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Hypoglycemia unawareness, defined as
the lack of appropriate autonomic
w a rning signals before the development

of neuroglycopenia (1), occurs commonly in
patients with type 1 diabetes. It is generally

characterized by 1) greater hypoglycemia
being re q u i red to initiate autonomic warn i n g
symptoms and counterre g u l a t o ry horm o n e
s e c retion and 2) a reduction in the magnitude
of both symptom and hormone re s p o n s e s

(2–4), perhaps most importantly that of epi-
nephrine. The impaired counterre g u l a t o ry
h o rmone responses are related to both dura-
tion of diabetes and degree of glycemic contro l
(2) and also usually involve the occurrence of
episodes of hypoglycemia (5–9).

The pathophysiology of hypoglycemia
u n a w a reness remains incompletely under-
stood. There is evidence that alterations in
blood-brain glucose transport may be
involved (1). In addition, reduced periph-
eral tissue sensitivity to catecholamines has
been suggested to be involved in the
d e c reased autonomic warning symptoms
(1). Episodes of hypoglycemia unaccompa-
nied by adre n e rgic symptoms have been
re p o rted to occur in type 1 diabetic patients
with normal plasma catecholamine re s-
ponses to hypoglycemia (10). Decreased -
a d re n e rgic sensitivity has been found in
patients with hypoglycemia unaware n e s s
diagnosed on the basis of self-re p o rt s
(11,12). More o v e r, strict avoidance of hypo-
glycemia, which can re s t o re normal aware-
ness of hypoglycemia in some patients (13),
is not necessarily accompanied by re s t o r a-
tion of normal epinephrine responses to
hypoglycemia (14).

Taken together, these observations sug-
gest that episodes of hypoglycemia may
impair - a d re n e rgic sensitivity and that
avoidance of hypoglycemia re s t o res aware-
ness of hypoglycemia by reversing impaire d

- a d re n e rgic insensitivity. To test this
hypothesis, we there f o re assessed the eff e c t
of a single 3-h episode of hypoglycemia on

- a d re n e rgic sensitivity in type 1 diabetic
patients and nondiabetic subjects using the
i s o p ro t e renol test (IT) (15).

RESEARCH DESIGN AND
M E T H O D S

Subjects
The protocol was approved by the local
ethics committee. There were 10 norm a l
volunteers and 10 type 1 diabetic subjects
studied. All participants gave their written
i n f o rmed consent. Their clinical character-
istics are given in Table 1. None of the sub-
jects were taking medications (other than
insulin) except one of the diabetic subjects,
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E ffect of Hypoglycemia on - A d re n e rg i c
Sensitivity in Normal and Type 1 D i a b e t i c
S u b j e c t s

O R I G I N A L  A R T I C L E

O B J E C T I V E — The purpose of this study was to assess the potential role of reduced tissue
sensitivity to catecholamines in the pathogenesis of hypoglycemia unawareness in patients with
type 1 diabetes.

RESEARCH DESIGN AND METHODS — The effect of a single episode of hypogly-
cemia on - a d re n e rgic sensitivity was studied in 10 type 1 diabetic patients with appare n t l y
n o rmal awareness of hypoglycemia (age 29 ± 5 years, diabetes duration 13 ± 8 years, HbA1 c 7 . 3
± 0.9%) and 10 age-matched healthy control subjects. - A d re n e rgic sensitivity was measure d
with the isopro t e renol test after a hyperinsulinemic euglycemic clamp and after a hyperinsu-
linemic hypoglycemic clamp. - A d re n e rgic sensitivity was expressed as the dose of intravenous
i s o p ro t e renol that increased the heart rate by 25 beats/min (IC25).

R E S U LT S — During hypoglycemia, diabetic subjects had an impaired plasma epinephrine
response compared with that of the control subjects (16.7 ± 5.0 vs. 40.1 ± 6.8 ng/ml, P = 0.02).
In control subjects, the IC25 was lower after hypoglycemia than after euglycemia (0.83 ± 0.22
vs. 1.13 ± 0.21 µg, P = 0.02) indicating an increase in - a d re n e rgic sensitivity. In diabetic sub-
jects, on the other hand, the IC25 was greater after hypoglycemia than after euglycemia (1.00
± 0.26 vs. 0.65 ± 0.14 µg, P = 0.04), indicating a decrease in - a d re n e rgic sensitivity.

C O N C L U S I O N S— In normal subjects, a single episode of hypoglycemia increases - a d re n-
e rgic sensitivity. In diabetic subjects, in contrast, hypoglycemia reduces - a d re n e rgic sensitiv-
i t y. These results provide evidence that in type 1 diabetic patients, some maladaptation of tissue
sensitivity to catecholamines contributes to the development of hypoglycemia unawareness. A
unifying hypothesis is presented for the pathogenesis of hypoglycemia unawareness in type 1
diabetic patients incorporating the concepts of both a reduced catecholamine response and
reduced adre n e rgic sensitivity.
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who was on thyroxine (75 µg/day) re p l a c e-
ment. Two diabetic and two nondiabetic
subjects were moderate smokers; both did
not smoke for at least 12 h before the ITs .
Of the 10 type 1 diabetic subjects, 6 had
p reviously undergone a stepwise hypogly-
cemic clamp pro c e d u re. The glycemic
t h reshold for epinephrine response (blood
glucose at which plasma epinephrine
exceeded the mean basal plasma epineph-
rine by 2 SD) was normal (3.4 ± 0.1
mmol/l) (2). The other four diabetic sub-
jects had a diabetes duration of only 6 ± 3
years and did not differ in age (31 ± 3
years) and HbA1 c (7.3 ± 0.9%). None of the
diabetic subjects had a history of hypogly-
cemia unawareness or frequent hypogly-
cemia as assessed by review of their daily
self–blood glucose monitoring re c o rds and
by direct questioning. None had experi-
enced an episode of severe hypoglycemia
within the last year, and in all, autonomic
n e u ropathy was excluded by standard car-
diovascular tests (heart rate variation at re s t
with spectral analysis, Valsalva maneuver,
lying-to-standing, deep breathing) (16).

Protocol
Subjects underwent a nocturnal hyperin-
sulinemic euglycemic and a hyperinsuline-
mic hypoglycemic clamp perf o rmed in
random order 1–2 weeks apart, and on the
following morning, an IT was perf o rmed to
test - a d re n e rgic sensitivity.

Subjects were admitted to the univer-
s i t y ’s clinical re s e a rch unit at 1600. Diabetic
patients had injected their last re g u l a r
insulin before lunch. They had been
i n s t ructed to reduce their insulin dose by
10% to avoid blood glucose levels 5
mmol/l for the 5 days before the study.
Both groups of subjects had their last meal
b e f o re admission at 1200. At 1700,
indwelling catheters were inserted into an
antecubital vein for infusion of glucose and
insulin and into a dorsal vein, which was
kept in a heated chamber for art e r i a l i z e d
blood sampling. At 1800, an insulin infu-

sion with a constant rate of 1 mU k g 1

body wt m i n 1 was begun, and blood glu-
cose was clamped at either 3 or 6 mmol/l
for 180 min. Afterw a rd, subjects had a
s t a n d a rdized meal containing 48 g carbo-
hydrates and were asleep by 2400. During
the night, diabetic subjects were infused
with insulin according to the algorithm of
Mokan and Gerich (17) to maintain them
as euglycemic overn i g h t .

Symptom questionnaire
A semiquantitative symptom questionnaire
was administered before the clamp and at
30, 80, 150, and 180 min during the
clamp. Subjects scored from 1 (none) to 7
( s e v e re) in response to 9 autonomic
( t re m o r, sweating, shivering, hunger,
pounding heart, anxiety, nausea, feeling
t e a rful), 10 neuroglycopenic (diff i c u l t y
speaking, double vision, headache, dro w s i-
ness, blurred vision, tingling around the
mouth, inability to concentrate, confusion,
t i redness, weakness), and 10 dummy
symptoms (hiccough, constipation, abdom-
i n a l cramps, difficulty breathing, pain in
legs, back pain, itching, bloating, yellow
vision, heart b u rn) that were presented in
random order (18). Total symptom score ,
as well as neuroglycopenic and autonomic
symptom scores, were calculated for each
time point as previously described (2).

IT
The next morning between 0630 and 0930,
subjects underwent an IT (15). Subjects
w e re connected with a computer- a s s i s t e d
e l e c t ro c a rdiogram (ECG) (Neuro D i a g ,
Munich, Germany) for determination of
c a rdiovascular responses. Blood pre s s u re
was re c o rded with an automatic device
(DINAMAP; Critikon, Tampa, FL). Appro-
priately diluted isopro t e renol was injected
as a 5 ml bolus in a fore a rm vein through a
t h ree-way valve in doses of 0 (5 ml NaCl
0.9%) and 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, and
2.5 µg of isopro t e renol (isuprel; Sanofi,
B russels, Belgium). The interval between

each injection was 20 min. ECG was
re c o rded on-line for 1 min before and for 5
min after each injection. The basal heart rate
was defined as the mean of the 20 s before
the first injection. The maximum heart rate
was generally reached 30–60 s after each
injection and had re t u rned to baseline
b e f o re the end of the 5-min re c o rding inter-
val. The maximum heart rate was deter-
mined by searching for the shortest R-R
i n t e rval after injection; extrasystoles were
excluded by graphic analysis of heart rate
re c o rdings. - A d re n e rgic sensitivity was
e x p ressed as the dose of isopro t e renol that
i n c reased the heart rate by 25 beats/min.
Blood pre s s u re was re c o rded at baseline, at
2 min after injection, and at 5 min after
injection, at which time heart rate had
re t u rned to baseline.

Blood samples and analytical
procedures
Plasma epinephrine, norepinephrine, fre e
fatty acids, and insulin were measured at
baseline and at 30, 90, 150, and 180 min
during the clamps.

During the IT, blood glucose and fre e
fatty acids were measured at 10-min inter-
vals, 5 min before and 5 min after each
injection. Plasma insulin was measured at
baseline, before the 1 µg injection, and at
the end of the IT.

Blood glucose was determined bedside
with a HemoCue blood glucose photome-
ter (HemoCue AB, Angelham, Sweden)
with an average diff e rence of 0.1 mmol/l
c o m p a red with a Beckman analyzer in the
hypoglycemic range (19). Catecholamines
w e re measured from EDTA plasma by
h i g h - p e rf o rmance liquid chro m a t o g r a p h y
with electrochemical detection (ClinRep
Analysis Kit; Recipe Pharma, Munich, Ger-
many) with an interassay coefficient of vari-
ation (CV) of 2.9% for epinephrine and
3.2% for norepinephrine and an intra-assay
CV of 2.5% for epinephrine and 2.8% for
n o repinephrine. Free fatty acids were meas-
u red from NaF plasma by enzyme-linked
immunosorbent assay (ELISA) (Wa k o
Chemicals, Hamburg, Germany) with a CV
of 1.1–2.7%. Serum-insulin levels were
m e a s u red by ELISA (Enzymun Test Insulin;
Boehringer Diagnostica, Mannheim, Ger-
many) with an interassay CV of 2.1–5.2%
and an intra-assay CV of 1.7–4.6%.

Statistics
E ffects on - a d re n e rgic sensitivity were
tested by multivariate analysis of variance
( M A N O VA) with repeated measures design

Table 1—Characteristics of subjects studied

Nondiabetic subjects Type 1 diabetic subjects P value

n 10 10 —
Sex (F/M) 4/6 3/7 —
Age (years) 25 ± 5 29 ± 5 0.1
BMI (kg/m2) 21.7 ± 2.6 23.8 ± 2.2 0.06
Duration of diabetes (years) — 13 ± 8 —
HbA1c (%) — 7.3 ± 0.9 —

Data are means ± SD.
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containing the between-subjects factors
g roup (type 1 diabetes versus normal sub-
jects), the within-subjects factors time, the
clamp (hypoglycemic versus euglycemic),
and the interactions of these factors. Diff e r-
ences in hormone levels and symptom
s c o res during the interventional clamps
w e re tested analogously. The doses of intra-
venous isopro t e renol re q u i red to incre a s e
the heart rate by 25 beats/min (IC25s) were
c o m p a red with paire d t t e s t s .

Unless otherwise stated, data are
means ± SEM. P values calculated with
M A N O VA are marked with an asterisk.

R E S U LT S

Responses during hypoglycemic and
euglycemic clamp
Plasma glucose and insulin levels were com-
parable during euglycemic and hypogly-
cemic clamps in both groups (Fig. 1 and

Table 2). Plasma glucose and epinephrine
levels are shown in Fig. 1. During hypogly-
cemic clamp, plasma epinephrine incre a s e d
to a greater extent in the nondiabetic sub-
jects (P* = 0.02), whereas increases in
plasma norepinephrine levels were compa-
rable in both groups (P* = 0.60) (data not
s h o w n ) .

Both autonomic and neuro g l y c o p e n i c
symptoms increased during hypoglycemia,
and there was no significant diff e re n c e
between nondiabetic and diabetic subjects
(P* = 0.25) (Table 2). There was a corre l a-
tion between levels of catecholamines and
autonomic symptoms during hypogly-
cemic clamps in nondiabetic subjects (R =
0.68, P = 0.03) but not in diabetic subjects
(R = 0.07, P = 0.8).

IT
Baseline heart rates after euglycemic clamp
w e re 63 ± 2 and 54 ± 2 beats/min in the

nondiabetic and diabetic subjects, re s p e c-
tively (P = 0.01). Baseline heart rates after the
hypoglycemic clamp were 60 ± 2 and 58 ±
3 beats/min in the nondiabetic and diabetic
subjects, respectively (P = 0.6). After the
hypoglycemic clamps, heart rate decre a s e d
in the nondiabetic subjects (P = 0.01) and
i n c reased in the diabetic subjects (P = 0.04).
In nondiabetic subjects, increases in heart
rate during the IT were significantly gre a t e r
after the hypoglycemic clamp (P* = 0.047)
(Fig. 2). The IC25 was reduced after the
hypoglycemic clamp (0.83 ± 0.22 vs. 1.13 ±
0.21 µg, P = 0.02), indicating an increase in

- a d re n e rgic sensitivity.
In contrast, in the type 1 diabetic sub-

jects, increases in heart rate during the IT
w e re significantly reduced after the hypo-
glycemic clamp (P* = 0.042) (Fig. 2). The
IC25 was greater after the hypoglycemic
clamp (0.65 ± 0.14 vs. 1.00 ± 0.26 µg, P =
0.04), indicating reduced - a d re n e rg i c
s e n s i t i v i t y.

The increase in heart rate during the IT
was not linearly correlated either with age in
nondiabetic and diabetic subjects (R = 0.01,
P = 0.95) or with HbA1 c (R = 0.19, P = 0.6)
and diabetes duration (R = 0.58, P = 0.08) in
diabetic subjects. There was also no corre l a-
tion between levels of catecholamines during
hypoglycemic clamps and the IC25 during
the IT in either group (R = 0.15, P = 0.5).

T h e re was a significant rise in blood
p re s s u re in all subjects (P 0.001) during
the IT. There were, however, no signific a n t
d i ff e rences between blood pre s s u re during
I Ts after hypoglycemia or euglycemia (P =
0.9) or between diabetic or nondiabetic
subjects (P = 0.9). The rise in blood pre s-
s u re from baseline during the IT did not
d i ffer after hypoglycemia or euglycemia (P
= 0.4) or between diabetic or nondiabetic
subjects (P = 0.7). In the nondiabetic sub-
jects, during the IT, systolic and diastolic
blood pre s s u res averaged 114 ± 3 and 64 ±
2 mmHg after euglycemia and 116 ± 4 and

Figure 1—Blood glucose and plasma epinephrine levels during euglycemic and hypoglycemic clamps
in nondiabetic and diabetic subjects.

Table 2—Metabolic and symptomatic responses during euglycemic and hypoglycemic clamps

Nondiabetic subjects Diabetic subjects
Euglycemic Hypoglycemic Euglycemic Hypoglycemic

Baseline Clamp Baseline Clamp Baseline Clamp Baseline Clamp

Blood glucose (mmol/l) 6.0 ± 0.2 6.0 ± 0.2 5.9 ± 0.2 3.0 ± 0.3† 6.0 ± 0.2 6.8 ± 0.1 6.0 ± 0.2 2.9 ± 0.0†
Insulin (pmol/l) 189 ± 28 463 ± 49† 135 ± 23 357 ± 29† 190 ± 31 569 ± 106† 218 ± 41 568 ± 105†
Epinephrine (ng/dl) 3.8 ± 0.4 3.2 ± 0.4 4.8 ± 0.7 40.7 ± 6.8† 4.7 ± 0.7 3.8 ± 0.5 7.1 ± 2.6 16.7 ± 5.0*
Autonomic symptoms 0.2 ± 0.13 1.0 ± 0.11† 0.2 ± 0.13 4.7 ± 0.82† 0.5 ± 0.13 0.63 ± 0.11 0.6 ± 0.13 2.93 ± 0.82†
Neuroglycopenic symptoms 0.3 ± 0.3 1.03 ± 0.26* 0.2 ± 0.13 3.05 ± 0.7† 0.4 ± 0.3 0.75 ± 0.26 1.2 ± 0.13 3.18 ± 0.7†

Data are means ± SEM. *P 0.05, †P 0.001 during clamp vs. baseline.



65 ± 2 mmHg after hypoglycemia. In the
diabetic subjects, systolic and diastolic
blood pre s s u res averaged 116 ± 3 and 63 ±
2 mmHg after euglycemia and 115 ± 3 and
62 ± 2 mmHg after hypoglycemia.

Blood glucose and insulin levels dur-
ing the IT were not significantly diff e re n t
after the hypoglycemic or euglycemic
clamps in normal subjects (Table 3).
Plasma free fatty acids during the IT were
g reater after hypoglycemic clamp in nor-
mal subjects (P* = 0.035). In diabetic sub-
jects, blood glucose was clamped during
the IT with no diff e rence observed in
blood glucose, insulin, and free fatty acid
levels after hypoglycemia or euglycemia.
H o w e v e r, blood glucose and insulin levels
w e re significantly (P* 0.001) greater in
diabetic subjects compared with those of
the nondiabetic subjects.

C O N C L U S I O N S — The present stud-
ies were undertaken to test the hypothesis
that hypoglycemia could diminish -
a d re n e rgic sensitivity and thus provide at
least a partial explanation for the induction
of reduced awareness of hypoglycemia by
hypoglycemia that occurs in patients with
type 1 diabetes (1,20,21) and insulinoma
patients (22). For this purpose, we assessed
the effects of a single episode of nocturn a l
hypoglycemia on - a d re n e rgic sensitivity
in nondiabetic volunteers and in type 1 dia-
betic subjects with apparent normal aware-
ness of hypoglycemia. We used a standard
IT in which the IC25 is taken as an index of

- a d re n e rgic sensitivity (15).
After the episode of nocturnal hypogly-

cemia, normal volunteers increased their
- a d re n e rgic sensitivity as manifested by a

d e c rease in the IC25 from 1.13 ± 0.21 to
0.83 ± 0.22 µg (P 0.05). This is consis-
tent with our finding of a greater incre m e n t
in plasma fatty acid levels during the IT after
the hypoglycemic clamp. These results sug-
gest that antecedent hypoglycemia, or at
least a single episode, which has been
shown to reduce plasma epinephrine
responses and awareness, does not nor-
mally reduce - a d re n e rgic sensitivity and
may in fact increase it. This could involve
u p regulation of - receptors in normal vol-
unteers due to increases in plasma cort i s o l
during hypoglycemia (23), since glucocor-
ticoids have been shown to increase -
receptor gene expression in smooth muscle
cell cultures (24).

It had been previously re p o rted that
after a brief hypoglycemia in normal volun-
teers induced by a bolus injection of insulin,

- a d re n e rgic sensitivity is decreased (25). In
that study, however, hypoglycemia was not
s t a n d a rdized, and circulating epinephrine
levels were still markedly increased during
the IT. These elevated catecholamine levels

could have desensitized cardiac - a d re n o-
c e p t o r s( 2 6 ) .

In our control experiments (nocturn a l
euglycemic hyperinsulinemic clamps), the
diabetic subjects actually had somewhat
g reater - a d re n e rgic sensitivity than the
nondiabetic subjects, as re flected by their
respective IC25 (0.65 ± 0.14 vs. 1.13 ±
0.21 µg, P = 0.07). These same subjects had
reduced plasma epinephrine responses dur-
ing the hypoglycemic clamps. These fin d-
ings suggest that the diabetic subjects may
have been compensating for a reduced epi-
nephrine response with increased - a d re n-
e rgic sensitivity to maintain normal aware-
ness of hypoglycemia. Indeed, despite
reduced epinephrine responses, autonomic
symptoms during the hypoglycemic clamps
w e re normal in the diabetic subjects.

In contrast to the results in nondiabetic
volunteers, an episode of hypoglycemia
reduced - a d re n e rgic sensitivity in the dia-
betic subjects, as re flected by the increase in
their IC25 from 0.65 ± 0.14 to 1.00 ± 0.26
µg (P 0.05). This opposite response in
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F i g u re 2—A: Increase of heart rate during IT (semilogarithmic scale) in nondiabetic subjects. , IT after euglycemia; , IT after hypoglycemia. B: Incre a s e
of heart rate during IT (semilogarithmic scale) in diabetic subjects. , IT after euglycemia; , IT after hypoglycemia.

Table 3—Results of IT after hypoglycemia and euglycemia

Nondiabetic subjects Diabetic subjects

After After After After
hypoglycemia euglycemia hypoglycemia euglycemia

Blood glucose (mmol/l) 4.8 ± 0.2 4.9 ± 0.6 7.9 ± 0.4 8.5 ± 0.4
Plasma insulin (pmol/l) 78 ± 7 74 ± 0.7 165 ± 0.41 151 ± 30
Plasma FFA (mmol/l) 0.65 ± 0.08 0.52 ± 0.07* 0.64 ± 0.08 0.61 ± 0.1
IC25 0.83 ± 0.22 1.13 ± 0.21* 1.00 ± 0.26 0.65 ± 0.14*

Data are means ± SEM. *P 0.05 (paired t test) hypoglycemia vs. euglycemia. IC25: normal versus diabetic
subjects after hypoglycemia, P = 0.6 (unpaired t test); after euglycemia, P = 0.07 (unpaired t t e s t ) .F FA, fre e
fatty acid.
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the diabetic subjects suggests that some
maladaptation of - a d re n e rgic sensitivity to
hypoglycemia may play a role in the devel-
opment of hypoglycemia unaware n e s s .

R e g a rding the mechanisms for this
phenomenon, one possibility is that a
plasma catecholamine response of a cert a i n
t h reshold magnitude during hypoglycemia
is necessary to produce the enhanced -
a d re n e rgic sensitivity observed in the non-
diabetic volunteers, and once diabetic
patients have responses below this thre s h-
old, they are unable to increase their -
a d re n e rgic sensitivity. Loss of this ability
could ultimately lead to development of
u n a w a reness with repeated episodes of
h y p o g l y c e m i a .

Another possibility is that loss of the
ability to increase - a d re n e rgic sensitivity
after hypoglycemia is merely another early
component of the hypoglycemia unaware-
ness syndrome occurring in diabetes, e.g.,
c h ronic hyperglycemia could alter - a d re n-
e rgic sensitivity. A third possibility is that the
f a i l u re of hypoglycemia to increase - a d re n-
e rgic sensitivity was somehow related to
the fact that the diabetic subjects were
a l ready compensating for reduced epineph-
rine response with enhanced - a d re n e rg i c
s e n s i t i v i t y. Repeated episodes of hypogly-
cemia could exhaust this compensatory
m e c h a n i s m .

The first and second possibilities pro-
posed above do not provide an explanation
for the reversal of hypoglycemia unaware-
ness with avoidance of hypoglycemia, since
plasma catecholamine responses are not
i n c reased under these circumstances. The
t h i rd possibility does offer a potential expla-
n a t i o n .

Based on these considerations, we off e r
the following hypotheses for the pathogen-

esis of hypoglycemia unawareness (Fig. 3).
I n i t i a l l y, as an intrinsic element of type 1
diabetes related to its duration, there is a
p ro g ressive reduction in plasma cate-
cholamine responses to hypoglycemia (27).
At this stage, hypoglycemia unaware n e s s
does not occur because of an increase in -
a d re n e rgic sensitivity. However, with
repeated episodes of hypoglycemia, this
c o m p e n s a t o ry response is lost, and at this
stage hypoglycemia unawareness ensues.
This loss could be limited to a subpopula-
tion destined to develop hypoglycemia
u n a w a reness or could be generalized. Elim-
ination of frequent hypoglycemic episodes
can lead to re c o v e ry of the ability to
i n c rease - a d re n e rgic sensitivity and
restoration of aware n e s s .
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