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A B S T R A C T

Aims: Glucagon plays pivotal roles in systemic glucose homeostasis mainly by promoting hepatic glucose output.
Using a sandwich enzyme-linked immunosorbent assay (ELISA), we evaluated fasting plasma glucagon levels in
hospitalized patients with type 1 or type 2 diabetes, and assessed the relationships between glucagon levels and
various clinical parameters.
Methods: We enrolled adult Japanese diabetes patients admitted to Osaka University Medical Hospital for gly-
cemic control between July 2017 and May 2018 in this study. After patients had fasted for 12 h, blood samples
were obtained and plasma glucagon levels were measured using a sandwich ELISA.
Results: Total 107 patients participated in the study. The mean fasting plasma glucagon level of patients with acute
onset type 1 diabetes was significantly lower than that of patients with type 2 diabetes (p < 0.05). Plasma
glucagon levels were not significantly correlated with plasma glucose levels in patients with type 1 diabetes or in
patients with type 2 diabetes. Multiple regression analysis indicated that fasting glucagon levels were indepen-
dently and significantly correlated with fasting serum C-peptide levels in patients with type 2 diabetes.
Conclusions: Our results suggest that insulin and glucagon secretion are balanced in the fasting state in patients
with type 2 diabetes.
1. Introduction

Glucagon is secreted by pancreatic alpha cells and plays pivotal roles
in systemic glucose homeostasis. Glucagon promotes hepatic glucose
output by enhancing glycogenolysis and gluconeogenesis, thereby con-
tributes to a counteraction to hypoglycemia [1, 2]. In patients with type 2
diabetes, elevated fasting glucagon levels and paradoxical increases of
glucagon in the hyperglycemic state have been reported [2, 3, 4, 5, 6]. In
patients with type 1 diabetes, elevated plasma glucagon levels under
hyperglycemia and defective responses of glucagon to hypoglycemia
have also been reported [7, 8]. Moreover, glucagon is one of the
important therapeutic targets for diabetes by dipeptidyl-peptidase IV
(DPP-4) inhibitor and glucagon-like peptide-1 (GLP-1) analog which are
currently used worldwide to treat diabetes. Consequently, the clinical
evaluation of plasma glucagon levels is important for appropriate
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application of therapeutic methods in diabetes.
In this study, we evaluated fasting plasma glucagon levels in hospi-

talized patients with type 1 or type 2 diabetes by using the sandwich
enzyme-linked immunosorbent assay (ELISA), and analyzed the re-
lationships between glucagon levels and other clinical parameters to
clarify the clinical significance of glucagon in diabetes.

2. Materials and methods

2.1. Participants

A total of 148 adult Japanese diabetes patients admitted to Osaka
University Medical Hospital for glycemic control between July 2017 and
May 2018 and whose fasting plasma glucagon levels were measured after
admission were enrolled in the study. Patients receiving treatment for
ay 2019
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Table 1
Clinical characteristics of the subjects.

N Total Type 1 Type 2 p
value*

107 21 86

Sex (Male/Female) 45/64 7/14 36/50 0.76
Age (years) 66 � 13 62 � 14 67 � 13 0.15
Duration of Diabetes (years) 16 � 12 22 � 15 15 � 11 0.01
Body Mass Index (kg/m2) 25.8 �

5.3
22.7 �
4.7

26.5 �
5.1

0.01

Fasting plasma glucose (mg/dL) 146 �
49

140� 75 148� 42 0.25

Fasting serum C-peptide (ng/mL) 1.4 �
1.0

0.4� 0.8 1.7� 0.9 <0.01

Fasting plasma glucagon (pg/mL) 26 � 15 17 � 12 29 � 15 <0.01
HbA1c (mmol/mol) 73 � 19 73 � 21 75 � 17 0.89
Treatment of Diabetes
Dipeptidyl-peptidase IV
inhibitor

50

Glucagon-like peptide-1
receptor agonist

5

Sodium glucose cotransporter 2
inhibitor

8

Insulin injection 44
Others 45

* Significant differences between patients with type 1 diabetes and with type 2
diabetes.
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cancer; patients with severe renal function disorder (estimated glomer-
ular filtration rate <30 mL/min/1.73m2); and patients with secondary
diabetes caused by endocrine diseases, drugs, or pancreatic resection
were excluded from the study. Type 1 diabetes patients were categorized
as having acute-onset type 1 diabetes, fulminant type 1 diabetes or slowly
progressive type 1 diabetes according to the diagnostic criteria and
clinical history [9, 10, 11]. Type 2 diabetes patients were also diagnosed
according to the diagnostic criteria [12]. The study protocol was
approved by the Ethical Review Board of Osaka University Hospital (No.
16136). The study was carried out following the tenets of the Declaration
of Helsinki and provided patients with the right to opt out.

2.2. Clinical evaluation

Detailed information on clinical parameters, medical history, and
current treatment were obtained on patient admission. Between the
second and fourth day of admission, a fasting blood sample was obtained
after the patient had fasted for 12 h. Fasting plasma glucose levels were
measured using the hexokinase glucose-6-phosphate dehydrogenase
method. Serum C-peptide levels were measured using a chemilumines-
cent immunoassay. Fasting plasma glucagon levels were measured using
the sandwich ELISA (Mercodia, Uppsala, Sweden).

2.3. Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics Version
22 (SPSS, Chicago, IL, USA). Descriptive statistics were calculated. Dif-
ferences in continuous variables between two groups were assessed using
the Mann-Whitney U test. The comparison of mean values between
multiple groups was performed using ANOVA. If the difference in group
mean values was significant according to ANOVA, post hoc pairwise
group comparisons were conducted using the Scheff�e test. Simple linear
regression analyses were performed between fasting plasma glucose and
glucagon levels and between fasting C-peptide and glucagon levels.
Because the fasting serum C-peptide level of many patients with type 1
diabetes was below the minimum detection level (<0.1 ng/mL), simple
linear regression analysis was not performed between fasting C-peptide
and glucagon levels in patients with type 1 diabetes. Pearson's correlation
coefficients and p values were calculated to assess the associations be-
tween fasting glucagon levels and other variables. To identify indepen-
dent factors associated with fasting glucagon levels of patients with type
2 diabetes, multiple linear regression analysis was performed using sex
and fasting C-peptide levels as explanatory variables. Because the pop-
ulation size of patients with type 1 diabetes was small (n ¼ 21), multiple
linear regression analysis was not performed in this group. However,
multiple linear regression analysis was performed in patients with type 2
diabetes. The results are expressed as means�standard deviations (S.D.),
and p < 0.05 was considered statistically significant.

3. Results

Total 107 patients participated in the study. The clinical character-
istics of the subjects are shown in Table 1. The fasting glucagon levels
were 14� 10 pg/mL in patients with acute-onset type 1 diabetes (n¼ 9),
11� 2 pg/mL in fulminant type 1 diabetes (n¼ 4), and 25� 15 pg/mL in
slowly progressive type 1 diabetes (n ¼ 8). The glucagon level of all
patients with type 1 diabetes (17 � 12 pg/mL, n ¼ 21) was significantly
lower than that of patients with type 2 diabetes (29� 15 pg/mL, n¼ 86; p
< 0.01). Among patients with acute-onset type 1 diabetes, fulminant type
1 diabetes, slowly progressive type 1 diabetes, and type 2 diabetes, the
glucagon level of patients with acute-onset type 1 diabetes was signifi-
cantly lower than that of patients with type 2 diabetes (p ¼ 0.04).

Glucagon and glucose levels were not correlated in patients with type
1 diabetes or in patients with type 2 diabetes, according to simple linear
regression analyses (Fig. 1). It is widely recognized that incretin-based
therapies affect both insulin secretion and glucagon suppression.
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However, the glucagon level was not significantly correlated with
glucose regardless of treatment with DPP-4 inhibitors or GLP-1 analog in
patients with type 2 diabetes (Fig. 2). In contrast, fasting plasma
glucagon levels were significantly correlated with serum C-peptide levels
in patients with type 2 diabetes (Fig. 3), regardless of the treatment
method (Fig. 4). In simple correlation analysis, sex exhibited a significant
correlation with glucagon levels as well as fasting C-peptide levels, but no
other clinical parameters did (Table 2). In multiple linear regression
analysis including sex and C-peptide levels, C-peptide levels were inde-
pendently and significantly correlated with glucagon levels (Table 2).

4. Discussion

In this study, we showed that the mean fasting glucagon level of
patients with acute onset type 1 diabetes was significantly lower than
that of patients with type 2 diabetes. This is the first report, to our
knowledge, to have evaluated and compared the fasting plasma glucagon
levels of patients with type 1 and type 2 diabetes using the sandwich
ELISA.

Plasma glucagon levels have long been measured using a radioim-
munoassay (RIA) employing polyclonal antibodies against the glucagon
C-terminus. However, the assessment of glucagon dynamics is required to
be revised using recent advanced ELISA system [13]. This system uses
monoclonal antibodies against both the glucagon N-terminus and C-ter-
minus and exhibits improved accuracy [14, 15]. This sandwich ELISA
assay system is expected to contribute to the progress in understanding of
the pathophysiology of glucagon in diabetes. However, clinical data in
patients with diabetes evaluated using this sandwich ELISA remain
insufficient. We evaluated fasting plasma glucagon levels in hospitalized
patients with type 1 or type 2 diabetes by using the sandwich ELISA and
revealed the following new insight.

The glucagon levels in acute onset type 1 diabetes patients is signif-
icantly lower than that of type 2 diabetes patients. Currently, the un-
derlying mechanism of this difference remains unclear. Physiological
glucagon secretion is regulated by various inputs, including the auto-
nomic nervous system and the paracrine effect of neighboring beta cells
[16]. For autonomic nervous system, the glucagon secretion might not be
appropriately stimulated, even in the fasting state, due to defective
function of this system related to diabetic neuropathy. For paracrine ef-
fect of neighboring beta cells, glucagon secretion might be impaired due



Fig. 1. Simple linear regression analyses between fasting glucose and glucagon levels in patients with type 1 diabetes and type 2 diabetes.

Fig. 2. Simple linear regression analyses between fasting glucose and glucagon levels in patients with type 2 diabetes dividing into under treatment with or without
DPP-4 inhibitor or GLP-1 analog.

Fig. 3. Simple linear regression analyses between fasting C-peptide and
glucagon levels in patients with type 2 diabetes.
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to lack of paracrine control resulting from the destruction or severe
impairment of beta cells in acute onset type 1 diabetes. Indeed, the
glucagon level tended to be higher in patients with slowly progressive
type 1 diabetes in which beta cells and insulin secretion are relatively
remaining. Further studies are necessary to clarify the underlying
mechanism, but our finding of significantly lower fasting glucagon levels
in acute onset type 1 diabetes could, at least partly, explain the fragility to
hypoglycemia in acute onset type 1 diabetes patients compared with type
3

2 diabetes.
No correlation was found between glucagon and glucose levels in this

study. This finding suggests that glucagon levels were not regulated by
plasma glucose levels in patients with diabetes. Especially, the glucagon
level was not suppressed when the fasting glucose level was high and was
not elevated when the glucose level was low in patients with type 1 and
type 2 diabetes. In previous reports, fasting glucagon levels measured by
RIA were elevated despite hyperglycemic states in patients with type 2
diabetes [3], suggesting its involvement in the fasting hyperglycemia of
diabetes. The clinical data of glucagon levels evaluated by the conven-
tional RIA method now need to be confirmed or revised using other
methods with higher accuracy. Our current study using sandwich ELISA
confirmed the presence of dysregulated glucagon secretion in diabetes
patients. Our findings also support the previously proposed concept of
the impact of dysregulated glucagon upon both hyper- and
hypo-glycemia in diabetes. Indeed, another study evaluating fasting
plasma glucagon levels reported no significant correlation between
plasma glucagon and glucose levels, further validating our results [17]. In
addition to our results for fasting patients, we recently reported no cor-
relation of glucagon and glucose levels in type 1 diabetes patients at any
time, thereby highlighting totally dysregulated glucagon secretion in
diabetes [18]. These results further emphasize the pathophysiological
impact of dysregulated glucagon on glycemic control in diabetes.

In our study, fasting glucagon levels were significantly and positively
correlated with C-peptide levels in patients with type 2 diabetes. Previ-
ously, Sharma et al. reported a weak correlation in 310 non-diabetic
subjects [19]. Færch et al. suggested that fasting glucagon levels
increased together with insulin levels in individuals with normal glucose
tolerance, individuals with impaired glucose tolerance, and patients with
type 2 diabetes [20]. Because both studies evaluated plasma glucagon



Fig. 4. Simple linear regression analyses between fasting C-peptide and glucagon levels in patients with type 2 diabetes dividing into under treatment with or without
insulin (a) and into under treatment with or without DPP-4 inhibitor or GLP-1 analog (b).

Table 2
Simple correlation and multiple linear regression analyses between fasting
glucagon levels and other variables in patients with type 2 diabetes.

Simple correlation Multiple linear regression analysis

R (p value) beta (p value)

Sex - 0.246 (0.02)
Age 0.139 (0.20)
Duration of Diabetes - 0.164 (0.13)
Body Mass Index 0.187 (0.09)
Fasting glucose 0.187 (0.09)
Fasting C-peptide 0.446 (<0.01) 0.446 (<0.01)
HbA1c 0.037 (0.74)
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levels using RIA, it is necessary to re-measure glucagon levels using other
methods with improved accuracy. Our results were obtained by ELISA,
and are therefore likely more accurate and reliable than those in previous
reports. The data in Figs. 3 and 4 showing significant associations be-
tween C-peptide and glucagon suggest that the secretion of insulin and
glucagon are certainly balanced by their interaction. The primary target
of both insulin and glucagon is the liver, and this organ is responsible for
maintaining the systemic energy status, especially in the fasting state.
Glucagon enhances hepatic glucose output and amino acid metabolism,
thereby providing energy for the whole body. Insulin enhances systemic
glucose uptake to provide energy to organs. Consequently, well-balanced
coordination of these two important hormones would be necessary to
efficiently control the whole-body energy turnover, especially in the
fasting state, which can be considered an energy-deprived state [21].
Further investigations are necessary to clarify the underlying mechanism
of this balance and its physiological significance.

The current study has some limitations. The sample size is small,
especially for type 1 diabetes patients. The plasma glucagon levels of
individuals with normal glucose tolerance were not evaluated. Glucagon
was measured once in the fasting state only; it was not measured at other
times, e.g. after the intake of a test meal or 75-g glucose. We did not
evaluate serum immunoreactive insulin and other clinical parameters
such as homeostatic model assessment (HOMA) insulin resistance and
4

HOMA-beta that are calculated using the immunoreactive insulin level,
because some patients were treated with basal insulin. However, our
study has certain merits that plasma glucagon levels were measured in
standardized hospitalized conditions after patients had fasted for 12 h,
thereby eliminating the influence of food intake and exercise. Moreover,
we evaluated plasma glucagon levels using the sandwich ELISA, which
has higher accuracy than conventional RIAs. Studies involving a large
number of participants and additional measurement points might further
strengthen our current findings and contribute to progress in under-
standing the pathophysiological role of glucagon in diabetes.

5. Conclusions

In the current study, we found a difference in the fasting glucagon
levels between patients with acute onset type 1 diabetes and patients
with type 2 diabetes by using a sandwich ELISA for the first time.
Interestingly, fasting glucagon levels were significantly correlated with
serum C-peptide levels in patients with type 2 diabetes. Our results can be
a clue to find the suitable therapeutic methods for diabetes patients
whose condition widely varies. Previous reports indicate that patients
with type 2 diabetes effective of DPP-4 inhibitor or GLP-1 analog exhibit
significantly higher fasting serum C-peptide levels [22, 23, 24]. In other
words, these higher serum C-peptide levels correspond to higher plasma
glucagon levels according to our current results. Consequently, it is
possible that these incretin-based therapies have a significant suppressive
effect on higher glucagon secretion, as well as enhancing insulin secre-
tion, thereby leading to better glycemic control. Additional studies are
necessary to confirm and further clarify the clinical implications of
fasting plasma glucagon levels.
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