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ABSTRACT The aim of the present experiments
was to determine the role of insulin and glucagon in
the regulation of basal glucose production in dogs
fasted overnight. A deficiency of either or both pan-
creatic hormones was achieved by infusing somato-
statin (1 ug/kg per min), a potent inhibitor of both
insulin and glucagon secretion, alone or in combination
with intraportal replacement infusions of either
pancreatic hormone. Infusion of somatostatin alone
caused the arterial levels of insulin and glucagon to
drop rapidly by 72+6 and 81+8%, respectively.
Intraportal infusion of insulin and glucagon at rates
0of 400 1 U/kg per min and 1 ng/kg per min, respectively,
resulted in the maintenance of the basal levels of each
hormone. Glucose production was measured using
tracer (primed constant infusion of [3-*H]glucose) and
arteriovenous difference techniques.

Isolated glucagon deficiency resulted in a 35+5%
(P < 0.05) rapid and sustained decrease in glucose
production which was abolished upon restoration of the
plasma glucagon level. Isolated insulin deficiency
resulted in a 52+16% (P < 0.01) increase in the rate of
glucose production which was abolished when the
insulin level was restored. Somatostatin had no effect
on glucose production when the changes in the
pancreatic hormone levels which it normally induces
were prevented by simultaneous intraportal infusion
of both insulin and glucagon.

In conclusion, in the anesthetized dog fasted over-

This work was presented in part at the Annual Meeting
of the Federation of American Societies for Experimental
Biology in Atlantic City, N. J., April, 1975.

Dr. Cherrington was a Fellow of the Medical Research
Council of Canada. Dr. Liljenquist is an Investigator of the
Howard Hughes Medical Institute. Dr. Chiasson was a re-
cipient of an Award for Reearch and Development from the
American Diabetes Association. Dr. Keller was supported by
the Swiss National Research Fund.

Received for publication 30 March 1976 and in revised
form 23 August 1976.

The Journal of Clinical Investigation Volume 58 December 1976-1407-1418

night: (a) basal glucagon is responsible for at least
one-third of basal glucose production, (b) basal insulin
prevents the increased glucose production which
would result from the unrestrained action of glucagon,
and (c) somatostatin has no acute effects on glucose
turnover other than those it induces through pertur-
bation of pancreatic hormone secretion. This study
indicates that the opposing actions of the two pan-
creatic hormones are important in the regulation of
basal glucose production in the postabsorptive state.

INTRODUCTION

The ability of glucagon to increase hepatic glucose
production has been well documented both in vivo
(1-3) and in vitro (4, 5). Similarly, the inhibitory
action of insulin on glucose output has been clearly
established (6-10). Recent studies with isolated rat
liver cells (11) and perfused rat livers (12-14) have
suggested, in fact, that the two hormones interact to
regulate hepatic glucose metabolism. This concept
has proved more difficult to establish in vivo because
of the potent glucoregulatory feedback loops which
exist in the whole animal.

Assessment of the role of basal amounts of insulin
and glucagon in the regulation of basal glucose
production has proved even more difficult, not only
because of the counterregulatory changes which ensue
after perturbation of the level of either hormone, but
also because it has been difficult to totally inhibit
glucagon secretion. Glucagon, immunologically iden-
tical to pancreatic glucagon, has now been shown to be
present in the gastrointestinal tract of various species
(15, 16), most notably the dog (17). For this reason,
even pancreatectomy has often been ineffective in
creating glucagon deficiency (18-20).

Somatostatin, a hypothalamic growth hormone
release inhibiting factor, has been shown to inhibit
the secretion of insulin and glucagon both in vivo
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(21-24) and in vitro (25, 26). This peptide has been
shown not only to inhibit the secretion of glucagon by
the pancreas but also the release of glucagon from the
gut (27). Its mechanism of action remains unclear but
may involve modification of calcium flux (25, 28, 29)
and or cyclic nucleotide levels (30, 31). Regardless of
the manner in which it works, somatostatin provides
a pharmacologic means by which one can simul-
taneously inhibit the secretion of both pancreatic
hormones and thus break the glucoregulatory feedback
loops which exist in vivo without surgical stress or
the chronic metabolic alterations which result from
pancreatectomy.

The aim of the present study was to determine the
role of basal insulin and glucagon in the regulation
of glucose production in the postabsorptive dog.
Glucose production was measured by both tracer and
arteriovenous difference techniques. Somatostatin
was infused to inhibit the endogenous secretion of
insulin and glucagon and then either or both of the
hormones was selectively replaced. Replacement was
achieved by intraportal infusion of the required
hormone at a rate equivalent to its basal secretion
rate. In this way a deficiency of either or both hormones
was produced and the role of insulin and glucagon
in the regulation of basal glucose output was defined.

METHODS

Animals and surgical procedures. Experiments were
carried out on 28 mongrel dogs (18-25 kg) unspecified as
to sex, which had been fed a high protein diet (Wayne Dog
Chow, Wayne Lab-Blox, Allied Mills, Inc., Chicago, I1l.) for
3 wk. 1wk before each experiment, two silastic catheters
were inserted into the splenic vein under general anesthesia
(sodium pentobarbital, 25 mg/kg i.v.). The tip of one catheter
was located approximately 2 cm from the entry of the portal
vein into the liver and the tip of the other was located at the
junction of the splenic and portal veins. During the experi-
ment, the catheter proximal to the liver was used for blood
withdrawal, while the catheter in the splenic vein was used
for intraportal hormone infusion.

1 wk was allowed for recovery after the surgery. Blood was
withdrawn 2 days before each experiment to determine the
animals leukocyte count and hematocrit. Only dogs meeting
the following criteria were used for an experiment: they
had to have (¢) normal body temperature, (b) leukocyte count
below 16,000 mm?, (¢) hematocrit above 38%, (d) good
appetite (consuming > two-thirds of dailyv ration), and (e)
normal stools.

Each dog was studied under sodium pentobarbital
anesthesia (25-35 mg/kg i.v.) after an overnight fast (14-16 h).
An endotracheal tube was inserted immediately after induc-
tion of the anesthesia and the animal was ventilated at a rate
of 12-14 respirations per min with a tidal volume of 400 ml.
Angiocaths (14 gauge) were inserted percutaneously into the
left jugular, cephalic, and saphenous vein to allow infusion
of cardiogreen, [3-°H]glucose, and somatostatin, respectively.
A small cut-down was performed over the left inguinal area
to isolate the femoral artery which was also cannulated with
a 14-gauge angiocath. The right jugular vein was exposed
by a small cut down and a radio-opaque catheter was guided
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through it into the major left hepatic vein where its tip was
located 3-4cm from the wedge position. Continuous
infusion of heparin-saline (0.02 U/ml; 0.5 ml/min) maintained
the patency of the hepatic vein catheter. The femoral artery
and the hepatic vein catheters, as well as the previously
inserted portal vein catheter, were used for blood sampling.
At the end of each experiment the patency and location
of all catheter tips was verified.

Upon completion of the cannulations the dog was draped
with a heating blanket to maintain a constant body temper-
ature. Blood pressure, pulse rate, rectal temperature, Po,,
Pco,, pH, and hematocrit were monitored at 30-min intervals
throughout the study to confirm the stability of each prepara-
tion and to ensure adequate ventilation.

Experimental design. Each experiment consisted of a
90-min tracer and dye equilibration period (0-90 min)
followed by a 40-min control period (90-130 min), a 70-min
period of hormone perturbation (130-200 min), and a 30-min
rebound period (200-230 min). The primed constant in-
fusions of [3-*H]glucose (0.76 uCi/min) and the infusion of
cardiogreen (0.075 mg/M? per min) were started at ¢t = 0 and
continued throughout the study. The priming dose of
[3-*H]glucose equaled the amount infused in 140 min.

Somatostatin (1 ug/kg per min) was infused from 130-200
min alone or in combination with intraportal glucagon (1 ng/kg
per min) and(or) insulin (400 xU/kg per min). Insulin or
glucagon replacement was considered adequate when the
resulting arterial hormone concentration did not differ by
more than 20% (approximately +3 wU/ml for insulin and
+20 pg/ml for glucagon from its control period mean value.
16 of 20 dogs in which replacement of one or both pancreatic
hormones was attempted met the above criteria, the results
from experiments conducted on the four dogs in which re-
placement was inadequate were not included. In these
animals the usual replacement doses were inappropriate and
the resulting hormone levels did not match those of the control
period.

Five different tyvpes of experiments were performed:
(a) saline infusion, to assess the stability of the animals;
(b) somatostatin infusion, to study the effects of combined
insulin and glucagon deficiency; (c) somatostatin plus intra-
portal insulin replacement, to assess the effects of glucagon
deficiency; (d) somatostatin plus intraportal glucagon re-
placement, to study the effects of insulin deficiency; and
(e) somatostatin plus intraportal insulin and glucagon
replacement, to examine the influence of the nonpancreatic
effects of somatostatin on the observed changes. Samples
were drawn every 10 min throughout each experiment.

Processing of blood sample. The collection and immediate
processing of blood samples have been described previously
(32). Equivalent aliquots of the infusate tracer solution were
added to 5 ml of the dog’s plasma (drawn immediately before
the experiment) and to 5 ml of distilled water (saturated with
benzoic acid and containing 100 mg/100 ml glucose) to
monitor the recovery of glucose. Two aliquots of each
solution were then run with the samples and the counts
obtained were compared to those expected. Recovery varied
from 92-98%. Glucose was isolated with the aid of cationic
and anionic exchange resins. Radioactive water was removed
from the glucose samples by overnight evaporation in a
vacuum oven at 60°C. Such treatment did not result in a loss
of the [3-3H]glucose. The radioactivity of plasma samples
was determined with liquid scintillation counting procedures.
The plasma concentrations of glucose were determined by the
glucose oxidase method with a Beckman glucose analyzer
(Beckman Instruments, Inc., Fullerton, Calif.) and the whole
blood glucose concentrations were monitored within 4 min
with the Hoffman ferricyanide reaction in a Technicon
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AutoAnalyzer (Technicon Instruments Corp., Tarrytown,
N. Y.). Immunoreactive glucagon (IRG)' was assayed using
30K antiserum of Unger in plasma samples to which 200 U/ml
of Trasylol had been added (33). Immunoreactive insulin
(IRI) was measured by the Sephadex bound-antibody
procedure (34). Plasma concentrations of indocyanine green
were determined in a Beckman spectrophotometer (Beckman
Instruments, Inc.) at 815 nm according to Leevy et al. (35).

Materials. [3-*H]Glucose (New England Nuclear, Boston,
Mass.) was used as the glucose tracer (500 uCi/0.015 mg).
Insulin and glucagon were purchased from Eli Lilly and
Company, Indianapolis, Ind. and indocyanine green was
purchased from Hynson, Westcott & Dunning, Inc., Baltimore,
Md. Phadebas Insulin Radioimmunoassay Kit was purchased
from Pharmacia Fine Chemicals, Inc., Piscataway, N. J. and
Trasylol was obtained from FBA Pharmaceuticals, Inc., New
York. Glucagon 30K antiserum was bought from Dr. Roger
Unger, Dallas, Tex., and the standard glucagon and '%I-glu-
cagon was obtained from Novo Research Institute, Copen-
hagen, Denmark. All solutions were prepared with normal
saline and contained 1% bovine albumin/100 ml saline. The
infusate tracer solution also contained added glucose such
that its final concentration was 1 mg/ml. Linear somatostatin
was obtained from Bachem, Inc., Marina Del Rey, Calif.

Tracer methods and calculations. The rates of endogenous
glucose production (“rate of appearance”) and utilization
or uptake (“rate of disappearance”) were determined by the
method of primed tracer infusion. Calculation of the rates
was carried out according to the method of Wall et al. (36)
as simplified by De Bodo et al. (1). This method is based on
a single compartment analysis of glucose kinetics in which
it is assumed that rapid changes in the specific activity and
concentration of glucose do not occur uniformly within the
entire glucose pool. To compensate for this nonuniform
mixing, it was originally suggested that the nonsteady-state
term of the equation be multiplied by a correction factor
(pool fraction) of 0.5. Recently Cowan and Hetenyi estimated
experimentally that the pool fraction for normal dogs was
approximately 0.65 (37). This pool fraction was, therefore,
used in the present calculations. A sliding-fit technique that
employed three consecutive values of glucose concentration
and specific activity was also used in the calculations as de-
scribed previously (38). Calculation of nonsteady-state turn-
over rates with the pool fraction method of DeBodo et al. and
Wall et al. (1, 36) has now been validated for both inulin (39)
and glucose (40) and has been shown to yield accurate
measurements over a wide range of deviations from steady
state (39, 40).

Glucose production was also calculated by the arterio-
venous (A-V) difference technique. This method involves
calculation of hepatic blood flow by using cardiogreen as
described previously (32, 35) and determination of the
glucose difference across the liver. The latter was accom-
plished knowing the portal, arterial, and hepatic vein whole
blood glucose concentrations and assuming that 70% of the
hepatic blood flow is derived from the portal vein (41). The
product of blood flow and the A-V difference represents net
hepatic glucose production. Somatostatin did not affect
blood flow in these experiments. Specific data regarding this
point will be published elsewhere.? It should be noted that
the tracer method would yield accurate rates of glucose
production even if blood flow to the liver were to change.

! Abbreviations used in this paper: A-V, arteriovenous;
IRG, immunoreactive glucagon; IRI, immunoreactive in-
sulin.

2 Jennings, A. S., et al. Manuscript in preparation.
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FIGURE 1 The effects of saline infusion on arterial plasma
IRI and IRG levels and on the production, utilization,
and concentration of plasma glucose in normal dogs. Values
ar(lel means*+SEM. Glucose turnover was measured isotopi-
cally.

Statistical analyses were carried out with the Student ¢
test and the paired ¢ test (42).

RESULTS

Saline infusion. Fig. 1 illustrates that the infusion
of saline did not effect the plasma concentrations of
insulin, glucagon, or glucose or the mean rates of
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FIGURE 2 The effects of somatostatin infusion (1 ugkg
per min) on arterial plasma IRI and IRG levels and on the
production, utilization, and concentration of plasma glucose
in normal dogs. Values are means+SEM. Glucose turnover
was measured isotopically.

glucose production or utilization. All measured
parameters were stable throughout the experiment
with the exception of insulin which declined slightly
during the control period.

Somatostatin infusion. Fig. 2 illustrates the mean
data from seven experiments in which somatostatin
produced a concurrent deficiency of both pancreatic
hormones. Arterial glucagon dropped by 72% to a mean
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level of 38 pg/ml, while insulin declined by 81% to
a mean concentration of less than 5 wU/ml. Portal vein
IRI and IRG levels declined by 88 and 81%, respec-
tively, reaching levels similar to those found in arterial
plasma (Table I). These hormonal changes were
associated with a significant (P < 0.01) and sustained
decrease (average drop of 40=5%) in the rate of glucose
production (Table II, Fig. 2). Since the rate of glucose
utilization exceeded the rate of glucose production
after initiation of the somatostatin infusion, the
plasma glucose level began to fall. Eventually, how-
ever, the two rates became synchronous and the
plasma glucose level plateaued. Glucose utilization
fell as a result of both insulin lack and the lower
glucose level (i.e. mass effect). Fig. 2 also demonstrates
that the hormone concentrations were rapidly re-
established when the somatostatin infusion was
terminated. Recovery of glucagon occurred more
rapidly than that of insulin and these changes were
associated with a tripling of the rate of glucose produc-
tion and a rapid rebound in the glucose level.

Glucagon deficiency. Fig. 3 illustrates the conse-
quences of isolated glucagon deficiency which was
produced when somatostatin was given concurrently
with an intraportal infusion of insulin. Insulin replace-
ment prevented the somatostatin-induced drop in the
IRI concentration and maintained the arterial insulin
level at 13+1 uU/ml. Maintenance of the insulin level
is also reflected in the portal vein IRI concentrations
(39£6 pU/ml; Table I). The plasma glucagon concen-
tration, on the other hand, declined rapidly, reaching
a mean level of 31 pg/ml in arterial plasma (Fig. 3).
As in the case of a deficiency of both pancreatic hor-
mones, glucose production fell in a rapid and sustained
manner (average drop of 35+5%; P < 0.01; Table III;
Fig. 3). The plasma glucose concentration and the rate
of glucose utilization also fell, as in the previous
protocol. In this case, however, the fall in glucose
utilization was slightly less and was entirely attributable
to the decreasing glucose concentration. Upon cessa-
tion of the somatostatin and insulin infusions the
glucagon concentration rebounded, while the insulin
level remained relatively unchanged. The sudden
increase in the glucagon level was associated with a
normalization of the rate of glucose production and an
increase in the plasma glucose concentration.

Insulin deficiency. Fig. 4 illustrates the mean data
from experiments in which a specific insulin deficiency
was created by giving somatostatin simultaneously
with an intraportal glucagon infusion. Glucagon
replacement prevented the somatostatin-induced drop
in the IRG concentration and resulted in the main-
tenance of the arterial glucagon level at 113+22 pg/ml.
Portal IRG levels also remained relatively unchanged
(208+16 pg/ml; Table I). The arterial insulin con-
centration, on the other hand, fell rapidly reaching a
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TABLE I
Portal Vein Concentrations of IRI and IRG in Dogs Given Somatostatin Alone or in
Combination with Intraportal Insulin or Glucagon

Control period Infusion period Recovery period
Time, min . . . . . 60 70 80 %0 100 120 140 150 160 170 180
Insulin, uU/ml
Somatostatin 53 50 51 10 8 6 6 6 39 57 51
SEM (n=7) 7 7 8 2 2 1 1 1 10 11 5
Somatostatin + insulin replacement 49 49 48 40 38 40 38 38 29 38 36
SEM (n =T7)* 9 13 13 8 6 9 5 6 3 4 9
Glucagon, pg/ml
Somatostatin 187 186 183 65 48 42 38 43 139 230 208
SEM (n =7) 26 15 21 6 7 5 9 10 25 70 39
Somatostatin + glucagon replacement 227 223 234 183 208 213 211 192 172 206 194
SEM (n = 6)* 5 90 51 16 26 24 40 33 12 23 23

* Since portal samples were not obtained from all dogs, the values from each experiment in which the designated hormone
was replaced were meaned, whether or not the other hormone was replaced.

level of less than 5 wU/ml (Fig. 4). The resulting de-
ficiency of insulin was associated with a significant
(P < 0.01) increase in the rate of glucose production
(average rise of 52+16%; Table I1I; Fig. 4). As a result
of glucose overproduction hyperglycemia progressively
developed. Overall glucose utilization remained un-
changed probably as the result of the offsetting effects
of hyperglycemia and insulin lack. Upon cessation of
the somatostatin and glucagon infusions the plasma
insulin concentration returned to normal while the

plasma glucagon level remained unchanged. The
resulting normalization of the hormone levels was
associated with a rapid cessation of the overproduction
of glucose and a fall in the glucose level.
Nonpancreatic effects of somatostatin. Fig. 5
illustrates the mean data from six experiments in
which somatostatin was given simultaneously with
intraportal infusion of both pancreatic hormones. The
purpose of these experiments was to assess the role that
the nonpancreatic effects of somatostatin may have had

TaBLE 11
The Ratesof Glucose Production during Saline or Somatostatin Infusion into Normal Dogs*

Period, min
Control Infusion Recovery
Dog 95 105 115 | 125 135 145 155 165 175 185 195 205 215 225
Saline
1 247 279 243 268 225 180 224 216 1.66 236 2.06
2 287 3.40 3.58 348 4.08 460 342 390 4.14 449 3.86
3 279 262 2.66 191 226 207 218 231 257 2.52 1.85
4 2.57 2.86 247 245 3.02 280 259 269 239 3.11 241
5 2.78 394 3.18 248 282 299 276 219 213 279 241
Somatostatin
6 — 406 340 1.12 191 238 187 167 — — —
7 — 320 320 241 228 143 204 183 149 10.08 10.36
8 — 232 264 1.39 2.00 108 109 219 186 457 449
9 288 2.89 267 255 182 177 216 239 255 5.14 3.41
10 271 325 331 120 138 131 124 143 154 4.47 4.05
11 3.00 269 265 1.15 133 162 174 157 180 7.46 3.27
12 240 232 2.70 1.74 179 167 179 185 197 498 4.63

* Glucose production rates are expressed in milligrams per kllogram per minute; the somatostatin infusion rate was as

1 microgram per kilogram per minute.

Regulation of Glucose Production by Insulin and Glucagon
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FIGURE 3 The effects of somatostatin infusion (1 ug/kg per
min) combined with intraportal insulin replacement (400
nU/kg per min) on arterial plasma IRI and IRG levels and
on the production, utilization, and concentration of plasma
glucose in normal dogs. Values are means=SEM. Glucose
turnover was measured isotopically.

in the observed responses. The success of hormonal
replacement is evident from the finding that the mean
glucagon concentration measured in arterial plasma
during the control period (average 111=5 pg/ml) was
similar to that observed during the glucagon infusion
period (average 117+2 pg/ml). In addition, the mean
plasma insulin concentrations were similar during the
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FIGURE 4 The effects of somatostatin infusion (1 ugkg
per min) combined with intraportal glucagon replacement
(1 ng’kg per min) on arterial plasma IRI and IRG levels
and on the production, utilization, and concentration of
plasma glucose in normal dogs. Values are means+SEM.
Glucose turnover was measured isotopically.

two periods (191 and 17=2 uU/ml, respectively).
Hormonal replacement was also adequate when judged
by portal vein values (Table I). When the effect of
somatostatin on the pancreatic hormone levels was
prevented, it had no significant effect on the rate of
glucose production (Table III; Fig. 5). the intraportal
replacement of both insulin and glucagon thus abolished
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TABLE III
The Rates of Glucose Production during Somatostatin and Either Intraportal Insulin or
Intraportal Glucagon Infusion into Normal Dogs*

Period, min
Control Infusion Recovery
Dog 95 105 115 125 135 145 155 165 175 185 195 205 215 225
N N N N N N N S N N N o~

Somatostatin

+ insulin

13 3.11 331 277 2.55 241 207 203 209 208 3.44 4.00

14 3.70 3.10 258 267 214 224 216 285 3.09 420 2.63

15 2.15 230 2.03 206 172 178 154 102 135 2.75 3.08

16 3.22 331 3.36 228 128 187 175 137 210 3.24 5.95

17 3.05 323 351 162 161 173 186 173 163 5.30 4.68
Somatostatin

+ glucagon

18 200 208 174 200 299 442 434 381 388 3.52 1.98

19 3.76 3.19 279 3.79 461 451 398 362 3.59 1.61 1.57

20 3.11 257 230 3.93 347 263 272 354 364 2.73 3.23

21 2.89 352 3.50 422 450 469 501 5.11 516 3.23 3.09

22 3.37 357 355 500 560 592 35.77 551 520 — —
Somatostatin

+ insulin

+ glucagon

23 334 3.02 238 260 235 220 237 240 271 448 3.08

24 1.82 2.18 2.03 150 146 154 167 180 146 475 5.62

25 3.72 272 346 244 2.02 183 221 200 2.00 742 499

26 2.53 289 3.27 322 357 3.09 289 327 393 2.60 3.14

27 3.05 296 298 3.88 397 317 290 297 287 413 3.32

28 3.82 265 341 250 337 4.12 362 389 3.39 3.99 4.17

* Glucose production rates are expressed in milligrams per kilogram per minute; infusion rates are as

follows:

somatostatin, 1 ug/kg per min; intraportal insulin, 400 . U/kg per min; intraportal glucagon, 1 ng/kg per min.

the underproduction of glucose associated with
glucagon deficiéncy and the overproduction of glucose
associated with insulin deficiency. The rate of glucose
utilization also remained unaltered during the infusion
of somatostatin when the effect of the latter on the
pancreatic hormone levels was prevented and con-
sequently normoglycemia was maintained.

The small increase in glucose production which
occurred after cessation of the hormone and somato-
statin infusions was primarily the result of responses
in two animals (nos. 24 and 25). In both cases the
increased production of glucose was associated with
an excessive rebound of glucagon which followed a
slight decline in the glucose level during the hor-
mone infusion period.

Role of the pancreatic hormones. In Fig. 6 the
results of the present experiments are used to illustrate
the approximate role each pancreatic hormone plays
in the maintenance of hepatic glucose production in
the anesthetized overnight fasted dog. One can con-
clude that at least one-third of basal glucose production

Regulation of Glucose Production by Insulin and Glucagon

was attributable to the presence of basal amounts of
glucagon. Such basal levels of glucagon, however, were
capable of stimulating about three times as much
glucose production when a deficiency of insulin was
apparent. The potent inhibitory effect of insulin on
glucose production was thus clearly demonstrated.
Since the insulin and glucagon levels apparently did
not fall to zero in response to somatostatin, it should
be pointed out that a total absence of either hormone
might have resulted in a somewhat greater dependence
of glucose production on basal glucagon.

Comparison of glucose production by isotopic and
hepatic A-V difference methods. Fig. 7 shows that
the overproduction or underproduction of glucose
associated with insulin or glucagon deficiency, respec-
tively, were equally apparent whether a tracer or A-V
technique was used to assess glucose production.
Hepatic glucose output (determined by the A-V differ-
ence method) was slightly less than total glucose pro-
duction (computed with isotopic data) in the control
period of almost all experiments in which both tech-
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FIGURE 5 The effect of somatostatin (1 ug/kg per min)
combined with intraportal replacement of insulin and glu-
cagon (400 pU/kg per min and 1 ng/kg per min, respectively)
on arterial plasma IRI and IRG levels and on the production,
utilization, and concentration of plasma glucose in normal
dogs. Values are means+SEM. Glucose turnover was meas-
ured isotopically.

niques were used. The percent of changes resulting
from hormone perturbation, on the other hand, were
somewhat larger when measured by the A-V difference
technique. Glucagon deficiency was associated with an
average drop of 47% in hepatic glucose output and
insulin deficiency resulted in an average increase of
71% in hepatic glucose production.
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While the antagonistic effects of insulin and glucagon
on glucose production have long been recognized, the
quantitative aspects of their interaction after an
overnight fast has not previously been defined. The
present experiments demonstrate that glucagon plays
a significant role in maintaining hepatic glucose
production in the overnight fasted dog and that insulin
acts as a potent antagonist to its action. The rate of
glucose production in the postabsorptive state thus
seems to reflect the balance between the stimulatory
effect of glucagon and the inhibitory effect of insulin.
Itis the interplay between the two pancreatic hormones
which is, at least in part, responsible for the regulation
of glucose output by the liver.

In the majority of the present experiments, glucose
production was measured by both a tracer technique
and an A-V difference method. [3-3H]Glucose was used
as the tracer molecule to allow accurate assessment of
the rate of glucose production (43, 44). Since the 3H
atom in position three of glucose is lost to body water
and cannot recirculate (43, 45) its use eliminates the
underestimation which might otherwise result from
recycling of the label (2). The absence of recirculation
in the present experiments was confirmed by the lack
of either [*H]alanine or [3H]lactate in plasma even after
four h of [3-*H]glucose infusion. The overestimate
of glucose production which can arise due to loss of
label as the result of futile cycling (44) is also negligible
when [3-*H]glucose is used as the isotope (43, 44). The
accuracy of the tracer determined glucose production
rates (total glucose production) in the present set of
experiments is supported by the finding that they were
very similar to those calculated from data obtained
with the A-V difference technique (net hepatic glucose
production). The difference between the rates cal-
culated using the two methods could be accounted for
by a small amount of extrahepatic (kidney) glucose
production (46), by slight hepatic glucose uptake or by
a combination of the two. It seems unlikely that hepatic
glucose uptake would explain the small difference,
however, since it has been reported that *C label does
not accumulate in glycogen even after prolonged in-
fusion of C glucose into postabsorptive dogs (47). In
the present study the basal rates of glucose production
were similar in all experimental groups and were in
accord with previously published data (2, 48, 49). The
rate of glucose utilization was also normal in each
group and was equivalent to the rate of glucose produc-
tion indicating that the animals were in a steady state
for glucose.

Infusion of somatostatin resulted in a rapid and
synchronous fall in the level of both insulin and
glucagon. This finding is in agreement with earlier
work carried out in vivo (21-24) and in vitro (25, 26).
the portal:peripheral ratio of both hormones (1.6 for
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FIGURE 6 The effects of saline, somatostatin, somato-
stain + intraportal insulin, somatostatin + intraportal glu-
cagon, and somatostatin + intraportal insulin and glucagon
infusion in overnight fasted anesthetized dogs. Each bar
represents the mean+SEM percentage change in the rate of
glucose production (isotopically determined) during the last
50 min of the treatment period. P values were obtained
(nonpaired t test) by comparing the response in the treatment
of group to the saline-infused group.

glucagon, 2.9 for insulin) fell to approximately 1.0
within 10 min of the start of somatostatin infusion
suggesting that the secretion of both hormones was
quickly inhibited. After 30 min of somatostatin in-
fusion the IRI level was at or below the sensitivity of
the assay (5 uU/ml), while the IRG level ranged from
20-60 pg/ml. This residual glucagon immunoreactivity
in all probability represents interfering factors in
plasma which cross react with the 30K antibody (50,
51). The conclusion that the drop in the IRG level
represents for the most part a fall in “true” plasma
glucagon is supported by the recent report that plasma
taken from a somatostatin treated dog was devoid of
“true” glucagon (mol wt 3,500) but still contained a
normal amount of other materials which cross reacted
with the 30K antibody (52). The biological activity of
this remnant material remains to be determined. If it
is shown to have glycogenolytic or gluconeogenic
activity, then the role of “true” glucagon in the regula-
tion of glucose production is determined in this study
may underestimate the overall role which all glucagon
related material plays in control of glucose homeostasis.
The fact remains, however, that infusion of somato-
statin in the present studies, resulted in a rapid and
pronounced deficiency (but not necessarily complete
lack) of both insulin and glucagon.

After cessation of somatostatin infusion the concen-
trations of both insulin and glucagon rebounded
quickly. The rapidity of the reversal attests to the
short biological half life of somatostatin. The explana-
tion for the somewhat larger rebound in glucagon
may lie in the prevailing hypoglycemic stimulus which

Regulation of Glucose Production by Insulin and Glucagon

was present when the somatostatin-induced inhibition
was withdrawn. It may have been accentuated by the
possibility that hormone accumulated in the pancreas
during the somatostatin infusion period.

The success of the replacement of pancreatic hor-
mone secretion by intraportal insulin and glucagon
infusion was demonstrated both by the level and the
stability of the resulting hormone concentrations.
Since glucagon and insulin were infused at their normal
physiological site and at rates which maintained their
plasma concentrations it was possible, by assuming
their extraction had not changed, to estimate the
secretion rate of each hormone. In the case of insulin,
this was about 400 xU/kg per min, a value in agreement
with earlier work (53, 54). Recently Fischer et al. (54),
by using direct A-V difference measurements in the
postabsorptive dog, showed that the basal secretion

TRACER A-V DIFFERENCE
TECHNIQUE TECHNIQUE
4 [ (ne3)
3 T T
2 B S 1
A A B S
S '|- A f
1 F A N s '
L E é N
2 E
£ [0}
N
o
< (ne3) T
> 4r T L
£ T
Z -
s 3 1 Tl o
5 1 1te T €
S 2}t NF N F
o S 1 B | S
[} B uc A u¢
@ A L A
a 1k S | E | E
A NN Al NN
w c L C
4 L Y Y
o O
oo}
)
o
4inem)
N T
3 T T
1
2} T
e vl |8 s
s L D s
U e A <;.l.
'r ALK F L[t o
L | u E
8 ¢ c
0 N

FIGURE 7 Glucose production measured by both tracer and
A-V difference techniques in three different metabolic situa-
tions. Each bar represents the mean+SEM of the average
production rate observed during the last 50 min of the
treatment period.
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rate of insulin was 392 wU/kg per min. The basal
secretion rate of glucagon, on the other hand, has not
been as clearly assessed but it would appear from the
present study that it is about 1 ng/lkg per min in the
postabsorptive state. This figure is similar to that
suggested by Marliss et al. (55) who measured the A-V
difference across the pancreas and by Iversen (56) who
measured the rate of glucagon secretion by the per-
fused dog pancreas. After termination of the replace-
ment infusion of either hormone the plasma concentra-
tion of that hormone remained relatively unaltered.
This was presumably because the fall in the level of
exogenously derived molecules was balanced by the
increase in the concentration of endogenously derived
hormone.

The potency of glucagon’s effect on glycogenolysis
and gluconeogenesis is well known (12, 32) but its
physiological importance in the regulation of these
processes is less clear. Mobilization of the hormone
during arginine infusion, an analogy to protein inges-
tion, has recently been shown to be essential in pre-
venting aminogenic hypoglycemia (48). In addition, it
is now known that somatostatin-induced glucagon
deficiency is associated with a drop in the glucose
level despite coexistant insulin lack, suggesting that
glucagon might be important in maintaining the basal
rate of glucose production (57). The present study
clearly demonstrates that such is the case and quan-
titates the importance of the hormone.

Hepatic glucose output fell markedly whenever
glucagon secretion was inhibited, whether or not a fall
in insulin accompanied the glucagon deficiency. It is
now known that the presence or absence of insulin
determines the duration of the depression of glucose
production rather than the magnitude of the drop.?
Restoration of the glucagon level resulted in an
immediate increase in the rate of glucose production.
Furthermore, when basal glucagon levels were
maintained by intraportal replacement of the hormone
during somatostatin infusion the fall in glucose produc-
tion failed to occur. A somatostatin-induced deficiency
of both pancreatic hormones has previously been
linked to a drop in glucose production in baboons (23),
suggesting that the importance of basal glucagon in
regulating glucose output is not limited to the dog. Nor
is the importance of glucagon dependent upon anes-
thesia, since we observed a significant drop in glucose
production (28+4%, P < 0.01,n = 7) in conscious dogs
given somatostatin (data not shown) as did others (58).
It is worth noting that prolonged administration (i.e.
for greater than 60 min) of somatostatin alone does not
result in a sustained decrease in glucose production
(58). This finding is consistent with observations made
in our laboratory in experiments in which the peptide

3 Liljenquist, J. E., et al. Manuscript in preparation.
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was infused for 5 h. The rebound in glucose production,
however, was found to be dependent on insulin lack.*

The ability of insulin to inhibit glucose output by
the liver both in vivo (7, 8) and in vitro (6, 9) is clearly
established but its importance in basal amounts has not
been defined. The present study clearly shows that
specific inhibition of basal insulin secretion in the
overnight fasted dog resulted in a significant increase
in glucose production. This overproduction of glucose
was totally abolished when the insulin level was
allowed to return to normal and did not occur when the
insulin level was maintained by means of an intraportal
infusion during somatostatin treatment. The findings
of the present study are in accord with those of
Vranic and Wrenshall (59) who showed that cessation
of intraportal insulin replacement in pancreatectomized
dogs caused a 40% increase in glucose production.
Although not known at the time, it is now apparent
that such animals had normal glucagon levels (19, 48)
and it seems likely that this increase in glucose produc-
tion was glucagon induced. The inability of basal
amounts of insulin to further inhibit the rate of glucose
production during periods of acute glucagon deficiency
is in line with in vitro data which suggest that effects
of the hormone on unstimulated processes are difficult
to detect (4, 12).

The present experiments show that somatostatin
has no acute effects on glucose turnover other than
those attributable to its modification of pancreatic
hormone secretion. This is evident from the observa-
tion that the mean rates of glucose production and
utilization were unchanged during somatostatin infu-
sion when the insulin and glucagon levels were
maintained by intraportal infusion. Such a conclusion
is further supported by experiments, carried out with
perfused rat hind quarters and isolated rat adipocytes
in which somatostatin (10-10,000 ng/ml) had no effect
on basal or insulin stimulated glucose uptake.® Similar
findings were reported in other skeletal muscle
preparations (60, 61). It has been suggested that
somatostatin (70 ng/ml) interferes with the ability of
glucagon to stimulate glucose production by isolated
hepatocytes (62); however, experiments with rat liver
slices failed to support this conclusion (24). Studies
from our laboratory in which isolated rat liver paren-
chymal cells were used have shown that somatostatin
(10-1,000 ng/ml) had no effect on basal or glucagon-
stimulated glucose production and failed to modify the
effect of glucagon (0.1-0.5 nM) on the acumulation of
intracellular cyclic AMP or on the activation of cyclic
AMP-dependent protein kinase.?

The data from the present experiments support the
hypothesis that glucagon plays a significant role in

4 Cherrington, A. D., et al. Manuscript in preparation.

5 Cherrington, A. D., et al. Manuscript in preparation.
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regulating glucose production by the liver after an
overnight fast. They also demonstrate the potency of
insulin in restraining the effect of glucagon, thus
suggesting that the fine regulation of glucose produc-
tion is accomplished through the interaction of both
pancreatic hormones. It is clear that isolated insulin
deficiency is associated with a glucagon driven over-
production of glucose and a resulting hyperglycemia.
The duration of the period of glucose overproduction
after acute insulin deprivation remains to be deter-
mined. Even if it is short lived, however, it is possible
that fluctuations in the glucagon level of a diabetic
might result in bursts of glucose production or periods
of impaired hepatic glucose uptake which although
short lived would result in continued hyperglycemia,
since the insulin necessary to clear the glucose from
plasma would be unavailable.
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