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. Glueuganddike peptide (2-37) (G LP-1{7-37)) ix un intestingl pepnde harmens that hns po1ent msuhnmrupm activities in vive In response to oral
* nutrients, in the isolated perfused prnereus. und in vitro in ¢ultured D cells, GLPI{7-37) receptor binding and GLP-[{7-17)-induced cAMP genera.
tion ikl hermone seeretion wud studied using cell lines praducing insulin/B celt (ATC: ), glucagon/A cell (INR1GY) and somatostatin/D eell (RIN
1027.B2), {"|GLP-1{7--17) bound apecifically to bails B and D cells but nat ta A edls. GLPI(7-17) induced cAMP-formatian in B and D cells
- with u maximum respopse at 10 nmol/l (B ectls) or nt 100 nmalf! (D cells), Insulin secretion ffom perlfused B cells was stimulated by GLP-1(7-37)
(muximuam at 10 nmol) und 10 amol;b GLP-1{7-37) relensed somutostutin from perifused D cells, GLP:1(7-37) did nat influence cAMP or glucagon
" secretion from A cells. These dita iudicate thut puncreatic I and D cells, but not the A cells are influenced directly by GLP-1{7-37} vin binding
o dpecifie receptars. Qur findings support & mode! of physialagic regulation of iniulin seeretion whereby GLP-I(7-37) releused from (he intestine
"ift rexponse 1o oral nutrients patently stimulates insulin secration via an éndecrine meehanism thut in turn may be dampened by a feedsback suppres-

slen by the release of samatostatin. In uddition, suppression of the seerction of glueugan, a hormone whose aetions ure counter-regulntory to those

‘ ofinsulin, may oecur by puracrine mochunisms invelving GLP-1(2-37)-mediited stimulation of both insulin und somatesiatin secretion.

Glucngon-like peptide=1(7-32); Receptor; Somatostutinescereting cell; Punereatic islet

1. INTRODUCTION . cells) .cdntaincd within the islets of Langerhans. A and

- The proglucagon gene is éxpressed in the A cells of
- the endoerine pancreas (Islets of Langerhans) and the
_neuroendocrine L cells of the intestine. The translated
‘prohormone contains glucagon and 3 additional pep-
tides: glicentin-related peptide and the glucagon.ike
peptides-l and :II {1,2]. The intestinal processing of
proglucagon results in 3 different forms of glucagon-
like peptide-I: GLP-1(1-37), a biologically !nactive
precursor, and two N-terminally truncated peptides,
GLP-I(7-36) amide and GLP-I1(7-37), both equally po-

tent in stimulating the pancreatic B cell to‘generate‘

- cAMP and to release insulin [3-5].
GLP-I(7-37) is secreted postprandzally from: the in-

testinal L cells into the circulation [6] whereby it .

' stimulates insulin secretion at picomolar concentrations
in vivo [6] and in vitro [4,7] via interactions with
specific receptors on pancreatic B cells in & glucose-
dependent manner [4,8,9]. Thus GLP-1(7-37) is an in-

cretin hormone that may have an important role in:

glucose homeostasis.  Up ‘to’ now it has not been
established whether or not GLP-1(7-37) influences
directly hormone secretions from not only the B cells,

but also the glucagon (A cells) and somatostatin (D
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D cells represent only a few percent of the endocrine

-cells of the pancreatic islets and it is difficult to obtain

experimentally suitable amounts of pure glucagon- and
somatostatin-producing cells, Therefore, we studied .
GLP-1(7-37) receptor-binding, GLP-1(7-37) induced -
cAMP generation and hormone secretion using insulin-
{(BTC-1), glucagon-(INRIG9) and somatostatin-
{(RIN1027-B2) producing cell lines. ‘ ‘

2. MATERIALS AND METHODS

2.1, Peprides ‘
Synthetic GLP-1(7-37) was from Cal-Bio (Mountain View, CA)

and ['**1)GLP-1(7-37) was prepared as described [3]. Synthetic por-

cine GIP and glucagon were from Bachem (Philadelphia, PA). ‘

2.2, Cell cuituire

" BTC-1 cells [10], RIN 1027 B2 cells[11) and INRIGY cells [12] were
grown in RPMI medium supplemented with 10% fetal bovine serum, -
5% horse serum, 100 U/ml penicillin and 100 pg/ml sireptomysin in

-a 95% D3 and 5% CO; humidified atmosphere. -

2.3, Receptor binding studies : o
After gentle trypsinization cells were .washed twice with
Krebs-Ringer-buffer (KRB) (pH 7.4) supplemented with 10 mM
Hepes and 1% human seruim albumin (Signia) and were incubated in
this medium for 30 min at 37°C. Unlabeled GLP:1{7-37) (50 ul, final
concentration 10 pmol/lto 1 ymol/l) and labeled GLP-1(7-37) tracer
(50 pl, 20 000-cpm) were added to 200 yul cell suspension with a 5 min
time interval. Incubations were carried out for 30 min at 37°C and ter-
minated by centrifugation (1 min, 10 000 rpm). The supernaiant was -
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Fig. 1. Displacement of binding of ("**(|GLP-1{7-37) by GLP-1(7-37)
from BTC.1 cells {O=—=0, nad) and RIN 1027-B2 cells (@—s,
nad), und by slncagon from ATC-2 cells (OO, nwd}).

¢arefully aspirated and the mdlouuwi(y buund tathe p:llcl was deter-

mined using a gamma counter, Specific binding was defined as 1e1al )

binding minus binding in the presence of | umol/1 GLP-1(7-37) and
expressed as the pereent of binding in the absence of GLP-1(7-37}.

2.4, Sraric inr:ubaﬂon experiments (cAMP rrlm.re}

Twu days before the experiment approximately 5 x- 10* ells were
transferred (o ¢nch well of 24 well plates. At the beginning of the ex-
perisnent cells were washed twice with KRB buffer and incubated in
this medium {1 ml} for 60 min {37°C). Then the buffer was changed
to a buffer {300 al) contalning the test substances as indicated for 30
min. The entire supernatant was lyophilized and reconstituted in
gssay buffer for cAMP determination. .

2.5, Périfusfdn experiments tharmone releass)

The day before the experiments ce 2 x 10° cells were planted into 38 '

mm diameter culturs dishes. Cells were washed twige with KRB buffer

‘supplemem:d with 0.1% human serum albumin (pH 7.4, 37°C) and .
incubated in this medium for ope h (37°C). Three inflow ncedles and.

one outflow needle were inserted in the roof of the culture dish
prepared with the respective holes (angle 90° sach). The culture dishes
were placed on a temperature-regulated plate (37°C) and each inflow
néedle was connected with one syringe containing KRB buffer plusthe
respective 12st substances, A Harvard Apparatus pump 22 {Harvard
Apparatus, South Natick, MA) generdied a constant flow of 0.2
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mlfmin “The ewifiew necdle was mnmv:lnd |u 4 pﬂhlahh pump That
was adjusted 10 0.8 mlsmin, Afier a tasal perlod (16 min) media were
changed 16 bufVer vantalning the ten substaneei av Indiewed, Qnes
minulg Tragtions were collected and each fraciion was ausyed for (he
respestive hotnane canceniration. Hormene sgeretion data are ox-

- prevadd ax pereent of the dverage seeretion values during (he last § min

of the umtimulaied period (Figs 2 and 33, Lategraed secrétian vatuey,
arcit under the eyrve (AUC). obained were caleulated by addition of
the percentage valugs durlng the first (I =19 m!n) ami the weend
{11 =26 min) phave (Tablex 11 and lII) .

2.8, Radwunrummauﬁu

fnsulin was determined by rad:olmmunmuar mina an atisérum
raived in rabbits ngrinst pork Invalin (Sigmal and pork Insulin (Sigma)
as sandaed 11 Glueagon was determined with a radiolmmunodisay
using a rabblt anilserum and synthetic glucagon as standard {14).
Somatostatin way meanired by radloimmuncissay with a mbbi ane
tisomatasiain - antiseriy - (mmunanuglear)  and  synthetic

“romatestatin ug standard (Immunonuelear, [13)). Cyelie AMP was

determined using o rabbit anti.-cAMP antiserum (Chemicon, El
Segundo, CA), cAMP (Sijma) as standard [15], and. samples were
acetylated with 20 gt trieihylaminesncenic aphydride 1:3 (valsval), In
all 4 systems baund and free ligand were separfted with dexiran-
coated charcoal, nter- andl indri-nssay viriinee for all nssuy syslems
were within l"%.

2. Srnnsm:

Data nre given a, mean 2 standard-error of (n) experiments. When
indiéated Student's s1es0 was used for smllsncnl analysis, Statistical
sisn:f‘nc’mm was 5¢t at the 5% level,

3. RESULTS

3.1, Binding experunems

GLP:1(7-37) inhibited specific bmdmg of ['“1101.?
{7-37) to BTC-1 cells and RIN 1027-B2 cells in a -
concentration-dependent manner (Fig. 1}, Non-specific
binding (bound radioactivity in the presence of | umol/|

 GLP-1(7-37)) was 19.8% (8TC-1 celis) and 18.6% (RIN

1027-B2 cells), ‘The Ku (50% inhibition) was 3.3 nmol/1
(3TC-1 cells) and 3.5 nmol/l (RIN-1027-B2 cells),
Glucagon, but not GIP inhibited binding of ['*1)GLP-

1(7-37)to BTC-1 cells only weakly: 100 nmol/1, 32% in-

hibition; 10 nmol/l, 11% inhibition (Fig. 1). There was
no detectable binding of [”’I]GLP I(7-37) 10 INR1G9
cells.

Table ]

E.fl'ect of GLP-1(7-37) on cAMP secretion from 8TC-1, INR1G9 and RIN 1027-B2 cells. Four 10 six independent expcrimen:s were performed in .
triplicate far each condltion

Glucose GLP-1(7-37) cAMP secretion (1mo|/wellf30 min) ‘ ‘
(mmol/1) (-logM) ATC-1 " INR1 G RIN 1027-B2
0 ] ‘ .. a2 1674 = 155 ‘ . 576 & 158
5 0 _ © 39 + 18 2058 = 117 . . ‘ 778 = 289,
5 11 38+ 18 576 = 142
s 10, . S 63 x 30 421 & 147
5 g : 140 1 45* ‘ 1223 + 485
5 8 330 + 136* 1524 + 69 ‘ 1827 = 353*
5 7 ' {29 + 42% ’ 2624 = 376"
5 6 ' 51 & 18% 1754 = 593%
0 8 : ‘ 4f + 4 926 = 123

*significant difference vs control experiments (5 mmol/| glucose)
#significant difference vs experiments with 10 nmol/1 GLP-1(7-37)
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- Fig. 2. Effect of GLP-I{7-37) on glucose-stimulated (5 mmol/1) insulin release from perifused 8TC-1 cells, (A) 5 mmol/l glucose (n=6), (B) § -
mmeoel/l glucose + 10 pmol/l GLP-1(7-37) (n=6), (C) 5§ mmol/l glucose + 100 pmol/l GLP-1(7-37) (7 =6), (D) 5 mmol/] glucose + 1 nmal/]
- GLP-1(7-37) (n=6), (E} S mmal/l glucose + 10 nmol/l GLP:(7-37) (6], (F) § mmol/l glugose + 100 nmoal/l GLP-I{7-37) (n=13). ‘
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. “Table Ll ‘ ‘ ‘
Imc:mted Imulln »cercwry mpames 10 ulurew and CGiLP 1¢7-37) Mroin perifused AT wlh durm: the first {1=10 min) amcl the vecand phmw
. ‘ t11=20 min)
Qlugow GLF‘-I(?J?) Firn phase Seeand phase
{mmelsy {=lag M) (AUC!T-10 min} mut:m 20 min) .
o] 0 1083 = 98 L
L 3} 330 ¢ 124* ‘ mw z 123 .
10 L AT’ w d227 1259 x 58
0 0 410 ¢ JA4T 1336 = 144
s 1 2074 # 187 1289 2 194
3 10 © 2035 = 45 C1842 2 44
.8 9 A29% & 671 1757 =2 267
LI B - 4550 & 1037+ 2304 £ 518
] 7 CJDGR £ 13X 1750 # 54
0 B 3302 2 19) R3S x BR

o % Significant differénco vy contral experiments (bulfer slone)
*Significant difference vs control eﬂperlmcm: (3 mmols| ghicose}

AUC = ared under the curve, the imcjrmed measirement of insulin secretion, ‘

3.2, cAMP secretion
Incubation of BATC-1, INR1G9 and RIN 1027-32 cells
with -buffer supplemented with § mmol/| glucose had

no effect on secreted cAMP levels compared to ex- -
periments with buffer alone [Table l].‘GLP-l(7-37) in-

duced cAMP secretion from @BTC-1 cells in a
concentration-dependent manner with a maximum at
10 nmol/1 as reported. previously (16} and from RIN
1027-B2 cells with a maximum at 100 nmol/l. GLP-
~I(7-37) had no influence on ¢AMP secretion from
. INR1G9 cells, The biphasic response of cAMP forma-
_tion with an attenuated response at higher concentra-
tions of GLP-1{7-37) was shown in carller studies of the
effect of GLP-1(7-37) on a rat B cell line (RIN 1046-38
" cells, [17]). The diminished response at higher concen-

. trations of hgand is due to a rapid homologous desen- .

sitization of the GLP-1(7-37) receptor {H.C. Fehmann

% sbove basol

30

t (min)

' Fig. 3. Ef‘f‘ecl of 10 nmol/} GLP-1(7-27) (O—-0; n=6) on glucose
induced (5§ mmol/1) somatostatin release from perifused RIN 1027-B2 |
cells. Control experimenis (5 mmol/l glucose (m—=a), n==6},
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and J.F. Habener, unpublished abservations). In the
absence of glucose GLP.1(7-37) had no effect on cAMP

, sccrction from ;3TC-I and RIN 1027-32 ceils,

33, Hormone secretion '
BTC-1 cells secreted insulin in response to glucose in

. a concentration-dependent manner as described from.

static incubation experiments with this cell line {18].
The secretory pattern was monophasic as known from
studies with another glucose-respansive cell [ine, HIT-
T-15 [19] and insulin secretion values returned to basal
levels after 10-12 min in the continuous presence of
glucose (Fig. 2). Addition of GLP-I(7-37) enhanced in-
sulin secretion concentration-dependently during the
first phase (1-10 min) with 8 maximum ai' 10 nmol/|
and induced a small second phase of insulin release
(Fig. 2, Table II). A similar phenomenon has been
observed in studies with HIT cells and IBMX [19]. The
insulinotropic action of GLP-1{7-37) was glucose-

dependent (Table I,

Perifusion of RIN 1027-B2 cells with KRB buffer
supplemented with 5§  mmol/l glucose induced
somatostatin release for 12 min. Addition of 10 nmol/l
GLP-I(7-37) enhanced the somatosiatin response dur-
ing the first 5 min in a glucose-dependent manner (Fig.
3; Table III). 10 mmol/l. glucose plus 10 mmol/l
arginine stimulated glucagon release from INR 1G9 cells
with a monophasic pattern for 15 min. Additon of 10 -
nmol/l GLP-1(7-37) had no effect on glucagon secre-
tion (AUC,; first phase: controls: 2975 + 199, GLP-
1(7-37): 2574 + 219; second phase: controls 1477 ¢

226, GLP 1(7 3N: 1771+ 189).

4, DISCUSSION

The insulinotropic action of GLP-1(7-37) in vivo and
in vitro is well established and GLP-1{7-37) is believed

~ to represent an important mediator of:the entero-

insulinar axis and glucose homeostasis, Using the
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Tuhlc 1] -
' !menrmd mmawslnl!n mn:wry rﬂpun\tﬂ e almaw and GLEACT-27) from perlfused REN m:n ii‘-ulh during the firsc gl - 10y nml tlw ‘«und
phase (11-20 min)
Glueeie . GLP-7-3) First phase “Secunwd phae
(mmol/H (-log NIy {AUE 1= 10min) (AUC A1 -20 min)
o Tn 937 & 124 187 = 18
0 8 19% ¢ 6] T4z 1
s ‘ . (478 £ 3D 956 = (D8
i : ] 3133 = 282%

'Signlﬂcam gifferened vy contral experiments {3 mmoi/l gluvuse)

14089 = 108

AUC @ aren under the curve, the inegrared measuremeny of somuesiziingseeration,

- glucose-responsive cell line TC-1 we demonstrate the
- presence of a specific receptor for GLP-1{7-37) on these
cells (Ko 3.5 nmol/l) as was reported previously in
stuclies with the pancreatic B cell lines RINmSF [8] and
RIN 5AH [9). The diffcrent cell lines used might ac-
count for the slightly different Kys (RINmSF cells: 204
pmol/l [8], RIN 5AH: 3.3 nmol/l (9], ATC-1 cells: 3.5
nmol/l). The failure of GIP to compete with binding of
radiolabeled GLP-[(7-37) suggests the presence of
distinet receptors for GLP-1(7-37) and GIP on pan-

creatic B cells. In addition, our data demonstrate that

GLP-1(7-37) stimulates cancentration-dependently

cAMP and insulin secretion from ATC-1 cells as -

- reported previously in studies with this and othcr B cell
lines [§,6,17].
Previous studies with rat islet cell monolayer cultures
[20] and the perfused rat pancreas [21] suggested a
- somatostatin-releasing action of GLP-1(7-37). Our data

provide evidence for a direct role of GLP-[(7-37)in the

regulation of pancreatic somatostatin release: RIN
1027-B2 cells possess specific receptors for GLP-1(7-37)
with nearly identical binding characteristics compared
‘with insulin-producing cell lines BTC-1, RIN 5AH 9]

indfrect Paracrine Mode! for "Suppr.esslon"-
of Glucagon Socretion by GLP-{7-37)

feceptar Glucagon

=

GLP-1(7:37) ~» | Somatestatin

Reeoptar

' Fig., 4, Model for postulated negative feedback suppression of
glucagon secretion by the actions of GLP-1{7-37) 1o stimulate secre-
tion of beth insulln and somatosiatin via specific receptors i B and
D cells, Because of the portal blood flow from the core to the mantle
of the pancreatic islet, it is envisioned that the kniown suppressive cf-
fects of insulin and somatostatin on glucagon secretion are mediated
by paracrine mechanisms. Somatostatin may in theory feed back
negatwely ta dampen the GLP-1(7-37)-induced insulin secrenon.

perhaps by an endocrlne pathway

~and RIN m5F (8], These data SUggest that the same

receptor is expressed an insulin- and somatostatin-
producing cell lines. In addition, GLP-I(7-37) induces
¢AMP and somatotstatin seeretion from RIN 1027-B2
cells. These observations extend those of earlier reports.
that glucose is a stimulator of pancreatic somatostatin’

‘secretion [22] and that ¢cAMP is involved in the.

stimulus-secretion coupling of the pancreatic B cell
{23].

Some ¢ontroversy exists whelhcr or nat GLP-I(‘?-B‘T)
influences pancreatic A cell seeretion, Studies with the
isolated perfused rat pancreas {d] and rat pancrealic .
islet cell monolayer cultures [20] revealed no effect of

- GLP-1(7-37) on pancreatic glucagon relense, whereas

other reportr using the isolated pig [24] and rat pan-
crease [5,25) and isolated rat islets [26] described, com-
pared to the insulinotropic action, a weak glucago-
nostatic action of GLP-I(7-37) that requires 10 to
100-fold hipher. OLP-1{(7-37) levels than the insulino-
iropic effect. Our data now indicate that [NR1GY
{glucapon-producing) cells do not possess binding sites
for GLP-1(7-37), and presumably binding sites are ab-
sent on pancreatic A cells. It is well established that at
least in the rat pancreas a directed blood flow from the
B cells to the A cells and then to the D cells exists and
in this vaicular compartment insulin represents a
physnologlcal inhibilor of glucagon secretion [27],
There is aiso strong evidence that somatostatin sup-
presses A cells by paracrine mechanisms [28]. Thus, the
glucagonostatic action of GLP-1(7-37) in the perfused
pancreas ¢an be explained by the stimulation of both in-
sulin and ‘somatostatin release. This concept i{s sup- -
ported by vhe recent finding that GLP-1(7-36) amide
does not suppress glucagon secretion in perfused pan-
creata from streptozotocin-treated rats which had a
50% reduced insulin release during stimulation with
GLP-1(7-36)amide or GIP compared to non-diabetic
controls [29]. In addition, such paracrine mechanisms
seem to be involved in the reported inhibitory action of
GLP-1(7-37) on glucagon gene transcription in isolated
rat islets [26] and the hamster glucagonoma cell line
INR 1G9 [30].

Taken together our data support the cnncept of GLP-
I(7-37) as an important intestinal factor in the regula-
tion of hormone secretion from the endocrine pancreas.
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- In addition to the stimulation of insulin release from B
cells GLP-I(7=37) can also stimulate somatostatin
release by specific receptors present on D cells bur is
without direct effect on the A cells (Fig. 4). The
demonstration -of the existence of funetional GLP-

1(7=37) receptors on D cells raises the possibility that

with respect to GLP-I(7-37) the entero-islet axis may in-
volve more than just the augmentation of insulin secre-
tion. [t seems reasonable to postulate that the effect of
GLP-I1(7-37) to stimulate somatostatin secretion is
designed to dampen the stimulation of insulin secretion
invoked by GLP-1(7-37), In addition, the combined
. secretion of both insulin and somatostatin augmented
by GLP-K7-37) may act to suppress by paracrine
mechanisms the secretion of glucagon, & known potent

hormone that is counter-regulatory ta the rnetnbolnc ag-

tions of msulm.
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