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OBJECTIVE—In patients with type 2 diabetes, glucagon levels
are often increased. Furthermore, pulsatile secretion of insulin is
disturbed in such patients. Whether pulsatile glucagon secretion
is altered in type 2 diabetes is not known.

RESEARCH DESIGN AND METHODS—Twelve patients with
type 2 diabetes and 13 nondiabetic individuals were examined in
the fasting state and after mixed meal ingestion. Deconvolution
analyses were performed on insulin and glucagon concentration
time series sampled at 1-min intervals.

RESULTS—Both insulin and glucagon were secreted in distinct
pulses, occurring at ;5-min intervals. In patients with diabetes,
postprandial insulin pulse mass was reduced by 74% (P , 0.001).
Glucagon concentrations were increased in the patients during
fasting and after meal ingestion (P , 0.05), specifically through
an increased glucagon pulse mass (P , 0.01). In healthy subjects,
the increase in postprandial insulin levels was inversely related to
respective glucagon levels (P , 0.05). This relationship was ab-
sent in the fasting state and in patients with diabetes.

CONCLUSIONS—Glucagon and insulin are secreted in a co-
ordinated, pulsatile manner. A plausible model is that the
postprandial increase in insulin burst mass represses the corre-
sponding glucagon pulses. Disruption of the insulin–glucagon in-
teraction in patients with type 2 diabetes could potentially
contribute to hyperglucagonemia. Diabetes 60:2160–2168,
2011

T
he pathogenesis of type 2 diabetes involves mul-
tiple metabolic defects, the most important ones
likely being b-cell dysfunction and insulin resis-
tance (1,2). In addition, abnormal regulation of

glucagon secretion contributes to the hyperglycemia in
diabetic patients (3–5), and a number of studies have
reported elevated fasting glucagon concentrations in patients
with type 2 diabetes as well as in individuals with impaired
glucose tolerance (3,6,7). Furthermore, whereas glucagon
levels typically decline after oral or intravenous glucose
administration in healthy individuals, the glucose-induced
suppression of glucagon secretion is markedly impaired
in patients with type 2 diabetes, and mixed meal–induced
glucagon excursions are typically exaggerated in such
patients (3,6). The inappropriately elevated glucagon levels

may contribute to the exaggerated hepatic glucose produc-
tion that characterizes patients with type 2 diabetes (8).

The mechanistic reasons underlying increased glucagon
secretion in such patients are less well understood. Thus,
some studies have reported increased numbers of a-cells
in the diabetic pancreas (9,10). An alternative hypothesis is
the lack of a-cell inhibition by insulin in diabetic patients
(11,12). Indeed, suppression of glucagon secretion by insulin
has been well established in various in vitro and in vivo
models (13), and a selective loss of b-cells has been asso-
ciated with the development of hyperglucagonemia (14). It
has also been demonstrated that the glucagon response to
hypoglycemia is lost in the absence of insulin (11,15).

Secretion of insulin from pancreatic islets in non-
diabetic individuals is regulated in a pulsatile manner, with
distinct bursts of insulin release occurring approximately
every 5 min (16–18). In contrast, the amplitude and the
orderliness of insulin secretion are markedly reduced in
patients with type 2 diabetes (19–24). Impaired insulin
pulsatility has been suggested to contribute to the devel-
opment of insulin resistance in such patients (18,20,25).

For glucagon, a pulsatile secretion pattern has been
reported in different large animal models (26,27). Based
on these studies, a close interaction between insulin and
glucagon secretion has been suggested. To examine this
relationship in more detail, previous studies have exam-
ined insulin and glucagon levels in pigs before and after
a selective b-cell reduction induced by the b-cytotoxin
alloxan (14). It is noteworthy that there was a signifi-
cant inverse relationship between postprandial insulin and
glucagon secretion in healthy animals, but this pulsatile
intra-islet inhibition of glucagon secretion by insulin was
lost after reduction of b-cell mass, leading to overt hyper-
glucagonemia. Such studies have prompted speculation
that reduction of intra-islet insulin secretion might also
cause insufficient suppression of glucagon in patients with
type 2 diabetes (14). However, to date, a pulsatile pattern
of glucagon secretion has not been established in humans.

Therefore, in the present studies we addressed the fol-
lowing questions. (1) Is there evidence of a pulsatile pat-
tern of glucagon secretion in humans? (2) Is there an
inverse relationship between insulin and glucagon secre-
tion? (3) Are the time patterns of glucagon secretion and
its interactions with insulin secretion different in normal
subjects and patients with type 2 diabetes?

RESEARCH DESIGN AND METHODS

Study protocol. The study protocol was approved by the ethics committee of
the medical faculty of Ruhr University Bochum prior to the experiments
(registration number 2649). Written informed consent was obtained from all
participants.
Subjects. A total of 13 healthy volunteers (7 male and 6 female) without
a history of diabetes and 12 patients with type 2 diabetes (6 male and 6 female;
diagnosed according to World Health Organization criteria) participated in the

From the 1Department of Medicine I, St. Josef-Hospital, Ruhr-University Bo-
chum, Bochum, Germany; the 2Department of Biomedical Sciences, The
Panum Institute, University of Copenhagen, Copenhagen, Denmark; and
the 3Department of Medicine, Endocrine Research Unit, Mayo School of
Graduate Medical Education, Mayo Clinic, Rochester, Minnesota.

Corresponding author: Juris J. Meier, juris.meier@rub.de.
Received 24 February 2011 and accepted 8 May 2011.
DOI: 10.2337/db11-0251
� 2011 by the American Diabetes Association. Readers may use this article as

long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.

2160 DIABETES, VOL. 60, AUGUST 2011 diabetes.diabetesjournals.org

ORIGINAL ARTICLE



study. The groups were matched for age and sex. Patients with diabetes
exhibited a higher BMI than controls (P = 0.0078; Table 1). Mean diabetes
duration was 8.3 6 5.6 years. Antidiabetic treatment included diet and exercise
only in two cases, metformin only in four cases, glinides in one case, a com-
bination of sulfonylureas and metformin in two cases, and insulin in four
cases. All antidiabetic treatment was withdrawn at least 48 h before the start
of the study. In insulin-treated patients, short-acting insulin was withheld on
the evening preceding the tests, whereas all long–acting insulin preparations
were withdrawn at least 24 hours before the experiments to avoid carry-over
effects. None of the participants were taking any other medication with
a known influence on glucose homoeostasis. Detailed subject characteristics
are reported in Table 1.
Study design.At a screening visit, blood was drawn from all participants in the
fasting state for measurements of standard hematological and clinical chem-
istry parameters, and a general clinical examination was performed. In indi-
viduals without known diabetes, an oral glucose tolerance test was performed
to exclude subjects with diabetes, impaired glucose tolerance, or impaired
fasting glucose. Subjects with anemia (hemoglobin,12 g/dL), elevation in liver
enzymes (alanine aminotransferase, aspartate aminotransferase, alkaline phos-
phatase, and g-glutamyl-transferase) to higher activities than double the re-
spective normal value, or elevated creatinine concentrations (.1.5 mg/dL) were
excluded. Body height and weight were determined, and waist and hip cir-
cumference were measured to calculate BMI and the waist-to-hip ratio, re-
spectively. Blood pressure was determined according to the Riva-Rocci method.

If subjects met the inclusion criteria, they were studied on two occasions: (1)
a fasting experiment over 60 min, with venous blood samples being collected at
1-min intervals; and (2) a mixed meal test, with venous blood samples being
collected over 240 min (from 30 to 90 min after meal ingestion, blood samples
were collected at 1-min intervals). Both tests were performed in randomized
order, separated by an interval of 1–4 weeks to allow for regeneration of the
blood pool.
Experimental procedures. Each test was performed in the morning after an
overnight fast, with subjects in a supine position throughout the experiments. A
large forearm vein was punctured with a Teflon cannula (Moskito 123, 18 gauge;
Vygon, Aachen, Germany), and kept patent using 0.9% NaCl. On visit one, venous
blood samples were taken at t = 25 and 0 min (9 mL each) as well as at 1-min
intervals from 0 to 60 min (3 mL each). On visit two, a mixed meal (total caloric
content 537 kcal; 42% fat, 41% carbohydrates, and 17% protein) was ingested
together with 200 mL water over 5 min. Venous blood samples (9 mL each) were
drawn frequently, as shown in Fig. 1. In addition, venous blood samples (3 mL
each) were collected at 1-min intervals from t = 30 to 90 min after meal ingestion.
Blood specimens. Venous blood was drawn into chilled tubes containing
EDTA and aprotinin (Trasylol, 20,000 kallikrein inhibitor units [KIU]/mL, 200 mL
per 10 mL blood; Bayer AG, Leverkusen, Germany) and kept on ice. After
centrifugation at 4°C, plasma for hormone analyses was kept frozen at 228°C.
Laboratory determinations. Glucose concentrations were measured using
a glucose oxidase method as previously described (28). Insulin was measured
in duplicate, as previously described (28), using an insulin microparticle en-
zyme immunoassay (MEIA) (IMx Insulin; Abbott Laboratories, Wiesbaden,
Germany). Intra-assay coefficient of variation was ;4%. C-peptide was mea-
sured, as previously described (28), using an enzyme-linked immunoabsorbent
assay (ELISA; DAKO Ltd., Cambridgeshire, U.K.).

Glucagon was measured by a radioimmunoassay. The assay uses a poly-
clonal antiserum (code number 4305) (29,30) that was raised in rabbits against
natural porcine glucagon–linked NH2 terminally to albumin. The assay has a
detection limit of 1 pmol/L and an intra-assay coefficient of variation of ,6%.
Analysis of pulsatile hormone secretion. Pulsatile secretion of insulin and
glucagon was quantified by use of a deconvolution method developed by
Veldhuis and Johnson (31). In brief, the 1-min plasma concentration time series
were deconvolved by a multiparameter technique. The method assumes that
fluctuating hormone plasma concentrations arise from five determinable and
correlated parameters: (1) a finite number of discrete insulin and glucagon
secretory bursts occurring at specific times and having (2) individual ampli-
tudes (maximal rate of insulin or glucagon secretion within a burst), (3) a
common half-duration (duration of an algebraically Gaussian secretory pro-
file) (19), superimposed on a (4) basal time-invariant secretory rate, and (5)
a biexponential insulin disappearance model in the systemic circulation con-
sisting of estimated half-lives of 2.8 and 5.0 min and a fractional slow com-
partment of 28%, as previously measured (17), as well as a monoexponential
glucagon disappearance model in the systemic circulation, with a half-life of
2.9 min, estimated by deconvolution analyses. Assuming the foregoing nomi-
nal disappearance values, we estimated the numbers, locations, amplitudes,
and half-duration of the respective secretory bursts, as well as a nonnegative
basal secretory rate for each data set by nonlinear least squares fitting. Se-
cretory rates are expressed as mass units of insulin or glucagon released per
unit of distribution volume (milliliters) per unit of time (minutes). The mean
pulse mass of the respective hormones (time integral of the calculated se-
cretory burst) is determined jointly by burst duration and amplitude. The
percentage of insulin or glucagon delivered into the circulation in discrete
bursts was calculated as described previously (16).
Cross-correlation. To assess the interrelationship between insulin and glu-
cagon concentration time series, cross-correlation analysis was applied to the
paired series, as previously described (14). This procedure consists of linear
correlations carried out repeatedly at various time lags between the paired
values. Thus, each insulin concentration value is compared with a time-
delayed measure (e.g., lag time minus 2 min) of a glucagon concentration value.
At a zero time lag, simultaneous values are correlated.
Approximate entropy. Regularity of insulin and glucagon plasma concen-
tration time series was assessed by the model-independent and scale-invariant
statistics approximate entropy (ApEn). ApEn measures the logarithmic like-
lihood that runs of patterns that are close (within r) for m contiguous
observations remain close (within the tolerance width r) on subsequent in-
cremental comparisons. A precise mathematical definition has been given by
Pincus (32). A larger absolute value of ApEn indicates a higher degree on
process randomness, i.e., less pattern orderliness. ApEn is rather stable to
noise that is within tolerances. Detrending the time series by first differencing
before ApEn calculation has been used to limit nonstationarity.
Cross-ApEn statistics. To evaluate relative regularity of glucagon and insulin
concentrations, we used the cross-approximate entropy statistic. Cross-ApEn is
a bivariate analog of ApEn and quantifies joint pattern synchrony between two
separate but linked time series after standardization (z score transformation
of the data) (33,34). The interpretation of cross-ApEn as implemented here
depends on whether pattern recurrence is assessed in the forward or reverse
direction. By way of convention, we computed forward cross-ApEn using
serial insulin concentrations as the template to assess pattern reproducibility
in glucagon concentrations, and calculated reverse cross-ApEn by using suc-
cessive glucagon concentrations as the template to evaluate pattern re-
currence in insulin concentrations, as previously described (14). Note that, for
physiological reasons, the foregoing schema of pairing relates the concen-
tration of an input signal to the secretion rate of the output signal. Individual
values for forward cross-ApEn were compared with respective reverse cross-
ApEn values in each person to infer the driving force in the interaction be-
tween the secretion of both hormones.
Calculations and statistical analyses. Patient characteristics are reported
as mean 6 SD. Analytical results are reported as mean 6 SEM. All statistical
calculations were carried out using repeated-measures analysis of variance
(ANOVA) using Statistica version 5.0 (Statsoft Europe, Hamburg, Germany).
Values at single time points were compared by one-way ANOVA followed
Duncan’s post hoc test. A two-sided P value , 0.05 was taken to indicate
significant differences. Linear regression analyses were performed using
GraphPad Prism, version 4.0 (GraphPad Software, Inc., La Jolla, CA).

RESULTS

Mean fasting glucose concentrations were significantly
higher in patients with type 2 diabetes than in controls
(151.5 6 14.8 mg/dL vs. 94.9 6 1.72 mg/dL, respectively;
P , 0.0001; Fig. 1). Corresponding insulin concentrations

TABLE 1
Characteristics of patients with type 2 diabetes and healthy
control subjects

Parameter (unit)
Type 2
diabetes Controls P value

Age (years) 62.3 6 6.7 60.5 6 14.5 0.70
Sex (male/female) 6/6 7/6 0.85
BMI (kg/m2) 31.4 6 4.6 26.8 6 3.3 0.0078
HbA1c (%) 7.2 6 1.1 5.7 6 0.4 ,0.0001
Total cholesterol (mg/dL) 209 6 30.7 212 6 42.5 0.86
HDL cholesterol (mg/dL) 52.5 6 15.6 69.5 6 16.7 0.015
LDL cholesterol (mg/dL) 139 6 24.5 132 6 35.3 0.61
Triglycerides (mg/dL) 205 6 105 117 6 43.6 0.011
Creatinine (mg/dL) 0.98 6 0.11 1.07 6 0.21 0.24
ASAT (units/L) 22.0 6 6.3 25.0 6 5.5 0.22
ALAT (units/L) 28.3 6 13.5 26.5 6 11.1 0.72

Data are means 6 SD unless otherwise indicated. P values were
calculated using unpaired Student t test or chi-square test. ASAT,
aspartate aminotransferase; ALAT, alanine aminotransferase.
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were 11.1 6 2.0 mU/L vs. 6.1 6 0.8 mU/L, respectively (P =
0.024; Fig. 1), and C-peptide (measured at two time points
only) was 2.82 6 0.2 ng/mL vs. 2.40 6 0.24 ng/mL, re-
spectively (P = 0.20). Mean fasting glucagon concentra-
tions were increased in patients with type 2 diabetes
(8.3 6 1.2 pmol/L vs. 4.8 6 0.5 pmol/L, respectively; P =
0.012; Fig. 1).

After meal ingestion, plasma glucose concentrations in-
creased in both groups (P , 0.0001), with higher incre-
ments in patients than controls (P , 0.0001; Fig. 1). This
was accompanied by an increase in insulin concentrations
(P , 0.0001; Fig. 1). The postprandial increase in insulin
levels was earlier and slightly higher in the control sub-
jects, whereas insulin levels were higher in the patients in
the late postprandial period (90–240 min; Fig. 1). Likewise,
the early postprandial rise in C-peptide concentrations was
higher in control subjects compared with the patients with
type 2 diabetes (P , 0.0001; data not shown). Glucagon
concentrations increased slightly in both groups and re-
mained higher in the diabetic patients until 120 min after
meal ingestion (Fig. 1).
Pulsatile insulin secretion. Inspection of the insulin
concentration time series clearly revealed the presence of
distinct pulses both in the fasting state and after meal

ingestion (Figs. 2 and 3). The mean pulse interval during
fasting was 5.1 6 0.2 min in patients with diabetes and
5.2 6 0.4 min in controls. Values remained unchanged
after meal ingestion (5.3 6 0.5 and 5.1 6 0.5 min, respec-
tively; P = 0.67 and P = 0.82 vs. fasting values; Tables 2
and 3). In the controls, insulin pulse mass increased
from 3.6 6 0.7 mU $ L21 $ pulse21 in the fasting state to
21.5 6 3.3 mU $ L21 $ pulse21 after meal ingestion (P =
0.002). The corresponding values in patients with diabetes
were 2.2 6 0.4 mU $ L21 $ pulse21 vs. 7.7 6 1.0 mU $ L21 $
pulse21, respectively (P = 0.0003; Tables 2 and 3). The
postprandial insulin pulse mass in the controls was sig-
nificantly higher than in the patients (P = 0.008; Table 3).
In control subjects, basal insulin secretion amounted to
0.84 6 0.24 mU $ L21 $ min21 in the fasting state and
2.99 6 0.79 mU $ L21 $ min21 after meal ingestion (P =
0.0093). In the patients, nonpulsatile insulin secretion was
1.64 6 0.35 mU $ L21 $ min21 at fasting and 2.43 6 0.40
mU $ L21 $ min21 after the test meal (P = 0.15; Tables 2
and 3). Thus, pulsatile secretion accounted for 91 6 3%
of the overall insulin secretion at fasting and 93 6 3%
after the test meal in healthy subjects. In the patients,
the proportion of insulin secretion derived from pulses
was 76 6 6% at fasting and 86 6 3% after meal ingestion

FIG. 1. Plasma concentrations of glucose (A and B), insulin (C and D), and glucagon (E and F) in 12 patients with type 2 diabetes (open symbols)
and 13 nondiabetic control subjects (filled symbols) studied in the fasting state (A, C, and E) as well as after mixed meal ingestion (B, D, and F).
Arrows indicate the time of meal ingestion. Data are presented as means 6 SEM. Statistics were carried out using repeated-measures ANOVA and
denote (A) differences between the groups, (B) differences over the time course, and (AB) differences due to the interaction of group and time.
Asterisks indicate significant differences at individual time points (P < 0.05).
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(P = 0.035 and P = 0.087 vs. controls, respectively). Ap-
proximate entropy, a measure of the orderliness of the
insulin secretion time patterns, was 1.32 6 0.03 in the
patients and 1.266 0.03 in controls under fasting conditions
(P = 0.11). After meal ingestion, approximate entropy was
significantly lower in patients than controls (1.19 6 0.03 vs.
1.31 6 0.03, respectively; P = 0.019).
Pulsatile glucagon secretion. The individual glucagon
concentration time patterns revealed distinct high–amplitude
oscillations in all individuals. The pulse interval during
fasting was 5.4 6 0.4 min in patients and 6.3 6 0.6 min in
controls. These values did not differ from those of insulin.
The postprandial glucagon pulse interval was similar, both
in patients and in controls: 4.76 0.5 min and 6.66 0.6 min,

respectively (P = 0.27 and P = 0.71 vs. fasting values). In
healthy subjects, glucagon pulse mass was 5.06 0.4 pmol $
L21 $ pulse21 at fasting and 5.9 6 0.6 pmol $ L21 $ pulse21

after meal ingestion (P = 0.23). The corresponding numbers
in patients were 7.7 6 0.9 pmol $ L21 $ pulse21 vs. 8.1 6 0.9
pmol $ L21 $ pulse21 (P = 0.73). Glucagon pulse mass was
higher in patients than controls both fasting and after meal
ingestion (P = 0.011 and P = 0.035, respectively). The non-
pulsatile component of glucagon secretion amounted to
0.58 6 0.25 pmol $ L21 $ min21 vs. 1.09 6 0.29 pmol $ L21 $
min21 (P = 0.27) in patients and 0.22 6 0.11 pmol $ L21 $
min21 vs. 0.53 6 0.2 pmol $ L21 $ min21 in controls (P =
0.19; each at fasting and after meal ingestion, respectively).
Thus, in the fasting state, 95 6 3 and 97 6 2% of the total

FIG. 2. Individual concentration time series of insulin (A and B) and glucagon (E and F), as well as the respective insulin secretion rates (C and D)
and glucagon secretion rates (G and H), derived from deconvolution analysis, in a representative nondiabetic control subject (left) as well as in
a patient with type 2 diabetes (right). The measurements were taken at 1-min intervals over 60 min in the fasting state.
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glucagon secretion was derived from pulses in patients with
diabetes and controls, respectively, and this was unchanged
after meal ingestion (95 6 2 and 93 6 3%, respectively).
There were no differences with regards to the approximate
entropy of glucagon secretion between patients and con-
trols, whether fasting (1.27 6 0.03 vs. 1.19 6 0.04, respec-
tively; P = 0.067) or after meal ingestion (1.23 6 0.03 vs.
1.27 6 0.04, respectively; P = 0.38).
Relationship between insulin and glucagon secretion.
Inspection of the corresponding insulin and glucagon
concentration time series identified pulses for both hor-
mones (Figs. 2 and 3). In the fasting state, there was no
apparent temporal relationship between the respective
concentration time series in patients with type 2 diabetes

and controls. In contrast, when postprandial insulin and
glucagon concentration time series were analyzed in re-
lation to each other, an inverse association between in-
sulin and glucagon pulses became obvious (Fig. 4). To
more specifically assess the timing of the association be-
tween insulin and glucagon, paired concentration time
series were subjected to a cross-correlation analysis in each
subject. Thereby, a significant inverse association of re-
spective time patterns was found in the postprandial state in
healthy individuals (P , 0.05; Fig. 5A). The mean lag time
between the respective changes in insulin and glucagon
levels was between 0 and 1 min. In contrast, the association
between the postprandial insulin and glucagon time series
was not significant in the patients with diabetes (Fig. 5B).

FIG. 3. Individual concentration time series of insulin (A and B) and glucagon (E and F), as well as the respective insulin secretion rates (C and D)
and glucagon secretion rates (G and H), derived from deconvolution analysis, in a representative nondiabetic control subject (left) as well as in
a patient with type 2 diabetes (right). The measurements were taken at 1-min intervals from t = 30 to 90 min after mixed meal ingestion.
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There was no relationship between insulin and glucagon con-
centration time patterns in the fasting state in either group.

To estimate the driving force in the relationship between
insulin and glucagon, cross-ApEn analyses were performed
in a forward fashion (by computing cross-ApEn using serial
insulin concentrations as the template to assess pattern re-
producibility in glucagon concentrations) and in a reverse
fashion (using glucagon concentrations as the template to
assess pattern reproducibility in insulin concentrations).
Forward cross-ApEn was significantly higher (less synchro-
nous) than reverse cross-ApEn (P, 0.001; Fig. 6), indicating
that insulin may drive glucagon rather than vice versa. This

association was found in both patients and controls under
fasting conditions as well as after meal ingestion.

DISCUSSION

The present study was undertaken to examine ultradian
time patterns of glucagon secretion in humans. We report
that (1) glucagon is secreted in a coordinated, pulsatile
manner, with distinct secretory bursts occurring at ;5-min
intervals; (2) circulating glucagon and insulin levels are
inversely related, with insulin patterns possibly driving
glucagon patterns; and (3) in patients with type 2 diabetes,
the postprandial association between insulin and glucagon
secretion is significantly disturbed.

The inverse association between both islet hormones
was evident from various analyses. First, an inverse asso-
ciation between postprandial insulin and glucagon levels
was already apparent by linear regression analysis of re-
spective concentrations. Second, cross-correlation analyses
of insulin and glucagon concentration time series revealed
a close inverse relationship between both hormones in the
postprandial state at the 0- and 1-min lag times. It is note-
worthy that this association was significant only in healthy
control subjects, indicating that the inverse interaction be-
tween each insulin and glucagon concentration wavefront
was perturbed in patients with diabetes. Third, forward and
reverse cross-ApEn statistics identified insulin as the puta-
tive primary signal.

Given that the association between the peptide hor-
mones was apparent only after mixed meal ingestion, but
not in the fasting state when the size of the insulin pulses
was relatively small, one could postulate that the post-
prandial increase in insulin burst mass contributes to the
glucose-induced decline in glucagon secretion. In the pres-
ent experiments, postprandial glucagon concentrations were
not lowered, because a mixed meal rather than a pure glu-
cose load was administered.

A number of previous studies have examined the in-
terrelationship between a-cells and b-cells in different
experimental models. In this regard, earlier studies by
Samols et al. (35) suggested centripetal blood flow from
the b-cell–enriched core of the islets toward a-cells in the
islet periphery. This concept of a paracrine interaction has
recently been extended by the notion that, in addition to
insulin itself, other b-cell secretory products, such as zinc,
might contribute to intra-islet inhibition of glucagon se-
cretion (36).

A specific reduction in insulin burst mass has been
reported previously in patients with type 2 diabetes,
whereas insulin pulse frequency was typically unaltered
in such patients (19,24). The present results are in good
agreement with these studies by showing a 74% reduction
in postprandial insulin pulse mass in patients with dia-
betes. Of note, to our knowledge, this is the largest study to
intensively analyze the patterns of pulsatile insulin secretion
in humans in vivo.

One of the key challenges in analyzing pulsatile insulin
secretion under in vivo conditions lies in the fact that the
amplitude of insulin pulses in the peripheral circulation is
relatively small, because the liver selectively extracts in-
sulin pulses during its first passage (18). In contrast, when
insulin concentrations are determined directly in the portal
venous circulation, the amplitude of the insulin pulses far
exceeds those in the periphery (37). Therefore, to properly
identify the insulin pulses in the peripheral circulation,
deconvolution analysis has been employed, which takes

TABLE 2
Parameters of pulsatile insulin and glucagon secretion in the
fasting state

Parameter (unit)
Type 2
diabetes Controls P value

Insulin
Pulse interval (min) 5.1 6 0.2 5.2 6 0.4 0.91
Pulse mass

(mU $ L21 $ pulse21) 2.2 6 0.4 3.6 6 0.7 0.91
Nonpulsatile secretion

(mU $ L21 $ min21) 1.6 6 0.4 0.8 6 0.2 0.68
ApEn 1.32 6 0.03 1.26 6 0.03 0.11
Contribution of pulsatile

secretion (%) 75.7 6 6.0 90.6 6 3.1 0.035
Glucagon
Pulse interval (min) 5.4 6 0.4 6.3 6 0.6 0.33
Pulse mass

(pmol $ L21 $ pulse21) 7.7 6 0.9 5.0 6 0.4 0.011
Nonpulsatile secretion

(pmol $ L21 $ min21) 0.58 6 0.25 0.22 6 0.11 0.19
ApEn 1.27 6 0.03 1.19 6 0.04 0.067
Contribution of pulsatile

secretion (%) 94.7 6 2.5 97.4 6 1.6 0.38

Data are means 6 SEM. P values were calculated using unpaired
Student t test.

TABLE 3
Parameters of pulsatile insulin and glucagon secretion after
ingestion of a mixed test meal

Parameter (unit)
Type 2
diabetes Controls P value

Insulin
Pulse interval (min) 5.3 6 0.5 5.1 6 0.5 0.62
Pulse mass

(mU $ L21 $ pulse21) 7.7 6 1.0 21.5 6 3.3 0.008
Nonpulsatile secretion

(mU $ L21 $ min21) 2.4 6 0.4 3.0 6 0.8 0.54
ApEn 1.19 6 0.03 1.31 6 0.03 0.019
Contribution of pulsatile

secretion (%) 85.8 6 2.9 93.3 6 3.0 0.087
Glucagon
Pulse interval (min) 4.7 6 0.4 6.6 6 0.6 0.11
Pulse mass

(pmol $ L21 $ pulse21) 8.1 6 0.9 5.9 6 0.6 0.035
Nonpulsatile secretion

(pmol $ L21 $ min21) 1.1 6 0.29 0.53 6 0.20 0.13
ApEn 1.23 6 0.03 1.27 6 0.04 0.38
Contribution of pulsatile

secretion (%) 94.7 6 1.6 93.0 6 2.8 0.62

Data are means 6 SEM. P values were calculated using unpaired
Student t test.
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into account the elimination kinetics of endogenous insulin
to compute the respective insulin secretion rates (20). For
glucagon, there is little hepatic elimination (38,39). Accord-
ingly, glucagon secretory bursts can be already identified
even from the serial concentrations in the peripheral blood.

The results of the present study in humans are in good
agreement with previous data in pigs and in baboons
(14,26,27), in which an oscillatory secretion pattern of in-
sulin and glucagon has been described. Furthermore, the
inverse association between postprandial insulin and glu-
cagon pulses in mini-pigs was found to be absent after a
selective ;50% reduction of b-cell mass using alloxan (14).
It is noteworthy that in the present experiments, cross-
correlation analysis also revealed disruption of the inverse
relationship between the two peptides in patients with
type 2 diabetes. Comparable outcomes in the alloxan-pig
model and the presently examined patients with type 2
diabetes might, therefore, be interpreted to emphasize the
importance of endogenous b-cell function in the patho-
genesis of type 2 diabetes, although clearly the clinical
phenotype of type 2 diabetes is far more complex and
heterogeneous than that of animal models.

The reasons underlying the insufficient suppression of
glucagon levels by glucose are still debated, and some
previous studies have suggested an intrinsic alteration
of the a-cell phenotype in type 2 diabetes (40). However,
normal glucagon responses in first-degree relatives of
patients with type 2 diabetes favor the hypothesis that this

defect develops secondary to other metabolic alterations
in diabetic patients (41), consistent with animal studies
showing a loss of glucose-induced glucagon suppres-
sion following an experimental reduction in b-cell mass
(14,27,42). Furthermore, the present clinical study sug-
gests that loss of pulsatile insulin secretion goes along with
an increase in glucagon secretion. The tight time rela-
tionship between the peptide concentration time series
indicates that this interaction takes place primarily in a
paracrine fashion at the level of individual islets. However,
because exogenous insulin can lower glucagon levels in
diabetic patients as well (43), a classical endocrine effect of
circulating insulin may contribute to the control of glucagon
secretion as well.

Assuming that the hyperglucagonemia in patients with
diabetes is largely attributable to attenuation of pulsatile
insulin secretion, a logical implication would be to en-
hance pulsatile release of insulin in such patients. In sup-
port of such reasoning, several previous studies examining
pulsatile insulin delivery regimens in patients with dia-
betes have demonstrated a greater suppression of hepatic
glucose production by this approach (25,44). However,
from a practical point of view, it is difficult to restore
pulsatile insulin secretion by therapeutic means, because
the typical route of endogenous insulin delivery from the
b-cells toward the a-cells and, subsequently, to the liver
via the portal vein cannot readily be mimicked by in-
travenous or subcutaneous insulin administration.

FIG. 4. A: Individual postprandial secretion rates of insulin (left y-axis) and glucagon (right y-axis), derived from deconvolution analysis, in
a representative nondiabetic control subject. B: The corresponding linear regression analysis between the minutely sampled postprandial con-
centrations of insulin and glucagon in the same individual.

FIG. 5. Mean cross-correlogram (solid lines, filled symbols) between insulin and glucagon concentration time series in 13 nondiabetic control
subjects (A) and 12 patients with type 2 diabetes (B) studied over 60 min after a mixed test meal. Data are presented in relation to the upper and
lower 95% confidence intervals (dotted lines). *Significant (P < 0.05) interaction between the insulin and glucagon time series at a given lag
period. These analyses demonstrate a significant relationship between the insulin and glucagon concentration time series after meal ingestion in
nondiabetic individuals, whereas the time relationship between both hormones is absent in patients with diabetes.
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Although the differences in pulsatile insulin and gluca-
gon secretion between patients with type 2 diabetes and
healthy individuals are most likely due to the reduction in
b-cell mass and function in type 2 diabetes; other factors
such as obesity might contribute as well. Because the
presently examined group of patients with diabetes was
significantly more obese, such confounding effects cannot
be excluded completely.

Physiological implications of pulsatile glucagon secre-
tion have been examined largely under in vitro conditions.
In isolated rat hepatocytes, induction of glucose produc-
tion was significantly greater when the same amount of glu-
cagon was delivered in a pulsatile rather than a continuous
fashion (45). Likewise, suppression of hepatic glucose pro-
duction in humans was found to be closely related to the
amplitude and mass of prehepatic insulin secretion (18).
Taken together, these findings suggest that pulsatile secre-
tion of insulin and glucagon enhances the actions of these
hormones at the level of the hepatocytes.

In conclusion, the present study demonstrates that, in
healthy individuals, insulin and glucagon secretion arises
from distinct secretory bursts, occurring in a reciprocal
fashion at ;5-min intervals. In patients with type 2 di-
abetes, the postprandial mass of the insulin pulses is sig-
nificantly diminished, and the interaction between both
hormones is disturbed. These alterations in the b–a-cell
cross-talk might contribute to the hyperglucagonemia in
patients with type 2 diabetes.
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