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Effect of Enterostatin on Insulin, Glucagon, and
Somatostatin Secretion in the Perfused Rat Pancreas

Ramona A. Silvestre, Jovita Rodriguez-Gallardo, and José Marco

Enterostatin is a pentapeptide generated by trypic diges-
tion of procolipase in the small intestine. Both peripheral
and central administration of this peptide to rats has
been shown to reduce food intake, this reduction being
due to specific suppression of fat intake. In perifused
pancreatic rat islets, enterostatin has been shown to
inhibit the insulin response to a high glucose concentra-
tion. In the present study, we have investigated the effect
of exogenous enterostatin on insulin, glucagon, and so-
matostatin secretion by the isolated perfused rat pan-
creas. Enterostatin, at 100 nmol/], inhibited the insulin
response to 9 mmol/l glucose (by 70% ), 0.1 mmol1 tolbu-
tamide (by 40%), and 5 mmol/l arginine (by 70%). En-
terostatin had no effect on glucagon and somatostatin
release at a maintained glucose level (5.5 mmol/l) or in
response to 5 mmol/l arginine. Finally, preinfusion of the
rat pancreas with a high enterostatin concentration (500
nmol/l) did not alter the insulin response to glucose, an
observation that would rule out a toxic effect of this
peptide on the f-cell. In summary, in the perfused rat
pancreas, enterostatin, at putatively physiological con-
centrations, inhibits insulin secretion without affecting
glucagon or somatostatin output, thus pointing to a direct
effect of enterostatin on the B-cell and not through an
a-cell or 8-cell paracrine effect. Because enterostatin is
generated in the small intestine after feeding, it might
play a role in the enteroinsular axis as an anti-incretin
agent. Diabetes 45:1157-1160, 1996

olipase, a cofactor of pancreatic lipase, is gener-
ated in the small intestine by tryptic digestion of
its precursor, procolipase, which is synthesized
by the exocrine pancreas and secreted in the
pancreatic juice (1). As a result of tryptic digestion of
procolipase in the small intestine, besides colipase, a
pentapeptide is generated which sequence corresponds to
Val-Pro-Asp-Pro-Arg (2,3). Both peripheral and central
administration of this pentapeptide to rats has been shown
to reduce food intake (4,5), this reduction being due to
specific suppression of fat intake (6). Erlanson-Albertsson et
al. (7) observed that in pigs, intraduodenal infusion of this
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novel pentapeptide inhibited exocrine pancreatic protein
secretion, and they proposed the term enterostatin to desig-
nate it (7).

Interestingly, some peptides with anorectic effect, such as
amylin and calcitonin (8-11), also behave as inhibitors of
insulin secretion (12,13). In this context, it has recently been
shown that enterostatin inhibits insulin release induced by a
high glucose concentration in perifused pancreatic rat islets
(14). To further explore the influence of enterostatin on islet
cell function, we have investigated its effect on insulin,
glucagon, and somatostatin secretion in the isolated per-
fused rat pancreas.

RESEARCH DESIGN AND METHODS

Fed male Wistar rats (200-225 g body wt) were used as donors. After the
rat was anesthetized with pentobarbital sodium (50 mg/kg, i.p.), the
pancreas was dissected and perfused in situ according to the procedure
of Leclercqg-Meyer et al. (15), as adapted in our laboratory (16). Effluent
samples were collected from the portal vein, without recycling, at 1-min
intervals (flow rate, 2 ml/min) and frozen at -20°C until the time of assay.
The perfusion medium consisted of a Krebs-Henseleit buffer: 115 mmol/l
NaCl, 4.7 mmol/1 KC), 2.6 mmol/l CaCl,, 1.19 mmol/1 H,KPO,, 1.19 mmol/l
MgSO, - TH,0 and 24.9 mmol/l HNaCOj (gas phase 95:5, 0,:CO,; pH 7.4),
supplemented with 4% (wt/vol) dextran T-70 (Pharmacia LKB Biotech-
nology, Uppsala, Sweden), 0.5% (wt/vol) Cohn Fraction V bovine albu-
min (Sigma, St. Louis, MO), and 5.5 mmol/1 glucose (Sigma). Synthetic
rat enterostatin (Val-Pro-Asp-Pro-Arg, 73% purity), purchased from
Peninsula Laboratories (Belmont, CA), was dissolved in 0.9% NaCl
containing 0.1% bovine albumin (Cohn Fraction V). This solution (1.78
pmol/l) was prepared daily, immediately before experiments. When
added to the perfusate, it gave a final concentration of 100 nmol/l
enterostatin. After a 35-min equilibration period, baseline samples were
collected for 5 min. Rat enterostatin, with or without addition of other
B-cell secretagogues—9 mmol/l glucose, 5 mmol/l L-arginine hydrochlo-
ride (Sigma), and 0.1 mmol/1 tolbutamide (sodium tolbutamide, Upjohn,
Kalamazoo, MO)—was infused through a sidearm cannula, as described
in the corresponding figures.

In another series of experiments, we examined the response of the
B-cells subjected to enterostatin preinfusion to glucose. For this pur-
pose, 500 nmol/l enterostatin plus 9 mmol/l glucose were infused for 10
min and, after a wash-out period of 10 min with the initial perfusate, 9
mmol/l glucose alone was used for 10 min as B-cell secretagogue. In
control experiments, 9 mmol/l glucose was infused for two 10-min
periods, following a similar protocol. Insulin (17,18), glucagon (19), and
somatostatin (20) were measured by radioimmunoassay. Anti-pig insulin
serum (I8510, Sigma) and rat insulin standards (Novo Nordisk, Den-
mark) were used. Anti-glucagon serum (Unger’s 30K) and antisomato-
statin serum (Unger’s 80C) were donated by R.H. Unger (University of
Texas, Health Sciences Center, Dallas, TX). All samples for each series
of experiments were analyzed within the same assay. Results are
presented as the mean * SE. Hormone response was calculated as the
integrated area of the curve above the mean preinfusion level (average
of all the baseline levels for each perfusion) using the trapezoidal
method. The normal distribution of our data was demonstrated by the
Kolmogorov-Smirnov test (21). Differences between values were tested
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FIG. 1. Effect of 100 nmol/l rat enterostatin on insulin secretion in the
perfused rat pancreas. Squares correspond to control experiments: from
0 to 5 min, saline infusion; from 5 to 25 min, 9 mmol/l glucose infusion
(n = 5,A), 0.1 mmol/l tolbutamide infusion (n = 5, B), or 5 mmol/i
arginine (n = 6, C). Rhombi correspond to enterostatin experiments:
from 0 to 5 min, 100 nmol/l enterostatin infusion; from 5 to 25 min,
glucose plus enterostatin infusion (n = 5, A), tolbutamide plus
enterostatin infusion (n = 5, B), and arginine plus enterostatin infusion
(n = 6, C). Data are means = SE.

for significance by analysis of variance and by the Student’s ¢ test for
unpaired samples.

RESULTS
The effect of 100 nmol/1 rat enterostatin on insulin secretion
at 5.5 and 9 mmol/l glucose is shown in Fig. 1A. Enterostatin
did not significantly modify insulin secretion at 5.5 mmoV/1
glucose (F54 = 1.23) but clearly inhibited the insulin re-
sponse induced by an increase in the glucose concentration
of the perfusate from 5.5 to 9 mmol/l (incremental area: 6.6 =
3 pmol/20 min vs. 20 * 5 pmol/20 min in control experiments,
P < 0.05). Both phases of insulin secretion were suppressed
during enterostatin infusion.

As shown in Fig. 1B, the insulin release evoked by 0.1
mmol/l sodium tolbutamide was reduced by 100 mmol/l
enterostatin (incremental area: 9.8 = 1.5 pmol/20 min vs.
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FIG. 2. Effect of 100 mmol/l rat enterostatin on the glucagon and
somatostatin responses to 5 mmol/l arginine. Squares correspond to
control experiments: from 0 to 5 min, saline infusion; from 5 to 25 min,
arginine infusion (n = 6). Rhombi correspond to enterostatin
experiments: from 0 to 5 min, enterostatin infusion; from 5 to 25 min,
arginine plus enterostatin infusion (n = 6). Data are means + SE.

17 #+ 2.7 pmol/20 min in control experiments, P < 0.05), this
reduction mainly affecting the first phase.

As shown in Fig. 1C, both phases of the insulin response to
5 mmol/l arginine were inhibited by enterostatin (incremen-
tal area: 16.4 * 5.8 pmol/20 min vs. 49 *= 8.1 pmol/20 min in
control experiments, P < 0.025).

Figure 2 shows the effect of 100 nmol/l enterostatin on
glucagon and somatostatin responses to arginine. The stim-
ulatory effect of 5 mmol/ll arginine on glucagon output
(incremental area: 14.7 * 0.8 ng/20 min) was not significantly
modified by enterostatin (incremental area: 11.6 * 2.4 ng/20
min, P = 0.25). Somatostatin levels from control and en-
terostatin experiments overlapped.

Finally, to explore the functional viability of the B-cell
subjected to enterostatin treatment, we examined the insulin
response to glucose in the rat pancreas preinfused with a
high enterostatin concentration (500 nmol1) (Fig. 3). As
expected, enterostatin abolished the insulin response to an
increase in glucose levels from 5.5 to 9 mmol/l glucose
(incremental area: 1.5 * 1.4 pmoV10 min vs. 6.6 = 1.2
pmol/10 min in control experiments, P < 0.05). After a
10-min wash-out period, pancreases preinfused with en-
terostatin showed an insulin response to a second glucose
stimulus comparable to that found in control experiments
(incremental area: 4.9 = 1 pmol/10 min vs. 5.9 = 2.5 pmol/10
min in control experiments, P = 0.69).
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FIG. 3. Effect of previous rat enterostatin (500 nmol/1) infusion on the
insulin response to 9 mmol/ glucose in the perfused rat pancreas.
Squares correspond to control experiments; from 0 to 5 min, saline
infusion; from 5 to 15 min, 9 mmol/l glucose infusion; from 15 to 25 min,
wash-out period; and from 25 to 35 min, 9 mmol/l glucose infusion (n =
3). Rhombi correspond to enterostatin experiments: from 0 to 5 min,
enterostatin infusion; from 5 to 25, 9 mmol1 glucose plus enterostatin
infusion; from 15 to 25 min, wash-out period; and from 25 to 35 min, 9
mmol/l glucose infusion (n = 4). Data are means * SE.
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DISCUSSION

The foregoing results demonstrate that in the perfused rat
pancreas, enterostatin inhibits insulin secretion. This inhibi-
tion is exerted against various f3-cell secretagogues—glu-
cose, arginine, and tolbutamide—that stimulate the release
of insulin via different mechanisms (22). The pattern of
inhibition, which mainly affects the first insulin secretory
phase, was comparable for these three stimuli.

The structure of enterostatin is well preserved across
species (23,24). As for the possible physiological role of this
peptide, at present, there is very limited information about
the presence of enterostatin in systemic blood. It has been
hypothesized that after being released from procolipase in
the duodenum during digestion, this peptide actively or
passively crosses the intestinal brush-border barrier to reach
the lymph (25,26). The presence of enterostatin in cat
intestinal lymph has recently been reported, and the ratio of
the enterostatin concentration in lymph to that in plasma
was found to be increased by fat feeding (26). Recently,
Bouras et al. (27) have shown that the intestinal brush-
border membrane vesicles contain proteases that break
down enterostatin, and Huneau et al. (28) have observed that
although enterostatin is hydrolyzed with both epithelial
sheets and brush-border membranes, there is a small trans-
epithelial passage of immunoreactive enterostatin. Interest-
ingly, intestinal concentrations of enterostatin in rats are in
the micromolar range (24) about one order of magnitude
higher than that reported for this peptide in human periph-
eral plasma.

By means of an enzyme-linked immunosorbent assay,
Bowyer et al. (29) have shown the presence of enterostatin in
the serum of healthy subjects. These authors have reported
values ranging from 50 to 100 nmol/l after consumption of a
standard meal, and they found that the appearance of
enterostatin in urine was concurrent with its elevation in
plasma (25). According to this information, the enterostatin
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concentration used in our perfusions (100 nmol/) is compa-
rable with that reported for human enterostatin in peripheral
blood. Erlanson-Albertsson et al. (14), working in a model of
perifused rat islets, observed an inhibition of glucose-stimu-
lated insulin release with an enterostatin concentration of
the same order of magnitude (200 nmol/l). However, so far,
plasma enterostatin levels have not been measured in rats.

At this stage, conjecture about the mechanism by which
enterostatin exerts its insulinostatic effect would be highly
speculative. As of now, no specific enterostatin receptors
have been identified. Interestingly, the suppressor effect of
enterostatin on fat intake in rats can be attenuated by
k-opioid agonists, suggesting that centrally administered
enterostatin might act as an opioid antagonist (30). The
observation of k-opiate binding sites in Langerhans islets
(31) allows the speculation on the possibility that enterosta-
tin modulates insulin release by inhibiting a k-opioid path-
way within the B-cell.

It should be noted that our observation that preinfusion of
the pancreas with a high enterostatin concentration (500
nmol/l) did not alter the insulin response to glucose would
exclude a toxic effect of enterostatin on the B-cell.

There is no information about the influence of enterostatin
on the other islet hormones. We have found that during
perfusion of the rat pancreas with a medium containing 5.5
mmol/l glucose, enterostatin failed to significantly modify
glucagon or somatostatin release. Enterostatin was also
without effect on the glucagon and somatostatin response to
5 mmol/l arginine. These results seem to indicate that the
inhibitory effect of enterostatin on insulin release is not
mediated by an «- or &-cell paracrine effect.

The inhibition of insulin secretion by enterostatin rein-
forces the parallelism between the anorectic and insulino-
static effects exerted by some peptides, such as amylin and
calcitonin (8-13). Indeed, a reduction of caloric intake
should be associated with reduced insulin need.

In summary, our results indicate that in the perfused rat
pancreas, enterostatin, at putatively physiological concentra-
tions, inhibits insulin secretion without affecting glucagon or
somatostatin output. These data point to a role for enterosta-
tin as a regulator of B-cell secretory activity. Because en-
terostatin is generated in the small intestine after feeding, it
might play a role in the enteroinsular axis as an agent with an
anti-incretin effect that modulates postprandial hyperinsulin-
emia.
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