
Role of Epinephrine-mediated
3-Adrenergic Mechanisms in Hypoglycemic Glucose
Counterregulation and Posthypoglycemic Hyperglycemia
in Insulin-dependent Diabetes Mellitus

DENNIS A. POPP, SURESH D. SHAH, and PHILIP E. CRYER, Metabolism Division,
Department of Medicine, Clinical Research Center and the Diabetes
Research and Training Center, Washington University School of Medicine,
St. Louis, Missouri 63110

A B S T R A C T Initially euglycemic (overnight insulin-
infused) patients with insulin-dependent diabetes mel-
litus (IDDM), compared with nondiabetic controls,
exhibit similar, but somewhat delayed plasma glucose
nadirs, delayed glucose recovery from hypoglycemia,
and posthypoglycemic hyperglycemia after the rapid
intravenous injection of 0.075 U/kg of regular insulin.
These abnormalities are associated with and poten-
tially attributable to markedly diminished glucagon
secretory responses, partially reduced epinephrine se-
cretory responses and delayed clearance of injected
insulin in the diabetic patients. Because glucagon nor-
mally plays a primary role in hypoglycemic glucose
counterregulation and enhanced epinephrine secretion
largely compensates for glucagon deficiency, we hy-
pothesized that patients with IDDM, who exhibit di-
minished glucagon secretory responses to hypoglyce-
mia, would be more dependent upon epinephrine to
promote glucose recovery from hypoglycemia than are
nondiabetic persons. To test this hypothesis, glucose
counterregulation during ,B-adrenergic blockade with
propranolol was compared with that during saline in-
fusion in both nondiabetic controls and in patients with
IDDM. Glucose counterregulation was unaffected by
B-adrenergic blockade in controls. In contrast, glucose
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recovery from hypoglycemia, was significantly im-
paired during f,-adrenergic blockade in diabetic pa-
tients. This finding confirms the hypothesis that such
patients are more dependent upon epinephrine-me-
diated fl-adrenergic mechanisms to promote glucose
recovery from hypoglycemia and indicates that the
measured deficiency of glucagon secretion is func-
tionally important in patients with IDDM. Further, in
the time frame of these studies, posthypoglycemic hy-
perglycemia was prevented by ,B-adrenergic blockade
in these patients. There was considerable heteroge-
neity among the diabetic patients with respect to the
degree to which ,B-adrenergic blockade limited the
posthypoglycemic rise in plasma glucose. This rise was
directly related to the degree of residual glucagon se-
cretion and inversely related to plasma-free insulin
concentrations.

Thus, we conclude: (a) that patients with IDDM are,
to varying degrees, dependent upon epinephrine-me-
diated 13-adrenergic mechanisms to promote glucose
recovery from hypoglycemia and that the degree of
this dependence upon epinephrine is an inverse func-
tion of the residual capacity to secrete glucagon in
response to hypoglycemia in individual patients; (b)
that sympathoadrenal activation, coupled with the in-
ability to secrete insulin, plays an important role in
the pathogenesis of posthypoglycemic hyperglycemia
in patients with IDDM.

INTRODUCTION

Theoretically, glucose recovery from hypoglycemia
could be mediated by hormonal, neural, or autoreg-
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ulatory mechanisms or a combination of these. A series
of studies in normal human subjects (1-3) recently re-
viewed (4) indicate that glucagon secretion is nor-
mally the primary determinant of glucose recovery
from hypoglycemia and that enhanced epinephrine
secretion largely compensates for deficient glucagon
secretion.

Patients with insulin-dependent diabetes mellitus
(IDDM)l commonly have blunted glucagon secretory
responses to hypoglycemia (5-7) and to nonhypogly-
cemic plasma glucose decrements (8). Thus, we hy-
pothesized that such patients would be more de-
pendent upon epinephrine-mediated ,3-adrenergic
mechanisms (9) to promote glucose recovery from hy-
poglycemia than are nondiabetic persons with intact
glucagon secretion.

Viberti, Keen, and Bloom (10, 11) recently examined
the effects of f,-adrenergic antagonists on insulin in-
duced hypoglycemia in diabetic and nondiabetic sub-
jects. In agreement with most previous studies (4),
these investigators found little, if any, effect of fl-ad-
renergic blockade on glucose recovery from hypogly-
cemia in nondiabetic subjects (10). Using an experi-
mental design that included rapid intravenous injection
of 6 or 12 U of regular insulin followed by infusion
of 6 U insulin/h until the plasma glucose concentration
was <36 mg/dl (requiring 30-180 min), they found
essentially no glucose recovery from hypoglycemia
over 60 min in studies of insulin-treated, initially hy-
perglycemic patients with diabetes during placebo
administration (11). These findings suggest that im-
paired recovery from hypoglycemia is a function of
diabetes per se. This conclusion, however, must be
qualified by the fact that their patients with diabetes
received substantially larger total insulin doses than
did their nondiabetic subjects, which provides a pos-
sible explanation for delayed glucose recovery in the
former group. Since there was no recovery from hy-
poglycemia in their placebo group, these investigators
were unable to assess any possible effects of ,3-adren-
ergic blockade on glucose recovery from hypoglyce-
mia in patients with IDDM. In general, these findings
were similar to those of an earlier study by Lager et
al. (12). The latter investigators also used variable doses
of insulin and observed little glucose recovery from
hypoglycemia during control studies in diabetic pa-
tients. Postnadir blood glucose concentrations were not
significantly reduced by propranolol although it was
concluded that the rate of increase in blood glucose
was reduced.

1 Abbreviation used in this paper: IDDM, insulin-depen-
dent diabetes mellitus.

We have studied glucose recovery from insulin-
induced hypoglycemia, and posthypoglycemic hyper-
glycemia, in initially euglycemic (overnight insulin-
infused) patients with IDDM. This permitted use of
the same dose of rapidly injected regular insulin to
produce comparable degrees of hypoglycemia in both
diabetic patients and controls. The studies were spe-
cifically designed to permit comparison of the degree
of glucose recovery and posthypoglycemic hypergly-
cemia during saline infusion with that during fl-ad-
renergic blockade in patients with IDDM and in con-
trols.

METHODS

Subjects. Eight patients with insulin-dependent (type 1)
diabetes mellitus (IDDM), whose characteristics are listed
in Table I, and seven nondiabetic controls consented to par-
ticipate. All subjects were within 20% of their ideal body
weights (Metropolitan Life Insurance Company tables). The
mean (±SE) ages of the patients (28±2 yr) and the controls
(24±1 yr) were not significantly different. Similarly, the
mean body weights of the patients (67.1±4.1 kg) did not
differ from those of the controls (72.0±3.6 kg). The diabetic
patients were all participants in the Diabetes Registry pro-
gram of the Washington University Diabetes Research and
Training Center. None had symptomatic autonomic neu-
ropathy. Subjects with overt heart disease, hypertension,
anemia, a history of asthma, or of a convulsive disorder,
proliferative retinopathy, or a serum creatinine >1.3 mg/dl
were not included. All studies were performed at the Wash-
ington University Clinical Research Center and were ap-
proved by the Washington University Human Studies Com-
mittee.
Study protocol. On the day before study, patients with

IDDM were treated with regular insulin only. They received
a variable intravenous infusion of regular insulin, with
plasma glucose measurements at least hourly, to achieve and
maintain euglycemia from 1600 h on that day through 0800
h on the morning of study. The insulin infusions were dis-
continued at that point.

All subjects were studied after an overnight fast and in
the supine position. At 0720 h, catheters for sampling and
for drug infusion were inserted into antecubital veins in each
arm. Regular insulin, 0.075 U/kg body wt, was given by
rapid intravenous injection at 0800 h. Blood samples (9 ml)
were obtained from the contralateral arm, and the blood
pressure and heart rate were recorded, at 10-min intervals
from 20 min before insulin injection through 200 min after
insulin injection. Blood was promptly distributed to iced
tubes containing heparin (500 U/ml); heparin, EGTA (5.0
mM), and reduced glutathione (5.0 mM); EDTA (4.0 mM)
plus aprotinin, 500 U/ml (Trasylol, SDA Pharmaceuticals,
Inc., New York.); or perchloric acid (3.0 M). These were
centrifuged at 4°C and the supernatants frozen and stored
at -80°C for subsequent analysis.

All subjects were studied on two separate days, once during
infusion of saline and once during infusion of the fB-adren-
ergic antagonist propranolol (Inderal, Ayerst Laboratories,
Inc., New York.). These infusions were begun at 0750 h (10
min before insulin injection) and continued throughout the
remainder of the study with an infusion pump (Harvard
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TABLE I
Patients with Insulin-dependent Diabetes Mellitus

Patient Hemoglobin Duration of
No. Sex Age Al. diabetes Complications

yr. % Yr.

1 Male 25 12.2 15 Background retinopathy,
peripheral neuropathyt

2 Female 24 7.5 13 Background retinopathy

3 Female 28 11.6 18 Peripheral neuropathy

4 Female 30 12.3 22 Background retinopathy,
peripheral neuropathy

5 Male 27 12.2 15 Peripheral neuropathy

6 Female 38 12.9 12 Background retinopathy,
peripheral neuropathy

7 Female 22 11.8 9 Peripheral neuropathy

8 Female 34 8.6 19 Background retinopathy,
peripheral neuropathy

Normal < 8.3%.
Reduced nerve conduction velocities.

Apparatus Co., Inc., S. Natick, Mass.). The sequence was
varied. The propranolol dose was 80 jg/min after a 3.0-mg
dose given by rapid intravenous injection. Equivalent vol-
umes of saline and of the propranolol containing solution
were infused.

Analytical methods. Plasma glucose was measured with
a glucose oxidase technique. Plasma concentrations of glu-
cagon (13), insulin (14), growth hormone (15), and cortisol
(16) were determined by radioimmunoassays. Antiserum
30K was used to measure glucagon. Free insulin was mea-
sured after polyethylene glycol precipitation (17) in all sam-
ples. Plasma epinephrine and norepinephrine were mea-
sured with a single isotope derivative method (18) using 50-
jil samples. Blood glycerol (19), s-hydroxybutyrate (20), and
lactate (21) were determined with microfluorometric tech-
niques.

Statistical methods. Data are expressed as the mean plus
or minus the standard error (SE). Statistical tests included
Student's t tests for paired and unpaired data and regression
analysis (22).

RESULTS

Glucose recovery from insulin-induced
hypoglycemia in initially euglycemic
patients with IDDM compared with
nondiabetic controls (saline studies)

Plasma glucose concentrations. (Fig. 1). Mean
plasma glucose concentrations at base line, before in-

sulin injection (80±2 mg/dl in controls and 80±9 mg/
dl in patients), and mean nadir plasma glucose con-
centrations (26±3 mg/dl in controls and 32±4 mg/dl
in patients) were not significantly different. However,
the plasma glucose nadir was delayed from 30 min in
controls to 50 min after insulin injection in patients
with IDDM.

Glucose recovery from hypoglycemia was delayed
in patients with IDDM. Mean plasma glucose concen-
trations were significantly (P < 0.01) lower than those
of controls from 50 through 70 min and did not become
superimposable on those of controls until 120 min after
insulin injection. The increments in plasma glucose
levels from their nadirs were inversely related to the
plasma-free insulin concentrations at 120 min (r
= 0.569, P < 0.02) in diabetic patients (data not shown).
Posthypoglycemic hyperglycemia developed in pa-

tients with IDDM. At 200 min after insulin injection
the mean plasma glucose concentration was 148±19
mg/dl, significantly (P < 0.001) higher than that of
75±1 mg/dl in controls.
Plasma concentrations of glucose regulatory and

counterregulatory hormones. Mean plasma-free in-
sulin concentrations (Fig. 1) after insulin injection
tended to be higher in patients with IDDM although
this apparent difference was statistically significant
(P < 0.05) at only a single time point (30 min). These
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averaged 14±1 pg/ml in diabetic patients, signifi-
cantly (P < 0.01) less than those averaging 89±20 pg/

4 ml in controls (data not shown).
Mean plasma epinephrine concentrations (Fig. 1)

rose from 19±2 pg/ml to a maximum of 466±99 pg/
ml (P < 0.01) 40 min after insulin injection in controls,

<{~~¶1W but only from 29±5 pg/ml to 145±49 pg/mi at 60 min
in patients with IDDM. Plasma epinephrine levels
were significantly lower in diabetic patients at 40 min

, , (P < 0.01) and 50 min (P < 0.05) after insulin injection.
0 80 160 The maximum mean plasma epinephrine concentra-

tion was achieved 20 min later in diabetic patients and
was significantly (P < 0.02) lower than that achieved
in controls. The maximum increments in plasma epi-

.4 nephrine over mean base-line values averaged 180±49
pg/ml in diabetic patients, significantly (P <0.05)
lower than those averaging 464±101 pg/ml in controls
(data not shown).
Mean plasma norepinephrine concentrations (Table

II) were not significantly different in the two groups.
Mean plasma growth hormone concentrations (shown

in Fig. 7) rose from 2.3±1.1 ng/ml to a maximum of
19.8±3.8 ng/ml (P < 0.01) in controls and from 7.5±2.0

0 80 160 ng/ml to a maximum of 26.9±5.8 ng/ml (P < 0.01)
in patients with IDDM 60 min after insulin injection.

Free insulin, gluca- The mean plasma growth hormone level was signifi-
re and after rapid cantly (P < 0.02) higher at base line before insulin in-
gular insulin (solid jection in diabetic patients, but did not differ from
euglycemic (over- that of controls during the remainder of the study. The
ws) patients with maximum increments in plasma growth hormone over
tic controls (open mean base line averaged 24.0±5.4 ng/ml in diabetic

patients and 23.5±4.6 ng/ml in controls (data not
shown).

alues throughout Mean plasma cortisol concentrations (shown in Fig.
Iues were repro- 8) rose from 17.6±3.1 ,ug/dl to a maximum of 24.9±2.7
-rnally consistent gg/dl (P < 0.05) in controls and from 10.8±1.6 ,ug/dl
ts. At the end of to a maximum of 20.7±3.3 ,ug/dl (P < 0.02) in patients
ntrations in dia- with IDDM 70 min after insulin injection. Mean
.If those required plasma cortisol concentrations did not differ signifi-
tudy. The initial cantly between the two groups. The maximum incre-
d insulin was sig- ments in plasma cortisol over base line averaged
Lin in controls to 7.3±2.4 ,ug/dl in controls and 10.2±2.9,ug/dl (not sig-
tith IDDM. nificant) in diabetic patients (data not shown).
ions (Fig. 1) rose Blood concentrations of metabolic intermediates.
f 229±31 pg/ml (Table III). Patients with IDDM differed significantly
ction in controls. from controls in that the initial rise in blood lactate
ncentrations did after insulin injection did not occur and the late in-
h IDDM (130±31 crement in blood f.-hydroxybutyrate after insulin in-
mum of 136±34 jection was greater in diabetic patients.
). The maximum Heart rate and blood pressure. (Table II). Patients
5) higher in con- with IDDM exhibited significantly higher mean heart
maximum incre- rates, systolic blood pressures, and diastolic blood pres-
ibase-line values sures than controls. Mean heart rates increased signif-
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TABLE II
Effects of Hypoglycemia with and without 13-Adrenergic Blockade on Heart Rate, Blood Pressure,

and Plasna Norepinephrine

Before insulin After insulin

0 min 30-60 min 200 min

Saline PRP P Saline PRP P Saline PRP P

Heart rate, per minute
I <0.001

Controls 64±3 60±2 NS 83±5 63±5 <0.001 65±4 58±3 <0.05
<0.01

IDDM 87±3 83±3 NS 96±5 81±2 <0.01 88±5 79±3 <0.01
P <0.001 <0.001 <0.1 > 0.05 <0.01 <0.01 <0.01

Systolic BP, mm Hg
NS I

Controls 110±3 111±3 NS 119±6 118±4 NS 110±2 108±2 NS
l <0.02

IDDM 118±4 115±4 NS 125±4 124±3 NS 121±3 116±3 <0.05
P 0.05 NS NS NS <0.01 <0.1 > 0.05

Diastolic BP, mm Hg
I NS

Controls 67±2 70±1 NS 69±3 81±4 <0.01 70±2 71±2 NS
I NS

IDDM 80±2 82±6 NS 82±2 88±2 <0.05 80±3 82±2 NS
P <0.01 <0.001 <0.01 NS <0.05 <0.01

Norepinephrine, pg/ml
<0.05 l

Controls 217±44 215±38 NS 285±31 290±54 NS 248±33 260±29 NS
<0.1>0.05 l

IDDM 244±57 219±75 NS 313±61 417±163 NS 305±69 247±70 NS
P NS NS NS NS NS NS

PRP, propranolol; BP, blood pressure.

icantly during hypoglycemia in both groups. However,
the maximum increments in heart rate over mean base
line averaged only 9±2 beats/min in the diabetic pa-
tients, significantly (P < 0.01) less than those averaging
22±3 beats/min in controls (data not shown).

Effects of 13-adrenergic blockade on glucose
recovery from insulin-induced hypoglycemia
and on posthypoglycemic hyperglycemia in
initially euglycemic patients with insulin-
dependent diabetes mellitus (propranolol
studies).

Plasma glucose concentrations. (Fig. 2). j3-Adren-
ergic blockade had no effect on the plasma glucose
nadir or on glucose recovery from insulin-induced hy-

poglycemia in controls. In diabetic patients, nadir
plasma glucose concentrations, 32±4 mg/dl during
saline and 31±4 mg/dl during propranolol, also were
unaffected. However, glucose recovery from hypogly-
cemia was significantly impaired by ,B-adrenergic
blockade in patients with IDDM. Mean postnadir
plasma glucose levels were significantly lower during
propranolol than during saline from 80 min through
the remainder of the study. During saline the mean
postnadir plasma glucose concentration first exceeded
the base-line level at 140 min after insulin injection.
A similar mean glucose level was not achieved until
180 min during propranolol.
Posthypoglycemic hyperglycemia (in the time frame

of this study) was largely prevented by f8-adrenergic
blockade. At the end of the study, 200 min after insulin
injection, the mean plasma glucose concentration dur-
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TABLE III
Effects of Hypoglycemia with and without 1l-Adrenergic Blockade on Blood Lactate,

Glycerol, and f-Hydroxybutyrate

Before insulin After insulin

0 min 30-70 min 200 min

Saline PRP P Saline PRP P Saline PRP P

Lactate, mmol/liter
, ~~~~~<0.01 ,- I <0.01 |--

Controls 1.02±0.11 0.89±0.14 NS 1.74±0.13 1.46±0.10 <0.05 0.89±0.07 0.81±0.06 NS
NS I <0.05 1

IDDM 1.01±0.27 1.03±0.07 NS 1.14±0.26 1.33±0.10 NS 0.75±0.10 0.86±0.06 NS
P NS NS <0.02 NS NS NS

Glycerol, Mmol/liter
NS l<0.05 1

Controls 164±35 100±10 NS 94±16 60±14 <0.01 145±22 105±16 NS
NS--- r <0.02---

IDDM 159±88 112±33 NS 84±27 89±40 NS 201±40 172±63 NS
P NS NS NS NS NS NS

,-Hydroxybutyrate, Amol/liter
<0.01-- , <0.001-i

Controls 185±37 179±52 NS 70±14 56±9 NS 369±57 208±37 <0.01
<0.02 - <0.001-1

IDDM 263±75 197±45 NS 109±18 86±9 NS 1,260±209 586±213 <0.001
P NS NS <0.02 <0.05 <0.01 NS

PRP, propranolol.

ing saline was 148±19 mg/dl; that during propranolol
was 96±24 mg/dl (P < 0.001).

Patients with IDDM were heterogeneous with re-
spect to the degree to which ,3-adrenergic blockade
limited the postnadir rise in plasma glucose (Fig. 3).
The glucose rise was unaltered in one patient, mini-
mally reduced in two patients, and substantially re-
duced in five patients. The magnitude of the post-nadir
increase in plasma glucose was related to the degree
of residual glucagon secretion in that the increments
in plasma glucose during propranolol, expressed as a
percentage of those during saline, were correlated with
the maximum increments in plasma glucagon concen-
trations over mean base-line values (r = 0.606, P
< 0.02) in individual patients (data not shown). These
post nadir increments in plasma glucose levels were
inversely related to plasma-free insulin concentrations
at 200 min (r = 0.553, P < 0.05) (data not shown).
Plasma concentrations of glucose regulatory and

counterregulatory hormones. Mean plasma insulin
concentrations (Fig. 4) and the initial disappearance
rate of injected insulin were unaffected by f-adren-

ergic blockade. In controls the initial half-times of
disappearance of injected insulin were 6.1±0.2 min
during saline and 6.4±0.4 min during propranolol.
Corresponding values in patients with IDDM were
9.2±1.2 min and 10.0±1.3 min.
Mean plasma glucagon concentrations (Fig. 5) were

also unaffected by ,3-adrenergic blockade.
In association with hypoglycemia, mean plasma epi-

nephrine concentrations were elevated by #B-adrener-
gic blockade (Fig. 6). Due to scatter in the data, ap-
parent elevations were not statistically significant at
all time points. However, mean plasma epinephrine
concentrations were significantly higher during pro-
pranolol than during saline at 60, 70, 120, 130, 140,
150, 170, and 180 min after insulin injection in controls
and at 90 and 100 min in diabetic patients.
Mean plasma norepinephrine concentrations (Table

II) were not significantly altered by ,#-adrenergic
blockade although plasma norepinephrine levels dur-
ing hypoglycemia tended to be higher during pro-
pranolol than during saline.
Mean plasma growth hormone levels in association
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FIGURE 2 Mean (±SE) plasma glucose concentrations before and after rapid intravenous in-
jection of 0.075 U/kg of regular insulin (vertical arrows) during infusion of saline and of
propranolol in nondiabetic controls and in initially euglycemic (overnight insulin-infused, hor-
izontal arrow) patients with IDDM. The asterisks denote P values of <0.05°, <0.02°,
<0.01°°°, and <0.001°°

with hypoglycemia were significantly increased by
-50% in controls and nearly 100% in patients with
IDDM by ,8-adrenergic blockade (Fig. 7).
Mean plasma cortisol concentrations (Fig. 8) were

not significantly altered by ,B-adrenergic blockade.
Blood concentrations of metabolic intermediates.

(Table III). ,B-Adrenergic blockade significantly re-

duced the posthypoglycemic rise in blood f3-hydroxy-
butyrate, by -50%, in both controls and patients with
IDDM; it also tended to blunt the late rise in blood
glycerol.

Heart rate and blood pressure. (Table II). Hypo-
glycemic increments in heart rates were prevented by
fB-adrenergic blockade in both controls and patients
with IDDM. f,-Adrenergic blockade resulted in sig-
nificantly higher mean diastolic blood pressures during
hypoglycemia in both groups. Systolic blood pressures
were unaffected.

DISCUSSION

Compared to nondiabetic controls, initially eugly-
cemic (overnight insulin-infused) patients with IDDM
exhibited a similar, but somewhat delayed, plasma

glucose nadir, delayed glucose recovery from hypo-
glycemia and posthypoglycemic hyperglycemia after
the rapid intravenous injection of 0.075 U/kg of reg-
ular insulin. Delayed glucose recovery from hypogly-
cemia in diabetic patients was associated with, and
potentially attributable to, three factors. First, as pre-

viously reported (5-8), the plasma glucagon response

to hypoglycemia was markedly blunted in the diabetic
patients. Second, the adrenomedullary response to hy-
poglycemia was partially reduced in the patients with
IDDM; mean maximum plasma epinephrine concen-

trations were approximately one-third those achieved
in nondiabetic controls. This could well be a manifes-
tation of diabetic autonomic neuropathy in these pa-

tients with longstanding diabetes. Hilsted et al. (23)
recently demonstrated reduced plasma epinephrine
responses to hypoglycemia in diabetics selected for
autonomic neuropathy compared with those without
autonomic neuropathy. The finding of higher resting
heart rates in our diabetic patients is consistent with
the presence of parasympathetic neuropathy. Their
smaller increments in heart rate during hypoglycemia
could be due to their reduced epinephrine responses

or to diminished norepinephrine release from sym-
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FIGURE 3 Plasma glucose concentrations before and after rapid intravenous injection of 0.075
U/kg of regular insulin (at 0 min) in initially euglycemic patients with IDDM. Data denoted
by solid lines were obtained during infusion of saline, those denoted by interrupted lines during
infusion of propranolol.

pathetic neurons innervating the heart. With respect
to the latter, however, plasma norepinephrine re-
sponses to hypoglycemia were not discernibly reduced
in the diabetic patients.

It should be emphasized that the reduced adreno-
medullar.y response was found during hypoglycemia,
a potent stimulus to epinephrine secretion. In previous
studies, we did not find a reduced plasma epinephrine
response to standing in diabetic patients with docu-
mented adrenergic neuropathy (24), nor did we find
reduced basal or posturally stimulated plasma epi-
nephrine concentrations to be a feature of diabetes per
se (25). Nonetheless, if it is a reflection of diabetic
adrenergic neuropathy, the finding of a reduced
plasma epinephrine response to hypoglycemia indi-
cates some involvement at the level of the postgan-
glionic cell bodies or their more central connections

although the major involvement is thought to lie more
distally in the postganglionic axons (24).

Diminished clearance of injected insulin is the third
factor of potential importance to delayed glucose re-
covery from hypoglycemia in patients with IDDM.
The initial half-time of disappearance of injected in-
sulin was prolonged in the diabetic patients and the
increments in plasma glucose from their nadirs were
inversely related to the plasma-free insulin concentra-
tions in individual patients during the glucose recovery
phase. Clearly, the relative importance of each of these
factors-markedly diminished glucagon secretion,
partially reduced epinephrine secretion, and reduced
clearance of injected insulin-to the observed delay
in glucose recovery from hypoglycemia in patients
with IDDM remains to be established.

Posthypoglycemic hyperglycemia in patients with
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IDDM was also associated with, and potentially at-
tributable to, three factors. The mean plasma free in-
sulin concentration during the hyperglycemic phase
was approximately half that required to maintain eu-
glycemia prior to study; hence, lower circulating in-
sulin levels were undoubtedly an important factor in
the pathogenesis of posthypoglycemic hyperglycemia.
Also, it is conceivable that the small amounts of glu-
cagon released could have contributed to increased
hepatic glucose production, particularly since mea-
surements were made in the peripheral, rather than
the portal, circulation. Lastly, although the plasma
epinephrine response was reduced compared with that
of nondiabetic controls, the patients with IDDM re-
leased substantial amounts of epinephrine in response
to hypoglycemia. The contribution of ,8-adrenergic
stimulation to the development of posthypoglycemic
hyperglycemia in the diabetic patients was tested di-
rectly in this study as discussed later.

Infusion of the ,8-adrenergic antagonist propranolol
produced effective f,-adrenergic blockade as evi-
denced by prevention of the tachycardic response to
hypoglycemia, by occurrence of a diastolic pressor re-
sponse during hypoglycemia and by blunting of the
posthypoglycemic rise in blood fl-hydroxybutyrate
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FIGURE 4 Mean (±SE) plasma free insulin concentrations
before and after rapid intravenous injection of 0.075 U/kg
of regular insulin (vertical arrows) during infusion of saline
and of propranolol in nondiabetic controls and in initially
euglycemic (overnight insulin-infused, horizontal arrow)
patients with IDDM.
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FIGURE 5 Mean (±SE) plasma glucagon concentrations be-
fore and after rapid intravenous injection of 0.075 U/kg of
regular insulin (vertical arrows) during infusion of saline and
of propranolol in nondiabetic controls and in initially eu-
glycemic (overnight insulin-infused, horizontal arrow) pa-
tients with IDDM.

concentrations in both controls and in patients with
IDDM. In association with hypoglycemia, plasma epi-
nephrine concentrations were elevated during ,B-ad-
renergic blockade. This is, at least at part, due to the
sharp reduction in the clearance of epinephrine from
the circulation that occurs during ,B-adrenergic block-
ade (26). Importantly, neither the plasma insulin con-
centrations nor the initial half-times of disappearance
of injected insulin were altered by f,-adrenergic block-
ade. Similarly, plasma glucagon and cortisol levels
were unaffected. The plasma growth hormone re-
sponses to hypoglycemia were augmented during -
adrenergic blockade, as previously reported -(27).

In nondiabetic controls, recovery from insulin-in-
duced hypoglycemia was unaffected by 13-adrenergic
blockade. This has been a consistent finding in our
studies (1, 3) and is part of the evidence supporting
the conclusion that epinephrine secretion is not critical
to glucose recovery from hypoglycemia except when
glucagon secretion is deficient (1-4). In contrast, glu-
cose recovery from hypoglycemia was significantly im-
paired during ,B-adrenergic blockade in patients with
IDDM. This finding confirms our hypothesis that such
patients are more dependent upon epinephrine-me-
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ular insulin (vertical arrows) during infusion of saline and
of propranolol in nondiabetic controls and in initially eu-
glycemic (overnight insulin-infused, horizontal arrow) pa-
tients with IDDM.
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FIGURE 7 Mean (±SE) plasma growth hormone concentra-
tions before and after rapid intravenous injection of 0.075
U/kg of regular insulin (vertical arrows) during infusion of
saline and of propranolol in nondiabetic controls and in ini-
tially euglycemic (overnight insulin-infused, horizontal ar-

row) patients with IDDM.

diated fi-adrenergic mechanisms to promote glucose
recovery from hypoglycemia than are nondiabetic per-
sons and indicates that the measured deficiency of
glucagon secretion in response to hypoglycemia is
functionally important in patients with IDDM. The
latter conclusion is similar to that of Campbell, Krae-
gen, and Lazarus (28) who observed that insulin in-
fusion ultimately results in lower mean blood glucose
levels, with smaller increments in mean plasma glu-
cagon, in insulin requiring patients with diabetes com-
pared with nondiabetic controls.

Further, in the time frame of our studies, posthy-
poglycemic hyperglycemia was largely prevented by
f3-adrenergic blockade. This finding indicates that
sympathoadrenal activation, coupled with insulin de-
ficiency, plays an important role in the pathogenesis
of this phenomenon.
There was considerable heterogeneity among the

diabetic patients with respect to the degree to which
fB-adrenergic blockade limited the posthypoglycemic
rise in plasma glucose. This may relate, in part, to the
degree of residual glucagon secretion since postnadir
increments in plasma glucose were significantly cor-
related with maximum increments in plasma glucagon
in individual patients. Again, circulating insulin levels
are of likely importance; postnadir increments in
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plasma glucose were inversely related to plasma-free
insulin concentrations at the end of the study.

These findings have both practical and theoretical
implications. Propranolol is a drug that is widely pre-
scribed for the treatment of disorders, such as hyper-
tension and ischemic heart disease, that occur com-
monly in patients with IDDM. If treated with this
drug, many such patients will be at increased risk for
serious hypoglycemia that may not be recognized until
neuroglycopenia becomes clinically evident since pro-
pranolol may also prevent some of the adrenergic
symptoms of hypoglycemia. The findings also provide
additional theoretical insight into both the beneficial
and the detrimental effects of sympathoadrenal acti-
vation on metabolic control in patients with IDDM.
Lastly, they provide further support for our model
(1-4) of the mechanisms of hypoglycemic glucose
counterregulation.

In summary, we conclude that patients with IDDM
are, to varying degrees, dependent upon epinephrine-
mediated f-adrenergic mechanisms to promote glu-
cose recovery from hypoglycemia, that the degree of
this dependence upon epinephrine is an inverse func-
tion of the residual capacity to secrete glucagon in
response to hypoglycemia in individual patients and
that sympathoadrenal activation, coupled with the in-
ability to secrete insulin, plays an important role in
the pathogenesis of posthypoglycemic hyperglycemia
in patients with IDDM.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the technical assis-
tance of Mr. Edward Smith, Ms. Shirley Hill, Ms. Shin Hsu,
Ms. Denise Nachowiak, Ms. Lorraine Thomas, and Ms. Bak-
ula Trivedi; the assistance of the nursing staff of the Wash-
ington University Clinical Research Center in the studies
performed; and the secretarial assistance of Ms. Theresa
Lautner.

This study was supported by U. S. Public Health Service
grants AM 27085, RR 00036, and AM 20579.

REFERENCES

1. Clarke, W. L., J. V. Santiago, L. Thomas, M. W. Hay-
mond, E. Ben-Galim, and P. E. Cryer. 1979. Adrenergic
mechanisms in recovery from hypoglycemia in man:
adrenergic blockade. Am. J. Physiol. 236: E147-E152.

2. Gerich, J., J. Daivs, M. Lorenzi, R. Rizza, N. Bohannon,
J. Karam, S. Lewis, S, Kaplan, T. Schultz, and P. Cryer.
1979. Hormonal mechanisms of recovery from insulin-
induced hypoglycemia in man. Am. J. Physiol. 236:
E380-E385.

3. Rizza, R. A., P. E. Cryer, and J. E. Gerich. 1979. Role
of glucagon, epinephrine, and growth hormone in hu-
man glucose counterregulation: effects of somatostatin
and adrenergic blockade on plasma glucose recovery and

glucose flux rates following insulin-induced hypoglyce-
mia. J. Clin. Invest. 64: 62-71.

4. Cryer, P. E. 1981. Glucose counterregulation in man.
Diabetes. 30: 261-264.

5. Gerich, J. E., M. Langlois, C. Noacco, J. H. Karam, and
P. H. Forsham. 1973. Lack of glucagon response to hy-
poglycemia in diabetes: evidence for an intrinsic pan-
creatic alpha cell defect. Science (Wash. D. C.). 182:
171-173.

6. Benson, J. W. Jr., D. G. Johnson, J. P. Palmer, P. L.
Werner, and J. W. Ensinck. 1977. Glucagon and cate-
cholamine secretion during hyoglycemia in normal and
diabetic man. J. Clin. Endocrinol. Metab. 44: 459-464.

7. Maher, T. D., R. J. Tanenberg, B. Z. Greenberg, J. E.
Hoffman, R. P. Doe, and F. C. Goetz. 1977. Lack of
glucagon response to hypoglycemia in diabetic auto-
nomic neuropathy. Diabetes. 26: 196-200.

8. Santiago, J. V., W. E. Clarke, S. D. Shah, and P. E. Cryer.
1980. Epinephrine, norepinephrine, glucagon, and
growth hormone release in association with physiologic
decrements in the plasma glucose concentration in nor-
mal and diabetic man. J. Clin. Endocrinol. Metab. 51:
877-883.

9. Rizza, R. A., P. E. Cryer, M. W. Haymond, and J. E.
Gerich. 1980. Adrenergic mechanisms for the effect of
epinephrine on glucose production and clearance in
man. J. Clin. Invest. 65: 682-689.

10. Viberti, G. C., H. Keen, and S. R. Bloom. 1980. Beta
blockade and diabetes mellitus: effect of oxprenolol and
metoprolol on the metabolic, cardiovascular, and hor-
monal response to insulin induced hypoglycemia in nor-
mal subjects. Metab. Clin. Exp. 29: 866-872.

11. Viberti, G. C., H. Keen, and S. R. Bloom. 1980. Beta
blockade and diabetes mellitus: effect of oxprenolol and
metoprolol on the metabolic, cardiovascular, and hor-
monal response to insulin-induced hypoglycemia in in-
sulin-dependent diabetics. Metab. Clin. Exp. 29: 873-
879.

12. Lager, I., G. Blohme, and U. Smith. 1979. Effect of
cardioselective and nonselective a-blockade on the hy-
poglycaemic response in insulin dependent diabetics.
Lancet. I: 458-462.

13. Leichter, S. A., A. Pagliara, M. Greider, S. Pohl, J. Rosai,
and D. Kipnis. 1975. Uncontrolled diabetes mellitus and
hyperglucogonemia associated with an islet cell carci-
noma. Am. J. Med. 58: 285-293.

14. Hales, C., and P. Randle. 1963. Immunoassay of insulin
with insulin-antibody precipitate. Biochem. J. 88: 137-
146.

15. Schalch, D., and M. Parker. 1964. A sensitive double
antibody radioimmunoassay for human growth hormone
in plasma. Nature (Lond.). 203: 1141-1142.

16. Farmer, R. W., and C. E. Pierce. 1974. Plasma cortisol
determination: radioimmunoassay and competitive pro-
tein binding compared. Clin. Chem. 20: 411-414.

17. Kuzuya, H., P. M. Blix, and D. L. Horwitz. 1977. De-
termination of free and total insulin and C-peptide in-
insulin-treated diabetes. Diabetes. 26: 22-29.

18. Cryer, P. E., J. V. Santiago, and S. D. Shah. 1974. Mea-
surement of norepinephrine and epinephrine in small
volumes of human plasma by a single isotope derivative
method: response to the upright position. J. Clin. En-
docrinol. Metab. 39: 1025-1029.

19. Pinter, J. K., J. A. Hayashi, and J. A. Watson. 1967.

3-Adrenergic Mechanisms in Glucose Counterregulation 325



Enzymatic assay of glycerol, dihydroxyacetone, and
glyceraldehyde. Arch. Biochem. Biophys.121: 404-414.

20. Cahill, G. F., Jr., M. G. Herrera, A. P. Morgan, J. S.
Soeldner, J. Steinke, P. F. Levy, G. H. Rerchand Jr., and
D. M. Kipnis. 1966. Hormone-fuel interrelationships
during fasting. J. Clin. Invest. 45: 1751-1769.

21. Lowry, 0. H., J. V. Passoneau, F. X. Hasselberger,
D. V. Schultz. 1964. Effect of ischemia on known sub-
strate and co-factors of the glycolytic pathway of the
brain. J. Biol. Chem. 239:18-30.

22. Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. Iowa State University Press, Ames, Iowa.

23. Hilsted, J., S. Madsbad, T. Krarup, L. Sestoft, N. J. Chris-
tensen, B. Tronier, and H. Galbo. 1981. Hormonal, met-
abolic, and cardiovascular responses to hypoglycemia in
diabetic autonomic neuropathy. Diabetes. 30: 626-633.

24. Leveston, S. A., S. D. Shah, P. E. Cryer. 1979. Cholin-
ergic stimulation of norepinephrine release in man: ev-

idence of a sympathetic postganglionic axonal lesion in
diabetic adrenergic neuropathy. J. Clin. Invest. 64: 374-
380.

25. Cryer, P. E., A. B. Silverberg, J. V. Santiago, and S. D.
Shah. 1978. Plasma catecholamines in diabetes: the syn-
dromes of hypoadrenergic and hyperadrenergic postural
hypotension. Am. J. Med. 64: 407-416.

26. Cryer, P. E., R. A. Rizza, M. W. Haymond, J. E. Gerich.
1980. Epinephrine and norepinephrine are cleared
through beta-adrenergic, but not alpha-adrenergic,
mechanisms in man. Metab. Clin. Exp. 29: 1114-1117.

27. Blackard, W. G., and S. A. Heidingsfelder. 1968. Ad-
renergic receptor control mechanism for growth hor-
mone secretion. J. Clin. Invest. 47: 1407-1414.

28. Campbell, L. V., E. W. Kraegen, and L. Lazarus. 1977.
Defective blood glucose counterregulation in diabetics
is a selective form of autonomic neuropathy. Br. Med.
J. 2: 1527-1529.

326 D. A. Popp, S. D. Shah, and P. E. Cryer


