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Abstract

Aims/hypothesis The influence of glucagon on glycaemic
control in type 1 diabetes is debated. We investigated the
relationship between postprandial glucagon levels and HbA .
during a period up to 60 months after diagnosis of childhood
type 1 diabetes.

Methods The Danish remission phase cohort comprised
129 children (66 boys) with type 1 diabetes whose
mean (SD) age at onset was 10.0 (3.9) years. Liquid
mixed-meal tests were performed prospectively at 1, 3,
6 and 12 months and a subset of 40 patients completed
follow-up at 60 months. Postprandial (90 min) plasma
levels of glucagon, glucose (PG), C-peptide, total
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glucagon-like peptide-1 (GLP-1), glucose-dependent
insulinotropic polypeptide (GIP) and HDbA,. were
analysed. Multivariate regression (repeated measure-
ments with all five visits included) was applied and
results expressed as relative change (95% CI).

Results Postprandial glucagon levels increased 160% from 1
to 60 months after diagnosis (p<0.0001). A doubling in
postprandial PG corresponded to a 21% increase in postpran-
dial glucagon levels (p=0.0079), whereas a doubling in total
GLP-1 levels corresponded to a 33% increase in glucagon
levels (p<0.0001). Postprandial glucagon associated nega-
tively with postprandial C-peptide (p=0.017). A doubling in
postprandial glucagon corresponded to a 3% relative increase
in HbA . levels (p=0.0045).

Conclusions/interpretation Postprandial glucagon levels
were associated with deterioration of glycaemic control
and declining beta cell function in the first 5 years after
diagnosis of type 1 diabetes. The positive association of
glucagon with total GLP-1 and PG suggests that phys-
iological regulation of alpha cell secretion in type 1
diabetes is seriously disturbed.

Keywords Alpha cell regulation - Children - Glucagon -
Glucagon-like peptide-1 - Glucose-dependent insulinotropic
polypeptide - Glycaemic control - Type 1 diabetes
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Introduction

The main counter-regulatory hormone to insulin, glucagon,
exerts important functions in maintaining glucose homeosta-
sis. Glucagon regulates hepatic glucose production, enhancing
glycogenolysis and gluconeogenesis. There is evidence that
the production and secretion of glucagon is dependent upon a
distinct hierarchy of complex mechanisms including pancre-
atic alpha cell signalling [1], beta cell signalling [2-5] and
incretin hormones (glucagon-like peptide-1 [GLP-1], glucose-
dependent insulinotropic polypeptide [GIP] and somatostatin)
[6]. Furthermore, autonomic nervous system secretory prod-
ucts (adrenaline [epinephrine], growth hormone) [6, 7], auto-
crine signals (glutamate) [8] and acetylcholine [9] have been
identified as having regulatory effects on glucagon release.

In healthy individuals, a fall in plasma glucose (PG) con-
centrations would result in a decrement in insulin secretion
from the pancreatic beta cell and according to ‘the intra-islet
insulin hypothesis’ [10] this decrement in circulating insulin
indirectly regulates the pancreatic alpha cell and stimulates
glucagon release. In the setting of beta cell depletion (type 1
diabetes), glucagon levels do not increase in the presence of
hypoglycaemia [11-14] and, conversely, exaggerated gluca-
gon levels are reported under hyperglycaemia [12, 15, 16].
Whether such hyperglucagonaemia is caused by abnormal PG
levels, lack of intra-islet restraint by insulin on the alpha cell or
other factors is presently unresolved. The presence of
hyperglucagonaemia in type 1 diabetes and its potential role
in glycaemic regulation is not well documented and there are
no prospective studies in children addressing postprandial
glucagon levels in long-standing type 1 diabetes.

We therefore investigated the changes in postprandial glu-
cagon levels over time and their relationship to postprandial
PG, C-peptide, total GLP-1, GIP and HbA . in children with
newly diagnosed type 1 diabetes during a 5 year prospective
follow-up.

Methods

Subjects We included 129 children less than 17 years old,
newly diagnosed with type 1 diabetes according to the WHO’s
criteria [17]. Children (all from the Danish remission phase
cohort) were included on the day of diagnosis in the period
2004-2005 from four centres in Denmark. A liquid mixed-
meal (Boost) test was performed at 1, 3, 6 and 12 months after
diagnosis (1 week) and after 60 months in a subset of 40
patients. We evaluated the children for the presence of blood
ketones before initiating the liquid mixed-meal test but none
of the children had ketonaemia at the start of the procedure. A
venepuncture was performed in the cubital vein and venous
blood was sampled at the start of the procedure (fasting) for
HbA . and PG measurements at all visits. Capillary blood was

drawn to measure capillary PG for validation. HbA . was
measured centrally at a laboratory that specialised in children
with diabetes at the Department of Pediatrics, Herlev (former-
ly Glostrup) Hospital. Venous blood was collected 90 min
after ingestion of liquid mixed-meal for measuring postpran-
dial levels of glucagon, PG, C-peptide, total GLP-1 and GIP.
A total of 12 (9%) participants had a single value missing for
either glucagon, total GLP-1 or GIP at one visit only, whereas
117 (91%) patients contributed a complete set of hormone
values at each respective visit during the first year. Causes for
dropout at the year 5 visit were adolescents who had been
transferred to adult clinics, change of residence and unwill-
ingness to participate.

Procedures The participants each ingested 6 ml/kg body
weight (maximum 360 ml) of the liquid mixed-meal (Boost-
Original; Novartis Medical Health, Minneapolis, MN, USA) at
the respective visits. Each 237 ml (8 fl 0z) serving of Boost
contained 41 g carbohydrate, 10 g protein and 4 g fat—a total
of 1,004 kJ (www.boost.com/nutritional-drinks/boost-original).
The test was performed in the morning (between 07:00 hours
and 09:00 hours) after an overnight fast (minimum 8 h), with no
food or drink (except water) being taken after midnight the
preceding night. Patients receiving insulin treatment via a pen
omitted their dose of morning insulin (insulin glargine
[A21Gly,B31Arg,B32Arg human insulin], insulin detemir
[B29Lys(e-tetradecanoyl),desB30 human insulin], neutral
protamine Hagedorn [NPH] insulin, pre-mixed insulin), includ-
ing rapid-acting insulins, from midnight prior to examination.
Insulin pump users paused insulin administration (and removed
the pump) 2 h before baseline without using rapid-acting insu-
lin bolus after midnight prior to examination. Venous and
capillary blood was drawn at the start of the procedure and
again 90 min after liquid mixed-meal ingestion as previously
described [18].

HbA ;. measurement HbA ;. was analysed centrally using a
high-pressure liquid chromatographic method (normal range
4.3-5.8% [23—40 mmol/mol]); Tosoh Bioscience, South San
Francisco, CA, USA) as described previously [19].

C-peptide, glucagon, GLP-1 and GIP C-peptide was mea-
sured by a fluoroimmunometric assay [15]. Partial remission
was defined as postprandial (stimulated) C-peptide >300 pmol/l.
Glucagon, total GLP-1 and GIP were measured as described
previously [15, 18]. The glucagon assay was recently validated
and is directed at the C-terminus of the molecule. It shows little
or no cross-reaction with other known substances, except in
severe renal insufficiency, and has an intra-assay coefficient of
variation of <6% and a sensitivity of <1 pmol/l [20, 21].

Ketoacidosis and hypoglycaemia Diabetic ketoacidosis (DKA)
was defined as blood glucose >11 mmol/l (~200 mg/dl),
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ketonuria and/or ketonaemia, venous pH <7.30 and standard
bicarbonate <15 mmol/l [22, 23]; severe DKA was defined as
venous pH <7.10 and standard bicarbonate <5 mmol/l. Severe
hypoglycaemia was defined as hypoglycaemic events leading to
loss of consciousness and/or seizure [24].

E'thics The study was performed according to the Helsinki 11
Declaration (as revised in 2008) and was approved by the
local ethics committee (project number: H-KA-04010-M). All
patients and parents gave their informed consent before inclu-
sion in the study.

Statistical methods Continuous responses were summarised
by geometric means (95% Cls). Logistic regression models
for ordinal measures were used to estimate p values. Loga-
rithmic values of responses were analysed by multivariate
linear regression accounting for intra-person correlation. Esti-
mated effects were expressed as relative changes (95% Cls).
All relevant explanatory variables were included in the initial
model as well as combined effects of relevant hormones and
visits. As all children were included at the day of diagnosis
and followed at the same predefined time points, diabetes
duration did not have an individual effect on the outcome
variables. This variable was therefore omitted from the anal-
yses, and the variable ‘visit” was used as a proxy for diabetes
duration and evaluated as a continuous response. Model re-
duction was accomplished by backwards elimination with a
5% cut-off value. Logarithmic values were back-transformed
and expressed as mean (95% CI). Clinical characteristics of
the cohort (continuous variables) (electronic supplementary
material [ESM] Table 1) were not normally distributed, but
mean and median values did not differ significantly and they
were therefore expressed as mean+SD.

Specifically, we estimated the effect of the respective post-
prandial hormones (C-peptide, total GLP-1, GIP) and PG, as
well as HbA ., on postprandial glucagon levels (as the depen-
dent variable). Second, we quantified the relationship between
HbA |, (as dependent variable) and glucagon (explanatory
variable) and vice versa and tested relevant explanatory vari-
ables (hormones and PG effect and their change over time,
insulin dose [Ukg ' day '] and BMI [kg/m?]) in the model. A
p value <0.05 was considered statistically significant. Statis-
tical analysis was performed using SAS version 9.4 (SAS
Institute, Cary, NC, USA).

Results

The mean (SD) age of the cohort (66/129 [51.2%] boys) was
10.0+£3.9 (range 0.6-16.6) years at the time of diagnosis of
type 1 diabetes (Table 1). Altogether, 15% of the children had
DKA and, out of these, 2% had severe DKA at disease onset
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Table 1  Clinical characteristics of the study cohort

Variable N=129
Age at onset, years 10.0+£3.9
Male sex, n (%) 66 (51.2)
BMI, kg/m> 18.6+2.9
HbA,., % 7.7+1.3
HbA ., mmol/mol 61.1+14.4
Fasting PG, mmol/l 9.4+4.2
Postprandial PG, mmol/I* 20.1+4.9
Postprandial C-peptide, pmol/I* 386.3+£363.0
Postprandial glucagons, pmol/I* 8.6+3.4
Postprandial GLP-1, pmol/I* 24.8+10.1
Postprandial GIP, pmol/I* 60.0+£24.9
Insulin dose, U kg ' day ™ 0.7+0.3

DKA? at onset, % of total 15
Severe DKA (pH <7.10 and bicarbonate <5 mmol/l), 2
% of total

Patients in partial remission (postprandial C-peptide
>300 pmol/l), % of total

6 months after diagnosis 71
12 months after diagnosis® 48
60 months after diagnosis® 5

Insulin treatment, % of total
Insulin glargine/detemir/NPH 97
Pre-mixed insulin 1
Insulin pump

Patients with >1 event of severe hypoglycaemia (with 75
unconsciousness/seizure) during follow-up, % of total

Data are shown for clinical characteristics at the 12 month visit, unless
indicated otherwise. Data are expressed as means+SD, unless indicated
otherwise

*Sampled 90 min after liquid mixed-meal ingestion (after an overnight
fast)

® Four patients had missing data at onset

° Thirteen patients had missing data on insulin treatment at 12 months
follow-up

9 A subset of 40 patients completed follow-up 60 months after diagnosis

(four patients had missing data for DKA, Table 1). Of the 129
patients, 7.5% had one or more episodes of severe
hypoglycaemia during the first year of follow-up. The propor-
tion of children in partial remission (postprandial C-peptide
>300 pmol/l) was 71% at 6 months, 48% at 12 months and 5%
at 60 months (Table 1).

The 40 patients (who completed follow-up at a diabetes
duration of 5 years) were slightly younger, with a lower BMI,
and had lower postprandial C-peptide levels 12 months after
diagnosis compared with the full cohort, but they were similar
in terms of sex distribution, HbA ;. and hormone levels (ESM
Table 1). In this subgroup, 13% of the children had DKA at
diagnosis (one patient with missing data; none had severe
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DKA). Of these 40 patients followed for 5 years, 8.5% had
one or more episodes of severe hypoglycaemia.

Changes in postprandial hormone levels over time The levels
of HbA,, postprandial levels of glucagon, PG, C-peptide,
total GLP-1 and GIP during the 5 years are illustrated in
Fig. 1. All hormone concentrations increased significantly
after ingestion of the liquid mixed-meal at the 60 month visit
(vs fasting concentrations, ESM Table 2). During the study
period, alpha cell function assessed by (postprandial) gluca-
gon levels increased by 51% from the first to the 12 month
visit after diagnosis (relative change 1.51 [95% CI 1.36, 1.68])
whereas a 160% increase was observed over the entire study
period from 1 to 60 months after onset (relative change 2.60
[2.24,3.10], Fig. 1a, p<0.0001). PG levels (Fig. 1b) increased
by 38% from | to 12 months (relative change 1.38 [1.30,
1.46]) and by 68% from | to 60 months (relative change
1.68 [1.55, 1.81], Fig. 1b, p<0.0001). The change in HbA .
during the first year after onset of diabetes was characterised
by a steep decrease from 1 to 3 months, with HbA . reaching a
nadir at 3 months; thereafter, a steady increase occurred as
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Fig. 1 Time course of changes (mean [SD]) in HbA . (¢), and postpran-
dial (90 min) levels of glucagon (a), PG (b), C-peptide (d), total GLP-1
(e) and GIP (f). Data are expressed as mean (95% CI). Solid line, whole
cohort (N=129); dotted line, patients (n=40) who completed follow-up at
60 months. To convert values for HbA . from mmol/mol (IFCC) to %
(DCCT), please use the conversion HbA;. (DCCT)=[0.09148 xHbA .
(IFCC)]+2.152

expected (Fig. 1c). The decrement in C-peptide was most
pronounced during the first year; C-peptide levels decreased
62% from 1 to 12 months (relative change 0.38 [0.32, 0.45])
and a 93% decrease was observed in the period from 1 to
60 months after diagnosis (relative change 0.07 [0.06, 0.09],
Fig. 1d, p<0.0001). Total GLP-1 levels increased by 11%
from 1 to 12 months (relative change 1.11 [1.03, 1.20]) and
an insignificant 10% increase was observed over the entire
study period from 1 to 60 months (relative change 1.10 [0.96,
1.26], Fig. le, p=0.15). GIP levels increased 14% from 1 to
12 months (relative change 1.14 [1.06, 1.23]) but a 34%
decrease was observed from 1 to 60 months of diabetes
duration (relative change 0.66 [0.58, 0.75], p<0.0001).
Fasting and postprandial glucagon levels at the 5 year visit
were highly correlated (Spearman test for correlation 0.81 [SD
0.65], p<0.0001).

Factors affecting glucagon We analysed postprandial levels
of hormones and other predictors with an overall effect on
postprandial glucagon levels. All substrate (repeated) mea-
surements were included in the model and the result of the
final reduced model is reported (adjusted for age, sex and C-
peptide). Glucagon levels were not associated with BMI
(p>0.5), although they were positively associated with age
at onset (»=0.03) and male sex (»p=0.003). Furthermore,
glucagon levels correlated highly with postprandial PG
(»<0.0001) and total GLP-1 (p<0.0001) and a negative cor-
relation existed with C-peptide (p=0.017). In quantitative
terms, we found that a doubling in postprandial PG was
associated with a 21% rise in glucagon levels (relative change
1.21 [1.05, 1.40]). A doubling in total GLP-1 levels was
associated with a 33% increase in glucagon (relative change
1.33, [1.20, 1.48]) over the study entire period. C-peptide
levels were inversely correlated with glucagon levels, with
varying effect, with disease duration (interaction of C-pep-
tidexvisit, p=0.017). A 50% reduction in C-peptide levels
was associated with a 6% increase in glucagon levels at
3 months (0.94 [0.89, 0.99]), a 9% increase at 6 months
(0.91 [0.87, 0.95]) and a 5% increase at 12 months (0.95
[0.90, 0.99]) but no association existed at the 60 months visit
(1.00 [0.93, 1.09]). Glucagon levels were not associated with
GIP (p =0.39). Likewise, glucagon levels were not associated
with either the daily exogenous insulin dose (U kg ' day )
(»=0.39) or A (postprandial-fasting) PG levels (p=0.08).
Additionally, total GLP-1 levels were not correlated to PG
levels (p=0.21).

Glycaemic control and alpha cell function We investigated
the effect of various predictors on glycaemic control (assessed
by HbA,.) with all substrate (postprandial) measurements at
the respective visits included in the model (adjusted for age,
sex and C-peptide). HbA . was not associated with age at
onset (p=0.20) but correlated to male sex (rate ratio 0.96
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[0.94, 0.99], p=0.02). Furthermore, HbA,. was associated
with glucagon levels (p=0.0045) and a negative association
was observed with C-peptide (p=0.0004). In quantitative
terms, a doubling in glucagon level corresponded with a 3%
relative increase in HbA | level (rate ratio 1.03 [1.01, 1.05]).
The overall findings in this analysis did not change when
excluding HbA . values from the 1 month visit (which repre-
sents glycaemic control at the time of diagnosis). A 50%
reduction in C-peptide level corresponded to a 5—6% increase
in HbA,, depending on the respective visit. We also evaluated
whether the association with HbA . levels (dependent vari-
able) and glucagon was dependent upon the presence of
residual beta cell function (postprandial C-peptide
>300 pmol/l, representing children in partial remission).
Therefore, we included the interaction for C-peptide x gluca-
gon (C-peptide was dichotomised with a cut-off value of
300 pmol/l) in the model with HbA | as the outcome variable.
We found that the association with HbA . and glucagon did
not change when accounting for C-peptide (>300 pmol/l,
p=0.47). Total GLP-1 level was independent of C-peptide
level (p=0.97).

Discussion

This study of children with new-onset type 1 diabetes dem-
onstrates a 160% increase in postprandial glucagon levels over
a 5 year follow-up period. This progressive increase in post-
prandial glucagonaemia coincided with a marked reduction in
residual beta cell function. Glucagon levels were dependent of
age and sex, but not BMI or GIP. Moreover, glucagon levels
associated positively with PG and also with total GLP-1 levels
measured under a postprandial condition. Interestingly,
glycaemic control assessed by HbA | deteriorated proportion-
ally with the progressive increase in glucagon over time.

We found that the subset of 40 patients who completed
follow-up at a diabetes duration of 5 years had significantly
lower postprandial C-peptide levels and BMI compared with
the full cohort during follow-up. This discrepancy is probably
because of their younger age at diabetes onset and is in
accordance with a recent study reporting an association be-
tween low BMI and low stimulated C-peptide levels [18].

There was a significant increase in all hormone levels from
the fasting to postprandial state 5 years after diagnosis, despite
most patients (95%) being depleted of functioning beta cells at
the time. One could argue that postprandial glucagon mea-
surements are unreliable in the absence of fasting values,
particularly in type 2 diabetes in which there is preserved
residual beta cell function. A liquid mixed-meal stimulation
test offers a more standardised method for assessing the role
played by glucagon in postprandial hyperglycaemia, when
repeated in the same patients according to weight, at the same
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time points after disease onset. The remaining beta cells under
this procedure are challenged to the maximum limit and are
influenced to a lesser extent by current PG prior to testing
compared with fasting values. In addition, fasting and post-
prandial glucagon levels were highly correlated, which sup-
ports the argument that postprandial hormone measurements
have the credibility needed to assess the role of glucagon in
glycaemic control.

Prospective and cross-sectional studies in children with
type 1 diabetes report that the observed postprandial
hyperglucagonaemia worsens during the first year after diag-
nosis [12, 15] and also 3 years after onset [25], in agreement
with our study. Notably, hyperglucagonaemia in response to
liquid mixed-meal feeding is evidently established shortly
after disease onset and seems to persist after several years
with diabetes. It is of interest, that Kramer et al observed
hyperglucagonaemia (in response to an oral glucose tolerance
test) under both euglycaemic and hyperglycaemic conditions
immediately prior to testing in patients with type 1 diabetes
[26]. We tested the influence of insulin dose (included at all
five visits) and found no overall effect of insulin dose on
glucagon concentration, in agreement with the findings of
Kramer et al [26].

Postprandial hyperglucagonaemia was strongly associated
with glycaemic control (assessed by HbA;.) in the present
study contrary to findings from the Hvidere study (multicentre
study representing 15 countries in Europe and Japan) [15] but
in line with a recent Japanese study [25]. The discrepancy
between our study and the Hvidare study may be explained by
the longer follow-up period with more frequent visits, and
more children with absent beta cell function as a result of
longer diabetes duration. The enhanced liquid mixed-meal
stimulation with higher carbohydrate content in our study
might also influence the observed differences between the
two studies.

We observed unchanged GLP-1 concentrations and reduc-
tions in GIP concentrations measured in the postprandial state
(Fig. 1 e, f) during the 5 year follow-up. Experimental studies
indicate that intestinal L cells respond to luminal nutrients by
secreting GLP-1 in a glucose-dependent manner [27, 28].
GLP-1 is furthermore reported to have glucagonostatic prop-
erties. It is therefore of interest, that GLP-1 was positively
associated with glucagon in our cohort as also reported by
others [15, 26]. This association of GLP-1 with glucagon is
reported to persist during fasting [29]. It is well established
that administration of GLP-1 and GLP-1 analogues sup-
presses glucagon release in type 1 diabetes [30, 31]. This
association may indicate that the secretion of both GLP-1
and glucagon in type 1 diabetes is influenced by factors that
outweigh their normal mutual interaction. In contrast, meal-
related incretin (GLP-1 and GIP) responses are often dimin-
ished in type 2 diabetes [32] suggesting that different patho-
physiological mechanisms are involved. In light of the recent
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development of GLP-1 analogues and dipeptidyl peptidase-IV
inhibitors with glucagonostatic properties [31, 33, 34], add-on
therapy combined with insulin could plausibly improve
glycaemic control in patients with type 1 diabetes [35].

GIP was recently reported to have glucagonotrophic effects
[36, 37] and to protect against hypoglycaemia in type 1
diabetes [37]. This glucagonotrophic effect of GIP has been
suggested to be mediated by GIP receptors present on the
pancreatic alpha cells [38]. We could not find a convincing
association between GIP and glucagon in the postprandial
state. Our cohort had high fasting PG prior to liquid mixed-
meal feeding, which may influence glucagon responses to
GIP.

The strength of this study is the long follow-up period of
over 5 years in a well characterised cohort of children newly
diagnosed with type 1 diabetes. We aimed at describing hor-
mone values after a standardised liquid mixed-meal and not
under a fasting condition, but future studies should also in-
clude fasting values. Fasting hormone values would be valu-
able and add to the body of existing literature on alpha cell
regulation. We cannot, owing to study design, tease out the
factors with direct effect on the aberrant hyperglucagonaemia.
More frequent sampling during the liquid mixed-meal would
also be desirable, although a recent study in children found
that a single 90 min hormone measurement is highly sensitive
and offers an alternative to AUC analyses [39]. However, by
performing only two venepunctures during the entire proce-
dure we avoided unnecessary discomfort for the child. Com-
parisons across published studies are complicated though, due
to differences in assay and stimulation tests, and consensus for
standardisation is warranted. Our results do not address the
question as to whether hyperglycaemia resulted in elevated
levels of HbA, . and glucagon or whether the elevated gluca-
gon augmented HbA . and glucose levels. We can only pro-
vide information on associations and not causality in this
clinical study. Further investigations of the physiology of
alpha cell regulation in type 1 diabetes are needed.

In conclusion, this study provides data on the progressive
worsening of postprandial hyperglucagonaemia in individuals
with type 1 diabetes during the 5 years after onset of disease
and suggests that pronounced endogenous insulin deficiency
may be coupled to the observed hyperglucagonaemia al-
though this relationship is not linear. The association of
hyperglucagonaemia with GLP-1 and impaired glycaemic
control suggests that GLP-1 in physiological doses is not
sufficient to suppress glucagon. GLP-1 analogues as add-on
therapy to insulin early in the course of type 1 diabetes should
be investigated in further studies.
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