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ABSTRACT
Currently, the clinical dynamics of glucagon need to be revised based on previous data
obtained from conventional glucagon radioimmunoassays. In the present study, we evalu-
ated plasma glucagon levels in type 1 diabetes patients using a newly-developed sand-
wich enzyme-linked immunosorbent assay, and its association with clinical parameters
and markers of diabetes complications were statistically assessed. The plasma glucagon
level in 77 Japanese type 1 diabetes patients was 28.1 – 17.7 pg/mL, and comparable
with that reported previously for type 2 diabetes patients. However, the values were
widely spread and did not correlate with plasma glucose values. Additionally, the average
glucagon levels in patients in a hypoglycemic state (glucose level <80 mg/dL) did not
increase (21.7 – 12.2 pg/mL). The average glucagon level of patients experiencing hypo-
glycemia unawareness was significantly lower. Plasma glucagon levels evaluated using the
new enzyme-linked immunosorbent assay were dysregulated in type 1 diabetes patients
in respect to plasma glucose levels, suggesting dysregulation of secretion.

INTRODUCTION
The pathophysiological significance of inadequate glucagon
secretion is widely appreciated in the clinical status of diabetes,
in both hyperglycemia and hypoglycemia1,2. However, the
assessment of glucagon dynamics currently needs to be revised
due to the inaccuracy of the previously used conventional
radioimmunoassay for glucagon3. Recently, a dual-antibody
sandwich enzyme-linked immunosorbent assay (ELISA) resolv-
ing previous issues of conventional radioimmunoassays has
been developed4. Indeed, the higher accuracy of this ELISA
method compared with conventional radioimmunoassay was
confirmed by a comparison with the direct assessment of gluca-
gon using liquid chromatography-high resolution mass spec-
trometry with parallel reaction monitoring5. In that study,
plasma glucagon levels in type 1 diabetes patients were re-eval-
uated using the new ELISA to investigate the effect of glucagon
on the pathophysiology of type 1 diabetes.

METHODS
A total of 77 Japanese patients with type 1 diabetes were
recruited and enrolled in the present study after having pro-
vided written informed consent. The study protocol was

approved by the local ethics committee of Osaka University
Hospital (no. 12372), and was carried out in accordance with
the tenets of the Declaration of Helsinki. Details of the method
are also presented in the Data S1. The clinical assessments
included a medical history interview, physical examination,
blood sampling and evaluation of micro-/macrovascular com-
plications, as previously reported6–8. Venous blood samples
were taken at the time of the visit without any restrictions on
food intake, insulin treatment or daily activities, and laboratory
analyses were carried out at SRL Inc. (Tokyo, Japan). Plasma
glucagon concentration was measured using the specific dual-
antibody sandwich ELISA (Mercodia AB, Uppsala, Sweden/
Cosmic Corporation Co., Ltd., Tokyo, Japan), according to the
manufacturers’ instructions. Statistical analyses were carried out
using JMP Pro version 13.2.0 (SAS Institute, Cary, NC, USA).
Data are expressed as mean – standard deviation.

RESULTS
The analyzed clinical characteristics of the participants are pre-
sented in Table 1, indicating a group comprising young adults
with relatively well-controlled diabetes, but with exhausted
endogenous insulin production. The plasma glucagon level was
28.1 – 17.7 pg/mL, which was comparable with that obtained
in a previous report of Japanese patients with type 2 diabetes9.
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However, the values were widely spread (5.7–95.2 pg/mL), and
did not correlate with plasma glucose levels (33–401 mg/dL;
Figure 1a). The glucagon levels did not show significant differ-
ences between patients with normoglycemia and those with
slight hyperglycemia (Figure 1b). In addition, the mean gluca-
gon level was not increased in a hypoglycemic state, and not
suppressed in an apparent hyperglycemic state (Figure 1b). The
average glucagon levels of patients experiencing hypoglycemia
unawareness (lack of autonomic symptoms when plasma glu-
cose level is <70 mg/dL) were significantly lower than for the
other patients (Figure 1c). Glucagon levels did not show a sig-
nificant correlation with various clinical parameters (Table 1;
Figures S1–S4) in the univariate analyses, except for the serum
blood urea nitrogen (BUN) concentration. Glucagon levels cor-
related significantly with the serum BUN level (Figure 1d), but
did not correlate with creatinine levels and estimated glomeru-
lar filtration rate (Figure S1), suggesting a link between gluca-
gon function and amino acid metabolism10. In contrast, the
serum BUN concentration did not correlate with plasma glu-
cose levels.

DISCUSSION
Here, we report an evaluation of the plasma glucagon levels in
type 1 diabetes patients with the new sandwich ELISA. The
measured levels of glucagon were comparable with those
reported in type 2 diabetes patients during oral glucose

tolerance tests (estimated 28–46 pg/mL)9. These values were
significantly higher compared with those observed in healthy
participants (estimated 8–25 pg/mL), suggesting an implication
of inadequately elevated glucagon in the induction of hyper-
glycemia9. Thus, the glucagon levels evaluated in the present
study could also be higher than normal levels, especially in
hyperglycemic states. In addition, the glucagon levels did not
correlate with plasma glucose values, suggesting dysregulation
of secretion, at least in terms of the systemic glycemic states,
despite the patients having clinically well-controlled diabetes.
Importantly, the glucagon levels were not elevated in patients
in a hypoglycemic state, indicating the involvement of unre-
sponsive glucagon in hypoglycemia. Indeed, the glucagon levels
in patients with a history of hypoglycemia unawareness were
significantly lower, although they were assessed under various
plasma glucose levels, further supporting the significance of glu-
cagon incompetence in response to hypoglycemia.
The physiological secretion of glucagon is regulated through

wide-ranged mechanisms that involve nutrients and the neural
and endocrine systems11. In addition to these, we have reported
that insulin signaling in a-cells is an intrinsic cellular mechanism
regulating glucagon secretion12,13, and that high glucose concen-
tration directly induces excessive glucagon secretion through
impaired insulin signaling14, indicating its pathophysiological
significance in the disease. To date, the mechanism underlying
dysregulation of glucagon secretion in type 1 diabetes patients

Table 1 | Clinical characteristics of the study group

Mean – SD Mean – SD

Age (years) 33.9 – 6.9 AST (U/L) 19.3 – 5.6
Female n (%) 54 (70.1) ALT (U/L) 15.4 – 9.0
Duration of diabetes (years) 25.2 – 7.6 GGT (U/L) 17.9 – 11.2
Hypoglycemia unawareness (%) 21 (27.3)
History of smoking, n (%) 16 (20.8) BUN (mg/dL) 13.1 – 3.0
BMI (kg/m2) 23.7 – 3.5 UA (mg/dL) 4.1 – 1.2
Waist circumference 79.1 – 10.9 Cr (mg/dL) 0.65 – 0.11
Systolic BP (mmHg) 120 – 17 eGFR (mL/min/1.73 m2) 94.3 – 15.6
Diastolic BP (mmHg) 71 – 11
HbA1c (%) 7.4 – 1.0 LDL-C (mg/dL) 106.3 – 25.7
GA (%) 22.4 – 4.1 HDL-C (mg/dL) 70.6 – 17.0
Daily total insulin dose (U/day) 44.1 – 20.0 TG (mg/dL) 99.9 – 101.8
Insulin dose (U/kg bodyweight) 0.69 – 0.23 TC (mg/dL) 192.9 – 29.2
Urine CPR (lg/g･Cr) 4.16 – 3.32
Proliferative retinopathy (%) 7 (9) max-IMT (mm) 0.77 – 0.12
CVR-R (%) 4.24 – 2.31 ABI 1.03 – 0.10

PWV (cm/s) 1,325 – 207
Sampling time after meal (h) 2.6 – 1.9 hs-CRP (mg/dL) 830 – 1,443

Total n = 77. Data are expressed as mean – standard deviation or number (percentage). ABI, ankle-brachial index; ALT, alanine transaminase; AST,
aspartate transaminase; BMI, body mass index; BP, blood pressure; BUN, blood urea nitrogen; CPR, C-peptide immunoreactivity; Cr, creatinine; CVR-R,
coefficient of variation of R-R intervals; eGFR, estimated glomerular filtration rate; GA, glycoalbumin; GGT, c-glutamyltransferase; HbA1c, glycated
hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitive C-reactive protein; IMT, intima media thickness; LDL-C, low-den-
sity lipoprotein cholesterol; PWV, pulse wave velocity; TC, total cholesterol; TG, triglyceride; UA, uric acid.
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remains unclear, but it is possibly due to insufficient insulin
action on a-cells, especially the deficient intra-islet insulin from
neighboring b-cells. Another possibility is inadequate control of
glucagon secretion by incretins. Incretins modify glucagon secre-
tion; glucose-dependent insulinotropic polypeptide enhances glu-
cagon responses in hypoglycemic states, whereas glucagon-like
peptide-1 suppresses glucagon secretion in hyperglycemic states.
As the serum enzymatic activity of incretin-degrading dipeptidyl
peptidase-4 was significantly higher in type 1 diabetes patients

than in the healthy controls8, it is predicted that the effect of
incretin on glucagon secretion is also impaired both in stimula-
tion and suppression. Unchanged glucagon levels between hypo-
glycemic and hyperglycemic states in the current study further
support this possibility. As the participants of the present study
were relatively young patients with well-controlled diabetes and
fewer complications, including autonomic neuropathy, it is less
likely that the dysregulated glucagon secretion was due to a
defect in neural control.
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Figure 1 | (a) Values of plasma glucose and glucagon in participants with type 1 diabetes (n = 77). Squares indicate individual samples. (b) Levels
of plasma glucagon in participants with type 1 diabetes. Data are expressed as mean – standard deviation. (c) Plasma glucagon levels in patients
without (white, n = 56) and with (filled, n = 21) a history of hypoglycemia unawareness. Statistical analysis for comparison was carried out using
the unpaired Student’s t-test. Data are expressed as mean – standard deviation. (d) Association between serum blood urea nitrogen (BUN) and
glucagon concentrations (n = 77). Squares indicate individual samples, and the line indicates the approximate straight line. Statistical analysis for
correlation was carried out using Pearson’s univariate test.
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The glucagon levels were significantly correlated with the
serum BUN concentration (Figure 1d), but not with renal and
liver function (Figures S1 and S2). Recently, the role of gluca-
gon in the acceleration of hepatic amino acid metabolism has
been acknowledged as one of the chief physiological func-
tions15. BUN concentration represents the states of renal func-
tion, as well as the turnover of proteins and amino acids,
which are the main sources of nitrogen in humans. The posi-
tive correlation of plasma glucagon level with BUN concentra-
tion independent of renal function (Figure S1) provides strong
clinical evidence of the link between glucagon secretion and
amino acid metabolism. Detailed analyses of amino acids will
clarify further roles for glucagon in the comprehensive meta-
bolic control in the disease.
The current study is not without limitations. As the partici-

pants were all previously diagnosed with type 1 diabetes, fasting
or restriction of insulin use to standardize glucose levels and
insulin effect were not carried out from medical and ethical
points of view to avoid any harmful effects, such as unnecessary
hypo- and hyperglycemic episodes. Among the participants of
this study, the inclusion of fulminant type 1 diabetes patients, in
which reduced a-cell mass is reported, cannot be completely
excluded, as many of them are diagnosed before the establish-
ment of the concept and diagnostic criteria of fulminant type 1
diabetes. Single samples were randomly obtained in relation to
patient food intake (2.6 – 1.9 h after a meal); therefore, plasma
glucose levels were not constant and were widely spread. There
was no significant correlation between time after a meal and
plasma glucose or glucagon levels (Figure S3). While insulin can
be considered as a dominant regulator of glucagon secretion,
especially through the intra-islet effect, serum insulin levels of
the participants could not be assessed, because they are treated
with various kinds of insulin analogs. Thus, the possible influ-
ences of injected insulin on plasma glucagon levels cannot be
excluded in the present study. The plasma glucagon levels were
correlated with neither urine C-peptide levels representing
endogenous insulin secretion capacity nor daily total insulin
dose used for treatment (Figure S4). The number of participants
was limited, and appropriate healthy and type 2 diabetes con-
trols were lacking. It should be noted that the plasma glucose
levels in healthy controls should be tightly controlled within a
narrow range, regardless of food intake; therefore, it was chal-
lenging to obtain the samples under hypo- and extreme hyper-
glycemic states, as presented in this study. These clinical and
technical limitations raised in the current study should be taken
into account in further analyses and studies. Their resolutions
will add more useful insights in understanding the mechanism
(s) underlying the dysregulation of glucagon.
To date, there have been no clinical reports that have evalu-

ated plasma glucagon levels in type 1 diabetes patients using
this sandwich ELISA. The current data emphasize the patho-
physiological consequences of glucagon in the disease, particu-
larly in hypoglycemia, and suggest important clues for the
future therapeutic approach to target glucagon.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Data S1 | Supplemental Methods; Study population, Preparation of plasma samples for glucagon assay, and Acknowledgments.
Figure S1 | (a) Values for serum creatinine and plasma glucagon in the participants with type 1 diabetes. (b) Values for estimated
glomerular filtration rate and plasma glucagon in the participants with type 1 diabetes.
Figure S2 | Values for parameters representing liver function and plasma glucagon in the participants with type 1 diabetes.
Figure S3 | (a) Values for time after a meal and plasma glucose in the participants with type 1 diabetes. (b) Values for time after
a meal and plasma glucagon in the participants with type 1 diabetes.
Figure S4 | (a) Values for urine C-peptide and plasma glucagon in the participants with type 1 diabetes. (b) Values for the treat-
ment insulin dose and plasma glucagon in the participants with type 1 diabetes.
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