvastatin could disrupt some factor derived from this pathway linking FXR
stimulation to KATP channel closure. Furthermore, our results demonstrate that the
interference between atorvastatin and the FXR is not unilateral, but of a
bidirectional character. The experiments with FXR- KO islets show that the
impairing effect induced by atorvastatin is partly independent of FXR (Figure 4).
But in addition, our data reveal that FXR plays a modulatory role with regard to the
degree of damage caused by the statin (Figure 5A). The availability of the receptor
in the cytosol seems to be crucial for this modulation. Apparently, a localization
close to the plasma membrane that enables interaction of FXR with the cytosolic
triggering pathway for insulin secretion via KATP channel closure and Ca?" influx is
protective and reduces the negative effect of atorvastatin on insulin release.
Disruption of this pathway is associated with an increased inhibitory effect of statins

on insulin release (Figure 5B).

Popescu et al. detected a translocation of the FXR into the nucleus in obese ob/ob
mice, whereas the receptor is mainly located in the cytosol in wildtype beta cells
(Popescu et al., 2010). With respect to the pathway described above, differences in
receptor localization — and thereby in receptor function — between lean and obese
organisms might be critical determinants for the statin-bile acid interaction. In line
with the idea of fundamental differences in FXR function, dependent on body
weight and/or lipid homeostasis, it was reported that ablation of FXR is associated
with decreased insulin secretion and insulin content under control conditions as
well as peripheral insulin resistance (Cariou et al., 2006; Popescu et al., 2010).
However, these negative characteristics completely change in a glucolipotoxic
environment. FXR-deficient islets were resistant to glucolipotoxicity, while wildtype
islets kept in glucolipotoxic medium showed an impaired glucose-stimulated insulin
release (Schittenhelm et al., 2015). Supporting the hypothesis, that — in beta cells —
cytosolic localization of FXR is a prerequisite for its positive impact on cellular
function, Schittenhelm et al. demonstrated that the potentiating effect of FXR
agonists on insulin secretion is lost in islets derived from mice after high-fat diet

(Schittenhelm et al.,, 2015). Taken together, these data suggest that certain
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conditions (i. e. genetic or diet-induced obesity in vivo, glucolipotoxicity or
prolonged receptor activation in vitro) disrupt the cytosolic interaction between FXR
and KATP channels and might thereby aggravate the diabetogenic risk of statins. It
is tempting to speculate that obese patients might be exceptionally sensitive to
statin-induced beta cell damage as — similar to the genetic mouse model or to islets
kept in a glucolipotoxic environment — their profile of FXR distribution and
interaction may change during disease. Thereby, they not only lose the beneficial
effect of bile acids on the endocrine pancreas, but also risk progression of beta cell

failure by direct statin-induced impairment of glucose-stimulated insulin release.
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Figure 1

The influence of atorvastatin on insulin secretion depends on concentration and incubation time. A)
Culturing islets of Langerhans for 24 h in standard medium supplemented with atorvastatin caused a decrease
in glucose-stimulated insulin release (1 h steady-state incubation) in a concentration-dependent manner. B)
Extending culture time to 7 d significantly increased the damaging effect of the statin. The number of
independent preparations is given in the bars of each diagram. #, p < 0.001 (A) and p < 0.01 (B) vs. all other
conditions; *, p < 0.05; **, p £0.01; ***, p £0.001 vs. control (15 mM glucose).
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Figure 2

The detrimental impact of atorvastatin on insulin secretion is associated with altered [Ca®']c, but not
with changes in insulin content or apoptosis. A) After acutely stimulating islet cells with 15 mM glucose the
initial increase in [Ca2+]C was delayed in those cells that were exposed to atorvastatin before (15 uM, 24 h). B)
The increase in [Ca2+]C was reduced as well. C) No difference in insulin content was observed after culturing
islets for 7 d in the presence or absence of atorvastatin (0.15 - 15 uM). D) Atorvastatin (15 yM) did not alter the
fraction of apoptotic cell area vs. control. H,O; (50 M) was included as a positive control in each experiment.
In (A) a representative recording is shown for each condition. The diagram in (B) summarizes the mean [Caz+]C
determined in the first 10 minutes after the rise in [Ca®']cinduced by changing bath solution from 0.5 to 15 mM
glucose. The number of cells (A, B) or independent preparations (C) is given in the bars of each diagram. Data

*kk

presented in (D) are obtained from 3 independent experiments; ***, p < 0.001 vs. control (15 mM glucose).
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Figure 3

The insulinotropic effect of the bile acid CDC is abolished after exposure to atorvastatin or pravastatin.
A, B) The acute application of 500 nM CDC increased insulin secretion under stimulatory conditions (15 mM
glucose, 1 h). After exposure to atorvastatin (15 pM) or pravastatin (200 uM) for 24 h the stimulatory effect of
CDC was abolished. C) Under stimulatory conditions (15 mM glucose) CDC caused a rise in [Ca2+]c. Pre-
treatment with atorvastatin (15 uM) for 24 h significantly reduced the bile acid-mediated increase in [Ca2+]c. In
(C) representative recordings for each condition are shown, the diagram summarizes the percentage increase
in [Ca2+]C after application of CDC. [Caz+]C was determined by calculating the area under the curve (AUC) after
baseline correction. The number of independent preparations (A, B) or cells (C) is given in the bars of each
diagram. #, p < 0.001 vs. all other conditions; *, p < 0.05, **, p < 0.01 vs. respective control, n. s.: not

significant.
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Figure 4

FXR is not essential for the inhibitory effect of atorvastatin on glucose stimulated insulin secretion. A)
Culturing pancreatic islets of FXR-deficient mice for 24 h in standard medium supplemented with atorvastatin
(15 uM) decreased glucose-induced insulin secretion in a concentration-dependent manner similar to wildtype
islets. The number of independent preparations is given in the bars of the diagram. #, p < 0.001 vs. all other

conditions; *, p < 0.05 vs. control (15 mM glucose).
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Figure 5

FXR modulates the negative effect of atorvastatin in dependence of the responsivity of the islets to
CDC. A) The degree of inhibition caused by atorvastatin (15 pM) was more pronounced in preparations that
were non-responsive to 500 nM CDC (grey bar) under standard conditions (i. e. 1-h-stimulation with 15 mM
glucose) compared to those 17 out of 27 preparations that showed a potentiating effect in response to glucose
(black bar). B) Islets were cultured with the synthetic FXR agonist GW4064 (500 nM) for 48 h. After 24 h,
atorvastatin (15 pM) was added for 24 h. For evaluation only those preparations were included in which
GW4064 abolished the acute stimulatory effect of CDC. In these preparations atorvastatin only tended to
decrease insulin release in response to 15 mM glucose (black vs. white bar). In islets exposed to GW4064
before and during atorvastatin treatment (dark grey bar) the inhibitory effect was drastically increased
compared to both, GW4064-treated and control islets. The number of independent preparations is given in the
bars of each diagram. #, p < 0.001 (A) and p < 0.05 (B) vs. all other conditions; *, p < 0.05; ***, p < 0.001.
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