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The Difference in Glucagon Response to Breakfast Between
Non-Obese Patients With Long-Duration Type 1
and Type 2 Diabetes

Hidetaka Hamasaki® ® ¢

Abstract

Background: A balanced action of insulin and glucagon is essential for
treating diabetes. This study aimed to assess the change in blood gluca-
gon levels from fasting to a postprandial state and to compare them be-
tween patients with type 1 diabetes (T1DM) and type 2 diabetes (T2DM).

Methods: This study enrolled patients with TIDM (n = 13) who had
undetectable serum C-peptide levels (< 0.02 ng/mL) and patients with
T2DM (n = 13) whose age, gender, and body mass index were matched
to cases (1:1) as controls. Plasma glucose, serum C-peptide, and plasma
glucagon in fasting and 2 h after consuming a standard breakfast for
diabetic patients were measured and compared between groups.

Results: There were no significant differences in plasma glucose and
hemoglobin Alc levels between patients with TIDM and T2DM.
However, fasting plasma glucagon levels were significantly lower in
patients with TIDM than those in patients with T2DM (19.2 =+ 13.0
pg/mL vs. 31.6 + 18.3 pg/mL, P = 0.029). Furthermore, the gluca-
gon’s response to a standardized meal for diabetic patients differed
between patients with TIDM and T2DM.

Conclusions: The significant difference in glucagon response to the
meal may be caused by the abnormal postprandial secretion of gluca-
gon in patients with TIDM. The nutrient ratio of the meal may also

influence glucagon secretion.
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Introduction

Recent research on the pathophysiological role of glucagon in

Manuscript submitted August 15, 2022, accepted September 22, 2022
Published online October 9, 2022

4Hamasaki Clinic, 2-21-4 Nishida, Kagoshima 890-0046, Japan
®Department of Diabetes, Kanmachi Imakiire Hospital, Kagoshima, Japan

¢Email: h-hamasaki@umin.ac.jp

doi: https://doi.org/10.14740/jem834

glycemic control has drawn the attention of diabetologists to
the fact that a balanced action of insulin and glucagon is re-
quired for the treatment of diabetes [1, 2]. In patients with type
1 diabetes mellitus (T1DM), glucagon secretion is decreased,
increasing glycemic variability and the risk of insulin-induced
hypoglycemia. Nevertheless, glucagon secretion in these pa-
tients is not depleted when compared to insulin secretion [3].
Glucagon secretion, which is stimulated by a decrease in
blood glucose level, is regulated reciprocally to insulin secre-
tion and decreases progressively in patients with TIDM [3].
However, the glucagon response to insulin-induced hypogly-
cemia is not depleted in patients with TIDM [4]. On the other
hand, glucagon secretion is significantly excessive in type 2
diabetes mellitus (T2DM) [5]. Glucagon secretion from the
pancreatic a-cells is regulated by insulin secreted from B-cells
adjacent to the a-cells [6], and the balance between insulin
and glucagon levels is vital for glucose homeostasis. How-
ever, the difference in glucagon levels between patients with
T1DM and T2DM in both fasting and postprandial states has
not been thoroughly investigated. Recently, a specific dou-
ble-antibody sandwich enzyme-linked immunosorbent assay
(ELISA) for measuring blood glucagon levels has been de-
veloped [7], which may shed light on the role of glucagon in
glucose metabolism regulation.

This study aimed to determine the change in blood gluca-
gon levels from fasting to a postprandial state and to com-
pare blood glucagon levels between patients with T1DM and
T2DM.

Materials and Methods

Study design and subjects

This is a comparative study of patients with diabetes admit-
ted to Imakiire General Hospital. Between April 2017 and De-
cember 2019, subjects who had their plasma glucagon levels
measured during hospitalization were included. Patients under
the age of 20 years or those who had been treated with gluca-
gon-like peptide 1 analogues were excluded. Patients with can-
cers were also excluded. Patients with TIDM who had their
diagnosis confirmed by a diabetologist and had undetectable
serum C-peptide levels (< 0.02 ng/mL) were enrolled in this
study. Additionally, patients with T2DM whose age, gender,
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and body mass index (BMI) were matched to cases (1:1) were
enrolled and served as controls.

The study protocol was approved by the Medical Ethics
Committee of the Imakiire General Hospital (reference no.
244) and adhered to the Helsinki Declaration. All study sub-
jects were informed about the research and how the opt-out
method would preserve their personal information and confi-
dentiality.

Study procedure

Height and weight were measured using a rigid stadiometer
and calibrated scales, respectively. BMI was calculated as fol-
lows: weight in kilograms/(height in meters)?. Waist circum-
ference was measured at the level of the umbilicus in a stand-
ing position at the end of exhalation. All subjects consumed
a standardized breakfast designed specifically for diabetic
patients (calorie intake: 25 - 30 kcal/kg x ideal body weight;
nutrient ratio: 55% carbohydrates, 18% protein, and 27% fat)
during hospitalization. The author examined the change in
blood glucagon levels from fasting to a postprandial state after
patients’ medical condition was improved and patients could
complete meals.

Blood measurements

The meal test was performed 9.9 £ 10.3 days on average af-
ter admission. Fasting plasma glucose (PG,), 2-h postpran-
dial glucose (PG,,), fasting serum C-peptide (CPR,) (E-test
TOSOH II; Tosoh, Tokyo, Japan), 2-h postprandial C-peptide
(CPR,,), fasting plasma glucagon (G) (glucagon ELISA kit;
Cosmic, Tokyo, Japan) [7], 2-h postprandial plasma glucagon
(G,,), and hemoglobin Alc (HbAlc) levels were measured.
In addition, plasma glucagon levels were divided by plasma
glucose levels at fasting (G,/PG,)) and a 2-h postprandial state
(G,,/PG,,). Glucagon response to hypoglycemia and gluca-
gon’s counter-regulatory effect that balances insulin action are
essential to maintain euglycemia in a postprandial state as well
as a fasting state [3, 8]. Circulating glucagon levels were corre-
lated with fasting glucose levels in subjects with impaired glu-
cose tolerance [9]. Therefore, measuring the glucagon to glu-
cose ratio is significant to investigate the glucagon response
to meals. The estimated glomerular filtration rate (eGFR) was
also calculated to compare renal function between patients
with T1DM and T2DM [10].

Statistical analysis

Statistical analyses were performed using the SPSS software,
version 25 (IBM Co., Ltd., Chicago, IL). Quantitative vari-
ables are presented by the mean and standard deviation, while
categorical variables are presented by numbers. The Mann-
Whitney U test was used to compare clinical data between
groups. Fisher’s exact test was used to compare medication
between groups. Wilcoxon’s signed-rank test was used to as-
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sess changes in PG, G, and G/PG levels from fasting to a 2-h
postprandial state. P values < 0.05, as determined by the two-
sided test, were considered statistically significant.

Results

A total of 357 patients (323 with T2DM and 34 with TIDM)
were screened and 13 patients with T1DM and 13 patients with
T2DM whose age, gender, and BMI matched were included
in this study. The characteristics of study subjects are summa-
rized in Table 1.

In patients with T1DM, causes of hospitalization were
uncontrolled diabetes (76.9%), orthopedic diseases such as
a fracture (15.4%), and inguinal hernia (7.7%). On the other
hand, in patients with T2DM, causes of hospitalizations were
uncontrolled diabetes (30.8%), respiratory diseases such as
pneumonia and pneumothorax (30.8%), orthopedic diseases
such as a fracture (15.4%), intestinal obstruction (7.7%), be-
nign prostatic hyperplasia (7.7%), and rhabdomyolysis (7.7%).

There were no significant differences in PG, PG,;, HbAlc
levels, or eGFR between patients with TIDM and those with
T2DM. However, G, and G,/PG, levels were significantly
lower in patients with T1IDM than in patients with T2DM. On
the other hand, G, and G,,/PG,, levels did not differ signifi-
cantly between groups. Figure 1 depicts the changes in mean
PG and G levels from fasting to the 2-h postprandial state in
patients with TIDM and T2DM. In patients with TIDM, G (P
=0.49) and G/PG (P = 0.89) levels did not change. However,
in patients with T2DM, G/PG levels decreased significantly
from 0.25 +0.19 t0 0.13 £ 0.07 (P = 0.008), but G levels alone
did not change 2 h after breakfast (P = 0.95).

Discussion

The present study demonstrated that fasting plasma glucagon
levels were lower in patients with T1IDM than in those with
T2DM. However, the glucagon’s response to a standardized
meal for diabetic patients differed between T1DM and T2DM.

There have been contradictory results regarding the differ-
ence in fasting glucagon levels between patients with T1DM
and T2DM. Kawamori et al [11] reported that fasting plasma
glucagon levels in patients with TIDM were 28.1 + 17.7 pg/
mL, comparable with those in patients with T2DM. On the
other hand, Kodama et al [12] reported that fasting glucagon
levels of fulminant TIDM patients were lower than those of
T2DM patients. This inconsistency may be due to the differ-
ence in residual B-cell function between study subjects. The
present study included T1DM patients with undetectable se-
rum C-peptide levels (< 0.02 ng/mL) as with fulminant TIDM.
Fasting glucagon secretion may significantly reduce if the in-
sulin secretion is completely depleted.

Previous studies have reported that patients with TIDM
excessively secrete glucagon after a mixed-meal stimulation
as opposed to individuals without diabetes [13]. In healthy in-
dividuals, blood glucagon levels reach a peak 30 - 60 min after
consuming a mixed-meal (700 kcal; 100 g of carbohydrate, 26
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Table 1. Characteristics of Patients With Type 1 Diabetes and Type 2 Diabetes

Type 1 diabetes Type 2 diabetes P
N 13 13 -
Age (years) 70.1 (10.1) 70.3 (9.9) 1
Gender (male/female) 112 1172 1
BMI (kg/m?) 22.5(3.0) 22.7 (3.0) 0.92
Waist circumference (cm) 84.7 (7.8) 87.7 (11.6) 0.68
Duration of diabetes (years) 18.2 (14.3) 12.2 (9.0) 0.26
PG, (mg/dL) 179.9 (88.1) 141.9 (42.8) 0.22
PG,, (mg/dL) 237.3 (77.1) 216.6 (56.6) 0.45
CPR,, (ng/mL) <0.02 1.33 (0.72) <0.001
CPR,, (ng/mL) <0.02 3.84 (2.57) <0.001
G, (pg/mL) 19.2 (13.0) 31.6 (18.3) 0.029
G,/PG, 0.12 (0.09) 0.25 (0.19) 0.01
G,, (pg/mL) 23.3(19.0) 28.8 (19.2) 0.34
G,,/PG,, 0.10 (0.07) 0.13 (0.07) 0.31
HbAlc (%) 8.7(1.4) 8.5(1.7) 0.54
eGFR (mL/min/1.73m?) 63.8 (24.4) 65.2 (16.3) 0.92
Medication
Insulin 13 9 0.096
Metformin - 3 0.22
Dipeptidyl peptidase-4 inhibitors - 4 0.096
Sodium-glucose cotransporter 2 inhibitors 2 1 1
Pioglitazone - 1 1
Sulfonylurea - 1 1
a-glucosidase inhibitor - 1 1

Data are represented as the mean value (SD) except for the number of subjects and sex. BMI: body mass index; PG: fasting plasma glucose; PG,
2-h postprandial plasma glucose; CPR: fasting C-peptide; CPR,,: 2-h postprandial C-peptide; G: fasting plasma glucagon; G, : 2-h postprandial
plasma glucagon; HbA1c: hemoglobin A1c; eGFR: estimated glomerular filtration rate. SD: standard deviation.

g of protein, and 22 g of fat), return to near baseline after 120
min, then increase again; however, the range of fluctuation is
small compared to patients with diabetes [14]. The excessive

secretion of glucagon after a mixed-meal stimulation in pa-

a

350.0
300.0

250.0

Glucose (mg/dL)
g
=

I
e
>

100.0

50.0

b

Glucagon (pg/mL)

60 q

50

'
3

w
S

)
S

10

tients with T1DM relates to low paracrine insulin secretion,
which could cause postprandial hyperglycemia due to hyper-
glucagonemia in patients with TIDM [13].

Furthermore, the macronutrient ratio (carbohydrate, pro-
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Figure 1. Comparison of changes in glucose (a) and glucagon (b) levels between patients with T1DM and those with T2DM from
fasting to 2-h postprandial state. T1DM: type 1 diabetes; T2DM: type 2 diabetes.
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tein, and fat) may be a key to the glucagon response to meals
in patients with TIDM. Consumption of amino acids (pro-
teins) stimulates pancreatic a-cells to secrete glucagon [15]. A
randomized controlled trial showed that a high-protein break-
fast (35% proteins and 45% carbohydrates) resulted in 34%
higher glucagon secretion than a high-carbohydrate break-
fast (15% proteins and 65% carbohydrates) in patients with
T2DM. However, glucagon secretion remained unchanged 2
h after a high-protein diet or decreased after a high-carbohy-
drate diet [16]. Contrariwise, a recent randomized study in
patients with TIDM found that both high-protein, high-fat
and low-protein, low-fat meals increased glucagon secretion
[17]. Glucagon level is abnormally elevated in patients with
T1DM at 30, 60, and 90 min after oral glucose administra-
tion and returns to near baseline after 2 h [18]. These find-
ings imply that proteins have a longer impact on postpran-
dial glucagon secretion than carbohydrates in patients with
T1DM, which may improve glycemic control by minimizing
the risk of persistent hypoglycemia. Indeed, patients with
T1DM who followed a high-protein, low-carbohydrate diet
experienced less hypoglycemia and improved glycemic con-
trol [19]. In the present study, the nutrient ratio of breakfast
was 55% carbohydrates, 18% protein, and 27% fat, indicating
a low-protein, high-carbohydrate diet. The Japanese Clinical
Practice Guideline for Diabetes 2019 recommends that carbo-
hydrates and proteins account for 50-60% and up to 20% of
the diet therapy for diabetes, respectively. However, it should
also be flexible based on patient criteria such as age, physi-
cal activity, and preferences [20]. In the present study, the
nutrient ratio of breakfast was set up based on this recom-
mendation. A recent meta-analysis showed that both low (<
40%) and high (> 70%) carbohydrate intake was associated
with an increased risk of cardiovascular disease and all-cause
mortality, whereas moderate (50-55%) carbohydrate intake
minimized mortality [21]. In contrast, low-carbohydrate diets
may be useful in improving obesity, blood pressure, and se-
rum lipid profile in obese individuals as well as low-fat diets
[22, 23]. Horikawa et al [24] reported that the proportion of
carbohydrate intake was not associated with the incidence of
diabetic complications in Japanese patients with T2DM. The
long-term effect of low-carbohydrate diets on health remains
controversial because not only the nutrient ratio but also the
quality of macronutrients impacts the long-term health [25].
In patients with T1DM, the effect of low-carbohydrate diets
on glycemic control is also controversial [26]. Few studies
examined the long-term effect of low carbohydrate or high-
protein diets on the risk of cardiovascular disease or mortality
in patients with TIDM [27]. However, the short-term high-
protein, low-carbohydrate diet may be effective for improving
glycemic control in both patients with T2DM [28] and TIDM
[19]. Given the significant difference in glucagon response to
a standardized diet for diabetes between TIDM and T2DM,
the diet therapy should be modified based on diabetes type. In
patients with TIDM, a high-protein, low-carbohydrate diet,
for example, may suppress postprandial hyperglycemia and
prevent prolonged hypoglycemia caused by insulin injections
or exercise [29, 30]. However, excessive glucagon secretion
promotes hyperglycemia, therefore balancing insulin and
glucagon is critical for treating diabetes.
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Strengths and limitations

This study has several strengths and limitations. First, the dif-
ferences in patients’ characteristics between T1DM and T2DM
were adjusted by matching both groups for age, gender, and
BMI. Recently, Ito et al [31] compared glucagon response to
a mixed meal tolerance test between patients with T1IDM and
T2DM; however, there were significant differences in patient
characteristics between groups. Such differences can affect the
blood glucagon levels; thus, it is vital to match basic charac-
teristics such as age, gender ratio, and BMI when comparing
glucagon response to a meal between patients with T1DM
and T2DM. Second, this study included patients with T1DM
who had a completely depleted endogenous insulin secretion.
Glucagon secretion is regulated reciprocally to insulin secre-
tion. Also, the decline in insulin secretion in patients with
T1DM is variable, and there is little evidence of changes in
insulin secretion in patients with TIDM over time. Therefore,
it is important to match endogenous insulin secretion levels of
study subjects to investigate the glucagon response in patients
with TIDM. Third, glucagon levels were measured using a
high-accuracy dual-antibody sandwich ELISA. However,
this study is limited by the small sample size and insufficient
glucagon measures. Ideally, changes in glucagon levels should
be investigated in more detail and longer duration (i.e., 30,
60, 90, and 180 min). Second, although subjects treated with
glucagon-like peptide 1 analogues were excluded, medications
such as dipeptidyl peptidase-4 inhibitors [32] might have af-
fected blood glucagon levels. However, no statistical differ-
ence in the proportion of patients with dipeptidyl peptidase-4
inhibitors was observed in this study (P = 0.096). Finally, the
author did not investigate the glucagon response to meals with
varying nutrient ratios (e.g., low- or high-carbohydrate, high-
protein) in this cohort; thus, whether the glucagon response to
such specific meals differs between patients with TIDM and
T2DM is unknown. Therefore, further studies are warranted to
elucidate the role of glucagon in glycemic control and the dif-
ference in glucagon response to meals between patients with
T1DM and T2DM.

Conclusions

The difference in glucagon’s response to a standardized meal
between patients with TIDM and T2DM observed in this
study may provide a clue to optimal diet therapy depending
on the types of diabetes. There is still a lot to understand about
the physiology of glucagon secretion in response to meals;
however, further research on the glucagon response to meals
with various nutrient ratios will shed light on the relationship
between the balanced action of insulin and glucagon and diet,
which ensures the establishment of personalized treatment of
diabetes in the future.
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