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Preserved Circadian Rhythm of Serum Insulin Concentration at Low Plasma
Glucose During Fasting in Lean and Overweight Humans

Volker Merl, Achim Peters, Kerstin M. Oltmanns, Werner Kern, Christian Hubold, Manfred Hallschmid,
Jan Born, Horst L. Fehm, and Bernd Schultes

ircadian rhythms in glucose metabolism are well documented. Most studies, however, evaluated such variations under

onditions of continuous glucose supply, either via food intake or glucose infusion. Here we assessed in 30 subjects circadian

ariations in concentrations of plasma glucose, serum insulin, and C-peptide during a 72-hour fasting period to evaluate

hythms independent from glucose supply. Furthermore we assessed differences in these parameters between normal-

eight (n � 20) and overweight (n � 10) subjects. Blood was sampled every 4 hours. During fasting, plasma glucose, serum

nsulin, and C-peptide levels gradually decreased (all P < .001). While there was no circadian variation in plasma glucose levels

fter the first day of fasting, serum levels of insulin were constantly higher in the morning (8.00h) than at night (0.00h) (P <
001), although the extent of this morning-associated rise in insulin levels decreased with the time spent fasting (P � .001).

lso, morning C-peptide concentrations were higher compared to the preceding night (P < .001). The C-peptide/insulin ratio

CIR) decreased during prolonged fasting (P � .030), suggesting a decrease in hepatic insulin clearance. Moreover, CIR was

ignificantly lower in the morning than at the night of day 1 and day 2 of fasting (P � .010 and P � .004, respectively).

ompared to normal-weight subjects, overweight subjects had higher plasma glucose, as well as serum insulin and C-peptide

evels (all P < .03). Data indicate preserved circadian rhythms in insulin concentrations in the presence of substantially

ecreased glucose levels in normal-weight and overweight subjects. This finding suggests a central nervous system contri-

ution to the regulation of insulin secretion independent of plasma glucose levels.
2004 Elsevier Inc. All rights reserved.
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IRCADIAN variations in glucose metabolism have been
extensively studied. Systematic diurnal variations were

evealed for blood glucose concentration,1-3 insulin secre-
ion,2,4-7 insulin sensitivity,8 and glucose tolerance.9 It was
uggested that these variations originate from rhythms of neu-
oendocrine systems, such as the hypothalamus-pituitary-adre-
al (HPA) axis10 or the sympathoadrenal system,11 the activity
f which is closely linked to central nervous system circadian
scillators, and which simultaneously exert a strong regulatory
ffect on carbohydrate metabolism.6,8,12 Notably however,
ost of those studies evaluating circadian variations in glucose
etabolism were conducted while supply of glucose was con-

inued either via food intake1-3,5,7 or via glucose infusion.3,4,6,8,9

n this background, it is difficult to dissociate the influences of
xogenous glucose supply from intrinsically generated circa-
ian variations in carbohydrate metabolism and insulin secre-
ion. In this context, only a few studies have concentrated on
eriods of prolonged fasting, which appears to be an advanta-
eous approach for studying spontaneous variations during the
4-hour cycle.13-17 In some of these studies the fasting period
as rather short (�30 hours)14,15,17 or blood samples were

ollected only at a few (1 or 2) time points per day,13,16 so that
he results were not fully conclusive. The most comprehensive
tudy on this issue showed differences between morning and
vening concentrations of insulin with distinctly higher levels
n the morning even after 72 hours of fasting in 11 normal-
eight men.13 Here, we report effects on concentrations of
lasma glucose as well as serum insulin and C-peptide in blood
ollected every 4 hours during prolonged (72 hours) fasting in
0 subjects who were normal weight and overweight. Also,
ifferences between men and women were assessed.

MATERIALS AND METHODS

ubjects and Fasting Procedure

The fasting experiments were performed in 37 subjects who were

ospitalized for diagnosis of suspected insulinoma due to episodes of

etabolism, Vol 53, No 11 (November), 2004: pp 1449-1453
oss of consciousness (12 subjects) or of other symptoms suspect for
ypoglycemia, eg, nervousness, palpitation, and tremor (25 subjects).
n 3 of these subjects diagnosis of insulinoma was confirmed (by
lasma glucose levels � 2.2 mmol/L after starvation) and were ex-
luded. Four further subjects were excluded from analysis, since they
id not adhere to the instruction of fasting.
The underlying cause for the symptoms experienced by the subjects

or whom diagnosis of insulinoma was excluded remained obscure in
he 30 subjects included here, despite careful examination. All subjects
ho had experienced an episode of loss of consciousness (9 subjects in

he final sample) had a computed tomography (CT) scan of the cra-
ium, a duplex-sonogram of the brain arteries, an orthostatic standing
est, a long-term electrocardiogram registration, and an echocardio-
ram. Based on the result of the orthostatic standing test, 7 of these
ubjects were assumed to have had an orthostatic syncope, but this
ould not be further proven. After exclusion of insulinoma and 3 days
f observation in the hospital for most subjects, psychosomatic contri-
utions were suspected and a psychologic evaluation was recom-
ended. However, the patients were not followed up, so that the

ccuracy of this diagnosis was not determined. It should be pointed out
hat none of the subjects included in the final sample had diabetes
ellitus (morning fasting glucose concentration � 7 mmol/L).
After consuming a normal breakfast in the morning of the first day,

atients started to fast. The first blood sample was collected at noon of
he first day; further samples were taken every 4 hours until 8:00h of
he fourth day. Patients were allowed to drink water and unsweetened
ea. They could walk around in the hospital area and had regular sleep
imes, except for minor disturbances due to nocturnal blood sampling.
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1450 MERL ET AL
Plasma glucose concentration was measured by glucose hexokinase
ethod. Serum insulin and C-peptide concentrations were assessed

sing enzyme immunoassays (DAKO Cytomation, Cambridgeshire,
K; insulin: interassay coefficient of variation [CV] 7.5%, intra-assay
V 6.7%; C-peptide: interassay CV 5.2%, intra-assay CV 4.7%).

tatistical Analysis

All data are presented as means � SEM. To estimate the hepatic
nsulin clearance and insulin requirements for glucose homeostasis, the
-peptide/insulin ratio (CIR) and the insulin/glucose ratio (IGR) were
alculated, respectively.18-21 Repeated-measures analyses of variance
ANOVAs) were performed including the factors “day” (1st, 2nd, 3rd)
nd “time” (12:00h, 16:00h, 20:00h, 0:00h, 4:00h, 8:00h) to assess

Table 1. Characteristics of the Subjects’ Subgroups

Men
(n � 10)

Women
(n � 20)

Normal Weight
(n � 20)

Overweight
(n � 10)

Male/female — — 6/14 4/6
BMI (kg/m2) 28.4 � 2.4 24.8 � 1.0 22.7 � 0.5 32.6 � 1.7
Age (yr) 45.7 � 5.1 36.1 � 3.4 41.5 � 3.9 35.1 � 4.1

NOTE. Values are means � SEM.
p

i

emporal changes in the different parameters. Gradual changes during
asting were thus expressed as the main effect of “day” and systematic
iurnal variations as main effect of “time”. In addition, differences
etween nighttime (0:00h or 4:00h) and morning concentrations
8:00h) were assessed using Student’s t test separately for each day
f fasting. To evaluate modulating influences of body weight and
ender on changes in variables during fasting, the subjects were
ubdivided according to, respectively, gender and body mass index
BMI) with a BMI �27.0 kg/m

2
defining overweight and a BMI �

7.0 kg/m
2

normal weight. Subsequently, the factors “sex” and
BMI” were included into the ANOVA models. A P value �.05 was
onsidered significant.

RESULTS

The characteristics of the subject sample are shown in Table
. During the 72-hour fasting period, plasma glucose dropped
n average from 4.94 � 0.11 mmol/L to 3.36 � 0.13 mmol/L
P � .001 for “day”, Fig 1). Also, a significant decrease across
ays was observed in concentrations of insulin (from 45.4 �
.51 pmol/L to 31.6 � 3.36 pmol/L, P � .001) and C-peptide
from 689 � 67.4 pmol/L to 376 � 32.1 pmol/L, P � .001), as
ell as for the CIR (from 17.5 � 1.16 to 13.9 � 1.52, P �

Fig 1. Mean � SEM of plasma glucose concentration

a), serum insulin concentration (b), serum C-peptide

oncentration (c), C-peptide/insulin ratio (d), and insu-

in/glucose ratio (e) in all patients (F), normal-weight
(

c

l

atients (�) and overweight patients (�). The gray bars

ndicate the subjects’ sleeping periods.



.
c
P

d
s
t
g
d
c
n
C
t
d
“
w
w
1
l
(

(
s
j
w
s
d
w
h
n
t
i
s

c
w
t

I
p
w
(
a
w

c
c
o
i
i
n
8
i
s
c

g
i
p
l
a
h
l
“
w
m
s
i
g
o

i
c

a

o

a
s

1451CIRCADIAN RHYTHM OF SERUM INSULIN
030). However, IGR showed no significant changes in the
ourse of the experiment (from 9.05 � 1.02 to 9.79 � 1.21,
� .888).
Glucose concentrations decreased constantly during each

ay (P � .001 for “time”), but except for the first day, no
ignificant differences between nighttime and morning concen-
rations were found (Table 2). However, the decrease in plasma
lucose levels was more pronounced during the first day than
uring the last day (P � .043 for “time” � “day”). Insulin
oncentrations in the morning were constantly higher than at
ighttime (P � .001 for “time”) and the same was true for
-peptide concentrations (P � .001 for “time”). The extent of

hese circadian rhythms in insulin and C-peptide concentrations
ecreased during the course of the experiment (P � .001 for
time” � “day” for both hormones), but the diurnal variation
as still detectable on the last day (Table 2). Of note, the CIR
as distinctly lower in the morning than at nighttime on days
and 2, but not on day 3 (P � .001 for “time”, Table 2). IGR,

ike insulin concentrations, showed a clear peak around 8.00 h
P � .001 for “time”, Table 2).

Throughout the fasting period, glucose (P � .009), insulin
P � .025), and C-peptide (P � .003) concentrations were
ignificantly higher in overweight than in normal-weight sub-
ects. However, the decrease in plasma glucose concentrations
as significantly lower in overweight than in normal-weight

ubjects (P � .001 for “time” � “BMI”:). However, for CIR no
ifferences between overweight and normal-weight subjects
ere observed (P � .3 for all comparisons). The IGR was
igher in the overweight than in the lean subjects at the begin-
ing of the fasting period, and showed distinctly different
ime-courses in the 2 groups, decreasing in overweight and
ncreasing in normal-weight patients, so that values were quite
imilar at the end of the fast (P � .006 for “day” � “BMI”).

Analyses of gender effects showed lower plasma glucose
oncentrations in women than men (P � .020 for “sex”, Fig 2),
hich might be related to the slightly lower BMI in the women

han the men (24.8 � 1.0 kg/m
2

v 28.4 � 2.4 kg/m
2
, P � .113).

Table 2. Comparison Between Nighttime (0:00h and 4:00h) Nadir

Value and Morning (8:00h) Maximum

Day No. Nighttime Morning P Value

Glucose 1 4.48 � 0.12 4.28 � 0.15 .024

2 3.72 � 0.13 3.74 � 0.13 .747
3 3.41 � 0.13 3.36 � 0.13 .506

Insulin 1 29.8 � 3.5 40.1 � 4.9 �.001

2 25.2 � 2.7 44.6 � 5.3 .001

3 21.8 � 1.9 31.5 � 3.7 .004

C-peptide 1 447 � 42 495 � 40 .038

2 352 � 32 442 � 45 .056
3 312 � 29 376 � 32 .001

CIR 1 17.5 � 1.5 14.3 � 1.2 .010

2 16.5 � 1.9 11.2 � 0.9 .004

3 15.2 � 1.5 13.9 � 1.5 .391
IGR 1 6.54 � 0.68 9.30 � 1.00 �.001

2 6.71 � 0.59 11.75 � 1.22 �.001

3 6.56 � 0.54 9.79 � 1.21 .002

NOTE. For CIR, the relation is reversed with the maximum at night
nd nadir values in the morning. Values are means � SEM values and
iignificance (P value printed in bold) for the difference is indicated.
ncluding the “sex” factor into analyses of the insulin, C-
eptide, CIR, and IGR data essentially did not change results,
ith the respective interaction terms not reaching significance

all P � .25, except for IGR where the “day” � “sex” inter-
ction showed a trend of P � .068 with decreasing values in
omen and stable values in men).

DISCUSSION

Our data show that during prolonged fasting, plasma glucose
oncentrations decrease gradually without any substantial cir-
adian variations. In contrast, and also in line with previous
bservations,13 persistent circadian variations were found dur-
ng the fast for insulin secretion as estimated by C-peptide and
nsulin concentrations. This rhythm was characterized by a
adir during the night and maximum concentrations around
.00h in the morning. Furthermore, this circadian rhythm in
nsulin secretion was found to be preserved also in overweight
ubjects, who showed distinctly higher levels of plasma glu-
ose, serum insulin, and C-peptide.

Since blood was sampled only every 4 hours, a rise in plasma
lucose concentration that preceded and promoted the increase
n morning insulin concentration could have been missed in the
resent study. Activity of counterregulatory endocrine systems,
ike the sympathetic nervous system (SNS) and the HPA axis
re known to reach a maximum around awaking in the morning
ours, which might have temporally increased plasma glucose
evels and decreased insulin sensitivity, often referred to as the
dawn phenomenon.”10,11 However, during prolonged fasting
e would expect the increases in plasma glucose levels in the
orning to be quite small, not inducing substantial insulin

ecretion.22 Thus, the finding of a preserved circadian variation
n plasma insulin levels in the presence of generally low plasma
lucose levels during fasting appears to be a surprising one, the
rigin of which remains to be elucidated.
In principle, 2 mechanisms could mediate the morning rise in

nsulin concentrations. First, secretion of insulin from the pan-
reas could be enhanced and, second, hepatic clearance of

Fig 2. Mean � SEM of plasma glucose concentration in men (F)

nd women (E). The gray bars indicate the subjects’ sleeping peri-

ds.
nsulin could be diminished. However, the view of an increased



h
C
p
t
t
s
t
t
h
1
h
r

h
i
h
t
i
d
t
c
l
i
p
m
v
t

t
n
t
v
o
w
g
t

s
c
g
T
a
d
c
c

a
d
c

h
d
e
v
s
s
c
s
o
r
t
C
m
s
r

c
i
H
a
t
s
u
b
c
c
H
c
i

o
n
p
f
g
t

t
c

f
j

r
7

r

1452 MERL ET AL
epatic clearance is not supported by the results regarding
-peptide, which is secreted together with insulin from the
ancreas in equimolar amounts but is not substantially ex-
racted by the liver.20,21,23 In parallel with insulin, concentra-
ions of C-peptide showed a clear maximum in the morning,
uggesting that these peaks were induced by increased secre-
ion rather than decreased hepatic clearance. On the other hand,
he CIR, which has been considered a reliable measure of
epatic insulin extraction,20,21 dropped in the morning of days
and 2. This drop may be taken to argue that a decrease in

epatic insulin clearance has partly contributed to the morning
ise in insulin.

Throughout the fasting period the overweight subjects had
igher levels of glucose and insulin than the lean subjects,
ndicating a state of relatively enhanced insulin resistance that
as been consistently observed in overweight subjects.16 On
his background, it is interesting that the circadian pattern of
nsulin secretion was preserved in our overweight subjects,
espite those obvious deviations in glucose metabolism. Taken
ogether, the normal circadian variation in serum insulin con-
entrations in conjunction with higher absolute levels of circu-
ating insulin and glucose suggests an elevation of the set point
n glucose regulation in obesity, while the circadian regulation
er se appears to be intact. Whether this alteration in glucose
etabolism contributes to the development of obesity, or vice

ersa is a consequence of the diseases, cannot be answered on
he basis of the present data.

In addition to the higher plasma glucose levels in women
han men, which cannot be fully explained here, analyses did
ot reveal any substantial dependence of circadian changes in
he variables of interest on gender, suggesting that the observed
ariations during fasting pertain to both sexes. However, since
nly a small number of subjects were studied, statistical power
as low and more discrete differences in the regulation of
lucose metabolism and insulin secretion during fasting be-
ween sexes may have been missed.

In a previous study22 endogenous insulin secretion was
hown to be abolished during acute insulin-induced hypogly-
emia. This suppression of insulin secretion by low plasma
lucose levels did not depend on the dose of insulin infused.
his maximum suppression of insulin secretion was reached
lready at mild levels of hypoglycemia (�3.5 mmol/L). Here,
espite the fact that prolonged fasting lowered plasma glucose
oncentrations to a comparable level, insulin secretion was not

ompletely suppressed. Thus, acutely induced hypoglycemia S

REN

5. Van Cauter E, Shapiro ET, Tillil H, et al: Circadian modulation of

g
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s
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h

nd developing hypoglycemia during starvation represent 2
ifferent metabolic states with differing effects on insulin se-
retion.

CIR has previously been found to represent quite well the
epatic clearance of insulin.20 In this study, CIR was distinctly
ecreased in the morning of days 1 and 2. Other studies
mploying different measures of hepatic insulin clearance re-
ealed inconsistent results on circadian variations. While 1
tudy24 showed a decrease in insulin clearance in the morning
imilar to the present results, others showed increases25,26 or no
hanges at this time of day.27,28 Since none of the previous
tudies examined insulin clearance during fasting but during
ngoing glucose supply, it can be questioned whether the
esults are comparable with those of the present study. Al-
hough the present data should be interpreted with caution since
IR probably does not represent the most accurate method to
easure hepatic insulin clearance, they may be taken as a first

ign that hepatic clearance of insulin is subject to a circadian
hythm, a subject worth further investigation.

It should be pointed out that data in the present study were
ollected in subjects who had unexplained symptoms compat-
ble with those typically experienced during hypoglycemia.
ypoglycemia (plasma glucose � 2.6 mmol/L) did not occur in

ny of the subjects during the 72-hour fasting period and, thus,
he presence of insulinoma can be excluded. Nevertheless, most
ubjects were not completely healthy but suffered from an
ndefined disorder, probably of psychosomatic type. On this
ackground, we cannot exclude that these disorders in some
ases have confounded the present results, which, therefore,
an be generalized to a normal population only with caution.
owever, the fact that none of the subjects exhibited any

lear-cut disturbance in glucose regulation renders a systematic
nfluence of nonmetabolic disorders on our results unlikely.

In conclusion, this study indicates that the circadian rhythm
f circulating insulin is preserved during a prolonged fast in
ormal-weight as well as in overweight humans, despite low
lasma glucose concentration. The finding suggests that during
asting, insulin secretion does not solely depend on plasma
lucose concentration but rather on other neuroendocrine fac-
ors regulated via central nervous system circadian oscillators.
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