bstract. Studies were designed (a) to deter-
mine whether somatostatin is released into the circulation
after meals in sufficient amounts to regulate gastric or
pancreatic islet function in humans and (b) to investigate
the possible role of somatostatin in the pathogenesis of
duodenal ulcer disease. Mean plasma somatostatin-like
immunoreactivity (SLI) increased from 6.2+1.5 pg/ml to
a peak level of 13.8+1.3 pg/ml in eight healthy subjects
after a 1,440-cal steak meal (P < 0.005). When so-
matostatin-14 was infused intravenously, basal and food-
stimulated gastric acid secretion and also basal and food-
simulated plasma insulin and glucagon concentrations
were reduced significantly at mean plasma SLI concen-
trations within the range seen after a meal. Thus, the
amount of somatostatin reaching the systemic circulation
after a steak meal was sufficient to inhibit gastric acid
secretion and islet cell function. On the other hand, basal
and food-stimulated plasma gastrin concentrations were
reduced by intravenous somatostatin only at plasma SLI
concentrations that were several-fold greater than post-
prandial SLI concentrations.

Although duodenal ulcer patients had significantly
higher basal, food-stimulated, and peak pentagastrin-
stimulated gastric acid secretion rates than healthy con-
trols, duodenal ulcer patients and controls had nearly
identical basal and food-stimulated SLI concentrations.
Moreover, food-stimulated gastric acid secretion and gas-
trin release were inhibited by intravenous somatostatin
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to the same extent in ulcer patients and controls. These
studies suggest that duodenal ulcer patients release normal
amounts of somatostatin into the circulation and that
target cells controlling acid secretion and gastrin release
are normally sensitive to somatostatin in these patients.

Introduction

Somatostatin is a peptide that has potent inhibitory actions on
several target tissues (1). Because large amounts of somatostatin
are present in the stomach and endocrine pancreas, it is possible
that somatostatin normally regulates gastric and islet function.
Possible modes of action of endogenous somatostatin on target
cells within the stomach and islets are endocrine (via the systemic
circulation), neurocrine (from somatostatin-containing nerves),
and/or paracrine (via local diffusion) (1, 2).

Sensitive radioimmunoassays have documented increases in
circulating somatostatin-like immunoreactivity (SLI)' after meals
in humans (3-8). Although high intravenous doses of soma-
tostatin can inhibit gastric acid secretion and gastrin release (9-
12), it is unknown whether the amount of somatostatin released
into the circulation after a meal is of sufficient magnitude to
affect gastric acid secretion or gastrin release. Therefore, studies
were designed to determine whether enough somatostatin is
released into the circulation after a meal to reduce gastric acid
secretion or plasma gastrin concentrations. In addition, the effect
of somatostatin on the pancreatic islets, another potential target
of circulating somatostatin, was assessed by simultaneous mea-
surements of plasma insulin and glucagon concentrations.

Patients with duodenal ulcer (DU) often demonstrate gastric
acid hypersecretion and hypergastrinemia (13). Two studies have
suggested that these patients may have reduced amounts of
somatostatin in the gastric antrum (14, 15). If somatostatin
normally plays a physiologic role in suppressing gastric acid

1. Abbreviations used in this paper: BAO, basal acid output; DU, duodenal
ulcer; S-14, somatostatin-14; S-28, somatostatin-28; SLI, somatostatin-
like immunoreactivity.
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secretion and gastrin release, somatostatin deficiency could con-
tribute to acid hypersecretion and hypergastrinemia in some
DU patients. It is also possible that insensitivity to inhibitory
effects of somatostatin on the stomach could be present in some
DU patients. Thus, another purpose of the present study was
to compare in DU patients and normal subjects (a) basal and
food-stimulated circulating SLI; and () inhibitory effects of
exogenous somatostatin on gastric acid secretion and gastrin
release.

Methods

Subjects and patients. 23 fasting healthy subjects (12 male) with no
history of gastrointestinal or endocrine disorder were studied; their mean
age was 31 yr (range 20-52). Their weights averaged 66.3 kg (range
47.6-81.7 kg). Mean (+SEM) basal acid output (BAO) and peak acid
output in response to 6 ug/kg pentagastrin were 2.7+0.5 and 29.9+1.6
mmol/h, respectively. 10 fasting patients (9 male) with chronic DU were
also studied. Their mean age was 49 yr (range 21-60). Their weights
averaged 79.8 kg (range 63.5-89.8 kg). BAO and peak acid output av-
eraged 8.5+2.6 and 42.2+3.6 mmol/h, respectively (P < 0.01 vs. healthy
subjects). No subject or patient was taking any medication and all gave
written, informed consent. Studies were approved by a Human Research
Review Committee.

Meals. Two different meals were used in these studies. One consisted
of 227 g sirloin steak, 150 g french-fried potatoes, 28 g bread with 5 g
butter, 8 oz. milk and an ice cream sandwich. This steak meal contained
83 g protein, 105 g carbohydrate, and 75 g fat (1,440 cal). A second
meal consisted of 143 g ground, lean, cooked hamburger, 28 g bread
with 5 g butter, and 8 oz. water (546 cal with 39 g protein, 30 g car-
bohydrate, and 30 g fat). As will be described in Results, the hamburger
meal was either eaten intact or homogenized in a blender and infused
into the stomach. The homogenized meal was diluted to 600 ml with
distilled water, adjusted to pH 5.5 with 0.1 N HCI, and then infused
by gravity into the stomach through a nasogastric tube (AN 10, Anderson
Products, Inc., Oyster Bay, NY).

Somatostatin. Plasma SLI was measured as previously described (16)
by radioimmunoassay with antibody 80 C at a dilution of 1:80,000.
This antibody appears to be directed against the central portion of so-
matostatin because immunoreactivity is completely lost when the
L-tryptophan on the 8-position of somatostatin-14 (S-14) is replaced
with D-tryptophan. On the other hand, immunoreactivity is maintained
when the phenylalanine on the 11-position is replaced by tyrosine (Tyr)
or when des-Ala' S-14 or des-Ala'-Gly? S-14 are used instead of native
S-14. Therefore, '#I-labeled Tyr-11 S-14 was used as the tracer in these
experiments (16). Half-maximal displacement of tracer occurred at an
S-14 concentration of 20 pg/ml and a somatostatin-28 (S-28) concen-
tration of 120 pg/ml. Thus, antibody 80 C detected S-14 more readily
than S-28 by approximately threefold on a molar basis. The sensitivity
of this assay (i.e., the minimal change in SLI concentration detectable
with 95% confidence) is 5 pg/ml. Intraassay variation was 6.1% and
interassay variation 13.9%.

Synthetic human S-14 for intravenous infusion was kindly provided
by Clin-Midy, Montpellier, France (lot no. RLJ07) and was tested for
use in human subjects at the Salk Institute, La Jolla, CA. Either S-14
or 0.15 M NaCl as a control was infused intravenously through an
indwelling venous catheter in one arm (Imed infusion pump, Imed
Corp., San Diego, CA). S-14 and control infusions contained 1% human
serum albumin in order to prevent binding of peptide to plastic tubing.

418 T. J. Colturi, R. H. Unger, and M. Feldman

S-14 and control studies were done on separate days in random order.
S-14 doses of 1, 2.5, 5, 10, 50, and 100 ug/h were evaluated (see
Results). Blood samples were obtained from a similar catheter in the op-
posite arm.

Gastric acid secretion. The effect of somatostatin on basal gastric
acid output was measured by aspiration by using standard methods
described previously (17). Hydrogen ion concentration was measured
by pH electrode (18). Food-stimulated gastric acid secretion in response
to the homogenized hamburger meal was measured by in vivo intragastric
titration to pH 5.5 with 0.3 N sodium bicarbonate (19).

Gastrin, insulin, and glucagon. Coded plasma samples were assayed
for gastrin, insulin, and glucagon concentrations by using previously
described methods (20-22).

Statistical analysis. Statistical significance of differences between
mean values was determined with ¢ test for paired values or groups. P
values of <0.05 were considered significant. During somatostatin infusion
studies, blood hormone concentrations at 30 and 45 min of each infusion
period were averaged and the mean value for each S-14 infusion period
was compared with that during the corresponding NaCl infusion period.

Results

Basal plasma SLI. Basal SLI ranged from 3 to 11 pg/ml in 23
normal subjects and averaged 7.4+0.4 pg/ml. In the 10 DU
patients, basal SLI ranged from 4 to 15 pg/ml and averaged
8.7+1.2 pg/ml (P > 0.05 vs. healthy subjects).

Plasma SLI response to eaten meals. In response to the steak
meal, plasma SLI increased above basal concentrations in all
normal subjects studied. Mean SLI increased from 6.2+1.5 to
13.8+1.3 pg/ml after 180 min (P < 0.005, Fig. 1).

Somatostatin responses to the eaten hamburger meal were
measured in 16 normal subjects and 8 DU patients (Fig. 2).
Mean plasma SLI increased significantly above basal concen-
trations in both groups, with mean SLI increases of ~3 pg/ml
in each. In contrast, mean plasma SLI in normal subjects did
not increase when no meal was eaten. Peak SLI concentrations
after either meal ranged from 9 to 26 pg/ml in normal subjects
and from 11 to 25 pg/ml in DU patients. Although the mean
integrated SLI response to the steak meal was larger than the
integrated SLI response to the hamburger meal, the difference
was not significant (P > 0.3).
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Figure 1. Effect of an ingested steak meal of mean (+SE) plasma SLI
concentrations in eight normal subjects (four men and four women).
By 30 min after the meal and after, SLI concentrations were greater

than basal in every subject (+, P < 0.05 vs. basal concentration at 0

min).



Figure 2. Mean basal-sub-
tracted (+SE) plasma SLI
response to an eaten ham-
burger meal in 16 normal
subjects and in 8 patients
with chronic DU. No meal
b T NO MEAL (N=6) wabs‘given to six norlmalc|
oL subjects as a control an
_i | W\I/I mean SLI actually de-
P o creased with time (P
0 1530 60 120 < 0.05). Plasma SLI in-
TIME (minutes) creased significantly and to
approximately the same extent in both groups (s, P < 0.05 vs. no
meal control and also vs. basal concentration at 0 min).

CHANGE IN PLASMA SLI
(pg/ml)

Effect of somatostatin on plasma SLI. As shown in Fig. 3,
infusion of 5, 10, and 50 ug/h S-14 increased mean basal plasma
SLI concentrations of nine healthy subjects in a dose-related
manner. In other experiments, S-14 or NaCl (control) was infused
intravenously after a homogenized hamburger meal had been
instilled in the stomach at pH 5.5. During the intravenous NaCl
(control) infusion, plasma SLI increased ~3 pg/ml (P < 0.05)
in response to the homogenized meal in both healthy subjects
(Fig. 4, top) and DU patients (Fig. 4, bottom). During intra-
venous S-14 infusion there was a dose-related increase in mean
plasma SLI above NaCl control (Fig. 4), an increase that was
linearly related to the microgram-per-hour dose of S-14 infused
(SLI increase = 1.63 dose — 0.9, r = 0.996 in healthy subjects;
SLI increase = 1.90 dose — 0.3, r = 0.990 in DU patients).

Infusion of 1, 2.5, S, and 10 ug/h S-14 produced mean SLI
concentrations that were within the range seen after the eaten
steak or hamburger meal (<26 pg/ml), whereas 50 and 100
ug/h caused mean SLI concentrations that were much higher
than postprandial SLI concentrations (Figs. 3 and 4).

Effect of somatostatin on gastric acid secretion. As shown
in Fig. 5 (top), 5 ug/h somatostatin had no significant effect on
BAO in nine healthy subjects studied, whereas 10 and 50
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Figure 3. Effect of 0.15 M
NaCl (control) or 5, 10,
and 50 ug/h synthetic hu-
25| man S-14 on mean (+SE)
100 /‘! plasma SLI concentrations
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control during S-14 infu-
sion at 5 ug/h, whereas 10
and 50 pg/h led to significant (+, P < 0.05) increases in mean SLI
concentrations. 10 ug/h S-14 led to mean SLI concentrations within
the range of postprandial SLI concentrations, whereas 50 ug/h S-14
led to SLI concentrations above the postprandial range in every sub-
ject.
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Figure 4. Effect of intravenous synthetic human S-14 or 0.15 M
NaCl (control) on mean (+SE) plasma SLI concentrations after ho-
mogenized food at pH 5.5 was infused into the stomachs of eight
normal subjects (fop) or five patients with DU (bottom). Two identi-
cal “meals” were infused so that six doses of S-14 could be tested
(see straight arrows). Mean plasma SLI during S-14 infusion in-
creased above NaCl control in a dose-related manner (s, P < 0.05 vs.
NaCl control). S-14 doses of <10 ug/h produced mean SLI concen-
trations within the range observed after an eaten steak or hamburger
meal, whereas S-14 doses of 50 and 100 ug/h produced much higher
mean SLI concentrations.

ug/h S-14 inhibited acid output by 48% (P < 0.02) and 83% (P
< 0.005), respectively. Both 10 and 50 ug/h S-14 reduced gastric
volume output significantly, whereas only 50 ug/h S-14 signif-
icantly reduced the hydrogen ion concentration of gastric juice
(Table I).

Food-stimulated acid secretion during the NaCl (control)
infusion was lower in normal subjects than in DU patients
(16.8+3.6 vs. 24.8+8.2 mmol/h, P < 0.05). As shown in Fig.
6, significant inhibition of food-stimulated gastric acid secretion
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occurred with S-14 doses = 10 ug/h in healthy subjects (top)
and =5 ug/h in DU patients (bottom).

Effect of somatostatin on plasma gastrin. As indicated in
Fig. 5 (bottom), neither 5 nor 10 ug/h S-14 significantly affected
basal plasma gastrin concentrations in the nine healthy subjects
studied. 50 pg/h S-14 reduced mean plasma gastrin concentra-
tions by 16% (P = 0.05).

Before homogenized food, basal plasma gastrin concentra-
tions averaged 49+6 pg/ml in eight normal subjects, and 93+9
pg/mlin 5 DU patients (P < 0.05). Basal-subtracted mean plasma
gastrin responses to homogenized food during the NaCl (control)
infusion were similar in normal subjects and DU patients (86+23
vs. 95419 pg/ml, respectively, P > 0.05). In both groups, only
50 and 100 ug/h S-14 significantly reduced gastrin responses to
food (Fig. 7).

Table 1. Effect of S-14 on Mean (+SEM) Basal Gastric Volume
Output and Basal H* Concentration in Nine Subjects

S-14 dose Volume output H* concentration
ng/h mi/45 min mmol/liter
0 (NaCh)* 29.0 + 3.7 32.3+6.7
5 22.7+3.8 37.7+8.2
10 19.0+1.9% 23.4+7.4
50 16.2+3.2% 6.4+3.61

* Average of two 45-min control periods.

1 P < 0.05 vs. NaCl control.
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Figure 6. Effect of intravenous S-14 or 0.15 M NaCl (control) on
mean (+SE) food-stimulated acid secretion in eight normal subjects
(top) and in five patients with chronic DU (bottom). Significant inhi-
bition of acid secretion by somatostatin is indicated by asterisks (P
< 0.05).

Fig. 8 compares percent inhibition of food-stimulated gastric
acid secretion and food-stimulated plasma gastrin responses as
a function of plasma SLI in DU patients and normal subjects.
DU patients were no more or less sensitive than normal to the
inhibitory effects of circulating somatostatin on acid secretion
or gastrin release.

Effect of somatostatin on plasma insulin and glucagon. While
5 ug/h S-14 had no significant effect, 10 and 50 ug/h S-14
significantly reduced basal plasma insulin and glucagon con-
centrations in nine healthy subjects studied (Fig. 9). Although
not shown in Fig. 9, mean plasma glucose concentrations re-
mained nearly constant at 74+2 mg/dl during S-14 infusion.

As shown in Fig. 10, plasma insulin and glucagon responses
to homogenized food were inhibited by doses of S-14 = 5
ug/h. 50 and 100 ug/h S-14 completely inhibited insulin and
glucagon release.

Discussion

Our finding that plasma SLI concentrations increased signifi-
cantly above basal concentrations after a meal agrees with pre-
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Figure 7. Effect of intravenous S-14 or 0.15 M NaCl (control) on
mean (+SE) basal-subtracted plasma gastrin responses to homoge-
nized food at pH 5.5 in eight normal healthy subjects (fop) and five
patients with chronic DU (bottom). Significant reductions in plasma
gastrin concentrations by somatostatin are shown by asterisks (P

< 0.05). Basal plasma gastrin averaged 49+6 pg/ml in normal sub-
jects and 93+9 pg/ml in DU patients (P < 0.05).

vious reports (3-8), although our results differ quantitatively
from some of these reports. In our study, basal SLI concentra-
tions averaged 7-9 pg/ml in healthy subjects and DU patients,
whereas others have reported mean basal SLI concentrations
as low as 9 pg/ml (3) or as high as 174 pg/ml (4). Moreover,
our finding that plasma SLI increased up to 8 pg/ml in response
to a steak meal compares with reported postprandial SLI in-
creases as low as 6 pg/ml (3) or as high as 130 pg/ml (4). The
reason for these quantitative differences is uncertain, but it is
possible that our preliminary plasma extraction step using oc-
tadecylsilyl silica cartridges (16) results in lower SLI concen-
trations by reducing nonspecific interference with the assay by
plasma proteins.
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Figure 8. Relationship between mean plasma SLI concentrations dur-
ing intravenous S-14 infusion and mean percent inhibition of food-
stimulated gastric acid secretion or plasma gastrin concentration in
eight normal subjects and five DU patients. Only data for somato-
statin doses of 5, 10, 50, and 100 ug/h are shown and plasma SLI is
expressed on a logarithmic scale. Compared with normal subjects,
DU patients were no more or less sensitive to inhibitory effects of
circulating somatostatin on acid secretion or gastrin release.

Antibody 80 C, which we use to measure SLI in plasma,
has only detected S-14 and has never detected a large molecular
weight form of somatostatin corresponding to S-28 in canine
or human plasma (Unger, R. H., unpublished data). Thus, it
is likely that the 8 pg/ml increase in plasma SLI after the steak
meal represented only S-14 somatostatin and not another species
of somatostatin. Some groups using different antibodies have
reported increases in S-28 in plasma after meals (6, 8), whereas
our group was unable to detect S-28 in canine plasma using
antibody R101 obtained from Arimura (23). It is possible that
the magnitude of the total somatostatin response to a meal
(S-14 plus S-28) may be even greater than estimated by antibody
80 C in the present study.

We were interested in determining whether the increment
in plasma SLI after a steak meal is of sufficient magnitude to
affect potential target tissues in the stomach and endocrine pan-
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Figure 9. Effect of intravenous S-14 on mean (+SE) basal plasma in-
sulin and glucagon concentrations in nine normal subjects. Signifi-
cant (P < 0.05) reductions in plasma hormone concentrations below
NaCl control are shown as asterisks.
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Figure 10. Effect of intravenous S-14 on mean (+SE) plasma insulin
response (upper) and plasma glucagon response (lower) to homoge-
nized food in 13 subjects (8 normal and 5 with duodenal ulcer). Re-
sults were similar in normal subjects and ulcer patients and therefore
data were combined. Significant (P < 0.05) reductions in plasma hor-
mone concentrations below NaCl control are shown by asterisks.

creas. An intravenous infusion of 10 ug/h of synthetic S-14 led
to mean plasma SLI concentrations within the range of those
that occur after a steak meal and significantly reduced basal
gastric acid output and basal plasma insulin and glucagon con-
centrations. Moreover, food-stimulated acid secretion, insulin
release, and glucagon release were inhibited significantly at mean
SLI concentrations within the range seen after ingested steak
or hamburger meals (10-20 pg/ml or ~10 pM). Our plasma
insulin and glucagon data agree closely with a recent report in
which 73 pmol/kg-h S-14 (or ~8 ug/h) was used to simulate
the postprandial SLI increase (7). The effect of such small
amounts of somatostatin on gastric acid secretion has not been
reported previously. The finding that gastric acid secretion was
inhibited at relatively low concentrations of circulating soma-
tostatin suggests that the parietal cell (or a cell that stimulates
the parietal cell) may be a major target for somatostatin in man.

The exact mechanism by which somatostatin inhibited gastric
acid secretion is uncertain. Somatostatin reduced gastric volume
output significantly, making it unlikely that somatostatin reduced
acid output by stimulating alkaline secretion. Gastric acid se-
cretion rates were reduced by S-14 doses and at plasma SLI
concentrations that had no effect on plasma gastrin concentra-
tions. Therefore, this study and others (9-12, 24) suggest that
somatostatin inhibits gastric acid secretion by a mechanism
independent of the hormone gastrin. Somatostatin inhibits ace-
tylcholine release from guinea pig ileum in vitro (25), although
it is unknown if this would occur in the stomach in vivo. In
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rats, the inhibitory effect of somatostatin on acid secretion was
prevented by indomethacin pretreatment, which suggests that
somatostatin may act indirectly via endogenous prostaglandins
(26). However, the inhibitory effect of somatostatin on food-
stimulated acid secretion is not blocked by indomethacin pre-
treatment in humans (Colturi T. J., and M. Feldman; unpub-
lished data). Efforts to demonstrate by in vitro studies a direct
inhibitory effect of somatostatin on isolated parietal cells have
yielded conflicting results (27, 28).

Whether the rise in plasma somatostatin reflects true hor-
monal secretion or an overflow of somatostatin released primarily
into the interstitium to act on local target cells is uncertain.
True hormonal action is strongly supported by the demonstration
that exogenous somatostatin perfused into the isolated dog pan-
creas effectively inhibits insulin and glucagon release at con-
centrations that are only 10-20% of the concentration of en-
dogenous somatostatin in the venous effluent (29). This high
sensitivity to very small changes in arterial somatostatin con-
centration suggests that somatostatin receptors in the endocrine
pancreas are located in a somatostatin-poor compartment that
is separated from the venous compartment into which so-
matostatin is secreted at high concentrations. While this does
not necessarily exclude the existence of a paracrine compartment,
it makes it less likely on both anatomical and functional grounds.
The findings of the present study are consistent with this con-
clusion for the endocrine pancreas and suggest that it might
apply also to the gastric mucosa.

Two groups have reported lower than normal SLI in antral
mucosa of patients with DU (14, 15). Because exogenous so-
matostatin can suppress acid secretion and gastrin release
(9-12), the possibility that a relative deficiency of somatostatin
could contribute to acid hypersecretion and hypergastrinemia
in DU patients was considered in the present study. We found
similar basal SLI concentrations in DU patients and normal
subjects, even though DU patients had significantly higher rates
of basal acid secretion and significantly higher basal plasma
gastrin concentrations. Moreover, despite higher food-stimulated
acid secretion in DU patients, plasma SLI responses to the
hamburger were nearly identical in DU patients and normal
subjects, whether the hamburger was eaten or homogenized and
infused directly into the stomach at pH 5.5. Our finding that
the SLI response to the hamburger was nearly identical whether
the meal was eaten or infused directly into the stomach at pH
5.5 suggests that cephalic stimulation and intragastric pH play
relatively unimportant roles in the SLI response to food in man.

Our data tend to exclude the possibility that DU patients
may be less sensitive to inhibitory effects of somatostatin on
gastric secretion. Food-stimulated gastric acid secretion and food-
stimulated plasma gastrin concentrations were reduced to similar
degrees by similar circulating levels of somatostatin in DU pa-
tients and normal subjects (Fig. 8). Although we cannot exclude
the existence of a subset of DU patients in whom somatostatin-
related abnormalities play a pathogenetic role, our experiments
provide no support for this possibility.
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