
PROCEEDINGS OF THE SOCIETY FOR EXPERIMENTAL BIOLOGY AND MEDICINE 160,76-79 (1970) 

Selective lnhi bition of Glucagon and Insulin Secretion by Somatostatin Analogs' 
(4 03 9 3) 

N. R. VOYLES, S. J. BHATHENA, L. RECANT, C. A. MEYERS,* AND D. H. COY* 
Veterans Administration Hospital and Georgetown University, Washington, D. C. 20422, and 

* Veterans Administration Hospital, New Orleans, Louisiana 701 46 

Somatostatin (SRIF) has been shown to 
inhibit release or secretion of a variety of 
hormones including glucagon, insulin, gastrin 
and growth hormone. For therapeutic pur- 
poses it might be desirable to achieve selec- 
tivity in the inhibition of one or the other 
hormones. Towards this end, analogs of SRIF 
have been synthesized and tested both in in 
vivo and in vitro systems. The synthetic mod- 
ifications include (a) substitution of a D form 
for the L-amino acids, (b) removal or addi- 
tion of one or more amino acid(s) from the 
C-terminal or N-terminal end, (c) replace- 
ment of amino acids with other L-amino 
acids, and (d) alteration in cyclic structure. 
SRIF and linear SRIF have been found to 
have similar inhibitory activities (l), while 
bicyclo SRIF inhibits only growth hormone 
release and has no effect on insulin or glu- 
cagon release (2). 

In order to be therapeutically useful in 
diabetes, SRIF should ideally block pan- 
creatic glucagon release without inhibiting 
insulin release. It should not affect other hor- 
mones, except potentially diabetogenic hor- 
mones. Brown et al. (3) showed that DTrp' 
SRIF is 8-10 times more potent than native 
(unsubstituted) SRIF in inhibiting growth 
hormone, glucagon and insulin release. They 
further showed that [DCys14] as well as 
[DTrp', DCys14] SRIF were more potent in 
inhibiting arginine induced glucagon release 
than insulin release in vivo in rats (4). Meyers 
et al. (5) confirmed these findings and ex- 
tended them to include [Ala2, DCys14]. 

In the present investigation, we used the 
isolated rat pancreas perfusion system to de- 
fine the effect of 10 SRIF analogs on gluca- 
gon and insulin secretion, particularly with 
regard to their capacity to selectively inhibit 
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glucagon secretion. We have previously 
shown that perfusion of isolated pancreas 
gives reproducible responses to various stim- 
ulators and inhibitors of both insulin and 
glucagon release (6). 

Materials and methods. In our study, 
we evaluated ten somatostatin analo s: 

[Ala , DTrp'], [(~FTT')], [CGln(Gly)2, 
DTrp'], [DTrp', DCys 4], [Ala2, DTrp', 
DCys14], [Ala2, DCys14] and somatostatin it- 
self for effects on glucagon and insulin release 
in an isolated rat pancreas system. Fed, male, 
Sprague-Dawley rats (Flow Research Ani- 
mals) weighing 250-350 g were used. The 
pancreas was isolated and perfused according 
to the method of Curry et al. (7). The perfu- 
sion media consisted of Krebs-Henseleit bi- 
carbonate buffer, pH 7.4, containing 3% Dex- 
tran T-40 (Pharmacia) and 1% human serum 
albumin (Cutter Laboratories). The buffer 
was gassed with 95% 0 2 5 %  CO2 for 15 rnin 
prior to and throughout the perfusion. The 
pancreas was perfused for 10 min with 5.5 
mM glucose alone to stabilize insulin and 
glucagon release'at low levels, and then 19.2 
mM arginine, a potent stimulator of both 
glucagon and insulin secretion, was added for 
the remaining 45 min of perfusion. Somato- 
statin (SRIF) or somatostatin analogs at con- 
centrations of 10 ng/ml or 1 ng/ml were 
introduced after 15 rnin arginine perfusion 
(during the second phase of hormone release), 
continued for 15 min, and then shut off for 
the remaining 15 min. Flow rate of the un- 
recirculated buffer was maintained at 6-7.5 
ml/min and effluent was continuously col- 
lected at one minute intervals. Insulin (IRI) 
and glucagon (IRG) release were measured 
by radioimmunoassays and expressed as 
mean pU IRI/ml/min or ng IRG/ml/min, 
respectively (6). The arginine stimulated por- 
tion of each perfusion was divided into three 
15-min periods designated preanalog (I), an- 
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alog (11) and postanalog (111) phase. 
Results. Prior to testing SRIF analogs, the 

control arginine perfusion system was de- 
fined. Our findings are in accord with our 
previously published data (6). As can be seen 
in Fig. 1, arginine stimulated perfusions show 
a maximal stimulatory effect on both insulin 
and glucagon release during the first 15 min 
(phase I). Mean hormone release concentra- 
tions/ml of phases I1 and I11 were compared 
to the maximal stimulation of phase I within 
each perfusion. Insulin secretion was 80% 
during phase I1 and 49% during phase I11 
(both significant at P > .Ol) compared with 
phase I. Glucagon secretion was 84% during 
phase I1 and 69% during phase I11 (not sig- 
nificant). 

In Fig. 2, the sequence of SRIF and the 
analogs tested are shown. Fig. 3 shows the 
effects of SRIF or SRIF analogs introduced 
during phase I1 of arginine stimulation com- 
pared to phase I of each perfusion. It may be 
seen that at 10 ng/ml, SRIF reduced insulin 
release to 4 1 % of control and glucagon release 
to 9% of control. At 1 ng/ml, SRIF effects 
were less marked, with insulin release re- 
duced to 79% of control and glucagon release 
reduced to 39% of control. In order to deter- 
mine the significance of the effects of SRIF 
analogs compared to SRIF effects, P values 
were calculated by unpaired t test. Of the 10 
analogs tested at 10 ng/ml concentration, 8 
analo s [DC s3; DCys14; Ala2, DCys14; 

DTrp'; Ala2, DTrp'; (5FTr~)~l  showed glu- 
cagon suppression similar to SRIF ( P  = m.). 
Ala2, DTrp', DCys14; and DTrp' were less 
effective than SRIF (P < .Ol). 

DTrp 8 , DCys'? CGln(Gly)2, DTrp'; NTyr, 

The effects on insulin release at a con- 
centration of 10 ng/ml for 5 of the 10 analo s 

and CGln(Gly)z, DTrp'; were not signifi- 
cantly different from SRIF. Analogs DCys3; 
DC s14; Ala2, DCys14; DTrp', DCys14; and 

itory effects on insulin release than SRIF ( P  
< .05 to P < .Ol). With the possibility in mind 
that at lower concentrations, greater differ- 
ential effects might be apparent, the 5 analogs 
that showed differential effects on insulin 
release at 10 ng/ml were then tested at 1 
ng/ml concentration and compared with 
SRIF. In addition, CGln ( G ~ Y ) ~  DTrp' was 
also tested. At this concentration, DCys3; 
DCys14; and CGln(Gly)2, DTrp' showed sig- 
nificantly less inhibitory effect on insulin re- 
lease when compared with SRIF (P < .05 to 
P < .01). In addition, DCys14; DTrp', DCys14; 
Ala2, DTrp', DCys14; and CGln (Gly)2, 
DTrp' showed significantly enhanced gluca- 

NTyr, DTrp'; DTrp*; Ala2, DTrp'; (5FTrp 8 ); 

Ala Y , DTrp', DCys14; all showed lesser inhib- 
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FIG. 1 .  Arginine perfusions ( N  = 14) showing typical 
insulin and glucagon responses to 19.2 mM arginine 
stimulation. In each perfusion, phase I served as an 
internal control (100% stimulation), with phase I1 (ana- 
log) and phase I11 (post analog) compared to I. 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys Somatostatin 

A1 a-Gly-Cys-Lys-Asn-Phe- Phe-Trp-Lys-Thr-Phe-Thr-Ser-Q DCysl 

Ala-Gly-DCys-Lys- Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys DCys 

Tyr-Ala-Gly-Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Ser-Cys NTyr, DTrp8 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Ser-Cys DTrp8 

A1 a-Ala-Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Ser-Cys Ala2, DTrp' 

A1  a-Gly-Cys-Lys-Asn-Phe-Phe-5FTrp-Lys-Thr-Phe-Thr-Ser-Cys ( ~ F T ~ P ) ~  

Ala-Gly-Cys-Lys-Asn-Phe-l)he-~-Lys-Thr-Phe-Thr-Ser-Cys-Gl n-Gl& CG1 n(Gly I2 ,  DTrp8 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Ser-~ DTrp', DCysl 

Ala-A1 a-Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Ser-w Ala2, DTrp8, DCys14 

Ala-A1-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-D~ Ala2, DCys14 

- 

FIG. 2. Structural modifications of the somatostatin molecule are indicated by the underlined amino acids. 
Analog designations used in the text are listed in adjacent column. 
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FIG. 3. Effects of SRIF analogs infused in phase I1 expressed as per cent of phase 1 mean hormone release. P 
values were calculated for effects of analogs compared to effects of SRIF for insulin and glucagon at both 
concentrations (* * P < .01, * P < .05). Number of perfusions: N = 3 for 1 ng/ml; N = 2 for 10 ng/ml for SRIF 
analogs. N = 4 for 1 ng/ml; N = 3 for 10 ng/ml for SRIF. 

gon suppression (P < .05 to P < .01). 
It would appear from evaluation of data 

shown in Fig. 3 that at 1 ng/ml, an- 
alogs DCys14; DTrp', DCys14; Ala2, DTrp8, 
DCys14; and CGln (Gly)2, DTrp8 show a 
dissociation of insulin-glucagon suppressive 
effects when compared to SRIF. In the case 
of Ala2, DCys14; and Ala2, DTrp8, DCys14, 
the insulin effects are unchanged and the 
gluca on effects are enhanced. In the case of 

effects are less and the glucagon effects are 
greater than that found with SRIF. 

At 10 ng/ml, the major evidences for dis- 
sociation are decreases in insulin suppression 
with no change in glucagon suppression, and 
in one case, DTrp', decreased glucagon sup- 
pression with unchanged insulin effects. 

Analyses of insulin and glucagon release 
during phase I11 of arginine stimulation, 
when SRIF or analogs were removed from 
the perfusion media, in most cases, showed 
that when hormone release had been signifi- 
cantly inhibited during phase 11, hormone 
release tended to rise during phase 111. When 
release was not significantly affected during 
phase 11, release tended to fall, comparable 
to the decrease in hormone levels found in 
phase I11 of arginine control perfusions. 

Discussion. Our observations indicate that 
modifications of cysteine residues or of the C 
terminal end of somatostatin resulted in loss 
or decrease of inhibitory effects of-SRIF on 

DCys !4 and CGln (Gly)z, DT$, the insulin 

insulin release. Additional modifications at 
Trp' to the D form enhanced the effect on 
glucagon suppression by C terminal modified 
analogs when tested at 1 ng/ml. Modifica- 
tions at the Trp' position alone or in combi- 
nation with modifications at the N terminal 
end or at Ala2 position resulted in analogs 
which were either equipotent or less potent 
than SRIF. 

Observations slmilar to these have been 
documented by others. Using DCys14; DTrp', 
DCys14; and Ala2, DCys14; Brown et al. (4) 
and Myers et al. ( 5 )  have shown that in in 
vivo systems these analogs exhibit greater po- 
tency on glucagon suppression than on in- 
sulin. Substitution of Ala2 resulted in a mol- 
ecule equipotent with SRIF on both insulin 
and luca on suppression in vivo (8). The 
DTrp modification, when tested in vivo (9), 
resulted in a molecule 8-10 times more potent 
than native SRIF on both insulin and gluca- 
gon secretion. 

In attempts to clarify the differential effects 
of SRIF analogs on insulin-glucagon release, 
different investigators have tested a variety of 
analogs on in vivo and in vitro systems. Ef- 
fendic et al. (lo), using a rat pancreas perfu- 
sion, showed that des Ala', Gly2; alone or in 
combination with des Asn5; resulted in abo- 
lition of glucagon suppression with mainte- 
nance of insulin suppression. Sarantakis et al. 
(11) reported similar results with des Ala', 
Gly2; Asn'; in vivo. Elimination of inhibitory 
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effects on both insulin and glucagon secretion 
was seen with a des Ala', Gly2 compound in 
which the cysteine bridges were replaced by 
nonsulfur linkages (12). Similar loss of po- 
tency was seen with conversion of SRIF to a 
homoletic cyclic disulfide tetradecapeptide 
(2). In the latter instance, potency could be 
restored by substitution with DTrp'. 

Our data with various substitutions and 
deletions on the SRIF molecule show that 
inhibitory effects on insulin and glucagon 
release can be dissociated. The mechanism of 
interaction of SRIF and its analogs with re- 
ceptors of the a, glucagon producing cells, or 
p, insulin producing cells, is not known, but 
our data suggests that there are significant 
differences in the receptors on these cells. It 
would appear that an unaltered C terminal of 
SRIF may be required for binding of SRIF 
to the p cells of the islets of Langerhans. 
Possibly this relates to the formation of an 
intra-chain disulfide with Cys3. 

Several of the analogs tested warrant fur- 
ther study, especial11 the DCys14; DTrp', 
DCys14; Ala2, DTrp, DCys14; and CGln 
(Gly)~, DTv8 modifications, since these an- 
alogs compared with SRIF have the same or 
lesser effects on insulin secretion and are 
more potent inhibitors of glucagon release. 

Summary. The effects of somatostatin and 
10 structural analogs of SRIF on arginine 
stimulated glucagon and insulin secretion 
were studied in isolated rat pancreas perfu- 
sions. All analog data were compared with 
the inhibitory effects of SRIF. It was ob- 
served that structural modifications could 
produce clear cut dissociation of the inhibi- 
tory effects on glucagon vs. insulin secretion. 

Four compounds which seem to have little 
effect on insulin release, but compared with 
SRIF have an enhanced inhibitory effect on 
glucagon release, are of potential interest in 
the therapy of diabetes. These compounds 
are DCys14; DTrp', DCys14; Ala2, DTrp', 
DCys14; and CGln (Gly)2, DTrp' somatosta- 
tin. 
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