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ABSTRACT The aim of the present experiments
was to determine the effects of basal glucagon on glu-
cose production after induction of prolonged insulin
lack in normal conscious dogs fasted overnight. A selec-
tive deficiency of insulin or a combined deficiency of
both pancreatic hormones was created by infusing
somatostatin alone or in combination with an intraportal
replacement infusion of glucagon. Glucose production
(GP) was measured by a primed constant infusion of
[H-3]glucose, and gluconeogenesis (GNG) was as-
sessed by determining the conversion rate of circulat-
ing [**Clalanine and [**C]lactate into [**C]glucose.
When insulin deficiency was induced in the presence
of basal glucagon the latter hormone caused GP to
double and then to decline so that after 4 h it had re-
turned to the control rate. The conversion of alanine
and lactate into glucose, on the other hand, increased
throughout the period of insulin lack. Withdrawal of
glucagon after GP had normalized resulted in a 40%
fall in GP, a 37% decrease in GNG, and a marked de-
crease in the plasma glucose concentration. Induction
of insulin deficiency in the absence of basal glucagon
resulted in an initial (30%) drop in GP followed by a
restoration of normal GP after 2-3 h and moderately
enhanced glucose formation from alanine and lactate.
It can be concluded that (a) the effect of relative
hyperglucagonemia on GP is short-lived; (b) the wan-
ing of the effect of glucagon is attributable solely to a
diminution of glycogenolysis because GNG remains
stimulated; (c¢) basal glucagon markedly enhances the
GNG stimulation apparent after induction of insulin
deficiency; and (d) basal glucagon worsens the hyper-
glycemia pursuant on the induction of insulin de-
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ficiency both by triggering an initial overproduction
of glucose and by maintaining the basal production
rate thereafter.

INTRODUCTION

A role for glucagon in normal physiology has recently
been clearly established. The stimulatory effect of the
hormone on glucose production is important for the
maintenance of the glucose level both under circum-
stances in which its plasma concentration is basal (1-6)
and under conditions in which its concentration is ele-
vated (7-11). Recent experiments have shown that
basal glucagon is of chronic importance in the main-
tenance of glucose production (2, 4) but that the effect
of an increment in the glucagon concentration is short-
lived, both in man (12, 13) and the dog (14, 15), even
when counterregulatory insulin secretion cannot occur.
It is unclear whether the effects of relative hyper-
glucagonemia (i.e., hyperglucagonemia produced by a
deficiency of insulin rather than by glucagon excess)
are also time dependent.

Similarly, the role of glucagon in diabetes mellitus
is unclear (16-23). Evidence suggesting that the hor-
mone is important has come from the finding that dia-
betics have basal or elevated plasma glucagon con-
centrations (22) and that suppression of their glucagon
level is associated with a reduction of their plasma
glucose concentration (18, 20). Contrary evidence has
come from the observation that prolonged constant
hyperglucagonemia of exogenous origin does not ap-
preciably worsen the glycemic status of diabetics nor
does it raise their requirement for insulin (21). It is
also known that pancreatectomized man exhibits dia-
betic symptoms even though he lacks 3,500 mol wt
glucagon (24, 25).

In the above studies only changes in the plasma glu-
cose level were measured to assess the role of glucagon
in the metabolic abnormalities associated with diabetes
mellitus. In none was the role of glucagon examined
in terms of the mechanisms by which it regulates the
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plasma glucose concentration, namely its effects on
glycogenolysis and gluconeogenesis. Such data, as well
as a careful examination of the balance between the rates
of glucose production and utilization, would allow a
clearer understanding of the contribution of glucagon
to the hyperglycemia of diabetes mellitus.

In the present studies the effects of glucagon were
assessed by comparing results obtained when insulin
was withdrawn in the absence and presence of a basal
amount of glucagon. The specific questions addressed
were (a) Is the glucagon-induced overproduction of glu-
cose which occurs as the result of selective insulin de-
ficiency continued or short-lived? (b) Is the overproduc-
tion of glucose affected by the pattern of glucagon secre-
tion? (c) Is the time course of the action of glucagon on
glycogenolysis and gluconeogenesis similar? (d) Is
glucagon necessary for an enhancement of gluconeo-
genesis during insulin lack? and (e) Does glucagon
play a role in the maintenance of the hyperglycemia
once the latter is established?

METHODS

Animals and surgical procedures. Experiments were
carried out on 36 mongrel dogs (18-25 kg) of either sex, which
had been fed a high protein diet (Wayne Dog Chow, Wayne
Lab-Blox, Allied Mills, Inc., Chicago, Ill.) for 3-4 wk before
their use. 16 days before each experiment a laparotomy was
performed under general anesthesia (pentobarbital sodium,
25 mg/kg i.v.) and a silastic catheter (Dow Corning Corp.,
Midland, Mich.) was inserted into a tributary of the splenic
vein. The tip of the catheter was advanced until it was located
at the junction of the splenic and portal veins. A similar catheter
was inserted into the femoral artery after a cut-down over the
left inguinal area, and its tip was positioned in the left iliac
artery. After their insertion both catheters were filled with
saline containing heparin (200 U/ml; Abbott Laboratories,
North Chicago, Ill.). Their free ends were then knotted and
placed in a subcutaneous pocket so that complete closure
of both skin incisions was possible.

2 wk after surgery, blood was withdrawn to determine the
leukocyte count and hematocrit of the animal. Only animals
which had (a) a leukocyte count below 16,000 mm?, (b) a
hematocrit above 38%, (c) a good appetite (consuming two-
thirds of daily ration), and (d) normal stools were used.

On the day of an experiment, the subcutaneous ends of the
catheters were freed through a small skin incision made under
local anesthesia (2% Lidocaine, Astra Pharmaceutical Prod-
ucts, Inc., Worcester, Mass.). The contents of each catheter was
aspirated, and saline was infused through them at a slow rate
(0.1 ml/min) until the experiment was begun. The splenic vein
catheter was used for hormone infusion and the arterial
catheter for blood sampling. Angiocaths (18 gauge; Abbott
Laboratories) were inserted percutaneously into the two
cephalic veins as well as the right saphenous vein. The right
and left cephalic veins were used for [**Clalanine and [*H-
3lglucose infusion, respectively, whereas the saphenous vein
was used for somatostatin infusion. After completion of
preexperimental preparation, the conscious dog was allowed
to stand calmly in a Pavlov harness for 20-30 min before the
start of the experiment.

Experimental design. Most experiments consisted of an
80-min tracer equilibration period (from —120 to —40 min)
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followed by a 40-min control period (from —40 to 0 min) and a
270 or 330-min period of hormone pertubation (0-270 or 330
min). The primed constant infusion of [3-*H]glucose (0.10 u.Ci/
min) and the constant infusion of [U-*CJalanine (0.10 uCi/kg
per min) were started att = —120 and continued throughout the
study. The priming dose of [3-*H]glucose equaled the amount
of tracer infused in 140 min.

Somatostatin (SRIF; 0.8 ug/kg per min)! was infused from 0
to 270 or 330 min alone or in combination with intraportal
glucagon and(or) insulin. Glucagon was infused either at a
constant rate (0.65 ng/kg per min) or in a spike-decline fashion
(1.0 ng/kg per min for 30 min followed by 0.45 ng/kg per min for
60 min). Insulin, when necessary, was infused at a constant
rate of 300 uU/kg per min. Replacement of basal amounts of
either pancreatic hormone was considered adequate when the
resulting arterial hormone concentration did not differ by
more than 20% from its control period mean value. We
previously demonstrated that adequate arterial insulin and(or)
glucagon replacement reflected adequate portal hormone
replacement (2).

Four main types of experiments were performed: (a) saline
infusion, to assess the stability of the animals during the ex-
perimental period, (b) somatostatin plus intraportal insulin
and glucagon infusion, to examine the influence, if any, of the
nonpancreatic effects of somatostatin, (c) somatostatin in-
fusion, to determine the effect of prolonged (4.5 h) insulin lack
during a period of glucagon deficiency, (d) somatostatin plus
intraportal glucagon infusion to assess the ability of basal
amounts of glucagon to modify the effects of sustained (4.5 h)
insulin deficiency. This type of experiment had three varia-
tions, one in which the glucagon was infused at a constant
basal rate throughout the study, one in which the glucagon
replacement was terminated part way through the study, and
one in which a pulsatile pattern of glucagon infusion was used.

Blood samples were drawn every 10 min throughout the
control period and every 15 min thereafter.

Processing of blood samples. The collection and im-
mediate processing of blood samples have been described
(26). The radioactivity of glucose (*C and *H) in plasma
samples was determined by previously described techniques
(2) and established liquid scintillation counting procedures.
Plasma glucose concentrations were determined by the glu-
cose-oxidase method in a Beckman glucose analyzer (Beck-
man Instruments, Inc., Fullerton, Calif.).

Plasma [**C]alanine and [**C]lactate specific activities were
determined with a short-column, ion-exchange chromato-
graphic system which has been previously described for the
analysis of alanine (26). Alanine elutes in this system with a
peak retention time of =23 min, whereas lactate elutes with a
peak retention time of 4.5 min, separate from both glucose and
pyruvate. The lactate fraction of the column effluent was
collected from the 4th to the 5th min of a run. The concen-
tration of lactate in each fraction was measured by the method
of Hohorst (27), and its radioactivity was determined by liquid
scintillation counting procedures. Comparison of whole blood
and plasma [**Cllactate specific activities revealed that they
were identical, and because it has been previously demon-
strated that plasma alanine specific activity most closely ap-
proximates the specific activity of the amino acid taken up by
the splanchnic bed (26), plasma rather than whole blood, was
used for analysis. The recovery of lactate was monitored in
each experiment and varied from 87-95%.

Immunoreactive glucagon was assayed (in plasma samples
to which 500 U/ml of Trasylol had been added), with 30K

1 Abbreviation used in this paper: SRIF, somatotropin re-
lease inhibiting factor (somatostatin).
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antiserum obtained from the University of Texas Southwest-
ern Medical School (28). Immunoreactive insulin was meas-
ured by the Sephadex (Pharmacia Fine Chemicals, Piscataway,
N. J.) bound-antibody procedure (29).

Materials. [3-*H]glucose (New England Nuclear, Boston,
Mass.) was used as the glucose tracer (500 uCi/0.005 mg) and
[U-**Clalanine (New England Nuclear) was used as the
labeled gluconeogenic precursor (1 mCi/0.53 mg). The con-
tamination of [**Clalanine was determined for each batch of
tracer used, and 98-99% of the counts infused were in alanine.
Insulin and glucagon were purchased from Eli Lilly and Co.,
Indianapolis, Ind., Phadebas Insulin Radioimmunoassay Kit
was purchased from Pharmacia Fine Chemicals, Inc.,
and Trasylol was obtained from FBA Pharmaceuticals, Inc.,
New York. Glucagon 30K antiserum was obtained from
Dr. Roger Unger, Dallas, Tex., and the standard glucagon
and »I-glucagon were obtained from Novo Research Institute,
Copenhagen, Denmark. All hormone solutions were prepared
with normal saline and contained 0.3% bovine albumin. The
[3-°H]glucose solution contained added glucose such that its
final concentration was 1 mg/ml. Cyclic somatostatin was ob-
tained from Bachem. Inc., Marina Del Rey, Calif.

Tracer methods and calculations. The rates of endogenous
glucose production (rate of appearance) and utilization (rate
of disappearance) were determined by the method of primed
tracer infusion. Calculation of the rates was carried out ac-
cording to the method of Wall et al. (30) as simplified by
DeBodo et al. (31). This method is based on a single com-
partment 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, the non-
steady-state term of the equation was multiplied by a cor-
rection factor (pool fraction) of 0.65 as suggested previously
(32). A sliding-fit technique employing three consecutive glu-
cose and specific activity values was also used as described
previously (33). Calculation of nonsteady-state turnover rates
with the pool fraction method has now been validated for
both inulin and glucose, and has been shown to yield accurate
measurements over a wide range of deviations from steady
state (34, 35).

Glucose clearance was calculated by dividing the rate of
glucose disappearance by the plasma glucose concentration
(36). This parameter responds markedly to changes in the
insulin level (14) and minimally to changes in the glucose

level per se (37) illustrating that it is a good index of the
effects of hormones on the disposition of glucose within the
body.

[3-*H]glucose was used as the tracer molecule to allow ac-
curate assessment of the rate of glucose production (38, 39).
Because the *H atom in position three of glucose is lost to body
water and cannot recirculate (38, 40), its use eliminates the
underestimation which might otherwise result from recycling
of the label (41). The absence of recirculation in the pres-
ent experiments was confirmed by the lack of either
[FHlalanine or [*H]lactate in plasma after many hours of
[*H]glucose infusion. The overestimate of glucose produc-
tion which can arise because of loss of label as the result of
futile cycling (39) is also minimal when [3-*H]glucose is used
as the isotope (38, 39).

Gluconeogenesis was assessed with a double isotope tech-
nique recently validated and described in detail elsewhere
(42). The technique involved the simultaneous infusion of
two tracers, [U-'*C]alanine to provide labeled substrate for the
gluconeogenic process and [3-*Hlglucose to measure glucose
production. It is possible to use [3-*H]glucose to trace
[**C]glucose production, just as it can be used to trace cold
[**C]glucose production. The only change required in the
equation of DeBodo et al. (31) is replacement of the [**C]glu-
cose concentration (milligrams per milliliter) with the [C]glu-
cose “concentration” (disintegrations per minute per milli-
liter). The production rate thus calculated has the units of
disintegrations per minute per minute and represents the
whole body production rate of ["*C]glucose. We previously
validated this method for measuring [**C]glucose production
by comparing the rates which it gives with those simultaneously
obtained with an arterio-venous difference technique (42).
The latter is an approach used frequently (3, 26, 42, 43) in
studies aimed at assessing gluconeogenesis in vivo.

Once the ["*C]glucose production rate was determined,
the gluconeogenic precursor conversion rate was calculated
by dividing the production rate of ["*C]glucose (disintegra-
tions per minute per minute) by the gluconeogenic precursor
specific activity (disintegrations per minute per micromole)
as described previously (3, 26, 42, 43). It should be noted
that this method does not require use of the [*Clglucose
specific activity, and thus the stability of the latter parameter
is not of the importance it is' when the method of Kreisberg
et al. (44) is used. In the present experiments, although
[U-"Clalanine was the infused precursor, labeled lactate

TABLE I
The Concentration, Radioactivity, and Specific Activity of Plasma Lactate during Saline I nfusion in Six
Postabsorptive Conscious Dogs Infused with [“C]Alanine

Control period

Infusion period

-40 -20 0 30 60 90 120 150 180 210 240 270

Concentration,

pmollliter 637 637 651 683 660 633 711 683 635 555 507 551
SEM 136 129 119 142 139 124 153 155 156 127 105 96
Radioactivity,

dpm/ml 1,428 1,462 1,533 1,587 1,674 1,940 1,963 1,966 2,176 1,852 1,858 1,989
SEM 135 147 159 167 182 205 238 269 277 240 253 213
Specific activity,

10° dpm/mol 2.2 2.3 24 2.3 2.5 3.0 2.8 3.0 34 3.3 3.7 3.6
SEM 0.4 0.4 0.4 0.5 0.5 0.6 0.5 0.6 0.6 0.5 0.7 0.6

For infusion data see Methods.
The control and infusion periods are measured in minutes.
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progressively accumulated, presumably as a result of inter-
conversion of the two molecules and of Cori cycle activity. Be-
cause the amount of label in the plasma lactate was substantial
(i.e., 1,989 dpm/ml in lactate vs. 5,210 dpm/ml in alanine at
the end of the study period in control experiments; see
Table I) it was not possible to use the [**C]alanine specific
activity alone in the calculation of the conversion rate of sub-
strate to glucose. Instead, a combined lactate-alanine specific
activity was obtained by dividing the sum of the plasma con-
centrations of the two molecules by the sum of their radio-
activities. The rate of conversion thus calculated represents
the conversion rate of both alanine and lactate into glucose.
The method canot identify whether a change is attributable
to one or the other of these 3-carbon precursors, but has the
advantage of being able to detect an alteration in the con-
version rate regardless of which precursor is involved and
regardless of whether the change occurred within the cell or at
the plasma membrane (i.e., via transport).

The approach used to assess gluconeogenesis in the pres-
ent study accurately measures the rate at which arterial alanine
and lactate are converted into glucose. This rate, however,
cannot necessarily be equated to the rate of glucose produc-
tion via gluconeogenesis because a dilution of the glu-
coneogenic precursor specific activity usually occurs within
the liver. As a result the calculated conversion rate under-
estimates the true gluconeogenic rate. Studies carried out to
examine the effects of insulin and glucagon on the processes
which dilute the gluconeogenic precursor specific activity
(proteolysis and glycolysis), however, have suggested that the
dilution changes minimally relative to alterations in the
gluconeogenic process per se (45-47). The present method
thus provides indices of gluconeogenesis, the usefulness of
which lies not in their absolute values but in their relation to
one another. The data were therefore plotted as percent
change from base line.

Statistical comparisons were carried out by the paired and
Student t tests according to Snedecor and Cochran (48).

RESULTS

Effects of saline infusion on glucose turnover. Fig.
1 shows that infusion of saline did not significantly
affect the plasma contentrations of insulin, glucagon,
or glucose, or the mean rates of glucose production or
utilization. In addition, it is evident that there was a
close balance between rates of glucose movement into
and out of the plasma compartment.

Effect of somatostatin plus insulin and glucagon in-
fusion on glucose turnover. Fig. 2 shows mean data
from experiments in which insulin and glucagon were
replaced intraportally during somatostatin infusion.
When the effect of somatostatin on the arterial insulin
and glucagon concentrations was prevented SRIF failed
to induce significant changes in the concentration, turn-
over, or clearance (Table II) of plasma glucose.

Effect of concurrent insulin and glucagon deficiency
on glucose turnover. When somatostatin was ad-
ministered alone for 4.5 h (Fig. 3), the arterial plasma
glucagon level dropped by 62% to a mean value of
29+2 pg/ml and the arterial plasma insulin concentra-
tion declined by 64% to a level less than 5 uU/ml.
These hormonal changes were associated with a sig-
nificant (28+7%) but temporary fall in the rate of glucose
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FIGURE 1 The effects of saline infusion on arterial plasma
insulin and glucagon levels and on the production (GP), utili-
zation (GU), and concentration of plasma glucose in normal
conscious dogs. Values are means=SEM.

production. The rate of glucose utilization fell and then
slowly returned to normal, presumably as a conse-
quence of the increase in the plasma glucose level.
In contrast, the clearance rate of glucose (Table II)
fell progressively throughout the period of insulin lack,
eventually reaching a level 36% below (P < 0.01) the
mean control rate.

Effect of insulin deficiency induced in the presence
of basal glucagon on glucose turnover. The effects of
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FIGURE 2 The effects of somatostatin infusion (0.8 ug/kg per
min) combined with intraportal replacement infusions of insu-
lin and glucagon (300 pU/kg per min and 0.65 ng/kg per
min, respectively) on arterial plasma insulin and glucagon
levels and on the production (GP), utilization (GU), and
concentration of plasma glucose in normal conscious dogs.
Values are means+SEM.

intraportal basal glucagon replacement on the metabolic
events which occur during somatostatin administration
are illustrated in Fig. 4. In these experiments the plasma
glucagon level was maintained at a value (77+8 pg/ml)
similar to that observed during the control period (71+9
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pg/ml) and the arterial insulin level fell to less than
5 wU/ml. Contrary to the consequences of bihormonal
deficiency, selective insulin lack was associated with a
marked increase in the rate of glucose production. Glu-
cose production peaked at 30 min (84+18%; P < 0.01)
and then slowly declined so that after 4 h it was no
longer significantly elevated. Glucose utilization rose
slowly despite the selective deficiency of insulin, pre-
sumably because the effect of the rising plasma glucose
level offset the consequences of insulin lack.

Effect on insulin deficiency (xglucagon) on the con-
version of alanine and lactate into glucose. Fig. 5
shows the effects of insulin deficiency induced in the
presence or absence of basal amounts of glucagon on
the conversion rate of alanine and lactate into glucose.
Infusion of somatostatin alone (combined insulin and
glucagon deficiency) increased gluconeogenic pre-
cursor conversion into glucose by over 100% (P < 0.01;
final mean increase of 122+18%). Somatostatin infu-
sion combined with glucagon replacement (selective in-
sulin deficiency) resulted in a further twofold increase
in the conversion rate of alanine and lactate into glucose
(final mean increase of 289+57%; P < 0.01). Concur-
rent infusion of somatostatin and replacement amounts
of both pancreatic hormones resulted in a change in the
conversion rate (32+15%) that was similar to that ob-
served in saline-infused controls (32+8%; data not
shown).

Effects of insulin deficiency (+glucagon) on alanine
and lactate concentration. Fig. 6 shows the effects
of insulin deficiency induced in the presence or ab-
sence of basal amounts of glucagon on the plasma
alanine concentration. 1-2 h after the start of soma-
tostatin administration (simultaneous insulin and glu-
cagon deficiency) the mean arterial plasma alanine con-
centration began to rise, and by the end of the experi-
ment it had doubled (378+58 vs. 742+ 148 umol/liter;
96% increase; P < 0.01). The rise in the alanine level
was associated with a significant increase in the radio-
activity of the amino acid and minimal alteration in its
specific activity. Replacement of glucagon substantially
reduced the rise in both the radioactivity and concen-
tration of alanine, limiting the latter to an increase of
only 124 umol/liter (38%). Concurrent replacement of
both pancreatic hormones prevented any significant
changes in either the radioactivity or concentration of
the amino acid. The mean lactate concentration was not
altered significantly by any of the hormonal perturba-
tions.

Effects of withdrawal of glucagon after 4 h of in-
sulin deficiency. Because the ability of relative hyper-
glucagonemia to stimulate an overproduction of glucose
was short-lived, a series of experiments was undertaken
to determine whether the hormone was still an important
determinant of glucose production once the latter
had normalized. Two additional sets of experiments,
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TABLE I1
Glucose Clearance during Saline, Somatostatin, Somatostatin plus Intraportal Glucagon, and Somatostatin plus
Insulin and Glucagon Infusion into Normal Conscious Dogs

Control
period* Infusion period*
Treatment No. -35 -5 75 22.5 375 52.5 82.5 112.5 142.5 172.5 202.5 232.5 262.5
mllkg/min
Saline 6 3.03 294 295 287 291 278 278 274 270 270 270
SEM 0.31 033 032 033 033 027 030 024 030 025 0.20
Somatostatin 5 3.37 3.03 288 304 294 282 257 246 233 216 2.18
SEM 0.33 043 043 048 054 053 046 044 039 031 033
Somatostatin plus basal
glucagon 8 3.08 281 259 237 208 206 191 180 178 175 1.68
SEM 0.11 009 006 005 015 0.09 009 0.07 010 0.10 0.12
Somatostatin plus basal
glucagon plus insulin 4 2.79 288 276 274 276 270 284 267 3.10 3.07 3.01
SEM 0.29 035 031 033 035 027 038 043 049 054 045

The infusion rates of somatostatin, glucagon, and insulin were 0.8 ug/kg per min, 0.65 ng/kg per min, and 300 uU/kg per
min, respectively. The three control period values were averaged to yield the control rate, whereas two consecutive values
were averaged to yield each of the last seven rates during the infusion period.

* The control and infusion periods are measured in minutes.

identical to those shown in Fig. 4, were performed
but continued for an additional 60 min. In one group
of animals the replacement glucagon infusion was
continued to the end of the study, whereas in the other
the glucagon infusion was stopped at 240 min. In both
groups the response of the plasma glucose level and
glucose turnover to the first 4 h of selective insulin
deficiency was similar to that seen previously (Fig. 4),
but the responses during the subsequent 90 min dif-
fered and are shown in Fig. 7.

Cessation of glucagon infusion resulted in a rapid
68% fall in the plasma glucagon concentration (to
22+4 pg/ml) and caused a marked decrease in glucose
production (40+14%; P < 0.01). The drop in glucose
production caused the balance between the rates of glu-
cose production and utilization to shift in favor of the
latter thus causing a marked decrease in the plasma
glucose level. Continued glucagon infusion, on the
other hand, maintained the plasma glucagon level at
85+8 pg/ml and was associated with only a slight de-
cline in glucose production (8 +6%; NS) and a negligible
fall in the plasma glucose concentration.

In these experiments, as in those shown in Fig. 4,
administration of somatostatin together with glucagon
resulted in a marked increase in the conversion
rate of alanine and lactate into glucose (Table
III). Cessation of glucagon infusion and the resulting
hypoglucagonemia resulted in a significant (P < 0.01)
decrease (37+4%) in the rate of gluconeogenic pre-
cursor conversion into glucose (Table III).

The mean arterial plasma alanine concentration in-

Glucagon-Stimulated Glucose Production during Insulin Lack

creased minimally (from 381+24 to 493+56 umol/liter)
during SRIF + glucagon infusion (isolated insulin de-
ficiency) but then rose markedly (to 723+71 pmol/liter)
once the glucagon infusion was stopped (data not
shown).

Insulin deficiency with oscillating glucagon levels.
A series of experiments was also undertaken to deter-
mine whether varying the pattern of intraportal glu-
cagon infusion (but not the overall amount of the hor-
mone delivered) would further modify the metabolic
effects associated with somatostatin-induced insulin
deficiency. Glucagon was infused intraportally at an
above-basal rate (1.0 ng/kg per min) for three 30-min
periods and at a sub-basal rate (0.45 ng/kg per min)
for intervening periods of 60 min. The resulting im-
munoreactive glucagon levels (Fig. 8) reflected the in-
fusion pattern in that the glucagon concentration in-
creased by 44+ 14, 52+11, and 45+9 pg/ml during the
three high infusion periods and fell to mean levels of
44+7 44+8, and 42+5 pg/ml, respectively, during the
three periods of sub-basal infusion. In the virtual ab-
sence of insulin, a 40 pg/ml increment in arterial glu-
cagon was associated with more than a doubling of
the rate of glucose production. Glucose production
rose by a maximum of 137+22, 129+10, and 79+5%,
respectively, during the three periods of hyperglu-
cagonemia.

DISCUSSION

Transient stimulation of glucose production during
relative hyperglucagonemia. A waning of the effect of
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FIGURE 3 The effects of somatostatin infusion (0.8 ug/kg per
min) on arterial plasma insulin and glucagon levels and on
the production (GP), utilization (GU), and concentration of
plasma glucose in normal conscious dogs. Values are means
+SEM.

hyperglucagonemia on glucose production has previously
been demonstrated in both depancreatized and somatosta-
tin-treated dogs maintained on constant basal insulin
infusions (14, 15). In the present paper we show that
a similar time-dependent change in glucose produc-
tion occurs when relative hyperglucagonemia is pro-
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FIGURE 4 The effects of somatostatin infusion (0.8 ug/kg per
min) combined with intraportal glucagon infusion (0.65 ng/kg
per min) on arterial plasma insulin and glucagon levels and
on the production (GP), utilization (GU), and concentration of
plasma glucose in normal conscious dogs. Values are
means+SEM.

duced by creating insulin deficiency in the presence
of basal glucagon. Sherwin et al. (49) recently noted
a similar change in one human subject given a con-
tinuous infusion of somatostatin and glucagon. Al-
though not definitive, their findings suggest that the
effect of relative hyperglucagonemia may also be
short-lived in man.

The decline in glucagon action in our studies was
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FIGURE 5 The effects of somatostatin (0.8 ug/kg per min;
n =5), somatostatin (0.8 ug/kg per min) plus intraportal
glucagon infusion (0.65 ng/kg per min; n = 8), and somatosta-
tin (0.8 ug/kg per min) plus intraportal glucagon (0.65 ng/kg
per min) and insulin (300 pU/kg per min) infusion (n = 4) on
the conversion of circulating alanine and lactate into
glucose in normal conscious dogs. Results are expressed as
percent change relative to the average conversion rate dur-
ing the control period. Values are means+SEM.

probably not a result of glycogen depletion. The
extra glucose produced during the 4.5-h period of
relative hyperglucagonemia was only 7.3 g. Further-
more, when glucagon was given at a pharmacologic
rate (50 ng/kg per min) for 1h at the end of
the experiment it caused the release of a further 7.5 g
of glucose (data not shown), an amount similar to that
(9.5 g) it released in saline-infused dogs. Although the
dogs did not exhaust their liver glycogen, it remains
possible that a decrease in the glycogen mass may have
reduced the susceptibility of the remaining polysac-
charide to degradation. In addition it is possible that
the hyperglycemia associated with the breakdown of
glycogen could have inhibited glucose production.
Such a possibility is consistent with in vitro data
(50, 51) but not with in vivo studies (52, 53) which
suggest that glucose is only a weak inhibitor of
hepatic glucose output unless adequate insulin is
present.

Other studies have shown that the glucagon-induced
splanchnic efflux of cyclic AMP in man wanes with
time (54), as do the effects of the hormone on cyclic
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FIGURE 6 The effects of somatostatin (0.8 ug/kg per min; n
= 5), somatostatin (0.8 ug/kg per min) plus intraportal gluca-
gon infusion (0.65 ng/kg per min; n = 8), and somatostatin
(0.8 ug/kg per min) plus intraportal glucagon (0.65 ng/kg per
min) and insulin (300 uU/kg per min) infusion (n =4) on
the concentration, radioactivity, and specific activity of arterial
plasma alanine in normal conscious dogs. Values are
means+SEM.

AMP levels, cyclic AMP-dependent protein kinase ac-
tivity, and phosphorylase activity in isolated rat liver
cells (55). It seems likely, therefore, that more specific
intracellular counterregulation may occur and that the
diminution in glucose production may involve dimin-
ished activity of the glucagon receptor-adenylate
cyclase complex or enhanced activity of phospho-
diesterase. Because recent studies (56) suggest that
glucagon receptor ‘“down regulation” is not as-
sociated with a drop in adenylate cyclase activity, and
that glucagon can stimulate hepatic cyclic AMP phos-
phodiesterase (57, 58), the involvement of the latter
enzyme seems indicated.

When glucagon was infused in successive pulses,
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the amount of glucose mobilized and the resulting
hyperglycemia were similar to those apparent when the
hormone was infused at a constant rate. The waning
effect of glucagon was still evident, this time in the
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form of a tachyphylaxis to successive spikes of the
hormone. Thus, recovery of sensitivity to glucagon
requires more time than the 90-min interval between
the hormone pulses used in this experiment.

Role of glucagon in initiating and maintaining
hyperglycemia during insulin lack. Despite the fall-
off in the effect of glucagon on glucose production, the
present studies clearly demonstrate that the hypergly-
cemia attributable to the hormone was not short-lived.
If the glucose level had continued to decline at the rate
apparent during the 4th h of selective insulin lack (Fig.
4), it would have taken =12 h to reach 172 mg/dl (the
maximal level achieved as the result of concurrent insu-
lin and glucagon deficiency). Because insulin secretion
was impossible, much of the sugar mobilized by gluca-
gon was trapped in the extracellular fluid. It is thus
evident that a brief burst of splanchnic glucose produc-
tion, occurring as a consequence of food ingestion or
hepatic glucose output, will result in prolonged hyper-
glycemia when insulin is deficient. It should also be
noted that although mild hyperglycemia occurred
when both insulin and glucagon were deficient, it
was the result of decreased glucose utilization and not
increased glucose production because glucose produc-
tion was never significantly elevated. Such an observa-
tion confirms the vital role which basal glucagon plays
in stimulating the significant overproduction of glucose
which occurs in response to selective insulin
deficiency.

In a recent study Sherwin et al. (49) observed a more
rapid decline in the glucose level during selective
insulin deficiency than we noted in our studies. This
difference may be explained by the higher portal
insulin:glucagon molar ratio present in the plasma of
their subjects. They infused glucagon peripherally at a
similar rate to that which we used portally, in all
likelihood thereby underreplacing the hormone in the
portal vein. In addition, they observed a moderate rise
in insulin in response to somatostatin plus glucagon
such that the resulting peripheral insulin concentra-
tion (12-14 wU/ml) was much higher than that which
we observed (<5 uU/ml).

It is clear from the present experiments that not only
was glucagon involved in the establishment of hyper-
glycemia but that it was also partially responsible for
the maintenance of the elevated glucose concentration.
When glucagon was withdrawn after 4 h of selective
insulin lack there was a significant decrease in the
rate of glucose production and a marked decline in the
glucose level. The present results thus contradict the
conclusion of Sherwin et al. (49) that glucagon
replacement has no stimulatory effect on glucose pro-
duction after prolonged insulin deficiency. These
authors based their conclusion on the finding that glu-
cose production in a patient given somatostatin
+ glucagon normalized after 3 h, at which time it was
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TaBLE III
Gluconeogenic Conversion of Circulating Alanine and Lactate into Glucose after the
Cessation of Intraportal Glucagon Replacement 4 h after Induction of Insulin
Deficiency Produced by Somatostatin Infusion into Normal Conscious Dogs

Period*

SRIF infusion
+ glucagon infusion

SRIF infusion alone (glucagon withdrawal)

Dog 2175 232.5 247.5 262.5 2775 292.5 307.5 322.5
pnmollkgimin

24 2.86 1.03 1.53 1.40 1.26 1.65

25 6.84 5.73 5.00 4.59 4.06 3.67

26 4.26 3.54 2.55 3.00 2.79 3.19

27 4.85 4.13 3.30 2.34 2.90 3.22

28 6.39 6.09 5.58 4.95 4.46 3.72

29 5.83 3.50 3.11 3.94 4.32 3.80
Mean 5.17 4.00 3.51 3.37 3.30 3.21
SEM 0.60 0.75 0.62 0.56 0.50 0.33

The infusion rates of somatostatin and glucagon were 0.80 ug/kg per min and 0.65
ng/kg per min, respectively. The glucagon infusion was terminated after 240 min of
selective insulin deficiency. The rate of conversion during the control period was

1.15+0.28 umol/kg per min.

* The infusion periods are measured in minutes.

equivalent to the rate of glucose output apparent in the
same subject given somatostatin alone. Similar ob-
servations were made in the present study (Figs. 3 and
4), but they do not warrant the conclusion that
glucagon is unimportant in the ongoing stimulation of
basal glucose production during insulin deficiency.
Our data indicate that when glucagon is present during
insulin lack it continues to be responsible for a portion
of basal glucose output and thus in part for the main-
tenance of hyperglycemia. Although the glucose pro-
duction rates were similar after 4 h of somatostatin in-
fusion in the two groups described above, the plasma
glucose levels were clearly different. This differ-
ence may have contributed to the similarity in the
rates of glucose production since the extra plasma
glucose present in the glucagon-replaced group may
have exerted an inhibitory effect on glucose produc-
tion which balanced the stimulatory effect of glucagon.

We have recently confirmed in man the significance
of glucagon in the maintenance of hyperglycemia
during insulin deficiency. Infusion of somatostatin and
glucagon for 5h resulted in a marked but short-
lived increase in glucose production. Cessation of the
glucagon infusion 5h after induction of insulin
deficiency caused a 53% fall in glucose production
and a decline in the plasma glucose level to 87 mg/dl
over 3 h (59).

The conclusion that glucagon plays a role in the
hyperglycemia of diabetes mellitus is also in accord
with that of Raskin et al. (60), who showed that eleva-

Glucagon-Stimulated Glucose Production during Insulin Lack

tion of the plasma glucagon level in juvenile diabetics
worsened their control and markedly increased
glucosuria, and Gerich (17), who showed that treat-
ment of insulin-dependent diabetics with somatostatin
improved their control and lessened both their blood
sugar levels and their insulin requirements.

Effect of glucagon on the conversion of alanine and
lactate into glucose during insulin lack. It isapparent
from the gluconeogenic data that the time course of
glucagon’s effect on gluconeogenesis during the period
of insulin lack was different from the time course of
its action on glycogenolysis. The effect of the hormone
on gluconeogenesis was either not subject to the
counterregulatory changes which influenced glyco-
genolysis, or the time required for the effect of the
hormone to wane was longer. These data imply that
relative hyperglucagonemia turns the liver from an
organ highly dependent on glycogenolysis to one much
more dependent on gluconeogenesis for glucose
production.

The gluconeogenic data also show that insulin lack
significantly stimulated the conversion of circulating
alanine and lactate into glucose whether glucagon was
present or not. When present, however, glucagon en-
hanced gluconeogenesis still further. The latter con-
clusion is not a function of the way in which the
data were expressed, because it could also be drawn
when absolute conversion rates were examined. The
increments in conversion observed in the three sets of
experiments in which glucagon was present during
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FIGURE 8 The effects of somatostatin infusion (0.8 ug/kg per
min) combined with a time varying glucagon infusion (see
text) on arterial plasma insulin and glucagon levels and on
the production, utilization, and concentration of plasma glu-
cose in normal conscious dogs. Values are means+SEM.

insulin lack (i.e., those shown in Figs. 4 and 7 and
Table III) were 3.43, 4.02, and 4.58 wmol/kg per min
as opposed to 2.67 umol/kg per min when insulin
was made deficient in the absence of glucagon. The
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best evidence for the effect of basal glucagon on
gluconeogenesis during insulin lack, however, can be
found in the experiments in which the effects of insulin
deficiency were examined in the presence and absence
of glucagon (Table III). In these studies the conversion
rate of alanine and lactate into glucose rose from 1.15
+0.28 to 5.17+0.60 wmol/kg per min, when insulin
lack was induced in the presence of glucagon, and then
fell to 3.21+0.33 wumol/kg per min when glucagon
was withdrawn. No gluconeogenic data were obtained
in the control studies shown in Fig. 7. However, in the
experiments in which the glucagon infusion was con-
tinued to 270 min, conversion increased between 240
and 270 min whereas it declined markedly over the
same period when the glucagon infusion was terminated.

The gluconeogenic data from the present studies are
consistent with the previous finding that diabetics ex-
hibit increased urea production (61), show an en-
hanced ability to convert labeled pyruvate or lactate
into glucose (62), and display increased gluconeogenic
precursor uptake by the splanchnic bed (63).

Effect of glucagon on the alanine concentration
during insulin lack. The data from the present studies
also suggest that basal insulin and glucagon play a role
in the flux of alanine into and out of the plasma
compartment. Selective deficiency of insulin resulted
in slight but significant increase in the plasma alanine
level. The increase was not associated with a detect-
able change in the radioactivity or specific activity of
plasma alanine. Calculation of alanine turnover
(using the approach described for glucose [30-34]) re-
vealed no significant change in either the rate of plasma
alanine inflow or outflow. The latter observation is not
surprising when one considers then an imbalance in
rates of only 2% over 4.5 h would have been required to
cause the observed change in the alanine concentra-
tion and as such would not have been detected by
our techniques.

Removal of glucagon, in addition to insulin,
markedly enhanced the observed rise in the plasma
alanine levels. In this case the change in level was
associated with a marked rise in the radioactivity
of the amino acid and little or no change in its specific
activity. Calculation of alanine turnover revealed a
slight (5%) decrease in the disappearance rate of the
amino acid from plasma, and although the alteration
was small, it was sufficient to explain the observed
rise in the alanine level. Because glucagon has pre-
viously been reported to promote alanine uptake by the
liver both in vitro (64) and in vivo (63), it seems likely
that glucagon withdrawal caused impaired hepatic
extraction of the amino acid. A similar effect of glucagon
deficiency was noted by Gerich et al. (18) who de-
termined plasma alanine levels in insulin-dependent
diabetics after insulin withdrawal in the presence or
absence of glucagon.
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Effect of insulin lack+basal glucagon on glucose
clearance. Glucose clearance decreased by 30-50%
when insulin secretion was inhibited indicating that
anywhere from one-third to one-half of basal glucose
utilization is insulin dependent. It took at least 3 h for
the fall in glucose clearance to be fully manifest,
even though the plasma insulin concentration reached
a minimum within 30 min. A similar lag between the
adjustment in the hormone level and clearance was
noted when insulin infusions were terminated in de-
pancreatized dogs (14). Because a previous study (37)
showed that elevation of the blood sugar to about 230
mg/100 ml (in the absence of a change in the insulin
or glucagon concentration) was associated with only a
small drop (10%) in clearance, it seems likely that
the fall in this parameter in the present study was
primarily the result of insulin deficiency and minimally
attributable to the rising glucose level. The presence
or absence of glucagon failed to significantly alter
the effect of insulin lack on glucose clearance.

Validity of the use of somatostatin to investigate
the regulation of glucose turnover. The assumptions
implicit in the use of somatostatin to study carbo-
hydrate metabolism in vivo are that the peptide has
no effects on the parameters being measured other
than those mediated through changes in insulin and
glucagon secretion. The assumption that the non-
pancreatic effects of somatostatin were without in-
fluence on the results of the present study is sup-
ported by our finding that simultaneous replacement of
both insulin and glucagon during SRIF infusion pre-
vented changes in any of the measured parameters.
Such a finding is in agreement with previous data
(2, 3), with our observation that somatostatin failed
to significantly alter basal or hormone stimulated
glucose output by hepatocytes (64), and with our find-
ing that it failed to alter basal or hormone-stimu-
lated glucose uptake by fat or muscle (65). The lack
of an effect of somatostatin on the liver in vitro is
consistent with some (66, 67) but not all other data
(68, 69). It should be noted, however, that even when
effects of somatostatin on glucose production have
been observed, the concentration of the peptide re-
quired to elicit the effect was substantially greater
than the levels which result from the infusion of the
peptide into whole animals at rates similar to those
used in the present study. In addition, examination
of the hormones whose basal secretion rate is reported
to be altered by somatostatin in vivo namely growth
hormone, thyroid stimulating hormone, prolactin,
and gastrin (70) fails to reveal a candidate likely to
acutely affect glucose production.

In summary, a number of conclusions can be drawn.
(a) The glucagon-stimulated overproduction of glu-
cose, which occurs as the result of selective insulin
lack (relative hyperglucagonemia), is short-lived. (b)

Glucagon-Stimulated Glucose Production during Insulin Lack

This drop in glucose production is a result of a decline
in glycogenolysis rather than gluconeogenesis, be-
cause the conversion of alanine and lactate into
glucose did not decline with time. (¢) Although the
production rate of glucose returns to normal 3-4h
after induction of insulin lack, it is still being main-
tained by glucagon. (d) Basal glucagon thus worsens
the hyperglycemia attributable to insulin lack by stimu-
lating an initial overproduction of glucose and by
maintaining basal glucose production thereafter. (e)
Varying the pattern (but not amount) of glucagon
infusion fails to worsen the hyperglycemia attributable
to the hormone. (f) Although basal glucagon clearly
enhances gluconeogenesis and worsens the hyper-
glycemia observed during a period of insulin de-
ficiency, it is not essential for an enhancement of gluco-
neogenesis or for the development of hyperglycemia.
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