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Mechanisms of Postprandial Glucose
Counterregulation in Man

PHYSIOLOGIC ROLES OF GLUCAGONAND EPINEPHRINE VIS-A-VIS

INSULIN IN THE PREVENTION OF HYPOGLYCEMIALATE

AFTER GLUCOSEINGESTION

THOMASF. TSE, WILLIAM E. CLUTTER, SURESHD. SHAH, and PHILIP E. CRYER,
Metabolism Division of Department of Medicine, and Clinical Research
Center and Diabetes Research and Training Center, Washington
University School of Medicine, St. Louis, Missouri 63110

A B S T R A C T The transition from exogenous glucose
delivery to endogenous glucose production late after
glucose ingestion is not solely attributable to dissipa-
tion of insulin and, therefore, must also involve factors
that actively raise the plasma glucose concentration-
glucose counterregulatory factors. Wehave shown that
the secretion of two of these, glucagon and epineph-
rine, is specific for glucose ingestion and temporally
related to the glucose counterregulatory process. To
determine the physiologic roles of glucagon and epi-
nephrine in postprandial glucose counterregulation,
we produced pharmacologic interventions that re-
sulted in endogenous glucagon deficiency with and
without exogenous glucagon replacement, adrenergic
blockade, and adrenergic blockade coupled with glu-
cagon deficiency starting 225 min after the ingestion
of 75 g of glucose in normal subjects. Also, we assessed
the effect of endogenous epinephrine deficiency alone
and in combination with glucagon deficiency late after
glucose ingestion in bilaterally adrenalectomized sub-
jects. Glucagon deficiency resulted in nadir plasma
glucose concentrations that were '-30% lower
(P < 0.01) than control values, but did not cause hy-
poglycemia late after glucose ingestion. This effect was
prevented by glucagon replacement. Neither adren-
ergic blockade nor epinephrine deficiency alone im-
paired the glucose counterregulatory process. How-
ever, combined glucagon and epinephrine deficiencies
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resulted in a progressive fall in mean plasma glucose
to a hypoglycemic level late after glucose ingestion;
the final glucose concentration was 40% lower (P
< 0.02) than the control (epinephrine deficient) value
in these patients, and was nearly 50% lower (P < 0.001)
than the control value and -30% lower (P < 0.05)
than the glucagon-deficient value in normal subjects.

Weconclude (a) the transition from exogenous glu-
cose delivery to endogenous glucose production late
after glucose ingestion is the result of the coordinated
diminution of insulin secretion and the resumption of
glucagon secretion. (b) Epinephrine does not normally
play a critical role in this process, but enhanced epi-
nephrine secretion compensates largely and prevents
hypoglycemia when glucagon secretion is deficient.

INTRODUCTION

The physiologic factors that regulate the transition
from exogenous glucose delivery to endogenous glu-
cose production and thus prevent hypoglycemia late
after glucose ingestion have not been fully defined.
Our study of the specificity, temporal relationships,
and quantitative aspects of the neuroendocrine re-
sponses to glucose ingestion (1) indicates that this tran-
sition is not solely the result of the dissipation of insulin
and, therefore, must also involve a factor or factors
that actively raise the plasma glucose concentration-
glucose counterregulatory factors. Among the candi-
date counterregulatory factors, sympathetic neural
norepinephrine release is not specific for glucose inges-
tion and does not occur in temporal relation to the
counterregulatory process (1), growth hormone secre-
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tion is temporally related but of marginal specificity
(1), and cortisol secretion is unaltered (1). Further-
more, the hyperglycemic actions of both growth hor-
mone (2) and cortisol (3) are too slow. On the other
hand, resumption of glucagon secretion (after initial
suppression) and late epinephrine secretion are both
specific for glucose ingestion and temporally related
to the counterregulatory process (1). Also, glucagon
and epinephrine are rapidly acting counterregulatory
hormones (4, 5). Although the increments in plasma
epinephrine late after glucose ingestion are substantial
(1, 6), plasma epinephrine concentrations do not com-
monly achieve the threshold level required to affect
basal glucose metabolism (7).

Given these findings, we hypothesized that the tran-
sition from exogenous glucose delivery to endogenous
glucose production late after glucose ingestion is the
result of coordinated diminution of insulin secretion
and resumption of glucagon secretion, and that epi-
nephrine does not normally play a critical role. Based
upon the known physiology of hypoglycemic glucose
counterregulation (8-10), however, we further hy-
pothesized that epinephrine compensates largely for
deficient glucagon secretion. To test these hypotheses,
we produced pharmacologic interventions that re-
sulted in endogenous glucagon deficiency with and
without exogenous glucagon replacement, combined
a- and f3-adrenergic blockade, and adrenergic block-
ade coupled with glucagon deficiency late after glu-
cose ingestion in normal human subjects. Also, we as-
sessed the effect of endogenous epinephrine deficiency
alone and combined with glucagon deficiency late af-
ter glucose ingestion in bilaterally adrenalectomized
subjects.

METHODS
Subjects. Eight normal adults (seven males and one fe-

male), ages 23-28 yr, consented to participate in these stud-
ies. All were within 16% of ideal body weight (Metropolitan
Life Insurance Co. tables). Five patients (two males, three
females) who had previously undergone bilateral adrenalec-
tomies for the treatment of Cushing's disease also partici-
pated. They ranged in age from 24 to 57 yr and in ideal
body weight from 63 to 174%. Each was shown to have a
markedly deficient plasma epinephrine response to insulin-
induced hypoglycemia. Mineralocorticoid therapy with 9
a-fluorohydrocortisone (Florinef) was continued unchanged;
glucocorticoid therapy was changed to dexamethasone
(Decadron), 0.5 mg in the morning and 0.25 mg in the late
afternoon, 3-4 d prior to study. This included a 0.5-mg dose
of dexamethasone at 0530 h on the day of study. All subjects
gave informed, written consent for these studies, which were
approved by the Washington University Human Studies
Committee.,

Study protocol. Normal subjects were studied on five
occasions, separated by at least 1 wk, as outpatients at the
Washington University Clinical Research Center. Adrenal-
ectomized patients were studied as inpatients at the Clinical

Research Center, generally on two consecutive days. The
sequence of the studies was varied.

After an overnight fast, subjects remained supine through
1200 h. Intravenous catheters for blood sampling and drug
infusions were inserted at 0530 h. Blood samples were drawn
at 0600, 0615, 0630 and 0645 h, glucose ingestion (75 g) was
begun at 0655 h, and blood samples were drawn every 10
min from 0700 through 1200 h. Heart rates and blood pres-
sures were determined immediately after each blood sample.

Interventions, begun at 1040 h and continued through
1200 h (225 through 305 min after the start of glucose inges-
tion), included intravenous infusions of: (a) saline; (b) so-
matostatin (250 Ag . hr-') with insulin replacement (100 MU*
kg- - min-'); (c) somatostatin with insulin and glucagon
replacement (1.0 ng kg-' min-' in 6, 1.5 ng kg-' min-'
in 2); (d) phentolamine (0.5 mg- min-' after injection of 5.0
mgover 3 min), an a-adrenergic antagonist, and propranolol
(0.08 mg min-' after an injection of 5.0 mg over 3 min),
a f3-adrenergic antagonist; and (e) phentolamine-propranolol
plus somatostatin (with insulin replacement) in normal sub-
jects. In adrenalectomized subjects, interventions were lim-
ited to (a) saline and (b) somatostatin (with insulin replace-
ment). Comparable volumes of all agents were infused with
an infusion pump.

Somatostatin was purchased from Beckman Instruments,
Bioproducts Division, Fullerton, CA; glucagon and regular
insulin from Eli Lilly Co., Indianapolis, IN; phentolamine
(Regitine) from Ciba-Geigy Corp., Pharmaceuticals Divi-
sion, Summit, NJ; and propranolol (Inderal) from Ayerst
Laboratories, New York, NY.

Analytical methods. As previously referenced (1), plasma
insulin, glucagon, cortisol, and growth hormone were mea-
sured by radioimmunoassay; plasma epinephrine and nor-
epinephrine by single isotope derivative assay; and plasma
glucose by a glucose oxidase method. Antiserum 30K was
used to measure glucagon. For purposes of this report,
plasma epinephrine values below the analytical detection
limit of 10 pg/ml were assigned that value for calculating
the means.

Statistical methods. Mean values at comparable time
points were compared with t tests for paired or unpaired
data where appropriate. P values < 0.05 were considered
to indicate significant differences. Data are expressed as the
mean±SE in this manuscript.

RESULTS

Effects of glucagon deficiency and glucagon re-
placement. Somatostatin infusion (with insulin re-
placement) from 225 through 305 min after glucose
ingestion resulted in decrements in plasma glucose to
levels significantly below control (saline infusion) val-
ues from 255 through 305 min, the final sampling point
(Fig. 1). Mean plasma glucose fell from a pre-inter-
vention value of 89±5 mg/dl to a nadir of 62±3 mg/
dl at 275 min, significantly (P < 0.01) lower than the
corresponding control value of 85±6 mg/dl. From its
nadir, plasma glucose rose slightly to 68±3 mg/dl at
305 min, still significantly (P < 0.01) lower than the
control value of 88±4 mg/dl. This effect was prevented
by glucagon replacement. Somatostatin infusion (with
insulin replacement) plus glucagon infusion from 225
through 305 min after glucose ingestion resulted in
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FIGURE 1 Plasma glucose concentrations before and after
ingestion of 75 g of glucose (arrow) in eight normal human
subjects. The stippled area is one SE around the mean when
saline was infused from 225 through 305 min, the closed
symbols mean (±SE) values when somatostatin (with insulin
replacement) was infused from 225 through 305 min (glu-
cagon deficient), and the open symbols mean (±SE) values
when somatostatin (with insulin replacement) was infused
and glucagon was replaced from 225 through 305 min (glu-
cagon replaced). The asterisks denote data points signifi-
cantly different from the corresponding points during saline
infusion.

plasma glucose concentrations that were not signifi-
cantly different from control values (Fig. 1), although
they tended to exceed control values at the end of the
study. This was true even when the data from the two
subjects who received the larger dose of glucagon were
excluded.

Somatostatin infusion caused a small decrease, av-
eraging -15%, whereas addition of glucagon caused
a similarly small increase, averaging - 18%, in mea-
sured immunoreactive glucagon (Fig. 2). Plasma in-
sulin concentrations were identical to control values
(saline infusion) during infusion of somatostatin with
insulin replacement with or without glucagon replace-
ment (Fig. 2). During somatostatin infusion, the mean
plasma epinephrine concentration rose to a peak of
265±62 pg/ml, significantly (P < 0.02) higher than
the corresponding control value of 106±22 pg/ml, at
285 min after glucose ingestion (Fig. 2), likely a re-
sponse to the decrement in plasma glucose (Fig. 1).
Plasma epinephrine did not exceed control values dur-

ing somatostatin with glucagon replacement (Fig. 2).
Plasma norepinephrine was unaffected by somatostatin
with or without glucagon replacement (Fig. 2).

Plasma growth hormone was suppressed and plasma
cortisol unaffected during infusion of somatostatin
with and without glucagon replacement (Fig. 3). The
infusions did not significantly affect heart rate or blood
pressure (Fig. 3).

Effects of adrenergic blockade and adrenergic
blockade coupled with glucagon deficiency. Infusion
of phentolamine with propranolol to produce com-
bined a- and #B-adrenergic blockade from 225 through
305 min after glucose ingestion did not significantly
affect the plasma glucose concentration (Fig. 4). In-
fusion of phentolamine and propranolol with somato-
statin (with insulin replacement) resulted in decre-
ments in plasma glucose levels significantly below con-
trol values from 245 through 305 min (Fig. 4).
Although the glucose decrement from the pre-inter-
vention plateau (175-215 min) during these combined
infusions (to 62±6% of the pre-intervention plateau)
was significantly (P < 0.05) greater than that (to
71±4% during somatostatin [with insulin replacement]
alone) of the pre-intervention plateau, the mean nadir
glucose concentrations at 275 min were not different
(62±6 and 62±3 mg/dl, respectively).
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FIGURE 2 Plasma glucagon, insulin, epinephrine, and nor-
epinephrine concentrations before and after ingestion of 75
g of glucose (arrows) in eight normal human subjects. The
stippled areas are one SE around the mean when saline was
infused from 225 through 305 min, the closed symbols mean
(±SE) values when somatostatin (with insulin replacement)
was infused from 225 through 305 min (glucagon deficient)
and the open symbols mean (±SE) values when somatostatin
(with insulin replacement) was infused and glucagon was
replaced from 225 through 305 min (glucagon replaced).
The asterisks denote data points significantly different from
the corresponding points during saline infusion.
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FIGURE 3 Plasma growth hormone concentrations, cortisol
concentrations, heart rate, and systolic (above) and diastolic
(below) blood pressure before and after ingestion of 75 g of
glucose (arrows) in eight normal human subjects. The stip-
pled areas are one SE around the mean when saline was
infused from 225 through 305 min, the closed symbols mean
(±SE) values when somatostatin (with insulin replacement)
was infused from 225 to 305 min (glucagon deficient), and
the open symbols mean (±SE) values when somatostatin
(with insulin replacement) was infused and glucagon was
replaced from 225 through 305 min (glucagon replaced).
The asterisks denote data points significantly different from
the corresponding points during saline infusion.

Phentolamine-propranolol infusion did not alter
plasma glucagon, the glucagon response to somato-
statin, plasma insulin, or plasma insulin during infu-
sion of somatostatin (with insulin replacement) (Fig.
5). However, phentolamine-propranolol infusion re-
sulted in substantial changes in epinephrine and nor-
epinephrine (Fig. 5). Phentolamine-propranolol infu-
sion alone from 225 through 305 min after glucose
ingestion was associated with an increment in mean
plasma epinephrine to a peak of 394±79 pg/ml at 275
min, significantly (P < 0.01) higher than the corre-
sponding control value of 113±22 pg/ml. This was
likely the result of decreased clearance of epinephrine
from the circulation produced by propranolol (11) cou-
pled with accelerated epinephrine secretion in re-
sponse to a decreasing plasma glucose concentration
(1, 12) late after glucose ingestion. When the addi-
tional secretory stimulus of a sharp fall in plasma glu-
cose to lower levels was added by the superimposition
of somatostatin infusion, mean plasma epinephrine
rose markedly, reaching a peak of 2,010±803 pg/ml
at 295 min. Phentolamine-propranolol infusion late
after glucose ingestion was also associated with incre-
ments in mean plasma norepinephrine to a peak of
695±64 pg/ml at 305 min, significantly (P < 0.01)

higher than the corresponding control value of 330±40
pg/ml. This could have been the result of several fac-
tors, including decreased norepinephrine clearance
from the circulation produced by propranolol (i1) and
increased norepinephrine release produced by phen-
tolamine (13)-antagonism of presynaptic a-adren-
ergic receptors that mediate suppression of norepi-
nephrine release, sympathetic reflex activation trig-
gered by a decrease in blood pressure, or both-as well
as increased release nonspecifically stimulated by
ingestion (1). As with epinephrine, when the additional
stimulus of a sharp fall in plasma glucose to lower
levels was added by the superimposition of somatos-
tatin infusion, mean plasma norepinephrine rose even
higher, reaching a peak of 915±181 pg/ml at 305 min.

Phentolamine-propranolol infusion alone resulted in
significant increments in plasma growth hormone but
did not impair somatostatin-induced suppression of
plasma growth hormone (Fig. 6). Heart rates tended
to decrease and systolic and diastolic blood pressures
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FIGURE 4 Plasma glucose concentrations before and after
ingestion of 75 g of glucose (arrow) in eight normal human
subjects. The stippled area is one SE around the mean when
saline was infused from 225 through 305 min, the open sym-
bols mean (±SE) values when phentolamine-propranolol was
infused from 225 through 305 min (adrenergic blockade),
and the closed symbols mean (±SE) values when phentol-
amine-propranolol and somatostatin (with insulin replace-
ment) were infused from 225 through 305 min (adrenergic
blockade plus glucagon deficient). The asterisks denote data
points significantly different from the corresponding points
during saline infusion.
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FIGURE 5 Plasma glucagon, insulin, epinephrine, and nor-
epinephrine concentrations before and after ingestion of 75
g of glucose (arrows) in eight normal human subjects. The
stippled areas are one SE around the mean when saline was
infused from 225 through 305 min, the open symbols mean
(±SE) values when phentolamine-propranolol was infused
from 225 through 305 min (adrenergic blockade), and the
closed mean (±SE) values when phentolamine-propranolol
and somatostatin (with insulin replacement) were infused
from 225 through 305 min (adrenergic blockade plus glu-
cagon deficient). The asterisks denote data points signifi-
cantly different from the corresponding points during saline
infusion.

decreased significantly during phentolamine-propran-
olol infusion; these were unaffected by the superim-
position of somatostatin (Fig. 6).

Effects of epinephrine deficiency and combined
epinephrine and glucagon deficiency. Although na-
dir glucose concentrations late after glucose ingestion
tended to be lower in epinephrine-deficient (bilaterally
adrenalectomized) patients compared with normal
subjects, mean plasma glucose levels were not signif-
icantly different (Fig. 7). In contrast, somatostatin in-
fusion (with insulin replacement) from 225 through
305 min after glucose ingestion led to a progressive
decline in plasma glucose in epinephrine-deficient pa-
tients (Fig. 7). From a mean pre-intervention value of
98±10 mg/dl, plasma glucose fell to 47±9 mg/dl at
305 min, the final sampling point. The latter value was
significantly (P < 0.02) lower than the 305 min value
of 78±10 mg/dl during the control study (saline in-
fusion) in these patients and also lower than the final
values of 88±4 mg/dl in normal individuals infused
with saline (P < 0.001) (Fig. 1) and 68±3 mg/dl in
normal individuals infused with somatostatin (P < 0.05)
(Fig. 1). Nonspecific symptoms occurred in four of the
five patients. In one patient, lethargy, interpreted as
evidence of neuroglycopenia, occurred at 285 min; the
study was discontinued and intravenous glucose given.
This patient's final plasma glucose value (35 mg/dl)

was used in calculating the mean values at 295 and
305 min shown in Fig. 7. The final mean would have
likely been lower had the study been continued with
this patient.

Plasma glucagon levels in epinephrine-deficient pa-
tients were not significantly different from those of
normal subjects. As in normal subjects, the somatos-
tatin-induced decrements in measured immunoreac-
tive glucagon were small (Fig. 8). The patients exhib-
ited mild hyperinsulinemia at baseline and marked
hyperinsulinemia after glucose ingestion, which was
probably the result of the inclusion of obese patients.
However, plasma insulin levels during somatostatin
infusion with insulin replacement were not higher than
those during saline infusion (Fig. 8). In the adrena-
lectomized patients, plasma epinephrine levels did not
rise above baseline values (18±4 pg/ml) after glucose
ingestion, despite the production of hypoglycemia dur-
ing late somatostatin infusion (Fig. 8). Plasma nor-
epinephrine concentrations were not significantly dif-
ferent from those of normal subjects; again, an ap-
parent rise followed glucose ingestion. Interestingly,
plasma norepinephrine did not rise despite hypogly-
cemia during somatostatin infusion late after glucose
ingestion.
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FIGURE 6 Plasma growth hormone concentrations, cortisol
concentrations, heart rate, and systolic (above) and diastolic
(below) blood pressure before and after ingestion of 75 g of
glucose (arrows) in eight normal human subjects. The stip-
pled areas are one SE around the mean when saline was
infused from 225 through 305 min, the open symbols mean

(±SE) values when phentolamine-propranolol was infused
from 225 through 305 min (adrenergic blockade), and the
closed symbols mean (±SE) values when phentolamine-pro-
pranolol and somatostatin (with insulin replacement) were
infused from 225 through 305 min (adrenergic blockade plus
glucagon deficient). The asterisks denote data points signif-
icantly different from the corresponding points during saline
infusion.
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FIGURE 7 Plasma glucose concentrations before and after
ingestion of 75 g of glucose (arrow) in five bilaterally ad-
renalectomized human subjects. The stippled area is one SE
around the mean for normal subjects when saline was infused
from 225 through 305 min. The open symbols are mean
(±SE) values when saline was infused from 225 through 305
min in adrenalectomized subjects (epinephrine deficient)
and the closed symbols are mean (±SE) values when so-
matostatin (with insulin replacement) was infused from 225
through 305 min in adrenalectomized subjects (epinephrine
plus glucagon deficient). The asterisks denote data points
significantly different from the corresponding points during
saline infusion in the adrenalectomized subjects.

Following glucose ingestion, plasma growth hor-
mone levels did not differ from normal in the epi-
nephrine-deficient patients. Growth hormone concen-
trations were suppressed by somatostatin (Fig. 9).
Plasma cortisol was, of course, unmeasurable in the
patients (Fig. 9). Heart rates were higher and blood
pressures tended to be lower than those of the normal
subjects in these patients (Fig. 9). However, it should
be noted again that these patients were not matched
to the normal subjects in this study.

DISCUSSION

These data demonstrate that, in human subjects, glu-
cagon actively supports the plasma glucose concentra-
tion late after glucose ingestion and that epinephrine
is not critical to this counterregulatory process when
glucagon secretion is intact, but becomes critical when
glucagon secretion is suppressed.

Glucagon deficiency, produced by infusion of so-
matostatin during the glucose counterregulatory phase,
resulted in nadir plasma glucose concentrations that
were --30% lower than control values late after glucose
ingestion. This was not due to hyperinsulinemia re-
sulting from the replacement dose of insulin infused
with somatostatin. Peripheral venous plasma insulin
concentrations were not different from those during
saline infusion. Furthermore, since the hepatic portal
venous to peripheral venous insulin ratio is normally
-2.5:1 (14-16) and since the portal and peripheral

insulin concentrations would be identical if insulin se-
cretion were totally suppressed by somatostatin, there
must have been portal hypoinsulinemia during the so-
matostatin-insulin infusions. It is notable, although not
unique to this study, that somatostatin produced a
clear effect on the plasma glucose concentration but
only a small decrease in measured immunoreactive
glucagon. This may have been due, in part, to the fact
that glucagon was measured in peripheral venous
plasma rather than the more biologically relevant por-
tal venous system. More important, perhaps, is the fact
that a large proportion of the immunoassayable ma-
terial measured with the antiserum used is not biolog-
ically active, 3,500-D glucagon (17). Thus, the somato-
statin-induced suppression of biologically active glu-
cagon was probably substantial and perhaps complete.
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FIGURE 8 Plasma glucagon, insulin, epinephrine, and nor-
epinephrine concentrations before and after ingestion of 75
g of glucose (arrows) in five bilaterally adrenalectomized
human subjects. The stippled areas are one SE around the
mean for normal subjects when saline was infused from 225
through 305 min. The open symbols are mean (±SE) values
when saline was infused from 225 through 305 min in ad-
renalectomized subjects (epinephrine deficient) and the
closed symbols are mean (±SE) values when somatostatin
(with insulin replacement) was infused from 220 through
305 min in adrenalectomized subjects (epinephrine plus glu-
cagon deficient).
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FIGURE 9 Plasma growth hormone concentrations cortisol

concentrations, heart rate, and systolic (above) and diastolic

(below) blood pressure before and after ingestion of 75 g of

glucose (arrows) in five bilaterally adrenalectomized human

subjects. The stippled areas are one SE around the mean for

normal subjects when saline was infused from 225 through

305 min. The open symbols are mean (±SE) values when

saline was infused from 225 through 305 min in adrenalec-

tomized subjects (epinephrine deficient) and the closed sym-

bols are mean (±SE) values when somatostatin (with insulin

replacement) was infused from 225 through 305 min in ad-

renalectomized subjects (epinephrine plus glucagon defi-

cient).

The lower nadir plasma glucose concentrations late

after glucose ingestion were the result of glucagon

deficiency and this is evidenced by the fact that this

effect on plasma glucose was prevented by glucagon

replacement. This was not due to failure to administer

somatostatin, since plasma growth hormone was sup-

pressed. Furthermore, this was not the result of ex-

cessive glucagon administration. The portal venous to

peripheral venous plasma glucagon ratio is -~-1.5:1 in

humans (14-16) and 3,500-D glucagon is preferen-

tially extracted by the liver (18, 19). Since somatostatin

preferentially suppresses the secretion of 3,500-D glu-

cagon in dogs (20, 21), a glucagonoma patient (22),

and normal humans', and since peripheral venous

plasma glucagon increased only 18%o during glucagon

replacement, portal glucagon was underreplaced. If

so, why was the decrement in plasma glucose pre-

vented and why did plasma glucose levels tend to be

higher than control values during partial glucagon re-

placement? The likely explanation is the concomitant

portal venous hypoinsulinemia discussed earlier.

To avoid possible effects on glucose absorption, we

deferred pharmacologic interventions until 225 min
after glucose ingestion. The isotopic measurements of

l Jaspan, J. B. Personal communication.

glucose absorption of Radziuk et al. (23) indicate that,
for a 75-g glucose dose, glucose absorption is complete
before that time. Prevention of lower glucose levels
by glucagon replacement provides further evidence
that the reduction in glucose levels produced by so-
matostatin was the result of glucagon deficiency per
se, and not of an inhibitory effect of somatostatin on
glucose absorption.

In contrast to the clear, albeit partial, effect of glu-
cagon deficiency, neither combined a- and ,B-adren-
ergic blockade nor the epinephrine-deficient state
(bilaterally adrenalectomized, glucocorticoid-re-
placed, mineralocorticoid-replaced subjects) impaired
the glucose counterregulatory process late after glu-
cose ingestion.

To summarize, these data support our hypothesis
that the transition from exogenous glucose delivery to
endogenous glucose production late after glucose
ingestion is the result of coordinated diminution of
insulin secretion and resumption of glucagon secretion,
and that epinephrine does not normally play a critical
role. Yet, glucagon does not appear to be the sole coun-
terregulatory factor since the lower plasma glucose
concentrations plateaued and began to rise despite
glucagon deficiency late after glucose ingestion.

That epinephrine might compensate partially for
deficient glucagon secretion and prevent hypoglyce-
mia is supported by the observed enhanced epineph-
rine secretory response, but is not convincingly sup-
ported by the data from intervention with the adren-
ergic antagonists, phentolamine and propranolol,
during glucagon deficiency. However, these are com-
petitive antagonists that, through a variety of mech-
anisms (11, 13), result in markedly elevated plasma
catecholamine concentrations as demonstrated by the
present data. It is quite possible that at least some of
the effects of these antagonists might be overcome by
massively elevated, endogenous catecholamine levels.
Clearly, it would be inappropriate to draw a negative
conclusion from these data alone. Thus, the data from
epinephrine-deficient (bilaterally adrenalectomized)
subjects are particularly relevant.

When coupled with glucagon deficiency, epineph-
rine deficiency resulted in a progressive fall in mean
plasma glucose to a hypoglycemic level late after glu-
cose ingestion. The mean glucose concentration at the
final sampling point was 40% lower than the control
value in those patients (epinephrine deficiency alone),
nearly 50% lower than the control values in normal
subjects, and -~30% lower than the glucagon-deficient
value in normal subjects. These findings support our
second hypothesis that epinephrine normally compen-
sates largely for deficient glucagon secretion and pre-
vents hypoglycemia late after glucose ingestion when
glucagon secretion is deficient. This counterregulatory
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redundancy plausibly explains the rarity of postpran-
dial hypoglycemia even after ingestion of a large car-
bohydrate load.

These findings underscore the limitations of the use
of phentolamine and propranolol in physiologic stud-
ies. Although positive findings can be readily inter-
preted, negative findings must be interpreted cau-
tiously. Furthermore, positive findings may underes-
timate the magnitude of the normal adrenergic effect.

It is reasonable to assume that dissipation of insulin
is important to the glucose counterregulatory process
late after glucose ingestion. The present data do not
refute this assumption, although the question was not
addressed directly. However, the finding that the
counterregulatory process is disrupted by combined
glucagon and epinephrine deficiencies, despite normal
peripheral insulin levels and probable portal hypoin-
sulinemia, indicates that the counterregulatory factors
are normally of critical importance. In their absence,
the glucose counterregulatory process fails to occur
despite dissipation of insulin.

These data document the critical roles of glucagon
and epinephrine in the glucose counterregulatory pro-
cess late after glucose ingestion. They do not support,
but do not exclude, the possibility that other hormones,
neural mechanisms, or an autoregulatory process may
be involved. Clearly, one need not invoke these and
if they are involved, they are not sufficiently potent
to prevent hypoglycemia when secretion of the critical
counterregulatory hormones-glucagon and epineph-
rine-is deficient.

The parallels between the physiology of hypogly-
cemic glucose counterregulation (8-10)-the mecha-
nisms that promote recovery from hypoglycemia-and
the presently demonstrated physiology of nonhypogly-
cemic glucose counterregulation-the mechanisms
that blunt decrements in plasma glucose, prevent hy-
poglycemia, and restore euglycemia-are striking.
Neither are solely explicable on the basis of dissipation
of insulin; glucagon plays a primary counterregulatory
role in both, epinephrine compensates largely for de-
ficient glucagon secretion in both, and counterregu-
lation fails to occur only in the absence of both glu-
cagon and epinephrine in both. It should be noted,
however, that both of the models studied in detail in-
volve rapid glucose counterregulation. The mecha-
nisms of more gradual glucose counterregulation may
or may not differ.

From the data presented we conclude that the tran-
sition from exogenous glucose delivery to endogenous
glucose production late after glucose ingestion is the
result of coordinated diminution of insulin secretion
and resumption of glucagon secretion, and that epi-
nephrine does not normally play a critical role. How-
ever, enhanced epinephrine secretion compensates

largely and prevents hypoglycemia when glucagon
secretion is deficient.
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