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Disturbances in hormonal counterregulation may be the main reason why many type 1 diabetic patients are asymptomatic
during nighttime hypoglycemia. While it is known that sleep attenuates counterregulatory responses to hypoglycemia, the
influence of the time of day on hormonal counterregulation regulation remains obscure. We induced hypoglycemia at 2
different time intervals, ie, in the morning and in the early night, in healthy subjects staying awake throughout the
experiments. As compared with the morning hypoglycemia, epinephrine response during early nighttime hypoglycemia was
markedly enhanced (P < .001). Baseline corticotropin (ACTH) and cortisol levels were higher in the morning than during
nighttime (P < .001 for both). However, the increase of both hormones was stronger at nighttime (P = .045 and P < .001,
respectively), so that at the end of the hypoglycemic clamp, levels at nighttime were comparable to morning levels. In the
morning, the increase in glucagon levels was more pronounced than during nighttime (P = .019), but given that baseline
glucagon levels were distinctly higher at nighttime than in the morning (P = .003), at the end of the clamps, levels of this
hormone remained still higher at nighttime than in the morning (P = .017). The increase in growth hormone during
hypoglycemia did not differ between morning and nighttime (P = .728). Data shows that several components of hormonal
counterregulation against hypoglycemia are influenced by the time of day. Especially, the markedly enhanced epinephrine
response to early nighttime hypoglycemia could be clinically important, because this neuroendocrine response is known to
play a crucial role in mediating the awareness of and metabolic defensive mechanism against hypoglycemia.

© 2004 Elsevier Inc. All rights reserved.

YPOGLYCEMIA IS THE limiting factor of insulin ther- A most comprehensive study dissecting influences of time of

apy in type 1 diabetes (T1DM)During nighttime sleep, day and sleep on hypoglycemic counterregulation has been
hypoglycemia represents a particular problem, since 27% tgublished recently by Cryer’s group.Stepwise hypoglycemic
56% of T1DM patients during hospitalization have been foundclamp experiments performed in waking subjects either in the
to exhibit hypoglycemias with durations between 2 to 12 morning (7:30am to 12:30pwm) or at night (9m to 2 am) did not
hours2-6 The frequency of nocturnal hypoglycemic episodes inreveal differential counterregulatory responses, which lead the
these patients during everyday life is probably similar, althoughinvestigators to exclude the presence of distinct diurnal varia-
most of the episodes are not recognized, due to the patientsion in the physiologic responses to hypoglycemia. However,
failure to wake up in response to hypoglycemia and the lack otthe clamps of that study lasted 5 hours (300 minutes) with
routine blood glucose measurements during nightfindne  blood samples collected only every 30 minutes. Thus, com-
explanation for the high frequency of nocturnal hypoglycemiapared with the present study with clamps lasting only 75
derives from observations by Jones et #iat sleep markedly minutes and blood samples being collected every 15 minutes,
attenuates hormonal counterregulatory responses to hypoglycéather long time periods than different short time intervals
mia. Extending this finding, we recently showed that sleepduring the 24-hour day cycle were studied. It could well be that
increases the glycemic thresholds for neuroendocrine countewith such extended periods of hypoglycemia, discrete diurnal
regulatory activation (ie, starting at lower plasma glucose levelgvariations between different time points were masked. Also,
during sleep than wakefulness), but does not completely supprolonged hypoglycemia may represent a too strong stimulus to
press counterregulatory respong8éshile these studies dem- discover discrete diurnal variations.
onstrated a role of sleep for hypoglycemia counterregulation, it To address this issue and to further elucidate the influence of
remained still unclear whether the counterregulatory responséime of day, we performed single step hypoglycemic clamps
also depends on the time of day at which hypoglycemia takedasting only 75 minutes in the morning and during the early
place, ie, on circadian influences. Considering that the secretioRight. Experiments were performed in healthy subjects, be-
of many counterregulation hormones, such as epineplirine cause in T1DM patients counterregulatory responses to hypo-
and the hormones of the hypothalamic-pituitary-adrenal (HPA)Jlycemia are likely to show a great variability due to influenc-
axis!! exhibit a characteristic circadian secretion pattern, iting factors, such as antecedent hypoglycemic episédésr

appears highly likely that hypoglycemic counterregulation mayautonomic neuropathi, which are difficult to control for and
likewise be subject to influences of time of day. which may mask time of day effects. Also, it is well docu-

mented that counterregulatory responses to hypoglycemia sig-
nificantly differ between men and woménhGiven this back-
ground, the study included only healthy men to minimize
variability of responses due to other factors, eg, gender or
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Fig 1. Mean = SEM plasma glucose concentrations (mmol/L) and
serum insulin concentrations (pmol/L) during the nighttime (11 pm to
0045h, @) and daytime (9 am to 10:45 am, O) hypoglycemic clamp.
Time axis: —30 to 0 minute: baseline, 0 to 75 minutes: clamp exper-
iment.

sion. All subjects had a regular sleep-wake-cycle during the 4 weeks
before the experiments and had not worked on night shifts. Each
volunteer gave written informed consent and the study was approved
by the local ethics committee.

The subjects were randomly assigned to 2 different groups of the
same size. The 15 subjects in each group were comparable in age
(25.7 = 09 years v 26.7 = 0.9 years) and body mass index (BMI)
(223 = 03 kg/m v 235 = 05 kg/mz). One group underwent a
nocturnal hypoglycemic clamp, the other group a hypoglycemic clamp
in the morning. The subjects were not told whether they underwent a
euglycemic or hypoglycemic clamp to exclude an influence on the
subject’s expectation (ie, to undergo a hypoglycemic clamp) on coun-
terregulatory responses.t” Therefore, a between-subjects design was
used to keep the subjects blind towards the hypoglycemic condition.

Subjects reported to the medical research unit at 8 Am and 8 pw,
respectively. The subjects of the morning group were allowed to eat
until 10 pv at the preceding day; those of the nighttime group were
alowed to eat until 7 pm. All subjects had to abstain from eating until
the end of the hypoglycemic clamp. The experiments took place in a
sound-attenuated room with the subjects sitting with their trunk in an
amost upright supine position (about 60°) and their legsin a horizontal
position on a bed.

For the clamp, 2 intravenous cannulae were inserted, 1 into aveinin
the back of the hand, 1 into an antecubital vein of the other arm. The
hand with the cannula was then placed in a heated box (temperature
50°C to 55°C) to obtain arterialized venous blood. Each cannula was
connected to a long thin tube, which enabled blood sampling and
adapting the dextrose infusion rate from an adjacent room without
being noticed by the subject.

After a baseline-period of 30 minutes, starting respectively at 11 pm
and 9 am, hypoglycemia was induced by infusing insulin (H-insulin;
Aventis, Frankfurt, Germany) at a constant rate of 1.5 mU min' - kg%,
Glucose levels were measured online every 5 minutes, using a glucose
oxidase method (Beckman Glucose Analyzer, Munich, Germany).
Plasma glucose concentration was allowed to decrease to a nadir of 2.8
mmol/L (50 mg/dL) before a 20% dextrose infusion was started to
maintain plasma glucose at this level. After atotal of 75 minutes, ie, at
0045h and at 10:45 am, respectively, insulin infusion was stopped and
dextrose infusion continued, until normoglycemia was reached again.
Throughout the experimental epoch, blood samples were collected
every 15 minutes to measure concentrations of epinephrine, norepi-
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nephrine, corticotrophin (ACTH), cortisol, glucagons, and growth hor-
mone in serum and plasma, respectively, using standard procedures as
previously described.18

All values are presented as mean = SEM. Statistical analysis was
based on analysis of variance (ANOVA) for repeated measures includ-
ing the factor “hypo” for repeated measurements during the clamp and
“time” for differences between the morning and nighttime condition.
The interaction term of both factors (‘hypo X time') indicated differ-
ences in response to hypoglycemia between conditions. Additionally,
baseline levels as well as peak levels were compared by unpaired
Student’s t tests. All analyses were performed using SPSS software
(version 11.0) (SPSS, Chicago, IL). A P value of <.05 was considered
statistically significant.

RESULTS

The course of plasma glucose, as well as serum insulin
concentrations, was comparable between both conditions
throughout the clamps (Fig 1). Hormonal data on baseline and
peak concentrations in counterregulatory hormones, in re-
sponse to hypoglycemia are summarized in Table 1. Baseline
plasma epinephrine concentration did not differ between con-
ditions (P = .127). In response to hypoglycemia, epinephrine
concentrations increased markedly during both conditions, with
this increase being distinctly more pronounced during night-
time than in the morning (P < .001 for “hypo X time” inter-
action), so that at the end of the nocturna clamp, plasma
concentrations were nearly twice as high as during the morning
clamp (P < .001, Fig 2A). Average baseline norepinephrine
concentrations were lower during nighttime than during day-
time (P = .023). The increase of plasma norepinephrine during
the clamps (P = .826 for “hypo X time" interaction) was
similar in both conditions, and there was also no significant
difference in concentration at the end of the clamp (P = .673,
Fig 2B).

As expected, baseline ACTH and cortisol concentrations
were higher in the morning than at night (P < .001 for both

Table 1. Mean = SEM Plasma and Serum Concentrations of
Counterregulatory Hormones at Baseline as Well as Peak
Responses to Hypoglycemia During the Hypoglycemic Clamp
(Peak, .. — Baseline, . ue)

Night Morning P Value

Epinephrine (pmol/L)

Baseline 131 = 21 87 =+ 16 127

Peak 4,274 + 388 1,981 + 262 <.001
Norepinephrine (nmol/L)

Baseline 0.82 = 0.08 1.1 =£0.10 .023

Peak 1.63 = 0.16 1.73 £ 0.17 .673
ACTH (pmol/L)

Baseline 1.9 = 0.1 46 +0.4 <.001

Peak 30.8 =47 233+ 3.7 .216
Cortisol (nmol/L)

Baseline 58 = 22 298 + 25 <.001

Peak 483 =19 510 + 22 .339
Growth hormone (ug/L)

Baseline 1.1 +£04 1.2 £0.2 .8565

Peak 21.0 =244 18.2 = 2.6 449
Glucagon (ng/L)

Baseline 236 = 26 131 £19 .003

Peak 256 + 24 177 £ 20 .017
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Fig 2. Mean = SEM serum or plasma concentrations of (A) epi-
nephrine, (B) norepinephrine, (C) ACTH, (D) cortisol, (E) growth hor-
mone, and (F) glucagon, respectively, during the nighttime (11 pm to
0045h, @) and daytime (9 am to 10:45 am, O) hypoglycemic clamp.
Time axis: —30 to 0 minute: baseline, 0 to 75 minutes: clamp exper-
iment.

comparisons). Yet, increases in ACTH and cortisol concentra-
tions were more pronounced during nighttime than in the
morning (P = .045 and P < .001, respectively, for “hypo X
time” interaction), so that at the end of the clamp, the ACTH
and cortisol concentrations did not differ between both condi-
tions (P > .2 for both comparisons, Fig 2C and D).

Growth hormone concentrationsincreased during both night-
time and morning hypoglycemia without any difference be-
tween conditions neither in the increment (P = .728 for
“hypo X time” interaction) nor in the peak level (P = .449, Fig
2E).

Baseline glucagon levels at nighttime were distinctly higher
than during the morning (P = .003). Despite a more pro-
nounced increase in plasma glucagon upon hypoglycemia in
the morning (P = .019 for “hypo X time" interaction), con-
centrations in this condition did not reach the level of nighttime
glucagon concentrations (P = .017, Fig 2F).

DISCUSSION

Our data obtained in healthy waking men indicates that
several components of hormonal counterregulation against hy-
poglycemiadepend in their amplitude on the time of day. While
growth hormone, as well as norepinephrine responses, was
found to be similar, the epinephrine response to hypoglycemia
was markedly enhanced during the early night as compared
with the morning response. Likewise, ACTH and cortisol re-
sponses to hypoglycemia were stronger during the early night
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than in the morning, despite lower baseline concentrations
reflecting the well-known circadian nadir of hypothalamic-
pituitary-adrenal (HPA)-axis secretory activity during the early
night.

Considering the crucia role sympathoadrena activation
plays for the metabolic counterregulation against and for
awareness of hypoglycemiain T1IDM patients, the most strik-
ing finding of the present study is the enhanced epinephrine
response to hypoglycemia during the early night.1® While the
finding is in contrast to the results of the above-mentioned
recent study,2 which is most likely explained by differencesin
study design, it agrees with previous observations of an aug-
mented epinephrine response to nocturna hypoglycemia com-
pared with diurnal hypoglycemiain awake T1DM patientsin a
study, which was designed quite similarly to the present study.8
However, because in that study the focus was on the impact of
sleep on hypoglycemic counterregulation, comparisons be-
tween daytime and nighttime responses in the waking patients
were not performed. An enhanced epinephrine response to
nocturnal hypoglycemia as compared with daytime response in
T1DM patients was likewise suggested by another study,20
examining counterregulatory responses after bolus injection of
insulin. Lacking a clamp design and control of the hypoglyce-
mic level and duration induced by the insulin injection, the data
alow only limited conclusions. On this background, the present
data provide clear-cut confirmatory evidence for an enhanced
epinephrine response to hypoglycemia during the early night,
ie, for an effect of time of day. Of interest, a similar circadian
difference in sympathoadrenal activation has also been shown
in response to exercise as another stimulus for this neuroendo-
crine system.2t However, it remains unclear whether the noc-
turnal enhancement of the epinephrine response is associated
with an increased perception of autonomic symptoms, which
was not assessed here and could be of direct clinical relevance.

In contrast to epinephrine, the increase in norepinephrine
concentrations during hypoglycemia did not differ between
both conditions, which might be explained by the fact, that
norepinephrine isto agreat extent released directly in the tissue
with limited spillover into circulating blood.22 Thus, plasma
norepinephrine levels may not sensitively enough reflect acti-
vation of sympathetic nervous system during hypoglycemia to
unravel a circadian influence on this system.

While data on the catecholamine response to hypoglycemia
are rare, the influence of time of day on the hypoglycemia-
induced responses of the HPA-axis and growth hormone has
been investigated in severa earlier studies.’223-25 Although
different designs were used and none of the earlier studies
employed a glucose clamp technique, their results are remark-
ably consistent with the present findings, showing greater in-
crement in cortisol levels during nighttime than morning hy-
poglycemia. Also, those studies did not observe differences in
the growth hormone response between nocturnal and morning
hypoglycemia.

The greater increase of ACTH and cortisol secretion during
nighttime hypoglycemia shown here may provide new insight
into the regulation of HPA-axis secretion activity. Considering,
that despite different baseline concentrations similar peak con-
centrations were reached, one may presume that the downregu-
lation of ACTH and cortisol secretion during nighttime is not
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mediated by inhibition, but rather by deactivation of the HPA-
axis. In contrast to hypoglycemia, in response to exercise, as a
different kind of stress, cortisol increases with a comparable
amplitude at any time of day, resulting in different peak levels,
which parallel the circadian variation of basal HPA-axis secre-
tion activity.26 Thus, the diurnal variation of the stress-induced
activation of the HPA-axis seems to depend on the kind of
stressor (eg, hypoglycemia v exercise).

The presence of circadian variations in glucagon secretion
independently of sleep has rarely been investigated to date.
Severa studies obtaining effects of sleep and time of day failed
to revea distinct variations in glucagon concentrations
throughout the day.27-28 Diverging from those foregoing obser-
vations, here we find a moderate, but significant, difference in
the glucagon response to hypoglycemia with greater responses
during the morning than in the early night. The increase in
glucagon responsiveness was coupled with distinctly lower
baseline glucagon levels in the morning compared with night-
time levels. This pattern represents a novel although prelimi-
nary finding of adiurnal variation in the secretion of glucagon,
which requires further investigation. If sleep per se has a
decreasing influence on glucagon, this might explain previous
failures to observe this variation.2®

Two limitations of the study should be pointed out. First, the
hypoglycemic plateau of 30 minutes duration was relatively
short so that heuroendocrine responses may not have been in
steady state. Thus, results may only represent early responsesto
hypoglycemia while steady state response could still be similar
during the 2 different times of day. Second, the time interval
between the last mea and the induction of hypoglycemia
differed between the 2 experimenta conditions, ie, 4 hours in
the nocturnal and 10 hours in the morning hypoglycemia con-
dition. On this background, we cannot exclude that differences
in neuroendocrine responses to hypoglycemia between the con-
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ditions were confounded by potential differences in portal/
hepatic glucose values or by hormonal gut factors.

The present results indicating a distinct diurnal variation of
neuroendocrine responses to hypoglycemia appear to be in
contrast to results of a foregoing study by Cryer's group.12
However, the designs of that and the present study also mark-
edly differed. For instance, in the study of Cryer et a,i2
hypoglycemic clamps were performed in a stepwise manner
over a time period of 5 hours, while in the present study,
single-step hypoglycemia of much shorter duration (with the
hypoglycemic plateau lasting only 30 minutes). On this back-
ground, it might well be that the divergent results of the 2
studies reflect the distinct differences in the temporal dynamics
of the hypoglycemic stimulus.

The mechanism underlying the observed enhanced neuroen-
docrine responses during nighttime remains obscure and cannot
be elucidated by the present study. Since glucose metabolismin
general is subject to a profound circadian influence,30-31 prob-
ably induced via hypothalamic oscillators, the enhanced neu-
roendocrine response to hypoglycemia might reflect another
facet of this circadian rhythm.

In conclusion, the present study shows distinct differencesin
counterregulatory responses to morning and early night hypo-
glycemia in waking healthy men with enhanced responses of
epinephrine and HPA-axis during the early night. It should be
pointed out that results were obtained in young, healthy men
and therefore cannot be extrapolated to other subjects, eg,
women. Also, before the clinical impact of these results in
regard to diabetes therapy can be estimated, results should be
confirmed in patients with T1IDM.
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